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Abstract

Active site loops are integral to the function of numerous enzymes, they enable substrate and
product binding and release, sequester reaction intermediates, and recruit catalytic groups. Here,
we examine the catalytic loop in the enzyme protein tyrosine phosphatase 1B (PTP1B). PTP1B
has a mobile so-called WPD loop that initiates the dephosphorylation of phosphor-tyrosine
substrates upon loop closure. We have combined X-ray crystallography, solution NMR, and pre-
steady state kinetic experiments on wild-type and five WPD loop mutants to identify the
relationships between the loop structure, dynamics, and function. The motions of the WPD loop
are modulated by the formation of weak molecular interactions, where perturbations of these
interactions modulate the conformational equilibrium landscape. The point mutants in the WPD
loop alter the loop equilibrium position from a predominantly open state (P185A), to 50:50
(F182A), 35:65 (P188A), and predominantly closed state (T177A and P188A). Surprisingly, there
is no correlation between the observed catalytic rates in the loop mutants and changes to the WPD
loop equilibrium position. Rather, we observe a strong correlation between the rate of
dephosphorylation of the phosphocysteine enzyme intermediate and uniform millisecond motions,
not only within the loop but also in the adjacent alpha-helical domain of PTP1B. Thus, the control
of loop motion and thereby catalytic activity is dispersed and resides both within the loop
sequence but also the surrounding protein architecture. This has broad implications for the general
mechanistic understanding of enzyme reactions and the role that flexible loops play in the catalytic
cycle.
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1. INTRODUCTION

Enzymes efficiently catalyze reactions that would otherwise be inaccessible in nature.l
Catalysis by enzymes is facilitated by conformational changes enabling substrate selection,
transition state stabilization, and efficient product release.? 3 In solution however, these
conformations are not static, but rather interconvert between numerous states that depend on
the energetic driving forces.3=> Flexible loops are examples of a structural feature in
enzymes that can play crucial roles in substrate recognition, product release, and catalysis.
6-8 During the catalytic cycle, the loops can adopt different conformations, where the rate of
loop motion often modulates the catalytic reaction.®-13 Loops participate in catalysis
through several mechanisms including stabilizing and sequestering substrate intermediates
from solvent water (e.g. triosephosphate isomerase (TIM) and lactate dehydrogenase
(LDH)), facilitating conformational passage through the catalytic cycle (dihydrofolate
reductase (DHFR)), enabling release of reaction products (RNase A), and participating in
catalysis through the recruitment of catalytic functional groups (protein tyrosine
phosphatases).10: 14-19 A|| of these functions are linked to the regulation of conformational
motion. Mechanistic insight into loop motions will help bridge the understanding between
protein structure, dynamics, and function.

This work focuses on the protein tyrosine phosphatase enzyme, PTP1B, and how molecular
interactions in the mobile WPD loop (named for its three N-terminal residues) influence
loop conformation, dynamics, and function. PTP1B catalyzes the cleavage and hydrolysis
phosphotyrosine in its protein targets. The WPD loop is one of four conserved loop regions
in PTP1B that flank the active site and categorize PTP1B as a non-receptor Type | PTP.20
These four loops called the WPD (residues 177 — 188), P- (residues 214 — 223), Q- (residues
259 — 263), and the substrate recognition or pTyr (key residues 46 — 49) loops are shown in
Fig.1A & B. Each loop plays an important role in the catalytic cycle. The pTyr loop is
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important for orienting the substrate tyrosyl group in the active site.1” The highly conserved
P-loop with consensus sequence [(H/V)CXgR(S/T)], interacts with the phosphate moiety of
the substrate.2! The P-loop contains the catalytic cysteine (C215) that acts as a nucleophile
in the initial cleavage step (Fig 1C) as well as R221 that rotates to coordinate the phosphoryl
oxygens. The WPD loop is a flexible Q like loop that contains the catalytic acid (D181). The
WPD loop toggles between predominantly open and closed conformations, in its apo and
substrate bound forms respectively. In the open state, the catalytic acid, D181 is too distant
from the scissile phosphoester bond to participate in catalysis. In its closed loop
conformation, D181 moves ~9A to a position in which it can donate a proton to the leaving
group tyrosine.?2 Thus, the WPD loop is required to be in the closed conformation for
efficient acid/base catalysis to occur. Moreover, WPD loop closure rates mirror rates of
phosphoester cleavage, consistent with the picture that a closed WPD loop is necessary for
catalysis.1! Cysteine mediated cleavage of phosphotyrosine substrates results in production
of a thiophosphoryl enzyme intermediate that is subsequently hydrolyzed to regenerate the
active enzyme.16: 23 PTP1B crystal structures and mutagenesis studies suggest that D181 in
the WPD loop and Q262 in the Q-loop also participate in this hydrolysis step.22: 24 25 These
residues appear to coordinate a water molecule to facilitate hydrolysis of the covalent
enzyme intermediate. Comparison of the numerous X-ray structures of apo PTP1B and
PTP1B with an occupied active site indicate that only the WPD loop experiences significant
conformational motions. The P- and Q- loop as well as the pTyr loop do not change their
backbone conformation between the apo and ligand bound structures.?2 Thus, these three
loops regions are preorganized to interact with substrate, whereas the WPD loop and R221
are designed to be flexible to enable chemistry.

In addition to attaining a fundamental understanding of the functional role of the WPD loop,
PTP1B is also important biologically because PTP1B is a drug target for the treatment of
Type-2 diabetes and obesity based on its documented role in insulin and leptin signaling.
26-28 However, human PTPs have a highly conserved active site presenting specificity and
selectivity challenges for therapeutic design. This has prompted a search for allosteric
inhibitors of members of this enzyme family. Candidate allosteric inhibitors of PTP1B, in
part, elicit their effects by altering the conformation or dynamics of the WPD loop at the
active site in PTP1B.2% 30 The ability for allosteric control of WPD loop conformation is
partially due the nature of molecular interactions formed between open and closed states.
Prior studies showed that the WPD loop, in the absence of bound ligand, exists in
equilibrium with 97.5:2.5% popuation distribution between open:closed conformations.11
This difference in equilibrium populations amounts to a very modest free energy difference
at 298 K between open and closed loops, where AG = 2 kcal/mol. Upon binding of the
substrate analog, the equilibrium poise of the WPD loop shifts to an open:close ratio of
13:87%, (AG of —1.1 kcal/mol). In addition, the aforementioned allosteric ligands or

mutations at allosteric sites appear to alter the equilibrium states of WPD loop conformation.
29,31, 32

These studies illustrate that the energy necessary to cause a functional shift in the WPD loop
conformation is modest and roughly the energetic equivalent of 1 — 2 hydrogen bonds.33
Furthermore, in PTP1B, loop motion is likely driven by numerous small changes in weak
interactions, such as van der Waals and steric repulsion forces, which together define its free
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energy landscape. In addition, the motion of the WPD loop is propagated throughout the
enzyme and involves Angstrom and sub-Angstrom movement of hundreds of atoms. Here,
we examine how these changes alter the catalytic loop using PTP1B as a model enzyme.

Previously, we made 13 single alanine mutations along the WPD loop spanning from Y176
to P188. We observed that the loop mutations modulate the equilibrium position of the WPD
loop and of distal regions in this enzyme. These changes in equilibrium were assessed by
monitoring the linear trajectory of NMR chemical shift perturbations (CSPs) shown in Fig. 2
and Sl Fig. 1.31 Likewise, mutations at the identified allosteric sites caused the expected
modulation of the WPD loop equilibrium conformation. Here, we have selected five mutants
(T177A, P180A, F182A, P185A, P188A) that cause changes in the conformational
equilibrium of PTP1B predicted by NMR chemical shifts, to further probe the impact of the
primary sequence on the structure, function, and dynamics of this catalytic loop. To address
this question we used solution NMR, X-ray crystallography, and stopped-flow kinetics as
tools to probe the essential elements that contribute to a functional loop. We have identified
that point mutations in the WPD loop structurally alter stabilizing and destabilizing
interactions that shift the conformational equilibrium of the WPD loop. Furthermore, this
work illuminates how millisecond motions in surrounding domains can be coupled to this
catalytically essential element.

RESULTS AND DISCUSSION

NMR Chemical Shift Perturbations

The chemical shifts of the WPD loop and surrounding regions change as the WPD loop
transitions from open to closed; the equilibrium can be shifted in varying degrees toward the
closed conformation by binding to substrate or phosphate mimics such as tungstate (WO42")
or vanadate (VO,437). Two-dimensional solution NMR 13C methyl HMQC experiments
focused mainly on isoleucine residues (Fig. 2A) were acquired to compare the mutant
enzymes to wild-type (WT) PTP1B (Figure 2B). Figure 2 C-E shows reproduced versions of
NMR chemical shifts for select residues in the WPD loop (V184), P-loop (1219), and Q-loop
(1261) for WT and the five mutant enzymes, and Fig. 2 F~H shows 15N NMR chemical shift
for select residues in allosteric regions. Chemical shifts for these same residues in the WT
apo and WO,2~ saturated conformations are also shown in the spectra as references of
known conformational states. It was previously determined through NMR relaxation
experiments that the WPD loop is 97% open in apo WT.11 By monitoring the chemical shift
perturbation (CSP) during a tungstate titration, the closed population of WO,2~ bound
PTP1B was estimated to be 37% + 13% (See Methods and Sl Fig. 2).

The resonance position of NMR signals for the Ala loop mutants and the WT apo and
WO,2~ bound reference points show a linear arrangement as seen in Fig. 2. In a typical
ligand titration experiment, this observation would indicate that the resonances were in the
fast conformational exchange limit and the CSPs would reflect the change in the population
weighted average conformation experienced by that amino acid in a two state equilibrium.
Here, along a linear trajectory, some loop mutants have residues that resonance frequencies
similar to apo WT resonances, others in proximity to, or passed the WO42~ bound
resonances. The recurring linear pattern in multiple residues (Fig. 2, SI Fig. 1), suggests that
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the Ala mutations perturb the structural equilibrium of the WPD loop and surrounding
residues. This phenomenon enables estimation of the extent of changes in equilibria with
simple 2D NMR experiments. We observe the linear trend for 34 residues in the PTP1B (Fig
2, Sl Fig 1), including residues found in important structural elements such as the WPD, P,
and Q loops. Although all structural evidence indicates the P- and Q- loops do not
experience ligand dependent conformational changes, their observed chemical shift changes
are a reflection of their changing magnetic environment. This is likely due to the motion of
the nearby WPD loop and or from the movement of R221 as it rotates to interact with the
WO,2~ oxygens.3!

In general, the NMR resonances for these mutants show a consistent pattern in their relative
positions along the identified trajectory between open and closed. The CSPs of residues in
P185A are observed to be proximal to the apo WT resonances. In some cases the CSP
extends in the opposite direction of the WO,2~ reference peak. This is observed for residues
1261, K150, C226, F280 (Fig 2E-H). The one exception occurs for V184-1 shown in Fig Sl
1, where the CSP of this methyl group lies significantly off the trajectory between the open
and closed loop conformations. Because we have not assigned the y-CH3 groups of V184, it
is unclear why this is the case, as the other y-methyl group does not exhibit this behavior.
Therefore, there is some additional perturbation that unequally influences this particular
sidechain methyl group of V184, in the P185A enzyme.

T177A, P180A, F182A, and P188A mutations appear to shift the conformation equilibrium
towards closure, albeit to varying degrees. The chemical shifts in P188A are found to be on
the trajectory between the WT apo peak and the WO,42~ bound peak. While residues in
T177A and P180A have chemical shifts close to or beyond the WO42~ bound reference
peaks; some examples are 1261, K150, C226, and F280 (shown in Fig. 2 E-G). However,
this pattern of chemical shift changes is not strictly observed in all cases. For example, from
the perspective of 1219, located in the P-loop, the T177A mutant chemical shift appears to
be in the intermediate between WT apo and WO42~ bound peaks. F182A is another mutant
in which variation in the observed positions along the linear trajectory is observed. For
example, the chemical shift of 1261 is close to the WT apo resonance, while the 1219
chemical shift is close to the WO,2~ bound resonance. These variations are likely due to
subtle alterations in the loop structure and perturbations to the local magnetic environment,
in addition to the changes in loop equilibrium position. Regardless, the observed linearity in
the chemical shifts allows one to simply compare the magnitudes of the CSP in the mutants
and to those in WT-bound enzyme to obtain a general sense of change in the conformation
equilibrium in the Ala mutants. We estimate (equations 1-4 in Methods) that in the apo state
that the level of conformational shift from open to closed occur in this order: P185A (1-2%
closed), F182A (7-15% closed), P188A (9-18% closed), T177A (37-74% closed), and
P180A (47-93% closed). For some mutants these ranges are broad, likely due to direct
effects of mutation or other small structural changes. Likewise, some of the small deviations
from linearity could be due to these structural changes. Nonetheless, the overall trends are
clear. Despite the observation that the equilibrium position of the WPD loop in the mutants
is altered, the small magnitude of these shifts suggest these mutations only cause minor
perturbations to the overall protein architecture.
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Millisecond Motions by NMR Relaxation Measurements

We next examined the millisecond (ms) motions of Ala loop mutants by 13C-methyl NMR
multiple-quantum CPMG relaxation dispersion experiments of Ile residues and of V184 at
600, 700, and 800 MHz.34 There are 16 lle residues dispersed throughout the protein, 8
residues are located on p-strands p1-3, p7-9, and 11, and the other 8 residues are located
in the cluster of a-helices (a1’, a2’, and a4-6) as seen in Fig 3A,; these two regions connect
to the N- and C-termini of the WPD loop, respectively.20 We henceforth refer to the B-sheet
region as subdomain D (gray in Fig. 3A), and the domain of a-helices as Da (gold in Fig.
3A). The CPMG relaxation dispersion experiments showed a number of residues with
elevated transverse relaxation rates due to conformational exchange (Rex) (SI Table 1 and Sl
Fig 3 & 4). We further analyzed these dispersion data for residues with Rey values greater
than 2 s~1 and the location of these residues is mapped onto the protein structures in Fig 3.
Residues in the Da domain exhibiting ms motions are colored blue, whereas those in the D
domain are colored red, and those with no ms motions are colored in black. The dispersion
curves and a summary table of results are given in Sl Figures 2 and 3 and Sl Table 1,
respectively. For WT PTP1B, 10 residues are flexible on the ms timescale, eight of which
are located in Da and two in DB. For the alanine mutants the number of flexible residues in
Da (Dp) are T177A 6(2), P180A 5(3), F182A 3(0), P185A 5(1), and P188A 7(1) (Fig 3, SI
Table 1).

For WT, the CPMG relaxation dispersion experiment shows that \V184A in the WPD loop,
1219 in the P-loop, and 1261 in the Q-loop are flexible (Fig 3A). The observed relaxation
dispersion in these static loops (P and Q), again, is likely due to motions of the nearby WPD
loop or adjacent regions, making the P and Q loops indirect reporters of protein mobility.
Moreover, the relaxation dispersion data for all the flexible residues were best modeled with
asingle ke = 1920 + 140 s~L. Previous studies based on 1°N backbone relaxation dispersion
experiments for WT PTP1B have revealed that the WPD loop interconverts between open
and closed conformations with an exchange rate constant (Key) ~ 1000 s71.11 The difference
in timescale for motion could be due to the additional flexibility usually seen in sidechains
versus backbone residues and the slight difference in protein sequence used in this study.
Here we used a catalytic domain with a C-terminal alpha helix (a.7) extended by three
residues (L299, E300, P301). This C-terminal helix was previously identified as an allosteric
modulator of the WPD loop and likely alters its conformational exchange motion.31: 35

All the mutants show fewer flexible residues than WT where the number varies from eight
(T177A, P188A, and P180A) to six (P185A) to three for F182A (Fig 3 B—F). Despite having
fewer flexible residues than WT, the flexible residues in four of the mutants T177A, P180A,
P185A, and F182A are all best described with a single kg value = 1900 + 70, 1460 + 60,
770 + 110, and 770 + 110 s71, respectively. The timescale of motion for T177A and P180A
are very similar to WT whereas motions in P185A and F182A decrease by over a factor of 2.
In contrast, the timescale for motions in P188A segregates into two regimes with Key = 1980
+60 and 730 + 110 s71, respectively. These two separate dynamic regions in P188A are also
spatially separated in the protein structure as seen in Figure 3F. Residues with motions
similar to WT are located in the WPD loop and nearby residues, whereas those with slower
motions form a network in Da, adjacent to the site of mutation.
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Interestingly, F182A, the mutant with the fewest number of flexible residues also shows an
absence of motion in the WPD loop and in the adjacent P-loop indicating that removing
F182 has significant consequences on the natural dynamics of the WPD loop in PTP1B. The
CPMG relaxation dispersion experiment is sensitive to motions ranging from ~300 s1 to
3000 s~ and a flat relaxation dispersion curve does not necessarily indicate that an atom is
rigid, as it could be that this particular site is moving with kinetics outside the ‘CPMG
window’.36 However, one tell-tale sign of such a situation is a flat dispersion curve with
elevated transverse relaxation rates (R,) values. For the case of V184 in the F182A mutant
the R, values are reduced rather than elevated compared to WT and the other mutants. This
suggests that mutation of F182 does not merely shift the dynamics to a faster timescale. It is
quite possible that the loss of a dispersion profile is due to more similar magnetic
environments (Aw ~ 0) in the open and closed loop conformations for F182A, compared to
WT and the other mutant PTP1B enzymes. This is suggested somewhat through examination
of the crystal structure of F182A in the apo and vanadate bound enzymes (vide infra).
However, this explanation is unlikely to be the cause of the loss of observed motions in the
Dp domain as this region is quite far from the site of mutation. Mutation to F182 appears to
uncouple motions in the WPD loop to those in the D domain. The P185A mutant on the
other hand has a flat dispersion profile for V184 with elevated R, values suggesting the
WPD loop remains flexible although the details of its motion are not ascertainable via the
CPMG experiment. Overall these mutations alter the kinetics of loop motion, and thus the
structural equilibrium of the WPD loop and the flexibility of the Da and D subdomains
suggesting the motion of the WPD loop is coupled to both of these domains through its N-
and C-terminal anchor points.

WPD Loop Structure Probed by X-ray Crystallography

To further investigate the implications of WPD loop mutations, the structure of the apo and
vanadate-bound forms of each mutant PTP1B enzyme was solved by X-ray crystallography
(SI Tables 2 & 3). Each mutant structure was resolved to better than 2.3 A resolution in the
P3121 space group. Figure 4 shows a local view of the WPD loop obtained in these crystal
structures. The electron density of the WPD loop observed in the mutants range from 100%
open, to a mixture between open and closed, to a fully closed loop structure, and it is in good
agreement with the trends observed through NMR CSP analysis; from open to closed:
P185A, F182A, P188A, T177A, and P180A (Fig. 4).

The WPD loop of apo P185A is in the open conformation. While in the F182A, the WPD
loop appears to sample both the open and closed loop conformations. For F182A, the
electron density can be modeled to a 50:50 open:closed occupancy. The catalytic C215 is
oxidized to a sulfonate in F182A. Oxidation of C215 is a regulatory mechanism in PTP1B,
and oxidation to sulphonic, sulphinic and sulphenic derivatives have been previously
documented.3” Here, we believe the oxidation occurred due to the lack of reducing agent in
the crystallization conditions. The crystal conditions were identical for all mutants, yet in all
other mutant structures, C215 is reduced. This observation may suggest that a potential /n
vivorole for F182 is to prevent undesired oxidation of a catalytically crucial residue.
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P188A also has electron density consistent with both open and closed conformations,
however the population is slightly skewed to 35:65, open:closed occupancy. Isomorphous
difference maps (Fo-Fo) of P188A — F182A (Sl Fig. 5) can verify this modeling of loop
occupancy, as positive density is observed in the closed conformation while negative density
is observed in the open conformation. Lastly, WPD loops in T177A and P180A are 100%
closed, consistent with the prediction of NMR CSP as an indicator of conformation
equilibrium. Crystal packing of the each mutant is shown in Sl Fig. 6. There are no
symmetry contacts in any of the closed loop mutants suggesting that the observed loop
closure is due to perturbations in molecular interactions within the loop. It is worth noting
that the NMR spectra were collected at 292 K, while the diffraction data was collected at
100 K. Therefore, some differences in populations between the NMR and X-ray data could
be attributed to differences in experimental conditions. Nonetheless, the general trends
remain the same.

Like WT, when bound to vanadate, all mutants exhibited a closed WPD loop structure (Table
S3) except P185A, where the electron density of the WPD loop is best modeled to a closed
loop occupancy of 0.7, suggesting that loop closure is destabilized with the removal of Pro
side chain (vide infra). Impaired WPD loop closure for mutants at this site was also observed
in structural and kinetic studies of P185G.3° Finally, in all of the vanadate bound structures,
D181 is oriented in the same conformation as the WT structure indicating that the mutants
do not affect the conformation of catalytic acid nor do they prevent loop closure when ligand
is bound.

Identification of Molecular Interactions in the WPD Loop

Even though we classify the position of the WPD loop conformations in these mutants as
open or closed based on the position of the catalytic acid, D181, the loops in these mutants
nonetheless exhibit small changes in backbone angles compared to the open and closed WT
enzyme. There isa 0.2 A — 0.6 A RMSD deviation in the backbone structure between
mutant and WT WPD loops. Although small, these changes contribute to the overall
perturbation of loop conformational equilibrium in the Ala mutants. To visualize the
molecular interactions within the WPD loop for WT and mutants, we used the non-covalent
interaction index (NCI) program to map the non-covalent forces in the open and closed
WPD loop conformations.38 NCI calculates the electron density and its derivatives of atom
positions to produce a reduced density gradient, and the eigenvalues of the electron-density
Hessian (second derivative) matrix. The second eigenvalue A, can be used to identify
attractive forces such as hydrogen bonding, r-bonding, van der Waals interactions where the
sign of (A2)p <0, and, repulsive forces such as charge repulsion and steric overlap where the
sign of (A2)p > 0.39 Identification of these weak interactions has been useful in rationalizing
mechanisms in small-molecule catalysis, understanding physical properties of polymers, and
nucleic acid interactions.*0-43 In all the figures the NCI interactions are represented in a
blue, green, red color scale where favorable interactions (hydrogen bond) are shown in blue,
van der Waals interactions are represented in green, and steric clashes are represented in red.

NCI analysis of the open WT WPD loop reveals two side chain van der Waals networks
involving the N-terminus of the WPD loop (Fig 5). First, the packing of the triad of side
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chains from W179, P180, and P185, results in an edge to face orientation between P180 —
P185, and P185 — W179 (Fig 5A, blue arrows). This juxtaposition creates a van der Waals
interface that stabilizes both ends of the loop. Although favorable, this side chain packing
arrangement also creates steric repulsion between the side chain and backbone junction
between W179 — P180, and V184 — P185 (red arrows in Fig. 5A). Additionally, the N-
terminal side of the WPD loop, specifically the side chains of H175 — T178 participate in a
van der Waals network found only in the open conformation (Figure 5B). The imidazole ring
in H175 act as an anchor that forms a weak interaction with the -y-methyl of T177 (blue
arrows in Fig. 5B). This orients the hydroxyl group of T177 such that it forms another weak
interaction with the y-methyl group of T178 (Fig. 5B, blue arrow). These two side chain
interactions help stabilize the backbone conformation and orient the aromatic face of Y176.
The significance of these interactions is supported by a recent study that found that residues
176-181, 183-185 are a part of a evolutionary conserved network suggesting that this
collection of interactions require a specific orientation and need to form for the stability of
the WPD loop.#4

We next examined the molecular interactions in the closed WT loop structure. When closed,
the side chains and backbone of the WPD loop reorient, causing a redistribution of these
intramolecular interactions (Fig 6). NClplot reveals interactions that stabilize the closed
conformation including a CH — = bond formed between the aromatic face of W179 and HC,,
of P185 shown in Fig. 6B (blue arrow). Additionally, two backbone hydrogen bonds are
observed only in the closed conformation. First, a hydrogen bond is formed between the
backbone C’ of P180 and HN of G183 (Fig 6A, blue arrow) and has the characteristics of a
Type Il reverse turn. Type Il turns are defined by a hydrogen bond that is formed between
the 7 (P180) and A3 (G183) residues and constrains the backbone, particularly the i+2
residue (F182) to sample ¢ and  angles (68° and 18°) in the unfavorable left-handed a.-
helix region in the Ramachandran plot.#® This type of turn is also observed in the closed
active site loop of lactate dehydrogenase (LDH), however in LDH, Gly is observed in the i
+2 position.10 Phe in this position is rather atypical, as this loop conformation restricts the
orientation of the C’ of the 41 (D181) causing steric hindrance with CB of the i+2 residue.
Steric hindrance can be observed between Cp of F182 and the loop backbone and side chain
of D181 in Fig 6A indicated with red arrows. Second, the side chain of S187 forms a N-
capping hydrogen bond with the amide of F191 in a3 (Fig 6C). A Ser N-cap is a common
motif that stabilizes a-helices, however this interaction is constrained by the rigidity of
P188, and is only accessible in the closed loop conformation due to a partial unwinding of
a3.46 Choy and co-workers first defined this unwinding by measuring the rotation of the
side chain of F191 by 20°, here, we measured the change in dihedral angle of the a — helix
defined by the Ca of 188 — 189 — 190 — 191 between open and closed to be ~5°.3°

The importance of these loop interactions is further emphasized by the effect of their
disruption on the WPD loop equilibrium as seen in the mutants of PTP1B. Elimination of
the “open state’ interactions shifts the population of the loop structure into the closed state
and vice versa. For example, in T177A the van der Waals network between the side chains
of 175 - 177 — 178 found in the WT open loop structure is abolished by mutation. The
absence is due to the side chain methyl in A177 being too short to form any significant
interactions (SI Fig 7) thus favoring loop closure. In a similar fashion, in P180A, the van der
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Waals triad interface between P180 and P185 (Fig. 5A) cannot form because A180 is again
too short to for significant interactions with P185. In the closed conformation of P180A, the
CH-r interaction between W179 and P185 is retained, while less steric hindrance is
observed between side chains of W179 and A180 (SI Fig 8). Thus resulting in P180A being
in the closed conformation. The mutants T177A and P180A demonstrate that perturbations
in either network in the open structure will drive loop closure in the apo enzyme. This is
consistent with small energy difference between the open and closed conformations.

In the opposite case, the P185A mutant favors the open loop conformation because the
mutation of the Pro eliminates the favorable CH-rt bond interaction between W179 and
P185 in the closed conformation (SI Fig. 9). Additionally, the Ala mutation reduces the
steric repulsion in the open conformation by enabling W179 to shift 0.4 A away from P180.
Evidence of the shift in equilibrium in P185A to favour more the open state is observed in
the increase in Ky, by 5 fold, and by the reduced closed loop occupancy in the vanadate
bound crystal structure. When saturated with vanadate, a reduced van der Waals interface is
observed in the closed P185A loop structure between the methyl of A185 and the aromatic
ring of W179 (SI Fig. 9). Furthermore, it was previously published that P185G is
catalytically dead, and the WPD loop remains in the open conformation in the presence of
an active site inhibitor.3® This signifies the importance of this non-covalent interaction in
stabilizing the closed state, and that the ligand binding energy alone is not enough to
stabilize the closed conformation in the absence of this critical interaction.

Both the F182A and P188A mutants alter the WPD conformational equilibrium to populate
50:50% and 35:65%, respectively, of the open and closed states. NCI analysis in both of
these mutants revealed that neither F182 nor P188 participate in any significant
intramolecular interactions required for loop stability. However, they both shift the loop
population away from the open conformation. The commonality between both mutants is
that they flank key residues (G183 and S187) that participate in backbone hydrogen bonding
in the closed structure. It is likely that F182 and P188 serve to modulate the accessibility of
these interactions as a mechanism for the loop conformational change. Therefore by altering
positions 182 and 188 with Ala mutations, we expanded the accessible ¢/ space for these
and neighboring residues, which results in an observable shift in the populations of the WPD
loop between open and closed conformations. In WT, the largest backbone torsion angle
change upon closure is observed at F182, where, a rotation of 160° in ¢ and 120° in
occurs (SI Fig 10A-B). This conformation enables the neighboring amide of G183 to rotate
170° form a H-bond with C* of P180. The closed orientation of F182 engages in a sterically
hindered conformation due to the bulky aromatic group. Mutation to Ala reduces the steric
hindrance as shown in Sl Fig 8C, thereby increasing the favorability of loop closure. In
P188A, neighbor dependent Ramachandran distribution plots#’ were generated for S187 and
A188 revealing additional expansion of the ¢/ space in comparison to WT shown in SI
Fig.11 A-D. The additional backbone rotational freedom provided by A188 enables the apo
structure to adopt the “the unwound state” of a3 observed in the closed WT loop structure,
facilitating the H — bond formation between S187 and F191 (Sl Fig 11E).
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Catalytic Impact of Ala Loop Mutations

To assess the functional impact of these mutations, we performed stopped-flow kinetics
studies of WT and all mutants at 3.5° C, the temperature at which both phases (cleavage and
hydrolysis) of the catalytic process can be resolved. These data are shown in Table 1 and Fig
7 A-F. Upon substrate binding (k;), we define the rate constants of the dephosphorylation
reaction to be ko and ks referring to the cleavage step and the hydrolysis step of p-nitro-
phenylphosphate (pNPP), respectively (Fig. 1C,D). For WT, we obtain values of k, and k3 of
270 +60s71, and 28 + 7 s71, respectively. These values are in good agreement with prior
literature values.*8 Compared to WT, T177A (k, = 270 + 30 s71) and P180A (250 + 10 s71)
have similar rates of phosphoester cleavage. Whereas P188A and P185A cleave this pseudo-
substrate 2 and 4.5-fold slower than WT, respectively. The slowest enzyme for the substrate
cleavage reaction is F182A for which k, decreases by nearly an order of magnitude.
Previous studies have suggested that F182A important for the coordination of pTyr substrate,
therefore the reduced cleavage rate is expected.2> We do not believe the reduced activity of
F182A is due to the cysteine oxidation that we observed in the crystal structure. First, all
kinetic (and NMR) experiments contain the reducing agent, TCEP. Second, the burst
amplitude for F182A is 1.0, consistent with 100% of enzyme being active. Reduced catalytic
activity for F182A has also been observed by others25: 49 An aromatic residue is important at
position 182 in PTP1B as it, along with Y46 help coordinate the aryl portion of the
substrate. The reduced activity in F182A is also likely due, in part, to alteration of the
environment around the catalytic acid, D181.

The second phase of the PTP reaction, the hydrolysis of the phosphocysteine intermediate,
exhibits slightly different trends among the mutants, in which P188A and T177A both
catalyze this hydrolysis reaction faster than WT (2- and 1.3-fold respectively) as shown in
Table 1. P180A catalyzes this hydrolysis step with a rate similar to WT. The most
debilitating mutations that affect hydrolysis are again, P185A and F182A, which are 6- and
23-fold slower than WT. The energetic perturbations of the mutations on the first and second
transition states are depicted in Fig 7G. Comparing the cleavage and hydrolysis rates,
T177A, P180A, and P185A have a ko/ksz ratio of 7, 10, and 11. Whereas, F182A and P188A
have very different trends, in which, F182A has a ko/ks3 ratio of 23, while P188A has a ratio
of 3. This illustrates the differential roles that these amino acids play in the catalytic cycle.

3. CONCLUSIONS

Flexible loops are crucial structural elements enabling many protein and enzymatic
functions. Solvent exposed loops are flexible in nature and have highly variable amino acid
sequences leading to challenges in structural characterization. Consequently it is difficult to
establish overarching features pertaining to functional loops. Here we aim to examine the
structural, dynamical and functional, relationships in the WPD loop by investigating the
molecular perturbations from Ala mutations to the WPD loop. The combination of X-ray,
NMR, and stopped-flow kinetic experiments revealed that 1) non-covalent interactions
formed in the open and closed states are key determinants of loop structure equilibrium, 2)
dynamic allostery is modulated through the C-terminal hinge of the WPD loop, and 3)
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catalysis, specifically the hydrolysis step is highly correlated with loop and motions in
adjacent helices.

The WPD loop in apo PTP1B is known to energetically favor the open conformation.
However, the underpinnings of why this is the case has not been fully ascertained. Previous
studies have established key interactions that stabilize the closed conformation, such as the
CH-r interaction formed between W179 and P185 and the N-cap interaction between S187
and a-helix 3.3% Mutations to W179, P185, and L.192 produce a defective enzyme, inhibiting
loop closure.35 90 Through Ala scanning of the WPD loop, we have discovered structural
variants of PTP1B that are catalytically functional but sample a predominantly closed state.
We show through structure and NCI analysis that there are two key intramolecular networks
that stabilize the open conformation. First, through the analysis of the T177A apo structure,
we found that the interactions between the imidazole ring in H175 and y-methyl of T177,
the hydroxyl group of T177A and -y-methyl group of T178, enable the anchoring of the
WPD loop in the open conformation (Fig. 5B). Upon closure, the van der Waals bond
between T177 and T178 breaks, introducing flexibility to the N-terminal hinge. The T177A
mutation mimics the closed state conditions by removing the interaction with the adjacent
T178 (SI Fig 7). In NMR linear CSP analysis, T177A is estimated to be 37 — 74% closed,
and is found to be closed in the apo X-Ray structure. The second interaction found in the
open conformation is the van der Waals triad interface formed between the aromatic face of
W179, P180, and P185 (Fig 5A). Mutation from Pro to Ala removes the side chain
interactions and steric constraints between W179 and P180. In the X-ray structure, the WPD
loop is found in the closed conformation where W179 and P185 adopts the CH-rt
interaction (SI Fig 8). NMR linear CSP analysis estimated 47 — 93% closure in P180A.

F182A and P188A cause subtle changes that propagate to nearby loop residues and alter
their ability to form stabilizing interactions, which facilitates a mixture of open and closed
states. In F182A, the expansion of available ¢ and  space allowed by mutation to alanine
enables rotation in the amide of G183 facilitating hydrogen bond formation with the
carbonyl of P180 (Fig. 6A, Sl Fig. 10A). While in P188A, angular constraints that are
removed by replacement of proline with alanine allows S187 to form an efficient N-capping
hydrogen bond with the amide of F191 enabling a shift in the loop equilibrium toward
closure (Fig. 6C, Sl Fig. 11). The shifts in loop equilibrium in F182A and P188A highlight
that the constrained ¢ and  backbone angles sampled in the closed structure are
energetically unfavorable. Therefore, in WT PTP1B, the exothermic nature of substrate
binding could function as the mechanism to overcome energetic barrier of loop closure.®!
Both F182A and P188A were estimated to be 7-15% closed and 9-18% closed respectively
by solution NMR CSP.

P185A plays a dual role in conformational stabilization. It participates in the van der Waals
triad in the open state, and forms the CH—m interaction with W179 in the closed state (Fig
6B). The net result of this mutation is an open loop structure in the apo form. From our X-
ray data, we observe that the vanadate bound structure of P185A is in the closed
conformation but has a loop occupancy of 0.7, indicating that the closed state is destabilized
compared to WT and proline at this position is important for full loop closure.
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The dynamic network we have described in this paper is localized to the same previously
identified allosteric regions on a4 and a6 (SI Fig 12).2% 31 This motion is conveyed through
the N-terminal portion of the WPD loop to B11. The significance of these interactions is
supported by a recent study that found that residues 176-181, 183-185 are a part of an
evolutionary conserved network suggesting that these interactions are important for function
and need to form for the stability of the WPD loop.#4 Through probing the ms dynamics, we
found that the WPD loop communicates with the dynamic network in an asymmetrical
manner. In the N-terminal portion of the WPD loop for T177A and P180A the number of
residues that experience dispersion and overall flexibility (kex = 1910 s71, 1460 s71
respectively) remain similar to WT values (1920 s ~1). However, in the C—terminal half of
the loop, mutations to the F182, P185, and P188 position exhibit attenuating effects to ms
motions. F182A and P185A have reduced key = 770 s71. They both have a reduction in the
number of flexible residues, 6 for P185A, and 3 for F182A. Interestingly, two dynamic
clusters are observed for P188A. At the active site, the key is observed to be 1980 s~1, while
a smaller cluster between a5 and a.6 exhibit slowed dynamics by a factor of 2 (730 s71).
Upon loop closure, F182, P185, and P188 all interact with neighboring residues on the a.6
helix. The NMR relaxation data suggests that structural perturbations to these interactions
impact dynamic communication.

With these mutation induced structural and dynamical alterations in mind, what can we learn
about the role of the WPD loop in the enzyme reaction? First, none of the mutations alter the
position of D181 in the closed conformation and thus the ability of PTP1B to perform
chemistry, thus the loop is robust in this sense. Second, it is clear that the equilibrium
position of the apo WPD loop is not critical for the first step in the enzymatic reaction,
substrate cleavage (ko). Enzymes with the fastest k, value (WT and T177A/P180A) have apo
loop positions that are open and closed, respectively. Common features of these three most
active enzymes are ms motions in Da. and DB with high and uniform kg values of 1500—
1900 s71 (Fig. 3A-C, Fig. 8A). Mutant enzymes with the lowest ks, value (F182A and
P185A) only experience ms motions in Da whereas residues in D show a lack of motion as
observed by CPMG dispersion experiments (Fig. 3 D-E). Additionally, measured kgy values
in these two mutants are reduced by 2.5-fold from the more active mutants and WT.
Strikingly, the CPMG dispersion curves for V184 and 1219 are flat indicating reduced ms
motions for the WPD loop in these enzymes, though the possibility of a mobile loop with
undetected motions remains. In F182A, the reduced catalytic activity is also likely due to the
altered electrostatic environment around the catalytic acid, D181.52 Perhaps the most
interesting mutant in this regard is P188A. P188A has k; rate constant in the middle of all
the enzymes. This enzyme exhibits no ms motions in DB and a partitioning of motional
timescales in Da with key = 1980 and 730 s~1. P188 is at the C-terminal hinge of the WPD
loop and is wedged in between these two dynamic regions. This suggests that the rigidity
imparted by P188 to the WPD loop helps coordinate uniform ms motions in Da. as well as
enable their propagation to DB. Mutation to alanine eliminates both coordinated motions and
propagation to the D region (Fig. 3F). The cleavage rate constant for this mutant is also
reduced by a factor of 2 relative to wild type (Table 1). Interestingly, a known allosteric
inhibitor, so-called BB3, binds adjacent to P188 and has been shown to stabilize the open
loop conformation.2? Figure 8A shows the correlation between kj and high, uniform key
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values. Low kgy values correspond to low ky values and for P188A, with low and high key
values, kj is in the intermediate range.

The equilibrium position of the apo WPD loop also does not seem to correlate with a fast
hydrolysis rate (k3) as shown in Fig. 8B. The fastest phosphocysteine hydrolyzing enzyme,
P188A has a roughly equal mixture of both an open and closed WPD loop. P180A, T177A,
and WT have very similar k3 values yet very different equilibrium loop positions. Unlike the
cleavage reaction, the hydrolysis reaction does not correlate with uniform ms motions as
P188A has, as mentioned above, a clear separation of motional regimes in Da.. There is a
strong correlation between ks and key values describing motions at the active site and a4 and
a6 as shown in Fig. 8B and Fig. 3. These results suggest perhaps motions in Da are needed
for hydrolysis and efficient product release, and that uncoupling loop motion with those in
Da results in an overall slower k3 step.

The structural characterization of loop mutants reveals that the side chain van der Waals
networks provide the framework that stabilizes the open and closed loop states in PTP1B.
Here we have summarized our findings on how amino acid identity influences loop
conformation and function:

1. Side chains of loop residues participate in non-covalent networks pertinent for
stabilization of relevant loop conformations. These networks are necessarily
weak to allow for facile interconversion between conformations critical to
catalysis.

2. Certain loop positions are critical for maintaining a structured loop that can move
as a unit with the Da. domain, with the DB domain acting as an anchor for the N-
terminal portion of the loop. Mutation of these residues uncouples the link
between the WPD loop and the flexible residues in Da and DB domain.

3. Dynamic motions in loops and neighboring sites have a greater impact on
catalytic function than the loop equilibrium position.

This present work builds on our and others that showed that the kinetics of WPD loop
closure are closely linked to the rate of the cleavage step (k») and that an allosteric network
is linked to the active site and acts to modulate the position and kinetics of this loop.
11,31,32,35 Here we show that the interactions that control loop motion are subtle in nature.
Small changes in van der Waals contacts significantly alter the loop conformational motion
and thus the function of PTP1B. These changes propagate to the other regions of the
enzyme, primarily allosteric sites in Da.. The importance of these weak interactions are
perhaps not encouraging from an enzyme design perspective since small perturbations have
a significant impact. On the other hand, these results are encouraging from a drug design
perspective, as they suggest a small allosteric ligand need not elicit a large energetic impact
at the active site to significantly affect catalysis. It is evident that modulation of
conformational changes in functional loops is crucial for regulating catalysis in enzymes.
This work demonstrates that with the combined use of multiple techniques that the subtle
energetics that control loop motion can begin to be elucidated.
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5. MATERIALS AND METHOD

Materials Methods

Deuterium oxide, 2®N-ammonium chloride, 6-13C-D-glucose, alpha-ketobutyric acid
[methyl-13C:3,3-D5], alpha-ketoisovaleric acid [3-methyl-13C; 3,4,4,4-D,] was purchased
from Cambridge Isotope Laboratories (Tewksbury, MA). Sodium tungstate dihydrate was
purchased from MP Biomedicals. p-Nitrophenyl phosphate disodium salt was purchased
from Santa Cruz Biotechnology. All oligonucleotide sequences were purchased from the
Keck Biotechnology Resource Laboratory (Yale University). Confirmation of the desired
DNA sequences was confirmed by DNA sequencing (Keck Biotechnology Resource
Laboratory, Yale University).

PTP1B Expression and Purification

The PTP1B construct of amino acids 1-301 was transformed into BL21(DE3) cells and
expressed as previously described for 20 hours at 25 °C.3! PTP1B cells were grown in
perdeuterated M9 minimal medium supplemented with 1°NH,4CI (1.0 g/L). Additionally, 60
mg/ml a-ketobutyric acid and 100mg/ml a-ketoisovaleric acid (Cambridge Isotope Labs)
was added half an hour before induction time for 13C labeling of the methyl groups of
isoleucine, leucine and valine residues. Cells were allowed to reach an ODggp 0f 0.8 — 1.0
before induction with 0.5 mM IPTG. PTP1B cell pellets were resuspended in a buffer
containing 20 mM Bis Tris, 20 mM imidazole, 3 mM dithiothreitol (DTT), 10% wi/v
glycerol, 1 mM ethylenediaminetetraacetic acid (EDTA) at pH 6.5. Cells were lysed by
ultrasonication, centrifuged, and the supernatant was applied to HiTrap Q HP and HiTrap SP
HP columns (GE Healthcare) using a buffer of 20 mM Bis Tris, 20 mM imidazole, 3 mM
DTT, 10% w/v glycerol, 1 mM EDTA, 0.5 M NaCl at pH 6.5 and eluted with a NaCl
gradient. The protein sample was concentrated to 0.18 — 0.24 mM for NMR studies in a 50
mM HEPES buffer containing 150 mM NaCl, 0.5 mM TCEP, 7% D,0, and 0.03% NaN3 at
pH 6.8.

NMR Spectroscopy

NMR experiments were performed on Varian 600 MHz, 700 MHz and 800 MHz
spectrometer at 292 K. 1H15N TROSY HSQC spectra of F182A, P185A, P180A, P188A and
T177A were collected with the H transmitter and 1°N offsets set to the water resonance and
120 ppm, respectively. Experiments probing the side chain methyl groups of lle, Leu, and
Val (33CH3-1LV) were based on the multiple-quantum (MQ) pulse sequence.®3 In these
experiments, transmitter offsets alternated between the water resonance and the center of the
methyl region (0.75 ppm), while the 13C channel offset was set to 19.5 ppm. All 1H13CHj3-
ILV spectra were collected with 32 transients, 144 t; increments, 3778 data points, and
spectral widths of 8500 Hz (direct) and 3500 Hz (indirect). Tungstate titrations were
performed for concentrations ranging 0 — 30mM (until saturation) to determine NMR peaks
in the closed conformation. NMR spectra were processed with NMRPipe®* and analyzed in
nmrFAM-SPARKY.5> NMR assignments for 119 and 1219 were aided by individual
mutagenesis of each to alanine.
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NMR Isoleucine Assignments

The lle resonances were assigned by performing a HMCMCGCBCACO experiment®®, and
matching corresponding HNCO peaks to previously assigned values.>’” Additionally spectra
of point mutations of 119A, 1219A, E276A, and M282A were collected to supplement the
assignments. V184 was also assigned through mutagenesis.

Tungstate titration and estimation of closed loop population

We chose tungstate as the reference ligand to induce the closed conformation in PTP1B for
the two reasons. First, tungstate induced CSPs occur in the fast exchange limit, the bound
chemical shifts are easy to identify — this allows for simple analysis and data interpretation.
Second, many of the active site residues (in the WPD, P and Q loops) have resolved peaks
upon tungstate binding. This is essential for evaluating conformational perturbations at the
active site. A titration of tungstate ion (W0O427) prepared in NMR buffer was performed by
sequential addition to WT 13N or 13C (methyl ILV) labeled samples until saturation. To
estimate the degree of loop closure in the WO42~ bound state, we calculate the chemical
shift perturbation (CSP) of WO,2~ saturated 15N spectra using eq. 1:

CSP = \/OS(A(DHZ + ﬂan)Hz) (1)

In the above equation, ) represents the coefficient associated with nuclei X; (ny = 0.04,
1C=0.2574). The CSPs of WO42~ was compared to the CSPs of PTP1B saturated with an
EGFR peptide mimi Ac-DADEXLIP-NH, (X=difluoromethylphosphono-phenylalanine).
EGFR peptide binding has been previously characterized and has shown to induce WPD
loop closure (85%) in both NMR and X-ray experiments.11: 22 The CSPs induced by the
EGFR peptide are observed to be slow exchange. The EGFR peptide bound resonance for
each residue reflects the closed conformation in PTP1B. The closed population of WO,42~
bound PTP1B can be estimated using eq 2:

SP
WOt 100% @

%Pelosed = CSPrcim

The population is estimated to be 37% + 13%, and residues used in this analysis are
summarized in Sl Fig 2.

Estimation of %Pclosed for Ala mutants from NMR chemical shifts Taking advantage of the
linearity observed in the CSP of the loop mutants, we compare the average magnitude of the
CSP (eq. 3) in the mutants to CSP of WO42~ bound to estimate the bound population.

1
<CSP>y = ;2:’ (kCSP)) @
The constant x = 1 for CSPs that lie between the WT apo peak toward (or passed) the
reference WO,2~ bound peak, and k = —1 for CSP that shift in the opposite direction

opposite of the WO42~ bound peak. We estimate of %P|qseq Of the Ala loop mutants with
eq. 4:
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< CSP >y

SCSPSos < %Pwos, L )

%Py, L =

For each mutant (M), we calculate the upper and lower limits (L) of the population range
using the limits found in %Pwo4 (Upper limit: 50%, lower limit: 25%).

NMR relaxation measurements

Multiple quantum (MQ) Carr-Purcell-Meiboom-Gill relaxation experiments were performed
to probe the dynamics of 1LV methyl groups (:3CHg3) of WT and T177A, P180A, F182A,
P185A and P188A on Varian Inova 600 MHz, 700 MHz, and 800 MHz spectrometers. The
pulse sequence used was previously described by Korzhnev et al34) and was performed at
292K. A t¢p array of 0.0, 0.4167, 0.50, 0.625, 0.75, 1.0, 1.5, 1.875, 2.5, 3.0, 5.0, 7.5 ms were
used with a constant relaxation period of 0.02 s for WT and 0.03 s for the mutants. Peak
intensities were used to determine the transverse relaxation rates (R,). Relaxation dispersion
curves of mutants were analyzed with the Luz-Meiboom model®8, calculated in PRISM.
Global and individual fits of the dispersion curves were evaluated by the change in Akaike
information criterion (AAIC) through PRISM to determine the best fit model.>® WT, T177A,
P180A, F182A, and P185A were fit globally with AAIC values = -10.6, -17.1, -7.6, —13.6,
and —-2.8. P188A was best fit to two clusters with AAIC = -12.1.

Stopped Flow Pre-steady state Kinetics

Pre-steady state kinetics was carried out using PNPP as substrate in a 50 mM succinate, pH
5.4, and 1ImM TCEP, | = 0.1M (NaCl). The formation of pNP was monitored at 400 nm
(measured extinction coefficient at a cell path length of 2 mm was 0.0947 mM™1) at 3.5 °C
using an Applied Photophysics SX20 spectrophotometer. After mixing the enzyme
concentration used in the experiment was 20-60 pM and the concentration of p-NPP was 20
mM. The corresponding Kops Was obtained by fitting the absorbance data using Applied
Photophysics ProData SX, and to a biphasic first-order burst kinetic fit, obtained from
averaging 5-10 absorbance traces. The rates Kcjeavage and Knydrolysis Were extracted from the
time dependence (4 of the absorbance changes by:48

Asgonm = Bel™¥) + A7+ C ©)
k= kcleavage + khydrolysis (6)
A= kcleauage X khydrolysis %

kcleauage + khydrolysis

The transition state energy (AG) calculations were obtained through the Eyring expression in
eg. 8:

kpT 47G
k= %eﬁ (8)
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Here k (s71) is the rate constant obtained through pre-steady state kinetics, kg is the
Boltzmann constant, /is Plank’s constant, R is the gas constant, and T is the absolute
temperature.

X-ray Crystallography
PTP1B mutant crystals were grown using hanging drop vapor diffusion at 4 °C. The
precipitant solution consisted of 0.1M HEPES, pH 7.0-8.0, 0.2 M magnesium acetate and
15-20% polyethylene glycol 8000. The crystallization drop consists of 2 pL 12-15mg/L
protein (in NMR buffer), 0.5 uL 30% (w/v) sucrose and 3uL precipitant solution. The
vanadate bound complexes were obtained from soaking the apo crystals in 20% PEG 8000,
100 mM HEPES (pH 7), and 2-5 mM NazVO, for 30 min to 1 hour. Crystals were
transferred into cryoprotectant (15% glycerol in precipitant solution). The crystals were
flash cooled with liquid nitrogen and diffracted on a home source (Rigaku Raxis IV++). The
diffraction data was indexed and scaled using HKL2000 program suite.? Molecular
replacement was performed using Phaser®? in the CCP4 program suite.2 The initial model
used was a W179F PTP1B (PDBID: 3QKQ)5 with the WPD loop, vanadate and waters
deleted. Refinement was performed using the Phenix®4 65 and model adjustment and
rebuilding was performed using Coot.56 Molprobity®7: 68 was used for model validation.

Partial WPD loop occupancies were refined for P188A and F182A in REFMAC for (10
cycles per run). The model was then transferred back to Phenix for manual refinement. The
loop occupancies were held constant during B-factor refinement. The final loop occupancies
were determined by RSZD value generated by Edstats. F182A was refined to a loop
occupancy of 50:50 open: closed with an average loop RSZD = 0.86. P188A was refined to a
loop occupancy of 35:65% open:closed with an average loop RSZD = 0.95. Finally, an
isomorphous difference map of P188A — F182A was generated with FFT59 to validate the
loop fits. The difference in electron density between open and closed states in P188A and
F182A are shown in Sl Fig. 5. The structure factors were deposited in the Protein Data
Bank.

Non-Covalent Interactions

NClIplot38 calculation were carried out with a step size of 0.25. The reduced gradients were
rendered using Isosurface in VMD, using an isovalue of 0.4.7°

VMD70 and PyMol ! were used to visualize protein structures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1 -
A) Cartoon rendering of PTP1B (PDB: 5k9v) with active site loops in red B) WPD loop in

the open (orange) and closed (blue) conformation. The catalytic acid, D181 is shown in stick
representation. Upon substrate (or vanadate, shown in red space-filling in B) binding, the
WPD loop closes over the active site. C) In the cleavage step, C215 acts as a nucleophile
while D181 donates a proton in the cleavage of the O-P bond of the phosphotyrosine to
generate a phosphocysteine intermediate. D) D181 and Q262 enable a water molecule in the
hydrolysis step to regenerate the apo enzyme.
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Figure 2 -

A) Cartoon rendering of PTP1B with the WPD, P, and Q loops represented in red. 13C
methyl probes for NMR experiments are shown as cyan spheres. B) HMQC overlay of the
methyl isoleucine spectra of apo WT (black), P185A (cyan), F182A (pale blue), P188A
(blue), T177A (purple), P180A (red), tungstate saturated (orange). C-E) 13C NMR chemical
shifts of active site loop residues in these Ala mutants. F-H) 1°N NMR Chemical shifts of
previously identified allosteric residues. The identity of the residue and 2° structure is shown
in the bottom right of C-H. WT apo and WO,2 saturated chemical shifts for WT PTP1B are
shown in grey and red respectively as reference. Previously it was determined that in
solution, the WPD loop in the apo state is 97% open.1! The population of the closed
conformation in WO,2~ was estimated to be 37% closed (see Methods and Sl Fig. 2). We
have not stereospecifically assigned the y1 and -y2 CH3 groups of V184, therefore we
arbitrarily refer to them as V184-1 and VV184-2. Other residues (28) exhibiting a linear CSP

trend are shown in Sl Fig. 1.

JAm Chem Soc. Author manuscript; available in PMC 2021 July 06.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Cuietal.

Page 25

ko= 770" ‘ Group | ke= 1980 s g "
% - Group |l ke= 730 s % ,

Figure 3 —.
A) Methyl probes are depicted on the PTP1B structure. Subdomain Da (residues 6-26, 188—
205, 214-301) is represented in gold, and Dp (residues 56-119, 133-177) is represented in
gray. The WPD loop is shown in red. Residues in WT that show Rey > 2 s~1 are shown as
blue (Da) and red (D) spheres, and residues with no dispersion are shown in black CPMG
relaxation dispersion was measured for A) WT, B) T177A, C) P180A, D) F182A, E) P185A,
F) P188A. Methyl probes are color coded in dark blue (ke ~1500 — 2000 s71) and light blue
(700-800 s~1). Dispersion curves of the residues for each mutant are shown in Sl Fig. 2 and
3. kex Values from dispersion experiments are given next to the relevant structure.
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Figure 4 —.

WEIJDD loop occupancy obtained from fitting electron density in Ala loop mutants. Crystal
structures were rendered in PyMol.5® The 2Fo-Fc electron density maps are represented in
blue (open) and red (closed) mesh are contoured at 1.0 o. The site of mutation is represented
in the scheme above each crystal structure where WPD loop residues are represented in
spheres, and site of the loop mutation is colored blue.
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Figure 5 —.

TV?/O networks of NCI-identified interactions that stabilize the open conformation of the WT
loop are shown in stick. In blue are residues H175 — T178, while in magenta are residues
W179, P180, and P185A. The backbone trace of the WPD loop is shown in green on the
right. NClplot was used to visualize the van der Waals interactions between residues 179,
180 nd 185 in A) and 175, 177 and 178 in B). Hydrogens were added to the structures in
normal geometry. The generated reduced density gradient is rendered as an isosurface in
VMD (isovalue = 0.4 au). The attractive interactions of interest are indicated with blue
arrows and listed: 1) edge to face van der Waals interaction between P180 — P185, 2) van der
Waals interaction between W179 and P185, 3) hydroxy! group of T177 form a weak
interaction with the y-methyl group of T178, and 4) imidazole ring in H175 interacting with
v-methyl of T177. Repulsive interactions are indicated with a red arrow: 1) steric hindrance
observed between W179 and P180.
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Closed Loop

Figure 6 —.

Tf?ree key interactions that form upon loop closure are shown in stick. NCI interactions are
generated for A) D181 and F182, B) W179, P180, and P185, and C) S187, P188, and F191.
Attractive interactions are highlighted with a blue arrow and listed: 1) Type Il reverse turn
formed in the closed state defined by the hydrogen bond (shown as dashed line) formed
between C’ of P180 and HN of G183, 2) CH-mt interaction between W179 and P185, 3) a —
helical N-capping hydrogen bond is observed between the C* of S187 and HN of F191.
Repulsive interactions are shown with red arrows and listed: 1) Steric hindrance observed
between Cp of F182 and the loop backbone and side chain of D181, and 2) steric hindrance
observed between side chains of W179 and P180.
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Figure 7—.

A—gF) Pre-steady state kinetics of the dephosphorylation of p-NPP at 3.5°C. The average of 6
traces was averaged over a window size of 10, is shown in light grey, the fits of each curve is
shown in dark blue. G) Reaction energy diagram mapping transition states of the cleavage
and hydrolysis steps.
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Figure 8 —.

Sugmmary of the effects of the Ala mutations. A) shows the correlation of ky with key. B)
shows the correlation of kg with kay. The overall summary is shown pictorially in C-E. InC
and D, the WT values are indicated. The color scheme is coded onto the site of loop
mutation given by the spheres. Mutations in the N-terminal portion of the hinge do not
significantly alter key (C) but do alter the equilibrium position of the loop (D). In E, relative
k, (k3) values are colored on the left (right) of the sphere. The two different kex values
observed in P188A are indicated by I and II.
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Enzyme kinetics data for WT and acid-loop alanine scanning mutants.”

Table 1.

ke(s) ks kplKiy (sImM2 K (MM? Apo loop®
WT 27060 287 100 + 10 0.57+0.08 open
T177A 270+30 38=*8 100 + 20 0.35+0.08 closed
P180A 250+10 25+%2 230 +50 0.39+0.05 closed
F182A 32+2 1.3+01 3050 0.11£0.09 open/closed
P185A 58+3 5001 13%2 25+03 open
P188A 133+32 47+10 230+40 0.42 £0.07  open/closed

JAII pre-steady state kinetics was performed at 3.5°C, at a pH of 5.4.

2 . .
Data was previously collected from Cui et al. 2017 at 25°c.31

3 . . .
Loop conformation based on NMR and X-ray crystallographic studies.
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