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ABSTRACT

The goal of this project is to determine the structures of all the
kinetically significant irtermediates in ar enzymatic reaction. Triose
phosphate isomerase (E.C. 5.3.1.1 (TIM)) is a dimeric protein Wwith a
molecular weight of about 53,000. It catalyzes the interconversion of
dihydroxyacetone phosphate (DHAP) and glyceraldehyde-3-phosphate (GAP)
in glycolysis. The rate of the catalytic reaction is almost diffusion
controled, makirg TIM one of the most efficient enzymes in living
things.

In collaboration with Dr. G. Kawasaki, the sequence of the gene
coding for yeast TIM was determined using the methods of Maxam ard
Gilbert. The amino acid sequence deduced from the order of nucleotides
is approximately 50% homologous with TIM's from rabbit, chicken, and
coelacanth and 37% homologous with the Bacillus stearothermophilus
enzyme. The residues which are thought to be catalytically important
are conserved. The coding region contains no irtrons. The nucleotide
sequences which specify three helical regions of the protein are
approximately homologous. However, since these sequenrces are translated
in the same reading frame, their presence does not provide strong
evidence for genetic duplication of domains during the evolution of the
protein. A deletion of 3000 base pairs in the 5' flanking sequence
reduced the expression of the gere 10-fold in yeast and enhanced its
expression in E. coli. A comparison of the mutant and wild type
nucleotide sequences provides clues about the basis of the efficient
expression of the gene in yeast.

The x-ray crystal structure of yeast TIM was determined at 3.0 ]
resolution using the method of multiple isomorphous replacement. Each
monomer contains a core of eight strands of paraliel B-sheet arching
around the surface of a cylinder with a right handed twist. This
g-barrel is surrounded by twelve a-helices which form a secondary
cylinder orn the surface of each subunit. Irregular loops connect the
secondary stuctural features. The loop containing residues 70 to 80
makes many of the intersuburit contacts, and residues 168 to 177 are
disordered in the free enzyme. The structure is similar to that of
chicken TIM, despite only 50% homology of their amino acid sequences.
X-ray diffraction data were collected to 1.9 % resolution, and



crystallograﬁhic refinement of the structure is in progress. These
studies will facilitate 2 detailed comparison of the yeast and chicken
enzyme structures.

Using a flow cell, crystals of the erzyme were exposed to the
substrate, DHAP, at -5~ C, and x-ray diffraction data were collected to
3.5 f resolution. At this temperature an equilibrium mixture of DHAP
and GAP formed in the crystal. Difference maps revealed the substrate
ir both active sites of the dimer. The loop which was disordered in the
free enzyme bound the substrate and became ordered in the E-S complex.
Several residues in the loop moved over 10 f on substrate binding.

These results support model building studies on the interactions of the
enzyme with its substrates.

These studies are consistent with more than one hypothesis about
the enzyme mechanism. Glu 165 probably acts as a catalytic base which
shuttles protons between C-1 and C-2 of the substrates. Catalysis due
to electrophilic strain of the ground state of the substrates and
stabilization of the trarsition states is provided by His 95 at the
positive terminus of a helix dipole ard possibly by Lys 13. These
groups may act electrostatically to stabilize the negatively charged
transition states or as generzl acids which aid in the formation and
breakdown of the enzyme-bound intermediate. The phosphate moiety of the
substrates is bound at the positive end of a helix dipole by Gly's 232
and 233, by residues 209 to 211 and by interactiors with residues 171 to
173 in the disordered loop. Lys 13 may also form part of the phosphate
binding site. The interaction betweer the substrate and the disordered
loop accounts for some of the specificity of the reaction, irhibits the
non-enzymatic decomposition of the enzyme-bound intermediate and raises
the energy of the enzyme-substrate complex to speed the release of
products. Higher resolution crystallographic studies and the
construction of site specific mutants have been undertaken to test these
ideas.

Yeast TIM was also crystallized in the presernce of the putative
transition state analogue, phosphoglycolate. These crystals have unit
cell dimensions which are very different from those of the native
enzyme, and they diffract to at least 1.8 % resolution. Thus, another
biologically interesting conformatiornal state of the enzyme may be
studied crystallographically.

Apperdices to the thesis outline theoretical studies on unfolded
regions of protein binding sites as sources of negative entropy and the
mechanism of protein secretior in eukaryotes.
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CHAPTER I.

INTRODUCTION

I. The Eyeteeth of Molecular Enzymology

The elucidatiorn of the crystal structure of hen egg white lysozyme
in 1964 marked the advent of molecular enzymology (1). This structure,
and the many that have been solved since, have revealed the details of
the conformations of a wide variety of enzymes, and, in concert with
amino acid sequence information, this has inaugurated the study of
enzymatic reactions in terms of the geometry and chemical properties of
the participating groups. By the late 1960's, crystals of ribonuclease
and y-chymotrypsin were shown to be catalytically active (2,3). In
their paper on chymotrypsin, Rossi and Bernhard concluded that
"molecular inferences regarding the . . . mechanism of enzyme action,
derived from crystallographic studies of acyl-chymotrypsins, are validly
extendable to aqueous solutions" (3). This work has been extended to
the reactions of a number of crystalline enzymes, and has led to a
growing confidence that the packing of enzyme molecules in a crystal
lattice does not necessarily obscure their fundamental catalytic

properties (U4).



So rich was the view through the crystallographic looking glass

that Koshland and Neet, writing in the Annual Review of Biochemistry

said, "Enzyme chemistry in the year 1968 has arrived at a particularly
sigrificant watershed. The determination of the three-dimensional
structures of some enzymes has produced a 'momenrt of truth' for many of
the past predictions of protein structure and furction. It has also
provided a glimpse onto a future in which structure determination,
protein modification, and other new and sophisticated techniques may
allow enzymologists to explain those twin miracles of enzyme catalytic
power and enzyme specificity"™ (5). The truth about enzymes, however,
has remained elusive, and crystallographic studies have allowed only
more detailed questions to be framed. A large part of the problem turns
on the absence of direct information about the events of the catalytic
cycle, and the experiments described in this thesis are directed toward
obtaining such information. Early crystallographic studies were
necessarily indirect, because transient intermediates in enzymatic
reactions could not be stabilized for the one to two week period

required to collect x-ray data.

The standard methods which are used to obtain structural
information about the interactions of enzymes and substrates were first
applied in the study of hen egg white lysozyme. Phillips, Blake and
coworkers solved the structures of complexes of hen egg white lysozyme
with inhibitors and products, and they were able to observe the
interactions of these ligands with the active site residues (6-8).

Model building studies indicated that the hexasaccharide substrate could



not be accomodated in the active site unless the sugar adjacent to the
labile glycosydic bond adopted a strained sofa conformation (8). On the
basis of these studies, they proposed that destabilization of the ground
state of the substrate brought about by steric strain may be central to
the catalytic mechanism (9). Because this hypothesis was based on
indirect inferences about the structure of the kinetically significant
enzyme-substrate complexes, it has been susceptible to challenges by
several groups who contend that electrostatic stabilization of the
transient carbonium ion intermediate may make a more important

contribution to the enzymatic enhancement of the reaction rate (10-12).

Nonetheless, structural studies of complexes of enzymes with poor
substrates, nonproductive enzyme-inhibitor complexes and complexes of
multiple-substrate enzymes with each each of their substrates in turn
has led to a much better appreciation cf the catalytic process. In
particular, the conformational changes which can occur during catalysis,
whose existence had been inferred from a large number of physical
measurements were observed in detail, at least in shadow form. One
surprising example was a change of 12 ® in the average position of the
hydroxyl group of Tyr 248 which was seen when glycyl-L-tyrosine was

bound to carboxypeptidase A (13).

These results have been reviewed by Blow and Steitz (14) and
Matthews (15) and will not be described in detail here. In general, the
results are epistemologically suspect, for they try to deduce the
progression of productive conformations through the study of

non-productive states. It's like trying to learn how to hit home runs



by watching films of pop-ups, or, worse yet, in the cases where only the
native enzyme structure has been determined, by merely observing that
baseball is a game for 18 people, played with a ball and a bat on a

field of a certain size, etc.

The roots of this problem were described irn 1970 by David Eisenberg
(16), "A limitation of crystallography, irherent in the phenomenon of
diffraction, is that the resulting electron density function is an
averaging over all the unit cells of the crystal and over the time of
the experiment. This means, of course, that crystallography can yield

very little direct information orn the dyrnamics of an enzyme reaction

II. Biting the Apple

Taking this point of view as a challenge rather than a truth, a
number of workers in the ensuing decade found ways of directly observing
productive enzyme-substrate complexes using x-ray crystallography.
Petsko, Douzou, Firk and their coworkers demonstrated that it was
possible to kinetically trap productive complexes of crystallire enzymes
at low temperatures for a period of time long enough to collect x-ray
data (4,17-20). The application of this methodology has led, in the
last year, to the determiration of the structure at atomic resolution of
every kinetically significant enzyme-bound intermediate in the reaction
catalyzed by ribonuclease A (W. Gilbert and G.A. Petsko, unpublished

results). These data are currently the subject of intense scrutiny and

analysis.



Another approach was taken by D.C. Phillips and coworkers. It was
realized over ten years ago that because isomerase reactions are readily
reversible, the equilibrium mixture of productive enzyme-substrate
complexes could be observed crystallographically at ambient
temperatures. This idea is illustrated in Figure 1. For the reaction
of a hydrolytic enzyme, substrate which is soaked into an enzyme crystal
will be rapidly converted to product and diffuse away from the active
site. The lifetimes of transient enzyme-substrate complexes will be too
short to contribute significantly to the x-ray diffraction pattern and

will not be observed.

The situation is quite different in a crystal of an isomerase.
Substrate which diffuses into the crystal is rapidly converted to
product, but the product is the substrate for the back reaction. The
substrates will be continuously interconverted, and, if the substrate
concentratiorn is higher than the dissociation constants,
crystallographic analysis should, in theory, reveal the weighted average
structure of the enzyme-substrate complexes present at equilibrium.
This was the rationale behind the studies on chicken muscle triose
phosphate isomerase (TIM) initiated over a decade ago in the laboratory
of Molecular Biophysics in Oxford, England. For a number of technical
reasons described in detail below, the crystals of the chickenr muscle
enzyme have proven especially difficult to study. In the hope of
skirting these technical problems, Drs. Hartman, Petsko and Tsernoglou

began crystallographic experiments on the triose phosphate isomerase
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Figure 1.
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Reactions of Crystalline Enzymes. a) 1In a crystal of a
hydrolytic enzyme, substrate is rapidly converted to product
at ambient temperatures. The enzyme-substrate complex is
short lived anG cannot be observed by x-ray diffraction
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directly by x-ray crystallographic methods.
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(TIM) from yeast about three years ago. Structural studies on this

enzyme form the bulk of the work described ir this thesis.

III. Triose Phosphate Isomerase - The System (The Tree of Knowledge).

This work is directed toward understanding the structural basis of
the specificity and rate enhancing ability of ar enzyme. In addition to
the fact that the productive enzyme-substrate complex should be directly
observable, there are a number of features of the TIM reaction that make
it an excellent model system. First, the reaction is extremely fast
and simple. A 109 fold rate enhancement over the uncatalyzed reaction
is brought about by the enzyme, making it one of the most efficient in
living things (21,22) (Table 1). The reaction is almost
diffusion-controlled, and the Km's are matched to the intrallular
concentrations of substrates. Knowles has described it as an almost
perfect catalyst, all but insensitive to evolutionary pressure (22).

The insights gained into the mechanism of this fast enzyme may be more

generally applicable to the reactions of those which are less efficient.

From a structural perspective, as well, TIM is a good candidate for
study. The triose phosphate isomerases from four organisms have been
sequenced (23-26), and the x-ray structure of the chicken muscle enzyme
has been solved and recently refined at 2.5 % resolution (27). Low
resolution studies of its interactions with substrates and inhibitors
have also been carried out (28). These investigations will permit a

detailed comparison of the structures of the chicken and yeast enzymes

11



#*
TABLE 1. Bimolecular Rate Constants for Product Formation

Enzyme Substrate kcat/l(m(sec-1 M1y
Adenylosuccinate lyase Adenylosuccinate T x 109
A5-3-Ketosteroid Isomerase Pregnenedione 4.4 x 109
Superoxide dismutase Superoxide 2.3 x 109
Fumarase Malate T.4 x 109
Cytochrome C Peroxidase Cytochrome C 6 x 108
Triose Phosphate Isomerase Glyceraldehyde-3-Phosphate 3.6 x 108
Triose Phosphate Isomerase Dihydroxyacetore Phosphate 1.0 x 107

®# from references 21 and 78.

12



and may facilitate an aralysis of the motions of the atoms in the

protein (29).

As described below, the crystals of the free yeast triose phosphate
isomerase diffract to at least 1.5 | resolution, and non-isomorphous
crystals of the erzyme in the presence of a trarnsition state analogue
have been obtained (30). This raises the possibility of looking at the
protein in several biologically interesting conformational states at

atomic resolution.

The possibility of genetie exberiments. realized through the work
described in Chapter I1I, also makes the yeast enzyme a potentially
powerful subject of investigation. The combination of the methcds of
modern protein crystallography and molecular genetics may yield

qualitatively new informationrn about the catalytic mechanism.

The most attractive feature of the triose phosphate isomerase
reaction, however, is that it has been extensively studied using a wide
range of physical and biochemical methods. Consequently, there 1is a
large body of biochemical pheromenology to be explained in structural
terms. The intellectual fusion of structure and function, then, is
limited by our ability to design structural experiments to test specific
hypotheses rather thar by a paucity of information about the properties

of the protein.

13



IV. Triose Phosphate Isomerase -- The Reaction.

Triose phosphate isomerase catalyzes the interconversion of
dihydroxyacetone phosphate (DHAP) and D-glyceraldehyde-3-phosphate
(GAP), and, in doing so, it plays a critical role in glycolysis,
gluconeogenesis, the pentose pathway and fatty acid metabolism (31,32).

The reaction is shown in Figure 2.

A. The Flight from the Garden.

In the 1950's, two groups demonstrated that the enzyme irtroduces a
single tritium into DHAP when the reaction is carried out in tritiated
water (33,34). When this 3H-labelled DHAP was exposed to the enzyme in
H

2
3-phosphoglycerate by including excess glyceraldehyde-3-phosphate

0, none of the label was found in the resulting GAP (trapped as

dehydrogenase, NAD* and arsenate in the reaction mixture). On the basis
of these results, a direct hydride transfer between C-1 and C-2, which
would yield stoichiometric amounts of 3H-GAP. was ruled out. By analogy
to phosphoglucose isomerase, it was proposed that the reaction occurs by
a proton transfer mechanism and-that the substrates are interconverted

through an enzyme-bound enediol intermediate (34,35).

The proton transfer was found to be completely stereospecific,
occuring only between C-2 of D-GAP and the pro-R position of C-1 of DHAP
(36). On the basis of the ecoromical assumption that proton abstraction
and donation occur on the same face of the planar intermediate, Reider

and Rose argued that the stereospecificity of the reaction implies that

14
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the intermediate is cis rather than trans. This species is shown in
Figure 2, though formally the data are also consistent with a

symmetrical enediolate as the enzyme-bound intermediate species.

Subsequent work demonstrated that 3 to 6% of the label in
[1(R)-3H]-DHAP was transferred to GAP in the TIM reaction (37). This
had two important consequences. 1) It supported the idea that proton
transfer between C-1 and C-2 is catalyzed by a single base on the enzyme
which accepts and donates the labile proton. Studies directed toward
the identification of this base will be described in detail below. 2)
It demonstrated that, even with the intermediate bound to the enzyme,

the base is in almost complete equilibrium with the solvent.

Knowles, Albery and coworkers were able to exploit this situation
through the judicious use of isotopic label to follow the fates of
specific deuterium and tritium atoms in the substrates and the solvent
during the TIM reaction. Starting with the scheme shown in Table 2, the
theory which relates the results of sixteen different isotope exchange
experiments to the microscopic rate constants was derived (38). Eleven
of these experiments were performed and analyzed to give the Gibbs free
energies of all of the intermediates and transition states in the

reaction (39-41). These experiments are summarized in Table 2.

In general, three kinds of experiments were carried out. 1) The
extent of transfer of isotope from labelled DHAP to GAP and the change
in the specific activity of the substrate were measured as a function of

the extent of the reaction (37,42). 2) Starting with unlabelled

16
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substrates in tritiated water, the specific activity of the substrate
and product were measured as a function of the extent of the reaction
(43,44). DHAP and GAP could nrot be labelled directly, but only in the
course of the breakdown of the enzyme-bound intermediate. Consequently,
these experiments gave information about the partitioning of the enzyme-
intermediate complex and the rate at which it exchanges protons with the
solvent. 3) Deuterium kinetic isotope effects in the overall reaction
were measured to probe the kinetic significance of proton transfer steps

(u5).

In all cases, the product of the isomerase reaction was trapped
using the appropriate dehydrogenase to prevent the back reaction of the
released product from contributing to the observed distribution of
isotope. GAP-dehydrogenase was used to scavenge free GAP, and DHAP was
trapped using a-glycerolphosphate dehydrogenase. The change in
absorbance of the NAD* and NADH cofactors of these dehydrogenases also

provided a measure of the rate of both enzymatic reactions.

The free energy profile for the TIM reaction determined by Knowles,
Albery and coworkers is shown in Figure 3 (40). The standard state was
defined in relation to the concentration of triose phosphates in muscle
(40 mM). In the conversion of DHAP to GAP, the slowest step is the
enolization of the substrate to form the enzyme-bound intermediate, but
the rate limiting transition state is not encountered until the release
of product. The back reaction from enzyme-bound intermediate is three

times faster than the release of GAP (Table 2).
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In the conversion of GAP to DHAP, the reaction rate may be close to
the diffusion controlled limit. The binding of GAP involves the highest

8 ==, The

free energy barrier, corresponding to a rate of 4 X 10° s~
slowest chemical step (which may be partially rate limiting) is the
formation of the enzyme-bound product. The activation free energy
barrier for the binding and release of DHAP is not kinetically

significant.

The exchange of protons between to enzyme-intermediate complex and
the solvent involves the second lowest free energy barrier of the
reaction. The enzyme-intermediate complex forms E-GAP about 10 times
faster than E-DHAP (k3 = 10 x k_2. Table 2). This partition ratio is
similar to that for the non-enzymatic collapse of the enediol
intermediate in aqueous solution (46). If the enzyme-bound intermediate
is, indeed, an enediol, this suggests that both transition states for
enolization have been stabilized to the same extent by the enzyme (46) .
The free energy of stabilization is about 7 kcal/mole, corresponding to

a rate enhancement of 2 X 109 at 37° C.

The enzyme-intermediate and enzyme-GAP complexes, marked in dashed
lines in Figure 3, are probably not kinetically significant. All the

enzyme-bound species are higher in free energy than enzyme + free DHAP.

One important feature of the free energy profile is that the E-DHAP
complex is the most stable enzyme-bound species. This implies that the
crystal structure of the TIM-substrate complex will be dominated by

contributions from this species (41). Assuming that the free energy
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profile does not change as a function of temperature, the microscopic
rate constants can be exptrapolated to low temperatures. The results of
such a calculation are shown in Table 3. For the upper limit case in
which the enzyme is as fast in the crystal as it is in solution, it is
clear that the enzyme-GAP complex can be trapped long enough to collect

6 seconds) only at temperatures well

high resolutior x-ray data (105-10
below -100° C. Though enzymatic reactions are often slowed by
restraints to substrate diffusion and proteir motion imposed by the

crystal envirorment (20,47), the prospect of having to resort to such

low temperatures makes such experiments technically challenging.

The relative free energies of the enzyme-bound species calculated
by Knowles and Albery have recentiy been challerged (48,49). Iyengar
and Rose mixed 32P-DHAP with excess enzyme and analyzed the labelled
species liberated by acid denaturation of the equilibrium mixture (49).
DHAP, inorganic phosphate and GAP were found in the ratio 42 : 5 : 52.
Since the substrates are rglatively stable in acid, this result implies
that the ratio of E-GAP to E-DHAP at équilibrium is about 1.2, a clear
contradiction to the conclusion from the free energy profile that E-DHAP
should predominrate (41). This is also a large change from the
equivalent ratio of unhydrated substrates in solution (about 0.003 (51))

and implies that the enzyme binds GAP more tightly than DHAP.

Belasco and Knowles have attempted to probe directly the rature and
distribution of enzyme-bound triose phosphates using Fourier transform
infrared spectroscopi (52). The infrared spectrum of DHAP bound to the

enzyme showed two bands, with a 3:1 intensity ratio, which were not
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observed when the enzyme active sites were blocked prior to addition of
substrate. Neither band was shifted more than 2 cm-1 in the spectrum of
bound 1(S)-2H-DHAP. and both bands were shifted under the amide I
absorbtion of the protein by isotopic labelling of the substrate

carbonyls with ! 80

. Thus, both bands were attributed to the carbonyl
absorbtion of DHAP bound at the active site. This assignment has been
confirmed by measuring the spectrum of bound 1-13C-DHAP (J.G. Belasco
and J.R. Knowles, personal communication). It is curious that two bands
corresponding to bound DHAP were found, and it was hypothesized that the

bands represent two different conformations of this substrate in the

active site (52).

The failure of the infrared experiment to detect bound GAP is
enigmatic in light of the findings of Iyengar and Rose that this complex
represents 52% of the enzyme-bound species at equilibrium (49). The
spectra indicate that either the E-GAP complex is not present (as
predicted by the free energy profile of Knowles and Albery) or that this
complex is not observable by infrared spectroscopy because the C-1
carbonyl resonance is shifted under the amide I band of the protein
(52). Though this latter possibility is unlikely (J.R. Krowles,
personal communication), it is, nornetheless, disquieting. If the E-GAP
complex could be stabilized long enough to collect the Fourier transform
infrared spectrum (about 10 minutes), then the question of whether is
possible to detect it with this technique could be resolved, and the
current spectra could be interpretted with more confidence. At least
two strategies could be adopted here. One is to mix the enzyme and GAP

and record the spectrum at a sufficiently low temperature to prevent the
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breakdown of the E-GAP complex (Table 3). Control experiments would
have to be done to show that the aqueous-organic solvent used in such an
experiment does not alter the structure of the protein or the energetics
of the catalytic reaction (53,54). A second approach involves using a
mutant triose phosphate isomerase which binds GAP and polarizes the C-1
carbonyl group but doesn't form or break down the enzyme-bound
jntermediate. An enzyme which lacks the active site base may satisfy
these criteria. The possibility of constructing such mutants is
described in detail in Chapters I1I and V. If such experiments show that
bound GAP cannot be observed by infrared spectroscopy, other approaches
will be needed to resolve the conflict concerning the ratio of enzyme-

bound species in the steady state.

Alternatively, the root of the conflict may lie in the failure of
the results of Iyengar and Rose to reflect the true equilibrium ratio of
enzyme-triosephosphate complexes. Since the denaturation of the E-5
complex in trichloroacetic acid is likely to be slower than the
jnterconversion of substrates, the pathway of acid denaturation may
force a peculiar partitioning of the enzyme-bound species. If this were
the case, different denaturation pathways may release different ratios
of substrates and intermediates. This possibility could be tested by
quenching the E-S complex using a variety of conditions -- including
rapid changes in temperature or pressure and/or exposure of the E-S
complex to detergents or polar aprotic organic solvents -- and comparing
the ratios of sustrate species which are released. Unfortunately, a

negative result in such experiments would not be conclusive.
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Nonetheless, the acid quenching experiments of Iyengar and Rose
have provided clues about the nature of the enzyme-bound intermediate
and the basis of the specificity of the enzymatic reaction (49,50).
Several workers have reported that triose phosphate isomerase causes a
slow (k = 0.5 5_1 at pH 6) and irreversible breakdown of its substrates
into methyl glyoxal and inorganic phosphate (49,55). This side reaction
is thought to arise from the non-enzymatic decomposition of the

enediol/enediolate intermediate:

DHAP cis-enediolate GAP
H
H‘é’OH H\c’OH H\CIO
,C:O m— ,C-O -— H—,C-OH
Hz-c\ H2-C\ H2 C\
- - -=PO
0 PO3 0 PO3 0-=P 3
H*  + P Methyl glyoxal
H 0O H 0
\.7 N/ -
C\C_o_ / C\c-o + OH
/ 7 e
H2-C H3-C

The reaction depends on the presence of active enzyme, and it is not
inhibited when enzyme is in excess. Consequently, the reaction occurs
while the intermediate is bound (50). Iyergar and Rose argued that the
inorganic phosphate produced by quenching the TIM reaction in acid
arises from the analogous dephosphorylation of the free enediol (48,49).
Their results suggest that the ratio of bound intermediate to bound

substrates is 1 : 20.

The kinetics of the formation of inorganic phosphate in the acid

quenching experiments were studied in order to determine the nature of
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the labile species (50). If the quenched reaction mixture was
neutralized and mixed with excess native triose phosphate isomerase
within 5 ms of denaturation, the formation of Pi could be inhibited by
80%. By varying the time between quenching the equilibrium mixture and
trapping the released triose phosphates with excess ﬂative enzyme, the
half-time for the appearance of Pi was found to be about 15 ms (k = 60
s-1) in 0.2 N trichloroacetic acid (pH 1). Extrapolation to zero time
between quenching and trapping showed that 100% of the labile triose
phosphate was in a form that could be stabilized by the enzyme. This
suggested that only one acid-labile species is released by denaturation,
that its break down occurs in solution and that, once released into the
solvent, this material is easily rebound by the enzyme. These data

support the enediol mechanism shown in Figure 2.

By varying the pH of the neutralizing solution between 4.5 and 8.5,
the pH dependence of the rate of Pi formation was measured (50). The

! with a minimum at pH 6.5. The

rate varied between 60 s~ and 160 s~
change of pH did not alter the the partitioning of the free enediol in
the absence of trapping enzyme. A comparison of the enzymatic and
non-enzymatic rates of erediol fragmentation shows that the enzyme slows
down the dephosphorylation reaction by a factor of 103 at pH 5.5 and 3 X
105 at pH 7.5 (50). This helps give the enzyme kinetic specificity.
Since ester hydrolysis is favored by an out-of-plane conformation of the

bridge oxygen (56), the enzyme may inhibit dephosphorylation by binding

the phosphate group in an ir-plane conformation.
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The acid quenching experiments also provide evidence which suggests
that the enzyme-bound intermediate is an enediol rather than an
enediolate (50). This point is critical to an understanding of the
catalytic events, because the obligate formation of an enediol would
favor a general-acid/general-base mechanism. At the same time it would
tend to rule out mechanisms involving only electrostatic stabilization
of the enediolate anion by the enzyme and/or by the protonr of the

neighboring hydroxyl group of the substrate.

Since the pKa of an enediolate is high, the intermediate which is
formed by acid denaturation and subsequently trapped by native TIM will
be an enediol phosphate. The dissociation constant of the species is
very low (<10'10 M), and its rate of association with TIM is apparently
diffusion controlled (50). The enzyme concentration at which the
trapping ic half-maximal is independent of pH between 4.5 and 8.5,
indicating that the enediol is turned over by TIM. Therefore, this
species is on the reaction pathway of can join the reaction pathway
rapidly. Arguing against the presence of a fortuitous base that could
accept a proton to form anr enediolaté. Iyengar and Rose have suggested

that the enediol phosphate is the catalytic intermediate (50).

However, this point has not been definitively settled. Preliminary
experiments indicate that the enediol phosphate is not catalytically
competent; it is not turned over as rapidly as GAP (I.A. Rose, personal
communication). This suggests that a structural rearrangement of the
enzyme or the loss of a proton from the enediol to form the enediolate

1imits the reaction rate. Striccural studies described below suggest
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that Glu 165, the catalytic base, may be able to accept a proton from

the enediol and exchange it with the solvent.

B. The Nature of the Catalytic Groups (The Wilderness).

As mentioned above, the transfer of tritium from C-1 of DHAP to C-2
of GAP by triose phosphate isomerase suggests the presence of a single
enzymatic base which mediates the shuttlirg of protons (57,58).
Covalent modification of the protein using substrate analogues has led
to the identification of this basic group. The compounds which have
been used include glycidol phosphate, glycidol plus inorganic phosphate
(1), haloacetol phosphates and chloroacetol sulfate, and their
reactivity toward the triose phosphate isomerases from yeast, chicken
muscle, rabbit muscle and human erythrocytes has been investigated
(59-65). In all cases, the reaction is rapid, stoichiometric, leads to
complete inactivation of the enzyme and is inhibited by substrates and
ncacovalent irhibitors. D-glycidol phosphate reacts ten times faster
than the L- isomer, mimicking the substrate specificity of the enzyme.
The inactivation leads to the formation of a 1-acyl ester of Glu 165, a

residue which is part of a conserved region of the protein sequence.

The pKa of Glu 165 was probed by measuring the pH dependence of the
inactivation rate. Usirg glycidol phosphate as the active-site-
directed alkylating agent, Waley (66) concluded that the pK of the
carboxylate was close to 6.0, in apparent conflict with the results of

Schray et al who found no pH dependence of the inactivation rate between
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pH 5.5 and 10 (62). These results are not easily interpreted because
the phosphate moiety of the reagent changes its ionization state in the
pH range tested. To circumvent this problem, Hartman et al measured the
pH dependence of the rate of inactivation of the yeast enzyme with
chloroacetol sulfate (67). This reagent selectively alkylated Glu 165,
and their measurements were consistent with a pKa of 3.9 for that
residue. This pKa was low enough to account for the extremely rapid

exchange of protons during catalysis.

Unfortunately, chloroacetol sulfate exists as a mono-anion over the
pH range tested, and substrates and inhibitors have been found to bind
predominantly as di-anionic species (see below). In addition,
structural studies suggest that the conformation of the protein does not
respond identically to the binding of sulfate and phosphate (28). As a
result, the electrostatic potential in the region of Glu 165 in the
presence of bound substrates may not be adequately modeled by the
binding of chloroacetol sulfate, and the pl(a of 3.9 for Glu 165 is

subject to this caution.

The fast alkylation of the enzyme by D-glycidol phosphate also
provided indirect evidence for the presence of an acidic or
electrophilic group in the active site of the enzyme which stabilizes
developing negative charge on the ring oxygen (67). This active site
electrophile could also stabilize the developing enolate species during
the course of the catalytic reaction. The absence of a pH effect on the
inactivation rate between pH 5 and 10 suggests that the electrophilic

group, if it acts as an acid, has a pK higher than 10 (67) and/or that
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proton donation is not rate-limiting, even at high oH., It is also
consistent with the electrophilic catalysis being electrostatic rather

than acidic ir nature.

Additional evidence for electrophilic catalysis in the reaction of
triose phosphate isomerase comes from the work of Knowles and coworkers.
Webb and Knowles reported that the reduction of enzyme-bound DHAP by
sodium borohydride is completely stereospecific and is eight times
faster than the reduction of free substrate (68). This is consistent
with the presence of an electrophilic group in the active site that
polarizes the carbonyl group of DHAP and destabilizes its ground state
conformation. Theoretically, this ground state destabilization could
accelerate both the rate of sodium borohydride reduction at C-2 and
facilitate the abstraction of the pro-R proton of C-1 by Glu 165 during
the normal catalytic reaction. No reduction of the carbonryl group of
enzyme-bound GAP was observed, presumably because C-1 is not accessible

to sodium borohydride (68).

Though Webb and Knowles did not distinguish between the neighboring
hydroxide of the substrate and a group on the enzyme as the source of
the electrophilic center, at least two lines of evidence implicated the
enzyme in this process. 1) The rate of alkylation of Glu 165 by
D-glycidol phosphate is accelerated by the enzyme even though this
substrate analogue contains no neighboring hydroxide. 2) Were the
neighboring hydroxide a sufficiently potent electrophile, a 109-fold
difference in the enzyme-catalyzed and uncatalyzed rates of

interconversion of GAP and DHAP wouid not be expected.
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The experiments of Webb and Knowles were subject to the caveat that
specific binding of NaBHu to the active site prior to its reaction with
DHAP may have caused the observed increase in the reduction rate. 1In
addition, they could rot formally distinguish between ground state
destabilization and transition state stabilization (or both) as the root
cause of the observed catalysis. Direct observation of substrate
distortion by triose phosphate isomerase was accomplished by Belasco and
Knowles using Fourier transform infrared spectroscopy (52). These
experiments have been described in some detail above. Of the two bands
in the infrared spectra which correspond to bound DHAP, the more intense

! relative to the carbonyl absorbtion of DHAP in

band was shifted 19 cm™
solution. This indicates that the ground state conformation of the
substrate is strained on binding to the enzyme. The same two bands were
observed using the yeast and chicken enzymes suggesting that the.

environment of the active site and, presumably, the origin of the

catalytic power are similar in both proteins.

Kinetic experiments have also been carried out to help define the
nature and behavior of the catalytic groups. As described above, the
enzymatic reaction is extraordinarily fast. For triose phosphate
isomerases from a number of organisms, the overall rate constant for the

conversion of GAP to DHAP is about 2800 sec'I. and k, , for the reverse

1

reaction is 250 sec” (69).

The Km values for substrate interactions with TIMs from several

organisms are listed in Table 4 (51). A rumber of methods -- including
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Figure 4. In vitro concentrations of triose phosphates at equilibrium
at 20° C. Only the unhydrated forms are TIM substrates (51).

Table 4. Kinetic and thermodynamic constants for the TIM reaction.
The discovery that only a fraction of the triose phosphates
in solution are TIM substrates required a reassessment of
the kinetic and thermodynamic constants of the enzyme (51).

(e) Equilibrium data

20°C 37°C
Glyceraldebyde-3-P,y (%) 33 43
Dibydroxyscetone- Py, (%) 85 32
K. (dibydrozyacetone- P/glyceraldehyde-3-P)
Criginal valoe 22 22
Recalculated 387 420
AG® (kcal/mol)
Original valoe -182 ~1.90
Recalculated -3.49 -3.17
(d) Kinetic psrameters
K, (glyceraldebyde-3-P) Reported (M) Recalculated (u)
Rabbit muscle (Burton & Waley, 1968) 4.6x10 16 x10-¢
Rabbit muscle (Krietech o al. 1970) 3.2x10 11 x)0—¢
Rabbit liver (Krietsch o al. 1070) 3.2x10~ 11 x10-*
Human erythrocyte (Bcbneider, Valentine, 3.5x10~ 12 x10-*
Hattori & Heina, 1963)
Yeast (Krietach o al. 1970) 12.7x10~ 2 x10*
K, (dibydroxyacetone- P)
Rabbit muscle (Burton & Waley, 1968) 8.7%10~ 4.8x10™
Rabbit muscle (Kristach of al. 1970) 6.2x10~ 3.4x10
Rabbit liver (Krietsch o al. 1970) 6.0x10 3.3x10™
Yeast (Krietach o ol. 1970) 12.3x10 6.8x10—
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stopped flow coupled enzyme assays (51,70), infrared anrd ultraviolet
spectroscopy (70,71), nuclear magnetic resonance (51,55,72), and isotope
partition experiments (73) -- have been used to demonstrate that the
active forms of the substrates are unhydrated di-anions. At 20° C, only
3% of the GAP and 55% of the DHAP are present in their unhydrated forms
at equilibrium (Figure 4) (51,70). These ratios are temperature
dependent. Consequently, the equilibrium constant for total substrate
of about 22 in favor of DHAP (74-77) implies that the ratio of keto-DHAP

to aldehydic-GAP is 420 in solution (51).

In vivo, however, the gem-diols are probably not present is
appreciable concentrations, because the enzymes that utilize triose
phosphates are fast and abundant, and the hydration reaction is slow
(51). TIM, aldolase, a-glycerolphosphate dehydrogenase and
glyceraldehyde-3-phosphate dehydrogenase all act con unhydrated
substrates, which consequently predominate in the steady state, and the

triose phosphate pool in vivo does rot reach equilibrium.

The pH dependences of the kinetic parameters kcat and Km for the
chicken muscle enzyme were determined by Plaut and Knowles (78). The

value of k ’Km is highest between pH 7 and 8 and has apparent pK_

cat
values of 6.0 and 9.0. The value of kcat is sigmoid with respect to pH,
with pKa's of 5.9 for the conversion of GAP to DHAP and 6.05 for the

reverse reaction. For yeast TIM, Hartmarn and Ratrie found that kcat and

k

cat/Km exhibit pka's of 4.6 and 5.9, respectively (79). The

phosphonate analogues of DHAP and GAP are poor substrates for TIM and

titrate near pH 7.5, over a pH unit higher than the corresponding triose
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phosphates (73). Under second order conditions ([So] << Km). kcat/Km
for the isomerizations of the GAP analogue, 2-hydroxy-4-phosphono-
butyraldehyde, has a pKa of 7.5. These results implicate the ionization
state of the substrate in the pH dependence of the reaction rate and are
inconsistent with early suggestions that the pKa of kcat/Km near 6.0
arises exclusively from the ionization of a group on the enzyme (73).
Instead, the pH dependence of the reaction is as complex as it is

controversial, involving a change in the pK, of the substrate and/or

enzyme on formation of the E-S complex.

Many substances have been found which competitively inhibit the TIM
reaction. Inhibition constants for some of these compounds are listed
in Table 5 (69,80). 2-Phosphoglycolate (PGA) binds slightly more
tightly than GAP, and it has been put forward as a potential transition
state analogue (81,82). It binds at the active site as a tri-anion, and
complex formation is accompanied by the uptake of a proton by the enzyme
(71,72). The pH dependence of its binding is different from that of
substrates, and it induces larger changes in the unit cell dimensions of
the chicken enzyme crystals (82). The spectral changes resulting from
phosphoglycolate binding are similar to those caused by the binding of
D-q-glycerol phosphate, a substrate analogue (71). Nonetheless, because
its inhibition constant is not markedly lower than Km for GAP, its role
as a transition state analogue remains controversial (69). Instead, it
may mimick the enediol/enediolate intermediate or the substrates. Waley
et al have proposed that the carboxyl group of PGA shares a proton with
Glu 165 when it is bound in the active site (72). This interactior may

be a model for nonproductive binding of the substrates and could explain
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Table 5. Irnhibition constants for the triose phosphate isomerase
reaction (69,80). Data for the enzymes from several different
organisms and tissues is given.

Organism
Yeast Rabbit Chicken

Compound Muscle Liver
D—g-glycerol 0.1 mM

phosphate
DL-a-glycerol 0.2 mM - 0.15 mM

phosphate
Phosphoglycolate 6 uM 6.8 uM
Phosphoglycolo-

hydroxamate 4 uyM
Phosphate 4.8 mM 5.5 mM
Sulfate 5.0 mM 5.7 mM
Arsenite 12.0 mM 6.2 mM 6.3 mM
Phosphoenol - 9.0 mM 3.0 mM 2.5 mM

pyruvate
Allyl-phosphate 1.3 mM 1.0 mM
2-Hydroxyethyl- 2.0 mM 1.4 mM

phosphate
D-ribose-1-phosphate 4.8 mM 3.1 mM
Glycolate 5.4 mM 10.0 mM
Succinate 1.4 mM 1.0 mM
Maleate 1.7 mM 3.5 mM
Malonate 0.18 mM 1.5 mM
Oxalate 9.0 mM 6.2 mM
Acetate 7.7 mM 10.0 mM
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a-Glycerol phosphate Glycidol phosphate

2-Phosphoglycolate Phosphoglycolohydiroxamate

Figure 5. Inhibitors of triose phosphate isomerase. a-Glycerol phosphate
is a substrate-analogue, and glycidol phosphate is a suicide
inhibitor. 2-Phosphoglycolate and phosphoglycolohydroxamate
may be transition-state or intermediate-analogues. The
binding of 2-phosphoglycolate may also mimick nonproductive

binding of the substrate.
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the presence of two bands in the Fourier transform infrared spectrum of

enzyme-bound DHAP.

The specificity of the enzyme is reflected in the inhibition
constants for related compounds. For example, D-a-glycerol phosphate
binds about as tightly as DHAP, while binding of the L- enantiomer
cannot be detected (55). In addition, an extremely surprising result is
that dihydroxyactone sulfate, a close cousin of DHAP, does not bind to
the enzyme (Ki is greater than 100 mM), let alone act as a substrate
(73)! The lack of binding has been ascribed to its inability to form a
sulfate di-anion. This cannot be the only prerequisite, however,
because the mono-aniornic forms of the substrates and
D-a-glycerolphosphate do bind to the enzyme, albeit weakly (72,73) .
Structural studies indicate that inorganic phosphate and sulfate (both
di-anionic) bind at the same place is the active site and yet stabilize
quite different conformations of the enzyme (28). Thus, productive
binding of substrates seems to require a di-anionic species with a

particular van der Waals radius and particular electronic properties.

In summary, the kinetic and thermodynamic studies of the triose
phosphate isomerase reaction are consistent with the presence of three
enzyme-bound species on the reaction coordinate. These are complexes of
di-anionic DHAP, GAP and the enediol or endiolate intermediate. There
is disagreement over the ratio of these species in the steady state.
Their rapid formation and breakdown is facilitated by active site groups
which provide specificity of binding, transfer protons, polarize the

carbonyl groups, stabilize the developing transition states and inhibit
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the non-enzymatic breakdown of the unstable intermediate. The form of
the intermediate (diol or diolate) and, as a result, the nature of the
electrophilic catalysis (acidic or electrostatic) is still
controversial. Glu 165 is the most promising candidate for the active
site base. Structural studies using x-ray crystallography and protein
sequencing methods were undertaken to determine what features of the

enzyme lie at the root of these functions.

V. Triose Phosphate Isomerase - The Protein (The Hand of Chance).

Triose phosphate isomerases from a number of organisms and tissues
have been purified and characterized (69). In all cases, the protein is
a dimer with a molecular weight of about 53,000, and contains no
cofactors or metal ions. Protein sequencing experiments suggest that
the suburits are chemically identical, and there is no evidence for

kinetic cooperativity in binding or catalysis.

Waley has found that the appearance of enzyme activity is second
order with respect to subunit concentration when the denatured subunits
are diluted from 5 M into 17 mM guanidine hydrochloride. This suggests
that the dimer is the active species (83). Formally, the apparent
inactivity of monomers could be an artifact of a folding pathway which

is peculiar to the conditions of the experiment.

In contrast, White and Fell have reported that monomers crosslinked

to ar insoluble matrix have enzymatic activity in the absence of

denaturants (84,85). Unfortunately, control experiments describing the
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relative yield of crosslinked species, the microenvironment of the

protein on the beads, the specific activity of crosslinked enzyme, and

the nature of the refolding reaction and the activity resulting from
crosslinking after denaturation were not done, making it impossible to

conclusively interpret these results.

Triose phosphate isomerases from four organisms -- rabbit, chicken,

coelacanth and Bacillus stearothermophilus -- have been sequenced

(23-26). The amino acid sequences of the vertebrate enzymes are 85%
homologous, while the sequence of the thermophilic protein is only
30-40% homologous with the other three. The vertebrate enzymes have
been evolving at a snail's pace -- one change per 50 residues per 100
million years. This rate of evolution is comparable to that of
glyceraldehyde-3-phosphate dehydrogenase but slower than cytochrome C

(25,26).

The regions of the enzyme which are thought to be catalytically
important are conserved in all four proteins. Active heterodimers of

the chicken and B. stearothermophilus enzymes have beer made, suggesting

that the monomers adopt similar structures despite the sequence

heterogereity (86).

Crystals good enough for x-ray diffraction studies have been
produced using the chicken and rabbit muscle enzymes (82,87). Rabbit
triose phosphate isomerase was crystallized as moncclinic needles and
hexagonal bipyramids. The hexagonal crystals have the symmetry of space

group P6122 and diffract to 3.03 resolution. The unit cell dimensions
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are a = b = 99.4 ﬂ, c = 89.6 4. The asymmetric unit is the monomer,
indicating that the subunits are identical. The needles have the
syrmetry of space group P21 and unit cell dimensions of a = 36.6 ﬂ. b =

76.4 R. c = 89.6 % and B = 100.5°. The chicken enzyme crystals are

orthorhombic (space group P212121. with a = 106.0 ﬂ. b=74.8% and ¢
61.7 ﬂ) and diffract to 2.53 resolution. The dimer forms the assymetric
unit in these crystals. Microcrystals of the enzymes from brewer's

yeast, rabbit liver, calf muscle and human erythrocytes have also been

reported (63,88-90).

The structure of chicker muscle triose phosphate isomerase was

solved at 2.5 & resolution (27) and recently refined to an R factor of

21% by Phillips and coworkers (D.C. Phillips, personal communication).

The structure of the protein is extraordinarily beautiful (Figure
6). The monomer is largely globular, with a radius of about 353. Its
core is composed of eight strands of parallel g-sheet arching around the
surface of a cylinder with a right handed twist. This B-barrel is
surrounded by twelve a-helices which help connect the strands of B-sheet
and, like a corona, form a secondary cylinder on the outer surface of
the protein. 55% of the residues are in a-helicas and 22% in B-sheets.
Irregular loops connect the features of secondary structure, and one
such loop, composed of residues 70-80, protrudes from the globular

monomer and is involved in many intersubunit contacts.

This loop forms a hydrophobic pockets around the Met 14 residue of

the adjacent subunit on the periphery of the subunit interface. The
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Figure 6.

Ribbon diagrams of the structure of chicken muscle
triose phosphate isomerase. Flat elongated features
represent strands of B-sheet and curled regions
represent a-helices. (a). A view of the dimer

looking down the molecular two-fold rotation axis
(27,28).
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Figure 6. Continued . . .

(b) A view of the monomer looking down the axis
of the beta-barrel.

(c) A side view of the
monomer. The inter-
subunit loop is at the
bottom.
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core of the subunit interface surrounding the molecular two-fold
rotation axis is more polar. Since the dimer is the asymmetric unit,
the subunits make different intermolecular contacts and adopt slightly
different conformations in the crystals. This means that the molecular
two-fold axis is inexact. The root mean square deviation in the
positions of equivalent a-carbons calculated from the unrefined

coordinates is 1.2 ? (91).

The intersubunit loop (residues 70-80) is also involved in
establishing the geometry of the active site, which is located in a
cleft containing Glu 165, the catalytic base, at the carboxyl end of the
B-barrel (Figure 7). Thus, each active site is formed by residues from
both subunits. This is consistent with the idea that the dimer is the
catalytically active species (83). The main chain amides Phe 74' and
Thr 75' ir the intersubunit loop are hydrogen bonded to the carboxyl
group of Glu 97 (where prime denotes residues from the other monomer).
Glu 97 is central ir determining the geometry of the active site. This
residue interacts closely with the e-amino group of Lys 13 in the active
site cleft, presumably forming an ion pair. The position of Lys 13 is
also constrained by a hydrogen bond between the main chain amide of Met
14 and the main chain carboxyl group of Gly 72' in the intersubunit
loop. Glu 97 is also in van der Waals contact with the imidazole side
chain of His 95, but the geometry is not appropriate for the formation
of a hydrogen bond. Instead, the N61 of His 95, acting as an acceptor,
is hydrogen bonded to the main chain amide of Glu 97. N61 of His 95 is
also in van der Waals contact with Oy of Ser 96 which, in turn, makes a

close contact with Glu 165.
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Figure 7.

Active site region of one subunit of chicken muscle
triose phosphate isomerase. Amino acid residues within
12 A of the sulfate position are shown. Atoms drawn

as solid balls are in the intersubunit loop of the
second monomer. From Banner, et al 1975 (27).
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Thus Glu 165, Ser 96, His 95 and Lys 13 lire the active site

pocket. Glu 97 is buried, and each active site involves residues from

both subunits of the dimer.

The mother liquor of the chicken enzyme crystals is greater than 3M
in sulfate, a competitive inhibitor, and a sulfate ion was found in the
catalytic center. It appears to be bound to the amide nitrogen of Gly
232 and Gly 233, in a position to interact with the positive end of the
dipole moment of the C-terminal helix (92). The sulfate is also in

contact with the 0_r of Ser 211.

Studies were undertaken to probe the interactions of the enzyme
with substrates and inhibitors. 1In general, these experiments were
plagued by a number of disarming technical difficulties. 1) In early
studies, the binding of ligands in the crystals caused large changes in
the unit cell dimensions, thwarting the calculation of difference maps
(93). 2) Under conditions which stabilized the unit cell dimensions,
ligand binding disordered the crystals and frustrated data collection
beyond 63 resolution. 3) Since the crystals were stabilized in high
concentrations of the competitive inhibtors sulfate and phosphate, the
occupancy of substrates was low and difference density in the
sulfate/phosphate site was non-existent. Enzymatic fragmentation of the
substrates during data collection in sealed capillaries also reduced the
occupancy of DHAP. This decomposition reaction also made
cocrystallization problematic. 'u) Ligands bound to only one subunit of

the enzyme in the crystals; heterologous intermolecular contacts
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Fiéure 8.

Dihydroxyacetone phosphate built into the active site

of chicken TIM (D.C. Phillips and I.A. Wilson, unpublished
results). The phosphate moiety is at the front. Residues
169 to 176, which move to interact with the phosphate,
would lie across the center of the drawing and are omitted
for clarity. The positions of the side chains of Glu 165,
Glu 97, Ser 96, His 95 and Lys 13 in the active site

cleft are indicated. Primed residues are in the other
monomer.
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apparently prevented ligand binding to the other subunit. Because of
the clear possibility of perturbations of the enzyme-ligand interactions
brought about by lattice forces, the level of confidence that could be

ascribed to the results was reduced.

Nonetheless, several results of the ligand binding studies with the
chicken enzyme crystals provided a proGocative view of the catalytic
events. Inorganic phosphate bound in the position of the sulfate ior in
one agtive site of the dimer. A large movement of an exterrnal loop
(residues 169-176) toward the active site accompanied phosphate binding
(28,94). The low resolution difference electron density for the loop
was consistent with an interaction betweer the mairn chain of Thr 172 and
the phosphate oxygens. The change in the average position of Thr 172

was greater than 81

DHAP and phosphoglycolate bound ir the active site of one subunit
with their phosphate moieties presumably in the sulfate/phosphate
position. Residues 169-176 moved to interact uith-the phosphate group,
and other conformatioral changes were evidert in both subunits. The
difference density corresponding to bound DHAP stretched from the
sulfate/phosphate position toward Glu 165 and His 95 in the active site
pocket. Its lergth suggested that the substrates are bound in an
extended conformation. Model building studies showed that DHAP and GAP
could be built into the difference density such that the carbonryl
oxygens interact with His 95 and Lys 13, and a proton from either C-1 or

C-2 could be abstracted by Glu 165 (Figure 8) (28,94). These studies
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did not illumirnate the role, if any, of Ser 96 during the catalytic

cycle.

Analysis of non-isomorphous crystals of the enzyme-DHAP complex at
3.0 't resolution is currently under way at the University of Oxford

(P.J. Artymuik and D.C. Phillips, unpublished results).

One feature of the triose phosphate isomerase structure that has
emerged since its elucidation in 1975 is its extreme similarity to
domains of other proteins. At least five enzymes which act on
carbohydrates contain domains which mimick the fold of TIM. These
proteins include cat muscle pyruvate kinase (95,96), spinach glycolate

oxidase (97), Streptomyces albus xylose isomerase (M. Lewis, personal

communication), 2-ketc-3-deoxy-6-phosphogluconate (KDGP) aldolase
(98,99) and Taka-amylase (100). In pyruvate kinase, glycolate oxidase
and Taka-amylase, the active sites have been located at the mouth of the
g-barrel. The amino acid sequences of these proteins are not known, so
the basis of the structural homologies has not beenrn determined. The
gene for yeast pyruvate kinase has been clored, and DNA sequencing
studies have been initiated (G. Kawasaki, T. Alber and R. Davenport,

unpublished results).

In summary, the crystal structure of chickenr muscle TIM has
revealed the fold of the molecule and the geometry of the active site
residues in the free enzyme. Ligand binding studies have located the
site of substrate binding and suggested that the enzyme undergoes

substantial conformational changes during the catalytic cycle. The



identification of Glu 165 as the essential base is consistent with model
building studies of the substrate in the active site. Ser 96, His 95
and Lys 13 are candidates for the catalytic electrophile(s). Because
only low resolution data could be collected on the complexes, the
details of the conformations of the substrate and enzyme could not be
discerned. In addition, the low resolution electron density maps gave
no information about the ratio of substrate species at the active site.
Due to the technical difficulties with the chicken enzyme crystals

described above, our attention was focused on the reaction and structure

of yeast TIM.
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CHAPTER II.

Nucleotide Sequerce of the

Yeast Triose Phosphate Isomerase Genre

I. Irntroductior

Though triose phosphate isomerases from four orgarisms had been
sequerced (1-4), the absence of information about the primary structure
of the yeast enzyme limited the interpretation of crystallographic and
solution studies. Despite the similarities in their catalytic
properties (5,6), the amiro acid compositior of triose phosphate
isomerases from two yeast strains suggested that the yeast proteins do
not share the 85% sequence homology of the erzymes from rabbit, chicken,
and coelacarth (7,8). In order to ascertain the amiro acid sequence of
yeast TIM, fhe gene coding for the protein (TPI1) was sequenced. This
work employed a new method of selecting eukaryotic promoter mutanﬁs
dgveloped by'Dr. Glenr Kawasaki, ard informatiorn about the expression of

~ the proteir in yeast and E. coli was obtained.

In organisms and tissues active in glycolysis, TIM is an abundant
protein;.‘By weight, it is 4% of chicken‘br;ast mﬁscle and 2% 6f tﬁe
soluble protein in wild type yeasth§£rains grown or glucose (9). The
transcript of the single_yeast,gene is preéent inllafge enough

quantities to be readily detected by shotgur cloning of cDNA made from
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partially purified yeast message (M. Holland, personal communication).
A yeast mutart (GCR1) has been isolated in which the expression of genes
codirg for a rumber of glycolytic erzymes, including triose phosphate

isomerase, is decreased (9).

The structural basis of efficient expression and regulation of
yeast genes is not well understood. A number of yeast genes, includirg
those codirg for the glycolytic enzymes enolase and glyceraldehyde
phosphate dehydrogenase (GAPDH) , have been sequenced yet ro regions of
obligatory homology have been fourd amorg the flanking sequences ard no
sequences which would account for differences in levels of expression
have been identified (10,11). By aralyzing transcripts produced by
deletior mutants of the yeast iso-1-cytochrome C gene (cyci), Faye and
coworkers have shown that the 5' flanking sequence may be sufficient to
determire the pattern of transcription of the gene (12). They found
that deletion of sequerces betweer 9 and 242 bases upstream from the
'coding‘region affected the level and pattern of initiation of poly A
containing CYC1 messages that could be detected by hybridizatior.
Guafente and Ptashne corstructed hybrid CYC1-lacZ genes and studied the
1eve1 of B-galactosidase activity illicited by the fusion genes and
several deletion mutants (13). They concluded that a sequence between
300 and 700 bases upstream from the coding region was impprtant for the
regulation of CYC1 by glucose and that a sequénce betweeﬁ'-300 and =242

may irnfluence the level of genre éxpréssion.

In this chaptér. the sequence of the yeast gere coding for triose

phosphate isomerase and the sequence of a mutant which is expressed in
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both yeast and E. coli is presented. A novel method of selecting

eukaryotic promoter mutarts in described. The sequences of the 5' and
3' flarkirg regiors are compared with other yeést sequences, including
those of four highly expressed geres coding for erolase and GAPDH. The

choice of codors is analyzed and compared to that in other yeast genes.

The gerne sequence is examined in a search for clues concerning the
evolutior of the protein. The amiro acid sequenrce deduced from the
order of rucleotides is compared to the sequenrces of other triose

phosphate isomerases.

II. Materials and Methods

The hosts ard vectors used ir this work are listed ir Table 1. _The
cloning of a number of yeast geres codirng for glycolytic enzymes,
includirg triose phosphate isomerase, was carried out by Dr. Glenn
Kawasaki, wiﬁh whom I collaborated irn these studies. In brief, thé gene

was isolated from a yeast library in pYE13 (14,15) by requiring

complementatior of the tpi~ anrd leu” pherotypes of S. cerevisiae
N582-4B. This was accomplished by growing the transformed N582-4B
strain using glucose as the sole carbon source. The plasmid obtaired by

this process, pTPIC10, contained approximately 5 kilobase pairs (kb) of

inserted yeast DNA.

pTPIC10 does not direct the synthesis of TIM in E.coli DF 502 grown
on glucose. Houeyer. plating DF 502 which harboredvaPICIO on mirnimal

lactate agar led to the isolatior of tpi+ tranSformants in which the
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Table 1. Hosts and vectors.

Host strains

E. coli K12

& - - - -

1) DF 502: a(rha, pfkA, tpi) pfkB1 , his , pyrD , edd , F ,
r
str ,

2) RR1: F~, proA™, leu , thi~, lacY, strl, r;m;EndoI'.

Saccharomyces cerevisiae
1) N582-4B: atpi~, GAL™, MAL™, LEU2™, can’, cyh'.

Vectors

E. coli -- pBR322: ampr. tet'.

Yeast -- CV13: 2u, LEU2, pBR322.

Erzyme activity induced by TPI1 ir yeast and E. coli ir uM DHAP min~]
mg"1 at 25° c. '

Host
_ Eﬁ_coli S. cerevisiae )
Plasmid RT 142 (tpi*) DF 502 N501-1B (tpi*) N582-4B .
no plasmid 6.309 ~ 0.000 18.30 0.00
pTPICIO 0,004 188.94
PTPIC10up - 0.942 17 - 20

pFG1 : » - + ‘ -

o
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plasmid had suffered ar insertior or deletion. The smallest of these
plasmids produced the highest level of TIM activity in E. coli DF 502,
and it was named pTPIC10up. A 2.1 kb Eco R1 fragment of this plasmid
cortairing 1.8 kb of yeast sequerce was subclored in the Eg&r gere of

pBR322, and the resulting plasmid was ramed pFG1.

pTPIC10 and pTPIC10up were isolated from yeast host strairs as
described by Nasmyth (15). Plasmids were purified from E. coli RR1
grown on M9 medium usirg the cleared lysate techrique (16). Ir order to
inrcrease the number of copies of the plasmid ir the host bacterium,
chloramphenicol (100 mg/l) was added to cultures in log phase 10 to 15
hours prior to harvesting the cells. After equilibrium sedimentation in
dersity gradients of CsCl, the purified plasmids were stored frozer ir 1

mM tris-HCl, 1 mM EDTA at pH 7.9.

Restriction maps were obtaired by recorciling the sizes of the
products obtained by digesting the plasmids or purified fragments of
them with sirgle and multiple restriction enzymes. The method of Smith
and Bernsteil, inrvolving partial restrictiorn enzyme digestion, was also
used (17). Fragments were visualized ir 0.7 to 1.4% agarose gels or in
7 to 10% acrylamide gels by ultraviolet photography of gels stained with
ethidium bromide (1 mg/l) or by autoradiography of fragments labelled

with 32P using the Klenow fragment of DNA polymerase (18-20).

Restriction enzymes used for mappirg and sequercing experiments
were obtained from New Ergland Bioiabs (NEB) and Bethesda Research Labs

(BRL). Bacterial alkalire phosphatase was from Worthington Enzymes. Tu
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polyrucleotide kinase and the large fragment of DNA polymerase were
purchased from NEB, Boehringer Marrheim ard the New Erngland Nuclear

Corporation (NEN). 7-32P-ATP ard 0—32P-NTP'S were obtaired from NEN.

DNA sequencirg was carried out by the methods of Maxam and Gilbert
(21) usirg reactions specific for cleavage at guarire, cytosire,
purines, pyrimidines and adenine more than cytosire. Reagents used in
the sequencirg experiments were the highest grades available from the
Aldrich, Eastmar-Kodak and Sigma Chemical Comparies. Agarose,
acrylamides and urea were the highest grades available from Bio-Rad and

BRL.

Analysis of the DNA sequences was aided by the use of a Digital
Equipment Corporation VAX 11/780 computer using programs which were

courteously provided by Dr. Roger Stader (22,23).

Enzyme activities in cell lysates were measured as described by

Maitra and Lobo usirg a Gilford Recording Spectrophotometer (24).

III. Results

A plasmid that allows a yeast strain which lacks triose phosphate
isomerase to grow on glucose-containing medium was isolated from the
Nasmyth library of yeast gencmic DNA ir pYE13 (15). This plasmid was
named pTPIC10. Extracts of the Egif strain (N582-4B) harboring pTPIC10

contained 9 to 13 times the triose phosphate isomerase activity of wild
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type strains, suggestirg that the plasmid may encode the structural gene

for the protein.

Ir order to locate the gene within the 5000 base pairs (bp) of
yeast DNA irserted in pTPIC10 for sequenrcing studies, the followinrg
strategy was adopted. The plasmid was transfected irto a strain of E.
coli (DF502) in which the triose phosphate isomerase gene had beern
deleted, ard the cells were plated or mirimal agar contairing lactate as
the sole carbor source. This imposed a selection for at least a
moderate level of expression of the enzyme, and it resulted in the
isolation of three tpi+ transformants. Restriction enzyme analysis of
the plasmids from the tpi+ transformants irdicated that they had all
suffered an insertior or deletiorn in the yeast sequence in vivo. The
smallest plasmid which complemerted the tpi~ allele of the host bacteria
contained 2.2 kb of yeast DNA. It was named pTPIC10up. A 2.1 kb Eco R1
fragment of this plasmid containing 1.8 kb of the yeast sequence was
inserted into the Eco R1 site of pBR322, and the resulting plasmid,
pFG1, was also found to complement the tpi~ phenotype in E. coli. These

experiments are summarized in Figure 1.

The levels of enzyme activity illicited by the insert of pTPIC10,
pTPIC10up and pFG1 in tgi' yeast and E. coli are shown in Table 1.

Though the insert in pTPIC10up produces active enzyme in both organisms,

the up mutatiorn reduces expression approximately ten-fold in yeast.

Partial restriction maps of pTPIC10 and pFG1 are shown in Figure 2.

Since the region ccding for the protein was expected to be a sizable
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1. Library of yeast genomic DNA partially digested with Sau 3A and
cloned in the Bam Hl site of CV13 (LEU2, 2y, pBR322)

Nelele

2. Transform S. cerevisiae N582-4B (LEU2 , TPI )
and select for LEU2Y and TPIT.

v

3. Measure enzyme activity in
extracts of N582-2D
pTPIC 10 harboring the plasmid.

4. Transform E. coli RR1,
purify the plasmid and

5. Transform & coli DF502 determine its restriction

N r + map.
(tpi ) and select for amp and tpi .
pTPICIOup
6. Measure enzyme activities and I
determine restriction maps of the
plasmids from the tpi+ transfor- 7. Digest with Eco Rl and
mants. pTPIC10up produced the subclone in pBR322 in E.
highest activity in E. coli and coli DF502. Select for
was expressed in yeast. ampY and tpit.
\ 4

8. Transform E. coli RR1, pFGI
purify the plasmid,
determine its restriction map
and DNA sequence.

Figure 1. Isolation of the yeast triose phosphate isomerase gene, TPIl.
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portior of the pFG1 insert, the gerne was located by DNA sequencing. The
sequence flanking the unique Bgl I] site was determined and translated
in both directions ir all possible reading frames. One frame lacked
stop codons and specified arn amiro acid sequence which was approximately
55% homologous with residues 33 to 173 ir TIMs from rabbit, chicken, and
coelacanth (1-3). The Bgl II site coded for amiro acids 99 and 100 in
the yeast TIM sequerce. Restriction maps of pTPIC10 and pFG1 were used
to establish the relatiornship betweenr the two inserts, and regions of

interest were sequenrced using the strategy summarized in Figure 2.

The idertity of 3000 bases from both strards of pTPIC10 and pFG1
was determired and compiled into a sequence of 2000 base pairs. On the
basis of censistent restriction maps and the homology of the DNA
sequences from -65 rear the deletion irn pFG1 to the Bgl II site at 300
in the coding region, it was assumed that the up mutation does not
irvolve bases downstream from the Bgl II site. The presumption that the
inserts ir the two plasmids are identical downstream from the immediate
vicinity of the up mutation is also supported by the ability of the up

mutant to specify the production of active enzyme in yeast and E. coli.

About half of the sequenrce presented here was verified by
sequencing both strands. The sequence of the coding region specifies an
amino acid sequence which is consistent with the amino acid composition
and the sequence of the N-termiral 16 amino acids of TIM from baker's
yeast (7). The accuracy of the sequence of the coding region is also
supported by the homologies, discussed‘in detail below, among the yeast

TIM amino acid sequence and those of TIM's from several other organisms.
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Although systematic fitting of the amino acid sequence to the electron
density map of the protein has not yet been completed, it is already
apparent that many residues are credibly represented by the density.
Crystallographic refinement at high resolution will provide a more
stringent test of the coding region sequernce. The Taq I site located at
-436 ir pTPIC10 is the most likely locatior for a possible error of
omission, since the assignment of fragmerts bordering the site was made
on the basis of restriction mappirg experiments rather than by
sequenrcinrg an overlapping fragment. Ar omissior larger than 15 bp at

this site is unlikely.

The rucleotide sequence of TPI1 ard the corresponding amino acid
sequence of the proteir is shown ir Figure 3. The region codirg for TIM
is located in the only extensive open reading frame in the sequence and,
on the basis of the amino acid sequence homologies discussed below,
cortainrs no introrns. Since the N-terminal residue of the purified
protein is alanine, it was of interest to determine the nature and
extent of the post-translational cleavage. A comparison of the sequence
of the N-termiral amino acids of the purified proteir (7) with the
sequence predicted from the nucleotide order indicates that only the

initiatirg methionine is removed.

The pattern of codon usage in TPI1 and several other yeast genes is
shown in Table 2 (10,11,25-27). Thirty three of the 64 possible codors
are present in the yeast triose phousphate isomerase gene. Nine amino
acids -- arg, cys, gln, glu, gly, his, tyr, met and trp -- are each

represerted by a single codon. Asn and pro are specified by a single
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GAITCCITCAATIGITICG?CCTGIGGACCG!GCTICCCADA?GGAC!GAT?GTGAGGGA
-£58 €50 -£30 €20 -0

§
$

-

CACCTAACTACATACTGCTTTAAGATTACGGATATTTAACTTACTTAGAATAATYGCCA TT
~550 =570 ~560 ~550

§
- ¢

f’TTGlG?Tl?ll?lh?cCT!CGT?IG?GTGAGCGGGATTTAAACTGTGAGGACCTTA T
-530 -Al0 =500 . 4950

§
¢

ACITTCAGACACTTC,GICGGTATCACCCQIC?TITTCCCTTCGAGATTATITCTAGGAA
-470 460 -450 -440 -£30

§

CCCA?CAGGT?GGTGGAAGATTICCCGTTCTAAGACTTTTCAGC?TCCTCTAT!GATGTT
=40 =-400 -3% =380 =370 =360

lCACTTGGACACCCC?T?TC?GGCITCCAGT?TTTAATCTTCAGTGGCATGTGIGATTCT
-35 ~-340 -330 ~X20 =110 =300

CCGlll?flllflAAGCIATClClCll?TCTC!CGGATACCACCTCGGTTGAAACTGACA
~-2%0 -280 =270 ~2860 -as0 ~240

GGTGGTTTGTTICGClTGCTlAQGCAAAGGAGCCTAQA?ACCITTGGCTCGGCTGCTGTA
-230 -20 =210 -200 ~190 =180

ACAGGGAATATARAGGGCAGCATAATTTAGGAGTY TTAGTYGCAACTTGCAACATTTACTATT
=170 ~160 -150 =140 =130 =120

ITCCCTTCTTICGTAAATlTTT?TCTT??TIA??CTIlATCllTCf?TTTCAA?TTTTTG
=110 -100 -0 -8 ~70

TTTGTATTCTTTTC?TGCTTIAATCTATAAC?ICAlllAICACA?ACATAAACTAAAAAT
-50 40 =30 ~20 -10 =11

ANA NG THR ME ME VAL GY GY AN ME LYS LW M GY SR LY @Qf SR nz Lys
GGCTAGAACTTTCTTTGTCGG?GGTIAC?T!AAA?TAAACGGTTCCAAACAA?CCAT?AA
10 &® 50

60
GU LE VAL GU MG LU A BR MNMA SR N2 W GO AN VL GD WL W I oS
GGAAATTGTTGAAAGA?TGAACICTGCTTCTITCCCAGAAAATG?CGAAGTTGTTATCTG
70

L] 0 100 10 120

WO MO AA TR TR LA ASP TIR @R VAL SR LN VAL LYS LYS VAL TR VAL

TCCTCCAGCTACCTACTTAGACTACTCTGTCYCTTTGGT TAAGAAGCCACAAGTCACTGT
130 140 150 160 100

QY NA GF AN AA TR L LY AA ER GY AA FF BR GY @O VAL ASP

CGGTGCTCAAAACGCC?ACTTGIAGGCTTCTGGTGCT?TCACCGGTGAAAACTCCGTTGA
1% 200 a0 0 230 260

GN IF LYS AP VAL GY AMA LYS TP VA IO LW GY RS SR GU NG NG ER TR

CCAAATCAAGGATGTTGGTGCTAAGTGGGTTATTTTGGGTCACTCCGAAAGAAGATCTTA
250 %0 o 280 2% 300

FE NIS GU ASP AP LYS M DFf ANA ASP LYF TR LY ME ANA LW GY GF GY VAL

CTTCCACGAAGATGACAAGTYCATTGCTGACAAGACCAAGTTCGCTTTAGGTYCAAGGTGT
a0 3 330 340 %0 360

QY WL OFr 0 5 I GY GO TR WU Q) QU LYS LY AMA GY LY BR LI ASP

CGCTGTCATCTTGTGTATCGGTGAAACTTTGGAAGAAAAGAAGGCCGGTAAGACTTTGGA
370 30 3% 400 a0 420

WL WML G0 MG QGF LD AN AA W I G GO WL LYS AP T WR AN WL WL

TCTTCTTGAAAGACAATTGAACGCTGTCTTGGAAGAAGTY TAAGGACTGGACTAACGTCGT
430 40 450 460 €0 4%

Wi AMA TR GO MO WAL TP AA D QY TR GY L ANA AMA TR MO GU MP AA

TGTCGC?TACGIACCAG?CTGGGCCA?TGGTICCGGTTTGGCTGCTACTCCAGAAGATGC
4% 500 510 520 530 340

GN MP DNF NIf AA BR IIZ MG LY FME LA AA SR LYS LW GY AP LYS AA AA

TCIAGATAT?CACGCT?CCA?CAGIIAG?TCT?GGC?TCCAAGTTGGGTGACAAGGCTGC
350 560 S570 580 450 600

SR GU LU MG IO LW TR QY G¥ SR ANA AN GY SR AN AA W TR M LYS

CAGCGAATTGAGAATCTTATACGGTGGTTCCGCTAACGGTAGCAACGCCGTTACCTTCAA
610 620 &30 640 650 660

MP LYS MNA MP W MP GY ME LD W QY GY AA SR LU LS MO GU MI VAL

GCACAAGGCTGATGTCGATGGTTTCTTGGTCGGTGGTGCTTCTTTGAAGCCAGAATTTGT
670 (] (] 700 no 120

MP DE DI AR SER MG AMN o

-
©
>
-
»
L]
n
»
-
(2]
>
»
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-
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»
[,]
»
»
>

CTAAGATTAATATAATTATATAAAAATATTATCTITCTTT
747 1 +10 *20 +30

~
8

TCT TP ATATYCTAGYGTYATGTAAAATAAATTGCAYGACTACGGAAAGCTYITTITTATATTGT
+«80 +50 50 +70 +&0 +50
ITC?T?TTCATTCTGAGCCACTTAAerTCGTGAATGTTCflGIAAGGGACGG!AGATTT

+100 4110 +120 +130 +160 +130
ACAAGTGATACAACAAAAAGCAAGGCGCTTTYTTCTAATAAAAAGAAGAAAAGCATTTAAC
+160 +17 +100 +1%0 4200 +210

AATTGAACACCTCTATATCAACAGAAGA
+*220 *230 340

Figure 3. The nucleotide sequence and corresponding amino
acid sequence of TPIl.
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Table 2. Codor utilizatior in TPI1 and other yeast geres. The
frequency at which each of the 64 codons is present per hurdred
codors ir the genes for triose phosphate isomerase, enolase (ENO)
and glyceraldehyde-3-phosphate dehydrogerase (GAPDH) and isozymes 1
and 2 of cytochrome C (CYC) is listed.

ENO & ENO &
TPI GAPDH  CYC TPI  GAPDH  CYC
ALA GCA O 0 0.9 LYS AAA 0.8 0.9 6.2
T 8.0 9.5 2.7 G 7.6 7.3 8.5
C 2.0 2.2 2.7
G 0 0 0.4 MET ATG 0.4 1.8 3.1
ARG CGA O 0 0 PHE TTT 1.2 0.2 2.2
T 0 0.1 0 c 3.2 3.2 1.3
cC o0 0 0
G 0 0 0 PRO CCA 2.4 3.2 2.2
AGA 3.2 3.2 2.2 T 0.4 0.1 1.8
G © 0 0.4 c 0 0 0
G 0 0 0
ASN  AAT 0.4 0.1 1.3
C 4.4 4.2 4.9 SER  TCA 0 0 0.9
T 2.8 3.4 1.8
ASP  GAT 3.2 1.9 2.2 c 2.8 3.9 0.4
C 2.8 5.1 2.2 G 0 0 0.4
AGT 0 0 0.9
cYs TGT 0.2 0.4 1.8 c 0.8 0 0
cC o 0 0.4
THR  ACA 0 0 2.2
GLN CAA 2.8 1.9 0.9 T 2.8 2.6 1.8
G O 0 1.3 c 2.0 3.2 1.8
G 0 0 1.8
GLU GAA 6.8 5.4 3.6
G 0 0 2.2 TRP  TGG 1.2 1.1 0.9
GLY GGA 0O 0 0.9 TYR  TAT 0 0.1 2.2
T 8.8 7.9 7.1 C 2.4 2.5 2.2
cC o0 0 1.3
G 0 0 1.3 VAL GTA 0 0 0.4
T 5.2 5.1 0.9
HIS CAT O 0 2.2 C 5.2 4.2 0.4
C 1.2 2.4 0.9 G 0 0 0.9
ILE ATA O 0 0.4 STOP TAA 0.4 0.3 0.4
T 2.4 2.6 2.2 G 0 0.4
cC 3.6 2.8 1.3 TGA 0 0
LEU TTA 1.6 0.3 1.3
G 6.0 7.5 3.6
CTA 0 0.1 0.4
T 0 0 0.4
cC o 0 0
G © 0 0
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codon with one exceptiorn. Ala, leu, lys and phe are specified by a pair
of codons, ore of which is presert much more frequently than the other,
and asp, thr and ileu are coded by two triplets which are present
equally often. Only ser is represernted by three codons, and in this
case two -- TCT and TCC -- predomirate. This patterr of codon usage is
similar to that found ir the four yeast genes coding for enolase and
GAPDH (10,11). Or average, the first of the three bases in a codor is
likely to be a purire, the second is unlikel:, to be cytosine and the
third is likely to be a pyrimidire, especially ir those cases where two
or more codors specifiy ar amiro acid. Presumably because of codor
choice, a number of oligorucleotides appear more frequertly thar would
be expected in a statistically rardom sequence of bases (for example,

AAGAAG is presert four times in the codirg region).

Since the 3-dimensional structure of triose phosphate isomerase
contains approximate eight-fold rotational symmetry, it was of interest
to see if the sequence of the codirg region contairs externsive repeats
or other special structures (28). Two overlappirg sequences of 15 and
21 nucleotides are irexactly re-iterated within the coding region.
These sequernces are showr in Figure 4. The sequerce CGGTGAAACTTTGGA
beginning at positiorn 384 has 13 bp irn common with the 15 bp sequence
CGGTAAGACTTTGGA beginning at 399. These sequences abut a 14 base pair
(bp) sequence, GGAAGAAAAGAAGG, in which the order of bases has mirror
symmetry arnd is complementary to the sequence TTCTTTTCTT found ir both
the 5' and 3' flanking regiorns at -52 and +31. As shown in Figure 4,
sequences coding for amiro acids 130-136, 139-143 and 151-156 also have

a high degree of homology. The homologous sequences are in the same
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379 ATC GGT GAA ACT TTG GAA GAA AAG AAG GCC 408
126 ILE GLY GLU THR LEU GLU GLU LYS LYS ALA 135

406 GCC GGT AAG ACT TTG GAT GTT 426
135 ALA GLY LYS THR LEU ASP VAL 141

451 TTG6 GAA GAA GTT AAG GAC 468
150 LEU GLU GLU VAL LYS ASP 155

Figure 4. Similar oligonucleotide sequences within the coding region of
the yeast triose phosphate isomerase gene are shown with their
corresponding amino acid sequences. Homologous nucleotides are
underlined.
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readinrg frame and specify amino acids which adopt similar, but not
idertical, secondary structures in the protein. In addition to these
direct repeats, the coding regior corntairs a 14 bp palindrome begirrinrg
at position 219. Inverted repeats larger than 11 bp do not occur ir the
sequence, ard large direct repeats which would suggest duplicatiors of

ertire domains durirg the evolutior of the proteir have not beer fourd.

The sequerce of TPI1 also provides the basis for experimentally
testable hypotheses about the expressior of the gere. The triose
phosphate isomerase mRNA is aburdant ir yeast growr on glucose (D.
Fraerkel, urpublished results), and, as noted above, the experiments of
Faye et al ard Guarente and Ptashne have suggested that the efficiercy
of trarnscription of the yeast CYC1 gere is determired by the 5'
roncoding sequerce (12,13). We have sequenced 658 bp or the 5' side of
the triose phosphate isomerase codirg region and ar additional 145 bp
which, according to restriction mapping experiments, is separated from

the sequence shown in Figure 3 by a gap of 30 to 50 bp (data rot showr).

The sequence of the 5' flarking region has a number of notable
features (Figure 5). Base sequences with mirror symmetry 22 and 16
nucleotides long begin at -391 and -297. Inexact palindromes spanning
22 and 21 bp begin at -214 and -209. The sequence TATAAA, which has

beern found to precede the 5' end of a number of eukaryotic messages by

30 to 31 bp (29), is present at -170. Similar oligorucleotides are
present at -204 (TATATA) and -33 (TATAA). Betweer -142 and the
beginring of the coding regior, almost 80% of the bases are A or T, and

this regior is distinctly divided into two parts. Between -142 and -38,
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72% of the residues in the message strand are pyrimiaines with 55% of
the bases being thymine. These are distributed in pyrimidine-rich
stretches -—- includirg oligonucleotides of 11 and 12 consecutive
pyrimidines -- separated by purine-containing clusters. Irn contrast,
63% of the residues between -38 and 1 are aderine, and the proportion of
thymine in this regior drops to 19%, the lowest in the entire sequence.
There are no guarine residues between -38 and 1. The ATG which
initiates the ccding region is the first such sequerce in any readinrg
frame downstream from the TATAAA sequenrce at -{70 and the TATATA
sequerce at -204. The distribution of bases in the yeast trioée

phosphate isomerase gene is summarized ir Figure 6.

Holland and Holland have roted that the 5' flarking sequences of a
rumber of yeast genes show a high degree of homology (10,11). As
illustrated in Figure 7, the region between the TATAAA box and the
yeast triose phosphate isomerase coding region is reminiscent of the 5'

noncoding sequences of the yeast geres for enolase and GAPDH (10,11).

In contrast, no corsistent sequence homology has been observed
among the 3' flanking Sequences of yeast geres, irncluding TPI1. Anr
AATAAA sequence, thought to be a sigral for polyadernylation and/or
transeription terminatior ir higher eukaryotes, is present at +58
(30,31). The sequence from +1 to +63 is almost 90% A-T, and beyond +63
the A-T content averages about 70%. The 3' flankirg region is
characterized by alternatirg purine-rich and pyrimidine-rich
oligonucleotide clusters. Presumably because of this clustering pattern

and the relative paucity of guarnine and cytosine residues, there are few
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The base composition of the coding strand of TPI1l is plotted in
blocks of approximately 50 nucleotides. The heavy lines show
the composition of several larger divisions of the gene. These
divisions are: -660 to the logness box at -170, ~170 to the start
of the coding region, the coding region, +l1 to +63, and +63 to
the end of the region which was sequenced.
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-170 -160 -150 -140 -130 =120
TATAAAGGGC AGCATAATTT AGGAGTTTAG TGAACTTGCA ACATTTACTA TTTTCCCTTC

TAAAAACG-- ---- TA--TT AT-AGC-AAA CGCAATTGTA A--TTAATTC TTATTTT---
TATAAATAGC ------- TTT TGATAATGGC AATATTAATC AAATTTA--- TTTTAC-TTC
TATAAAGAAC GG------- T AGGTATTGAT TGTAATTCTG TAAAT--CTA ------ T77C

TATAAAGGTT GCACTCATTC AAGA---TAG ---~------ c-ceccecccc cceco-oo--

-110 -100 -90 -80 -70 -60 :
TTACGTAAAT ATTTTTCTTT TTAATTCTAA ATCAATCTTT TTCAATTTTT TGTTTGTATT
ee--G--=-T ATCTTTTCTT CCC-TTGTC- -TCAATCTTT T---ATTTTT ATTTTAT;?T

TTT-GTAA-C ATTCTCTCTT GTAATTCC-- ---=------- TT--ATTCCT TCTAGCTATT

TT----AAR- =--=-- CTTC T------ TAA A ACTTTTA TA--GTTA-- -GTCT---TT
TTCT

--------- T TTTTTTCTTG TGTGTCT--A TTCA-TTTTA TT--ATT--- -----GT---

-50 -40 -30 -20 -10 -1

CTTTTCTTGC TTAAATCTAT AACTACAAAA AACACATACA TAAACTAAAA ATG

CTTTTCTTAG TTTCTTICAT AAC.CTAATA CTATAACATA CAA--TAATA ATG  [ENO S
ACCARGC

TTT-ccemce ceccccncee o-- CATAAAA AACACACACA TAAATCAAA- ATG pEND 46
CAC

CAAGCAACTGCTTATCA
TTTTTTAGTT TTAAAACACC AAGAACAATA AACACACATA AATAAACAAR ATG pGAP491|

------ TTGT TTAAATGTT- -----AAAAA AACACACAAA CAAAC.CAAAR ATG pGAP 63
CCAAGAACTTAGTTTCAAATTAARATTCAT AARA

Figure 7. Comparison of the 5' flanking regions of yeast genes for
triose phosphate isomerase, enolase and glyceraldehyde-3-phosphate
dehydrogenase. The sequences are depicted with insertions and
deletions to improve the homology. Regions of extensive homology are
present from -1 to -25, -90 to -100 and -108 to -130. The sequence
numbers refer to TPIl.
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restriction sites ir this region. Digests with over 30 enzymes,
inrcluding frequent and infrequent cutters, have revealed an unusually
small number of restriction sites ir the 700 bp following the end of the
coding region (Figure 2). Hirnd III cuts within an 8 bp palindrome,

AAAGCTTT, at +77, and a 12 bp palindrome, ATATAATTATAT, begins at +6.

As in the yeast genes for enolase and GAPDH, there are homologies
between the sequences flarkirg the codirg region (10,11). A 10 bp
direct repeat begins at positions -52 and +30, ard the decamers

beginning at -101 and +192 are complementary.

Sirce the 5' and 3' flarking sequences are grossly similar anrd
sirce the rate of evolution of the protein is apparently low (3,4), it
was of interest to see whether the structure of the yeast triose
phosphate isomerase gere might be compatible with transcriptior and
translatior ir both directiors. The sequerce of the complementary
strand contains two TATAAA sequences, 43 and 91 bp upstream from the end
of the protein codirg region and contains no AATAAA hexanucleotide. The
first ATG downstream from the TATAAA sequences occurs 17 bp into the
triose phosphate isomerase coding region, and this is followed by an
open reading frame of 174 bp. This is the largest open reading frame
initiated by a methionine codon in the entire complementary strand. The
codons specified by this sequence are not limited to those which are
characteristic of yeast geres. In additiorn, the bases between the
TATAAA sequences and the first ATG codon are rot strikingly homologous
with the sequence of the analogous region of the triose phosphate

isomerase gene.
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As described above, we have isolated a number of mutant plasmids
which allow the triose phosphate isomerase gene to be expressed in both
yeast and E. coli. In order to better understand the nature of these
mutatiorns, the sequence of the junction between pBR322 DNA and the yeast
insert on the 5' side from the coding region in pFG1 was determined.
The sequence of this region is shown in Figure 8 aligned with the
correspording sequence of the intact yeast insert in pTPIC10. The
inserts are identical between -65 and 300. Upstream from -65, there is
a sequence of 19 bp in pFG1 which is not related to the correspondinrg
sequence in pTPIC10. This sequence ends at a site which could have
been created by the ligation of Bam H1 ard Sau 3A ends during the
construction of the parent plasmid, and presumably, it represents the
extreme 5' end of the intact yeast insert. This suggests that the up
mutation involved a deletion of about 3400 bp from entirely within the

yeast insert.

IV. Discussion

We have isolated and sequenced the gere coding for yeast triose
phosphate isomerase and isolated three mutant plasmids which allow the
gene to be expressed in both yeast and E. coli. These plasmids contain
large deletions or insertions in the yeast sequence and presumably act
by circumventing the effect of a region which stops transcriptiorn in E.
coli. The deletions may remove such a sequence, allowing transcription

which begins irn the tet” gene of pBR322 to proceed through the yeast
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-170 -160 -150 -140 -130

TATAAAGGGC AGCATAATTT AGGAGTTTAG TGAACTTGCA ACATTTACTA
ATATTTCCCG TCGTATTAAA TCCTCAAATC ACTTGAACGT TGTAAATGAT

CCGCTTTGGC CGCCGCCTAG TCCTGCTCGC TTCGCTACTT GGAGCCACTA
GGCGAAACCG GCGGCGGATC AGGACGAGCG AAGCGATGAA CCTCGGTGAT

-120 -110 -100 -90 -89

TTTTCCCTTC TTACGTAAAT ATTTTTCTTT TTAATTCTAA ATCAATCTTT
AAAAGGGAAG AATGCATTTA TAAAAAGAAA AATTAAGATT TAGTTAGAAA

TCGACTACSC GGTCATGGCG ACCACACCCG TCCTGTGGAT CAAACGAAAA

AGCTGATGCG CCAGTACCGC TGGTGTGGGC AGGACACCTA GTTTGCTTTT
~———pBR322— Yeast
Sequence —

-70 -60 -50 -40 -30

TTCAATTTTT TGTTTGTATT CTTTTCTTGC TTAAATCTAT AACTACAAAA
AAGTTAAAAA ACAAACATAA GAAAAGAACG AATTTAGATA TTGATGTTTT
ACCTAATTTT TGTTTGTATT CTTTTCTTGC TTAAATCTAT AACTACAAAA
TGGATTAAAA ACAAACATAA GAAAAGAACG AATTTAGATA TTGATGTTTT

___T_JL_____.
Deletion boundaries.

=20 -10 -1 1

AACACATACA TAAACTAAAA ATG

TTGTGTATGT ATTTGATTTT pTPIC10
_ AACACATACA TAAACTAAAA ATG

TTGTGTATGT ATTTGATTTT pPFG 1

Figure 8. Comparison of the intact 5' flanking sequence of TPIl and
the sequence of a deletion mutant that allows the protein to
be produced in E. coli. The DNA sequences of the wild type
mutant plasmids are identical between -65 and 300. At -80
in pFGl, the remnants of the Bam H1 site of pBR322 are
encountered. The presumed deletion boundaries are indicated.
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triose phosphate isomerase gene. The insertion may be a transposable
element which has hopped into the yeast sequence so as to place a
bacterial promoter between the transcription terminator and the yeast

triose phosphate isomerase gene€.

In either event, the sequence where translatiorn is initiated in E.

coli in the messages produced by these mutants has not beern clearly

jdentified. In the one mutant plasmid which was sequenced, there is no
extensive nomology betweer the bases adjacent to the initiator
methionine codon and the 3' end of the E. coli 16S RNA. Translatior
which begins at the iritiator AUG of the EEET gere would rot lead to the
production of ar active fusiorn protein, because the two coding regions
are not in the same reading frame. The correct frame is blocked by stop
codons upstream from the yeast codirg region. Further studies on the
products of the yeast gene ir E. coli are under way to shed light or the

mechanism by which the foreigr gene is expressed.

The strategy of selecting for expressior of a dormart cloned gene
in E. coli may provide a general method of obtaining deletion and
insertion mutants of eukaryotic promotors. A similar class of deletior
mutants which are missing unique restriction sites have beer selected by
digesting plasmids with the appropriate restriction enzyme prior to
transfection in E. coli (10). If the mutant genes can be put back into
the cells of their origir, the effects of the genetic lesions car be

probed.
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Cne of the deletion mutants of TPI1 produced in vivo was sequenced
and found to contair only 65 bp of the 5! flanking region --
approximately 3.4 kb had beer deleted upstream from the coding regiorn.
Since this deletion reduced by ten-fold the TIM activity in extracts of
a transformed Egif yeast strain, we can conclude that a sequence which
is important for the expression of the gene has been deleted. However,
until the structure and translatioral efficiency of the mutant mRNA's
have been characterized, the basis for the reduced expression will not

be understood.

The irtact yeast sequerce from which the mutarts were produced ir
vivo does not facilitate the production of triose phosphate isomerase in
E. coli, but it is efficiently expressed ir yeast. Triose phosphate

isomerase is the most abundanrt protein in SDS polyacrylamide gels of

extracts of S. cerevisiae N582-4B which harbors pTPIC10 (G. Kawasaki and

D. Fraenkel, unpublished results). Enzyme activity in such a strain is
10 times higher thar in wild type strains in which the protein is
approximately 2% by weight of the soluble protein in the cell (9). The
sequence of bases which is likely to be responsible for such efficient
expression has been determined, though the elements necessary for the

control and expression of the gene have not been pinpointed.

TPI1 has several features in common with other genes. A so-called
Hogness box (TATAAA) is present at -170 arnd is at the beginning of a
regior of higher-thar-average A-T content. There are few guanines
petween the TATAAA sequence and the coding region (13/170). As in

several other yeast genes, the coding region is jnitiated by the first
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ATG downstream from the Hogress box. This is consistent with a model in
which translation is initiated at the first AUG on a messenger RNA
molecule (32). The codirng region of 747 bases is followed by an
extremely A-T rich region containing the sequence AATAAA at +58. This
hexanucleotide has been found downstream from a nunber of eukaryotic
geres and may function as a sigral for polyadenylation and/or

transcription termiratiorn (30,31).

As shown in Figure 7, the 5' flarking regiorns of a rumber of
efficiently expressed yeast glycolytic genes are strikinrgly similar.
The sense strand contairs both purine-rich anrd pyrimidine-rich segments
betweer the TATAAA box and the start of the codirg region. A stretch of
five to six A's followed by several A-Y doublets anrd several more A's
are located in the 38 nucleotides which immediately precede the codirg
region. The most consistent homologies are present between the 5!
flanking regions of the yeast triose phosphate isomerase gene and the
enolase gere or pENO 8 isolated and sequenced by Holland and Holland
(11). The homologies suggest that a TATAAA sequence may be present ir
pENO 8 just upstream from the ernd of the sequenrce reported by those

workers.

The homologous segments, however, do not have a corsistenrt lirear
relationship; it is necessary to represent the sequerces with insertions
and deletions in order to maximize the homologies. This has also been
found in the 5' flanking sequences of the humar globin genes (33).

Since the number of bases between conserved segments varies from

sequence to sequence, their functional relationship is likely to be
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complex, involving more than the preservatior of identical structures in
the DNA. 1In addition, the differences in the 5' flanking sequences
which may accourt for different levels cf transcription are not
understood. Analysis of mutarts will shed light on the functional roles

of the conserved segments and the role of the spacings between them.

Similarly, the relationship betweer the structure and function of
the 3' flanking sequerce is not well understood. Krorenberg et al
exposed the 3' flarkirg sequerces of globir mRNA to exonucleolytic
digestior arnd fourd that this treatmert does rot affect the efficiercy
of translation of the messages in vitro (34). A rumber of experimentors
have founrd that the sequerce of the 3' flanking regior is not important
in determiring the efficiency of transcription of genes irn a number of
orgarisms, ircluding yeast (12,13,35). The coordinately regulated yeast
genes for enolase, GAPDH ard triose phosphate isomerase have 3' flarking
sequences which are not extersively homologous (10,11). The 3' flarking
sequences of the humar a-globir genes ard ir mouse dihydrofolate
reductase mRNA's have also been found to be unexpectedly heterogeneous
(36,37). However, the peculiar structure of this region suggests that
there is selective pressure on the sequence ir vivo. The 3' flanking
sequence of the yeast triose phosphate isomerase gene is almost 90% A-T
up to the AATAAA sequence at +58 and cortairs alterrnating regions of
purire-rich and pyrimidine-rich clusters. Possible functions of this
region irclude: 1) providing the recogrition sites for polyadenylation
and transcription termination, 2) contributirg to mRNA stability and 3)

contributing to the stability of the coding region sequence over
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evolutiorary time by affecting the ability of the sequence to recombire

with other geromic seqguerces (30,31,38).

Determirnation of the sequence of the yeast triose phosphate
isomerase gere has allowed us to deduce the amino acid sequence of the
enrzyme. The protein is coded in a single open readirg frame containing
no irntrorns. The amiro acid sequence is consistert with the compositior
of the purified proteir determired by Hartmar and coworkers (7). Figure
9 shows a comparisor of the amino acid sequerces of TIM's from yeast,

rabbit, chicker, coelacarth and B. stearothermophilus (1-4). The yeast

sequence is 50% homologous with the three vertebrate triose phosphate

isomerases and 37% homologous with the B. stearothermophilus enzyme.

(In comparisor, the vertebrate TIM's are 85% homologous and 30-40%
homologous with the thermophilic protein.) To maximize the
correspondence, it is recessary to represent the yeast sequence with a

single amiro acid insertior at residue 56.

Though the overall level of homology is modest for proteirs with
such similar properties (5,6) and structures (see Chapter III), the
residues thought to be catalytically important are conserved. This
includes the active site base, Glu 165, the candidates for the catalytic
electrophiles, His 95 and Lys 13, and the sequences which bind to the
phosphate moiety of the substrate, residues 171-173, 209-211 and the
C-termiral helix (39). There is no apparert tendency for the
differences to be confined to those which would result from sirgle base
changes in the codors. Many of the differences in the yeast enzyme

represent a conservation of the type of residue, though the sign of
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charged residues is ofter inverted. Differences ir the sign or the
number of charged residues occur most frequently in helices in the
protein and often occcur such that residues at n f30rn X 4 have the
opposite sign. (This arrangement of charged residues may stabilize
nascent helices during the process of protein folding (P. Kim, personal

communication).)

Since all five triose phosphate isomerases have similar catalytic

properties (4-6), the sequences of the yeast and B. stearothermophilus

erzymes suggest that the extreme lack of variability among the enzymes
from rabbit, chicker, ard coelacanth carrot be explaired solely orn the
basis of selection for maximum catalytic efficiency. Other selective
pressures at the level of proteir structure -- includirg, perhaps, the
interaction of triose phosphate isomerase with other cellular comporents
(S. Mowbray ard G.A. Petsko, unpublished results) -- or efficiercy of
transiation, transcription or DNA replication probably urderly the
observed primary structural homologies. Examination of both strands of
the yeast triose phosphate isomerase gene does not support the
hypothesis that the restriction of variability may arise from the
presence of multiple overlappirg genes, though this hypothesis is

directly testable by DNA-RNA hybridization.

As described above, the coding sequence contairs several inexact
repeats up to 21 nucleotides in length. They are in the same reading
frame and specify amiro acids in several of the helices in the protein.
Since the repeats code for similar short amino acid sequences in similar

structures, they may have arisen and been maintained as a consequence of
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selectior for protein primary structure. It is equally possible that
they arose through interral gene duplication everts during the evolution
of the proteir. Consequently, their presence, while extremely urlikely
in a random sequerce of nucleotides, does not provide strong evidenrce
for either hypothesis. However, the sequerce of the coding region
clearly does rot support the hypothesis that the approximate B-fold
rotational symmetry of the triose phosphate isomerase molecule arose
through the duplication of entire domairs of super-secondary structure
durirg the evolutior of the protein. This corclusion is in agreement
with those of Phillips et al, who aralyzed the homologies within the
primary, secondary and tertiary structures of the chicken TIM monomer

(28).

The amino acid sequence of yeast triose phosphate isomerase is
specified by a restricted set of codons characteristic of highly
expressed yeast geres. This set of codons is a subset of those in less
efficiently expressed yeast genes and is distirctly different from the
sets of codons characteristic of other orgarisms (40). A similar
relationship has beer observed between the codons in the genes for
abundart and less abundant proteirs in E. coli. Ikemura has found that
in E. coli there is a strong correlation between the frequency of codon
use and the intracellular concentratior of tRNA's with the complementary
anticodon (41). This supports the idea that codon choice arises from
optimization of translatiornal efficiency. (However, studies which have
found that codon context can influence the rate of translation suggest
that the optimization of trarslational efficiercy is likely to be a

complex process, involving more than just codon choice (42).) In order
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to shed light or this problem, we have placed a non-homologous coding
region, derived from a cDNA copy of the message for humar parathyroid
hormone, into the yeast triose phosphate isomerase gene in pFG1 (data
not shown). This hybrid gene will be used to test the relationship

between translational efficiency and codorn choice in E. coli and yeast.

By itself, the nucleotide sequence of TPI1 raises more questions
than it answers. Knowledge of the sequence will facilitate the rational
construction of mutants which may yield information about the structural
basis of the regulation of the gene, the structure of the promoter and
the catalytic mechanism of the enzyme. In addition, the determination
of the amino acid sequence of the protein will aid in the interpretation
of mechanistic studies and facilitate the crystallographic refinement of

the enzyme structure at high resolution.
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CHAPTER III.

Crystal Structure of Yeast Triose Phosphate Isomerase

at 3.0 R Resolution

The first steps in the determination of the structure of yeast TIM
were the production of crystals suitable for analysis and the solution

of the phase problem tc yield an interpretable electron density map.

I. Crystals

The first of these problems was solved by Drs. Petsko, Tsernoglou
and Hartman (1). Extremely good crystals of the enzyme were produced in
the presence of 10% saturated ammonium sulfate using polyethylene glycol
(PEG) 4000 as the precipitant (Figure 1a). The crystals are grown by
inducing a phase separation with ammonium sulfate and 60% PEG and then
diluting the solution approximately threefold until only a few droplets
of the protein phase remain. The crystals appear to grow from these
droplets due to competition between the protein and PEG for water of

hydration (1) (Figure 1b).

The crystals diffract to at least 1.5 R resolution and can be

stabilized in solutions of 40% PEG 4000 in the absence of sulfate, a
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Figure la) Crystals of
yeast triose phoshate
isomerase grown from
polyethylene glycol. The
larger crystal is 1.5 mm
long.

Figure 1lb) The crystals
grow after the protein is
"oiled out". Nucleation
apparently occurs in the
oil, or protein, phase.
The dense material present
inside the droplets may be
precipitated protein.



competitive inhibitor of the enzyme. They have the symmetry of space
group P21 with one dimeric molecule in the asymmetric unit. The
crystallization conditions, space groups and unit cell dimensions of
crystals of triose phosphate isomerases from a number of organisms are

summarized in Table 1 (1-4).
II. The Phase Problem

Given crystals of such high quality, a strategy for determining thq
protein structure needed to be chosen. Crystallographic experiments are
directed toward evaluating the electron density, p, at each point in the
unit cell, given in fractional coordinates x, y and z, using the
expression:

p(x,y,2z) = 1 1z F(hkl) exp(ia(hkl)) exp(-2w(hx+ky+1z)) (1)

V hkl

where V is the volume of the unit cell, h, k and 1 are the Miller
indices of a given reflection, F(hkl) is the magnitude of the scattered
wave and a(hkl) is its phase. X-ray detectors are sensitive only to the
energy of each scattered wave, proportional to F(hkl)z. As a result,
information about the phase of the reflections is lost in the process of
measuring the data. To evaluate the electron density function, however,
the phase of each reflection must be estimated. This is the "phase
problem™ in crystallography, and it arises because measurements of the

energy of the scattered waves do not yield direct information about

their phases.
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Table 1. Crystallographic parameters for triose phosphate isomerase
crystals (1).

Molecules/ Cell Constants
Asymmetric

Source Space Group Unit a b c b
Rabbit muscle P2, 1 36.6 76.4 89.6 100.45°
Rabbit muscle P6,22 or P6;22 1/2 99.4 99.4 105.8 90.0°
Chicken muscle P2,2.2, 1 106.0 Tu4.8 61.7 90.0°
Yeast P2,2,2, 1 161.2 62.2 47.3  90.0°
Yeast P2, 1 61.3  98.4 49.7  90.9°
Yeast + DHAP P2, 1 61.7 82.4  46.1 92.6°

(soaked)* o
Yeast + PGA P2, 1 4.2 82.9 37.6 102.0

(cocrystallized)®

(The crystal forms marked with an asterisk are described in the next
chapter.)
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Two methods can be used to determine the phases of the reflections
from a crystal of a molecule as large as triose phosphate isomerase.
Since the structure of chicken muscle TIM is known (5), one possibility
is to use the molecular replacement method to calculate initial phases
for the yeast TIM data (6). This approach involves finding the
orientation of a model structure (in this case, chicken TIM) which would
produce x-ray diffraction data (formally, a Patterson synthesis) most
like the actual data from the unknown structure. This method was
ultimately rejected for two reasons. 1) It can be very difficult to
remove a bias toward the model structure from the phases for the unknown
structure. Images of the model structure can feed back throughout the
analysis, and true differences will be difficult to detect. As a
result, it is harc¢ to show that the two structures are truly
independent, and comparisons between them can not be made with
confidence. 2) The approximate eight-fold rotational symmetry of the
chicken TIM monomer (7) could give rise to many orientations of this
model which would approximate the diffraction data obtained from the
yeast TIM crystals. Finding the correct orientation promised to be a
lengthy trial-and-error process. (Indeed, after the yeast TIM structure
had been solved, it was found that the orientation of the chicken enzyme
which best approximated the yeast TIM Patterson to 6 £ resolution did
not, in fact, correspond to the correct position of the yeast TIM

molecule (G.A. Petsko, unpublished results).
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III. Isomorphous Replacement

Instead the structure was solved by the method of isomorphous
replacement (8). Since no new techniques were used, the method will be
described only briefly. It is treated comprehensively in a number of
reviews, monographs and books (9-12). For the technical details of the
structure determination, the interested reader should consult the

references to the crystallographic literature which are cited below.

The isomorphous replacement method has the advantage that the
resulting phases have no inherent bias toward any known structure.
However, calculating phases depends on producing one or more derivatives
of the enzyme crystals which contain heavy atoms bound specifically to
the pﬁotein molecules. Ideally, the only difference between the native
and derivative crystals should be the addition of the heavy atom; no
change in the conformation of the protein or in the dimensions of the
unit cell should occur. That is, the derivative and native structures
should be isomorphous. 1In practice, this situation can be quite

difficult to achieve.

A. Phase Information from Isomorphous Differences

The changes in the diffraction pattern which result from the
binding of heavy atoms to the protein can be exploited to produce a
three dimensional map of the vectors between the metal atoms in the unit
cell. Such a map is calculated using the difference Patterson

synthesis:



P(u,v,W) = 1 ZZZ[Fpy (hKL)=F(hkD) | exp(2si (huskvelw)) (2)

1

V hkl
where u,v and w are the fractional coordinates along the unit cell
edges, FPH(hkl) is the amplitude of the wave scattered from the
derivative crystal and FP(hkl) is the analogous amplitude of the wave
scattered from the native crystal. The Patterson function represents
the interatomic vectors weighted by the product of the number of
electrons (zi'zj) for each atom pair (13). It requires no information

about the phase of each reflection.

The difference Patterson synthesis is solved to yield a set of
heavy atom positions which accounts for all the major peaks on the map.
These heavy atom positions are then refined using a least squares
method. The degree to which they account for the observed changes in
the diffracted intensities is evaluated to check the validity of the
model. Problems can arise from a number of sources, including
nonisomorphism of the derivative and native protein crystals, poor
(imprecise) data, incorrect scaling of the data sets, and complex
patterns of heavy atom substitution which are difficult to model. 1In
addition, the assumption is made that |FPH-FP| is a good approximation

of F,, the amplitude of the scattering due to the heavy atoms alone.

H'
This condition is rarely satisfied, and this leads to spurious peaks and

ripples in the difference Patterson map.

Once the heavy atom positions have been estimated, the

contribution to the diffraction pattern of the derivative crystals which

arises from the heavy atoms alone, F;. can be calculated
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FH(hkl) = ijexp(2ni(hx+ky+lz)) (3)
J

where fj is the atomic scattering factor for the jth heavy atom. For
each reflection, expression 3 is summed over all the heavy atoms in the

unit cell to give both the amplitude and the phase of FH

The amplitude, F(hkl), and the phase, a(hkl), of a scattered wave

can be represented as a vector, F(hkl) (Figure 2a). This vector is
called a structure factor. When Fp(hkl) and FPH(hkl) are much larger
than FH(hkl).'Fhe structure factor of the isomorphous derivative
crystal, F;;?;EIT, can be represented as the vector sum of the
scattering from the protein atoms and the scattering from the heavy

atams:

FPH(hkl) = FP(hkl) + FH(hkl) (4)
This sum is illustrated in Figure 2b. In practice, FH(hkl) is
calculated from the model of the heavy atom positions using expression
3, but only the magnitudes of the scattered waves, FPH(hkl) and FP(hkl)

are derived directly from the X-ray data. For any given reflection,

these three quantities will be consistent with only two values for the

phase of Ep(hkl). This is illustrated graphically in Figure 2c (14).
The ambiguity in the phase determination can be vitiated by using a
second heavy atom derivative (Figure 2d) or by exploiting anomalous

scattering effects, or both.
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Figure 2a) The structure factor can be represented as a vector in
a complex plane.
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Figure 2b) The vector sum of _lg and F_H
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Figure 2c)

Nl
I

Phase circles for a single isomorphous derivative
Harker construction). F, is drawn as a vector in the
complex plane, and a circle of radius F, is drawn with
its center at the head of F,. Since the phase of F

is unknown, the circle represents F_ with all possigle
phase angles. A second circle of radius F_ . (repre-
senting all possible orientations of FP ) is drawn ___
centered on the beginning of the tail o F,,. When F
and F, are not colinear, the circles will Qntersect in
two points. The points of intersection are symmetrical
about F,, and give values for op and aPH which are
consistent with Equation 4:

FPH = FP + FH .

In the special case where F and F_ are colinear, the
circle will touch at only one poin% and the phase
determination is unambiguous.
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Figure 2d) Phase circle for two isomorphous derivatives, each
constructed as described in Figure 2c. In
principle, this is sufficient to resolve the phase
ambiguity.
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Figure 3.

Phase circle for a single derivative with significant
anomalous scattering. The imaginary component (Af'')
of the heavy atom structure factor is 90° out of phase
with the real component. This results in the breakdown
of Friedel's law. The difference between F_ . (hkl) and
F.,.(-h-k-1) can yield information about the phases and
the pattern of heavy atom binding.
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B. Anomalous Scattering

Anomalous scattering is caused by the absorbtion of the incident
radiation by atoms in the crystal. Typically, the heavy atoms in the
derivative crystal exhibit the largest anomalous scattering effects.
These are manifested by the breakdown of Friedel's law, which predicts
that F(hkl) and F(-h-k-1l) are equal. Anomalous scattering effects can
be used to provide a better estimate of the magnitude of FH(hkl) and to
provide independent information about the phases of the structure

factors of the native protein crystal, FP(hkl).

The phase circles for an anomalous scatterer are shown in Figure 3.
This information is independent of, and complementary to, the phase
information derived from the isomorphous differences. Jensen et al have
shown that, in favorable cases, a protein structure can be solved by
exploiting the isomorphous and anomalous differences of a single heavy
atom derivative (15). In general, however, the small magnitude of
anomalous scattering effects makes them hard to measure accurately, and
several different derivatives are needed to produce phases which can be

used to calculate an interpretable electron density map.

The accuracy of the phase determination depends critically on the
accuracy of the heavy atom structure factors.-F;?;:Is. and this, in turn
is a reflection of the fidelity of the model of heavy atom binding
(Equation 3). The heavy atom parameters are tested and adjusted by
their ability to predict FH(hkl) which, as described above, is only

rarely well approximated by the isomorphous difference,
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IFPH(hkl)-FP(hkl)I. Thus, the errors in the estimate of FH(hkl) are

propagated through the entire phase calculation.

The isomorphous and anomalous differences can be combined to give a
more accurate estimate of FH(hkl) than that provided by the isomorphous
differences alone (16). This quantity is called the lower estimate of

FH' or FHLE:

2 2
Fug = F

where k is the ratio of the real and imaginary components of Fy (Figure

+F2

2
p PH ZFPFPH(I - (kAI/ZFP) ) (5)

3) and AI is the anomalous difference, IFPH(hkl)-FPH(-h-k-l)l. In
practice, k is determined empirically to compensate for the complex
environment of the heavy atoms and errors in the structure factor
amplitudes:

= 2ILL|Fp,~F, |/22D| Al | 6).
hkl PHP hkl

kemp
FHLE 1s a reasonable approximation of FH' usually introducing errors
which are smaller than the errors in the measurements of Fp(hkl) and
FPH(hkl). However, Equation 5 breaks down when Fp(hkl) is small, when
the angle between FP(hkl) and FPH(hkl) is obtuse, or when the anomalous
difference is measured extremely poorly. Reflections which may satisfy

any of these conditions are excluded from the analysis. Values of FHLE

are used to improve the model of heavy atom binding, thus improving the

values of FH(hkl) calculated using Equation 3.
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C. The Treatment of Errors in Phase Determination

In theory, all the phase circles shown in Figures 2d and 3 should
intersect in one point, and the ambiguity in the phase of the reflection
should be completely resolved. In practice, errors from a number of
sources frustrate the exact determination of phases. The amplitudes
Fo(hkl) and Fpy(hkl) are inexact and the calculated structure factors of
the heavy atoms, F;?EEI;. reflect the imperfections in the difference
Patterson synthesis and the heavy atom model which have been discussed
above. Problems can arise from the inaccuracy of Equation 4 due to
non-isomorphism and centrosymmetry in the heavy atom constellations. 1In
addition, in cases where FH(hkl) is small, small errors in the structure
factor amplitudes can lead to large errors in aP(hkl). In such cases,
the phases are essentially indeterminate. A central problem of phase
determination, then, is to assess and minimize the effects of the errors

on the calculated electron density, po(x,y,z) (Equation 1).

The standard methods for the treatment of errors in the isomorphous
replacement method were developed by Blow and Crick (17). Their
approach was extended to treat the errors in the anomalous differences
by North (18) and Matthews (19). 1In general, the probability
distribution for the phase of a given reflection is calculated and the
centroid of this distribution is chosen as the phase. This so-called
"best phase"” has been shown to produce better electron density maps than

the phase with the highest probability (20).
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Blow and Crick suggested the simplifying assumptions that FH and FP
are known accurately and that all errors lie in the measurement of FPH'
For any arbitrary phase angle, %@, the triangle formed by FP' FH and FPH
in a complex plane will not close exactly (Figure 4). If FPHcalc is the
vector sum of FH and FPexp(ia). then the lack of closure of the triangle
is given by:

FPHcalc -Fpy = ¢ (7)

If the distribution of errors is assumed to be Gaussian, the
probability, P(a), that a given phase is correct is:

P(a) = N exp(-c2/2E%) (8)
where N is a normalizing factor such that the sum of all probabilities
is unity, and E is a statistical estimate of the total error in the
derivative measurements. E is usually calculated in one of two

different ways:

2
E® = (:EfwlFHLE'FHcalc'Z)/" (9)

where W is a weighting factor and n is the number of reflections in the

triple sum, and:

E2 = przel/n (10).
hkl

The phase information (probability distributions) from j

derivatives can be combined using the expression:

P(a) = TP (a) = N exp(-(tc§/2E§)) (11).
Blow and Crick defined the "best phase" as that which produces a
Fourier which has the minimum mean square difference from the Fourier

calculated with the true Fps (17). Dickerson, Kendrew and Strandberg
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Figure 4. Calculation of the lack-of-closure error, €.
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showed that, in polar coordinates, the vector to the centroid of the
phase probability distribution has a magnitude of mFP(hkl) and an angle
of anest (21). m is called the figure of merit, and it is the mean
value of the cosine of the error in phase angle. It varies from zero
for randomly determined phases to one for unambiguously determined
phases. Thus, it is a measure of the reliability of the phase
determination. It is used as a weighting factor for FP(hkl) in the
calculation of the electron density, ensuring that reflections with well
determined phases will contribute relatively more to the electron
density map than reflections for which the phase information is

inconsistent.

Once an electron density map is obtained, using weighted FP’s in
Equation 1, the protein structure is discerned by locating or "tracing"
the polypeptide chain in the electron density. This process depends for
its success on the quality of the electron density map and therefore on
the accuracy of the phases and‘structure factor amplitudes. The tracing
is validated by establishing a correspondence between the known amino
acid sequence of the protein and the electron density of the putative

side chains.

The crystal structure of yeast tfiose phosphate isomerase was
solved at 3.0 f resolution by the method of multiple isomorphous
replacement. The 1somorphous_and anomalous differences of two heavy
atom derivatives were used to calculate phases. This chapter describes

the solution of the x-ray structure.
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IV. Materials and Methods
A. Crystallization
The yeast triose phosphate isomerase used in this study was the

generous gift of Dr. Fred Hartman of Oak Kidge National Laboratory. It

was purified from Saccharomyces cerevisiae Hansen and stored at 4°C as a

precipitate in 95% saturated ammonium sulfate. Crystals of the free
énzyme were grown from 50mM Tris-Hel, 1mM EDTA, 1mM 2-mercaptoethanol 10%
saturated ammonium sulfate at PH 7.1-7.4 using PEG 9000 as the
precipitant. The starting protein concentration was 20 mg/ml, but this
was diluted to 2-3 mg/ml in the final crystallization solution. As
described above, crystal growth followed phase Separation. The
crystallization experiments were carried out at room temperature. Prior
to data collection, the crystals were stabilized in sulfate-free mother

liquor containing 40% PEG 4000 at 4°C.

PEG 4000 was from Baker Chemical Co., and Tri; base and ammonium
sulfate were electrophoresis grade reagents from Biorad. Efforts to

pProduce crystals using reagents of lower purity were not successful.

B. Heavy Atom Derivatives

To diffuse heavy atoms into the crystal lattice, crystals were
transfered to sulfate-free mother liquor at 4°c and then to identical
mother liquor containing the heavy atom compound. The compounds that

were used were from the collections of heavy metal reagents available in
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detector of the diffractometer were alligned before measuring each data

set.

Diffractometer data were collected by the w-step scan method of
Wyckoff et al (24). Peak intensities were estimated by integrating over
40% of the width of the reflections. Using a take-off angle of 50. the
counts of seven of eleven steps of 0.03° in o were summed. On average,

the full peak width was 0.5° in w. Intensities below 2¢ were not

included in the data sets.
D. Data reduction

Backgrounds were estimated using a radial bakckground curve which
was dependent on ¢ and 26. Background curves were measured for each
crystal at the ¢ value of minimum transmission (Omin) and at °min+900'
Absorbtion corrections were made by the semi-empirical method of North,
Phillips and Mathews (25). A single reflection near x = 270° was
measured at 24 values of ¢ to construct the empirical absorbtion curve.
Five reflections in different regions of reciprocal space were measured
periodically to monitor radiation damage. 1In general, radiation damage
was linear as a function of time, monotonic, and independent of
resolution. Both linear and non-linear correction functions were
calculated using a least squares procedure. In all cases, the linear
correction provided a better fit to the observed data. Lorentz and

polarization corrections were applied (26).
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our laboratory and in the Laboratory ¢ ° Molecular Biophysics at the
University of Oxford. Dimercuric acetate was a gift from Dr. B.W.
Matthews. The soaks were usually carried out in the dark at 4°C to

inhibit any photochemical reactions of the heavy atom compounds .

Crystals were mounted for precession photography in sealed glass
capillary tubes containing a slug of mother liquor. Precession
photographs were taken on Buerger precession cameras {Charles Supper Co.
and Enraf-Nonius, Inc.) using nickel-filtered copper Ka x-rays. X-ray
sources included an Elliot rotating anode and an Enraf-Nonius sealed

tube X-ray generator.
C. Data Collection

Crystals were mounted for data collection in sealed glass capillary
tubes flanked by slugs of mother liquor and mineral oil to insure
constant hydration at low temperature. Data were collected at -5 to
+5°C to reduce the rate of radiation damage (22). Native data with a
minimum interplanar spacing of 2.08 were collected on a single crystal
using the multiwire area detector at the University of California at San
Diego (23). Using two crystals, native data were also collected to 1.9R
résolution with a single-counter Nicolet P3 diffractometer équipped with
a low temperature device. Diffractometer measurements were made on
heavy atom deriﬁatives to 3.0 & resolution, and equivalent reflections
were measured as h,k,1 and h,-k,1. Nickel filtered copper Ku radiation

was used for all intensity measurements. The telescope, source and
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To correct systematic errors in Friedel equivalent reflections,
scale factors were applied to the more highly absorbed equivalent in
blocks of reciprocal space so that FPH(hkl)/FPH(-h-k-l) approached

unity.

Data sets were analyzed and scaled by reiterative application of
the local scaling procedure of Matthews (27). Analysis and scaling were
performed, as needed, as a function of h, k, 1, F(hkl), sin6/X and in
blocks of reciprocal space. The data were never scaled as a function of
F(hkl), because reflections which are weak in the native data should, on
average, be stronger in the derivative data. This situation arises
because changes which decrease the intensity of weak reflections will
tend to cause them to fall below 20 and be dropped from the derivative
data set. Consequently, these reflections are not used in the
calculation of the scale factor. As a result, the weak reflections
which are present in the derivative data will be, on average, more

intense than their native counterparts.

The method of Patterson origin comparison was used to improve the

scaling of the derivative to the native data.

E. Heavy Atom Parameters

Patterson maps were caiculated using the isomorphous, anomalous and
"combined" differences as coefficients. The FHLE method of Matthews
(16) and Dodson and Vijayan (28) was used to integrate the information

from the isomorphous and anomalous differences. FSLE Patterson maps
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were solved by inspection, and the putative heavy atom positions were

refined by minimizing the overall difference between FHlE and FH(hkl).

The absolute configuration of the heavy atoms in the Baker's
(mercury meso-2,3-dimethoxytetramethylene bis-acetate) and platinum
nitrite derivatives was checked by calculating difference Fourier maps
with the sign of the anomalous contributions reversed (16). Maps with
the correct heavy atom enantiomorph were uniformly cleaner and had
higher peaks in the expected positions. A difference Fourier calculated
with coefficients FPt(Noz)ﬂ(hkl) - Fp(hkl) and phase angles derived from
the Baker's derivative alone was used to establish the relative y
coordinates of the heavy atoms and to adjust the platinum positions for
further refinement. Using both the Baker's and Pt(NOz)u derivatives,
several cycles of phase refinement (21) were carried out to improve the

heavy atom model.

(These phases were used to calculate a difference Fourier map using
the structure factor amplitudes FDMA(hkl) - FP(hkl). This map showed
two mercury peaks at the Baker's/EMP site and indicated that DMA could
be used to produce a third heavy atom derivative. However, the DMA data
were not used in the phase calculation, because, by the end of data
collection, radiation damage had reduced the intensities of thé check

reflections to less than 40% of their initial yalues.)

1174



F. Calculation of Phases

Phases were calculated by the methods of Blow and Crick (17) and
Matthews (19). Centric isomorphous E values divided by root 2 were
used, and the E's for the anomalous differences were set at

approximately 1/3 of those for the isomorphous differences.
G. Electron Density Maps

Electron density maps were calculated with the fast Fourier program
of R. Fischer. They were contoured empirically to establish continuous
chain connections with a minimum of ambiguity. This was accomplished by
setting the lowest contour level at about 0.25 e'/ﬂ3 and contouring in
steps of 0.1 e'/ﬁ3. Fourier maps were calculated using phases based on
the Baker's derivative alone as well as phases based on both Baker's and
platinum nitritr derivatives. The latter map was easier to interpret,
though the former clearly showed many features of the molecule. The
electron density maps were improved by using native and derivative data
sets which were all collected on the P3 diffractometer with the crystals
mounted in the same orientation and using identical algorithms for peak
integration and data reduction. Inclusion of the data from the ethyl
mercuric phosphate derivative (EMP) did not improve the electron

density.

The chain was traced in a minimap by the method of Hill et al (29).
Arbitrarily choosing an obvious o-carbon, the electron density at a

radius of 3.63 was searched for a branch point which could represent the



next ao-carbon in the polypeptide chain. This procedure was reiterated
and dots were placed on the a-carbon positions. When the direction of
the chain was ambiguous, the search radius was increased. This often
resolved the course of the backbone, and residue n+1 could be identified
after locating residues n and n+2. When the chain ended or became
impossible to follow, the tracing direction was reversed. Two factors
were essential for the ultimate success of this procedure. 1) A single
dimer was isolated in the minimap; trying to follow the fold of the
backbone across the edges of the map proved too difficult. 2) The
tracing was carried out systematically and sequentially. Skipping from
one easily identified feature to the next was counterproductive. Among
other things, it led tc a confusion of the subunits and made it
impossible to consistently connect the features which had been traced.

On the other hand, the sequential method assured that all the dots on

the map were in the same subunit.

After 210 of an estimated 248 a-carbons in one subunit had been
located, the fold of the chicken TIM monomer could be discerned in the
yeast TIM electron density map. The coordinates of 10 to 20 a-carbons
were estimated and rotation and translation matrices were calculatéd
which transformed the unrefined chicken TIM coqrdinates (30) into the
yeast TIM unit cell. This procedure was repeated ﬁntil the root mean

square (r.m.s.) difference between the a-carbon coordinate sets was not

improved by adding more atoms.

The transformed coordinates were used to complete the tracing of

the first monomer and to follow the polypeptide chain of the second from
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beginning to end. The latter procedure allowed the yeast and chicken

enzymes to be compared qualitatively.

V. Results
A. Heavy Atom Derivatives

The conditions of the heavy atom soaking experiments are listed in
Table 2. 1In general, precession photographs were compared to assess the
results of the soaks. Figure 5 shows the analogous zones from crystals
of the native protein and the derivatives made with Baker's dimercurial
and potassium platinochloride. Dimercuric acetate (DMA) and uranyl
nitrate soaks were assessed by taking three dimensional data and
calculating difference Patterson or difference Fourier maps. DMA
produced an independent derivative but the data were not used in the

phase calculation, because severe radiation damage undermined their

reliability.
B. Data Collection

Data collection statistics are given in Table 3. The agreement
residual between equivalent reflecticns in the 2.0 R native data set
collected using the multiwire area detectbr was a respectable 6% on F's.
The data set cnllected on the crystal soaked in uranyl nitrate provides
a measure of the precision of the diffracfbmeter data. Since the heavy

atom did not bind specifically in the crystals, these data may be
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Table 2. Preparation of heavy atom derivatives. All soaking
experiments were carried out in the dark at 4° ¢ in sulfate-free mother
liquor.
Number of
Heavy Atoms Bound/
Reagent Concentration Time of Soak Asymmetric Unit
Ethyl mercuric
phosphate 3 mM 44 & 89 hours 2
Mercury meso-2, 3-
dimethoxytetramethylene
bis-acetate, (Baker's
dimercurial) 1.8 mM 14 - 22 days 2
Dimercuric acetate 2 mM 2 & 7 days y
Kth(NOZ)u 5 mM 31 days y
K2P‘c.C1u 4.5 & 7.3 mM 4 days Diffraction pattern
showed changes, 2-U sites
p-toluenyl mercuric
chloride 4,3 mM 2 days o]
PdCl2 2.5 mM 4 days ?, crystal turned
orange and disordered
UOZ(N03)2 0.5 mM 65 hours 0
p-hydroxy-mercuri-
benzoate 1 mM 6 & 18 days 0
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Figure 5.
crystals.
hk0, w=15°.
Okl, u=15°.

Precession photographs of yeast TIM native and derivative
a) Nac .e hk0, p=21°. b) Baker's hk0, p=15. «c) EMP
d) Ky: Cl,, u=18°. e) Native Okl, p=15°. f) Baker's
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Table 3. Data collection statistics for diffractometer data from 60 to
3 R resolution.

Crystal
Native EMP BAKER'S Pt(NO,), PtCl,

Measurements 12, 162 15,049 23, 620 23,379 19,975
Number Accepted 11,862 14,772 23,486 22,907 18,942
Mean F 25.5 34,1 30.4 20.1 29.6
Acentric Friedel, 0.06 0.05 0.05 0.03

R after scaling

Mean fractional . 0.17 0.21 0. 11 0.1

isomorphous change
Maximum radiation

damage 17% 39% 26% 34% 37%

LIZ( |[F(hkl)<F(-h-k=1) |/((F(hk1)+F(-h-k=1)/2))
hkl

rf:f( IFPH(hkl)-FP(hkl) I/Fp(hkl))
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regarded as a measure of the differences in equivalent reflections which
arise from factors such as machine and crystal misallignment, mounting
asymmetry, fluctuations in the intensity of the beam, improper scaling
and statistical fluctions in the scattered energies. The agreement
between equivalent reflections of 2% to 3.0 R resolution may represent

the base level of error in the diffractometer data.

C. Heavy Atom Parameters

The Baker's and EMP difference Patterson maps were very clean and
were consistent with binding of both compounds to the same single site
per monomer. The mercury atoms bound in the active site, probably to
Cys 125. Baker's was hydrolyzed during thz soak and bound as a

monomercurial compound (Figure 6).

The Pt.(NOz)u and PtClu data also produced similar difference
Patterson maps, but these were harder to interpret. The peaks on the
Harker section overlapped and the cross vectors clustered around the
origin (Figure 7). The heavy atom sites were adjacent to the
noncrystallographic two-fold rotation axis and were only partially
occupied. These factors made it difficult to accurately model the
pattern of platinum binding. The refined heavy atom parameters are

given in Table 4.
The heavy atom occupancies were refined in 10 shells of FHLES of

increasing resolution and were found to be constant. This demonstrated

that the temperature factors were correctly estimated.
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Table 4, Heavy atom parameters.
Kraut
Scale
Derivative Factor X y z Occ B
EMP 1.03 1 0.22295 _ 0.00346  0.26721 0.u47 .
2 0.22446 0.U41621 0.00179 0.38 11.1
Baker's 1.045 0.22655 0.00000 0.26639 0.64 11,2
2 0.22579 0.41522 0.00552 0.79 16.9
K2Pt(N02)u 1.02 1 0.02262 0.03575 0.03141 0.53 93.1
2 0.03125 0.99716 0.99421 0.40 66.2
3 0.96994 0.02765 0.03091 0.19 -13.5
4 0.96373 0.04362 0.11079 0.39 101.0
EMP
sin?R/g® ' Wiso Wanom F_ Kk R <ap-a,>
) cale emp FHLE P "H
0-0.003 13.02 0.14 6.3
0.006 T.7 0.16 5.9
0.008 5.99 0.18 5.4
0.011 5.07 0.17 5.1
0.014 4,48 0.15 4.6
0.017 4,05 0.16 1.58 4,4 5.2
0.019 3.73 0.16 1.48 4.1 5.5
0.022 3.47 0.17 1.45 3.9 5.9
0.025 3.26 0.19 1.1 3.6 5.9
0.028 3.00 0.19 1.38 3.5 5.4
Overall 60-3.0 0.17 4.5 5.6
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Table 4. Heavy atom parameters, continued . . .

Baker's
sinze/h2 2 also Aanom F k R <an—-0,>
calc emp FHLE Op— 0y
- 0-0.003 13.02 0.18 1.86 10.8 6.8 0. 41
0.006 7.70 0.21 1.63 10.3 7.2 0.33
0.008 5.99 0.25 1.31 9.7 7.8 0.33
0.011 5.07 0.21 1.27 9.2 8.6 0.36
0.014 4,48 0.19 1.32 8.7 8.2 0. 37
0.017 4,05 0.19 1.15 8.2 9.0 0.38
0.019 3.73 0.19 1. 14 7.8 8.4 0. 37
0.022 3.47 0.21 1.13 7.4 8.0 0.37
0.025 3.26 0.21 1.20 7.1 7.0 0.38
0.028 3.00 0.22 1.17 6.7 6.4 0.39
Overall 60.0-3.0 0.21 1.25 8.2 7.8 0.37 87.4°
Pt(Noz)u
sine/»° R 2iso danom F Kk R Ca-a,>
calc. emp FHLE ClP uH
0-0.003 13.02 0.17 1.45 9.7 7.0 0.36
0.006 7.70 0.1 1.04 5.3 5.3 0.43
0.008 5.99 0.10 1.00 3.8 4,3 0. 45
0.011 5.07 0.08 1.00 3.4 3.6 0.49
0.014 4.48 0.08 1.12 3.2 2.9 0.48
0.017 4,05 0.08 1.09 3.1 2.8 0.44
0.019 3.73 0.09 1.13 2.9 2.8 0.43
0.022 3.47 0.10 1.13 2.7 2.8 0. 44
0.025 3.26 0.12 1. 11 2.6 2.6 0. 47
0.028 3.00 0.13 1.11 2.6 2.7 0.50
Overall 60.0-3.0 0.10 1. 11 3.6 3.7 0.45  87.4°

Aiso = mean fractional isomorphous difference
Aanom = mean anomalous difference

k = 2LLL|F,,~Fp |/ LEL|Aanom |
P~ Tk TP ha
ReyLg=LiL IFuLeFyeale |7 LLIF

hkl k1 HEE
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D. Phase Calculation

The E values for the centric and acentric reflections are given in
Table 5 as a function of resolution for the Baker's, EMP and platinum
nitrite derivatives. Figure 8 shows the figure of merit histogram and
the dependence of the figure of merit on resolution. The average figure

of merit was 0,76.

E. Electron Density Maps

11,828 of the approximately 12,000 reflections which occur between
60 and 3 R resolution were included in the Fourier summation. The
electron density map was contoured perpendicular to the b and c axes,
transferred to acetate sheets and stacked. The triose phosphate
isomerase dimers were seen immediately, surrounded by large channels of
solvent. The solvent channels were up to 35 R in diameter. The heavy
atom positions were used to locate the intramolecular two fold rotation

axes to verify the identification of the molecules.

The chain was traced as described above. Several sections of the
electron density map stacked perpendicular to y are shown in Figure 9.
The dots represent a-carbon positions. Figure 9 shows a cross-section
of both monomers. The obvious parallel strands of chain in the upper
half of the density correspond to several strands in the B-barrel. The

large solvent channels are also apparent.
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Table 5. E values for the Baker's, platinum nitrite and ethyl mercuric
phosphate derivatives of yeast TIM.
Number of reflections = 11,828

Resolution = 60.0 — 3.0 &

Mean figure of merit = 0.76

Baker's
5 5 Isomorphous
sin“g/a R Centric Acentric Anomalous

0-0.003 i3.02 50.05 35.52 18.70
0.006 7.70 41.26 26.13 13.00
0.0C8 5.99 42.49 23.26 9.30
0.011 5.07 38.10 26.68 8.90
0.014 4,48 51.71 32.09 9.10
0.017 4,05 57.51 35.12 8.20
0.019 3.73 54.85 29.15 8.20
0.022 3. 47 51.89 27.83 8.90
0.025 3.26 48.48 27.13 9.80
0.028 3.00 48. 82 26.47 9.90
Overall 60.0-3.0 48.71 28.86 9.68

5 2 Isomorphous

sin~e/A R Centric Acentric Anomalous

0-0.003 13.02 48.36 29.26 14,40
0.006 7.70 33.38 24,60 13.30
0.008 5.99 33.25 21.88 13.00
0.011 5.07 32.70 23.49 13.60
0.014 4,48 38.63 23.70 15.10
0.017 4,05 30.00 22.50 14.90
0.019 3.73 38.94 23.26 15.50
0.022 3. 47 30.30 22.89 15.30
0.025 3.26 30.83 21.38 15.50
0.028 3.00 30.77 20.29 15.00
Overall 60.0-3.0 35.40 22.77 14,66
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Table 5. Continued . . .

EMP
Isomorphous
sine/° R Centric Acentric
0-0.003 13.02 42.59 31.83
0.006 7.70 36.38 22.77
0.c08 5.99 34,74 22.41
0.011 5.07 34.33 26.35
0.014 4,48 38.90 30.03
0.017 4,05 51.39 30.33
0.019 3.73 43.86 28.37
0.022 3.47 42.08 28.78
0.025 3.26 49.16 26.29
0.028 3.00 L5.97 27.93
Overall 60.0-3.0 42,10 28.14
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Figure 9. Several sections of the yeast TIM 3.0 & electron density
map. One dimer is shown. The parallel strands of density in the
upper half of the figure are part of the B-barrel of one subunit.

The density corresponding to the disordered loop, residues 168 to 177
is in the upper right of the molecule. The solvent channel are
apparent. Dots were placed on the a-carbon positions during the
tracing process.



Using coordinates estimated from the locations of the dots on the
minimaps, the r.m.s. difference in the positions of 15 equivalent
a-carbons from conserved regions in the yeast and chicken monomers was
0.9 . This is comparable to the r.m.s. difference of 1.2 ® in the
positions of equivalent atoms in the subunits of the chickén TIM dimer,
although the latter r.m.s. difference was derived from a comparison of

all the non-hydrogen atoms in the structure (30).

Using the RING system of programs on a Vector General graphics
display system (31), coordinates of eight amino acids (31 atoms) in
conserved regions of the structure were measured. Including side chain
atoms, the r.m.s. difference between the coordinates of these atoms in
the yeast and chicken monomers was 0.5 R. The matrices which
relate the chicken and yeast proteins are:

( -0.27750 0.71122 -0.64588 )
R = (-0.91200 -0.40640 -0.05569 )

( -0.30209 0.57358 0.76141 )
T = (39.02902 9u4.41542 24.97730 )

The transformed coordinates of the chicken enzyme were used to
trace the second subunit of the yeast TIM dimer. In general, the
features of secondary structure coincided; large differences in the path
of the polypeptide chain were confined to the loops of irregular
structure which connect the o-helices and strands of B-sheet. The extra

lysine residue at position 56 is accommodated by a bulge in one of the

loops.

The density corresponding to a loop containing residues 168 to 177

was all but absent in one subunit and stronger, but jumbled, in the
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other. The weakness of the density suggests that these residues are
disordered in the yeast TIM crystals. The upper right corner of Figure
10 shows this feature. Since the lowest contour level was set at 0.25
e"/R3 and the electron density of the polypeptide chain is about 1e-/R3.
the absence of continuous density for residues 168 to 177 implies that

this loop adopts a minimum of four conformations in the crystal.

VI. Discussion

The yeast triose phosphate isomerase structure was solved at 3.0 R
resolution by exploiting the isomorphous and anomalous differences of
two heavy atom derivatives. The Baker's derivative provided the bulk of
the phasing power. The resulting electron density map was quite clear.
For the most part, the path of the polypeptide chain was easily followed
and many of the amino acid side chains are credibly represented by the

density.

Despite differences in their amino acid sequences and in the nature
of the intermolecular contacts in the crystals, the overall
conformations of yeast and chicken TIM are very similar. The secondary
structural features of the chicken enzyme monomer include a B-barrel of
eight strands surrounded by 12 a-helices. These features are also
present in yeast TIM. 1In several regions of the molecules where the
amino acid sequence is conserved, the r.m.s. difference in the positions
of equivalent atams is smaller than the error inherent in the yeast TIM

electron density map. The most obvious differences in the backbone
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conformation occur in loops on the surface of the molecules which

connect strands in secondary structures.

The coordinates which were used to trace the polypeptide chain in
the second monomer of yeast TIM were calculated using a matrix based on
a-carbon positions in the first monomer. Since these coordinates
predicted the a-carbon positions in the second subunit quite accurately,
it can be concluded that the subunits in the chicken ard yeast proteins
-have the same spatial relationship. This finding is somewhat enigmatic,
because several of the amino acid sequence differences occur in the
subunit irterface. 1In particular, Met 14 in chicken TIM, a residue
which fits into a hydrophobic pocket formed by residues 70' to 80' on
the periphery of the subunit interface, is replaced by a leucine residue
in the yeast enzyme. Other changes in the subunit interface include:
Ser 45 in the chicken enzyme to ala, Ile 46 to thr, Ile 48 to leu, Glr
53 to ser, Val 69 to lys, Ile 78 to asn, Pro 80 to val, Met 82 to gln

and Ile 86 to val (5).

The close similarity of the structures of TIM's from yeast and
chicken has a number of implications. It is apparent that a number of
primary structures can form a stable and active TIM fold. Indeed,

active heterodimers of the chicken and B. stearothermophilus enzymes,

which are only 37% homologous in sequence, have been reported (32).

Only the residues which are thought to form the catalytic features of
the molecule are conserved in all five sequences which have been
determired (Chapter II). A similar relationship has been observed among

members of a number of protein families, including the serine proteases,
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immunoglubulins, cytochrome C and myoglobins (33). 1In the sperm whale
and seal myoglobirs, the amino acid differences which occur on the
helix-helix contact surfaces are all pairwise changes which preserve the
. helix packing geometry (34,35). A detailed interpretation of the yeast
TIM electron density map and refinement against high resolution data
will facilitate a residue-by-residue comparison of the yeast and chicken
TIM structures and illuminate the ways in which common conformations are

built from different Sequences. This work is in progress.

One important functior of the primary sequence is to direct the
folding of the polypeptide chain. The similarity of the structures of
triose phosphate isomerases from different organisms suggests that the
folding pathway of the molecule is consistent with wide variations in
amino acid sequence. Amino acid differences in the homologous proteins
bovine pancreatic trypsin inhibitor and black mamba toxin (36,37) have
been found to affect the kinetics of the disulfide irterchanrge reactions
on the folding pathway in vitro but not their sequence or the nature of
the cysteine pairs in the folded structure (T.E. Creighton, unpublished
results). Thus, either the information which specifies the fold is
concentrated in conserved regions, or alternatively, residues throughout
the sequence may influence folding, but different pathways and
structures may accomodate different amounts of variation. Another
possibility is that changes in primary structure must be coupled to
preserve interactions which occur during folding. Mapping of genetic
lesions which affect the folding of the protein without reducing its

Stability may help distinguish between these models (38,39).
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The close similarity of the structures of yeast and chicken triose
phosphate isomerases which is already apparent provides a structural
understanding of the similar kiretic and thermodynamic properties of
these enzymes. This work sets the stage for structural studies of the
interactions of yeast triose phosphate isomerase with substrates and

inhibitors.
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Chapter 1V,
Crystal Structure of a Michaelis Complex:

Interactions of Substrates with Triose Phosphate Isomerase

I. Introductionr

Substanrtial evidence for charges ir the corformation of the TIM
molecule during the catalytic cycle has béen reported. For exaaple, the
birding of ligands in the active site changes the absorbtion spectrum of
the proteir (1,2) and results in disordering and alteration of the unit
cell dimensions of crystals of the chicken muscle enzyme (2,3). The
birnding of DHAP to crystalline chicken TIM was observed at 6.0 b
resolutior by Phillips and coworkers (4). Difference Fouriers showed
the substrate bound to only one subunit of the dimer and indicated that
a loop of the polypeptide chain composed of residues 168 to 176 moves
over 8 % towards the active site to interact with the substrate.
Difference density was apparert in other regions of both subunits, ever
though only one active site was occupied. Phosphoglycolate (PGA), a
possible transition state analogue (2), and inorganic phosphate also
caused the loop movement associated with substrate binding (4), again in

only one subunit of the crystallinre chicken TIM dimer.
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Unfortunately, the disordering of the chicken enzyme crystals
caused by ligand binding has frustrated efforts to take data which would
reveal the structure of the enzyme-substrate complex at high resolution.
Our efforts to demonstrate that the crystals of yeast TIM are suitable

for such studies are the subject of this chapter.

II. Materials and Methods
A. Crystalline complexes

Triose phosphate isomerase from S. cerevisiae Hansen was generously
provided by F. Hartman. Crystals of the free enzyme were grown as
described in Chapter III, and the crystals were transferred to mother
liquor containing substrate or inhibitor as described above for the
preparation of heavy atom derivatives. The concentration of ligands
used in the transfer experiments ranged from 10'2 mM to 5 mM for PGA and

1 to 50 mM for DHAP.

PGA was obtained from the Sigma Chemical Co. as the
trimonocyclohexylamine salt. 1In the early crystallization trials, it
was converted to the free acid form prior to use as recommended by the
manufacturer. DHAP (Sigma) was used as the lithium salt or the free
acid. PEG 4000 was from the Baker Chemical Co., Tris base and

2-mercaptoethanol were the electrophoresis grade reagents from Biorad.
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Yeast TIM was cocrystallized with PGA at room temperature by batch
methods ard by vapor diffision. The protein concentration was varied
between 10 and 20 mg/ml ir 50 mM Tris-HCl, 1 mM EDTA, 1 mM
2-mercaptoetharol at pH 7.1 to 7.4. The PGA concentration was 0.3 to
1.9 times the active site corcentration. In the batch experiments,
solid PEG 4000 was added until the TIM-PGA solution became barely
turbid. Distilled water (5 to 30ul/100pl) was adde. until the turbidity
disappeared, and crystals grew in 12 to 24 hours. Similar experiments
at 4° C using DHAP instead of PGA produced poorly formed microcrystals

in 12 hours.

Crystals were mounted for x-ray photography in sealed glass
capillary tubes cortaining a slug of mother liquor. X-ray photographs
were taken on Buerger precession cameras (Charles Supper Co. and
Enraf-Nonius, Irnc.) using nickel-filtered copper Ka radiation. X-ray
sources included an Elliot rotating anode and an Erraf-Nonius sealed

tube x-ray generator.

B. Data Collection

For diffractometer measurements of the TIM-DHAP complex, a crystal
of the free enzyme was mounted in a flow cell (Figure 1) (5) in
sulfate-free mother liquor and placed on a Nicolet P3 diffractometer at

-5° C. A Nicolet LT-1 low temperature device was used to control the

temperature.
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Figure 1.

Flow cell and goniostat. The crystal is mounted in a bed of pipe
cleaner fibers in a 0.7 mm capillary tube on the C-shaped yoke.
The substrate can be flowed into the capillary through the tubes
coming in the top and going out the bottom. The nozzle of the
cooling device is above the flow cell, and the x-ray source is
on the left.
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The crystal was alligned and equilibrated with mother liquor
containing 3 mM DHAP for 18 hours. The flow rate of this solution was

approximately 0.5-1.0 ml/day.

Data were collected using the stationary counter/moving crystal
method with the diffractometer in the w—scan mode. Seventeen steps
covering 2° in w were summed and background measurements made for each
reflection were subtracted to yield the integrated intensity. The peak
profiles were inspected for evidence of interference of the diffracted
beam by the brass yoke of the flow cell. Reflections where blocking
occurred were removed from the data set. Nickel filtered copper Ka
x-rays were used. The diffractometer was alligned prior to use.
Reflections representing interplanar spacings of 60 to 3.5 % were

measured.

After data collection was completed, substrate-free mother liquor
was flowed over the crystal for 2u hours, and the 3-dimensional data to

6 & resolution were remeasured.

C. Data Reduction, Scaling and Fouriers

Radiation damage was monitored by periodic measurement of 5
standard relfections. A linear radiation damage correction was applied
to the data. "No absorbtior correction was made (the flow cell makes it
super fluous) and standard Lorentz and polarization corrections were

applied (6).
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Data were scaled to the native structure factor amplitudes by the

local scaling method of Matthews (7).

Fouriers were calculated using the phases of the free enzyme
obtained by the method of multiple isomorphous replacement as described
“in Chapter III. Maps were calculated using the coefficients

FDHAP(hkl)'FP(hkl) and 3FDHAP(hk1)-2FP(hk1).

The difference density was contoured on minimaps, and the
3FDHAP-2FP map was analyzed using the program FRODO (8) on a Vector
General graphics system. All calculations were performed using a

Digital Equipment Corporation PDP 11/60 computer.

III. Results

A. Crystalline Complexes of Yeast TIM with DHAP and PGA

In order to investigate the feasibility of x-ray structural studies
of the complexes of DHAP and PGA with yeast TIM, the free enzyme
crystals were soakec in mother liquor containing these ligands. When
the DHAP concentration was greater than 5 mM, the free enzyme crystals
tended to crack and disorder. However, the crystals appeared to be
stable in 1 to 3 mM DHAP, and diffraction could be observed to 1.8 't
resolution on still photographs (Figure 2). Unfortunately, the
diffraction pattern decayed rapidly; the crystals showed a marked
tendency to dissolve when exposed to x-rays at room temperature. The

use of a cooling device (9) to keep the temperature between +5 and +10°
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Figure 2. X-ray photographs of crystals of the free enzyme soaked
in 5 mM DHAP for_24 hours. a) Initial still photographs diffract
to at least 1.8 R. b) Exposure to the x-ray beam results in a
rapid decay of the strength of the diffraction pattern, changes in
the unit cell dimensions and, ultimately dissolution of the crystal.
hkO precession photograph, u = 10°. ¢) hO1 zone, u = 10°.

d) Native hkO precession photograph for comparison. e) Native hO]
precession photograph for comparison.
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C slowed this process but did not stop it. Two precession photographs
showed highly mosaic reflections and altered unit cell dimensions,
suggesting that the crystal lattice may have changed slowly before the
crystals dissolved (Figure 2). The new unit cell dimensions calculated
from the precession photographs shown in Figure 2 were a = 61.2 R, b =

82.4 8, c = 37.64 £ and B = 92.6°.

The crystals of the free enzyme also dissolved when the mother
liquor contained even submillimolar concentrations of PGA. The lowest
concentration of PGA used was, however, 10-2 mM or approximately 10 x
Ki'

Cocrystallization experiments yielded well formed crystals with two
different habits (Figure 3a,b). The diffraction of x-rays from the large
elongated plates shown in Figure 3a could not be observed. The smaller
chunky crystals, on the other hand, diffract to at least 1.8 &
resolution (Figure 3c). Precession photographs indicated that the
crystals are monoclinic, with the symmetry of space group P21. The unit
cell dimensions are quite different from those of the crystals of the
free enzyme; a = T4.2 ﬂ, b=2829R, c=37.6 R and 8 = 102° (Figure
3d,e,f). A comparison of the unit cell volume and the molecular weight
of the.protein indicates that there is one dimeric molecule per

asymmetric unit.
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Figure 3. Cocrystals of yeast TIM and phosphoglycolate. a-b) Batch
crystallizations. The chunky crystal ip (a) is 0.5 mm across.

c) Still photograph with spots at 2.0 ﬁ resolution. d) hkO
precession photograph, u = 18%. e) hOl1 precession photograph, p =
159. f) Okl precession photograph, p = 18°.
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B. The Structure of the Yeast TIM-DHAP Complex

Despite the apparent reduced stability of the TIM-DHAP crystals, an
attempt was made to collect 3-dimensional diffraction data from them.
In order to reduce any possible deleterious effects of the enzymatic
dephosphorylatior of the substrate -- including reduced occupancy of the
substrates at the active sites and damage to the crystals which might
result from covalent or noncovalent binding of methyl-glyoxal to the
protein —- fresh 3 mM DHAP solution was flowed over the crystal at -5°
during data collection. This procedure also allowed the crystal to be
exposed to substrate gradually in the hope of reducing any damage to the
integrity of the lattice caused by the rapid ligand bindirg which
occurred in the soaking experiments. The reduced temperature served to
protect the crystal from radiation damage (10) and to slow the

decomposition of the substrate (11).

To monitor substrate binding, several reflections were measured at
5 to 10 minute intervals after the flow of substrate solution was begun
(12). These reflections were chosen on the basis of their sensitivity
to heavy atom substitution in the active site region. After
approximately 80 minutes of substrate flow, a large anrd rapid change in
the quality of the diffraction pattern was observed. The diffraction
pattern became weaker and the mosaic spread of the reflections tripled.
The mosaicity increased anisotropically from an average full peak width
of 0.5° in w for reflections at 4 f to 1.5 to 1.8% in w. Because of
this change in the shape of the peaks, intensity measurements were made

by scanring over the entire peak and subtracting the individual
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background counts measured on each side of it. Data collection

statistics are summarized in Table 1.

Data were collected to 3.5 ® resolution and a difference Fourier
was calculated using the phases from the multiple isomorphous
replacement analysis of the free enzyme. Several sections of this map
are shown in Figure 4. The peaks and holes in the map fall
predomirantly within the boundaries of the molecule, and five features
dominate the difference density. A large hole corresponding to the
average position of residues 168-177 in the subunits of adjacent
molecules in the crystal is shown in Figure 5a. These residues were
disordered in the free enzyme. Strong peaks that are too large to be
accounted for by the bindirg of substrate alonre are apparent in both
active sites of the dimer (Figure 5b). These positive features are
somewhat different in shape, but in the main, they are consistently
related by the non-crystallographic two-fold rotation axis of the dimer.
In each peak, thin fingers of difference density connect with the

boundaries of the disordered loop.

A strong positive peak which has no apparent negative mate also
occurs between residues 100 and 101 (Figure 5¢) in one subunit orly. To
provide further information about the origir of this feature, the
crystal was washed with substrate-free mother liquor at -5° C for 24
hours. At the end of this period, 3-dimensional data with a minimum
interplanar spacing of 6.0 Q was collected. An electron density map

reflecting the difference between the washed crystal and the free enzyme

crystal was calculated. The features in the active site were reduced in
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Table 1. Statistics for the data on the yeast TIM-DHAP complex from
60 to 3.0 R resolution.

Number of measurements -- 5004 (some data missing due to interference
by the yoke of the flow cell)

Number accepted -- 3627
Mean F — 37.0
Mean isomorphous difference -- 4.33

Overall scale factor to the native data -- 1.38

Mean Fractional Isomorphous Change

usinzelxz Fractional aAiso
0-0.003 9 %
0.009 8 %
0.016 9 %
0.022 12 %
0.028 15 %
0.034 15 %
0.041 13 %
0.047 1 %
0.053 13 %
0.059 14 3
Overall 60-3.5 % 11.7%
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Figure 5. Difference map showing the binding of substrate in the
active site of yeast TIM. The density, added on formation of the
enzyme-substrate complex is shown in solid contours; electron

density present in the native enzyme but absent in the enzyme-substrate
omplex in shown in broken contours. The coordinates of the chicken
énzyme were rotated into the yeast unit cell and are shown superimposed
on the difference map.

5a) The large negative feature (top right) corresponds to the
position of two loops of chain (residues 168 to 177) in adjacent
moleculesﬂ The new position of one of these loop is shown in 5b.
y = 51.1 A. ‘
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Figure 5b

The peak on the left-hand side of the largest positive feature
can -be interpreted in terms of substrate, which extends into
the plane of the sections. The substrate is bound by the loop
of residues 168-177 represented by the density on the right side
of the feature. Parts of the side chains of His 95 and Glu 165
are shown below the suhstrate electron density, to the left and
right, respectively. ¥ = 44.2 &.
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Figure 5c)

The positive feature at the C-terminus of the Dy helix is shown at
the lower right. Atoms in the helix appear above and to the left
of the peak. Phe 102 is to its immediate left. Y = 47.1 A.
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intensity by the substrate-free wash, but the intensity of the peak near

residues 100 and 101 remained strong.

There are many less dramatic features in the 3.5 R difference map
showing that subtle conformational changes occur throughout the molecule
on substrate binding. Several of these features occur at the positions
of the active site residues. However, without higher resolution data,
better phases and a more complete interpretation of the structure of the

free enzyme, these features are difficult to interpret.

IV. Discussion

A. The TIM-DHAP Complex

The studies of ligand binding to crystals of yeast TIM are
consistent with previously reported results indicating that the enzyme
undergoes significant conformational fluctuations during the catalytic
cycle (1-4). The difference Fourier between the enzyme-substrate
complex and the free enzyme shows that, in contrast to the results
obtained with the crystalline chicken muscle enzyme (4), substrate binds
to both active sites of the dimer in the crystals of yeast TIM.

However, the changes seen in yeast TIM at 3.5 f resolution are analogous
to the features found at 6 £ resolution in the single subunit of chicken
TIM where DHAP bound. These results suggest that the failure of

substrate to bind in one subunit of the crystalline chicken enzyme is an
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artifact imposed by the crystal lattice and that binding in the other

subunit is normal.

The difference density is consistent with the movement of residues
168-177 to interact with the phosphate moiety of the substrate,
apparently through contacts made by Gly 171, Thr 172 and Gly 173. Two
similar tripeptides (gly-ser-gly) have been implicated in the
interaction of yeast hexokinase with the phosphate moieties of ATP.
(13). The Ca of Thr 172 changes its average position by about 10.4 R on

substrate binding (Figure 6).

Both the electron density in the Fourier map of the free enzyme and
the holes in the difference map corresponding to the positions of
residues 168 to 177 are weak and discontinuous. These results suggest
that this loop of chain adopts a number of different conformations in
the crystals of the free enzyme. In contrast, the positive density for
the loop is stronger in the difference map, indicating that the number
of conformations it can adopt is restricted in the enzyme-substrate

complex.

Thus, substrate binding results in a change in the average position
of the loop and in a reduction of the number of conformations accessible
to it. These properties of the loop were also observed at 6 R
resolution on substrate binding to the chicken muscle enzyme, despite
differences in the intermolecular contacts in the crystals (14). The
importance of this behavior is hinted at by the high level of

conservation of residues 168 to 177 among the sequences of triose

157



Figure 6. The change in the average position and degree of order

of residues 168-177 on substrate binding. A drawing of the a-carbons
of one monomer is shown, oriented in roughly the view depicted in the
difference electron density maps in figures 4 and 5. The disordered
}oop is at the upper right. Ca of Thr 172 moves approximately 10.4

on substrate binding.



phosphate isomerases from yeast, rabbit, chicken, coelacanth and B.

stearothermophilus (see Chapter II). The mechanistic implications of

the observed changes in the position and degree of order of the loop are

discussed in detail in Chapter V and Appendix I.

It is tempting to speculate that the change in the conformation of
the loop on substrate binding is responsible for the disordering of the
crystals. However. given the disorder of the loop in the free enzyme,
this view may be somewhat siwmplistic. It may be possible to stabilize
the crystals with a higher concentration of PEG or by light crosslinking
with glutaraldehyde. Reduction of the increase in mosaic spread that
accompanies DHAP binding would make it possible to collect high
resolution data on the enzyme-substrate complex using the free enzyme

crystal system.

The density corresponding to the substrate in both active sites of
yeast TIM was generally consistent with both the position and shape of
the added density observed at 6 f resolution on the binding of substrate
to one subunit of chicken TIM (14). Figure 7 shows DHAP built into the
active site of chicken TIM and illustrates the principle charges and
dipoles which are present (D.C. Phillips, personal communication). In
addition to its interaction with the disordered loop, the phosphate
moiety is bound by the sequence Gly-Gly-Ser at residues 209 to 211 and
by the amide nitrogens of Gly's 232 and 233. The latter two glycines
are at the positive end of the dipole moment of the C-terminal helix.
The importance of the interaction between the phosphate and the helix

dipole was first suggested by Hol et al (15). Indirect support for this
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Figure 7. Model of the TIM-DHAP complex showing the principle
charges and dipoles in the active site (D.C. Phillips and I.A.
Wilson, unpublished results). The phosphate moiety is at the
front, and residues 168 to 177 are omitted for clarity.
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idea comes from the firding that the C-terminus of the B.

stearothermophilus enzyme is two residues longer, perhaps to provide a

stronger dipole moment to allow the bindirg to be sufficiertly tight at

higher temperatures (16).

A cylinder of density corresponding to the triose moiety extends
into the active site pocket from the phosphate position in the
difference maps obtained from both the yeast and chicker enzyme-
substrate complexes (14). Though the shape of the density did not
reveal the details of the conformatior of the substrate, it is
cornsistent with the substrate being fully extended. The assignment of
the ends of the substrate is supported by the fact that the putative
phosphate density is stronger than the density of the triose moiety in

the yeast enzyme difference maps.

In the model of the enzyme-substrate complex showr in Figure 7, Glu
165 is in a pcsition to shuttle protons between C-1 and C-2 and thereby
act as the catalytic base. Its position is also consistent with its
reactivity toward glycidol phosphate and haloacetol phosphates (17,18).
The carbonyl and hydroxyl groups of the bound DHAP are in a cisoid
conformation and are oriented in the active site to permit the observed

stereospecific attack of sodium borohydride from the si face of c-2

(19).

In this conformatior, a number of interesting interactions between
the enzyme and the oxygen atoms of the substrate are apparent. The

contact distances in the yeast enzyme-substrate complex were measured
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from a Fourier calculated at 3.5 ® resolution with the coefficients

3F P(hkl) - ZFP(hkl) and 3p. A Vector General graphics system was

DHA
used to display the map and the atomic positions. These measurements

are summarized ir Table 2.

Though differences are apparent between the sets of contact
distances derived from studies of the substrate complexes of the yeast
and chicker enzyme crystals, the differerces are not sigrificant
compared to the magritude of the errors in the two models. 1In the
chicken enzyme model, errors arise from the low resolution of the data,
the abserce of the phosphate moiety ir the difference dersity (phosphate
replaces the sulfate ior bournd to the free enzyme) and the fact that the
unrefined coordinates of the free enzyme were used to evaluate the
distances. The yeast enzyme model, despite much higher resolution,
suffers from a paucity of data due to crystal disorder and from poor
phases which do not allow an urambiguous interpretation of the density

in the active site.

Nonetheless, the following picture emerges. His 95 is in a
position to interact with the carbonyl oxygens of the substrates and to
mediate an interaction betweer these groups and the dipole moment of the
helix containing residues 95-102. This dipole is shown in Figure 7. A
precedent for such an interaction comes from the binding of DHAP to
yeast aldolase. Nuclear magretic resonance measurements suggest that
the catalytic zinc atom is too far from bound DHAP to exert a direct
catalytic effect (20). In aldolase, a histidine is in line between the

zinc atom and the substrate and may polarize the carbonyl group of DHAP
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0-3 C-2 0 C-10

Chicken Yeast Chicken Yeast Chicken Yeast

Lys 13, N_ 3.38 4.4f  2.98 4.9fR

His 95, N_ 3.5 & 3.3 % 3.2 8 2.2 R
Yeast
Glu 165, O, to C-1 = 2.1 'S
€
Glu 165, 0_, to C=2 = 2.2 R.

Table 2. Contact distances in the models of the E-DHAP complex of

yeast and chicken TIMs.
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by hydrogen bording (21). The D, helix dipole in yeast TIM may be a
metal atom analogue, and the interaction of the substrate with the
dipole may be facilitated by His 95. His 95 may be situated to interact
in an analogous manner with a carbonyl group at C-1 (GAP), and, with a

slight movement, C-2 (DHAP),

Lys 13 appears to interact with the C-2 oxygen and/or the bridging
oxygen of the phosphate ester. It is held in position by participating
ir an ion pair with Glu 97 and also by the interaction of the amide
nitrogen of Leu 14 with residues from the other monomer. The lysine
side chain is in a fully extended conformatior, stretching into a cleft

formed by residues 72' to T4' ir the intersuburnit loop.

The binding of the substrate in the active site and the resulting
movement of residues 168-177 appears to be slowly reversible in the
yeast TIM crystals. In corntrast, reduction of the intersity of the peak
in the difference map near residues 100 and 101 was not apparent at 6 't
resolution after washing the crystal with substrate-free mother liquor
for 24 hours. A similar feature was also observed in one subunit in the
difference map of the chicken TIM-DHAP complex. Since it is not paired
with a comparable hole in the difference map, this feature is probably
not due to a simple conformational change of the protein. There are,
however, a number of possible explanations of its origin. 1) The peak
may be due to covalent modification of the protein by methyl glyoxal, a
decomposition product of the enzyme-bound intermediate. The
stoichiometry of its binding may reflect the fact that residues 100 and

101 are at the C-terminus of the D1 helix of each subunit and are
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adjacent in the dimer. 2) The positive feature could result from an
increase in the degree of order of residues 100 and 101. The D1 helix
is involved in polarizirg His 95, and substrate binding could induce
charges far from the active site. This possibility is made less likely
by the apparert irreversibility of the observed change. 3) Formally,
the peak near residues 100 arnd 101 could also be a tightly bound
molecule of GAP, although this is unlikely because of the known
stoichiom2try of binding of DHAP and substrate analogues (17,18,22). 4)
Since the same feature was observed in both the yeast and chicken enzyme

crystals, it is urnlikely that it is an artifact of poor phasing.

The studies or the E-S complex at 6.0 % resolution with chicker TIM
and 3.5 % resolution with yeast TIM are not accurate enough to
distinguish betweer several hypotheses about the enzyme mechanism on
structural grounds. A number of hypotheses which are consistent with

the structural and solution studies are discussed in detail ir the next

chapter.

B. The TIM-PGA Complex

Phillips et al have reported that PGA also induces a conformational
change involving the movement of residues 168-177 or binding to TIM (4).
Consistent with this result, I have found that crystals of the free
yeast enzyme dissolve in sulfate-free mother liquor containing even low
concentrations of this ligand. Cocrystals of the yeast TIM-PGA complex
have diiferent unit cell dimensions than the free enzyme crystals and

probably represert a different conformation of the enzyme. Since the
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free enzyme crystals crack and break (instead of dissolving) when
exposed to sufficiently high concentrations of DHAP, there may also be

differences in the protein conformation ir the two complexes.

Based or the pH dependerce of the 31? nmr spectrum of the complex
of chicker TIM and PGA and the low resolution difference map of the
complex obtaired by Phillips and coworkers, Waley et al have suggested a
model for the bindirg of this ligand (1,4,23). They proposed that PGA
is bound in an extended conformation with the phosphate moiety in the
phosphate binding site in the active center. They suggested that the
carboxyl group shares a proton with 0c of Glu 165. This conformation is
not Eonsistent with the model for substrate binding discussed above. In
particular, the proposed interaction of the two carboxylate oxygers
through a shared protor does not parallel the interaction of the C-2
carbonyl group of the substrate with electrophilic groups on the
opposite sidé of the active site. Consequently, if both models prove to

be correct, PGA would rot be a transitior state analogue. Instead, its

bindinrg may mimick a nonproductive enzyme-substrate interaction.

The crystals of the yeast'TiM-PGA complex will provide a direct
test of the hypothesis of Waley and coworkers. Ir addition, it may be
possible to replace the PGA with DHAP in a flow cell without disordering
the crystals. Such an experiment may provide a way to obtain high

resolutior data on the enzyme-substrate complex.
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CHAPTER V.

Corclusions

I. Irtroductiornr

The irterconversior of dihydroxyacetore phosphate and
D-glyceraldehyde-3-phosphate bi triose phosphate isomerase is one of the
simplest and fastest metabolic reaétibns. Kinétic and thermodynamic
studies are consistert with the existernce qf three erzyme-bound species
on the reactior pathway -- the two substraie complexes ard a bound .-
irtermediate whose structure is controversial (1,2). The irtermediate
may be a cis-erediol or symmetricai enediolate (3). It has a marked
terdency to decompose ir water to form methyl glyoxal and inorganic
phosphate, and triose phosphate isomerase reduces the rate of this

fragmertation reaction by over four orders of magnitude (4).

The reactior proceeds via a reversible protor trarsfer betweer C-2
of GAP and pro-R positioﬁ of C-1 of DHAP (3,5,6). Isotope exchange
studles suggest the preserce of a sipgle base on the erzyme whiéh
facili#ates this step (7). hffinity labellirg studies suggested the
_ presenée of an essertial carboxylate ir the active site. Glu 165, which
is probably the catalytic ba;e'(8-13).' Both affinity labelling studies,

ard measurements of the susceptibility of DHAP to reductior by sodium
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borohydride suggest the presence of at least onre electfophilic group
that enhances the lability of the proton by polarizing the carbonyl
group of the substrate (11-14). Fourier transform infrared studies 6f
the enzyme-substrate complex provide direct evidence for substrate

distortion by the electrophile(s) on the enzyme (15).

.

8 ~1y-1

The second order rate constant, k /Km, is 3.6 x 10 M for

cat
the formation of DHAP and 1.0 x 107 s~ 'M™! for the formation of GAP.

The rate constant for the formation of DHAP is comparable to that
expected for a bimolecular diffusion-controlled process (16). Jdnalysis
of the microscopic rate constants for the formatior and breakdown of the
enzyme-bound species on the reaction pathway indicates that the rate
limitirg trarsition state is encountered in the binding and release of
GAP (1). Thus, the chemical steps of the reaction are so fast that a
-phys1ca1 step is fully or partially rate limiting (17). The enzyme

enhances the reactlon rate by more than nine orders of magnitude over

the uncatalyzed reaction in water (18).

The x-ray crystal structur; of trioSe phoSphate isomerase from
chicken muscle has been determined at 2.5 ﬂ_resolution‘(19).' In
additior, the conformatioﬁs of tﬁe complexes §f chicken TIﬁ*with a
number of ligards have been studied crystallographically at 6.0 'S
resolution (20,21). This thesis has described studles on the nucleotide
sequence of the‘yeast TIM gene, the structure of the protein encoded by

that gene at 3.0 % resolution and the structure of the enzyme-substrate

complex at 3.5 f resolution.
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These studies have yielded the following major results. The amiro
acid sequences of the yeast and chicken muscle enzymes are 50%
homologous, ard the two polypeptides fold into very similar three
dimensional structures. Substrates bind to both subunits of crystalline
yeast TIM irn the same orientation as they bound to one subunit in the
chicken TIM crystals. Consequently, the failure of substrates to occupy
poth active sites of the chicken enzymeé dimer is probably an artifact
caused by the intermdlecular contacts in the crystal and not a
previously undiscovered property of the free protein. The
conformational changes that occur in the two proteins on substrate
binding are also analogous, though, again, rearrangements can be seen in
both suburits of yeast enzyme. In particular, there is a large change
in the average posiiion of a loop composed of residues 168 to 177, and
the number of conformétions accessible to the loop is decreased on
substrate bindirg. There are numerousAconformational ad justments
throughout both subunits, and, ir one subunit, a strong positive feature
whose origin is rot understood is seen in the difference maps. The

feasibility of high resolution studies of enzyme-ligand complexes of

yeast TIM has been established.

In ;his chapter, the results of the structural studies on the
enzyme-substrate cbmplex are analyzed ir light of the properties of the
-eniyme catalyzed reaction. Features in the active site region which may
accoﬂnt for the specificity and rate erhancirg ability of TIM are

diséussed.‘
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In the absence of high resolution data on enzyme-ligand complexes,
the implications of conformation fluctuations away from the active site
will not be treated. In addition, since the average error expected in
the atomic positions derived from the present structural studies is on
the order of an angstrom or more, NO arguments can be made that hinge on

more precise knowledge of the atomic coordinates.

There are several hypotheses about the structural basis of the
properties of the enzyme that are consistent with the work described in
this thesis. Some of these ldeas are prcbably not distinguishable by
crystallographic methods. Several avenues of experimentation are
proposed which may shed light on a number of the central issues which

remain unresolved.
II. Rate Enhancement

A productive mode of DHAP binding in the active site ef TIM which
is consistent with solution and structural studies is illustrated in
Figure 1. The substrate is in an extended conformation with the C-1 and
Cc-2 oxygens in a cisoid conformaton. The bridging oxygen of the
phosphate ester is in the plane of the putative enediol(ate)

intermediate.
A. The Catalytic Base

The pKa of the modification of Glu 165 by haloacetol sulfate is 3.9

(22). This pK, {s low enough to allow Glu 165 to be catalytically
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]
;N

DHAP
LYS13

Figure 1. Relative orientations of the substrate and the
side chains in the active site in the model of the
TIM-DHAP complex.



competent as the active site base. The substrate can be oriented such
that this residue can interact with either C-1 or C-2 frcm the re-re
face of the subsequent cis-enediol(ate) intermediate, and this is
sufficient to account for the observed stereospecifity of proton

transfer (23).

Knowles and coworkers have shown that the catalytic base in the
enzyme-intermediate complex is in rapid protonic equilibrium with either
the bulk solvent or a pool of water molecules in the active site (24).
Though the enzyme-substrate complex may not provide an adequate model of
the exchanging species it is clear that the movement of residues 168 to
177 on substrate binding restricts the accessibility of the carboxylate
of Glu 165 to the bulk solvent. However, measuring the extent of this
restriction and locating the water molecules in the active site will

require higher resolution structural studies.
B. The Catalytic Electrophiles

Though electrophilic groups on the enzyme have been implicated in
the rate enhancement provided by TIM, it is not clear whether acidic or
electfostatic.effects are involved. This uncertainty is linked to the
uncertainty about the structure of the enzyme-bound intermediate,

although, as discussed below, the questions are formally separable,
Experiments which bear on this problem are indirect. For example,

Hegarty and Jencks have shown that carboxylic acids catalyze the

enolization of acetone in a bifunctional manner (25). The reaction is
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apparently third order, involving two concerted proton transfers.
However, not all acid/base pairs demonstrate such bifunctional

catalysis.

Rose and coworkers have attempted to show that the enzyme-bound
intermediate is an enediol, but, as described in Chapter I, their
results are inconclusive (4,26). This question is relevant, because
either the enzyme or the solvent would have to donate a proton to the
transition state to form an enediol. An obligate enediol on the
reaction pathway would strengthen the case for general-acid/general-base

catalysis by the enzyme electrophile(s).

Kollman has evaluated classical potential functions which describe
the active site of chicken TIM (P. Kollman and D.C, Phillips,
unpublished results). He has found that the only regions of positive
po@ential center on the positions of C-1 and C-2 in the model of the
TIM-DHAP camﬁlex. Thgse calculations $upbort the idea that ﬁhe
electrostatic potentials in the active site can destabiiize the ground

stagg of the substrate.

An examination of the structure of the enzyme-substrate complex
allows the problem to be formulated ip'exquisiie detail. 1Its

resolution, however, will require further. studies.
The most likely candidates for the active site electrophiles are

His 95 and Lys 13 (Figure 1). In a geﬁeral-acid/general base mechanism,

‘these groups may aci as proton donors ahd acceptors, while in an
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electrostatic mechanism, they would stabilize negative charge in the
transition states through charge-charge interactions. A third
possibility is that electrostatic polarization allows solvent water to

act as an acid/base to facilitate the formation and breakdown of the

putative erediol intermediate (20).

His 95 is in a position to interact with the C-1 oxygen and
pos3sibly the C-2 oxyger of bound substrates. It is hydrogen bonded to
the main chain NH of Glu 97 at the positive end of the dipole moment of
a helix containing residues 95-102 (Dl)' The N6 of the imidazole ring
is the proton acceptor in this hydrogen bond (Figure 2). The Ne protor
of His 95 might be expected to carry an erhanced partial positive charge
due to the polarization of the ring by the helix dipole. This could, ir
turn, polarize the carbonyl group of the substrate. The acidity of the
proton would also be enhanced, but it is likely that protoratior of the
substrate would result irn the formatior of an imidazolate arion.
Compensating protonation of N6 of the imidazolate is unlikely, because
it would require a reorientation of the ring and concommitant disruption

of the hydroger bond between N, and the amide nitrogen of Glu 97. Or

)
the basis of indirect assigmments of the chemical shifts in the pH
dependent p.m.r. spectrum of the free protein, Waley et al have

suggested that this hydrogen bond is unusally strong (27). They argued

that N6 of His 95 is not protonated ever at pH 4.0 in the free enzyme.

The pKa for the formation of the imidazolaté form of histidine is
12.3 (28), though clearly, this may be reduced by the electrostatic

‘ envirorment of His 95. Developing regative charge on the substrate C-1
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S+

Figure 2. Histidine 95 may be polarized by the dipole moment

of the Dl helix.
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oxygen, then, could be stabilized by a charge-charge interaction with
the Nc protorn. Because of the partial electrostatic character of the
Ne-H bond, it is likely that this interaction would result in at least a
partial donation of the proton to the substrate and a concommitant
formation of an imidazolate anion (29). This species could be
stabilized by the dipole moment of the D1 helix. The extent of proton
donation would be a function of the pKa's of the imidazolate and the
oxyger of the triose phosphate in the transitior state complex. The
problem of whether His 95 acts as an acid or as an electrostatic group
collapses inrto a question of the extent to which the Ne proton is

trarsferred to the substrate.

In the preceding argument, the assumption is made that the helix
dipole car and does furctior as ar electrophilic center. Hol et al have
preserted circumstantial evidence supporting this view for the reactions
of papair, subtilisin, rhodanese and glyceraldehyde phosphate
dehydrogenase (30). If this is the case, the birnding of substrate
should induce a change in the electrostatic potential of the helix that
may be observable as a charge in the positions or temperature factors of
its atoms. An extreme case 6f such an induced change has been observed
ir the transition from the two-zinc to the four-zinc form of crystallire
insulin (31). When the sodium chloride concentration of the mother
liquor of insulin crystals is raised above 6%, an additional metal atom
binds to each molecule. The zinc ion binds to the C-terminus of a
surface helix and stabilizes the addition of several residues to the
helix, presumably throu:: an interaction with the negative end of its

dipole moment. Though ti.: effects of substrate binding to TIM are less
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dramatic, they may be nonetheless observable through crystallographic

studies at sufficiently high resolution (€2.0 £.

As discussed in the previous chapter, the dipole moment of the D1
helix in TIM may function as an analogue of the catalytic zinc ion in
yeast aldolase (32). This surprising finding suggests that, by virtue
of their structural arrangements, organic molecules can mimick the
properties of molecules containing more complex atoms. Thus, helices
may substitute for the properties inorganic ions; and, indeed, the
different dependences on distance and angular direction of ionic and
dipolar potentials may allow each to be exploited to different ends in

enzymatic reactions.

Theoretical studies help to define a possible role for the dipole
moment of the D1 helix. Using ab initio molecular orbital calculations,
Valentine et al have shown that the strength of a hydrogen bond between
an imidazole N-H and the carbonyl group of formamide is dramatically
increased when the imidazole is liganded to a positively charged atom
(33). Assuming a single charge on the positive center, hydrogen bond
free energies of 10 to 20 kcal/mole were found. This would be more than
sufficient to polarize a carbonyl group and stabilize an enolate
intermediate or transition state. It is interesting to note that the
measured free energy difference for the transition states of the
uncatalyzed and TIM-catalyzed interconversion of dihydroxyacetone

phosphate and glyceraldehyde-3-phosphate is on the order of 10 kcal/mole

(34).
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As expected, the hydroger bond strengths calculated by Valentine
and coworkers are very sensitive to the geometry of the interaction
(33). Consequently, if His 95 is functioning as anr electrophile in the
TIM-catalyzed reaction, small differences in its orientation relative to
the substrate oxygens might result in large changes in the interaction
free erergies. This sersitivity to direction would provide a mechanism
for maximizing the free energy of interaction between the enzyme and the

plarar center of the substrate (C=1 O of GAP and C-2 O of DHAP).

It is not clear from the present model of the TIM-substrate complex

that the D. helix can polarize both the C-1 and C-2 oxygens. A

1
conformatioral change in either the entire helix of in the positicn of
His 95 relative to the substrate may be required for the helix-dipole to
act as the electrophile in the reactior of DHAP. The difference maps of
both the chicken and yeast TIM-substrate complexes provide evidenrce for
some movement of His 95 or substrate bindirg (Figure 3) (20). However,

the present resolution of the structural studies does rot allow an

unambiguous interpretatior of the difference density.

Alternatively, Lys 13 may act to polarize the C-2 carbonyl of DHAP
and facilitate the abstraction of the pro-R proton of C-1. In theory,
it could act as either ar acid or an electrostatic center, but the
structural studies do not favor the former possibility. The amiro group
of Lys 13 is unlikely to lose a proton to the transition state, because
this would leave Glu 97 buried with an uncompensated negative charge.

Consequently, the energetic cost of breaking the ionic bond between Lys
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Figure 3. Difference map showing the binding of substrate in the active
site of yeast TIM. As in Figure 5b in Chapter 4, the y section = 43.2.
The coordinates of His 95 fall in a region of negative density .whose
presumed positive mate is lower in the map and closer to the C-2 oxygen
of the substrate model.
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13 and Glu 97 is high, and if Lys 13 acts as a catalytic electrophile,

it is likely that its effects are primarily electrostatic.

In summary, the crystal structure of the enzyme-substrate complex
is consistent with either His 95 or Lys 13, or both, acting as
electrophiles to promote proton abstraction. They may function as

electrostatic centers and/or proton donors.

C. Substrate Binding and Release

As described above, the chemical steps in the TIM reaction are so
efficient that the binding and release of GAP is at least partially rate
limiting (1). Substrate binding is accompanied by a change in the
position and degree of order in a surface loop composed of residues
168-177. The change in the number of conformations accessible to this
loop has at least two consequences for the energetics, and consequently

the rate, of the formation and breakdown of the Michaelis complex.

First, the activation energy for binding is minimized, because the
interactions between the enzyme and substrate do not require that a
stable structure in the protein be disrupted. The substrate can
stabilize one of a number of unstable conformations which are in

equilibrium in the free enzyme.

Second, if the reduction in the number of conformational states of
the loop on substrate binding is sufficiently large, some of the binding

energy will be dissipated by the resulting decrease in the

182



conformational entropy of the polypeptide chain. The quantitative
limits of this effect are derived in Appendix I. For example, a
three-fold reduction in the average number of conformational states
accessible to each residue in the loop on substrate binding would
require 6 kcal/mole of binding energy. Thus, the disorder-order
transition raises the free energy of the E-S complex relative to the
free energy of the transition state for the formation of this complex
and allows rapid release of the products. Were substrate bound by a
fully ordered domain, it would be bound more tightly, and its release
from the surface of the enzyme would be slower. As shown in Appendix I,
the interactior of ligands with disordered domains may be a general
mechanism by which a number of proteins -- including tobacco mosaic
virus coat protein, acid repressors, peptide hormones, calmodulirn,
ribosomal proteins, histones and other nucleic acid binding proteins --

bind ligands both specifically and weakly.

In its simplest form, entropic destabilizatior would result in a
variation of the free energy of proteir-ligand complexes with
temperature. In the reactior of triose phosphate isomerase this implies
that the activation energy will be temperature dependent, and the
logarithm of the overall rate constant describing the steady state
conversion of glyceraldehyde-3-phosphate to dihydroxyacteone phosphate
will not be a linear function of 1/T. In addition, as the temperature
is lowered, the kinetic isotcpe effect observed in the reverse reaction
should decrease as the release of dihydroxyacetone phosphate becomes
rate limiting (35). When the reaction is carried out in tritiated

water, the extent of isotopic labelling in dihydroxyacetone phosphate
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should increase at lower temepratures (35). These experiments would

allow the role of the loop movement to be investigated.

D. Specifity

TIM is as specific a catalyst as it is efficient. The phosphonate
analogues of the triose phosphates are extremely poor substrates (37),
and the enzyme will catalyze o-proton exchange between
monohydroxyacetone phosphate and the solvent (I. A. Rose, personal
communication). The substrates bind productively as unhydrated dianions

(38,39). Binding of dihydroxacetone sulfate cannot be detected (37).

This specificity apparently reflects the small size of the active
site cleft and the requirement that phosphate be present to establish
the relative orientation of the catalytic groups on the enzyme and the
labile proton of the substrates. The basis of the ability of TIM to
distinguish between phosphate and sulfate esters is unknown. However,
it is not unique to this protein or to proteins in general. The suflate

binding protein of Salmonella typhimurium does not bind phosphate, and,

of course, protons have extremely different affinities for the two

groups.

Part of the specificity of the reaction is kinetic. It arises from
the ability of the enzyme to inhibit side reacticns, including the
dephosphorylation of the enzyme-bound intermediate. This fragmentation
would be facilitated by an out-of-plane conformation of the bridging

oxygen (40), and puts a premium on the ability of the enzyme to fix the
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position of the phosphate moiety. The phospate is bound by at least
four sets of groups on the enzyme - residues 210 to 211, residues 232 to
233 at the positive end of the dipole moment of the C-terminal helix,
Lys 13 (which may interact with the bridging oxygen) and residues 171 to
173 in the disordered loop. The need for the enzyme to enclose and
release the phosphate as rapidly as possible may lie at the root of the
presence and properties of the disordered loop. Complete solvation of
the phosphate by the enzyme rather than by water may required to
establish proper binding geometry and to provide a suitable

electrostatic environment for the isomerization.

E. The Future

In general, the crystallographic studies on triose phosphate
isomerase have allowed questions about the structural origins of its
catalytic power to be formulated in great detail. Higher resolution
structural studies of the free enzyme and its complexes with substrates
and inhibitors may shed light on many unsolved problems. These include
the identifcaiton of the catalytic electrophile(s), the determination of
the ratio of enzyme-bound species in the steady state, the determination
of the conformation and orientation of each of the three
enzyme-substrate species in the active site, and the quantitative
assessment of the accessibility of solvent to the active site during the
reaction. In addition, little is understood about the conformational
fluctuations which occur away from the active site during catalysis.

The cocrystals of TIM and phosphoglycolate which were described in
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Chapter IV may provide the best crystal system for obtaining high

resolution data on TIM-ligand complexes.

However, problems such as the extent to which a proton is donated
to the central transition states by the catalytic electrophile(s) and
the role of the disordered loop in the reaction are probably not
directly accessible by x-ray crystallographic studies of the wild type
enzyme. Instead, it may be possible to construct isostructural mutants
which are systematically altered to test the roles of specific chemical
groups. Using the cloned gene, TPI1, two classes of mutants could be
made using site specific methods. The first class involves changes in
the phosphate binding site, while the second includes proteins with
altered catalytic residues. In this manner, both the binding and

chemical steps could be probed.

For example, glycine residues could be added to the disordered loop
to test the role of chain entropy in substrate binding. Unique
sequences which are recognized by the restriction enzymes Kpn I, Asu I,
and Hgi CI, and are cut in frame are found in the loop. These sites are

obvious targets for mutagenesis.

Mutants which may yield information about the catalytic
electrophile(s) would include any of the following changes: His 95 to
tyr, asn, or gln; Lys 13 to gln or leu; and Glu 97 and Glu 165 to gln.
The codons specifying His 95 and Glu 97 are accessible from the nearby
Bgl II restriction site, but Lys 13 will probably have to be altered by

using DNA polymerase to elongate a mismatched primer. Eliminating the
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active site base may make it possible to study the roles of the
electrophile(s) in the absence of turnover. The alteration of Lys 13
would test its ability to act as an electrophile or a hydrogen bond

donor to the bridging oxygen of the phosphate ester.

Since 10 to 20% of the soluble protein in yeast strains transformed
with a high-copy-number plasmid carrying the TPI1 gene is TIM, the
purification of the mutant proteins should not be too difficult.

Iyengar and Rose have suggested that it is possible to rapidly determine
the ratio of enzyme bound species in the steady state (3). Thus, it
should be possible to determine which step(s) in the catalytic reaction
are affected by the mutations. Structural studies on the mutant
proteins using x-ray crystallography or difference n.m.r. methods will
be required to show that changes in the catalytic properties are due to
differences in the chemistry of the altered residues rather than changes

in the structure of the protein.

The cloned gene may also facilitate studies on the influence of any

residue or group of residues on the folding pathway of the protein.

The studies described in this thesis have laid the groundwork for
both genetic and crystallographic experiments which may further clarify
the structural origins of the catalytic power of triose phosphate

isomerase.
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Appendix I.
Erergetic Cornsequences of Urfolded Regiors

ir the Binding Sites of Proteins

"
ABSTRACT: A number of proteirs cortain flexible bindirng domains which

become ordered durirg their association with ligards. A portiorn of the
intrinsic bindirng erergy must be dissipated to restrict the motions of
the proteir. This will lower the stability of protein-ligard complexes
if the free erergy reeded to order the polypeptide chain is of the same
order of magﬁitude aS the bindiég energy. Ar examiration of the
statistical mechanics of chair folding suggests that the disorder-order
transitior can modulate binqing erergy.

Several proteins whose furctions and properties may deperd on the
loss of flexibility ir their birding sites are described. Ligard
bindirg through conformationally urstable ¢oma1ns has at least two
erergetic corsequerces. First, it car allow specific interactiors
between macromolecules which have large irtrinsic birding erergies to be
reversible. In additior, the loss of motional freedom in erzyme active
sites can destabilize the complexes of enzymes with their substrates anrd
products. In triose phosphate isomerase, this may contribute directly

to the efficiency of the enzyme.
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Introduction

There is growing evidence that a number of proteirs cortain binding
sites which are conformationally urstable in the abserce of ligands.

_. Such "urfolded" regions provide examples of extreme flexibility ir which
the angular rarge of rotations and the spatial amplitudes of motions are
quite large. Little is knowr about whether this flexibility is a
feature of such regions which is certral to the properties and furctiors

of the proteirs which centain them.

For example, in each of the 34 coat proteir molecules in the 20S
disk of tobacco mosaic virus, 29 of the 158 amiro acids canrot be seer
in the electror dersity map obtaired at 2.8 R resolutior (Figure 1a
(1)). Twerty five of these disordered residues make up part of the RNA
birding site ard are visible as a stable structure in the electron
dersity map of the irtact virus obtaired from fiber diffractior studies
at 4.0 ] resolutior (2). However, the diffraction studies do not, by
themselves, distirguish betweer static and dyngmic disordering of the
RNA birdirg loop. Nuclear magnetic resorance measuremerts or the 13C
and protor ruclei ir mutant and wild type virus particles and coat

”’protein aggregates have established that the loop urdergoes rapid motiorn
ir the absence of nucleic acid (Figure 1b (3-5)). RNA packagirg is
accompanied by the folding of these residues, amiro acids 88 to 112. A
model for RNA-proteir interactions ir tobacco mosaic virus which

irnvolves residues ir the unfolded loop as well as several in the ordered

part of the coat protein has been proposed 6,7).
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Figure 1a. Side view of two subunits in the TMV disk with the ordered
regior of the polypeptide chair drawrn as a folded ribbor (1). Betweer
amino acids 89 and 114, the protein is disordered ir the free disk, A
proposal for the corformatior which is stabilized whern oligorucleotides
birnd is showr (-.-). 1b. Resclutior enharced protor nmr spectrum of
disks from TMV Vulgare Ni 725 (5). Sharp lires ir the 1-2.2 p.p.m.

regior suggest that all the residues betweer Asp 88 and Arg 112 are

mobile.
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Figure 1.
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Nmr studies have suggested that several other proteins contain
unfolded regions including histore H1 (8), calmodulin (9,10), fd phage
coat protein (11) ard several ribosomal proteins (4,12). The hormone
. glucagor has also beer showr to exist as a rumber of interconverting
corformers in soltuion, orly one of which is stabilized on birding to
its receptor (13,14). The amourt of secondary structure ir bacterial

flagellin apparently increases during the assembly of flagella (15).

X-ray diffraction studies indicage that part of the ligand binding
sites of the cro repressor of phage lambda (16) and triose phosphate
isomerase (17,18) are disordered. Crystallographic evidence for
flexibility ir the activatior domain of trypsiroger has also been
reported, but the extent of this flexibility has been disputed (19-21).
Indeed, recent work orn the temperature dependence of the disorder (22)
and rmr studies on the protein ir solutior (23) indicate that
trypsirogen exists ir several discreet corformations rather than being

highly flexible.

Irn recent years, the thermodyramics of processes irvolving proteirs
have begun to be probed ir gereral terms. Experimertal ard theoretical
studies on proteir foldirg have led to estimates of the energies
required to stabilize a particular cornformation of the polypeptide chair
(24,25). Sturtevant has identified six possible structural sources of
the large changes in Eeat capacity, enthalpy and entropy which
characterize the reacéions of proteins (26). These include hydrophobic
effects, formation and breakage of hydrogen bonds and ion pairs, changes

in the rumber of accessible isoenergetic conformations, charges ir
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intramolecular vibrational modes, and temperature-dependent shifts in
conformational equilibria. He suggested a method for estimating
hydrophobic and vibratioral cortributions which is consistent with
measuremerts of heat capacity and entropy changes associated with
several birndirg reactiors. Jencks has suggested that a reductior in the
number of ligand corformations on birding can result irn a substantial
entropic destabilizatior of the protein-ligand complex (27,28). If this
conformational trappirg is on the pathway to the formation of an enzyme-
transitior state complex, it carn, in theory, greatly enhance the

catalytic reactior rate.

In general, however, few correlatiors have beer made between
thermodynamic measuremerts and the knowr structural features of
particular proteins. Ir this communicatior, the thermodynramic
corsequences of changes ir the mobility of proteir atoms resulting from
liganrd binding are examined and are used to illuminate the mechanisms by

which particular proteins carry out their biological functions.

Unfolded Regiors Destabilize Proteir-ligand Complexes

The folding of proteins is krown to involve the compensation of
large ertropic ard enthalpic terms. However, the net free erergy of
stabilization of the folded state is modest, usually on the order of 10
kcal/mole (24). The existence of unfolded regions in native proteirs
suggests that the compensation can be incomplete. In such regions,

interactions which favor the folded state, including the desolvation of
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the exposed peptide chain, are not of sufficient magnitude to overcome
destabilizing factors such as chain entropy and possible high energy

charge-charge or charge-dipole interactions.

When ligand birnding is accompanied by the ordering of an urfolded
part of the proteir, the reduction in the number of iso-energetic
conformatiornal states is accomparied by the acquisition of new normal
modes of vibration. Some of the irtrinsic binding energy must be
dissipated to compensate for reduction in erntropy associated Qith this
process. For example, if the irtrinsic binding erergy for a
protein-ligard irteraction is 20 kcal/mole ard 10 kcal/mole is required
to order the birding site around the ligand, ther the observed binding
energy will be orly 10 kcal/mole. This modulation of birdirg energy
will be significart only if the interactiorn energy and the energy

required to order the urfolded birdirg site are similar.

It has not been possible to directly measure the cornformatioral
entropy of the polypeptide chain, because the large number of
contributions to the measured ertropy change on folding are not
experimertally separable (27,29). However, employirg a number of
different assumptions, several workers have attempted to calculate this
quartitity. Treatirg the polypeptide chain as a polymer coiling
statistically about virtual bonds connecting the alpha-carbon atoms,
Brart, Miller, and Flory have estimated thermodynamic para :ters for
chairs of alpha-L-polyalarine ard polyglycire in which the end-to-erd
distarce is uncorstrained (30). Assumirg that a 10 degree rotation

about the bonds represerts a distirnguishable state of the chair, the
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average ertropy per residue was found to be about 10 cal/degree mole.
The loss of this cornformatioral erntropy upor foldirg at 37° C would

ertail a free energy ircrease of T times this value, or approximately 3

. kcal/mole/residue.

The magritude of the corformatioral entropy change on foldirg can

also be evaluated by the expressiorn:

AS = R 1n (W) QD

where Hu ard Hf are the number of ways of arrarginrg the urfolded ard
folded chair (and the suroundirg solvert), respectively, and R is the
gas constant (31)., If, on average, there aré m times more
corformational states accessible to each residue in a peptide wher it is

urfolded as compared to when it is folded, Equatior 1 reduces tc:

AS:Rln_l_"_ (2)
(m™),

where n is the rumber of residues ir the chair. Sirce it is rot
possible to determire the sign of the contributior of the solvent from
first prirciples, the charge in the number of solvent distributiors is
formally included ir the evaluatior of the change in the rumber of
corformational states per residue, m. Ignorirg the contributiors from
the side chairs and the solvert, and roting that the area accessible to
each residue in configuration space (as described by the Ramachandrar
plot) is decreased ten fold or going from a rarndom coil to a helical

cornformatior, the entropy loss for a polypeptide of 100 residues
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urdergoing this transition was fourd to be -460 cal/degree mole (32).

At 37° C, this results in a free erergy increase of 142 kcal/mole.

Sirce the rnumber of states accessible to a proteir can be factored
irto the product of the rumber of states accessible to irdividual
regiorns withir it, Equation 2 car also be used to evaluate the
corformatioral ertropy change associated with the foldirg of orly part
of the polypeptide. For example, if the average rumber of states
populated by each residue in the tern amino acid disordered loop of
triose phosphate isomerase is reduced threefold when the substrate is
. bound, the free erergy ircrease due to the loss of conformatioral
ertropy or foldirg the loop is about 6 kcal/mole at 37° c. Using the
Same assumptiors, the free energy cost of foldirg a 25 amino acid
peptide--for example, the RNA binding loop of the tobacco mosaic virus
coat protein--is 17 kcal/mole at 37° C. Calculatiors showing the
relationship betweer m, n and TaS ir the abserce of compersating low

frequercy vibrations ir the bound complexes are summarized in Figure 2.

Though these calculations are extremely crude, they suggest that
the conformational ertropy of disordered residues may be of the same
order of magnitude as experimentally determined entropies of irterral
rotations ir small molecules in the gas phase. For the cyclization of
saturated hydrocarbors up to 8 carboné ir length, the entropy loss per
irterral rotatior was found to rarge betweer 3.7 and 4.9 cal/degree mole

(29).
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Figure 2. Free energy cost of foldirg a polypeptide chair calculated by

evaluatinrg Equatior 2 as a functior of (A) the ratio of the number of

" rotatioral states accessible to each residue ir the urnfolded and folded

cornformations, m, ard (B) the number of residues in the chair, n. For
lorg chairs, even a modest decrease in the rumber of states accessible
to each residue results ir a sigrificart destabilization energy. Short
unfolded regions car modulate ligard bindirg erergies if the restriction
ir the number of rotationral states in the folded peptide is sufficiently

sSevere,
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Figure 2.
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The calculations.presented above suggest that the conformational
entropy of even a short stretch of disordered polypeptide chain can be
significant compared to the energies of protein-ligard interactions.
Following a similar argumert, it car be seen that the restriction of a
sufficiently large rumber of side chair rotatiors or ligard birndirg may
also contribute to the dissipation of binding energy. In contrast,
folded domairs which move relative to each other do not cortribute
appreciably to the conformatioral entropy of a protein, because their
breathing motiors do rot defire a sufficiently large rnumber of
cornformational states (27). Thus, unfolded regiors of protein binding
sites which become ordered on ligand binding car act as sources of
negative entropy which must be compensated by the protein-ligand
irteractiors. In doirg so, they serve to decrease the stability of
protein-liéand complexes. As discussed below, this can have important

consequences for the activities of some enzymes ard binding proteirs.

Biological Roles of Urfolded Birding Sites

Though it is unusual to cornsider mecharisms by which proteirs bind
ligands weakly, there are several furctiors which require the
dissipatior of bindirng erergy if they are to proceed at a rapid rate.
These include enzymatic catalysis and reversible binding of
macromolecules. In enzymatic catalysis, rate enhancemert occurs to the
degree that the free energy differerce betweer the E-S complex and the
E-trarsition state complex is less thar the free energy differenrce

betweern thé substrate and transition state irn the absence of the erzyme.
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This can arise from a destabilizatior of the E-S complex due to the loss
of rotatioral arnd trarslational ertropy by the substrate or bindirg
(27,28). It does rot formally require a differerce in the intrirsic
. bindirg energy betweer the enzyme and substrate as compared to that
betweer the erzyme and the transitior state. These concepts are treated

ir depth by Jencks (27,28).

The ordering of a portlor of an erzyme on substrate binding may
also result ir destabilizaticr of the E-S complex. This mechanism may
facilitate relatively tight binding of the trarsition state wher its
geometry is similar to that of the substrate itself, because, in such
cases, high erergy contacts betweer the enzyme and substrate would rot

be alleviated in the enzyme-trarsition state complex.

Triose phosphate isomerase catalyzes the interconversion of
dihydroxyacetone phosphate and glyceraldehyde-3-phosphate (GAP) in
glycolysis. Under optimum corditions, the reaction rate is at least
partially diffusior cortrolled (33). The free energy profile for the
reaction, with the intracellular concertration of triose phosphates
defining the standard state, is shown in Figure 3 (33,34). The rate
limiting trarsition state ir the reactior of the erzyme purified from a
number of organisms is encountered durirg the binding and release of
GAP. As discussed above, the binding of substrates is accompanied by
the folding of a disordered loop of ten residues. The sequence
gly-thr-gly in the loop interacts with the phosphate moiety of the
substrate. This interactior ercloses the substrate in the active site,

holdirg it ir position to be acted on by the catalytic residues, ard
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Figure 3. Free energy profile for the reaction catalyzed by triose
phosphate isomerase. The solid line shows the free energy profile
derived from the kiretic and thermodynamic results of Albery and Krowles
(27) ard Rose (28). The dotted line shows the reaction coordinate of a
hyzothetical enzyme (EH) which 1§ idertical to the natural one except
that the substrate binding loop is stably folded prior to its
interactior with the substrate. The value of -TaAS describes the extent
to which the E-S complex is destabilized by the ordering of the loop.
The catalytic rates of the natural ard hypothetical enzymes car be
compared usirg the expression:

Ir ke = In (k T /h) - (aG*/RT)
where kf is the rate corstart, k is the Boltzman constart, h is Planck's
corstart, T is the absolute temperature, R is the gas corstart, « is the
partitior coefficiert (assumed to be 1) and AG‘ is the activatior erergy
of product release for the ratural and hypothetical enzymes. Assumirg,
as described in the text, that 6 kcal/mole of birnding energy is
dissipated or foldirg the loop, ther at 37° C, the ratural enzyme is 1.7
X 10“ times faster than its hypothetical homologue. A. Free energy
profiles assuming no charge ir the standard state. Ir this case, the
amiro acid sequence ir the loop of the hypothetical erzyme is assumed to
be differert thar its real counterpart. B. Free erergy profiles
assumirg that the amiro acid sequerces of E and EH are the same and that

the energy of EH is raised by the foldirg of the loop prior to substrate

bindirg.
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irhibits the nonenzymatic dephosphorylation of the enediol intermediate
(18). This helps make the reaction specific without hindering the
access of the substrates to the active site. The erthalpy of activation
. for substrate birdirng is minimized, and, in addition, the dissipation of
some of the binding energy by the folding of the loop raises the free
energy of the E-S complex relative to what it would have been had the
phosphate been bound orly by well ordered domairs. As shown in Figure
3, this directly affects the activation erergy, and consequently the
rate, of the slowest step of the reaction. If, as calculated above, 6
kcal/mole is dissipated ir folding the loop, ther the triose phosphate
isomerase fourd ir nature is 1.7 x 10" times faster at 37° C thar a
hypothetical erzyme which is idertical except that the loop is folded

throughout the reactior.

This disorder-order transitior has beer observed ir
crystallographic studies of both the yeast ard chickern triose phosphate
isomerases (18). These proteins are similar ir structure yet
crystallize in differert space groups with different irtermolecular
cortacts, supporting the idea that the disorder may reflect an intrinsic
flexibility of this part of the proteir and is not ar artifact of
crystallizatior (35). Evidence corsistert with the dissipation of
bindirg erergy by the loop disorder comes from crystallographic studies
of the bindirg of sulfate ard phosphate to chicker triose phosphate
isomerase (17,18). Sulfate ard phosphate are competitive inhibitors
which birnd to the erzyme in the same positior ir the active site, and
both have dissociatiorn corstarts of about 1073 M (36). Wher sulfate is

bourd, the discrdered loop remairs disordered. However, phosphate
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binding is accompanied by the ordering of the loop ir a manner
reminiscent of its interactior with the phosphate moiety of the

substrate. The similarity ir the dissociatior constants occurs despite

. these additional irteractions betweer the protein ard the phosphate ion,

suggesting that some of bindirg energy may be experded to order the

loop.

In birnding to the active site, the substrates change the
equilibrium distribution of loop conformations. An examiration of the
rates of proteir folding in vitro (as fast as several msec) ard the
measured rates of helix propagatior (10'5 to 10'7 sec) irndicates the
this process car be at least as fast as the diffusion-cortrolled limit

for a bimolecular reactior (37).

Bode et al (20,38) have proposed that a disorder-order transition
acts through a similar mechanrism to produce uéak bindirg of substrates
ard irhibitors to trypsiroger. Trypsir is produced from trypsiroger by
cleavage of the flexible N-termiral hexapeptide (23). After cleavage,
the rew N-terminus forms an ior pair with Asp 194, ard statically
disordered residues ir the activation domain -- Gly 142 to Pro 152, Gly
A184 to Gly 193, and Gly 216 to Asn 223 —- assume the fold fourd in
trypsir. Binding of bovire pancreatic trypsir irhibitor and a dipeptide
which mimicks the N-terminus of the active erzyme (Ile-Val) stabilizes
trypsinogen in a trypsir-like corformatior (20,23). The flexibility
ard/or the corcentratiorn of rnegative charge in the trypsinogen
N-terminus may help destabilize a trypsin-like cornformatiorn and give

rise to the requirement for a positively charged group which car
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interact specifically with Asp 194 if the active conformation is to be

formed (20,38).

However, rmr studies have showr that the N-terminus is the only
part of the activatior domair which is highly flexible (23). Ir this
light, the direct role of corformational entropy in producirg weak
birding of substrates ard irhibitors to trypsinogen remains urclear.
Working with a different crystal forﬁ of the zymogen than Bode et al,
Stroud and coworkers have found cornsiderably less disorder in the
protein structure (21). They have suggested that differerces in the
active site conformation leading to differerces in the mode of ligand
binding are sufficiert to accourt for the reduced bindirg ard catalytic
activity of trypsiroger as compared to trypsir (21,39). Corsequertly,
there are at least two mocdels for the structural basis for the lack of
activity of trypsiroger which have not beer invalidated by experimerts.
1) The zymoger may exist ir a small number of conformations which are
inactive ard considerably more stable than the active corformers. 2)
Alterratively, the active corformers may form orly very rarely and be
unstable because of the existerce of a large number of iso-energetic

iractive conformatiors.

Bindirg proteirs are another class of molecule which may interact
with ligands through flexible domains at the expense of binding erergy.
Interactions between macromolecules--such as the birndirg of peptides by
enzymes and hormone receptors, protein oligomerization and
protein-nucleic acid interactions--are often extremely energetically

favorable (40). The large surface areas over which the interactions car
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occur allows an appreciable entropic stabilizatior from from the release
of many bound water molecules and a large favorable contributior from
the sheer number of groups which can form hydroger bords, ion pairs, or
. participate in induced interactions. Consequently, the intrinsic
birding erergy betweer macromolecules car be, ir prirciple, very high,
particularly wher the specificity of recognition Eequires that mary
groups irteract. If the binding is to be both specific and reversible,
some of the intrinsic binding erergy must be dissipated. Apparently a
number of proteirs do this by couplirg specific bindirg with the
ordering of unfolded regiors of their birding sites. Several examples

illustrate these points.

The assembly of tobacco mosaic virus is intitiated by the binding
of a 205 disk to a specific site ir the viral RNA. The disk binds 102
nucleotides, arnd though the structural origir of the specificity of

initiation is not well understood, the RNA sequerce around the

initiation site is krowr (41). A loop of 25 amino acids in each of the
34 coat proteir molecules of the disk becomes ordered as the RNA binds,
ard the disk undergoes a corformatioral change. The disorder of the
loop suggests the presence of high energy interactions which are
compersated by the interactior with RNA. This feature of the coat
proteir may contribute to the specificity of irnitiatiorn by requiring an
optimum irteractior between the RNA ard the first disk to be bourd, ar
interaction which may occur orly at a specific RNA sequerce or
structure. The elorgation of the virus could then be facilitated by
proteir-proteir irteractions which are not possible during the

iritiatior step (41,42),
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Proteolytic cleavage of the RNA birndirg loop results in
rorphysiological ard irreversible polymerizatior of 20S disks (43).
- Thus, the disorder of the loop may also help determire the free energy
of the assembled virus and contribute to the reversibility of the
assembly process. The freezirg out of mobility in the coat protein
backbore may also be important for the reversibility of assembly of fd

phage (11).

Disordered regiors have been fournd ir a number of repressor
proteins. Geretic and physical studies of the E. coli lac repressor
suggest that it is a tetramer of suburits which cortair N- arnd
C-termiral domairs ir rapid irdeperdert relative motior (44-47). The
two domairs are cornected by a flexible peptide, residues 51 to 59.
Mutant repressors which birnd DNA more tightly than the wild type proteirn
can arise from lesiors ir the both domains ard ir a residue adjacent to
the flexible conrectirg peptide (48). The preserce of inducers changes
the protease susceptibility of the disordered peptide which corrects the
two domains (49). Ogata and Gilbert compared the operator affinities
ard methylatior protectior patterns of wild type anrd mutant repressors
ard N-termiral fragmerts (50). They fourd that the N-terminal
headpieces protected purires in the operator DNA ir a marrer
qualitatively similar to protection by intact repressor. At room
temperature, repressor, induced repressor and mutant repressors
f1llicited the same patterr of methylatior protection and enhancement.
They corcluded that two N-termiral headpieces per tetramer make all the

contacts with the operator DNA and argued that binding of the irducer
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reduces the strength of the mary contacts between repressor and operator
rather than totally disrupting ore or a few bonds (50). They also found

that the dissociatior cornstart of the headpiece-operator complex was low

. enough to account for all of the binding energy of the repressor-

operator complex.

More recently, Matthews found that "core tetramers", composed
solely of C-termiral domairs, specifically bind operator DNA in a manner
which is sensitive to the presence of inducer (51). If this represents
a physiological irteraction betweer operator arnd irtact repressor, it
would cortribute 40 to 50% of the observed free energy of operator
binding and 60% of the charge in operator affinity brought about by the
inducer. Matthews anrd coworkers have proposed a model for the lac
repressor and its interactiors with ligards ir which both N- and
C-terminal domairs of all four suburits bird to the operator and
effectors bind orly to the C-termiral domair (52). Taker together,
these data require the dissipatior of some of the intrinsic bindirg
energy during interactions of the repressor with DNA arnd as a mechanism
of inductiorn. The presence of a flexible region ir lac repressor is
cornsistent with the idea that birding may be weakened by ar ertropic

mecharism involvirg a reductiorn in the number of conformatioral states

accessible to the proteir.

The fluorescence depolarizatiorn experimerts of Bandyopadhyay, Wu
and Wu provide eviderce which is directly consistent with this
hypothesis (53). By measurirg the rate of decay of the irtrinsic

fluorescence emissior arisotropy, these workers found that the
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tryptophars in the free lac repressor urndergo rapid independent motion.
They concluded that one or both of the tryptophans, located at positiors
190 and 209 in the C-termiral domairn, are ir a flexible segment of the
molecule. In the presence of the irducer, isopropyl-gB-D-galactoside,
the flexibility was erharced. In cortrast, binding of an anti-inducer
caused a restriction of the mobility of the tryptophan residues, as did
the birdirg of calf thymus DNA, Similar results were obtained by
monitoring motional changes of a fluorescent probe covalently linked to
the protein., Thus the lac 2pressor has the characteristics of a
protein in which bindirg erergy is modulated by chair flexibility. Its
weak bindirng state (irduced) is more flexible thar the free protein, and
its tight binding state is less flexible. In additiorn, motiors ir the

protein are damped or binding to DNA.

The cro repressor of phage A recogrizes three approximately
symmetrical 17 base pair sequerces in the right operator of the phage
DNA (54). The x-ray structure of this protein has recently been solved,
ard a model for repressor-operator irteractiors has been proposed (16).
The residues which are thought to interact with the DNA include several
ir a helix contairirg amino acids 27 to 36, amiro acids 54 to 56 and the
C-terminal aming acids, four of which are disordered irn the crystal. If
the disordered amiro acids are mobile in solutior and occupy well
defired positiors wher the protein is bourd to the operator, the
flexibility may decrease the ret birdirg erergy. This would prevert all
of the irntrinsic binding erergy of the reprgssor-operator interaction
from beirg expressed in the complex. Thus./the binding car have the

extreme specificity of interactions with 17 base pairs ard still be
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reversible ir a biologically useful amourt of time. Ir additior, if
irteractions with ron-operator DNA sequerces are too weak to order the
C-termirus of the repressor, ther these irteractiors will rot cortribute
to the birndirg of repressor to rorn-operator DNA. This may increase the
free erergy difference betweer interactiors with specific and

nonspecific sequences,

If interactions with urfolded birdirg sites decrcase the birnding
erergy between ligands and proteins, ther tight bindirg may be
facilitated by interactions with rigid regions of proteirs. This
corclusion is cornsistert with the finding that peptide irhibitors ard
toxirs which bind extremely tightly to their target structures have been
fourd to be relatively irflexible molecules extersively crosslinked by

disulfide bords (11,40,55-57).

Discussior

Irn its simplest form, tne model for entropic destabilizatior of
proteir-ligard complexes presented here predicts that the free energy of
the complexes will vary with temperature. This may be the easiest way
to detect such arn effect. In the reactior of triose phecsphate
isomerase, for example, it implies that the activation erergy will be
temperature dependent, and the logarithm of the overall rate constant
describing the steady state corversiorn of DHAP to GAP will not be-a
lirear function of 1/T (58). In addition, as the temperature is

lowered, the kiretic isotope effect observed in the reverse reactior
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should decrease as the release of DHAP becomes rate limiting (Figure

3)(59). When the reaction is carried out in tritiated water, the extent
of isotopic labelling of DHAP should increase at lower temperatures

(60).

Motions {E proteins are thought to play a rumber of furctioral
rcles. These irclude providirg ligards access to binding sites,
facilitatirg conformatioral charges, ard allowirg proteins to entrap
ligands irn order to maximize binding erergy or exclude solvent (61-64).
These functions car be carried out by ordered regions and do rot
necessarily involve a large charge in the number of conformations which

the proteir can adopt.

In contrast, extremely flexible regiors of proteir birdirg sites
can also act to decrease the observed free energy of proteirn-ligand
interactions if bindirg is accomparied by a sufficiertly severe
restrictior ir the number of protein (and solvent) conformations. This
has at least two cornsequences. First, it allows birding between
macromolecules to be both extremely specific ard sufficiertly
reversible, Birding through unfolded regiors may be a gereral mecharism
by which a rumber of proteirs--includirg TMV coat protein, repressors,
peptide hormones, calmodulin, ribosomal proteirs, histores ard other
nucleic acid bindirg proteirs--irteract with ligards through a large
number of cortacts without the expression of all of the intrinsic
birding energy. Secord, it can raise the free energy of complexes of
enzymes with their substrates and products. In triose phosphate

isomerase, this may cortribute directly to the efficierncy of the enzyme.

214



ACKNOWLEDGEMENTS

I tharnk James Kinsey, Greg Petskc, Ed Loechler and Bob Sauer for

helpful discussiors. This work was supported by a Danforth Foundation

Graduate Fellowship and a National Institutes of Health Graduate

Training Grant to the Biology Department at MIT.

215



9.
10.

11.

12.

13.

14,

15.

16.

17.

18.

REFERENCES

A.C. Bloomer, J.N. Champress, G, Bricogre, R. Staden and A. Klug
(1978), Nature, 276, 362-368.

G. Stubbs, S. Warrer and K. Holmes (1977), Nature, 267, 216-221.

J.L. deWit, N.C.M. Alma-Zeestrater, M.A. Hemminga ard T.J. Schaafsma
(1979), Biochemistry, 18, 3973-3976.

J.L. dewit, L.C.J. Dorssers, ard T.J. Schaafsma (1979), Bioch.
Biophys. Res. Comm., 89, 435-440.

0. Jardetzky, K. Akasaka, D. Vogel, S. Morris and K.C. Holmes
(1978), Nature, 273, 564-566.

K.C. Holmes (1979), J. Supramolecular Structure, 12, 305-320.
G. Stubbs ard C. Stauffacher (1980), Biophys. J., 32,2u4-246.

G.E. Chapmar, P.G. Hartmar ard E.M. Bradbury (1976), Biochemistry,
61 Y 69"750

K. Seamar (1579), Biochem. Biophys. Res. Comm., 86, 1256-1265.
J.S. Evans ard B.A. Levire (1980), J. Irorg. Biochem., 12, 227-239.

S.J. Opella, T.A. Cross, J.A. DiVerdi ard C.F. Sturm (1980),
Biophya. Jo. 2_2-' 531-5"8-

C.A. Morrisor, E.M. Bradbury ard R.A. Garrett (1977), FEBS Letters,,
81, u435-439,

W.B. Gatzer, G.H. Beavar, H.W.E. Rattle ard E.M. Bradbury (1968),
EI-II'. Jo Biocheﬂl.. -3_' 276’283.

E.C. Moran, P.Y. Chou arnd G.D. Fasmar (1977), Biochem. Biophys. Res.
com. [ 11' 1300-1306- .

Y. Uratari, S. Asakura and K. Imahori, J. Molec. Biol, 67, 85-98.

W.F. Andersor, D.H. Ohlendorf, Y. Takeda, ard B.W. Matthews (1981),
Nature, 290, 754-758.

D.W. Barner, A.C. Bloomer, G.A. Petsko, D.C. Phillips, C.I. Pogsor,
I1.A. Wilsor, P.H. Corran, A.J. Furth, J.D. Milmar, R.E. Offord, J.D.
Priddle and S.G. Waley (1975), Nature, 255, 609-614,

T. Alber, D.W. Banner, A.C. Bloomer, G.A. Petsko, D.C. Phillips,
P.S. Rivers, and I.A. Wilson (1981), Phil. Trans. Roy. Soc., Londor,
B. _2_92. 159-1710

216



19. H, Felhammer, W. Bode and R. Huber (1977), J. Mol. Biol, 111,

20. W. Bode, P. Schwager and R. Huber (1978), J. Mol. Biol., 118,
99-112.

21, A.A. Kossiakoff, J.L. Chambers, L.M. Kay ard R.M. Stroud (1977),
Biochemistry, 16, 654-664.

22. J. Walter, W. Steigemarrn, T.P. Singh, H. Bartunik, W. Bode and R,
Huber (1981), Submitted to Acta Cryst. A,

23. S.J. Perkins ard K. Wuthrich (1980), J. Mol. Biol., 138, 43-64.
24, C.N. Pace (1975), CRC Crit. Rev. Biochem., 3, 1-43.

25. N. Go (1976), Adv. Biophys., 9, 65-113.

26. J.M. Sturtevant (1977), Proc. Nat. Acad. Sci. USA, 74, 2236-2240.
27. W.P, Jencks (1980), ir Chemical Recognitior in Biology, F.

Chapeville ard A.-L. Haerri, eds., Springer-Verlag, New York, pp
3-25.

28. W.P. Jercks (1975), Advances ir Enzymology, 43, 219-410.

29. M.I. Page and W.P. Jercks (1971), Proc. Nat. Acad. Sci., USA, 68,

30. D.A. Brart, W.G. Miller arnd P.J. Flory (1967), J. Mol. Biol., 23,
“7-65.

31, F.C. Andrews (1975), Equilibrium Statistical Mecharics, John Wiley
ard Sors, New York.

32. G.E. Schulz ard R.H. Schirmer (1979), Principles of Protein
Structure, Springer-Verlag, New York, page 150.

33. W.J. Albery and J.R. Knowles (1976), Biochemistry, 15, 5627-5631.
34, I.A. Rose (1981), Phil. Trans. Roy. Soc. Lordon, B, 293, 131-143.

35. The level of noise ir an electror dersity map can be used to
establish the minimum number of alternate conformations. In yeast
triose phosphate isomerase, the analysis of the structure at 3.0

resolutior shows that the disordered loop must exist in a minimum of
four conformations in the free enzyme (T.A. and G.A., Petsko,
urpublished results).

36. E.A, Noltmarn, ir The Enzymes, Vol. VI, P.D. Boyer, ed., Academic
Press, New York, 1972, pg. 271.

37. P.S. Kim ard R.L. Baldwin (1982), Ann. Rev. Biochem., 51, in press.

217



38.
39.

40.
41,

42,

43,
4y,

45.

46.

47,

us.

49,

50.

51.
52.

53.

5".

55.
56.

57.

H. BOde (1979). J. "01. Biol.. ﬂ' 357-37".

R.M. Stroud, A.A. Kossiakoff and J.L. Chambers (1977), Anrn. Rev.
Biophys. Bioerg., 6, 177-193.

D. Tsernoglou ard G.A, Petsko (1976), FEBS Letters, 68, 1-4.
D. Zimmern (1977), Cell, 11, 463-482.

G. Lebeurier, A. Nicolaieff and K.E. Richards (1977), Proc. Nat.
Acado Sc1.. USA. ﬂ' 1“9-153'

A.C.H. Durham (1972), FEBS Letters, 25, 147-152.

F. Buck, H. Ruterjahrns and K. Beyreuther (1978), FEBS Letters, 96,
335-338.

N. Wade-Jardetzky, R.P. Brady, W.W. Conover, O. Jardetzky, N.
Geisler and K. Weber (1979), J. Mol. Biol., 128, 259-264.

M.A.C. Jarema, P. Lu and J.H. Miller (1980), Biophysical J.,
32, 450-452, |

K. Adler, K. Beyreuther, E. Farning, N. Geisler, B. Grorenborr, A.
Klemm, B. Muller-Hill, M. Pfahl and A. Schmitz (1972), Nature,
237 ’ 322‘327 ]

J.H. Miller, C. Coulordre, M. Hofer, U, Schmeissrer, H. Sommer, A.
Schmitz ard P. Lu (1979), J. Mol. Biol., 131, 191-222.

K. Beyreuther, ir The Operon, J.H. Miller and W.S. Resrikoff, eds.,
Cold Sprirg Harbor Lab. Quart. Biol., Cold Sprirg Harbor, NY, 1978,
‘23’15"0

R.T. Ogata and W. Gilbert (1979), J. Mol. Biol., 132,709-728.

K.S. Hatthe“s’ Jo BiOl. Chemo' 2_5_‘1' 33"8-33530

M. Dunaway, S.P. Marly and K.S. Matthews (1980), Proc. Nat. Acad.
Sei., USA, 77, T181-T185.

P.K. Bardyopadhyey, F.Y-H. Wu and C-W. Wu (1981), J. Mol. Biol.,
145, 363-373.

T. Mariatis, M. Ptashne, K. Backman, D. Kleid, S. Flashmar, A.
Jeffrey and A. Maurer (1975), Cell, 5, 109-113.

W.A. Hendricksor and M.M. Teeter (1981), Nature, 290, 107-113.

R. Huber, D. Kukla, W. Bode, P, Schwager, K. Bartels, J. Deisenhofer
and W. Steigemarn (1974), J. Mol. Biol., 89, 73-101.

R.M. Sweet, K.T. Wright, J. Jarin, C.H. Chothia ard D.M. Blow
(1974), Biochemistry, 13, 4212-4228.

218



58.
59.
0.
61.

62.

63.
6u.

S.G. Maister, C.P. Pett, W.J. Albery ard J.R. Knowles, (1976),
Biochemistry, 15, 5607-5612.

P.F. Leadlay, W.J. Albery, and J.R. Knowles (1976), Biochemistry,
15, 5617-5620.

S.J. Fletcher, J.M. Herlihy, J.M. Albery, J.R. and Knowles (1976),
Biochemistry, 15, 5612-5617.

H. Frauerfelder, G. A, Petsko ard D. Tserroglou (1979), Nature, 280,

R. Huber (1979), Trends in Bioch. Seci., 4, 271-276.
D.E. Koshland (1964), Brookhaven Symposium, 473-482.

R. Wolfender (1974), Molec. Cell. Bioch., 3, 207-211.

219



Appendix II.

RECOGNITION OF EUKARYOTIC SIGNAL SEQUENCES

-Tom Alber
Department of Biology
Massachusetts Institute of Technology
Cambridge, Mass. 02139

During their synthesis, proteins begin to be sorted to
function in different parts of cells.1 While cytoplasmic
proteins are made by soluble polyribosomes, proteins which
are secreted or integrated into membranes are synthesized on
ribosomes bound to the rough endoplasmic reticulum (ER). It
has been found that the N-terminal amino acids of a nascent
polypeptide can contain the signal which mediates its binding
to and synthesis through the ER membrane.z'5 Several groups
have demonstrated that dog pancreas membranes added to a cell
free protein translating system can sequester and specifically
modify secreted as well as integral membrane proteins from a

5-7

wide variety of eukaryotic organisms and tissues. Competition

experiments suggest that the sequestration of these proteins
proceeds through at least one common early step.8
Warren and Dobberstein have accomplished a dissection and
reconstitution of the protein transporting system in dog
pancreas membranes.9 Their results suggest the presence of
protein components tightly bound to the cytoplasmic side of

the rough ER which may interact with proteins which span the

ER membrane. In the present study, attention is focused on
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the signal sequences from a variety of eukaryotic proteins

~in order to shed more light on the recognition of the nascent

polypeptide chain and its subsequent transport and modification.
The proteins whose signal sequences are compared are

8,10-21 The signal peptides have been

shown in figure 1.
defined as the sequences cleaved from the nascent polypeptide
chain by the microsomal signal peptidase, though it is not
formally required that membrane fecognition activity reside
totally in this fragment. (For the VSV G protein, membrane
recognition activity has been shown to be localized in no more

than the first 40 amino acids.zz)

The signal sequences are
between 16 and 30 amino acids long, and they can be grouped
into sets with homologous regions. The signal peptides of
albumin, MOPC 41 IgG, trypsinogen 2, and rat insulin all
contain stretches of six to eight amino acids in which 62-100%
of the residues are identical. MOPC 104E pre-I1gG, prelysozyme,
prepro-PTH, and preconalbumin form another set in which the
homologies aee less dramatic (up to four of six residues).
The leu-leu-cys-leu-leu sequence of pre-RGH is intermediate
between the two. Preovomucoid contains two overlapping
hexapeptides which are 50% homologous to the set containing
prealbumin.

Since the probability of finding identical hexapeptides
in randomly generated sequences of 20 hydrophobic amino acids

is on the order of 1079 and that of finding hydrophobic octa-

peptides in which six of the residues are identical is about

-
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5 x 1076

» it can be seen that the observed homologies are
_,decidedly non-random. However, there is no basic sequence
which is common to all of the signal peptides; some pairs of
sequences have only dipeptides in common.

It is interesting to note that pre-VSV G contains an
octapeptide, leu-leu-tyr—leu-ala-phe-leu—phe, which is the
mirror image of the region characteristic of the set of
sequences containing prealbumin in six of eight positions.

The N-terminus of ovalbumin contains a hexapeptide, phe-cys-
phe-asp-val-phe, which is very nearly the mirror image of the
phe-val-leu-phe-ser-phe sequence of preovomucoid. The sequences
also contain a high degree of perfect or approximate internal
mirror symmetry. The importance of this is not apparent,
though it has also been found in glucagon, a 29 amino acid
hormone involved in sugar metabolism.23

On average, the fraction of hydrophobic residues in
signal sequences is over twice as large as the average for
soluble proteins. By aligning the sequences near their C-
terminal ends, it can be seen that there is some conservation
in the positions of uncharged polar, charged, and hydrophobic
amino acids in the primary structure. Most importantly,
there is a stretch of 11 amino acids which occurs in the

middle of the sequences in which charged residues are never

found. This is shown in figure 1.
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Since the basis of the common function of the signal
peptides was not apparent from a comparison of primary struc-
fﬁres, secondary structural probabilities were investigated by
a predictive method based on that of Chou and Fasman.24
In this method, the aggregate relative probabilities of finding
each sequential run of four to six amino acids in a given secon-
dary structure--a-helix, B-sheet, or f-turn--are calculated
and compared numerically with average probabilities for
observed helices, sheets, and turns. An updated set of individual
relative probabilities for each of the 20 common amino acids
was kindly provided by Mike Levitt.25

Though the Chou and Fasman method has been shown to be
one of the best available, no method of secondary structure
prediction can currently be used to describe the real fold of
a polypeptide chain with a known degree of accuracy.26 For
example, Matthews has shown that the Chou and Fasman method
can sometimes generate a prediction which correlates with the
observed structure hardly better than a random assignment of
secondary structural features. In most cases, the prediction
may be much better, but there is no way to gauge its accuracy
short of determining the structure of the protein in question.
Consequently, the predictions described below are in no way
meant to represent the actual structural features of the pep-

tides. Rather, they have been done to compare the folding

tendencies of the signal sequences and to determine whether
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these sequences fold into similar or dissimilar structures.
The same approach has been used by Dufton and Hider to compare
the structure-activity relationships in 57 neurotoxins and
cardiotoxins from snake venoms. 27

Predictions of secondary structure for several signal
sequences are shown in figure 2, and these are summarized
graphically in figure 3. The predictions fall into two classes,
one of which is a structural subset of the other. The N-
terminal six to ten umino acids of the longer signal sequences
(22 to 30 amino acids) generally include residues which are
often found in B-turns. This is followed by a stretch of 8
to 14 amino acids in which predictions of a-helix and B-sheet
overlap and may even alternate as the amino acids are sequen-
tially considered as the first of the predicted set.

This feature corresponds to the region in which charged
residues are never found. The region of helix-sheet overlap
is generally followed by a g-turn prediction near the C-terminal
end of the sequences. As shown in figure 3, this predicted
turn is in register with the site of signal peptidase cleavage.

Predictions for the shorter signal peptides contain the
second two features described above and lack the N-terminal
g-turn. The absence of a predicted B-turn in the first ten
amino acids of the signal sequence of the G protein of vesicular
stomatitis virus (VSV) resulted in the correct assignment of'
this sequence to the short class of signal peptides before its

length (16 amino acids) was experimentally determined (Flora
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o

~ lipoprotein by Lin et al.

Katz, individual communication).
The N-terminal sequences of the primary translation pro-
ducts of four proteins found in different leccations on the out-
side of E. coli -- B-lactamase, lipoprotein, and the coat proteins
of fd phage -- were found to have predicted secondary struc-
tures somewhat similar to the pattern described above for eukaryotic
signal peptides. However, predictions of the secondary struc-
tures of the N-termini of a number of intracellular proteins
from prokaryotes and eukaryotes show no consistent regions
of homology with each other or with the signal sequence pattern.24’25
As shown in figure 2, the predicted secondary structure
aof the first 30 amino acids of ovalbumin is similar to the
pattern observed in the longer signal sequences. In particular,
B-turn probabilities are relatively high’in the first eight
amino acids and for amino acids 24 to 27. A six amino acid
stretch where helix and sheet predictions overlap is found in
residues 11 to 16. This suggests that ovalbumin contains a
signal sequence which is not cleaved by the signal peptidase
and that it is transported across the membrane of the rough
ER by a mechanism similar to that for other secreted proteins.
This implies that the transport and cleavage functions are
mediated by different features of the signal peptide
structure. Such a separation of functions has been observed
in a signal sequence mutant of the E. coli outer membrane
28

This mutant protein is

inserted into the outer membrane, but its signal peptide is not
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cleaved.

These findings with regard to ovalbumin are not in
agreement with the conclusions of Palmiter et al that the
absence of an extended sequence which is cleaved from the
primary translation product implies a different mechanism
of secretion for this protein.29 They are, however, compatible
with the finding that nascent ovalbumin chains compete with
other signal peptides for sequestration in dog pancreas mem-
branes.8 They also suggest that amino acids 11 to 16 (phe-cys-
phe-asp-val-phe) comprise an importént part of the ovalbumin
signal sequence. Hydrophobic residues are localized in this
region of the N-terminus, and overlapping helix and sheet
predictions are made in this sequence. The sequence is also
roughly the mirror image of the phe-val-leu-phe-ser-phe
sequence in the signal peptide of chicken ovomucoid. The
differences in the processing of ovalbumin in vitro may
be based on primary structural differences in its ''signal
peptide". For example, asp 14, lys 17 and 1lys 20 all fall into
the region where charged residues are not found in other signal
sequences, the region of helix-sheet overlap is smaller, and
the sequence is generally less hydrophobic.

The results of the secondary structure prediction suggest
that signal peptides tend to fold into similar conformations
in vivo despite the absence of consistent sequence homology.
This, in turn, implies that transmembrane transport is mediatéd_
by proteins which specifically act as receptors for the nascent

polypeptide chain and that only one or two types of such
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receptors may recognize all the secreted and integral membrane
proteins synthesized on the rough ER. This supports the con-
clusions of Lingappa et al that ovalbumin, prolactin and VSV G

8 That different sequences

are recognized by common receptors.
have common receptors suggests that they share other steps in
transport, as well.

However, thé real process of signal peptide recognition
must be more complex than described above. The assertion that
secondary structural homologies among signal sequences account
for their common activity assumes that they do, in fact, have
a single stable structure in solution. Given that the basic
units of protein structure are thought to be made up of
combinations of secondary structural features whose tertiary
fold is stabilized by hydrophobic interactions, it is uﬁlikely
that the short 16 to 30 amino acid stretch of the nascent chain
is large enough to fold into a single stable conformation.so_’31
It has been found, for example, that the 29 amino acid hormone,
glucagon, exists as a mixture of conformgrs in solution, only
one of which is thought to be stabilized by binding to the

20,32,33 (It is interesting to note that multiple

réceptor.
conformations for glutagon were predicted by the Chou and Fasman
method.34)

In a similar fashion, fhe signal‘sequence receptor may
serve to stabilize one of thefmany conformations of the nascent

'signal peptide. The predominance and conservation of hydro-

phobic residues in the signal sequences suggest that the recognition
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process is heavily dependent on hydrophobic interactions. This
is supported by the observation that the hydrophobic regions
are not in register with the site of cleavage (figure 1).
The localizaticn of charged and polar residues at the ends of
the sequences implies that these types of amino acids have
specific roles as well. However, the lack of conservation of
sign in the charged residues of several signal sequences and
the absence of charged residues in MOPC 104E pre-IgG light
chain and in the signal peptides of two pancreatic secreted
proteins point away from the obligatory involvement of salt
bridges in the recognition process.

In summary, the prediction of secondary structures
- provides evidence for a similar fold among signal peptides in
the environment of a protein receptor, where peptide-receptor
interactions may be equivalent to the tertiary interactions
within a protein. The specificity of signal peptide recog-
nition may depend on thé conservation of hydrdphobicity in
definite regions of the peptides and on a sedﬁehce of residues
which favors a fold in which the hydrophobic residues form
similar domains. Thus, one 6r two types of receptor may |
recognize signal peptides with dissimilér sequences from a
variety of proteins. The region recognized by the signal pep-
tidase is near a predicted g-turn. In the case
of ovalbumin, iélis likely that recepfor~recoéﬂition is
separated from the pfocess of cleavage. The proteins whicﬁ can

be - washed from dog pancfeas membranes with high salt may include
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the signal sequence receptors. Further purification of the
components of the transport system will allow the number of
receptors to be determined. Physical studies of the charac-
teristics of the signal peptides in solution have been initia-
ted to investigate their properties and compare their conforma-

tions.
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FIGURE LEGENDS
Figure 1. The distribution of amino acids in signal sequences.
Sequences of the signal peptides from the G protein of vesicular
§fomatitis virus (VSV); trypsinogen 2 and other canine pancrea-
tic proteins; albumin, insulin, and growth hormone (RGH) from
rat; IgG's from mouse; bovine parathyroid hormone (PTH);
lysozyme, conalbumin, ovomucoid, and ovalbumin from chicken;
honey bee melittin; bacterial lipoprotein and exopenicillinase;
and the coat protein of bacteriophage fd are shown with their

8,10-21 71pe distribution of amino acid types --

C-termini aligned.
hydrophobic, uncharged polar, positively charged, and negatively
charged--in the eukaryotic sequences is displayed schmatically
and the percentage of each type of amino acid is tabulated for
each sequence. A lafgely hydrophobic region, from which charged
residqes are excluded, can be seen roughly in register with the
N-termini of the sequences. The sequence of the N-terminus of
ovalbumin is presented for comparison. Unidentified residues
are indicated by (x). Leucine was not distinguished from iso-

leucine in the canine pancreatic proteins. Prokaryotic signal

sequences are marked with (*).

Figure 2. Signal sequence secondary structure predictions. The
predicted secondary structufes of the eukaryotic Sighal peptides
are shown with their C-termini aligned. H, S, and T indicate
amino acids predicted in helix, sheet, and turn structures,
respectively. Residues in turns which have a greater.than

average probability which is lower than the probability of
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overlapping helices, sheets, or adjacent turns are indicated by
t. The location of residues which are often found in bends--
glycine, proline, and aspartate -- are indicated by a squiggle
when they fall outside of predicted B-turns, because B-turns

24 Overlapping

are generally underpredicted by the method.
predictions within a sequence resulted when different sets of
four to six amino acids were considered sequentially. Ambi-
guities were not resolved by comparing the total aggregate
probabilities calculated using all of the amino acids assigned
to the overlapping structures. These aggregate probabilifies
are listed on the right. The predictions need not literally

represent actual structures; they do, however, suggest that the

signal sequences adopt a common fold.

Figure 3. Summary of secondary structure predictions. Helix,
sheet, and turn predictions are tabulated for each position

in the sequences and shown with the C-termini éligned and the
N-termini aligned. The ordinate represents the'numbér'of
sequences in which the indicated feature occurs, and sequence
position is on the abscissa. ‘Only the first residue of each
tetrapeptide'e-iurn is plqtted. Turn sequences gith greater
than average probability areristinguishéd from predicted
turns.. The overlap of helix and sheet pred1ct1ons is eyident.
The C-terminal turn d1str1but1on is narrower with the cuts
matched than with the ends matched, suggestlng that th1s region

of the signal peptides may be involved in recognition. -
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by the signal peptidase. The predicted secondary structure of
the N-terminus of ovalbumin is represented by the blocks above

each of the distributions.
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Figure 2.
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Figure 3.
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