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Abstract
Protein misfolding is now recognized as playing a crucial role in both normal and pathogenic folding
reactions. An interesting example of misfolding at the earliest state of a natural folding reaction is
provided by the alpha subunit of tryptophan synthase, a (β/α)8 TIM barrel protein. The molecular
basis for the formation of this off-pathway misfolded intermediate, IBP, and a subsequent on-pathway
intermediate, I1, was probed by mutational analysis of 20 branched aliphatic side chains distributed
throughout the sequence. The elimination of IBP and the substantial destabilization of I1 by
replacement of a selective set of the isoleucine, leucine or valine residues (ILV) with alanine in a
large ILV cluster external-to-the-barrel and spanning the N- and C-termini (Cluster 2) implies tight-
packing at most sites in both intermediates. Differential effects on IBP and I1 for replacements in α3,
β4 and α8 at the boundaries of Cluster 2 suggest that their incorporation into I1 but not IBP reflects
non-native folds at the edges of the crucial (β/α)1–2β3 core in IBP. The retention of IBP and the smaller
and consistent destabilization of both IBP and I1 by similar replacements in an internal-to-the-barrel
ILV cluster (Cluster 1) and a second external-to-the-barrel ILV cluster (Cluster 3) imply molten
globule-like packing. The tight packing inferred in part for IBP or for all of I1 in Cluster 2, but not
in Clusters 1 and 3, may reflect the larger size of Cluster 2 and/or the enhanced number of isoleucine,
leucine and valine self-contacts in and between contiguous elements of secondary structure. Tightly-
packed ILV- dominated hydrophobic clusters could serve as an important driving force for the earliest
events in the folding and misfolding of the TIM barrel and other members of the (β/α)n class of
proteins.
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Introduction
The folding reactions of small proteins and protein domains (< ∼ 100 amino acids) are often
well-described by a simple exponential response thought to reflect the conformational diffusion
of the unfolded polypeptide across an energy barrier separating the native and unfolded
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manifolds of structures.1,2 The folding of these proteins is only limited by the intrinsic features
of the energy surface defined primarily by the chain topology3 and modulated by the amino
acid sequence.4,5

By contrast, the folding reactions of larger proteins often display complex kinetics indicative
of a significant role for alternative conformational states.1,2,6–9 These “frustrated” folding
reactions10 have been ascribed to a variety of sources, including slowly-interconverting cis/
trans prolyl peptide bond isomers in the unfolded state,11-14 mis-ligated side chain-heme
complexes in early folding intermediates for cytochrome c,15 on-pathway, stable
intermediates,9,16–18 alternative partially-folded states in parallel pathways,19,20 maturation
of multimeric intermediates that are pre-cursors for native multimers,21–23 mandatory non-
native conformers,24–28 misfolded off-pathway intermediates,29–33 and the sub-millisecond
formation of marginally-stable conformers that are rich in secondary structure34

The case of misfolded off-pathway intermediates is particularly interesting because, contrary
to the expectations of an optimized energy landscape, the protein has to unfold these partially-
structured states to some extent before proceeding to the native conformation. In the case of
chemotaxis protein Y (CheY), a β/α sheet protein, the off-pathway intermediate is thought to
reflect the rapid formation of the complete complement of α helical segments. G -model
simulations35 and phi analysis36 suggest that the C-terminal helices must unfold to access the
rate-limiting transition state defined by the N-terminal strands and helices. Apo-flavodoxin,
another member of this class, also misfolds to an off-pathway intermediate before accessing
the native conformation; the structural basis for this misfolding reaction is not known.30,31

The α-subunit of tryptophan synthase (αTS) (Figure 1a), a member of the TIM barrel, (β/α)8,
sub-class of the (β/α)n fold family, is known to fold to an off-pathway intermediate, IBP, in the
sub-millisecond time range.18 A simplified folding mechanism, ignoring a set of four parallel
pathways that correspond to several cis/trans prolyl peptide bond isomerizations,13,38,39 is
shown in Scheme I:

U/I2 represents a pair of rapidly inter-converting, thermodynamically-distinct unfolded, U, or
unfolded-like, I2, states that are highly populated under denaturing conditions. IBP represents
a transient misfolded intermediate with substantial secondary structure and appreciable
stability.18,32 I1 is a stable intermediate whose conversion to the native state, N, is the rate-
limiting step in folding. The mandatory unfolding of IBP under strongly refolding conditions
is an early rate-limiting and distinguishing feature of an off-pathway kinetic intermediate.

In a previous study on αTS,32 it was shown that alanine replacements at three sites where
amide hydrogens are extremely slow to exchange with solvent, I37 (α1), L50 (β2) and L99
(β3), eliminate the misfolded IBP intermediate while replacements at more rapidly-exchanging
nonpolar sites, L127 (β4) and L176 (β6), do not. A potential explanation for these differential
effects can be found in the crystal structure of αTS, which shows three distinct and substantive
hydrophobic clusters comprised of the large branched aliphatic side chains isoleucine, leucine
and valine (Figure 1b). I37, L50 and L99 are a part of the largest cluster, Cluster 2, which is
outside the β barrel and inside the helical shell, spans the N- and C-termini, and contains 31
ILV side chains from β1, α1, β2, α2, β3, α3, β4, α8’ and α8. L127 belongs to Cluster 1, an
internal-to-the-barrel cluster, which is defined by 8 ILV side chains from β1, β3, β4, β5, β6,
β7, β8 and capping helix α0. L176 belongs to cluster 3, a C-terminal external-to-the-barrel
cluster, which is formed by 12 ILV side chains from β5, α5, β6 and α6. These clusters account
for 51 of 63 (81%) of the total number of ILV residues, which together comprise 42% of the
nonpolar side chains in αTS and are distributed throughout the sequence.
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The dramatically different effects on IBP of alanine replacements for leucines or isoleucines in
Cluster 2 vs. Clusters 1 and 3 prompted a comprehensive mutational analysis of the relationship
of these clusters to the formation of IBP and to the stability of the equilibrium intermediate, I1.

Results
Cluster assignment

The ILV clusters were visualized with PyMOL37 by generating the 3D map of all van der
Waals contacts within 4.2 Å between heavy atoms of only the ILV side chains. Clusters were
defined as those sets of contacts involving a minimum of 6 ILV side chains arranged in a
compact, self-contained structure. The choice of the minimum size was based upon MD
simulations in which 30 methanes or 6 isobutylenes were required to form a stable hydrophobic
cluster in water.40 Cluster boundaries were identified by the absence of intervening ILV-ILV
contacts. Based on these criteria three discernable clusters can be identified (Figure 1 and Table
1S). Cluster 1, containing 8 residues, is internal-to-the barrel. Cluster 2, containing 31 ILV
residues, and Cluster 3, containing 12 residues, are outside the β barrel and inside the helical
shell. All these contacts are defined as ILV self-contacts, to distinguish them with the contacts
of nonpolar side chains from alanine, cysteine, methionine, phenylalanine and tyrosine and
nonpolar components of otherwise polar side chains with the I, L and V residues.

Secondary and tertiary structures of the variants are largely conserved
Far-UV and near-UV circular dichroism (CD) spectra were used to monitor the perturbation
in the secondary and tertiary structure introduced by the individual replacement of 20 ILV
residues with alanine. The far-UV CD spectra of most of the αTS variants closely resemble
the wild-type spectrum with a minimum near 222 nm, a shoulder near 208 nm, and a maximum
near 195 nm (Figure 2). The mean residue ellipticities at 222 nm for these variants were reduced
by less than 20%, suggesting a relatively small perturbation in the secondary structure.
Although the far-UV CD spectra of L25A, L48A and I232A indicate a greater loss of secondary
structure, all three variants retain the same apparent 3-state equilibrium folding model
displayed by wild-type αTS and the rate-limiting unfolding reactions characteristic of the native
conformation (see below). Inspection of the near-UV CD spectra (data not shown) also shows
that the packing of the aromatic residues is conserved for the majority of the variants. Those
for which the aromatic packing is disrupted to some extent also retain the three-state folding
model and rate-limiting unfolding reactions. Thus, the evident perturbations in structure for a
subset of the αTS variants do not preclude the interpretation of their thermodynamic properties
in terms of its native and stable intermediates states.

Differential effects on the stability of αTS
To examine the effects of these replacements on the thermodynamic properties of αTS, the
urea-induced unfolding was monitored by CD spectroscopy in the range from 215 nm to 265
nm. Equilibrium unfolding transition curves obtained by monitoring the urea-dependence of
the mean residue ellipticity at 222 nm for wild-type and variants are shown in Figure 3. Similar
to wild-type αTS, the equilibrium unfolding reactions of all of these variants are best described
by a three-state model, N⇌I1⇌I2/U. Because the ellipticity of I2 is indistinguishable from the
U state, I2/U can be treated as a single apparent thermodynamic state for titrations monitored
by CD spectroscopy. Displacements of the midpoints for both the N⇌I1 and I1⇌I2/U
transitions to lower urea concentrations for almost all of the variants (Figure 3) showed that
the replacement of these buried isoleucine, leucine and valine side chains with alanine
destabilizes both the N and the I1 states. The free energy differences between N and I1 and
between I1 and I2/U in the absence of denaturant are displayed in bar graph form in Figure 4a
and Figure 4b, respectively, for all of the variants. These values and the urea dependence of
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the free energy differences, the m values, as well as the corresponding midpoints, Cm
, are also

provided in Table 1.

The decreases in the free energy difference between the N and I1 states for the variants range
from 0.14 kcal mol−1 for L50A to 4.86 kcal mol−1 for L48A; I151A was the only replacement
that increased the free energy difference, by 1.16 kcal mol−1. The variations in the stability of
N relative to I1 were similar across the entire sequence and for replacements in all three
hydrophobic clusters (Figure 4a). By contrast, the majority of the replacements in Cluster 2
markedly decreased the stability of I1 relative to I2/U while all of those in Clusters 1 and 3 had
a lesser effect (Figure 4b). For example, the striking contrast between the substantial
destabilization by V126A and the minimal perturbation by L127A appears to be related to their
participation in Cluster 2 and Cluster 1, respectively. Excluding the four outliers in Cluster 2,
I41A, L85A, L105A and I111A (which are all located in surface α helices), the average decrease
in stability of the I1 state with respect to the I2/U state for the Cluster 2 variants is 2.61 ± 0.27
kcal mol−1; the average decrease experienced by the Cluster 1 and 3 variants is 0.74 ± 0.25
kcal mol−1. The small decrease in the stability of I1 for the four Cluster 2 outliers, 0.95 ± 0.46
kcal mol−1, may reflect their participation in surface helices that might individually reorient
to minimize the disruption in stability. It is also possible that the enhanced helical propensity
of alanine vs. leucine and isoleucine42 mitigates the decrease in stability at all of these sites.

Differential effects on the kinetic folding properties of αTS
As previously reported, alanine replacements for leucine and isoleucine residues in α1, β2 and
β3 have two distinct effects on the properties of the early folding events in αTS.32 The
distinguishing features are the effects on the stability of the product of the burst-phase reaction
compared to the on-pathway equilibrium intermediate and the presence (Figure 5a and Figure
5c) or absence (Figure 5b) of a subsequent unfolding reaction in the hundreds of milliseconds
time range under refolding conditions. A lower stability for IBP relative to I1 and the presence
of this unfolding reaction are indicative of an off-pathway burst-phase species similar to that
observed for wild-type αTS. Similar stabilities for the product of the burst-phase reaction and
I1 as well as the absence of this kinetic phase indicate that the folding reaction can proceed
directly to the on-pathway equilibrium intermediate, I1, within the dead time of the stopped-
flow measurement (< 5 ms) (Scheme I).

Based upon the kinetic and thermodynamic responses, the 20 αTS variants in this study can be
classified into two groups: Group I eliminates the off-pathway intermediate and Group II
retains this misfolded species. Chevron plots show that 10 of the 20 variants, specifically, V23A
(β1), L25A (β1), I37A (α1), I41A (α1), L48A (β2), L50A (β2), L85A (α2), I95A (β3), I97A
(β3) and L99A (β3), lack the hundreds of milliseconds unfolding reaction under strongly
refolding conditions (Figure 6a). Further, the denaturation profiles of their CD burst-phase
amplitudes are coincident with those for the unfolding of the equilibrium intermediate (Figure
3a). A demonstration of the equivalent stabilities of I1 and the burst-phase intermediate, relative
to the apparent I2/U state, for the entire set of Group I replacements is shown in the bar graph
in Figure 4c and in Table 1. The retention of the unfolding kinetic phase under refolding
conditions and the uniformly lower stability of the burst-phase species compared to the I1
species for L11A (α0), L105A (α3), I111A (α3), V126A (β4), L127A (β4), I151A (β5), L176A
(β6), L209A (β7), I232A (β8), and L255A (α8) (Figure 4c and Table 1) define these 10 variants
as members of the Group II category. The branched aliphatic side chains at these positions are
not essential for the formation of the misfolded intermediate. Interestingly, the stability of the
IBP species for the Group II variants is reduced by a small but consistent amount relative to
the wild-type protein (Figure 4c), 1.16 ± 0.42 kcal mol−1.
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DISCUSSION
The role of hydrophobic clusters in the early misfolding reaction of αTS

The replacement of a series of isoleucine, leucine and valine residues in αTS with alanine has
revealed distinctively different roles for their resident hydrophobic clusters in the formation
of an early off-pathway misfolded intermediate and in the stability of the subsequent on-
pathway equilibrium intermediate. Replacements in Cluster 2, in β1, α1, β2, α2 and β3,
eliminate the off-pathway burst-phase species and enable direct access to the on-pathway
intermediate in the sub-millisecond time frame; replacements in α3, β4 and α8 do not eliminate
the burst-phase species. Replacements in both Clusters 1 and 3, including residues in α0, β4,
β5, β6, β7, β8 and α8, retain the off-pathway intermediate but decrease its stability by an
average value of 1.16 ± 0.42 kcal mol−1. Thus, the N-terminal region of Cluster 2, formed by
branched aliphatic side chains protruding from 5 consecutive elements of secondary structure
defining the β barrel and the surrounding helical shell, i.e., the (β/α)1–2β3 segment, is crucial
for the misfolding reaction of αTS.

The alanine replacements for the Group I variants could exert their effects by significantly
destabilizing the misfolded species or by increasing the free energy of the barrier between the
U or I2 precursor and IBP.32 Either explanation requires a destabilization exceeding several
kcal mol−1 to eliminate IBP, implying tight packing around all of these side chains. It has been
previously shown that the replacement of branched aliphatic side chains with alanine in the
interior of staphylococcal nuclease can destabilize the native conformation by up to 5.8 kcal
mol−1.43 Similar results were obtained in a more limited study on barnase;44 the decrease in
stability was equivalent to 1.0 – 1.6 kcal mol−1 per methylene removed.45

The small but non-negligible perturbations in the stability of IBP for the Group II variants show
that the C-terminal region of Cluster 2 and both Clusters 1 and 3 have also formed in the
millisecond time frame. The close agreement between the average decrease in stability, 1.16
± 0.42 kcal mol−1, and the differences in the free energy of transfer between nonpolar and
aqueous solvents for isoleucine, leucine and valine vs. alanine, 1.3, 1.3 and 1.0 kcal mol−1,
respectively,43,46 suggest that these clusters resemble molten globule-like states.47

The role of hydrophobic clusters in stabilizing the on-pathway equilibrium intermediate in
αTS

Inspection of the perturbations on the stability of the I1 intermediate for the Cluster 1, 2 and 3
variants (Figure 4b and Table 1) shows a trend that is strikingly similar to that for the misfolded
IBP state. The external-to-the-barrel side chains in β1, α1 (I37), β2, β3, β4 (V126) and α8 are
tightly-packed in I1 while the internal-to-the-barrel side chains in α0, β4 (L127), β5, β7 and
β8 and the external-to-the-barrel side chains in β6 occupy molten globule-like environments.
The average decrease in stability of the I1 state for these latter variants is 0.74 ± 0.25 kcal
mol−1. Differentiating I1 from IBP is the implied tight-packing for V126 (β4) and L255 (α8)
in I1, both of which participate in Cluster 2 but are not members of the Group I variants.

The role of hydrophobic clusters in stabilizing the rate-limiting transition state in the folding
of αTS

In striking contrast to the differential effects of the ILV replacements on the free energies of
IBP and I1, 17 of the 20 variants (with the exception of I151A in β5, I232A in β8 and L255A
in α8) display a major slow unfolding reaction that is indistinguishable from that for wild-type
αTS (Figure 6). Given the observed destabilization of the native state in the variants (Table 1),
these results demonstrate that very native-like packing is maintained in all three hydrophobic
clusters in the transition state for the rate-limiting N→I1 unfolding step48 in Scheme I. By
inference from the chevron shape49 for the urea dependence of the relaxation times for the
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reversible N⇌I1 reaction (Figure 3), native-like tight packing is achieved at all of these
positions in the transition state for the I1→ N reaction. Thus, the ILV side chains play
significant roles in stabilizing this transition state and, thereby, potentially accelerating the
final step in the folding reaction. The results also show that the transition state is formed by
side chains that are distributed throughout the sequence, a finding that may be related to its
rate-limiting role in folding.

Why is misfolding favored over productive folding for wild- type αTS?
The similar but not identical responses of IBP and I1 to the alanine replacements beg the
question as to why the unfolded state of wild-type αTS initially misfolds. Why does U/I2 not
proceed directly to the on-pathway equilibrium intermediate? The answer appears to reside in
the peculiar responses of V126A and L255A. Both replacements substantially decrease the
stability of the I1 state, similar to most of the Group I variants, but retain the off-pathway burst-
phase intermediate, a defining feature of the Group II variants. The differential effects on the
IBP and I1 intermediates imply that both side chains are excluded from the hydrophobic cluster
crucial to the formation of the off-pathway species but are intimately involved in stabilizing
the on-pathway intermediate. One interpretation of these results is that the folding of the region
from β1 to β3 is driven by the sub-millisecond formation of a localized and self-contained
structure whose boundaries, unlike those in the native TIM barrel, allow favorable interactions
with the solvent. The putative non-native structure at the boundaries does not provide suitable
docking sites for β4 and α8, requiring the misfolded IBP species to at least partially unfold
before recruiting both of these elements of secondary structure into the I1 intermediate. The
failure to incorporate α8 into IBP may also be related to its distal position in sequence, where
chain diffusion might limit access to a receptive (β/α)1–2β3 platform.

Differential packing in hydrophobic clusters in the off- and on-pathway intermediates for
αTS

The heterogeneous response of the hydrophobic clusters in αTS to alanine replacements implies
tight packing for side chains in Cluster 2 (with the exception of α3, β4 and α8 in IBP) and looser,
molten globule-like packing for Clusters 1 and 3 in both IBP and I1 (Table 1). The striking
segregation of the ILV side chains into three distinct clusters (Figure 1b) motivated a closer
inspection of these clusters and their interactions with other nearby side chains (Table 2). The
31 ILV side chains in Cluster 2 make 90 self-contacts, assuming a 4.2 Å cut-off distance
between carbon atoms, the 8 ILV side chains in Cluster 1 make 14 self-contacts and the 12
ILV side chains in Cluster 3 make 20 self-contacts. Thus, the average number of self-contacts
per residue is about twice as large for Cluster 2 than for Clusters 1 and 3. This distinction
disappears if other nonpolar side chains from alanine, cysteine, methionine, phenylalanine and
tyrosine and nonpolar components of otherwise polar side chains in contact with the ILV
residues in the clusters are included in this analysis (Table 2). Thus, the differential properties
of the three clusters do not appear to be related to the density of van der Waals contacts when
all buried side chains are considered.

Two previous observations on αTS suggest that the differential properties might be related to
a special role for leucines and isoleucines in stabilizing partially-folded states. An HX- NMR
study revealed that 7 of the 11 amide hydrogens most resistant to exchange with solvent
deuterium are leucines or isoleucines located in α1, β2 and β3.32 A network of L - L and L -
I interactions between these 7 side chains appear to stabilize the core of the N-terminal
hydrophobic cluster, (β/α)1-2β3, that is central to both the IBP and I1 intermediates. Further
support for a unique role for leucine and isoleucine residues can be found in a Heteronuclear
Single Quantum Coherence NMR spectrum of selectively 15N-Leu or 15N-Ile labeled αTS at
5 M urea where the possible I2 precursor to IBP is highly populated (Vadrevu, R., Wu, Y. and
Matthews, C. R., manuscript in preparation). In the absence of well-defined secondary
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structure, ∼ 3 leucines, including L99 of β3, and ∼ 4 isoleucines are exchange broadened by
the formation of a previously-identified hydrophobic cluster;50 phenylalanines and valines do
not participate in the dynamic broadening process. The persistent interactions between these
leucine and isoleucine residues under strongly-denaturing conditions imply that mutual
interactions between large branched aliphatic side chains in the absence of denaturant may be
the primary source of the differential behavior of the three clusters in αTS.

Branden and Tooze51 have previously noted a strong bias towards ILV residues in TIM barrel
proteins. This bias may reflect a distinct preference observed for ILV side chains with ILV
neighbors in adjacent parallel strands in TIM barrel and parallel (β/α)n sheet proteins.52
Simulations designed to optimize side chain placements in predicted protein structures53 found
that aliphatic pairs adopt restricted orientations in actual structures that differentiate them from
other pairs of nonpolar side chains. Along with pairing and conformational preferences, the
ILV side chains are 3 of the 4 side chains (cysteine is the fourth) that are most effective at
screening the underlying peptide hydrogen-bond from solvent.54 As a result, the hydrogen-
bond is increased in strength and the peptide linkage is decreased in volume. If the increase in
packing density is propagated to the attached side chains, the ILV side chains might pack more
tightly than other nonpolar side chains. The increase in hydrogen bond strength and decreased
accessibility to solvent would both be expected to contribute to enhanced protection against
exchange of amide hydrogens with solvent.55 This conjecture is consistent with HX-MS results
that show that the strongest protection against exchange was observed for the (β/α)1–3β4
segment under conditions favoring the I1 species in αTS.56

Given the unique roles of the (β/α)1–2β3 segment in the misfolded IBP intermediate and the
(β/α1–3β4 and α8 segments in the on-pathway I1 intermediate, it appears that a critical number
of ILV residues with a significant fraction of self-contacts is required for the formation of a
tightly- packed hydrophobic cluster in these intermediates. Smaller ILV clusters or clusters
with a reduced fraction of self-contacts among the ILV subset form molten globule-like
structures that play a lesser role in defining the free energy surface on which the αTS folds.

Branched Aliphatic Side Chain Hypothesis and partially-folded states in TIM barrel and (β/
α)n proteins

Taken together, these observations led to the proposal of the Branched Aliphatic Side Chain
(BASiC) hypothesis. This hypothesis posits a unique role for isoleucines, leucines and valines
in forming tightly-packed hydrophobic clusters that guide the formation of structure in TIM
barrel and (β/α)n parallel sheet proteins. Based on the results for αTS, these clusters contain
>12 ILV residues and correspond to segments of >80 residues. From the perspective of
secondary structure, this requirement translates to a minimum βαβαβ module whose hydrogen-
bonding network would enable, and be strengthened by, the tight packing of the branched
aliphatic side chains between the strands and the helices. Less than a critical mass of ILV
residues or dilution with other residues, so as to diminish the ILV self interactions below a
critical level, can result in loosely-packed molten globule-like structures (Table 2). Although
the molten globule-like clusters may not guide the folding reaction beyond reducing
conformational space, they could serve to decrease the propensity for self-association and
aggregation during folding.

Preliminary application of this hypothesis to two other TIM barrel proteins, phosphoribosyl
anthranilate isomerase,57 and yeast triose phosphate isomerase,58 revealed good agreement
between the location of tightly-packed ILV-dominated hydrophobic clusters and stable folding
cores. Similar to αTS, the minimal core for both proteins encompasses a βαβαβ module.
Regarding the off-pathway misfolded intermediate in CheY, examination of the structure
shows two tightly-packed ILV clusters, one on either side of the parallel β-sheet, which span
the N- and C-termini. If one or both of the clusters stabilizes the misfolded species, the C-
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terminus would have to at least partially unfold to access a transition state known to be defined
by the N-terminal β strands and α helices.36

The relatively high content of isoleucine, leucine and valine residues in all proteins, ∼20%,
46,59 suggests that hydrophobic clusters formed by mutual interactions between these residues
might play important roles in guiding the early folding events of other motifs. These same
branched aliphatic side chains might also be crucial to the development of extremely potent
intermolecular interactions that drive the formation of a subset of the aggregates and amyloids
thought to be involved in a host of human pathologies.60

Materials and Methods
Chemicals and reagents

Ultra-pure urea was purchased from ICN Biomedicals (Costa Mesa, California). For all
experiments, urea was freshly purified from ionic degradation products using a column
containing AG® 501-XB (D) resin purchased from Bio-Rad laboratories (Hercules,
California). All other chemicals were reagent grade.

Oligonucleotide-directed mutagenesis, protein expression and purification
Oligonucleotides used for mutagenesis were obtained from Operon (Alameda, CA). E. coli
strain CB149 served as the host for expressing wild-type and variant αTS proteins. Mutations
were introduced by the Stratagene (La Jolla, CA) Quikchange™ site-directed mutagenesis
method. Mutations were verified by DNA sequence analysis. Over-expression and purification
of the wild- type and the variant αTS proteins are described elsewhere.32,48 Purified protein,
which was confirmed by the presence of a single band on a 15% sodium dodecyl sulfate
polyacrylamide gel, was stored in 80% ammonium sulfate solutions at 4 °C and dialyzed just
before use against the standard buffer used for all folding experiments (10 mM potassium
phosphate, pH 7.8, 0.2 mM K2EDTA and 1 mM β-mercaptoethanol). Protein concentration
was determined from the UV absorbance at 278 nm, using an extinction coefficient of 12,600
M−1 cm−1 61 for both wild-type and variant αTS proteins. The possible effects of amino acid
replacements near tyrosine residues on the extinction coefficients were accounted for by direct
measurements of the extinction coefficients by the method of Gill et al.62

Equilibrum and kinetic experiments
CD measurements for equilibrium and manual-mixing kinetic experiments were carried out
on a Jasco Model J-810 spectropolarimeter equipped with a thermoelectric cell holder as
described previously.13 The dead-time for manual mixing was 3 s. Unfolding jumps were from
0 M urea to various final concentrations of urea (2.0 M – 7.0 M, and refolding jumps were
performed from 8 M or 6 M to various final urea concentrations (0.3 M – 3.4 M). The final
protein concentration was 3 to 5 μM. The stopped-flow CD refolding experiments were
performed with an Aviv model 202SF stopped-flow CD spectrometer, with a 5 ms dead-time
for mixing. All of the tyrosine fluorescence experiments were performed with an Applied
Photophysics SX-18MV stopped-flow fluorometer. The excitation pathlength was 10 mm, and
the emission pathlength was 2 mm. The excitation wavelength was set at 280 nm with a 2.32
nm bandwidth. The emission above 320 nm was detected with an appropriate cut-off filter.

Data analysis
The refolding burst phase amplitudes as a function of urea and the equilibrium data were fit to
a two-state and a three-state model, respectively, as described previously.32 The free energy
changes were assumed to depend linearly on the denaturant concentration.41 The kinetic data
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obtained from unfolding or refolding experiments were fit to the sum of a minimum number
of statistically significant exponentials and a constant.

Cluster assignment
The distance between side chain carbon atoms of the selected residue types was computed with
an in-house program using a cutoff distance of 4.2 Å. The number of contacts between any
two residues were counted and exported to Pymol for visualizing contacts in three dimensional
format. Crystal structure of the α subunit of tryptophan synthase from S. typhimurium (PDB
code 1BKS, a refined version of 1WSY63), which shares 85% sequence identity with E. coli
αTS, was chosen for the cluster calculation, instead of the E. coli structure (PDB code 1V7Y
and 1WQ564), because the crystal contacts in the E. coli αTS structure result in ambiguous
results for the structure of the 52–77 and 178–192 regions in solution.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations
ACFILMPVY 

alanine, cysteine, phenylalanine, isoleucine, leucine, methionine, proline, valine
and tyrosine residues

αTS  
α subunit of tryptophan synthase from E. coli

HX  
hydrogen exchange

I1  
equilibrium intermediate of αTS populated at ∼3 M urea

I2  
equilibrium intermediate of αTS populated at ∼5 M urea

IBP  
kinetic intermediate of αTS populated within the stopped-flow burst-phase (< 5
ms)

ILV  
isoleucine, leucine and valine residues

NMR  
Nuclear Magnetic Resonance

N  
native state

U  
unfolded state

WT  
wild type
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Figure 1.
Ribbon diagrams of αTS (a) showing the elements of secondary structure and (b) highlighting
the three hydrophobic clusters formed by the I, L and V residues: Cluster 1 (green), Cluster 2
(blue) and Cluster 3 (orange), respectively, obtained using a 4.2 Å cutoff distance. L7 and L11,
V214 and V220, which form two small isolated clusters, are not shown. Coordinates of the α
subunit of tryptophan synthase from S. typhimurium, which shares 85% sequence identity with
E. coli αTS, were used to generate the figure from a refined version of PDB file 1BKS63 using
Pymol.37 57 out of 63 ILV residues are conserved in E.coli; the six differences primarily
involve I/V switches located at V52I (β2), I148V (loop before β5), V166I (α5), I197V (α6),
V224I (α7) and L245I (loop between α8' and α8).
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Figure 2.
Far-UV circular dichroism spectra of αTS variants grouped by replacements in elements of
secondary structure (a) β1 and β2, (b) β3 and β4 (c) β5 to β8 and (d) α0, α1, α3 and α8. The
far-UV CD spectrum for the wild-type protein is also shown in each panel with a black line,
for reference. The gray dash-dot-dot and dash guidelines indicate a 15% and 40% decrease in
signal at 222 nm, relative to wild-type αTS, respectively. The protein concentration ranged
from 5 to 7 μM. Buffer conditions: 10 mM potassium phosphate, pH 7.8, 0.2 mM K2EDTA,
and 1 mM β-mercaptoethanol. Data were collected at 25 °C.
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Figure 3.
Urea-induced equilibrium unfolding reactions (●)refolding burst-phase amplitudes (△) from
stopped-flow CD measurements initiated from the unfolded state at 6 M urea for (a) Group I
αTS variants and (b) Group II αTS variants. For I37A, L50A, L99A, L127A and L176A, data
are from Wu et al.32 The unfolded baselines are shown as dashed-dotted lines. The solid lines
represent the fits of the data to a three-state equilibrium model. The burst-phase amplitudes for
all proteins were fit to a two-state model and are represented by the dashed lines. The
equilibrium unfolding profile of wild-type αTS and its burst-phase intermediate are shown as
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thick black full and dashed lines, respectively, for reference. Buffer conditions are described
in the caption for Figure 2.
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Figure 4.
Bar graph of the free energy difference in the absence of urea for (a) N ⇌ I1, (b) I1 ⇌ I2/U
and (c) IBP ⇌ I2/U vs. I1 ⇌ I2/U transitions for Group I (open bars) and Group II (hatched
bars) αTS variants. For (c), the bars on the left refer to the stabilities of the burst phase
intermediates (IBP) obtained from stopped−flow CD measurements; the bars on the right
represent the stabilities of the I1 species measured from equilibrium unfolding experiments.
The green, blue and orange bars represent Cluster 1, 2 and 3 αTS variants, respectively. The
values for wild-type αTS are shown in gray for reference. The secondary structure assignment
for each mutation site is labeled underneath the corresponding variant.
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Figure 5.
The refolding kinetic traces of (a) wild-type αTS, (b) L99A αTS and (c) L105A αTS monitored
by stopped-flow CD for refolding jumps from 6.0 M to 1.0 M urea in standard buffer, described
in the caption for Figure 2
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Figure 6.
Urea-dependence of the observed refolding phases monitored by manual-mixing CD (○▽□)
and stopped-flow fluorescence (◇), as well as unfolding phases monitored by manual-mixing
CD (●▲) for (a) Group I αTS variants and (b) Group II αTS variants. The solid lines represent
observed relaxation times for wild-type αTS. The diamonds (◇) indicate the behavior of the
several hundred millisecond refolding phase corresponding to the unfolding of the off-pathway,
burst-phase intermediate. The open triangles (▽), open circles (○) and open squares (□) reflect
the fast, intermediate and slow refolding phases attributed to prolyl isomerization. The filled
circles (●) and triangles (▲) represent the major and minor unfolding phases. In the case of
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L48A, the observation of a sub-millisecond phase (◈) reflects the refolding of the I2/U to I1
reaction, based on its continuous linkage with the unfolding reaction of the I1 species (■).
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Scheme 1.
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Table 2
Summary of the side chain contacts within 4.2 Å for nonpolar side chains and the aliphatic component of polar
side chains in the three αTS hydrophobic clustersa

ILV ACFILMPVY ALLb

# contacts # residues #
contacts/
residue

# contacts # residues #
contacts/
residue

# contacts # residues #
contacts/
residue

Cluster 1 14 8 1.8 42 12 3.5 48 13 3.7
Cluster 2 90 31 2.9 182 57 3.2 287 100 2.9
Cluster 3 20 12 1.7 85 35 2.4 144 52 2.8

Total 124 51 2.4 309 104 3.0 479 165 2.9
a
As noted in the legend to Figure 1, the side chain contacts are calculated based on the coordinates of the α subunit of tryptophan synthase from S.

typhimurium (1BKS63), which shares 85% sequence identity with E. coli αTS. ILV residues are largely conserved in E. coli, except the six I/V switches:
V52I (β2), I148V (loop before β5), V166I (α5), I197V (α6), V224I (α7) and L245I (loop between α8' and α8).

b
All residues in the sequence except glycine.
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