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Abstract

Determination of the 3D structure of membrane proteins is a frontier that is rapidly being
explored due to the importance of membrane proteins in regulating cellular processes and because
they are the target of many drugs. In addition, measuring and understanding how these proteins
interact with ligands and other molecules is of critical importance to the design of the next
generation of therapeutic agents.

With this motivation, we report new methods for the structural characterization of proteins using
magic angle spinning (MAS) nuclear magnetic resonance (NMR) applied to the membrane
protein M2 from Influenza A, a small helical transmembrane proton transporter that is the target
of adamantane based inhibitors but which is now drug resistant due primarily to the point
mutation S31N. The development of techniques that boost the sensitivity of NMR are key to its
extension to larger molecules such as membrane proteins, and two such methods, dynamic
nuclear polarization (DNP) and proton detection, are applied herein. We report the measurement
of the distance between the amine of the inhibitor rimantadine and the pore of M2 using DNP.
We have applied recoupling techniques to assign the spectra and measure internuclear distances
in the drug resistant S31N mutant of M2 in lipid bilayers. Attenuation of strong proton dipole
couplings with 60 kHz spinning has allowed us to detect well-resolved proton spectra, and with
the higher receptivity of protons, we measured interhelical distances with a methyl-methyl 4D
spectrum. Synthesis of the information resulted in a high resolution structure of S31N M2.

Thesis Supervisor: Robert G. Griffin
Title: Professor of Chemistry and Director of the Francis Bitter Magnet Laboratory
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Chapter 1: Introduction

2.1 Motivation

Proteins provide the basis for a multitude of important processes that support life. They are found
as soluble proteins, such as enzymes, membrane associated proteins that interact with specific
locations in the cell, and transmembrane proteins that often serve as the gatekeepers of cells and
cellular compartments. Membrane proteins comprise 20 to 30 percent of all proteins,’' are vital for
mediating entry and exit of molecules across membranes, signaling, and cell adhesion. Important
classes of membrane proteins include G-protein coupled receptors (GPCRs), involved in
signaling and cellular response, Aquaporins, which are selectively permeable to water and small
molecules such as glycerol, and transporters and symporters, which move small molecules across
membranes. Membrane proteins comprise over 50 percent of drug targets.?

Determination of protein structures is the first step toward the rational development of inhibitors.
Diffraction methods and solution NMR have provided insight into membrane protein function
through the determination of structures, the identification of ligand binding sites and equilibria,
and measurement of dynamic information. For example, the Nobel Prize in chemistry was
awarded recently for successful determination of crystal structures of GPCR membrane proteins
because they are so difficult to study using diffraction methods due to the necessity of coaxing the
protein into a highly ordered crystal. Solution NMR structures of small membrane proteins has
been highly successful, but extension to much larger molecules is not possible due to an increase
in line width with molecular size due to slowed molecular tumbling. Although solution NMR and
crystallization methods have made progress in the area of membrane protein structure, there is
still a paucity of solved transmembrane protein structures, which occupy less than one percent of
the protein data bank although they represent approximately 20 to 30 percent of all proteins.
There is therefore a crying need for a reliable and efficient method for membrane protein

structure determination.

High-resolution solid-state NMR is rapidly emerging as a powerful structural tool in
chemistry and biology to access at the atomic-level substrates that traditionally escape solution
NMR and X-ray crystallography>? Steadily ongoing methodological developments combined
with tremendous  engineering advances in probe and spectrometer hardware, and
notably increased magnetic field strengths, have paved the way for studying structure and

dynamics of solid chemical and biological samples at atomic resolution. A variety of strategies
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for resonance acquisition and assignment has led to the first 3D structure determinations of model
macromolecules in the solid state at atomic resolution, spanning a broad atlas of structures
ranging from non-crystalline or poorly-crystalline materials to protein aggregates or membrane
proteins.> * 262 Solid-state NMR also has a unique ability to supplement the determination of
protein folds with data on dynamics, spanning a timescale of events which is potentially broader
than that probed by solution NMR.**** The possibility of accessing structural and dynamic
information is particularly interesting for membrane proteins because their function often
involves conformational plasticity, either for transport of small molecules, or for signaling across

the membrane.

It thus appears that solid-state NMR is uniquely positioned to answer key questions about
structure and function of membrane proteins, and to complement diffraction-based techniques and
solution NMR spectroscopy in order to understand their mode of action in mechanistic

and structural terms.

However, these determinations are far from routine. Today only a very small handful of examples
have been published involving structures of membrane proteins. The development of a robust,
rapid general protocol is now required for solid-state NMR to become a widespread tool for the
structural biology of membrane systems. The chapters in this thesis provide a demonstration of

such new methods applied to the membrane protein M2 from Influenza.

The M2 protein from Influenza A is a single pass membrane protein that assembles as a tetramer
and conducts protons at low pH, which is used to trigger unpacking of the virus in the endosomal
pathway for infection. The full length protein is 97 residues, but a 43 residue section comprising
the transmembrane helix and a C-terminal amphipathic helix is sufficient for proper pH
dependent proton conduction in liposomes and in oocyte assays.™ ** Additionally, inhibitor
binding was observed at two different sites in the protein, and the location of functional binding
was under intense discussion. Several mutants, notably S31N are resistant to these inhibitors. The
relatively small size of this protein coupled with a high degree of interest from the biological and
medical communities made this protein an ideal case for the demonstration of magic angle
spinning NMR for protein structure determination. The results of NMR measurements presented
herein have unequivocally determined the structure of the S31N mutant of M2, and determined

the site of functional inhibitor binding.

One of the advantages of NMR is that the energies associated with transitions in nuclear magnets
are small. This results in minimal perturbation of a chemical system when it is probed with radio

frequency (RF) pulses to determine structural information. No chemical bonds risk being broken,
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and typically a small amount of energy is delivered to the sample in the form of heating. The
disadvantage is that with small energy spacing, Boltzmann polarization is small near ambient
temperatures. For this reason, a continual problem in NMR is sensitivity. Several ways to
overcome the sensitivity problem are applied in this thesis, including dynamic nuclear
polarization (DNP) at low temperatures, acquisition at higher and higher field, and the detection
of a high-gamma nucleus such as 'H.

The following paragraphs describe the fundamentals of the spin physics behind the NMR based
determination of molecular structure used in this thesis. The primary focus of the subsequent
chapters is to apply NMR methodology to gain insight into the function of the M2 protein from
influenza A through structure determination by (i), assignment of the resonances and chemical
shift based secondary structure prediction (ii), determination of distances with dipolar recoupling

(iii), construction of the full molecular geometry in simulation.

2.2 Magic Angle Spinning NMR Theoretical Background

Theoretical treatment of NMR follows the Quantum Mechanical description that can be found in
a variety of texts.*>”® A brief introduction is presented here. In the simplest NMR experiment, a
sample of many non-interacting spins is placed in a large static field B, and the interaction

between the spin and the magnetic field is the Zeeman interaction. The magnetic moment () is

related to spin angular momentum by:

n=1s (1.1)

The gyromagnetic ratio 7y is dependent on the type of nucleus, 'H, °C, "*N, *'P, etc. The energy

associated with the interaction of the quantum magnet ant the static magnetic field is:

H=-p-B=—yB-S (1.2)

When B is in the z direction with magnitude B, then:

H=-yBS, (1.3)

For spin 1/2, as commonly encountered in biological molecules, this becomes:
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H=_&°h( 10 J (14)
2 0 -1

Which clearly has eigenvalues of +y B % /2 . Inserting the stationary states associated with these

eigenvalues into the time dependent Schrodinger equation, we see that the spin precesses at the

Larmor frequency:

w=YB, (1.5)

At equilibrium, the net magnetic moment is determined by the population difference between the
up and down states, which follows the Boltzmann distribution. The net polarization difference is
typically small in NMR, in which case the polarization difference can be approximated with a

Taylor expansion of the exponential:

_ YhB,

=— 1.6
2kT (10

This net polarization lies along z at equilibrium. In order to detect the NMR signal, a radio
frequency pulse (RF) is applied at or near the Larmor frequency, which tips the magnetization
into the xy-plane where it oscillates and is detected by the current induced in a coil. The effect of

an oscillating field in the xy-plane is described by the hamiltonian:

H = -yBS, -y B\(S,cos ot + S;sinwt) (1.7)

then, using S,cos wt + S,sin t = exp(-iS,wt)S,exp(iS,wt):

H=-yBS, -y B,(e 'S ") (1.8)

Typically the result of the RF is shown using a rotating frame transformation:
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Y= S (19)

Then

_;;._a;=—[w+yBOSz+yBISx]‘P' (1.10)

and the time dependence has been eliminated. On resonance then, this Hamiltonian

H'=—[yBS,], results in a rotation about I, in the rotating frame. If the oscillating field is left
on for the correct time, this produces a magnetic moment in the xy-plane that precesses at the

Larmor frequency and is detected in a coil.

Two or more spins

Interactions between spins are critically important for the use of NMR as a tool for structural
biology because they encode geometrical quantities (distance and orientation). In this case the full

Hamiltonian contains terms that arise from interaction between spins:

H=H +Hy+H+H,+H,+H, (1.11)

Where H is the Zeeman Hamiltonian, Hgr is Hamiltonian describing time dependent application
of radio frequency pulses, Hs is the anisotropic chemical shift interaction. H; Hy, and Hq are
interaction between spins: the scalar, dipolar, and quadrupolar Hamiltonian, respectively.

The local electronic environment surrounding a nucleus results in an orientation dependent shift
in the magnetic field felt by the spin, with the magnitude of the shift typically being parts per
million (ppm) of the applied field. This effect on a spin S is described by the chemical shift

hamiltonian:

HCS=—‘YS'G'B0 (1.12)
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Where 6 is a second rank tensor. The chemical shift can be used when the sample is aligned for
determination of relative orientations between the molecular frame and the external field. In
addition, the isotropic part of the chemical shift still gives detailed information about the
electronic environment, and is particularly useful for distinguishing different atomic sites, for

example a carbonyl from an aliphatic °C, or the >Ca. of valine from the “Cot of leucine.

Two spins S and I interact via the J coupling, an interaction that is mediated by electrons in

chemical bonds:

H; =2nS-J'1 (1.13)

Under static sample conditions, J is a tensor, however, under isotropic tumbling or MAS it

reduces to a number J. In the high field approximation, it becomes even simpler:

H, =2rJS,1, (1.14)

It is useful for transfer of magnetization over 1 bond in solids, and generally does not provide 3D
structural information.
The dipole coupling Hamiltonian between two spins I and S, Hp, is probably the most important

term for structure determination by SSNMR:

h2
HD=—%(3(1‘8)(S'3)‘I‘S) (1.15)

Where L, is the magnetic constant, r is the internuclear distance, and e is the internuclear unit

vector. In spherical coordinates and using raising and lowering operators:
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2
H, =BV 4y piceDrE+F)
b 4rr’

A=1,,(1-3cos’0)

B=—:11-(I*S'+I'S*)(l—3coszl9)
3 ., by —i
C=—5(1 S,+1,8")sinfcosfe™ (1.16)
D=_%(I‘Sz+IZS')sin900s6ei"’
3 et 2 g 200
E=_Zl S7sin” Be

F= —%I'S' sin® e

In the homonuclear case, the term A is diagonal, and the term B is off diagonal but connecting
states of equal energy. According to perturbation theory, these terms will produce a significant
effect. The terms C through F, on the other hand, connect states that differ in energy, and
according to perturbation theory will have a small effect on the correction to the energies and
states. The terms C through F are thus typically dropped from the dipole Hamiltonian in the zero

order approximation:

2
HO =%%<3@sz —I-8)(1-3cos?6) (1.17)

D h
omo r

In the heteronuclear case, the B term is also truncated, and the Hamiltonian becomes:

2
H) e = %(ﬂz& )(1-3cos’6) (1.18)

The dipole coupling term is strong enough to provide internuclear distance information on a
length scale that encodes meaningful distances is proteins. The dipole coupling is used in this

thesis for measurement of '"H-'H, ®C-*C, and "*C-"N distances.
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Spinning about the Magic Angle

When the sample is spun about an axis that makes an angle 8z with B, the dipole coupling takes

on a time dependence that can be analyzed by rotating the coordinate system from the spinning

axis back to the B, frame:

cos@, O -sin6, coswtsiny
cosB=[ 00 1] 0 1 0 sin@tsiny (1.19)
sin@, 0 cosO, cosy

where we have chosen the y axis as identical in both frames, and the angle B is the angle between
the internuclear axis and the rotation axis. Note that Eqn (1.19) is a simplification of the general
case of rotating a tensor. For an arbitrary tensor, two rotations must be applied, first rotation from

the molecular frame into the MAS frame and then into the lab frame.

If the sample rotation is sufficiently fast, we can replace the term (1—3cos?8) in the dipole

Hamiltonian with its time average. Using the expression above for cos’0 and averaging over

one rotation:

2 —
(1-3cos?8) = (1 3cos? 0@[%) (1.20)

If the angle O is chosen such that (1-3cos*@,)=0, then the term vanishes. This angle is

54.74°, the magic angle. Since the chemical shift anisotropy also has an orientation dependence
of the same form, spinning about the magic angle at a sufficient frequency results in narrow line
spectra similar to the result of molecular tumbling in solution. An example of this phenomenon is
presented in Figure 1.1. The static spectrum spans about 50 ppm, and with MAS, the spectrum is

narrowed to a fraction of 1 ppm.
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Figure 1.1. A static phosphorus spectrum of a phospholipid, and an isotropic spectrum acquired under 6.3
kHz MAS.

2.3 Recoupling

Modern methods, such as MAS and decoupling can remove interactions such as CSA, dipole
coupling, and J coupling, resulting in high-resolution spectra where hundreds of atomic sites can
be distinguished. In MAS experiments, the sample rotation is the primary method of removing
these couplings in order to improve the spectral resolution. However, it is the dipole couplings
and CSAs that contain valuable structural information, and that information is lost under MAS.
Fortunately, application of carefully timed RF pulses allows selective reintroduction of terms in
the Hamiltonian that carry structural information. This selective switching of terms in the
Hamiltonian forms the Foundation of modern MAS NMR, allowing for example, dipole
couplings to be measured in one dimension of a spectrum and isotropic chemical shift to be
correlated in the second dimension. In addition, recoupling can be used to drive transitions
between coupled spins. Recoupling sequences used in this thesis are both heternuclear and

homonuclear dipolar recoupling.

Heteronuclear Dipolar Recoupling: REDOR
When RF pulses are applied concurrently with sample rotation, we must analyze the time

dependent interactions. An arbitrary sequence of RF pulses can produce a non-zero average
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Hamiltonian, as is the case for REDOR, described below. The dipole coupling as a function of

time under sample rotation is, from Eqns. (1.18) and (1.19):

H,=d®)S,1,
d@t)= d{sin2 Bcos2(a+w,t)—~/2 sin2 B cos(ar + a)Rt)}

g2 BT
2nr’

(121)

where o describes the initial orientation of the internuclear vector with respect to the rotor, and
is the angle between the internuclear vector and the MAS axis, as before. As determined before in
Eqn. (1.20), the average dipole coupling over one rotor cycle is zero.

Importantly, the dipole coupling varies coherently with sample rotation, with a characteristic
frequency of wy or 2mg. The Wy component of d(t) changes sign twice per rotor period. The spin
part of the dipole Hamiltonian (S,I,) can be manipulated with RF pulses. If w-pulses on S, are

applied twice per rotor period, then both the spatial and spin part of the Hamiltonian change sign
twice per rotor period, and there is a net non-zero Hamiltonian. This is the REDOR Hamiltonian.

To determine the average REDOR Hamiltonian, we integrate d(t) for one rotor period:

- 1 ¢wl2 1 pm
A= [ZJ" d(t)dt r LRlzd(t)dt]SZIZ

(122)
= d . .
H= —;\/Esm2ﬁsma 28,1,
The density operator (starting with I, at time 0) is then:
pit)=e *1,e?
28,1, i928,1,
pit)y=e * I, *
p(t)=cos@l, +2sindS, 1, (1.23)
o=-T 3 6in2Bsina

Where N, is the number of rotor cycles applied, and ¢ is the accumulated phase that the initial

state has acquired. In a REDOR measurement, the reduction of the cos¢ term is observed
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(typically as a function of the REDOR time), which can provide a highly accurate method for
measuring the dipole coupling, and hence the internuclear distance for an isolated spin pair. In the
related TEDOR measurement, the 2sin¢ term is observed (indirectly) in order to correlate the
chemical shifts of the coupled S and I spins. The TEDOR experiment can be used in 2D for
assignments, or it can be used to measure distance by measuring peak intensity in multiple 2D
spectra at different mixing times. In this thesis, samples have no preferential orientation, and the

cos¢ or 2sin¢ terms must be averaged over all molecular orientations.

A final note about REDOR is that in principle, the T pulses can be applied on either the I or S
channel for dipolar recoupling. However, the sequence must be designed to avoid unwanted
recoupling and to refocus the chemical shift. For example, if pulses are split on both channels
such that each channel has one = pulse per rotor period, this can lead to homonuclear recoupling.

At least one pulse is applied to each of the channels in order to refocus chemical shift.

Homonuclear Dipolar Recoupling: RFDR

Homonuclear recoupling is based on the same principles as heteronuclear recoupling, in that the
with the RF manipulation of the spin part of the Hamiltonian interferes with the coherent
averaging of the spatial part due to MAS, resulting in a non-zero average. (In this case we
consider only the first order average, although higher order terms in the Magnus Expansion are
necessary for the analysis of some NMR pulse sequences such as Third Spin Assisted
Recoupling'?). For the homonuclear case, the pulse sequence design must consider that RF pulses
are typically non-selective and therefore manipulate both spins simultaneously.

We illustrate homonuclear dipolar recoupling with RFDR*. This pulse sequence can be analyzed
with delta pulses or with finite pulses. Here we present the treatment of finite pulses, which

becomes important at higher spinning frequencies.*'

From Eqn 121, d(z) has terms that oscillate at g and 2wz, which will be multiplied by the spin

part of the Hamiltonian.

HD,homo = d(t)%(slzsz - I . S)

d(t)= d{sin2 Bcos2(a+wgt)— V2 sin2Bcos(a + a)Rt)} (1.24)
g2 BV
2nr’
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The pulse sequence consists of a pi-pulse of duration 1, placed at the beginning of each rotor
period and alternating in phase between x and y. For the calculation of the average Hamiltonian,

we first determine the action of the pulses over 4 rotor periods.

([ —im(Iy+Sy )T
e Ux+Sx)tiTp

O<t<r,
—im(Iy+Sy)
e T, <t<Tg
e—in(l,,+sy)(t—rR)/rpe—iz(1X+Sx) TR <t< TR +Tp
o TUr ) pminU+Se) _ in(Iz+5y) T +T, <t <27,
Upr =3 . Nireve. 1 - (1.25)
e PUx+SO=2TR)/Tp Him(I7+57) 2’L'R <t< ZTR +7T,
P ) 2T, +7, <t <37,

o~ T Ur+Sy 3T yin(Ix+Sy) in(Uz+57) 3T, <t<37T,+7,

27Uz +S7) 3T, +7T, <t<4t,

\ /

Then the average Hamiltonian is:

H-= L{K" Hy(t)dt+ ij H(t)dr + }

47,
J-rp g@ PPUIHSOUTE 31 ¢ iUk tSONTy gy o (126)
_L b5 o
4T J'TR@yS dr +...
) 7z
Which reduces to:
_ I:%MZSZ L TR%MZSZ dt+
- - ] Tr ’ (127)
T Tr
k12 —;’ls(lxsxuysy)dt

And after integration:

2

z#z[sin(a)RTP+y)—siny]'A+
= | Ty —40,") 1
H= 3 ) . IZSZ_E[IXSX+IYSY]
, ) .
———————[sin(RQw,T, +2y)—sin2y]-B ;
Sn(wRZ—wlz)[ awgt, +27) 14! (1.28)
A=dsin’ B

B=—/2sin2p
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The result is a scaling of the static homonulcear dipole coupling, with a scaling factor that goes to
zero as Tp goes to zero. RFDR is a useful recoupling sequence with low RF power requirement,
allowing it to be applied even at a spinning frequency of 60 kHz. It is applied in this Thesis for
long range recoupling of “C at 20 kHz MAS and recoupling of 'H at 60 kHz, allowing the

extraction of useful distance information.

2.4 Thesis Outline

Chapters 2 through 5 concern the measurement of structural properties of the M2 proton
transporter from influenza A. In chapter 2, the interaction of an inhibitor is investigated on the
wild type protein, which shows a large-scale reorganization of the channel upon drug binding. In
chapter 3, the location of the functional binding site was determined using dynamic nuclear
polarization (DNP). This measurement resolved a controversy concerning the location of drug
binding, and demonstrated the utility of DNP for characterization of ligand-protein interaction. In
chapter 4, focus is turned to a drug resistant mutant of M2, which arises from a single point
mutation S31N, and is widely circulated in the present influenza population. In the same lipid
preparations as used for the study of drug binding in WT M2, nearly no change is observed in the
spectrum on addition of inhibitor. In order to shed light on the molecular basis for drug resistance,
the structure of S31N M2 was solved using MAS and the result is presented in chapter 5. Chapter
5 is the culmination of multiple lines of analysis involving many differently labeled samples of
both protein and lipid. In addition, chapter 5 includes proton detected measurements of proton-
proton distances using exciting new hardware that allows spinning at 60 kHz.

Chapters 6 through 9 concern the methodological development of techniques for MAS NMR.
Chapter 6 details the synthetic route used in the synthesis of deuterated lipids for 'H detected
measurements. Chapter 7 presents the use of *H DNP and *H-"C correlation as an alternate
method to the commonly used 'H DNP. Chapter 8 is a detailed look at signal quenching and
relaxation in homogeneous solutions under DNP conditions, and is useful for the optimization of
sample conditions for DNP. Finally, Chapter 9 is a structure determination of the model peptide
APG, which was used as a model system to compare the restraining power of different NMR

measurements on this particular molecular structure.
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Chapter 2: Magic Angle Spinning NMR Investigation of Influenza
A M2,g60: Support for an Allosteric Mechanism of Inhibition

2.1 Introduction

The M2 protein from influenza A virus is a single pass membrane protein that assembles as a
tetramer to form a H* selective channel that functions at low pH and is critical in the viral
lifecycle. A class of aminoadamantyl inhibitors has become ineffective against many influenza
strains due to mutations in the N-terminal region of the channel', thus stimulating great interest in
identification of the pharmacologically relevant binding site and the mechanism of inhibition and
drug resistance. Discussion of an external, lipid-facing site and a pore-blocking site is ongoing®®.
A solution NMR structure’ in DHPC micelles of M2,4 ¢, showed an external binding site at D44
via direct NOE measurement; however, the pharmacological relevance of this binding pocket was
questioned due to possible detergent effects, such as hydrophobic mismatch, which may impact
structure, dynamics, and binding affinity*. Pioneering solid state NMR experiments by Cross, et

al” using a shorter TM construct, M2,, 4, in lipid environments® °

were followed by diffraction
studies in detergent®. Some of these results and more recent NMR experiments® suggest S31 as a
binding site. Recently, an elegant °C-’H REDOR experiment using *H labeled drug and “C
labeled peptide on M2y,  in lipids detected inhibitor near S31, and at higher drug concentrations,
near D44*. However, M2,, 4 exhibits reduced function and drastically reduced inhibition by drug
when compared with M2,5°. Furthermore the similar construct, M2,,, has indistinguishable
conduction compared to the full length protein’. It is presently unclear whether the discrepancy
between the two observed binding sites arises due to detergent effects, the highly truncated
construct, or other factors. We therefore initiated investigations of the fully functional construct,
M2,5 4 in lipid bilayers with magic angle spinning (MAS) NMR. Our chemical shift data reveal
global conformational changes upon drug binding that suggest an allosteric mechanism of

inhibition, and peak doubling, indicating a twofold symmetric tetramer.

2.2 Results and Discussion

Figure 2.1 (top) shows a '"N-">C one-bond zf-TEDOR'" '? correlation spectrum of M2, in 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) bilayers, demonstrating spectral

assignments in both the absence (red) and presence (blue) of the inhibitor rimantadine (Rmt).
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Figure 2.1. TEDOR spectrum of M2, showing large chemical shift changes upon addition of
rimantadine. (top) 15N-13C zf-TEDOR spectra (tmix= 1.3 ms) showing assignments of
13C,15N[12C,14N-ILFY |M218-60 in the drug bound (blue) and unbound (red) states. Unless otherwise
indicated, cross peaks arise from 1-bond N-Ca magnetization transfer. (bottom) 13C-13C PDSD spectra
(tmix= 50 ms) showing Asp and Gly cross-peaks of these samples. Sizable chemical shift changes are
observed in the N and or Ca sites for residues 25, 27, 28, 31, 34, 35, 37, and 41. Many peaks are doubled
(see Figure 2.5 for expansion), notably P25 and A29, supporting the existence of a two-fold symmetric
tetramer. Spectra were recorded ~0 °C, just above the phase transition of pure POPC lipids. Labels such as
D44 are shown in italics to indicate less certainty in assignments (see Methods Section).

Linewidths of ~1 ppm for both '*N and "*C are observed at 700 MHz for both drug-bound and apo
samples, indicating conformational homogeneity. This narrow linewidth also indicates that the
dynamics of this system are favorable for investigation by MAS NMR. The similar linewidths in
the bound and apo states is in contrast to results with M2,, ,c where drug binding significantly
narrowed the spectra’, and the improvement using M2,5¢ could be attributed to the larger
construct, which remains tetrameric even in an SDS detergent environment®,

Upon Rmt binding, we observe substantial (>1 ppm “Co/Cp, >2 ppm "*N) chemical shift changes
from residues 24 to 41, distributed across the entire range of unambiguously assigned residues
and nearly spanning the transmembrane helix. Significant perturbations occur for pore lining
residues 27, 34, 37, 41 and from residues 24, 25, 28,29, 31, 32, 35, which are found in the helix-
helix interface and lipid facing sites’. Only two assigned residues, 30 and 42, show no chemical
shift perturbations >1 ppm in “Co/CB or >2 ppm in "N. In Figure 2.2 these chemical shift
perturbations are shown as a function of residue number and demonstrate significant changes on a
length scale many times larger than the ~5 A Rmt drug, indicating allostery. We note that the ~7
ppm shift change at S31 that was observed for M2,, ,; using Amt’ is also observed here for M2,g

31



60 using Rmt. In addition, we also observe a ~3.5 ppm shift in H37 Cat, which is comparable
considering the ~2 fold increase in chemical shift variability of N compared to *Ca.. Thus,
chemical shift data supports an allosteric effect, but does not locate the drug; it is therefore
consistent with proposed sites of pharmacological relevance, S31 and D44.

An allosteric effect is also in agreement with previous measurements of aligned samples that

detected a kink at G34 in amantadine (Amt) bound M2,, ,, and a modified conformation with
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Figure 2.2. Chemical shift perturbations (A8 = Bhouna-Oupo) are distributed across the channel and support an
allosteric effect upon drug binding. (left) Chemical shift perturbations as a function of residue number.
(right) A comparison of the Rmt drug size with the transmembrane tetramer assembly from the solution
structure. Blue residues indicate a shift of >2 ppm in N and or >1 ppm in Co/CB. One of the four helices
has been removed for clarity.

drug binding". A backbone structure of amantadine bound M2 was calculated in this previous
study; however, broad apo spectra compromised a complete structural analysis of that state. From
the present spectra, it is clear that the allosteric changes extend across the entire TM domain.

This conclusion relies on the significance of the chemical shift differences between the bound and
apo states. Chemical shift changes can arise from several factors, which include changes in
secondary structure but can also include variations in solvents, temperature, and pH. Comparisons
of chemical shifts between solution and microcrystalline preparations of the same model proteins
reported strong agreement (~1ppm and less for *C’ and ®Co, ~2 ppm and less for '*N) in the
protein core, with somewhat larger differences observed for sites forming crystal contacts in the
solid state preparations'*'”. Temperature and pH are constant for all of the data reported herein,
and the possibility of nonspecific binding and membrane changes are addressed below and in
Figure 2.3 and Figure 2.4; we have therefore excluded these potential sources for chemical shift

perturbations.
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The solution NMR structure showed an external binding site with a specific interaction between
the amine group of Rmt and D44 Cy. Therefore, we have also examined the Asp region of *C-">C
proton driven spin diffusion'® (PDSD) spectra shown in Figure 2.1 (bottom) for perturbations.
The G34 Co-C’ peak exhibits a well-resolved movement on drug binding and intense peaks in
both states, suggesting that it is in a position in the peptide that is not influenced by dynamics. In
contrast, Asp CB-C’ and CB-Cy peaks show reduced intensity that is likely due to motion
interfering with cross-polarization (CP) and decoupling'® *°. Addition of Rmt causes a 2-fold
further decrease in these peak intensities and chemical shift changes of several ppm. A direct H-
bond between the drug amine and an Asp Cy carboxyl, can explain these effects. However, these
effects can also be explained by a large-scale reorganization of the channel resulting in altered
conformation and dynamics in the vicinity of the Asp residues.

In Figure 2.3, zf-TEDOR spectra are shown at 0, 1, and 4 Rmt molecules per channel in order to
investigate binding stoichimetry and rule out the possibility of nonspecific binding. Figure 2.3a
shows an apo spectrum. Upon addition of one Rmt molecule per channel (Figure 2.3b),

resonances of the Rmt-bound form appear and with approximately 25% of total intensity. At four
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Figure 2.3. TEDOR spectra of M2 acquired at 0, 1, and 4 Rmt molecules per channel in a, b, and

c, result in cross peaks due to M2 bound to Rmt and present at ~0%, 25% and >90%,
respectively. The apo spectrum is simultaneously observed at 100%, 75% and <10% of total site-
specific signal intensity. Unless otherwise indicated, cross peaks arise from 1-bond N-Co
magnetization transfer. Resonances that clearly show the titration are displayed in red (unbound
form) and blue (Rmt bound resonances). Dashed lines at G34 and other resonances serve as a
guide. Signal to noise is ~10 for strong signals. M2 samples used in the titration were embedded

in DPhPC lipids and show nearly identical spectra as those recorded in POPC lipids (see Figure
4).
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Rmt molecules per channel (Figure 2.3c), resonances arising from Rmt-bound M2 are primarily
observed, with apo resonances still detected at <10 % total intensity. No gradual change in
chemical shifts is observed; rather the resonances of the bound form appear in concert and
increasing intensity with increasing Rmt. At 16 Rmt molecules per channel, the effect is saturated
and only the bound form is observed (Figure 2.1, blue). If these chemical shift changes are due to
specific binding, then resonance intensities suggest a binding stoichiometry of >1 molecule per
channel. Notably, pore facing residues such as G34 and V27, which are unlikely to be affected by
any nonspecific hydrophobic interactions or changes in lipid composition, clearly demonstrate the
changes. Furthermore, although Rmt partitions strongly to membrane®, at one drug per channel it
occupies only 2 mol percent of the non-protein membrane components. Neither protein nor M2
tetramer is in excess, yet all of the chemical shift perturbations are observed. Therefore if we
assume that the pharmacological binding site has high affinity, then nonspecific binding and
changes in membrane composition are excluded.

Sensitivity to membrane composition was further investigated by collecting TEDOR and PDSD
spectra in another lipid, 1,2-diphytanoyl-sn glycerol-3-phosphocholine (DPhPC). Spectra
recorded in DPhPc are remarkably similar to spectra of POPC embedded M2, with maximum
chemical shift differences of 0.3 ppm and 0.7 ppm for °C and “N, respectively. PDSD Spectra
recorded in these two lipids are overlaid in Figure 2.4. The fact that this change in membrane
composition causes small changes in the spectra provides further evidence that drug induced
chemical shift changes are caused by a specific drug interaction and not caused by altering the
membrane composition. Clearly the state of this construct of M2 in lipids is stable to the change

in membrane composition between DPhPC and POPC.
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Two distinct sets of peaks are observed for many residues in both apo and drug bound M2 g,
with approximately equal intensity, providing evidence that the tetramer is twofold symmetric.
These are most obvious in the P25 cross peaks in Figure 2.1 (top), but are also apparent in more
crowded regions of the spectra. Multiple peak sets could indicate the presence of multiple
conformations or arise due to incomplete drug binding. However, peak doubling appears with
equal intensity between the two sets of peaks, and is found in both the apo and drug bound states,
suggesting that the tetrameric assembly has twofold symmetry, which may arise due to packing of
bulky W41 and H37 side chains. This is in agreement with previous work, which showed that the
doubly protonated state of M2 contains two imidazole-imidazolium dimers of H37 and is
therefore twofold symmetric at this position”. It is also qualitatively consistent with the
diffraction structure at neutral pH, which shows conformational heterogeneity in the C-terminal
region®. Other structural studies have assumed fourfold symmetry. For example, a single set of
resonances was observed for this construct in DHPC micelles’ and may be the result of fast
interconversion between two states at higher temperatures. Also, peak doubling may be present
and within the linewidth observed in previous MAS NMR studies.

Dimerization of two tetramer channels could also lead to two sets of resonances, with different

chemical shifts at the interface. However, some of the largest separations in doubled peaks appear
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Figure 2.4. "C-"C PDSD spectra of POPC embedded (red) and DPhPC embedded (black) M2
show nearly identical spectra with maximum chemical shift differences of 0.3 ppm. With 15 ms

mixing, mostly 1-bond correlations are observed.
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at residues inside the channel such as H37 and W41. We therefore find that the most likely

explanation for the peak doubling is a twofold symmetric channel.

2.3 Methods and Spectral Assignments

Synthesis of U="C,”N[“C,“NILFY]M2,,: Synthesis and reconstitution of M2 ¢:
Preparation of M2,54 by overexpression in E. coli has been described previously® . Briefly,
M2,5 4 was overexpressed in e-coli BL-21DE3 as a fusion with trpLE with a N-terminal Hiso-tag.
Protein synthesis was induced with an IPTG concentration of 150uM at an ODg,, of 0.75. The
protein was purified on a Ni** affinity column and cleaved with 0.35 g CNBr in 2.5 mL 70%
formic acid per liter of cell culture. Finally, pure protein was isolated on a C4 reverse phase
HPLC column. For reverse labeling, 1L of M9 culture was divided into two parts. A 700 mL
portion was inoculated and grown to an ODgy, of 0.7. Natural abundance amino acids ILFYS
(Sigma) were dissolved in the remaining 300 mL, and added to the 700 mL portion bringing the
OD to ~0.5 prior to induction at ODgy, of 0.75. Induction conditions were at 18 °C and for 14-18
hours.

M2 bilayer preparation: Pure peptide was dispersed in either 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine (POPC) or 1,2-diphytanoyl-sn glycerol-3-phosphocholine (DPhPC) purchased
from Avanti. Bilayer samples were prepared by detergent dialysis. Peptide and lipid were
dissolved separately in ~14 mg per mL Octyl Glucopyranoside (OG) detergent (Sigma), then
combined at a lipid to protein molar ratio of 14 (POPC) and 12 (DPhPC). Detergent was removed
by dialyzing against 2 L of buffer with 2 buffer changes per day using a 3.5 kDa cutoff. Dialysis
buffer contained 40 mM phosphate, 30 mM glutamate and 3 mM sodium azide at pH 7.8. After 5
days of dialysis, the sample was pelleted by centrifugation at 100 000 x g and packed into the
MAS rotor. For POPC imbedded samples with drug, dry lyophilized Rimantadine (see synthesis
below) was added to the membrane pellet at a 4:1 Drug:M2 molar ratio. Lyophilized drug was
buffered using phosphate to insure the correct pH was maintained. In the rimantadine titration, the
calculated molar quantity of 15 mg/mL rimantadine at pH 7.8 was added to the membrane pellet.
Synthesis of '*N rimantadine: Rimantadine was synthesized from the 1-adamantyl methyl
ketone precursor by a Leukart-Wallach reaction”. 2 g ketone, 3.4 g sodium formate and 2.67 g
ammonium chloride were dissolved in 20 ml diethylene glycol at ~100 °C and reacted for 2
hours. Successful reaction was verified by solution NMR and mass spec.

NMR: NMR spectra were recorded at 700 Mhz 'H frequency using a home built spectrometer
courtesy of David Rubin and a triple channel Varian 3.2 mm HCN probe. *C and "N chemical

shifts were referenced using the published shifts of adamantine relative to DSS for "*C
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referencing24 and the IUPAC relative frequency ratios between DSS (**C) and liquid ammonia
(®N)* %, All spectra were acquired at a MAS rotational frequency of 12.5 kHz. 83 kHz TPPM
proton decoupling was used in all experiments. Z filtered transferred echo double resonance
(TEDOR ") were acquired using 1.4 ms mixing with 50 khz *C and *N pi pulses. Proton driven
spin diffusion (PDSD'®) spectra were collected with 20ms 50ms and 200ms mixing. Two-
dimensional versions of the correlation experiments NCACX and NCOCX were acquired using a
6ms specific °N to “C CP transfer” and 20ms and 100ms of PDSD mixing. Spin locking
frequencies during the "N to *C CP transfer were ~43 and 30 kHz for '*C and N, respectively
using a 3 kHz ramp on "C. All spectra were recorded with VT gas regulated at -6 °C
approximately one inch from the stator. With frictional heating, we estimate the sample
temperature to be ~0 degrees. The POPC lipids have a transition temperature of -2 °C and
therefore are assumed to be in the liquid phase. Spectra were processed using the NMRPipe®
software package and displayed and assigned using Sparky (Goddard and Kneller, University of
California, San Francisco).

Assignments and Chemical Shift Changes: Assignments relied on PDSD spectra to identify
spin systems and residue types and TEDOR, NCACX and NCOCX to link these spin systems.
Five spin systems were assigned and are isolated from each other due to natural abundance
labeling of residues ILFY. These are S,3DPss, V23Vi8A0A3055:1°NlLs,, Gai[°N]Ls, H;, and
W ["°NlL,. The spin system Sy;D,,P,s was easily identified due to the unique proline nitrogen
chemical shift. V,;V,5AA30S;,1°N]l;, is identified since these are the only alanine and valine
residues in the sequence. Gs,[°N]l;5 was identified as the only glycine residue without an N-C’
contact. (The other glycine in the sequence, G58 would be connected to H57, however, neither of
these residues appear in the spectra). H;; was identified as the only remaining histidine in the
sequence. W, [°N]l,, was identified since W,, is the only tryptophan in M2 Isoleucine
residues were found to be transaminated, and amide shifts were identified as contacts to S;,, G,
and W,,. In addition, resonances from S, D,,, and Rys are present, but are ambiguously assigned
due to spectral overlap. There are three aspartic acid residues in the sequence. D24 is assigned.
D21 is in the N-terminal region of the peptide, which does not appear in the spectra (residues 18-
22 are not observed). Therefore the aspartic acid peaks in the spectrum are likely from D44. An
NCOCX contact to D44 The K,Ss, spin system was identified in the apo spectra, but not in the
drug bound spectra, although a lysine spin system was observed. Where peak doubling was
encountered, the two sets of resonances are not contiguously assigned due to gaps caused by the
labeling. When two sets of resonances were observed, the average was used in calculating

chemical shift changes.
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Peak Doubling: An expansion of the TEDOR spectrum from Figure 2.1 is presented below
(Figure 2.5) to show some of the observed peak doublings. Peak doubling is clearly evident for
P25,V27,V28, A29, A30, S31, G34, and W41, and occur in both apo and drug-bound spectra.
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Figure 2.5. The 1-bond *C "N TEDOR spectrum presented in Figure 2.1 is expanded to show peak

doublings. Doublings are observed for both apo and drug-bound spectra at may residue positions. Note, for
example, P25 and S31 which show doubling in both apo and drug-bound spectra.

Rimantadine titration: An NMR detected titration of rimantadine was carried out by directly
adding the relative molar quantity of 15 mg/mL rimantadine solution at pH 7.8 to DPhPC
membrane pellet and incubating for several hours. The increase in °N labeled rimantadine was
detected at 39 ppm in a "N CPMAS NMR spectrum (Figure 2.6). Although this experiment is
not quantitative due to possible changes in CP efficiency and dynamics, the "°N rimantadine

signal is ~0:1:4 in the three samples, as expected.
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Figure 2.6. A Drug titration of M2 in DPhPC lipids is detected in a "N CPMAS experiment. Lower,
middle, and Upper spectra show, respectively, 0, 0.25 and 1 rimantadine:M2 molar ratios, corresponding to
0, 1 and 4 drug molecules per channel. The drug signal at 39 ppm shows the expected increase in intensity,
and drug induced changes in the spectra are evident even in the 1D spectrum. The spectra were processed
using a 20 kHz sinebell windowing function and linear prediction of the first two points.

In summary, large drug induced chemical shift changes observed across the entire TM region
support a large-scale reorganization of the channel by an allosteric mechanism. In addition,
doubling of peaks is likely due to a twofold symmetric tetramer and drug titration data are
consistent with a binding stoichiometry of >1 Rmt molecule per channel. Determination of the
inhibitor binding site based on maximal chemical shift perturbation alone is not possible given the
magnitude and distribution of chemical shift changes. Therefore, a direct dipolar coupling
measurement* between the drug and the M2 is needed to determine the binding location(s) and
thereby elucidate the mechanism of inhibition in a construct, such as M2,g¢,, that retains full
function in conductance assays.
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Chapter 3: Dynamic Nuclear Polarization Study of Inhibitor

Binding to the M2,5.¢, Proton Transporter from Influenza A

Adapted from Andreas, LB; Barnes, AB; Corzilius, B; Chou, JJ; Miller, EA; Caporini, M; Rosay, M; Griffin,
RG; Biochemistry, 2013, 52(16):2774-82.

3.1 Introduction

Magic angle spinning (MAS) NMR is a powerful analytical technique well suited for dynamic
and structural characterization of membrane proteins and amyloid fibrils at atomic resolution’~.
In contrast with solution NMR, the ability to investigate systems of larger molecular mass
without an inherent broadening of resonances is a major advantage of MAS NMR. However, the
decreased molecular site concentration of larger molecules and detection of smaller magnetic
moments of “C and "N spins means that sensitivity limits the application of traditional MAS
NMR experiments. Dynamic nuclear polarization (DNP) can greatly increase the sensitivity of
NMR by transferring the substantially higher polarization found in the electron spin reservoir to
nuclear spins. DNP was first demonstrated at a magnetic field of 3.03 mT using a static sample of
a metal'; these seminal studies also experimentally verified the Overhauser effect as an efficient
polarization transfer mechanism. In the 1980’s, DNP experiments performed on dielectric solids
were integrated with MAS at 1.2 T, a low magnetic field by current standards>>. The extension
of DNP to magnetic field strengths used in contemporary NMR (= 5 T) has been achieved with
the implementation of gyrotron oscillators as microwave power sources. Additional advances in
NMR probe technology and development of stable organic radicals serving as the source of
electron polarization have stimulated more widespread adoption of the approach and recently
sparked considerable interest in the biological solid statte NMR community. DNP in conjunction
with MAS NMR has now been proven to yield considerable gains in sensitivity making possible a
25-10,000 fold reduction in experiment time in studies of membrane proteins, amyloid fibrils, and
peptide nanocrystals at 9 Tesla®’. Cryogenic MAS studies with improved probe technology on
crystalline peptides demonstrated that resolution need not be compromised at low temperature® °.
MAS-DNP experiments on bacteriorhodopsin, a helical 7 transmembrane protein, have exploited
both the sensitivity available from DNP as well as the cryogenic temperatures employed in such
experiments to trap intermediates of its proton pumping cycle to better characterize the

mechanism of ion translocation'® !'. Experiments on the amyloid protein PI3-SH3 have shown
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that additional cross-peaks appear at low temperatures due to changes in protein dynamics, and
the DNP enhanced spectra were useful in determining details of the fibril structure'?. In some, but
not all cases, the cryogenic sample temperature leads to inhomogeneous line broadening and
reduced resolution. Therefore application of DNP to biological systems of broad interest
typically relies on well-resolved chemical shifts from spins found in unique chemical
environments, or specific isotopic labeling of a cofactor, inhibitor, or residues to generate site-
specific resolution. With the present state of the art and fields of about 9 T to 14 T, successful
application will likely involve carefully labeling the protein and ligand to make use of spectra
with approximately 1.5 (°C) and 3 (**N) ppm linewidths® 2.

In this study, we demonstrate that DNP can be used to elucidate ligand-protein interactions even
in the weak (mM) binding regime using the proton transporter M2,5 ¢, from Influenza A virus and
the inhibitor rimantadine. We present direct measurement of membrane protein-ligand interaction
using MAS dipolar recoupling and DNP to detect the sites of drug binding in the tetrameric
proton channel M2,z 4, in the non-conducting, high pH state. This method is generally applicable
to the study of drug or ligand binding, particularly for weak binding because general application
of MAS NMR dipolar recoupling techniques to weak binding ligands requires the temperature to
be lowered in order to quench dynamic exchange processes'. Although we stress the importance
of low temperatures to quench exchange processes, binding sites can be detected while
undergoing exchange using NOE measurements or dephasing experiments in which the exchange
term commutes with the Hamiltonian. However, experiments such as ZF-TEDOR'* ' that rely on
transverse mixing do not commute with exchange terms and are made accessible by the low
temperatures and DNP.

The M2 proton channel from Influenza A is inhibited by the antiviral drugs rimantadine (Rmt)
and amantadine (Amt). The full protein is 97 amino acids, and a construct comprising residues
21-61 has been shown to retain proton conductivity and inhibition by Amt and Rmt". This
construct and a similar 18-60 construct contain a single pass transmembrane helix and an
amphipathic helix, which has been shown to stabilize the tetrameric assembly. An even shorter
construct, M2,, 45, comprising the transmembrane segment, shows reduced inhibition by drug, but
remains drug sensitive. A controversy regarding the site of pharmacological inhibition arose from
the observation of two different binding sites in various constructs of M2. Prevalence of n
terminal resistance mutations'® and drug induced changes in the pKa of H37" suggested binding
in the pore of the channel. However, structural studies showed multiple binding sites. An external
site near D44 and R45 was observed by NOE in a solution NMR structure® of M2,54,. On the

other hand, an internal site in the pore near residues V27, S31, and G34A was proposed ina 3.5 A
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diffraction structure of M2y, at pH 53”, and also observed in REDOR recoupling
experiments”. When the drug was first detected in the pore of M2,, , in lipid bilayers, it was
unclear if the conflicting results were due to truncating the protein near the external site, the
particular micelle environment of the solution NMR structure, or other differences in sample
preparations. The drug has now been shown to bind to the pore of M2,, (> ruling out problems
with protein truncation. It is therefore known that the aminoadamantyl inhibitors Amt and Rmt
bind to the pore of fully functional constructs in lipids, and the lack of pore NOE measurements
in the solution NMR is likely due to the specific sample environment.

Nevertheless, since the drug has been shown to bind to both sites, the important remaining
question was to definitively determine the site(s) responsible for inhibition. The pharmacological
significance of each binding site has been supported based on resistance mutations and binding
affinities, yet there is not yet consensus regarding interpretation of the functional data® .
Perhaps the strongest support for functional pore binding came from an interesting drug-sensitive
chimera protein containing C-terminal residues from influenza B M2 and thus lacking the
external binding site’®. A recent study using this AM2-BM2 chimera solved a detailed structure of
the tetramer with Rmt bound inside the pore?’.

Given the existing evidence for multiple binding sites, most likely of differing affinity, we
investigated M2,z 4, in lipid bilayers to explore the benefits of cryogenic DNP and to determine
the locations of the functionally important drug amine group when bound to the protein. We
present direct measurement of the drug in both binding sites, and correlate pore binding with
widespread chemical shift changes that have been interpreted as an indicator of structural
rearrangement and functional binding'*?.

We used both wild type (WT) M2 and the D21G, D24G double mutant to study drug binding.
The use of the double mutant is justified by noting that the mutations occur outside the lipid
embedded channel region. In addition, the mutant shows proton conduction and inhibition similar
to the WT protein in liposome assays (see Figure 3.8 in the supporting information).
Additionally, in all samples, cysteins 19 and 50 were changed to serine with no loss of function®
in order to prevent uncontrolled disulphide bond formation. The two mutations from D to G
remove ambiguity in potential cross-peaks arising from D44 in the external binding site. Thus, the
WT ;g sequence used in this work is RSN DSSDPLVVAA SIIGILHLIL WILDRLFFKS
IYRFFEHGLK.



3.2 Methods

The DNP enhanced ZF-TEDOR experiment

In our DNP enhanced ZF-TEDOR experiment (Figure 3.I), spin polarization is
transferred several times before final detection. First, electron polarization on biradicals® such as
TOTAPOL?Y is transferred to nearby protons via the cross effect’’ under the application of CW
microwave irradiation and concurrently transferred to more distant protons via spin diffusion. The
microwave irradiation frequency is set to 28.0498 GHz/Tesla to maximize DNP efficiency using
TOTAPOL. Next, 'H polarization is transferred to "*C in a cross polarization step. The previous
steps serve to increase the initial “C polarization and increase the sensitivity of the experiment.
Finally, ZF-TEDOR recoupling' is used to transfer carbon polarization to >C-"’N two-spin order,
the nitrogen chemical shift is encoded, and the two-spin order is reconverted into “C single
quantum coherence for direct detection. It is in this final ZF-TEDOR step that the interaction

between "°C labeled protein and "N labeled drug is observed.
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Figure 3.1. Schematic of the DNP enhanced TEDOR experiment showing transfer of polarization from
electrons to protons via the cross effect, from matrix protons to protein protons via 'H-"H spin diffusion,
from 'H to C via cross polarization, and from protein *C to N ligand via TEDOR. This allows the
measurement of protein-drug distances, as illustrated on the right.

Optimization of Radical Concentration

A low concentration of 4 mM TOTAPOL was used in order to ensure that the radical induced
only minimal paramagnetic relaxation effects on the protein. Particularly, reduction in transverse
relaxation during long mixing periods could reduce signal intensity. Average carbonyl C T,
relaxation times of only ~2 ms were found in a 40 mM TOTAPOL M2 sample with DNP
enhancements of 26. A T, of 13 to 14 ms was found using 4 mM, similar to the T, value at 278 K.
These effects are particularly pronounced in this relatively small protein, and appear to be much
less significant in previous studies that used 40 mM TOTAPOL to probe details of the active site

of bacteriorhodopsin, which is shielded from close approach of radical by a larger (26 kD)
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protein®. General optimization of radical concentration for DNP is the subject of ongoing

discussion.

M2 Sample Preparation

Pure M2,4 4, peptide was prepared by expression in E. coli as a fusion protein to TrpLe with a His
9 tag, and purified with a nickel affinity column followed by chemical cleavage with cyanogen
bromide in 70 % formic acid and final purification on a C4 reverse phase HPLC column®” . The
Udorn strain of influenza was chosen, but with C19S and C50S mutations to prevent unwanted
disulphide bond formation. Indicated samples additionally contained the D21G and D24G
mutations.

M2 samples were prepared for MAS NMR as described previously® with modification to
cryoprotect the sample in a glassy matrix®* * containing TOTAPOL for DNP. DPhPC lipid
(Avanti Polar Lipids) and lyophilized M2,g ¢, were dissolved in denaturing buffer (6M guanidine,
40 mM phosphate, 30 mM glutamate, 3 mM sodium azide, pH 7.8, 233mg/mL octyl glucoside
(OG) detergent) with a lipid to protein ratio of 2:1 by weight. Buffer components were purchased
from Sigma, and detergent from Affymetrix. The resulting solution was then dialyzed in a 3.5kD
cutoff dialysis cassette (Thermo) against 1 L of sample buffer (40 mM phosphate, 30 mM
glutamate, 3 mM sodium azide, pH 7.8) for 7 days with 2 dialysis buffer changes per day.
Lipid/M2 bilayers formed a white precipitate after approximately 24 hours. Solid material was
pelleted by centrifugation at ~100 000 x g in a Beckmann ultracentrifuge. For pore-bound
samples, a fourfold molar excess of "N Rmt was added directly to the membrane pellet and
incubated for 2 days at room temperature (~22 °C). The pellet was then mixed with 2 mL of DNP
buffer (60:40 by volume glycerol-ds:75 % deuterated sample buffer and 4 mM TOTAPOL*) and
separated by centrifugation at 450 000 x g for 12 hours. DNP buffer was drained from below the
sample and the sample was packed in a 4mm (Revolution NMR) or 3.2 mm (Bruker) sapphire
MAS rotor. For pore-unbound samples, the membrane pellet was first mixed with DNP buffer
and centrifuged at 450 000 x g. A fourfold molar excess of "N Rmt was then added to the sample

immediately before packing into a sapphire MAS rotor.

NMR, Hardware, Referencing, and Processing

Standard NMR spectra were recorded using Cambridge Instruments spectrometers (courtesy of
D.J. Ruben) operating at 500, 700, and 750 MHz 'H frequencies and using triple channel Varian 4
mm (500 MHz), Varian 3.2 mm (700 MHz), and Bruker 3.2 mm e-free (750 MHz) probes. DNP
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NMR spectra were acquired at 211 MHz using a Cambridge Instruments spectrometer and triple
channel HCN probe equipped with a 4 mm MAS stator and waveguide for delivery of microwave
irradiation from a gyrotron oscillator at 139.66 GHz**. Additional DNP spectra were recorded
using a commercial DNP spectrometer> at 400MHz 'H frequency and 263 GHz for the
microwaves (Bruker, Billerica, MA).

Chemical shifts were referenced using the published shifts of adamantane relative to DSS
for °C referencing® and the IUPAC relative frequency ratios between DSS (*C) and liquid
ammonia (*N)*”* for "N referencing. DNP spectra were referenced using the known chemical
shifts of G34 at 278 K. Additional experimental details such as pulse sequences, NMR field
strengths, and spinning frequencies are indicated in the figure captions. Spectra were processed
using the NMRPipe® software package and visualized and assigned using Sparky (Goddard and
Kneller, University of California, San Francisco). Spectra collected at 600 MHz were processed
with 150 Hz Gaussian apodization in both >C and >N dimensions to improve the signal to noise
ratio of the buildup curve. All other TEDOR spectra were processed with a 100 Hz Gaussian
apodization window in the “C dimension, and 150 Hz (crogenic DNP) and 30 Hz (278 K) in the
"N dimension to improve sensitivity. Spectra in Figure 3.2 were processed with 30 Hz of
Gaussian apodization. TPPM* Decoupling field strengths of ~100 kHz were used during TEDOR
mixing periods, and either 100 kHz or 83 kHz were used during acquisition. Power levels of 50 to
83 kHz were used for "°C pulses, and 20 to 40 kHz for "N pulses. Further details of the pulse

sequences are provided in the supporting information.

3.3 Results

The DNP experiments are performed at low temperatures of ~80-100 K where ice crystals would
form from buffers commonly used for room temperature experiments. The samples are thus
cryoprotected using 60% glycerol by volume. We show in Figure 3.2 that the chemical shifts are
unperturbed by the addition of 60% glycerol, both for the apo and the functionally-bound states at
~278 K. The spectra provide a fingerprint that can be used to distinguish between apo M2 and
functionally-bound M2, where functional binding is determined by large chemical shift changes
141928 Previous reports found that addition of the aminoadamantyl drugs Rmt and Amt cause
widespread chemical shift changes of up to several ppm to occur and a functionally drug-bound
spectrum is easily distinguished from an apo spectrum. Based on these fingerprint spectra, we
conclude that the glycerol does not cause any significant change in these states of the protein.

However, we find that glycerol increases the energy barrier for functional drug binding. In
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samples with drug added before glycerol, the drug-bound set of shifts was observed. In samples
with drug added after glycerol, the apo set of peaks was observed. Since the final composition of
both samples is the same, we conclude that the difference is attributed to kinetically trapping the
apo state and that the barrier for drug binding is increased by glycerol.

Spectra in Figure 3.2 were assigned using ZF-TEDOR'*'® and PDSD*"* correlation experiments
as was reported for WT 54, and by observation of only minor differences in chemical shift
between WT 5, and the D21G and D24G double mutant spectra of Figure 3.2. As with WT, we
observe membrane embedded resonances from approximately residue 25 to 50 at 278 K. These
observed residues span both proposed binding sites. Residue 24 appears weakly in some spectra,
and residues 18-23 and 54-60 are not detected due to unfavorable mobility of this part of the
protein. Spectra recorded at low temperature and with DNP were assigned based on the room
temperature resonances for G34, and by using the observed range of chemical shifts reported in
the BioMagResBank® for cross-peaks that do not show up at high temperature. These low

temperature cross-peaks could not be uniquely assigned; therefore all possible assignments are

indicated.
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Figure 3.2. PDSD spectra of M2 acquired under four sample conditions show that chemical shifts are
unperturbed by 60% glycerol if glycerol is the last component added to the sample. In a) and b) are shown
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cross-peaks of G34 and H37, respectively in uniformly "*C labeled samples. The first three panels were
recorded using a 700 MHz instrument with a Varian 3.2 mm triple channel probe spinning at 12.5 kHz. The
fourth panel (4x Rmt then 60% glycerol) was recorded at 750 MHz with a triple channel Bruker e-free
probe spinning at 13.4 kHz. These spectra of the D21G and D24G double mutant were recorded at ~278 K
using 15 ms of mixing. Peaks of G34 and H37 are displayed because of the excellent resolution in these
regions of the spectrum, and a clear change in frequency upon drug binding. Peaks other than those from
G34 and H37 are indicated with an asterisk.

In order to observe a dipolar coupling between uniformly “C labeled protein and "°N labeled
inhibitor Rmt, we used a “"C-"N ZF-TEDOR experiment with 8.8 ms of mixing. Near room
temperature (~278 K), the spectrum shows only two correlations to '*N labeled drug after 23 days
of acquisition (Figure 3.3, red). In contrast, DNP enhanced TEDOR spectra with 8.7 ms mixing
at low (80-105 K) temperatures showed several additional cross-peaks (Figure 3.3 and Figure
3.4, blue) and required only 2 days of acquisition due to the reduction in temperature and a signal
enhancement factor of 11. Assignments consistent with the observed cross-peaks are indicated in
the figures, and clearly show that at room temperature the drug is observed in the pore near G34
and A30. The G34 cross-peak is unambiguously assigned at 278 K, based on the known unique
resonances of G34 at this temperature. The A30 cross-peak is assigned by ruling out the only
other alanine, A29, as a possible assignment because this residue is found on the outside of the
channel far from G34, and the simplest interpretation of the data is that we are observing a single

binding site in the pore.
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Figure 3.3. ZF-TEDOR spectra acquired at 278 K (red) show one set of cross-peaks, and those acquired at
~90 K using DNP (blue) show additional peaks. In red is shown an 8.8 ms TEDOR experiment acquired at
500 MHz and 10 kHz MAS with a sample temperature of 278 K. In blue is shown an 8.72 ms TEDOR
experiment acquired at 211 MHz and 4.587 kHz MAS using DNP at 90 K. The 278 K spectrum was
recorded in 23 days and the 90 K DNP spectrum in 2 days. Both spectra were acquired using the same
sample of D21G-D24G M2 packed in a 4 mm sapphire rotor. °N labeled Rmt was added before glycerol,
and binding reached ~70% (as indicated by fingerprint spectra such as in Figure 3.2 before glycerol
kinetically trapped the remaining 30% in the pore-unbound state. Possible assignments are indicated.
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At low temperature and using DNP, the drug is also observed on the periphery of the protein,
consistent with the external site near D44 that was previously observed using solution NMR. In
addition, cross-peaks are observed that are consistent with drug associating to E56 or N20, which
may be another site of weak drug-protein association. The sample in Figure 3.3 was
approximately 70% functionally bound before glycerol was added and the remaining 30% was
trapped in the apo state. The amount of functionally bound protein is less than 100% because it
can take days for drug to penetrate and fully bind to the thick membrane pellet. Once glycerol is
added, further binding is kinetically prevented. We used spectra similar to those shown in Figure
3.2, and the known chemical shifts of the apo and bound M2 to determine the extent of drug
binding.

In Figure 3.4, we show that if the protein is kinetically trapped in the apo state with drug present
in the sample, the drug is observed only outside the pore. Isoleucine and leucine residues were
ruled out as possible assignments by reverse labeling of these residue types with '>C and

observation of the same peaks (see Figure 3.7 in the supporting information).
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Figure 3.4. ZF-TEDOR spectra show that the pore binding site is correlated with chemical shift changes. A
400 MHz DNP enhanced TEDOR spectrum (a) with 12.5 ms mixing is shown in blue. The wild type M2
sequence was used, and ~30% of the sample was drug bound as indicated by chemical shifts. In b), a
similar spectrum is shown of D21G, D24G M2 but with the protein kinetically trapped in the apo state.
Notably, the pore site at G34 is not detected in the functionally unbound sample shown in blue in (b). In
red, the TEDOR spectrum acquired at ~278 K, 500 MHz, and 8.8 ms mixing of D21G, D24G M2 is
presented for comparison. All possible assignments are listed for each peak in blue (DNP) and red (non-

DNP).
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The resolution of the DNP enhanced spectrum at 211 MHz is significantly reduced compared to
the 278 K spectrum acquired at 500 MHz, but the DNP enhanced spectrum has much higher
signal to noise, and the contours are displayed at a lower level. Therefore, the 2D spectra should
not be used to infer resolution and we include 1D slices below the 2D spectrum to show the
inherent C resolution in the spectra. We also see that the Ala CP resonance does not appear in
the DNP spectrum. This is typical of —CH; groups at temperatures of ~100-200 K and results
from three-fold hopping at a rate that interferes with 'H decoupling. Acquisition at temperatures
where the methyl dynamics are much slower than the decoupling field results in a return of signal
intensity and “H labeling of the methyl group has a similar effect by reducing the couplings.*

In the 211 MHz DNP enhanced spectrum (Figure 3.2), the G34Co resonance is not
resolved, but appears as a shoulder on a larger nearby peak. In Figure 3.3 (a), we show a similar
DNP spectrum, this time acquired at 400 MHz and applying 12.5 ms of mixing. The spectrum
clearly shows a peak at G34Co even though this sample had not equilibrated before addition of
glycerol, and only ~1/3 of the sample showed drug binding as measured by the chemical shift
changes. The spectrum in Figure 3.4 (b) shows that when glycerol is added before the inhibitor,
only the external binding site(s) are observed, once again indicating that the protein is trapped in
the pore-unbound state by 60% glycerol. Pore binding is therefore correlated with chemical shift
changes. Coupled with a recent report showing that the drug resistant S31N mutant of M2 does
not exhibit chemical shift changes with the addition of rmt,* the evidence points convincingly to
the pore site as responsible for inhibition in agreement with recent reports™ %’. Despite other
glycines in the sequence of M2, the glycine cross-peaks in the DNP spectra can be uniquely
assigned to the pore glycine, G34, because glycine peaks are missing from the spectrum when the
protein is trapped in the pore-unbound state; the weaker association of the drug on the periphery
of the channel does not result in detection of TEDOR cross-peaks to glycine Cas.

With this unique "N Rmt to G34 Co. assignment under DNP conditions, we can proceed with
standard MAS NMR experiments designed to measure internuclear distances. In Figure 3.5, we
show the results of a ZF-TEDOR buildup curve recorded at 600 MHz with DNP using uniformly
BC labeled WT M2, in a sample with nearly saturated binding to the pore. The maximum
signal to noise ratio in the DNP enhanced TEDOR experiment was 15 at 11.52 ms of mixing,
which is sufficient to measure a distance using an analytical fitting procedure described
previously’®. The data are inconsistent with a drug amine centered in the channel, and the fit

distance depends somewhat on whether the amine is near two or one helices. A fit of 4.3 or 4.0
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+0.2 A was found for fits with two and one G34 Coas, respectively. Details of the fit are described
below.

An overall scaling factor, A, is used in the fit to account for an unknown cross polarization
intensity and experimental imperfections. Fortunately, we can reduce the number of free
parameters in the fit by using the known distance associated with a 1-bond cross-peak from
G34Coa to G34N to determine A. A natural abundance of 0.36 percent for "N was used to scale
this peak in the fit, and both the short distance of 1.5 A, and the long distance of interest were
simulated simultaneously using the same value for A. The fit parameter I', is an exponential
relaxation term that is dominated by “C transverse relaxation and was therefore fit using one

value for both curves. The average C I'; of the sample was determined to be above 100 s using
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Figure 3.5. DNP enhanced ZF-TEDOR spectra (five mixing points) recorded at 600 MHz with
DNP are used to measure a drug-protein distance. Spectra are contoured at two mixing times in (a)
and displayed for the G34 cross-peak as a function of mixing time in (b). At 3.84 ms mixing (a,
left), one bond cross-peaks are detected due to the natural abundance of ~1% *C Rmt drug, and
~0.36% "N protein. By 11.52 ms (a, right), these natural abundance cross-peaks have decayed and
only the cross-peak of interest remains. In (b), the G34 cross-peak intensity is shown as a function
of mixing time (points + the spectrum rms noise level), with the best-fit simulation as described in
the text (smooth curve). The fit resulted in a distance of 4.0 A £ 0.2 A. The G34 N-Co cross-peak
was simultaneously fit (b, right) to reduce the degrees of freedom in the fit. A low natural
abundance of "N (~0.36%) accounts for the reduced signal of this curve. The spectra were

recorded in ~4 days at a spinning frequency of 12.5 kHz and a temperature of ~100 K. The DNP
enhancement factor was 2.5.

3
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an echo experiment, justifying fitting over a range of I', values between 50 and 150 s, as done
for crystalline peptides'®. The one bond J coupling of G34 was varied over a wide range of 40 to
60 Hz in the fit, but influenced the fit distance by less than 0.1 A. Typical values of 'Jo ., are
about 55 Hz*. Two percent of the sample was assumed to have no J coupling based on an
estimate of 98% enrichment of “C using 99% "“C glucose and a '>C starter culture. A Monte
Carlo approach was used to estimate the measurement error by refitting 1000 times with the
addition of the appropriate noise level of the spectrum'® to each curve. The resulting distribution
was used to calculate the rms deviation. All error estimates are reported at 1 rmsd.

The final consideration in properly fitting the distance is to determine how many of the helices in
the tetramer are close enough to contribute to the cross-peak. If we assume all four are equidistant
from the drug amine, then a fit distance of 4.8 +0.2 A is found. With the drug amine positioned
between G34 Co and A30 CB, this distance is incompatible with the solution constraints, which
allow a minimum distance of about 5.5 A, and certainly incompatible with the more loosely
packed diffraction structures. If we fit the data with two G34 Cas equidistant from the drug
amine, and the other two at a reasonable distance of 6.5 A or above, we determine a fit distance of
4.3 +0.2 A. Finally, if we assume the '*N interacts primarily with one helix, with the other G34
Coss at reasonable distances of 5.5 A, 6.5 A, and 6.5 A, the fit distance is 4.0 + 0.2 A. This fit is
shown in Figure 3.5(b).

In order to visualize the pore binding site for which we found unambiguous constraints, we have
performed a simulated annealing using the program XPLOR-NIHY. In addition to the two new
constraints from ZF-TEDOR at ~278 K and with cryogenic DNP, we used structural constraints
from a solution NMR structure® and a constraint based on previously reported *H-C REDOR
experiments.”>* Based on the DNP enhanced buildup curve, an upper limit of 4.5 A was allowed
for the Rmt amine to G34 Co. Similar constraints, entered in the calculation as 3.5 £1 A, were
entered for "N-Rmt to A30 CP based on the similar intensity of this cross-peak at room
temperature. Constraints of 3.5 +1 A were also applied between the V27 Cyl and Rmt CH,
groups farthest from the amine in order to orient the adamantyl cage consistent with a recent
report using the 22-46 construct®. Drug constraints were introduced to only one of the four
strands of the protein. Given the symmetry of the channel, and the fact that we observe two sets

of chemical shifts, the drug amine may hop between 2 or 4 of the helices and thus prevent
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breaking of the two-fold symmetry of the channel. A representative result from the simulated

annealing is shown in Figure 3.6.

| /
Figure 3.6. A structural model of the pore binding site is shown using distance constraints from DNP
enhanced TEDOR experiments, 278 K TEDOR experiments, and previously reported data. The structural
model was calculated using XPLOR-NIH and converged to a set of similar structures with 0 violations. A
representative structure is shown with drug in green and protein in blue. Three distances to the drug °N are
shown, two of which (A30 CP and G34 Ca) are the result of TEDOR measurements. The third distance is a
result of the structure calculation and suggests a possible hydrogen bond between the drug amine and the
protein at A30 carbonyl oxygen. The constraints deposited in the protein data bank for the solution NMR
structure 2RLF*' were used to define the tetrameric assembly. Distance constraints of 3.5 +1 A were
introduced between the drug "*N and A30 Cp and between drug N and G34Ca based on TEDOR spectra.
Finally, constraints of 3.5 £1 A were introduced between the V27 Cyl and Rmt CH, groups farthest from
the amine in order to orient the adamantyl cage consistent with previously reports.

3.4 Discussion

In previous experiments, two binding sites have been observed, a pore site in M2,, . and M2,,,,
and an external site in M2;3¢, M2, 4. We have confirmed the internal site in the M2z,
construct using DNP MAS at 100 K. Additionally, a drug-protein association is observed on the

periphery of the channel, consistent with the external site, however, the location and affinity are
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not determined. The pore site was found to have a significantly higher barrier, causing the protein
to be kinetically trapped near room temperature in the pore-unbound state using 60% glycerol.
Pore-bound Rmt was observed in a standard ZF-TEDOR experiment at ~278 K, indicating that
the drug is exchanging with the free population slower than the millisecond timescale. In contrast,
the external association was only observed at the low temperatures used in DNP experiments,
indicating that drug exchange likely results in loss of signal at 278 K. The external site is
observed even when the protein has been kinetically trapped in the pore-unbound state (as
determined by chemical shift changes) indicating that this site has a low barrier, is not responsible
for chemical shift changes, and is most likely not responsible for pharmacological binding.
Measurements of the external binding site(s) of the protein appear to have some specificity even
though they are not unambiguously assigned. For example, we see a cross-peak to E56 or N20,
but not to neighboring H57 and G58, or S19, S22, and S23 residues. A completely nonspecific
interaction should result in some detection of these external glycine and serine residues. Still,
partitioning of the drug into the interfacial region of the membrane may significantly enhance
population of these sites. Whether the observation of specificity at these weaker sites requires a
slow cooling rate and annealing of the protein remains an open to further investigation.

Although binding to the pore of the channel has been observed previously, the present work is the
first to our knowledge to directly determine the position of the drug amine group between
residues 30 and 34. A previous report in bilayers determined the correct orientation of the drug in
the channel, but placed the amine group about a half helical turn towards the carboxy terminus of
the protein compared to our measurements®. Additionally, our data suggests a hydrogen bond
between the drug amine and the A30 carbonyl. Out of 30 calculated structures that did not violate
any of the constraints, the distance between the drug amine nitrogen and the A30 carbonyl
oxygen was found to vary between 2.4 and 3.5 A, suggesting a hydrogen bond between drug and
protein at this location. Though this agrees with a previously observed conformational
heterogeneity at A30’s hydrogen bonding donor G34 among drug bound and apo samples®, and
with a recent solution NMR structure of a chimera protein containing C-terminal residues from
Influenza-B M2%, it is the first time this specific interaction has been observed using WT protein.
The structural model presented here is consistent with previous measurements on the Rmt tilt
angle in the pore of M2y ,* determined using measurements of the scaled *H quadrupole
splitting of *H labeled Rmt. The amine was found to point towards the C-terminal end of the
channel with a 13° angle between the bilayer normal and the adamantly group. Rmt is tilted by up
to ~35° in the structural model shown in Figure 3.6, with most of the ensemble clustered within

about 12°. A large distribution in the tilt angle is not surprising because we have not made
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measurements to determine this angle, with the adamantyl cage instead being positioned by steric
crowding within the channel. Interestingly, the tilt angle of the related drug Amt was previously
found to be a much larger 37°%*, suggesting that the shorter link between the adamantyl group and
the amine in Amt might force the adamatyl group to rotate so that both the amine and the
adamantyl cage can occupy approximately the same locations in the channel for both drugs (see
Figure 3.9 in the supporting information). The evidence for a drug-protein hydrogen bond at A30
carbonyl (both the tilt angle of Amt and the TEDOR measurements on Rmt) could help inform
molecular dynamics simulations of this channel that have instead proposed hydrogen bonding to
water and a small tilt angle® or even found the amine group pointing towards the nitrogen

terminus of the protein®.

3.5 Supporting Information
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Figure 3.7. Spectra of *C-ILFY reverse labeled M2 (blue) show identical crosspeaks as FY reverse labeled
M2 (red). Top: 16 ms ZF-TEDOR with A 1D slice from the 2D spectrum displayed. Bottom: A 10 ms
PDSD spectrum demonstrates successful labeling for these samples since Ile and Leu cross peaks are
absent from the blue spectrum. Spectra were recorded at 400 MHz, 9009 kHz MAS, and a temperature of
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~105 K. D21G-D24G M2 was used, and '°N was incorporated into the backbone of the protein with °N
Leucine.
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Figure 3.8. The double mutant used in this work is functional and drug sensitive. Channel current is
measured indirectly by pH in a liposome assay described previously.* Briefly, M2 is prepared in
liposomes, and the pH outside the liposomes is measured as a function of time. Addition of HCI
initiates channel conduction of protons into the liposomes, the initial slope of which is used as a
measure of proton flux. The proton flux per channel was calculated using CCCP to equalize the
pH inside and outside the liposome, followed by addition of a known amount of HCI to calculate
the total buffering capacity. The D21G,D24G double mutant and the H57Y mutant are drug
sensitive, with ~80-90% reduction in proton current in the presence of 50 uM Rimantadine,
similar to wild type protein.

Amantadine  Rimantadine  Superimposed

N N N

Figure 3.9. An illustration of the tilt angle measured by Hong and coworkers for Amantadine and
Rimantadine® “, Amantadine is tilted 37° from the bilayer normal, while Rimantadine is tilted by only 13°.
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In both cases, the amine and adamantyl ends of the molecule occupy similar positions relative to the
membrane normal. The illustration was generated using a single internuclear distance and ideal angles of
120° for the projection of tetrahedral geometry in 2 dimensions.
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Figure 3.10. The Proton Driven Spin Diffusion (PDSD) pulse program used in Figure 1 is depicted as
previously described*"**. Narrow rectangles represent 90° pulses. A 'H flip and decoupling power level of
83 kHz was used. Two pulse phase modulation® (TPPM) was optimized with phases of 18 and 0 degrees,
and a pulse length of 5.8 ps. 83 kHz of C was used for flip pulses. Cross polarization (CP) was applied
for 1.5 to 2 ms with constant irradiation at ~70 kHz on 'H and with an optimized ramp on C centered at
one rotor frequency below the proton nutation frequency. The phase cycle was: ¢, = 13, ¢, = 2, ¢, = 1133,
04 =2, 05= 1111 3333 2222 4444, §,. ;.. = 2442 4224 3113 1331, where x=1, y=2, -x=3, -y=4.
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Figure 3.11. The z-filtered transfered echo double resonance (ZF-TEDOR) pulse program used in Figures
2-4 is depicted as previously described'>. Narrow rectangles represent 90° pulses, and broad rectangles
represent 180° pulses. A 'H flip and decoupling power level of 83 to 100 kHz was used during evolution,
and ~100 kHz was applied during mixing. Two pulse phase modulation (TPPM) was optimized with phases
of 18 and 0 degrees, and a pulse length of 5.8 us (83 kHz) or 4.8 us (100 kHz). 50 to 83 kHz of *C was
used for flip pulses. A power level of 20 to 40 kHz was typical for flip pulses on the N channel. At 278 K,
cross polarization (CP) was applied for 1.5 to 2 ms with constant irradiation at ~70 kHz on 'H and with an
optimized ramp on "C centered at one rotor frequency below the proton nutation frequency. At low
temperature, 0.9 ms of CP was used. The phase cycle was: ¢, = 16x(1) 16x(3), ¢, = 16x(4) 16x(2), ¢, = 2,

0s= 1, 05 = 13, 05 = 2244, ¢, = 1111 2222 3333 4444, G .o = 4224 1331 2442 3113 2442 3113 4224
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1331, where x=1, y=2, -x=3, -y=4. The initial flip pulse on the C channel was omitted for spectra acquired
at ~100 K. Rotor synchronization is indicated under the *C channel in the figure. Mixing times (4nftr) are

indicated in the manuscript. Z-filters of 2 to 4 rotor periods were sufficient to suppress unwanted
coherences.

3.6 Conclusions

We have shown that DNP can be used with MAS for the identification of ligand-protein
interactions. The low temperatures used for DNP quenches dynamic processes that interfere with
dipolar recoupling experiments, particularly for weakly bound ligands. These effects were
demonstrated in M2, in which the pore binding site is evident at 278 K, and weaker binding to the
periphery of the protein is only observed at cryogenic temperatures. In addition, we found that
glycerol can be used to kinetically prevent the drug from entering the pore, thereby allowing us to
make samples with the pore unoccupied, but with drug bound to the external site. With these
samples, we have correlated chemical shift changes with binding in the pore. In addition, we
located the position of the functionally important drug amine group in relation to specific protein
C atoms, placing the amine close enough to A30 carbonyl to form a hydrogen bond. Further
experiments could include BASE-TEDOR experiments'> to improve precision of the distance
measurements, as well as unambiguous assignment experiments to precisely determine the

external binding site(s).
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Chapter 4: MAS NMR of the Drug Resistant S31N M2 Proton
Transporter from Influenza A

Adapted from Andreas, LB; Eddy, MT; Chou, JJ; Griffin, RG; J. Am. Chem. Soc, 2013, 134(17):7215-8.

4.1 Introduction

The M2 proton transporter from Influenza A conducts at low pH and is the target of
aminoadamantyl inhibitors rimantadine (Rmt) and amantadine (Amt) whose activity is believed
to arise from binding to the pore of the channel.”® The inhibitors reduce the rate of proton
conduction, thereby interfering with the unpacking of the viral particle in the endosomal pathway
for infection. However, a single mutation from serine 31 to asparagine (S31N) renders these
inhibitors ineffective for many current influenza A infections’ and therefore understanding the
structure of the S31N mutant and the structural basis for resistance could guide the design of
more potent inhibitors that would target current flu variants. In addition, since the S31N mutation
is far more prevalent than the commonly studied Udorn (WT) strain of M2, the structure of S31N
M2 is more relevant for the design of novel inhibitors that might exploit a new mechanism.

A segment of the protein comprising residues roughly 18-60 of the full 97 amino acid sequence
has been shown to retain the critical function of proton conduction and inhibition by Amt and
Rmt.* ® Several structures and structural models of WT M2 have been reported using solution
NMR," oriented sample NMR’ crystallography,* and solid state NMR that combined oriented
sample constraints'' and magic angle spinning (MAS).”? Yet there have been few investigations
of the S31N mutant. A solution NMR structure of S31N M2 has been reported,” however, it was
solved using a detergent and buffer system that did not support Rmt binding in the pore of WT
M2. Thus, it appears that M2 structure and inhibition are sensitive to membrane mimetic
environment. Therefore, an investigation of the S3IN variant in fully hydrated lipid bilayers

could reveal new functionally relevant structural features.

Additionally, the S31N mutant can be used as a negative control for experiments that investigate
the effects of drug binding. It was previously shown that large and widespread chemical shift
changes occur upon binding of Rmt to WT M2,.," and similar changes occur in a shorter

construct comprising residues 22-46."* Since S31IN M2, is drug resistant, chemical shift
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Figure 4.1. ZF-TEDOR spectra of S31N M2, are shown in the presence (blue) and absence (red) of
the inhibitor Rmt. Spectra were recorded at a 'H frequency of 900 MHz and demonstrate ~0.7 ppm and
~0.5 ppm "N and “C backbone linewidths, respectively. Labels correspond to N-Co. cross-peaks (right)
and nitrogen i of N;-C;, cross-peaks (left) unless otherwise indicated. The sample temperature was ~30
°C, the spinning frequency was 20 kHz, and the TEDOR mixing time was 1.2 ms.

changes due to nonspecific effects should remain upon addition of drug, and the functionally
important chemical shift changes should be absent. Therefore, the S31N mutant can assist in
differentiating between binding and non-specific hydrophobic effects that may be present due to a

large excess of inhibitor used in the MAS NMR experiments.

4.2 Results and Discussion

Here we report the initial NMR spectra of S31N M2,5¢, reconstituted into lipid bilayers, from
which we derive interesting details of the channel structure. Spectra of S31N M2,4., at 900 MHz
(Error! Reference source not found.) exhibit high resolution of ~0.7 and 0.5 ppm for >N and
"°C backbone linewidths, respectively. This allowed all strong resonances in this ZE-TEDOR!'S 6
spectrum to be assigned based on sequence information and sequential correlations in a 3D '*N-
C-C chemical shift correlation experiment using ZF-TEDOR and RFDR"" '® (Figure 4.3 and
Figure 4.4, assignments in Table S4.2). Full assignments were made for 14 of the 43 residues,
and an additional 7 N assignments were made due to transamination of isoleucine and leucine
residues such that these residues were °N labeled despite addition of natural abundance amino

acids prior to protein expression (details below). The ">C signal was suppressed for these residues.
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A second set of resonances of comparable amplitude (denoted with a prime in the figures) was
assigned for each residue in the transmembrane region of the peptide between residues 25 and 42,

similar to what was observed for WT M2.”
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Figure 4.2. An aromatic-aromatic C correlation spectrum using 400 ms of proton driven spin diffusion
mixing shows cross-peaks between the two sets of chemical shifts. The sample temperature was ~10 °C and
the spinning frequency was 14.287 kHz. The inset shows an illustration of a C, symmetric channel
composed of a dimer of dimers viewed along the C, axis with the four alpha helices at the corners. The
observed intermolecular correlation between carbons 82 and €1’ is also depicted in the inset.

This extensive doubling of cross-peaks suggests that the channel assembles as a C, symmetric
tetramer in a dimer of dimers configuration, rather than a C, symmetric tetramer. The C,
symmetry was previously proposed as the best explanation to WT spectra that also demonstrated
similar intensities between the two sets of peaks.” Nevertheless, there remained the possibility
that the doubled peaks were caused by two different populations of protein that happened to have
similar intensity. We exclude the possibility of multiple separate tetramer conformations by
showing a cross-peak between the two sets of chemical shifts in a 400 ms PDSD spectrum
recorded at 750 MHz (Figure 4.2, Figure 4.10). The cross-peak labeled in the figure is between
H37 C82 and H37' Cel. Since H37 is a pore-facing residue known to play a critical role in 'H

19, 20

selectivity and the pH dependence of 'H conduction, we conclude that this cross-peak is

within a single tetramer, and not a possible tetramer-tetramer contact. In other parts of the

66



molecule, we do not see analogous cross-peaks, indicating that the two sets of shifts do not
exchange on this timescale. We therefore conclude that in lipid bilayers, as opposed to detergent,
the protein is resolved as a dimer of dimers with C, symmetry on the NMR timescale.

Unlike WT M2, only relatively minor changes in chemical shift (<2 ppm "°N, <1 ppm "C) are
observed with addition of a four-fold molar excess of the inhibitor Rmt. Notably, the ~7 ppm

change in the "N shift of residue 31 and the ~3.5 ppm change in the shift for H37 Ca are absent
in S31N M2. The largest chemical shift changes occur in lipid facing residues such as V28 Ca
and 132 "N that also lie near the lipid head groups where the amphiphilic Rmt is expected to
partition. Since the inhibitor partitions strongly to membranes,” it occupies ~7% of the total
membrane components by mass (~35 mol %). Therefore the shift changes can be attributed to
nonspecific differences in the membrane composition upon addition of drug.

The program TALOS+ was used to predict the backbone torsion angles ¢ and y for both sets of
chemical shifts and the results are listed in Table S4.1 of the supporting information. Since
TALOS+ makes predictions based on sequential amino acid triplets, the current labeling
restricted the analysis to the longest stretch of continuously labeled and assigned residues 27-31,
VVAAN. As expected, the results show an alpha helical conformation. More interestingly, the
two sets of chemical shifts are separate enough to show a difference in predicted torsion angles.
The predicted values of ¢,y differ by 13,14 degrees, respectively for the key resistance residue
N31 suggesting that the symmetrically inequivalent helices may have significantly different
secondary structure.

The widespread cross-peak doubling and C, structure is thus far uniquely resolved for the 18-60
construct in lipid bilayers. In solution, only a single set of resonances was observed, indicating
that if two conformations exist, they are exchanging faster than the nmr timescale. This resulted
in C, symmetric structural constraints.” Crystal structures of WT M2,,, showed some
conformational heterogeneity, but a C, axis was apparently not evident, as channel models based
on the crystal structure were constructed with C, symmetry.* Peak doubling was not resolved by
MAS NMR of the shorter construct of WT M2,, 4,'> however, doubling may be present beneath
the significantly broader line widths that were reported for the 22-46 construct. The dimer of
dimers topology is in qualitative agreement with a previous MAS NMR study that proposed an
imidazole-imidazolium dimer in M2,, 4,”” implying C, symmetry at H37. However, at pH 7.8, we
observe neutral His (based on sidechain nitrogen shifts near 250 ppm, Figure 4.5) for both sets of
chemical shifts, in contrast with the imidazole-imidazolium dimers that were reported to form

when the tetramer is doubly protonated with a pKa of 8.2. Nevertheless, it is possible that the
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previously reported dimerization and the widespread doubling of peaks are manifestations of the
same underlying structural feature and that the pKa is sensitive to the sample differences.

Existing evidence points to several possible modes by which the S31N mutation confers drug
resistance. The larger sidechain of asparagine might prevent the drug from binding by reducing
the space in the pore, and this mode of resistance was supported by surface plasmon resonance
measurements in which binding was not observed for the S31N mutant.?* 2 On the other hand,
structures solved by solution NMR show residue 31 in the helix-helix interface, > '° suggesting
that the mutation might severely weaken channel-drug interactions by altering helix packing. The
widespread doubling of resonances, and the 13°,14° difference in the predicted value of ¢,y for
N31 suggest that detailed understanding of the drug resistant structure may include twofold

channel symmetry.
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Figure 4.3. 3D ZF-TEDOR-RFDR pulse sequence used for assignments. Narrow and broad bars represent
pulses of 90 and 180 degree nutation respectively. Vertical dashed lines indicate rotor synchronization. The
parameter n determines the total TEDOR mixing time, and the parameter m likewise determines the RFDR
mixing, by extension of the respective pulse trains. The phase cycle was ¢,=(16x1)(16x3),
0,=(16x4)(16x2), 0;=2, ¢,=1, 0s=13, 0s=2244, ¢,=1133, ¢g=1111222233334444, ¢,..=4242 1313 2424 3131
2424 3131 4242 1313. The REDOR mixing in ZF-TEDOR used xy-4, and the RFDR mixing used xy-16
phase alternation. All other pulses had a phase of 1. The phases of the pulses after t, evolution and before t,
evolution were incremented for phase sensitive detection. Due to time constraints, only the first 4 values of
the phase cycle were used.

Chemical shift assignments were achieved via 3D 'N-C-"C spectra using one bond ’N-"C ZF-
TEDOR mixing followed by "C-"C RFDR mixing, similar to previously described 2D
experiments® and the commonly used N-C cross-polarization (DCP) based experiments.>*?® The
sequence is depicted in Figure 4.3 and allows both the NCOCX and NCACX connectivity
experiments to be efficiently acquired in a single spectrum (Figure 4.4). Efficient NCACX and
NCJ3CX transfers are demonstrated for Pro, a residue that is often difficult to observe in DCP

spectra due to weak H-N cross-polarization to the Pro nitrogen. The ZF-TEDOR transfer avoids
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this problem because the experiment begins with an H-C cross-polarization step. In principle, this
experiment should also provide assignment information originating from sidechain "N’s in
residues such as histidine, tryptophan, lysine, and arginine. However, we found that these transfer
efficiencies were reduced and their detection would have required significantly longer experiment
times. In order to avoid excessive spectral widths in the indirect *C dimension, we folded the
carbonyl resonances onto the spinning side band just higher than the aliphatic resonances, by
applying a dwell time matching the rotor period. A spinning frequency corresponding to ~90 ppm
was useful for this reduction in the sweep width, and also avoids strong rotational resonance

conditions.”*?!
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Figure 4 4. Slices are shown from the NCACX and NCOCX regions of a 3D ZF-TEDOR-RFDR spectrum
used for sequential assignments. For P25, the NC& transfer was also efficient (second panel). 1.2 ms of
TEDOR mixing and 4.8 ms of RFDR mixing with 83 kHz pulses were used. The direct acquisition used a 6
us dwell time and 3072 points (~18.4 ms), the indirect *C dimension was acquired with a 50 ps dwell time
and 180 complex points (9 ms), and the °N dimension used a 150 ps dwell time and 74 complex points
(11.1 ms). The carrier frequency was set to 100 ppm for "N, and 89 ppm for *C. The spectrum was

acquired in ~5 days and provided useful NCACX and NCOCX connectivity information. The sample
temperature was ~30 °C, and the spinning frequency was 20 kHz.

4.3 Methods

M2,5 ¢ was prepared by over expression in E. Coli as described previously'® ** with C19S and
C50S mutations to prevent unwanted disulphide bond formation. The resulting sequence with the
S31N mutation was RSNDSSDPLV VAANIIGILH LILWILDRLF FKSIYRFFEH GLK. In order

to simplify the spectra, residues ILFY were unlabeled by addition of the natural abundance amino
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acids to the culture approximately 1 hour prior to induction. Bilayer protein samples were
prepared by adding 1,2-di-O-phytanoyl-sn-glycero-3-phosphocholine (DPhPC) lipid (Avanti) and
lyophilized M2,5¢, at a lipid to protein ratio of 1:1 by weight (~6:1 by mol) both dissolved in
denaturing buffer (6M guanidine, 40 mM phosphate, 30 mM glutamate, 3 mM sodium azide
(Sigma-Aldrich), pH 7.8, >=33mg/mL OG detergent (Anatrace)). The resulting solution was
dialyzed in a 3.5kD cutoff dialysis cassette (Thermo) against 1 L of sample buffer (40 mM
phosphate, 30 mM glutamate, 3 mM sodium azide, pH 7.8) for 7 days with 2 dialysis buffer
changes per day. A white precipitate was observed after approximately 24 hours. Solid membrane
material was pelleted by centrifugation at ~100 000 x g. Samples with rmt had a four-fold molar
excess added directly to the membrane pellet.

The NMR spectrum in Figure 4.2 was recorded on a 750 MHz spectrometer courtesy of David
Ruben and all other spectra were recorded using a Bruker 900 MHz spectrometer (Bruker
Biospin). Each instrument employed a Bruker 3.2 mm HCN e-free probe. Referencing was
performed using the chemical shifts of adamantine relative to DSS for *C®? and the relative
frequency ratios between DSS (*>C) and liquid ammonia (**N)**** for '*N referencing. The sample
temperature was estimated using the chemical shift of ”Br in KBr to determine heating due to
sample spinning.*® (See Figure 4.6 for a comparison of spectra recorded at 10 and 30 °C, the
temperatures used for PDSD and assignment, respectively) Spectra were processed with
NMRPipe* and displayed and assigned using Sparky (Goddard and Kneller, University of

California, San Francisco).

4.4 Supporting Information

Residue o (°) v (°) SD¢ (°)* SDy (°)*
V28/v28’ -60/-61 -47/-41 6/6 8/9
A29/ A2Y -62/-62 -38/-43 5/9 9/10
A30/ A30 -67/-63 -36/-37 11/8 6/8
N31/N31’ -79/-66 -29/-43 15/20 19/10

Table S4.1. The ¢ and y torsion angles predicted by the program TALOS+ using chemical shifts from
residues V27 to I32. A difference of 13 and 14° is predicted for ¢ and y, respectively at residue N31 due to
the substantial peak doubling at this residue.

*The standard deviation among the 10 best matches as reported by TALOS+.
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Table of Chemical Shifts

Cy2, Ce.el, Cn2, Na2,
N C Ca cp Cyyl Cs2 Ce3 ce2 cL3 £,el,
Cs,81 e2 N&1

€2, ¢
D24 X 174.2 X X X - - - - = = & =
D24’ 124.2 175.0 52.0 41.9 179.2 - - - - - - - -
D24 X 174.0 X X X - - - - - - - =
D24’ 124.2 175.0 51.7 41.9 179.2 - - - - - = = =
P25 135:2 177.7 65.3 32.7 27:5 50.7 - - - - - = e
P25 136.2 17275 65.3 32.6 27.5 50.6 - - - - - = i
P25 134.9 178.0 65.3 32.6 27.5 50.7 - - - - - - -
P25’ 136.3 177.5 65.2 32.5 27.5 50.6 - - - - - - -
L26 116.0 - - - - - - = = = _ @ _
L26' 116.2 - - - - - - = - = = - =
L26 115.7 - - - - - = - - - - - -
L26' 116.4 - - - - - % s v - - _ -
va7 119.3 178.6 66.1 31.8 23.1 21.6 - - - - - = &
va7' 119.1 177.7 66.6 31.5 22.4 21.5 - - - - - - =
Va7 119.6 179.1 66.1 31.7 23.0 21.5 = - - - = = =
v27' 119.0 177.6 66.6 31.4 22.3 21.5 = - - - - B -
vag 120.0 178.3 66.7 31.3 22.5 21.8 = = - - - - -
vag' 118.8 178.7 65.6 31.6 22.5 21.4 - - - - - 5 -
Va8 120.3 178.0 67.2 31.2 22.5 22.4 - - - - - - =
vag' 118.6 178.7 65.2 31.5 22.3 21.5 - - - - - = -
A29 118.4 179.4 55.1 18.5 g - - - - - % - -
A29' 119.9 178.6 55.4 18.4 - - - - - - s i =
A29 118.4 179.4 55.2 18.5 - - - - - - - ] =
A29' 119.9 178.7 55.3 18.4 - - - - - - = - =
A30 119.1 177.0 55.0 18.6 = 3 - - - - - - -
A30' 117.9 178.3 55.4 18.7 - - - - - - - E B
A30 118.6 176.8 54.9 18.5 - - - - - - = = =
A30' 118.0 | 178.4 55.3 18.5 - - - - - - = = =

N31 110.8 175.1 54.7 40.6 177.5 v - J - - L = 113.0

N31' 115.6 177.5 58.0 40.0 174.8 - - - - - = - 115.3

N31 110.7 175.0 54.7 41.1 177.4 - - - g - - - 113.4

N31' 115.8 1772.5 58.0 39.8 175.0 - - - N - - = 115.4
132 110.5 - - - - - - - - - - = -
I32' 118.9 - - - - - - - - - - - -
132 108.4 - - - - - - - - - - > -
132' 118.8 - - - - - = - = = z - =
G34 106.8 175.2 48.0 - - - - - - - = v =
G34' 109.9 176.0 47.6 - - - - - - - - = -
G34 106.8 175.2 47.9 * 2 - - - - - - - -
G34' 110.1 176.0 47.4 - = - - - - - - = 5
I35 122.0 - - - - - - - - = “ = =
I35 121.4 - - - - - - - - - - " =
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N&2,

Cy2, Ce,el, Cn2,
N e Ca Cp Crml — cs2 s Ce3 ce2 c;3 i eel,
€2, §
135 122.0 - - - - = - - - - = = =
135' 121.4 - - - 2 - - S - . : B -
H37 118.9 | 177.3 | 62.3 31.3 | 1358 - 117.1 | 135.7 - - - 251.6 | 167.1
H37' | 116.6 | 175.6 | 59.3 30.3 | 136.3 - 119.2 | 136.9 - - - 251.0 | 1735
H37 119.0 | 177.2 | 62.3 31.2 | 135.7 - 117.2 | 135.6 - - - 251.4 | 167.1
H37' | 116.6 | 175.4 | 59.2 30.1 | 136.2 - 119.1 | 136.8 - - - 251.1 | 173.6
L38 120.5 - - - - - - - - - - - =
L38' 116.4 - - - - - - - - - : - -
L38 120.1 - - - - - - - - - - - -
L38' 116.4 - - - - - - . - - - - -
W41 121.1 | 178.6 | 60.7 28.2 | 111.8 | 125.1 | 129.3 | 138.7 | 119.7 | 114.0 | 121.7 | 124.4 | 128.9
w41 | 122.7 | 177.8 | 62.6 27.6 | 111.1 | 127.3 | 130.9 | 138.8 | 121.0 | 114.9 | 120.9 | 123.8 | 129.0
w41 | 121.2 | 178.1 | 60.6 28.2 | 112.1 | 124.6 | 129.1 | 138.8 | 119.6 | 114.1 | 121.8 | 124.5 | 128.7
w4l | 122.6 | 177.5 [ 62.6 274 | 111.3 | 127.3 | 130.7 | 138.9 | 121.2 | 114.9 | 120.3 | 123.6 | 129.8
142 116.9 - - - - - - - - - - - -
142' 119.6 - - - - - - - - 2 - - -
142 116.7 - - - - - - - - - - - -
142" 119.4 - - - - - - - - - - = -
D44 121.0 | 178.5 [ 57.9 428 | 180.2 - - - - E - - -
D44 121.0 | 178.6 | 57.8 42.7 | 180.3 - - - - - - - -
R45 116.8 | 178.5 | 57.8 29.6 25.9 42.7 - - - - - - 84.5
R45 116.4 | 178.6 | 57.4 29.3 25.3 42.2 - - - - - - 84.2
L46 114.6 - - - - - - - - - - - -
L46 114.2 - - - - - - - - - - - -
K49 120.3 | 175.7 | 56.8 30.4 25.2 29.3 - 42,5 - - - - 32.3
K49 120.5 | 175.5 | 56.7 30.3 25.1 29.2 - 42.3 - - - - 32.4
S50 110.9 | 174.5 | 60.6 66.9 - - - - - - - - E
S50 110.7 | 174.6 | 60.5 66.4 . - - - - - - - -
151 126.1 - - - - - - - - - - - -
151 126.4 - - - - - - - - - - - -

Table §4.2. Chemical shifts (ppm) of M2 S31N 34 in the presence (blue) and absence (red) of the
inhibitor rimantadine. A second set of chemical shifts is observed between residue 25 and 42 as indicated
by a prime. Missing assignments are marked by an (x), and those that are not expected (not labeled or not
existent in the sequence) are marked with a (-). Assignments are missing for the side chain of R45 beyond

Ne.
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Figure 4.5. Histidine resonances are shown from the 1.2 ms ZF-TEDOR spectrum of Figure 4.1. The
sample was S31N M2,5.50 in DPhPC bilayers both in the presence (blue) and absence (red) of rimantadine
at pH 7.8. For both sets of chemical shifts, a deprotonated N&1 resonance is observed near 250 ppm, while
the Ne2 resonance is observed near 170 ppm and therefore protonated. This indicates that both sets of
chemical shifts correspond to imidazole sidechains that are neutral and in the T tautomeric state.
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Figure 4.6. The effect of temperature changes on the chemical shift is investigated in overlaid *C-"*C
correlation spectra at two different temperatures. A 25 ms PDSD spectrum (light blue) was collected at 10
°C and a field corresponding to a 750 MHz 'H frequency and 14.287 kHz MAS. A 1.6 ms REDR spectrum
(dark blue) was collected at 30 °C and a field corresponding to 900 MHz 1H frequency and 20 kHz MAS.
No significant differences in chemical shift are detected except for a ~0.5 ppm (~100 hz) shift in the Cp
resonances of W41. Since W41CB is only I to 2 kHz from a 1 bond rotational resonance condition to
W41Cy in these spectra, but on opposite sides of the condition, the discrepancy may be explained by the
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effect of rotational resonance’’.
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Figure 4.7. Peak doubling, [Syime -8| in ppm, is displayed as a function of residue number for He
resonances of WT M2,g.4). The average value between the drug bound and apo samples is displayed.

10 ¢

*

9 -

8 -
g_ A
Q 6
N
L 5 L 4
w BNd1
© 4 Nd2/e/z
2 *
@ .
£ 37
(&) " ¢

2 1 _

& * *
*
1 BE
* Y . L]
o

24 25 26 27 28 29 30 3 32 33 34 35 36 37 38 39 40 41 42

Sequence Number

Figure 4.8. Peak doubling, [8,ime -8| in ppm, is displayed as a function of residue number for "N
resonances of WT M25.4). The average value between the drug bound and apo samples is displayed.
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Figure 4.9. Chemical shift changes with addition of the inhibitor rimantadine are plotted against residue
number for the S31N mutant of M2,g4,. Both sets of chemical shifts are displayed on the same chart in
order to display the maximum changes in chemical shift. For example, the "N of 132 shifts by 2.1 ppm for
one set, and 0.1 ppm for the other—an average of only 1.1 ppm.
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Figure 4.10. A reproduction of the spectrum in Figure 4.2 with aromatic assignments listed on the
diagonal. We thereby show that the critical interhelical contact between C562 and Cel of H37 is far removed
from tryptophan peaks. The closest resonance is 0.6 ppm away, but any overlap with this peak would not
change the analysis because the cross-peak would still be an interhelical cross-peak between H37 and
H37'. In addition, we show two weak interhelical cross-peaks between W41 and W41'. Interhelical cross-
peaks are labeled in blue.

4.5 Conclusion

We have shown that a single 3D ZF-TEDOR-RFDR spectrum acquired in 5 days is sufficient for
sequential assignment of reverse ILFY labeled S31N M2,z . Minor differences in chemical shift
were observed upon addition of inhibitor, and the absence of dramatic shift changes seen for WT
M2 confirm their functional significance. The assignments revealed two distinct sets of
resonances that are shown to be in close contact using PDSD mixing from which we conclude

that the tetramer assembles as a dimer of dimers with C, symmetry and two symmetrically
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inequivalent helices. The predicted TALOS+ geometry of the two helices is also found to be
distinct, particularly for the resistance residue N31. These structural features observed in lipid
bilayers provide clues to the mechanism of resistance, and further structural investigation of drug

resistant M2 could provide a starting point for the design of more potent or novel inhibitors.
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Chapter 5: MAS NMR Structure of the Drug Resistant S31N M2

Proton Transporter from Influenza A in A Lipid Bilayer

To be submitted for publication: Loren B. Andreas, Marcel Reese, Matthew T. Eddy, Viadimir Gelev, Eric A.
Miller, Lyndon Emsley, Guido Pintacuda, Robert G. Griffin

5.1 Introduction

Influenza A M2 is a 97 residue transmembrane protein that assembles as a tetramer and conducts
protons at low pH in order to trigger membrane fusion in an endosome and unpacking of the viral
genome. The N-terminus of the protein is positioned on the outside of infected cells, with at least
the first 18 residues exposed."? A single pass alpha helix places the C-terminal domain on the
cytoplasmic side of infected cells, a portion of which is responsible for stabilization of the
protein.’

The M2 proton transporter is critical for viral replication, as evidenced by the therapeutic effect of
aminoadamantyl inhibitors known to target M2 and to reduce proton conduction.®> There are now
several excellent structures of the wild type (WT) protein in complex with aminoadamantyl
inhibitors in the pore, placing the site of pharmalogical binding between residues 27 and 34.*®
However, resistance has developed in circulating strains of influenza, primarily due to a single
point mutation S31N, which has precipitated a need for new inhibitors that target S31N M2 and
motivated this report of the structure of S31N M2 in hydrated lipid bilayers.

Previous structural studies of M2 have been applied to several different constructs reconstituted
in a variety of virus membrane mimetics. These constructs can be classified into three groups, the
full lengh protein (FL), the conduction domain (CD) and the transmembrane domain (TM). The
CD comprises approximately residues 18-60, which includes both the transmembrane residues
(25-46) as well as an amphipathic helix (~47-59), which is known to stabilize the tetrameric
assembly > The CD lacks regions of the full-length protein that are thought to interact with other
proteins of influenza, in particular M1. Transmembrane domain constructs from residue 22 to 46
contain a single membrane spanning helix that does not fully reproduce the conduction and drug
inhibition of WT, but remains drug sensitive. Since the CD forms tetramers with conduction and
drug sensitivity that is indistinguishable from the full protein, we have investigated a CD
construct, M2,¢ ¢.

Here we report the structure of the drug resistant S3IN mutant of M2, in hydrated lipid

bilayers. The structure shows marked deviation from 4-fold symmetry reported in previous
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structures, instead revealing 2-fold symmetry in which 2 helices are displaced in the direction of
the bilayer normal. The structure shows large differences in both helical packing and the
orientation of side chains when compared with previously reported structures of WT M2 and
from the two previously reported structures of S3IN M2, which were solved in detergent
micelles. The dimer of dimers structure reported here was determined in lipid bilayers that closely
mimic the viral environment, and using a preparation that allowed pharmacological drug binding
in WT M2.* supporting the assertion that we have reconstituted a native state of the protein. The
conduction pathway and the mechanism for drug resistance are discussed in light of the dimer of

dimers structure.

5.2 Results and Discussion

A set of 70 intrahelical distance measurements, 41 interhelical distance measurements, 70 highly
ambiguous distance measurements, and 92 TALOS restraints were used to calculate an atomic
resolution structure of M2,5.¢0 with above 5 restraints per residue. The precision of the structure is
characterized by an ensemble of 7 low energy structures with an RMSD of 0.8 for backbone
heavy atoms, and 1.2 for all heavy atoms (Figure 5.1). The RMSD was calculated for the
structured region of the protein, which extended from P25 to R45 and P25 to S50 for the two
asymmetric helices, and corresponds to all observed residues. Part of the amphipathic helix was
observed for only one set of resonances. The residues that are not observed can be assumed to
undergo ps to ms motion.

The structure is packed tightly together with a narrow pore, and displays a hydrophobic surface in
the direction of lipids (Figure 5.1) as expected for membrane proteins. At the base, the
hydrophilic residues of the amphipathic helix are positioned to interact with the hydrophilic head
groups of the lipids. In Figure 5.1 b, the interior surface of the tetramer is drawn using the
program HOLE.' Consistent with the understanding that the conserved HxxxW sequence is
responsible for ion selectivity and pH dependence, the narrowest part of the channel is found at
H37 and W41. The surface is colored in red where less than one water molecule can fit in the
channel, in green where no more than one water molecule can fit, and in blue where the pore

diameter fits multiple water molecules.
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Figure 5.1. Dimer of dimers structure of M2. (a) An ensemble of 7 low energy structures. The backbone
and all heavy atom r.m.s deviations are 0.8 and 1.2 A, respectively. (b) the pore surface as calculated using
the program HOLE, colored in red, green and blue, for pore widths of <1 water, 1 water, and >1 water,
respectively. (¢) sphere representation and (d) surface representation showing a hydrophobic exterior.

Two-fold symmetry:

The two fold symmetric structure raises interesting questions about the exact mechanism of
proton conduction. Might the protons first bind to the more N-terminal H37 before continuing to
the more C-terminal H37, and finally exiting at the C-terminal side? Notably, the M2 channel
contains very few hydrophilic residues lining the pore, particularly toward the N terminus where
a stretch of 6 hydrophobic residues from P25 to A30 span nearly two helical turns. The result that
adjacent helices are out of register may improve the ability of the channel to form a hydrophillic
pathway for proton conduction along the pore. On the other hand, the two fold symmetry might
be a result of packing bulky W41 side chains on the inside of the tetramer. W41 side chains are

found in two distinct secondary structures, with two helices in an 'indole in' conformation, and the
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other two in and 'indole out' conformation, which in combination with the helix displacement

allows the tetramer to pack into a tight bundle.

Figure 5.2. Side chain conformations of the S3IN M2 tetramer. In a) W41 adopts an 'indole in'
conformation for one helix and an 'indole out' conformation in the other. In b) two distinct orientations are
evident for H37. In ¢) N31 points towards the pore (green and red helices) and toward a neighboring helix
(blue and yellow helices). In d) is shown the location of drug association in the solution NMR structure,
which is occupied by I51.

Drug Resistance:

The lipid structure has interesting implications for the resistance mechanism and the potential to
overcome resistance with novel inhibitors. Despite the S31N mutation occurring near the
pharmacological drug binding site, the precise influence of N31 on drug binding is unclear in the
literature due to the substantial differences in reported structures that were solved for a variety of
constructs under sample conditions that may not adequately mimic the viral membrane. There are
two reported structures of the S31N mutant. The first of these was determined under conditions
that did not bind drug in the pore. The other was solved with an inhibitor bound, and therefore
may not represent a native state of the channel. While previous structures have pointed toward
either helix packing’ or direct interaction® to explain drug resistance, the two fold symmetric
structure contains elements of both explanations. The side chain of N31 is found facing the pore
in two helices, and facing an adjacent helix in the other two, with adjacent N31 side chains close

enough to form polar contacts. N31 is well shielded from contact with the hydrophobic lipid
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membrane. In contrast, drug bound structures of M2>'! show position 31 in the interface between
two helices, with the side chain pointing towards the lipids. This implies that two of the helices
must rotate for the molecule to adopt the drug bound structure (see Figure 5.3). The larger
hydrophilic N31 side chain would disfavor this motion. In addition, the direct interaction between
the N31 side chain in the pore and the drug would also be unfavorable. While both effects could
contribute to resistance, it is unclear which is more important. The simplest explanation is that in
the drug bound state, N31 would point towards lipids, something that is much more favorable for
Serine. For the design of a novel inhibitor, it will be useful to block the channel in the apo
structure, without a helix rotation, and the structure presented herein should find use in these
efforts. As evident in Figure 5.1, the largest pocket in the pore that might be targeted by an

inhibitor is the pharmacological binding site of adamantane based drugs, near residue 31.

Figure 5.3. Explanation of drug resistance. (left) the S31N structure in lipids places N31 in the pore, or in
the helix-helix interface. (right) the WT chimera structure with drug bound (pdb code 2LJC) places S31 in
the helix-helix interface pointing out towards the (would be) lipid membrane. The increased hydrophilicity
and size of the asparagine side chain compared with serine disfavors the drug bound conformation either by
disrupting helical packing or by unfavorable association with lipids. Drug is shown in magenta, V27 is
depicted as sticks, and residue 31 (serine or asparagine) is shown as spheres.

The explanation of drug resistance presented here also explains why small modification of
aminoadamantyl inhibitors has failed to produce inhibitors against the S31N mutant. Clearly there
is minimal or no contact between position 31 and amantadine or rimantadine in the drug bound
conformation (Figure 5.3 right). Thus the interaction between the drug and the protein remains
approximately the same, but the interaction between N31 and the hydrophobic membrane is
unfavorable in the bound state, implying that a new drug would need to bind to a different

conformation of the channel and requiring a complete redesign of the drug.
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Heart of the channel: proton conduction

Regulation of the pH dependent proton conduction and selectivity is determined largely by the
conserved HxxxW motif, with the rate of conduction tuned by the pKa of H37.'> '* Previous
explanations of the unusual pKa of H37 led to the proposal of imidazole-imidazolium
dimerization in which the first two protons to enter the tetramer were shared in a low barrier
hydrogen bond (LBHB)." An alternative explanation places H37 in a His-box conformation,
with water as the hydrogen bonding partner.'’ Although the present structure approximates a His-
box conformation, it was solved at pH 7.8, above the first pKa of this construct, and therefore
does not indicate if a LBHB occurs at lower pH. If the dimerization does occur, some
rearrangement of the helices would be expected in order to bring the 81 and €2 nitrogens of
adjacent H37s near enough to form a hydrogen bond (~5 A in the structure). Alternatively, tuning
of the H37 pKa could be accomplished with favorable cation-pi interactions. The two fold
symmetric structure has a network of pi systems that could form favorable cation pi interactions

between histadine and tryptophan, both within a helix, and between neighboring helices.

Previous structures of M2

M2 structures have been determined under a variety of sample conditions including both lipid
bilayers, in detergent micelles, and crystallized out of detergents. Among the complete tetramer
structures, these investigations have either been conducted in detergents, or have included a
limited set of interhelical restraints, resulting in reported structures that show a high degree of
conformational variability, which must be explained primarily from the difference in sample
preparations. Surprisingly, none of the tetramer structures reported thus far are a dimer of dimers

17 except for a recent structure'® based on

as was recently observed in lipids via peak doubling,
oriented sample NMR and molecular dynamics (MD) in which the deviation from four-fold
symmetry was restricted to the side chain of H37.

In this oriented sample NMR structure, the helical tilt angle was determined experimentally, and a
tetramer was assembled using molecular dynamics simulations. However, PISEMA is invariant
with respect to translation and rotation about the bilayer normal. Since the four-fold symmetry of
the backbone is primarily broken by translation in the S31N structure in lipids, this structure is in
general agreement with the previously reported oriented sample measurements of WT M2,
although there may be some differences due to the mutation. This highlights the importance of
measuring inter-helical contacts between helices in the determination of structure. Ideally,

orientation restraints based on PISEMA would also be included in structure determinations,

because orientation restraints can provide long-range information that is complementary to
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distance measurements. However, PISEMA data is not available for the S31N mutant, and we

instead used an over determined set of distance restraints.

5.3 Methods

NMR spectroscopy

NMR spectra were recorded on several high field Bruker (Bruker Biospin, Billerica, MA)
spectrometers operating at a 'H frequency of 800, 900, and 1000 MHz, and using 3.2 mm efree
probes at 800 and 900 MHz, and 1.3 mm probes at 800 MHz and 1000 MHz. Spectra were also
recorded using a home built spectrometer designed by Dave Ruben and operating at a 1H
frequency of 750 MHz equipped with a Bruker 3.2 Efree probe. °C detected spectra were
recorded with 3.2 mm Bruker E-free probes, and proton-detected spectra were recorded with
Bruker 1.3 mm solenoid probes tuned to HCN or HCD. The sample temperature was maintained
at 20 to 30 °C using Bruker cooling units (BCU II or BCU extreme) or on the 750 MHz
instrument, a Kinetics Thermal System XR air-jet system (Stone Ridge, NY). Chemical shifts are

reported on the DSS scale using adamantane as a secondary reference.

NMR spectra affording distance restraints
PAR
PAR spectra with 15 ms mixing were recorded at a 'H frequency of 900 MHz and 20 kHz MAS.

The ILFY reverse labeled sample was used, and primarily C oy-Cet;y3 contacts were identified. A

4-fold molar excess of rimantadine was added to the sample, but had minimal impact (< 0.5 ppm)
on the chemical shifts, indicating that the inhibitor does not induce the drug bound conformation

in the S31N mutant.'® Recorded at MIT.
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Figure 54. PAR spectrum with 15 ms mixing recorded at a 'H frequency of 900 MHz and 20 kHz MAS. A
four-fold molar excess of rimantadine drug was present in the sample.

PDSD

PDSD spectra with 400 ms mixing were recorded at 750 MHz spinning at 14.287 kHz. The ILFY
reverse labeled sample was used. A 4-fold molar excess of rimantadine was added to the sample,
as for the PAR spectrum. Primarily Ca-Ca contacts are shown in Figure 5.5. In addition,
structurally important aromatic-aromatic,”” and aromatic-aliphatic contacts were present in the

spectrum. Recorded at MIT.
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Figure 5.5. The Ca-Ca region of a PDSD spectra with 400 ms mixing were recorded at 750 MHz spinning
at 14.287 kHz. A four-fold molar excess of rimantadine drug was present in the sample.
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Figure 5.6. "N-aliphatic correlations from a *N-"*C TEDOR spectrum of a 1:1 mixture of N and 1,6-*C
glucose labeled M2. 14.336 ms of TEDOR mixing was applied.

“N-"c TEDOR
A sample with mixed "*N and "C labeling was used with TEDOR to find interhelical contacts. A
1:1 mixture of U-""N M2 and 1,6-°C glucose labeled M2 was refolded, ensuring that mixed
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tetramers were formed. 21 ms of ZF-TEDOR (7 ps "N pi pulses, 100 kHz TPPM decoupling)
was applied at a 'H frequency of 800 MHz, and interhelical contacts were identified. Mixing

times of 7.168 ms, 14.336 ms, and 21.504 ms were used, and the best intensity for most cross-

peaks was found at 14.336 ms (Figure 5.6). Recorded at MIT.

“C RFDR

RFDR spectra were recorded at a 1H frequency of 900 MHz ('H) and provided the most
interhelical contacts. A 1,6-"C glucose sample was used, and broadband RFDR was applied for 8
ms or 19.2 ms and spinning at 20 kHz. 83 kHz "°C pulses and empirically optimized TPPM 'H
decoupling of approximately 100 kHz were used during the recoupling period. Recorded at MIT.
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Figure 5.7. ”C-"C RFDR spectrum of 1,6-"C Glucose labeled M2 showing inter-helical cross-peaks (red
labels) inter-residue cross-peaks (green), and intra-residue cross-peaks (black). Grey labels indicate cross-
peaks that can only be explained due to the presence of inter-tetramer contacts. An RFDR mixing time of 8
ms of was applied with approximately 100 kHz of proton decoupling, MAS of 20 kHz, and at a 'H
frequency of 900 MHz.

'H RFDR (4D HCHHCH)

A 4 dimensional spectrum using 'H-'H RFDR was recorded at 800 MHz ('H) and provided
intermolecular and intramolecular methyl-methyl distances. The sequence is similar to a recently
reported 4D using DREAM mixing.' Spinning was set to 60 kHz, and INEPT transfers were used
for C-H and H-C. A mixing period of 8 ms of 'H-'"H RFDR was applied for the observation of

long-range contacts, and 300 ms of water suppression”’ was used. Selected strips are displayed in
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Figure 5.8 and the pulse timing diagram is shown in Figure 5.9. Recorded at the CRMN in Lyon,

France.
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Figure 5.8. Selected planes from a proton detected 4D using an 8 ms RFDR period of 'H-'H mixing, and J-
coupling based transfers for CH correlation. Interhelical correlations are shown in green. Autocorrelations
are indicated with asterisks.
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Figure 5.9. Timing diagram for the 4D methyl-methyl HCHHCH spectrum shown in Figure 5.8. RFDR
was used for 'H-'H mixing, and water suppression was applied as close to detection as possible. Generally,
300 to 600 ms of water suppression was appropriate.
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NMR spectra used for assignment

2D PN -*C TEDOR and 3D *N-3C-*C TEDOR-RFDR

NCaCx and NCoCx connectivity was determined using 2D "N -'*C TEDOR and 3D "N -"*c-"*c
TEDOR-RFDR spectra recorded on U-"C,”"N M2 and U-">C,”N-["’C,"*N-ILFY] M2 as

described previously." Spectra were recorded at a field of 900 MHz ('H) and 20 kHz spinning,
using 83 kHz RFDR pulses, ~100 kHz 1H decoupling over RFDR, and 83 kHz decoupling during
acquisition. 1.2 ms TEDOR and 4.8 ms RFDR were applied, with xy-4 and xy-16 or xy-32 phase
cycling for TEDOR and RFDR, respectively. The N-"*Ca. plane from the TEDOR is shown in

Figure 5.10, and selected strips from the 3D are shown in Figure 5.11. Recorded at MIT.

G34'
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Figure 5.10. The N-"*Ca. plane from the TEDOR spectrum of U-"C,"”N S31N M2. 1.2 ms of mixing was

applied in order to observe only one bond transfer.
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Figure 5.11. Selected strips from the 3D TEDOR-RFDR spectrum show the consecutive assignment of
residues P25 to 133. 1.2 ms of TEDOR was applied and 4.8 ms of RFDR at a spinning frequency of 20 kHz.
NCaCx transfer is shown in red, and NCoCx transfer in blue.

HN, (H)CaNH, (H)Ca(Co)NH

A 2D HN spectrum was recorded using an H-N CP transfer using 50 kHz on the 15N channel ~4
to 10 kHz on the 1H channel. A 3D (H)CaNH spectrum® was recorded according to the recently
published sequence using a H-Ca CP with a 35 to 50 kHz ramp on 'H and 10 kHz on °C, Ca-N
CP with 35 kHz on Ca and 25 kHz on 15N, with a 10 percent ramp, and N-H CP with 50 kHz on
>N and 4 to 10 kHz on 'H. Selected strips from the spectrum are shown in Figure 5.13. A 3D
(H)Ca(Co)NH spectrum was also recorded using similar parameters.21 The U-"C,”N,H-
[2C,C?H,'Hd1-Ile, °C,"Ca,C',*C*H,'Hd2-Leu, *C,”C’H,'Hg2-Val] sample was used. The
spectra were recorded at 1000 MHz at the CRMN in Lyon, France.
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Figure 5.12. A cross polarization based HN spectrum showing the completed backbone amide

assignments.
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Figure 5.13. Selected strips from the HCaNH spectrum of *H M2.
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Assignments
Backbone and side chain assignments were determined using TEDOR-RFDR 3D spectra to

record NCACX and NCOCX connectivity, using an ILFY reverse labeled sample, and a
uniformly labeled sample. Two sets of resonances were observed, due to the dimer of dimers
structure observed previously for both WT and S31N M2.'>!" Inter and intra residue correlations
in these spectra were sufficiently resolved to determine two continuous sets of assignments. One
set of resonances extended from P25 to I51, while the other was observed from D24 to D44. The
two sets of resonances were sufficiently separated for unambiguous assignment, except for the
separation in the °N dimension at L26, resulting in some ambiguity over which L26 spin system
belonged with which V27 spin system. (H)CaNH and (H)Ca(Co)NH spectra were used to resolve
this ambiguity, and to provide an additional independent check of the full assignments, according

to an automated assignment protocol.”

Conversion of peak volumes to distance restraints

For *c-*C restraints, peak volumes of known distances (Ca;-Ca;.; and Ca;-Caii3) and a distance
dependence of > were used to calibrate unknown distance restraints. For *C-1*C RFDR, Ca;-
Ca;. peaks (3.8 A distance) were used as calibration, and an upper distance limit was entered as
1.1 times the calculated distance plus one Angstrom. For non-aromatic sites, an additional
Angstrom was added to account for differences in relaxation. We did not attempt to adjust the
distance limits based on the site-specific degree of labeling. For >*C-*C PDSD and PAR, Ca;-
Ca;;; peaks (5.3 A distance) were used as calibration, and an upper distance limit was entered as
1.12 times the calculated distance plus one Angstrom. Several restraints from the 8 ms PAR
spectrum were adjusted manually due to consistent violation. These restraints tended to involve
carbony! resonances, for which relaxation is expected to be different from the proton-bonded

carbons used for calibration.

TALOS+ Predictions

TALOS+ predictions were made using all assigned residues both with and without the use of
proton chemical shifts. A higher number of good predictions were made without the proton shifts,
and we therefore excluded proton shifts in the predictions. This can be rationalized based on the
sensitivity of the proton chemical shift to water accessibility,” which is atypically low in a
membrane protein, and the slightly altered helical geometry* found in membrane proteins that

may not be adequately represented in the TALOS+ database.
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Introduction of helical hydrogen bonds

Based on the TALOS+ predictions, helical hydrogen bonds were entered for assigned residues

except where the TM and AP helices meet. Residue i to i+4 C' to HN distances of 2.0 + 0.2 A,
and C' to N distances of 3.0 + 0.2 A were entered from P25 to L43. For one set of resonances,

these restraints continued between residues 47 and 52.

Highly ambiguous restraints
Highly ambiguous restraints were automatically identified in the RFDR spectra of 1,6-">C glucose

labeled M2 using a cutoff of 0.25 ppm, the assignment tables, and the spectrum. Cross-peaks
arising from sidebands or truncation artifacts were removed by manual inspection. The restraints
were then filtered against a structure generated without these ambiguous restraints, but including
all manually entered restraints. Restraints that violated by more than 3 A were removed. The

remaining restraints were entered directly into XPLOR as highly ambiguous restraints.

Treatment of intertetramer contacts

Contacts that do not fit the general channel architecture (A parallel tetramer with Histidine 37
facing inward) were excluded from the calculation, and may be due to intertetramer contacts that
arise due to the high concentration of protein in the membrane. For example, Valine and
Tryptophan are at opposite sides of the membrane, and cross-peaks that are seen between them
most likely arise from contacts between adjacent tetramers, which are inserted in an antiparallel
arrangement in the membrane. This arrangement is not surprising, given the wedge shape of M2

with a large C-terminal base, and is the arrangement observed in crystal structures of TM M2.

Structure calculations

Simulated annealing was performed using the program XPLOR-NIH. Due to the C2 symmetry,
there are two different interfaces between each helix and it's two neighbors. Each restraint was
therefore entered as an ambiguous restraint to either of the neighboring helices. Since use of
ambiguous restraints results in a rough energy landscape in which the protein is easily trapped in
a local minimum satisfying one of the possibilities, these ambiguous restraints resulted in slow
convergence if introduced too early. First, TALOS+ and hydrogen bonding restraints were
introduced in a standard simulated annealing (SA) protocol, and once the structure converged, the
four helices were aligned loosely in the membrane by applying four-fold symmetric restraints
(upper bound 6 A) from D44Cg-R45Cz, H37Cel-H37Cel, and V27Cg-V27Cg. Next, non

crystallographic restraints (NCS) were turned on to ensure C2 symmetry, and 10 structures were
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calculated that satisfied these modeling restraints TALOS+ and hydrogen bond restraints. All
restraints were included in the final annealing in which X structures were calculated from each of
the Y lowest energy structures from the previous annealing. During annealing, a database-derived
potential for side chain rotamers (Rama) was ramped from 0.02 to 0.2. Flat well harmonic
potentials were used, with force constants were ramped from 25 to 100 kcal mol* A? for
distances (NOE), 20 to 100 kcal mol” rad? for TALOS based backbone dihedral restraints.
Additional force constants used in the annealing were Van der Waals of 0.02 to 4.0 kcal mol™* A2,
improper of 0.1 to 1.0 kcal mol™ degree?, and bond angle of 0.4 to 1.0 kcal mol” degree?. The
temperature was reduced from 1000 to 20 K in steps of 20 K, and 4 picoseconds of Verlet
dynamics at each temperature with 1.5 fs time steps. The mass of all atoms was set to 100 for the

annealing.

M2 synthesis

M2 was synthesized, purified and refolded as described previously by overexpression in E. Coli
BL21 DE3."” Minimal media was prepared per liter with 3 to 4 g glucose, 1 g ammonium choride,
standard salts, and Centrum adult vitamins (1.5 mL of 2 pills in 40 mL, dissolved with shaking
for 30 minutes). In addition, deuterated and ILV methyl labeled protein was produced as
described below, and reconstituted in *H-78 1,2-diphytanoyl-sn-glycero-3-phosphocholine
(DPhPC). A description of the synthesis of H-78 DPhPC appears in Chapter 6.

Sample labeling
U-"C, >N M2: Per liter, 3 g *C glucose and 1 g "N ammonium chloride (CIL), with another 0.5
to 1 g "*C glucose added at induction (150 uM IPTG, 18 °C) at an OD4g of 0.7 to 0.9. The final

ODgoo reached 3.5 to 4, after 18 hours of expression at 18 °C, and yielded up to 15 mg of pure

protein.

U-PCPN-[12C,*N-ILFY] M2: Per liter, 3 g °C glucose and 1 g >N ammonium chloride (CIL),
with another 0.5 to 1 g "°C glucose added at induction. Cells were grown in 700 mL of media,
with 300 mL of media used to dissolve the amino acids. When the ODggo reached 0.7, the
reserved 300 mL of media was added, along with 150 mg Isoleucine, 150 mg Leucine, 50 mg
Phenylalanine, and 100 mg Tyrosine (Sigma-Aldrich). Expression of protein was induced with
150 uM IPTG at 18 °C as before. The final ODgy reached 3.5 to 4.6, after 18 hours of expression
at 18 °C, and yielded up to 15 mg of pure protein.
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[1-°CJ-GLUCOSE, [1,6-°C]-GLUCOSE M2: Preparation was identical to U-"C-'*N M2 except
that specifically isotopically labeled glucose was used. The labeling pattern resulting from [1-
BC]-glucose and [1,6-"C]-glucose (Omicron Biochemicals) is the same, except that the [1,6-"°C]-

glucose results in double the labeling efficiency per site.

U-C,°N,H-[°C,”C’H,' HdI-Ile, 1C,°Ca,C" PC*H,'Hd2-Leu, °C,"*C’H,'Hg2-Val] M2: An
overnight culture in 50 mL of 90 % *H M9, 10 % SOC media was grown from a fresh
transformation in BL21-DE3 until an ODsg of 2 to 3. Cells were then pelleted by centrifugation
and transferred to 1L of ’H M9 media containing 3 g *H-">C glucose, 1 g "*N ammonium chloride,
salts, and Centrum as before, in 1 L of 99.8 % *H D,O. The doubling time was 2 hours. At an
ODsgo of 0.65 to 0.75, ILV precursors were added: 75 mg alpha-keto butyric acid, sodium salt 4-
BC 99 %, 3,3,4,4-°Hy, 98 % (CIL), and 350 mg of 2-("*C,’H,)methyl-4-(*H;)-acetolactate
prepared as described previously.” Cells were harvested after 24 to 36 hours, and yielded up to 5
mg of pure protein. This labeling pattern results in methyl groups with isolated '*C'H spin pairs in
an otherwise H, '>C background at nearby sites. The protein was purified and refolded in 'H

buffers, resulting in complete exchange to 'H at exchangeable sites such as the backbone amides.

U-"C,°N,’H-[PCH;d1-1] M2: The same protocol as above was used, but the precursor was 75
mg of 1°C4, 98 %, 3,3-’H2, 98 % alpha-ketobytryic acid, sodium salt.

U—”C, 15N,2H-[13 C’H,'Hd2-Leu, 13C2H21Hg2-Val] The same protocol as above was used, but the
precursor was 350 mg of of U-">C,2-(*H;)methyl-4-(*Hs)-acetolactate.
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5.4 Supporting Information

Seq
D24'
P25
P25
L26
L2¢6’
V27
var
V28
vy’
A29
A29
A30
A30’
N31
N31’
132
132’
133
133’
G34
G34
135
B35
L36
L3¢’

H37
L38
L38’
139
39’

W41
w4r’
142
142
LA43
143’

R45

Fa7
F48
K49
S50
151

Y52

H
847

8.69
8.64
7.51
743
8.19
798
8.44
853
843
836
7.69
873
771
8.69
7.62
8.46
9.15
872
827
8.62
8.46
8.80
8.60
874
7.98
832
829
898
852
8.70
9.78
8.40
835
9.04
8.86
891
947

8.57
8.13
795
7.76
10.27
9.69
1041

N
1242
1352
136.2
1157
1162
1193
119.1
1200
1187
1184
1199
1189
1179
1108
1156
1104
1188
1213
120.2
1098
106.8
1214
121.9
1186
119.9
116.5
1189
1163
120.5
1143
1187
1263
1188
121.1
1227
1168
119.6
1193
1179
121.0
1177
116.7
1146
112.6
116.6
1203
111.0
1262
118.0

Co
175.0
1779
177.5
178.2
1783
178.6
1777
1783
178.7
1794
178.6
176.9
1783
175.1
177.5
1777
1772
1753
1777
176.0
175.2
176.9
177.2
1774
1773
175.6
1773
1787
1783
1759
1774
178.5
1793
178.6
177.8
1784
178.1
179.9
177.6
178.5

178.5
177.5
175.6
1758
175.6
1744
176.0

Ca
520
654
653
58.1
579
66.1
66.6
66.7
65.6
552
554
550
554
547
58.0
614
65.6
643
66.0
47.6
479
64.1
66.1
57.6
58.1
593
623
58.4
583
60.4
65.5
58.5
58.1
60.7
62.6
64.2
65.8
577
58.1
579

*
578
563
584
61.0
56.7
60.6
65.8

Cb
419
327
326
408

413
319
315
313
317
18.5
184
18.6
18.7
40.6
399
413
372
376
371

37.1
376
41.7
413
303
313
423
404
372
373
413
408
282
274
379
3738
41.7
413
427

29.5
43.0
41.5
39.1
304
66.9
382

Cg,
179.1
275
273
282
265
216
224
219
215

288
30.7
268
26.5
136.3
1358
264
265
302
296
269
270
111.8
111.1
288
294
26.5

180.2
259
267
252

285

231
216
225
227

172
17.6
172
19.6

177
180

197
172

1244
1238
18.6
17.1

17.2

100

Cd,

50.7
50.7
258
253

143
14.1
14.6
13.6

127
142
26.1
247

265
220
13.5
139
250
262
125.1
127.5
142
14.4
232

428
255
131.8
1318
293

138

Cd2

233
226

247
244
119.1
1172
225
26.0

244
232
1293
1309

226

229

136.9
1357

1387
138.8

425

1197
121.0

114.0
1149

1217
1209



Seq Hd1 Hd2  Hel He2 Hg2 Nd1 Nd2 Ne Nel Ne2 Nz
D24’ - - - - - - - - - - -
P25 - - - - - - - - - - -
P25’ - - - - - - - - - - -
L26 - - - - - - - - - - -
L26° - - - - - - - - - - -
v27 - - - - 1.16 - - - - - -
v27r - - - - .11 - - - - - -
V28 - - - - 112 - - - - - -
V28’ - - - - 124 - - - - - -
A29 - - - - - - - - - - -
A29’ - - - - - - - - - - -
A30 - - - - - - - - - - -
A30’ - - - - - - - - - - -
N31 - - - - - - 1129 - - - -
N31° - - - - - - 1153 - - - B
132 085 - - - - - - - - - -
132’ 095 - - - - - - - - - -
133 1.00 - - - - - - - - - -
133’ 086 - - - - - - - - - -
G34 - - - - - - - - - - -
G34 - - - - - - - - - - -
135 L1 - - - - - - - - - -
135 099 - - - - - - - - - -
L36 - - - - - - - - - - -
L36’ - - - - - - - - - - -
H37 - - - 1484 - 2511 - - - 1734 -
H37 - - - 1217 - 2516 - - - 1670 -
L38 - 106 - - - - - - - - -
L38’ 087 - - - - - - - - - -
139 105 - - - - - - - - - -
139’ 093 - - - - - - - - - -

w4l - - 1079 - . - - - 1288 - -
w4r - - 121 - - - - - 1299 - -
142 102 - - - - ; ; ; ; - ;
142’ 100 - - - . ; . ; ; - ;
L43 - - - - - - - - - - -
L43’ - . - - ; ; : - : - -
D44 - - - - - - - - - - -
D44’ - - - - - - - - - - -
R45 - - - - - - - 8447 - - -
L46 - - - - - - - - - - R
F47 - - - - - - . - - - -
F48 - - - - - - - - - - -
K49 - - ; . - - - - - - 322
S50 - - - - - - - - - - -
151 092 - . . - - . - - ; -
YS2 - - . - . ; -

Table 1. Assignments of S31N M2 determined from TEDOR-CC spectra, (H)CaNH, and HCa(Co)NH
spectra, as well as TEDOR, RFDR, CH and NH spectra. In bold are stereo specifically assigned. Missing
resonances are indicated by *. In addition, Nhl and Nh2 of R45b were not observed.
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Restraint Summary:

The tetramer structure was calculated with four copies of the sequence distinguished by adding
multiples of 100 to the residue numbers of each molecule. Residue numbers 118-160 and 318-360
correspond to the first set of resonances, and residue numbers 218-260 and 418-460 correspond to
the second set of assignments (designated with a prime in the assignment tables). The following
restraints appear in XPLOR-NIH format. For angles, the four numbers indicate, energy constant,
angle in degrees, range in degrees, and exponent. For distances, the three numbers indicate the
distance, the lower range, and the upper range. For the PDSD and PAR, numbers following an
exclamation point indicate the measured peak height.

TALOS:

assign (resid 124 and name c) (resid 125 and name n)

(resid 125 and name ca) (resid 125 and name c¢) 1.0 -56.448 7.36 2
assign (resid 125 and name n) (resid 125 and name ca)

(resid 125 and name c) (resid 126 and name n) 1.0 -34.824 5.66 2
assign (resid 324 and name c) (resid 325 and name n)

(resid 325 and name ca) (resid 325 and name ¢) 1.0 -56.448 7.36 2
assign (resid 325 and name n) (resid 325 and name ca)

(resid 325 and name c) (resid 326 and name n) 1.0 -34.824 5.66 2

assign (resid 125 and name c) (resid 126 and name n)

(resid 126 and name ca) (resid 126 and name c) 1.0 -62.207 9.70 2
assign (resid 126 and name n) (resid 126 and name ca)

(resid 126 and name c) (resid 127 and name n) 1.0 -36.616 17.36 2
assign (resid 325 and name c) (resid 326 and name n)

(resid 326 and name ca) (resid 326 and name c) 1.0 -62.207 9.70 2
assign (resid 326 and name n) (resid 326 and name ca)

(resid 326 and name c) (resid 327 and name n) 1.0 -36.616 17.36 2

assign (resid 126 and name c) (resid 127 and name n)

(resid 127 and name ca) (resid 127 and name c) 1.0 -66.374 14.07 2
assign (resid 127 and name n) (resid 127 and name ca)

(resid 127 and name c) (resid 128 and name n) 1.0 -45.906 9.01 2
assign (resid 326 and name c) (resid 327 and name n)

(resid 327 and name ca) (resid 327 and name ¢) 1.0 -66.374 14.07 2
assign (resid 327 and name n) (resid 327 and name ca)

(resid 327 and name c) (resid 328 and name n) 1.0 -45.906 9.01 2

assign (resid 127 and name c) (resid 128 and name n)

(resid 128 and name ca) (resid 128 and name ¢) 1.0 -61.982 13.75 2
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assign (resid 128 and name n) (resid 128 and name ca)

(resid 128 and name c) (resid 129 and name n) 1.0 -48.008 15.66 2
assign (resid 327 and name c) (resid 328 and name n)

(resid 328 and name ca) (resid 328 and name c¢) 1.0 -61.982 13.75 2
assign (resid 328 and name n) (resid 328 and name ca)

(resid 328 and name c) (resid 329 and name n) 1.0 -48.008 15.66 2

assign (resid 128 and name c) (resid 129 and name n)

(resid 129 and name ca) (resid 129 and name c) 1.0 -62.209 10.91 2
assign (resid 129 and name n) (resid 129 and name ca)

(resid 129 and name c) (resid 130 and name n) 1.0 -38.373 18.79 2
assign (resid 328 and name c) (resid 329 and name n)

(resid 329 and name ca) (resid 329 and name c) 1.0 -62.209 10.91 2
assign (resid 329 and name n) (resid 329 and name ca)

(resid 329 and name c) (resid 330 and name n) 1.0 -38.373 18.79 2

assign (resid 129 and name c) (resid 130 and name n)

(resid 130 and name ca) (resid 130 and name c) 1.0 -66.976 21.99 2
assign (resid 130 and name n) (resid 130 and name ca)

(resid 130 and name c) (resid 131 and name n) 1.0 -35.703 12.98 2
assign (resid 329 and name c) (resid 330 and name n)

(resid 330 and name ca) (resid 330 and name ¢) 1.0 -66.976 21.99 2
assign (resid 330 and name n) (resid 330 and name ca)

(resid 330 and name c) (resid 331 and name n) 1.0-35.703 12.98 2

assign (resid 130 and name c) (resid 131 and name n)

(resid 131 and name ca) (resid 131 and name c¢) 1.0 -82.027 25.21 2
assign (resid 131 and name n) (resid 131 and name ca)

(resid 131 and name c) (resid 132 and name n) 1.0 -30.706 38.66 2
assign (resid 330 and name c) (resid 331 and name n)

(resid 331 and name ca) (resid 331 and name ¢) 1.0 -82.027 25.21 2
assign (resid 331 and name n) (resid 331 and name ca)

(resid 331 and name c) (resid 332 and name n) 1.0 -30.706 38.66 2

assign (resid 131 and name c) (resid 132 and name n)

(resid 132 and name ca) (resid 132 and name ¢) 1.0 -104.029 51.96 2
assign (resid 132 and name n) (resid 132 and name ca)

(resid 132 and name c) (resid 133 and name n) 1.0 -9.411 26.94 2
assign (resid 331 and name c) (resid 332 and name n)

(resid 332 and name ca) (resid 332 and name c) 1.0 -104.029 51.96 2

assign (resid 332 and name n) (resid 332 and name ca)
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(resid 332 and name c) (resid 333 and name n) 1.0 -9.411 26.94 2

assign (resid 132 and name c) (resid 133 and name n)

(resid 133 and name ca) (resid 133 and name c) 1.0 -78.934 53.16 2
assign (resid 133 and name n) (resid 133 and name ca)

(resid 133 and name c) (resid 134 and name n) 1.0 -34.19122.80 2
assign (resid 332 and name c) (resid 333 and name n)

(resid 333 and name ca) (resid 333 and name c¢) 1.0 -78.934 53.16 2
assign (resid 333 and name n) (resid 333 and name ca)

(resid 333 and name c) (resid 334 and name n) 1.0 -34.19122.80 2

assign (resid 133 and name c) (resid 134 and name n)

(resid 134 and name ca) (resid 134 and name c) 1.0 -59.292 11.27 2
assign (resid 134 and name n) (resid 134 and name ca)

(resid 134 and name c) (resid 135 and name n) 1.0 -42.92012.37 2
assign (resid 333 and name c) (resid 334 and name n)

(resid 334 and name ca) (resid 334 and name ¢) 1.0 -59.292 11.27 2
assign (resid 334 and name n) (resid 334 and name ca)

(resid 334 and name c) (resid 335 and name n) 1.0 -42.920 12.372

assign (resid 134 and name c) (resid 135 and name n)

(resid 135 and name ca) (resid 135 and name c) 1.0 -66.242 12.51 2
assign (resid 135 and name n) (resid 135 and name ca)

(resid 135 and name c) (resid 136 and name n) 1.0 -43.28422.18 2
assign (resid 334 and name c) (resid 335 and name n)

(resid 335 and name ca) (resid 335 and name ¢) 1.0 -66.242 12.51 2
assign (resid 335 and name n) (resid 335 and name ca)

(resid 335 and name c) (resid 336 and name n) 1.0 -43.28422.182

assign (resid 135 and name c) (resid 136 and name n)

(resid 136 and name ca) (resid 136 and name ¢) 1.0 -61.124 11.05 2
assign (resid 136 and name n) (resid 136 and name ca)

(resid 136 and name c) (resid 137 and name n) 1.0 -34.93927.31 2
assign (resid 335 and name c) (resid 336 and name n)

(resid 336 and name ca) (resid 336 and name ¢) 1.0 -61.124 11.052
assign (resid 336 and name n) (resid 336 and name ca)

(resid 336 and name c) (resid 337 and name n) 1.0 -34.93927.31 2

assign (resid 136 and name c) (resid 137 and name n)

(resid 137 and name ca) (resid 137 and name ¢) 1.0 -61.135 8.31 2

assign (resid 137 and name n) (resid 137 and name ca)
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(resid 137 and name c) (resid 138 and name n) 1.0 -44.125 1475 2
assign (resid 336 and name c) (resid 337 and name n)

(resid 337 and name ca) (resid 337 and name ¢) 1.0 -61.135 8.31 2
assign (resid 337 and name n) (resid 337 and name ca)

(resid 337 and name c) (resid 338 and name n) 1.0 -44.125 14.75 2

assign (resid 137 and name c) (resid 138 and name n)

(resid 138 and name ca) (resid 138 and name ¢) 1.0 -65.341 19.62 2
assign (resid 138 and name n) (resid 138 and name ca)

(resid 138 and name c) (resid 139 and name n) 1.0 -34.248 20.98 2
assign (resid 337 and name c) (resid 338 and name n)

(resid 338 and name ca) (resid 338 and name c) 1.0 -65.341 19.62 2
assign (resid 338 and name n) (resid 338 and name ca)

(resid 338 and name c) (resid 339 and name n) 1.0 -34.248 20.98 2

assign (resid 138 and name c) (resid 139 and name n)

(resid 139 and name ca) (resid 139 and name ¢) 1.0 -87.024 30.51 2
assign (resid 139 and name n) (resid 139 and name ca)

(resid 139 and name c) (resid 140 and name n) 1.0 -13.390 55.61 2
assign (resid 338 and name c) (resid 339 and name n)

(resid 339 and name ca) (resid 339 and name c¢) 1.0 -87.024 30.51 2
assign (resid 339 and name n) (resid 339 and name ca)

(resid 339 and name c) (resid 340 and name n) 1.0 -13.390 55.61 2

assign (resid 139 and name c) (resid 140 and name n)

(resid 140 and name ca) (resid 140 and name ¢) 1.0 -62.373 19.93 2
assign (resid 140 and name n) (resid 140 and name ca)

(resid 140 and name c) (resid 141 and name n) 1.0 -38.907 21.30 2
assign (resid 339 and name c) (resid 340 and name n)

(resid 340 and name ca) (resid 340 and name ¢) 1.0 -62.373 19.93 2
assign (resid 340 and name n) (resid 340 and name ca)

(resid 340 and name c) (resid 341 and name n) 1.0 -38.907 21.30 2

assign (resid 140 and name c) (resid 141 and name n)

(resid 141 and name ca) (resid 141 and name ¢) 1.0 -62.523 7.38 2
assign (resid 141 and name n) (resid 141 and name ca)

(resid 141 and name c) (resid 142 and name n) 1.0 -40.807 13.36 2
assign (resid 340 and name c) (resid 341 and name n)

(resid 341 and name ca) (resid 341 and name c) 1.0 -62.523 7.38 2
assign (resid 341 and name n) (resid 341 and name ca)

(resid 341 and name c) (resid 342 and name n) 1.0 -40.807 13.36 2
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assign (resid 141 and name c) (resid 142 and name n)

(resid 142 and name ca) (resid 142 and name ¢) 1.0 -64.420 12.85 2
assign (resid 142 and name n) (resid 142 and name ca)

(resid 142 and name c) (resid 143 and name n) 1.0 -44.052 9.04 2
assign (resid 341 and name c) (resid 342 and name n)

(resid 342 and name ca) (resid 342 and name ¢) 1.0 -64.420 12.85 2
assign (resid 342 and name n) (resid 342 and name ca)

(resid 342 and name c) (resid 343 and name n) 1.0 -44.052 9.04 2

assign (resid 142 and name c) (resid 143 and name n)

(resid 143 and name ca) (resid 143 and name c) 1.0 -64.090 10.97 2
assign (resid 143 and name n) (resid 143 and name ca)

(resid 143 and name c) (resid 144 and name n) 1.0 -40.436 13.55 2
assign (resid 342 and name c) (resid 343 and name n)

(resid 343 and name ca) (resid 343 and name c) 1.0 -64.090 10.97 2
assign (resid 343 and name n) (resid 343 and name ca)

(resid 343 and name c) (resid 344 and name n) 1.0 -40.436 13.552

assign (resid 143 and name c) (resid 144 and name n)

(resid 144 and name ca) (resid 144 and name c) 1.0 -63.406 10.96 2
assign (resid 144 and name n) (resid 144 and name ca)

(resid 144 and name c) (resid 145 and name n) 1.0 -44.176 1495 2
assign (resid 343 and name c) (resid 344 and name n)

(resid 344 and name ca) (resid 344 and name ¢) 1.0 -63.406 10.96 2
assign (resid 344 and name n) (resid 344 and name ca)

(resid 344 and name c) (resid 345 and name n) 1.0 -44.176 14.95 2

assign (resid 144 and name c) (resid 145 and name n)

(resid 145 and name ca) (resid 145 and name ¢) 1.0 -61.988 10.15 2
assign (resid 145 and name n) (resid 145 and name ca)

(resid 145 and name c) (resid 146 and name n) 1.0 -33.250 18.04 2
assign (resid 344 and name c) (resid 345 and name n)

(resid 345 and name ca) (resid 345 and name c¢) 1.0 -61.988 10.15 2
assign (resid 345 and name n) (resid 345 and name ca)

(resid 345 and name c) (resid 346 and name n) 1.0 -33.250 18.04 2

assign (resid 145 and name c) (resid 146 and name n)
(resid 146 and name ca) (resid 146 and name c) 1.0 -76.806 23.19 2
assign (resid 146 and name n) (resid 146 and name ca)

(resid 146 and name c) (resid 147 and name n) 1.0 -32.127 14.78 2
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assign (resid 345 and name c) (resid 346 and name n)
(resid 346 and name ca) (resid 346 and name c) 1.0 -76.806 23.19 2
assign (resid 346 and name n) (resid 346 and name ca)

(resid 346 and name c) (resid 347 and name n) 1.0 -32.127 14.78 2

assign (resid 146 and name c) (resid 147 and name n)

(resid 147 and name ca) (resid 147 and name ¢) 1.0 -110.926 47.24 2
assign (resid 147 and name n) (resid 147 and name ca)

(resid 147 and name c) (resid 148 and name n) 1.0 -7.345 42.23 2
assign (resid 346 and name c) (resid 347 and name n)

(resid 347 and name ca) (resid 347 and name ¢) 1.0 -110.926 47.24 2
assign (resid 347 and name n) (resid 347 and name ca)

(resid 347 and name c) (resid 348 and name n) 1.0 -7.345 4223 2

assign (resid 147 and name c) (resid 148 and name n)

(resid 148 and name ca) (resid 148 and name ¢) 1.0 -92.554 51.92 2
assign (resid 148 and name n) (resid 148 and name ca)

(resid 148 and name c) (resid 149 and name n) 1.0 -37.175 33.78 2
assign (resid 347 and name c) (resid 348 and name n)

(resid 348 and name ca) (resid 348 and name ¢) 1.0 -92.554 51.92 2
assign (resid 348 and name n) (resid 348 and name ca)

(resid 348 and name c) (resid 349 and name n) 1.0 -37.175 33.78 2

assign (resid 148 and name c) (resid 149 and name n)

(resid 149 and name ca) (resid 149 and name ¢) 1.0 -71.776 21.69 2
assign (resid 149 and name n) (resid 149 and name ca)

(resid 149 and name c) (resid 150 and name n) 1.0 -36.144 1491 2
assign (resid 348 and name c) (resid 349 and name n)

(resid 349 and name ca) (resid 349 and name ¢) 1.0 -71.776 21.69 2
assign (resid 349 and name n) (resid 349 and name ca)

(resid 349 and name c) (resid 350 and name n) 1.0 -36.144 1491 2

assign (resid 149 and name c) (resid 150 and name n)

(resid 150 and name ca) (resid 150 and name ¢) 1.0 -97.226 48.53 2
assign (resid 150 and name n) (resid 150 and name ca)

(resid 150 and name ¢) (resid 151 and name n) 1.0 -10.033 58.08 2
assign (resid 349 and name c) (resid 350 and name n)

(resid 350 and name ca) (resid 350 and name c) 1.0 -97.226 48.53 2
assign (resid 350 and name n) (resid 350 and name ca)

(resid 350 and name c) (resid 351 and name n) 1.0 -10.033 58.08 2
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assign (resid 150 and name c) (resid 151 and name n)

(resid 151 and name ca) (resid 151 and name ¢) 1.0 -63.710 25.40 2
assign (resid 151 and name n) (resid 151 and name ca)

(resid 151 and name c) (resid 152 and name n) 1.0 -43.864 22.56 2
assign (resid 350 and name c) (resid 351 and name n)

(resid 351 and name ca) (resid 351 and name c¢) 1.0 -63.710 25.40 2
assign (resid 351 and name n) (resid 351 and name ca)

(resid 351 and name c¢) (resid 352 and name n) 1.0 -43.864 22.56 2

assign (resid 224 and name c) (resid 225 and name n)

(resid 225 and name ca) (resid 225 and name c¢) 1.0 -54.743 9.20 2
assign (resid 225 and name n) (resid 225 and name ca)

(resid 225 and name c) (resid 226 and name n) 1.0 -35.243 6.36 2
assign (resid 424 and name c) (resid 425 and name n)

(resid 425 and name ca) (resid 425 and name c¢) 1.0 -54.743 9.20 2
assign (resid 425 and name n) (resid 425 and name ca)

(resid 425 and name c) (resid 426 and name n) 1.0 -35.243 6.36 2

assign (resid 225 and name c) (resid 226 and name n)

(resid 226 and name ca) (resid 226 and name c¢) 1.0 -62.669 12.21 2
assign (resid 226 and name n) (resid 226 and name ca)

(resid 226 and name c) (resid 227 and name n) 1.0 -37.23522.54 2
assign (resid 425 and name c) (resid 426 and name n)

(resid 426 and name ca) (resid 426 and name c¢) 1.0 -62.669 1221 2
assign (resid 426 and name n) (resid 426 and name ca)

(resid 426 and name c) (resid 427 and name n) 1.0 -37.23522.542

assign (resid 226 and name c) (resid 227 and name n)

(resid 227 and name ca) (resid 227 and name ¢) 1.0 -66.183 15.89 2
assign (resid 227 and name n) (resid 227 and name ca)

(resid 227 and name c) (resid 228 and name n) 1.0 -45.101 9.69 2
assign (resid 426 and name c) (resid 427 and name n)

(resid 427 and name ca) (resid 427 and name ¢) 1.0 -66.183 15.89 2
assign (resid 427 and name n) (resid 427 and name ca)

(resid 427 and name c) (resid 428 and name n) 1.0 -45.101 9.69 2

assign (resid 227 and name c) (resid 228 and name n)

(resid 228 and name ca) (resid 228 and name ¢) 1.0 -61.290 11.25 2
assign (resid 228 and name n) (resid 228 and name ca)

(resid 228 and name c) (resid 229 and name n) 1.0 -41.100 17.88 2

assign (resid 427 and name c) (resid 428 and name n)
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(resid 428 and name ca) (resid 428 and name c) 1.0 -61.290 11.25 2
assign (resid 428 and name n) (resid 428 and name ca)

(resid 428 and name c) (resid 429 and name n) 1.0 -41.100 17.88 2

assign (resid 228 and name c) (resid 229 and name n)

(resid 229 and name ca) (resid 229 and name c) 1.0-62.155 18.92 2
assign (resid 229 and name n) (resid 229 and name ca)

(resid 229 and name c) (resid 230 and name n) 1.0 -43.003 20.43 2
assign (resid 428 and name c) (resid 429 and name n)

(resid 429 and name ca) (resid 429 and name ¢) 1.0 -62.155 18.92 2
assign (resid 429 and name n) (resid 429 and name ca)

(resid 429 and name c) (resid 430 and name n) 1.0 -43.003 2043 2

assign (resid 229 and name ¢) (resid 230 and name n)

(resid 230 and name ca) (resid 230 and name ¢) 1.0 -63.370 16.04 2
assign (resid 230 and name n) (resid 230 and name ca)

(resid 230 and name c) (resid 231 and name n) 1.0 -37.108 16.23 2
assign (resid 429 and name c) (resid 430 and name n)

(resid 430 and name ca) (resid 430 and name ¢) 1.0 -63.370 16.04 2
assign (resid 430 and name n) (resid 430 and name ca)

(resid 430 and name c) (resid 431 and name n) 1.0 -37.108 16.23 2

assign (resid 230 and name c) (resid 231 and name n)

(resid 231 and name ca) (resid 231 and name c) 1.0 -65.096 17.68 2
assign (resid 231 and name n) (resid 231 and name ca)

(resid 231 and name c) (resid 232 and name n) 1.0 -41.820 12.70 2
assign (resid 430 and name c) (resid 431 and name n)

(resid 431 and name ca) (resid 431 and name c) 1.0 -65.096 17.68 2
assign (resid 431 and name n) (resid 431 and name ca)

(resid 431 and name c) (resid 432 and name n) 1.0 -41.820 12.70 2

assign (resid 231 and name c) (resid 232 and name n)

(resid 232 and name ca) (resid 232 and name ¢) 1.0 -60.894 11.25 2
assign (resid 232 and name n) (resid 232 and name ca)

(resid 232 and name c) (resid 233 and name n) 1.0 -41.688 16.10 2
assign (resid 431 and name c) (resid 432 and name n)

(resid 432 and name ca) (resid 432 and name c) 1.0 -60.894 11.25 2
assign (resid 432 and name n) (resid 432 and name ca)

(resid 432 and name c¢) (resid 433 and name n) 1.0 -41.688 16.10 2

assign (resid 232 and name c) (resid 233 and name n)
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(resid 233 and name ca) (resid 233 and name c) 1.0 -61.975 8.66 2
assign (resid 233 and name n) (resid 233 and name ca)

(resid 233 and name c) (resid 234 and name n) 1.0 -42.654 8.80 2
assign (resid 432 and name c) (resid 433 and name n)

(resid 433 and name ca) (resid 433 and name c) 1.0 -61.975 8.66 2
assign (resid 433 and name n) (resid 433 and name ca)

(resid 433 and name c) (resid 434 and name n) 1.0 -42.654 8.80 2

assign (resid 233 and name c) (resid 234 and name n)

(resid 234 and name ca) (resid 234 and name c¢) 1.0 -63.278 6.35 2
assign (resid 234 and name n) (resid 234 and name ca)

(resid 234 and name c) (resid 235 and name n) 1.0 -41.626 13.37 2
assign (resid 433 and name c) (resid 434 and name n)

(resid 434 and name ca) (resid 434 and name c¢) 1.0 -63.278 6.35 2
assign (resid 434 and name n) (resid 434 and name ca)

(resid 434 and name c) (resid 435 and name n) 1.0 -41.626 13.37 2

assign (resid 234 and name c) (resid 235 and name n)

(resid 235 and name ca) (resid 235 and name ¢) 1.0 -62.511 12.14 2
assign (resid 235 and name n) (resid 235 and name ca)

(resid 235 and name c) (resid 236 and name n) 1.0 -40.892 9.66 2
assign (resid 434 and name c) (resid 435 and name n)

(resid 435 and name ca) (resid 435 and name ¢) 1.0 -62.511 12.14 2
assign (resid 435 and name n) (resid 435 and name ca)

(resid 435 and name c) (resid 436 and name n) 1.0 -40.892 9.66 2

assign (resid 235 and name c) (resid 236 and name n)

(resid 236 and name ca) (resid 236 and name c¢) 1.0 -60.727 5.53 2
assign (resid 236 and name n) (resid 236 and name ca)

(resid 236 and name c) (resid 237 and name n) 1.0 -41.190 8.77 2
assign (resid 435 and name c) (resid 436 and name n)

(resid 436 and name ca) (resid 436 and name ¢) 1.0 -60.727 5.53 2
assign (resid 436 and name n) (resid 436 and name ca)

(resid 436 and name c) (resid 437 and name n) 1.0 -41.190 8.77 2

assign (resid 236 and name c) (resid 237 and name n)

(resid 237 and name ca) (resid 237 and name ¢) 1.0 -63.974 9.83 2
assign (resid 237 and name n) (resid 237 and name ca)

(resid 237 and name c) (resid 238 and name n) 1.0 -40.368 9.57 2
assign (resid 436 and name c) (resid 437 and name n)

(resid 437 and name ca) (resid 437 and name ¢) 1.0 -63.9749.83 2
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assign (resid 437 and name n) (resid 437 and name ca)

(resid 437 and name c) (resid 438 and name n) 1.0 -40.368 9.57 2

assign (resid 237 and name c) (resid 238 and name n)

(resid 238 and name ca) (resid 238 and name c) 1.0 -64.898 11.04 2
assign (resid 238 and name n) (resid 238 and name ca)

(resid 238 and name c) (resid 239 and name n) 1.0 -41.620 10.38 2
assign (resid 437 and name c) (resid 438 and name n)

(resid 438 and name ca) (resid 438 and name c) 1.0 -64.898 11.04 2
assign (resid 438 and name n) (resid 438 and name ca)

(resid 438 and name c) (resid 439 and name n) 1.0 -41.620 10.38 2

assign (resid 238 and name c) (resid 239 and name n)

(resid 239 and name ca) (resid 239 and name c) 1.0 -61.963 6.76 2
assign (resid 239 and name n) (resid 239 and name ca)

(resid 239 and name c) (resid 240 and name n) 1.0 -46.175 7.99 2
assign (resid 438 and name c) (resid 439 and name n)

(resid 439 and name ca) (resid 439 and name c) 1.0 -61.963 6.76 2
assign (resid 439 and name n) (resid 439 and name ca)

(resid 439 and name c) (resid 440 and name n) 1.0 -46.1757.99 2

assign (resid 239 and name c) (resid 240 and name n)

(resid 240 and name ca) (resid 240 and name c) 1.0 -63.049 5.79 2
assign (resid 240 and name n) (resid 240 and name ca)

(resid 240 and name ¢) (resid 241 and name n) 1.0 -36.830 15.32 2
assign (resid 439 and name c) (resid 440 and name n)

(resid 440 and name ca) (resid 440 and name c) 1.0 -63.049 5.79 2
assign (resid 440 and name n) (resid 440 and name ca)

(resid 440 and name c) (resid 441 and name n) 1.0 -36.830 15322

assign (resid 240 and name c) (resid 241 and name n)

(resid 241 and name ca) (resid 241 and name ¢) 1.0 -67.355 17.31 2
assign (resid 241 and name n) (resid 241 and name ca)

(resid 241 and name c) (resid 242 and name n) 1.0 -41.243 14.122
assign (resid 440 and name c) (resid 441 and name n)

(resid 441 and name ca) (resid 441 and name ¢) 1.0 -67.355 17.31 2
assign (resid 441 and name n) (resid 441 and name ca)

(resid 441 and name c) (resid 442 and name n) 1.0 -41.243 14.122

assign (resid 241 and name c) (resid 242 and name n)
(resid 242 and name ca) (resid 242 and name c) 1.0 -60.937 6.57 2
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assign (resid 242 and name n) (resid 242 and name ca)

(resid 242 and name c) (resid 243 and name n) 1.0 -44.962 12.99 2
assign (resid 441 and name c) (resid 442 and name n)

(resid 442 and name ca) (resid 442 and name c) 1.0 -60.937 6.57 2
assign (resid 442 and name n) (resid 442 and name ca)

(resid 442 and name c) (resid 443 and name n) 1.0 -44.962 12.99 2

assign (resid 242 and name c) (resid 243 and name n)

(resid 243 and name ca) (resid 243 and name c¢) 1.0 -66.535 39.70 2
assign (resid 243 and name n) (resid 243 and name ca)

(resid 243 and name c) (resid 244 and name n) 1.0 -39.34423.71 2
assign (resid 442 and name c) (resid 443 and name n)

(resid 443 and name ca) (resid 443 and name c¢) 1.0 -66.535 39.70 2
assign (resid 443 and name n) (resid 443 and name ca)

(resid 443 and name c) (resid 444 and name n) 1.0 -39.344 23.71 2

Hydrogen Bonds:

assign (segid AN1 and resid 125 and name O) (segid AN1 and resid 129 and name HN) 2.00 0.20 0.20
assign (segid AN2 and resid 225 and name O) (segid AN2 and resid 229 and name HN) 2.00 0.20 0.20
assign (segid AN3 and resid 325 and name O) (segid AN3 and resid 329 and name HN) 2.00 0.20 0.20
assign (segid AN4 and resid 425 and name O) (segid AN4 and resid 429 and name HN) 2.00 0.20 0.20
assign (segid AN1 and resid 125 and name O) (segid AN1 and resid 129 and name N) 3.00 0.20 0.20
assign (segid AN2 and resid 225 and name O) (segid AN2 and resid 229 and name N) 3.00 0.20 0.20
assign (segid AN3 and resid 325 and name O) (segid AN3 and resid 329 and name N) 3.00 0.20 0.20
assign (segid AN4 and resid 425 and name O) (segid AN4 and resid 429 and name N) 3.00 0.20 0.20
assign (segid AN1 and resid 126 and name O) (segid AN1 and resid 130 and name HN) 2.00 0.20 0.20
assign (segid AN2 and resid 226 and name O) (segid AN2 and resid 230 and name HN) 2.00 0.20 0.20
assign (segid AN3 and resid 326 and name O) (segid AN3 and resid 330 and name HN) 2.00 0.20 0.20
assign (segid AN4 and resid 426 and name O) (segid AN4 and resid 430 and name HN) 2.00 0.20 0.20
assign (segid AN1 and resid 126 and name O) (segid AN1 and resid 130 and name N) 3.00 0.20 0.20
assign (segid AN2 and resid 226 and name O) (segid AN2 and resid 230 and name N) 3.00 0.20 0.20
assign (segid AN3 and resid 326 and name O) (segid AN3 and resid 330 and name N) 3.00 0.20 0.20
assign (segid AN4 and resid 426 and name O) (segid AN4 and resid 430 and name N) 3.00 0.20 0.20
assign (segid AN1 and resid 127 and name O) (segid AN1 and resid 131 and name HN) 2.00 0.20 0.20
assign (segid AN2 and resid 227 and name O) (segid AN2 and resid 231 and name HN) 2.00 0.20 0.20
assign (segid AN3 and resid 327 and name O) (segid AN3 and resid 331 and name HN) 2.00 0.20 0.20
assign (segid AN4 and resid 427 and name O) (segid AN4 and resid 431 and name HN) 2.00 0.20 0.20
assign (segid AN1 and resid 127 and name O) (segid AN1 and resid 131 and name N) 3.00 0.20 0.20
assign (segid AN2 and resid 227 and name O) (segid AN2 and resid 231 and name N) 3.00 0.20 0.20
assign (segid AN3 and resid 327 and name O) (segid AN3 and resid 331 and name N) 3.00 0.20 0.20
assign (segid AN4 and resid 427 and name O) (segid AN4 and resid 431 and name N) 3.00 0.20 0.20
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assign (segid AN1 and resid 128 and name O) (segid AN1 and resid 132 and name HN) 2.00 0.20 0.20
assign (segid AN2 and resid 228 and name O) (segid AN2 and resid 232 and name HN) 2.00 0.20 0.20
assign (segid AN3 and resid 328 and name O) (segid AN3 and resid 332 and name HN) 2.00 0.20 0.20
assign (segid AN4 and resid 428 and name O) (segid AN4 and resid 432 and name HN) 2.00 0.20 0.20
assign (segid AN1 and resid 128 and name O) (segid AN1 and resid 132 and name N) 3.00 0.20 0.20
assign (segid AN2 and resid 228 and name O) (segid AN2 and resid 232 and name N) 3.00 0.20 0.20
assign (segid AN3 and resid 328 and name O) (segid AN3 and resid 332 and name N) 3.00 0.20 0.20
assign (segid AN4 and resid 428 and name O) (segid AN4 and resid 432 and name N) 3.00 0.20 0.20
assign (segid AN2 and resid 229 and name O) (segid AN2 and resid 233 and name HN) 2.00 0.20 0.20
assign (segid AN4 and resid 429 and name O) (segid AN4 and resid 433 and name HN) 2.00 0.20 0.20
assign (segid AN2 and resid 229 and name O) (segid AN2 and resid 233 and name N) 3.00 0.20 0.20
assign (segid AN4 and resid 429 and name O) (segid AN4 and resid 433 and name N) 3.00 0.20 0.20
assign (segid AN1 and resid 130 and name O) (segid AN1 and resid 134 and name HN) 2.00 0.20 0.20
assign (segid AN2 and resid 230 and name O) (segid AN2 and resid 234 and name HN) 2.00 0.20 0.20
assign (segid AN3 and resid 330 and name O) (segid AN3 and resid 334 and name HN) 2.00 0.20 0.20
assign (segid AN4 and resid 430 and name O) (segid AN4 and resid 434 and name HN) 2.00 0.20 0.20
assign (segid AN1 and resid 130 and name O) (segid AN1 and resid 134 and name N) 3.00 0.20 0.20
assign (segid AN2 and resid 230 and name O) (segid AN2 and resid 234 and name N) 3.00 0.20 0.20
assign (segid AN3 and resid 330 and name O) (segid AN3 and resid 334 and name N) 3.00 0.20 0.20
assign (segid AN4 and resid 430 and name O) (segid AN4 and resid 434 and name N) 3.00 0.20 0.20
assign (segid AN1 and resid 131 and name O) (segid AN1 and resid 135 and name HN) 2.00 0.20 0.20
assign (segid AN2 and resid 231 and name O) (segid AN2 and resid 235 and name HN) 2.00 0.20 0.20
assign (segid AN3 and resid 331 and name O) (segid AN3 and resid 335 and name HN) 2.00 0.20 0.20
assign (segid AN4 and resid 431 and name O) (segid AN4 and resid 435 and name HN) 2.00 0.20 0.20
assign (segid AN1 and resid 131 and name O) (segid AN1 and resid 135 and name N) 3.00 0.20 0.20
assign (segid AN2 and resid 231 and name O) (segid AN2 and resid 235 and name N) 3.00 0.20 0.20
assign (segid AN3 and resid 331 and name O) (segid AN3 and resid 335 and name N) 3.00 0.20 0.20
assign (segid AN4 and resid 431 and name O) (segid AN4 and resid 435 and name N) 3.00 0.20 0.20
assign (segid AN1 and resid 132 and name O) (segid AN1 and resid 136 and name HN) 2.00 0.20 0.20
assign (segid AN2 and resid 232 and name O) (segid AN2 and resid 236 and name HN) 2.00 0.20 0.20
assign (segid AN3 and resid 332 and name O) (segid AN3 and resid 336 and name HN) 2.00 0.20 0.20
assign (segid AN4 and resid 432 and name O) (segid AN4 and resid 436 and name HN) 2.00 0.20 0.20
assign (segid AN1 and resid 132 and name O) (segid AN1 and resid 136 and name N) 3.00 0.20 0.20
assign (segid AN2 and resid 232 and name O) (segid AN2 and resid 236 and name N) 3.00 0.20 0.20
assign (segid AN3 and resid 332 and name O) (segid AN3 and resid 336 and name N) 3.00 0.20 0.20
assign (segid AN4 and resid 432 and name O) (segid AN4 and resid 436 and name N) 3.00 0.20 0.20
assign (segid AN1 and resid 133 and name O) (segid AN1 and resid 137 and name HN) 2.00 0.25 0.25
assign (segid AN2 and resid 233 and name O) (segid AN2 and resid 237 and name HN) 2.00 0.25 0.25
assign (segid AN3 and resid 333 and name O) (segid AN3 and resid 337 and name HN) 2.00 0.25 0.25
assign (segid AN4 and resid 433 and name O) (segid AN4 and resid 437 and name HN) 2.00 0.25 0.25
assign (segid AN1 and resid 133 and name O) (segid AN1 and resid 137 and name N) 3.00 0.25 0.25
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assign (segid AN2 and resid 233 and name O) (segid AN2 and resid 237 and name N) 3.00 0.25 0.25
assign (segid AN3 and resid 333 and name O) (segid AN3 and resid 337 and name N) 3.00 0.25 0.25
assign (segid AN4 and resid 433 and name O) (segid AN4 and resid 437 and name N) 3.00 0.25 0.25
assign (segid AN1 and resid 134 and name O) (segid AN1 and resid 138 and name HN) 2.00 0.20 0.20
assign (segid AN2 and resid 234 and name O) (segid AN2 and resid 238 and name HN) 2.00 0.20 0.20
assign (segid AN3 and resid 334 and name O) (segid AN3 and resid 338 and name HN) 2.00 0.20 0.20
assign (segid AN4 and resid 434 and name O) (segid AN4 and resid 438 and name HN) 2.00 0.20 0.20
assign (segid AN and resid 134 and name O) (segid AN1 and resid 138 and name N) 3.00 0.20 0.20
assign (segid AN2 and resid 234 and name O) (segid AN2 and resid 238 and name N) 3.00 0.20 0.20
assign (segid AN3 and resid 334 and name O) (segid AN3 and resid 338 and name N) 3.00 0.20 0.20
assign (segid AN4 and resid 434 and name O) (segid AN4 and resid 438 and name N) 3.00 0.20 0.20
assign (segid AN1 and resid 135 and name O) (segid AN1 and resid 139 and name HN) 2.00 0.20 0.20
assign (segid AN2 and resid 235 and name O) (segid AN2 and resid 239 and name HN) 2.00 0.20 0.20
assign (segid AN3 and resid 335 and name O) (segid AN3 and resid 339 and name HN) 2.00 0.20 0.20
assign (segid AN4 and resid 435 and name O) (segid AN4 and resid 439 and name HN) 2.00 0.20 0.20
assign (segid AN1 and resid 135 and name O) (segid AN1 and resid 139 and name N) 3.00 0.20 0.20
assign (segid AN2 and resid 235 and name O) (segid AN2 and resid 239 and name N) 3.00 0.20 0.20
assign (segid AN3 and resid 335 and name O) (segid AN3 and resid 339 and name N) 3.00 0.20 0.20
assign (segid AN4 and resid 435 and name O) (segid AN4 and resid 439 and name N) 3.00 0.20 0.20
assign (segid AN1 and resid 136 and name O) (segid AN1 and resid 140 and name HN) 2.00 0.20 0.20
assign (segid AN2 and resid 236 and name O) (segid AN2 and resid 240 and name HN) 2.00 0.20 0.20
assign (segid AN3 and resid 336 and name O) (segid AN3 and resid 340 and name HN) 2.00 0.20 0.20
assign (segid AN4 and resid 436 and name O) (segid AN4 and resid 440 and name HN) 2.00 0.20 0.20
assign (segid AN1 and resid 136 and name O) (segid AN1 and resid 140 and name N) 3.00 0.20 0.20
assign (segid AN2 and resid 236 and name O) (segid AN2 and resid 240 and name N) 3.00 0.20 0.20
assign (segid AN3 and resid 336 and name O) (segid AN3 and resid 340 and name N) 3.00 0.20 0.20
assign (segid AN4 and resid 436 and name O) (segid AN4 and resid 440 and name N) 3.00 0.20 0.20
assign (segid AN1 and resid 137 and name O) (segid AN1 and resid 141 and name HN) 2.00 0.20 0.20
assign (segid AN2 and resid 237 and name O) (segid AN2 and resid 241 and name HN) 2.00 0.20 0.20
assign (segid AN3 and resid 337 and name O) (segid AN3 and resid 341 and name HN) 2.00 0.20 0.20
assign (segid AN4 and resid 437 and name O) (segid AN4 and resid 441 and name HN) 2.00 0.20 0.20
assign (segid AN1 and resid 137 and name O) (segid AN1 and resid 141 and name N) 3.00 0.20 0.20
assign (segid AN2 and resid 237 and name O) (segid AN2 and resid 241 and name N) 3.00 0.20 0.20
assign (segid AN3 and resid 337 and name O) (segid AN3 and resid 341 and name N) 3.00 0.20 0.20
assign (segid AN4 and resid 437 and name O) (segid AN4 and resid 441 and name N) 3.00 0.20 0.20
assign (segid AN1 and resid 138 and name O) (segid AN1 and resid 142 and name HN) 2.00 0.20 0.20
assign (segid AN2 and resid 238 and name O) (segid AN2 and resid 242 and name HN) 2.00 0.20 0.20
assign (segid AN3 and resid 338 and name O) (segid AN3 and resid 342 and name HN) 2.00 0.20 0.20
assign (segid AN4 and resid 438 and name O) (segid AN4 and resid 442 and name HN) 2.00 0.20 0.20
assign (segid AN1 and resid 138 and name O) (segid AN1 and resid 142 and name N) 3.00 0.20 0.20
assign (segid AN2 and resid 238 and name O) (segid AN2 and resid 242 and name N) 3.00 0.20 0.20
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assign (segid AN3 and resid 338 and name O) (segid AN3 and resid 342 and name N) 3.00 0.20 0.20
assign (segid AN4 and resid 438 and name O) (segid AN4 and resid 442 and name N) 3.00 0.20 0.20
assign (segid AN1 and resid 139 and name O) (segid AN1 and resid 143 and name HN) 2.00 0.20 0.20
assign (segid AN2 and resid 239 and name O) (segid AN2 and resid 243 and name HN) 2.00 0.20 0.20
assign (segid AN3 and resid 339 and name O) (segid AN3 and resid 343 and name HN) 2.00 0.20 0.20
assign (segid AN4 and resid 439 and name O) (segid AN4 and resid 443 and name HN) 2.00 0.20 0.20
assign (segid AN1 and resid 139 and name O) (segid AN1 and resid 143 and name N) 3.00 0.20 0.20
assign (segid AN2 and resid 239 and name O) (segid AN2 and resid 243 and name N) 3.00 0.20 0.20
assign (segid AN3 and resid 339 and name O) (segid AN3 and resid 343 and name N) 3.00 0.20 0.20
assign (segid AN4 and resid 439 and name O) (segid AN4 and resid 443 and name N) 3.00 0.20 0.20
assign (segid AN1 and resid 140 and name O) (segid AN1 and resid 144 and name HN) 2.00 0.20 0.20
assign (segid AN2 and resid 240 and name O) (segid AN2 and resid 244 and name HN) 2.00 0.20 0.20
assign (segid AN3 and resid 340 and name O) (segid AN3 and resid 344 and name HN) 2.00 0.20 0.20
assign (segid AN4 and resid 440 and name O) (segid AN4 and resid 444 and name HN) 2.00 0.20 0.20
assign (segid AN1 and resid 140 and name O) (segid AN1 and resid 144 and name N) 3.00 0.20 0.20
assign (segid AN2 and resid 240 and name O) (segid AN2 and resid 244 and name N) 3.00 0.20 0.20
assign (segid AN3 and resid 340 and name O) (segid AN3 and resid 344 and name N) 3.00 0.20 0.20
assign (segid AN4 and resid 440 and name O) (segid AN4 and resid 444 and name N) 3.00 0.20 0.20
assign (segid AN1 and resid 141 and name O) (segid AN1 and resid 145 and name HN) 2.00 0.20 0.20
assign (segid AN2 and resid 241 and name O) (segid AN2 and resid 245 and name HN) 2.00 0.20 0.20
assign (segid AN3 and resid 341 and name O) (segid AN3 and resid 345 and name HN) 2.00 0.20 0.20
assign (segid AN4 and resid 441 and name O) (segid AN4 and resid 445 and name HN) 2.00 0.20 0.20
assign (segid AN1 and resid 141 and name O) (segid AN1 and resid 145 and name N) 3.00 0.20 0.20
assign (segid AN2 and resid 241 and name O) (segid AN2 and resid 245 and name N) 3.00 0.20 0.20
assign (segid AN3 and resid 341 and name O) (segid AN3 and resid 345 and name N) 3.00 0.20 0.20
assign (segid AN4 and resid 441 and name O) (segid AN4 and resid 445 and name N) 3.00 0.20 0.20
assign (segid AN1 and resid 142 and name O) (segid AN1 and resid 146 and name HN) 2.00 0.20 0.20
assign (segid AN2 and resid 242 and name O) (segid AN2 and resid 246 and name HN) 2.00 0.20 0.20
assign (segid AN3 and resid 342 and name O) (segid AN3 and resid 346 and name HN) 2.00 0.20 0.20
assign (segid AN4 and resid 442 and name O) (segid AN4 and resid 446 and name HN) 2.00 0.20 0.20
assign (segid AN1 and resid 142 and name O) (segid AN1 and resid 146 and name N) 3.00 0.20 0.20
assign (segid AN2 and resid 242 and name O) (segid AN2 and resid 246 and name N) 3.00 0.20 0.20
assign (segid AN3 and resid 342 and name O) (segid AN3 and resid 346 and name N) 3.00 0.20 0.20
assign (segid AN4 and resid 442 and name O) (segid AN4 and resid 446 and name N) 3.00 0.20 0.20
assign (segid AN1 and resid 143 and name O) (segid AN1 and resid 147 and name HN) 2.00 0.20 0.20
assign (segid AN2 and resid 243 and name O) (segid AN2 and resid 247 and name HN) 2.00 0.20 0.20
assign (segid AN3 and resid 343 and name O) (segid AN3 and resid 347 and name HN) 2.00 0.20 0.20
assign (segid AN4 and resid 443 and name O) (segid AN4 and resid 447 and name HN) 2.00 0.20 0.20
assign (segid AN1 and resid 143 and name O) (segid AN1 and resid 147 and name N) 3.00 0.20 0.20
assign (segid AN2 and resid 243 and name O) (segid AN2 and resid 247 and name N) 3.00 0.20 0.20
assign (segid AN3 and resid 343 and name O) (segid AN3 and resid 347 and name N) 3.00 0.20 0.20
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assign (segid AN4 and resid 443 and name O) (segid AN4 and resid 447 and name N) 3.00 0.20 0.20
assign (segid AN1 and resid 147 and name O) (segid AN1 and resid 151 and name HN) 2.00 0.20 0.20
assign (segid AN3 and resid 347 and name O) (segid AN3 and resid 351 and name HN) 2.00 0.20 0.20
assign (segid AN1 and resid 147 and name O) (segid AN1 and resid 151 and name N) 3.00 0.20 0.20
assign (segid AN3 and resid 347 and name O) (segid AN3 and resid 351 and name N) 3.00 0.20 0.20
assign (segid AN1 and resid 148 and name O) (segid AN1 and resid 152 and name HN) 2.00 0.20 0.20
assign (segid AN3 and resid 348 and name O) (segid AN3 and resid 352 and name HN) 2.00 0.20 0.20
assign (segid AN1 and resid 148 and name O) (segid AN1 and resid 152 and name N) 3.00 0.20 0.20
assign (segid AN3 and resid 348 and name O) (segid AN3 and resid 352 and name N) 3.00 0.20 0.20
assign (segid AN1 and resid 149 and name O) (segid AN1 and resid 153 and name HN) 2.00 0.20 0.20
assign (segid AN3 and resid 349 and name O) (segid AN3 and resid 353 and name HN) 2.00 0.20 0.20
assign (segid AN1 and resid 149 and name O) (segid AN1 and resid 153 and name N) 3.00 0.20 0.20
assign (segid AN3 and resid 349 and name O) (segid AN3 and resid 353 and name N) 3.00 0.20 0.20
assign (segid AN1 and resid 150 and name O) (segid AN! and resid 154 and name HN) 2.00 0.50 0.50
assign (segid AN3 and resid 350 and name O) (segid AN3 and resid 354 and name HN) 2.00 0.50 0.50
assign (segid AN1 and resid 150 and name O) (segid AN and resid 154 and name N) 3.00 0.50 0.50
assign (segid AN3 and resid 350 and name O) (segid AN3 and resid 354 and name N) 3.00 0.50 0.50
assign (segid ANI and resid 151 and name O) (segid AN1 and resid 155 and name HN) 2.00 0.50 0.50
assign (segid AN3 and resid 351 and name O) (segid AN3 and resid 355 and name HN) 2.00 0.50 0.50
assign (segid AN1 and resid 151 and name O) (segid AN1 and resid 155 and name N) 3.00 0.50 0.50
assign (segid AN3 and resid 351 and name O) (segid AN3 and resid 355 and name N) 3.00 0.50 0.50
assign (segid AN1 and resid 152 and name O) (segid AN1 and resid 156 and name HN) 2.00 0.50 0.50
assign (segid AN3 and resid 352 and name O) (segid AN3 and resid 356 and name HN) 2.00 0.50 0.50
assign (segid AN1 and resid 152 and name O) (segid AN1 and resid 156 and name N) 3.00 0.50 0.50
assign (segid AN3 and resid 352 and name O) (segid AN3 and resid 356 and name N) 3.00 0.50 0.50

“N-"C TEDOR:

assign (resid 234 and name N) (resid 138 and name Cd1 or resid 338 and name Cd1) 5.0 3.0 0.50
assign (resid 237 and name Ne2) (resid 338 and name Cd2 or resid 138 and name Cd2) 5.0 3.0 0.50
assign (resid 137 and name Ne2) (resid 438 and name Cd2 or resid 238 and name Cd2) 5.0 3.0 0.50
assign (resid 137 and name Ne2) (resid 438 and name Cd1 or resid 238 and name Cd1) 5.0 3.0 0.50
assign (resid 231 and name N) (resid 135 and name Cg2 or resid 335 and name Cg2) 5.0 3.0 0.50
assign (resid 231 and name N) (resid 135 and name Cd1 or resid 335 and name Cd1) 5.0 3.0 0.50
assign (resid 134 and name N) (resid 235 and name Cd1 or resid 435 and name Cd1) 5.0 3.0 0.50

assign (resid 231 and name Nd2) (resid 135 and name Cg2) 503.0050
(resid 135 and name Cg2) OR  (resid 231 and name N) OR  (resid 126 and name Cd1)
5.03.0050 (reside 335 and name Cg2) (resid 329 and name N)
OR  (resid 231 and name Nd2) OR (resid 126 and name Cd1)
(reside 335 and name Cg2) assign (resid 126 and name Cdl) (resid 136 and name N)
OR (reside 231 and name N) (resid 129 and name N) OR (resid 126 and name Cd1)
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(resid 336 and name N)

OR (resid 126 and name Cdl)
(resid 239 and name N)

OR (resid 126 and name Cd1)
(resid 439 and name N)

OR (resid 126 and name Cd1)
(resid 228 and name N)

OR  (resid 126 and name Cd1)
(resid 428 and name N)

OR  (resid 126 and name Cd1)
(resid 232 and name N)

OR (resid 126 and name Cd1)
(resid 432 and name N)

OR (resid 126 and name Cd1)
(resid 240 and name N)

OR (resid 126 and name Cd1)
(resid 440 and name N)

OR (resid 126 and name Cd1)
(resid 237 and name N)

OR (resid 126 and name Cd1)
(resid 437 and name N)

OR (resid 126 and name Cd1)
(resid 130 and name N)

OR (resid 126 and name Cd1)
(resid 330 and name N)

OR (resid 226 and name Cd1)
(resid 129 and name N)

OR (resid 226 and name Cd1)
(resid 329 and name N)

OR (resid 226 and name Cd1)
(resid 136 and name N)

OR  (resid 226 and name Cd1)
(resid 336 and name N)

OR (resid 226 and name Cd1)
(resid 239 and name N)

OR (resid 226 and name Cd1)
(resid 439 and name N)

OR (resid 226 and name Cd1)
(resid 228 and name N)

OR (resid 226 and name Cdl)
(resid 428 and name N)

OR  (resid 226 and name Cd1)
(resid 232 and name N)

OR (resid 226 and name Cd1)
(resid 432 and name N)

OR  (resid 226 and name Cd1)
(resid 240 and name N)

OR  (resid 226 and name Cd1)
(resid 440 and name N)

OR  (resid 226 and name Cd1)
(resid 237 and name N)

OR (resid 226 and name Cd1)
(resid 437 and name N)

OR  (resid 226 and name Cd1)
(resid 130 and name N)

OR (resid 226 and name Cd1)
(resid 330 and name N)

OR  (resid 145 and name Cg)
(resid 129 and name N)

OR (resid 145 and name Cg)
(resid 329 and name N)

OR (resid 145 and name Cg)
(resid 136 and name N)

OR (resid 145 and name Cg)
(resid 336 and name N)

OR (resid 145 and name Cg)
(resid 239 and name N)

OR (resid 145 and name Cg)
(resid 439 and name N)

OR (resid 145 and name Cg)
(resid 228 and name N)

OR  (resid 145 and name Cg)
(resid 428 and name N)

OR (resid 145 and name Cg)
(resid 232 and name N)

OR (resid 145 and name Cg)
(resid 432 and name N)

OR  (resid 145 and name Cg)
(resid 240 and name N)

OR (resid 145 and name Cg)
(resid 440 and name N)

OR (resid 145 and name Cg)
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(resid 237 and name N)
OR (resid 145 and name Cg)
(resid 437 and name N)
OR  (resid 145 and name Cg)
(resid 130 and name N)
OR (resid 145 and name Cg)
(resid 330 and name N)
OR (resid 245 and name Cg)
(resid 129 and name N)
OR (resid 245 and name Cg)
(resid 329 and name N)
OR (resid 245 and name Cg)
(resid 136 and name N)
OR  (resid 245 and name Cg)
(resid 336 and name N)
OR  (resid 245 and name Cg)
(resid 239 and name N)
OR (resid 245 and name Cg)
(resid 439 and name N)
OR  (resid 245 and name Cg)
(resid 228 and name N)
OR  (resid 245 and name Cg)
(resid 428 and name N)
OR (resid 245 and name Cg)
(resid 232 and name N)
OR  (resid 245 and name Cg)
(resid 432 and name N)
OR (resid 245 and name Cg)
(resid 240 and name N)
OR (resid 245 and name Cg)
(resid 440 and name N)
OR (resid 245 and name Cg)
(resid 237 and name N)
OR  (resid 245 and name Cg)
(resid 437 and name N)
OR  (resid 245 and name Cg)
(resid 130 and name N)
OR (resid 245 and name Cg)
(resid 330 and name N)
OR  (resid 238 and name Cd1)
(resid 129 and name N)



OR (resid 238 and name Cd1)
(resid 329 and name N)

OR  (resid 238 and name Cd1)
(resid 136 and name N)

OR  (resid 238 and name Cd1)
(resid 336 and name N)

OR (resid 238 and name Cd1)
(resid 239 and name N)

OR (resid 238 and name Cd1)
(resid 439 and name N)

OR (resid 238 and name Cd1)
(resid 228 and name N)

OR (resid 238 and name Cd1)
(resid 428 and name N)

OR (resid 238 and name Cd1)
(resid 232 and name N)

OR (resid 238 and name Cd1)
(resid 432 and name N)

OR  (resid 238 and name Cd1)
(resid 240 and name N)

OR  (resid 238 and name Cd1)
(resid 440 and name N)

OR (resid 238 and name Cd1)
(resid 237 and name N)

OR (resid 238 and name Cd1)
(resid 437 and name N)

OR (resid 238 and name Cd1)
(resid 130 and name N)

OR  (resid 238 and name Cd1)
(resid 330 and name N)

OR (resid 136 and name Cd1)
(resid 129 and name N)

OR  (resid 136 and name Cd1)
(resid 329 and name N)

OR  (resid 136 and name Cd1)
(resid 136 and name N)

OR (resid 136 and name Cd1)
(resid 336 and name N)

OR  (resid 136 and name Cdl)
(resid 239 and name N)

OR (resid 136 and name Cd1)

(resid 439 and name N)

OR (resid 136 and name Cd1)
(resid 228 and name N)

OR  (resid 136 and name Cd1)
(resid 428 and name N)

OR (resid 136 and name Cd1)
(resid 232 and name N)

OR  (resid 136 and name Cd1)
(resid 432 and name N)

OR (resid 136 and name Cd1)
(resid 240 and name N)

OR (resid 136 and name Cd1)
(resid 440 and name N)

OR (resid 136 and name Cdl)
(resid 237 and name N)

OR  (resid 136 and name Cd1)
(resid 437 and name N)

OR (resid 136 and name Cd1)
(resid 130 and name N)

OR (resid 136 and name Cd1)
(resid 330 and name N)

assign (resid 138 and name Cd2)
(resid 136 and name N)

5.03.00.50

OR (resid 138 and name Cd2)
(resid 336 and name N)

OR  (resid 138 and name Cd2)
(resid 239 and name N)

OR (resid 138 and name Cd2)
(resid 439 and name N)

OR (resid 138 and name Cd2)
(resid 228 and name N)

OR  (resid 138 and name Cd2)
(resid 428 and name N)

OR (resid 138 and name Cd2)
(resid 232 and name N)

OR (resid 138 and name Cd2)
(resid 432 and name N)

OR (resid 138 and name Cd2)
(resid 240 and name N)
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OR (resid 138 and name Cd2)
(resid 440 and name N)

OR (resid 138 and name Cd2)
(resid 237 and name N)

OR (resid 138 and name Cd2)
(resid 437 and name N)

OR  (resid 138 and name Cd2)
(resid 130 and name N)

OR (resid 138 and name Cd2)
(resid 330 and name N)

OR (resid 138 and name Cd2)
(resid 227 and name N)

OR  (resid 138 and name Cd2)
(resid 427 and name N)

OR (resid 138 and name Cd2)
(resid 337 and name N)

OR  (resid 138 and name Cd2)
(resid 337 and name N)

OR (resid 128 and name Cgl)
(resid 136 and name N)

OR  (resid 128 and name Cg1)
(resid 336 and name N)

OR  (resid 128 and name Cgl)
(resid 239 and name N)

OR  (resid 128 and name Cgl)
(resid 439 and name N)

OR  (resid 128 and name Cgl)
(resid 228 and name N)

OR (resid 128 and name Cgl)
(resid 428 and name N)

OR  (resid 128 and name Cgl)
(resid 232 and name N)

OR  (resid 128 and name Cgl)
(resid 432 and name N)

OR  (resid 128 and name Cgl)
(resid 240 and name N)

OR  (resid 128 and name Cgl)
(resid 440 and name N)

OR  (resid 128 and name Cgl)
(resid 237 and name N)

OR  (resid 128 and name Cgl)



(resid 437 and name N)

OR  (resid 128 and name Cgl)
(resid 130 and name N)

OR  (resid 128 and name Cgl)
(resid 330 and name N)

OR (resid 128 and name Cgl)
(resid 227 and name N)

OR  (resid 128 and name Cgl)
(resid 427 and name N)

OR  (resid 128 and name Cgl)
(resid 337 and name N)

OR (resid 128 and name Cgl)
(resid 337 and name N)

OR (resid 227 and name Cg2)
(resid 136 and name N)

OR (resid 227 and name Cg2)
(resid 336 and name N)

OR (resid 227 and name Cg2)
(resid 239 and name N)

OR (resid 227 and name Cg2)
(resid 439 and name N)

OR  (resid 227 and name Cg2)
(resid 228 and name N)

OR (resid 227 and name Cg2)
(resid 428 and name N)

OR  (resid 227 and name Cg2)
(resid 232 and name N)

OR (resid 227 and name Cg2)
(resid 432 and name N)

OR  (resid 227 and name Cg2)
(resid 240 and name N)

OR (resid 227 and name Cg2)
(resid 440 and name N)

OR  (resid 227 and name Cg2)
(resid 237 and name N)

OR  (resid 227 and name Cg2)
(resid 437 and name N)

OR  (resid 227 and name Cg2)
(resid 130 and name N)

OR (resid 227 and name Cg2)
(resid 330 and name N)

OR (resid 227 and name Cg2)
(resid 227 and name N)

OR (resid 227 and name Cg2)
(resid 427 and name N)

OR  (resid 227 and name Cg2)
(resid 337 and name N)

OR  (resid 227 and name Cg2)
(resid 337 and name N)

OR (resid 138 and name Cd2)
(resid 136 and name N)

OR (resid 138 and name Cd2)
(resid 336 and name N)

OR (resid 138 and name Cd2)
(resid 239 and name N)

OR (resid 138 and name Cd2)
(resid 439 and name N)

OR (resid 138 and name Cd2)
(resid 228 and name N)

OR (resid 138 and name Cd2)
(resid 428 and name N)

OR (resid 138 and name Cd2)
(resid 232 and name N)

OR (resid 138 and name Cd2)
(resid 432 and name N)

OR (resid 138 and name Cd2)
(resid 240 and name N)

OR (resid 138 and name Cd2)
(resid 440 and name N)

OR  (resid 138 and name Cd2)
(resid 237 and name N)

OR (resid 138 and name Cd2)
(resid 437 and name N)

OR (resid 138 and name Cd2)
(resid 130 and name N)

OR (resid 138 and name Cd2)
(resid 330 and name N)

OR (resid 138 and name Cd2)
(resid 227 and name N)

OR (resid 138 and name Cd2)
(resid 427 and name N)

OR (resid 138 and name Cd2)
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(resid 337 and name N)

OR (resid 138 and name Cd2)
(resid 337 and name N)

OR (resid 143 and name Cd2)
(resid 136 and name N)

OR (resid 143 and name Cd2)
(resid 336 and name N)

OR  (resid 143 and name Cd2)
(resid 239 and name N)

OR (resid 143 and name Cd2)
(resid 439 and name N)

OR (resid 143 and name Cd2)
(resid 228 and name N)

OR (resid 143 and name Cd2)
(resid 428 and name N)

OR (resid 143 and name Cd2)
(resid 232 and name N)

OR (resid 143 and name Cd2)
(resid 432 and name N)

OR (resid 143 and name Cd2)
(resid 240 and name N)

OR (resid 143 and name Cd2)
(resid 440 and name N)

OR  (resid 143 and name Cd2)
(resid 237 and name N)

OR (resid 143 and name Cd2)
(resid 437 and name N)

OR (resid 143 and name Cd2)
(resid 130 and name N)

OR (resid 143 and name Cd2)
(resid 330 and name N)

OR (resid 143 and name Cd2)
(resid 227 and name N)

OR (resid 143 and name Cd2)
(resid 427 and name N)

OR (resid 143 and name Cd2)
(resid 337 and name N)

OR (resid 143 and name Cd2)
(resid 337 and name N)

OR  (resid 228 and name Cgl)
(resid 136 and name N)



OR  (resid 228 and name Cgl)
(resid 336 and name N)

OR  (resid 228 and name Cgl)
(resid 239 and name N)

OR  (resid 228 and name Cgl)
(resid 439 and name N)

OR  (resid 228 and name Cgl)
(resid 228 and name N)

OR  (resid 228 and name Cgl)
(resid 428 and name N)

OR  (resid 228 and name Cgl)
(resid 232 and name N)

OR  (resid 228 and name Cgl)
(resid 432 and name N)

OR  (resid 228 and name Cgl)
(resid 240 and name N)

OR (resid 228 and name Cgl)
(resid 440 and name N)

OR  (resid 228 and name Cgl)
(resid 237 and name N)

OR  (resid 228 and name Cgl)
(resid 437 and name N)

OR (resid 228 and name Cgl)
(resid 130 and name N)

PDSD

OR (resid 228 and name Cgl)
(resid 330 and name N)

OR  (resid 228 and name Cgl)
(resid 227 and name N)

OR  (resid 228 and name Cgl)
(resid 427 and name N)

OR  (resid 228 and name Cgl)
(resid 337 and name N)

OR  (resid 228 and name Cg1)
(resid 337 and name N)

OR (resid 136 and name Cd2)
(resid 136 and name N)

OR (resid 136 and name Cd2)
(resid 336 and name N)

OR (resid 136 and name Cd2)
(resid 239 and name N)

OR (resid 136 and name Cd2)
(resid 439 and name N)

OR  (resid 136 and name Cd2)
(resid 228 and name N)

OR  (resid 136 and name Cd2)
(resid 428 and name N)

OR  (resid 136 and name Cd2)
(resid 232 and name N)

OR  (resid 136 and name Cd2)
(resid 432 and name N)

OR (resid 136 and name Cd2)
(resid 240 and name N)

OR  (resid 136 and name Cd2)
(resid 440 and name N)

OR (resid 136 and name Cd2)
(resid 237 and name N)

OR (resid 136 and name Cd2)
(resid 437 and name N)

OR  (resid 136 and name Cd2)
(resid 130 and name N)

OR (resid 136 and name Cd2)
(resid 330 and name N)

OR (resid 136 and name Cd2)
(resid 227 and name N)

OR (resid 136 and name Cd2)
(resid 427 and name N)

OR  (resid 136 and name Cd2)
(resid 337 and name N)

OR (resid 136 and name Cd2)
(resid 337 and name N)

assign (resid 231 and name Ca) (resid 227 and name Ca) 546273056504 4.91645750854 2.46305427862 ! 11998539
assign (resid 231 and name Ca) (resid 228 and name Ca) 5.02358001459 4.52122201313 2.34543890585 ! 15428288
assign (resid 231 and name Cb) (resid 234 and name Ca) 645493633883 5.80944270495 2.72879151119 ! 7272468
assign (resid 231 and name Cb or resid 431 and name Cb) (resid 134 and name Ca) 5.8 5.2 2.55 1 9961517

assign (resid 231 and name Cb or resid 431 and name Cb) (resid 334 and name Ca) 5.8 5.2 2.55 ! 9961517

assign (resid 234 and name Ca) (resid 231 and name Ca) 5.59511355623 5.03560220061 2.49850971604 ! 11166858
assign (resid 234 and name Ca) (resid 231 and name Cb) 6.51200852951 5.86080767656 2.74407685463 ! 7082928
assign (resid 234 and name Ca) (resid 237 and name Ca) 5.70440224027 5.13396201624 2.52777992714 ! 10537250
assign (resid 234 and name Ca or resid 434 and name Ca) (resid 137 and name Ca) 5.76 5.18 2.5 ! 10222989

assign (resid 234 and name Ca or resid 434 and name Ca) (resid 337 and name Ca) 5.76 5.18 2.5 ! 10222989

assign (resid 134 and name Ca or resid 334 and name Ca) (resid 231 and name Ca) 5.0 4.5 2.3 ! 15276946

assign (resid 134 and name Ca or resid 334 and name Ca) (resid 431 and name Ca) 5.04.5 2.3 ! 15276946

assign (resid 134 and name Ca or resid 334 and name Ca) (resid 231 and name Cb) 5.485 4.9 2.469 ! 11849913
assign (resid 134 and name Ca or resid 334 and name Ca) (resid 431 and name Cb) 5.485 4.9 2.469 ! 11849913
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assign (resid 134 and name Ca) (resid 137 and name Ca) 5.02451181722 4.5220606355 2.34568846562 ! 15419706
assign (resid 237 and name Cd2 or resid 437 and name Cd2) (resid 137 and name Cd2) 7.3 6.6 2.968 ! 4927182
assign (resid 237 and name Cd2 or resid 437 and name Cd2) (resid 337 and name Cd2) 7.3 6.6 2.968 ! 4927182
assign (resid 237 and name Cd2 or resid 437 and name Cd2) (resid 137 and name Cel) 5.9 5.3 2.585 ! 9434372
assign (resid 237 and name Cd2 or resid 437 and name Cd2) (resid 337 and name Cel) 5.9 5.3 2.585 ! 9434372
assign (resid 141 and name Ch2 or resid 341 and name Ch2) (resid 241 and name Cd1) 7.97.1 3.1 ! 3938815

assign (resid 141 and name Ch2 or resid 341 and name Ch2) (resid 441 and name Cd1) 7.9 7.1 3.1 ! 3938815

assign (resid 149 and name Ca) (resid 150 and name Ca) 5.01055051588 4.50949546429 2.34194928401 ! 15548961

BC-BC PAR

assign (resid 125 and name Ca) (resid 128 and name Ca) 5.92247536514 5.33022782863 2.41260293034 ! 1528787
assign (resid 325 and name Ca) (resid 328 and name Ca) 5.92247536514 5.33022782863 2.41260293034 ! 1528787
assign (resid 227 and name Ca) (resid 230 and name Ca) 4.8715154802 4.38436393218 2.16193257351 ! 2747037
assign (resid 427 and name Ca) (resid 430 and name Ca) 4.8715154802 4.38436393218 2.16193257351 ! 2747037
assign (resid 227 and name Cb) (resid 231 and name Cb) 6.38455345361 5.74609810825 2.52281577575 ! 1220296
assign (resid 427 and name Cb) (resid 431 and name Cb) 6.38455345361 5.74609810825 2.52281577575 ! 1220296
assign (resid 227 and name Cgl) (resid 231 and name Cb) 4.88887444479 4.39998700031 2.16607295785 | 2717879
assign (resid 427 and name Cgl) (resid 431 and name Cb) 4.88887444479 4.39998700031 2.16607295785 ! 2717879
assign (resid 128 and name Cg2) (resid 125 and name Cg) 4.84782964214 4.36304667793 2.15628313097 ! 2787499
assign (resid 328 and name Cg2) (resid 325 and name Cg) 4.84782964214 4.36304667793 2.15628313097 ! 2787499
assign (resid 228 and name Cb) (resid 231 and name Ca) 5.31819105753 4.78637195178 2.26847167929 ! 2111373
assign (resid 428 and name Cb) (resid 431 and name Ca) 5.31819105753 4.78637195178 2.26847167929 ! 2111373
assign (resid 228 and name Cg2) (resid 231 and name Ca) 4.53652020236 4.08286818212 2.08203096447 ! 3401639
assign (resid 428 and name Cg2) (resid 431 and name Ca) 4.53652020236 4.08286818212 2.08203096447 ! 3401639
assign (resid 228 and name Cg2) (resid 231 and name Cb) 4.88887444479 4.39998700031 2.16607295785 | 2717879
assign (resid 428 and name Cg2) (resid 431 and name Cb) 4.88887444479 4.39998700031 2.16607295785 ! 2717879
assign (resid 228 and name Cgl) (resid 231 and name Ca) 4.29499394132 3.86549454719 2.02442317667 ! 4008382
assign (resid 428 and name Cg1) (resid 431 and name Ca) 4.29499394132 3.86549454719 2.02442317667 ! 4008382
assign (resid 229 and name Cb) (resid 228 and name Ca) 3.50145506407 3.15130955766 1.83515175311 ! 7397945
assign (resid 429 and name Cb) (resid 428 and name Ca) 3.50145506407 3.15130955766 1.83515175311 ! 7397945
assign (resid 130 and name Cb) (resid 127 and name Ca) 3.94054080932 3.54648672839 1.93988056534 ! 5190262
assign (resid 330 and name Cb) (resid 327 and name Ca) 3.94054080932 3.54648672839 1.93988056534 ! 5190262
assign (resid 230 and name Cb) (resid 227 and name Ca) 3.46704483745 3.12034035371 1.82694437631 ! 7620411
assign (resid 430 and name Cb) (resid 427 and name Ca) 3.46704483745 3.12034035371 1.82694437631 ! 7620411
assign (resid 231 and name Cb) (resid 234 and name Ca) 6.39363051276 5.75426746148 2.52498079621 ! 1215106
assign (resid 431 and name Cb) (resid 434 and name Ca) 6.39363051276 5.75426746148 2.52498079621 ! 1215106
assign (resid 231 and name Ca) (resid 228 and name Ca) 5.42978515728 4.88680664155 2.29508861606 ! 1983850
assign (resid 431 and name Ca) (resid 428 and name Ca) 5.42978515728 4.88680664155 2.29508861606 ! 1983850
assign (resid 234 and name Ca) (resid 231 and name Ca) 5.80645457026 5.22580911323 2.38493015761 ! 1622272
assign (resid 434 and name Ca) (resid 431 and name Ca) 5.80645457026 5.22580911323 2.38493015761 ! 1622272
assign (resid 234 and name Ca) (resid 231 and name Cb) 6.32780089739 5.69502080765 2.50927940417 ! 1253425
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assign (resid 434 and name Ca) (resid 431 and name Cb) 6.32780089739 5.69502080765 2.50927940417 ! 1253425
assign (resid 234 and name Ca) (resid 237 and name Ca) 4.69279000382 4.22351100344 2.11930375429 ! 3073006
assign (resid 434 and name Ca) (resid 437 and name Ca) 4.69279000382 4.22351100344 2.11930375429 ! 3073006
assign (resid 134 and name Ca) (resid 137 and name Cb) 5.61577879172 5.05420091255 2.33945100457 ! 1793192
assign (resid 334 and name Ca) (resid 337 and name Cb) 5.61577879172 5.05420091255 2.33945100457 ! 1793192
assign (resid 134 and name Ca or resid 334 and name Ca) (resid 231 and name Ca) 5.1 4.6 2.2 ! 2377041

assign (resid 134 and name Ca or resid 334 and name Ca) (resid 431 and name Ca) 5.1 4.6 2.2 ! 2377041

assign (resid 134 and name Ca) (resid 137 and name Ca) 5.44483960822 4.9003556474 2.29867933788 ! 1967440
assign (resid 334 and name Ca) (resid 337 and name Ca) 5.44483960822 4.9003556474 2.29867933788 ! 1967440
assign (resid 237 and name Cb) (resid 234 and name Ca) 5.57950690191 5.02155621172 2.33079959199 ! 1828392
assign (resid 437 and name Cb) (resid 434 and name Ca) 5.57950690191 5.02155621172 2.33079959199 ! 1828392
assign (resid 137 and name Cb) (resid 134 and name Ca) 6.31558729723 5.68402856751 2.50636626965 ! 1260711
assign (resid 337 and name Cb) (resid 334 and name Ca) 6.31558729723 5.68402856751 2.50636626965 ! 1260711
assign (resid 137 and name Ca or resid 337 and name Ca) (resid 237 and name Ca) 6.6577 5.99 2.587969 107
assign (resid 137 and name Ca or resid 337 and name Ca) (resid 437 and name Ca) 6.6577 5.99 2.587969 !107
assign (resid 137 and name Ca) (resid 141 and name Ca) 6.69773477203 6.02796129483 2.59751441455 ! 1056995
assign (resid 337 and name Ca) (resid 341 and name Ca) 6.69773477203 6.02796129483 2.59751441455 ! 1056995
assign (resid 141 and name Ca) (resid 137 and name Ca) 6.15486271112 5.53937644001 2.46803094408 ! 1362077
assign (resid 341 and name Ca) (resid 337 and name Ca) 6.15486271112 5.53937644001 2.46803094408 ! 1362077
assign (resid 144 and name Cb) (resid 141 and name Ca) 6.22908754252 5.60617878827 2.48573472635 ! 1313964
assign (resid 344 and name Cb) (resid 341 and name Ca) 6.22908754252 5.60617878827 2.48573472635 ! 1313964
assign (resid 144 and name Ca) (resid 141 and name Ca) 540620246122 4.8655822151 2.28946377451 ! 2009925
assign (resid 344 and name Ca) (resid 341 and name Ca) 5.40620246122 4.8655822151 2.28946377451 ! 2009925
assign (resid 149 and name Ca) (resid 144 and name Ca) 5.80311305026 5.22280174523 2.38413315287 ! 1625076
assign (resid 349 and name Ca) (resid 344 and name Ca) 5.80311305026 5.22280174523 2.38413315287 ! 1625076

8 ms *C-C RFDR

assign (resid 127 and name Cg2)

(resid 131 and name Cg)
6.44260056343 5.89834050709 1.05636588472 ! 4802294
OR  (resid 240 and name Cd2)

(resid 237 and name C)
assign (resid 232 and name Cgl) (resid 231 and name C) 5.17593091077 4.75833781969 0.755175942214 ! 13144601
assign (resid 132 and name Cd1) (resid 131 and name Cg) 6.95878652738 6.36290787464 1.17910508549 ! 3453300
assign (resid 132 and name Cd1) (resid 131 and name C) 8.69803445342 7.92823100808 1.59266514967 ! 1401259
assign (resid 132 and name Cg2) (resid 131 and name Cg) 5.14951034311 4.8345593088 0.511112660906 ! 42397664
assign (resid 233 and name Cg2) (resid 231 and name C) 540313872322 5.0628248509 0.571420663915 ! 30340590
assign (resid 136 and name Cd2) (resid 136 and name C) 737292619297 6.73563357367 1.27757961814 ! 2714738
assign (resid 237 and name Cel or resid 437 and name Cel) (resid 137 and name Cel)
5.17300584037 4.65570525633 0.992261389152 ! 5794468
assign (resid 237 and name Cel or resid 437 and name Cel) (resid 141 and name Ce2)
5.32563892814 479307503533 1.02855463328 ! 5202472
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assign (resid 137 and name Ca) (resid 137 and name Cd2) 4.68942958988 4.22048663089 0.877276157779 ! 8384610
assign (resid 137 and name Cel or resid 337 and name Cel) (resid 241 and name Ce?2)

561103964719 5.04993568247 1.09641749395 ! 4295008

assign (resid 238 and name Cd1 or resid 438 and name Cd1) (resid 137 and name Cd2)

5.29466564312 4.76519907881 1.02118977543 ! 5315847

assign (resid 238 and name Cd1) (resid 241 and name Ce3) 5.88653675349 5.29788307814 1.16192546395 ! 3608752
assign (resid 238 and name Cd1 or resid 438 and name Cd1) (resid 141 and name Ce2)

4.78507916923 4.30657125231 0.900019807826 ! 7764896

assign (resid 238 and name Cd2) (resid 237 and name C) 5.74987981166 5.37489183049 0.65386909731 ! 20249738
Ithe above was violating by 0.6 A. Added 1 A

assign (resid 238 and name Cd2 or resid 438 and name Cd2) (resid 137 and name Cd2)

4.73294061467 4.2596465532 0.887622251591 ! 8094822

assign (resid 238 and name Cd2 or resid 438 and name Cd2) (resid 137 and name Cel)

3.88368808665 3.59531927798 0.447905186115 ! 62998988

Ito the above, added 1 angstrom due to violation of 0.3 A

assign (resid 238 and name Cd2) (resid 241 and name Ce2) 5.41460709779 4.87314638801 1.04970957123 ! 4894230
assign (resid 238 and name Cd2) (resid 241 and name Ce3) 4.2730618446 3.8457556602 0.778271830189 ! 12008753
assign (resid 238 and name Cd2) (resid 242 and name Ca) 5.15687423615 4.64118681254 0.988425600603 ! 5862190
assign (resid 138 and name Ca) (resid 137 and name Cel) 4.53744237114 4.18369813403 0.603355515999 ! 25773416
assign (resid 138 and name Cd1) (resid 137 and name Cd2) 6.34013912226 5.70612521003 1.26978347657 ! 2765049
assign (resid 138 and name Cd1) (resid 137 and name Cel) 6.16439923792 5.54795931413 1.22799587587 ! 3057040
assign (resid 138 and name Cd2 or resid 338 and name Cd2) (resid 237 and name Cd2) 4.170 3.75 0.753 ! 13209886
assign (resid 138 and name Cd2 or resid 338 and name Cd2) (resid 237 and name Cel) 3.321 2.989 0.5519 ! 33667580
assign (resid 138 and name Cd2) (resid 137 and name Cd2) 4.90110645887 4.41099581298 0.927608889 ! 7092464
assign (resid 138 and name Cd2) (resid 141 and name Cd1) 4.83986037181 4.35587433463 0.9130457354 ! 7437282
assign (resid 138 and name Cd2) (resid 141 and name Ce2) 4.845190777 4.36067170012 0.914313204629 ! 7406395
assign (resid 241 and name Cb) (resid 237 and name Cel) 6.10484249512 5.49435824561 1.21383441562 ! 3165290
assign (resid 241 and name Cb) (resid 137 and name Cel or resid 337 and name Cel) 6.3 5.7 1.3 ! 2877499

assign (resid 141 and name Cb or resid 341 and name Cb) (resid 237 and name Cel) 5.4203 4.8782 1.0510 ! 4875288
assign (resid 141 and name Cb) (resid 137 and name Cel) 4.24971865 3.82474679276 0.772721264695 ! 12269398
assign (resid 242 and name Ca) (resid 241 and name Ce3) 5.59303373447 5.03373036102 1.09213603051 ! 4345719
assign (resid 242 and name Cd1) (resid 241 and name Ce3) 6.50361245235 5.85325120712 1.30865432406 ! 2525905
assign (resid 242 and name Cgl) (resid 241 and name Ce3) 5.12421728858 4.61179555972 0.980660399 ! 6002552
assign (resid 142 and name Cd1 or resid 342 and name Cd1) (resid 237 and name C) 7.57783 6.9200 1.3263 ! 2426406
assign (resid 143 and name Cd2) (resid 147 and name Cd1 or resid 147 and name Cd2) 4.5589 4.1030 0.846 ! 9341229
assign (resid 144 and name Ca) (resid 148 and name Cd1 or reside 148 and name Cd2) 4.979 4.48 0.9461 ! 6682772
assign (resid 145 and name Ca) (resid 141 and name Ce2) 6.0003916412 5.40035247708 1.18899798994 ! 3367817
assign (resid 146 and name Ca) (resid 147 and name Cd1 or resid 147 and name Cd2) 5.215 4.693 1.002 ! 5622391
assign (resid 146 and name Cd1) (resid 147 and name Cd1 or resid 147 and name Cd2) 5.156 4.641 0.9883 ! 5862649
assign (resid 146 and name Cd2) (resid 147 and name Cd1 or resid 147 and name Cd2) 5.977 5.380 1.183 ! 3413707
assign (resid 146 and name Cg) (resid 147 and name Cd1 or resid 147 and name Cd2) 5.47 4.921.0646 ! 4690752
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assign (resid 151 and name Cd1)
(resid 147 and name Cd1)
562114610679 5.05903149611 1.09882061775
OR (resid 151 and name Cd1)
(resid 147 and name Cd2)
OR  (resid 151 and name Cd1)
(resid 148 and name Cd1)
OR (resid 151 and name Cd1)
(resid 148 and name Cd2)
assign (resid 151 and name Cgl)
(resid 147 and name Cd1)
645223657043 5.80701291339 1.29643811687
OR (resid 151 and name Cgl)
(resid 147 and name Cd2)
OR  (resid 151 and name Cgl)
(resid 148 and name Cd1)
OR  (resid 151 and name Cgl)
(resid 148 and name Cd2)
assign (resid 151 and name Cg2 or resid 351 and name Cg2) (resid 241 and name Ce2)
6.67272041139 6.00544837025 1.3488649791 ! 2306675
assign (resid 151 and name Cg2 or resid 351 and name Cg2) (resid 241 and name Ce3)
6.00404601515 5.40364141364 1.18986693053 ! 3360444
assign (resid 151 and name Cg2) (resid 144 and name Cg) 6.77610298748 6.19849268873 1.13566641562 ! 3864911
assign (resid 237 and name C) (resid 237 and name Cel) 5.86678665008 5.28010798507 1.15722926515 ! 3652865
assign (resid 237 and name C or resid 437 and name C) (resid 137 and name Cel)
5.77548451238 4.74793606114 1.0166288675 ! 5387714
!To the above, added 0.5 angstrom to dist because was violating slightly, and transfer to Co is efficient
assign (resid 237 and name C or resid 437 and name C) (resid 137 and name Cd2) 6.99475653993 6.29528088594
14254390431 ! 1954546
assign (resid 137 and name C) (resid 137 and name Cd2) 5.23431915878 4.7108872429 1.00684052966 ! 5546382
assign (resid 137 and name C) (resid 137 and name Cel) 6.08052133904 5.47246920514 1.20805130746 ! 3210966
assign (resid 240 and name Cd2) (resid 237 and name Cel) 6.10867261897 5.49780535707 121474514619 ! 3158176
assign (resid 240 and name Cd2) (resid 237 and name Cd2) 6.70310338141 6.03279304327 1.35608947128 ! 2270005
assign (resid 136 and name Cd1) (resid 137 and name Cel) 4.3 3.8 0.8 ! 11700000
OR (resid 238 and name Cd1) (resid 137 and name Cel)
OR (resid 438 and name Cd1) (resid 137 and name Cel)
OR (resid 240 and name Cd1) (resid 137 and name Cel)
OR (resid 440 and name Cd1) (resid 137 and name Cel)
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19.2 ms ®C-C RFDR
assign
(resid 127 and name CB ) ! V27.Cb 31.775ppm
( resid 132 and name CG1 ) ! 132.Cg1 26.361ppm
4.04279353 ! intensity= 5496962
OR (resid 127 and name CB )
( resid 332 and name CG1 )
OR (resid 127 and name CB ) ! V27.Cb 31.775ppm
( resid 236 and name CG ) ! L36"Cg 26.361ppm
OR (resid 127 and name CB )
( resid 436 and name CG)
OR (resid 127 and name CB ) ! V27.Cb 31.775ppm
( resid 136 and name CD1 ) ! L36.Cd1 26.361ppm
OR (resid 127 and name CB )
( resid 336 and name CD1 )
OR ( resid 127 and name CB ) ! V27.Cb 31.775ppm
( resid 238 and name CD1 ) ! L38"Cd1 26.361ppm
OR (resid 127 and name CB )
( resid 438 and name CD1 )
OR (resid 127 and name CB ) ! V27.Cb 31.775ppm
( resid 238 and name CG ) ! L38"Cg 26.361ppm
OR (resid 127 and name CB )
( resid 438 and name CG )
OR (resid 127 and name CB ) ! V27.Cb 31.775ppm
(resid 138 and name CD1 ) ! L38.Cd1 26.361ppm
OR ( resid 127 and name CB )
( resid 338 and name CD1 )
OR (resid 127 and name CB ) ! V27.Cb 31.775ppm
(resid 138 and name CG ) ! L38.Cg 26.361ppm
OR (resid 127 and name CB )
( resid 338 and name CG)
OR (resid 127 and name CB ) ! V27.Cb 31.775ppm
( resid 240 and name CD1 ) ! 140"Cdl 26.361ppm
OR (resid 127 and name CB )
( resid 440 and name CD1 )
OR (resid 127 and name CB ) ! V27.Cb 31.775ppm
(resid 143 and name CG ) ! L43.Cg 26.361ppm
OR (resid 127 and name CB )
( resid 343 and name CG )
OR (resid 228 and name CB ) ! V28"Cb 31.775ppm
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( resid 132 and name CG1 ) ! 132.Cgl 26.361ppm
OR ( resid 228 and name CB )
( resid 332 and name CG1)
OR ( resid 228 and name CB ) ! nV28"Cb 31.775ppm
( resid 236 and name CG ) ! L36"Cg 26.361ppm
OR ( resid 228 and name CB )
( resid 436 and name CG )
OR ( resid 228 and name CB ) ! V28"Cb 31.775ppm
(resid 136 and name CD1 ) ! L36.Cd1 26.361ppm
OR ( resid 228 and name CB )
( resid 336 and name CD1 )
OR (resid 228 and name CB ) ! nV28"Cb 31.775ppm
( resid 238 and name CD1 ) ! L38"Cd1 26.361ppm
OR ( resid 228 and name CB )
( resid 438 and name CD1 )
OR (resid 228 and name CB ) ! nV28"Cb 31.775ppm
(resid 238 and name CG ) ! L38"Cg 26.361ppm
OR ( resid 228 and name CB )
( resid 438 and name CG )
OR ( resid 228 and name CB ) ! V28"Cb 31.775ppm
( resid 138 and name CD1 ) ! L38.Cd1 26.361ppm
OR ( resid 228 and name CB )
( resid 338 and name CD1)
OR ( resid 228 and name CB ) ! V28"Cb 31.775ppm
(resid 138 and name CG ) ! L38.Cg 26.361ppm
OR ( resid 228 and name CB )
( resid 338 and name CG )
OR ( resid 228 and name CB ) ! nV28"Cb 31.775ppm
( resid 240 and name CD1 ) ! L40"Cd1 26.361ppm
OR ( resid 228 and name CB )
( resid 440 and name CD1)
OR ( resid 228 and name CB ) ! V28"Cb 31.775ppm
(resid 143 and name CG ) ! L43.Cg 26.361ppm
OR (resid 228 and name CB )
( resid 343 and name CG )

assign
( resid 227 and name CG1 ) ! V27"Cgl 21.567ppm
( resid 132 and name CG2 ) ! 132.Cg2 17.053ppm
428344353 ! intensity= 3885566
OR ( resid 227 and name CG1 )



( resid 332 and name CG2 )
OR ( resid 227 and name CGl ) ! V27"Cgl
21.567ppm
( resid 133 and name CG2 ) ! 133.Cg2 17.053ppm
OR ( resid 227 and name CG1 )
( resid 333 and name CG2 )
OR ( resid 227 and name CGIl ) ! V27"Cgl
21.567ppm
( resid 239 and name CG2 ) ! 139"Cg2 17.053ppm
OR (resid 227 and name CG1 )
( resid 439 and name CG2 )
OR ( resid 227 and name CGl ) ! V27"Cgl
21.567ppm
( resid 242 and name CG2 ) 1 142"Cg2 17.053ppm
OR ( resid 227 and name CG1 )
( resid 442 and name CG2 )
OR ( resid 227 and name CGl ) ! V27"Cgl
21.567ppm
(resid 151 and name CG2 ) ! I51.Cg2 17.053ppm
OR (resid 227 and name CG1 )
(resid 351 and name CG2 )
OR ( resid 127 and name CGl ) ! V27.Cgl
21.567ppm
(resid 132 and name CG2 ) ! 132.Cg2 17.053ppm
OR (resid 127 and name CG1 )
( resid 332 and name CG2 )
OR ( resid 127 and name CGI1 )
21.567ppm
( resid 133 and name CG2 ) ! 133.Cg2 17.053ppm
OR ( resid 127 and name CG1 )
( resid 333 and name CG2 )
OR ( resid 127 and name CGl ) ! V27.Cgl
21.567ppm
( resid 239 and name CG2 ) ! I139"Cg2 17.053ppm
OR (resid 127 and name CG1)

! V27.Cgl

( resid 439 and name CG2)
OR ( resid 127 and name CGl ) ! V27.Cgl
21.567ppm

( resid 242 and name CG2 ) 1142"Cg2 17.053ppm
OR (resid 127 and name CG1)
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(resid 442 and name CG2 )
OR ( resid 127 and name CGIl )
21.567ppm
(resid 151 and name CG2 ) ! I51.Cg2 17.053ppm
OR (resid 127 and name CG1 )
(resid 351 and name CG2 )
OR ( resid 228 and name CG2 ) ! V28"Cg2
21.567ppm
(resid 132 and name CG2 ) ! 132.Cg2 17.053ppm
OR ( resid 228 and name CG2 )
( resid 332 and name CG2)
OR ( resid 228 and name CG2 ) ! V28"Cg2
21.567ppm
(resid 133 and name CG2 ) ! I33.Cg2 17.053ppm
OR (resid 228 and name CG2 )
(resid 333 and name CG2)
OR ( resid 228 and name CG2 )
21.567ppm
(resid 239 and name CG2 ) ! 139"Cg2 17.053ppm
OR ( resid 228 and name CG2 )
( resid 439 and name CG2 )
OR ( resid 228 and name CG2 )
21.567ppm
( resid 242 and name CG2 ) ! 142"Cg2 17.053ppm
OR ( resid 228 and name CG2 )
( resid 442 and name CG2 )
OR ( resid 228 and name CG2 )
21.567ppm
( resid 151 and name CG2 ) ! I51.Cg2 17.053ppm
OR (resid 228 and name CG2 )
(resid 351 and name CG2)

! V27.Cgl

! V28'"Cg2

! V28"Cg2

! V28"Cg2

assign
(resid 132 and name CG1 ) ' 132.Cgl 26.403ppm
(resid 127 and name CB ) ! V27.Cb 31.655ppm
424388353 ! intensity= 4108001
OR ( resid 132 and name CG1 )
( resid 327 and name CB )
OR ( resid 132 and name CG1 ) '132.Cgl 26.403ppm
( resid 228 and name CB ) ! V28"Cb 31.655ppm
OR ( resid 132 and name CG1 )



( resid 428 and name CB )
OR ( resid 236 and name CG ) ! L36"Cg 26.403ppm

(resid 127 and name CB ) ! V27.Cb 31.655ppm
OR (resid 236 and name CG )
( resid 327 and name CB )
OR (resid 236 and name CG ) ! nL36"Cg 26.403ppm
( resid 228 and name CB ) ! V28"Cb 31.655ppm
OR ( resid 236 and name CG )
( resid 428 and name CB )
OR ( resid 238 and name CG ) ! L38"Cg 26.403ppm
(resid 127 and name CB ) ! V27.Cb 31.655ppm
OR (resid 238 and name CG )
( resid 327 and name CB )
OR (resid 238 and name CG ) ! nL.38"Cg 26.403ppm
(resid 228 and name CB ) ! V28"Cb 31.655ppm
OR ( resid 238 and name CG )
( resid 428 and name CB )
OR ( resid 138 and name CDI )
26.403ppm
(resid 127 and name CB ) ! V27.Cb 31.655ppm
OR ( resid 138 and name CD1 )
(resid 327 and name CB )
OR ( resid 138 and name CDI1
26.403ppm
( resid 228 and name CB ) ! V28"Cb 31.655ppm
OR ( resid 138 and name CD1 )
( resid 428 and name CB )
OR (resid 138 and name CG ) ! L38.Cg 26.403ppm
( resid 127 and name CB ) ! V27.Cb 31.655ppm
OR (resid 138 and name CG )
(resid 327 and name CB )
OR ( resid 138 and name CG ) ! L38.Cg 26.403ppm
( resid 228 and name CB ) ! V28"Cb 31.655ppm
OR ( resid 138 and name CG )
( resid 428 and name CB )
OR ( resid 240 and name CDI1 )
26.403ppm
(resid 127 and name CB ) ! V27.Cb 31.655ppm
OR ( resid 240 and name CD1 )
(resid 327 and name CB )

! L38.Cdl

) ! L38.Cdl

! 140"Cd1
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OR ( resid 240 and name CDI1 ) ! nl40"Cdl
26.403ppm
( resid 228 and name CB ) ! V28"Cb 31.655ppm
OR (resid 240 and name CD1 )
( resid 428 and name CB )
OR (resid 143 and name CG ) ! 1L43.Cg 26.403ppm
(resid 127 and name CB ) ! V27.Cb 31.655ppm
OR ( resid 143 and name CG )
( resid 327 and name CB )
OR ( resid 143 and name CG ) ! [ 43.Cg 26.403ppm
( resid 228 and name CB ) ! V28"Cb 31.655ppm
OR ( resid 143 and name CG )
( resid 428 and name CB )

assign
( resid 227 and name CG1 ) ! V27"Cgl 21.543ppm
(resid 133 and name CG1 ) ! 133.Cgl 28.785ppm
43453353 ! intensity= 3565248
OR ( resid 227 and name CG1)
( resid 333 and name CG1)
OR ( resid 227 and name CGl ) ! V27"Cgl
21.543ppm
( resid 135 and name CG1 ) ! I35.Cgl 28.785ppm
OR ( resid 227 and name CG1 )
( resid 335 and name CG1 )
OR ( resid 227 and name CGl ) ! V27'Cgl
21.543ppm
( resid 142 and name CG1 ) ! 142.Cgl 28.785ppm
OR (resid 227 and name CG1 )
( resid 342 and name CG1)
OR ( resid 227 and name CGI1 )
21.543ppm
(resid 151 and name CG1) ! I51.Cg1 28.785ppm
OR (resid 227 and name CG1 )
( resid 351 and name CG1 )
OR ( resid 127 and name CGl )
21.543ppm
( resid 133 and name CG1 ) ! I33.Cgl 28.785ppm
OR (resid 127 and name CG1 )
( resid 333 and name CG1 )

! V27'Cgl

! V27.Cgl



OR ( resid 127 and name CG1l )
21.543ppm

(resid 135 and name CG1 ) ! [35.Cg1 28.785ppm
OR ( resid 127 and name CG1)

( resid 335 and name CG1)
OR ( resid 127 and name CGl )
21.543ppm

( resid 142 and name CG1 ) ! 142.Cgl 28.785ppm
OR (resid 127 and name CG1 )

( resid 342 and name CG1 )
OR ( resid 127 and name CGl ) ! V27.Cgl
21.543ppm

(resid 151 and name CG1 ) ! I51.Cgl 28.785ppm
OR (resid 127 and name CG1 )

( resid 351 and name CG1)

! V27.Cgl

! V27.Cgl

OR ( resid 228 and name CG2 )
21.543ppm

(resid 133 and name CG1 ) ! I33.Cgl 28.785ppm
OR ( resid 228 and name CG2 )

( resid 333 and name CG1 )
OR ( resid 228 and name CG2 ) ! V28"Cg2
21.543ppm

(resid 135 and name CG1 ) ! I35.Cg1 28.785ppm
OR ( resid 228 and name CG2 )

( resid 335 and name CG1 )

! V28"Cg2

OR ( resid 228 and name CG2 ) ! V28"Cg2
21.543ppm

( resid 142 and name CG1 ) ! 142.Cg1 28.785ppm
OR (resid 228 and name CG2 )

( resid 342 and name CG1)
OR ( resid 228 and name CG2 ) ! V28"Cg2

21.543ppm

(resid 151 and name CG1 ) ! 151.Cgl 28.785ppm
OR ( resid 228 and name CG2 )

( resid 351 and name CG1)

assign
(resid 227 and name CG1 ) ! V27"Cgl 21.560ppm
(resid 133 and name C ) ! I33.Co 175.442ppm

128

473764353 ! intensity= 2122446
OR (resid 227 and name CG1 )
(resid 333 and name C)
OR ( resid 227 and name CG1 ) ! V27"Cgl
21.560ppm
( resid 137 and name C ) ! H37.Co 175.442ppm
OR ( resid 227 and name CG1 )
( resid 337 and name C)
OR ( resid 227 and name CGl1 ) ! V27"Cgl
21.560ppm
( resid 147 and name C ) ! F47.Co 175.442ppm
OR ( resid 227 and name CG1 )
( resid 347 and name C )
OR ( resid 227 and name CGl ) ! V27'Cgl
21.560ppm
( resid 149 and name C ) ! K49.Co 175.442ppm
OR (resid 227 and name CG1 )
( resid 349 and name C )
OR ( resid 127 and name CGI1 )
21.560ppm
(resid 133 and name C ) ! I33.Co 175.442ppm
OR ( resid 127 and name CG1 )
( resid 333 and name C)
OR ( resid 127 and name CGIl )
21.560ppm
( resid 137 and name C ) ! H37.Co 175.442ppm
OR ( resid 127 and name CG1 )
( resid 337 and name C )
OR ( resid 127 and name CGl ) ! V27.Cgl
21.560ppm
(resid 147 and name C ) ! F47.Co 175.442ppm
OR (resid 127 and name CG1 )
( resid 347 and name C )
OR ( resid 127 and name CG1 ) ! V27.Cgl
21.560ppm
( resid 149 and name C ) ! K49.Co 175.442ppm
OR (resid 127 and name CG1 )
( resid 349 and name C)
OR ( resid 228 and name CG2 ) ! V28"Cg2
21.560ppm
( resid 133 and name C ) ! I33.Co 175.442ppm

! V27.Cgl

! V27Cgl



OR (resid 228 and name CG2 )
( resid 333 and name C)
OR ( resid 228 and name CG2 ) ! V28"Cg2
21.560ppm
(resid 137 and name C ) ! H37.Co 175.442ppm
OR ( resid 228 and name CG2 )
( resid 337 and name C)
OR ( resid 228 and name CG2 ) ! V28"Cg2
21.560ppm
(resid 147 and name C ) ! F47.Co 175.442ppm
OR (resid 228 and name CG2 )
( resid 347 and name C )
OR ( resid 228 and name CG2 ) ! V28"Cg2
21.560ppm
( resid 149 and name C ) ! K49.Co 175 442ppm
OR (resid 228 and name CG2)
( resid 349 and name C )

assign
(resid 230 and name CB ) ! nA30"Cb 18.546ppm
(resid 228 and name CA ) ! V28"Ca 65.486ppm
3.63324353 ! intensity= 10433915
OR (resid 230 and name CB )
( resid 428 and name CA )
OR (resid 230 and name CB ) ! nA30"Cb 18.546ppm
( resid 232 and name CA ) ! 132"Ca 65.486ppm
OR (resid 230 and name CB )
( resid 432 and name CA )
OR ( resid 230 and name CB ) ! nA30"Cb 18.546ppm
( resid 239 and name CA ) ! 139"Ca 65.486ppm
OR (resid 230 and name CB )
( resid 439 and name CA )
OR ( resid 230 and name CB ) ! nA30"Cb 18.546ppm
( resid 242 and name CA ) ! 142"Ca 65.486ppm
OR (resid 230 and name CB )
( resid 442 and name CA)
OR ( resid 130 and name CB ) ! A30.Cb 18.546ppm
(resid 228 and name CA ) ! V28"Ca 65.486ppm
OR ( resid 130 and name CB )
( resid 428 and name CA )
OR ( resid 130 and name CB ) ! A30.Cb 18.546ppm
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( resid 232 and name CA ) ! 132"Ca 65.486ppm
OR (resid 130 and name CB )
( resid 432 and name CA )
OR ( resid 130 and name CB ) ! A30.Cb 18.546ppm
( resid 239 and name CA ) ! 139"Ca 65.486ppm
OR (resid 130 and name CB )
( resid 439 and name CA )
OR ( resid 130 and name CB ) ! A30.Cb 18.546ppm
( resid 242 and name CA ) ! 142"Ca 65.486ppm
OR (resid 130 and name CB )
( resid 442 and name CA )
OR ( resid 142 and name CG2 ) ! 142.Cg2 18.546ppm
( resid 228 and name CA ) ! V28"Ca 65.486ppm
OR (resid 142 and name CG2 )
( resid 428 and name CA )
OR (resid 142 and name CG2 ) ! [42.Cg2 18.546ppm
( resid 232 and name CA ) ! I32"Ca 65.486ppm
OR (resid 142 and name CG2 )
(resid 432 and name CA )
OR (resid 142 and name CG2 ) ! [42.Cg2 18.546ppm
( resid 239 and name CA ) ! 139"Ca 65 .486ppm
OR ( resid 142 and name CG2 )
( resid 439 and name CA )
OR (resid 142 and name CG2 ) ! 142.Cg2 18.546ppm
( resid 242 and name CA ) ! I142"Ca 65.486ppm
OR (resid 142 and name CG2)
( resid 442 and name CA )

assign
(resid 131 and name CB ) ! N31.Cb 40.645ppm
(resid 133 and name C ) ! 133.Co 175.028ppm
3.54883.53 ! intensity= 12014871
OR (resid 131 and name CB )
( resid 333 and name C)
OR (resid 131 and name CB ) ! N31.Cb 40.645ppm
(resid 137 and name C ) ! H37.Co 175.028ppm
OR (resid 131 and name CB )
( resid 337 and name C)
OR (resid 131 and name CB ) ! N31.Cb 40.645ppm
(resid 147 and name C ) ! F47.Co 175.028ppm
OR (resid 131 and name CB )



( resid 347 and name C )
OR (resid 131 and name CB ) ! N31.Cb 40.645ppm
( resid 149 and name C ) ! K49.Co 175.028ppm
OR (resid 131 and name CB )
( resid 349 and name C )
OR ( resid 238 and name CB ) ! L38"Cb 40.645ppm
( resid 133 and name C ) ! I33.Co 175.028ppm
OR (resid 238 and name CB )
( resid 333 and name C)
OR ( resid 238 and name CB ) ! L38"Cb 40.645ppm
(resid 137 and name C ) ! H37.Co 175.028ppm
OR ( resid 238 and name CB )
( resid 337 and name C )
OR ( resid 238 and name CB ) ! L38"Cb 40.645ppm
( resid 147 and name C ) ! F47.Co 175.028ppm
OR (resid 238 and name CB )
( resid 347 and name C)
OR ( resid 238 and name CB ) ! L38"Cb 40.645ppm
(resid 149 and name C) ! K49.Co 175.028ppm
OR ( resid 238 and name CB )
( resid 349 and name C)
OR ( resid 240 and name CB ) ! L.40"Cb 40.645ppm
( resid 133 and name C ) ! 133.Co 175.028ppm
OR ( resid 240 and name CB )
( resid 333 and name C )
OR ( resid 240 and name CB ) ! L40"Cb 40.645ppm
(resid 137 and name C ) ! H37.Co 175.028ppm
OR ( resid 240 and name CB )
(resid 337 and name C)
OR ( resid 240 and name CB ) ! L40"Cb 40.645ppm
(resid 147 and name C ) ! F47.Co 175.028ppm
OR ( resid 240 and name CB )
( resid 347 and name C )
OR ( resid 240 and name CB ) ! L40"Cb 40.645ppm
( resid 149 and name C ) ! K49.Co 175.028ppm
OR ( resid 240 and name CB )
( resid 349 and name C)

assign
( resid 227 and name CG2 ) ! V27"Cg2 22.433ppm
( resid 237 and name CE1 ) ! H37"Cel 135.674ppm
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286909353 ! intensity= 43027776
OR ( resid 227 and name CG2 )

( resid 437 and name CE1 )
OR ( resid 227 and name CG2 ) ! nV27"Cg2
22.433ppm

(resid 237 and name CG ) ! H37"Cg 135.674ppm
OR ( resid 227 and name CG2 )

( resid 437 and name CG )
OR ( resid 228 and name CG1 ) ! V28"Cgl
22.433ppm

( resid 237 and name CE1 ) ! H37"Cel 135.674ppm
OR (resid 228 and name CG1 )

( resid 437 and name CE1 )
OR ( resid 228 and name CG1 ) ! nV28"Cgl
22.433ppm

(resid 237 and name CG ) ! H37"Cg 135.674ppm
OR ( resid 228 and name CG1 )

(resid 437 and name CG )
OR ( resid 128 and name CG1 )
22.433ppm

(resid 237 and name CE1 ) ! H37"Cel 135.674ppm
OR ( resid 128 and name CG1)

( resid 437 and name CE1 )
OR ( resid 128 and name CGI1 )
22.433ppm

(resid 237 and name CG ) ! H37"Cg 135.674ppm
OR (resid 128 and name CG1 )

( resid 437 and name CG )
OR ( resid 138 and name CD2 )
22.433ppm

(resid 237 and name CE1 ) ! H37"Cel 135.674ppm
OR (resid 138 and name CD2 )

( resid 437 and name CE1 )
OR ( resid 138 and name CD2 )
22.433ppm

( resid 237 and name CG ) ! H37"Cg 135.674ppm
OR (resid 138 and name CD2 )

( resid 437 and name CG )
OR ( resid 143 and name CD2 )
22.433ppm

(resid 237 and name CE1 ) ! H37"Cel 135.674ppm

! V28Cgl

! V28.Cgl

! 1.38.Cd2

! L38.Cd2

! 143.Cd2



OR (resid 143 and name CD2 )

( resid 437 and name CE1 )
OR ( resid 143 and name CD2 ) ! L143.Cd2
22.433ppm

(resid 237 and name CG ) ! H37"Cg 135.674ppm
OR ( resid 143 and name CD2 )

(resid 437 and name CG )

assign

( resid 227 and name CG2 ) ! V27"Cg2 22.583ppm

( resid 239 and name CD1 ) ! I39"Cd1 13.822ppm
462741353 ! intensity= 2444473
OR (resid 227 and name CG2 )

( resid 439 and name CD1)
OR ( resid 227 and name CG2 ) ! V27'Cg2
22.587ppm

(resid 151 and name CD1 ) ! I51.Cd1 13.815ppm
OR ( resid 227 and name CG2 )

( resid 351 and name CD1)
OR ( resid 228 and name CGl ) ! V28"Cgl
22.584ppm

( resid 239 and name CD1 ) ! 139"Cd1 13.823ppm
OR (resid 228 and name CG1)

( resid 439 and name CD1)
OR ( resid 228 and name CGl ) ! V28"Cgl
22.587ppm

(resid 151 and name CD1 ) ! I51.Cd1 13.824ppm
OR ( resid 228 and name CG1 )

( resid 351 and name CD1)
OR ( resid 128 and name CGl ) ! V28Cgl
22.588ppm

( resid 239 and name CD1 ) ! 139"Cdl 13.817ppm
OR ( resid 128 and name CG1)

( resid 439 and name CD1)
OR ( resid 128 and name CGIl )
22.595ppm

(resid 151 and name CD1 ) ! I51.Cd1 13.818ppm
OR ( resid 128 and name CG1)

( resid 351 and name CD1 )
OR ( resid 138 and name CD2 )
22.581ppm

| V28.Cgl

! L38.Cd2
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( resid 239 and name CD1 ) ! 139"Cd1 13.822ppm
OR ( resid 138 and name CD2 )

( resid 439 and name CD1 )
OR ( resid 138 and name CD2 )
22.589ppm

(resid 151 and name CD1 ) ! 151.Cd1 13.822ppm
OR ( resid 138 and name CD2 )

( resid 351 and name CD1 )
OR ( resid 143 and name CD2 )
22.591ppm

( resid 239 and name CD1 ) ! 139"Cd1 13.824ppm
OR (resid 143 and name CD2 )

( resid 439 and name CD1 )
OR ( resid 143 and name CD2 )
22.583ppm

(resid 151 and name CD1 ) ! 151.Cd1 13.821ppm
OR (resid 143 and name CD2 )

(resid 351 and name CD1 )

! L38.Cd2

! 143.Cd2

! 143.Cd2

assign
(resid 127 and name CA ) ! V27.Ca 66.010ppm

(resid 143 and name C ) ! L43.Co 180.162ppm
4.560983.53 ! intensity= 2666014
OR (resid 127 and name CA )

( resid 343 and name C )

OR (resid 127 and name CA ) ! V27.Ca 66.010ppm

(resid 144 and name CG ) ! D44.Cg 180.162ppm
OR (resid 127 and name CA )

( resid 344 and name CG )

OR (resid 233 and name CA ) ! [33"Ca 66.010ppm

(resid 143 and name C ) ! L43.Co 180.162ppm
OR (resid 233 and name CA )

( resid 343 and name C )

OR ( resid 233 and name CA ) ! I33"Ca 66.010ppm

(resid 144 and name CG ) ! D44.Cg 180.162ppm
OR (resid 233 and name CA )

( resid 344 and name CG )

OR ( resid 235 and name CA ) ! I35"Ca 66.010ppm

( resid 143 and name C ) ! 1L43.Co 180.162ppm
OR (resid 235 and name CA )

( resid 343 and name C )



OR ( resid 235 and name CA ) ! I35"Ca 66.010ppm
(resid 144 and name CG ) ! D44.Cg 180.162ppm
OR ( resid 235 and name CA )
( resid 344 and name CG )

OR (resid 242 and name CA ) ! 142"Ca 66.010ppm
(resid 143 and name C ) ! L43.Co 180.162ppm
OR ( resid 242 and name CA )
( resid 343 and name C)
OR ( resid 242 and name CA ) ! [42"Ca 66.010ppm
(resid 144 and name CG ) ! D44.Cg 180.162ppm
OR ( resid 242 and name CA )
( resid 344 and name CG )
OR (resid 151 and name CA ) ! I51.Ca 66.010ppm
(resid 143 and name C ) ! 1L43.Co 180.162ppm
OR (resid 151 and name CA )
( resid 343 and name C)
OR ( resid 151 and name CA ) ! I51.Ca 66.010ppm
( resid 144 and name CG ) ! D44.Cg 180.162ppm
OR (resid 151 and name CA )
( resid 344 and name CG )

assign
( resid 132 and name CG2 ) ! 132.Cg2 17.185ppm
( resid 143 and name C ) ! 1.43.Co 180.137ppm
4.067083.53 ! intensity= 5302941
OR ( resid 132 and name CG2 )
( resid 343 and name C )
OR (resid 132 and name CG2 ) ! 132.Cg2 17.185ppm
(resid 144 and name CG ) ! D44.Cg 180.137ppm
OR (resid 132 and name CG2)
(resid 344 and name CG )
OR (resid 133 and name CG2 ) ! 133.Cg2 17.185ppm
(resid 143 and name C ) ! 143.Co 180.137ppm
OR (resid 133 and name CG2 )
(resid 343 and name C )
OR ( resid 133 and name CG2 ) ! I33.Cg2 17.185ppm
(resid 144 and name CG ) ! D44.Cg 180.137ppm
OR ( resid 133 and name CG2)
( resid 344 and name CG )
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OR ( resid 239 and name CG2 ) ! 139"Cg2
17.185ppm
( resid 143 and name C ) ! L43.Co 180.137ppm
OR ( resid 239 and name CG2 )
( resid 343 and name C )
OR ( resid 239 and name CG2 ) ! I39"Cg2
17.185ppm
(resid 144 and name CG ) ! D44.Cg 180.137ppm
OR ( resid 239 and name CG2 )
( resid 344 and name CG )
OR ( resid 242 and name CG2 ) ! 142"Cg2
17.185ppm
(resid 143 and name C ) ! £.43.Co 180.137ppm
OR ( resid 242 and name CG2 )
( resid 343 and name C )
OR ( resid 242 and name CG2 ) ! 142"Cg2
17.185ppm
( resid 144 and name CG ) ! D44 .Cg 180.137ppm
OR (resid 242 and name CG2 )
( resid 344 and name CG )
OR (resid 151 and name CG2 ) ! I151.Cg2 17.185ppm
(resid 143 and name C ) ! L43.Co 180.137ppm
OR (resid 151 and name CG2 )
( resid 343 and name C)
OR (resid 151 and name CG2) ! 151.Cg2 17.185ppm
( resid 144 and name CG ) ! D44.Cg 180.137ppm
OR (resid 151 and name CG2 )
( resid 344 and name CG )

assign
(resid 237 and name CE1 ) ! H37"Cel 135.731ppm
(resid 227 and name CG2 ) ! V27"Cg2 22.378ppm

3.06269353 ! intensity= 29079942
OR ( resid 237 and name CE1 )

( resid 427 and name CG2 )
OR ( resid 237 and name CEl ) ! H37"Cel
135.731ppm

( resid 228 and name CG1 ) ! V28"Cgl 22.378ppm
OR ( resid 237 and name CE1 )
( resid 428 and name CG1 )



OR ( resid 237 and name CEl1 ) ! H37"Cel
135.731ppm

( resid 128 and name CG1) ! V28.Cgl 22.378ppm
OR (resid 237 and name CEl )

( resid 328 and name CG1 )
OR ( resid 237 and name CEl ) ! H37"'Cel
135.731ppm

( resid 138 and name CD2 ) ! L38.Cd2 22.378ppm
OR (resid 237 and name CEl )

( resid 338 and name CD2 )
OR ( resid 237 and name CEl1 ) ! H37"Cel
135.731ppm

(resid 143 and name CD2 ) ! L43.Cd2 22.378ppm
OR ( resid 237 and name CE1 )

( resid 343 and name CD2)
OR ( resid 237 and name CG ) ! nH37"Cg
135.731ppm

( resid 227 and name CG2 ) ! V27"Cg2 22.378ppm
OR (resid 237 and name CG )

( resid 427 and name CG2 )
OR ( resid 237 and name CG ) ! nH37"Cg
135.731ppm

( resid 228 and name CG1) ! V28"Cgl 22.378ppm
OR ( resid 237 and name CG )

( resid 428 and name CG1 )
OR (resid 237 and name CG ) ! H37"Cg 135.731ppm

( resid 128 and name CG1) ! V28.Cgl 22.378ppm
OR ( resid 237 and name CG )

( resid 328 and name CG1 )
OR (resid 237 and name CG ) ! H37"Cg 135.731ppm

(resid 138 and name CD2 ) ! L38.Cd2 22.378ppm
OR (resid 237 and name CG )

( resid 338 and name CD2 )
OR (resid 237 and name CG ) ! H37"Cg 135.731ppm

( resid 143 and name CD2 ) ! 1.43.Cd2 22.378ppm
OR (resid 237 and name CG )

( resid 343 and name CD2)

assign
(resid 140 and name CD1 ) ! L40.Cd1 25.040ppm
(resid 132 and name CG2 ) ! 132.Cg2 17.107ppm

409496353 ! intensity= 5089915
OR ( resid 140 and name CD1 )

( resid 332 and name CG2 )
OR ( resid 140 and name CD1 ) ! 140.Cdl
25.040ppm

( resid 133 and name CG2 ) ! 133.Cg2 17.107ppm
OR ( resid 140 and name CD1 )
(resid 333 and name CG2)
OR ( resid 140 and name CD1 ) ! L40.Cdl
25.040ppm
( resid 239 and name CG2 ) ! 139"Cg2 17.107ppm
OR ( resid 140 and name CD1 )
( resid 439 and name CG2 )
OR ( resid 140 and name CDI1 ) ! L40.Cdl
25.040ppm
( resid 242 and name CG2 ) ! 142"Cg2 17.107ppm
OR ( resid 140 and name CD1)
( resid 442 and name CG2)
OR ( resid 140 and name CD1 ) ! L40.Cdl
25.040ppm
(resid 151 and name CG2 ) ! 151.Cg2 17.107ppm
OR ( resid 140 and name CD1)
( resid 351 and name CG2 )
OR ( resid 149 and name CG ) ! K49.Cg 25.040ppm
(resid 132 and name CG2 ) ! 132.Cg2 17.107ppm
OR ( resid 149 and name CG )
( resid 332 and name CG2 )
OR (resid 149 and name CG ) ! K49.Cg 25.040ppm
(resid 133 and name CG2 ) ! I33.Cg2 17.107ppm
OR ( resid 149 and name CG )
( resid 333 and name CG2)
OR ( resid 149 and name CG ) ! K49.Cg 25.040ppm
( resid 239 and name CG2 ) ! 139"Cg2 17.107ppm
OR ( resid 149 and name CG )
( resid 439 and name CG2 )
OR ( resid 149 and name CG ) ! K49.Cg 25.040ppm
( resid 242 and name CG2 ) ! 142"Cg2 17.107ppm
OR ( resid 149 and name CG )
( resid 442 and name CG2)
OR ( resid 149 and name CG ) ! K49.Cg 25.040ppm
(resid 151 and name CG2 ) ! I51.Cg2 17.107ppm



OR ( resid 149 and name CG )
( resid 351 and name CG2)

assign
(resid 143 and name C ) ! L43.Co 180.201ppm
(resid 132 and name CG2 ) ! I32.Cg2 17.120ppm
444227353 ! intensity= 3123070
OR (resid 143 and name C )
( resid 332 and name CG2)
OR ( resid 143 and name C ) ! L43.Co 180.201ppm
( resid 133 and name CG2 ) ! 133.Cg2 17.120ppm
OR (resid 143 and name C )
( resid 333 and name CG2 )
OR ( resid 143 and name C) ! L43.Co 180.201ppm
( resid 239 and name CG2 ) ! 139"Cg2 17.120ppm
OR ( resid 143 and name C)
( resid 439 and name CG2 )
OR ( resid 143 and name C ) ! 143.Co 180.201ppm
( resid 242 and name CG2 ) ! 142"Cg2 17.120ppm
OR ( resid 143 and name C)
( resid 442 and name CG2 )
OR (resid 143 and name C ) ! 1.43.Co 180.201ppm
(resid 151 and name CG2 ) ! 151.Cg2 17.120ppm
OR (resid 143 and name C)
(resid 351 and name CG2 )
OR ( resid 144 and name CG ) ! D44.Cg 180.201ppm
(resid 132 and name CG2 ) ! 132.Cg2 17.120ppm
OR ( resid 144 and name CG )
( resid 332 and name CG2 )
OR ( resid 144 and name CG ) ! D44.Cg 180.201ppm
(resid 133 and name CG2 ) ! 133.Cg2 17.120ppm
OR ( resid 144 and name CG )
( resid 333 and name CG2 )
OR ( resid 144 and name CG) ! D44.Cg 180.201ppm
( resid 239 and name CG2 ) ! 139"Cg2 17.120ppm
OR ( resid 144 and name CG )
( resid 439 and name CG2 )
OR ( resid 144 and name CG ) ! D44.Cg 180.201ppm
( resid 242 and name CG2 ) !142"Cg2 17.120ppm
OR ( resid 144 and name CG )
( resid 442 and name CG2)
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OR ( resid 144 and name CG ) ! D44.Cg 180.201ppm
(resid 151 and name CG2 ) ! I51.Cg2 17.120ppm
OR (resid 144 and name CG )
(resid 351 and name CG2 )

assign
(resid 227 and name CG1) ! V27"Cgl 21.553ppm
(resid 133 and name CA ) ! 133.Ca 64.189ppm
420552353 ! intensity= 4338010
OR ( resid 227 and name CG1 )
( resid 333 and name CA )
OR ( resid 227 and name CGl ) ! V27'Cgl
21.553ppm
( resid 135 and name CA ) ! 135.Ca 64.189ppm
OR (resid 227 and name CG1 )
( resid 335 and name CA )
OR ( resid 227 and name CGl ) ! V27"Cgl
21.553ppm
( resid 142 and name CA ) 1142.Ca 64.189ppm
OR (resid 227 and name CG1 )
( resid 342 and name CA )
OR ( resid 127 and name CGI1 )
21.553ppm
(resid 133 and name CA ) ! 133.Ca 64.189ppm
OR (resid 127 and name CG1 )
( resid 333 and name CA )
OR ( resid 127 and name CGl )
21.553ppm
(resid 135 and name CA ) ! [35.Ca 64.189ppm
OR (resid 127 and name CG1 )
(resid 335 and name CA )
OR ( resid 127 and name CGI1 )
21.553ppm
(resid 142 and name CA ) ! 142.Ca 64.189ppm
OR (resid 127 and name CG1 )
( resid 342 and name CA )
OR ( resid 228 and name CG2 )
21.553ppm
(resid 133 and name CA ) ! 133.Ca 64.189ppm
OR ( resid 228 and name CG2 )
( resid 333 and name CA )

! V27Cgl

! V27.Cgl

! V27.Cgl

| V28"Cg2



OR ( resid 228 and name CG2 ) ! V28'Cg2
21.553ppm

(resid 135 and name CA ) ! I35.Ca 64.189ppm
OR ( resid 228 and name CG2 )

(resid 335 and name CA )
OR ( resid 228 and name CG2 ) ! V28'Cg2
21.553ppm

(resid 142 and name CA ) ! 142.Ca 64.189ppm
OR (resid 228 and name CG2 )

( resid 342 and name CA )

assign
(resid 133 and name CA ) ! I133.Ca 64.221ppm
(resid 227 and name CG1) ! V27"Cgl 21.498ppm
453703353 ! intensity= 2751586
OR (resid 133 and name CA )
( resid 427 and name CG1 )
OR ( resid 133 and name CA ) ! 133.Ca 64.221ppm
(resid 127 and name CG1 ) ! V27.Cgl 21.498ppm
OR (resid 133 and name CA )
( resid 327 and name CG1 )
OR ( resid 133 and name CA ) ! 133.Ca 64.221ppm
( resid 228 and name CG2 ) ! V28"Cg2 21.498ppm
OR (resid 133 and name CA )
( resid 428 and name CG2 )
OR ( resid 135 and name CA ) ! 135.Ca 64.221ppm
(resid 227 and name CG1 ) ! V27"Cgl 21.498ppm
OR ( resid 135 and name CA )
( resid 427 and name CG1 )
OR ( resid 135 and name CA ) ! I35.Ca 64.221ppm
(resid 127 and name CG1 ) ! V27.Cgl 21.498ppm
OR (resid 135 and name CA )
( resid 327 and name CG1)
OR (resid 135 and name CA ) ! I35.Ca 64.221ppm
( resid 228 and name CG2 ) ! V28"Cg2 21.498ppm
OR (resid 135 and name CA )
( resid 428 and name CG2 )
OR (resid 142 and name CA ) ! 142.Ca 64.221ppm
( resid 227 and name CG1 ) ! V27"Cgl 21.498ppm
OR (resid 142 and name CA )
( resid 427 and name CG1)
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OR (resid 142 and name CA ) ! [42.Ca 64.221ppm

( resid 127 and name CG1 ) ! V27.Cgl 21.498ppm
OR (resid 142 and name CA )

( resid 327 and name CG1)
OR ( resid 142 and name CA ) ! 142.Ca 64.221ppm

( resid 228 and name CG2 ) ! V28"Cg2 21.498ppm
OR ( resid 142 and name CA )

( resid 428 and name CG2)

assign
(resid 128 and name CG2 ) ! V28.Cg2 21.977ppm
( resid 133 and name C ) ! I33.Co 175 .440ppm
4.095783.53 ! intensity= 5083873
OR (resid 128 and name CG2 )
( resid 333 and name C)
OR ( resid 128 and name CG2 )
21.977ppm
(resid 137 and name C ) ! H37.Co 175.440ppm
OR ( resid 128 and name CG2 )
( resid 337 and name C)
OR ( resid 128 and name CG2 ) ! V28.Cg2
21.977ppm
( resid 147 and name C ) ! F47.Co 175.440ppm
OR (resid 128 and name CG2 )
( resid 347 and name C )
OR ( resid 128 and name CG2 )
21.977ppm
( resid 149 and name C ) ! K49.Co 175.440ppm
OR (resid 128 and name CG2 )
( resid 349 and name C)
OR ( resid 238 and name CD2 )
21.977ppm
(resid 133 and name C ) ! I33.Co 175.440ppm
OR ( resid 238 and name CD2 )
(resid 333 and name C )
OR ( resid 238 and name CD2 )
21.977ppm
(resid 137 and name C ) ! H37.Co 175.440ppm
OR ( resid 238 and name CD2 )
( resid 337 and name C )

| V28.Cg2

! V28Cg2

! L38"Cd2

! L38"Cd2



OR ( resid 238 and name CD2 ) ! L38"Cd2
21.977ppm

(resid 147 and name C ) ! F47.Co 175.440ppm
OR ( resid 238 and name CD2 )

(resid 347 and name C )
OR ( resid 238 and name CD2 ) ! L38"Cd2
21.977ppm

( resid 149 and name C ) ! K49.Co 175.440ppm
OR (resid 238 and name CD2 )

( resid 349 and name C)

assign
( resid 233 and name CG2 ) ! I133"Cg2 19.670ppm

(resid 133 and name C ) ! I33.Co 175.471ppm

361799353 ! intensity= 10700557
OR ( resid 233 and name CG2 )
( resid 333 and name C)

OR ( resid 233 and name CG2 ) ! I33"Cg2
19.670ppm
(resid 137 and name C ) ! H37.Co 175.471ppm
OR ( resid 233 and name CG2 )
(resid 337 and name C )
OR ( resid 233 and name CG2 ) ! I33"Cg2
19.670ppm
(resid 147 and name C ) ! F47.Co 175.471ppm
OR ( resid 233 and name CG2 )
( resid 347 and name C )
OR ( resid 233 and name CG2 ) ! I33"Cg2
19.670ppm
(‘resid 149 and name C ) ! K49.Co 175.471ppm
OR ( resid 233 and name CG2 )
( resid 349 and name C)
OR ( resid 139 and name CG2 ) ! 139.Cg2 19.670ppm
(resid 133 and name C ) ! 133.Co 175.471ppm
OR ( resid 139 and name CG2 )
(resid 333 and name C)
OR (resid 139 and name CG2 ) ! 139.Cg2 19.670ppm
(resid 137 and name C ) ! H37.Co 175.471ppm
OR (resid 139 and name CG2)
(resid 337 and name C)
OR ( resid 139 and name CG2 ) ! 139.Cg2 19.670ppm

136

(resid 147 and name C ) ! F47.Co 175.471ppm
OR ( resid 139 and name CG2 )
( resid 347 and name C)
OR (resid 139 and name CG2 ) ! 139.Cg2 19.670ppm
(resid 149 and name C ) ! K49.Co 175.471ppm
OR (resid 139 and name CG2 )
( resid 349 and name C )

assign
(resid 133 and name C ) ! 133.Co 175.504ppm
(resid 128 and name CG2 ) ! V28.Cg2 21.901ppm
443865353 ! intensity= 3138396
OR (resid 133 and name C )
(resid 328 and name CG2 )
OR (resid 133 and name C ) ! 133.Co 175.504ppm
(resid 238 and name CD2 ) ! L38"Cd2 21.901ppm
OR (resid 133 and name C )
( resid 438 and name CD2 )
OR (resid 137 and name C ) ! H37.Co 175.504ppm
(resid 128 and name CG2 ) ! V28.Cg2 21.901ppm
OR (resid 137 and name C)
(resid 328 and name CG2 )
OR (resid 137 and name C ) ! H37.Co 175.504ppm
(resid 238 and name CD2 ) ! L38"Cd2 21.901ppm
OR (resid 137 and name C )
( resid 438 and name CD2 )
OR ( resid 147 and name C ) ! F47.Co 175.504ppm
( resid 128 and name CG2 ) ! V28.Cg2 21.901ppm
OR ( resid 147 and name C)
( resid 328 and name CG2 )
OR (resid 147 and name C ) ! F47.Co 175.504ppm
(resid 238 and name CD2 ) ! L38"Cd2 21.901ppm
OR (resid 147 and name C )
( resid 438 and name CD?2 )
OR (resid 149 and name C ) ! K49.Co 175.504ppm
(resid 128 and name CG2 ) ! V28.Cg2 21.901ppm
OR ( resid 149 and name C)
( resid 328 and name CG2 )
OR ( resid 149 and name C ) ! K49.Co 175.504ppm
( resid 238 and name CD2 ) ! L38"Cd2 21.901ppm
OR (resid 149 and name C )



( resid 438 and name CD2 )

assign
( resid 235 and name CG2 ) ! 135"Cg2 17.990ppm
( resid 133 and name C ) ! 133.Co 175.426ppm

3.548353.53 ! intensity= 12024085
OR ( resid 235 and name CG2 )

( resid 333 and name C )
OR ( resid 235 and name CG2 ) ! I35"Cg2
17.990ppm

( resid 137 and name C ) ! H37.Co 175.426ppm
OR ( resid 235 and name CG2 )
(resid 337 and name C)
OR ( resid 235 and name CG2 )
17.990ppm
(resid 147 and name C ) ! F47.Co 175.426ppm
OR ( resid 235 and name CG2 )
( resid 347 and name C )
OR ( resid 235 and name CG2 )
17.990ppm
( resid 149 and name C ) ! K49.Co 175.426ppm
OR ( resid 235 and name CG2 )
( resid 349 and name C)
OR ( resid 135 and name CG2 ) ! 135.Cg2 17.990ppm
(resid 133 and name C ) ! 133.Co 175.426ppm
OR (resid 135 and name CG2)
( resid 333 and name C)
OR ( resid 135 and name CG2 ) ! [35.Cg2 17.990ppm
( resid 137 and name C ) ! H37.Co 175426ppm
OR ( resid 135 and name CG2 )
( resid 337 and name C )
OR ( resid 135 and name CG2 ) ! 135.Cg2 17.990ppm
( resid 147 and name C ) ! F47.Co 175.426ppm
OR ( resid 135 and name CG2 )
( resid 347 and name C )
OR ( resid 135 and name CG2 ) ! 135.Cg2 17.990ppm
( resid 149 and name C ) ! K49.Co 175.426ppm
OR (resid 135 and name CG2 )
( resid 349 and name C)

! 135"Cg2

| 135"Cg2

assign

137

( resid 227 and name CG1 ) ! V27"Cgl 21.544ppm
(resid 132 and name CA ) ! [32.Ca 61.129ppm

474338353 ! intensity= 2107103
OR ( resid 227 and name CG1 )

( resid 332 and name CA )
OR ( resid 227 and name CG1 ) ! V27"Cgl
21.544ppm

(resid 148 and name CA ) ! F48.Ca 61.129ppm
OR ( resid 227 and name CG1 )
( resid 348 and name CA )
OR ( resid 127 and name CG1l ) ! V27.Cgl
21.544ppm
(resid 132 and name CA ) ! 132.Ca 61.129ppm
OR ( resid 127 and name CG1 )
( resid 332 and name CA )
OR ( resid 127 and name CGl ) ! V27Cgl
21.544ppm
( resid 148 and name CA ) ! F48.Ca 61.129ppm
OR (resid 127 and name CG1 )
( resid 348 and name CA )

OR ( resid 228 and name CG2 ) ! V28"Cg2
21.544ppm

(resid 132 and name CA ) ! [32.Ca 61.129ppm
OR ( resid 228 and name CG2 )

( resid 332 and name CA )

OR ( resid 228 and name CG2 ) ! V28"Cg2
21.544ppm

(resid 148 and name CA ) ! F48.Ca 61.129ppm
OR ( resid 228 and name CG2 )

( resid 348 and name CA )

assign

( resid 228 and name CA ) ! V28"Ca 65.615ppm

( resid 130 and name CB ) ! A30.Cb 18.548ppm
429307353 ! intensity= 3833582
OR (resid 228 and name CA )

( resid 330 and name CB )
OR ( resid 228 and name CA ) ! V28"Ca 65.624ppm

( resid 142 and name CG?2 ) ! 142.Cg2 18.567ppm
OR ( resid 228 and name CA )

( resid 342 and name CG2 )



OR ( resid 232 and name CA ) ! 132"Ca 65.615ppm
( resid 130 and name CB ) ! A30.Cb 18.565ppm
OR (resid 232 and name CA )
( resid 330 and name CB )
OR ( resid 232 and name CA ) ! 132"Ca 65.620ppm
('resid 142 and name CG2 ) ! 142.Cg2 18.557ppm
OR ( resid 232 and name CA )
( resid 342 and name CG2 )
OR ( resid 239 and name CA ) ! 139"Ca 65.614ppm
( resid 130 and name CB ) ! A30.Cb 18.548ppm
OR ( resid 239 and name CA )
( resid 330 and name CB )
OR ( resid 239 and name CA ) ! 139"Ca 65.621ppm
( resid 142 and name CG2 ) ! 142.Cg2 18.556ppm
OR (resid 239 and name CA )
( resid 342 and name CG2)

assign

(resid 128 and name CG2 ) ! V28.Cg2 21.917ppm

( resid 230 and name CB ) ! A30"Cb 18.447ppm
378646353 ! intensity= 8143485
OR (resid 128 and name CG2 )

(resid 430 and name CB)
OR ( resid 128 and name CG2 ) ! V28.Cg2
21.917ppm

(resid 130 and name CB ) ! A30.Cb 18.447ppm
OR ( resid 128 and name CG2 )

( resid 330 and name CB )
OR ( resid 128 and name CG2 ) ! V28.Cg2
21.917ppm

(resid 142 and name CG2 ) ! 142.Cg2 18.447ppm
OR ( resid 128 and name CG2 )

( resid 342 and name CG2)
OR ( resid 238 and name CD2 ) ! nL38"Cd2
21.917ppm

( resid 230 and name CB ) ! A30"Cb 18.447ppm
OR ( resid 238 and name CD2 )

( resid 430 and name CB)
OR ( resid 238 and name CD2 ) ! L38"Cd2
21.917ppm

( resid 130 and name CB ) ! A30.Cb 18.447ppm
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OR ( resid 238 and name CD2 )

( resid 330 and name CB )
OR ( resid 238 and name CD2 ) ! L38"Cd2
21.917ppm

(resid 142 and name CG2 ) ! [42.Cg2 18.447ppm
OR ( resid 238 and name CD2 )

( resid 342 and name CG2 )

assign
(resid 128 and name CG2 ) ! V28.Cg2 21.901ppm
(resid 133 and name CA ) ! 133.Ca 64.286ppm
512213353 ! intensity= 1328943

OR (resid 128 and name CG2 )

( resid 333 and name CA )
OR ( resid 128 and name CG2 ) ! V28.Cg2
21.901ppm

(resid 135 and name CA ) ! 135.Ca 64.286ppm
OR (resid 128 and name CG2)

(resid 335 and name CA )
OR ( resid 128 and name CG2 ) ! V28.Cg2
21.901ppm

(resid 142 and name CA ) ! 142.Ca 64.286ppm
OR (resid 128 and name CG2 )

( resid 342 and name CA )
OR ( resid 238 and name CD2 ) ! L38"Cd2
21.901ppm

(resid 133 and name CA ) ! 133.Ca 64.286ppm
OR ( resid 238 and name CD2 )

(resid 333 and name CA )
OR ( resid 238 and name CD2 ) ! L38"Cd2
21.901ppm

( resid 135 and name CA ) ! I35.Ca 64.286ppm
OR ( resid 238 and name CD2 )

( resid 335 and name CA)
OR ( resid 238 and name CD2 )
21901ppm

( resid 142 and name CA ) ! [42.Ca 64.286ppm
OR ( resid 238 and name CD2 )

( resid 342 and name CA )

! L38"Cd2



assign
( resid 230 and name CB ) ! A30"Cb 18.538ppm
(resid 128 and name CG2 ) ! V28.Cg2 21.792ppm
375393353 ! intensity= 8576250
OR (resid 230 and name CB )
( resid 328 and name CG?2 )
OR ( resid 230 and name CB ) ! nA30"Cb 18.538ppm
( resid 238 and name CD2 ) ! L38"Cd2 21.792ppm
OR (resid 230 and name CB )
( resid 438 and name CD2 )
OR (resid 130 and name CB ) ! A30.Cb 18.538ppm
(resid 128 and name CG2 ) ! V28.Cg2 21.792ppm
OR (resid 130 and name CB )
( resid 328 and name CG2)
OR (resid 130 and name CB ) ! A30.Cb 18.538ppm
( resid 238 and name CD2 ) ! L38"Cd2 21.792ppm
OR (resid 130 and name CB )
( resid 438 and name CD2 )
OR (resid 142 and name CG2 ) ! [42.Cg2 18.538ppm
(resid 128 and name CG2 ) ! V28.Cg2 21.792ppm
OR ( resid 142 and name CG2)
( resid 328 and name CG2 )
OR (resid 142 and name CG2 ) ! 142.Cg2 18.538ppm
( resid 238 and name CD2 ) ! L38"Cd2 21.792ppm
OR (resid 142 and name CG2 )
( resid 438 and name CD2 )

ladded -0.5 Angstrom to the below restraint because it
was violating by 0.282
assign
( resid 230 and name CB ) ! nA30"Cb 18.548ppm
(resid 236 and name CD2 ) ! L36"Cd2 24.285ppm
4.064573.53.5 !intensity= 5322563
OR ( resid 230 and name CB )
( resid 436 and name CD2 )
OR ( resid 230 and name CB ) ! A30"Cb 18.548ppm
( resid 140 and name CD2 ) ! L40.Cd2 24.285ppm
OR (resid 230 and name CB )
( resid 340 and name CD2 )
OR ( resid 130 and name CB ) ! A30.Cb 18.548ppm
( resid 236 and name CD2 ) ! L36"Cd2 24.285ppm
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OR (resid 130 and name CB )
( resid 436 and name CD2 )
OR (resid 130 and name CB ) ! A30.Cb 18.548ppm
( resid 140 and name CD2 ) ! L40.Cd2 24.285ppm
OR (resid 130 and name CB )
( resid 340 and name CD2 )
OR ( resid 142 and name CG2 ) ! 142.Cg2 18.548ppm
( resid 236 and name CD2 ) ! L36"Cd2 24.285ppm
OR (resid 142 and name CG2 )
( resid 436 and name CD2 )
OR ( resid 142 and name CG2 ) ! [42.Cg2 18.548ppm
( resid 140 and name CD2 ) ! L40.Cd2 24.285ppm
OR ( resid 142 and name CG2 )
( resid 340 and name CD2 )

assign

(resid 136 and name CD1 ) ! L36.Cd1 26.107ppm

( resid 230 and name CB ) ! A30"Cb 18.599ppm
4.158183.53 ! intensity= 4642932
OR (resid 136 and name CD1 )

( resid 430 and name CB )
OR ( resid 136 and name CDI1 )
26.107ppm

( resid 130 and name CB ) ! A30.Cb 18.599ppm
OR (resid 136 and name CD1 )

( resid 330 and name CB )
OR ( resid 136 and name CD1 )
26.107ppm

(resid 142 and name CG2 ) ! 142.Cg2 18.599ppm
OR ( resid 136 and name CD1 )

( resid 342 and name CG2 )
OR ( resid 238 and name CD1 ) ! nL38"Cdl
26.107ppm

(resid 230 and name CB ) ! A30"Cb 18.599ppm
OR ( resid 238 and name CD1 )

( resid 430 and name CB )
OR ( resid 238 and name CDI1 )
26.107ppm

(resid 130 and name CB ) ! A30.Cb 18.599ppm
OR ( resid 238 and name CD1 )

( resid 330 and name CB )

I L36.Cdl

! L36.Cdl

! L38"Cdl



OR ( resid 238 and name CDI1 ) ! L38"Cdl
26.107ppm

(resid 142 and name CG2) ! 142.Cg2 18.599ppm
OR ( resid 238 and name CD1 )

( resid 342 and name CG2 )

assign
(resid 137 and name C ) ! H37.Co 175.602ppm
(resid 233 and name CG2 ) ! 133"Cg2 19.618ppm
382767353 ! intensity= 7631373
OR ( resid 137 and name C)
( resid 433 and name CG2 )
OR (resid 137 and name C ) ! H37.Co 175.593ppm
('resid 139 and name CG2) ! 139.Cg2 19.625ppm
OR ( resid 137 and name C )
( resid 339 and name CG2)
OR ( resid 147 and name C ) ! F47.Co 175.609ppm
( resid 233 and name CG2 ) ! I33"Cg2 19.625ppm
OR ( resid 147 and name C )
( resid 433 and name CG2)
OR (resid 147 and name C ) ! F47.Co 175.598ppm
(resid 139 and name CG2 ) ! 139.Cg2 19.616ppm
OR (resid 147 and name C)
( resid 339 and name CG2)
OR (resid 149 and name C ) ! K49.Co 175.590ppm
('resid 233 and name CG2 ) ! 133"Cg2 19.621ppm
OR ( resid 149 and name C)
( resid 433 and name CG2)
OR (resid 149 and name C ) ! K49.Co 175.592ppm
(resid 139 and name CG2 ) ! 139.Cg2 19.630ppm
OR ( resid 149 and name C)
( resid 339 and name CG2)

assign
( resid 137 and name C ) ! H37.Co 175.594ppm
('resid 235 and name CG2 ) ! 135"Cg2 17.948ppm
392341353 ! intensity= 6580094
OR (resid 137 and name C )
( resid 435 and name CG?2)
OR (resid 137 and name C ) ! H37.Co 175.594ppm
(resid 135 and name CG2 ) ! 135.Cg2 17.976ppm

140

OR (resid 137 and name C )
( resid 335 and name CG2 )
OR (resid 147 and name C ) ! F47.Co 175.633ppm
(resid 235 and name CG2 ) ! 135"Cg2 17.948ppm
OR (resid 147 and name C)
( resid 435 and name CG2)
OR (resid 147 and name C ) ! F47.Co 175.633ppm
(resid 135 and name CG2 ) ! 135.Cg2 17.976ppm
OR ( resid 147 and name C )
( resid 335 and name CG2 )
OR (resid 149 and name C ) ! K49.Co 175.61 1ppm
(resid 235 and name CG2 ) ! 135"Cg2 17.948ppm
OR (resid 149 and name C)
(resid 435 and name CG2 )
OR (resid 149 and name C ) ! K49.Co 175.61 1ppm
(resid 135 and name CG2 ) ! 135.Cg2 17.976ppm
OR (resid 149 and name C)
(resid 335 and name CG2 )

assign
( resid 140 and name CD1 ) ! L40.Cd1 25.081ppm
(resid 133 and name CA ) ! 133.Ca 64.199ppm
477952353 ! intensity= 2013281
OR ( resid 140 and name CD1 )
(resid 333 and name CA )
OR ( resid 140 and name CDI1 ) ! 140.Cdl
25.081ppm
(resid 135 and name CA ) ! 135.Ca 64.199ppm
OR ( resid 140 and name CD1 )
(resid 335 and name CA )
OR ( resid 140 and name CD1 )
25.081ppm
(resid 142 and name CA ) ! 142.Ca 64.199ppm
OR ( resid 140 and name CD1 )
( resid 342 and name CA )
OR ( resid 149 and name CG ) ! K49.Cg 25.081ppm
(resid 133 and name CA ) ! I33.Ca 64.199ppm
OR ( resid 149 and name CG )
(resid 333 and name CA )
OR ( resid 149 and name CG ) ! K49.Cg 25.081 ppm
(resid 135 and name CA ) ! I35.Ca 64.199ppm

! L40.Cd1



OR (resid 149 and name CG )
( resid 335 and name CA )
OR (resid 149 and name CG ) ! K49.Cg 25.081ppm
(resid 142 and name CA ) ! 142.Ca 64.199ppm
OR (resid 149 and name CG )
( resid 342 and name CA )

assign
( resid 227 and name CG2) ! V27"Cg2 22 437ppm

( resid 237 and name CD2 ) ! H37"Cd2
117.172ppm

343279353 ! intensity= 14666466
OR (resid 227 and name CG2 )

( resid 437 and name CD2 )

OR ( resid 228 and name CGI ) ! V28"Cgl
22.437ppm

( resid 237 and name CD2 ) ! H37"Cd2
117.172ppm

OR ( resid 228 and name CG1 )
( resid 437 and name CD2 )
OR (resid 128 and name CG1 ) ! V28.Cgl 22.437ppm
( resid 237 and name CD2 ) ! H37"Cd2
117.172ppm
OR (resid 128 and name CG1 )
( resid 437 and name CD2 )
OR ( resid 138 and name CD2 )
22.437ppm
( resid 237 and name CD2 ) !
117.172ppm
OR ( resid 138 and name CD2 )
( resid 437 and name CD2 )
OR ( resid 143 and name CD2 )
22.437ppm
( resid 237 and name CD2 ) !
117.172ppm
OR (resid 143 and name CD2 )
( resid 437 and name CD2 )

! L38.Cd2

H37"Cd2

! 143.Cd2

H37"'Cd2

assign
( resid 227 and name CG2 )
22.460ppm

! nv27"Cg2
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( resid 241 and name CB ) ! W41"Cb 27.455ppm
404185353 ! intensity= 5504620
OR ( resid 227 and name CG2 )

( resid 441 and name CB )

OR ( resid 228 and name CG1 ) ! nV28"'Cgl
22.460ppm

( resid 241 and name CB ) ! W41"Cb 27.455ppm
OR ( resid 228 and name CG1 )

(resid 441 and name CB )

OR ( resid 128 and name CG1 )
22.460ppm

(resid 241 and name CB ) ! W41"Cb 27.455ppm
OR ( resid 128 and name CG1 )

( resid 441 and name CB )

OR ( resid 138 and name CD2 )
22.460ppm

(resid 241 and name CB ) ! W41"Cb 27.455ppm
OR ( resid 138 and name CD2 )

( resid 441 and name CB )

OR ( resid 143 and name CD2 )
22.460ppm

(resid 241 and name CB ) ! W41"Cb 27.455ppm
OR (resid 143 and name CD2 )

( resid 441 and name CB )

! V28.Cgl

! L38.Cd2

! L43.Cd2

assign
(resid 231 and name CA ) ! N31"Ca 58.102ppm
(resid 135 and name CD1 ) ! 135.Cd1 12.636ppm
449693353 ! intensity= 2902122
OR (resid 231 and name CA )
( resid 335 and name CD1)
OR (resid 236 and name CA ) ! L36"Ca 58.102ppm
(resid 135 and name CD1 ) ! 135.Cd1 12.636ppm
OR ( resid 236 and name CA )
(resid 335 and name CD1)
OR ( resid 240 and name CA ) ! 1 40"Ca 58.102ppm
(resid 135 and name CD1 ) ! I35.Cd1 12.636ppm
OR ( resid 240 and name CA )
( resid 335 and name CD1 )
OR ( resid 243 and name CA ) ! 143"Ca 58.102ppm
(resid 135 and name CD1 ) 1135.Cd1 12.636ppm



OR ( resid 243 and name CA )
(resid 335 and name CD1 )
OR ( resid 144 and name CA ) ! D44.Ca 58.102ppm
( resid 135 and name CD1 ) ! 135.Cd1 12.636ppm
OR ( resid 144 and name CA )
( resid 335 and name CD1 )

assign
(resid 135 and name CD1 ) ! [35.Cd1 12.673ppm
( resid 231 and name CA ) ! N31"Ca 58.074ppm
45954353 ! intensity= 2548412
OR ( resid 135 and name CD1)
(resid 431 and name CA )
OR (resid 135 and name CD1 ) ! 135.Cd1 12.673ppm
( resid 236 and name CA ) ! L36"Ca 58.074ppm
OR ( resid 135 and name CD1)
( resid 436 and name CA )
OR ( resid 135 and name CD1 ) ! 135.Cd1 12.673ppm
( resid 240 and name CA ) ! L40"Ca 58.074ppm
OR ( resid 135 and name CD1 )
( resid 440 and name CA )
OR ( resid 135 and name CD1 ) ! 135.Cd1 12.673ppm
( resid 243 and name CA ) ! [43"Ca 58.074ppm
OR ( resid 135 and name CD1)
( resid 443 and name CA )
OR (resid 135 and name CD1 ) ! 35.Cd1 12.673ppm
( resid 144 and name CA ) ! D44.Ca 58.074ppm
OR ( resid 135 and name CD1)
( resid 344 and name CA )

assign

( resid 237 and name CD2 ) !
117.230ppm

('resid 227 and name CG2 ) ! V27"Cg2 22.375ppm
3.63582353 ! intensity= 10389578
OR ( resid 237 and name CD2 )

( resid 427 and name CG2)
OR ( resid 237 and name CD2 ) ! H37"Cd2
117.230ppm

(resid 228 and name CG1 ) ! V28"Cgl 22.375ppm
OR ( resid 237 and name CD?2 )

H37"Cd2
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( resid 428 and name CG1 )
OR ( resid 237 and name CD2 ) ! H37"Cd2
117.230ppm

(resid 128 and name CG1 ) ! V28.Cg1 22.375ppm
OR ( resid 237 and name CD2 )

(resid 328 and name CG1 )
OR ( resid 237 and name CD2 ) ! H37"Cd2
117.230ppm

( resid 138 and name CD2 ) ! L38.Cd2 22.375ppm
OR (resid 237 and name CD2 )

(resid 338 and name CD2 )
OR ( resid 237 and name CD2 ) ! H37"Cd2
117.230ppm

(resid 143 and name CD2 ) ! L43.Cd2 22.375ppm
OR ( resid 237 and name CD2 )

(resid 343 and name CD2 )

assign
( resid 144 and name CG ) ! D44.Cg 180.178ppm
( resid 127 and name CA ) ! V27.Ca 65.969ppm
476241353 ! intensity= 2057080
OR ( resid 144 and name CG )
( resid 327 and name CA )
OR (resid 144 and name CG ) ! D44.Cg 180.178ppm
(resid 233 and name CA ) ! I33"Ca 65.969ppm
OR (resid 144 and name CG )
( resid 433 and name CA )
OR (resid 144 and name CG ) ! D44.Cg 180.178ppm
(resid 235 and name CA ) ! 135"Ca 65.969ppm
OR (resid 144 and name CG )
( resid 435 and name CA )
OR ( resid 144 and name CG ) ! D44.Cg 180.178ppm
( resid 242 and name CA ) ! 142"Ca 65.969ppm
OR ( resid 144 and name CG )
( resid 442 and name CA )
OR (resid 144 and name CG ) ! D44.Cg 180.178ppm
(resid 151 and name CA ) ! I51.Ca 65.969ppm
OR (resid 144 and name CG )
( resid 351 and name CA )

assign



(resid 131 and name CA ) ! N31.Ca 54.776ppm
(resid 133 and name C) ! 133.Co 175.078ppm
3.70943.53 ! intensity= 9212728
OR (resid 131 and name CA )
(resid 333 and name C)
OR (resid 131 and name CA ) ! N31.Ca 54.776ppm
(resid 137 and name C ) ! H37.Co 175.078ppm
OR (resid 131 and name CA )
(resid 337 and name C)
OR (resid 131 and name CA ) ! N31.Ca 54.776ppm
(resid 147 and name C ) ! F47.Co 175.078ppm
OR (resid 131 and name CA )
( resid 347 and name C )
OR (resid 131 and name CA ) ! N31.Ca 54.776ppm
(resid 149 and name C ) ! K49.Co 175.078ppm
OR (resid 131 and name CA )
( resid 349 and name C )

assign
(resid 133 and name C ) ! 133.Co 175.557ppm
( resid 139 and name CD1 ) ! 139.Cd1 13.443ppm
476107353 ! intensity= 2060556
OR ( resid 133 and name C)
( resid 339 and name CD1 )
OR (resid 137 and name C ) ! H37.Co 175.557ppm
(resid 139 and name CD1 ) ! [39.Cd1 13.443ppm
OR (resid 137 and name C)
( resid 339 and name CD1 )
OR (resid 147 and name C ) ! F47.Co 175.557ppm
(resid 139 and name CD1 ) ! 139.Cd1 13.443ppm
OR ( resid 147 and name C)
( resid 339 and name CD1 )
OR ( resid 149 and name C ) ! K49.Co 175.557ppm
(resid 139 and name CD1 ) ! 139.Cd1 13 .443ppm
OR ( resid 149 and name C )
( resid 339 and name CD1 )

assign
( resid 139 and name CD1 ) ! I39.Cd1 13.496ppm
( resid 133 and name C ) ! 133.Co 175.410ppm
457011353 ! intensity= 2634207
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OR (resid 139 and name CD1 )
( resid 333 and name C )
OR (resid 139 and name CD1 ) 1 I39.Cd1 13.496ppm
( resid 137 and name C ) ! H37.Co 175.410ppm
OR ( resid 139 and name CD1 )
( resid 337 and name C)
OR ( resid 139 and name CD1 ) ! 139.Cd1 13.496ppm
( resid 147 and name C ) ! F47.Co 175.410ppm
OR ( resid 139 and name CD1 )
( resid 347 and name C)
OR (resid 139 and name CD1 ) ! [39.Cd1 13.496ppm
(resid 149 and name C ) ! K49.Co 175.410ppm
OR (resid 139 and name CD1 )
( resid 349 and name C )

assign

( resid 227 and name CG1 ) ! V27"Cgl 21.550ppm

( resid 135 and name CD1 ) ! 135.Cd1 12.664ppm
422654353 ! intensity= 4210174
OR ( resid 227 and name CG1 )

( resid 335 and name CD1 )
OR ( resid 127 and name CGI1 )
21.550ppm

(resid 135 and name CD1 ) ! [35.Cd1 12.664ppm
OR ( resid 127 and name CG1 )

( resid 335 and name CD1 )
OR ( resid 228 and name CG2 ) ! V28"Cg2
21.550ppm

( resid 135 and name CD1 ) ! 135.Cd1 12.664ppm
OR (resid 228 and name CG2 )

( resid 335 and name CD1 )

I V27.Cgl

assign
( resid 228 and name CA ) ! nV28"Ca 65.624ppm
( resid 230 and name CB ) ! A30"Cb 18.708ppm
441011353 ! intensity= 3262225
OR ( resid 228 and name CA )
( resid 430 and name CB )
OR ( resid 232 and name CA ) ! nI32"Ca 65.625ppm
( resid 230 and name CB ) ! A30"Cb 18.709ppm
OR (resid 232 and name CA )



( resid 430 and name CB )
OR ( resid 239 and name CA ) ! nI39"Ca 65.613ppm
(resid 230 and name CB ) ! A30"Cb 18.708ppm
OR ( resid 239 and name CA )
( resid 430 and name CB )

assign
(resid 230 and name CB ) ! A30"Cb 18.735ppm
(resid 135 and name CD1 ) ! 135.Cd1 12.662ppm
412477353 ! intensity= 4873214
OR ( resid 230 and name CB )
( resid 335 and name CD1 )
OR (resid 130 and name CB ) ! A30.Cb 18.735ppm
(resid 135 and name CD1 ) ! I35.Cd1 12.662ppm
OR ( resid 130 and name CB )
(resid 335 and name CD1 )
OR ( resid 142 and name CG2 ) ! 142.Cg2 18.735ppm
(resid 135 and name CD1 ) ! I35.Cd1 12.662ppm
OR (resid 142 and name CG2 )
( resid 335 and name CD1 )

assign
( resid 132 and name CA ) ! 132.Ca 61.173ppm
(resid 230 and name CB ) ! A30"Cb 18.504ppm
43524353 ! intensity= 3530497
OR (resid 132 and name CA )
( resid 430 and name CB )
OR ( resid 132 and name CA ) ! 132.Ca 61.173ppm
(resid 130 and name CB ) ! A30.Cb 18.504ppm
OR (resid 132 and name CA )
( resid 330 and name CB )
OR (resid 132 and name CA ) ! 132.Ca 61.173ppm
(resid 142 and name CG2 ) ! 142.Cg2 18.504ppm
OR ( resid 132 and name CA )
( resid 342 and name CG2)

assign
(resid 133 and name CG1 ) ! 133.Cgl 28.811ppm
(resid 231 and name CB ) ! N31"Cb 39.924ppm
468792353 ! intensity= 2261156
OR (resid 133 and name CG1 )
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( resid 431 and name CB )
OR (resid 135 and name CG1) ! 135.Cg1 28.811ppm
(resid 231 and name CB ) ! N31"Cb 39.924ppm
OR (resid 135 and name CG1 )
(resid 431 and name CB )
OR (resid 142 and name CG1 ) ! 142.Cgl 28.811ppm
(resid 231 and name CB ) ! N31"Cb 39.924ppm
OR (resid 142 and name CG1 )
( resid 431 and name CB )

assign
(resid 133 and name C ) ! I33.Co 175.065ppm
( resid 131 and name CB ) ! N31.Cb 40.609ppm
381015353 ! intensity= 7844394
OR ( resid 133 and name C)
( resid 331 and name CB )
OR (resid 133 and name C) ! I33.Co 175.065ppm
(resid 238 and name CB ) ! L38"Cb 40.609ppm
OR (resid 133 and name C)
( resid 438 and name CB )
OR (resid 133 and name C ) ! I33.Co 175.065ppm
(resid 240 and name CB ) ! L40"Cb 40.609ppm
OR (resid 133 and name C)
( resid 440 and name CB )

assign
(resid 135 and name CD1 ) ! I35.Cd1 12.807ppm
(resid 227 and name CG1 ) ! V27"Cgl 21.503ppm
448878353 ! intensity= 2933867
OR (resid 135 and name CD1 )
( resid 427 and name CG1 )
OR (resid 135 and name CD1 ) ! [35.Cd1 12.807ppm
(resid 127 and name CG1 ) ! V27.Cgl 21.503ppm
OR (resid 135 and name CD1 )
( resid 327 and name CG1 )
OR (resid 135 and name CD1 ) ! I35.Cd1 12.807ppm
(resid 228 and name CG2 ) ! V28"Cg2 21.503ppm
OR (resid 135 and name CD1 )
( resid 428 and name CG2 )

assign



( resid 135 and name CD1 ) ! 135.Cd1 12.650ppm

( resid 230 and name CB ) ! A30"Cb 18.646ppm
432191353 ! intensity= 3682625
OR ( resid 135 and name CD1 )

( resid 430 and name CB )
OR (resid 135 and name CD1 ) ! 135.Cd1 12.650ppm

(resid 130 and name CB ) ! A30.Cb 18.646ppm
OR (resid 135 and name CD1 )

( resid 330 and name CB )
OR (resid 135 and name CD1 ) ! 135.Cd1 12.650ppm

(resid 142 and name CG2) ! 142.Cg2 18.646ppm
OR (resid 135 and name CD1 )

( resid 342 and name CG2)

assign
(resid 241 and name CB ) | W41"Cb 27.561ppm
(resid 133 and name CA ) ! 133.Ca 64.195ppm
453115353 ! intensity= 2773074
OR ( resid 241 and name CB )
( resid 333 and name CA )
OR (resid 241 and name CB ) ! W41"Cb 27.561ppm
(resid 135 and name CA ) ! I35.Ca 64.195ppm
OR ( resid 241 and name CB )
(resid 335 and name CA )
OR ( resid 241 and name CB ) ! W41"Cb 27.561ppm
(resid 142 and name CA ) ! 142.Ca 64.195ppm
OR ( resid 241 and name CB )
( resid 342 and name CA )

assign

( resid 128 and name CG2) ! V28.Cg2 21.959ppm

(resid 137 and name CE1 ) ! H37.Cel 136.814ppm
266212353 ! intensity= 67428160
OR (resid 128 and name CG2 )

( resid 337 and name CE1 )
OR ( resid 238 and name CD2 )
21.959ppm

(resid 137 and name CE1 ) ! H37.Cel 136.814ppm
OR (resid 238 and name CD2 )

(resid 337 and name CE1 )

! L38"Cd2

145

assign
(resid 128 and name CG2 ) ! V28.Cg2 21.938ppm
(resid 137 and name CG ) ! H37.Cg 136.279ppm

445498353 ! intensity= 3069973
OR ( resid 128 and name CG2 )

( resid 337 and name CG )
OR ( resid 238 and name CD2 ) ! L38"Cd2
21.963ppm

( resid 137 and name CG ) ! H37.Cg 136.279ppm
OR ( resid 238 and name CD2 )
( resid 337 and name CG )

assign

( resid 128 and name CG2 ) ! V28.Cg2 21.978ppm

( resid 141 and name CB ) ! W41.Cb 28.066ppm
4.064043.53 !intensity= 5326724
OR (resid 128 and name CG2 )

( resid 341 and name CB )

OR ( resid 238 and name CD2 ) ! L38"Cd2
21.978ppm

(resid 141 and name CB ) ! W41.Cb 28.066ppm
OR (resid 238 and name CD2 )

( resid 341 and name CB )

assign

(resid 128 and name CG2 ) ! V28.Cg2 21.949ppm

(resid 141 and name CE3 ) ! W41.Ce3 119.690ppm
451793353 ! intensity= 2822126
OR ( resid 128 and name CG2 )

( resid 341 and name CE3 )
OR ( resid 238 and name CD2 )
21.949ppm

(resid 141 and name CE3 ) ! W41.Ce3 119.690ppm
OR (resid 238 and name CD2 )

( resid 341 and name CE3 )

! L38"Cd2

assign
(resid 130 and name CB ) ! A30.Cb 18.588ppm
(resid 132 and name CA ) ! 132.Ca 61.094ppm
4.09377353 ! intensity= 5098825
OR (resid 130 and name CB )



( resid 332 and name CA )

OR (resid 142 and name CG2 ) ! 142.Cg2 18.567ppm
(resid 132 and name CA ) ! 132.Ca 61.094ppm

OR ( resid 142 and name CG2 )
( resid 332 and name CA )

assign

( resid 133 and name C ) ! I33.Co 175.397ppm
(‘resid 235 and name CG2 ) ! 135"Cg2 17.948ppm
4.079043.53
OR (resid 133 and name C)
(resid 435 and name CG2)
OR ( resid 133 and name C ) ! 133.Co 175.397ppm
(resid 135 and name CG2 ) ! 135.Cg2 17.976ppm
OR (resid 133 and name C)
( resid 335 and name CG?2)

! intensity= 5210303

assign

(resid 136 and name CD1 ) ! L36.Cd1 26.084ppm

(resid 141 and name CE3 ) ! W41.Ce3 119.697ppm
4.805093.53 ! intensity= 1949854
OR (resid 136 and name CD1 )

( resid 341 and name CE3 )
OR ( resid 238 and name CD1 ) ! L38"Cdl
26.047ppm

(resid 141 and name CE3 ) ! W41.Ce3 119.697ppm
OR ( resid 238 and name CD1 )

(resid 341 and name CE3 )

assign

( resid 136 and name CD1 ) ! L36.Cd1 26.084ppm

( resid 144 and name CB ) ! D44.Cb 42.724ppm
5.18143.53 ! intensity= 1240306
OR (resid 136 and name CD1 )

( resid 344 and name CB )
OR ( resid 238 and name CD1 ) ! L38'Cdl
26.047ppm

(resid 144 and name CB ) ! D44.Cb 42.724ppm
OR ( resid 238 and name CD1 )

( resid 344 and name CB )
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assign
(resid 237 and name CEI1 ) ! H37"Cel 135.743ppm
(resid 137 and name CE1 ) ! H37.Cel 136.848ppm
423693353 ! intensity= 4148629
OR ( resid 237 and name CE1 )
(resid 337 and name CE1)
OR (resid 237 and name CG ) ! H37"Cg 135.727ppm
(resid 137 and name CE1 ) ! H37.Cel 136.856ppm
OR (resid 237 and name CG )
( resid 337 and name CE1 )

assign
(resid 237 and name CE1 ) ! H37"Cel 135.747ppm
(resid 141 and name CB ) ! W41.Cb 28.076ppm
407353 ! intensity= 5280154
OR ( resid 237 and name CE1 )
(resid 341 and name CB )
OR ( resid 237 and name CG ) ! H37"Cg 135.747ppm
(resid 141 and name CB ) ! W41.Cb 28.076ppm
OR (resid 237 and name CG )
( resid 341 and name CB )

assign

(resid 237 and name CE1 ) ! H37"Cel 135.689ppm

( resid 141 and name CDI! ) ! W41.Cdl
124.991ppm
473158353 ! intensity= 2138809

OR (resid 237 and name CE1 )
{ resid 341 and name CD1 )
OR (resid 237 and name CG ) ! H37"Cg 135.689ppm
( resid 141 and name CDI ) ! W41.Cdl
124.991ppm
OR ( resid 237 and name CG )

( resid 341 and name CD1 )

assign
(resid 137 and name CE1 ) ! H37.Cel 136.865ppm
(resid 128 and name CG2) ! V28.Cg2 21.911ppm
2785933.53 ! intensity= 51332104
OR ( resid 137 and name CE1 )



( resid 328 and name CG2)
OR ( resid 137 and name CEIl )
136.865ppm

(resid 238 and name CD2 ) ! L38"Cd2 21.911ppm
OR (resid 137 and name CE1 )

( resid 438 and name CD2 )

! H37Cel

assign

(resid 137 and name CE1 ) ! H37.Cel 136.812ppm

(resid 237 and name CE1 ) ! H37"Cel 135.680ppm
428217353 ! intensity= 3892469
OR ( resid 137 and name CE1)

( resid 437 and name CE1 )
OR ( resid 137 and name CEl )
136.804ppm

(resid 237 and name CG ) ! H37"Cg 135.664ppm
OR (resid 137 and name CE1 )

( resid 437 and name CG )

! H37Cel

assign
(resid 239 and name CD1 ) ! 139"Cdl 13.782ppm
(resid 140 and name CD1 ) ! L40.Cd1 24.971ppm
454216353 ! intensity= 2732966
OR ( resid 239 and name CD1 )
( resid 340 and name CD1)
OR (resid 151 and name CD1 ) ! I51.Cd1 13.782ppm
( resid 140 and name CD1 ) ! 140.Cd1 24.971ppm
OR (resid 151 and name CD1 )
( resid 340 and name CD1 )

assign
( resid 241 and name CB ) ! nW41"Cb 27.492ppm
(resid 236 and name CD2 ) ! L36"Cd2 24.262ppm
3.666933.53 ! intensity= 9871712
OR (resid 241 and name CB )
( resid 436 and name CD2 )
OR (resid 241 and name CB ) ! W41"Cb 27.492ppm
( resid 140 and name CD2 ) ! L40.Cd2 24.262ppm
OR ( resid 241 and name CB )
( resid 340 and name CD2 )
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assign
(resid 141 and name CB ) ! W41.Cb 28.122ppm
(resid 237 and name CE1 ) ! H37"Cel 135.658ppm
403247353 ! intensity= 5581908
OR (resid 141 and name CB )
( resid 437 and name CE1 )
OR (resid 141 and name CB ) ! W41.Cb 28.122ppm
(resid 237 and name CG ) ! H37"Cg 135.658ppm
OR (resid 141 and name CB )
( resid 437 and name CG )
assign
(resid 141 and name CE3 ) ! W41.Ce3 119.697ppm
(resid 128 and name CG2 ) ! V28.Cg2 21.890ppm

484161353 ! intensity= 1863247
OR (resid 141 and name CE3 )

( resid 328 and name CG2 )
OR ( resid 141 and name CE3 ) ! W41.Ce3
119.704ppm

( resid 238 and name CD2 ) ! L38"Cd2 21.879ppm
OR ( resid 141 and name CE3 )
( resid 438 and name CD2)

assign

( resid 230 and name CB ) ! A30"Cb 18.756ppm

( resid 132 and name CA ) ! [32.Ca 61.094ppm
456036353 ! intensity= 2668180
OR (resid 230 and name CB )

(resid 332 and name CA )

!to the below, added 1.0 A was violating by 0.3A
assign

( resid 232 and name CG2 ) ! I32"Cg2 17.603ppm

(resid 135 and name CD1 ) ! I35.Cd1 12.679ppm
450433540 ! intensity= 2873742
OR ( resid 232 and name CG2 )

( resid 335 and name CD1 )

assign
(resid 137 and name CE1 ) ! H37.Cel 136.968ppm
(resid 241 and name CB ) ! W41"Cb 27.518ppm
47182353 ! intensity= 2175471



OR ( resid 137 and name CE1)
( resid 441 and name CB )

assign

(resid 137 and name CG ) ! H37.Cg 136.168ppm

( resid 237 and name CD2 ) ! H37"'Cd2
117.188ppm
475059353 ! intensity= 2087989
OR ( resid 137 and name CG )

1H-1H RFDR

( resid 437 and name CD2 )

assign

(resid 241 and name CB ) | W41"Cb 27.327ppm

( resid 137 and name CE1 ) ! H37.Cel 136.848ppm
442948353 ! intensity= 3177570
OR (resid 241 and name CB )

( resid 337 and name CE1 )

The methyl constraints were entered to the methyl carbon due to three fold hopping of methyl ‘H.
assign (resid 232 and name Cd1) (resid 133 and name Cd1 or resid 333 and name Cd1) 6.5 4.0 0.50
assign (resid 432 and name Cd1) (resid 133 and name Cd1 or resid 333 and name Cd1) 6.5 4.0 0.50
assign (resid 238 and name Cd2) (resid 133 and name Cd1 or resid 333 and name Cd1) 6.5 4.0 0.50
assign (resid 438 and name Cd2) (resid 133 and name Cd1 or resid 333 and name Cd1) 6.5 4.0 0.50
assign (resid 139 and name Cd1) (resid 233 and name Cd1 or resid 433 and name Cd1) 6.5 4.0 0.50
assign (resid 339 and name Cd1) (resid 233 and name Cd1 or resid 433 and name Cd1) 6.5 4.0 0.50
assign (resid 239 and name Cdl) (resid 242 and name Cd1) 6.5 4.0 0.50

assign (resid 439 and name Cd1) (resid 442 and name Cd1) 6.5 4.0 0.50

assign (resid 140 and name Cd2) (resid 151 and name Cd1) 6.5 4.0 0.50

assign (resid 340 and name Cd2) (resid 351 and name Cd1) 6.5 4.0 0.50

assign (resid 135 and name Cd1) (resid 139 and name Cd1) 6.5 4.0 0.50

assign (resid 335 and name Cd1) (resid 339 and name Cd1) 6.5 4.0 0.50
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Chapter 6: Synthesis and physical properties of Deuterated 1,2-
Diphytanoyl-sn-glycero-3-phosphocholine Lipid

This project received major contribution from Ta-Chung Ong, who recorded and analyzed deuterium spectra,
and from Viadimir Gelev, who helped with lipid synthesis.

6.1 Introduction

MAS NMR of sizeable biological molecules requires control of isotopic labeling in order to
introduce NMR active nuclei into the protein of interest. For proteins, this typically involves "N
and °C labeling. Additional labeling of oxygen with O may become another important strategy
for structure determination, but currently the high cost and low sensitivity have limited research
in this area. In contrast, 'H is a naturally abundant, an NMR active nucleus with a high magnetic
moment ideal for NMR and nearly all biological solution NMR measurements are detected on 'H
for this reason. In the solid state, however, the strong 'H-'H dipole couplings result in broad lines
for highly 'H dense samples, even with high MAS rates (>60 kHz). Nevertheless, it is possible to
retain the high sensitivity of 'H with high resolution (<0.05 ppm FWHM) by perdeuteration of the
protein and introduction of select sites with 'H at 100% labeling. This motivates the synthesis of
deuterated lipids and precursors for the introduction of 'H at select sites on the protein in a
perdeuterated background. In addition, dynamic nuclear polarization studies require a low proton
concentration in order to reach high signal enhancement factors, which can be achieved for
membrane protein samples by deuterating the lipid.

1,2-Diphytanoyl-sn-glycero-3-phosphocholine Lipid (DPhPC) forms a favorable membrane for
the study of membrane proteins. Notably, the gel to liquid crystalline phase transition that
characterizes most lipids has not been detected in DPhPC, and the acyl chains probably remain in
a disordered state or a glass as the temperature is decreased.' Given that most membrane proteins
are functional in the liquid crystalline phase, the absence of gel phase makes DPhPC an ideal
candidate for temperature dependent membrane protein studies. Among others, DPhPC has been
used in the study of gramicidin,”> alamethicin,* rhodopsin,>® VDAC,” and M2

The chemical structure of DPhPC is shown in Figure 6.1. Unlike other saturated straight-chain
lipids like 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1,2-dipalmitoyl-sn-glycero-
3-phosphocholine (DPPC), DPhPC has four additional methyl groups on each acyl chain. The

lipid is found naturally in the membranes of halobacteria,” and is known to form very stable
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bilayers. The bilayers also experience low ion leakage, making them suitable for
electrophysiological ion-conducting studies.'” A unique and important property of DPhPC
bilayers is that they are phase stable at liquid crystalline phase for an extended temperature range
from -120 °C to 120 °C according to DSC studies.'

CH3 CH3 CH3 CH3 (0} 0
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O/\(\O’P‘O\/\ _
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Figure 6.1 Protonated DPhPC (top) and DPPC (bottom). The only structural difference is the addition of
the four methyl groups in DPhPC.

Recent advancements in solid-state NMR have created a new need to synthesize more deuterated
lipids such as DPhPC. Dynamic nuclear polarization (DNP),'"" > which improves NMR signal-to-
noise by one to two orders of magnitude, is optimal at low proton concentration. Deuterating the
proton-rich acyl chains (39 protons per chain for DPhPC) effectively decreases overall sample
proton concentration and is expected to improve DNP efficiency by a factor of two.” In general,
deuteration has the advantage of reducing heteronuclear dipolar coupling between C and 'H,
leading to sharper line width and better resolution. It also eliminates unwanted lipid signals in 'H-
C cross-polarization experiments when one only wishes to observe the protein. While fully
protonated DPhPC is commercially available, the chain-deuterated version is not.

’H NMR spectra can be used as a sensitive probe of molecular motions that take place over a
broad range of timescales™ spanning ~10°> s to ~10° s, and has been used extensively in the
study of membrane dynamics.” '® Due to the unusual behavior of DPhPC and its utility for
spectroscopic studies of membrane proteins, we synthesized alkyl deuterated (d79) DPhPC and
undertook a careful analysis of the temperature the dependent *H spectra in order to better
understand the lipid’s dynamic properties at ambient temperatures and at cryogenic temperatures

that are used for DNP.
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6.2 Results and Discussion

The temperature dependent *H spectra for pure DPhPC and DPhPC incorporated with M2 at 1:1
wt ratio are shown in Figure 6.2 and compared with DPPC. Three distinct temperature regimes
can be identified for DPhPC. For the spectral line shapes at 180 K and below, the inner two peaks
are separated by 36 kHz that is indicative of methyl groups undergoing fast 3-site hops (> 10° s~
). The outer two peaks are separated by 120 kHz, which is the expected splitting for rigid C-D
(< 10*s™). The overlap of these two sets of powder patterns suggest that at these temperatures the
acyl chains only have slow motions at these temperatures, while the methyl groups retain fast
local motions. At temperatures between 180 K and 220 K, an isotropic component begins to
emerge and the intensity of the powder pattern is reduced, as shown in Figure 6.3. This is
indicative of motion on an intermediate timescale (microseconds to milliseconds). Above 220 K,
the isotropic component dominates the spectrum, and a significant broad component is also seen
at the base of the sharp resonance. The incorporation of M2 into DPhPC increased the transition

temperature slightly by 7 degrees, which suggests that the pure lipids are more mobile.
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Figure 6.2. Temperature dependent *H spectra of DPhPC, DPhPC:M2, and DPPC.
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The observation of a sharp isotropic peak at higher temperature was unexpected. As shown in
Figure 6.2 c¢), DPPC ’H spectra are gel phase powder patterns for the same temperature range.
The comparison shows that the additional four methyl groups in DPhPC appeared to have led to
major motional difference respective to DPPC. The isotropic peak suggests that the acyl chains
undergo fast randomized motions similar to an isotropic liquid, which is surprising given that the
acyl chains are tethered at one end to the phosphocholine bilayer. In addition, recent MD
simulation work by Shinoda et al. comparing DPhPC and DPPC shows that the methyl groups of
DPhPC inhibit gauche-trans isomerization in the acyl chains, reducing the rate of acyl chain
motions in DPhPC compared with DPPC.'® Clearly this effect must be small enough that the local
chain motions are still fast limit, and the difference between the spectra of DPPC and DPhPC
must be explained by a difference in population; in DPPC, the trans conformation is highly
favored, whereas in DPhPC, there is no single highly favorable state.

173 K
208 K

120 8 40 0 -40 -80 -120
Frequency (kHz)

Figure 6.3. The *H spectrum of DPhPC at 173 K overlapped with that of 208 K on an absolute scale. The
isotropic peak emerges while the powder pattern is reduced by 50%.

The fact that we see fast DPhPC acyl chain motions suggests that DPhPC might undergo a phase
transition as the temperature is reduced. This does not appear to be the case. In a previous report,
no transition was observed by DSC,' a sensitive method. A DSC of the deuterated DPhPC in 60%
glycerol, Figure 6.4, shows no lipid phase transition (the glass transition near 160 K is from the
60:40 glycerol:water'®). A low intensity glass transition might be observed between 180 and 200
K, in agreement with the *H spectra of Figure 6.2. However, the intensity of this feature in the
DSC trace is too low to be certain. Instead of a phase transition, molecular motion appears to
reduce gradually with temperature, with no detectable phase transition and probably leaving the
acyl chains in a glassy state. The 2H NMR spectra (Figure 6.2) also support this gradual

transition, with spectral changes occurring well over 30 degrees.
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Figure 6 4. Differential scanning calorimetry (DSC) trance of *H DPhPC in 60:40 glycerol:water (vol). The
trace was recorded with a heating rate of 20 °C per minute, and the temperature calibrated with
cyclohexane. Approximately 30 to 40 percent of the sample weight was estimated to be lipid.

Since the entire DPhPC molecule does not undergo isotropic tumbling as in liquids, the most
likely explanation for a narrow peak is multiple local motions that in aggregate provide motional
averaging that completely removes orientation dependence. A 2H NMR study by Hsieh and Wu
showed that well-hydrated deuterated DMPC headgroup exhibits similar ?H spectra as the ones
we observed for DPhPC acyl chain.” At first glance, this may not seem like a good comparison,
because the phosphocholine is hydrophilic, carrying positive and negative charge, while the acyl
chain is hydrophobic. Nonetheless, choline also has multiple methyl groups that equally favor all
three of the positions about the C-N bond, resulting in multi-axis averaging. Hsieh and Wu
argued that motions in the headgroup constantly reorient the headgroup methyl groups along the
C-N bond, thereby eliminating orientation dependence and the powder pattern is averaged into an
isotropic peak. In the same way, it is not farfetched to argue that motions in the acyl chain must
be having a similar effect on the DPhPC acyl chain deuterons. We observed that the methyl
groups have localized fast motions at lower temperature (< 160 K) at which the acyl chain
motions are frozen. As the temperature increases and acyl chain motion returns, and aggregate
acyl chain motion averages the angular dependence of the deuterons, collapsing the powder
pattern into the observed isotropic component. Some residual angular dependence (most likely
from deuterium nearest the glycero group) is evident at the base of the isotropic peak, as shown in
Figure 6.5. However, even these broader components of the spectrum are significantly narrowed

to less than 10 to 20 kHz. Further elucidation of the lipid side chain motion could be provided
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with specifically deuterated DPhPC and examination of the motional characteristic of specific

acyl chain deuterons.

20 10 0 -10 -20
Frequency (kHz)

Figure 6.5. The *H NMR spectrum of chain deuterated DPhPC at 290 K. At this temperature, acyl chain
motion constantly reorients the deuterons (particularly in the methyl groups) resulting in an isotropic peak.
Sites with a non-isotropic average have residual angular dependence and therefore appear as a ~10 kHz
broad feature underneath the sharp peak.

6.3 Methods

NMR Spectroscopy

Solid state *H NMR experiments were performed on a custom-built spectrometer (Courtesy of Dr.
D. Ruben) operating at 60.8 MHz for *H using a single-channel probe with 4.0 mm coil. Spectra
were obtained with a quadrupolar echo sequence with a /2 pulse of 2.0 us and a delay of 30 ps
between the two pulses. For cryogenic temperature experiments, cold N, gas was cooled by a
custom designed heat exchanger” with temperature modulated by a Lakeshore temperature
controller before transfer to the probe. The magnet bore was protected from the cold probe by a
custom designed dewar.”” Temperature inside the probe was monitored by Neoptix fiber optics
temperature sensors.

Solid state >'P NMR experiments were performed on a custom-built spectrometer (Courtesy of

Dr. D. Ruben) operating at 153 MHz for *'P using a Varian probe with a 4.0 mm coil.
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Differential Scanning Calorimetry
DSC traces were recorded on a Perkin Elmer calorimeter with a cryofill LN, cooler. A trace of an
empty pan was subtracted from the sample trace, and the temperature was calibrated using the

known transitions of cyclohexane at 280 K and 186 K.>*

Synthesis of DPhPC

Dideuterophytol

Dideuterophytol was synthesized using Raney-nickel hydrogenation of phytol purchased from
Sigma-Aldrich. The procedure has been described in the literature” and is briefly reproduced
here. To an 85 mL solution of 20% phytol in ethanol was added 4 mL of Raney Ni Slurry, which
was purged with N, in a round bottomed flask. The flask was left for 24 hrs under a stream of D,
at 1 atm pressure, and the product was separated from the catalyst by filtration and rotary

evaporation.

Phytanic Acid

Phytanic Acid was synthesized from Dideuterophytol by oxidation with chromium trioxide as
previously described.” This procedure is described briefly here. To 5 g of dideuterophytol in 300
mL 2:1 acetone/acetic acid solvent mixture was added 0.8 g of chromium trioxide in 5 mL of
water. The chromium trioxide was added dropwise at room temperature, with stirring for over 1
hr. 250 mL of water was then added, and excess sodium bisulfate was used to destroy excess
oxidant. Extraction in diethyl ether and purification on silica followed the previously described

protocol. The product was verified with 'H and "C NMR.

’H Phytanic Acid

Perdeuteration of phytanic acid was performed using a simple method of hydrogenation
conditions at an elevated temperature of 195 °C with palladium on charcoal (Pd/C) catalyst
(Sigma-Aldrich).”’ 4 to 5 grams of Pd/C (10% Pd) and 25g of phytanic acid were heated to 195
°C and 1 atm. of D, with stirring in a 250 mL round bottom flask. A continual flow of D, gas was
generated from D,0O using a Parker-Balston hydrogen generator with a flow rate exceeding 30
cubic centimeters per minute. The reaction was tracked by the loss of proton NMR signal using

benzene as an internal standard, and reached 97-98% deuteration after 16 days.
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DPhPC

Coupling of phytanic acid to GPC was performed by FBReagents (Cambridge MA) using DCC
and DMAP, and purified with silica gel chromatography. The '"H NMR spectrum of DPhPC in
deuterated chloroform is shown in Figure 6.6 a. The choline methyl (9 'H) at 3.2 ppm and the
choline and glycero methylene and methine groups (9 'H) around 4 ppm are the major signals
expected. In addition, residual signal from the deuterated acyl chains (~3% of 78 'H) appears
between 0 and 3 ppm. The remaining signal intensity between 0 and 3 ppm and at 5.2 ppm arises
from impurity. With this analysis, the purity by NMR is above 85 %. In Figure 6.6 b, a thin layer
chromatogram shows a single spot with the same retention time as commercial protonated
DPhPC (Avanti). The running condition for the TLC was 65:24:4 chloroform:methanol:4M

Ammonium Hydroxide.
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Figure 6.6. Proton spectrum (a) of acyl chain deuterated (d78) DPhPC demonstrating a purity by NMR of
above 85%. In (b), a thin layer chromatogram shows a single spot with the same retention time as
commercial protonated DPhPC.

Sample Preparation
Lipid bilayer
Lipid bilayer samples were prepared by a simple dialysis procedure. Lipid was dissolved in octyl

glucoside detergent, in glutamate buffer at pH 7.8, and the detergent was removed by dialysis
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against glutamate buffer using a 3.5 kD dialysis cassette (Pearce). After several days, the sample
was centrifuged and transferred to a glass capillary sample tube.

In order to confirm the presence of bilayers, a *'P spectrum was recorded at a >'P frequency of
153 MHz (Figure 6.7). The spectrum exhibits the expected axial powder pattern of liquid
crystalline lipids in a bilayer, which results from the uniaxial rotational diffusion about the bilayer
normal. In addition, there is a small component evident as a narrowed peak in the middle of the
spectrum. This component could occur due to lipid in a high-curvature phase, such as a hexagonal

phase, where lateral diffusion about a curved surface results in additional averaging.

20 ' 0 T 20
31P Frequency (kHz)

Figure 6.7. Phosphorus spectrum of alkyl chain deuterated (d78) DPhPC. The spectrum is dominated by an
axial powder pattern typical of bilayers. In addition, a small narrowed component is present, which may
come from a small amount of the sample in a hexagonal phase or another phase with high curvature.

Lipid bilayer with M2 Embedded

Lipid bilayer samples with M2 embedded were prepared using a detergent dialysis procedure as
described previously® and the PC and "N shifts of M2 were verified as identical to previously
recorded spectra in commercial protonated DPhPC (Figure 6.8). In Figure 6.8 the additional
peaks in the *H lipids sample are due to differences in protein labeling — FY amino acids were
reverse labeled in the commercial lipid sample. This is further evidence of the high purity of the

deuterated lipids, which was sufficient for the reconstitution of a membrane protein.
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Figure 6.8. Comparison of M2, spectra in ’H DPhPC and in commercial ether linked DPhPC. Proton
driven spin diffusion PDSD spectra (15 ms mixing) are shown in purple and red for the *H and commercial
lipids, respectively. Spectra were recorded at magnetic fields corresponding to 'H frequencies of 700
(commercial) and 750 Mhz (*H) and spinning at 12.5 kHz and 13 4 kHz, respectively. The protein was U-
“C-"N labeled for the *H lipids sample, and U-"C-"*N-["*C-"*N-FY] labeled for the commercial lipids

sample.
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Chapter 7: 2H-DNP-enhanced ?H-"*C solid-state NMR correlation

spectroscopy

Adapted from Maly, T; Andreas, LB; Smith, AA; Griffin, RG; PCCP, 2010, 12:5872-5878.

7.1 Introduction

In recent years magic angle spinning NMR (MAS-NMR) spectroscopy has emerged as a valuable
method to determine atomic-resolution structures of biomolecular macromolecules such as
globular proteins, membrane proteins and amyloid fibrils " 2. However, in contrast to solution-
state NMR, the majority of MAS-NMR experiments rely on recording homo- and heteronuclear
C and "N correlation spectra because direct 'H detection is often compromised by the strong
'H-'H dipolar interactions present in the solid state. Under typical experimental conditions, these
strong couplings result in broad, unresolved 'H resonances. Techniques such as ultrafast sample
spinning **, windowed homonuclear decoupling techniques *°, and dilution of the 'H-'H dipolar
bath by deuteration can be used to narrow 'H lines in MAS-NMR experiments and are currently
under investigation *'°. Successful implementation of these techniques would bring the resolving
power of a third nucleus to MAS-NMR protein investigations.

Another approach to access a third nucleus is to observe deuterons (*H) because their reduced
homonuclear dipolar coupling that can be attenuated under moderate MAS frequencies (~ 5 kHz).
Deuterons contain similar information on the chemical environment as protons, and can therefore
be directly employed to obtain structural information.

Recently it was shown that spectra of deuterated proteins exhibit high-resolution MAS-NMR and
the method is therefore of great interest for the structural biology community ® ''. Furthermore,
deuteration can also result in additional benefits in both the resolution and sensitivity of more
conventional ’C and "N MAS-NMR experiments. For example, the resolution of 3D or 4D “C
spectra of deuterated proteins is no longer limited by the 'H decoupling power and resulting rf
heating. In addition, cross-polarization (CP) enhancements are increased and neither 'H nor *C
longitudinal relaxation times are significantly increased 2. However, the ?’H quadrupole coupling
(e’qQ/h ~200 kHz) often reduces the sensitivity and resolution of directly observed 2H spectra in
solids. At the same time, the relaxation and lineshape properties of the deuterium nucleus are

particularly sensitive to the local dynamics and can provide valuable information ®.
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To overcome the difficulties associated with the deuterium quadrupole coupling, techniques such
as rotor-synchronized pulse sequences or indirect detection through for example C can be used.
Furthermore, in hetero-nuclear correlation experiments (e.g. 2H-*C), MAS narrows the first order
’H quadrupole interaction and the resolution can be further improved if a ?’H double-quantum (*H-
DQ) excitation and reconversion scheme is employed ' '* !4,

NMR signal intensities of solids and liquids can be enhanced by several orders of magnitude with

) 15,16

dynamic nuclear polarization (DNP and in the last decade high-frequency DNP has emerged

17, 18

as a valuable method for a variety of applications, spanning particle physics , pharmaceutical

19,20 15,21,22

applications and structural and mechanistic studies of biologically relevant molecules
In a DNP experiment, the large thermal polarization of a paramagnetic polarizing agent is
transferred to surrounding nuclei by microwave irradiation of the sample at the electron
paramagnetic resonance (EPR) transition. DNP enhancements are measured by taking the ratio of
signal intensity in spectra with and without microwaves, leaving all other experimental
parameters unchanged. Currently, the largest signal enhancements in solids at high magnetic
fields (>5 T) are observed in experiments that exploit the cross-effect (CE) as the dominant DNP
mechanism 2%,

Depending on the inhomogeneous breadth of the EPR spectrum (A) and the homogeneous
linewidth (3), DNP can either occur through the solid-effect (SE) if the nuclear Larmor frequency
@ is larger than the EPR linewidth (wy>A,d), or through the much more efficient cross-effect
(CE) if A> wy>8 '> 2. In the classical description of the CE the underlying mechanism is a two-
step process involving two electrons with Larmor frequencies ®ys, and @s,, and a nucleus with a
frequency q. Initially, the allowed EPR transition of one electron is irradiated and nuclear
polarization is generated in a subsequent three-spin flip-flop process through transitions such as
loisBasPr> © IBisOas> or IBstsB> o loysBasoy> ** ». The maximum DNP enhancement is
achieved when the difference between the electron Larmor frequencies of two electron spin
packets satisfy the matching condition l0os; — Wgsol = 0, With @y the nuclear Larmor frequency.
The DNP-enhanced nuclear polarization then disperses throughout the bulk via spin-diffusion.
Here we demonstrate that the combination of sample deuteration and DNP yields resolved *H, °C
correlation spectra with a signal enhancement of € = 700. To our knowledge, >H-DNP has been
reported only for the preparation of polarized targets **° and in dissolution DNP *°, focusing on
the polarization of small alcohol molecules. In this study, we demonstrate that high-field ’H-DNP
can be used to enhance MAS-NMR spectra of biologically relevant molecules. Although the

technique is initially demonstrated using a single amino acid residue, the concept has tremendous
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potential for structural investigations of biologically relevant macromolecules in the solid state at
high magnetic fields. Given sufficient sensitivity, the resolving power of ?H, *C and "N, 3D and
4D experiments have the potential to extend MAS-NMR to the application of larger biological

systems.

7.2 Results and Discussion

Polarizing Agents and DNP-Enhancement Profiles

o
‘0. o 3
N N HOHgC><S S, ,CHzOH
/\(\N HOHoC” Vg s><CH20H
H
OH

COO-Na+
TOTAPOL 0OX0863

Figure 7.1. Molecular structures of the two polarizing agents TOTAPOL and OX063.

The molecular structures of the two polarizing agents TOTAPOL (1-(TEMPO-4-oxy)-3-
(TEMPO-4-amino)-propan-2-ol) and 0OX063  (methyl-tris[8-carboxy-2,2,6,6-tetrakis[(2-
hydroxyethyl]-benzo[1,2-d:4,5-d]bis[1,3]dithiol-4-yl]) are shown in Figure 7.1 and both are
soluble in aqueous media at high concentration.

The 140 GHz (5 T) EPR spectra of TOTAPOL and OX063 are shown in F. igure 7.2 (top). While
the EPR spectrum of TOTAPOL shows a large anisotropy of the g-tensor and additional features
due to the large "*N hyperfine interaction with the electron spin ', the EPR spectrum of OX063
appears almost symmetric at high-magnetic fields because no significantly large hyperfine
couplings are present and the g-tensor anisotropy is small*2, With an inhomogeneous breadth of
A =600 MHz and 55 MHz for TOTAPOL and OX063, respectively, and a *H nuclear Larmor
frequency at 5 T of 32 MHz, we see that both radicals satisfy the conditions (A> wy>8) for CE
DNP for *H.

The field swept DNP enhancement profile is closely related to the high-field EPR spectrum
recorded at the same magnetic field strengths as shown in Figure 7.2. Typically high-field DNP
experiments are performed using a fixed-frequency microwave source and the DNP process needs
to be optimized with respect to the magnetic field to find the best irradiation frequency.

In addition to determining the optimum field position for DNP, the enhancement profile also
reveals much information about the nature of the underlying DNP process. Since both

enhancement profiles of TOTAPOL and OX063 do not show resolved features at frequencies
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corresponding to Wy + @, it can be directly concluded that the underlying DNP mechanism

observed in experiments reported here is the CE '2-233335,

— O < 92z

1 [ Trityl (OX063)
TOTAPOL

Normalized DNP Signal Intensity

4965 4970 4975 4980 4985 4990
Magnetic Field [mT]
Figure 7.2. Trityl EPR spectra and *H enhancement profiles. Top: Two-pulse echo-detected 140 GHz EPR
spectra of 1 mM TOTAPOL and OX063 in glycerol/H,O (60/40), T = 20 K. Bottom: Direct detected *H-
DNP enhancement profiles of 20 mM TOTAPOL and 40 mM Trityl (OX063) in dg-glycerol/D,O (60/40)
using a rotor-synchronized quadrupole-echo sequence. T = 90 K, t,(1/2) = 3 ps, T= 166 us, ®/2n = 6 kHz.
For comparison the DNP enhancement profiles are normalized to maximum intensity.

The DNP enhancement profile for TOTAPOL resembles the shape typically observed for
TEMPO based (bi)-radicals ***°. For ZH-DNP the maximum negative enhancement is obtained at
the low-field side of the profile corresponding to 4968.6 mT (DNP(-)), while the maximum
positive enhancement is observed at 4979.1 mT (DNP(+)). This is in contrast to 'H-DNP, where
the overall extremum 'H enhancement is observed at the high-field side (DNP(+)) of the DNP
enhancement profile ** *’. Note that the 2H-DNP enhancement profile for TOTAPOL shows a
pronounced asymmetry. This feature is similar to direct *C-DNP using TOTAPOL and the two
enhancement profiles for 2H and “C DNP coincide with the maximum absolute enhancement
observed on the low-field side (DNP(-)). This seems to be an inherent feature of TEMPO based
polarizing agents, when low-y nuclei such as *C and ?H are polarized. In contrast to 'H-DNP the
maximum absolute enhancement is observed on the high-field side (DNP(+)).

For 'H DNP, the TEMPO based biradical TOTAPOL currently yields the largest enhancements in
DNP-enhanced MAS-NMR experiments ** *’. However, with an inhomogeneous breadth of
A =~ 600 MHz at 5 T, TOTAPOL is not optimized for polarizing low-y nuclei such as *H, *C or
>N and polarizing agents with narrower EPR spectra are preferable. At present only two radicals
are known for DNP applications that have a narrow EPR spectrum at high magnetic fields, the

stable trityl radical and its derivatives *** and BDPA *. Here we choose the trityl radical OX063
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(see Figure 7.1) as the polarizing agent, because of its great solubility in aqueous media *'. The
140 GHz EPR spectrum of OX063 is shown in Figure 7.2 (top). The spectrum is essentially
symmetric with a spectral breadth of A=55MHz (FWHH) as determined from the EPR
spectrum. As a consequence the enhancement profile of OX063 for direct ZH-DNP shown in
Figure 7.2 is symmetric with the maximum positive enhancement occurring at 4983.0 mT
(DNP(+)) and the maximum negative enhancement occurring at 4980.7 mT (DNP(-)).

A direct comparison of these two enhancement profiles can be used to illustrate another important
fact for high-field DNP. At 5T the separation between the optimum field positions for 'H-DNP
using TOTAPOL (DNP(+)) and *H-DNP (or C) is approximately 4 mT, corresponding to ~ 112
MHz electron Larmor frequency. The separation is 14 mT between DNP(-) for TOTAPOL and
DNP(+) for OX063, corresponding to 400 MHz for electrons. To be able to study different
polarizing agents and to cover the complete field range, the DNP spectrometer has to be either
equipped with a sweep coil or the gyrotron needs to be tunable over a range of > 0.5 GHz “**,

Note that the sweep/tuning range will increase at higher fields.

TOTAPOL
Aol
-100 0 100 -100 0 100

2H Chemical Shift Offset [kHz]

Figure 7.3. Comparison of the steady-state *H signal intensity for TOTAPOL (A) and OX063 (B). Both
spectra are recorded back-to-back under identical experimental conditions. Due to the insufficient
excitation bandwidth of 83 kHz, the magnitude spectrum is shown. T =90 K, /21 = 5.882 kHz. The
spectra are recorded using a rotor-synchronized quadrupole echo sequence.

A comparison of the *H-DNP performance for TOTAPOL and OX063 is shown in Figure 7.3
and approximately a factor of 4 larger enhancement is observed for OX063 under similar
experimental conditions. This improvement is due to the much narrower EPR spectrum of 0X063
(A(TOTAPOL)/A(OX063) = 11) allowing a larger fraction of the electron spins to be excited by
the microwave radiation. Note that at the same electron concentration TEMPO based biradicals
give a factor of 4 larger enhancements compared to monomeric TEMPO ?', and we therefore

expect that further improvements could be made using biradicals based on OX063. Due to the
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much better performance of OX063 over TOTAPOL, the following DNP experiments were all
performed using OX063 as the polarizing agent.

Bulk-Polarization Build-up and Maximum Enhancement

During the DNP process, the high thermal electron polarization is transferred to the surrounding
nuclei resulting in a bulk-polarization build-up curve that can be modeled by an exponential
process with a characteristic bulk-polarization build-up time constant t5. In Figure 7.4 a "*C-
detected bulk-polarization build-up curve for *H DNP using OX063 as the polarizing agent is
shown. Here the DNP-enhanced *H polarization is transferred to the proline '*C nuclei for
detection via a subsequent cross-polarization (CP) step **. This allows an accurate determination
of the signal enhancement, because the C spectrum is much narrower compared to the direct
detected *H spectrum. At a temperature of 90 K, the steady state polarization is reached after

approximately 100 s of microwave irradiation and a build-up time constant of t3(*H) = 21 s was

obtained.
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Figure 7.4.*H bulk-polarization build-up curve showing an enhancement of 700. The build-up curve was
recorded at a magnetic field position corresponding to DNP(+) using OX063. The *H polarization is
detected indirectly from the total *C signal of U-[*H,, *Cs]-proline through a ramped cross-polarization
step (1.5 ms), 16 scans averaged. The inset shows the mw-on and off signal. The DNP enhanced spectrum
was recorded at a field position corresponding to DNP(+) with a DNP buildup time of t,, = 120 s. For the
mw-on signal 32 transient were averaged while for the mw-off signal in total 1280 transients were
averaged. T =90 K, »/2r = 5.882 kHz. Spinning side bands are marked by asterisks.

The absolute enhancement is obtained from the microwave on and off spectra, recorded under
identical experimental conditions (see Figure 7.4, inset). For the off signal, 40 times more scans
were averaged to provide sufficient signal-to-noise due to the small *H signal intensity without
DNP enhancement and a steady-state H DNP enhancement of €=700 was observed.

Theoretically, the maximum enhancement that can be achieved in a DNP experiment is given by
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the ratio of the gyromagnetic ratios of the electron and the nucleus that is polarized, here *H (y(e’
)/v(*H)). This gives a theoretical maximum enhancement of 4300 for *H-DNP.

In Figure 7.5 two direct "C-DNP enhanced spectra of proline are shown, one spectrum taken
without decoupling (A) and one with 83 kHz high-power ’H TPPM decoupling (B) *. As
expected, no significant difference in resolution was detected between the two acquisition

schemes. Therefore, the following experiments were all performed without decoupling of the

(residual) 'H or *H nuclei.

300 200 100 0 -100
13C Chemical Shift [ppm)]
Figure 7.5. Direct "C DNP-enhanced MAS-NMR spectra of U-[*H,, *Cs]-proline taken (A) without
decoupling and (B) with 83 kHz of TPPM *H decoupling. The temperature was 90 K, magic angle spinning
was Wg/2nt = 5.5 kHz, and 4 scans were recorded.

?H-DNP Enhanced ?H-"*C Correlation Spectroscopy

Depending on the experimental conditions the electron polarization can be either used to polarize
PC nuclei directly (¢ — C) or indirectly (¢ — *H — ®C). In the second case the electron
polarization is first transferred to the ’H nuclei via DNP and then transferred to the ">C nuclei by a
subsequent CP step *'. In Figure 7.6 two *H-DNP-enhanced "*C detected MAS-NMR spectra of
U-[*H,, "*Cs]-proline recorded at 90 K are shown. The top spectrum in Figure 7.6 is a direct °>C-
DNP enhanced spectrum of proline and all five proline *C resonances are visible in the spectrum.
The second spectrum shown in Figure 7.6 (bottom) is an indirect polarized C spectrum of

proline.
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300 200 100 0 -100

Figure 7.6. Direct and H-CP o 1vxno-x1\31919r;1e1m!ﬁ3| ghILth-Lme] wsi-prunne taken at 90 K. A: Direct BC
DNP-enhanced MAS-NMR spectrum , ®g/2% = 5.5 kHz, 4 scans, t,, =60s. B: 2H DNP-enhanced “C
MAS-NMR spectrum. The polarization is transferred from *H to >C by a cross-polarization step (1.5 ms),
wg/21t = 5.0 kHz, 64 scans, t,, =20 s. Spinning side bands are marked by asterisks. The sensitivity of the
two spectra are 7.9 and 1.3 S/Neseconds™” for A and B, respectively. The main source of sensitivity
difference is due to inefficiency in the CP step in which the *H spin lock of ~83 kHz covers less than half of
the ~200 kHz broad *H spectrum.

Due to the short contact time of the CP process (1.5 ms), predominantly one-bond polarization
transfer from “H to C is observed. The ">C signal intensity for the carbonyl atom is attenuated

due to the lack of a directly bonded deuterium, whereas nuclei that do posses a directly bonded

deuterium (0—Y,) yield intense lines.
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Figure 7.7. Pulse sequence to record a *H double-quantum, C correlation spectrum. Double quantum
coherences are generated using a two-pulse sequence. The t; evolution time is rotor-synchronized.

The pulse sequence used for DNP-enhanced *H double-quantum (DQ) filtered °C correlation
spectroscopy is shown in Figure 7.7. Double quantum coherences are excited using a two-pulse
Scheme “8_ consisting of a DQ excitation and reconversion period (characterized by t) separated
by a rotor-synchronized t, evolution period given by n*t; with n the number of rotor cycles and
1. the rotor period. Finally the 2H magnetization is transferred to *C by a CP step *. For ’H-DNP-

enhanced measurements, the sample is irradiated by continuous wave (CW) microwave radiation,

on-resonant with the DNP transition.
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Figure 7.8. Determination of the DQ efficiency for U-[*H,, *Cs]-proline from DNP enhanced spectra. Top:
C CPMAS spectrum. Bottom: °H double-quantum filtered *C CPMAS spectrum with t, = 0. Experimental
conditions: T =90 K, T=1 us, A= 3 pus, 0p/2w = 5.882 kHz, t, = 20 s.

The DQ efficiency is determined by comparing the signal intensity obtained from a *C CPMAS
experiment with the signal intensity obtained from a *H double-quantum filtered *C CPMAS
experiment as shown in Figure 7.8. From this comparison a H double-quantum efficiency of
~50 % is observed.

A two-dimensional *H-DNP enhanced 2H, ®C correlation spectrum of proline is shown in Figure
7.9. Here a *H double-quantum filter is used before the polarization is transferred to '*C through a

1.5 ms CP step. A double-quantum excitation and reconversion time of 1 us was used, followed

by a z-filter of 3 s length. The pulse sequence used here is similar to the one previously reported
for DQ-filtered *H,"C correlation spectroscopy in perdeuterated proteins !'. The two-dimensional
spectrum shows 4 resolved cross-peaks, corresponding to correlations between the C proline

atoms and the covalently attached *H nuclei.

Spectral Linewidths

Under the current experimental conditions linewidths of approximately 10 ppm and 8 ppm were
observed for H and °C, respectively. These linewidths are larger than those observed previously
for perdeuterated proteins * ''. However, the source of the increased linewidth is not of a general
nature. In particular the main contribution arises from the fact that proline is a small molecule
embedded in a frozen (90 K) glassy solvent matrix (DMSO/water). DNP samples are typically
prepared in a glass-forming solvent, which serves as a cryoprotectant to ensure that the polarizing
agent is homogenously dispersed throughout the sample and protects proteins from cold
degradation caused by thermal cycling of the sample. This is known to induce conformational
distributions, which in turn can cause inhomogeneous broadening “. However, this factor

becomes unimportant for larger systems such as bio-macromolecules or (nano) crystals. For
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example in contributions by Barnes et al. and Debelouchina et al. (same issue) °C linewidths of
1-2 ppm are observed for the membrane protein bacteriorhodopsin (bR) and GNNQQNY nano-
crystals.
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Figure 7.9. Two-dimensional DNP-enhanced *H-DQ-"C correlation spectrum of U-[*H,, “Cs]-proline
recorded at 90 K, wy/21 = 5.882 kHz, sampling time in the indirect dimension At,; = 170 us, DQ excitation
and reconversion time T =1 pus, A = 3 us, t,, = 25 s, 64 scans per t, point, ~10 hrs of total acquisition time.

The paramagnetic polarizing agent has only minor effects on the linewidth. For example in DNP-
enhanced MAS-NMR experiments on amyloid nano crystals GNNQQNY * or the membrane
protein bacteriorhodopsin (bR) the radical does not penetrate into the protein or nano-crystals. In
the case of bR even electron concentrations of up to 100 mM did not show any effect on the
linewidth of the retinal, which is buried inside the protein *'. The last factor is of a technical
nature. All experiments described here are performed at a magnetic field strength of 5T
(212 MHz for 'H), which is rather low for contemporary MAS-NMR spectroscopy and second
order quadrupole effects could have a contribution to the observed linewidth. In addition, it is
rather difficult to accurately set the magic angle at cryogenic temperatures for this particular
probe, since it is not equipped with a cryogenic sample-eject system '® or a Hall effect sensor *.
Although a misadjusted magic angle has only minor effects on the linewidth for double-quantum

1114 it nevertheless adds a small contribution to the line broadening. There

filtered ?’H experiments
is also the possibility that small inhomogeneities in the magnetic field at the sample caused

additional line broadening.

Sensitivity Gain Through DNP

Acquisition of a *H dimension offers several advantages over a 'H dimension. The deuterium spin
system has a lower gyromagnetic ratio, and therefore does not suffer from the homogenous
broadening observed for high concentrations of protons in solids. Spins of interest can be

perdeuterated without deuteration of solvents, crystallization agents and cofactors. Comparable
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sensitivity should also be achievable with deuterium detection. For example, methyl-methyl
contacts are often important for determination of protein structure, and in cases where a CD,H
labeling is used to reduce proton couplings, perdeuteration (~97%) is employed 3. At 3%
protonation, methyl groups are ~9% CD,H spin systems to first order, with minimal (~0.3%)
CDH, and CH; labeling. This avoids broadening in the *C dimension due to the shift in the
isotropic resonance between CH and CD which results in different isotropic shifts for CH,, CH,D,
CHD, and CD; groups. Since 10% labeling is often found to be necessary for optimized
relaxation characteristics of amide protons *, perdeuteration will be used as a point of comparison,
but may need to be adjusted to by a factor of ~3 if higher protonation is found to be optimal.

In a perdeuterated sample (~ 97 %) *H NMR should have a factor of ~8.6 higher sensitivity
compared to 'H detection, and a factor of ~2.5 was experimentally observed, as reported by
Agarwal et al.. "' If CH or CH, groups are of primary interest, or if a hi gher proton concentration
is found to be optimal, this analysis needs to be adjusted. This gain in sensitivity is mainly due to
the short longitudinal relaxation of the *H nuclei, a direct consequence of the large quadrupolar
coupling. Therefore, at room temperature the recycle delay in the NMR experiment can be short.
Furthermore, sample heating is not an issue due to the much lower decoupling power needed for
deuterium. Nevertheless recycling delays between 1.25 and 3 s were reported for previous work
on biological samples .

This advantage no longer exists at 90 K because the DNP build-up time constant is 21 s.
Therefore, to run the DNP experiment at the optimum recycling rate one needs to wait 21*1.25 s
between shots = 26 s and the sensitivity for low temperature ’H MAS-NMR spectroscopy would
be decreased by a factor of 3 to 5 depending on the actual recycling delay used in the experiment
compared to experiments performed at 300K. However, with DNP a signal enhancement of

€="700 is demonstrated, and therefore the overall sensitivity of a low-temperature H-DNP

enhanced MAS-NMR experiment is a factor of 140 to 240 larger than at room temperature. This
does not include the additional factor of ~3 in sensitivity due to the lower temperature
(300 K/90 K).

To compare the overall efficiency of *H-DNP with 'H-DNP the degree of nuclear polarization can
be compared. In the case of H-DNP this is 16 % of the theoretical maximum, and for 'H-DNP
typically 27 % (175/660) is observed at a magnetic field of 5 T 2" %". Therefore, overall 'H-DNP
currently pérforms more efficiently than ’H-DNP. However, with further advances in polarizing
agents, and despite a bulk-polarization build-up time of ~5 s for 'H-DNP * and 21 s for 2H DNP,
we expect both methods to be competitive on a sensitivity basis. However, 2H MAS-NMR

spectroscopy offers structural information due to the reduced homonuclear dipolar coupling that
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are difficult to obtain directly from 'H nuclei. Note that this comparison does not include the

efficiency of the CP transfer.

7.3 Methods

Sample Preparation

Field swept DNP enhancement profiles are recorded using a solution of 20 mM TOTAPOL or 40
mM OX063 in dg-glycerol/D,0 (60/40). Direct *H signal detection was performed using a rotor-
synchronized quadrupole-echo sequence.

For DNP experiments on proline, a 1.25 M solution of U-["°Cs, D;]-proline in dg-glycerol/D,0
(60/40) was prepared with 40 mM OXO063 as the polarizing agent. Note that the high proline
concentration is only necessary for recording the off-signal (no mw) in a reasonable amount of
time. Isotopically labeled proline (U-Cs, 97-99 %; U-D,, 97-99 %; °N, 97-99 %) was purchased
from Cambridge Isotope Laboratories (Andover MA, USA). All solvent mixtures are given in

weight ratios.

DNP Spectroscopy

All DNP experiments were performed on a custom-designed DNP NMR spectrometer operating
at a magnetic field of 5 T corresponding to a Larmor frequency of 211 MHz (‘H) and 140 GHz (¢’
), respectively. A custom-designed cryogenic MAS-NMR probe was used for radio-frequency (rf)
irradiation (*C and 2H) with a commercial 2.5 mm spinning module (Revolution NMR Inc.).
Typically 50 kHz rf field-strength was obtained on the “C channel, while the *H field-strength
was 83 kHz. ?’H-"C cross-polarization was performed using a 50 kHz field on both channels for a
duration of 1500 us. All spectra are recorded without high-power 'H or *H decoupling (see
Figure 7.5).

High-power microwave radiation was generated using a gyrotron oscillator operating at 139.662
GHz >, capable of producing high-power (>10 W) millimeter waves. The DNP sample (~6 pL)
was placed in a 2.5 mm sapphire rotor and a microwave power of 2.5 W was estimated at the
position of the sample. The 5 T superconducting magnet is equipped with a superconducting
sweep coil to sweep the magnetic field over a range of 750 G. For accurate field measurements,

the spectrometer is equipped with a field/frequency lock system™.
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EPR Spectroscopy

EPR experiments were performed on a previously described custom-designed high-field EPR
spectrometer operating at a microwave frequency of 139.504 GHz ¥ %, The sample (~ 250 nL,
1 mM) was placed in a Suprasil quartz tube with an outer diameter of 0.55 mm. EPR spectra were

recorded with a two-pulse echo sequence (m/2-1-m—1-echo) by integrating the echo intensity

while sweeping the magnetic field (t,(n/2) = 60 ns, T = 300 ns). For accurate field measurements,

the spectrometer is equipped with a field/frequency lock system™.

7.4 Conclusions
We have demonstrated the application of direct ZH-DNP for two-dimensional 2H, *C MAS-NMR

correlation spectroscopy. A steady-state signal enhancement of € = 700 was observed with a bulk-

polarization build-up constant of T3 = 21 s. Under these conditions the senistivity of a 2H MAS-
NMR experiment can be incresead by two orders of magnitude, compared to 2H experiments
performed at room temperature. We believe that the combination of perdeuteration and 2H-DNP
could have a large impact on protein assignment and structure determination, as the deuteron can
be used as an additional nucleus to gain structural information about the system under study. We
present this approach as a method that may be widely applicable, requiring no optimization of
isotopic labeling or isotopic labeling of cofactors and solvent. Furthermore, we expect that
technical improvements in hardware and sample preparation for low-temperature MAS-NMR
spectroscopy can be expected to vastly improve linewidths in future biological application of this
approach. We are currently exploring these improvements.
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Chapter 8: Paramagnetic Signal Quenching in MAS-DNP of

Homogeneous Solutions

Adapted from Corzilius, B; Andreas, LB; Smith, AA; Zhe Ni, Q, Griffin, RG; J. Mag. Res. Submitted

8.1 Introduction

Dynamic nuclear polarization (DNP) is a technique to enhance the polarization of nuclear spins
by several orders of magnitude and relies on the transfer of the high polarization present in the
electron Zeeman reservoir to the nuclear Zeeman reservoir. Accordingly, DNP accelerates
otherwise time-consuming experiments or allows observation of spins that are undetectable by
conventional magic angle spinning (MAS) nuclear magnetic resonance (NMR)'” and is rapidly
becoming a standard technique in chemistry, biochemistry, structural biology, and material
sciences®''. An essential requirement is that the samples contain electron spins in the form of
paramagnetic centers from which the relatively high Boltzmann polarization (~660 times larger
than 'H) can be transferred to the nuclear spins via microwave driven mechanisms reviewed
briefly below. In biochemical applications these paramagnets can in principle be endogenous
(protein free radicals '%), but are usually exogenously additions to the sample®. In the latter case
the paramagnetic polarizing agent (PA) is co-dissolved in a cryoprotecting glass forming solvent
together with the target molecule and both are randomly distributed in the frozen solution. If the
sample is heterogeneous the target molecule is in a spatially separate phase (e.g., nanocrystals,
amyloid fibrils or membrane protein dispersed in the cryoprotectant) from the polarizing agent.
Thus, in a heterogeneous sample, the enhanced polarization is transferred to the molecule of
interest by efficient 'H~'H spin diffusion across phase boundaries, an example being
amyloidiogenic nanocrystals such as GNNQQNY,™ ' and a polarization gradient can be
observed'®. More recently, heterogeneous samples were further exploited by Emsley and
coworkers in applications to microcrystalline analytes dispersed in an organic solvent'. In
addition, Lesage et al.'” and Kobayashi, et al.'® recently demonstrated that it is possible to
enhance the NMR signals at a surface and of small ligands bound to a catalytically active surface
or mesoporous material using DNP by wetting the surface with a solution containing the
polarizing agent. In contrast, in a homogeneous solution of small molecules'® or proteins,”® which
is the case considered here, the distance bridged via spin diffusion is short and a uniform

polarization enhancement of all spins in the solvent and of the target molecule is possible?'.
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Because polarizing agents must be present within the sample, nuclear spins are subject to
interactions with these paramagnetic species. These interactions can manifest themselves as shifts
of the nuclear Larmor frequencies due to hyperfine interaction with the electron spin as well as a
general shortening of the typical relaxation times encountered in solid state NMR. The former can
generally be neglected in MAS DNP, since nuclei subject to strong paramagnetic (first-order)
shifts are either filtered by the limited NMR excitation bandwidth or are broadened beyond
detection at temperatures around 80 K. Additionally, polarizing agents typically do not induce
significant pseudocontact (second-order) shifts due to EPR properties required for efficient DNP.
However, nuclei detectable in MAS DNP are subject to reduced relaxation times by incoherent
electron-nuclear interactions. These reduced T, and T,'s can be beneficial (e.g., shorter T,,’s that
allow for accelerated acquisition of NMR spectra) or detrimental (e.g., enhanced transverse
relaxation that broadens resonances and leads to reduced signal intensities). We observed both of
these effects in early experiments using the monoradical TEMPO?®, especially when the [e-]>40-
60 mM?. Importantly, observation of these intensity losses with monoradicals stimulated us to
develop biradical polarizing agents that function at significantly lower electron concentrations**
¥_ However, until now we have not performed a systemic investigation of the intensity losses
comparing the addition of mono and biradical polarizing agents during MAS experiments.
Therefore, it is important to investigate these effects using model systems for both homogeneous
and hererogeneous samples in order to optimize a variety of DNP parameters, sample preparation
methods, design of new polarizing agents, and further the development of DNP as a generally
applicable technique.

In this paper we report paramagnetic induced intensity losses and enhancements using four
polarizing agents - TOTAPOL, 4-amino-TEMPO, trityl (OX063), and Gd-DOTA -- in MAS DNP
experiments. We find that all four polarizing agents result in substantial improvements in
sensitivity, with enhancements from 11 to 139, and sensitivity enhancements of 15 to 226. The
polarizing agent TOTAPOL stands out because it results in the largest gain in sensitivity and does
so at a concentration of only 5 to 10 mM that has minimal impact on the resolution while
substantially reducing Tg, the build-up time.

An outline of the paper is as follows. In Section 2 we present a brief review of DNP mechanisms
and relaxation theory along with a discussion of the polarizing agents chosen for this study.
Section 3 describes the instrumentation, sample preparation, and details of data acquisition. In
Section 4, we discuss the results in the context of contemporary DNP MAS spectroscopy, along
with measurements of Ty, T, and T},. We also include in Section 4 a discussion of enhancement

factors, signal quenching, and overall sensitivity enhancement.
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8.2 Background and Theory

Mechanisms of DNP

In a MAS DNP experiment using continuous microwave irradiation, the electron-to-nuclear
polarization transfer occurs via two different mechanisms: solid effect (SE) and cross effect (CE)
which we briefly review.

SE DNP*? relies on formally forbidden excitation of electron-nuclear zero or double quantum
transitions. These transitions become partially allowed under the influence of non-secular electron
nuclear dipole coupling. In order to achieve a net-enhancement of nuclear polarization, either the
zero or double quantum transition is directly and selectively excited by irradiation with

microwaves of appropriate frequency, derived by the SE matching condition

@,, =0, 10, (8.1)

where @, is the microwave frequency and @, and @, are the electron and nuclear Larmor

frequencies, respectively. This selectivity can only be achieved efficiently if the overall breadth

of the polarizing agent’s EPR line — consisting of both the homogeneous linewidth é and
inhomogeneous breadth 4 — is smaller than the nuclear Larmor frequency: 5,A<w0 ;- This

prerequisite makes paramagnets with a narrow EPR line like trityl, ** BDPA *-*® or Gd-DOTA **
ideal polarizing agents for SE DNP.*

In contrast the CE DNP **** relies on three-spin flip-flop-flips between two electron spins and
one nuclear spin. The flip-flop-flip process is efficient if the net energy involved is vanishing, a

condition that is satisfied when the difference in the Larmor frequency of the two electron spins

@, , and @, matches the nuclear Larmor frequency:

0] .., =tw

0s1 082 (8.2)
In contrast to the SE, where the coherent transfer has to be extrinsically stimulated by application

07

of a microwave field, the coherent electron-nuclear transfer during CE DNP is intrinsically
excited by the dipole coupling between the electron spins. As a result, magnetization is
exchanged between the electron and nuclear spins even in the absence of microwave irradiation.
However, without extrinsic stimulation, no net polarization is transferred from the electrons to the
nuclei because the differential polarization of the two electron spins equals the absolute
polarization of the nuclear spin within the three spin system, and transfer rates leading to positive

and negative polarization enhancement that cancel one another. Upon selective (partial) saturation
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of one of the two electron spins, this equilibrium is perturbed and net polarization enhancement is
generated on the nuclear spin. Given the two electron spins are of equal or similar nature (e.g.,
two equal monoradicals are interacting in the glassy matrix or two similar radical moieties are
tethered in a symmetric biradical) the inhomogeneous breadth of the polarizing agent’s EPR line

has to exceed the nuclear Larmor frequency to satisfy 2 while its homogeneous linewidth has to
be smaller, so that one electron spin can be selectively saturated: o< w,, < A . This condition is

met in the case of nitroxide radicals, whose EPR spectra are broadened by the g-anisotropy of the
electron and of the N hyperfine interaction. In this case MAS introduces a further complication
because spin transitions shift in/out of resonance with the microwave frequency as several level

crossings occur during the rotor period. ***.

Electron-nuclear interactions during MAS DNP

During MAS nuclear spins are subject to coupling with the electron spins of the polarizing agent.
Nuclei and unpaired electron(s) within a short distance of one another are strongly coupled
leading to paramagnetic shifts and broadening, which effectively reduces the number of nuclear
spins detectable by NMR. Concurrently, nuclear spins detectable by NMR exhibit enhanced
paramagnetic relaxation. The shortening of T, and T),, even while only minimally impacting
resolution in inhomogeneously broadened spectra, leads to a faster decay of magnetization during
polarization transfer experiments that can reduce the efficiency of homo- and heteronuclear
mixing experiments. Therefore it is crucial to understand the concentration dependent impacts on
relaxation times induced by polarizing agents commonly used for MAS DNP.

The existing theory of paramagnetic enhanced relaxation of nuclear spins is mainly based on

5154 that invoke incoherent

concepts derived by Solomon and Bloembergen and Morgan
interactions between the dipole moments of electron and nuclear spins. Given the two spins

maintain fixed positions within a rigid lattice on average, the paramagnetic induced nuclear spin
relaxation rate for spin “i” I . Of asingle relaxation mode & scales as
}/2}/2(3coszt9—1)2 T
I:‘ oc §ii X ck

ik 6 2 2
r l-o,°7,

(8.3)

where the first term results from the dipole interaction between the spins, defined by the electron
and nuclear gyromagnetic ratios y and y,, respectively, the distance between the two spins r, and
0, being the angle between their orientation vector and the external magnetic field. The second

factor in 3 describes the relaxation dispersion of the particular mode k with its characteristic
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correlation time T and frequency w;. Note that typically several relaxation modes occur in

parallel, but as long as these are independent, their rates are additive to the final observed
relaxation rate.

Some of the models mentioned above are derived under conditions typically satisfied in liquids
(e.g. fast isotropic motional averaging due to molecular tumbling). At the other extreme are
models that apply to a rigid lattice in which it is assumed that local field fluctuations caused by
electron flips are the dominant source of paramagnetic relaxation >">. In particular, Blumberg has
shown that internuclear spin-diffusion plays an important role in longitudinal relaxation in solids
doped with paramagnets. However, these models do not account for electron-electron
interaction or fluctuations in the local field at the nucleus caused by dynamics of nuclei in the
local field gradient of the electron spin or by MAS, Accordingly, they are not generally
applicable to paramagnetic relaxation effects of nuclei in dielectric or rotating solids. An analytic
or numerical derivation of relaxation in DNP samples would need to consider static and dynamic
interactions of secular and non-secular nature between electrons, between electrons and nuclei, as
well as between nuclei, all of which span a wide range of magnitude and time-scale. In the
absence of a model to treat these effects, we can rely on empirical relaxation data for different

DNP polarizing agents.

Properties of the polarizing agents

We studied the paramagnetic relaxation effects induced by varying concentrations of TOTAPOL,
4-amino-TEMPO, trityl OX063, and Gd-DOTA in MAS DNP experiments. Each of these
paramagnets (see Figure 8.1 for their chemical structures) is representative of a certain group of
polarizing agents active under different DNP mechanisms. Nitroxide-based polarizing agents
enable CE DNP with TOTAPOL being an example of a biradical that allows for a relatively
strong intramolecular e-e dipolar coupling at low e- concentrations®. In contrast, the
monoradical 4-amino-TEMPO requires high concentrations in order to provide the required
intermolecular coupling and efficient CE *. Trityl OX063 * is a radical with a narrow EPR line
that is commonly used for SE DNP *» ¥ and Gd-DOTA * represents the group of recently
introduced high-spin polarizing agents also supporting the SE *. In the following sections we
report the major differences between these polarizing agents and their respective DNP

mechanisms, together with the expected effects on nuclear spin relaxation.
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Figure 8.1. Polarizing agents investigated in this study.

TOTAPOL (1-(TEMPO-4-oxy)-3-(TEMPO-4-amino)propan-2-ol) was introduced by Song et al.
as an efficient biradical polarizing agent for CE DNP 2 27444 Dye to the fact that the CE
relies on efficient cross-relaxation (CR) between one electron spin and an electron-nuclear spin
pair (vide supra), one expects a pronounced effect on the paramagnetically induced nuclear T,.
Note that the same CR mechanism allowing for CE DNP also leads to efficient paramagnetic
relaxation by providing a coherent pathway for nuclear magnetization to the bath via the energy
difference of the two electron spins. The e™-¢” dipole coupling is ~23 MHz 7.
4-Amino-2,2,6,6-tetramethylpiperidine-1-oxyl (4-amino-TEMPO, TEMPAMINE) is a stable,
water-soluble, nitroxide radical that exhibits a very similar EPR spectrum to TOTAPOL at
140 GHz * ** * % Therefore, the CE is also the active DNP mechanism; however, the two
electron spins are located on separate molecules and the crucial e-e" dipole coupling is
intermolecular rather than intramolecular. Obviously, the strength of the dipole coupling and
hence the efficiency of CR depends strongly on the molecular concentration of the radical in the
cryoprotecting matrix, which at 40 mM is ~2 MHz ¥

The stable trityl radical OX063 exhibits a narrow EPR line of ~50 MHz width at 140 GHZ>* .
due to a small g-anisotropy. The chance of energy matching an electron-electron-proton triplet is
small so CR is quenched at high field, and in this case 'H DNP can be driven by the SE.
Paramagnetically enhanced spin-lattice relaxation is caused by local magnetic field fluctuations
by random spin flips of the electron spin or by dynamic motion of the nucleus in the local

magnetic field gradient of the electron spin.
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Gd-DOTA is an extremely stable Gd(III) complex formed by the macrocyclic chelating derivative
1,4,7,10-tetraazacyclododecane-N,N',N",N""-tetraacetate (DOTA) and exhibits a high-spin state of

$=7/2 due to the 4f  electronic structure of Gd™, which potentially leads to strong

paramagnetic relaxation effects ** ** . The electron spin of Gd* generally experiences a
significant zero-field splitting (i.e., electron quadrupole interaction) in the ligand field, with an
axially symmetric tensor described by the single constant D = 570 MHz . This interaction leads
to a dispersion of the full EPR spectrum over almost 7 GHz. However, because of the half-integer
spin state, the central EPR transition (ms=-1/2 — +1/2) is not influenced by zero-field splitting
to first order and exhibits a full width at half maximum (FWHM) of only ~29 MHz at the
magnetic field of interest (5 T) *. In a previous study we have shown that this narrow transition
can be exploited for SE DNP, whereas no signs of CE DNP have been observed®®. The absence of
CE DNP does not, however, automatically indicate that CR is inactive as well. For example, for a
very broad EPR line (i.e. the inhomogeneous width greatly exceeding the nuclear Larmor
frequency), positive and negative CE conditions cancel each other, leading to negligible CE DNP
enhancement; CR might still be active and might lead to efficient relaxation of nuclear
polarization toward thermal equilibrium. Nevertheless, we expect CR to be less efficient with Gd-
DOTA due to the fact that the probability of finding two dipolar coupled Gd** sites in the correct
orientation and spin states to fulfill the CE matching condition 2 is small, especially in low
concentration solutions investigated in this study.

For a further discussion of DNP and its mechanisms, we refer the reader to excellent work on
DNP as such by Abragam and Goldman, ® and reviews about MAS DNP by Maly er al.,'° and
Barnes et al.®. Hu has recently published an excellent review focusing on polarizing agents and

the related DNP mechanisms ¥,

Transverse paramagnetic relaxation

Existing theories of transverse relaxation are either based on assumptions of fast isotropic
averaging of spin-spin interactions or on spin-spin interactions in a rigid lattice 5"**. The former
are not generally applicable to glasses at typical MAS DNP temperatures where the nuclear spins
experience static spin-spin interactions. Relaxation behavior of low-y nuclei (e.g., C) is further
expected to be influenced not only directly by couplings to paramagnetic centers, but also
indirectly by coupling to a pool of highly abundant 'H spins, which is most often the case in
biological systems. Although low-y nuclei are normally decoupled during NMR experiments

from 'H by strong rf irradiation, the efficiency of decoupling is typically finite.
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8.3 Methods

Instrumentation

All DNP NMR experiments were performed on a custom-built NMR spectrometer operating at
212 MHz ('H frequency), courtesy of D.Ruben. A custom-built MAS NMR probe allowed for
MAS at cryogenic temperatures (7 = 80 K) and features a triple resonance rf circuit ("H, *C, *N)
and efficient microwave coupling to the sample using overmoded corrugated waveguides (similar
to a design published by Barnes et al.**). The probe has a cryogenic sample exchange system that
allows efficient screening of multiple samples. A detailed description of the probe will be
published elsewhere. Microwaves were generated with a gyrotron oscillator operating at
139.65 GHz with a maximum output power of ~13 W %%, Because the gyrotron operates at a
fixed frequency, the magnetic field was swept to the optimal matching condition for each
polarizing agent with a cryogenic sweep coil. Optimal DNP fields were determined in previous
studies “* *®¥, being 49798 T for TOTAPOL and 4-amino-TEMPO, 4.9891 T for trityl, and
5.0178 T for Gd-DOTA. Due to their relatively narrow DNP matching conditions, trityl and
especially Gd-DOTA require careful adjustment of the magnetic field in order to optimize the
enhancement. EPR spectra were recorded on a custom-built pulsed EPR spectrometer operating at

140 GHz. A detailed description of that instrument was published recently *.

Sample preparation

All samples were prepared by dissolving an appropriate amount of polarizing agent in a mixture
of dg-glycerol/D,0/H,0 with a volume ratio of 60:30:10 to which 1 M “C-urea was added to
provide the required "C for detection of the non-DNP-enhanced signal (off-signal) in 16-128
scans at sufficient S/N for accurate determination of enhancement factors. Samples with varying
polarizing agent concentrations were prepared by diluting the most concentrated solution with
undoped solvent mixture. All isotope labeled compounds were purchased from Cambridge
Isotope Laboratories, Inc. (Andover, MA) and were used without further purification. TOTAPOL
was acquired from Dynupol, Inc (Cambridge, MA). We found that TOTAPOL when properly
purified and dried is soluble to a maximum concentration of ~50 mM in 60/40 (v/v)
glycerol/water mixtures. In contrast to previous reports * we have never been able to achieve
concentrations of 200 mM. 4-Amino-TEMPO from Sigma-Aldrich (St. Louis, MO) was used
without further purification. Trityl OX063 was from Oxford Instruments and Gd-DOTA
(Na(Gd[DOTA)-4H,0) was provided by C. Luchinat and I. Bertini (CERM, Florence, Italy).
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Spectra comparing the intensity of static and MAS experiments were obtained from samples
composed of dg-glycerol/D,0/H,0 with a volume ratio of 60:30:10 containing 2-">C-glycerol.
Since the static”°C powder pattern of “C-urea is 18 kHz in breadth, we used 2-C-glycerol which
has line of ~5 kHz. The samples were doped with 20 mM electrons, either 10 mM TOTAPOL or
20 mM trityl.

Data acquisition and analysis

Samples for DNP NMR studies were contained in a 4 mm OD sapphire MAS rotor from Insaco
(Quakertown, PA). The axial sample dimension was restricted by the length of Vespel spacers to
the central ~4 mm inside the 8 mm long coil volume. All experiments have been performed using
a MAS frequency of w/2m =5 kHz at a temperature of 84 K. Approximately 8 W’s of microwave
power (measured at the probe input) were used for all DNP experiments, and signal intensities
were detected on °C after a cross-polarization (CP) step from 'H with 2 ms contact time and
/27 = 83 kHz. Polarization on 'H and "°C was first saturated with a 16-pulse train applied to
both channels (w,/2n = 50 kHz) after which polarization built up during a microwave irradiation

period. The length of this period was varied for determination of the longitudinal DNP build-up

time constant Ty (or the longitudinal relaxation time constant T’ in the case of the undoped

samples). All other experiments were performed using a fixed recovery period of 1.26 x Ty (or
T7"), thus allowing for optimal sensitivity in a given experimental time. T, was determined by

measuring the decay of polarization during a rotor-synchronized Hahn-Echo sequence. Two-pulse
phase modulation (TPPM) * was used for 'H decoupling with an rf field strength corresponding
to w,/2n =83 kHz during T, evolution and acquisition. 'H T,, was measured by a spin-lock
experiment before the CP sequence, whereas “C T 1o Was determined by measuring the
magnetization decay during a ">C spin-lock after the CP transfer step. In the latter case no 'H
decoupling field was applied since application of typical decoupling fields avoiding Hartmann-
Hahn matching resulted in significant shortening of >C T},. All spin-lock pulses were limited to a
maximum duration of 20 ms to prevent extensive energy dissipation in the rf circuit and potential
arcing. A timing diagram containing all pulses is shown in Figure 8.2. Relaxation or build-up
time constants were determined by least-square fitting the signal amplitude (after Fourier

transform of the FID/echo) with an exponential function.
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Figure 8.2. Pulse sequence used for relaxation time measurements. The 'H and "*C spin-lock pulses as well
as the Hahn-echo sequence were only used for the respective T, and T, experiments; the pulses not needed
for certain experiments having been disabled accordingly. The pathway of polarization transfer has been
marked by red arrows. The saturation pulses were phase alternated between 0 and 90° phase angle. A phase

cycle of @ =xX, @, =yyyy, ;=Y , @, = XXyyXXyy , @; =Xxyy , ¢, =xxyy ,and @_ = yyxXyyXx was
used in order to suppress unwanted coherences and artifacts due to experimental imperfections.

EPR experiments were performed on the same sample solutions used for DNP NMR experiments
at a temperature of 80 K. Due to a more complicated and time consuming sample changing
procedure -- the EPR probe has to be removed from the cryostat, warmed up completely to
ambient temperature, and dried to avoid build-up of humidity before returning it into the cold
cryostat — the sample space was limited to 3 samples of each polarizing agent. For each
compound the smallest, the largest, and an intermediate concentration was chosen. For
determination of T,s a saturation recovery experiment was performed using a long continuous

wave (cw) irradiation period followed by a recovery period of varying time during which
longitudinal magnetization is built-up and read-out using a Hahn echo sequence ﬂ/ 2-T-m—-7T

. Although being theoretically inferior to inversion recovery in terms of sensitivity, saturation
recovery minimizes effects of spectral diffusion interfering with longitudinal relaxation due to the
incomplete excitation of inhomogeneously broadened spectra. The resulting polarization build-up
curve can be fitted using a monoexponential, directly yielding the longitudinal relaxation time
constant T;s. The transverse relaxation time constant 7,; was determined using a Hahn echo
experiment with a pulse sequence ﬂ:/ 2—T—m—7T that varies the time 7 during which
transverse relaxation is occurring. However, in systems with large electron spin concentration and
therefore significant electronic spin-spin couplings the transverse magnetization not only decays
due to T but also evolves under these couplings; thus care has to be taken to sufficiently refocus
these couplings. Otherwise a combination of transverse relaxation and interelectronic spin
evolution results in a shortening of the measured echo decay time constant, described by the

phase-memory time T,. In order to determine the actual T,;, we measured T, for various
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microwave field strengths and respective pulse lengths and extrapolated the decay time constant
to infinite pulse length (see Fig.S10). This extrapolated value represents the echo decay time
constant for an infinitely selective (soft) excitation of a single spin packet and therefore T.

All data recorded and analyzed is compiled in Tables S1-S5 in the supporting information.

8.4 Results and Discussion

In Figure 8.3 we show the signal intensities in MAS NMR spectra from an undoped sample of
"*C-urea in glycerol/water and spectra enhanced by each of the four PA’s with respect to the non-
enhanced (off-) signal. The enhanced signal spectra were recorded using the PA concentration
yielding the largest enhancement. As can be seen in Figure 8.9 these concentrations also led to
the maximum sensitivity for each polarizing agent.

The signal at 175 ppm in Figure 8.3 is the carbonyl group of urea used to measure all of the
relaxation, quenching, and enhancement parameters in the text. Signals from 120-150 ppm arise
from Vespel and Kel-F used in the rotor and stator assembly, and as expected are not altered by
the presence of the polarizing agent. The urea spectrum is inhomogeneously broadened, as
expected from a small molecule resident in a glass, and high electron concentrations of ~60 mM

are needed in order to observe noticeable changes in the linewidth.

a) b) c) d) e)
TOTAPOL 4-amino-TEMPO trityl (OX063) Gd-DOTA
c=10mM c=60mM c=40mM c=5mM
T,=45s T,=16s T,=240s T,=175s

£=139 £=107 £=62 &e=MNn
undoped E=226 E£=133 E=45 E=15
T,=556s A
mw on
Y | GO — N~ o~ N~ _/k/N_
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200 15 100 200 150 100 200 150 100 200 150 100 200 150 100
3C Chemical Shift (ppm)

Figure 8.3. DNP enhanced *C-'H CP spectra of *C-urea in 60/30/10 (vol.-%) dg-glycerol/D,0/H,O for (a)
signal of the undoped sample at equilibrium and (b-e) for each polarizing agent as labeled at the optimal
concentration, for maximum enhancement and sensitivity. Off-signals are shown at the same scale and
multiplied by a factor of 10. Spectra were recorded with a recycle delay of 1.26xT; and were scaled in
order to correct for variations in spectrometer sensitivity as described in supporting information. @/2r= 5
kHz, T=84 K.

Evident in Figure 8.3 is a paramagnet induced reduction in the off signal intensity. In
order to explore the physical basis for this signal quenching, we determined the equilibrium
signal intensity of a 20 mM trityl sample and a 10 mM TOTAPOL sample under both spinning
and static conditions (Figure 8.4). We anticipated that for TOTAPOl, MAS would result in
additional quenching due to CE depolarization of the nuclear spins. This is caused by an

equalized polarization across the EPR spectrum (electron electron nuclear level crossings) under
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MAS** ®, In the case of trityl, CE condition is not met for 'H and this mechanism is not active.
Interestingly, additional signal loss was observed for both TOTAPOL and trityl under MAS,
accompanied by a reduction in the nuclear T1, pointing to the importance of another mechanism
of quenching.

1.0 4

0.8 -

0.6 -

0.4 <

0.2-

0.0 4

Relative Intensity

static MAS static MAS static MAS
undoped trityl TOTAPOL

static MAS static MAS static MAS
undoped trityl TOTAPOL

Figure 8 4. Equilibrium signal intensity (top) and T1 (bottom) are compared for a 20 mM trityl sample and
a 10 mM TOTAPOL sample under static and MAS conditions. The spinning frequency was set to 4975 Hz,
and spectra were recorded at 380 MHz. The sample was 30/30/30/10 D8 glycerol/ 2-*C, D8 glycerol/ D,O /
Hzo-

Determination of paramagnet induced relaxation rates

In order to separate relaxation effects induced by paramagnetic polarizing agents from those
intrinsic to the sample sans polarizing agent, we calculate the paramagnetic relaxation rate by
subtracting the intrinsic relaxation rate of the undoped sample from the measured overall

relaxation rate:
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F=r-r=3i_1

B B 1 TB 7’;°’ (84)
- . 1 ’
F2=F2—F2=——i°,

I, T,

where I s r ;- and I : denote the paramagnetically induced relaxation rate constant, the
observed overall relaxation rate constant, and the relaxation rate constant intrinsic to the undoped
sample, respectively. The same nomenclature is applied to relaxation time constants T, ,and T’ .
For DNP samples, we use the subscript ‘B’ to describe the longitudinal DNP build-up rate and

time constant. Tlp greatly exceeded our maximum spin-locking time and was not measured.
Accordingly we conclude I'| ,>I lop in all cases and estimate

- . 1
F1p=Flp—Flsz1p=f (85)
P
without significant error. Further details on the determination of T), are provided in the

appropriate section below. All paramagnetic induced relaxation rates are plotted in Figure 8.5.

T4 relaxation and build-up of polarization

Electron spin concentration dependent build-up time and rate constants are shown in Figure 8.5.
For the undoped sample, the 'H T® was measure as ~54.6 s.! Clearly all the paramagnetic

samples show a significant reduction of Ty with respect to T, as is expected. Interestingly,
TOTAPOL shows the largest reduction of T of all the polarizing agents. Even at [e] =4 mM
(2 mM molecular concentration), Ty is reduced by a factor of ~3 with respect to 7,. With spin
concentrations of 10-20 mM commonly used for MAS DNP, T; is reduced ~12-30 fold, and at
80 mM it is ~65 fold. This pronounced effect is attributed to the efficient nuclear CR, which also
is responsible for CE DNP. Although 4-amino-TEMPO exhibits an EPR spectrum essentially
identical to TOTAPOL with a comparable T (see Figure 8.6), it leads to a significantly smaller
effect on the polarization build-up time constant at low concentrations. This is due to the fact that

CR induced by 4-amino-TEMPO relies on intermolecular couplings between nitroxide moieties

' We measured 77 =61.6 s for the 4-amino-TEMPO and 5 mM trityl samples prepared from the second

stem solution. All build-up time constants are scaled to 7, =61.6s using the relation

YT, -YT,, =T, YT, .

192



which are weaker particularly at low molecular concentrations. Even at the largest concentration
investigated the average radical-radical distance at 60 mM is ~30 A, which corresponds to dipolar
coupling of only ~2 MHz compared with the intramolecular coupling of ~25 MHz present in
TOTAPOL?. Trityl induces only a relatively minor reduction of T; even at a higher
concentration, because the narrow linewidth of trityl does not mediate efficient energy conserving
CR. Longitudinal paramagnetic relaxation relies mostly on a fluctuating dipole field at the nuclei
caused by electron spin flips or motion. The long T\ (see Figure 8.6) and rigidity of the glassy

matrix also translates into inefficient longitudinal paramagnetic relaxation efficiency.

O undoped

<> TOTAPOL

O 4-amino-TEMPO
A  trityl OX063
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H T, (s7)
o
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Electron Spin Concentration (mM)

Figure 8.5. "H DNP build-up time constant Ty (top) and paramagnetically enhanced buildup rate constant
i p according to eq. 8.4 (bottom) as a function of electron spin concentration of various polarizing agents.

r p includes PRE as well as DNP effects (for details see text).

Although CR is expected to be inefficient for GAd-DOTA, there is a strong reduction in Ty. At [e']
>10 mM Gd-DOTA induces relaxation rates larger than TOTAPOL. Thus, the S = 7/2 spin state,

subject to significant static zero-field splitting in conjunction with the short 7' of the high-spin
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system (see Figure 8.6), leads to a significant decrease of Tg. This is the case even though cross-
relaxation and the CE do not seem to be active with this polarizing agent and SE is the dominant
DNP mechanism. Note that we measured a bi-exponential behavior of electron spin-lattice
relaxation for Gd-DOTA and give a fast and a slow relaxation time constant in Figure 8.6 as well

as Table S5. This behavior was reported previously by Goldfarb and coworkers®.
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Figure 8.6. Electron spin longitudinal relaxation time constant T,s (top) and transverse relaxation time
constant 75 (bottom) as a function of electron spin concentration of various polarizing agents measured at
140 GHz EPR frequency. Data of trityl and Gd-DOTA have been measured at the maximum of the EPR
line. TOTAPOL and 4-amino-TEMPO was measured at four different field positions (4980, 4986, 4994,
and 4998 mT; for a figure showing the field position with respect to the EPR spectrum see SI, Fig. S9);
data points represent the average (mean) value, error bars indicate the maximum and minimum value. If no
error bar is given, the difference between the minimum and maximum value is smaller than the data
symbol.

Generally a short Ty is beneficial since it allows for rapid recycling of the NMR experiment and

therefore higher sensitivity ™, and the sensitivity increase due to a shorter of Tj with respect to

T is expressed as
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K= L. (8.6)

This factor x° is not to be confused with the decrease of Ty with respect to 7, (i.e., the
longitudinal relaxation time without microwave irradiation) within one sample by excitation of

SE DNP as was described in our earlier publications*> . Here, we focus on the effects by

paramagnetic relaxation and compare Ty under DNP conditions with 7. of a different sample not

containing a polarizing agent.

At the same time, the more efficient longitudinal relaxation competes with polarization build-up
by DNP and leads to smaller observed enhancement. It is important to distinguish between
polarizing agents that mediate the CE and those that operate solely by the SE. While for the SE
paramagnetically accelerated nuclear spin-lattice relaxation always prevents development of large
DNP enhancements,*” ¥ the same is not true for the CE. In the latter case the major part of the

strong reduction of Ty is due to CR and indicates an efficient DNP process and leads to large

enhancement factors. Clearly, the enhancement factor alone understates the sensitivity gain of CE

DNP radicals such as TOTAPOL when compared with SE DNP and x° should always be taken

into account when considering DNP efficiency.

T, and homogeneous linewidth

The paramagnetic effects on the nuclear T, do not show as strong a dependence on the nature of
the paramagnet as is observed for 7, (see Figure 8.7). Because the intrinsic T2 might be
significantly different in other samples of biological interest and since relaxation rates are
additive, the paramagnet-induced transverse relaxation rates r , are also reported as a more

intrinsic measure of paramagnetic effects. The high-spin Gd-DOTA shows a slightly stronger

influence compared to the S = 1/2 radicals, especially at lower concentrations. For the §=1/2
monoradicals, I , fall within a narrow region so that differences between the polarizing agents

can be neglected. The TOTAPOL biradical exhibits about only half of the reduction in T,
compared to the monoradicals at similar electron spin concentration, indicating that the molecular

concentration plays the dominant role in dephasing of nuclear coherence and the biradical
character can more or less be neglected. For all PA’s r , shows a strong approximately linear

increase with higher polarizing agent concentration. The similarity of transverse relaxation rates

induced by different polarizing agents with different electronic spin relaxation properties
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indicates that a mechanism independent of electronic spin-flips is governing the paramagnetic 75,
pointing to modulation due to MAS or dynamic motion of the nuclei within the magnetic field
gradient of the electron spin as the cause of transverse relaxation; however, the exact nature

cannot be determined using the presently available data.
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Figure 8.7. °C transverse relaxation time constant 7, (top) and the related rate constant I’ , according to

eq. 8.4 as a function of electron spin concentration of various polarizing agents.

Quantitatively, the °C T, of the paramagnetically doped samples is reduced to about 50% of that
of the undoped sample at around 10 mM polarizing agent concentration. This is an important
consideration when optimizing sample conditions since a short 7, not only leads to faster
magnetization decay during transverse mixing and therefore lower sensitivity, but also leads to
increased homogeneous broadening and reduced resolution. Recall that the homogeneous full
width at half maximum (FWHM) is 6/2m =1/#T, (in units of radians). For the undoped
sample, we measured T,=15.6 ms corresponding to a homogeneous line width of 20 Hz, or

~0.4 ppm at the "°C frequency of 53.3 MHz. For a polarizing agent concentration of cp, = 10 mM,
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the average 7,~7.5 ms, yielding 6/2m =42 Hz (~0.8 ppm). If the concentration is increased to
20 mM, the average T,~4.5 ms, resulting in a homogeneous line width of 70.7 Hz (~1.3 ppm),
which can potentially lead to significant line broadening. Note that the homogeneous line widths
in ppm decrease linearly with increasing magnetic field; therefore, the effects in this study
conducted at B, =5 T are larger than at 17.4 T where the observed homogeneous line width for
10 mM polarizing agent concentration would correspond to only ~0.2 ppm, assuming a similar 7.
Since spectral broadening at cryogenic temperatures has been empirically found to be dominated
by inhomogeneity”, the additional broadening by shortening of T, will most likely be a minor
effect, especially at high field. This is experimentally supported by a previous study performed at
9T (380 MHz 'H, 95.6 MHz "C), where it was possible to resolve cross peaks with a width of
~1 ppm of the active site of bacteriorhodopsin (bR) using DNP, even when [TOTAPOL]
=20 mM ?'. However, in the case of bR, the biradical was sterically excluded from the active site
by distance of =20 A. In contrast, Akbey et al. described an example where TOTAPOL was
presumably binding to the unfolded aS-SH3 domain, leading to a significantly increased
linewidth of the protein resonances, especially if >C was directly polarized and detected during a
Bloch decay instead of using a “filtering” 'H~">C CP step %. Thus, a bulky biradical polarizing
agent which is sterically separated from the NMR sites of interest is requisite for maintaining

resolution, and concurrently achieving large ¢.

Ty, relaxation

T\, measurements are shown in Figure 8.8 for 'H and "*C in spin-lock fields of 50 kHz. T,, was
not determined precisely for the undoped sample but we ascertain that it is >20 ms because of the
absence of detectable decay. Both 'H and C show a very similar behavior at w,; /27 = 50 kHz

spin-locking fields. Increasing the spin-lock field strength to 100 kHz (see Fig. S7) leads to a

two-fold decrease of I' p for all polarizing agents and concentrations investigated, indicating

linear relaxation dispersion in that field regime. Gd-DOTA shows a very high r ip €ven at low

concentrations most probably due to the high-spin properties, whereas the biradical character of

TOTAPOL leads to low I', even at high electron spin concentrations. It is noteworthy that 4-

lp
amino-TEMPO and trityl show similar r p ’s at their respective concentrations. This differs from

the T behavior, where we observed a more pronounced reduction by 4-amino-TEMPO. Clearly,

previous arguments we made in order to explain the differences in T behavior do not apply to T,
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relaxation; in this case, the spin-locking frequency is much smaller than the linewidth of either
polarizing agent. Longitudinal relaxation, on the other hand, requires energy matching on the
order of the nuclear Zeeman frequency w,, = y,B,, in which case all previous arguments about

greatly different inhomogeneous EPR line widths and differences in cross-relaxation have to be

considered.
,x < TOTAPOL
. 1500 - ' O 4-amino-TEMPO
N N A trityl OX063
E 1 ' X Gd-DOTA
< 1000 i
3 '
S— by ' A
= X o
e 500 . g;,"__ﬂ ) @

i X
1004 K
’f‘T 80"‘ 'l
E b .
8 60 — r' 'A
< ] X -
i 40 " -t 2 ’@
- 204 R ~ o

4 X é';:::_g

O-m‘r T T T T T T T T T T T

1 I
0 10 20 30 40 50 60 70 80
Electron Spin Concentration (mM)

Figure 8.8. 'H (top) and "*C (bottom) I 1, ata spin-lock field of wg /2= 50 kHz as a function of electron

spin concentration of various polarizing agents.

A quantitative comparison of r Ip shows that the relaxation rates uniformly differ by a factor of

~16 between 'H and "C at the same spin-locking field strength for all polarizing agents and
concentrations. This behavior indicates that a direct paramagnetic effect is responsible for

transverse relaxation in the rotating frame, which scales as yf following 3. Therefore, relayed

effects where paramagnetic enhanced relaxation of 'H induces relaxation of "*C can be neglected.

This is further supported by the observation that a spin-locking field of 50 kHz applied to "*C
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sufficiently attenuated '"H-"C interactions while the application of additional 'H decoupling fields

during the °C spin-lock lead to shortening of Ty, in all cases.

DNP enhancement factor

An important measure of the efficiency of DNP is the enhancement factor &, which is determined
as the amplitude ratio between the DNP-enhanced and the non-enhanced signal (on- vs. off-
signal). Measured enhancement factors are shown in Figure 8.9 (top). Here the efficiency of
TOTAPOL biradical as a CE polarizing agent is quite obvious because it yields very high ¢ even
at low [e-] (<20mM). Trityl shows slightly larger enhancements than 4-amino-TEMPO for
concentrations <40 mM. At higher concentrations, the larger intermolecular electron-electron
dipole couplings improve the CE efficiency, thus causing the CE with 4-amino-TEMPO to yield
much larger € than trityl. However, the DNP enhancements at high radical concentration are
accompanied by compromised nuclear coherence times (vide supra) and reduced off-signal
amplitudes (vide infra), a fact that greatly emphasizes the advantage of biradical polarizing
agents. Gd-DOTA shows the smallest enhancements with € = 11, and we therefore do not expect
general applicability of this polarizing agent in typical MAS DNP experiments commonly
performed today. However, paramagnetic metal ions might lead to novel applications of DNP,
such as investigation of metal centers in enzymes or catalysts in which the benefits of specific
localization of the electron spin near the site of interest may be more important than achieving the

largest overall enhancement.
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Figure 8.9. Characterization of sensitivity gain by DNP. 'H DNP enhancement € (top), relative off-signal
intensity not affected by paramagnetic bleaching 1-£ following eq.8.7 (middle), and effective DNP
sensitivity gain E according to eq.8.10 (bottom) as a function of electron spin concentration of various

polarizing agents.

If absolute enhancement factors are of interest, the superiority of the CE is somewhat exaggerated
due to significantly different power dependencies between CE and SE. Enhancements were

measured using a moderate microwave power of 8 W which we have recently shown that the
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enhancement is still not saturated . The SE is also far from that condition due to the low
transition moment of the electron-nuclear double-quantum transition. In a previous study we
observed signal enhancement factors of up to 92 using trityl under similar conditions but higher
microwave power “°; We have observed Gd-DOTA enhancement factors of ~20 at the highest

microwave power available (data not shown).

Signal quenching

Although the enhancement factor ¢ is an easily comparable and a convenient measure for DNP
efficiency, it does not incorporate the reduction in the polarization build-up time constant leading
to an additional increase of sensitivity due to faster signal accumulation. Concurrently, a certain
amount of the signal amplitude is attenuated (quenched) by interactions with the polarizing agent.

Accordingly, we introduce the quenching factor
I

=1-—, 8.7
¢ Iz 8.7

where [ is the off-signal amplitude of the doped sample and /° is that of the undoped sample. In

Figure 8.10 (middle) we plotted (1-&) for various concentrations of the four PA’s. We measured
the amplitude rather than the area of the peak since amplitude is the most significant measure of
signal/noise and hence sensitivity.

In a CPMAS experiment this quenching can have several causes: (i) NMR signals of certain
nuclei are shifted outside the excitation or detection bandwidth by paramagnetic shifts, (ii) the
amplitude of the NMR signal of the detected nucleus is decreased due to homogeneous
broadening by transverse paramagnetic relaxation, (iii) spin-locked coherence of the abundant
(proton) spins is decaying during the CP contact time by enhanced T, relaxation, or (iv) level
crossings due to MAS along with cross effect deplete polarization. We cannot distinguish among
these signal quenching mechanisms by a simple CPMAS experiment. Nevertheless, the overall
signal quenching we observe fits a simple model, which is qualitatively very similar to a

treatment introduced by Lange et al. ¥

. We assume a certain volume around the polarizing agent
inside of which all NMR signals are quenched, whereas outside this volume there is no signal
reduction. This approximation allows us to semi-quantitatively compare the quenching effects of
different polarizing agents. The model is simplified in that quenching is expected to be a
continuous process with larger effects closer to the electron spin due to larger paramagnetic shift
and increased relaxation broadening. Since the paramagnetic interactions are highly non-linear in
nature (couplings scale with > and relaxation scales with r®), it is valid to assume a steep

increase in signal quenching as the distance between the nuclear and the electron spin is reduced,
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Justifying the validity of the simplicity of the model. The model does not take into account
depolarization due to CR and electronic level crossings during sample rotation*> ¥, Following a
simple mathematical model”, we introduce a void volume V of arbitrary shape around a PA
inside of which no signal is observed. If we assume a random uncorrelated distribution of
polarizing agent, and allow void volumes to overlap, the signal quenching can be described as
E=l-e" =1-¢ ", (8.8)
where n is the number density of polarizing agent molecules, N, is Avogrado’s constant and cp, is
the polarizing agent concentration. Due to the binary nature of this model (spins are either outside
of any void volume or inside a volume created by one or many voids), it does not account for
enhanced effects due to couplings of one nuclear spin to two or more electron spins or effects
relayed by another nuclear spin. Also effective concentration changes due to polarizing agent
molecules are neglected. This is a valid simplification because the maximum effective volume
any polarizing agent occupies in the sample is expected to be less than 5 % even for the samples
containing 60 mM of polarizing agent. In Figure 8.10 we show the empirical signal quenching
factor induced by various concentrations of the four PA’s together with an exponential fit using
the model. Signal quenching by all polarizing agents except TOTAPOL follow an exponential
reduction within margin of error (see Fig. S8). The effective void volumes are 29 and 41 nm® for
trityl and 4-amino-TEMPO, respectively, which correspond to similar quenching radii of 1.9 and
2.1 nm, respectively for a spherical volume. For the § = 7/2 Gd-DOTA, the void volume is 133
nm’, corresponding to 3.2 nm quenching radius. Signal quenching induced by TOTAPOL shows
an initially steep concentration dependence at low concentration after which there is a leveling
effect at higher concentrations. Even though the exponential fit is of poor quality, we can extract
a void volume of 105 nm® around each TOTAPOL molecule, yielding to a quenching radius of
29 nm. This behavior might be caused if TOTAPOL molecules have a propensity to self
associate at higher concentrations, thus increasing overlap of void volume. More likely it is
caused by the fact that TOTAPOL is a biradical in which the strong electron-electron dipole
couplings mediate efficient CR even at low concentrations. 4-amino-TEMPO at concentrations of
40 mM and higher seem to show a similar effect, where the signal quenching is slightly more
pronounced compared to trityl at the same concentration. Although the significance of that
difference in quenching factor is too small to certainly determine CR as the clear cause of the
effect, it is in agreement with depolarization due CR and electronic level crossings during MAS.
Secular dipole interactions have an orientation dependence proportional to (3cos?6—1), where @ is
the angle between the vector connecting the electron and nuclear spin and the external magnetic

field direction, and this should be incorporated into our model for the void volume. However, if
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we neglecting this orientation dependence and approximate it as a spherical shape, we can derive
a characteristic quenching distance (Figure 8.10). Again this distance is understood not to be a
hard quenching barrier. Spins within a shorter distance to the electron spin may still be detectable,
but they experience a higher than average signal attenuation, whereas spins with a longer distance

exhibit a relatively low attenuation.

1.0 4 & TOTAPOL
. O 4-amino-TEMPO
0.8 - A trityl OX063
1© X Gd-DOTA

0.6 S
i _O
0.4 -
0.2 5
| <
004+ T T T T T

T
0O 10 20 30 40 50 60 70 80

Cs X4/S(S+1) (mM)

Figure 8.10. Relative off-signal intensity not affected by paramagnetic quenching (1-£) as a function of the
electron spin concentration ¢y normalized to the absolute magnetization of each electron spin. The red line
indicates an exponential fit according to eq. 8.9.

In addition, we include the electron spin quantum number of the polarizing agent to show that in

the case of all monomeric radicals the void volume around each radical molecule is proportional
to the absolute magnetic moment of the electron spin, which is proportional to ,/S (S + 1) as can
be seen in Figure 8.10. Here, we fitted a single exponential function following

§ = e—NAcS S(s+1)p (8.9)
to the experimental data of all samples plotted against cg /S (S + 1) , where ¢ is the

concentration of electron spins. Except for the two highest concentration samples of 4-amino-
TEMPO and all concentrations of TOTAPOL (which have been excluded from the fit) there is
semi-quantitative agreement between all data points and the fitting function. Therefore we can

conclude that signal bleaching can be described by a single parameter for trityl, Gd-DOTA, and
for concentration of <40 mM of 4-amino-TEMPO. This parameter is 32 nm’ x,/S (S+1) ;

which corresponds to 28 nm® void volume for §=1/2 and 127 nm® for § =7/2. These values

closely match the values obtained by separate fits of each polarizing agent of 29 and 133 nm’ for
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trityl and Gd-DOTA, respectively. The slight discrepancy of the separate-fit value of 4-amino-
TEMPO might be caused by an onset of efficient CR as has already been discussed above. As can
be clearly seen in Figure 8.10, this model does not apply to TOTAPOL, most probably because

the efficient electron-nuclear CR allows for a different mechanism of signal quenching “* .

Overall sensitivity enhancement
We can combine the DNP enhancement factor, quenching factor and the shortening of Ty into a
single DNP sensitivity gain factor (Figure 8.9) given by

1 |T°

E=£(1—§)K°=£F T—l (8.10)

B
E represents the practical sensitivity gain one observes when performing DNP as compared to a

MAS NMR experiment performed at the same (cryogenic) temperature without DNP and where
no paramagnet has been added to the cryoprotecting solution. The time needed to achieve a
specific S/N ratio with DNP is reduced accordingly by a factor of E. Note that 10 does not
account for increased Boltzmann polarization nor does it include differences in nuclear T, at
cryogenic temperature; both would be necessary for comparison of sensitivity to ‘typical’ MAS
NMR near ambient temperatures. In such a comparison, E would increase by a factor of ~3.5 due
to Boltzmann polarization, but decrease by a factor of about 5 due to nuclear T, differences for all
polarizing agents and respective concentrations. However, since significant changes in the
inhomogeneous linewidth, probe performance, and noise levels are in the rf coil and transmission
line accompany the reduction in temperature, we do not report absolute changes in sensitivity
compared with room temperature experiments.

In this representation the improved performance of biradicals like TOTAPOL becomes even
clearer. As illustrated in Figure 8.3, a maximum sensitivity gain of a factor of 226 was achieved
with ~10 mM TOTAPOL (20 mM electron spins). For 4-amino-TEMPO concentrations of
40 mM or higher are required to just reach an E of 120-130. However, as has been shown in the
preceding sections, paramagnetic relaxation effects at these concentrations are severe and would
negatively impact more sophisticated MAS NMR experiments. Polarizing agents operating on the
SE were found to exhibit E < 50 in this study. However, as higher microwave field strengths

become available, sensitivity is expected to greatly increase due to its strong effect on both & and

K. Furthermore, there might be future applications, where doping with biradicals and/or

application of the CE is inappropriate, for example, in inorganic solids, or where the simplicity of
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a two-spin mechanism is preferred. In these cases the SE using polarizing agents like trityl or Gd-

DOTA will be the method of choice.

Electron Decoupling
The intensity loss that we observe during MAS with all of the polarizing agents amounts to
~50%, and can in principle be partially recovered by decoupling electrons during data acquisition.

Since the electron-nuclear Hamiltonian is identical to the heteronuclear Hamiltonian - 1S, -- this

is an approach similar to that used to decouple 'H from 3C/N, etc. in MAS experiments.
However, the electron relaxation times are short and could require the experiments to be

performed at temperatures to lengthen 7}5. In addition, it will be necessary to develop decoupling
sequences that are effective for lines which are wide compared to ¥B,s. For example at 5 T the

trityl line has a width of ~50 MHz due to a small g-anisotropy, and is one of the narrowest EPR
lines exhibited by a polarizing agent. There are also strongly dipole and hyperfine coupled nuclei
whose resonance frequencies could lie outside this linewidth. The instrumentation to perform the
experiments will require amplifiers with a bandwidth sufficient to polarize the nuclei, for example
at the solid effect condition, and then switch on resonance with the EPR spectrum for decoupling.
The pulse forming and phase control would optimally be performed at low frequencies and mixed
to the appropriate microwave frequency. Since the blind volume surrounding the paramagnetic
center contains several hundred nuclei it is possible to achieve a significant sensitivity gain with

this approach.

8.5 Supporting Information

Synopsis
For determination of the bleaching factor, assessment of the spectrometer stability and sensitivity
over an extended period of time is of crucial importance. Table S1 lists the experimental date and

the MAS stator temperature for each sample.

205



Table S1. Overview of date and temperature of experiments.

Polarizing agent conc. (mM) date temp. (K)
Undoped 1 - 03/21/2011 78
TOTAPOL 5 03/22/2011 80
TOTAPOL 10 03/23/2011 79
TOTAPOL 20 03/23/2011 79
TOTAPOL 40 03/23/2011 79
TOTAPOL 2 03/24/2011 79
trityl OX063 40 03/24/2011 81
trityl 0X063 10 03/24/2011 81
trityl OX063 20 03/25/2011 - 81
trityl OX063 60 03/26/2011 81
trityl 0X063 5 03/27/2011 81
Gd-DOTA 10 03/27/2011 81
Gd-DOTA 2 03/28/2011 81
Gd-DOTA 5 03/28/2011 81
Gd-DOTA 20 03/28/2011 82
Gd-DOTA 1 03/29/2011 81
Undoped 2° - 03/31/2011 78
4-amino-TEMPO 10 06/07/2011 83
4-amino-TEMPO 5 06/08/2011 84
4-amino-TEMPO 40 06/08/2011 85
4-amino-TEMPO 60 06/08/2011 85
4-amino-TEMPO 20 06/09/2011 84

“Sample “Undoped 2” was measured because “Trityl 5 mM” and all TEMPAMINE
samples were prepared from different stem solution (“Undoped 2”) than all other

samples.

Many parameters were kept consistent during the experimental period, for example, retuning of
the probe’s rf channels was not necessary due to practically identical dielectric properties of all
samples and therefore identical Q of the resonant circuit. Nevertheless, inherent drifts or
fluctuations in sensitivity might still be present. To account for these influences, we correct the

collected data (NMR signal amplitude of *C-urea) by calibration to an internal standard.

Choice of internal standard

We used the NMR signal of the Vespel spacers as internal standard for NMR signal amplitude
measurements. The spacer signal is well separated from the urea and glycerol signals, so it is well
suited to serve as internal amplitude standard. Before amplitude determination the frequency
domain spectrum was broadened by application of sinebell apodization function with a time

constant of 2 ms in order to minimize noise.
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Figure S1. °C CP-MAS spectrum of the sample containing 10 mM trityl. The signal arising from the

T
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spacer material is used for internal standard correction.

Determination of internal standard signal amplitude of undoped samples

The internal standard amplitudes of samples “Undoped 1” and “Undoped 2” were determined by
fitting the polarization buildup curve with a monoexponential function and dividing the
preexponential factor by a factor of 10 (see Fig. S2). This division was necessary because
“Undoped 1” and “Undoped 2” sample buildup curves were measured using a receiver gain
20 dB higher compared to the DNP enhanced signal measurements. The linearity of the receiver

gain on the signal amplitude was confirmed by experiment (not shown).
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0.45 : ' ¢
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Standard Signal Amplitude

T T T T
150 200 250

Figure S2. Determination of signal amplitude /, and relaxation time T of the standard signal of the

undoped samples.

207



Determination of urea signal amplitude of doped samples

Urea signal amplitudes of all paramagnetically doped samples were determined by first fitting the
DNP enhanced buildup curves with monoexponential functions. The preexponential factor was
then divided by the enhancement factor which was determined by on-/off-signal amplitude
comparison of spectra measured with a polarization period of 1.26 x Ty. Amplitudes are then
normalized to the amplitude of the respective undoped sample (compare Fig. S2 and Table S1).
The obtained normalized signal amplitudes are shown in Fig. S3. This procedure saves a
significant amount of experimental time since no off-signal buildup-curve has to be measured for
each doped sample. However, it introduces a small error in the case of polarizing agents allowing
for SE DNP due to a minor shortening of T with respect to 7T, and therefore leads to an
overestimation of the respective enhancement factor. Another study has shown a shortening ratio
of ~0.87 under similar conditions for 40 mM trityl, leading to an error in the enhancement factor
of less than 7 %. Since this sample yielded the most efficient SE and therefore is supposed to
induce the strongest buildup time shortening, 7% marks the upper limit of the error introduced

due to this analysis.
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Figure S3. Uncorrected signal amplitude of all paramagnetically doped samples. Amplitudes are

normalized to those of the respective undoped samples.

Correction for varying polarization times used in measurement of internal
standard signal amplitude of undoped samples
For all paramagnetically doped samples the recorded off-signal was used for internal standard

amplitude determination (see Figure S4 left). Because the off-signals were measured using
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various polarization periods ¢ (see Figure S4 right), which were partly shorter than 5 x T, of the

standard signal, the standard signal amplitude had to be corrected for this.

05 oy il A ;
-% o A 01 4 & TOTAPOL
z \ O 4-amino-TEMPO
© 044 60 -
2 El‘% - 1 A A trityl OX063
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< 0.3+ N N E 1 ~
° \ ~ = 40-* ~
3 A XN % § . 1'@ N
§ 0.2- &\ - '«é 304 \ ‘A____\
% | ~ o ~ o - E zo_qx & =
g 014 © 3| g . {a A
0.0 1 -, r.rrraarmsme T 0 AR W §“'-_IHTE-—'-—I—'—? d
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Polarizing Agent Concentration (mM) Polarizing Agent Concentration (mM)

Figure S4. Signal amplitude of the internal standard signal (left). Data was obtained by °C CP-MAS

without microwave (off-spectrum). The polarization time used is shown in the right graph.

Since it is assumed that the standard signal’s T, does not change between different samples, the T
of the internal standard signal was determined by monoexponential fitting of the respective
buildup curve (Fig. S2). The time constant was then used to calculate the internal standard signal

amplitude at infinite polarization time for each doped sample using

Il = S

S, (8.11)
1—-exp L
T

1

The resulting corrected internal standard amplitude /, is depicted in Fig. S5.
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Figure S5. Internal standard amplitude corrected for variation in polarization time.

Final correction of NMR signal bleaching data using internal standard signal
amplitude

The C-urea amplitudes were corrected for spectrometer sensitivity variation by division by the
respective internal standard signal amplitude obtained for each sample following

.,
1—e=1%

i 8.12
5 € B

where I and C are the uncorrected urea signal amplitude and the correction factor of a doped
sample, and I, and C, describe the respective parameters for the undoped reference sample. The

final corrected and normalized signal amplitudes are shown in Fig. S6.

210



§ 1.0 _‘k .................................. SR R NP

= KE g O undoped

5: 084! & R, { TOTAPOL

= Q N [0 4-amino-TEMPO

g \\ & - A\ trityl OX063

w 064 O N X Gd-DOTA

B % > ~

N 4 § ~ - A_ -

(1] - ~ .- -

g 04 \\\ B N - A

o "o

8 0.2- X T~ 13

5 ] o

S

© 00 L I Y 1 L 1 L) 1 LS I = 1 L
0 10 20 30 40 50 60

Polarizing Agent Concentration (mM)

Figure S6. Corrected and normalized signal amplitude.
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Figure S7. 'H r jpata spin-lock fields of wg, /2m = 50 kHz (top) and 100 kHz (bottom) as function of

electron spin concentration of various polarizing agents.
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Figure S8. Exponential fit of the bleaching effect 1-£ using equation 8.9, following the void volume model
described in the text. Void volume around each polarizing agent molecule inside which NMR signals are
quenched are given, together with the radius of a spherically shaped volume. The signal quenching induced
by TOTAPOL cannot be perfectly described with this model; the rather unsatisfactory least-square fit is

shown in the bottom graph.
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Figure 89. EPR spectrum of TOTAPOL with field positions used for T;5 and T, measurements in the case
of TOTAPOL and 4-amino-TEMPO.
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Figure S10. Determination of electron spin transverse relaxation time constant 7, by extrapolation of

excitation bandwidth dependent phase memory time T, to infinite flip pulse length.
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Figure S11. Build up of polarization under static and MAS conditions for an undoped sample, 10 mM
TOTAPOL, and 20 mM Trityl recorded at 380 Mhz and 80 K. The sample was a 30/30/30/10 mixture (vol)
of 2-">C,D8 Glycerol / D8 Glycerol / D,0 /H,0. The MAS spinning frequency was 4975 Hz.

Supplementary Tables
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Table S1. PRE and DNP data for various polarizing agents at different concentrations. Data recorded at 5 T and ~84 K under ~8 W of
140 GHz microwave irradiation.

cra . “cr, W5, WL, “cr, Wi “cf 'mF, 'WF, “CF, e x 14 E
(S0 kHz) (100 kHz) (50 kHz) (50 kHz) (100 kHz) (50 kHz)
(mM) () __ (ms) (ms) (ms) (ms) ") ) s ") ()
undoped
0 54.59° 14.69 _° b b 0 0 0 0 0 ] ] 1 1
TOTAPOL
2° 1750 13.15 103.9 194.1 492.8 0.039 8.0 9.6 5.2 20 963 177  0.73 1247
5¢ 974  11.11 61.0 113.5 325.9 0.084 22.0 16.4 8.8 3.1 1196 237 061 174.0
10° 4.48 7.22 25.1 50.4 153.3 0.205 70.5 39.9 19.8 6.5 1390 349 047 2259
20° 1.84 3.84 7.6 17.0 63.6 0.525 192.1 131.0 58.7 157 1383 545 029 2173
40° 0.85 2.22 23 5.7 25.1 1.164 381.5 441.0 174.8 399 1225 804 0.14 1413
4-amino-TEMPO
5 2688 1198 b b b 0.019 154 b - -b 149 143 096 204
10 1637 8.72 39.59 83.53 445.7 0.043 46.7 25.3 12.0 224 268 183 0.87 4238
20 8.66° 5.09 16.67 33.48 147.5 0.097 128.3 60.0 29.9 678 487 251 0.68 826
40  2.82¢ 2.62 4.527 11.21 51.0 0.336 313.0 220.9 89.2 196 785 440 035 1220
60  1.64° 1.74 2.093 5.414 27.3 0.592 508.3 477.8 184.7 36.7 1069 577 022 1332
trityl 0X063
5 4909  11.74 122.2 287.9 709.6  0.002 17.1 8.2 35 14 191 105 093 187
10 44.52 8.07 403 81.1 261.7 0.004 55.9 24.8 123 38 297 111 093 306
20 39.68 497 12.8 29.2 108.4 0.007 133.1 78.1 342 92 525 1.17 069 427
40  24.02 3.01 3.2 8.2 359 0.023 264.7 311.8 121.7 278 620 151 048  45.1
60 1320 2.20 1.4 35 180  0.057 387.5 729.4 283.0 557 377 203 037 284
Gd-DOTA
1 3955  13.39 43.4 67.0 2726  0.007 6.6 23.0 14.9 3.7 59 1.17  1.00 6.9
2 2988 11.78 25.6 40.2 1859  0.015 16.9 39.0 24.9 5.4 82 135 0.8 9.8
5 1747 8.90 8.4 15.8 70.5 0.039 443 118.6 63.2 142 11.0 177 079 152
10 5.60 5.42 1.5 3.2 20.7 0.160 116.5 658.7 309.6 482 105 3.12 043 141
20 2.55 3.54 0.6 1.4 9.2 0.374 214.4 682.1 725.0 109.1 63 463 0.19 5.4

*This value actually represents 7; ."Data could not be determined because fitting did not yield physically meaningful results due to limited spin-lock time.
“Polarizing agent concentration of the biradical; electron concentration is twice the given value. ®Data was acquired using a different buffer solution with
Ty =61.57 s. Ty was normalized to the same 7 given in the table by the relation I/T,, -V/T,, =V/T", -I/T;, .
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Table S2. 7,5 of TOTAPOL and 4-amino-TEMPO in 60/30/10 (v/v) dg-glycerol/D,0O/H,0O
(incl. 1 M C-urea) at various concentrations and magnetic fields positins at 80 K.

¢ (mM) Ts (ms)
4980 mT 4986 mT 4994 mT 4998 mT mean

TOTAPOL
2 0.248 0250 0463 0686 0412
10 0.212 0209 039 0649 0367
40 0.125 0.160 0243 0334 0216

4-amino-TEMPO
5 0319 0314 0.593 0.892 0.530
20 0.240 0.207 0.381 0.741 0.392
60 0.180 0.165 0297 0.444 0272

Table S3. 7,5 of TOTAPOL and 4-amino-TEMPO in 60/30/10 (v/v) dg-glycerol/D,0/H,0O
(incl. 1 M PC-urea) at various concentrations and magnetic fields positions at 80 K.

¢ (mM) Tys (us)
4980 mT 4986 mT 4994 mT 4998 mT mean

TOTAPOL
2 3.13 2.73 2382 439 327
10 1.58 133 1.80 2.04 1.68
40 0.38 0.35 040 042 0.39

4-amino-TEMPO
5 4.02 3.69 435 429 4.09
20 1.97 1.57 1.91 2.76 2.05
60 0.60 0.53 0.73 0.85 0.68

Table S4. T and T of trityl 0X063 in 60/30/10 (v/v) dg-glycerol/D,0/H,O (incl. 1 M C-
urea) at various concentrations at 80 K.

c(mM) T, s(ms) Ty (ms)

trityl 0X063
5 1.88 552
20 1.50 1.82
60 1.47 0.38

Table S5. T\s and T, of Gd-DOTA in 60/30/10 (v/v) ds-glycerol/D,0/H,0O (incl. 1 M "*C-
urea) at various concentrations at 80 K.

c(mM) Tis(us) Tis(us) Ty(ns)

fast comp. slow comp.

Gd-DOTA
1 2.65 6.55 0.66
5 148 7.94 0.36
20 451 4.84 0.11
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8.6 Conclusions

We have presented the effects of several DNP polarizing agents upon nuclear 7,, T, and T,
relaxation times and show that the results may guide the choice of polarizing agent and its
concentration. In multidimensional MAS experiments, relaxation of magnetization occurs, for
example during coherent mixing periods, evolution of spin coherence, or multiple CP contacts
and the details of the type and duration of magnetization transfer will impact the choice of
polarizing agent concentration. Polarizing agents employing the SE DNP mechanism generally
show a longer longitudinal polarization build-up time compared with CE polarizing agents, which
utilize efficient CR for DNP build-up but also for spin-lattice relaxation. Interestingly, the
laboratory frame T, is less affected by the choice of polarizing agent and is practically invariant
of the nature of the electron spin since it shows quantitatively similar polarizing agent
concentration dependence for all polarizing agents studied. It is clear from the 7, measurements
that lower polarizing agent concentrations will be optimal when applying long transverse mixing,
such as in a REDOR or TEDOR experiment, than would be used based solely on the sensitivity of
a CP experiment. In addition, we have characterized the reduction in non-DNP enhanced signal
due to paramagnetic dopants and presented a simple model for the concentration dependence of
this effect. We present a measure of overall DNP sensitivity gain that includes the signal
quenching, the enhancement factor, and the build-up rate that can be used to optimize a DNP
experiment. For multidimensional experiments aimed at providing structural information, the
empirically determined relaxation times will determine the optimal combination of experiment,
polarizing agent, and its concentration to achieve maximum sensitivity. The results presented here
clearly demonstrate that much work remains to be done in the design and implementation of

efficient polarizing agents for MAS DNP.
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Chapter 9: High-Resolution Solid-State NMR Structure of Alanyl-
Prolyl-Glycine

Adapted from Barnes, AB; Andreas, LB; Huber, M; Ramachandran, R; van der Wel, PCA; Veshtort, M Griffin, RG; Mehta,
MA J. Mag. Res. 2009,200(1),95-100

9.1 Introduction

Determining the high-resolution structures (backbone RMSD < 0.1 A) of uniformly labelled polypeptides
with solid-state NMR is often prohibitively difficult due to a lack of precision available with homonuclear
broadbanded recoupling techniques such as RAD', DARR? and TSAR®. Although these experiments can
define the secondary and tertiary structure and yield a clear global structure of the protein, the lack of
high-precision measurements can leave detail of the active site and mechanisms that are of broader
interest to the biological community still undefined. More precise techniques such as REDOR*, RFDR?,
DRAWS®, and local field correlations yield sub-angstrom precision, but are often limited to spin-pair
labelled systems.

A previous study on the polypeptide, N-~-MLF-OH, demonstrated the use of FS-REDOR, and torsion
angle constraints to determine a high-resolution de novo structure’. Since the publication of that structure,
additional high-resolution techniques applicable to uniformly "C, "N labelled systems have been
developed, such as Rotational Resonance Width (R*W) ®° and DANTE-REDOR °. DANTE-REDOR
can yield high quality restrictions on torsion angles, in addition to heteronuclear distance constraints.
R’W utilizes band selective R? to recouple homonuclear spin pairs and can separate weaker dipolar
oscillations (from long distance, structurally relevant spin pairs) from relaxation processes using a
constant mixing time strategy and has been recently applied to measure distances in uniformly labelled
proteins ''. However, Ramachandran ez. al ' discussed the effect of the relative CSA orientation of the
two spins in extracting accurate distances from R*W experiments. To make R*W a truly de novo, precise,
and accurate technique for making homonuclear distance measurements, one must obtain the relative

CSA orientation of the spin pair experimentally.
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Figure 9.1. Crystal structure of APG" showing the 11 SSNMR experimental constraints used in the structural
refinement. Torsion angles are displayed in violet, REDOR distances in orange and R*W constraints in black. Note
that the proline ring has a split occupancy between two conformers in the crystal structure.

We demonstrate the utility of an iterative approach to structure determination of uniformly labelled
polypeptides using various solid-state NMR methods. Namely, y torsion angle and “C-""N distances from
NCCN " and DANTE-REDOR measurements are first used to establish a structure from which
approximate relative CSA orientations are available. Those orientations are then utilized into the fitting
routines of R*W profiles to also obtain precise and accurate "C-"°C distances. Finally all experimentally
determined homonuclear, heteronuclear, and torsion angles constraints are used in a final energy
minimization that yields a high-quality de novo structure. We further discuss the effect of each sub-group
of structural constraints on the structural quality as judged by self-consistent backbone RMSD and

comparison to the known crystal structure.

9.2 Results and Discussion

Figure 9.1 shows the 11 constraints determined for APG listed in Tab. 1. Comparison with the
X-ray crystal structure indicates the level of accuracy achieved in each measurement. Two of the
restrictions on ¢ dihedral angles were determined with a local field NCCN experiment'*. DANTE-
REDOR was used to determine the glycine @ angle, and 4 >C-"N internuclear distances. The four carbon

internuclear distances were extracted using R*W.
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CSA parameters for precise R?W fitting

The CSA magnitude and relative orientation of the two spins being recoupled by R? has a
profound impact on the spin dynamics'® and accuracy of the distances extracted using R?W 2. For
example Figure 9.2b shows the distribution of distances resulting using different CSA orientations taken
from an ensemble of structures generated from simulated annealing without experimental constraints. The
range of motion displayed in unconstrained simulated annealing is large enough even in this small
molecule to cause substantial deviation in the final R* calculations, which demonstrates the importance of

first calculating a lower resolution structure.

y Torsion Angles | X-ray SSNMR

Ver 178° | 180° £15°
Vi 153° 152° £ 5°
Vo 157° 162° £ 5°
Distances X-ray (A) | SSNMR (A)
Pro N -Ala CP 3.2 3.2%0.1
Gly N - Pro CP 3.2 3.2% 01D

Pro C' - Pro Cv 3.3/3.6 3.9+0.39
Ala C' - Pro C# 3.6 3.8+0.38
Ala C’'-Pro C 3.6 3.9+0.39

Gly N-Ala C’ 4.1 4.1 +06-03
Gly N - Pro CY 4.5/4.3 4.2 +06-03
Pro C’- Ala CP 4.7 44 +0.44

Table 9.1. Experimental solid-state NMR constraints used in the structure calculation and corresponding values
from the crystal structure from all NMR experiments; DANTE-REDOR (orange), NCCN torsion angles and R*W
distances (black).

As a starting point in the R*W fitting routine, an initial structure based on REDOR and torsion angle
measurements was first calculated. The relative CSA orientation from this structure was then used as an
input for the R*W fitting routine, which is derived from a multipole multimode floquet theory (MMFT
)treatment of the two spins'®. The “C-"C distances from these R*W fits were then used together with the
REDOR and torsion angle constraints to calculate a final structure. R*W fits generated with relative CSA

orientations found in the final structure yielded the same distance as those generated from the initial
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REDOR-torsion angle structure. Thus we found it unnecessary to perform further iterations in which the
structure generated with initial R*W distance constraints is used to refine these constraints.

The default values from SIMMOL were used for relative CSA - molecular orientations, the span and
skew of carbonyl carbons were extracted from a 4 kHz CP-MAS spectrum according to Herzfeld and

Berger'’, and aliphatic carbon span and skew values were taken from Ye et al. '®

a)
b),
g
2
‘m o B m B
C a5 3 37 38 38 | 40

Distance (A)

Figure 9.2. a) Relative orientations of the Proline C’ and C, CSAs are shown superimposed on the initial structure
calculated using REDOR and torsion angle constraints. b) Histogram displaying the range of Pro C’-Pro C" distances
calculated from an ensemble of accessible structures generated using simulated annealing (CNS) without any
constraints. X-ray (x) and reported NMR (o) distances are indicated. This graphic was produced with SIMMOL"®.

Carboxyl terminus

The carboxyl terminus is not well defined due to the absence of C-"*C constraints to the Gly
carboxyl carbon (see Figure 9.1). This is predominantly due to intermolecular and dipolar truncation
effects complicating any “C-"C distance measurements between the Gly C’ and the Pro C* and Pro C®.

The Pro CP carbon to Gly C’ carbon intermolecular distance is 5.5 A in the crystal structure, but there are

3 other intermolecular Pro C” to Gly C’ separations that are less than 5.4 A (See Figure 9.3). The crystals
consisted of 10% "*C-labeled peptide diluted with natural abundance APG to reduce the number of
intermolecular contacts, however there still appears to be enough coupling between intermolecular Pro CP
- Gly C’ pairs to substantially effect the R*W profile and result in a fitting of the data to 4.7 A rather than

5.5 A seen in the crystal structure.
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Furthermore, the one-bond Pro C’ — Pro C* dipolar coupling truncates the Pro C’- Gly C*

coupling which would also constrain the carboxyl terminus. Even though R*W is a band-
selective recoupling technique and thus usually does not suffer from dipolar truncation *°, the
single bond coupling is an order of magnitude stronger than the coupling of interest and is also
recoupled when the spinning frequency is set to the N=2 recoupling condition for the Pro C’ to

Gly C* interaction; the stronger coupling dominates and insufficient polarization is transferred to
the Gly C*. We note that the dipolar truncation should not be as pronounced at higher magnetic

fields where the resonances are more separated and the recoupling condition is thus more

selective.

Figure 9.3. Crystal lattice of APG showing competing intermolecular distances to the long-range internuclear
distance that could be used for structural refinement.

Constraints effect on structural quality

The standard annealing protocol in the program CNS "%

was used to generate 40 APG structures in
order to generate an ensemble that shows both an average geometry and demonstrates the degree of

conformational variability allowed by the geometrical constraints.
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In order to compare the usefulness of different structural constraints, a backbone RMSD among the

40 structures of each ensemble was calculated. This shows the

level of precision attained by the different NMR experiments, indicating their ability to define
overall conformation in this peptide. The results are summarized in Figure 9.4 and show
excellent agreement with the crystal structure. Since we were not able to perform a measurement
that constrains the Wgiy angle, the Gly carboxyl group was omitted from the RMSD calculations.
The final NMR structure and the crystal structure agree to within an RMSD of 0.09 A.

a) 0.48 RMSD 0.06 RMSD
c)  0.30 RMSD 0.47 RMSD

P Ot

e) 0.02 RMSD

e B

Figure 94. 20 lowest energy structures of APG using simulated annealing a) no constraints b) 2 @ angles from
NCCN measurements c) 4 C-"C distance constraints d) 4 *C-""N heteronuclear constraints e) all 11 constraints f)
crystal structure.

227



a) b_)‘ 04

= 5 0.35| ~—exp.

250 025 o .l —m

© 40 020 o

g 015 5 0.25

Eso 010 § 02

L 20 0.05 0.15

§ 0.025 & 0.1

g 1 0015 E 0.5

4 E

2 3 4 5 6 Z 835 64 645 65 655 66
Distance (A) Spinning Frequency (KHz)

Figure 9.5. a) Contour plot of the root mean square deviation between experimental and simulated R*W profiles for
Py to Py as a function of distance and relaxation. b) Magnetization transfer from Pro C’ to Pro C" in R*W as a
function of spinning frequency. The experimental data is shown in blue, and the fit in green.

9.3 Conclusions

Precise °C-"’C , C-"N, and v torsion angles were measured in a uniformly *C, "N labeled
peptide using R°W in a de novo manner, DANTE-REDOR and local field NCCN experiments.
Using these sub-angstrom structural constraints we were able to determine a high quality
structure of APG. The 0.02 A backbone RMSD structure was sufficient to observe the same
conformational heterogeneity of the proline ring that is seen in the x-ray structure at 100 K. The
ability to discriminate the two conformers by using structural constraints with sub-angstrom
precision and CNS could be applied to address biological questions that require high-resolution
structural detail. Furthermore, the short intramolecular contacts present in the tripeptide lattice
studied here should not be present in larger proteins and should enable the extension of this de
novo R*W strategy to distances up to 8 A.

Finally, the NCCN torsion and many of the internuclear distances that were experimentally
determined with SSNMR are indicative of trans-proline. Although proline is almost always in the
trans isomer, the isomerization to the cis can play an important role in mitotic regulation 2, and
we emphasize the strategies for structure determination presented here could be used to further

investigate the biological function of proline isomerization.

9.4 Experimental Methods
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Sample preparation

Experiments were performed on a sample of uniformly ">C and "N labeled Alanyl-Prolyl-
Glycine (APG) that was diluted to 10% in the corresponding natural abundance tripeptide to
attenuate intermolecular dipolar couplings. The tripeptide was synthesized by CS Bio (CA) with
labeled amino acids from Cambridge Isotopes (Andover, MA) and natural abundance material
from BaChem (Switzerland). A 9:1 natural abundance to labeled APG mixture was dissolved in
a minimal amount of water (solubility was approximately 45 mg/ml). The aqueous solution was
placed in a desiccator next to a container of excess ethylene glycol. After a week, crystals were

collected, crushed and packed into a rotor.

Assignments

To assign the °C resonances, a 2D "C-"C SPC-5 * spectrum was recorded spinning at /27 = 7.5 kHz
using TPPM decoupling®. yB, for °C was set to 37.5 kHz required by the recoupling condition. The
mixing time was 1.07 ms corresponding to 16 rotor cycles, during which time a 120 kHz continuous wave
yB, field was applied on the proton channel for decoupling. 256 time points were recorded in the indirect

dimension using 16 scans for each t; point. The overall measurement time was 7 hours. The direct and
indirect dimensions were linearly predicted forward to 1024 points, zero-filled to 2048 points and Fourier

transformed using NMRPIPE %,

NCCN Local Field Correlations

The torsion angles, @aia and @pr, were determined with the double-quantum heteronuclear local
field experiment previously described'®. SPC-5 **was used to create the >C-">C double quantum
coherence. The homonuclear mixing time was 800 ps, corresponding to 8 rotor periods and the
BC carrier was set precisely between the two resonances targeted for recoupling. YB; equal to 50
kHz was used for both °C and "N during homonuclear mixing and the REDOR %’ dephasing
pulses. The spinning frequency was 10 kHz and 110 kHz continuous wave yB; decoupling field

on protons was applied during SPC-5 mixing and REDOR periods; 136 kHz TPPM * decoupling
was used during the acquisition period. 512 scans were taken per dephasing time, and a 3 s
recycle delay was used between scans. Each dephasing point was normalized to the intensity of

the corresponding resonances absent of REDOR pulses during the dephasing period. The
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resonances were integrated and the intensities fit to extract the torsion angle with
SPINEVOLUTION?,

m NaiaCCNpro
— fit - 152°

®  NprCCNgyy
— fit - 162°

<DQ> SIS,
o

0| : : :
O 02 04 06 08 1 12 14 16 18 2

Dephasing Time (miliseconds)

Figure 9.6. Dephasing curves for extraction of ¥ torsion angle. An NgyCCNp,, ¥ angle of 152° (blue) was
extracted compared to 153° from the X-ray data and N..CCNg,, Y angle was found to be 162° (red) versus 157°
from the x-ray data. SPINEVOLUTION? was used to fit the data.

Rotational Resonance Width

NMR spectra were recorded on a 360 MHz Spectrometer (courtesy of Dr. D. J. Ruben) with a commercial
Chemagnetics triple resonance MAS probe equipped with a 4.0 mm Chemagnetics spinning module.
Spinning frequencies were regulated with a Bruker MAS controller.

The crosspeak volumes were extracted by automated fitting to two-dimensional Gaussians using
NMRPIPE *. All data points in each 2D-slice were normalized to the carbonyl intensities of reference

experiments conducted at identical spinning frequencies with zero mixing time.
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Figure 9.7. R*W spectra at 5 spinning frequencies. The Py crosspeak intensifies as the spinning frequency is swept
the R condition between the spin pair.

A Gaussian pulse of 25 us duration was used, followed by a z-filter of 750 us to select the carbonyl
region of the spectrum. 32 t, points were recorded with an increment of 250 us and 16 scans per point
with a recycle delay of 3.1 s leading to a total experimental time of about 50 minutes per two dimensional
slice. A series of experiments were performed as a function of the sample spinning frequency under a

constant mixing time of 30 ms.

DANTE-REDOR

DANTE-REDOR measurements were carried out on a custom assembled NMR spectrometer
with a Discovery console (Tecmag; Houston, TX), 14.1 T magnet (Magnex; Oxford, England), and a 39-
channel matrix shim system (Resonance Research, Inc.; Billerica, MA), operating at a proton frequency
of 600.377 MHz (150.987 MHz for *C). A doubly tuned 4 mm magic angle spinning probe (Doty

Scientific; Columbia, South Carolina) was employed.
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Figure 9.8. The %* surface for azimuthal (c) and polar (B) angles of the CSA-dipole orientation with each contour
level 2 times the previous level. Labeled APG was diluted to 10% in natural abundance APG and data were
collected at 14.1 Tesla with an MAS spinning frequency of 8929 Hz. The superimposed dashed line shows the
allowed azimuthal and polar angles corresponding to a rotation about the terminal y dihedral angle, with the best fit
at o=31°, p=90°.

The DANTE-REDOR pulse sequence is described in '°. This sequence adapts the orientation
information available in a specifically labelled sample to a uniformly labelled system. By employing a
DANTE pulse train as the selective pulse in FS-REDOR, the orientation information in REDOR
sidebands is retained. Thus at the end of the REDOR evolution time, the “C spin-echo intensity is
modulated only by dipolar couplings to the selected '°N and the resulting REDOR curve can be fit to the
analytical expression for an isolated spin pair. The effects of proton couplings are attenuated with Small
Phase Incremental Alternation (SPINAL-64) decoupling **. The proton decoupling field was 100 kHz, the
N REDOR m-pulse width was 16 us and the DANTE n-pulse trains consisted of 33 2 |s rotor
synchronized pulses.

Fourier transforms were applied with no apodization and zero filling to twice the acquisition time
of 15.36 ms. Only zero order phase correction was used. Dephasing (S) and full-echo (S,) peak areas
were determined by integrating the center band and all observed sidebands. For distance determinations,
the sum of all bands in the S and S, spectra were used. For extraction of orientation information, the
dephasing of each individual band was compared.

Distances were determined by fitting the experimentally observed REDOR curve to the analytical

expression, AS/S5,(7)= l[l—(cos(a)m‘c))] . AS/S=1-S/S,, where S and S, are the dipolar dephasing and

reference intensities, respectively. The coupling wcy is a function of the dipolar coupling constant, bey
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and < ) indicates the powder average over a uniform distribution of crystallite orientations. The scaling

factor A accounts for C spins without a neighbouring '*N spin, which is a result of imperfect labelling
and dilution of the labelled compound in natural abundance material. In the DANTE-REDOR
experiment, A also accounts for imperfect inversion of the >N spin magnetization by the selective pulse
and decay of coherence due to insufficient decoupling.

For each distance measurement, the weighted 2, )(3 , was minimized to fit the data.
xf oc ziwi(si)exp - si,sim)z. In this expression, w; is the inverse uncertainty in each point squared (¢%).
Since the noise in each data point is approximately constant, w; was easily determined by propagation of
error. In the minimization of 2, the coupling constant, by, was varied freely and the amplitude scaling
factor A was varied within the narrow range of values determined for strong couplings, for which this
parameter can be easily determined. The reported uncertainties are at the 95% confidence level according
to the following procedure . First, boy and A are varied to determine the best-fit dipolar coupling, Z:,min
. Next, several trial bcy values are selected about the best fit, and the data are re-fit by optimizing A
within the previously defined range. The uncertainties are represented by x> values that differ from
men by F(v)* xfmn , Where F(v) is a constant that depends on the number of degrees of freedom, v, and
the confidence level. For the case of 95% confidence, and 2 degrees of freedom, F(v)=19.

Each best-fit bcy value was linearly scaled by dividing by 0.95 in order to account for thermal motion at

298 K. Internuclear C-N distances are related to the dipolar coupling constants by the equation

b =_ﬂ07c71vh 30
(o anr
CN

The orientation of the nitrogen in the CSA principle axis system was determined by fitting the

experimentally observed REDOR curves of each sideband to numerical simulations explained

2
previously *'. The weighted °, %2, was minimized to fit the data. }> xz‘Nw(sexp—ssim) ,

where the sum is taken over spectral bands N, and mixing times i. As before, w; is the inverse

uncertainty in each point squared (6%). The uncertainties in the dipolar and azimuthal angles
alpha and beta are represented by y values that differ from 2 ;. by F(v)* x2 .., where F(v) is

a constant that depends on the number of degrees of freedom, v, and the confidence level. The

best-fit dipolar coupling is used in this determination, so this is really a three-parameter fit.
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However, since the REDOR dephasing is approximately linear in the beginning of the curve
(before the first extremum in the REDOR curve, where we fit the data) a small error in the
dipolar coupling does not significantly alter the position of the best-fit orientation, and thus can
be treated as a two parameter fit.
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9.5 Supporting Information

APG Single Crystal Data
Identification code: 05mz152m

Empirical formula: C10 H19 N3 O5
Moiety formula: C10 H17 N3 04, H2 O
Formula weight: 261.28
Temperature: 298(2) K
Wavelength: 0.71073 A

Crystal system: Orthorhombic
Space group: P2,2,2,

Unit cell dimensions:

a=6.7158(3) A, o= 90°
b=11.7784(6) A, B = 90°
c=162633(8) A, y=90°
Volume, Z: 1286.45(11) A®, 4
Density (calculated): 1.349 Mg/m®
Absorption coefficient: 0.108 mm'
F(000): 560

Crystal size: 0.39 x 0.31 x 0.30 mm

Crystal shape, colour: block, colourless

0 range for data collection: 1.63 to 28.28°
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Limiting indices: -8 < h <8,-15<k<15,-21<1<21
Reflections collected: 13006

Independent reflections: 1844 (R(int) = 0.0236)
Completeness to 6= 28.28°: 999 %

Absorption correction: multi-scan

Max. and min. transmission: 0.97 and 0.8073
Refinement method: Full-matrix least-squares on F?
Data / restraints / parameters: 1844/ 1/ 185
Goodness-of-fit on F% 1.052

Final R indices [I>20(])]: R1 = 0.0398, wR2 = 0.1055
R indices (all data): R1 = 0.0422, wR2 = 0.1073
Largest diff. peak and hole: 0.297 and -0.171 e x A*

Refinement of F” against ALL reflections. The weighted R-factor wR and
goodness of fit are based on F?, conventional R-factors R are based
on F, with F set to zero for negative F>. The threshold expression of
F?> 20(F? is used only for calculating R-factors
Comments:
Carbon atom C5 and C6 of the proline ring are disordered over two positions with an occupancy ratio of
0.674(5) t0 0.326(5). A water solvate molecule is also disordered over two positions with an occupancy

ratio of 0.785(6) to 0.215(6).

Treatment of hydrogen atoms:

The water hydrogen atoms were found in the difference density Fourier map and were restraint to have
the same O-H and H...H distances within a standard deviation of 0.01. The positions of the minor water
hydrogen atoms could only be stable refined with a damping factor of 50. For the final refinement without
damping they were set to ride on the adjacent oxygen atom. All other hydrogen atoms were placed in
calculated positions. All hydrogen atoms were isotropically refined with a displacement parameter 1.2
(methylene) or 1.5 times (methyl, hydroxyl, ammonium) that of the adjacent carbon, oxygen or nitrogen

atom.
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Table 2. Atomic coordinates [X 10°] and equivalent isotropic displacement parameters [A% x 10°]

for 05mz152m. U(eq) is defined as one third of the trace of the orthogonalized U;; tensor.

X y z U(eq)
C(1) 8191(3) 5720(1) 583(1) 37(1)
CQ2) 8280(4) 4634(2) 1083(1) 48(1)
C@3) 6602(3) 2831(2) 1203(1) 39(1)
Cé4) 4881(3) 2095(1) 908(1) 37(1)
C(5) 2853(7) 2306(4) 1302(3) 43(1)
C(6) 2849(6) 1469(3) 2034(2) 49(1)
C( 3890(3) 431(2) 1702(1) 46(1)
C(8) 6737(3) 351(1) 702(1) 35(1)
C9) 7111(3) -884(1) 952(1) 38(1)
C(10) 8516(4) -937(2) 1685(1) 55(1)
C(5B) 3222(16) 2397(10) 1571(6) 43(1)
C(6B) 2119(12)  1304(6) 1648(5) 49(1)
C(7B) 3890(3) 431(2) 1702(1) 46(1)
N(1) 6777(3) 3830(1) 826(1) 43(1)
N(2) 5262(2) 895(1) 1084(1) 36(1)
N(3) 8024(3) -1463(1) 237(1) 41(1)
Oo(1) 9505(2) 6449(1) 762(1) 49(1)
02) 6932(2) 5827(1) 36(1) 55(1)
0Q3) 7714(3) 2545(1) 1759(1) 68(1)
04) 7799(2) 806(1) 182(1) 47(1)
0O(5) 2152(6) 3791(4) 6798(2) 100(1)
O(5B) 1870(20)  2885(15) 6634(7) 100(1)

All esds (except the esd in the dihedral angle between two l.s. planes)

are estimated using the full covariance matrix. The cell esds are taken
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into account individually in the estimation of esds in distances, angles

and torsion angles; correlations between esds in cell parameters are only

used when they are defined by crystal symmetry. An approximate (isotropic)

treatment of cell esds is used for estimating esds involving 1.s. planes.

Table 3. Bond lengths [;\] and angles [deg] for 05mz152m.

C(1)-0(2)
C(1)-0(1)
C(1)-C(2)
C(2)-N(1)
C(2)-H(2A)
C(2)-H(2B)
C(3)-0(3)
C(3)-N(1)
C(3)-C4)
C(4)-N(2)
C(4)-C(5)
C(4)-C(5B)
C(4)-H(4)
C(5)-C(6)
C(5)-H(5A)
C(5)-H(5B)
C(6)-C(7)
C(6)-H(6A)
C(6)-H(6B)
C(7)-N(2)
C(7)-H(7A)
C(7)-H(7B)
C(8)-0(4)
C(8)-N(2)

1.234(2)
1.265(2)
1.517(2)
1.446(3)
0.9700
0.9700
1.220(2)
1.332(2)
1.522(3)
1.465(2)
1.525(5)
1.590(11)
0.9800
1.545(6)
0.9700
0.9700
1.509(4)
0.9700
0.9700
1.469(2)
0.9700
0.9700
1.228(2)
1.333(2)
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C(8)-C(9) 1.531(2)
C(9)-N(3) 1.482(2)
C(9)-C(10) 1.522(3)
C(9)-H(9) 0.9800

C(10)-H(10A) 0.9600
C(10)-H(10B) 0.9600
C(10)-H(10C) 0.9600
C(5B)-C(6B) 1.491(15)
C(5B)-H(5D) 0.9700
C(5B)-H(5C) 0.9700
C(6B)-H(6C) 0.9700
C(6B)-H(6D) 0.9700
N(1)-H(1) 0.78(2)
N(3)-H(3A) 0.8900
N(3)-H(3B) 0.8900
N(3)-H(3C) 0.8900
O(5)-H(5E) 0.78(3)
O(5)-H(5F) 0.78(3)
O(5B)-H(5E) 0.93(4)
O(5B)-H(5G) 0.7821
O(5B)-H(5H) 0.7820

0(2)-C(1)-0(1) 125.05(16)
0(2)-C(1)-C(2) 119.95(16)



O(1)-C(1)-C(2)
N(1)-C(2)-C(1)
N(1)-C(2)-H(2A)
C(1)-C(2)-H(2A)
N(1)-C(2)-H(2B)
C(1)-C(2)-H(2B)
H(2A)-C(2)-H(2B)
0(3)-C(3)-N(1)
0(3)-C(3)-C4)
N(1)-C(3)-C4)
N(2)-C(4)-C(3)
N(2)-C(4)-C(5)
C(3)-C(H-C(5)
N(2)-C(4)-C(5B)
C(3)-C(4)-C(5B)
N(2)-C(4)-H(4)
C(3)-C(4)-H4)
C(5)-C(4)-H4)
C(5B)-C(4)-H(4)
C(4)-C(5)-C(6)
C(4)-C(5)-H(5A)
C(6)-C(5)-H(5A)
C(4)-C(5)-H(5B)
C(6)-C(5)-H(5B)
H(5A)-C(5)-H(5B)
C(7)-C(6)-C(5)
C(7)-C(6)-H(6A)
C(5)-C(6)-H(6A)
C(7)-C(6)-H(6B)
C(5)-C(6)-H(6B)
H(6A)-C(6)-H(6B)
N(2)-C(7)-C(6)

114.98(16)
111.75(16)
1093
1093
109.3
1093
107.9
122.04(18)
122.76(17)
115.17(16)
110.81(14)
103.42)
116.9(2)
101.9(5)
101.0(4)
108.5
108.5
108.5
125.6
102.8(3)
1112
1112
1112
1112
109.1
103.9(3)
111.0
111.0
111.0
111.0
109.0
103.52(19)
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N(2)-C(7)-H(7A)
C(6)-C(7)-H(7A)
N(2)-C(7)-H(7B)
C(6)-C(7)-H(7B)
H(7A)-C(7)-H(7B)
0(4)-C(8)-N(2)
0(4)-C(8)-C(9)
N(2)-C(8)-C(9)
N(3)-C(9)-C(10)
N(3)-C(9)-C(8)
C(10)-C(9)-C(8)
N(3)-C(9)-H(9)
C(10)-C(9)-H(9)
C(8)-C(9)-H(9)

C(9)-C(10)-H(10A)
C(9)-C(10)-H(10B)

111.1
111.1
111.1
111.1

109.0

122.90(15)

120.10(16)

116.98(15)

109.83(16)

107.24(14)

110.44(15)
1098
1098
1098
109.5
109.5

H(10A)-C(10)-H(10B) 1095

C(9)-C(10)-H(10C)

109.5

H(10A)-C(10)-H(10C) 1095
H(10B)-C(10)-H(10C)  109.5

C(6B)-C(5B)-C(4)

C(6B)-C(5B)-H(5D)

C(4)-C(5B)-H(5D)

C(6B)-C(5B)-H(5C)

C(4)-C(5B)-H(5C)

H(5D)-C(5B)-H(5C)
C(5B)-C(6B)-H(6C)
C(5B)-C(6B)-H(6D)
H(6C)-C(6B)-H(6D)

C(3)-N(1)-C(2)
C(3)-N(1)-H(1)
C(2)-N(1)-H(1)

102.2(7)
111.3
1113
1113
111.3
1092
1115
1115
109.4
120.52(17)
118.6(19)
120.8(19)



C(8)-N(2)-C(4)
C(8)-N(@2)-C(7)
C(4)-N@2)-C(7)
C(9)-N(3)-H(3A)
C(9)-N(3)-H(3B)
H(3A)-N(3)-H(3B)

120.12(14)
127.36(15)
112.52(15)
109.5
109.5
109.5

C(9)-N(3)-H(3C) 109.5
H(3A)-N(3)-H(3C) 109.5
H(3B)-N(3)-H(3C) 109.5
H(5E)-O(5)-H(5F) 104(5)
H(5G)-O(5B)-H(5H) 100.2

Table 4. Anisotropic displacement parameters [A? x 10%] for 05mz152m. The anisotropic

displacement factor exponent takes the form: -2 &2 [(h a*)> U1l + ... + 2 h k a* b* U12]

Ull U22 U33 U23 U13 Ul2
C() 37(1) 28(1) 47(1) -1(1) 3() 3(D)
C(2) 61(1) 33(1) 50(1) 4(1) -16(1) -8(1)
C(3) 45(1) 31(1) 43(1) 3(1) -1(1) o)
C4) 35(1) 29(1) 46(1) 5(1) 5(1) 3(1)
C(5) 36(2) 49(22) 43(2) 52) 42) 131D
C(6) 43(2) 50(1) 5312 6(2) 141) 8(1)
C(7) 42(1) 40(1) 57(1) 9(1) 19(1) -1(1)
C@®) 32(1) 27(1) 45(1) 3(1) 41 -1(1)
CO9) 34(1) 27(1) 52(1) 6(1) 9) -1(1)
C(10) 59(1) 48(1) 57(1) 10(1) -41) 7(1)
C(3B) 36(2) 49(2) 43(2) 5(2) 42) 13(1D)
C(6B) 43(2) 50(1) 53(2) 6(2) 14(1) 8
C(7B) 42(1) 40(1) 57(1) 91) 19(1) -I(D
N(@1) 53(1) 29(1) 46(1) 4) -11(1) -5(1)
N(2) 34(1) 27(1) 48(1) 5(1) 81) -1
N@3) 41(1) 27(1) 57(1) 2(1) 5(1) 1(1)
Oo(1) 49(1) 31(1) 66(1) I(1y  -8(1) -4
O@2) 47Q1) 47(1) 70(1) 17(1) -14(1) -5(1)
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O3) 79(1) 49(1) 75(1) 24(1) -34(1) -15(1)
o4 47(1) 34(1) 591 11D 19(1) 4D
O(5) 92(2) 138(3) 71(2) 36(2) 242) 32(3)
O(5B) 92(2) 138(33) 71(2) 36(2) 24(2) 32(3)

Table 5. Hydrogen coordinates (x 10*) and isotropic displacement parameters (A% x 10 for

05mz152m.

X y z U(eq)

H(2A) 9586 4293 1021 58
H(2B) 8092 4813 1660 58
H@4) 4749 2188 312 44
H(5A) 1781 2140 921 51
H(5B) 2730 3085 1489 51
H(6A) 3565 1782 2500 58
H(6B) 1499 1290 2203 58

H(7A) 4610 37 2134 56
H(7B) 2947 90 1453 56
H(O) 5845  -1250 1092 45
H(10A) 8736  -1716 1834 82
H(10B) 7936 -539 2141 82
H(10C) 9763 -590 1542 82

H(SD) 3814 2619 2091 51
H(5C) 2359 3001 1378 51
H(6C) 1288 1163 1170 58
H(D) 1303 1288 2139 58
H(7C) 4485 424 2246 56
H(7D) 3462 331 1560 56
H(l)  6010(40) 3990(20)  480(16) 56
H(SE)  2240(70) 3280(30) 7100(20) 69
H(SF)  3120(50) 3760(40) 6530(20) 69
HG3A) 9111  -1087 81 62
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H(@3B) 7157 -1480 -177 62
H@3OC) 8354 -2169 376 62
H(5G) 1911 2719 6169 151
H(5H) 1828 2282 6835 151

Table 6. Hydrogen bonds for 05mz152m [A and deg].

D-H..A d(D-H) d(H..A) d(D..A) <(DHA)

N(1)-H(1)...0(4)#1 0.78(2) 242(2) 3.164(2) 158(2)
N(3)-H(3A)...0(2)#2 0.89 1.93 2.765(2) 1558
N(3)-H(3B)...O(1)#1 0.89 2.02 2.868(2) 1588
N(3)-H(3B)...O(5B)#3 0.89 2.57 3.139(11) 1226
N(3)-H(3C)...0(1)#4 0.89 191 2.787(2) 1690
N(3)-H(3C)...0Q2)#4 0.89 261 3.292(2) 1346
O(5)-H(SE)...O(3)#5 0.78(3) 2.11(3) 2851(4) 158(4)
O(5)-H(SF)...O(1)#6 0.78(3) 2.043) 2821(4) 1744)
O(5B)-H(5G)...N(3)#7 0.78 248 3.139(11) 1427
O(5B)-H(5H)...0(3)#5 0.78 237 2.721(12) 108.3

Symmetry transformations used to generate equivalent atoms:
#1 x-1/2,-y+112-2  #2 x+172,-y+1/2,-z #3 -x+1,y-1/2,-z+1/2

#4x,y-1z2 #5x-1/2,-y+1/2,-2+1  #6 -x+3/2,-y+1,z+1/2
#7 -x+1,y+1/2 ,-z+1/2
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