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Abstract

Understanding allostery in the Mycobacterium tuberculosis low molecular weight protein tyrosine phos-
phatase (MptpA) is a subject of great interest since MptpA is one of two protein tyrosine phosphatases
(PTPs) from the pathogenic organism Mycobacterium tuberculosis expressed during host cell infection.
Here, we combine computational modeling with solution NMR spectroscopy and we find that Q75 is an
allosteric site. Removal of the polar side chain of Q75 by mutation to leucine results in a cascade of events
that reposition the acid loop over the active site and relocates the catalytic aspartic acid (D126) at an opti-
mal position for proton donation to the leaving aryl group of the substrate and for subsequent hydrolysis of
the thiophosphoryl intermediate. The computational analysis is consistent with kinetic data, and NMR
spectroscopy, showing that the Q75L mutant exhibits enhanced reaction kinetics with similar substrate
binding affinity. We anticipate that our findings will motivate further studies on the possibility that MptpA
remains passivated during the chronic state of infection and increases its activity as part of the pathogenic
life cycle of M. tuberculosis possibly via allosteric means.

© 2022 Elsevier Ltd. All rights reserved.

Introduction

Allostery is the main regulatory mechanism of
biological systems, which in the context of
enzymes, occurs when a perturbation distal from
the active site induces functional changes in
catalytic activity." Therefore, targeting aspects of
allostery represents an attractive approach to
manipulate the function of enzymes. Recent efforts
to leverage allostery for drug development have
highlighted the benefits of this approach versus tra-
ditional orthosteric ligand-based therapies.”® An
example is the discovery of ABLOO1 (asciminib),
an allosteric inhibitor of Brc-Abl, a tyrosine kinase
that binds in the allosteric myristoyl pocket of

0022-2836/© 2022 Elsevier Ltd. All rights reserved.

Ber-Abl.* Because of the important therapeutic
potential of allosteric ligands, much effort has
focused on the identification of allosteric sites on
protein targets.

Prior methods used to understand allostery in
proteins have paired structural and dynamic
techniques through computational and
experimental means.””’ Multiple approaches com-
plementary to the analysis of molecular dynamic
(MD) simulations have been employed for different
biological systems. Such analyses include an
eigenvector centrality based community network
analysis (CNA) used to study imidazole glycerol
phosphate synthase (IGPS),%* principal component
analysis (PCA) used to study protein kinase A
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(PKA),"° and free energy calculations used to study
glutamate racemase (GR)."' Other computational
analyses include an alternative to conventional
MD, target MD, alongside ligand docking and pKa
calculations.'™'® Experimental techniques paired
with these analyses include NMR, circular dichro-
ism, X-ray crystallography, and ITC."®'* The atomic
resolution capabilities of NMR to probe different time
scales allows for a range of experiments that can be
employed to complement the various computational
analyses.” Other NMR-based analyses to probe
allosteric networks include CHESCA,"®
RASSMM,'® and a chemical shift perturbation
(CSP) analysis of active site mutants that exploits
the reciprocal nature of allostery.'” Despite the suc-
cesses of these methods, additional approaches are
necessary to identify allosteric sites and to mecha-
nistically characterize the interactions between the
allosteric site and the enzyme active site.

Here, we apply a combination of methods,
including computational modeling and solution
NMR spectroscopy to identify allosteric sites in
MptpA, a low molecular weight (LMW) protein
tyrosine phosphatase (PTP) from the pathogenic
organism Mycobacterium tuberculosis. MptpA is
one of two PTPs in M. tuberculosis and has been
shown to express during host cell infection.'®"?
Expression of MptpA results in increased bacterial
survival due to disruption of phagocytosis, as
MptpA, dephosphorylates VPS33B upon binding
subunit H of V-ATPase,”° “? and apoptosis, through
dephosphorylation of GSK3a.?® Additionally, it has
been suggested that MptpA may have other roles
in cellular metabolic pathways of energy produc-
tion.?* Thus, MptpA represents a potential drug tar-
get to combat M. tuberculosis infection.
Unfortunately, LMWPTPs, like their high-
molecular-weight (HMW) counterparts are consid-
ered undruggable®® due to their nearly identical
active sites, which precludes ligand selectivity via
competitive inhibition.

All PTPs contain a phosphate-binding loop (P-
loop; C11-S18, in Figure 1(A)) with the consensus
sequence C(X)sR(S/T) as well as a loop
containing the catalytically essential aspartic acid
(acid loop) that are both intimately involved in the
PTP catalytic mechanism.?®?” Upon initial sub-
strate binding, the phosphate moiety of the sub-
strate binds to the P-loop, making a stabilizing
interaction with the sidechain of the conserved Arg
residue (R17, MptpA nomenclature) in this loop.
Like the well-studied PTP enzymes (YopH and
PTP1B), the acid loop must reposition over the
active site to locate the catalytic acid (D126) for pro-
ton donation to the leaving aryl group of the sub-
strate (Figure 1(B)). Concurrent with this, the
cysteine nucleophile (C11) attacks the phosphorus
of the substrate generating a thiophosphate inter-
mediate. In the subsequent hydrolysis step, and in

analogy to other PTP enzymes, the acid loop must
correctly position D126 to aid in the deprotonation of
a water molecule to facilitate hydrolysis of the cova-
lent intermediate that is followed by the release of
phosphate and regeneration of active enzyme (Fig-
ure 1(B)). Similar to other PTPs, the acid loop in
MptpA is mobile and allows for conformational flex-
ibility, and the presence of the ligand influences its
conformation. It is known that the dynamics of
witMptpA involve the transient formation of active
(closed) and inactive (open) states (Figure 1(C
and D)), the relative population of which modulates
the catalytic activity. However, a clear understand-
ing of the dynamical (allosteric) motions that might
regulate the interconversion between these states
remains unknown.

In MptpA,_the closure of the acid loop moves
D126 ~ 3 A closer to the P-loop and results in
significant (~10 A) movement of two conserved
tyrosine residues (Y128/Y129). These
hydrophobic residues are highly conserved in
other low molecular weight protein tyrosine
phosphatases®® and form a  hydrophobic
pocket along with W48 that surrounds the active
site. Figure 1(C and D) shows the open and closed
conformations, before and after closure of the acid
loop. Besides allowing for the formation of the bind-
ing pocket around the active site, the motion of the
acid loop is required to place D126 at the optimal
distance from the catalytic cysteine (D126Cy-C11
Cy =7.6 A) as measured in the active state crystal
structure of the bovine analog of MptpA, crystallized
in presence of a phosphate substrate in the active
site.”> An additional region (residues 40-73) in
LMW PTPs referred to as the ‘variable region’ is
also thought to be involved in determining substrate
specificity”®#® (Figure 1(E)).

In MptpA, the variable region flanks the active site
and the N-terminal loop region is referred to as the
W-loop due to the presence of W48 (Figure 1(A)).
The location of this part of MptpA suggests that
despite the conserved active site, that differences
elsewhere can modulate substrate specificity.?®
For PTPs in general it would be beneficial to
develop allosteric inhibitors that avoid selectivity
issues and off-target effects by exploiting these dif-
ferences. Therefore, it is important to identify areas
that can influence catalytic activity and try to under-
stand how these allosteric regions affect the func-
tion of MptpA. Here, we identified a distal (15 A
from C11) residue, Q75, that when mutated to a leu-
cine induces a significant increase in catalytic activ-
ity (Figure 1(F) and Figure S4), suggesting a
possible allosteric site near Q75. Using MD simula-
tions and solution NMR experiments, we investigate
the differences in the dynamics of wiMptpA and its
Q75L mutant to develop a mechanistic understand-
ing of how a mutation at this distal site enhances the
enzyme functionality.
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Figure 1. Overview of MptpA structure and catalytic mechanism. (A) The MptpA enzyme has three catalytic
loops that are essential for functionality, including the P-loop (red cartoon) with the catalytic cysteine 11 (C11),
surrounded by the acid loop (blue) and the W-loop (orange). The Q75 residue is shown in a cyan sphere. (B) The
active site of MptpA, with the primary and secondary nucleophilic attack exerted by C11 and an activated H,O
molecule. (C-D) Open and closed conformations of MptpA correspond to the catalytically inactive and active
conformations, respectively (Protein Data Bank entries 1U2P>° and 2LUO®). The distance from Y128 to W48 (in
sticks) is long/short in the open/closed states.®’ In the active state, MptpA has a closed binding pocket with the
distance between W48N' and Y1280n (or the distance between Y12901 and H49N¢g) < 7.5 A. The catalytic residues
D126 and C11 are shown in sticks in panels C, D. In the closed conformation, D126 and C11 approach an optimal
distance for catalysis of ~7.6 A (as defined from the crystal structure of the bovine analog of MptpA, BPTP, captured
in the catalytically active state, with a phosphate substrate bound in the active site®®*° (not shown). (E) Alignment of
residues 40-73 from MptpA and other LMWPTP; the site of mutation and conserved residues are highlighted in cyan
and yellow, respectively. (F) Steady-State Kinetics of wt and Q75L: Michaelis-Menten plot for wt (circle) and Q75L
(triangle). Reactions were performed at 37 °C in triplicate. Kinetic parameters obtained for each MptpA construct are
shown in the table.

We find that mutation of Q75 to leucine promotes  Results

a conformational change that brings the acid-loop in

close proximity to the W-loop, stabilizing the closed Population of active and inactive states
conformation essential for catalysis. Therefore, the
conformational changes revealed by molecular
dynamics support the experimental evidence of
increased catalytic activity of the mutant.
Secondly, we discuss a novel computational
approach to identify residues involved in allosteric
regulation by quantifying the correlation of the
electrostatic contributions of the protein backbone.
Unlike Ca displacements commonly used in
network analysis of protein dynamics, the
electrostatic  analysis reflects changes in
backbone H-bonding that correlate nicely with
changes probed by NMR experiments.

To search for allosteric regions in MptpA, we
reasoned that chemical shift perturbations (CSP)
of residues distal from the active site upon
vanadate, a transition-state analog, binding would
reveal residues that are coupled to active site
motions.'” We performed a vanadate titration of
MptpA and monitored the chemical shift changes
in a three-dimensional HNCA NMR experiment
(Figure S1, Table S1). In addition to changes at
the binding site, we observed significant CSP in
other regions of MptpA including the variable
region. Glutamine75 was one of the residues in
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the variable region with large vanadate-induced
chemical shifts suggesting a potential allosteric site.
Upon inspection of this region of the enzyme, we
mutated Q75 to leucine (Q75L) and we observed
a nearly three-fold enhancement of kg, relative to
wt and identical K,, values suggesting that mutation
does not disrupt substrate binding but rather a
chemical step. A comparison of this mutant with
wt MptpA is the focus of this manuscript. Closed
and open conformations of wiMptpA characterized
by X-ray”® and NMR®° studies reflect two instances
of complex transient dynamics that alternate cat-
alytically active and inactive states. Experimental
evidence of increased catalytic activity of the
Q75L mutant suggests a crucial role of this site in
regulating the dynamics of MptpA.

To investigate structural and dynamical
perturbations introduced by mutating Q75 and
their impact on the early dynamics of wiPTPA, we
performed four replicas of 200 nanosecond
molecular dynamics (MD) simulations of both
wiMptpA and Q75L, all started from the active
closed state conformation (PDB ID 1U2P), with a
chlorine atom bound in the active site. Significant
differences in dynamics of wiMptpA and Q75L are
localized in the vicinity of Q75, suggesting that the
mutation exerts important changes in the
orientation and conformational dynamism of the
catalytic W-loop and acid-loop, as revealed by the
superposition of these loops across the molecular
dynamics simulation (Figure 2(A and B)).

The mobility of the two loops becomes more
prominent in the mutant, with root mean squared
fluctuation (RMSF) values of the W-loop and acid
loop as large as 3 A and 3.2 A, respectively. The
distribution of W-loop-to-acid-loop distances as
measured by the distances between Y1280n-
W48N', Y12901-H49Ne, Y1290n-W48N', and
Y1280n-H49Ne suggests that both wiMptpA and
Q75L dynamics sample an alternation of open and
closed states, although with different relative
populations. The distance distributions in Figure 2
(C) suggests that the abundance of configuration
with average  W-loop-to-acid-loop  distance
exceeding 15 A is 21% larger in wt. On the other
hand, the mobility of the acid-loop in the mutant is
somewhat restrained. Closed configurations with
average W-loop-to-acid-loop distance < 7.5 A,
instead, are more abundant in Q75L, with 18%
occurrence, against only 4% in wt.

Among closed conformations, the center value of
the distribution of W-loop-to-acid-loop distances
shifts from 6.2 A in wtf to 5.6 A in the mutant
(noted as M in Figure 2(D)), suggesting that the
active state is different in the two enzymes, with a
tighter binding pocket in the mutant. Here, we
define the center value as the median of the W-
loop-to-acid-loop distribution, defined as the
element-wise minimum overall Y1280n-W48N1,
Y1290n-H49Ne, Y1290n-W48N', and Y1280n-
H49Nge distances.

An important difference in the dynamics of Q75L
is in the shape of the active site. Despite both wt
and Q75L simulations including the same atom, a
CI" ion bound in the active site, the average
distance of the two catalytic residues D126 and
C11 is closer to the optimal value of 7.6 A
(measured as the C12Sy-to-D129Cy distance in
the crystal structure of bovine Bptp).

Effect of Q75L mutation: structural
characterization of transient motions of
flexible loops

In wiMptpA, the side chain of Q75 is engaged in a
hydrogen bond with either the backbone N/O atoms
of T45 or N47N&/N4700, which are not present
when Q is mutated to L (Figure 3(A)). Because of
the proximity of Q75L to mobile regions around
the active site, we hypothesize that changes in the
orientation and conformational dynamism of the
catalytic W-loop and acid-loop might directly affect
the catalytic activity. The mutation itself is situated
on a flexible loop, referred to as Q-loop in the
following, which, in wiMptpA, directly interacts with
the W-loop through several backbone hydrogen
bonds (Figure 3(B and C)). The distance profile of
G510-A73N, colored by W-loop-to-acid-loop
distance (increasing values from dark-to-light
colors), reveals that the two residues are mostly
hydrogen-bonded throughout the trajectories,
regardless of whether wiMptpA is in a closed state
(W-loop-to-acid-loop < 7.5) or open state (Figure 3
(D)). In Q75L instead, the G510-A73N H-bond
loosens up intermittently in the first 0-200 ns
block (replica 0) and eventually breaks, resulting
in G510-A73N distances increasing up to 10 A.
The same holds for neighboring W-loop-Q-loop
residues such as S52-A73 and C53-H71 (Figure 3
(E)). Hence, the missing hydrogen bond between
L75 and T45 results in increased flexibility of the
W-loop, which propagates along the backbone of
the adjacent W- and Q-loops. As a result of the
mutation-induced absence of Q75-to-W-loop polar
interactions, the two loops separate at times, with
a motion that can be described as a zipper-like
opening that alters the strong polar backbone
interactions holding the Q-loop and W-loop
together.

A way to examine the conformational changes
induced by the mutation is to inspect relevant
dihedrals of the residues whose environment
changes significantly due to the mutation, such as
T45 and H71 at the two ends of the W-loop and
Q-loop. Remarkably, a direct effect of the mutation
is the population of a dihedral angle conformation
that is inaccessible in the wt, involving ¢145 values
between 200° and 250° and ¢n7¢ greater than
250° (Figure 3(F)). A similar dihedral profile is
obtained using N47 rather than T45, suggesting
that the presence of a novel conformation is not
an artifact due to the choice of residues in the W-
and Q-loop selected for analysis (see Figure S7).
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Figure 2. wiMptpA and Q75L dynamics. (A, B) Cartoon representations of wtMptpA (green) and Q75L mutant
(teal). Residues that define key distances in the open/close conformation are shown in sticks. The mutation site is
shown in VDW spheres. The smoothened green(teal) cartoon is obtained by overlaying wi(mutant) snapshots along
the molecular dynamics trajectory, showing thicker ribbons for domains that experience more conformational
fluctuations, including the Acid loop and W-loop in the mutant. The catalytic residues C11 and D126 are shown in
sticks. (C) RMSF profile measured along four 200 ns replicas of wiMptpA (green palette) and Q75L mutant (blue
palette). The green/blue backgrounds highlight the W-loop and acid loop regions). The W-loop and acid loop gather
most of the flexibility, while P-loop residues are mostly fixed in both structures, with RMSF values below 1 A. The
largest difference between wtand Q75L profiles is observed in the W-loop and the region adjacent to the mutation site
R57-A74. (D) W-loop to acid-loop distance distributions, including Y1280n1-W48N', Y1290n-H49Ne, Y1290n-
W48N', and Y12801-H49Ne), showcase the alternation of open and closed states occurring both in wtand in Q75L.
The early dynamics of wiMptpA and Q75L show a different population of configurations; Q75L has a larger
abundance of closed configurations than wiMptpA, with shorter W-loop-D-loop distances. The medians of the
distance distributions are marked by a dashed line capped with a circle of the color of the respective distribution. Left
and right sides of the dashed lines at y = 7.5 represent the more closed or more open states. (E) Distribution of C11 to
D126 distances in the active site (measured between the Sy atom in cysteine and the Cy carbonyl atom in the
aspartate). In wiMptpA, the catalytic residues are closer than required for catalysis, with a median value of 6.8 A. In
the mutant, the distribution shifts to larger values (median 7.5 /:\), approaching the optimal distance of 7.6 A. The
optimal distance is defined by the C12Sy-to-D129Cy distance measured in the crystal structure of bovine MptpA in the
presence of a phosphate group bound inside the active site.?>*° All panels capture the dynamics of wt and Q75L
MptpA as extracted from four 200 ns replicas of simulated dynamics.

A similar Figure 3(G) shows the distance profile of
Y1290n-H49Ne in wt and Q75L colored by ¢r4s
and ¢p7q ranges. In wt ¢y adopts two
conformations, corresponding to dihedral values
below and over 250° and present in 71% and 29%

predominantly closed (Figure 3(H)), which
becomes accessible in the mutant through an
extra torsion angle change of ¢n71.

of the overall trajectories respectively (khaki and
green dots in Figure 3(G)). The torsion is
seemingly unrelated to the state (open/close) of
the protein. In Q75L instead, the ratio of T45
angles in either conformation shifts to 86/14,
where the minor configuration corresponds to a
different state, inaccessible in wt and

Molecular basis of tight closed conformation
in Q75L

Here we investigate how the motion of the W-loop
allows the formation of the tight-closed state in
Q75L. To address this question, we focus on the
200 ns MD replica that gathers most of the “tight-
closed” configurations in the mutant. In wiMptpA,
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Figure 3. Mutation-induced perturbations in the simulated dynamics of MptpA. (A) In wtMptpA, the sidechain
amide tail of residue Q75 establishes an intermittent hydrogen bond with residues T45 and N47, which is lost upon
mutating Q75 to a hydrophobic residue such as leucine. T45 backbone N/O, and N47 sidechain N3/O3 distances to
amide Ng, O¢ heavy atoms in Q75 is below 3.5 A in 29.2% and 30.6% of the total number of frames respectively. (B) In
wiMptpA, the W-loop is kept close to the neighboring loop residues D70-Q75, referred to as the Q-loop, by a series of
backbone hydrogen bonds, which include G51N-A730 and S520-A73N. (C) In Q75L, the anchoring point that holds
W-loop and Q-loop together is compromised at times, resulting in the separation of the two loops. (D) Distance profile
of G51N-A730 along four 200 ns replicas, showcasing the increased clearance between the two loops upon
loosening the G51N-A730 H-bond. The dG51N-A730 profile is colored by the W-loop-to-acid-loop distance (defined
as the element-wise minimum between distances Y1280n-W48N', Y12901-H49Ne, Y1290n-W48N', Y1280n-
H49Ne), showing that the Q-loop to W-loop separation in Q75L is concomitant with the formation of a tight close
conformation with W-loop-to-acid-loop distance < 5 A. (E) Cumulative histograms of selected distances between
residues in the W-loop and Q-loop showing the percentage of the loop-separated conformation in Q75L. (F)
Conformational landscape obtained from the ¢ dihedral angle of T45 and H71. Unlike in wiMptpA, the absence of the
Q75-T45 hydrogen bond allows for a change in the relative orientation of the W-loop and Q-loop, resulting in the
rotation of H71. (G) Distance profile of Y1290n-H49Ng in wiMptpA and Q75L colored by ¢ dihedral angle of T45 and
H71. T45 torsions do not imply the stabilization of open/closed structures in either wt or Q75L. However, in Q75L, the
increased conformational flexibility of T45 induces larger mobility in the Q-loop which allows H71 to sample a
conformation that is unobserved in wt and corresponding to a tightly closed state. (H) Distribution of Y1290n-H49Ne
distances at different T45 and H71 ¢ dihedral ranges.

the W-loop is steadily connected to R57 overthe full  acid loop, facing residues G130-H132. The
200 ns through a salt bridge. This tight electrostatic =~ sidechain of R57 remains rather fixed (Figure 4
interaction holds at R57 - situated at the bottom of  (A)), and occupies the volume between these
the ap-helix at the interface between W-loop and loops, hindering the mobility of the acid loop.
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Figure 4. Molecular basis of tight close configuration in Q75L. (A and B) Representations of the closed (active)
conformation in wiMptpA and Q75L. Acid loop, P-loop, and W-loop are highlighted with colored backgrounds,
respectively blue, red, and orange. Relevant distance averages and standard deviation extracted from a
representative 200 ns trajectory are shown below. (C) Closeup view of relevant interactions between the acid loop
and W-loop in wt and Q75L. Unlike in wt, in Q75L D55 is at times displaced from its wt position, resulting in the
disruption of the D55-R57 salt-bridge, and consequent flip of R57. In Q75L, the freed volume gained upon
displacement of R57 allows for the repositioning of the acid loop resulting in the rapprochement of the W-loop and
acid loop (H49/Y129). (D) Distance profile of D55Cy—R57C{ colored by the W-loop-to-acid-loop distance (defined as
the element-wise minimum distance in Y1280n-W48N', Y1290n-H49Ne, Y1290n-W48N', Y1280n-H49Ne),
showing that the displacement of R57 upon disruption of D55-R57 salt bridge results in the tightening of the W-
loop-to-acid-loop distance. (E) Cumulative histograms showing the distance distribution of E1250-R17Nn", E1250—
R17Nn? and G1240-R17Nn", G1240-R17Nn? in wiMptpA and Q75L. In Q75L an additional hydrogen bond
between the acid loop and P-loop (G1259—R17n1) forms upon repositioning of the acid loop. (F) In Q75L, the closed
conformation (W-loop to acid loop < 7.5 A) is twice as likely to attain the optimal catalytic configuration than in wt. The
histograms show the number of events (across four 200 ns replicas) in which short W-loop to acid loop distances are
coupled with distances D126Cy—C11Sy + 0.5 A from the reference catalytic distance).

In the mutant, the increased mobility of the W-
loop stretches the D55-R57 alignment, which gets
elongated by ~1.5 A on average, causing the salt-
bridge to break and allowing R57 to flip (Figure 4
(B)). The empty volume generated by the torsion
change of R57 becomes free for the acid loop to
shift towards the W-loop, allowing Y128 and Y129
to move closer to W48-H49 by an average of 2 A
(Figure 4(A—C)). Hence the twist to R57 coincides
with the formation of a tight-closed conformation
characterized by W-loop-to-acid loop distances
below 5.0 A (Figure 4(D)). In wiMptpA, the acid
loop is connected to the P-loop through a polar
interaction between the backbone of G124 and
the sidechain of R17, which is unperturbed in the
mutant (G1240-R17Nn' and G1240-R17Nn?
distance distributions across 200 ns trajectory in

wt and mutant are shown in Figure 4(E)). Unlike in
wt, the acid loop and P-loop establish an
additional connection in Q75L, through the
formation of a hydrogen bond between E125 and
R17. This affords a repositioning of the relative
locations of the acid loop and P-loop, including
residues D126 and C11 whose position becomes
closer to the catalytically competent one (7.6 A)
(Figure 4(F)).

Molecular basis of the inactive (open state) in
wt and Q75L

Next, we asked how the inactive (open) state
differs in wiMptpA and Q75L, and how the
differences are related to the observed differences
in catalytic activities. Figure 2(D) shows clearly
that both wt and mutant alternate parts of the
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trajectories in which the active conformation
predominates relative to the inactive states with
variable degrees of openness. In particular, the
distribution of . W-loop-to-acid-loop distances
exceeding 7.5 A is bimodal in wt, with about the
same abundance of configurations with W-loop-to-
acid-loop measuring ~12 A and ~19 A. In Q75L,
instead, the profile of W-loop-to-acid-loop
distances > 7.5 A has a single peak around 12 A,
with about 20% _ decrease of wide-open
configurations (>12 A), with both Y128 and Y129
at a distance > 7 A.

The reason for this different behavior in wt and
Q75L is readily explained by the existence of an
open-conformation (Figure 5(A)), unobserved in wt
and present in 25% of the overall trajectories, in
which D55-R57and D126 interact in a 3-residue
salt-bridge that keeps the acid loop close to the
W-loop preventing the full opening of the catalytic
pocket (Figure 5(B)).

Experimental NMR Investigation

As a complement to these computational studies,
we investigated the effects of mutation on the NMR
chemical shifts in MptpA. Figure 6 shows the
chemical shift perturbations (CSP) from a
comparison of three-dimensional HNCA and
HNCO experiments for wt and Q75L. As
expected, many of the significantly perturbed
chemical shifts are located near the site of
mutation (residues 72-81) (Figure 6 and
Table S2). In addition, many of the shifted
resonances correspond with those that exhibit
large conformational changes in the molecular
dynamics simulations. Tryptophan48 and H49
both show large chemical shift changes in Q75L,
consistent with mutation induced changes in the
W-loop. Furthermore, C11, the active site
nucleophile, exhibits mutation-induced chemical
shift changes, which is consistent with the
differential interaction with D126 caused by
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mutation of Q75. Overall, the NMR CSP data are
in good agreement with conformational changes
caused by leucine substitution.

Putative allosteric sites

After having discussed the molecular reason
behind the enhanced activity of Q75L, our next
section is dedicated to the identification of
allosteric residues in MptpA as a strategy to
modulate catalytic activity. Indeed, targeting
allosteric sites is advantageous because it allows
circumvention of the competition with endogenous
ligands or substrates at orthosteric sites, thus
offering an optimal strategy to overcome the
‘undruggability’ problem of MptpA.

NMR experiments have been shown to provide
an effective strategy to predict amino acids most
sensitive to changes in a dynamic ensemble.®’*?
However, especially in the context of MptpA,
exchange broadening can result in low signal inten-
sity, which prevents the detection of specific
residues,”’® thereby biasing the identification of
allosteric targets. Besides, direct analysis of CSP
provides indication on residues that may be worth
targeting as allosteric sites but is not sufficient for
an unambiguous characterization thereof.*® Tradi-
tionally NMR experiments have been coupled to
network analysis of MD trajectories, based on Ca
displacements, which allows one to identify highly
correlated residues acting as hubs for chemical
information transfer.®*° Clusters of flexible residues
identified in NMR experiments that fall along the
computationally derived route of information trans-
fer are likely to directly participate in the allosteric
mechanism.

However, the correlation of Ca displacements
alone is not necessarily the optimal descriptor to
complement the experimental picture, especially
when compared to NMR shifts which capture the
change in chemical environments around the
observed nuclei. A way to gain insight into how

Figure 5. Molecular basis of open configuration in wt and Q75L. (A) Distance profile of R57C{—D126y colored
by the W-loop-to-acid-loop distance (defined as the element-wise minimum between distances Y1280n-W48N?,
Y1290n-H49Ne, Y1290n1-W48N', Y1280n-H49Ns). (B) Overlay of residues D55-R57-D126 in wt and Q75L. In
Q75L, the open configuration is often associated with the formation of a three-body salt bridge between D55-R57-
D126, which prevents Q75L from sampling fully open configurations (W-loop-to-acid-loop distance > 15 A). This event
is absent in wt where D55 forms a tight salt bridge with R57.
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Figure 6. Q75L mutation induced chemical shift perturbations. (A) CSP are plotted versus residue for "HN,
SNH and '3C* values or (B) 'HN, '®°N", and '3C’ values. Values over 1.5 times the standard deviation of the 10%
trimmed mean are indicated as data points above the red horizontal line. P loop residues 12—19 are either exchange
broadened or not assigned in either the wt or Q75L spectra. The teal data point represents the mutation site at residue
75. (C and D) Residues with significant chemical shift perturbations are shown as red spheres. Residues with shifts
that are missing in either the wt or Q75L spectra are shown in black and unassigned residues are shown in gray. The
mutation site is represented by a teal sphere. (C: 'HN, ®*N", and 3C?, D: 'HN, "®*N", and 3C’).

well the structural and dynamical features captured
by MD represent NMR data is to compute the NMR
chemical shifts based on the conformational
ensemble obtained via MD simulations.®®> Once
the agreement is established, NMR experiments
can be used aside from simulation to predict allos-
teric sites. However, such comparison comes at
the extra cost of computing chemical shifts over
MD trajectories.

We propose a more direct way to complement
experiments in identifying residues that are
allosterically coupled based on the correlation of
pairwise electrostatic interactions, derived from
MD simulations. We estimate the latter using the
Kabsch-Sander  energy  formalism,  which
quantifies the electrostatic energy between
backbone carbonyl (acceptors) and amide groups
(donors), as represented in Figure 7(A). Applying
this formalism over the trajectory returns an N
residue times N residue asymmetric matrix, the
entries of which represent the electrostatic
coupling between each donor/acceptor pair. Then,
the degree of each electrostatic coupling matrix
computed by summing over rows(columns) yields
the time evolution of the per-residue acceptor
(donor) contributions to the overall electrostatics.
Correlations computed over the acceptor/donor

time-series informs on which sites in the protein
are electrostatically coupled over the dynamics
trajectory. Finally, we use an eigenvector centrality
(EC) measure as a way to rank the amino acid
nodes by the degree of connectivity in the system,
to single out residues of the protein network that
are electrostatically coupled to other well-
connected nodes. In the context of dynamically
evolving protein electrostatic networks, such
residues belong to clusters of residues that
undergo significant changes in their charge
environment across the dynamics. Because of
their role in mediating charge transfer in the
protein, residues with high donor/acceptor
centrality are likely to be optimal targets for
therapeutic drugs or site-directed mutagenesis
(more extensive details on the methodology are
provided in the methods section). To give a global
picture on how this methodology compares to both
NMR experiments and computed chemical shifts
we discuss donor/acceptor centrality (as
computed from the electrostatic network) and
centrality computed from 'HN, '°NM and '3C*
NMR shifts networks and compare both to CSP
induced by binding of vanadate in the active site.
The largest centrality values from each set are
shown as light pink, light blue and green spheres,
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Figure 7. Identification of allosteric sites in MptpA. (A) Each residue has a two-fold role of donor and acceptor.
Backbone NH and CO atoms can be used to describe the electrostatic network. The Kabsch-Sander (KS)
electrostatic energy between each pair of residues estimates the energy between a backbone CO (acceptor) group at
residue i/ with a backbone NH group (donor) at residue j. Averaging KS matrices-computed at each frame of the
trajectory- over rows (columns), yields the condensed contribution of each residue acting as acceptor (donor) when
interacting with any other residue. The adjacency matrices constructed by correlating acceptor (donor) vectors over
all the trajectory frames can be used here to construct protein-electrostatic networks, the edges of which are
proportional to the electrostatic backbone contributions of each residue acting as (acceptor). The eigenvector
centrality measures the influence of each node in the acceptor (donor) network and can be used to single out residues
that carry the largest electrostatic information content, and that bear the largest allosteric coupling.®* Similar
covariance analysis of NMR "HY, ®NH, and 3C* chemical computed shifts can be used to trace networks of allosteric
residues. (B) witMptpA is colored according to the values of the normalized and summed Ca, N, H NMR centrality
values. The protein cartoon is colored from white (c = 0.0) to green (largest centrality value). Residues with the largest
NMR centrality (>10% trimmed mean plus 1.5 times the standard deviation) are shown as green spheres. Residues
with the largest acceptor (donor) centrality are shown as light blue(light pink) spheres. Experimentally obtained NMR
wi-to-VO,bound CPS chemical shifts that fall beyond the same threshold (>10% trimmed mean plus 1.5 times the
standard deviation) are shown as red spheres. (C) Profiles of the normalized sum of 'HN, '®*N", and '*C* NMR
centrality values are shown in solid lines green, while normalized sum of donor/acceptor profiles are shown in dashed
lines. Outliers of each set are shown as scatters of green, light blue and light pink respectively for NMR, donor and
acceptor centrality. (D) Correlation between calculated 'HY + "®N" + '3C* NMR centrality against donor + acceptor
centrality values, and Ca-displacement based centrality values (¢). ris the Spearman correlation coefficient between
each set. All calculated values are averaged over the four different replicas. (E) "H'>N CSPs of residues with NMR
centrality values over 1.0 STDs of the 10% trimmed mean (W48, R72, R91, R111, E125).

computed along the simulated dynamics of
wiMptpA, with outliers shown as scatters colored
as in Figure 7(B). Remarkably, high centrality

respectivel}/. Residues with large vanadate induced
combined 'HN + "N" 4+ '8C* CSPs are shown in
red. Figure 7(C) shows the centrality profiles
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regions are localized in the same areas, namely P-
loop, acid loop and W-loop. The centrality values
also correlate well with experimental CSP values,
within the limits imposed by unassigned peaks.
Regardless of the mismatch due to the
unassigned residue in the P-loop and acid loop,
the comparison is supported by the strong
agreement between experimental and computed
chemical shift (correlation > 0.9), shown in
Figure S5.

The summed ('HN + ">N" + 3C¥) centrality profile
compares well to the donor + acceptor picture, with
a computed correlation of 0.63 between the two
sets. The overlap is significantly larger with
respect to that between computed NMR centrality
and centrality based Co displacements, which
correlate only by a coefficient of 0.45 (Figure 7
(D)), which provides a quantitative estimate of the
improvement obtained by the electrostatic picture
over Co displacements. Finally, among the
residues with the largest donor and acceptor
centrality are residues G44, T45, W48, in the W-
loop, residues T12, G13, C16, R17 in the P loop
and residues L122-E125 in the acid loop. Aside
from these, residue H71 in the Q-loop, L89-R91
and L110-R111 outside the catalytic loops also
appear among the residues with largest
centralities, suggesting that these might be crucial
to regulate the conformational open/close
transition without disrupting the catalytic activity of
wiMptpA. The donor/acceptor EC results show
excellent agreement with wi-to-vanadate bound
CSP values with T45, W48, R91, R111, V124,
E125, appearing among the residues with the
largest shifts (Figure 7(E)). 'H'SN CSPs of
residues with NMR centrality values over 1.0
standard deviations of the 10% trimmed mean
(T8, N47, H49, E125, and D131) or in the Q loop
proximal to Q75 (V76) are shown in Figure S6.
These findings provide experimental evidence of
the crucial role of the identified residues in
modulating the catalysis of MptpA. We anticipate
that site-directed mutagenesis or the use of
allosteric drugs could target these sites to control
enzymatic activity.

Discussion

We have combined computational approaches
and solution NMR spectroscopy to investigate
potential allosteric sites in MptpA. We identified
Q75, located in the variable region of MptpA as an
allosteric site. Removal of the polar side chain of
Q75 by mutation to leucine results in a cascade of
events that ultimately leads to repositioning of the
active site acid in a catalytically optimal position.
Breaking the interaction between residue 75 and
T45 results in spatial separation between the Q-
and the W-loops. The release of the W-loop
favors closed configurations essential for
catalysis. Overall, these rearrangements allow for
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a higher population of conformations in which
D126 is better positioned for fulfill its role as an
acid/base in the cleavage and hydrolysis portions
of the catalytic cycle, a view consistent with our
kinetic data that the Q75L mutation affects the
reaction rate but not the substrate binding affinity.
Our data indicate that wt MptpA is less
catalytically active than it could be. M. tuberculosis
infection of humans is not one of unrestrained
replication but rather a state of chronic infection.
Thus, M. tuberculosis must employ strategies to
maintain a latent state within the human host,
such as restriction of enzyme activity.* It is tempt-
ing to speculate that this may be the case for MptpA
and that perhaps changes in environment or acces-
sory protein binding to MptpA increases its activity
as part of the pathogenic life cycle of M. tuberculo-
sis-an idea that requires further investigation.
Lastly, we introduce a  computational
methodology based on the analysis of correlations
of pairwise electrostatic interactions derived from
MD for identifying residues that are allosterically
coupled. The methodology generalizes the use of
eigenvector centrality, previously used in the
context of protein network analysis to elucidate
allosteric mechanisms that regulate enzymatic
activity.>? However, prior studies focused on gener-
alized correlation coefficients based on Co dis-
placements as the starting point for EC analysis.
Here, we construct a network based on the correla-
tions of backbone electrostatic interactions, com-
puted over the MD trajectories. The Kabsch-
Sander formalism which we use to construct elec-
trostatic interaction maps takes into account C=0
and N—H backbone terms, allowing for compar-
isons to NMR experiments. Our analysis shows that
backbone donor and acceptor contributions corre-
late very well with simulated/experimental shifts
and allow the identification of clusters of residues
that are more susceptible to dynamical changes,
expected to be key residues for allosteric modula-
tion of catalytic activity of MptpA. Remarkably, resi-
dues that have the largest predicted effect overlap
very well with those observed to be significantly per-
turbed in vanadate-bound MptpA (Figure 7).

Methods

Molecular dynamics simulations

MD simulations of the wiMptpA and Q75L
structures are based on the AMBER-ff99SB° force
field for the protein, as implemented in the Amber20
software package.®>” We performed eight indepen-
dent MD simulations, four for each system, for a
total simulation time of 0.8 us. Structure refine-
ments such as addition of hydrogen and explicit
TIP3 water solvent molecules (reaching density val-
ues >0.9 mol-A~3) were performed using Amber-
Tools (2020).°® We prepared MD simulations as
follows: we first minimize the solvent by constrain-
ing all atoms but water and ions at the crystal struc-
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ture positions. This yields optimized solvated struc-
tures which are then slowly heated to 303 K, per-
forming MD simulations (of 1 ns at least) in the
canonical NVT ensemble using Langevin dynamics.
Unconstrained MD simulations are run for 45 ns, for
a total pre-equilibration simulation time of about
50 ns. The pre-equilibrated systems are simulated
in the NPT ensemble at 300 K and 1 atm using
the Langevin dynamics for 200 ns. All simulations
are performed using periodic boundary conditions.
Van der Walls interactions are calculated using a
switching distance of 10 A and a cutoff of 12 A
and electrostatic interactions are treated using the
Particle Mesh Ewald method.>* All simulations
employed the multiple time-stepping algorithm,***"
where bonded, short-range nonbonded, and long-
range electrostatic interactions are evaluated at
one, two, and four time steps intervals, respectively,
using a timestep of integration set to 1 fs. A total of
five thousand frames per replica was analyzed.

Electrostatics network analysis, EC vector

Significant efforts have been recently reported in
the development of computational tools to
measure/predict the changes upon perturbation of
allosteric sites.*?

Network analysis has been extensively used in
this context by incorporating concepts and
approaches from graph theory in the realm of
molecular dynamics (MD) simulations.*?~*° In graph
theory proteins are represented as networks of
nodes corresponding to amino acid residues or
DNA/RNA bases, linked by edges whose thickness
is proportional to some physical property correlating
the nodes. Traditionally, the correlation is computed
from Ca displacements, using measures such as
Shannon-entropy-based generalized correlation
coefficients. For a network of N nodes, the corre-
sponding graph is described by an (N x N) adja-
cency matrix A with elements A; defining the
strength of the generalized correlation between
nodes i and j. Although correlation of Ca displace-
ments have been shown to accurately capture col-
lective protein motions associated with large
conformational changes mediating the communica-
tion between the allosteric and catalytic sites, they
are not always an ideal match with the NMR exper-
iments, which are sensitive to all kinds of degrees of
variations in the chemical environments of carbons,
but also amide N and H, (depending of the chosen
experiment). NMR Ca-N-H chemical shifts on the
other hand, are directly related to modification in
electrostatics interactions such as hydrogen bonds,
which are arguably the strongest determinants in
protein structure, stability and specificity.*®

By using backbone electrostatics in place of C,
displacements, we achieve a higher
correspondence between NMR-experimental and
computational data, providing a molecular level
understanding to the experimental observations.
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We define the electrostatic energy between a
residue i/ and the neighboring residue j as given by
the Kabsh-Sander (KS) energy computed
between the i-th CO backbone group and j-th NH
group as follows: E; =0.42-0.2-333.2- (1/ron+
1/rcy — 1/ron— 1/ren) assuming partial charges
of —0.42e and +0.20e to the carbonyl oxygen and
amide hydrogen respectively, and a force constant
of 333.2 kcal/(molsA) between them. We denote
A as the KS adjacency matrix calculated at
frame t of a molecular dynamics trajectory. Af® is
a non-symmetric (N x N) matrix whose elements
reflect the energetics between each pair of
residues, each being accounted for as a donor or
as an acceptor, along rows and columns
respectively. Then, we define the acceptor(donor)
degree matrix DC,(DC,) as the matrix constructed
from degree centrality vectors computed at each
timestep a MD trajectory, averaging over rows
(columns) of each Af® matrix. The resulting
(T x N) matrices describe the total electrostatic
contributions of each acceptor(donor) residue with
each other residue in the protein. Correlation of
DC,(DC,) quantifies how donor—acceptor pairs
are perturbed across the trajectory, upon
electrostatic changes in the interacting residues.
As a measure of correlation, we use linearized
generalized correlation coefficient, which provides
a reliable and computationally affordable measure
describing linear correlations without suffering the
flaws of non-collinearity associated with Pearson’s
correlation. The derived acceptor and donor
degree correlation matrices g.(gs) are symmetric
(N x N) adjacency matrices whose weights
describe how any two donors/acceptors are
correlated. To assess the importance of each
node (residue) we apply the eigenvector centrality
measure, which has been previously used in the
context of proteins to rank its nodes according to
both the number of connections and their
relevance in terms of information flow. The
eigendecomposition of g,(gs) Yields respectively
donor and acceptor centrality vectors c,, ¢, which
identify respectively the acceptor(donor) residues
whose electrostatics is most largely perturbed
across the dynamics.

Analogous measures of correlated motions in
biomolecules remain  difficult to access
experimentally. For instance, averaged chemical
shift perturbations from experiments do not
describe the correlated dynamics of N—H/C=0
changes, but rather the magnitude (intensity) of
the change for each residue. Leveraging the
correspondence between measured chemical
shifts and calculated ones using SHIFTX2, it is
possible to reconstruct the dynamical information
from chemical shift perturbations computed at
each timestep of a trajectory. Analogously to what
described above for donor and acceptor centrality,
one can compute centrality vectors for the
correlation matrices relative to the computed Ca,
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N, H chemical shift perturbations from MD
trajectories. As we show, the NMR and
electrostatic description are highly correlated,
providing a route to interpret correlated changes in
electrostatics across MD trajectories.

Importantly, the EC serves as a measure of the
connectivity against a fixed scale when
normalized, so it can be used to reliably compare
different networks, such as donor/acceptor, or Ca,
N, H. Therefore, all centrality vectors are
normalized (such that the element wise sum of its
squared components sums to 1).

Computation of chemical shifts

The simulated NMR chemical shifts were
computed for each frame of each MD trajectory
using Shiftx2.*”

These simulated shifts were then averaged for
each independent replica. For direct comparison
to the experimental shifts, the average over all
replicas was used.

Materials

Deuterium oxide, '>N-Ammonium Chloride and
6-'3C-D-Glucose was purchased from Cambridge
Isotope Laboratories (Tewksbury, MA). Sodium
Vanadate was purchased from Fischer Scientific
(Fair Lawn, NJ). p-Nitrophenol phosphate
disodium salt was purchased from Santa Cruz
Biotechnology (Dallas, TX).

The Escherichia colicodon-optimized MptpA Wild
Type plasmid was purchased from GenScript
(Piscataway, NJ). The gene contained a sequence
upstream of the MptpA DNA sequence that adds
a Hisg tag at the N-terminal and a TEV cleavage
site (ENLYFQ/S). The gene was cloned into a
pET-30a(+) vector using the Ndel and BamHI
restriction sites.

Site-directed mutagenesis

The MptpA Q75L construct was obtained by PCR
using oligonucleotide primers purchased from the
Keck Biotechnology Resource Laboratory (Yale
University). The desired DNA sequence was
confirmed by DNA sequencing performed by the
Keck Biotechnology Resource Laboratory. The
primers used for Q75L were as follows: 5'-cggtacc
cactagcgccgcacgg-3'; 5’-ccgtgcggegetagtggg
taccg-3'.

Protein expression and purification

The MptpA plasmid was transformed into E. Coli
BL21(DE3) competent cells. Cells were grown at
37 °C in either LB or 2X M9 minimal media*® and
supplemented with 50 mg/ml Kanamycin. M9 mini-
mal media was prepared with D,O instead of H,O
and used '’N-Ammonium Chloride (1 g/L) and
6-'3C-D-Glucose (1 g/L) when needed. Growths
were induced at an Aggg of 0.6—0.7 with 1 mM IPTG
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and MptpA was expressed for 16—18 hours at 16 °C
(LB Expression) or 25 °C (2X M9 Expression). The
cells were harvested by centrifugation, resus-
pended in Lysis buffer [300 mM NaCl, 50 mM
Tris—HCI, 5% Glycerol (pH 8.0)], and lysed by son-
ication. The lysate was clarified by centrifugation
and filtered through a 0.45 um filter. The filtered
lysate was loaded onto a gravity column containing
NTA-Ni resin and washed with Wash buffer
[300 mM NaCl, 50 mM Tris—HCI, 20 mM Imidazole
(pH 8.0)]. Protein was eluted with Elution buffer
[300 mM NaCl, 50 mM Tris—HCI, 300 mM Imidazole
(pH 8.0)] and the eluent was mixed with TEV pro-
tease before dialyzing in Cleavage buffer [300 mM
NaCl, 50 mM Tris-HCI, 10 mM 2-
mercaptoethanol, 20% Glycerol (pH 8.0)]. The mix-
ture was loaded onto another column containing Ni-
NTA resin after which the flow through was col-
lected and dialyzed into Q loading buffer [20 mM
Bis-Tris Propane, 20 mM Imidazole, 10 mM EDTA,
3 mM DTT, 10% Gilycerol (pH 8.0)]. The solution
was loaded onto a gravity column containing Q-
sepharose high-performance resin and protein
was eluted using a salt gradient (0-500 mM NaCl
in Q loading buffer). The purity of collected fractions
were verified by SDS-PAGE and fractions contain-
ing MptpA were pooled together and dialyzed into
either Kinetic buffer [50 mM Bis-Tris Propane,
2 mM EDTA, 50 mM Arginine, 50 mM Glutamine
and 1 mM TCEP (pH 7.0)] or NMR buffer [50 mM
Bis-Tris Propane, 50 mM Arginine, 50 mM Gilu-
tamine, 10 mM TCEP, 8% D,O (pH 7.0 or pH
8.0)]. The concentration of MptpA was determined
using the extinction coefficient of 15, 470 M~ cm ™"
at 280 nm.

Kinetic assays

Steady State Kinetics were measured at 37 °C for
wiMptpA and Q75L in Kinetics buffer (pH 7.0) using
pNPP concentrations from 0.5 mM to 25 mM in
triplicate. The reactions were quenched using 1 M
NaOH at 10, 20, 30, and 40 seconds. The rate of
the reactions were found by taking the slope of
the absorbance at 405 nm versus time using an
extinction coefficient of 18,000 M~" cm™" for pNP.
The rates were adjusted for enzyme concentration
and fit using the Michaelis-Menten equation in
GraphPad Prism version 8 for MacOS. The effect
of pH on MptpA’s enzymatic activity was tested
using a slightly modified Kinetic buffer [50 mM Bis-
Tris Propane, 2 mM EDTA, 50 mM Arginine,
50 mM Glutamine, 1 mM TCEP, and 50 mM
Sodium Acetate] at pH values from 5.5 to 8.0 in
0.5 increments at 21 °C.

Nuclear magnetic resonance spectroscopy

Al NMR data was collected on Varian
spectrometers (600 and 700 MHz) at 20 °C. The
data was processed using NMRPipe*® and ana-
lyzed using NMRFAM-SPARKY.?" Resonances
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were verified using data deposited in the BMRB
(BMRB: 18533).°° Assignments for Q75L were con-
firmed using HNCA triple resonance data.

Data was collected on perdeuterated '°N labeled
MptpA or perdeuterated >N 3C labeled MptpA in
NMR buffer at a concentration of 0.3-0.85 mM.
The "H'®N HSQC spectra were collected for Apo
and Vanadate bound wiMptpA with ratios of 4:1,
2:1, 1:1, and 1:2 Enzyme to Vanadate at a pH of
7. The Vanadate solution was boiled for 20
minutes and frozen until use to ensure the
monomeric form of vanadate.®’ Spectra were col-
lected with 32 transients and 96 t; points. The 'H
transmitter offset was set to the water resonance
while the "N offset was set to 116 PPM. The spec-
tral width for '"H was set to 10,000 Hz while the
spectral widths for "N were set to 2040 Hz at
600 MHz and 2340 Hz at 700 MHz. The HNCA
spectra was also collected for Apo and Vanadate
bound WT MptpA at a 1:2 Enzyme to Vanadate ratio
at a pH of 7. The HNCA, HNCO and 'H'*N HSQC
spectra were collected for both WT and Q75L at
600 MHz at a pH of 8. Chemical Shift Perturbation
analyses were calculated using the following equa-
tion: CSP (ppm) = (A'H? + 0.14A"°N? + 0.3A'3C?)".
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