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Abstract: Conformational changes in the 242 and 646 loops in the alpha subunit of tryptophan

synthase (¢TS) are important for enzyme catalysis and coordinating substrate channeling with the
beta subunit (BTS). It was previously shown that disrupting the hydrogen bond interactions
between these loops through the T183V substitution on the 646 loop decreases catalytic efficiency
and impairs substrate channeling. Results presented here also indicate that the T183V substitution
decreases catalytic efficiency in Escherchia coli oTS in the absence of the TS subunit. Nuclear
magnetic resonance (NMR) experiments indicate that the T183V substitution leads to local changes

in the structural dynamics of the p2¢2 and 646 loops. We have also used NMR chemical shift
covariance analyses (CHESCA) to map amino acid networks in the presence and absence of the
T183V substitution. Under conditions of active catalytic turnover, the T183V substitution disrupts
long-range networks connecting the catalytic residue Glu49 to the «TS-pTS binding interface,
which might be important in the coordination of catalytic activities in the tryptophan synthase com-
plex. The approach that we have developed here will likely find general utility in understanding
long-range impacts on protein structure and dynamics of amino acid substitutions generated
through protein engineering and directed evolution approaches, and provide insight into disease

and drug-resistance mutations.

Keywords: amino acid networks; chemical shift covariance analysis; protein dynamics; tryptophan
synthase; nuclear magnetic resonance; enzyme mechanisms

Introduction

Proteins can be described as networks of interacting
amino acid residues.'™ Within this framework, reg-
ulatory signals are transmitted through breaking
and/or forming new noncovalent interactions, which
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may result in changes to protein structure and/or
dynamics to influence function. Conformational
changes, potentially facilitated through binding
ligands and/or other macromolecules, would result
in substantially altered networks, which may fur-
ther gear the protein toward additional structural
and/or functional changes. Our ability to understand
and modulate these amino acid networks would
facilitate protein engineering efforts, and/or provide
new strategies in drug development aimed towards
altering the networks to impact protein function.
One model enzyme to unravel these regulatory
networks is tryptophan synthase, a heterotetramer,

Published by Wiley-Blackwell. © 2014 The Protein Society
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Figure 1. Catalytic function and loop interactions in oTS. (A)
Chemical mechanism for « TS, highlighting the roles of Glu49
and Asp60 according to the step-wise mechanism.” (B)
Structure of aTS (PDB: 1K3U), showing the location of impor-
tant amino acid residues, including Glu49 on the B2 strand
(green), Asp60 on the B2a2 loop (magenta), and Thr183 on
the B6a6 loop (blue). Also shown are the sites of the pertur-
bations used to characterize the amino acid networks in E.
coli TS, including Ala59, Ala67, Ala158, Ala180, and Ala185
(red). It should be pointed out that in the absence of BTS, the
a2’ helix (pink) does not form, and instead the B2a2 loop is
extended. Ala71 (grey), which is on the same amino acid net-
work as Glu49 under some conditions, is also shown. (C)
Close-up of the hydrogen bond interactions between the
B2a2 (magenta) and B6ab6 (blue) loops involving Thr183. The
ligand shown is N-2[1H-indol-3-YL-acetyl]laspartic acid. (D)
The locations of important amino acid residues in the context
of the a—B TS dimer (PDB: 1K3U). Importantly, all of the
NMR and kinetic studies reported here were performed on
the o TS subunit alone, in the absence of the BTS subunit.

bienzyme complex in the tryptophan biosynthetic
pathway.” The a-subunit («TS) forms a (B/a)g-barrel
structure, and catalyzes the retro-aldol cleavage of
the C3’-C3 bond of indole-3-glycerol phosphate (IGP)
to form indole and bp-glyceraldehyde 3-phosphate
(G3P) (Fig. 1). The indole product is then directly
channeled through a 25 A hydrophobic tunnel to the
B-subunit (BTS).51* The careful orchestration of
oTS and BTS catalytic activities is influenced by the
conformation and ligand-bound states of the other
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subunit.'®2! When IGP is bound, oTS forms a
closed state, in which the B2a2 and B6a6 loops fold
over the active site. The closed conformation is stabi-
lized by hydrogen bonds between Thr183 from the
B6a6 loop and residues on the B2a2, including Ala59
(Thr183-N to Ala59-0), Asp60 (Thr183-0,; to Asp60-
Os1), and Gly6l (Thrl83-O,; to Gly61-N)'#22-26
(Fig. 1).

Thr183 is a key residue to aTS function and the
regulation of indole channeling, as indicated by
studies on variants of the Salmonella typhimurium
enzyme.?”?® Amino acid substitutions at position
183 (e.g. T183A and T183V) lead up to a 100-fold
decrease in the catalytic activity of the TS reaction
and severely compromise substrate channeling.?"-2®
In contrast, the T183S substitution results in only
minor changes to TS function,?® suggesting that the
hydroxyl group of Thr183 is critical for TS function,
likely owing to the hydrogen bond interactions with
the B2a2 loop. The B2a2 loop contains one of two
residues directly involved in chemical catalysis (i.e.
Asp60); the other residue, Glu49, is located on the
adjacent B2 strand?®~3! (Fig. 1).

These results are intriguing in the context of
our recent NMR results®®*®® with the oTS subunit
from Escherichia coli, which is 85% identical to the
S. typhimurium enzyme. We used the chemical shift
covariance analysis (CHESCA) method®*3® to inter-
rogate amino acid networks in o«TS, in the absence
of the BTS subunit. In the CHESCA approach, corre-
lations between chemical shift changes induced by
ligand binding and/or amino acid substitutions are
used to map allosteric amino acid networks.?* In our
case, we used a series of Ala-to-Gly site mutations to
introduce small perturbations to the protein, which
resulted in chemical shift changes that were used to
map these networks in both the ligand-free resting
state and in the ligand-bound working state.>® The
working state is a functional state defined by a
dynamic chemical equilibrium between IGP and
indole with G3P (i.e. a ratio of E:IGP to E:indo-
le:G3P of ~4:1). Strikingly, the networks were differ-
ent between the resting and working states. This
was especially noticeable in the behavior of Glu49,
which changes its network association between the
resting and working states.®® Considering that many
of our Ala-to-Gly probes reside on either the p2a2 or
B6a6 loops, it would suggest that the structure and/
or dynamics of these loops greatly influence the
underlying amino acid networks. As such, modifying
the noncovalent interactions (e.g. through amino
acid substitutions at Thr183) between the loops
would be predicted to alter the amino acid networks
important for protein structure and function.

Our driving hypothesis has been that binding of
the BTS subunit influences amino acid networks
intrinsic to the oTS subunit, and through these
means helps to coordinate structural and functional
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Table I. Kinetic Analysis of E. coli oTS Variants

kcatz‘1 KMb kcat/KM (kcat)var/ (kcat/KM)Var/ AAG® AAG®
Variant (s (indole;mM)  (sT'M Y (Readwr  (Rea/Bndwr  (kear; kcal/mol)  (kea/Ky; keal/mol)
WT 0.095 0.926 103 — — —
AT1G 0.020 1.84 10.9 0.211 0.106 0.921 1.33
T183V 0.007 1.10 6.36 0.074 0.062 1.54 1.65
T183V/AT1G 0.003 1.70 1.76 0.032 0.017 2.04 2.41
T183V/A59G 0.010 3.35 2.99 0.105 0.029 1.33 2.10
T183V/A67G 0.011 0.842 13.1 0.115 0.127 1.28 1.22
T183V/A158G 0.007 0.804 8.71 0.074 0.085 1.54 1.46
T183V/A180G 0.007 1.52 4.61 0.074 0.044 1.54 1.85
T183V/A185G 0.007 0.782 8.95 0.074 0.087 1.54 1.45

2 Estimated error for k. is 5 to 10%.
b Estimated error for Ky is 10 to 25%.

¢ AAG (k) = —RT In (kyae/kwr), where R is 1.987 X 10 2 kcal K ! mol ! and T is 298 K.

changes in the TS complex.?>33 Thus, delineation of
the amino acid networks in the free aTS subunit
can lend insight into the workings of the complex.
Indeed, many of the network residues in «TS are
found at or near the interface to which the BTS sub-
unit binds.?® Other researchers have also suggested
that study of oTS in the presence and absence of
BTS can provide deeper insight into how the interac-
tions of the subunits influence the activity of each
subunit (e.g. Refs. 39-44).

In this article, we have characterized the func-
tional and structural consequences of the T183V
substitution on E. coli «TS. Similar to the studies
with the S. typhimurium enzyme, the T183V substi-
tution leads to a decrease in the catalytic efficiency
of TS, likely through altering the structural
dynamics of the B2a2 and B6a6 active site loops. We
mapped the amino acid networks in the presence of
the T183V substitution to show that long-range net-
works are also impacted by this substitution, includ-
ing those containing residues at the a—[@ subunit
interface. These results suggest that the T183V sub-
stitution disrupts multiple interactions that are
likely important for subunit communication within
the TS complex.

Resuls and Discussion

Kinetic comparison of wild-type and

T183V E. coli aTS

Previous studies indicated that the T183V substitu-
tion in S. typhimurium oTS results in a large
decrease in catalytic activity,2” likely due to the loss
of the hydrogen bond interactions between Thr183
on the B6a6 loop and Ala59, Asp60, and Gly61 on
the B2a2 loop (Fig. 1). We have now incorporated
the T183V substitution into E. coli o TS to determine
the functional and structural consequences of this
amino acid change. We assayed oTS catalytic activ-
ity in the absence of the B-subunit and in the
reverse direction (i.e. indole and G3P react to form
IGP). It should be noted that the catalytic activity of
the free o TS enzyme is lower than when in found in
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complex with the BTS subunit.*® The T183V substi-
tution also led to a substantial decrease in k.., but
had little effect on the Ky for indole or G3P (Table
D.

Evidence for changes in the «TS structural
dynamics induced by the T183V substitution
To gain insight into conformational and/or dynamic
changes induced by the T183V substitution, we col-
lected solution-state NMR spectra for the enzyme in
the apo-form [i.e. resting state; Fig. 2(A)]l, bound
with G3P [Fig. 2(B)], bound with indole [Fig. 2(C)],
and in the working state [Fig. 2(D)]. We note that
we collected NMR spectra for both fully °N labeled
protein, and for protein °N labeled only at the Ala
positions; we show the °N Ala spectra for clarity.
The NMR spectra suggest that the T183V sub-
stitution leads to structural/dynamic changes in the
B2a2 and B6a6 loops. As we observed previously,®2
resonances associated with residues in the PR6a6
loop, including those for Alal80 and Alal85, are
broadened out in the absence of G3P, likely due to
intermediate exchange (Fig. 2). The T183V substitu-
tion leads to both chemical shift changes and peak
intensity changes (e.g. A180 when oTS is bound to
G3P, A189 when TS is bound to indole) for residues
in the B6a6 loop. The changes in peak intensities
might indicate that the T183V substitution changes
loop dynamics on the ups-ms timescale. Unfortu-
nately, Ry relaxation dispersion experiments were
unable to further reveal and characterize these pro-
tein motions, potentially because the timescale of
these motions was outside the range of this type of
NMR experiment. We also compared steady-state
'H-'5N heteronuclear Overhauser effects (hetNOE)
for WT and T183V TS as an indicator of differences
in the ps-ns timescale dynamics (Fig. 3); R; and Ry
relaxation rate data were not of sufficient quality for
model-free analysis.?®*® The 'H-'N hetNOE data
imply that the T183V substitution increases disorder
on the ps-ns timescale for some residues in the B2a2
(e.g. Ala67) and B6a6 (e.g. Alal80; statistical testing

Dynamic Amino Acid Networks in aTS
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Figure 2. The T183V substitution leads to local changes in the B2a2 and B6a6 loops of aTS. Shown are comparisons of the
TH-"N HSQC spectra for WT (black) and T183V (red) TS enzymes (A) without ligand, (B) in the presence of 10 mM D-G3P, (C)
in the presence of 10 mM indole and (D) under dynamic chemical equilibrium conditions representing a 4:1 ratio of E:IGP to
E:indole:G3P forms; these working state conditions are initiated with the addition of 10 mM D-G3P and 10 mM indole. Note
that only the Ala residues are "°N labeled. NMR data were collected at 298 K on samples containing 0.5 to 1 mM protein in 50
mM potassium phosphate, pH 7.8, 2 mM DTT, 0.2 mM Na,EDTA, and 10% 2H20.

suggests that there is a difference in the A180 het-
NOE data at the 90% confidence interval) loops.
These changes in the loop dynamics are not surpris-
ing given that the T183V effectively breaks the
interactions between the f2a2 and B6a6 loops.

Network probes only result in minor changes to
steady-state kinetic parameters

Besides the local disruption of the hydrogen bond
interactions between the B2a2 and B6a6 loops, the
T183V substitution may lead to longer-range struc-
ture/dynamic changes that would impact «TS func-
tion and/or interactions with BTS. We had
previously used the CHESCA approach to delineate
the amino acid networks in aTS in both the ligand-
free resting state and ligand-bound working state.®®
Our method depended on perturbing the protein
using Ala-to-Gly substitutions, and monitoring
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chemical shift changes in the fully '°N-labeled pro-
teins. Resonances with strong chemical shift correla-
tions across these perturbations suggest that the
corresponding residues respond in a similar fashion
to these perturbations, and are thus on the same
amino acid network.>* We proposed that the effects
of the T183V substitution on the amino acid net-
works in oTS could be assessed by repeating the
analysis but using double-substituted protein con-
taining the previous Ala-to-Gly substitutions
together with the T183V substitution itself (i.e. com-
paring T183V, T183V/A59G, T183V/A67G, T183V/
A158G, T183V/A180G and T183V/A185G variants).
Since we were also interested in how ligand-
binding impacts the amino acid networks, the amino
acid substitutions used to probe the networks should
not substantially change ligand binding. Along these
lines, we had previously shown that the Ala-to-Gly
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Figure 3. The T183V substitution alters structural dynamics
in the 22 and B6a6 loops. Comparison of the 'H-">N het-
eronuclear Overhauser effects (hetNOE) for WT (black) and
T183V (red) o TS enzymes for the (A) ligand-free resting state
and the (B) working state conditions under dynamic chemical
equilibrium. The working state conditions are initiated by the
addition of 10 mM indole and 10 mM D-G3P to reach a ratio
of E:IGP to E:indole:G3P of ~4:1.

probes do not substantially alter the steady-state
kinetic parameters nor alter the equilibrium ratio
between E:IGP and E:indole:G3P in the working
state.®® Similarly, the Ala-to-Gly substitutions in the
background of the T183V change do not result in
any substantial changes to the steady-state kinetic
parameters compared with the T183V variant itself
(Table I). The largest change is a threefold increase
in the Ky for indole for the T183V/A59G variant
compared with the T183V variant (Table I). None-
theless, the concentration of indole (i.e. 10 mM) used
in the NMR experiments should still be close to sat-
urating for all o« TS variants.

The amino acid networks in the working state
are unique compared with the resting state and
to other ligand-bound states

To begin the CHESCA approach, we collected 'H-°N
heteronuclear single quantum coherence (HSQC)
spectra for single- and double-substituted protein to
compare amino acid networks in the presence and
absence of the T183V substitution with and without
ligands. As before,>® each resonance was assigned a
single, combined chemical shift according to s(x); =
dg + 0.2 3y, where 8y and dy are the 'H and '°N
chemical shifts, respectively. Uncertainty in these
values was accounted for by randomly generating
sets of 400 points that followed a Gaussian distribu-
tion centered on s(x); with a standard deviation of o.
The Pearson correlation (R) between two backbone
amide resonances was then determined within a
series of protein variants using these generated
points. While the o value could be approximated by
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collecting and comparing spectra, in our hands we
have used this mostly as an input value to judge the
robustness of the network (i.e. the lowest value we
set this to is 0.01 ppm). That is, some of the weaker
correlations, or correlations in which the distribution
range of the chemical shift data points is small, will
essentially disappear at larger values of . The
robustness of the network can also be gauged by
changing the probability or P value at which we
determine that the linear correlations are statisti-
cally significant. In our view, the P values are a bet-
ter measure of the statistical significance of the
linear correlation than the R value, considering that
some chemical shift datasets may not be useable for
certain pairwise correlations due to higher than
expected chemical shift changes (e.g. due to proxim-
ity effects). In this case, the number of data points
will change (but will always be larger than four),
however, this change in the number of data points is
accounted for in the P values. More information
about our modified method can be found in our pre-
vious manuscript (see Ref. 33).

Based on the P values, an agglomerative clus-
tering algorithm using a single-linkage (i.e., nearest-
neighbor) model was used to organize the chemical
shift correlation matrices (Supporting Information
Fig. S1) into dendrograms (Supporting Information
Fig. S2), and the clusters identified in the dendro-
grams were then plotted onto the aTS structure
(note that we have used the S. typhimurium struc-
ture due to the disordered loops in the E. coli struc-
ture; Fig. 4). For simplicity, we will refer to the
amino acid networks generated without the T183V
substitution as WT networks (i.e. based on the spec-
tra for WT and the single-substituted proteins) and
those generated with the T183V substitution as the
T183V networks (i.e. based on the spectra for T183V
and the double-substituted proteins).

Our previous studies on the WT resting and
working state clusters identified two sets of clus-
ters,>® which we will name cluster 1 (dark blue/light
blue in Fig. 4) and cluster 2 (colored red/orange in
Fig. 4). For the WT networks, it was noteworthy
that Glu49, which is directly involved in chemical
catalysis, switches from cluster 2 in the resting state
to cluster 1 in the working state.®

We have performed a similar analysis but now
in the presence of only one ligand (i.e. G3P or indole
alone; Fig. 4). Many of the cluster 2 residues identi-
fied are the same between all four states (i.e. rest-
ing, bound with G3P, bound with indole, and
working states). More changes occur in the cluster 1
residues in the presence of the different ligands. For
the resting state, most of the cluster 1 residues are
grouped on one face of the active site away from
cluster 2. When ligand is present, some cluster 1 res-
idues are interspersed with the cluster 2 residues
and remote from the main cluster grouping. The

Dynamic Amino Acid Networks in aTS



Figure 4. Amino acid networks in E. coli «TS are dependent
upon the bound ligand and the presence of the T183V substi-
tution. Agglomerative clustering is used to identify “nearest-
neighbor” clusters in aTS (A) in the ligand-free resting state,
(B) when bound to G3P, (C) when bound to indole, and (D) in
the working state under dynamic chemical equilibrium condi-
tions (i.e. ~4:1 ratio of E:IGP to E:indole:G3P). To generate
the WT networks (left), the CHESCA approach utilized NMR
data from WT, A59G, A67G, A158G, A180G, and A185G pro-
teins. To generate the T183V networks (right), the CHESCA
approach utilized NMR data from T183V, T183V/A59G,
T183V/A67G, T183V/A158G, T183V/A180G, and T183V/
A185G proteins. Residues in cluster 1 and cluster 2 are plot-
ted as dark blue/light blue and red/orange spheres onto the
oTS structure (PDB: 1K3U). Colors also correspond to the
level of statistical significance that these residues are found
in their appropriate clusters (P < 0.01, dark blue/red; P <
0.05, light blue/orange). Chemical shift covariance matrices
and the associated dendrograms are presented in Supporting
Information Figures S1 and S2 respectively.

ligands may facilitate interactions that are not pres-
ent in the apo-enzyme, and in some cases, long-
range structural/dynamic changes induced by ligand
binding may only be “felt” by a subset of residues.

Axe et al.

Perhaps the most outstanding finding is that Glu49
remains in cluster 2 when only G3P or indole is
bound, indicating that Glu49 only switches clusters
when both ligands are present, or when IGP is
formed. The cluster 1 residues identified when either
G3P or indole are bound are also not just a subset of
the cluster 1 residues identified in the working state,
suggesting that the working state is comprised of
conformational state(s) unique to the active turnover
conditions, consistent with our previous findings.>2

As another check on these clusters, we have per-
formed singular value decomposition (SVD) analysis.
The original article on CHESCA3* performed SVD
analysis on the raw chemical shift matrix to provide
some sense of function to the clusters that were
identified. Here, we have instead performed SVD
analysis on the chemical shift correlation matrix.
Our rationale is that a network could be described
as a linear combination of the correlations within
the network, thus each principle component (PC)
would represent a network. This analysis would
serve as an additional test of the clusters, and iden-
tify residues that associate with both clusters, pro-
viding potential communication pathways between
clusters. We suggest that the SVD analysis per-
formed here is complimentary to the SVD analysis
performed in the original CHESCA article.?* Satisfy-
ingly, cluster 1 and cluster 2 residues associated
mostly with the PC2 and PC1 axes respectively
(Supporting Information Fig. S3). Moreover, Glu49
is near the PC2 axis in the WT working state, but
near the PC1 axis in all other tested cases. The resi-
dues that scatter away from one axis or another are
generally those residues in which we have lower sta-
tistical confidence in belonging to a particular clus-
ter (also see Fig. 4). It should be kept in mind,
however, that PC1 and PC2 only account for ~63%
of the total variance in the data, which suggests
that our clustering analysis might be missing some
additional complexity.

The T183V substitution changes the amino acid

networks in the working state

We first note that we used chemical shift data for
the same residues to generate the WT and T183V
networks. As such, differences in the WT and
T183V networks must be traced to the T183V sub-
stitution, and not to any missing data (e.g. missing
or unassigned resonances with the T183V samples).
The amino acid networks in the apo-enzyme and
when enzyme is bound to indole are very similar in
the absence or presence of the T183V substitution
(Fig. 4). The T183V substitution induces more sub-
stantial changes in the amino acid networks when
enzyme is bound to G3P and in the working state.
These changes might be due to altered interactions
between the B6a6 loop and the phosphate moiety of
G3P/IGP. Three clusters of residues are identified
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Figure 5. Network associations with Glu49 are different in the presence/absence of the T183V substitution. Shown are the den-
drograms for (A) WT and (B) T183V networks under the working state conditions. The WT network utilized NMR data from WT,
A59G, AB7G, A158G, A180G, and A185G proteins, whereas the T183V network utilized NMR data from T183V, T183V/A59G,
T183V/A67G, T183V/A158G, T183V/A180G, and T183V/A185G proteins. Dendrograms are drawn based on the chemical shift
covariance matrices in Supporting Information Figure S1. Lines are drawn between residues showing significant (i.e. P < 0.05)
linear chemical shift correlations, starting with Glu49 and then to other residues. For improved clarity, connecting lines are not
shown between residues within the same “circle” of residues. Residues from these dendrograms are plotted as spheres on the
oTS structure for the (C) WT and (D) T183V networks (PDB: 1K3U). Glu49 is plotted as a larger red sphere, the residues show-
ing significant linear chemical shift correlations with Glu49 are plotted as orange spheres, and the residues showing significant

linear chemical shift correlations with the first set of residues are plotted as yellow spheres. Analysis of other states is pre-

sented in Supporting Information Figure S4.

by our approach when enzyme is bound to G3P, but
only with the T183V substitution. Perhaps most
strikingly, Glu49 remains part of cluster 2 in the
T183V working state. The long-range interactions
involving Glu49 can also be visualized by identify-
ing those residues whose resonances best linearly
correlate to the Glu49 resonance (Fig. 5, Supporting
Information Fig. S4). Again, the WT working state
gives a unique profile compared with the apo- and
other ligand-bound states (Supporting Information
Fig. S4), and is different from the T183V working
state (Fig. 5). These results suggest that the allo-
steric pathway delineated by the cluster 1 residues
depends on the interactions between the B2a2 and
B6a6 loops, despite the fact that most of these resi-
dues comprising cluster 1 are on the “backside” of
the enzyme, away from the active site. This part of
the protein has also been termed the “stability face”
in the context of TIM-barrel proteins, in contrast to
the “catalytic face” that contains the active site.*’
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Probing pathways unique to WT and T183V
working states

We have previously used other amino acid substitu-
tions to further probe the unique allosteric pathways
in the resting and working states for the WT
enzyme.?> For example, Glu49 is only in the same
cluster as Ala71 in the resting state; the A71G sub-
stitution results in a chemical shift change in the
Glu49 resonance in the resting state but not for the
working state (Fig. 6). With the T183V amino acid
networks, Ala71 is in the same cluster as Glu49 for
both the resting and working states (Figs. 4 and 5).
We further tested these connections by comparing
the chemical shift changes induced by the T183V
and T183V/A71G substitutions on the Glu49 reso-
nance (Fig. 6). The T183V substitution led to a more
substantial chemical shift change in the working
state than the resting state. In contrast to what was
previously observed for the A71G variant, the
T183V/A71G double substitution led to chemical

Dynamic Amino Acid Networks in aTS
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Figure 6. Perturbing unique pathways in the WT and T183V
networks of E. coli «TS. Zoomed in pictures of the "H-'°N
HSQC spectra showing the Glu49 resonance for WT (black),
A71G (blue), T183V (red), and T183V/A71G (magenta) aTS
enzymes for the (A) ligand-free resting state and (B) working
state under dynamic chemical equilibrium conditions (i.e. a
~4:1 ratio of E:IGP to E:indole:G3P). The A71G substitution
induces a more substantial chemical shift change for the
Glu49 resonance in the working state in the presence of the
T183V substitution, consistent with Ala71 being in the same
cluster as Glu49 in the T183V but not the WT network.

shift changes to the Glu49 resonance in both the
resting and working states compared with what was
observed for either WT enzyme or the T183V variant
(Fig. 6). These results are consistent with Ala71 and
Glu49 being part of the same cluster for both resting
and working states when the T183V substitution is
present.

The A71G and T183V/A71G substitutions also
led to changes in the steady-state kinetic parameters
(Table I). The T183V/A71G double-substitution led
to a ~4-fold decrease in catalytic efficiency (i.e. kcqat/
Kyp) compared with the T183V variant, which is less
than the ~9-fold decrease in catalytic efficiency
induced by the A71G substitution compared with
WT enzyme. However, thermodynamic comparison of
the free energy change induced on the catalytic effi-
ciency (i.e. AAG = —RT (In ((keat/KnDvariant/Beat/
Ky)wr) indicated that the sum of the effect of the
two single substitutions (i.e. A71G, T183V) was only
different by ~0.5 kcal/mol compared with the
double-substitution (i.e. A71G/T183V).

Conclusions

Our results indicate that the T183V substitution
substantially decreases the catalytic efficiency of E.
coli aTS. These functional impacts likely owe both
to changes in the local hydrogen bond interactions
between the B2a2 and B6a6 loops and to longer-
range changes in the underlying amino acid net-
works governing the structure and dynamics of aT'S.
Intriguingly, the switch in the amino acid networks
involving Glu49 observed in the working state
strictly depend on the presence of both substrates.
These unique amino acid networks in the working
state are also disrupted by the T183V substitution.
We have previously noted that many of the cluster
residues are located at or near the interface where
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BTS binds.?® We have suggested that the amino acid
networks intrinsic to «TS might be influenced by
the binding of BTS in order to coordinate catalytic
activities and indole channeling.?%3 It is interesting
to note then that cluster 1 of the T183V working
state does not extend to the aTS-BTS interface as it
does in the WT working state (Fig. 7). In particular,
Phel07, which interacts with B-strands on BTS (i.e.
residues 275-279 and 282-289) comprising part of
the indole channel, is in the WT but not the T183V
working state cluster 1. Phe280 on the turn connect-
ing these B-strands has been shown to block the
indole channel in some TS crystal structures.®4°
Cluster 1 in the working state may thus be impor-
tant in gating the opening/closing of the channel to
coordinate indole channeling, and the T183V substi-
tution may disrupt this allosteric pathway to impede
indole channeling. NMR studies on the full TS com-
plex should bring additional insights into how the
amino acid networks of oTS communicate with those

aPhe107

alS

Figure 7. Potential pathway of communication between the
active site of TS and the BTS binding interface in the (A) WT
enzyme that is disrupted in the (B) T183V variant. Working
state clusters from Figure 4 are plotted onto o«TS dimer
(PDB: 1K3U). oTS and BTS subunits are indicated by white
and dark grey ribbons, respectively. Cluster residues are plot-
ted as colored spheres (cluster 1, blue; cluster 2, orange).
Green indicates a potential pathway from Glu49 to the aTS-
BTS binding interface identified from the cluster analysis in
Figure 4, where Phe107 from «TS interacts with B-strands
from BTS forming part of the indole channel. These interac-
tions might influence the conformation of Phe280 in BTS,
which has been shown to block the indole channel in some
TS crystal structures*®. The T183V substitution also likely dis-
rupts structural dynamics of the B2a2 and B6a6 loops in aTS
that are important for TS catalysis and indole channeling.
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networks intrinsic to BTS; such studies may require
the use of solid-state NMR methods that are not
inherently size limited, as have been performed pre-
viously for TS.50-52

Other methods have been important in delineat-
ing the amino acid networks in other proteins (e.g.
Refs. 1,5,6, and 53-56). The CHESCA approach is
especially valuable since we have been able to dem-
onstrate that the amino acid networks are depend-
ent on the ligand-bound state of the protein,®® which
may suggest means through which conformational
changes and/or protein dynamics are controlled
through ligand binding.?” Here, we have shown that
modifying a key residue impacts both short- and
long-range interactions by changing the underlying
amino acid networks, but only in specific ligand-
bound states. We can envision the approach devel-
oped here (i.e. CHESCA with single and double sub-
stituted protein) applied to the investigation of other
key residues or interactions in proteins to outline
how the modification of key residues globally alters
the structural dynamics of these proteins, providing
new insights into allosteric regulation, molecular
evolution and protein engineering.

Materials and Methods

Site-directed mutagenesis of «TS

Single (i.e. T183V) and double mutants (i.e. T183V/
A59G, T183V/A67G, T183V/A71G, T183V/A158G,
T183V/A180G, T183V/A185G) were generated using
the Stratagene QuikChange Lightning Site-Directed
Mutagenesis Kit (Agilent Technologies) and appro-
priate primers with the pET26 vector. Sequences
were confirmed through DNA sequencing (Nucleic
Acid Facility, Pennsylvania State University). Other
mutants were previously generated according to
Refs. 32 and 33.

Overexpression and purification of WT and
variant oTS for kinetic studies

WT and variant oTS proteins were overexpressed in
Luria-Bertani media. Cultures of transformed E. coli
BL21 (DE3*) were grown at 37°C until an ODggg
(optical density at 600 nm) of 0.5 to 0.6 was reached,
at which time 1 mM IPTG (final concentration) was
added to induce protein expression. Cells were
allowed to overexpress oTS for approximately 12 h
at 25°C and were then collected by centrifugation at
10,000g for 20 min. WT and variant oTS was puri-
fied using the previously described procedure.??

Steady-state kinetic studies of WT

and variant «TS

After protein purification, samples were dialyzed into
the assay buffer (100 mM potassium phosphate, pH
7.6) for approximately 12 h. Assays were monitored
by UV absorbance of IGP at 290 nm with a Spectra-
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Max M2 plate reader (Molecular Devices). Assays
were performed in triplicate at 298 K. Initial rate
data were fit to the Michaelis-Menten [Eq. (1)] using
nonlinear regression with the program Kaleidograph:

v=(keat/E1)/(Kn+[S]) oy

where v is the initial reaction velocity, Er is the
total amount of enzyme in the assay, and [S] is the
substrate concentration. When D-G3P varied (1.5-19
mM), indole was held constant at 1.3 mM, and when
indole varied (0.5-3.3 mM), D-G3P was held con-
stant at 10 mM. The concentration of oTS was 7.5
pM for WT enzyme and 37.5 pM for variant proteins
carrying the T183V substitution.

Overexpression and purification of WT and
T183V TS variants for NMR studies

WT and variant o TS were overexpressed in M9 media,
with '®N-labeled ammonium chloride (1 g/L of culture)
to achieve full °N-labeling of the backbone. Cultures
of transformed E. coli BL21 (DE3*) were grown at
37°C until an ODggyy of 0.5 to 0.6 was reached, at
which time 1 mM IPTG (final concentration) was
added to induce protein expression. Cells were allowed
to overexpress oTS for approximately 12 h at 25°C
and were then collected by centrifugation. TS was
purified using the same procedures as described
above. Cultures for selective *®N-Ala backbone labeling
of WT and T183V oTS for hetNOE studies were over-
expressed according to Ref. 58.

NMR sample preparation and analysis
Following protein purification and concentration, a
ZEBA desalting column (Thermo Scientific) was used
to exchange the buffer of all protein samples to NMR
buffer (50 mM potassium phosphate, pH 7.8, 2 mM
DTT, 0.2 mM Na,EDTA, and 10% 2H,0). The NMR
samples generally contained 0.5 to 1 mM protein, and
10 mM indole and/or 10 mM G3P where indicated.
'H-N hetNOE values were measured by
acquiring two spectra, with or without proton presa-
turation, in an interleaved manner, according to the
scheme in Ref. 59. A total of two pairs of spectra
were collected at 298 K for each of the oTS com-
plexes analyzed. All NMR data was collected on a
Bruker Avance III 600 MHz spectrometer equipped
with a TCI cryoprobe.

Covariance and cluster analysis

H-N HSQC spectra were collected from WT, single
variant (i.e. A59G, A67G, A158G, A180G, A185G),
and T183V containing double variant oTS (.e.
T183V/A59G, T183V/A67G, T183V/A158G, T183V/
A180G, T183V/A185G). The CHESCA analysis was
performed using the procedure outlined in Ref. 33,

Dynamic Amino Acid Networks in aTS



which is similar to the original implementation of
this method.?*
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