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ABSTRACT

The hydrophobic effect and hydrogen bonding interactions have long been considered
to be the dominant forces in protein folding. However, the contribution of hydrogen bonds to
stabilizing proteins has been difficult to clarify. As the intramolecular hydrogen bonds are
formed in place of hydrogen bonds with solvent during folding, measures of stability fail to
give a significant change in free energy. Previous studies on hydrogen bonding interactions
have shown that they are only marginally important.

Three long-range side chain-main chain hydrogen bonds have been found in the alpha
subunit of tryptophan synthase (aTS), a (Ba)s TIM barrel protein. These long-range non-
covalent interactions connect either the N-terminus of one f3-strand with the C-terminus of the
succeeding and anti-parallel a-helix (F19-D46 and 197-D124) or the N-terminus of an a-helix
with the C-terminus of the succeeding -strand (A103-D130). By analogy, these interactions
are designated as Pa- or af-hairpin clamps. Surprisingly, the removal of any one of these
clamp interactions, by replacement of the aspartic acid with alanine, results in significantly
decreased thermodynamic stability for the native state and a substantial loss of secondary
structure. When compared to several other side chain-side chain and short-range side chain-
main chain interactions in o TS, these hairpin clamps clearly play a unique role in the structure
and stability of aTS.

The generality of these observations for Bo-hairpin clamps in TIM barrel proteins was
tested by experimental analysis of the clamps in a pair of homologous indole-3-glycerol

phosphate synthase (IGPS) TIM barrels of low sequence identity. The results suggest that
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only the subset of conserved Bo-hairpin clamps with hydrogen bond length less than 2.80 A
make substantive contributions to stability and/or structure. Those clamps with longer
hydrogen bonds make modest contributions to stability and structure, similar to other types of
side chain-main chain or side chain-side chain hydrogen bonds. The role of these clamps in
defining the structures of the super-family of TIM barrel proteins was examined by a survey
of 71 TIM barrel proteins from the structural database. Conserved features of Bo-hairpin
clamps are consistent with a 4-fold symmetry, with a predominance of main chain amide
hydrogen bond donors near the N-terminus of the odd-number 3-strands and side chain
hydrogen bond acceptors in the loops between the subsequent a-helices and even-numbered
[-strands. In this configuration, the clamps provide an N-terminal cap to odd-number [3-
strands in the B-barrel.

Taken together, these findings suggest that fo-hairpin clamps are a vestigial signature
of the fundamental Baf building block for the (Ba)s motif and an integral part of the basic
TIM barrel architecture. The relative paucity of Pa-hairpin clamps remaining in TIM barrel
structures and their variable contributions to stability imply that other determinants for
structure and stability of the barrel have evolved to render a subset of the clamp interactions
redundant. Distinct sequence preferences for the partners in the Bo-hairpin clamps and the
neighboring segments may be useful in enhancing algorithms for structure prediction and for

engineering stability in TIM barrel proteins.
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INTRODUCTION



Overview

One of the foremost problems in biology is understanding how newly-synthesized
proteins fold so rapidly and efficiently into the well-defined three-dimensional structures
that support their essential biological functions. The failure of this process can lead to
aggregation and numerous diseases, including Huntington’s disease, Parkinson’s disease,
amyotrophic lateral sclerosis, Alzheimer’s disease, and even cancers (Joerger and Fersht
2008; Soto and Estrada 2008; Winklhofer et al. 2008). Over the years, many
investigators have worked on solutions for the protein-folding problem, both in vitro and
in vivo (Barrick 2009; Bartlett and Radford 2009; Hartl and Hayer-Hartl 2009),
attempting to reveal its basic principles and to discover how the amino acid sequence
encodes the native functional conformation of a protein (Wiederstein and Sippl 2005).
Because the native conformation is thought to be the most stable structure of a protein
(Anfinsen 1973), a major focus of protein folding studies has been the factors that

stabilize the native conformation.

Protein stability

Proteins require minimum stability to perform their biological functions. Stability
arises from the complex interplay between the hydrophobic effect, hydrogen bonds (H-
bonds), disulfide bonds, electrostatic interactions, and Van der Waals forces (Murphy
2001). Among these interactions, the two major factors affecting protein stability are
thought to be the hydrophobic effect and hydrogen bonding (Pace et al. 1996). The

hydrophobic effect has long been considered the driving force for protein folding



(Kauzmann 1959), but the role of H-bonds has been less consistently appreciated. For
example, early in the twentieth century, H-bonds were viewed as highly important in
protein structure, but not in protein stability (Mirsky and Pauling 1936). However,
despite their evident structural role, thermodynamic evidence that “hydrogen bonding or
van der Waals interactions among polar amino acids may be important, ...” was lacking
(Dill 1990). Later, the importance of H-bonds was demonstrated in a series of mutational
experiments that showed “hydrogen bonding and the hydrophobic effect make large but
comparable contributions to the stability of globular proteins” (Myers and Pace 1996).
The significant role of the peptide H-bonds to protein stability has been shown in the

osmolyte-induced folding process (Bolen and Rose 2008).

Protein H-bonds

H-bonds are one of the most prevalent intramolecular and intermolecular non-
covalent interactions in protein structures. H-bonds stabilize the backbone structural
building blocks such as a-helices or B-sheets (Murphy 2001). In an a-helix, H-bonds
occur regularly between positions i and i + 4 in amino acid sequences. A 3¢ helix is
formed when H-bonds occur between positions i and i + 3, and B-sheets are stabilized by
H-bonding networks between neighboring 3-strands in either parallel or anti-parallel
alignments. H-bonds also participate in the tertiary structure of proteins through
interactions between polar side chains, and side-chain H-bonding interactions are usually

related to molecular recognition and enzymatic functions (Liu et al. 2000). On the



protein surface, unsatisfied H-bond donors or acceptors, in side chains or the backbone
usually form H-bonds with water molecules.

The apparent conservation of H-bonds during folding, where H-bonds to water are
replaced with intramolecular H-bonds, let to the initial proposal that H-bonds did not
contribute significantly to protein stability (Mirsky and Pauling 1936). In the unfolded
state of a protein, all potential H-bond donors and acceptors are satisfied with the solvent.
After a protein folds, only 1.3% of backbone amino groups and 1.8% of carbonyl groups
fail to form at least one H-bond. However, 80% of main chain carbonyls fail to form a
second H-bond (McDonald and Thornton 1994). Thus, the H-bonding network appears to
be destabilized after the protein folded. At the same time, the rupture in H-bonding to
water would increase the entropy of the solvent. If the weights of these two factors are
comparable, H-bonds would not make a significant contribution to protein stability.

This view was challenged by accumulating evidence that H-bonds make a
positive contribution to protein stability (Myers and Pace, 1996). By removing the side
chain of a H-bond donor or acceptor with mutagenesis, the contribution of the H-bonds
was then estimated by comparing the stability of the variant to that of the corresponding
wild-type (WT) protein. Site-directed mutagenesis studies on single side chain-side chain
or side chain-main chain H-bonds indicate their contribution to protein stability is
relatively small, ~1-2 kcal mol’! (Horovitz et al. 1990; Serrano et al. 1992; Myers and
Pace 1996; Pace et al. 2009). For example, the stability of the homodimeric coiled-coil
peptide, GCN4-p1, was reduced less than 1 kcal mol™, when several salt bridges were

disrupted by a single mutation (Ibarra-Molero et al. 2004). In another example, the



stability of staphylococcal nuclease was reduced after mutating eight polar residues
individually, resulting in the loss of H-bonds and ion pairs (Schwehm et al. 2003). For
example, the reduction in protein stability by 3 kcal mol™ for the D77A protein was
attributed to the loss of two H-bonds with Y91 and T120, respectively. The remaining
seven variants had only minor perturbations in protein stability (Schwehm et al. 2003).
Other examples include ribonuclease T1, in which twelve single mutations individually
removed H-bonds. An average contribution of 1.3 kcal mol for each H-bond was
observed (Shirley et al. 1992). For barnase, the Y78 A mutation removed the two H-
bonds between G81 and Y78 and resulted in a net destabilization of 1.4 kcal mol™
(Serrano et al. 1992). The variant D33 A in ribonuclease Sa disrupted three
intramolecular H-bonds, resulting in the loss of 6 kcal mol™ in stability (Trevino et al.
2005). So the average observed magnitude of the strength of one H-bond is 1-2 kcal mol™
(Gao et al. 2009).

Despite these results, site-directed mutagenesis has several limitations. First,
mutagenesis may change the hydrophobicity of the protein. For example, the side chain
of Y24 in barnase forms a H-bond with the backbone carbonyl of D75. The Y24F
mutation, which breaks this H-bond, did not change the overall protein stability. The loss
of the energy due to breaking the H-bond was compensated by the increase in
hydrophobicity by adding a Phe (Serrano et al. 1992). Second, the replacement of one
amino acid may change the side chain entropy. For instance, the alanine mutation may
increase the helical propensity by lowering the side chain entropy, and enhance protein

stability (Chellgren and Creamer 2006). Third, the freed H-bond donor or acceptor may



make H-bonds with other partners or water molecules, especially if the replacement
residue and the original residue are not comparable in size. These limitations may lead to

ambiguities in estimating the contribution of H-bonds to protein stability.

Side chain-main chain H-bonds

Of all the intramolecular H-bonds, 68.1% are H-bonds formed between the
backbone carbonyl oxygen and amide hydrogen. 10.6% are side chain-side chain H-
bonds, which are usually long range in nature, and the remaining 21.3% are H-bond
interactions between main chain and side chain residues (Myers and Pace 1996). Half of
these side chain-main chain H-bonds are between main chain amide hydrogens and
another side chain, and the other half are between main chain carbonyl oxygens and the
side chain of another residue. A majority of these side chain-main chain interactions are
local, involving side chains within about six residues from either side of the main chain
peptide bond (Baker and Hubbard 1984; Stickle et al. 1992). For instance, side chain-
main chain H-bonds play an important role in stabilizing a-helices as helix-capping
motifs (Jimenez et al. 1994; Aurora and Rose 1998).

Surprisingly, in studies of the alpha subunit of tryptophan synthase (aTS), a TIM
barrel protein, using native-state hydrogen exchange (HX), the slow exchange of the
amide hydrogen of F19 (several days) and the extremely slow exchange of the amide
hydrogen of 197 (several months) in “H,O indicated that these residues are highly
protected in the native state (Vadrevu et al. 2008). Examination of the protein structure

revealed that the backbone amide hydrogens of F19 and 197 are involved in H-bonding



interactions with the side chains of D46 and D124, respectively (Vadrevu et al. 2003).

As the donor and acceptor of each H-bond are 27 amino acids apart, these H-bonds are
long-range interactions. Structural analysis of aTS shows that these long-range non-
covalent interactions connect the N-terminus of one B-strand with the C-terminus of the
succeeding and anti-parallel a-helix (F19-D46 and 197-D124). By analogy, these
interactions are designated as Bo-hairpin clamps. The strong protection against HX
suggested that these long-range side chain-main chain H-bonds between F19-D46 and
197-D124 might be crucial to the structure and stability of both native and partially folded
states in aTS. The main purpose of this dissertation is to study the role of the clamp H-
bonds in protein structure and stability.

Clamp H-bonding interactions partition into two classes (Figure 1.1). For Class I
clamp H-bonds, the main chain amide hydrogen is the H-bond donor and the acceptor is a
polar side chain such as Asn, Asp, Gln, Glu, Ser, Thr, and Tyr; this class is denoted as
MCnn— SC. For Class II clamp H-bonds, the backbone carbonyl oxygen atom serves as
the acceptor while the H-bond donor is provided by polar side chains such as Arg, Asn,
Gln, His, Lys, Ser, Thr, Trp, and Tyr; this class is denoted as SC — MCc-o.

Structurally, each of the two Ba-hairpin H-bonds in o TS brackets exactly one f3-
strand and one a-helix. These clamps brace the Baf module, the fundamental building
block of the TIM barrel structure (see below) (Branden and Tooze 1999). Similar clamp
H-bonds that bracket a consecutive pair of secondary-structure elements (Bo-hairpin
clamps) are observed in other TIM barrel proteins, such as the ioll protein from B.

subtilis, and the cyclase moiety of imidazole-3-glycerol phosphate synthase (HisF) from
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T. maritima. These findings suggest that the fo-hairpin clamp H-bonds in TIM barrel

proteins might have a general role in defining the TIM barrel architecture.

TIM barrel proteins

One of the frequent targets for protein folding studies is the (Ba)s barrel family,
one of the most common structural motifs in biology. Because the first protein structure
solved with the (Ba)s motif was triosephosphate isomerase (TIM) (Sterner and Hocker
2005), this family is also referred to as the TIM barrel family. Many TIM barrels are
enzymes with a variety of catalytic functions, and include oxidoreductases, transferases,
lyases, hydrolases, and isomerases (Nagano et al. 2002).
Structure

The canonical TIM barrel fold consists of a central hydrophobic B-barrel made up
of eight B-strands surrounded by a shell of eight amphipathic a- helices. Sequentially, a
B-strand is followed by an a-helix that lies anti-parallel to the B-strand on which it docks.
There are eight such Ba units, which serve as repeat units for the TIM barrel motif
(Figure 1.2a). The cylindrical core of the eight parallel 3-strands is stabilized by H-bonds
between the B-strands. The axes of the B-strands are tilted about 36° to the axis of
the barrel, which reflects the staggered arrangement of the side chain in the barrel. The
individual elements of secondary structure are connected by loops. Longer, more flexible
loops between B-strands and a-helices (Ba-loops) invariably define the active site (the

catalytic face), whereas the shorter, more rigid loops between a-helices and B-strands
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Figure 1.2. Representation of the TIM barrel protein motif. (a) Schematic model of the
eight Ba-repeats for the alpha subunit of tryptophan synthase (aTS). Secondary
structural elements are indicated. (b) Ribbon diagram of a TS, an example of the TIM
barrel protein family. The blue arrows highlight the B-strands. The red and yellow spiral
ribbons highlight the a-helices and the gray segments represent the loops that connect the
B-strands and the a-helices. As displayed in this figure, the top of the barrel is the

catalytic face and the bottom of the barrel is the stability face.
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(ap-loops) are thought to stabilize the barrel (the stability face) (Figure 1.2) (Urfer and
Kirschner 1992; Sterner and Hocker 2005). Consistent with this view, Ba-loops have
been shown by knowledge-based potential analysis to have a large fraction of stable
variants, but most af}-loops have almost no tolerance for mutation (Wiederstein and Sippl
2005).

In general, barrel structures can be classified based on geometric parameters such
as the strand number and the shear number (Nagano et al. 1999). Using this classification,
the TIM barrel structure has strand number n=8 and shear number S=8 (Figure 1.3). The
side chains of B-strands form several layers inside the barrel. Each layer has four
residues from four odd- or even-numbered strands. These layers reflect the alternating

inside-outside positioning of the side chains in each B-strand (Figure 1.3).

Stability

For TIM barrel proteins, the central B-barrel core is the major source of the
stability, with the a-loops also playing an important role (Urfer and Kirschner 1992).
Computational analysis of 71 TIM barrel proteins identified 957 residues that were
predicted to play a crucial role in stability (Gromiha et al. 2004). Most of these
stabilizing residues (80%) were in the -strands, with far fewer found in a-helices.
These residues were identified based on three major factors: long-range interactions,
hydrophobicity of the environment, and sequence conservation (Gromiha et al. 2004).

The contribution of clusters of aliphatic side chains to protein stability has been

proposed based upon correlations of large clusters of isoleucine, leucine, and valine (ILV)



13

Strand 6 7 8
number
AL
8 (4
§,
IS (4) “—Layer 3
Q
.§ (2) (2) «—Layer?2
(5
& (2 < Layer 1

Figure 1.3. Schematic model of the TIM barrel fold. The eight -strands of the TIM
barrel architecture are represented by thick arrows. The B-strand number is indicated at
the C-terminus of each B-strand. To convey the closed barrel architecture, 38 is shown
adjacent to B1 (thick gray arrow) as well as adjacent to B7. Each residue is represented as
an ellipse and the position on the -strand is indicated. The filled ellipses represent

residues that point inside the barrel. The open ellipses represent residues that point

outside the barrel. Layers formed by side chains are indicated.
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side chains with the cores of stability in partially-folded states in two TIM barrel proteins,
aTS and indole-3-glycerol phosphate synthase (IGPS) (Gu et al. 2007b; Wu et al. 2007).
The unfavorable partitioning of small molecule analogs of the ILV side chains into water
from the vapor phase (Radzicka and Wolfenden 1988) was involved to explain the strong
resistant to HX for the underlying main chain amide hydrogens. The strengthening of the
H-bonding network in the B-barrel by the hydrophobic cluster implies a linkage between
the tertiary structure and the secondary structure (Trevino et al. 2008).

The goal of this thesis is to investigate the contribution of a not well recognized
but as will be shown, rather common type of side chain-main chain H-bond in TIM barrel
proteins. The results suggest that a subset of the Ba-hairpin clamp interactions can make
a significant contribution to structure and stability. As such, the clamps offer

opportunities to engineer enhanced stability in TIM barrel proteins.

Targets for study

To study the Ba-hairpin clamp H-bonds in TIM barrel proteins, I chose three
target proteins: a'TS from the mesophilic bacterium E. coli, IGPS from the
thermoacidophilic archaebacterium S. solfataricus (sIGPS), and IGPS from E. coli
(eIGPS). Structural information is available and the folding mechanisms have been
determined for these proteins (Hyde et al. 1988; Wilmanns et al. 1992; Sanchez del Pino
and Fersht 1997; Bilsel et al. 1999b; Gualfetti et al. 1999; Forsyth and Matthews 2002;
Nishio et al. 2005; Schneider et al. 2005), providing the information necessary to evaluate

the roles of the Ba-hairpin clamps in stabilizing their respective TIM barrel structures.
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The alpha subunit of tryptophan synthase (aTS)

The a subunit, together with the  subunit, comprise the 0232 enzyme complex,
which catalyzes the condensation of indole-3-glycerol phosphate and serine into
tryptophan (Xie et al. 2002). oTS from E. coli has eight B-strands and eleven o-helices.
One of the non-canonical a-helices precedes the first B-strand, and two others are short
a-helices that are inserted into the loops preceding a2 and a8. Because the protein does

not have any disulfide bonds or prosthetic groups, it is a good model system for protein
folding studies.

The folding mechanism of aTS is well characterized (Bilsel et al. 1999b;
Gualfetti et al. 1999). In urea-denaturation equilibrium unfolding studies, a TS shows
two stable intermediates, I1 and 12, which are populated at 3 and 5 M urea, respectively
(Bilsel et al. 1999b; Gualfetti et al. 1999) (Figure 1.4a). The I1 intermediate, which can
be detected by CD and fluorescence anisotropy, was originally thought to have a
structured amino terminal region and an unfolded C-terminal region (Bilsel et al. 1999a).
More recent native-state hydrogen-exchange NMR analysis suggests an intact 3-barrel
with a loosely-structured a-helical shell (Vadrevu et al. 2008). In contrast, the 12
intermediate has a structure that, by optical methods, resembles the unfolded state and is

thought to be stabilized by the hydrophobic effect (Saab-Rincon et al. 1993).
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The kinetic folding mechanism of aTS is complex. The protein folds through
four parallel channels (Figure 1.4b), each with on- and off-pathway intermediates. Upon
folding, the first detectable step involves a rapid collapse (<5 ms) to form an off-pathway
burst-phase species (Igp) in each channel, whose unfolding controls the formation of an
on-pathway intermediate in each channel (Bilsel et al. 1999b). Although the principal
native species forms within hundreds of milliseconds, three proline isomerization
reactions, which involve P28, P217, and P261, are responsible for the slow
interconversion between these on-pathway intermediates (I1a-I1d) and serve as the rate-
limiting steps to the native states (Wu and Matthews 2002b; Wu and Matthews 2002a;

Wu and Matthews 2003).

PBo- and ap-hairpin clamps in aTS

Examination of the "H-""N heteronuclear single quantum coherence (HSQC)
spectrum of aTS revealed three distinct downfield cross peaks at ~ 10 ppm (Figure 1.5)
(Vadrevu et al. 2003). These peaks were found to result from H-bond interactions
between the backbone amide hydrogens of F19, 197, and A103 with the anionic side
chains of D46, D124, and D130, respectively (Vadrevu et al. 2003). The F19-D46 H-
bond clamps the secondary structure elements B1 and al, and the 197-D124 H-bond
clamps 3 and a3. The A103-D130 H-bond clamps o3 and 34, and it represents an o3-
hairpin clamp. All three side chain-main chain interactions are Class I clamp H-bonds
(Figure 1.1), with the main chain amide nitrogen serving as the H-bond donor and the

carboxyl side chain of aspartic acid as the H-bond acceptor.
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Indole-3-glycerolphosphate synthase (IGPS)

IGPS is involved in the fourth step of tryptophan synthesis, where it catalyzes the
conversion of 1-(2-carboxyphenylamino)-1-deoxyribulose 5-phosphate (CdRP) to indole-
3-glycerol phosphate (IGP) (Andreotti et al. 1994). Although the S. solfataricus, IGPS
(sIGPS) is a single-domain TIM barrel fold, the E. coli IGPS (eIGPS) chain is the N-
terminal domain of a bifunctional enzyme with another TIM barrel domain N-(5'-
phosphoribosyl anthranilate isomerase (PRAI) at the C-terminus (Altamirano et al. 2000).
In the present study, the eIGPS domain was excised from the bifunctional enzyme and
expressed as a single domain (Altamirano et al. 2000). Also the N-terminal 26 residues
of sIGPS has been truncated to improve the solubility of the protein (Schneider et al.
2005). The structures of both forms of IGPS are available, and both folding mechanisms
have been studied extensively (Sanchez del Pino and Fersht 1997; Forsyth and Matthews

2002; Gu et al. 2007a; Gu et al. 2007b).

S. solfataricus IGPS (sIGPS)

sIGPS has been shown in urea-denaturation CD experiments to populate a stable
intermediate at about 4.5 M urea. This intermediate retains about half of the ellipticity
compared to the native state (Figure 1.6a) (Forsyth and Matthews 2002) and has a
stability of 4.6 kcal mol™ relative to the unfolded state. The unfolding and refolding
kinetics of sIGPS, as monitored by manual-mixing CD, stopped-flow CD and
fluorescence (FL) methods, showed both a marginally stable off-pathway burst-phase (<5

ms) intermediate (Igp) and a pair of on-pathway intermediates (Figure 1.6b)
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(Forsyth and Matthews 2002; Gu et al. 2007a; Gu et al. 2007b), similar to aTS.
Comparison of the equilibrium and kinetic mechanisms has showed that the on-pathway
intermediate is composed of two distinct species, I, and I (Figure 1.6b).

The structures of these two on-pathway intermediates, as well as the off-pathway Igp
were probed by hydrogen-exchange mass spectroscopy (HX-MS). Peptide analysis from
rapid pulse-quench experiments showed that the (a)s region is the most protected core in
the first few milliseconds of folding. The (Ba);_3 and (Ba)sPs segments are less well
protected, and the remaining N- and C-terminal segments are not significantly protected
(Gu et al. 2007a; Gu et al. 2007b). The initial protection in the (Ba)s segment was
attributed to a high density of ILV residues and the rapid formation of a stable
hydrophobic cluster. Strong protection in the (Ba), sBs region after 5 s of folding
demonstrates a stable core representing the on-pathway intermediate I,. I, has a more
native-like structure, covering 1 to 7. The increase in the size of the stable secondary
structure as I, matures to I, and their similar estimated stability (I, is ~0.7 kcal/mol more
stable than I,) provides a rationale for the observation of a single species in the
equilibrium unfolding reaction. The protection against HX observed in the on-pathway
intermediates was attributed to a pair of large ILV clusters that span the protected

segments of the chain (Gu et al. 2007a; Gu et al. 2007b).

E. coli IGPS (eIGPS)
elGPS is the N-terminal domain (residues 1-255) of a bifunctional enzyme whose

C-terminal domain is PRAI, which catalyzes the next step in the tryptophan synthesis
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pathway (Ivens et al. 2002). eIGPS has only one tryptophan residue located at the N-
terminal a-helix, a0, preceding the canonical TIM fold. eIGPS and sIGPS share 30%
sequence identity, with sIGPS having a larger number of salt bridges and side chain-main
chain H-bonds than eIGPS (Ivens et al. 2002). These additional non-covalent interactions
reflect the environmental challenges experienced by thermophilic organisms.

The folding mechanism of eIGPS was proposed to follow a nonsequential
unfolding process (Sanchez del Pino and Fersht 1997). Two different folding
intermediates, appearing along two parallel unfolding pathways, were detected in
guanidinium chloride-denaturation experiments monitored by CD, FL, and gel filtration
chromatography. One intermediate (Inp) was very native-like and kinetically trapped in
the unfolding reaction. The other intermediate (I) was suggested to be a higher-order

form, because the only tryptophan was shielded in this conformation (Figure 1.7).

Scope of the thesis

The goal of this thesis was to test the role of side chain-main chain clamp H-
bonds in the stability and structure of several TIM barrel proteins. Clamp H-bonds were
removed by mutating the side chain H-bond acceptors to alanine. The clamp-deletion
variants were characterized by traditional protein folding techniques, e.g., urea-
denaturation equilibrium and kinetic experiments monitored by CD. The contribution of
the clamp H-bonds to structure and stability were determined by comparison with the

properties of the corresponding WT protein.
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In Chapter II, I report on a study in which aTS from E. coli served as the
candidate (Yang et al. 2007). To complement equilibrium studies on three Class I clamp-
deletion variants, I also performed kinetic studies to examine the effects of removing
clamp H-bonds on a pair of rate-limiting transition states in the folding reaction. The
unfolding and refolding reactions were probed with manual-mixing and stopped-flow CD
and FL techniques. One local side chain-main chain H-bond and two salt bridges were
tested as controls to show the uniqueness of the clamp interactions. Asparagine and
glutamic acid replacements at one clamp H-bond were compared with the alanine
mutation to test for the uniqueness of the aspartic acid as a clamp H-bond acceptor (Yang
et al. 2007).

In Chapter III, I report on a study in which I tested three Class I fa-hairpin clamp
H-bonds in two other TIM barrel proteins, sIGPS and eIGPS. To investigate the
generality of these clamp H-bonds in the TIM barrel protein family, 71 TIM barrel
proteins were surveyed for the frequencies, sequence preferences and locations of Ba-
hairpin clamp H-bonds. This analysis was performed in collaboration with another
graduate student, Sagar Kathuria. The implications of the role played by clamp H-bonds
in TIM barrel architecture are discussed. In this thesis, my goal was to deepen the
understanding of a particular facet of TIM barrel structure. The insights obtained may
improve structural predictions from TIM barrel sequences and provide a rational

approach to engineer enhanced stability in this versatile enzymatic platform.
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CHAPTER 11

LONG-RANGE SIDE CHAIN-MAIN CHAIN
INTERACTIONS PLAY CRUCIAL ROLES IN
STABILIZING THE (Ba)s BARREL MOTIF OF

THE ALPHA SUBUNIT OF TRYPTOPHAN SYNTHASE
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ABSTRACT

The role of hither-to-fore unrecognized long-range hydrogen bonds between main
chain amide hydrogens and polar side chains on the stability of a well-studied (Bat)s, TIM
barrel protein, the alpha subunit of tryptophan synthase (aTS), was probed by mutational
analysis. The F19-D46 and 197-D124 hydrogen bonds link the N-terminus of a 3-strand
with the C-terminus of the succeeding anti-parallel a-helix, and the A103-D130
hydrogen bond links the N-terminus of an a-helix with the C-terminus of the succeeding
anti-parallel -strand, forming clamps for the respective Bo or af hairpins. The
individual replacement of these aspartic acid side chains with alanine leads to what
appear to be closely-related partially-folded structures with significantly reduced far-UV
CD ellipticity and thermodynamic stability. Comparisons with the effects of eliminating
another side chain-main chain hydrogen bond, G26-S33, and two electrostatic side chain-
side chain hydrogen bonds, D38-H92 and D112-H146, all in the same N-terminal folding
unit of aTS, demonstrated a unique role for the clamp interactions in stabilizing the
native barrel conformation. Because neither the asparagine nor glutamic acid variant at
position 46 can completely reproduce the spectroscopic, thermodynamic or kinetic
folding properties of wild-type o TS with aspartic acid, both size and charge are crucial to
its unique role in the clamp hydrogen bond. Kinetic studies suggest that the three clamp
hydrogen bonds act in concert to stabilize the transition state leading to the fully-folded

TIM barrel motif.
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INTRODUCTION

Side chains stabilize the native, functional conformations of proteins by van der
Waals interactions between nonpolar partners, hydrogen bonds (H-bonds) between polar
donors and acceptors, and electrostatic interactions between opposing charged groups.
Mutational analysis of buried nonpolar side chains has shown that replacements with
alanine can lead to destabilizations of up to 7 kcal mol (Shortle et al. 1990; Eriksson et
al. 1992; Serrano et al. 1992). The magnitudes of the effects correlate with the local
packing density (Shortle et al. 1990) and the burial of nonpolar surface area (Jackson et al.
1993). With the exception of buried ionic interactions (Anderson et al. 1990; Vaughan et
al. 2002), mutational analysis has also shown that the magnitude of an individual side
chain-side chain or side chain-main chain H-bond or an electrostatic interaction is
relatively small, ~1-2 kcal mol™ (Horovitz et al. 1990; Serrano et al. 1992; Myers and
Pace 1996; Ibarra-Molero et al. 2004). The small contribution to stability for side chain-
main chain interactions is underscored by the relatively rapid exchange of their amide
hydrogens with solvent through local fluctuations within the native ensemble of
conformers (Englander and Kallenbach 1983; Krishna et al. 2004). Thus, the results of a
native-state hydrogen exchange (HX) experiment on the alpha subunit of tryptophan
synthase (aTS) are quite striking.

oTS is a 29 kDa TIM barrel protein in which the eight parallel beta strands
alternate in sequence with amphipathic anti-parallel helices that dock on the hydrophobic

barrel H-bonds between 31 and B8 and van der Waals interactions between nonpolar side

chains in B1, a1, B8 and a8’/a8 close the barrel (Figure 2.1a). Relevant to the present
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Figure 2.1. Long-range side chain-main chain interactions in aTS. (a) Ribbon diagram
of TS highlighting the fa and a3 clamps encompassing B1—-al, F19 NH-D46

082; B3—a3, 197 NH-D124 052, and a.3—4, A103 NH-D130 O51. The side chains
involved in the H-bond clamp interactions are highlighted with the donor and acceptor
shown in blue and red, respectively. (b) The three individual Ba or of clamps,
illustrating the respective H-bond distances for each side chain-main chain interaction.
The H-bonds and the corresponding distances are determined by using the program
HBPLUS (McDonald and Thornton 1994). The structures were generated using PyMOL

v 0.99 (Delano 2002) and PDB code: 1BKS (Hyde et al. 1988).
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issue, the 'H-">N heteronuclear single quantum coherence (HSQC) NMR spectrum of
uniformly "’N-labeled protein (Vadrevu et al. 2003) provided a vehicle for demonstrating
that the main chain amide hydrogens of two residues, F19 and 197, are very resistant to
exchange with solvent deuterium (Vadrevu et al. 2008). Inspection of the crystal
structure of aTS (Hyde et al. 1988; Nishio et al. 2005) shows that both are involved in
long-range side chain-main chain H-bonds, F19-D46 and 197-D124 (Figure 2.1b). The
resistance of the amide hydrogen of F19 to exchange for several days and that of 197 for
several months in “H,O at pH 7.8 and 25 °C implies that their amide hydrogens become
exposed to solvent in rare high energy states (Bai et al. 1995), not through local
fluctuations in the native basin. By implication, the F19-D46 and 197-D124 H-bonds
might play unusually important roles in the structure and stability of both native and
partially-folded states in aTS.

This hypothesis was tested by subjecting the H-bond acceptor side chains, D46
and D124, to mutational analysis. To test the significance of these specific interactions,
mutations were also introduced at another long-range main chain-aspartic acid side chain
H-bond, A103-D130, and a short-range main chain-serine side chain H-bond, G26-S33,
both of whose amide hydrogens exchange within a few hours. Comparisons were also
made with mutations of a pair of surface salt bridges involving aspartic acids in the same
N-terminal region, D38-H92 and D112-H146. The results demonstrated that each of the
F19-D46, 197-D124 and A103-D130 side chain-main chain H-bonds makes a significant
contribution to the structure and the stability of aTS that is distinct from the relatively

minor perturbations for the other variants.
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RESULTS

The X-ray structure of aTS (Figure 2.1a) shows that the F19-D46, 197-D124 and
A103-D130 H-bonds each bracket a sequential pair of elements of secondary structure.
Each of these three long-range H-bond interactions involves a main chain amide
hydrogen donor and a side chain oxygen acceptor in aspartic acid. The F19-D46 H-bond
links the N-terminus of $1 with the C-terminus of al, the 197-D124 H-bond links the N-
terminus of 3 with the C-terminus of a3 and the A103-D130 H-bond links the N-
terminus of a3 with the C-terminus of B4 (Figure 2.1b). All three interactions span
precisely 27 residues in sequence, and, by analogy, serve as structural clamps for fa
hairpins, F19-D46 and 197-D124, or an o hairpin, A103-D130, in a.TS.

The uniqueness of these structural clamp interactions can be assessed by
comparisons with other non-covalent interactions involving short-range or surface H-
bonds. The G26-S33 H-bond braces a tight turn between 1 and al that contains the
only cis prolyl peptide bond in TS between D27 and P28. The D38-H92 and D112-
H146 salt bridges on the surface of the barrel link the middle of a1 to the loop between
a2 and B2 and the N-terminus of a3 with the loop between a4 and 5, respectively. (In
the higher resolution structure of TS from S. typhimurium (Hyde et al. 1988), D112

appears to form a second salt bridge with R145).

Alanine replacements at D46, D124 or D130 significantly perturb the secondary and

tertiary structure of aTS
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The effects of replacing D46, D124 or D130 with alanine on the secondary and
tertiary structure of the oTS variants were determined by collecting far- and near-UV CD
spectra (Figure 2.2). The far-UV CD spectra show a maximum mean residue ellipticity
(MRE) at 195 nm and minima at 208 and 222 nm, demonstrating that all of the variants
retain components of the a-helices and B-strands found in the wild-type (WT) protein.
However, the significant decrease in the MRE by ~40% for the variants (Figure 2.2a-c) at
all three wavelengths indicates that each individual replacement causes a substantial loss
of secondary structure.

To probe the effects of the D46A, D124A and D130A variants on the packing of
aromatic side chains, the near-UV CD spectra were collected (Figure 2.2e-g). The near-
UV CD spectra of the D46A (Figure 2.2¢) and D124A (Figure 2.2f) variants, which are
very similar to each other and distinctly different from both D130A (Figure 2.2g) and
WT aTS§, indicate altered chiral environments for one or more of the 7 tyrosines and 12
phenylalanines (oTS does not contain tryptophan). The nearly featureless spectrum of
DI130A aTS between 270 and 290 nm suggests that the tyrosine side chains are mobile.
Small peaks near 260 nm imply that one or more of the phenylalanines experience chiral
packing environments.

These data show that the elimination of any one of the F19-D46, 197-D124 or
A103-D130 H-bonds and/or the loss of the negative charge when aspartic acid is replaced
by alanine have a substantial impact on the secondary and tertiary structure of aTS. The
very similar response in the far-UV CD spectrum for all three variants (Figure 2.2d) and

two of the three variants in the near-UV CD spectrum (Figure 2.2h) suggests that the loss
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Figure 2.2. Far-UV (a)-(d) and near-UV (¢)-(h) CD spectra of WT oTS (@) and three
oTS variants: (a) and (¢) D46A TS (A), (b) and (f) D124A aTS (<), (¢) and (g)
DI130A oTS (L). Panel (d) displays all the variant spectra in panels (a)-(c) for a direct
comparison, and panel (h) displays all the variant spectra in panels (e)-(g). The protein
concentration ranged from 5 to 7 uM for the far-UV CD spectra and from 50 to150 uM
for the near-UV CD spectra. The buffer contained 10 mM potassium phosphate, pH 7.8,

0.2 mM K,EDTA, and 1 mM BME at 25 °C.
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of either the F19-D46 or the 197-D124 non-covalent interactions lead to similar partially-
folded structures. These folds retain a substantial fraction of the secondary structure and
maintain tertiary packing around some of the aromatic side chains. The contrasting near-
UV CD spectrum for D130A oTS shows that at least some aspect of the tertiary structure

of this variant differs from those of the other two clamp variants.

Equilibrium folding properties of the clamp-deletion variants

Urea denaturation experiments were performed to test the contribution of the
three main chain amide-aspartic acid side chain H-bonds to the thermodynamic properties
of aTS. The dependence of the MRE at 222 nm on the urea concentration for each
variant is compared to WT aTS in Figure 2.3. The equilibrium unfolding curve of the
WT protein displays two overlapping sigmoidal transitions that have previously been
assigned to interconversions between the native, N, and intermediate, I1, states and
between the 11 and the unfolded-like, 12, and unfolded, U, states (Bilsel et al. 1999b).
The far-UV CD spectra of I12 and U are identical, permitting the application of a three-
state model, NSI11512/U, to fit the equilibrium data. The I1 state for WT aTS reaches a
maximal population of ~60% at 3 M urea (Gualfetti et al. 1999), and its presence is
evident in the change in slope of the transition curve at that urea concentration (Figure
2.3).

The urea denaturation profile of the D130A clamp-deletion variant could be fit to
the same three-state model used for WT aTS. This fitting procedure was justified by the

appearance of a limited native baseline below 0.5 M urea and a small shoulder near 2 M
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Figure 2.3. Urea denaturation equilibrium unfolding curves of D46A o TS (A), D124A
aTS (<) and D130A oTS (J). The data for WT o TS (@) are shown for comparison in
each panel. The continuous lines represent fits of the data for each aTS variant to a 3-
state equilibrium folding model as described in the text. The protein concentration was ~

5 uM, and the buffer contained 10 mM potassium phosphate, pH 7.8, 0.2 mM K,EDTA,

and 1 mM BME at 25 °C.
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urea. As shown in Table 2.1, the free energy difference between the N and I1 states is
greatly reduced, as is the urea-dependence of this free energy difference, i.e., the m value,
from the values for WT aTS. The AG°nsi; (H20) parameters for D130A oTS and WT
protein are 1.17+0.39 and 7.19+0.58 kcal mol™, respectively; the respective m values are
1.19+0.21 and 2.85+0.24 kcal mol' M. This three-state fit of the equilibrium unfolding
data for D130A was confirmed by a complementary kinetic measurement of the stability
of the native state (see below).

Unfortunately, both of the fa clamp-deletion variants, D46A and D124A aTS,
display broad rather featureless transition curves (Figure 2.3) that could not be uniquely
fit to a three-state model. In fact, the appearance of the unfolding profiles made it unclear
whether the N, I1 and 12/U thermodynamic states were still being sampled in these two
variants. As will be shown below, kinetic folding studies can be used to demonstrate the
presence of stable folded states in the absence of denaturant and to estimate the stabilities

of D46A and D124A aTS.

Kinetic folding properties of the clamp-deletion variants

To obtain insights into the role of the clamp interactions on the kinetic and
thermodynamic properties of a TS, a comprehensive set of unfolding and refolding jumps
at various final urea concentrations was performed on the clamp-deletion variants. A
distinctive feature of the native state of WT oTS is its rate-limiting role in the kinetic
unfolding reaction. WT aTS unfolds through two slow phases whose time constants

decrease exponentially as the urea concentration is increased (Figure 2.4a). It has
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Table 2.1. Thermodynamic parameters for the urea-induced unfolding of WT o TS and

eight variants at 25 °C®.

AG°xs;(H,0) -MnSn AG°ysu(H,0) -MpSpu AAG®ysy
GTS (kcal mol™) (keal mol™ M™) (kcal mol™) (keal mol™ M™) (keal mol'l)b
variants
Wild type 7.19+0.58 2.85+0.24 3.04+0.85 0.81+0.17 -

D46A 1.98+0.45° | 0.78+0.17¢ 4.97+1.96" 1.07+£0.39 | -5.21+0.73
D124A 2.53+0.40° 1.12+0.19¢ 3.81+0.64 ¢ 0.79+0.16* | -4.66:0.70
D130A 1.17+0.39 1.19+0.21 2.75+0.24 0.80+0.05 | -6.02+0.70
D38A 6.11+0.50 2.93+0.24 4.52+0.69 1.14+0.16 | -1.08+0.77
DI112A 4.90+0.28 2.34+0.14 3.43+0.41 0.89+0.09 | -2.29+0.64
S33A 3.73+0.45 2.11+0.24 3.8620.60 1.00+0.14 | -3.46+0.73
D46N 5.04+0.57 3.23+0.38 2.01+0.32 0.67+0.08 | -2.15+0.81
D46E 2.15+0.46° | 0.93+0.21° | 1.91+1.44%° | 0.48+0.06%° | -5.04+0.74

a. Buffer conditions: 10 mM potassium phosphate, 0.2 mM K,EDTA, and 1 mM BME at

pH 7.8.

b. Perturbation in stability for NSI11 reaction, calculated by AAG®ys;= AG°ns1i(H,0,

variant)- AG°ys1(H,O, WT).

c. Determined by fitting the urea dependence of the major unfolding kinetic phase to a
two-state model.
d. Determined by fitting the equilibrium unfolding data to a three-state model with
parameters for the NSI11 transition fixed to the values determined as described in

footnote c.

e. The native baseline was allowed to float to an optimal value and the unfolded baseline
was fixed to the linear dependence on denaturant concentration observed at high urea

concentration (Figure 2.7b).
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Figure 2.4. Kinetic chevrons for (a) WT o TS, (b) D46A aTS, (¢c) D124A aTS and (d)
D130A oTS, which show the observed refolding (O 4 A) and unfolding (W H)
relaxation times as a function of final urea concentrations monitored by manual-mixing
CD (OVY AV ) at 222 nm and stopped-flow FL (4 H). The solid lines in panels b-d
represent the behavior of the WT protein. Refolding burst-phase amplitude at 222 nm (A)
by stopped-flow CD for (e) the WT o TS, (f) D46A aTS, (g) D124A oTS and (h) D130A
aTS. The equilibrium unfolding curves (@) for each protein are shown for reference in
panels e-h, and the continuous lines indicate the fit of each data set to a three-state model.
The dashed and dotted lines in panels f-h represent the equilibrium unfolding transition
and the dependence of the burst-phase amplitude on urea concentration, respectively, for

the WT protein.
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previously been shown that these two exponential phases correspond to the independent
unfolding of a major and a minor native conformer (Bilsel et al. 1999b). These
conformers reflect the native Cis, 93%, and non-native trans, 7%, isomers for the D27-
P28 peptide bond (Wu and Matthews 2002a). The subsequent unfolding reactions of the
corresponding on-pathway I1 intermediates are far faster, rendering the pair of N S 11
reactions as the rate-limiting steps in unfolding for aTS. If the aTS variants, in the
absence of denaturant, occupy a stable thermodynamic state related to the native state of
the WT protein, they might be expected to display a vestige of the rate-limiting unfolding
reactions.

Similar to the WT protein, the unfolding reactions for the D46A, D124A and
D130A variants each exhibits a major fast and minor slow phase whose relaxation times
accelerate exponentially with increasing urea concentration and are nearly coincident
with those from the WT protein (Figure 2.4a-d). Thus, in the absence of denaturant,
D46A, D124A and D130A oTS all occupy distinct thermodynamic states that retain the
major CiS and minor trans isomers at D27-P28 and the rate-limiting barriers to unfolding
experienced by WT aTS.

The refolding of WT aTS detected by stopped-flow CD (SF-CD) and stopped-
flow fluorescence (SF-FL) proceeds through a sub-millisecond burst-phase reaction
followed by a hundreds of milliseconds reaction that accelerates as the urea concentration
is increased (Figure 2.4a). This “back-tracking” phase reflects the unfolding of a
misfolded off-pathway species and controls access to the subsequent on-pathway species,

I1. Cis-trans isomerization at three key prolines, P28, P217 and P261, ultimately limits



42

folding to the major and minor native species evident in the unfolding reaction (Bilsel et
al. 1999b; Wu and Matthews 2002a; Wu and Matthews 2002b). These rate-limiting
isomerization reactions are the source of the three slow refolding phases in the 10 to 300
s time range for the WT protein under strongly folding conditions (Figure 2.4a).

By contrast, all three variants are missing two of the three slow urea-independent
refolding phases observed in the WT protein (Figure 2.4a-d). Only two phases were
detected under strongly folding conditions for D124A (Figure 2.4c) and D130A (Figure
2.4d) aTS. The relaxation time of the faster phase is weakly dependent on the final urea
concentration and coincident with the back-tracking phase in the WT protein. The
relaxation time of the slower refolding phase was nearly independent of the urea
concentration and in the time range of phases previously assigned to cis/trans
isomerization reactions among a set of four I1 intermediates in parallel folding channels
(Wu and Matthews 2002a). In addition to these two refolding phases, D46A also
displays a refolding phase in the seconds time range that connects smoothly with an
additional unfolding reaction. This additional phase has also been detected for the L48A
variant (Wu et al. 2007) and is thought to reflect the interconversion of the 11 and 12
states. Finally, the measurement of the amplitude of the sub-millisecond CD signal at
222 nm as a function of the final urea concentration confirmed the presence of a burst-
phase intermediate for all three variants (Figure 2.4f-h).

Taken together, the kinetic refolding data demonstrate that all of the clamp-
deletion variants retain the sub-millisecond off-pathway misfolded intermediate and one

of the proline isomerization reactions between two I1-like intermediates. Because the
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pair of unfolding phases for all three variants so closely agree in relaxation time and
amplitude with those previously assigned to isomerization at P28, it is reasonable to
suppose that the remaining isomerization reaction in refolding for all three clamp-
deletion variants reflects the isomerization at P28. By implication, the P217 and P261
cis/trans isomerization reactions no longer limit access to the native conformation in the
three clamp-deletion variants. The C-terminus of the clamp-deletion variants, including
residues P217 and P261, does not appear to be well folded or at least not

thermodynamically-coupled to the folded N-terminus in their respective native states.

Thermodynamic parameters extracted from the kinetic experiments

The kinetic unfolding experiment that verified the presence of stable
thermodynamic states for the clamp variants can be modified to determine the stability of
their folded states. Because the amplitudes of the unfolding reactions are directly
proportional to the populations of the folded states from which these reactions initiate, the
stability of the folded states can be measured by monitoring the amplitudes of the
unfolding reactions (to constant urea concentration) as a function of the initial urea
concentration. The amplitudes of the slow unfolding phases are expected to decrease in a
sigmoidal fashion as the initial urea concentration is increased into the zone where the
native states become depopulated.

This procedure was validated on WT TS (Figure 2.5a), where a fit of the
sigmoidal decrease in ellipticity at increasing initial urea concentrations to a two-state

model yielded a stability of 7.06 + 0.59 kcal mol™. This value is in excellent agreement
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Figure 2.5. The dependence of the amplitude for the major unfolding phase for (a) WT
aTS and (b) D46A aTS on the initial urea concentration; the final urea concentration in
all cases was 6 M urea. The solid lines represent the fit of the data to a two-state model
with AG® =7.06 = 0.59 kcal mol™ and m = 2.89 = 0.24 kcal mol M™' for WT aTS and

AG® =1.98 + 0.45 kcal mol! and m = 0.78 + 0.17 kcal mol'' M™! for D46A oTS. The

protein concentration ranged from 5 to 6 uM.
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with that for the N S I1 transition from the standard equilibrium titration experiment on
the WT protein, 7.19 + 0.58 kcal mol™ (Figure 2.3 and Table 2.1). The urea dependence
of the stability, the m value, is also in excellent agreement, 2.90 + 0.24 vs 2.85 £ 0.24
kcal mol™ M™ (Table 2.1). Confirmation of the kinetic measurement of stability was
provided by the D130 aTS variant. The traditional equilibrium titration data (Figure 2.3)
yielded a stability of 1.17+0.39 kcal mol™ and an m value 1.19+0.21 kcal mol™ M
(Table 2.1). The kinetic measurement yielded a stability of 1.05+0.17 kcal mol” and an
m value 1.254+0.16 kcal mol™ M™ (Table 2.1).

The stabilities of the folded states of the D46A and D124A o TS clamp-deletion
variants were then determined in a similar fashion. Figure 2.5b displays a representative
example of the amplitude of the major unfolding phase for D46A aTS as a function of
the initial urea concentration. The stability of the folded state for D46A aTS, 1.98 + 0.45
keal mol™, is 5.21 kcal mol™ less than that of the N state for the WT protein; the m value
is also significantly reduced, 0.78 + 0.17 vs 2.85 + 0.24 kcal mol™ M (Table 2.1). The
stability of the folded state for D124A aTS is decreased to 2.53 + 0.40 kcal mol™'. The m
value for the N 5 11 transition of D124A oTS variant is also significantly decreased
(Table 2.1).

Although the absence of a prominent shoulder in the MRE titration data for the
D46A (Figure 2.4f) and D124A (Figure 2.4g) variants, leaves the existence of an I1-like
state ambiguous, the folded states for both proteins, as measured by the kinetic amplitude
experiment, disappear, e.g., at 3-4 M urea for D46A oTS (Figure 2.5b), before the

unfolded state is completely populated, e.g., at 5-6 M urea for D46A o TS (Figure 2.3).
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This discrepancy in the ellipticities implies the presence of a stable intermediate between
3 and 6 M urea. The stabilities of the intermediates for D46A and D124A oTS can be
estimated by fitting the unfolding data for these clamp-deletion variants (Figure 2.3) to a
three-state N 5 11 S 12/U model, for which the parameters for the N 5 I1 reaction are
fixed to those obtained from the kinetic unfolding experiments. The thermodynamic
parameters obtained for the I1 5 12/U transition are shown in Table 2.1.

The stabilities of the I1 states for all three clamp-deletion variants (relative to
their 12/U states) and the m values for the 11 5 12/U transition are within error of the
values for the 11 state relative to the 12/U state for WT aTS. Because the removal of the
clamp interaction by replacing aspartic acid with alanine has no significant effect on the
stabilities of the intermediate states, it appears that each of the clamp interactions is

broken in the intermediate of the WT protein.

Uniqueness of the clamp interactions

All three clamp interactions are located in the N-terminal half of aTS, which is
known to serve as a core of stability in both the N and 11 states (Zitzewitz and Matthews
1999; Rojsajjakul et al. 2004). To determine whether the surprisingly large perturbations
of structure and stability are related to the participation of these clamp H-bonds in this
stable core, the S33A, D38A, and D112A variants of TS were constructed. S33 forms
an H-bond with the main chain amide nitrogen of G26, D38 forms an electrostatic
interaction with H92, and D112 forms an electrostatic interaction with H146. The heavy

atom distances for these three interactions are 3.00, 2.75, and 2.61 A, respectively,
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comparable to 2.92, 2.61, and 2.85 A for the F19-D46, 197-D124, and A103-D130 clamp
H-bonds (Figure 2.1b). The solvent accessible surface areas for the G26-S33, D38-H92,
and D112-H146 interactions are 16, 89, and 90 A 2, also comparable to those for the F19-
D46, 197-D124, and A103-D130 clamp H-bonds, 28, 19, and 80 Az, respectively.

The D38A and D112A variants display a similar reduction in the far-UV CD
signal as the clamp-deletion variants (Figure 2.6a and 2.6b). However, both retain the
distinctive near-UV CD spectrum for the WT protein (Figure 2.6d and 2.6¢), which
suggests that they retain the similar tertiary structure as WT protein. The reductions in
the far-UV CD signal, therefore, likely reflect the local unfolding of the surface helices
and loops linked by these salt bridges. The far-UV (Figure 2.6¢) and near-UV CD
(Figure 2.6f) spectra of the S33A variant are both very similar to those for WT oTS. The
unfolding transition curves for all three variants reveal native baselines and the biphasic
behavior characteristic of a three-state process (Figure 2.7a). Fits of these data to a three-
state model show that the perturbations on stability for D38A, D112A, and S33A oTS are
less than those of their clamp-deletion counterparts for the NS11 transition and negligible
for the I1512/U transition (Table 2.1). Thus, the effects on the structure and/or stability
of the native state accompanying the loss of the Ba or af clamps in D46A, D124A, and
D130A aTS are quantitatively different than those of other side chain-main chain or side

chain-side chain electrostatic interactions in the N-terminal folding unit of aTS.

Uniqueness of aspartic acid as an H-bond acceptor in the clamp interaction
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Figure 2.6. Far-UV (a)-(c) and near-UV (d)-(f) CD spectra of three clamp-deletion aTS
variants: (a) and (d) D38A aTS (A), (b) and (¢) D112A oTS (M), and (c) and (f) S33A
oTS (V). The solid line in each panel represents the behavior of the WT oTS for

reference.



49

Figure 2.7. Urea denaturation equilibrium unfolding curves of (a) D38A o TS (A),
D112A oTS (M) and S33A oTS ('¥), and (b) D46A o TS (A), D46N aTS () and D46E
aTS (O). The data for WT o TS (@) are shown for comparison in each panel. The
continuous lines represent fits of the data for each aTS variant to a 3-state equilibrium
folding model as described in the text. The protein concentration was ~ 5 pM, and the

buffer contained 10 mM potassium phosphate, pH 7.8, 0.2 mM K,EDTA, and 1 mM

BME at 25 °C.
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The significance of the formal negative charge and the size of the aspartic acid
side chain for the clamp interaction were examined by replacing the aspartic acid at
position 46 with asparagine or glutamic acid. The asparagine side chain has a very
similar size but lacks the formal charge, and glutamic acid retains the charge but has an
additional methylene in the side chain. The D46N o TS variant experiences a 20%
reduction in the far-UV CD signal and retains the three-state equilibrium unfolding

profile (Figure 2.7b). The free energy change for the NS11 reaction is 5.04 &= 0.57 kcal

mol™”, only 2.15 kcal mol™ less than that of WT TS (Table 2.1). The absence of a
significant perturbation in the free energy change for the I1512/U reaction is consistent
with the results for the D46A variant and the disruption of the clamp H-bond in the 11
state for WT aTS. Kinetic analysis showed that D46N o TS retains the two unfolding
phases observed for the WT protein; however, two of the three proline isomerization-
limited refolding reactions are absent. Thus, the isosteric replacement of aspartic acid
with asparagine at position 46 in the N-terminal domain appears to preclude the proper
folding and/or docking of the C-terminal region containing P217 and P261.

The ellipticity at 222 nm for the D46E o TS variant is smaller than that for any
other variant examined, including that for D46A oTS (Figure 2.7b). D46E aTS retains
the pair of slow unfolding reactions characteristic of the native conformation of aTS, and
the kinetic measurement of the free energy change for the NSI11 transition is also greatly
destabilized, 2.15 + 0.46 kcal mol™ (Table 2.1). Similar to D46A and D46N, the free

energy difference for the I11512/U reaction is within error of that for WT aTS. Neither



asparagine nor glutamic acid can completely recapitulate the spectroscopic,

thermodynamic and kinetic folding properties of aspartic acid at position 46.
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DISCUSSION

The role of clamp interactions in the structure and stability of aTS

Elimination of any one of the three af or Ba clamp interactions in a TS, F19-D46,
197-D124 or A103-D130, results in surprisingly large decreases in the stability of the
native state relative to the equilibrium intermediate, I1. Equally surprising was the
appearance of what appear to be closely-related partially-folded states with substantially
diminished secondary structure and altered tertiary structure for all three clamp-deletion
variants. This tentative conclusion is based on (1) virtually identical far-UV CD spectra
for all three clamp-deletion variants, and identical near-UV CD spectra for the D46A and
D124A oTS variants, (2) similar reductions in the stability of the N state, 4.66-6.02 kcal
mol™, and (3) a pair of unfolding reactions with identical relaxation times and relative
amplitudes for all three proteins. The contrasting near-UV CD spectrum for DI130A aTS
(Figure 2.2g) may reflect the peculiar and localized behavior of Y102, adjacent to the
peptide bond containing the amide hydrogen of A103 with which D130 forms an H-bond.
The observation of a common urea-independent slow refolding reaction, absent the prolyl
isomerization reactions for P217 and P261, implies that the C-terminal region of aTS
cannot properly fold and/or dock on the N-terminal domain in the native states of all
three clamp-deletion variants.

Other variants in which either aspartic acid, which serves as the anionic partner in
surface electrostatic interactions, D38-H92 and D112-H146, or serine, which serves as an
H-bond acceptor for a nearby main chain amide nitrogen donor, G26-S33, is replaced

with alanine show smaller decreases in stability and lesser effects on the secondary
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and/or tertiary structure. The comparable range of H-bond lengths and solvent accessible
surface areas with the clamp-deletion variants suggest that other factors, possibly the
concerted disruption of all three clamp H-bonds (see below), are responsible for the
dramatically different effects. The observation that neither asparagine nor glutamic acid
can completely recover the structural, thermodynamic or kinetic folding properties of WT
oTS implies, at least for this position, that both the formal charge and the precise
positioning of that charge are crucial for full acquisition of the TIM barrel structure and

stability.

The role of the clamp interactions in the folding mechanism of aTS

The retention of the burst-phase ellipticity and the hundreds of milliseconds
unfolding reaction under refolding conditions, i.e., the back-tracking of the off-pathway
burst-phase intermediate to the productive folding pathway, for all three clamp-deletion
variants (Figure 2.4f-h) demonstrate that none of the clamps are essential for the
misfolding reaction. The observation of a single urea-independent subsequent refolding
reaction attributed to the trans—> cis isomerization of the peptide main chain at D27-P28,
shows that the prolyl isomerizations at P217 and P261 are no longer rate limiting in
folding for any of the clamp-deletion variants. By contrast, the retention of the Cis isomer
for P28 in the native state of all three variants implies that the tight turn between 1 and
al, responsible for stabilizing this higher energy form, is preserved in the absence of the

clamps.
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These results can be explained by examination of the properties of a stable C-
terminal truncated version of aTS, 1-188 aTS (Zitzewitz and Matthews 1999). 1-188
o TS retains the burst-phase reaction, the early back-tracking reaction, a single slow
folding reaction and two slow unfolding reactions. All but the unmeasured burst-phase
reaction have relaxation times similar to full-length aTS. Although the secondary and
tertiary structures of the clamp-deletion variants are somewhat disrupted compared to the
WT 1-188 fragment (with the clamp H-bonds), the similarities of the kinetic folding
properties of 1-188 aTS (Zitzewitz and Matthews 1999) and the clamp-deletion variants
suggest that the C-terminal region of each of the clamp-deletion variants is not well
folded under native-favoring conditions. Apparently, the loss of any of the clamp
interactions in the N-terminus alters the structure of the N-terminus so as to preclude the
folding and docking of the C-terminus. An earlier fragmentation analysis of aTS
(Higgins et al. 1979a) showed that the C-terminal region, residues 189-268, is poorly
folded in isolation. The spontaneous recovery of structure and function for o’TS when
these two fragments are complemented showed that the N-terminal region serves as the
template for the folding and docking of the C-terminal region. If the template structure is
altered, as appears to be the case for all three clamp-deletion variants, the C-terminal
region cannot fold and dock on the N-terminal region.

It is also interesting to note that the two slow unfolding relaxation times exhibited
by all three variants are within error of those for WT aTS at high denaturant
concentration. Given the substantial loss in the stability of their respective native states,

the similar destabilization of the unfolding transition states for all three variants means
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that all three clamp interactions in the WT aTS must be maintained in both unfolding
transition states. Because the NSI11 reaction is reversible, these clamps must, therefore,
also be very native-like in the transition states for the refolding reactions. The absence of

the clamps in the I1 state, as implied by the lack of perturbation in the nature of

AG°nspu (H20) when aspartic acid is replaced by alanine (Table 2.1), implies that the
clamps first appear in the final, rate-limiting transition state for folding, after the U = 12
and 12 = 11 reactions are complete. By acting in concert to stabilize the transition state
of WT aTS, the clamps direct the folding to the fully-formed TIM barrel structure rather
than to the partially-folded states observed for the clamp variants. The stabilization of
the N-terminus of the native state for WT oTS by the clamps presumably enhances the
folding of the C-terminus by providing a properly-structured template on which the C-
terminus can fold.

The closely-related partially folded structures implied by the nearly identical far-
UV CD spectra (Figure 2.2d) and unfolding rates (Figure 2.4b-d) for the clamp-deletion
variants suggest that the loss of a single clamp results in the rupture of the two remaining
clamps. Thus, the unusually large decrease in stability observed for each clamp-deletion
variant (Table 2.1) does not reflect the strength of a single side chain-main chain H-bond.
This conjecture is supported by the substantial perturbations in the far- and near-UV CD

spectra that imply the loss of numerous non-covalent interactions in these variants.
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Structural implication of strong protection against HX for F19 NH and 197 NH

The absence of the F19-D46 and 197-D124 clamp interactions in the stable I1
folding intermediate for TS (Table 2.1) begs the question as to the source of the
unusually strong protection of these amide hydrogens against HX with solvent. If 11
were that source, one would have expected exchange at both of these positions in a few
hours at 25 °C and pH 7.8 via an EX1 mechanism (Englander and Kallenbach 1983;
Bilsel et al. 1999b). The implication of protection sufficient to retard exchange for days
and months is either that these amide hydrogens have an alternative H-bond acceptor
partner and/or are buried in non-native nonpolar environments that inhibit exchange with
solvent in the I1 state. Exchange must occur through other, higher energy states on the
folding free energy surface, e.g., the 12 state that lacks discernable secondary structure.
Either implied explanation means that the N-termini of at least two [3-strands, B1 and 3,
are involved in a very stable but non-native structure(s) that differentiate the I1 and the N
state. It is interesting to speculate that both aspartic acid H-bond donors are replaced by
carbonyl oxygens in adjacent strands, i.e., B2 and B4, whose lengths are extended to
enable these additional stabilizing interactions. Whatever the source of these non-native
stabilizing interactions, they must be disrupted to enable formation if the clamp H-bonds

required to access the transition state leading to the fully-folded TIM barrel.

Clamp interactions define the boundaries of Sa and af hairpins
The clamp interactions probed in this analysis are analogous to helix-capping

interactions previously identified by Rose (Presta and Rose 1988). H-bond acceptor side
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chains near the N-termini of helices can form H-bonds with unsatisfied main chain amide
hydrogen donors within but near the N-termini of the helices. These H-bonds are
typically sheltered from solvent by a pair of nonpolar side chains that presumably serve
to increase the strength of the H-bond. Inspection of the local environments of each of
the Bo and af clamp interactions in TS shows hydrophobic clusters in those regions:
A103 has van der Waals contacts with V128 and V131, 197 has contacts with L85 and
188, and F19 has contacts with V259 and M262. As with the helix-capping interactions,
screening of the solvent by hydrophobic clusters would be expected to strengthen the
clamp H-bond.

In addition to enhancing the stability of the native conformation, helix-capping
interactions are thought to limit the length of the helices and, thereby, promote the
formation of loops and turns that link the helices to neighboring elements of secondary
structure. The clamp interactions may serve a similar role for fa and a3 hairpins by
delineating and reinforcing the boundaries of its constituent f§ strand and o helix. The
specificity conferred by the formation of a clamp interaction would ensure the proper
register of the strand and helix forming the hairpin. The identification of these long-
range clamp interactions in the amino acid sequence of TIM barrel proteins of unknown
structure could, therefore, assist in the prediction of their structures from the sequence.
Nonpolar side chains at the N-termini of predicted 3 strands or a helices that precede
polar H-bond acceptor side chains at the C-termini of subsequent predicted helices or

strands would be candidates for the clamp H-bonds.
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ABSTRACT

Long-range hydrogen bonds between main chain amide hydrogen atoms and side
chain acceptors that bracket consecutive Ba or aff elements of secondary structure in the
(Ba)s, TIM barrel protein, a TS, have previously been found to make substantial
contributions to structure and stability in the native conformation. Experimental analysis
of Ba-hairpin clamps in a homologous pair of TIM barrel proteins of low sequence
identity, indole-3-glycerol phosphate synthase from S. solfataricus and E. coli, reveals
that this phenomenon is not unique to aTS. A survey of 71 TIM barrel proteins
demonstrates a pseudo 4-fold symmetry for the placement of Ba-hairpin clamps, bracing
the fundamental Baf building block and reinforcing the shear for the (Boa)s motif. The
observed sequence preferences and locations of Ba-hairpin clamps will enhance structure
prediction algorithms and provide a strategy for engineering stability in TIM barrel

proteins.
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INTRODUCTION

The Ba-repeat class of proteins includes the (Ba)s, TIM, barrel structure and the
(Ba)n Rossman-fold. These two super-families are among the most common folds in all
three super-kingdoms of life, undoubtedly reflecting gene duplication of the elemental fa
repeat building block as higher-order structure and, eventually, numerous functions
evolved. Experimental (Zitzewitz et al. 1999) and bioinformatics (Gerstein 1997;
Nagano et al. 2002) analyses of the TIM barrel architecture have led to the conclusion
that a pair of adjacent parallel B-strands and the intervening anti-parallel a-helix, i.e., the
Baf module, serves as the minimal unit of stability in the TIM barrel. The interactions
stabilizing this super-secondary structure include: (1) main chain-main chain H-bonds
between the parallel B-strands, (2) intra-helical main chain-main chain H-bonds, (3)
hydrophobic interactions between the side chains protruding from the (3-strands and the
a-helix, (4) side chain-side chain H-bonds and salt bridges, (5) dipole-dipole interaction
between the a-helix and the two B-strands on which it docks (FarzadFard et al. 2008) and
(6) side chain-main chain H-bonds (Yang et al. 2007). The role of a fascinating subset of
the latter interactions in stabilizing TIM barrel proteins (Yang et al. 2007) is the subject
of this communication.

A majority of side chain-main chain interactions in proteins are local in sequence,
usually within six residues (Baker and Hubbard 1984; Stickle et al. 1992), and can cap
both the N- and the C-termini of a-helices (Presta and Rose 1988; Aurora and Rose

1998). Mutational analysis has shown that these non-covalent interactions usually
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contribute modestly to the stability of their resident proteins, typically in the range of 1-2
keal mol™ (Horovitz et al. 1990; Serrano et al. 1992; Myers and Pace 1996; Ibarra-
Molero et al. 2004). Surprisingly, three long-range side chain-main chain H-bonds have
been found to be critical to the formation of the fully-folded alpha subunit of tryptophan
synthase (aTS) TIM barrel and each contribute 3-5 kcal mol™ to its stability. An
intriguing feature of these interactions is that the main chain amide H-bond donor and the
side chain H-bond acceptor for each of the three H-bond pairs is precisely 27 residues
apart in sequence and connects the N-terminus of one element of secondary structure,
either B-strand or a-helix, to the C-terminus of the subsequent element of structure, either
a-helix or B-strand, respectively. These structures have been designated as fo-hairpin
clamps and o3-hairpin clamps (Yang et al. 2007). While this sequence separation may
be expected from the average length of a Ba-repeat element in TIM barrel proteins
(Frenkel and Trifonov 2005), the observations that these side chain-main chain H-bonds
span consecutive elements of secondary structure and can make significant contributions
to structure and stability raise the possibility that these foa- and af-hairpin clamps are an
important general feature of the TIM barrel architecture.

A two-pronged approach was taken to probe the significance of Bo-hairpin
clamps to TIM barrels. First, mutational analysis of two other representative TIM barrel
proteins, indole-3-glycerol phosphate synthase (IGPS) from thermo-acidophilic
archaebacterium S. solfataricus (sIGPS) and the mesophilic E. coli (¢IGPS) assessed the
roles of several conserved Ba-hairpin clamps in structure and stability. Second, a survey

of 71 TIM barrel proteins explored the frequency, location and sequence preferences of
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all Bo-hairpin clamps. The results show that side chain-main chain H-bonds are
extremely common in TIM barrel proteins and that a subset of fa-hairpin clamps may be
crucial to protein structure and stability. In combination, the experimental and survey
results imply that Bo-hairpin clamps might have been a critical stabilizing feature of the

elemental Bof module from which TIM barrels evolved.



64

RESULTS

Experimental analysis of Sa-hairpin clamp H-bonds in two TIM barrel proteins

The generality of the potent hairpin clamps found in the o TS TIM barrel was
tested by a mutational analysis of fa-hairpin clamps in two homologous TIM barrel
proteins with low sequence identity (<30%) to the aTS TIM barrel and to each other.
sIGPS and eIGPS, each contain three Ba-hairpin clamps, some of which are conserved
with those in TS and some of which are conserved with each other. Figure 3.1 and 3.2
display the elements of secondary structure framed by the clamps, the side chains
corresponding to the amide H-bond donors and the side chain H-bond acceptors observed
in sIGPS and eIGPS. The Blal clamp is conserved in aTS and eIGPS, the B2a2 clamp
only appears in sIGPS, the B3a3 clamp is conserved in all three proteins, and the 707

clamp is conserved in sIGPS and eIGPS.

Perturbation of the secondary and tertiary structure by clamp deletion in sIGPS

and elGPS.

The contribution of each side chain-main chain H-bond to the structure of the
sIGPS and eIGPS TIM barrels was assessed by replacing the H-bond accepting side chain
with alanine and monitoring the effects on the secondary and tertiary structure by far-UV
and near-UV circular dichroism (CD) spectroscopy. The far-UV CD spectra for the wild-

type (WT) and clamp-deletion variants of sSIGPS and eIGPS are shown in Figure 3.3a and
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Figure 3.1. Long-range side chain-main chain interactions in sIGPS. (a) Ribbon diagram
of sSIGPS highlighting the Ba-hairpin clamps. (b) The intervening elements of secondary
structures (ribbon) between the residues forming the clamps: B2a2, S104 NH-E74

Oel; B3a3, 1107 NH-D128 O81; and B7a7, K207 NH-N228 O61. The side chains
involved in the H-bond clamp are highlighted with the donor and acceptor shown in blue
and red, respectively. The H-bonds and the corresponding distances were determined by
using the program HBPLUS (McDonald and Thornton 1994). The structures were
generated using PyMOL v 0.99 (Delano 2002) and PDB code is 2C3Z (Schneider et al.

2005) for sIGPS.
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Figure 3.2. Long-range side chain-main chain interactions in eIGPS. (a) Ribbon diagram
of eIGPS highlighting the Ba-hairpin clamps. (b) The intervening elements of secondary
structures (ribbon) between the residues forming the clamps: Blal, F50 NH-S82

Oy; B3a3, 1111 NH-D132 O82; and f7a7, V211 NH-N231 Od1. The side chains
involved in the H-bond clamp are highlighted with the donor and acceptor shown in blue
and red, respectively. The H-bonds and the corresponding distances were determined by
using the program HBPLUS (McDonald and Thornton 1994). The structures were
generated using PyMOL v 0.99 (Delano 2002) and PDB code is 1PII (Wilmanns et al.

1992) for eIGPS.
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Figure 3.3. Far-UV (a, ¢) and near-UV (b, d) CD spectra of the WT (solid line) and IGPS
clamp-deletion variants. sIGPS (a) and (b): E74A (dashed-dotted line), D128A (dotted
line), and N228A (dashed line). eIGPS (c¢) and (d): S82A (dashed-dotted line), D132A
(dotted line), and N231A (dashed line). The buffer contained 10 mM potassium

phosphate, 0.2 mM K,EDTA, and 1 mM BME at pH 7.8 for sIGPS and pH 7.0 for eIGPS,

at 25 °C.
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3.3c, and the near-UV CD spectra are shown in Figure 3.3b and 3.3d. For sIGPS, the
elimination of the f20.2 and 707 clamps with the E74A and N228A mutations,
respectively, reduces the ellipticity at 222 nm by ~15%, while the elimination of the
B3a3 clamp with the D128 A mutation actually increases the ellipticity by ~15% (Figure
3.3a). The perturbations of the aromatic side chain packing observed in the near-UV CD
spectrum (Figure 3.3b) are diverse, with the dichroic bands similar in shape but reduced
in magnitude for the elimination of the 202 clamp, similar to WT for the elimination of
the B3a3 clamp and substantially increased over the wavelength range from 260 to 280
nm for the elimination of the B7a7 clamp. The perturbations of the secondary and
tertiary structure for the clamp-deletion variants in eIGPS, S82A (Blal clamp deletion),
and D132A (B3a3 clamp deletion) are minimal, with the exception of the N231A variant
(B7a7 clamp deletion). The decreases in the magnitude of the bands at 222 nm and 284
nm for the N231A variant imply a fraying of the secondary structure and a loosening of

the packing near aromatic side chains when the f7a7 clamp is eliminated.

Perturbation of stability by clamp deletion in sIGPS and elGPS

The effect of Ba-hairpin clamp deletion on the stability of sSIGPS and eIGPS was
determined by urea denaturation. As for aTS (Matthews and Crisanti 1981), both sIGPS
(Forsyth and Matthews 2002) and eIGPS (Sanchez del Pino and Fersht 1997) unfold via a
highly populated intermediate, and their unfolding titration curves are well-fit by a three-

state model, N 5 I 5 U. With the exception of the N231A variant for eIGPS, the urea-
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induced unfolding transition for each of the remaining five clamp-deletion variants was
also well-described by this three-state model (Figure 3.4). Because a distinct transition
between the native state (N) and the intermediate state (I) was not observed during the
urea induced denaturation of elGPS N231A (Figure 3.4c), kinetic unfolding experiments
were performed to verify the existence of I and measure the free energy difference
between the N and I states (Yang et al. 2007).

The presence of I in eIGPS N231A was verified by the observation of a slow
kinetic unfolding phase where relaxation times decrease with increasing final denaturant
concentration (Bilsel et al. 1999b), when eIGPS was subjected to a jump from 0 to 3 M
urea where the I state would be expected to be highly populated. Because the amplitude
of the unfolding phase is proportional to the population of the N state from which the
reaction initiates, the decrease in the amplitude as a function of increasing initial urea
concentrations (Figure A.1) can be fit to a two-state model, N 5 I, to extract the stability,
AG°®Ny, and the urea dependence of stability, my;. These parameters were used to fit the
CD unfolding transition for the eIGPS N231A (Figure 3.4c) and extract AG°y and myy.

The perturbations of the stabilities of the N and I states for the clamp-deletion
variants vs. the parent sequences are illustrated graphically in Figure 3.4b and 3.4d for
sIGPS and eIGPS, respectively. The free energy differences between the N and I states,
AG®N1, and between the I and U states, AG°y, as well as the urea-dependences of these
free energies, the m-values, are tabulated in Table 3.1. The elimination of the f2a.2

clamp in SIGPS, E74A, only reduces the stability of the N state by 1.08 kcal mol™, and



72

Figure 3.4. Equilibrium unfolding properties of IGPS variants. Panels (a) and (c) display urea denaturation unfolding curves
of WT (@, solid line) and IGPS clamp-deletion variants. The lines represent fits of the data for each variant to a 3-state
equilibrium folding model as described in the text. (a) SIGPS: E74A (A, dashed-dotted line), D128A (4, dotted line), and

N228A (M, dashed line). (c) eIGPS: S82A (A, dashed-dotted line), D132A (4, dotted line), and N231A (M, dashed line).

Panels (b) and (d) are bar graphs representing the free energy differences for the N to I step in unfolding, AG®\;, (black bars)

and the I to U step, AG°y (gray bars) for WT and the variants of (b) sIGPS and (d) eIGPS (Table 3.1).
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Table 3.1. Thermodynamic parameters for the urea-induced unfolding of sIGPS, eIGPS, o TS and nine clamp-deletion variants

at 25 °C*.
Donor
Donor and and ° ° o
acceptor | acceptor | strains AG®n (Hz_(l)) M AG IU(HZQ) My AAG N
pairs distance (kcal mol™) (kcal mol™ M) (kcal mol™) (kcal mol™ M) | (kcal mol™)
A)
sIGPS WT 8.50+0.40 2.10%0.10 4.601+0.80 0.86+0.13 -
S104 -E74 3.34 E74A 7.421+0.46 1.97+0.13 5.00£2.02 0.86+0.36 -1.08+0.61
1107-D128 3.02 D128A 7.75+1.99 1.99+0.12 5.33+1.40 0.89+0.23 -0.75+2.03
K207-N228| 2.66 N228A 4.201+0.08 1.56+0.03 5.34%0.22 0.97+0.04 -4.30+0.41
elGPS WT 5.60+0.99 2.461+0.42 12.3910.60 2.60+0.13 -
F50-S82 2.99 S82A 4.84+0.19 2.05%0.08 13.241+0.20 2.68+0.04 -0.76 £1.01
1111-D132 2.92 D132A 6.691+1.57 3.341+0.77 13.361+1.12 2.99+0.26 1.09+1.86
V211-N231 2.80 N231A 1.28+0.15° 0.89+0.11° 11.84+1.45° 2.62+0.31° -4.32+1.00
oTS* WT 7.1910.58 2.851+0.24 3.0410.85 0.81+0.17 -
F19 -D46 2.79 D46A 1.98+0.45 0.78+0.17 4.971+1.96 1.07+£0.39 -5.21+0.73
197-D124 2.57 D124A 2.5310.40 1.12+0.19 3.811+0.64 0.79%0.16 -4.66+0.70
A103-D130| 2.75 D130A 1.17£0.39 1.19+0.21 2.751+0.24 0.80+0.05 -6.02+0.70

a. Buffer conditions: 10 mM potassium phosphate, 0.2 mM K,EDTA, 1 mM BME at pH 7.8 for sIPGS and pH 7.0 for eIGPS.
b. Perturbation in stability for N to I reaction, calculated by AAG°xi= AG°np (H,O, variant) - AG°n (H,0, WT).

c. Determined by fitting the urea dependence of the amplitude of the unfolding kinetic phase to a two-state model.
d. Determined by fitting the equilibrium unfolding data to a three-state model with parameters for the N to I transition fixed to
the values determined as described in footnote c.
e. Values are from Yang et al (Yang et al. 2007).
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the elimination of the f3a3 clamp, D128A, has no significant effect on its stability. In
striking contrast, the elimination of the B7a7 clamp, N228A, reduces the stability of the
N state by 4.30 kcal mol”'. Consistent with the disruption of the clamps in the N 5 1
reaction previously observed for oTS (Yang et al. 2007), the free energy differences
between the I and U states for the clamp-deletion variants are very comparable to the
value for WT sIGPS (Figure 3.4b). Similar results were obtained for eIGPS (Figure 3.4d).
Only the elimination of the B7a7 clamp, N231A, significantly decreased the stability of
the N state by 4.32 kcal mol™.

Deletion of the flal clamp, S82A, and the B3a3 clamp, D132A, in eIGPS had no
significant effect on the stability of the N state, and none of the clamp deletions perturbed
the stability of the I state relative to the U state. Thus, only the B7a7 clamps in both
sIGPS and eIGPS significantly perturb the structure and the stability of their resident
TIM barrels. The Blal, f2a2 and B3a3 clamps have lesser effects on structure and/or

stability of the native states.

Survey of Bea-hairpin clamps in the TIM barrel proteins

The observation that fa- and af-hairpin clamps can have a significant effect on
structure and stability in three TIM barrel proteins motivated a survey of the prevalence
of long-range side chain-main chain clamps in the super-family. The analysis was carried
out for a structural database of 71 TIM barrel domains (Gromiha et al. 2004), selected as
a non-redundant representation of the TIM barrel fold from the SCOP (Murzin et al. 1995)

and HOMSTRAD (Mizuguchi et al. 1998) databases, with a pair-wise sequence
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homology of <25%. The highest resolution structure for each domain was chosen from
the Protein Data Bank (Berman et al. 2000). The 35% homology set of proteins from the
CATH database (Cuff et al. 2009), CATH-35, was used as a comparative data set.

The long-range side chain-main chain H-bonding interactions were determined
using HBPlus program (McDonald and Thornton 1994). A minimum sequence
separation of 15 residues was chosen to define the long-range H-bonds in this analysis,
thereby eliminating shorter-range helix-capping interactions that have been considered
previously (Aurora and Rose 1998). On average, there are 10 Class I H-bonds per
protein (2.9/100 residues) and 20 Class II H-bonds (6.8/100 residues) for this group of
TIM barrels. For comparison, the proteins in the CATH-35 database contain an average
of 3 Class I H-bonds per protein (1.6/100 residues) and 6 Class I H-bonds (3.5/100
residues). It is evident that the TIM barrel motif is an especially favorable target for
these non-covalent interactions between the main chains and polar side chains. The
sequence separation between the donor and acceptor residues follows the distribution
previously observed for the length of closed loops in TIM barrel proteins (Frenkel and
Trifonov 2005).

A further classification of the MCyy — SC and SC — MCc=c H-bonds defines
interactions that can clamp consecutive elements of secondary structure as either fa- or
af-hairpins. Because some of the H-bonds occur between residues that belong to
domains other than the TIM architecture or encompass more or less than a pair of
consecutive secondary structure elements, only H-bonds between residues that spanned

exactly one B-strand and one a-helix, were selected. The additional requirement that
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both secondary structure elements be a part of the TIM architecture was also imposed.
Each interaction was classified into one of four categories based on the order of the
secondary structure elements and the class of the H-bond. In the 71 TIM barrel proteins
examined, there are 131 Class I Ba-hairpin clamps, 163 Class 1 ap-hairpin clamps, 286
Class II Bo-hairpin clamps and 232 Class II ap-hairpin clamps. There are also 1,427

long-range side chain-main chain H-bonds that do not fall into these four categories.

Preferences in residue composition and location of Class I Ba-hairpin clamps

Having established a high frequency of Class I and Class II a3 and Bo-hairpin
clamps in TIM barrel proteins, the survey then focused on the pair-wise amino acid
preferences for the main chain H-bond donors and side chain acceptors for the 131 Class
I H-bonds that clamp Bo-hairpins for comparison with the experimental results. There is
a very significant preference, >40% of the clamps, for aspartic acid side chains forming
H-bonds with amide hydrogens of isoleucine, leucine and valine residues (Table 3.2).
These branched aliphatic side chains are among the most frequently buried amino acids
(Chothia 1976; Pace et al. 2004) and, along with alanine and glycine, are the only amino
acids that do not partition favorably from the vapor phase to water (Radzicka and
Wolfenden 1988). As such, they would be especially effective at excluding water from
side chain-main chain H-bonds represented by the Class I Bo-hairpin clamps. The
exclusion of water would be expected to strengthen these H-bonds and make them more

resistant to exchange with solvent (Vadrevu et al. 2008). The locations of the entire
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Table 3.2. Donor/acceptor sequence preferences of Class I fo-hairpin clamps in 71 TIM barrel proteins. The numbers of

Class I Ba-hairpin clamps between different main chain amide donors (horizontal list) and the side chain acceptors (vertical list)
are shown.

OnorALL A /ARG ASP |(CYS GLN GLY HIS [ILE [LEU LYS MET PHE SER THR [TYR VAL
Accepto
ASN 1 1 1 1 2 4 2 2 1 2
ASP 2 2 3 1 18 14 2 2 S 2 1 23
GLN 1 1 1 1 1 2 1
GLU 2 2 2 1 1 1 1 2 1
HIS 1 1 1
SER 2 1 2 2
THR 1 1 1 1 1 2
TYR 1
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group of 131 Class I Ba-hairpins, displayed in Figure 3.5a, show a very strong preference
for Blal, B3a3, BSas and B7a7 clamps (77% of the clamps) in which the side chain
acceptor is C-terminal to the main chain H-bond donor. With the exception of a half-
dozen B8a8 clamps, the paucity of clamps between 202, f4a4 and B6a6 is distinctly
different from their odd strand counterparts. With exception of the B8a8 clamp, the
number of Bo-hairpin clamps in which the side chain acceptor is N-terminal to the main
chain H-bond donor is much lower than the C-terminal counterparts. The additional
number of clamps for the B8P 1 interface could reflect the necessity for securing the N-
and C-terminal strands.

Inspection of the locations of the 55 members of the Ile, Leu and Val (ILV)->
Asp (D) subset of Class I Ba-hairpin clamps reveals a startling observation. The ILV
residues are always located in the odd-numbered stands, B1, 3, BS5 or B7, and the D side
chains are always located before the succeeding even-numbered strands, 2, 4, 36 or 8.
Further, there is a strong preference for the ILV residue to occupy the 2nd position in the
odd-numbered strand and for the D residue to occupy the position immediately preceding
the even-numbered strand (Figure 3.5b). The 4-fold symmetry preference for the Ba-
hairpin clamps and their preferred placement in or adjacent to consecutive odd and even
numbered (-strands have important implications for the evolution of TIM barrel

architecture.
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Figure 3.5. Positional preference of Class 1 Ba-hairpin clamps in 71 TIM barrels. (a)
The TIM barrel architecture is represented by a cross-sectional view of the eight 3-

strands. The number of MCxy — SC Ba-hairpin clamp interactions connecting adjacent

B-strands with side chain H-bond acceptors C-terminal to the MCyy donors (: ), and
with side chain H-bond acceptors N-terminal to the MCny donors (— — —) are indicated.
The number of Ba—hairpin clamps with (ILV) MCyy — SC (D) is represented in
parenthesis. (b) The positional preference of (ILV) MCyy — SC (D) relative to the -
strands. The donor prefers either the first or second position of the -strand and the
acceptor prefers to be in the loop immediately preceding the subsequent B-strand. The

number of times each pair of interactions occurs in the 71 TIM barrel database is

indicated.
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DISCUSSION

Recognition of potent Ba-hairpin clamps in TIM barrel proteins

Experimental analysis of Ba-hairpin clamps between main chain H-bond donors
and side chain H-bond acceptors in three TIM barrels, o TS, sIGPS and eIGPS, has shown
that a subset of these non-covalent interactions make substantial contributions to structure
and stability. Comparison of the potency of the Class I fa-hairpin clamps in these three
TIM barrels of low sequence identity shows no correlation between the contributions of
these clamps to stability and either the location of the clamps in the structure or their
conservation. What is apparent from an examination of the crystal structures of the three
proteins, however, is that the length of the H-bond differentiates between the clamps that
make major or minor contributions to stability (Table 3.1). The two potent Ba-hairpin
clamps in o TS, Blal and B3a3, one in sSIGPS, B7a7, one in eIGPS, B7a7, and the single
potent .34 ap-hairpin clamp in oTS all have H-bond lengths of less than 2.80 A. The
lengths of the four Ba-hairpin clamps whose elimination has minimal effects on structure
and stability in these three TIM barrels all exceed 2.92 A. The shorter H-bond distances
for potent clamps, their unusually large contribution to stability (4-6 kcal mol™ vs. 1-2
kcal mol™ for typical side chain-main chain H-bonds)(Horovitz et al. 1990; Serrano et al.
1992; Myers and Pace 1996; Ibarra-Molero et al. 2004) and their role in defining
secondary and tertiary structure must reflect the complex coupling of the H-bonds with
their environments. Although the nominal resolutions of the crystal structures of these

TIM barrel proteins dictate that the correlation between H-bond length and TIM barrel
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stability be viewed as tentative, the apparent correlation does provide a testable and
logical hypothesis for future experiments on Ba-hairpin clamps in other TIM barrel

proteins.

Survey analysis of fa-hairpin clamps in TIM barrel proteins

The observed non-equivalence of odd- and even- numbered strands in the TIM
barrel architecture (Nagano et al. 2002) has its origins in the shear number (Wierenga
2001), S = 8, associated with the (Ba)s repeat. With S = 8, the B-sheet H-bond ladder
connects the first residue of B8 with the eighth residue of B1 (Wierenga 2001). The tilt of
the B-strands with respect to the central axis of the barrel required to achieve this shear
permits a favorable orientation for the H-bonding network between adjacent parallel -
strands. This staggered arrangement of -strands also permits a layered packing of side
chains inside the barrel (Branden and Tooze 1999). One layer is composed of four
residues oriented towards the inside of the barrel from all four even-numbered [-strands.
The next layer is composed of side chains from the four odd-numbered p-strands, point
outside the barrel (Figure 3.6) (Branden and Tooze 1999). The staggered arrangement of
pairs of B-strands also provides an opportunity for an N-terminal cap of the -sheet
ladder between the main chain of the second residue on an odd-numbered B-strand and
the side chain of a residue on the loop connecting the subsequent helix and even-

numbered B-strand, i.e., the Ba-hairpin clamp (Figure 3.6).
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Figure 3.6. Architectural principles of the TIM barrel fold. The eight B-strands of the TIM architecture are represented as
thick arrows. The B-strand number is indicated at the C-terminus of each 3-strand. To convey the closed barrel architecture,
8 is shown adjacent to 1 (thick gray arrow) as well as adjacent to B7. Each residue is represented as an ellipse and the
position on the B-strand is indicated. The filled ellipses represent residues that point inside the barrel. Residues in the loop
preceding the -strand show the one letter code for the most common amino acid at that position (>15%) in the 71 TIM barrel
database. The dotted arrows represent the H-bond network for the B-barrel. The unbroken lines represent the Ba-hairpin
clamp interactions between the second residue of an odd-numbered B-strand and the side chain of the residue immediately
preceding the subsequent B-strand. These interactions are “double braced” with main chain-main chain interactions between

the same two residues.
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The chemical origin for the asymmetry between odd- and even-numbered (3-
strands is apparent from an inspection of the residue preference (>15%) at positions
encompassing the N-terminus of each B-strand (Figure 3.6). The conserved proline at the
-1 position of odd-numbered B-strands is well suited to provide a kink in the backbone
that marks the beginning of a 3-strand (FarzadFard et al. 2008). The preferred sequence
pattern of the tight turn connecting the a-helix and the subsequent even-numbered [3-
strand, GAD, has been observed previously (Nagano et al. 2002). The glycine breaks the
o-helix, the minimal size of the alanine side chain enables the tight turn and the aspartic
acid just prior to the beginning of even-numbered B-strands forms the Bo-hairpin clamp
and braces the Paf module. The N-terminal cap for the odd-numbered B-strand is very
often reinforced by a main chain-main chain H-bond between the two residues, with the
amide group of the aspartic acid acting as the donor to the main chain carbonyl oxygen of
the partner residue (Figure 3.6). While other side chain acceptors are observed, the
length of the aspartic acid side chain appears to be ideal for the reinforcement of the side
chain-main chain H-bond with the main chain-main chain H-bond, providing a plausible
explanation for its higher frequency in Bo-hairpin clamps.

The common occurrence of the fa-hairpin clamp H-bonds in TIM barrel proteins
implicates their importance in TIM barrel structure. The residue preferences, locations of
Ba-hairpin clamp H-bonds, and their contributions to the stability of TIM barrel proteins,
may be useful for protein structure prediction and protein engineering (see Discussion

chapter).
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Implications for TIM barrel protein structure and folding

From the experimental results on three TIM barrel proteins, o TS, sIGPS and
elGPS, and the analysis of the survey of 71 TIM barrel proteins, we conclude that the Po-
hairpin clamp H-bond is a common feature for the TIM barrel protein family. Po-hairpin
clamps can also make substantive contributions to the stability of TIM barrel proteins.

The 4-fold symmetry of the preferred fo-hairpin clamps is mirrored in the
packing of the side chains in the interior of the B-barrel. A residue oriented towards the
inside of the B-barrel from an even-numbered -strand is at the same level as
corresponding residues from the three remaining even-numbered B-strands. The next
layer is composed of the four side chains from the odd-numbered B-strands (Figure 3.6);
the third, and usually final layer, is composed again of side chains from the odd-
numbered B-strands (Branden and Tooze 1999). Both the preferred clamp locations and
the layering of side chains inside the -barrel have their origins in the tilt of the -strands
with respect to the central axis of the barrel. The S = 8 shear provides a favorable
orientation for the H-bonding network between adjacent parallel B-strands, opportunities
for side chain-main chain clamp interactions and the layering of the side chains inside the
barrel. Together, these non-covalent interactions stabilize the (Bot)s, TIM barrel structure
(Figure 3.6) (Wierenga 2001).

The Baf module appears to be the minimum, self-contained folding unit that
could have been an evolutionary precursor of the TIM barrel architecture (Branden and

Tooze 1999; Zitzewitz et al. 1999; Zitzewitz and Matthews 1999; Nagano et al. 2002;
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Frenkel and Trifonov 2005). The consistent positioning of the ILV to D, Class I, Ba-
hairpin clamps within the fa3 modules leads to plausible speculation on its importance
in the origin of TIM barrel and other Ba-repeat structures. For the primordial Baf3
module and during its subsequent evolution, the clamps may have played an important
role in defining the register between the intra-module -strands and in stabilizing the fold.
Different packing arrangements of two or more modules can be envisioned to achieve
different protein folds including the P-loop hydrolase fold, the flavodoxin fold, the
Rossmann fold and the thiamin binding fold (Gerstein 1997). Several possible gene
duplication or gene fusion events could have converged to the final (Ba)g barrel proteins,
resulting in the observed 4-fold (2+2+2+2) (Gerstein 1997; Branden and Tooze 1999;
Zitzewitz et al. 1999; Nagano et al. 2002; Frenkel and Trifonov 2005) and 2-fold (4+4)
symmetry (Hocker et al. 2002) or even the possibility of a 6+2 barrel (Higgins et al.
1979b).

In the primordial TIM barrel, each clamp interaction may have been important for
maintaining stability of the protein. However, as the sequences diverged, the
development of other sources of stability could bridge the fa3 modules and lead to
global cooperativity. This is clearly evident from the existence of hydrophobic clusters
of isoleucine, leucine and valine residues in TIM barrels that play an important role in
maintaining their structure and stability (Gu et al. 2007b; Wu et al. 2007). While the
locations of these ILV clusters are also not conserved, clusters containing 10 or more side
chains and burying more than 500 A” of surface area are crucial for the formation of

transient and stable folding intermediates in these proteins (Gu et al. 2007a; Gu et al.
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2007b; Wu et al. 2007; Vadrevu et al. 2008). These ILV clusters always span more than
one PBaf} module, offering, in addition to the H-bonds between the B-strands in adjacent
modules, a thermodynamic linkage between the modules. This evolving and enhanced
stabilization of the structure with clusters of ILV residues may have ultimately rendered
some of the clamp interactions dispensable.

The absence of the Ba-hairpin clamps in the I states of all three TIM barrels
demonstrates that the potent effects of these clamps only appear as the N state appears.
Kinetic folding studies on aTS (Yang et al. 2007) revealed further that each clamp is
crucial for accessing the transition state ensemble required to reach the properly-folded
TIM barrel structure. Although the local connectivity of the Ba module might have
been expected to enable the clamp to play a significant role in the early stages of the
folding reaction, the primary role of the potent set of clamps is to drive the final stage of
the reaction to completion and fully develop the global cooperativity. The coupling
between the formation of the side chain-main chain H-bond with substantial changes in
secondary and tertiary structure provides a rationale for the unexpectedly large

contributions to the free energy of folding by these clamp.

Broader involvement of clamp interactions

Similar Bo-hairpin clamps exist in other TIM barrel proteins, including the ioll
protein from B. subtilis (L106-N72), the cyclase moiety of imidazole-3-glycerol

phosphate synthase (HisF) from T. maritima (F77-D98), N-(5'-phosphoribosyl)
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anthranilate isomerase (PRAI) from E.coli (1355-D374), and the founding member of the
motif, triosephosphate isomerase (TIM) from chicken (1206-D227).

HisF from the hyperthermophile T. maritime could be the next target to study the
role of the clamp H-bonds, as the folding mechanism of HisF is one ongoing project in
the Matthews lab. HisF is one half of the heterodimeric protein complex with imidazole
glycerol phosphate synthase which is responsible for the fifth step of histidine
biosynthesis (Beismann-Driemeyer and Sterner 2001). In HisF, three Class I Ba-hairpin
clamp H-bonds were observed, including 16-D45 (Blal), F77-D98 (B3a3) and 1198-
D219 (B7a7). All three clamp H-bonds share the Asp residue as the H-bond acceptor,
two of them have Ile as the H-bond donor, and the other has Phe as the H-bond donor.
The H-bond lengths for these three H-bonds are near 2.80 A (2.77 A, 2.85 A and 2.83 A),
suggesting that all three might make significant contributions to structure and stability.

Because it appears that the length of the clamp H-bond differentiates between the
clamps that make major or minor contributions to stability, the bond length may be one
criterion to predict potent clamp H-bonds. As summarized from the three TIM barrel
proteins I tested, the cutoff for the bond length is 2.80 A. Table 4.1 lists seven proteins
from the database of 71 TIM barrel proteins, which contain the Class I ILV->D Ba-
hairpin clamp H-bonds with bond length shorter than 2.80 A. These clamp H-bonds are
predicted to be crucial to protein structure and stability and would be interesting
candidates for further study.

Expansion of the search of the Ba-hairpin clamp H-bonds to other types of (Ba),

structures, e.g., the a/p/a sandwich flavodoxin-fold, the Rossmann fold, and the leucine-
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Table 4.1. Potential potent clamp H-bonds predicted from the database 71 TIM barrel

proteins.
: . DA
PDB Malp Donor Sld.e Acceptor|Distance Protein (Organism)
Chain| Chain| (A)
1d3g| 252 | VAL| 278 | ASP 2.80 Dihydroorotate Dehydrogenase (Human)
teoml 82 IvarLl 1211 Asp 275 Endo-Beta—N-Acetylglgcosamlnldase F3
(Flavobacterium sp)
lgvf| 131 |VAL| 170 | ASP 2.78 | Tagatose-1,6-bisphosphate Aldolase (E.coli)
lhuv| 228 | LEU | 248 | ASP 2.56 |Mandelate Dehydrogenase (Pseudomonas sp)
kmol 67 11| 93 | Asp )73 Orotidine Monophosphat'e Decarboxylase
(Methanobacterium sp)
2ebn| 12 |LEU| 40 | ASP 2.72 Endo-Beta-N-Acetylglucosaminidase F3
87 |VAL| 125 | ASP 2.72 (Chryseobacterium sp)
Trimethylamine dehydrogenase
2tmd| 219 | ILE | 252 | ASP 2.80 (Methylophilus sp)
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rich repeat fold revealed the presence of one or more clamps in selected members of
these motifs as well. Further experimental and bioinformatic analysis is required to
determine if the enhancement of stability gained by linking consecutive elements of

secondary structure in TS and IGPS through these types of long-range non-covalent

interactions is a general property of the other (Ba), classes of proteins.

Applications to protein structure prediction and protein engineering

The occurrence of the Ba3 motif in a large number of protein families (Gerstein
1997; Branden and Tooze 1999) suggests that the N-terminal capping of 3-strands by Pa.-
hairpin clamps (FarzadFard et al. 2008), akin to the analogous N-capping of a-helices
(Presta and Rose 1988; Aurora and Rose 1998), may be a useful property for the
refinement of protein fold prediction and for engineering stability in Ba-repeat proteins.

By screening for Ba-hairpin clamps between the main chain amide hydrogens at
favored positions near the N-terminus of a B-strand and H-bond acceptor side chains in
the loop before the subsequent -strand (~25 residues apart in sequence), the 3D
structural prediction could be improved. These clamps would establish the register of the
pair of B-strands, and, with the very short loop linking the intervening o-helix to the
second B-strand. It might be possible to establish the register of the a-helix on the -
strand pair in the o module. Although TIM barrels typically contain only a few Pa-
hairpin clamps, defining the spatial relationships of the components of those Bo3

modules might increase the probability of predicting the packing of adjacent Ba-repeats
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in the structures. The effect of accurately predicting the structure of one faf module
might, therefore, propagate throughout the TIM barrel.

For protein engineering, the TIM barrel architecture provides a scaffold that is
capable of a very diverse set of enzymatic functions (Nagano et al. 2002). TIM barrel
enzymes have been re-engineered to accommodate alternative substrates (Vick and Gerlt
2007; Alahuhta et al. 2008; Gerlt and Babbitt 2009) and even to catalyze non-biological
reactions (Rothlisberger et al. 2008). Because the active sites of TIM barrel enzymes are
invariably composed of the loops protruding from the C-termini of the B-strands, the
stability of engineered constructs might be enhanced without compromising activity by
introducing Boa-hairpin clamps at the other pole of the TIM barrel (Williams et al. 1999).

For instance, the f1a1 clamp H-bond F50-S82 in elGPS has no significant effect
on protein stability, while its counterpart in aTS (F19-D46) is crucial to protein structure
and stability. This comparison implies that Asp might make a stronger H-bond than Ser.
Preliminary data for the eIGPS clamp variant S82D (see Appendix) suggest that the
replacement of Ser with Asp as the clamp H-bond acceptor may increase the stability of
the protein. If the stability of the native state of eIGPS is increased for the S82D variant,
a structural analysis could be performed to demonstrate the presence of the clamp H-bond.

In conclusion, this thesis adds to an appreciation for a common structural feature
of the TIM barrel structure. The long-range side chain-main chain H-bonds, Ba-hairpin
clamp H-bonds, can play a surprising and significant role in the stability and the structure
of one of the most common motifs in biology. Continuing studies will increase our

understanding of these clamp H-bonds and improve structure prediction and engineering.
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Site-directed mutagenesis

Oligonucleotides for mutagenesis were purchased from Eurofins MWG Operon
(Huntsville, AL), and the Quickchange™ site-directed mutagenesis kit was obtained from
Stratagene (La Jolla, CA). The method involved one round of PCR amplification using
two complementary primers, and the variant was amplified by PCR in the plasmid
containing WT protein. The endonuclease, Dpnl, was used to selectively digest the
methylated parent plasmid, and the product was transformed into XL 1-Blue competent
cells from Stratagene (La Jolla, CA).

The site-directed mutations were confirmed by DNA sequence analysis ((UC
Davis Sequencing Facility, Davis, CA and Genewiz Inc, NJ). The pXH plasmid
containing o TS was available in Matthews’ lab (Wu and Matthews 2002b). The plasmid
encoding a truncated version of sIGPS in which the non-canonical additional o-helix
(a00) at the N-terminus, residues 1-26, was deleted to eliminate aggregation during
folding, pTNI4, was obtained from Dr. K. Kirschner at the University of Basel,
Switzerland (Forsyth and Matthews 2002). The plasmid coding for eIGPS, pJB122, was
obtained from Dr. J.M. Blackburn at the University of the Western Cape, South Africa
(Altamirano et al. 2000). The eIGPS, with an additional Ala residue after the start codon
and a C-terminal FLAG peptide sequence (GSDYKDDDDK), is fully folded and

catalytically active (Altamirano et al. 2000).
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Protein expression and purification

o TS variant proteins were expressed in CB149 cells, and the cells were grown at
37°C for about 12 to 16 hours. The cells were harvested, and the cell pellet was
sonicated in 100 mM potassium phosphate, 5 mM K,EDTA, 2 mM dithioerythritol
(DTE), and 0.2 mM Phenylmethylsulfonyl fluoride (PMSF) at pH 7.8 with lysozyme
(1mg/g cell). The aTS variants were largely found in the insoluble fractions of the cell
lysate. The insoluble fraction of the cell lysate was solubilized in 6 M urea, 10 mM
potassium phosphate, 2 mM K,EDTA, and 2 mM DTE. Then protein was refolded by
adding the solution drop-wise to 15X volume of refolding buffer (10 mM potassium
phosphate, 2 mM K,EDTA, and 2 mM DTE at pH 7.8) or dialyzed in refolding buffer to
remove the urea. The refolded protein was then loaded onto a DES52 resin column
preequilibrated with refolding buffer. After washing the column with one column
volume of refolding buffer, the protein was eluted with linear gradient-elution buffer
(low-salt buffer: 10 mM potassium phosphate, 4 mM K,EDTA, and 2 mM DTE at pH 7.8;
high-salt buffer: 100 mM potassium phosphate, 4 mM K,EDTA, and 2 mM DTE at pH
7.8). The peak fractions were pooled and the purity was demonstrated by the appearance
of a single band by SDS-PAGE. The protein was concentrated in an Amicon
concentrator fit with a YM-10 membrane. The protein was precipitated by 80% (w/v)
ammonium sulfate and stored at 4 °C. The protein was redissolved in the standard buffer
(10 mM potassium phosphate, 0.2 mM K;EDTA, 1 mM B-mercaptoethanol (BME) at pH

7.8) and dialyzed to remove ammonium sulfate. The protein concentration was
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determined from the measurement of the UV absorbance at 278 nm, using an extinction

coefficient of 12,600 M~ cm™.

The sIGPS variant proteins were expressed in BL21/DE3 cells, and the cells were
grown at 37°C to an OD of 0.6 at 600 nm. Expression was induced by the addition of
IPTG (1 mM) for twelve hours, after which the cells were harvested. The cell pellet was
suspended in the lysis buffer (100 mM potassium phosphate, 2 mM K,EDTA, 1 mM
DTE, 0.3 mM PMSF at pH 7.8 and lysozyme (1mg/g cell)). After sonication, the protein
was found in the soluble fraction of the cell lysate. The supernatant was dialyzed against
running buffer (10 mM potassium phosphate, 2 mM K,EDTA at pH 7.8) and then loaded
onto a DEAE-Sepharose Fast Flow (Amersham Pharmacia Biotech, Piscataway, NJ)
column preequilibrated with running buffer. The column was washed with one column
volume of running buffer and eluted with a linear gradient from low-salt buffer (10 mM
potassium phosphate, 2 mM K,EDTA, and 2 mM DTE at pH 7.8) to high-salt buffer (1.0
M potassium phosphate, 2 mM K,EDTA, and 2 mM DTE at pH 7.8). Protein fractions
(20 ml) were collected and analyzed by SDS-PAGE. Fractions containing the desired
protein were concentrated and dialyzed against running buffer before loading on a
Sephacryl S-200 (Amersham Pharmacia Biotech, Piscataway, NJ) column. Fractions
were collected and analyzed by SDS-PAGE. The peak fractions were pooled and the
purity (>95%) was confirmed using electrospray mass spectrometry at the Proteomics

Facility at University of Massachusetts Medical School (Worcester, MA). The
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concentration of SIGPS was determined from its extinction coefficient at 278 nm, 10,240

M1t em™,

The expression and purification of eIGPS and its variants followed the same
protocol as that of sIGPS, with the exception that pH for all of buffers was 7.0. The

extinction coefficient of eIGPS is 20,130 M cm™ at 278 nm.

Circular dichroism

CD spectroscopy was employed to monitor the secondary structure and the
tertiary structure near aromatic side chains. Spectra were obtained on a Jasco Model J-
810 spectropolarimeter equipped with a thermoelectric cell holder. Far-UV CD data
were collected from 280 nm to 185 nm at a scan rate of 50 nm/min and at 1 nm intervals
using a 0.1 cm pathlength cell, a bandwidth of 2.5 nm, and an averaging time of 8 s.
Three replicate spectra were collected and averaged. The protein concentration was
approximately 5 uM. Near-UV CD data were collected from 350 nm to 250 nm at 5
nm/min using a 0.5 cm path length cell, and the protein concentration was 50-150 pM.

The temperature was maintained at 25 °C with a computer-controlled Peltier system.

Equilibrium experiments
The stability of the variants was measured by a urea-denaturation equilibrium
unfolding experiment. A Hamilton 540B automatic titrator was used to prepare the

samples in solution with from 0 to 8 M urea at concentration increments of 0.2 M urea to
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enhance the precision of the measurements. The samples were incubated overnight at 25
°C to ensure equilibration. Far-UV CD data were collected from 265 nm to 215 nm for

each sample.

Kinetic experiments

CD manual-mixing kinetic experiments were performed on a Jasco Model J-810
spectropolarimeter equipped with a thermoelectric cell holder using a 1 cm pathlength
cell, a bandwidth of 2.5 nm, and an averaging time of 1 s. The dead-time of the
experiments was 3 s and the instrument response time was about 5 s. The change in
ellipticity as a function of time was monitored at 222 nm. Unfolding jumps were from 0
M urea to various final concentrations of urea (2 M—6 M), and refolding jumps were
performed from 6 M to various final urea concentrations (0.6 M—3 M). The final
concentration of protein was 3—5 uM. Stopped-flow CD experiments were performed
with an Aviv model 202SF stopped-flow CD spectrometer. The cell path length was 1.0
mm, and the dead time for mixing was 5 ms. Stopped-flow fluorescence experiments
were performed on an Applied Photophysics SX-18MV stopped-flow fluorometer. The
excitation wavelength was 280 nm, and the emission above 300 nm was detected through
a cut-off filter.

Kinetic unfolding experiments to determine the stability of the folded states of the
clamp-deletion variants were performed by jumping from different initial urea

concentration (0-5.6 M for aTS and 0-2.8 M for eIGPS) to a final urea concentration (6M

for oTS and 3 M for eIGPS). Protein samples were first equilibrated in the initial urea
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concentration overnight and then jumped to the desired urea-buffer solutions by a 1:10

dilution. The final protein concentration was around 5 pM.

Data analysis

Equilibrium CD data at 222 nm were fit to a three-state model, N 5 1 5 U (Bilsel
et al. 1999b). The kinetic data were fit to a sum of exponentials and a constant, using
equation A(t) = A(=) + ZAexp(-t/ti). Each t; was plotted as a function of urea
concentration to provide a chevron analysis of the folding reaction (Matthews 1987). All
thermodynamic and kinetic folding data were fit using Savuka version 6.2, an in-house,

non-linear, least-squares program.

Survey of TIM barrel structures

The CATH-35 control data set was downloaded from

http://release.cathdb.info/v3.2.0/CathDomainPdb.S35.v3.2.0.tgz. A database of 71 TIM

barrel proteins had been previously developed and made available at

http://www.cbrc.jp/~gromiha/tim/proteinlist.html (Gromiha et al. 2004). The secondary

structure and solvent accessibility were calculated using DSSP program (Kabsch and
Sander 1983), and the H-bond interaction parameters were calculated using default

settings of the HBPLUS program (McDonald and Thornton 1994).
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Definitions of Ba-hairpin clamp H-bonds

For each protein, the eight canonical 3-strands and a-helices in the context of the
TIM barrel architecture were identified and numbered sequentially. The Ba-
hairpin clamp H-bonds were subjected to the following filters: 1) the H-bonds must be
between main chain and side chain, 2) the amino acid chain length between the donor and
acceptor must be > 15 residues, and 3) the chain must include exactly one -strand and
one oa-helix identified in the context of the TIM barrel architecture. For the case of the
B8a8 clamps, the residues prior to B1 were included. The H-bonds that passed each stage

of the filtering process were exported to a PyMOL script in color-coded fashion for

manual confirmation.
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APPENDIX

Verification of the intermediate state for eIGPS 707 clamp-deletion

variant N231A by Kkinetic jump experiments

To verify the presence of the intermediate state, I, for the clamp-deletion variant
N231A in elGPS, and determine the free energy difference between the N and I states,
the kinetic unfolding experiment was employed. Because the amplitude of the unfolding
reaction is directly proportional to the population of the folded state from which the
reaction is initiated, the stability of the folded state can be measured by monitoring the
amplitude of the unfolding reaction (to constant urea concentration) as a function of the
initial urea concentration. The amplitude of the unfolding phase, proportional to the
population of the N state, is expected to decrease in a sigmoidal fashion as the initial urea
concentration is increased into the zone where the native state becomes depopulated.
This procedure was validated previously on aTS (Yang et al. 2007).

A fit of the sigmoidal decrease in ellipticity at increasing initial urea
concentrations to a two-state model for WT eIlGPS yielded a stability of 5.29 + 1.71 kcal
mol™ (Figure A.1). This value is in excellent agreement with that for the N to I transition

from the standard equilibrium titration experiment on the WT protein, 5.60+0.99 kcal

mol™” (Figure 3.4c and Table 3.1). The urea dependence of the stability, the m-value, is

also in excellent agreement, 2.34 + 0.74 vs 2.46 + 0.42 kcal mol™ M™ (Table 3.1).
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Figure A.1. The dependence of the amplitude for the unfolding phase for (a) WT eIGPS

(@, solid line) and (b) eIGPS N231A (M, dashed line) on the initial urea concentration;

the final urea concentration in all cases was 3 M urea. The lines represent the fit of the

data to a two-state model with AG® =5.29 + 1.71 kcal mol™! and m = 2.34 + 0.74 kcal

mol ' M for WT eIGPS and AG® =1.28 £ 0.15 kcal mol™ and m = 0.89 = 0.11 kcal mol™

M for eIGPS N231A.
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Applying this method to eIGPS N231A (Figure A.1), the free energy difference
for N to I transition extracted from the kinetic experiment is 1.28 + 0.15 kcal mol™ and
the m-value is 0.89 + 0.11 kcal mol M. The free energy difference for the I to U
transition for eIGPS N231A can be estimated by fitting the unfolding titration data
(Figure 3.4c¢) to a three-state model. In this fit, the parameters for the N to I reaction
were fixed to those obtained from the kinetic unfolding experiments. The
thermodynamic parameters obtained for the I to U transition are shown in Table 1 in

main text.

One nonpotent Class II clamp H-bond in sIGPS

A back-to-back Class II clamp H-bond T129-E155 was found right next to the
Class I B3a3 clamp H-bond 1107-D128 in sIGPS discussed in Chapter III. The side
chain of T129, which is next to D128, makes a H-bond with the main chain of E155,
clamping 34 and a4. Both the single mutation T129A and the double mutation
DI128ATI129A were tested to explore the role of this Class II clamp H-bond in sIGPS.
The very similar response in far-UV and near-UV CD spectra for the clamp-deletion
variant T129A and double mutant D128AT129A indicates that neither of them
significantly perturbs the TIM barrel structure (Figure A.2). The urea denaturation
unfolding curves for T129A and the double mutant D128AT129A are also similar to that
of the WT sIGPS (Figure A.3). Both unfolding titration curves are well-fit by a three-
state model, N S I 5 U. The thermodynamic parameters for these two sIGPS clamp-

deletion variants and together with the variant D128A are listed in Table A.1. The



106

20 pr——————r—r

@]

6, (10°deg dmol™cm?)
0, (deg dmol™“cm?)

_100:"|HH|HH|HH|HH|H
260 280 260 280 300 320 340

Wavelength (nm)
Figure A.2. Far-UV (a, ¢) and near-UV (b, d) CD spectra of WT (@), T129A (a, b) (LJ),
and D128ATI129A sIGPS (c, d) (V). Buffer contains 10 mM potassium phosphate, 0.2

mM K,EDTA, and 1 mM BME at pH 7.8, 25 °C.
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Figure A.3. Urea denaturation equilibrium unfolding curves of WT (@), D128A (L)
and D128AT129A sIGPS (V). The continuous lines represent fits of the data for each

protein to a 3-state equilibrium folding model as described in the text.
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Table A.1. Thermodynamic parameters for the urea-induced unfolding of sIGPS clamp-
deletion variants at 25 °C*.

. AG°xi(H,0) -Mnx AG°y(H,0) -Mpy AAG°®y;
sIGPS variants (kcal mol™) | (kcal mol’ M) |  (kcal mol™) (kcal mol” M) |  (kcal mol™)’
WT 8.50+0.40 | 4.60+0.80 2.10+0.10 0.86+0.13 -
D128A 7.75£1.99 | 5.33+1.40 1.99+0.12 0.89+0.23 -0.75+1.44
T129A 6.74+2.02 | 5.21+1.22 2.02+0.13 1.01+0.22 -1.76x+1.46
D128AT129A 6.20+£2.04 | 4.53+0.52 2.04+0.15 0.77+0.08 -2.30+1.47

a. Buffer conditions: 10 mM potassium phosphate, 0.2 mM K,EDTA, 1 mM BME at pH

7.8.

b. Perturbation in stability for N to I reaction, calculated by AAG°x;= AG°y; (H,O, variant)

- AG®y (H;0, WT).
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AAG®y; for either single mutation D128A or T129A is relatively small (-0.75%1.44 kcal
mol™ for D128A and -1.76+1.46 kcal mol™ for T129A). The loss of the Class I B3a3
clamp H-bond or Class II B4a4 clamp H-bond has only minor effect on protein stability.
As the AAG®y; for the doulble mutant D128AT129A is -2.30+1.47 kcal mol™, the net
effect of the elimination of both clamp H-bonds is the sum of two single eliminations.

Thus, the Class Il clamp H-bond T129-E155 in sIGPS is not crucial to protein stability.

One clamp variant in eIGPS may enhance protein stability

As from previous results, the flol clamps which are conserved in TS (F19-D46)
and elGPS (F50-S82) behave differently in two proteins. The flal clamp H-bond in
aTS is potent to protein structure and stability, while that in eIGPS is not. The two
clamps share the same H-bond donor, Phe, and have different acceptors, which are Asp
for aTS and Ser for eIGPS. The strategy is to replace the acceptor S82 with Asp in
elGPS, and test the hypothesis that a new clamp H-bond F50-DS82 is introduced and will
increase the protein stability in eI[GPS.

Similar experimental methods have been used. Characterization of the clamp H-
bond variant, S82D is compared with WT eIGPS.

In Figure A.4, the far-UV and near-UV CD spectrum for S82D and WT eIGPS
are very similar, except small differences in the 185-195 nm and 215-225 nm ranges.
This suggests that the replacement of Ser with Asp may still retain the TIM barrel

structure of eIGPS.
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Figure A.4. (a) Far-UV and (b) near-UV CD spectra of WT (solid line) and S82D (dotted
line) eIGPS. Buffer contains 10 mM potassium phosphate, 0.2 mM K,EDTA, and 1 mM

BME at pH 7.0, 25 °C.
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The urea denaturation equilibrium unfolding experiments were performed by CD
to probe the protein stability. From Figure A.5, the unfolding reaction of the clamp
variant S82D is well-described by a three-state model, N 5 1 5 U. Compared to the WT
elGPS, both N S Tand [ 5 U transitions have changed. Table A.2 lists the

thermodynamic parameters when the curves in Figure A.5 are fitted to a three-state model.

For N 5 [ transition, the AG®y; for eIGPS S82D is increased by about 3 kcal mol_] as

compared to WT protein, while the m-value is increased by about 1 kcal mol' M. For

I 5 U transition, the AG®yy is increased by about 2 kcal mol_1 and the m-value is also
increased by about 1 kcal mol™ M.

Overall, the protein stability of elGPS S82D has been increased by about 5 kcal

mol-l, and the I state has also been affected with this single amino acid replacement.
Unlike other clamp interactions discussed before, which disappear at the I state, the new
clamp H-bond F50-D82, if it was there, seems to be retained in the I state and help
stabilizing the I state.

These data are only preliminary results. More thermodynamic experiments are
needed to verify the increase on protein stability for e[GPS S82D. The HX-NMR
technique could be applied to probe the protection of the hydrogen involved in this H-
bond. The structural information will be a strong argument of the existence of the new
clamp H-bond F50-D82. If the hypothesis is true, to build in the clamp H-bond will be a

useful strategy to enhance TIM barrel stability.
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Figure A.5. Urea denaturation equilibrium unfolding curves of WT (@, solid line) and
S82D (O, dotted line) eIGPS. The lines represent fits of the data for each protein to a 3-

state equilibrium folding model as described in the text.
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Table A.2. Thermodynamic parameters for the urea-induced unfolding of WT eIGPS and
clamp variant S82D at 25 °C?.

eIGPS AG®n; (H;0) My AG°w (H0) My

variants (kcal mol™) (kcal mo]'l M'l) (kcal mol™) (kcal mo]'l M'l)
WT 5.60+0.99 2.4610.42 12.391+0.60 2.60x0.13
S82D 8.46+1.57 3.45+0.71 14.511+0.69 3.56x0.17

a. Buffer conditions: 10 mM potassium phosphate, 0.2 mM K,EDTA, 1 mM BME at pH

7.0.
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