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Highlights

e Protein tyrosine phosphatases (PTPs) have a structurally conserved catalytic domain, but differ in
terms of dynamics, allostery, and function

o NMR spectroscopy, avant-garde X-ray crystallography, and other modern structural biology
experiments give complementary insights into PTP dynamics and allostery

e Molecular dynamics (MD) simulations yield atomistic information about conformational motions,
and sequence coevolutionary analyses reveal hypotheses about conserved vs. divergent
allostery

e Mutations and small-molecule ligands, especially in large-scale libraries, provide useful and often
high-throughput information about PTP allostery and ligandability

e The future is bright for experimentally and computationally characterizing catalytic motions and
biologically relevant regulatory complexes for the broader family of PTPs in atomistic detail



Abstract

Protein tyrosine phosphatases (PTPs) are a family of enzymes that play critical roles in intracellular
signaling and regulation. PTPs are conformationally dynamic, exhibiting motions of catalytic loops and
additional regions of the structurally conserved catalytic domain. However, many questions remain
about how dynamics contribute to catalysis and allostery in PTPs, how these behaviors vary among
evolutionarily divergent PTP family members, and how mutations and ligands reshape dynamics to
modulate PTP function. Recently, our understanding in these areas has expanded significantly, thanks
to novel applications of existing methods and emergence of new approaches in structural biology and
biophysics. Here we review exciting advances in this realm from the last few years. We organize our
commentary both by experimental and computational methodologies, including solution techniques,
avant-garde crystallography, molecular dynamics simulations, and bioinformatics, and also by scientific
focus, including regulatory mechanisms, mutations and protein engineering, and small-molecule ligands
such as allosteric modulators.

Introduction

Protein tyrosine phosphatases (PTPs) constitute a diverse enzyme family that is essential for regulating
numerous cellular processes by dephosphorylating phosphotyrosine (pTyr) residues in various proteins.
The human genome encodes 107 distinct PTP genes, classified into four major groups, including 37
classical PTPs [1]. These enzymes share structural and evolutionary relationships, forming coherent
phylogenetic groupings that underline their functional similarities and diversification across various
physiological contexts [2].

Previously, X-ray crystallographic studies provided detailed insights into the conserved architecture and
structural diversity within the catalytic domains of classical PTP family members (Fig. 1a) [3]. These
analyses revealed that despite a shared catalytic core characterized by a conserved a/f3 fold and active-
site motif, significant variability exists in surface residues surrounding and distal from the catalytic site.
Such variability likely contributes to the distinct substrate specificities and regulatory mechanisms of
individual PTPs.

PTP catalytic domains exhibit intrinsic structural dynamics, notably involving specific loop regions whose
movements directly influence catalytic activity (Fig. 1a). Most notably, the WPD loop transitions between
open and closed states, positioning a catalytic aspartate residue that is essential for pTyr hydrolysis.
Previous studies employing nuclear magnetic resonance (NMR) spectroscopy for different PTPs showed
that these conformational transitions in the WPD loop directly correlate with catalytic turnover rates (kcat)
[4], underscoring the functional significance of dynamic loop transitions in PTPs (Fig. 2). Various studies
also point to allosterism in multiple PTPs, emphasizing that functional dynamics are not limited to
catalytic loops.

This review synthesizes recent advances in the study of PTP structural dynamics, particularly
emphasizing the link between conformational fluctuations and functional modulation, including allosteric
regulation. We discuss novel insights derived from a combination of structural biology, molecular
biophysics, biochemistry, and computational methods. Collectively, these contemporary approaches
enhance our view of PTPs as dynamic enzymes, revealing evidence for endogenous regulatory
mechanisms and potential for targeted therapeutic interventions.
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Figure 1: Structural overview of protein tyrosine phosphatases (PTPs).

a. Representative PTP catalytic domain from a crystal structure of PTP1B (PDB ID: 1sug) highlighting key structural
elements relevant to catalysis and allostery. The phosphotyrosine (substrate-binding) loop (residues 45-50) is
shown in blue, the E loop (residues 114—122) in light blue, loop 11 (L11, residues 150—-153) in purple, the WPD
loop (residues 177—-186) in red, the a3 helix (residues 187-202) in orange, the S loop (203—210) in olive, the P loop
(residues 214—-219) in light cyan, the a4 helix (residues 220-238) in teal, loop 16 allosteric site (L16, residues 239—
244) in light pink, the Q loop (residues 257-262) in light green, the a6 helix (residues 263-282) in magenta, and the
a7 helix (residues 285-299) in dark purple. The “front” view (top) is complemented by a rotated “back” view (right).
Allosteric BB site and 197 site are labeled in gray.



b. Structural organization of regulatory domains for selected PTPs. The catalytic (PTP) domain is shown in gray as
in panel a. Additional regulatory domains are shown using separate crystal structures: a non-catalytic D2 domain in
blue (PTPo; PDB ID: 2th7), and N-SH2 and C-SH2 domains in pink and green, respectively (SHP2; PDB: 2shp).

c¢. Binding sites for selected small-molecule allosteric modulators for PTP1B, SHP2, and STEP are shown using a
representative crystal structure of PTP1B (PDB ID: 1sug) [69]. The BB3 inhibitor for PTP1B is shown in yellow
(PDB ID: 1t49) [70], Compound 2 covalent inhibitor for PTP1B in blue (PDB ID: 6b95) [47], PO0058 inhibitor for
PTP1B in green (PDB ID: 7kiIx) [52], SHP099 inhibitor for SHP2 in orange (PDB ID: 5ehr) [71], and BI-0314
activator for STEP in green/cyan (PDB ID: 6h8s) [72]. The DPM-1001 inhibitor for PTP1B binds in the disordered
C-terminus (dashed line, not to scale) [14]. *Compound 2 is covalently tethered to residue 197, which is mutated
from a lysine to cysteine in PDB: 6b95; the K197C side chain is shown in sticks.
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Figure 2: Timescales of relevant biophysical methods and PTP functional dynamics.

Comparison of temporal resolutions for biophysical methods (orange) and PTP conformational dynamics relevant to
biological function (green). Time is shown on a logarithmic scale.

Top: Methods providing explicit kinetic timescale data include NMR spectroscopy (fast: ps—ns, intermediate: uys—ms,
slow: ms—s), hydrogen-deuterium exchange mass spectrometry (HDX-MS, 0.1-100,000 s), small-angle X-ray
scattering (SAXS, us-s), all-atom molecular dynamics (MD, fs—us), enhanced sampling MD (effective fs—s), and
time-resolved crystallography (TRX, fs—s). Most X-ray crystallography (patterned bar) provides static snapshots
without explicit kinetic resolution.

Bottom: Functionally relevant PTP dynamics include catalytic turnover rates (fastest: YopH ~ms, standard: PTP1B
~50 ms, slowest: PTEN ~5 s), a1-a2 ‘cap’ opening (ms—s), WPD loop motions (us—ms), variable-insert loop
motions (us—ms), a4-coordinated motions (us—ms), P loop + Q loop concerted motions (us—ms), a7 helix motions
(ps—ns), and fast local fluctuations (fs—ns).

Relevant reference numbers from the text are indicated for each category of methods and dynamics.



Experimental biophysical methods

NMR spectroscopy

NMR spectroscopy is a powerful technique for measuring conformational dynamics in solution across a
wide range of timescales (ps—s) (Fig. 2). Although NMR has limitations on protein size, PTP catalytic
domains (~30—40 kDa) are generally amenable to NMR analysis.

A series of recent studies used NMR to probe dynamics in PTP1B. First, >N backbone relaxation NMR
experiments showed fast (ps—ns) motions for allosteric regions including the critical a7 helix, but
intermediate (us—ms) motions for the catalytic WPD loop, revealing that dynamics at distinct timescales
underlie different aspects of PTP1B function [5]. Second, *C-methyl side-chain relaxation experiments
showed that several active-site loops (WPD, Q, E, and substrate-binding loops) undergo synchronized
motions on an intermediate (us—ms) timescale, and that the N-terminal helices a1' and a2' dynamically
detach and reattach on a slow (ms—s) timescale (Fig. 2) [6]. Third, coevolutionary analysis identified
residues distal from the active site that surprisingly increase PTP1B activity upon mutation; "*C-methyl
NMR experiments revealed a correlation between intermediate (us—ms) dynamics and catalytic rate,
suggesting that structurally distributed dynamics underlie catalysis in the broader PTP family [7].

Other work used NMR to study a protein-protein interaction (PPI) for PTP1B, documenting chemical shift
perturbations upon binding of the adaptor protein Grb2 to the disordered C-terminus of PTP1B [8].
These data were complemented by other biophysical experiments (see later sections).

Beyond PTP1B, NMR of VHR, a human dual-specificity phosphatase (DUSP), revealed coordinated ms-
timescale dynamics involving the WPD loop and a distal region; mutations in this region disrupted
dynamic coupling and impaired catalytic efficiency [9]. These observations indicate that dynamic
coupling between the active site and distal regions, regardless of their precise identity or location, is
common to many different phosphatases.

Other studies contrast PTPs from humans and other species. NMR of the archaeal phosphatase
SsoPTP revealed synchronized dynamics of several active-site loops; unlike for PTP1B, this
synchronization was independent of active-site ligand binding [10]. Additionally, for the pathogenic low
molecular weight PTP MptpA, NMR chemical shift perturbations identified an allosteric residue (Q75).
MD simulations showed that mutation of this distal residue increased dynamics of catalytic loops,
populating an active state that increases catalysis [11]. These results suggest that MptpA activity is
allosterically prevented from maximal activity during infection. Such unique mechanisms could inform
the design of inhibitors that selectively target pathogens without affecting human enzymes.

Other solution methods

While NMR spectroscopy reveals site-resolved information about dynamics across many timescales, it is
challenging for long timescales (ms—min or longer) and large proteins. Hydrogen-deuterium exchange
mass spectrometry (HDX-MS) complements NMR by providing information about protein conformational
dynamics and/or solvent accessibility, at lower spatial resolution but across broader timescales, for larger
systems including disordered regions (Fig. 2).



Recently, high-resolution local HDX-MS was used to characterize dynamics of PTP1B [12]. H/D
exchange (HDX) was largely consistent with variability among crystal structures, with some outlier
regions exhibiting unexpectedly high HDX in solution. In contrast to an active-site inhibitor, binding of an
allosteric inhibitor induced surprisingly distinct and widespread changes in HDX.

HDX-MS was also used to study how human amino acid variants affect PTP1B dynamics and catalysis
[13]. For the mutants with the greatest catalytic impact, changes in conformational heterogeneity along
pathways to the active site were observed by HDX-MS and room-temperature crystallography. The
results suggest that these mutations exploit a unique allosteric network in PTP1B.

Changes in HDX for the catalytic domain were also observed for a human variant in the disordered
proline-rich region [13]. In another study, HDX-MS was used to validate the PPl between Grb2 and the
disordered proline-rich region of PTP1B, demonstrating that Grb2 binding stabilized PTP1B dynamics
globally [8]. These studies, alongside other reports of allosteric small-molecule inhibitors targeting
disordered regions of PTP1B [14], indicate substantial allosteric communication between the dynamic
disordered region and ordered catalytic domain.

Small-angle X-ray scattering (SAXS) complements other solution techniques by capturing large-scale
conformational ensembles, which represent the distribution of conformational states accessible to the
protein. SAXS and molecular dynamics (MD) simulations were used to demonstrate extensive
conformational variability for the constitutively active E76K mutant of SHP2 [15], highlighting that active
conformational states are not single static structures but rather dynamic ensembles.

X-ray crystallography

Solution methods provide valuable information about dynamics, but do not directly determine structures.
By contrast, X-ray crystallography yields high-resolution all-atom structures, and can access distinct
conformational states regardless of timescale that may pertain to function, although concerns may exist
about artificial influence on protein conformations from the crystal lattice.

A traditional cryogenic-temperature (cryo) crystal structure of TCPTP with the a7 helix ordered revealed
that a7 contributes to catalysis similarly in TCPTP and its close homolog PTP1B, by conditionally
ordering upon WPD loop closure, albeit with subtle differences [16]. PTP1B and TCPTP thus are similar
structurally, consistent with the recent report of a compound that potently inhibits both to the exclusion of
all other PTPs [17] — yet they have distinct biological roles and disease associations, motivating future
research to identify inhibitors that are specific for either PTP1B or TCPTP.

An exciting frontier of crystallography is using experimental perturbations like variable temperature to
reveal alternative conformational states. For PTP1B, a structure at room temperature (RT) instead of
cryo was determined using serial synchrotron crystallography [18]. The results revealed decoupling
between the active-site WPD loop and the distal loop 16, adding nuance to our understanding of
allosterism in PTP1B.

Expanding to different perturbations, another study compared temperature (T) vs. pressure (P) for STEP
[19]. The high-P structure featured a conformation of the active-site E loop only seen previously in an
allosterically activated structure, whereas the high-T structure adopted distinct active-like conformations
at the catalytic Q and WPD loops. Interestingly, each structure had a distinct pattern of ordered water



molecules. Also, a dehydrated structure featured a more open conformation of an allosteric site,
providing new opportunities for allosteric modulator design [20]. Together, these studies illustrate how
crystallographic perturbations can reveal informative alternative conformations of PTPs.

Computational methods

MD simulations

Molecular dynamics (MD) simulations provide atomic-resolution windows into biomolecular motions.
Although they use imperfect force fields and may require special approaches to access longer,
functionally relevant timescales, MD simulations usefully complements experimental data for PTPs (Fig.
2) [5,7,11,21-24].

MD has been used to investigate WPD loop opening/closing motions in different ways. One study used
long-timescale and weighted ensemble simulations of PTP1B to identify backbone dihedrals of the
conserved PDFG motif (overlapping the eponymous WPD) as key to this motion [25]. Another study
pinpointed two torsion angles involving the D-F bond as especially important for a friction-limited
conformational change that is followed by diffusive loop motions [26].

In the context of drug discovery, long-timescale simulations for PTP1B revealed poses for weakly binding
small-molecule fragments [27]. Another MD study showed that the PTP1B allosteric inhibitor
amorphadiene binds to the disordered C-terminus [28], further validating allosterism in this region.

MD can reveal how structural differences between PTPs impact catalytic WPD loop dynamics.
Simulations of PTP1B and YopH showed that prolines in PTP1B act as hinges to restrict motion,
whereas the flexible loop of YopH samples more conformations including a rare hyper-open state [29].
Moreover, the adjacent E loop was shown to be flexible in PTP1B but rigid in YopH; these observations
are consistent with previous reports of coupled dynamics between these two loops in PTP1B from NMR
[6] and in HePTP from MD [30].

Other computational methods

Additional computational approaches can provide complementary insights into PTP dynamics. One
study used network analysis of MD trajectories for three PTPs with divergent sequences and varying
catalytic rates to reveal differences in correlated loop dynamics that underlie functional differences [23].

Aside from MD, dimensionality reduction for crystal structures reveals insights into conformational
landscapes [31]. For STEP, dimensionality reduction showed that a high-temperature structure clustered
with active-like structures, whereas a high-pressure structure was distinct from existing structures [19].
For PTP1B, dimensionality reduction for many structures from crystallographic fragment screening
showed partial decoupling of the WPD loop and allosteric loop 16, and indicated a potential allosteric
loop encompassing phosphorylation sites [32].

Sequence-based methods like statistical coupling analysis (SCA), which uses patterns of amino acid
coevolution from multiple sequence alignments to predict conformational coupling in protein structures,
can also provide insights into putatively coupled dynamics and allosteric networks. One study used SCA



to reveal allosteric sectors, one overlapping with a known allosteric network and the other unique [21].
Mutations to sector residues in multiple PTPs reduced k., indicating conserved allostery. Another study
identified coevolving residues distal from the active site that surprisingly increased catalysis upon
mutation [7]. Together, these results suggest that some aspects of conformational dynamics are
conserved within the PTP catalytic domain despite divergence in sequence and function. Nevertheless,
the physical meaning of coevolving sectors remains unclear, both generally and for PTPs.

Regulatory domains, interactions, and mechanisms

The PTP catalytic domain is structurally conserved, but domain architecture varies between PTPs,
providing for differences in endogenous regulation that are beginning to be unraveled (Fig. 1b).

For example, binding of the regulatory protein Grb2 to the disordered C-terminus of PTP1B allosterically
alters NMR chemical shifts, decreases H/D exchange indicating decreased dynamics, and increases
PTP1B catalysis [8]. Mutations to known allosteric residues [5] did not impact Grb2 activation, indicating
a distinct allosteric mechanism.

TCPTP, the only other PTP with a C-terminal a7 helix, has a similar structure and mechanism involving
a7 [16]. However, while both also have a disordered C-terminus, NMR shows that this tail in TCPTP
uniquely wraps around the catalytic domain, blocking substrate binding; this autoinhibition is lifted upon
binding of an integrin protein [33].

SHP2 is also allosterically regulated by autoinhibition, but by N-SH2 domain binding to the catalytic
domain, blocking the active site (Fig. 1b). N-SH2 binding to a pTyr substrate relieves this autoinhibition,
activating SHP2. A recent study identified a single ion pair that stabilizes this activated state; mutations
to these residues resulted in unusual “hyperinhibited” SHP2 [34].

A distinct example of allosteric regulatory domains is found in RPTPa, whose non-catalytic D2 domain [2]
inhibits activity in the catalytic D1 domain (Fig. 1b) [35]. Notably, this regulation is absent in the closest
homolog, suggesting evolutionary divergence.

Finally, many PTPs are regulated by reversible oxidation of the catalytic cysteine, but in different ways.
Some PTPs form a disulfide bond with a nearby “backdoor” cysteine; however, SHP2 and SHP1 have an
additional backdoor cysteine that provides extra protection from oxidative inactivation at the expense of
thermal stability, highlighting an evolutionary trade-off [36]. In a distinct mechanism, oxidized PTP1B is
regulated in vivo by a redox-sensing loop that interacts with the regulatory protein 14-3-3C only in the
oxidized state [37].

Amino acid sequence changes

Point mutations

Point mutations are powerful tools for interrogating connections between PTP structure, dynamics, and
function, particularly when paired with other experimental and computational analyses [5-11,13—
16,21,22,24,26,28,29,33—-36,38—44].



Two complementary studies introduced mutations into the WPD loops of different PTPs and observed
altered pH rate profiles for different mechanistic reasons. For the pathogenic YopH, effects were
attributed to changes in WPD loop conformational preferences [45]. By contrast, for the human SHP1,
effects were attributed to changes in active-site solvation and hydrogen-bonding networks [41].

Another study examined the disease-associated T42A mutation in the N-SH2 regulatory domain of SHP2
[22]. Biochemical assays showed bias for the mutant toward certain phosphopeptides. MD revealed that
the mutation rearranges hydrogen bonds in the pTyr binding pocket, despite being distally located.
These results demonstrate how an individual mutation in a PTP can allosterically dysregulate cellular
signaling to cause disease.

At a larger scale, deep mutational scanning was used to characterize nearly all possible point mutants of
SHP2 [24]. Many known disease mutations were gain-of-function, but others were unexpectedly neutral
or loss-of-function. Screening full-length SHP2 and the isolated catalytic domain helped differentiate
effects on intrinsic catalysis vs. interdomain autoinhibition, including residues at key autoinhibitory
interfaces and those that bias coordinated WPD loop dynamics. This work highlights the variety of
mechanisms by which SHP2 biological function can be disrupted by perturbed dynamics and/or allostery.

Protein engineering

Beyond individual point mutations, rational protein engineering can dissect the fundamental roles of
specific structural elements in PTP dynamics, allostery, and function. Such approaches have the
potential not only to tease apart the fundamental functional roles of specific structural elements in the
PTP fold, but also to develop useful tools for basic research and biotechnology that enable illumination-
based activation of PTP activity or recruit PTPs to specific targets in cells (e.g. PhosTACs).

To probe the factors controlling WPD loop stability, dynamics, and catalysis, chimeras were engineered
that transpose this loop between the slower PTP1B and the faster YopH. The PTP1B scaffold with the
YopH loop was less active than both parent enzymes, presumably due to altered WPD loop dynamics
including differences in flexibility [40]. The reverse chimera exhibited an unusual hyper-open loop
conformation [46] that was previously observed as a rare event for wild-type YopH [29], indicating a shift
in the energy landscape of this important loop in a non-cognate structural context.

In another class of chimeric PTPs, blue-light-activated LOV domains were fused to the C-terminus of
PTP1B [38]. Remarkably, the resulting proteins were allosterically regulated by light, with further
enhancements to light-sensitivity by mutating interface residues. A subsequent study compared different
architectures by varying the insertion point into the PTP domain [39]. The optimal insertion approach
successfully regulated PTP1B and TCPTP but not SHP2, illustrating varying allosteric properties among
PTPs.



Small-molecule ligands

Benign binders

Crystallographic small-molecule fragment screening generates many experimental ligand-bound protein
structures. Although fragments typically bind weakly and are functionally benign, they can reveal low-
occupancy protein conformations and provide footholds for downstream inhibitor design.

Previously, screening for PTP1B yielded 110 fragment-bound structures, including multiple allosteric
sites [47]. Pre-clustering X-ray datasets [48] yielded 65 additional hits, including two novel sites [49].
One new fragment bound uniquely between the catalytic WPD and E loops; another allosterically
induced closure of the WPD loop. Fragment hits re-screened at RT instead of cryo revealed new binding
poses, binding sites, and allosteric responses [50]. Together, this wealth of structural data maps the
ligandability and allosteric wiring of PTP1B.

Beyond PTP1B, crystallography of STEP revealed covalent ligands at cysteines that are (almost) unique
to STEP among PTPs, and a novel citrate pose above the catalytic pocket, offering potential footholds for
specific inhibitor design [20]. In addition to crystallography, STEP ligands have been identified from
protein thermal shift screening assays, yielding both benign binders and inhibitors [51].

Allosteric modulators

Recent research has significantly advanced our understanding of how small-molecule allosteric
modulators of PTPs achieve specificity and potency, e.g. by selectively targeting non-conserved
allosteric sites.

Two recent allosteric inhibitors targeting PTP1B operate by distinct mechanisms. First, PO0058 binds in
the catalytic domain and induces conformational rearrangements extending to the distal WPD loop [52],
thus reinforcing the structural and functional significance of this allosteric binding site [47]. Second,
DPM-1001 binds to the disordered C-terminus, and exhibits efficacy in animal models of metabolic
disorders [14].

For the oncogenic SHP2, selective, irreversible inhibitors were obtained that target the pathogenic
mutation Y279C, providing a potent method for modulating mutant enzyme activity [43]. This parallels
the successful therapeutic strategy for a pathogenic K-Ras mutation [53].

Finally, fragment screening by '°F NMR identified diverse allosteric binders targeting VHR [54]. This
approach revealed novel non-orthosteric binding sites that were validated by crystallography, providing
opportunities for allosteric inhibitor development.



Future perspectives

Recent studies have used myriad techniques to explore the interplay between dynamics, allostery, and
catalysis for several PTPs. Future work can expand to the broader PTP family and take advantage of
several exciting methodological advances.

First, time-resolved X-ray crystallography (TRX) can record stop-motion movies of catalytic turnover,
providing all-atom windows into concerted conformational motions accompanying catalysis. TRX is
increasingly accessible at synchrotrons with ms time resolution [55,56], in line with PTP catalysis and
loop motions [4]. TRX is now more generally feasible given advances in substrate delivery [55,56] and
temperature jumps to activate protein motions [57]. TRX in crystals thus can serve as a powerful and
highly complementary technique to e.g. advanced NMR methods such as CPMG relaxation dispersion
experiments in solution.

Second, the cryo-electron microscopy (cryo-EM) “resolution revolution” sets the stage for determining
structures of full-length PTPs in biologically relevant complexes, such as receptor-type PTPs in their
native membrane environments or various PTPs in complex with substrate and/or regulatory proteins.
Such experiments could use full-length PTPs, including regulatory domains, rather than just the catalytic
domains that are more tractable for other methods like crystallography and NMR. In addition, nNew
algorithms can extract multiple conformational states from cryo-EM datasets [58] to reveal how PTP
complexes temporally assemble and are allosterically regulated. Moreover, cryo-electron tomography
(cryo-ET) is becoming attractive to examine PTP complexes in native cellular environments, e.g. in
diseased vs. healthy human cell lines, for a larger-scale view of how “dynamics” connects to biological
function.

Third, in the age of artificial intelligence, computational structural biology offers new possibilities for
PTPs. Clustering algorithms to classify active vs. inactive states [59,60] could be used for PTPs, aided
by new dimensionality reduction methods [32,61]. Such research would benefit from the wealth of
available crystal structures for numerous PTPs [3,47,49,50]. Predicted AlphaFold structures [62,63]
could complement experimental structures by (i) including all PTPs, (ii) modeling regions beyond the
catalytic domain, and (iii) generating biologically relevant alternative conformations [64,65]. Moreover,
experimental data can fruitfully integrate with computational methods, as seen with crystallographic
density maps for modeling protein alternate conformations [66] and their networks of interactions [67],
solution SAXS data for steering MD simulations [15], and multiple sequence alignments for predicting
allosteric sectors [21]. Such integrative structural biology approaches have great potential for elucidating
specific structural features or behavior in ways that are grounded by empirical observations.

Overall, structural biology is shifting its focus from static structures to ensembles, dynamics, and allostery
[68]. PTPs are highly dynamic, allosteric enzymes with a plethora of endogenous regulatory
mechanisms, many of which are yet to be understood, and a concomitant wealth of opportunities for
exogenous modulation for therapeutic benefit. With the modern explosion of advances in techniques
revealing protein dynamics, the future is bright for “tracking the movements” of these diverse,
biomedically critical, fascinating enzymes.
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