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Allosteric communication is critical for protein function and cellular
homeostasis, and it can be exploited as a strategy for drug design.
However, unlike many protein-ligand interactions, the structural ba-
sis for the long-range communication that underlies allostery is not
well understood. This lack of understanding is most evident in the
case of classical allostery, in which a binding event in one protomer is
sensed by a second symmetric protomer. A primary reason why study
of interdomain signaling is challenging in oligomeric proteins is the
difficulty in characterizing intermediate, singly bound species. Here,
we use an NMR approach to isolate and characterize a singly ligated
state (“lig;") of a homodimeric enzyme that is otherwise obscured by
rapid exchange with apo and saturated forms. Mixed labeled dimers
were prepared that simultaneously permit full population of the lig,
state and isotopic labeling of either protomer. Direct visualization of
peaks from lig, yielded site-specific ligand-state multiplets that provide
a convenient format for assessing mechanisms of intersubunit commu-
nication from a variety of NMR measurements. We demonstrate this
approach on thymidylate synthase from Escherichia coli, a homodimeric
enzyme known to be half-the-sites reactive. Resolving the dUMP, state
shows that active site communication occurs not upon the first dJUMP
binding, but upon the second. Surprisingly, for many sites, dUMP,
peaks are found beyond the limits set by apo and dUMP, peaks, in-
dicating that binding the first dJUMP pushes the enzyme ensemble to
further conformational extremes than the apo or saturated forms. The
approach used here should be generally applicable to homodimers.

homodimer | subunit communication | allostery | NMR | thymidylate
synthase

llosteric regulation in proteins is a ubiquitous mechanism

for controlling cellular behavior and an attractive strategy for
therapeutic development. Even though broadly recognized, long-
range communication is not well understood mechanistically (1-4).
Although there have been numerous strategies to reveal the struc-
tural and dynamic underpinnings of allostery, oddly these strategies
have largely focused on complex oligomeric or, alternatively, on
small monomeric allosteric proteins. A likely more straightforward
approach is to study allosteric mechanisms using simple symmetric
homodimeric proteins, which would allow for answering the basic
and general question of how the occurrence of an event in one
subunit is communicated to another subunit, as occurs in classical
multisubunit allosteric proteins. Given the large number of homo-
dimeric proteins involved in cellular regulation (such as growth
factors, cytokines, kinases, G protein-coupled receptors, transcrip-
tion factors, and metabolic proteins), insights into intersubunit
communication should be widely beneficial (5).

As a key step toward a broad understanding of allosteric
mechanisms, it will be important to observe how binding a ligand
in one subunit is communicated to a second subunit, even in the
absence of conformational change. Although this communica-
tion is straightforward in specific cases of two differing neigh-
boring domains or heterodimers in which domains have distinct
ligands (6-8), it is more elusive for the common case of sym-
metric homodimers. Homodimers present a challenge because it
is difficult to either observe individual protomers or study states
with a single ligand bound (referred to here as “lig;”) because of
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dynamic binding equilibria. Having a method to isolate lig; homo-
dimers would facilitate detailed study of intersubunit communication
and allostery by high resolution structural methods. A well-established
approach for mapping communication networks in proteins is NMR
spectroscopy, most commonly using so-called chemical shift pertur-
bation (CSP) (9, 10). In the case of homodimers, however, tracking
CSPs or making additional measurements on lig; peaks (or reso-
nances) becomes problematic because (i) resonances from sym-
metric protomers can overlap, (ii) resonances are frequently in fast
or intermediate exchange on the NMR timescale, especially in di-
meric enzymes where substrate affinities are low to moderate, and,
most importantly, (iii) unless ligand binding is highly negatively co-
operative, there will be additional resonances from apo (ligy) and
doubly bound (lig,) states. In principle, monitoring lig; states is most
easily carried out in highly negatively cooperative systems although,
even in the few reported cases, most lig; resonances were not well
resolved (11, 12). A general, experimental format for monitoring
specific peaks (or sites) in both bound and empty protomers for
lig; states will therefore help advance our understanding of inter-
subunit communication and allostery in homodimers (and poten-
tially higher order oligomers).

Escherichia coli thymidylate synthase (TS), a 62-kDa symmetric
homodimer, presents a favorable example for lig; studies by NMR.
TS catalyzes the synthesis of the sole source of 2’-deoxythymidine-
5’-monophosphate (dTMP) via a multistep mechanism involving
reductive methylation of dUMP using N5,N10-methylene-5,6,7,8-
tetrahydrofolate (mTHF) as both a methylene and hydride donor.
In addition, TS is half-the-sites reactive (13-15), with substrate
binding sites separated by 35 A, leading to an expectation for
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negative substrate binding cooperativity between protomers. Al-
though dUMP was recently shown to bind with minimal coopera-
tivity for the E. coli enzyme at 25 °C, there are signs of unequal
thermodynamics between the two protomers at lower temperatures
(16), and indeed data herein show clear intersubunit communica-
tion. Moreover, other TS enzymes, and in particular human, seem
to show more dramatic cooperativity, suggesting that intersubunit
communication is an intrinsic feature of TS (13, 17-21). To over-
come the difficulties of studying symmetric proteins by NMR, we
generated a pair of mixed labeled dimers of TS that each have a
single functional active site and a single protomer labeled for NMR
studies. These complementary mixed dimers allow for determining
protomer-specific responses to a single dUMP binding event by
isolating the dUMP; state. In the presence of dUMP, the mixed
dimers revealed dUMP; peak positions normally hidden in WT
(wild-type) dimer titrations and highlighted the important differ-
ences between the two dUMP binding events. These data also allow
construction of complete “ligand state peak multiplets” that reflect
the responses of residues on both sides of the interface. Most no-
tably, we show that there is communication between the two active
sites primarily upon binding the second dUMP because this binding
event causes perturbations in the already-bound first site.

Materials and Methods

Protein Expression and Purification. WT and double mutant R126E, R127E
(RREE) thymidylate synthase from E. coli was expressed and purified as de-
scribed in SI Materials and Methods.

Generation of TS Mixed Dimers. Preparation of specific labeled mixed dimers was
accomplished in vitro by mixing purified WT and RREE homodimers, in 2 M urea at
pH 9, to reapportion the monomers yielding three species: WT and RREE
homodimers and a mixed dimer with one WT and one RREE monomer. The mixed
dimer was then separated from the parent homodimers by anion exchange
chromatography. For NMR studies, two different preparations of mixing were
made to isolate both species of mixed dimers: one where the binding subunit is
U-[?H, "*N]-labeled (mix RREE-labeled with WT-unlabeled) and one where the
nonbinding subunit is U-[>H, "*N]-labeled (mix WT-labeled with RREE-unlabeled).
For full details, see SI Materials and Methods.

NMR Spectroscopy. Standard transverse relaxation-optimized spectroscopy
(TROSY) triple resonance and 'H-'°N heteronuclear single quantum co-
herence (HSQC) experiments were used for backbone resonance assignment
experiments and ligand titrations, respectively, as described in S/ Materials
and Methods.

Results

Generation and Characterization of Mixed Dimers. To study inter-
subunit communication in a homodimeric protein, we sought to use
NMR to investigate the effect that binding of the first ligand has on
both subunits of thymidylate synthase. Study of lig; states, however,
requires overcoming two primary degeneracies. The first is that
addition of ligand to populate the lig; state is typically accompanied
by population of ligy and lig; states, and accordingly, more complex
spectra. The second is that, for symmetric protein dimers, it can be
difficult to spectroscopically distinguish between the bound and
empty protomers (or subunits). Our strategy was to break these
degeneracies by creation of mixed °N-labeled dimers that (i) can
bind substrate only in one protomer, and (ii) have only a single
protomer labeled for NMR detection, allowing for two comple-
mentary lig; dimer samples, one with the bound subunit **N-labeled
and a second lig, sample with the empty subunit *N-labeled.
Mixed labeled dimers with a single functional active site were
prepared by first abolishing substrate binding with an active site
mutation (R126E, R127E). Mixing this inactive, purified homo-
dimer with purified '*N-labeled WT homodimer yielded three
species, one of which is the mixed dimer with the nonfunctional
subunit (the WT) '*N-labeled (Fig. 14) (note that the mutation
at positions 126-127 abolishes binding to the opposite subunit
because the loop bearing the arginine mutations forms critical
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Fig. 1. Characterization of the mixed dimers. (4) Schematic of a mixed labeled
dimer showing the sites of mutation. The WT subunit (black) is >N-labeled
(hashed), and the RREE mutant subunit (red) is unlabeled. The blue circle and red
X indicate the functional and nonfunctional binding site, respectively. (B) Chro-
matogram showing separation of the three species using anion exchange.
(C) dUMP binding to the mixed dimer was measured by isothermal titration
calorimetry (ITC); mean and SD are from three replicates. For the selected iso-
therm, mixed dimer concentration was 150 uM with 3 mM dUMP in the syringe.
(D) Overlay of HSQC spectra of apo WT (black), WT-labeled (green), and RREE-
labeled (red) mixed dimers. Residues proximal to the mutation are D124 and
$125 in the RREE-labeled and L172 in the WT-labeled mixed dimers.

interactions with dUMP in the opgosite subunit). Labeling of the
functional subunit is achieved by ~N-labeling the mutant enzyme
and subsequent mixing with unlabeled WT (and purification from
the two homodimers) (Fig. 1B). Binding of dUMP to the mixed
dimer, measured by isothermal titration calorimetry (Fig. 1C), was
similar to the WT (AH; of —4.5 kcal/mol, AH, of —4.4 kcal/mol and
Kp= Kp; of 16 uM) (16). HSQC:s of the apo mixed dimers showed
that the mutation primarily affects nearby residues, with minimal
effects on distal sites (Fig. 1D). With this pair of mixed labeled
dimers, addition of dUMP yielded lig; samples with >N chemical
shift probes distributed throughout the bound or empty subunit,
enabling subunit-specific tracking of ligand-binding effects without
interference from dUMP, or dUMP,.

Imbalanced Chemical Shift Response to dUMP Binding. With the two
mixed dimers, we characterized the subunit-specific effects of the
first and second dUMP binding events using standard chemical shift
perturbations (CSPs). "H-">N CSPs due to the first dUMP binding
event were calculated directly from the mixed labeled dimers to
monitor perturbations in each subunit. The bound subunit of
dUMP; showed large CSPs in the binding site, dropping off ~20 A
from dUMP, with smaller perturbations extending along the in-
terface, out to ~28 A from dUMP (Fig. 24). The empty subunit was
largely unaffected, dropping off ~15 A from dUMP, with all of
the CSPs in the dUMP binding loop (residues 123'-128’,
where prime indicates the empty subunit) and the backside of the
binding site (residues 150-163") (Fig. 2B). Overall, the effects of
binding the first dUMP were highly localized, primarily to the binding
region, with small perturbations to the dimer interface (Fig. S14).
Although CSPs for the second dUMP binding event (dUMP;
to dUMP;) cannot be directly calculated, they can be obtained
indirectly from the mixed dimers by reconstructing the WT
dUMP; chemical shifts, which was accomplished using a vector-
based correction to account for the effects of the RREE mutation
(Fig. 3 and SI Materials and Methods). This correction allows
generation of WT dUMP; chemical shifts from the mixed dimer
dUMP; chemical shifts (open circles in Figs. 3 and 4). The correction
was cross-validated separately on a reference complex (Fig. S2 and ST
Materials and Methods). In contrast to the first dUMP, the second
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Fig. 2. Chemical shift perturbations of the two dUMP binding events. The ef-
fects of binding the first dUMP to the binding (4) and nonbinding (B) subunits of
the dimer are shown at the Top, using the CSP scheme shown in Fig. 3A. The
effects of binding the second dUMP to the nonbinding (C) and binding (D) sub-
units are shown at the Bottom, using the reconstructed WT CSPs shown in Fig. 3B.
Viewing the dimer interface region is enhanced by separating the two subunits,
where the subunits on the right underwent a hinge-type rotation (dotted line) to
yield the same viewing angle as those on the left. As a reference point for the
rotation, the red (A) and white (B) spheres show the locations of R126 and R127
from the other subunit. Residues with significant CSPs are shown as spheres.
Residues that are missing or unassigned are in yellow. Annotated residues are
discussed in Figs. 4 and 5, where residues denoted prime (e.g., R126') correspond
to the empty subunit of the dUMP; state. The first bound (dUMP 1) and second
bound (dUMP 2) dUMPs are shown in dark blue; for binding of dUMP 2 (Bottom),
the previously bound dUMP 1 is shown in light blue. In C, the circle highlights the
major difference in the distant subunit response for binding of dUMP 1 and
dUMP 2. The CSPs in context of the full dimer are shown in Fig. S1.

dUMP had more pronounced effects throughout the entire protein.
The effects of the second dUMP on the binding subunit resembled
the effects of the first dUMP, with the largest and majority of the
perturbations localized around the binding site (Fig. 2D). Most no-
tably, however, unlike the first dUMP, the second dUMP caused
significant perturbations to the other binding site: in this case, the site
bound by the first dUMP (e.g, Q17 and V170) (Fig. 2C). The
widespread perturbations in both subunits upon the second binding
dUMP indicated subunit communication between the two binding
sites. Overall, the CSP analysis showed an imbalance in the subunits’
responses to the two dUMP binding events: CSPs were limited to the
binding site for the first JAUMP but covered the interface and both
binding sites for the second dUMP.

Ligand State Multiplets Reveal That dUMP, Is an Extreme State. Al-
though standard CSP analysis is effective at revealing overall
perturbations of large magnitude, it can also obscure, especially
in the case of a homodimer, interesting chemical shift behavior.
To view the complete WT chemical shift responses, we sought to
visualize relative peak positions of the dUMP,, dUMP, (recon-
structed), and dUMP; states for each residue amide. In general,
these overlays yielded four-peak ligand state multiplets (Fig. 4)
because the dUMP, and dUMP; states yielded single peaks due
to dimer symmetry, and the dUMP; state can yield two distinct
peaks, one from each of the mixed dimer samples. For clarity, we
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used superscripts “apo,” “empty,” “bound,” and “doub” to refer
to peak positions of the dUMP, state, the empty subunit of the
dUMP; state, the bound subunit of the dUMP; state, and the
dUMP, state, respectively.

One interesting feature of the multiplets is that, in some cases,
the peak positions of the dUMP; state actually extended further
than the dUMP, peaks, which we refer to as “supershifting.”
Supershifting can be seen for V170 and Q17 (Fig. 4 4 and B), where
V170™*¢ (Q17°°""%) shifts in the same direction as V1709
(Q17%"), but actually shifts beyond V170%"* (Q17%"P). The
simple case where supershifting is along the apo—doub chemical
shift change vector suggests a fast equilibrium of free and bound
states, and, oddly, binding the first dUMP pushes the equilibrium
further than the second dUMP. Alternatively, it could suggest that
protomers may not simply snap into a free or bound conformation,
but rather that there are additional states that protomers can adopt
and that binding the first dUMP induces a more extreme state.
Much of the dUMP; supershifting occurs around the binding site
(Fig. S3 A and B), which, remarkably, explains the long-range
intersubunit communication observed upon binding the second
dUMP (Fig. 2C). Because the first dUMP seems to induce an ex-
treme state beyond what is observed in the dUMP, state, and one
that cannot be supported with both subunits bound, a response is set
up in which binding the second dUMP partially reverses the initial
shift (e.g., V170 in Fig. 44). This result leads to intersubunit com-
munication upon binding the second dUMP by making corrections
to supershifting caused by the first dUMP.

More complex shifting behavior was seen in additional residues.
For example, A132 exhibited not only supershifting, but also an
A132°™PY and A132°°“™ shift in a direction orthogonal to the
A132%P°_A1329°% vector, termed “orthogonal shifting,” indicating
that such sites are not simply in a fast, two-state equilibrium (Fig.
4C). This result, again, points to the existence of an additional state
that becomes significantly populated upon binding the first dUMP.
Another multiplet pattern we observed was “reverse shifting,”
where dUMP; peaks shift in the opposite direction of the apo—
doub chemical shift vector (Fig. 4 D and E). It is not immediately
clear why reverse shifting was observed although, along with
supershifting, it suggests that there are compensatory behaviors
occurring in the protomers upon binding the first dUMP. Overall,
the observations of supershifting, orthogonal shifting, and reverse
shifting suggest that a single dUMP binding induces sampling of
extreme conformations relative to apo and dUMP;, states.

Using ligand state multiplets from spectral overlays to assess
specific residue chemical shift behaviors is generally not practical
because the four peaks from each residue render the spectra too
crowded. Thus, to enhance the analysis of multiplet behavior, we
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Fig. 3. Vector correction to determine WT dUMP, peak positions. The two
schematic diagrams show how CSPs were calculated for each dUMP binding
event (S/ Materials and Methods). (A) The CSPs for binding the first dUMP,
CSP,, were calculated directly from the apo and dUMP; peak positions of the
two mixed labeled dimer (MD) samples (thick arrows). Dashed arrows show the
CSP due to the mutation (mut). (B) CSPs for binding the second dUMP, CSP,,
were calculated as the vectors connecting the WT dUMP, peak (in blue) and
the dUMP, peaks for WT (empty red and green circles), which were recon-
structed by applying the CSP, vectors to the apo WT peak (dashed arrows).
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Fig. 4. dUMP ligand state multiplets. Spectral overlays of apo, dUMP,, and
dUMP, allow visualization of chemical shift behaviors. WT apo and dUMP,
peaks are shown in black and blue, respectively. The WT dUMP; peaks
reconstructed from the mixed dimer chemical shifts are shown as red (bound
subunit) and green (empty subunit) circles. These panels show the three
classes of extreme chemical shift behaviors of the dUMP, state. A and B
highlight supershifting of dUMP,°“"9, C highlights orthogonal shifting, D
highlights reverse shifting of dUMP,P°""4, and E highlights supershifting
(dUMP;°™PY) coupled with reverse shifting (dUMP,°und),

condensed the information into “line plots” of 'H and "N
chemical shifts, which allowed for simpler viewing of chemical
shifts to more conveniently inspect individual residues in terms
of the spatial response to dUMP binding (Fig. 5 and Figs. S4
and S5). For simplicity, 'H line plots are shown although cor-
responding '°N line plots are also easily viewed (Fig. S4B).
From the line plots, we identified clusters of residues with
similar behaviors, indicating regions of ligand sensitivity
throughout the protein. Residues 155, 156, and 195 (Fig. 54)
are spatially clustered and exhibit similar supershifting behavior,
indicating an extreme state (or skewed population) in this region. In
the case of E195, the two sites are nearly equidistant from dUMP,
~28 A, yet E195°™Y supershifts and E195°"" hardly shifts,
showing how communication can be more effective across the in-
terface. Residues in the central helix, in particular 1178 and A179
(Fig. 5B), show that ligand binding can be sensed at distal sites even
with no direct contact to, or across, the interface. Additionally, these
regions show a symmetric pattern in which supershifting in one
subunit is linked with reverse shifting in the other. This pattern was
observed frequently throughout TS, indicating extensive compensa-
tory behavior between subunits. Residues along the interface (Fig.
5C) showed the largest variety, as well as the most symmetric, of
behaviors. These residues in particular reflect the quasi-symmetrical,
compensatory shifts that occur where a partial shift or supershift
in one subunit is coupled with a partial or reverse shift in the other
subunit: e.g., V199, and D198. In summary, using mixed labeled
dimers coupled with viewing ligand state multiplets via line plots
facilitates thorough inspection of shifting from binding of both
dUMP molecules, and extensive supershifting and reverse
shifting indicate significant population of extreme states (or a
further shifting of the equilibrium) beyond the known apo and
dUMP, conformations.
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Subunits’ Response to Diligand Binding Is Equally Balanced. Although
the mixed dimers are required to visualize the dUMP; states, they
are not required for the cofactor binding step of the reaction.
Binding of a substrate analog, 5-FAUMP, along with cofactor, to-
gether referred to as the “diligand,” forms a covalent bond to the
enzyme, leading to a stable ternary complex (22, 23). Because of the
covalent nature of this complex, the resonances from the diligand-
bound TS are in slow exchange, and, thus, the chemical shifts of
the diligand, states can be more easily measured (SI Materials and
Methods) (16). Together, dUMP and diligand will allow us to com-
pare the proteins’ response, not only to an additional binding event
but also to a conformational change, because, unlike dUMP binding,
diligand binding causes significant conformational changes in the vi-
cinity of the binding site to form the closed ternary complex (22, 24).

CSP analysis highlighted a number of interesting differences be-
tween dUMP and diligand binding (Fig. 2 and Fig. S6). Binding of
the first diligand had overall larger magnitude and more extensive
CSPs in both the binding and empty subunits than did dUMP, likely
due to the combined effects of the conformational change and in-
creased size of the diligand relative to dUMP (Fig. S6 A and B).
Most notably, the effects of the first diligand propagated further in
both subunits, ~30 A from diligand, extending almost all the way to
the second binding site. Thus, unlike with dUMP binding, there was
clearly communication between the two sites upon binding the first
diligand. Additionally, similar to dUMP binding, the effects of the
second diligand on the binding subunit resembled those of the first
(Fig. S6D). Most strikingly, there were no significant perturbations
to the other binding site, as with dUMP (Fig. S6C). Overall, the
similarities in the CSPs for the two diligand binding events indicate
a balanced response to diligand binding, in contrast to dUMP
binding. This balanced response to diligand is also evident in the
diligand line plots (Fig. S7). Not surprisingly, the diligand line plots
show more symmetrical and fewer extreme features, with the vast
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Fig. 5. Line plots of 'H chemical shifts. These line plots show how the
chemical shift behaviors observed from ligand state multiplets are distrib-
uted throughout the protein. "H chemical shift changes (relative to apo) are
plotted for apo (black), dUMP, (blue), dUMP;”*""® (red), and dUMP,*™PY
(green). Each of the dUMP, points is labeled with the distance (in A) of that
residue (red and green spheres) from the bound dUMP (sticks). Distances are
measured from the amide N to the centroid of the bound dUMP. (A) Behaviors
of residues at opposite ends of the dimer interface. (B) Behaviors of interior
residues. (C) Behaviors of residues at the center of the dimer interface.
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majority of the diligand; peaks either coinciding with, or being
equally displaced from, the diligand, and diligand, peaks. Ac-
cordingly, there were very few diligand residues that showed
supershifting (Fig. S3). However, as with dUMP, when super-
shifiting did occur, it was often coupled with reverse shifting,
yielding symmetrical patterns.

Discussion

In this study, we used mixed labeled dimers to investigate, by
NMR, intersubunit signaling in response to single ligand (dAUMP or
diligand) binding events in the homodimeric enzyme thymidylate
synthase (TS). The mixed dimer approach allows for isolation of
singly ligated (lig;) states and breaks the symmetry degeneracy in
the NMR signals. This approach yields a rare example of step-wise
progression of chemical shifts upon binding identical ligands in a
homodimer and prompted the use of visualization strategies beyond
simple CSPs. Standard CSP analysis revealed that only the binding
of the second dUMP “signals” to the other binding site. This
modulation of second ligand binding due to changes at the first site
represents a nonintuitive yet valid potential allosteric mechanism.
More generally, a distribution of ligand state peak multiplets were
observed that point to regional behaviors, including the surprising
observation of shifting of lig; peaks beyond lig, peaks, termed
“supershifting” here. There was also a surprising degree of quasi-
symmetrical responses in the two protomers, especially in the dili-
gand complex, indicating substantial compensatory behavior
coupled across the dimer interface. One caveat of the RREE mixed
dimers used here is that, without binding of the second ligand, there
can technically be no functional allostery. The primary goal, how-
ever, was to observe the mechanistic preparations that the homo-
dimer makes before the second ligand binding event that enable the
allosteric effect. Although the RREE mutation may have altered
some of these preparations, the reconstructed binding steps yielded
much useful information about allosteric communication. Although
the focus of this study was on chemical shifts, clearly this strategy
lends itself to protomer-specific NMR measurements, such as spin
relaxation for the characterization of dynamics, on specific ligation
states. Lastly, although the strategy used here applies primarily to
tight dimers that do not readily dissociate, it can potentially be
applied to other systems by covalently linking the monomers.

Insights into Allostery from Ligand State Peak Multiplets. The mixed
labeled dimers allow for simple viewing of complete ligand state
NMR peak multiplets, which, to our knowledge, have not been
previously reported. The patterns observed in the multiplets can
provide a format for evaluating allosteric models. For example, the
most easily observed patterns are the doublets that would arise from
a Koshland-Némethy—Filmer (KNF) or Monod-Wyman-Changeux
(MWC) type system, and their expected intensities (12, 25), with
only two possible states (Fig. 6 A and B). In the KNF system, where
only the binding subunit responds to ligand, the lig;>**™® and
lig;™PY peaks would coincide with the lig, and ligy peaks, re-
spectively. In the MWC system, ligand binding causes a concerted
shift in both subunits, where both lig; peaks would coincide with the
lig, peak. Alternatively, one might expect to observe two possible
linear triplet patterns, one where one of the lig; peaks coincides
with either the lig, or ligy peaks and the other is partially shifted
toward lig,, or one where both lig; peaks are partially shifted toward
lig, (Fig. 6 C and D) (12). We observed such triplet patterns in our
dUMP data as did others previously in studies of half-titrated,
negatively cooperative dimers that are in the slow exchange regime
(12, 26). Interestingly, we also observed many nonlinear triplets, and
quartets (Fig. 6 E and G), that indicate behaviors beyond simple
population or exchange between ligy and lig, states. It is currently
not clear precisely what structural changes produce these nonlinear
multiplets although it must involve at least a third conformation
distinct from the lig, and lig, conformations. Given this diverse set
of multiplet patterns, it seems that there is not a consistent response
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Fig. 6. Observable patterns for ligand state multiplets. Schematic HSQC
peak patterns according to allosteric model (A and B) or observed for dUMP
binding in TS as resolved triplets (C-F) or quartets (G and H). Peaks are
shown for apol/ligo (black), Iig1b°“"d (red), lig;*™"Y (green), and lig (blue). In
C, two partial shifting behaviors are shown in which lig, partial peak shifting
is observed in the binding subunit (light red) or in the empty subunit (dark
green). Behaviors are observed for supershifting (F), orthogonal shifting (G),
and reverse shifting (H). In each panel, the percentages indicate the abun-
dance of the peak pattern for dUMP binding to TS.

throughout the protein, but, rather, TS has a mixture of intersubunit
responses to binding of dUMP. Evaluation of the ligand state
multiplets makes this response clear, and it is possible to do so
outside of the slow exchange condition. In general, the evaluation of
NMR ligand state multiplets in oligomeric proteins is a powerful
approach to characterize allosteric mechanisms in proteins (12, 25).

Perhaps the most surprising multiplet pattern evident was the
observation of supershifting (and reverse shifting) in the lig; state,
which was unexpected under the assumption that ligy and lig, peak
positions represent end states. However, as is apparent here and
from previous studies (27, 28), this assumption is not always a good
one because peak positions of specific mutants point to a shift in the
equilibrium beyond the assumed end points of apo and ligand bound,
which suggests that, for those sites, the apo and ligand saturated
states (29) both represent dynamic equilibria between two extreme
states that are not readily detected. It is interesting that, although
supershifting and reverse shifting have been observed from com-
parisons of mutant and WT peak positions, here they are observed
from lig, peak positions. It is also interesting that these behaviors are
highly dependent on the residue (Fig. S3). Although changes in two-
state equilibria can explain NMR peaks moving in a linear fashion,
they cannot explain orthogonal peak movement. Therefore, a general
explanation for the various behaviors observed here is that the lig
state peak positions may reflect a range of different local confor-
mations that TS samples upon binding the first ligand. These con-
formations may represent different sets of interactions (hydrogen
bond geometries, for example) that lead to particular lig; chemical
shifts. Thus, TS may reside in a relatively shallow conformational
basin on the energy landscape that allows it to modulate various
interactions by conformational adjustment, yielding different chem-
ical shifts, upon binding one or two ligands. This scenario provides a
more flexible model for interpreting chemical shifts and is funda-
mentally distinct from two-state switching.

Lig; Asymmetry from X-Ray and NMR Chemical Shifts. Although the
functional significance of these multiplet behaviors remains to be
determined, there is a precedent for the asymmetric effects of
dUMP binding to TS. A crystal structure of Prneumocystis carinii
TS bound to dUMP and a cofactor analog, CB3717, has an
asymmetric ternary complex wherein one active site has both
dUMP and cofactor bound whereas the other has only dUMP
bound (17). A key observation from this structure is that, in
addition to the global changes that occur upon cofactor binding,
there are subtle, yet significant conformational differences be-
tween the two monomers for a number of residues along the
otherwise rigid dimer interface. It was proposed that these
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residues are the primary candidates for signaling between the
active sites and could provide the basis for cooperativity. Of
these residues, 75% exhibited nonlinear or supershifted triplets
and quartets here for dUMP binding. The fact that we see such
extensive overlap could suggest that these subtle structural re-
arrangements are also occurring in the dUMP; state. The non-
linear shifts observed for these residues point to an additional
state outside the apo-bound equilibrium, rather than simply an
equilibrium shift. This extreme state could be due to strain in-
duced by binding the first JdUMP, leading to an asymmetric lig;
state. This strained conformational state may be the result of
differential perturbations to the hydrogen-bonding network across
the interface or to differences in dynamics between the two sub-
units in the lig; state. The fact that we see nonlinear behavior for
these residues suggests that, if in fact these residues form a
communication pathway, this extreme state may be one that
is involved in TS cooperativity.

Given the long-range, intersubunit impact of binding the second
dUMP, it is surprising that dUMP binding is thermodynamically
noncooperative at 25 °C, at which the NMR chemical shifts were
investigated. However, at lower temperatures, the AH®,q values
for the first and second dUMP molecules are nonequivalent,
reflecting intrinsically different AC,” values for the two binding
events. Thus, the underlying thermodynamics can be considered
nonidentical for the two binding events, which could be reflected
in the observed chemical shift behaviors. Furthermore, although
dUMP binding does not trigger functional intersubunit allo-
stery, it may still reveal the intrinsic communication mecha-
nisms that could potentially lead to functional allostery during
subsequent reaction steps. Overall, the presence of commu-
nication upon dUMP binding could indicate that TS is poised
for intersubunit allostery.
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Potential Origin of Symmetrical Chemical Shift Response. Based on
the observations made here, we propose that binding of the first
dUMP or diligand to the structurally symmetric dimer imparts
compensatory effects between the two protomers. In the case of
dUMP binding, presuming there is no significant conformational
change, the symmetrical chemical shift changes arise from either
propagation of changes in hydrogen bonding strengths in a
symmetrical fashion, or from compensatory dynamical responses
between the two protomers, or a combination of both. In the
case of diligand binding, given that there is likely a conforma-
tional change in the bound subunit (22, 24), the symmetrical
chemical shift changes are even more surprising because the shift
in the bound subunit from the structural change cannot be rep-
licated in the empty subunit. In either case, the propagation of
chemical shift changes likely represents a form of structural or
dynamic strain that, remarkably, has opposite manifestations in
the two protomers for many residues. These considerations of
quasi-symmetrical multiplets provide a unique view into how
intersubunit allostery can be achieved for the simple example of
symmetric homodimers. It seems that, at least for TS, symmetric
cross-dimer interactions are “built in,” such that quasi-symmetrical
strain is introduced by the binding of the first ligand. The magni-
tude of symmetric chemical shift multiplet patterns and their extent
throughout the protein indicate that TS is incredibly sensitive to
substrate binding at sites throughout its structure, but particularly
at the dimer interface. A fundamental question for understanding
allostery is whether the intrinsic compensatory effects observed
here will be observed in other homodimeric proteins, especially
those that are allosteric with regard to binding two ligands.
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