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Abstract

A 29-residue peptide (MPO1) capable of performing a nucleophilic aromatic substitution reaction
with a perfluoroaromatic was modified and characterized using experimental and computational
techniques, with the goal of understanding and enhancing its reactivity. An improved MP01 variant
(MPO1-Gen4) exhibited properties reminiscent of larger proteins and enzymes, including
structure-dependent reactivity and small molecule-mediated conformational change. MP01-Gen4
possessed a total of six point mutations and exhibited a reaction rate constant of 25.8 £ 1.8 M! 5!
at pH 7.4 and room temperature. This was approximately two orders of magnitude greater than its
progenitor sequence and three orders of magnitude greater than background cysteine reactivity.
We believe the majority of the reaction rate enhancement can be attributed to interaction of MP0O1-
Gen4 with the perfluoroaromatic probe, which stabilizes a helical conformation. These results
highlight the possibility of achieving reaction rate enhancement from midsized peptides.
Introduction

Proteins can access many different mechanisms in order to facilitate rapid chemical
transformations. Studies on enzymes have suggested a host of general reaction rate-enhancing
mechanisms including: residue activation!, reaction pathway preorganization®, transition state
stabilization® and reactant destabilization.* It has been proposed that such mechanisms rely on
combinations of electrostatics (proximal charges or dipole interactions for instance)’, steric
effects®, in addition to energies of substrate binding* and desolvation’ in order to achieve their rate

enhancement.



The majority of reactive biopolymers are composed of long sequences of more than 100
amino acids. Some of the smallest, naturally occurring enzymes like lysozyme and barnase are still
over this length.®? Smaller still are 4-oxalocrotonate tautomerase (~62 residues, though it exists as
a hexamer in solution)!'® and the 6 kDa mini-matrilysin enzyme fragment.'!

Compared to these larger biopolymers, it is not obvious what mechanisms or features small
to midsized, reactive peptides (<30 amino acids) are capable of accessing. From a structural
perspective, it may be challenging for short peptides to match the active sites often seen in larger
proteins because they lack the size to adopt necessary folds. Although examples of short folded

peptides exist!?1®

, such peptides are often designed for structure and typically rely on disulfide
bonds or cyclization to impart stability."> However, for reactivity, structural rigidity or even a
single conformation is not necessarily required, as dynamics and coupled motions are often

17719 In fact, enzymes displaying

observed and suggested to play important roles in proteins.
significant conformational dynamics have been reported?® along with molten globule?! and
intrinsically disordered enzymes.?? Along with this, significant advancements have been made
developing amino acid and peptide-based catalysts for a host of different reactions suggesting that
diverse reactivity can be achieved with minimal sequences.?*~2°

In vitro selections and screens are powerful approaches to identify short peptides capable
of performing desired reactions. A specific vein of this research has focused on developing
peptides that covalently react with small molecules at accelerated rates. These efforts have
identified sequences that react, for example, with p-(chloromethyl)benzamide®’, palladium-
activated iodofluorescein®®, 2-cyanobenzothiazole?’, diketones®® or perfluoroaromatics.’!*
Compared to rationally designed systems in which a biopolymer is biased toward specific
structural features or mechanisms, less is known regarding the mechanistic solutions emergent
from these library-based approaches.

Here we investigated the properties of a 29-residue peptide (MPO1) originally isolated from
an mRNA display selection to react with a perfluoroaromatic via nucleophilic aromatic
substitution (SnAr, Figure 1A). We studied MP0O1’s mutational tolerance and conformational
properties both experimentally and computationally. These techniques were used to alter and
improve the MPO1 sequence, culminating in a mutant containing six point mutations with a second
order rate constant improved by a factor of ~90, delivering high conversion in minutes (Figure 1B

and Table 1). Biochemical and biophysical analysis of the improved MP01-Gen4 demonstrated



increased helicity and a broad predicted structural landscape. Notably, both MP01-Gen4 and an
unreactive Ser mutant were conformationally stabilized by the perfluoraromatic small molecule,
suggestive of a binding interaction. We propose that this interaction between the peptide and the

probe accounts for the majority of the reaction rate enhancement, as in protein molecules.*
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Figure 1. Rapid cysteine arylation by a 29-residue peptide. (A) Nucleophilic aromatic substitution
reaction between MPO1 and a pentafluorophenyl sulfide perfluoroaromatic (CA). (B) Liquid
chromatography-mass spectrometry (LCMS) conversion analysis and rate constant comparison
between the starting peptide (MPO1-Genl) and the final peptide (MPO1-Gen4). S — Starting
peptide, CA — capture agent, P* — peptide-CA conjugate following reaction.



Table 1. Key MPO1 mutants show improved reaction rate constants relative to MP0O1-Genl. All
rates were measured using 100 uM peptide, 500 uM CA, 5 mM TCEP with 1x kinetics buffer (25
mM pH 7.45 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES), 100 mM NacCl, 5
mM CaClz and 5 mM MgCl) at pH 7.4 and room temperature. Rate constant errors are standard
deviations from either three individual replicates for MPO1-Genl and MPO1-Gen4 or the error of

the linear regression fit of a single measurement for all others.

Name Sequence Second order rate (M-1 s-l)

MPO01-Genl MHQKY KMTKD CFFSF LAHHK KRKLY PMSG 0.29+£0.01
MPO1 3A MHQKY KMAKA CFFAF LAHHK KRKLY PMSG 1.82+0.03
MPO1 H19L MHQKY KMTKD CFFSF LAHLK KRKLY PMSG 2.17+0.33
MPO01-Gen2 MHQKY KMAKA CFFAF LAHLK KRKLY PMSG 9.35+0.07
MPO1-Gen3 1 A17E MHQKY KMAKA CFFAF LEHLK KRKLY PMSG 252+0.5
MPO01-Gen3 2 H2N MNQKY KMAKA CFFAF LAHLK KRKLY PMSG 12.8+0.1
MPO01-Gen4 MNQKY KMAKA CFFAF LEHLK KRKLY PMSG 258+1.8
Results

Alanine scanning mutagenesis reveals beneficial and detrimental residues

To locate residues important for MPO1’s reactivity, we performed an alanine scan and measured
the variants’ reaction kinetics. This uncovered several residues that either helped or hindered
reactivity (Figures 2A, S1-26). Synthetic peptide (0.1 mM) was treated with the perfluoroaromatic
probe (0.5 mM and referred to as CA, Figure 2A inset), 5 mM tris(2-carboxyethyl)phosphine
(TCEP) and 1x kinetics buffer (25 mM pH 7.45 2-[4-(2-hydroxyethyl)piperazin-1-
yl]ethanesulfonic acid (HEPES), 100 mM NaCl, 5 mM CaCl, and 5 mM MgCl;) at room
temperature and analyzed by liquid chromatography-mass spectrometry (LCMS, details in SI,
these were referred to as standard reaction conditions). The residues critical for full reactivity with
the perfluoroaromatic probe were predominantly hydrophobic in nature and were concentrated
within six residues of the active site cysteine. When the cysteine itself was mutated to serine, all
reactivity was lost (Figure S11). Apart from these residues, the majority of the sequence appeared
tolerant to alanine substitution. Several sites benefited from alanine placement, suggesting that the
most reactive version of MPO1 had yet to be found. These beneficial mutations enhanced the rate
constant from 1.9- to 4.7-fold and appeared both close to and far from the active cysteine in

primary sequence as evident by the H19A and P26 A mutations. Additionally, the properties of the



residues varied from charged and polar to the rigid proline, providing little insight into their

mechanism of action.
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Figure 2. MPO1’s reactivity is modulated by alanine mutations and may possess helical elements.
(A) Second order rate constants measured using standard reaction conditions for MPO1 mutants.
Beneficial mutations are colored in green, detrimental alanine mutations are in red. (B)
Representative structures of the three largest clusters following structure prediction, clustering and
family generation. Results of the alanine scan are mapped onto the structures with beneficial
alanine sites in green, detrimental alanine positions in red and the active cysteine in teal. Family
size percentages indicate how large that family was in the population with the number below
corresponding to the Rosetta energy unit (REU) score for the representative structure. Energy vs

root-mean-square deviation plots relative to the representative structure are shown at the bottom.



Structural modeling suggests the importance of a helical conformation
In an attempt to understand the alanine scan results and guide hypothesis driven experimental
mutagenesis, we used Rosetta ab initio structure prediction®*** to model MPO1. Structure
clustering suggested a dominant structural family with several smaller, but similar neighbors
(Figures S41 and S42). Representative structures were extracted from each family using a
combination of low in-cluster energy and low in-cluster root-mean-square deviation (RMSD,
Figures 2B top, S42). The predominant family accounted for 45.9% of structures; however, the
energy difference between its representative structure and those of other clusters was minimal (-
25.3 vs. -28.5 and -24.8 Rosetta energy units, Figure 2B). This similarity in energy, along with
only minimally defined folding funnels (Figure 2B bottom) and its predominantly random coil-
like circular dichroism (CD) signature®® suggested that this sequence does not adopt a unique
conformation and that a landscape approach to structure prediction would benefit interpretability.
A multistate modeling approach suggested that the majority of structural families adopted
partial helical character with flanking random coil features. Analysis of these structures revealed
that polar residues including K6, T8, D10 and S14 were often proximal to the active cysteine;
however, alanine mutations at these positions did not hinder reactivity. These, in addition to other
non-detrimental polar-to-alanine mutations (H2, K4, K9, H18, H19 and K20) suggested that polar
/ hydrogen bonding-based activation was not a predominant source of rate enhancement. In
contrast to the polar residue mutations, several hydrophobic residues (Y5, M7, F12, F15 and L.16)
appeared critical for reactivity (Figure 2), perhaps due to stabilization of a reactive helical
conformation or interaction with the CA. Further analysis revealed that in most families, the active
cysteine was located in the N-terminal region of the primary alpha helix (shown in teal, Figure
2B), potentially taking advantage of helix dipole-based activation.’® Based the alanine scan along
with structural landscape modeling, we concluded that one or multiple helical conformations may
be important for cysteine arylation, in conjunction with the critical hydrophobic residues.

Targeted alteration of MP0O1



1. Beneficial Ala mutants synergize to improve reactivity
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Figure 3. A ;ombination of alanine scanning and experimental guided mutagenesis enhanced
MPO1’s reactivity. (A) Second order rate constants of combined alanine mutations. (B) Model of
residue position 19 relative to F15 and L16 for the representative structure of the largest cluster of
MPO1, MPO1-H19A, MP0O1-H19V and MPO1-H19L. H19 is shown in red with the hydrophobic
mutations in green. (C) Second order rate constants of the three H19 variants. (D) Second order

rate constant of MP01 vs. MP0O1-Gen2 composed of the T8/D10/S14 A mutations along with
HI9L.

Following up on the most beneficial Ala mutants (T8, D10, S14), we tested their synergy in an
attempt to understand how removing sidechain functionality during the alanine scan improved
reactivity. Each combination of double mutants showed improvement, leading to the triple alanine
variant with a 1.82 + 0.03 M! s”! second order rate, representing a 6.3-fold increase in reactivity
(MPO1-T8/D10/S14 A, Figures 3A, S27-30). Analyzing the population changes between MP01
and its three alanine variant by modeling suggested a structural landscape expansion in terms of
the family representation (Figures S43—46). The dominant family in MPO1 decreased in size (-
23.2%) and energy (-2.8), while several other families significantly increased in size and decreased
in energy (Figures S45 and S46). In addition to potentially altering the structural landscape
accessible, these mutations may have stabilized a helical conformation®®*’, improved accessibility
of the CA to the reactive cysteine, or removed a negatively charged residue (D10) that could
destabilize the Meisenheimer reaction intermediate.

1I. A helix stabilizing mutation improves reactivity



The location of both H19 and its improved alanine mutant in reference to the critical F15 and L16
(i, i+4 and i, i+3) suggested that substitution at this location with larger hydrophobic residues (V
and L) may stabilize the predicted helical conformation®® (Figure 3B). Under a model that placed
importance on an alpha helix, stabilization of this feature was believed important in order to
improve reactivity. In line with this notion, the chemically synthesized HI9V and L mutations
showed progressively increased rate constants of 3.5- and 7.5-fold respectively (Figures 3C, S31—
32). Modeling of the HI9L variant suggested that while the primary family from MP0O1 remained
dominant and the energy of its representative structure decreased (-5.8 REU), its size slightly
decreased (-5.19%, Figures S47-S49).

111. Combining mutations further improves reactivity

To determine whether the 3 Ala variant (MP01-T8/D10/S14 A) would synergize with the H19L
mutation we synthesized a combined, four residue altered sequence (MP01-Gen2). This sequence
afforded a 32.2-fold improved second order rate constant relative to MPO1 and was superior to a
4 Ala variant where H19 was replaced with alanine (Figures 3D, S33 and S34). Computational
modeling suggested that this peptide may adopt a number of different conformations (S50-S54).
The major family from all previous variants was replaced by a new family (Gen2 cluster C2 in
Figure S54); however, many of the previous dominant families still appeared at significant
percentages. Additionally, none of the representative structures displayed a significant folding
funnel (Figure S51). Attempts to combine other beneficial alanine point mutants with the Gen2
scaffold yielded no further benefits (Q3A, K9A and K20A for example, Figures S35-37).

1V. Additional helix stabilizing mutations further improve reactivity

Attempting to stabilize helical elements seen throughout Gen2’s landscape led to a sequence

possessing a second order rate constant ~90 times greater than the initial MPO1 scaffold. Gen2’s
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Figure 4. Structure guided mutations enhance MP01-Gen2’s reactivity and broaden its predicted
structural landscape with lower overall structure energies compared to Genl. (A) Models showing
the locations of mutation on the representative structure of the largest clusters of MP01-Gen2. (B)
Second order rate constants of the Gen 3 and 4 sequences using standard reaction conditions. (C)
Structural landscape analysis of Gen4 showing the size of the six largest families along with

representative structures, their energies and energy vs. RMSD plots for the select structures.

A17 almost always appeared in an alpha helix three and four residues prior to a positively charged
amino acid (K20/21) the structure of which could be stabilized by an i, i+4 salt bridge (Figure
4A).*° Furthermore we noted that H2 commonly adopted a position capping the N-terminal portion
of a helix, a role that could also be stabilized by an asparagine residue.*’ Producing both of these
variants (Gen3 1 for A17E and Gen3 2 for H2N) again each individually increased the rate of
reaction with the CA, with a striking improvement provided by the A17E mutant (Figures 4B, S38

and S39). Combining these two alterations delivered the final MP01-Gen4 sequence possessing



six positions altered that was significantly more reactive than its progenitor scaffold and ~3.7x10°
times more reactive than a random cysteine containing peptide (previously measured at 0.007 M™!
s'!, Figures 4B and S40).3

Structural landscape modeling of Gen2 to Gen4 suggested a broad conformational space
and no significant folding funnel for any of the representative structures (Figures 4C, S55-S60).
Relative to the starting MP0O1 sequence, the energies of the representative structures had decreased,
suggesting that structure itself was stabilized even though the structural landscape had broadened.
Thus, while the mutations may have stabilized interactions, possibly helping the sequence adopt a
reactive conformation, the overall conformational space was still predicted to be wide and similar
in energy with transitions between states.
Biochemical and biophysical characterization of MP01-Gen4
Relative to MPO1-Genl, the fourth generation variant displayed increased alpha helicity as
measured by CD at room temperature, consistent with lower Rosetta energies (Figure 5A). To test
whether this secondary structure was important for reactivity we analyzed Gen4 under increasing
concentrations of guanidinium chloride. Helicity decreased with denaturant concentration, even at
the lowest concentration examined, demonstrating that the helical structure was minimally stable
(Figure 5B and C). Thermal denaturation gave a similar outcome, reminiscent of helix-coil
transitions for isolated helical peptides (Figure S96).4'*? This loss of alpha helicity correlated with
a commensurate drop in reactivity at low concentrations of guanidinium chloride with a near
complete ablation of reaction from 2-3 M (Figures 5D, S62-S65). We note that denaturation has
been shown previously not to alter the SNAr mechanism and thus believe the decrease in reactivity

to be attributed to the importance of structural elements.>?
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Figure 5. MPO1-Gen4 displays increased helical features and reactivity that is sensitive to
denaturant. (A) CD spectra of MP0O1-Genl and the final Gen4 variant using 50 pM MP in 10 mM
phosphate buffer, 1 mM TCEP and pH 7.0 at room temperature. (B) CD spectra of MP0O1-Gen4
with select concentrations of guanidinum chloride (0—4.5 M). (C) Single wavelength mean residue
ellipticity analysis of Gen4 as a function of denaturant concentration at 222 nm. (D) Guanidinium

chloride-based Gen4 kinetics using standard reaction conditions with the addition of denaturant.

Gen4 displayed kinetics sensitive to truncations as well as select additives. Given a
hypothesis that emphasized the importance of structural properties of this sequence, we
synthesized a series of N and C-terminal truncations of the Gen4 sequence. This series of
truncations displayed a progressive decrease in reactivity with longer truncations, perhaps
suggesting a role for the majority of the sequence (Figures 6A, S69-S78). Having observed a
secondary structure dependence along with a truncation sensitivity, we assayed Gen4 for reactivity
under addition of additives that may impact its properties or its interactions with the CA. Using
the structure stabilizing additive trimethylamine N-oxide (TMAO)* at 0.5 and 1 M, the rate
constant decreased t0 9.7 £ 0.6 M! s! and 7.5 £ 0.6 M s”! respectively, this may suggest the need

for conformational flexibility prior to or during the reaction or that it stabilized a less reactive



conformation (Figure S66). Sodium chloride and ammonium sulfate both negatively impacted the
reaction rate (3.9 £ 0.2 M s for 2 M ammonium sulfate and 6.1 £ 0.1 M 5! for 2 M sodium
chloride, Figures S67—S68). This is in contrast to the four-residue n-clamp motif that also reacts
with perfluoroaromatics, but displays a dramatic and beneficial salt-effect from ammonium
sulfate.*

MPO1-Gen4 exhibited pH-dependent kinetics. Profiling the reaction rate versus pH showed
a roughly sigmoidal curve with a midpoint near pH 8 (Figures 6B and S79—S91). This observation
is consistent with a thiolate acting as the nucleophile in the reaction and indirectly suggests that
the pKa of the active cysteine is not significantly altered from that of a typical cysteine.*
Therefore, we concluded that pKa modulation is not the primary determinant of MP0O1-Gen4’s

reactivity.
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To determine whether MP0O1-Gen4 adopted a tertiary structure, we performed natural
abundance nuclear magnetic resonance (NMR) spectroscopy. 'H NMR characterization of Gen4
revealed that at lower concentrations and temperatures (10 °C), the amide proton region displayed
increased signal intensities, an observation consistent with decreased conformational exchange
and/or stabilization of structural hydrogen bonds (Figure S61). However, between 4 and 100 uM
the amide proton resonances disappeared, due to apparent aggregation, which was previously
observed for MP0O1-Gen1.*? We acquired a 'H-'"H NOESY spectrum at 5 mM MP01-Gen4. Few
cross peaks were observed with the exception of several aromatic-to-aliphatic resonances,
indicative of side chain interactions within (i, i+3 or i, i+4) or between structural segments. Based
on these results, we concluded that preparation of isotopically labeled MP01-Gen4 samples would
be required for productive NMR analysis.

Small molecule induced conformational stabilization of MP01-Gen4

MPO1-Gen4 possessed CA mediated structural properties. Following CA reaction and purification,
the labeled version displayed a significantly increased alpha helical signature relative to its
unlabeled state (50 uM Gen4-CA, Figure 7A). To determine whether this structural alteration was
unique to Gen4 or had emerged from the selection®?, CD measurements were conducted on select
MPO1 variants before and after CA labeling (still in the reaction buffer with excess CA). This
showed that all versions of MPO1 altered their secondary structure upon labeling, suggesting that

this structural alteration property was a feature emergent from the initial selection (Figure S92).
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To begin to test whether MPO1 interacts with the CA we synthesized nonreactive variants
for both MP01-Genl and Gen4: Genl(C11S), Gen4(C11S) and Gen4(C11A). Increasing the
concentration of CA present with all of these variants from 0 to a 10-fold excess (0—500 uM CA)
showed progressively increasing helical signature, similar to the covalently labeled versions
(Figures 7B, S93 and S94). The Genl version required higher CA concentrations to elicit
conformational stabilization as up to a 2—3-fold excess showed minimal alteration while the Gen4
version already exhibited more pronounced change (Figures 7 and S93). Thermal melting of
Gen4(C11S) at 50 pM with 10-fold CA (500 uM) showed a gradually increasing CD signal that
remained well below the ellipticity values observed for either Gen4 or Gen4-CA, demonstrating
that the CA conformationally stabilized MP01-Gen4(C11S) (Figure S96). We do not believe the
CA to act as simply a structure promoting additive as the concentrations of CA used were much
lower than those typically used with osmolytes in order to stabilize helicies (mM-M).***” Instead,
we believe that the CA directly interacts with the peptide, stabilizing one or multiple helical
conformations.

Structural alteration was rapid and dependent on the CA concentration, as expected for a
binding event. We characterized the rate at which this structural alteration occurred by measuring
the CD signal at 222 nm for both the reactive form (C11) and the unreactive form (C11S) with
select CA concentrations. For the unreactive form of Gen4 (C11S) we observed that the secondary
structure alteration occurred rapidly and before measurements were started with ellipticity values
similar to those obtained following overnight CA incubation (<10 s, Figure 7C). With a 2-fold CA
excess, the reactive version not only displayed a rapid initial alteration but then exhibited a longer
timescale alteration, arriving at a value similar to the purified, covalently labeled MPO1-Gen4.
This second phase of alteration occurred on a timescale commensurate with that observed for
complete labeling via LCMS. A 10-fold excess of CA showed a large initial structural alteration
for both the C11S and C11 Gen4 sequences. However, the reactive variant then only minimally
increased in helicity suggesting that at this CA concentration, the fraction of Gen4 in the increased
helical state immediately following the premeasurement phase was near unity. Thus while the MP
would still undergo reaction, its secondary structure would not change. Extending this analysis to
the C11 and C11S versions of Genl we observed a similar trend of rapid initial alteration
dependent on the CA concentration used, in addition to a slow second phase of structural alteration

for the 2-fold CA reaction mixture correlating with its much slower reaction kinetics (Figure S95).



The low concentration of CA used (uM), along with the rate of the structural transition, support
an interpretation of the CD data as reporting on a binding interaction between MPO1 and the CA.

Biophysical characterization of MP01-Gen4-CA

Gen4-CA exhibited properties reminiscent of globular proteins. Relative to its unlabeled version,
higher concentrations of guanidinium chloride (greater than 1.5 M) were required for substantial
alteration of Gen4-CA’s secondary structure (Figure 8 A). Nonlinear regression using a two state
model of the mean residue molar ellipticity at 222 nm suggested a native-to-unfolded transition
with a AG° of 4.2 kcal mol™! with an m value of 1.3 kcal mol”! M which is in the range of m values
of known small proteins (Figure 8B).*® Thermal melting of labeled and unlabeled Gen4 peptides
(C11 present, followed from 4-95 °C at 222 nm via CD) displayed a sharp unfolding transition for
the CA-labeled version near 64 °C compared with the unlabeled version that displayed a broad,

gradually increasing trend similar to those seen from chemical denaturation (Figures 8C and S96).
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Figure 8. MP0O1-Gen4-CA displays increased stability relative to unlabeled MP01-Gen4. (A). CD
analysis of MP01-Gen4-CA with increasing concentration of guanidinium chloride (0-6 M). (B).
Two state modeling of chemical denaturant melt followed at 222 nm by CD (C). Thermal melting
of 50 uM MPO01-Gen4-CA followed by CD at 222 nm.

As an additional means of characterizing the structural stability of MP0O1-Gen4, we studied
its protease stability. Gen4-CA displayed significantly increased protease resistance relative to the
unlabeled Gen4 (Figures S97, S99 and S102). In line with the results from CD, Gen4(C11A and
S) in the presence of 10-fold CA displayed an improved protease stability relative to Gen4 alone
but was not as stable as the covalently bound form (Figures S100-S102). To probe the role of the
CA in protease stability we synthesized a pentafluorophenyl sulfide (pfp) labeled Gen4, lacking
the PEG-lysine-biotin portion of the CA. This variant displayed relatively high stability but was



less stable than the complete CA version (Figures S98 and S102). To gain a complete description
of MP01-Gen4-CA’s molecular structure, we attempted to crystallize this construct, with no
success. This could reflect conformational heterogeneity or that the proper experimental conditions
have yet to be determined.

Discussion

In this work, we demonstrated that MPO1-Gen4 — a 29-amino-acid polypeptide with appreciable
alpha helical structure — reacts with a small molecule probe ~3700-times greater than a random
sequence cysteine-containing peptide. This rate enhancement is significantly larger than those
observed in shorter peptide systems (<15 residues) where values of 2-%°, 5.2-2® and 220-fold*
relative to control nucleophiles have been observed and slightly greater than the 1000-fold value
delivered by the m-clamp, a four-residue motif that accelerates cysteine arylation.’® Of these
systems, MPO1 is the first to exhibit a link between extended secondary structure and enhanced
chemical reactivity.

The data presented here indicate that midsized peptides can access mechanisms other than
direct activation, like the modulation of cysteine pKa. We hypothesize that the MPO1 variants
interact with the perfluoroaromatic reaction partner in order to facilitate rapid reactivity due to an
increased local concentation. A kinetic model in which rapid interaction precedes reaction yields
an effective molarity (EM)®' of 0.6 M (SI section 1.12 for derivation). This modest EM
demonstrates that the observed rate enhancement can be accounted for by a relatively weak affinity
interaction between MPO1 and the CA (Ka ~150 uM, estimated from Figure 7B) without requiring
a precise alignment of the cysteine and perfluoroarene or with perhaps multiple interaction
conformations. While the structural basis of the interaction remains to be clarified, presumably
even greater rate enhancements could be achieved with an optimized binding interaction geometry.

In the case of MPO1, it appears that function is achieved without possessing a single
conformation prior to reaction. In this regard, MPO1-Gen4 is reminiscent of intrinsically
disordered proteins that undergo disorder-to-order transitions upon performing their function.>>>*
This is not to say that MP01-Gen4 is completely unstructured since it possesses at least partial
alpha helicity prior to reaction. Prediction of disorder suggests that the termini (residues 1-7 and
24-29) are disordered while the interior of the peptide may be more ordered.’> These terminal
regions may undergo structural alteration upon labeling (or interaction) and may be important for

reactivity, as their removal is detrimental to function.



The use of structural modeling facilitated identification of helix stabilizing mutations
(H2N, A17E and HI9L) that improved the rate of cysteine arylation. However, we caution the
interpretation that the presented models are necessarily the states populated by this sequence.
Given such a short peptide and the experimentally observed CD spectra, the unlabeled MPO1
peptide might actually display significantly more random-coil behavior than predicted due to
conformational dynamics. Heavily structured landscapes may be due to the use of 9-mer fragments
in the ab initio protocol. This could have shifted the results toward structure since fragments of

56-58

this size represent 31% of the total length. Nonetheless, multistate modeling may be applicable

for identifying short, reactive polymers by de novo design, which has generally focused on longer
polymers with defined tertiary structure.>**

MPO1-Gen4-CA displayed significant thermal and chemical stability. Often, isolated
helical peptides exhibit low stability and broad thermal melting transitions*!, in contrast to the
relatively sharp transition near 64 °C for MP01-Gen4-CA. We propose that the stability of MP0O1-
Gen4-CA can be explained by hydrophobic interactions between the CA and specific residues,
helping lock the peptide into one or more helix-turn-helix conformations, accessible to the
structural landscape. Additional studies are necessary to fully understand the conformation
adopted MPO1-Gen4-CA and the potential of perfluoroarene modification for stabilizing small
polypeptide folds.

Conclusion

Here we studied the properties of a reactive midsized peptide. These features spanned from the
effects of individual residues to structural considerations and substrate interactions. Mixing
insights from structural landscape modeling with residue mutagenesis, we were able to alter and
improve MPOI’s reactivity. We suggested that these mutations altered MPO1’s structural
landscape, often through helix-stabilizing effects. Perhaps the most interesting observation was the
conformational stabilization of MPO1 in response to the small molecule probe, even under
noncovalent conditions. While this study illustrates some of the features used by a single sequence,
the extent of functional-sequence and -structure space conducive for a given reaction — SNAT in
this case — remains elusive. Further, it remains an open question as to the extent of possible
reactions that can be performed by midsized peptides or whether they can fully rival their larger

siblings in terms of breadth of reactivity. However, the rate acceleration and properties reported



here lends support to the notion that much can be achieved by a midsized biopolymer, hopefully
kindling further studies on such sequences.
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