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Abstract

The lymphoid tyrosine phosphatase LYP, encoded by the PTPN22 gene, recently emerged as an
important risk factor and drug target for human autoimmunity. Here we solved the structure of the
catalytic domain of LYP, which revealed noticeable differences with previously published structures.
The active center with a semi-closed conformation binds phosphate ion, which may represent an
intermediate conformation after de-phosphorylation of the substrate but before release of the
phosphate product. The structure also revealed an unusual disulfide bond formed between the
catalytic Cys and one of the two Cys residues nearby, which is not observed in previously determined
structures. Our structural and mutagenesis data suggest that the disulfide bond may play a role in
protecting the enzyme from irreversible oxidation. Surprisingly, we found that the two non-catalytic
Cys around the active center exert an opposite yin-yang regulation on the catalytic Cys activity. These
detailed structure and functional characterizations have provided new insight into auto-regulatory
mechanisms of LYP function.

Regulating tyrosine phosphorylation level is a fundamental mechanism for numerous
important aspects of eukaryote physiology, as well as human health and disease (1-3). Cellular
tyrosine phosphorylation levels are regulated by the antagonistic activities of two classes of
enzymes, the protein tyrosine kinases (PTKs)1 and the protein tyrosine phosphatases (PTPSs).
Recent findings have led to the emerging recognition that PTPs play specific and even dominant
roles in setting the levels of tyrosine phosphorylation in cells and in the regulation of many
physiological processes (2-7). Disruption of the equilibrium maintained by PTPs and PTKs
causes a range of human disease, including cancer, diabetes, and autoimmunity (8-16).

A major class of PTPs, known as classical PTPs, include transmembrane PTPs and non-
receptor PTPs (NRPTP), which are then further sub-classified based on their sequence
similarities and non-catalytic domain structural motifs (4,8). NRPTPs display various

IThe coordinates and structure factors for the disulfide structure of PTPN22 (PDB ID: 3H2X) have been deposited in the Protein Data
Bank.
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intracellular localizations, determined by amino acid sequences outside the catalytic domain.
The lymphoid-specific tyrosine phosphatase (LYP) encoded by the PTPN22 gene is a classical
NRPTP (belonging to the NT4 sub-family), expressed exclusively in cells of haematopoetic
origin. LYP, an intracellular 105 kDa protein that contains two distinct functional domains,
acts as an inhibitor to down regulate T-cell activation (17) by dephosphorylating lymphocyte
receptor tyrosine kinases (SRC family). The N-terminal portion of LYP contains a single
tyrosine phosphatase catalytic domain and the non-catalytic C-terminal region contains four
proline rich SH3 domains.

The importance of LYP in immune system regulation has been recently demonstrated by the
finding that a human variant W620, caused by a single nucleotide polymorphism in PTPN22
at nucleotide 1858, leads to a significantly increased risk for autoimmune diseases including
type-1 diabetes, rheumatoid arthritis and systemic lupus erythematosus (11,16,18,19). Since
the autoimmune-predisposing LYP-W620 variant is a gain-of-function mutation and shows
increased phosphatase activity (20), LYP is currently considered a promising drug target for
autoimmunity. Elucidation of the structure and regulation of LYP is important in order to
understand its mechanism of action in autoimmunity and to develop innovative approaches to
the pharmacological inhibition of the enzyme for therapeutic purposes.

One possible mechanism of regulating cysteine-based PTP activity is through oxidation of the
catalytic cysteine (Cys). PTPs are differentially oxidized and inactivated in vitro and in living
cells. Many stimuli, including growth factors, cytokines and ultraviolet light induce the
production of reactive oxygen species (ROS) capable of shifting the cellular redox state towards
oxidation. Oxidation of the active site Cys, a soft target because of its low pKa, abrogates its
nucleophilic properties and inactivates the enzyme. There has been accumulating evidence that
at least part of the cellular responses to these stimuli are due to the specific and transient
inactivation of the PTPs (21,22), indicating that PTPs are important sensors of the cellular
redox state and that oxidation of PTPs is emerging as an important regulatory mechanism.

Thus far, three mechanisms have described the redox regulation in the PTP superfamily. One
mechanism involves a disulfide bridge formation between the catalytic Cys and a second Cys
found within the signature motif followed by reactivation through reduction of the catalytic
Cys. This method of protecting the active-site Cys has been shown in the low molecular weight
protein tyrosine phosphatase (23-25). Another similar mechanism involving disulfide
formation is seen in PTEN and Cdc25 (12,26-29). Third, the redox mechanism seen in classical
PTPs involves the formation of a reversible sulfenamide ring by the catalytic Cys with the
main-chain amide of the next residue, namely serine, within the signature motif and thereby
protecting the catalytic Cys from damage by ROS. This type of mechanism has been previously
described in PTP-1B (30,31).

In this paper, we describe the crystal structure of the catalytic domain of LYP (named here as
LYPcat) that has a bound phosphate ion at the active site and has a closed conformation for
the active site loop. The active site of LYP consists of a catalytic Cys residue that is within
bonding distance of two additional Cys around the active center in the 3-D structure, which is
unique to LYP subfamily. The structure reveals a disulfide bond not previously seen in classical
PTPs between the catalytic Cys (catC227) and the Cys residue (C129) outside the signature
motif (or back-door Cys) that is conserved only in LYP and its close homologs, PTP-PEST
and BDP1. We also found that a secondary P-loop Cys (C231) may function as a negative
regulator of LYP activity. Our structural and mutational data suggest that in LYPcat, the two
non-catalytic Cys around the active center may play an important yin-yang regulatory role on
the enzyme activity, possibly through redox reactions to influence the catalytic Cys.

Biochemistry. Author manuscript; available in PMC 2010 June 9.
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Experimental Procedures

Reagents

Hydrogen peroxide (H,0,, VWR) was fresh diluted from the stock solution. PTP activity was
assayed using 6,8-difluro-4-methyl umbelliferyl phosphate (DiFMUP, Invitrogen) as the
substrate.

Cloning, Expression, and Purification

LYPcat (residues 2-309) was cloned into the pET28a expression vector and sequenced. The
transformed vector was expressed in Escherichia coli BL21(DES3) cells. Expression was
induced with 0.2 mM isopropyl-1-thio-f-D-galactopyranoside, and the cells were grown
overnight at 25°C. Cells were harvested by centrifugation and re-suspended in 50 mM Tris-
HCI, pH 8.0, 300 mM NaCl, and 5 mM B-mercaptoethanol. Cells were lysed by a microfluidizer
and then centrifuged at 13,000g. The His-tagged protein was purified using a Ni2* affinity
column (Qiagen) following standard protocols. The resin was incubated overnight with 50 units
of thrombin to remove the His-tag. Eluted protein was further purified by gel filtration using
a Superdex-75 column (GE Lifesciences). The purity and integrity of the protein was checked
by SDS-PAGE. The eluted protein was concentrated to 18mg/ml for crystallization
experiments.

Mutants were prepared using the Quikchange protocol (Stratagene) and confirmed by DNA
sequencing. Procedures for purification of all mutants are the same to that described for wild-
type LYP.

Crystallization and Data Collection

Crystals of LYPcat were obtained using hanging drop vapor diffusion method at 18°C using
a precipitant containing 2.0 M ammonium sulfate, 0.2M sodium-potassium phosphate in 0.1M
MES, pH 6.2. Plate shaped crystals were flash frozen after a quick soaking in a cryo solution
containing 10% glycerol, 2.0 M ammonium sulfate, 0.2M sodium-potassium phosphate in
0.1M MES, pH 6.2 and diffraction data up to 2.2A were collected at an in-house R-AXIS IV
+ image plate (Rigaku). The data was processed using HKL2000, and data statistics are shown
in Table 1.

Structure Determination and Refinement

The structure of LY Pcat was initially solved by molecular replacement method (AMoRe, CCP4
suite)(32), using the crystal structure of human protein tyrosine phosphatase receptor type J
(PTPRJ; PDB ID: 2CFV) as a search model with the closest sequence similarity to LYP
available in the data bank at the time. Since PTPRJ has a low sequence identity (39%) with
LYPcat, a poly-alanine model was used to succeed in finding the solution. The solution was
refined by rigid body and positional refinement and the electron density map was calculated
with CNS and displayed on Silicon Graphics workstations using ‘O’. The previously removed
helices, loops and the side chains were gradually added to the model, guided by the electron
density map, and the model was refined using the standard slow-cool and positional refinement
protocols of the CNS package using the data between 20 to 2.2 A. The free R value was
calculated throughout by randomly selecting 5% of the data as the test set. Inclusions of side
chains, water molecules, and the bound phosphate ion coupled with a few cycles of refinement
yielded good refinement statistics (Table 1).

PTP activity assay

The PTP activity of the purified LYPcat was assayed in a 96-well plate in a total volume of
100uL, containing 0.05M Tris-HCI pH 7.4, 0.05uM of wild-type and the C129S mutant,
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0.15uM of the C231S and C129S-C231S mutants, and 0.1 mM DiFMUP. In order to compare
each assay to a fully active enzyme, controls were reactivated with 10 mM dithiothreitol (DTT)
for 15 minutes before the assay. Inactivation was achieved by oxidation through incubation
with 1.0 mM H,0, for 10 minutes. Reactivation of oxidized wild-type and mutants was
achieved by incubation of the inactivated enzymes with 10 mM DTT for 15 minutes. All
incubations were performed at 25°C and data recording at 37°C in a Wallac Victor Microplate
Reader (PerkinElmer). DiFMUP fluorescence signal was measured at an excitation of 355nm
and an emission of 460nm in the microplate reader at approximately one time per minute for
8 minutes to assess linearity of the reaction.

Calculations of specific activity and % reactivation

Statistics

Calculation of specific activity were done by creating a standard curve of varying
concentrations of DiFMU, to get the rate of product formation. This rate is then divided by
protein concentration and time to get specific activity. To get the % of reactivation using DTT
after inactivation of the enzyme by H,0,, the reactivated activity of each mutant was divided
by its full activity before inactivation.

To check for statistic significance, p-values for the paired t-test were calculated using the
GraphPad QuickCalcs Web site: http://www.graphpad.com/quickcalcs/ttest1.cfm (accessed
September 2008).

Results & Discussion

Crystal structure determination

LYPcat (residues 2-309 of LYP) crystallizes in the spacegroup P21 with one molecule in the
asymmetric unit. The three dimensional structure of LYPcat has been refined to a
crystallographic R-factor of 17.6% (Rfree 20.4%) and the accuracy of the refined model is
consistent with the quality of the diffraction data (Table 1). The 2Fo - Fc map for the entire
polypeptide chain is well defined except for the N-terminus His-tag and a few C-terminus
residues (303-309). Unambiguous electron densities are observed for all surface loops (Fig.
1A), including the PTP signature motif that forms the catalytic pocket (P-loop, residues
226-233), the pTyr recognition loop (confers specificity to pTyr, residues 54-60), the WPD
loop (contains the general acid-base catalyst D195, residues 193-204), and the Q-loop (contains
the conserved Q274 required to position and activate a water molecule for nucleophilic attack,
residues 274-301) (Fig. 1A, 2B).

Overall, our structure is similar to the previously published LYP structures (33,34), however,
noticeable differences in some important loops are noticed. While the pTyr recognition loop,
Q-loop and P-loop appear unchanged, the WPD loop around the active center shows an ~8A
difference between the open and closed states in the various structures. In our structure, the
WPD loop appears to be in an intermediary stage between open and closed forms (Fig. 1B-1D,
see also below). In addition to the changes noted in the major surface loops, we can see
differences in the LYP-specific loop at the end of helix a2, which, as noted previously, takes
on different conformations depending on the binding state of the protein (33). Moreover, a
disulfide bond between catC227 and C129 is observed in our structure, which is not present
in the previously reported structures (33).

Catalytic pocket of LYPcat

The phosphotyrosine binding site is a deep pocket on the surface of LYPcat. Electrostatic
potential calculation shows that the bottom of the phosphotyrosine binding pocket has a strong
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positive charge (Fig. 2A). Interestingly, a clear electron density corresponding to a phosphate
ion is observed in this active site cleft of our structure (Fig. 2A). The detailed interactions
between the bound phosphate, which could mimic the substrate/product of PTP, and the P-loop
(Fig. 3) are discussed below. While primary sequence alignments and structures of other PTP
superfamily members have just one Cys residue close to the catalytic Cys, our LY Pcat structure
reveals two Cys residues, C129 and C231 in the vicinity of the catalytic C227 (catC227).
Sequence alignments with other classical PTPs reveal that these Cys are highly conserved in
LYP and its close homologs PTP-PEST and BDP1, all of which belong to NT4 sub-family
(Fig. 2B). The residue corresponding to C129 is strictly threonine or asparagine in other
classical human PTPs and the residue corresponding to C231 is mostly threonine or valine
(9). In our structure, a disulfide bond is formed between catC227 and C129, which is in a
reduced state in previously reported structures (33). This disulfide bond formation is not
feasible in other classical PTPs due to the lack of the equivalent Cys residue. C129 in our
structure is spatially close enough to catC227 to make the disulfide bond, although it is
relatively distant by primary sequence (Fig. 2B, 2C). This arrangement is known in other PTP
classes as a back-door Cys (12,29).

Movement of the WPD loop

WPD loop movement has been shown to be important in PTP substrate binding. The WPD
loop of the structure in this report is in a half-closed state (Fig. 1C, 1D). The disulfide bond
observed between catC227-C129 restricts movement of the 3-p4 loop, preventing full closure
of the WPD loop over the active site. In addition, the strong stacking interaction between W193
of the WPD loop and the guanidinium group of R233 in the P loop observed in our structure
(Fig. 3A) must be broken, as seen in closed-form structures in the LYP-apo and tungstate-
bound PTP-1B (PDB IDs: 2P6X and 2NHQ), before the WPD loop can move close enough
for phosphatase activity to begin. Interaction of W193 and the invariant R233 found in the P-
loop plays an important role in the closure of the WPD loop (9). In our structure of LY Pcat,
R233 adopts an extended conformation and is engaged in a strong stacking interaction with
W193 of the conserved WPD loop. The conformation of R233 side chain is further stabilized
by a salt-bridge interaction with conserved E133 (Fig. 3A). This position of the R233 side
chain allows room for the disulfide bond formation between the catalytic C227 and C129 (Fig.
2C, 3A), aresidue highly conserved only in PEST-enriched phosphatases (Fig. 2B). As aresult,
the catC227 Sy is not facing the phosphate ion in our structure.

Phosphate at the catalytic site

From the early stages of structural refinement, a well-ordered, tetrahedral-shaped density was
observed near the P-loop and catC227 (Fig. 2A, 2C). Although both ammonium sulfate and
potassium phosphate were present in the crystallization mother liquor, the tetrahedral densities
were assigned as phosphate ions, in accordance with the phosphatase activity of the protein.
The phosphate ion is well defined with strong electron density and low B-factors (Fig. 2C).
The oxygen atoms of the phosphate ion interact with the backbone amide nitrogen atoms of
the residues belonging to P-loop (Fig. 3A) and its position matches well with that of the
tungstate ion, coordinated by the PTP-1B P-loop (PDB code: 2HNQ) (Fig. 3B). However, no
hydrogen bond between the phosphate ion and the guanidinium nitrogen atoms of the signature
motif arginine (R233) is observed in LYPcat, although it is weakly present in tungstate bound
PTP-1B. The series of structures of Cdc25B solved by Buhrman et al. (12) revealed a disulfide
bond of the catalytic Cys with a back-door Cys (PDB code: 1Y S0). However in this structure,
the P-loop of Cdc25B has folded over the catalytic Cys like a lid, preventing access of the
substrate to the catalytic pocket. When this structure is compared to the sulfate-bound Cdc25B
structure (PDB entry 1QB0), they find that the main chain of the P-loop of the disulfide formed
structure occupies the same location as the sulfate ion. It is suggested that this conformational
change in the P-loop of Cdc25B disulfide structure is to allow room for the disulfide bond to
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form, since steric restraints prevent the movement of the WPD loop and the active-site arginine
(35). In comparison, the P-loop of LY Pcat is much more similar to the sulfate-bound structure
of Cdc25B (36), with the catalytic pocket accessible to substrate. Thus, the WPD loop and
active site arginine in LYPcat are presumably able to move in response to disulfide bond
formation, and do not require the movement of the P-loop to compensate. Buhrman et al. note
that the catalytic Cys in their structure is not able to bind substrate without significant
conformational rearrangement by breaking the disulfide bond.

Novel mechanism of redox regulation of LYP activity

The presence of an extra Cys in the P-loop, and the participation of the back-door Cys in the
disulfide bond as revealed in this structure, suggest a potential function for protecting the
essential catalytic Cys from oxidative damage, while also regulating the activity of LYPcat.
The catalytic Cys of PTPs is known to be highly reactive to phosphotyrosines and highly
susceptible to H,O, oxidation (26) due to its microenvironment and its low pKa (4.7-5.4)
(37). Oxidation of the essential Cys prevents enzymatic dephosphorylation because catalysis
involves a covalently bound phospho-Cys intermediate that cannot form if the Cys has been
oxidized. Under relatively mild oxidation conditions, this oxidation to sulfenic acid (Cys-SOH)
is reversible through reduction by thiols. Highly oxidizing conditions lead to the irreversibly
oxidized sulfinic acid (Cys-SO2) and sulfonic acid (Cys-SO3) states, which completely
inactivate PTPs. Thus far, PTPs have shown three different methods of protection from
H»0, oxidation—classical PTPs form sulfenylamide rings with the neighboring amide from the
main chain of the serine in the P-loop (21,30,31,38), Cdc25, VHR, and PTEN form disulfides
with a back-door Cys outside of the P-loop (12,13,27-29,39,40), and the low molecular weight
PTP forms a disulfide with a Cys found within the P-loop (23,41). Interestingly, LYPcat is a
classical PTP, but our structure does not contain the expected cyclic sulfenamide. Rather,
catC227 is found in a disulfide bond with a back-door Cys, C129, a state previously only found
in non-classical PTPs. Another notable feature found in our protein shows that there is also
another Cys found in the P-loop, potentially allowing for a secondary site to form a disulfide
bond. To date, classical PTPs have not been shown to have a mode of redox regulation aside
from the cyclic sulfenamide.

To get a better understanding of what might be happening during redox regulation of LYP, we
created 3 mutants on C129 and C231, the two potential disulfide partners of the catC227 —
single point mutants C129S, C231S, and a double mutant C129S-C231S. One of the initial
concerns was whether the mutants still retained activity. We found that C129S has 48% of wild
type activity, while C231S and C129S-C231S both have 13% of wild type activity (Fig. 4A,
4C). The significantly reduced specific activity of C231S suggests its importance for catalysis.
The double mutant, C129S-C231S has similar specific activity to C231S, indicating that the
additional C129S mutation does not significantly reduce the activity of the protein further.
Thus, the effect of each separate mutation is not additive.

We then sought to understand the roles of each of the Cys in redox regulation of LYPcat. In T
cells, rapid production of ROS is known to accompany TCR signaling (41-43). Recently the
tyrosine phosphatase SHP-2 has been reported to be regulated by ROS during TCR signaling
(44). ROS may affect TCR signaling through regulation of the activity of LYP as well. In
accordance, we added 100 uM H,05 and incubated for 10 minutes to the wild type and its
mutants, finding that peroxide completely inactivated all of the proteins (Fig. 4C). Oxidation
of PTPs is known to sequester the catalytic Cys such that it cannot functionally work as a
phosphatase. Across the PTP superfamily, it has been shown that various methods of protection
for the catalytic Cys from highly oxidizing conditions allow for some reversibility under
reducing conditions that can recover the active thiolate form of the catalytic Cys. To test
whether this property is conserved in wild type LYPcat and its mutants (Fig. 4B and 4C), we
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attempted recovery of activity by incubating with 10mM DTT for 15 minutes. The results
showed that wild type recovers to about 25% of its original activity. Lack of 100% recovery
was somewhat expected since reactivation kinetics by thiols is estimated to be 10-100 times
slower than inactivation by H,0, (39). Reactivation studies by Denu and Tanner (39) show
that after 15 minutes, VHR and PTP1 (rat) are only at about 20-25% of the maximal activation
shown in their studies. In addition, since H,0O, is a strong oxidizer, some active centers may
have been irreversibly oxidized, preventing 100% recovery. Interestingly, in the time over
which the mutants were studied, percent reactivation in the C231S (63%) and C129S-C231S
double mutant (43%) appeared to be significantly higher than wild type (25%). However, the
other single mutant, C129S, had a lower percent reactivation (18%) than wild type. The rate
of catalysis of the reactivated samples remained constant over the time period measured (data
not shown). Further, since the reactivation by DTT is continuous, even during measurement,
we can conclude that reactivation is complete.

The reduction in reactivation of the C129S mutant after HoO5 treatment suggests that this
residue is important in protecting catC227 from irreversible oxidation. Together with the
structural data, these results suggest that at least one method of protection of LYP from ROS
inactivation is through the disulfide bond between catC227 and the back-door C129. The
C231S mutant, which shows a greater percent reactivation than wildtype, still has the C129
available for disulfide bond formation and the difference in reactivation between the C231S
and C129S-C231S mutants can be similarly attributed to C129 availability for oxidation
protection. Distances between the o carbon atoms of C129 and C227 in publicly available
LYPcat structures (PDB codes: 2P6X, 2QCT, 2QCJ) is 4.9-5.4A, and the distance in the
disulfide bonded structure is 5.6A, all of which are in the normal range (4.4-6.8A) of Ca-Ca
distance of disulfide bonds (26). Thus, the disulfide bond between C129 and catC227 can be
formed without any significant conformational change in the structure, involving just a rotation
around 1 for catC227.

While the role of C129 seems clear given previous studies on the back-door Cys, the role of
C231 and its interaction with catC227 and C129 are not as straightforward. Given the higher
reactivation rate of both C231S mutants, it appears that C231 suppresses reactivation in a
reducing environment. One possibility is that C231 may be competing with C227 for reduction
inthe catalytic pocket. Inthe C231S mutant, catC227 would be free to be reduced, thus allowing
LYPcat to recover activity even greater than wildtype enzyme. Since gain-of-function of LYP
has been linked to autoimmunity, it is possible that C231 evolved as a mechanism of negative
regulation of LYP, which results in overall prevention of autoimmune diseases. Classical PTPs
have previously demonstrated protection from oxidation through formation of a cyclic
sulfenamide (22,30) between the catalytic Cys and the main chain amide from the neighboring
serine in the classical PTP signature motif HCSXGXGR[T/S]G.

Concluding Remarks

LYP isanegative downstream regulator of T-cell signaling, and a drug target for autoimmunity.
In this manuscript, we present a crystal structure of LYPcat involving an intramolecular
disulfide bond with a phosphate bound in the catalytic pocket. We demonstrate that LYP, a
classical PTP, forms this disulfide bond primarily with a back-door Cys, C129 in response to
an oxidizing environment, a protective mechanism not previously seen in this class of PTPs.
Surprisingly, C231 seems to play a role opposite to that of C129 in negatively regulating
catalysis by inhibiting reactivation in a reducing environment. We propose that C129 and C231
comprise a yin-yang pair working as a built-in auto-regulation circuit for this enzyme playing
a critical role in T cell activation and autoimmunity.

Biochemistry. Author manuscript; available in PMC 2010 June 9.
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® Disulfide LYPcat

¢ Inhibitor LYPcat
Open apo-LYPcat

» Closed apo-LYPcat

Fig. 1.

LYP Structure and comparison to other PTPs. A. Ribbon diagram of LYP catalytic domain
(LTPcat). Alpha helices are in blue, beta sheets are colored purple, the P-loop is colored green,
the WPD loop is red, the Q-loop is orange, and all other loops are pink. The bound phosphate
ion at the active site is shown as a stick model. B. The superposition of known structures of
LYPcat, with the major areas of differences in surface loops indicated by the red boxes. The
structure in this report is shown in green, LYPcat with an inhibitor (PDB code: 2QCT) in
orange, corresponding structure without inhibitor (PDB code: 2QCJ) in blue, and the LYPcat
alone with the PDB code 2P6X in yellow. The phosphate ion is shown in red ball and stick. C.
Comparison of the different WPD loop conformations between LY Pcat (shown in green), non-
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phosphate-bound LY Pcat (in yellow, PDB code: 2P6X) and the tungstate bound PTP1B (in
magenta, PDB code: 2HNQ). Phosphate ion and disulfide bond of LY Pcat are shown as sticks.
D. Zoomed view of the boxed area in Fig 1C, showing different locations of WPD loop in the
three structures.
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Binding of the phosphate ion in active site of LYPcat and sequence alignment: A. Surface
electrostatic potential of phosphate bound LYPcat, phosphate ion (in yellow) is located in a
deep cleft of the surface. B. Sequence and secondary structure alignment of LY Pcat with other
members of the NT4 subfamily and PTP-1B, PTPRJ and RPTPx. Arrows represent 3-strands,
bars denote a-helices, and black lines denote catalytically important loops. The catalytic
cysteine is highlighted in red and the two other cysteines around the catalytic site are
highlighted in yellow. Residues conserved in all the sequences are highlighted in cyan and
those showing at least 50% conservation in grey. The names of the NT4 subfamily are given
in blue. C. Fo - Fc map is shown around the phosphate ion and disulfide bridge at a contour
level of 4.56. Map was calculated where these atoms were omitted from the final coordinates.
Alpha helices are denoted in cyan, beta sheets are seen in purple, and loops are colored pink.
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Fig. 3.

Active site geometries of PTPs. A. Hydrogen bonds made by the active site phosphate ion in
LYPcat with the amide nitrogen of the P-loop residues C227, S228, G230, C231, G232 and
T234 and the interactions of R233 with W193 and E133. Side-chains of residues 228-232 were
omitted for clarity. B. Interactions made by the active site tungstate ion with PTP-1B
(coordinates taken from the PDB code 2HNQ), residues corresponding to R233, W193 and
E233 are shown for comparison.
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Fig. 4.

Phosphatase Activity Assays of LYP Mutants. A. Relative specific activity of each mutant
protein compared to wild type using DiFMUP as the substrate. B. Percent activity of the
reactivated proteins (H,O treated, followed by DTT treatment) relative to its own protein's
full activity before H,O5 inactivation. DiIFMUP was used as the substrate. All reactivation
percentages of the mutants were found to be statistically significantly different from that of the
wild type using the paired t-test. C. Summary of the activity assay results using DiFMUP as
the substrate. Column 1 lists each protein, column 2 gives the specific activity of each protein,
column 3 gives the percent activity of each protein after inactivation by H,0O,, column 4 gives
the reactivation activity as a percentage of each protein's original activity after 10 minutes of
inactivation by H,O», followed by DTT reactivation for 15 minutes.
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Crystal Cell Parameters

Space group P2,

Cell Dimensions

(a,b,cinA) 42.5,68.9,58.7
(Bin°) 101.6
Data Collection Statistics

Resolution Range (A) 50.0-2.2
Observations 71791
Unique Reflections 16800
Completeness% 99.2 (92.2)
Rgym % (Last bin) 6.5 (26.9)
I/c (Last bin) 19.1 (5.5)
Refinement Statistics

Reryst (%) 17.6

Riree (%) 20.4

RMS deviation

Bond length (A) 0.006
Bond angle (°) 1.6
Average B Factor (A?) 27.9

Note: Rsym = Zijj [li(j) - <1(G) > |/ Zjj li (j), where [;(j) is the i-th measurement of reflection j and <I(j)> is the overall weighted mean of i measurements.
Reryst = Zhkl | Fo | —| Fc I/Zhkl | Fo |, 7% of the reflections were excluded for the Rfree calculation.
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