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’ INTRODUCTION

Protein tyrosine phosphatases (PTPs) are candidate drug
targets for common human diseases, including cancer, inflam-
mation, and metabolic diseases.1,2 However, therapeutically
targeting this family of enzymes has some particular pitfalls.3

Traditional searches for competitive inhibitors of PTPs have
been plagued by problems of low selectivity and lack of cell-
permeability of the compounds. This is in part due to the features
of the active site of PTPs, which is small, well conserved among
different members of the family, and highly charged.3 An
increasingly popular approach to ensure selectivity of PTP
inhibitors is to design bidentate/multidentate compounds that
interact with the active site and with additional PTP-specific
structural determinants of the catalytic domain.4-8 Some re-
cently developed bidentate/multidentate compounds also
showed activity in cell-based assays.9-11 While targeting

secondary allosteric sites has been proposed as more likely to
yield cell-permeable inhibitors, only a few allosteric inhibitors of
PTPs have been published. The first allosteric inhibitor of PTP-
1B was published in 2004 by Sunesis, Inc.12 This compound does
not bind to the active site of the enzyme, shows good selectivity
properties (>5 times selectivity for PTP-1B vs TC-PTP), and is
active in cell-based assays.12 Recently, Lantz et al. reported that
trodusquemin is also an allosteric inhibitor of PTP-1B; however,
its mechanism of action and binding site remain to be clarified.13

Here we sought to identify novel cell-permeable inhibitors
of the lymphoid tyrosine phosphatase (LYP), a putative drug
target for human autoimmunity.14-16 LYP (encoded by the
PTPN22 gene) is a class I PTP and belongs to the subfamily of
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ABSTRACT:The lymphoid tyrosine phosphatase LYP, encoded by the
PTPN22 gene, is a critical regulator of signaling in T cells and recently
emerged as a candidate target for therapy of autoimmune diseases.
Here, by library screening, we identified a series of noncompetitive
inhibitors of LYP that showed activity in primary T cells. Kinetic
analysis confirmed that binding of the compounds to the phosphatase
is nonmutually exclusive with respect to a known bidentate competitive
inhibitor. The mechanism of action of the lead inhibitor compound 4e
was studied by a combination of hydrogen/deuterium-exchange mass
spectrometry and molecular modeling. The results suggest that the
inhibitor interacts critically with a hydrophobic patch located outside
the active site of the phosphatase. Targeting of secondary allosteric sites
is viewed as a promising yet unexplored approach to develop pharma-
cological inhibitors of protein tyrosine phosphatases. Our novel scaffold
could be a starting point to attempt development of “nonactive site”
anti-LYP pharmacological agents.
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PEST-enriched PTPs, which includes two additional enzymes,
PTP-PEST (encoded by the PTPN12 gene) and BDP1 (encoded
by the PTPN18 gene),17-19 and is expressed exclusively in
hematopoietic cells. In T cells LYP is an important negative
regulator of signal transduction through the T cell receptor
(TCR).20,21 Major substrates of LYP in T cells are pY residues
in the activation motif of tyrosine kinases involved in mediating
early TCR signaling, such as leukocyte-specific protein tyrosine
kinase (Lck), FYN oncogene related to SRC, FGR, YES (Fyn),
and ζ chain-associated protein tyrosine kinase 70 (ZAP70).20-22

A genetic variant of LYP (LYP-W620) recently emerged as a
major risk factor for type 1 diabetes (T1D), rheumatoid arthritis
(RA), Graves’ disease, and other autoimmune diseases.23-26 The
mechanism of action of LYP-W620 in autoimmunity is unclear;
however, functional studies have shown that this variant of LYP is
a gain-of-function form of the enzyme, and carriers of LYP-W620
show reduced TCR signaling.27,28 Thus, it has been proposed
that specific small molecule inhibitors of LYP would be able to
prevent or treat autoimmunity at least in LYP-W620-carrying
subjects.10,27 Treating autoimmunity by enhancing TCR signal-
ing might sound a little counterintuitive. However, there is
increasing awareness that decreased TCR signaling could play
a role at least in a subset of autoimmune diseases/subjects.29 For
example, in the nonobese diabetic (NOD)mouse model of T1D,
peripheral T cells are hyporesponsive to TCR engagement.30

TCR hyporesponsiveness due to a mutation in ZAP70 (one of
the substrates of LYP) causes RA in mice.31,32 A hyporespon-
siveness of peripheral T cells to engagement of the TCR has been
reported in human T1D.33 It is currently not clear how reduced
TCR signaling would contribute to the pathogenesis of human
autoimmunity. Thymocyte hyporesponsiveness toTCR stimulation
can affect positive and negative selection of autoreactive cells.
Reduced TCR signaling might also negatively affect the function/
expansion of a subpopulation of antiautoimmune T cells called
regulatory T cells (Treg).

34 T1D-predisposing genetic variants of the
mouse Il2 gene are associated with decreased interleukin-2 (IL-2)
production and cause decreased levels/function of Treg.

35 Indeed,
while high-dose IL-2 treatment exacerbates T1D in mice, adminis-
tration of low-dose IL-2 has been found to effectively treat T1D in
mice by restoring normal levels of Treg.

36,37 The known therapeutic
action of anti-CD3 (an agonist of the TCR) in T1D in mice also
seems to be partially mediated by expansion of a Treg subpopula-
tion.38 Overall it seems possible that moderate enhancement of
TCR signaling could be beneficial in at least a subset of patients
with T1D and perhaps other autoimmune diseases. In support of
the idea that the inhibition of LYP would be beneficial in auto-
immunity, we recently identified a rare loss-of-function mutant of
LYP (LYP-Q263) and showed that it confers protection against
systemic lupus erythematosus and rheumatoid arthritis.39,40

Active site inhibitors of LYP have been identified by chemical
library screening41,42 and virtual docking.43 A potent and selective
bidentate inhibitor, compound 13 (I-C11, shown in Figure 2C),
has been developed by Yu et al.10

’RESULTS

Enzyme-Based Screening and Counterscreening. We in-
itially screened a library of 4000 druglike small-molecule
compounds against LYP. We used high concentrations of
p-nitrophenyl phosphate (pNPP) as a substrate in an attempt
to select against competitive inhibitors. A total of 137 com-
pounds exhibited >50% inhibition at 40 μg/mL and were further

tested at different concentrations to calculate IC50 values, which
ranged between 11 and 100 μM.We excluded compounds whose
structures, upon visual inspection, suggested evidence of oxida-
tive-mediated inhibition. Twelve of the remaining compounds
showed IC50 values less than or equal to 30 μM, and their
structures are shown in Table 1. These compounds were tested
for selectivity against three additional PTPs, including PTP-
PEST (the PTP most closely related to LYP), hematopoietic
tyrosine phosphatase (HePTP), and low molecular weight
protein tyrosine phosphatase isoform A (LMPTP-A).18 As
shown in Table 2, half of the compounds (compounds 1, 2, 4,
5, 6, and 7) showed some selectivity for LYP over PTP-PEST. Of
these compounds, four (compounds 1, 2, 4, and 5) showed no
selectivity between LYP and HePTP, while compound 6 showed
around 2-fold selectivity for LYP. Compound 7 showed higher
selectivity for HePTP over LYP and was excluded from further
consideration. The remaining top five compounds (compounds
1, 2, 4, 5, and 6) showed little inhibitory activity on LMPTP-A,
which is the least structurally related to LYP. We carried out a
secondary screen to test the inhibitory activity of the top five
compounds on LYP using a 14-amino acid peptide, ARLIED-
NEpYTAREG, derived from the Y394 phosphorylation site of
Lck, which more closely resembles the physiological substrate of
the phosphatase. Four of the compounds showed IC50 values of
around 10 μM (IC50 was 6.2( 1.3 μM (95% CI) for compound
1, 5.4 ( 2.0 μM (95% CI) for compound 2, 13.7 ( 1.8 μM
(95% CI) for compound 4, and 9.9 ( 6.4 μM (95% CI) for
compound 6), while compound 5 had an IC50 value of >80 μM
and was not pursued further.
Effect of Inhibitors on TCR Signaling. Next, we tested the

top four inhibitors for their ability to inhibit LYP in T cells. First,
we tested the effects of the four compounds on the early stages of
TCR signaling in the Jurkat T antigen (JTAg) human T cell
line.44 As a readout of PTP activity, we analyzed the phosphor-
ylation of Lck at its positive regulatory Y394 residue. Lck is a well-
known physiological substrate of the PTPs CD45 and LYP,
through its two major phosphorylation sites at Y505 (a negative
regulator of Lck activation) and Y394 (a positive regulator of Lck
activation), respectively.22,45 Following incubation with LYP
inhibitors (50 μM 1, 2, 4, and 6), we stimulated the TCR with
C305 antibody.46 Western blotting of lysates of these cells with
an antibody to Src-pY416, which cross-reacts with the pY394 site
of Lck, showed that among the four inhibitors tested, only
compound 4 increased TCR-induced phosphorylation of Lck
at Y394 (Figure 1A). To extend our observation of compound 4
to primary T cells and to directly test if the increase in Y394
phosphorylation was due to inhibition of LYP, we analyzed the
effect of compound 4 on T cells of Ptpn22-/- knockout mice
compared to Ptpn22þ/þ T cells. T cells were incubated with
50 μM compound 4 and stimulated with anti-CD3 and anti-
CD4/anti-CD28 antibodies. As seen in Figure 1B, compound 4
caused increased Lck phosphorylation at Y394 in wild type
(Ptpn22þ/þ) T cells but had no effect on phosphorylation of
Lck in Ptpn22-/- T cells, suggesting that compound 4 pre-
ferentially inhibits PEST-enriched phosphatase (Pep, the mouse
homologue of LYP) over other phosphatases. A possible ex-
planation for the lack of activity of compounds 1, 2, and 6 in cell-
based assays could be their concurrent inhibition of CD45, a
positive regulator of Lck activation. Thus, we assessed whether
the top four compounds would inhibit CD45 in vitro. We found
that compound 2was able to inhibit CD45 with an IC50 of 11 μM;
however, we were unable to detect increased phosphorylation of
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Lck at Y505 in JTAg cells treated with compound 2 (data not
shown). The other compounds were poor CD45 inhibitors (IC50

values were 87 and 90 μM for compounds 4 and 1, respectively,
and >90 μM for compound 6). We proceeded to evaluate the
effect of compound 4 on downstream signaling events such as
the activation of ZAP70 and on the Ras-Raf-MAPK pathway
(extracellular signal-regulated kinase, ERK1/2). In agreement
with the results observed with Lck (replicated in Figure 1C, top
panel), compound 4 increased TCR-stimulated phosphorylation
of ZAP70 (Figure 1C, middle panel). In addition, compound
4 also increased ERK1/2 phosphorylation (Figure 1C, lower
panel). To provide further evidence for our notion, we assessed
the effect of the inhibitor on TCR-induced phosphorylation of
SH2 domain containing leukocyte protein of 76 kDa (SLP76) at
the single cell level by phospho-specific flow cytometry
(Figure 1D). SLP76 is an early mediator of TCR signaling
downstream of Lck and LYP. Compared to the control (gray
graph), as seen in Figure 1D, cells treated with compound 4
showed higher levels of TCR-induced SLP76 phosphorylation
(black graph). Taken together, all these experiments demon-
strate that compound 4 is efficient in boosting early TCR
signaling by suppressing the function of LYP. Incubation with
50 μM compound 4 was equally able to boost TCR-induced
phosphorylation of Lck, ZAP70, and linker for activation of

T cells (LAT) also in primary human T cells (data not shown and
Figure 1E). In line with its inhibitory effect on the activity of Pep,

Table 1. Structures of Inhibitors of LYPa

aCompounds are ranked by decreasing potency (IC50 in LYP inhibition assays). Compounds belonging to the same series are indicated by shading.
Unshaded compounds are singletons.

Table 2. Potency and Selectivity of Inhibitors of LYPa

IC50 (μM)

compd LYP PTP-PEST HePTP LMPTP-A

1 11.2 ( 0.5 20 ( 3 9 ( 0 >90

2 11.3 35 ( 5 10 ( 2 71.9

3 19.8 ( 1 21 ( 1 8 ( 2 45.3

4 20.6 ( 2 >40 20 ( 2 >90

5 22 >40 18 ( 3 >90

6 22.0 ( 2 39 ( 1 >40 >90

7 23.3 ( 2.8 36 ( 2 12 ( 0.5 >90

8 26.6 ( 3 27.5 ( 0.5 20 ( 2 53.3
9 27.2 ( 3 28 ( 4 22 >90
10 28.1 ( 2 16 ( 4 16 ( 3 >90
11 29.5 ( 3.3 14 ( 1 8 ( 2.5 >90
12 30.5 ( 0.5 18 ( 5 15 ( 2 60.9

a Shaded compounds showed selectivity versus PTP-PEST. Assays were
performed in 50 mM Bis-Tris, pH 6.0, with 1 mM DTT at 37 �C, using
2 mM pNPP as a substrate.

http://pubs.acs.org/action/showImage?doi=10.1021/jm101202j&iName=master.img-001.jpg&w=311&h=350
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treatment of primary mouse cells with compound 4 led to
increased TCR-induced CD69 expression, showing that the
compound is able to boost late and early TCR signaling events
(see Table 3). Increased CD69 expression has been reported in T
cells from Ptpn22-/- mice.21,47

Structure-Activity Relationship (SAR) Analysis. As shown
in Table 1, compound 4 includes a 1-cyclopentyl-1H-tetrazole

substructure (whose cyclopentyl side chain is defined as R1 in
Table 4), a 2-azaspiro[5,5]undecane substructure (which is
defined as R2 in Table 4), and a 6-methylquinolin-2(1H)-one
substructure (which is defined as R3 in Table 4).We carried out a
preliminary SAR analysis on compound 4 by searching for
commercially available analogues that would be substituted only
in one of the three above-mentioned substructures. We identified

Figure 1. Intracellular inhibition of LYP by compound 4. (A, B) Compound 4 increases phosphorylation of Lck Y394 in T cells. (A) JTAg cells were
treated with 50 μM of the top four compounds in Table 1 (lanes 3 and 4 of each panel) or DMSO (lanes 1 and 2 of each panel) and either left
unstimulated (lanes 1 and 3 of each panel) or stimulated (lanes 2 and 4 of each panel) with C305 for 2 min. Top panels show anti-pSrc(Y416)
immunoblots. Bottom panels show anti-Lck blots of same samples. (B) Thymocytes from Ptpn22-/- (left panels) or Ptpn22þ/þ (right panels) mice
were treated with 50 μMcompound 4 (lanes 3 and 4 in each panel) or DMSO (lanes 1 and 2 in each panel) and either left unstimulated (lanes 1 and 3 in
each panel) or stimulated (lanes 2 and 4 in each panel) with biotinylated anti-CD3 and anti-CD4, followed by cross-linking with streptavidin for 1.5 min.
Top panels show anti-pSrc(Y416) immunoblots. Bottom panels show anti-Lck blots of same samples. Arrows indicate the position of Lck in each panel.
The ratio of pSrc(Y416)/Lck band intensity as determined by densitometric scanning of the blots is indicated above each lane. (C-E) Compound 4
affects TCR signaling downstream Lck. (C) Jurkat TAg cells were treated with 50μMcompound 4 (lanes 3 and 4 in each panel) or left untreated (lanes 1
and 2 in each panel) and were either left unstimulated (lanes 1 and 3 in each panel) or stimulated (lanes 2 and 4 in each panel) with C305 for 2 min.
Panels show blots of total lysates with the following antibodies: top panel, anti-pSrc(Y416); second from top, control anti-Lck; third from top, anti-
pZAP70(Y319); third from bottom, control anti-ZAP70; second from bottom, anti-pERK; bottom panel, control anti-ERK. (D) Single-cell analysis of
TCR-induced phosphorylation of SLP-76 by phospho-flow cytometry. Jurkat TAg cells were treated with 50 μM compound 4 (continuous line and black
graphs) orDMSO (dashed-line and gray graphs) and either left unstimulated (white graphs) or stimulatedwith C305 for 2min (shaded graphs). Cells were
fixed and stainedwith a PE-conjugated anti-pSLP76(Y128) antibody. Graphs show relative pSLP76 levels as detected by flow cytometry after gating on high
forward and high side scatter (=cells with high SLP76 phosphorylation) cells. (E). Primary human T cells were treated with 50 μM compound 4 (black
histograms) or DMSO (gray histograms) and were either left unstimulated or stimulated with anti-CD3 and anti-CD28 Abs and cross-linked for 1 min.
Graph shows relative levels of pLAT(Y191) as assessed by ELISA. All data in this figure are representative of at least two independent experiments.

http://pubs.acs.org/action/showImage?doi=10.1021/jm101202j&iName=master.img-002.jpg&w=503&h=397
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4 compounds with different substitutions in the R1 position, 19
compounds with different substitutions in the R2 position, and 6
compounds with different substitutions in the R3 position. Each
one of these compounds was tested for potency, selectivity
against the closely related PTP-PEST and against HePTP, and
cell-permeability using the same assay shown in Figure 1A. The
results are summarized in Table 4. Substitution of the cyclopen-
tane on the tetrazole ring (R1; see red shaded cells in Table 4)
and variations in the position and number of methyl side chains
on the quinolinone substructure (R3, green shaded cells in
Table 4) affected potency. Variations in R1 and R3 minimally
affected selectivity, and none of them were associated with

significant cell-permeability. From the analysis of R2-substituents
(blue shaded cells in Table 4), a pattern emerged where
substructures with two aromatic groups generally led to in-
creased potency (see 4e, 4f, 4g, 4h, 4i), while monocyclic polar
structures such as piperidines (for example, see 4j, 4k, 4p) and
especially piperazines (for example, see 4r-w) decreased po-
tency. Substitution of the spiroundecane with two aromatic
structures also generally led to increased cell-permeability and
selectivity against HePTP (which was increased 10 and 7 times,
respectively, for our top compounds 4e and 4g) but not against
PTP-PEST. We then searched for additional compounds where
one of the active aromatic substructures at the R2 position was

Figure 2. Compound 4 and analogues are nonactive site LYP inhibitors. (A) Plots of the IC50 of compound 4 (black circles), compound 4e (black
diamonds), compound 4g (black triangles), and compound 13 (black squares) on 25 nM LYP-catalyzed hydrolysis of the pY peptide versus substrate
concentration/KM. Plots show the IC50( 95% confidence intervals. Lines are fitting of the data to a linear regression. (B) Activity of 25 nM LYP on the
pY peptide in the presence of increasing concentrations of compound 4 (DMSO, white squares; 5 μM, light gray squares; 7.5 μM, dark gray squares;
12.5 μM, black squares). Points are the average( SD of the activity of LYP plotted vs substrate concentration. Lines are fitting of data to theMichaelis-
Menten equation.Vmax andKM values for each concentration of inhibitor are shown below the graph. (C) Activity of 25 nMLYP on the pY peptide in the
presence of increasing concentrations of compound 13 (DMSO, white squares; 22 μM, light gray squares; 27 μM, dark gray squares; 32 μM, black
squares; structure of compound 13 is also shown). Points are the average( SD of the activity of LYP plotted vs substrate concentration. Lines are fitting
of data to theMichaelis-Menten equation.Vmax andKM values for each concentration of inhibitor are shown below the graph. (D-F) Inhibition of LYP
by compounds 4e and 4g is nonmutually exclusive with compound 13. (D) Dual inhibition plot of compound 4e versus compound 13. The reciprocal
rate of 25 nM LYP-catalyzed hydrolysis of the pY peptide was plotted at a series of compound 13 concentrations (DMSO, white circles; 65 μM, gray
circles; 75 μM, black circles) in the presence of increasing concentration of compound 4e. Lines are fitting of the data to a linear regression. (E) Dual
inhibition plot of compound 4g vs compound 13. The reciprocal rate of 25 nM LYP-catalyzed hydrolysis of the pY peptide was plotted at a series of
compound 13 concentrations (DMSO, white circles; 65 μM, gray circles; 75 μM, black circles) in the presence of increasing concentration of compound
4g. Lines are fitting of the data to a linear regression. (F) Dual inhibition plot of compound 4e versus 4g. The reciprocal rate of 25 nM LYP-catalyzed
hydrolysis of the pY peptide was plotted at a series of compound 4g concentrations (DMSO, white circles; 10 μM, gray circles; 20 μM, black circles) in
the presence of increasing concentration of compound 4e. Lines are fitting of the data to a linear regression. All data in this figure are representative of at
least two independent experiments.

http://pubs.acs.org/action/showImage?doi=10.1021/jm101202j&iName=master.img-003.png&w=503&h=346
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combined with previously analyzed substitutions in R1 or R3 and
found five additional compounds. As shown in Table 5, these
compounds also showed generally improved potency compared
to compound 4 and structures with only substitutions in R1 or
R3. Substructures with two aromatic rings in R2 might improve
potency by maximizing hydrophobic interactions of the com-
pound with exposed residues on the surface of LYP.
Kinetic Analysis and Comparison with a Known Compe-

titive Inhibitor. Next, we sought to define the mechanism of
inhibition of our compounds using the above-mentioned pY
peptide as a substrate. We compared our hits to compound 13, a
known competitive inhibitor of LYP. First, we studied the
relationship between IC50 and substrate concentration of our
most potent and selective five compounds (compounds 4a, 4b,
4e, 4f, and 4g; see Table 4). We found that the IC50 of all these
compounds was independent from substrate concentration,
which suggested a noncompetitive inhibition mechanism.
Figure 2A shows the IC50 vs substrate plot for compound 4
and our two top analogues, compounds 4e and 4g. As a control,
Figure 2A also shows that the IC50 of compound 13 significantly
increased at high substrate concentrations. Activity vs substrate
plots carried out at increasing concentration of compounds
showed that all three compounds caused decreases in Vmax,
which was not observed for compound 13 (data not shown and
see Figure 2B and Figure 2C). The above-mentioned kinetics
were fit to a Michaelis-Menten with a mixed inhibition model.
On the basis of the calculated Ki and R values (reported in
Table 6), we suggest that the top inhibitors of our series display a
mixed inhibition behavior with a significant noncompetitive
component (as a comparison, see R values close to infinite for
compound 13 in Table 6). To explore whether our scaffold binds
to the active site of LYP, studies were then carried out to determine
whether our top compounds and compound 13 bind to LYP in a
mutually exclusive fashion. Dual inhibition plots of compounds 4e
and 4g vs compound 13 showed converging lines (see Figure 2D
and Figure 2E), suggesting that these two compounds interact
with surface determinants outside the active site of the enzyme. As
an important control, when the dual inhibition analysis was carried
out between compounds 4e and 4g, the corresponding plot
showed parallel lines, supporting the idea that they bind to the
surface of the enzyme in a mutually exclusive fashion. Overall the
data suggest that these compounds do not interact with the active
site of the enzyme, which fits well with their noncompetitive
behavior in the above-mentioned enzymatic assays.
Peptide Amide Hydrogen/Deuterium Exchange Mass

Spectrometry (DXMS) Analysis of Lead Compound. Next,

we set out to study the mechanism of action of our lead
compound 4e on LYP by DXMS. DXMS is emerging as a useful
tool to map local and global effects of compound binding on
protein stability and exposure48,49 and has already been applied
to the study of PTP folding and substrate/inhibitor inter-
action.50-52 As shown in Figure 3A, in our DXMS study we
achieved 77% sequence coverage of the primary structure of LYP
with peptide probes (the maximum coverage map of our protein
is shown in Supporting Information Figure 1). We did not
observe significant increase in deuteration of any of the peptide
probes followed in the analysis, and thus, we can reasonably
exclude that inhibition of the enzyme is due to nonspecific
unfolding of the protein. In the presence of compound 4e, seven
peptides (yellow bars in Figure 3A) showed significantly
(>10%53) decreased deuteration, suggesting that interaction with
the compound led to decreased exposure and/or increased
stability of selected segments of LYP. Three of the seven peptides
were contiguous on the primary structure of LYP, and together
they cover the whole aa 2-47 region (deuteration rates for the
two longer peptides are shown in Figure 3B). This segment
includes the R 10 and R 20 helices and a small portion of the R 1
helix (see Figure 3C and Figure 3D).10,54 Interestingly, another
peptide showing decreased deuteration covers a short stretch (aa
257-261) of R 5 helix, which as seen in the crystal structure of
LYP, directly interacts with theR 20 helix.10,54 These data suggest
a working model where compound 4e is likely to directly interact
with the R 10 and R 20 helices of LYP. Stabilization of the R 20
helix following the interaction with the compound causes
secondary conformational/stability changes of closely interact-
ing segments of LYP.
Modeling andMutagenesis of a Key Residue Leu29. Next,

we attempted to model the interaction of our compounds with
LYP by virtual docking. On the basis of the DXMS data shown in
Figure 3 and of the SAR data shown in Tables 4 and 5, we
reasoned that the highest candidate pockets for interaction
should satisfy the criteria of (1) being proximal to the R 10 and
R 20 helices in the three-dimensional space and (2) including
several exposed hydrophobic residues. We found three such
pockets, which are indicated as site 1, site 2, and site 3 in
Figure 4A, left, middle, and right panels, respectively; exposed
hydrophobic residues in the sites are pictured in red, while the
remainder of each site is pictured in pink (the same color code
used in Figure 3D has been applied to the rest of the molecule).
When the top active compounds along with some inactive
compounds were docked onto the three potential drug binding
sites, a significant correlation between genetic optimization for
ligand docking (GOLD) score and activity could only be
obtained for site 1 but not for site 2 or 3. As shown in
Figure 4B, site 1 is defined by (a) Phe28 and Leu29, forming
an exposed hydrophobic patch on the proximal part of the R 20
helix which showed a high DXMS signal, (b) a small N-terminal
segment of theR 1 helix, which also showed a high DXMS signal,
(c) a second hydrophobic patch formed by Ile63 and Leu64 on
the loop between the R 1 helix and the β1 sheet, (d) the exposed
part of the Q-loop on the N-terminus of theR 4 helix, and (e) the
side chains of Pro270 and Ser271 that line the bottom of the
pocket. Figure 4C shows that there was a very significant
correlation between the docking score for site 1 and compound
activity. Figure 4D shows docking of our top compound 4e to
site 1. In this model the tetrazole forms hydrogen bonds with the
exposed Arg266 in the Q-loop and Ser271 while the aromatic
rings in R2 make hydrophobic interactions with one or the other

Table 3. Compound 4 Boosts T Cell Activation in Primary
Mouse Cellsa

sample % CD69hi cells

CD4þ DMSO 29.2

CD4þ 50 μM 4 36.8

CD4þ 100 μM 4 38.9

CD8þ DMSO 5.3

CD8þ 50 μM 4 12.1

CD8þ 100 μM 4 13.7
a Splenocytes from C57BL/6 cells were stimulated with 1 μg/mL anti-
CD3 and anti-CD28 Abs for 24 h at 37 �C in the presence of compound
4 or DMSO alone. Cells were stained with anti-CD69-PerCP-Cy5.5 and
either anti-CD4-FITC or anti-CD8-FITC conjugated antibodies. Simi-
lar data were obtained using primary cells from NOD mice.
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of the two above-mentioned exposed hydrophobic patches. The
methyl group of the quinolinone substructure could also be
involved in hydrophobic interactions with Leu64. Interestingly
compound 4 could be easily docked in the same orientation
(Figure 4E). The cyclohexane ring of the spiroundecane sub-
structure can still form interactions with the side chain of Ile63;
however, compound 4 lacks stabilizing interactions with Phe28
and Leu29. We reasoned that one method to test our docking
model would be to compare the effect of compound 4e vs
compound 4 on a Leu29Alamutant of LYP, which was previously
shown to retain significant enzymatic activity.10 We found that
the Leu29Ala mutation reduced inhibition by compound 4e >2
times (Figure 4F). However, we could not detect any effect of the
samemutation on inhibition by compound 4 (Figure 4G). These
data validate our model and suggest that hydrophobic interac-
tions between bidentate aromatic substructures in R2 and Leu29
on the R 20 helix are responsible for the increased potency of the
top analogues and presumably for the high DXMS signal
recorded on the Leu29-bearing helix.

’DISCUSSION AND CONCLUSIONS

It has been proposed that a small molecule inhibitor of LYP
would have preventative and/or therapeutic efficacy in patients
with a wide range of autoimmune diseases, especially in carriers
of the W620 variant.10,27 Cell-permeable small molecule inhibi-
tors of LYP are also sought as probes to understand the biology
of this important autoimmunity gene in cells and in animal
models. A few small molecule inhibitors of LYP have been
described.10,41-43 Here we report the discovery of a novel series
of inhibitors of LYP, which were able to boost signaling through
the TCR in mouse and human T cells. Our inhibitors display two
novel features: (a) they lack phosphomimetic groups and (b)
they show a noncompetitive mechanism of inhibition. We used a
combination of dual inhibition studies, DXMS-guided docking,
and mutagenesis experiments to map the interaction of our
inhibitors with the enzyme with a high degree of confidence. We
propose a model where the compounds bind to a pocket outside
the active site of the enzyme. Hydrophobic interactions between
at least one of the substructures of the compounds and hydro-
phobic exposed patches of LYP stabilize the compound in the
pocket. On the basis of our model, a likely interpretation of our
SAR data for substitutions of the spiroundecane substructure is
that the most potent compounds carrying substructures with two
aromatic groups can interact with two exposed hydrophobic
patches. Substitution of the spiroundecane with a polar mono-
cyclic group abolishes such interactions, thus leading to de-
creased potency. Hydrophobic interactions stabilizing the
methyl-substituted quinolinone substructure in the pocket could
explain why variations in the number and position of methyl
substituents affected compound potency. Potency enhancement
by hydrophobic substructures correlated well with increased
effects on intracellular signaling.

For inhibitors not displaying a clearly competitive mechanism
of action, DXMS is a reliable first line approach, which allows the

Table 5. Potency and Selectivity of Compound 4 R2 Substitution Analoguesa

aAssays to determine the IC50 were performed in 50mMBis-Tris, pH 6.0, with 1mMDTT. For LYP and PTP-PEST, 13.72μMpYpeptide was used as a
substrate. ForHePTP, 579.9 μMpNPPwas used as a substrate. Selectivity was defined as the ratio of the IC50 on either PTP-PEST orHePTP to the IC50

on LYP.

Table 6. Kinetic Parameters of LYP Inhibitorsa

compd Ki (μM) R Ki
0 (μM)

4 12.48 ( 4.42 3.05 ( 1.48 38.06 ( 4.66

13 33.87 ( 59.22 ∼2.08 � 1014

4a 3.07 ( 1.52 5.74 ( 4.61 17.62 ( 4.85

4b 23.50 ( 17.65 1.14 ( 1.00 26.79 ( 17.68

4e 2.16 ( 1.26 4.93 ( 3.35 10.65 ( 3.58

4f 11.04 ( 5.64 1.93 ( 1.27 21.31 ( 5.78

4g 8.07 ( 5.56 2.96 ( 2.48 23.89 ( 6.09
a LYP-catalyzed hydrolysis of the pY peptide was measured in the
presence of various concentrations of inhibitor at a series of sub-
strate concentrations, in 50 mM Bis-Tris, pH 6.0, with 1 mM DTT at
37 �C.
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targeting of docking to one or a few highly candidate sites. DXMS
also helps to increase confidence in the allosteric mechanism of
novel compounds by (1) excluding that inhibition is due to
nonspecific unfolding of the protein and/or selected segments of
the proteins48 and (2) providing evidence of secondary changes
in exposure/stability/dynamics of protein segments not directly
involved in inhibitor binding. In our case, DXMS showed
decreased exposure of a relatively large N-terminal segment of
the protein and of additional smaller fragments following inter-
action with the compound. These data support the idea that our
compound acts through an allosteric mechanism. However, they
are insufficient to formulate a clear model of action for our
compounds. Additional critical phenomena following binding of
our inhibitors might have gone undetected by DXMS because of
(1) lack of sensitivity to changes in segments that are normally
minimally exposed to the solvent and (2) the presence of few
uncovered segments of the protein.

Cell-permeability is a feature that is often impaired by the
phosphomimetic groups that characterize competitive PTP

inhibitors. Targeting of secondary allosteric sites is viewed as a
promising yet unexplored approach to develop cell-permeable
inhibitors of PTPs. Indeed cell-permeability was a remarkable
property of several of our compounds. Development of allosteric
PTP inhibitors has been hampered in part by the small number of
PTP physiological allosteric sites found so far. Also it is unclear
whether very potent allosteric inhibitors of PTPs (comparable to
the competitive inhibitors that are available for several classical
PTPs) can be developed.

Selectivity of allosteric inhibitors might also not be easy to
achieve, especially because allosteric pockets might show degrees
of conservation even higher than the active site. Our hits showed
significant interclass selectivity for classical PTPs (for example, vs
LMPTP). However, among classical PTPs, we only observed
selectivity vs CD45, while both HePTP and PTP-PEST were
significantly inhibited by our compounds. Further improvement
of potency and selectivity could be attempted by structure-based
drug design through substituents that increase the interaction of
the compounds with the allosteric pocket and especially with

Figure 3. Effect of compound 4e on deuteration exchange of LYP. (A) The percent in deuterium exchange between LYP with DMSO or compound 4e
is shown. Each histogram represents a peptide in which deuterium exchange was quantified. Deuterium exchange for four different time points was
collected (ranging from 30 to 1000 s), and the time point for each peptide showing the greatest change is shown. For different ionic forms of peptides the
average variation was calculated. Any change greater than 10%was considered significant,53 and such peptides are shown in yellow. Peptides that showed
a difference less than 10% are shown in turquoise. For different peptides that covered the same segment, only the longest peptide is shown. Data are
representative of two independent experiments, and the variation between the same peptide between the two experiments was less than 5%. (B)
Deuteration change of LYP upon binding of compound 4e. Plot shows percent deuteration of two peptides shown in (A) versus time for LYP incubated
with compound 4e (yellow squares) or DMSO (blue squares). (C) Primary structure of the catalytic domain of LYP, with secondary structure
superimposed. Yellow and turquoise coding is the same as in (A). The WPD loop is shown in purple, and the P loop is shown in blue. (D) Three-
dimensional representation of the backbone of LYP according to PDB code 3H2X. Coding is the same as in (C). Selected helices are shown.
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Figure 4. Three-dimensional surface representation of the potential site of interaction between LYP and compound 4. (A) Three-dimensional surface
representation of the catalytic domain of LYP according to PDB code 3H2X. Candidate hydrophobic pockets are indicated as site 1, site 2, and site 3.
Exposed hydrophobic residues within each site are shown in red. Other residues that contribute to form the pocket are shown in pink. Deuteration of the
protein is coded as in Figure 3. (B) Magnification and 180� rotation of the backbone from (A) (green inset) which showed a significant docking score.
Key residues forming the pocket are shown. Residues that coordinate with the compound are named. (C) Compounds that inhibited LYP show
significantly higher GOLD docking score compared to inactive compounds. Correlation between inhibitory activity and GOLD score and statistical
significance is shown. Compounds that inhibited LYP are shown as red symbols; inactive compounds are shown as black symbols. (D-E) Docking of
compound 4e (D) and compound 4 (E) into site 1 of LYP as shown in (A). Key residues shown in (C) are named. See text for further explanation. (F, G)
Effect of LYP L29A mutation on the inhibitory activity of compound 4e and compound 4. Graph shows dose-response inhibition of LYP WT (black
squares and continuous line) or LYP L29A (red squares and dashed line) by compound 4e (F) and compound 4 (G). Plot shows the average ( SD
percent activity of 25 nM LYP-catalyzed hydrolysis of the pY peptide versus inhibitor concentration. Lines are fitting of the data to a one-phase
exponential decay equation in order to calculate the IC50. Data from (F) and (G) are each representative of two independent experiments.

http://pubs.acs.org/action/showImage?doi=10.1021/jm101202j&iName=master.img-007.jpg&w=416&h=543


1650 dx.doi.org/10.1021/jm101202j |J. Med. Chem. 2011, 54, 1640–1654

Journal of Medicinal Chemistry ARTICLE

segments that are less conserved in other homologous PTPs. For
example, the allosteric pocket modeled by the docking simula-
tion includes the so-called “LYP-specific” loop, a flexible loop
that is not conserved in other classical PTPs.10

In conclusion, we described here the first series of noncom-
petitive inhibitors of LYP that show activity on the intracellular
enzyme in T cells. Our kinetics and structural data point to an
allosteric mechanism of action. We suggest that our scaffold
could be the starting point to attempt development of novel
allosteric anti-LYP pharmacological agents.

’EXPERIMENTAL SECTION

Materials, Chemicals, and Enzymes. The small-molecule
compound library was purchased from Asinex (Winston-Salem, NC).
All compounds were purchased with a minimum purity of 90%. Purity of
each compound is reported in the Supporting Information Table 1.
Chromatographic resolution of compound 4 using chiral high perfor-
mance liquid chromatography mass spectrometry (HPLC-MS; see
below) resulted in the identification of one major stereoisomer present
at over 98%. Compounds were dissolved in dimethylsulfoxide (DMSO),
and stock solutions were stored at -20 �C. The catalytic domain of
CD45 was purchased from Biomol International (Plymouth Meeting,
PA). p-nitrophenyl phosphate (pNPP) was purchased from Sigma (St.
Louis, MO), The phosphotyrosine (pY) peptide ARLIEDNEpYTAR-
EG was purchased from Celtek Peptides (Nashville, TN).
Antibodies and Reagents. Biotinylated anti-mouse CD3 and

anti-mouse CD4 and fluorophore-conjugated anti-pSLP76(Y128), anti-
CD69, anti-CD4, anti-CD8, anti-CD28, and anti-Armenian and Syrian
hamster IgG antibodies were purchased from BD (San Jose, CA). Anti-
human CD3 was purchased from eBioscience (San Diego, CA). The
anti-human CD4 antibody was from Lab Vision (Fremont, CA).
Streptavidin was obtained from Sigma and the F(ab0)2 cross-linker
was from Jackson Immunolabs (West Grove, PA). The polyclonal anti-
pZAP(Y319), anti-ZAP70, anti-pLck(Y505), anti-pSrc(Y416) antibo-
dies and the anti-pLAT(Y191) and anti-pZAP70(Y319) enzyme-linked
immunosorbent assays (ELISAs) were obtained from Cell Signaling
Technology (Danvers, MA). The MILLIPLEX MAP Phospho Lck
MAPmate was purchased from Millipore (Billerca, MA). The anti-Lck
and anti-ERK2 antibodies were from Santa Cruz Biotechnology (Santa
Cruz, CA). The Anti-ACTIVEMAPK polyclonal antibody was obtained
from Promega (Madison, WI). The nitrocellulose membrane, horse-
radish peroxidase (HRP) conjugated secondary antibodies, and en-
hanced chemiluminescence (ECL) Plus chemiluminescence kit were
obtained from GE-Healthcare Bio-Sciences (Piscataway, NJ). Lympho-
prep was purchased from VWR International (West Chester, PA).
Dynabeads were purchased from Invitrogen (Carlsbad, CA).
Purification of Recombinant Proteins. The modified pBAD

plasmid encoding the catalytic domain of HePTP (aa 44-339) in frame
with a noncleavable 6xHis tag was a kind gift from Lutz Tautz.55 cDNA
fragments encoding the catalytic domains of LYP (aa 2-309) and PTP-
PEST (aa 2-323, PEST) were cloned between the BamH1 and the
Xho1 sites of the pET28a plasmid (EMD, Gibbstown, NJ) in frame with
a cleavable N-terminal 6xHis tag. LYP 1-294 and the L29Amutant were
cloned as described.10 Recombinant proteins were purified from lysates
of isopropyl β-D-1-thiogalactopyranoside (IPTG) induced E. Coli BL21
cells by affinity chromatography on Ni2þ nitrilotriacetic acid columns
(Qiagen, Germantown, MD). 6xHis-LYP, -PTP-PEST, and -HePTP
were eluted using 250 mM imidazole. LMPTP-A was cloned between
the BamHI and the XbaI sites of the pEGST vector,56 which allows
expression of recombinant proteins in fusion with an N-terminal
glutathione-S-transferase (GST) under control of the T7 promoter.
The enzyme was expressed in BL21 E. Coli cells and isolated from lysates
of IPTG-induced bacteria by single-step affinity chromatography on

glutathione Sepharose (GE-Healthcare Bio-Sciences) by elution with a
glutathione solution.
Chemical Library Screening for LYP Inhibitors. A library

consisting of a highly diverse set of 4000 compounds was screened in a
96-well format. Each reaction contained 300 nM LYP, 2 mM pNPP, and
40 μg/mL compound in a final volume of 60 μL of 50 mM Bis-Tris, pH
6.0, with 1 mM dithiothreitol (DTT). The reaction mixture was
incubated for 25 min at 37 �C and was stopped by addition of 50 μL
of 1 M NaOH. Compounds with an inhibition of 50% or more were
further tested at multiple concentrations. All assays were performed in
triplicate. The IC50 values were then determined for each compound
from a plot of log(inhibitor concentration) versus percentage of enzyme
inhibition using 2mM pNPP as a substrate. Absorbance was measured at
405 nm using a Molecular Devices Emax Precision Microplate reader.
Phosphatase Assays. All reactions were carried out at 37 �C in a

buffer containing 50 mM Bis-Tris, pH 6.0, and 1 mM DTT in a final
volume of 50 μL in the presence or absence of 0.005% Tween-20. The
amount of DMSO did not exceed 6% of the total reaction volume. LYP
was found to be insensitive to DMSOup to a concentration of 10% (data
not shown). The phosphatase activity measured in triplicate was
corrected for the nonspecific signal of identical reactions performed
also in triplicate without addition of enzyme. The time of reaction and
amount of enzyme for all assays were optimized in order to ensure that
the readings were taken in initial rate conditions. Absorbance was
measured on a Perkin-Elmer 1420 Multilabel Counter Victor3 V plate
reader (Perkin-Elmer, Turku, Finland) or a Tecan Infinite M1000
(Tecan, San Jose, CA). The data were plotted using GraphPad Prism
(GraphPad Software, La Jolla, CA).When pNPPwas used as a substrate,
the reactions were stopped by addition of 100 μL of 1 M NaOH and
absorbance was measured at 405 nm. The activity of LYP and PTP-
PEST was also detected using a pY peptide with sequence ARLIEDNE-
pYTAREG, derived from the Lck Y394 phosphorylation site. When the
pY peptide was used as a substrate, the reaction was stopped by addition
of 100 μL of BIOMOL GREEN (Biomol International) and the
phosphate released was detected by measuring the absorbance at 620
nm. IC50 values were determined from a plot of inhibitor concentration
versus percentage of enzyme activity. For SAR analysis, the activity of
LYP and PTP-PEST was detected using 13.72 μM pY peptide. The
activity of HePTP was detected using 579.9 μM pNPP.

For the determination of kinetic parameters, the LYP-catalyzed
hydrolysis of the pY peptide was measured in the presence of various
concentrations of inhibitor at a series of substrate concentrations. Vmax

andKMwere determined by fitting of the data to theMichaelis-Menten
equation. The kinetic parameters Ki and R were calculated by nonlinear
fitting of the data to the mixed model inhibition equation. Ki

0 was
calculated from the equation Ki

0 = RKi.
57 Inhibitor mutual exclusivity

studies were performed by measuring the LYP-catalyzed hydrolysis of
13.72 μM pY peptide (KM concentration) at fixed concentrations of
inhibitor in the presence of increasing concentrations of a second
inhibitor.57 Data were plotted and fitted with a linear regression. All
data was plotted using GraphPad Prism software.
Analysis of Compound Stereoisomers. Chiral HPLC-MS

analyses were performed on a Shimadzu 2010-EV liquid chromatography-
mass spectrometry (LCMS) system consisting of a LC-20AD promi-
nence liquid chromatograph, a SPD-M20A photo diode array detector
(PDA), a SIL-20AC autosampler, and an LCMS-2010EV LC mass
spectrometer. A reversed-phase CHIRALCELOD-RH column (25 cm�
0.46 cm) was used for the compound separations. Solvents and samples
were used as purchased (JT Baker, Phillipsburg, NJ). Separation was
achieved by using a gradient mobile phase as follows: 10-95% B, 24.5
min. Solvent A was 5% (v/v) formic acid in water, and B was 100%
acetonitrile. An injection volume of 5 μL with a 1.0 mL/min flow rate
was used. Spectral information over the wavelength range of 200-300
nm was collected.
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Cell Culture, Cell Treatments, and TCR Stimulation. Jurkat
T cells expressing SV-40 large T antigen (JTAg)44 were kept at
logarithmic growth in RPMI 1640 medium supplemented with 10%
fetal bovine serum, 2 mM glutamine, 1 mM sodium pyruvate, 10 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), pH 7.3,
2.5 mg/mL D-glucose, 100 units/mL of penicillin, and 100 μg/mL
streptomycin. Compounds (50 μM) or DMSO was added to cells
suspended in RPMI 1640 and incubated for 30-60 min at 37 �C. Cells
were then divided and stimulated at 37 �C or left unstimulated. JTAg
cells were stimulated with supernatants of C305 hybridoma46 for 2 min.
Primary human T cells were stimulated for 1 min with 1 μg/mL anti-
CD3, 1 μg/mL anti-CD28, and 10 μg/mL rabbit antimouse F(ab0)2
cross-linker. Thymocytes were stimulated by incubation with biotiny-
lated anti-CD3 and anti-CD4 antibodies for 30 min at 4 �C and stimu-
lated with a streptavidin cross-linker for 1.5 min at 37 �C. Splenocytes
were stimulated by incubation with anti-CD3 and anti-CD28 antibodies
for 30 s at 37 �C and stimulated with an anti-Armenian and Syrian
hamster IgG for 1.5 min 37 �C.

For Western blotting analysis, cells were lysed in 20 mM Tris-HCl,
pH 7.5, 150 mMNaCl, 5 mM ethylenediaminetetraacetic acid (EDTA),
pH 8.0, and 1% NP-40 containing 10 μg/mL aprotinin, 10 μg/mL
leupeptin, 10 μg/mL soybean trypsin inhibitor, 1 mM Na3VO4, and
1 mM phenylmethylsulfonyl fluoride. For analysis by ELISA, cells were
lysed in 20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM Na2EDTA,
1 mM ethylene glycol tetraacetic acid (EGTA), 1% Triton, 2.5 mM
sodium pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na3VO4,
1 mM phenylmethylsulfonyl fluoride, and 1 μg/mL leupeptin. Lysates
were clarified by centrifugation at 13 200 rpm for 20 min.
Primary Cell Isolation. Primary mouse cells were isolated from

the homogenized thymi or spleens of 4-8 week old C57BL/6
(Ptpn22þ/þ) mice (Taconic Farms, Inc., Hudson, NY) or Ptpn22-/-
mice (Genentech, Inc., South San Francisco, CA) after depletion of red
blood cells following standard procedures. Primary human T cells were
isolated by Lymphoprep gradient centrifugation followed by depletion
of B cells and monocytes by anti-CD19 and anti-CD14 Dynabeads.
Phospho-Flow Cytometry. Phospho-flow cytometry was per-

formed on JTAg cells following the manufacturer’s protocols (BD
Biosciences). Cells were treated with 50 μM compound 4 or DMSO,
stimulated with C305 for 2 min or left unstimulated, and fixed
immediately with BD Cytofix buffer. Cells were permeabilized using
BD Phosflow Perm buffer III and stained with PE-conjugated anti-
pSLP76(Y128) antibody. Cell fluorescence was assessed on a Cytomics
FC500 cytometer (Beckman Coulter). Data analysis and graph
preparation were performed using FlowJo software (Tree Star, Inc.,
Ashland, OR).
T Cell Activation Assay. To induce CD69 expression, spleno-

cytes from C57BL/6 cells were stimulated with 1 μg/mL anti-CD3 and
anti-CD28 Abs for 24 h at 37 �C in the presence of compound 4 or
DMSO alone. Cells were then stained with anti-CD69-PerCP-Cy5.5 and
either anti-CD4-FITC or anti-CD8-FITC conjugated antibodies. Gates
were set on CD4þ and CD8þ cells, and the percentages of activated
CD69hi cells were calculated. Samples were acquired on a FACSCanto II
(BD Biosciences). Data were analyzed using FlowJo software (TreeStar,
Ashland, OR).
Intracellular Inhibition of LYP. Lysates of TCR-stimulated

JTAg cells were blotted for pSrc(Y416), pLck(Y505), and Lck levels.
Induction of pSrc(Y416) levels was calculated from the ratio of the
intensity of pSrc versus Lck, as assessed by densitometric scanning of the
blots. Intracellular inhibition of LYP was scored as the fold induction of
pSrc(Y416) levels measured in TCR-stimulated cells treated with the
compound vs the ones measured for TCR-stimulated cells treated with
DMSO alone.
Deuterium Exchange Mass Spectrometry. Optimization

of Fragmentation Conditions. To optimize the concentration of

guanidine hydrochloride (GuHCl) for fragmentation, 2 μL of a 2 mg/
mL stock solution of protein was diluted with 6 μL of buffer (50 mM
NaCl and 8.3 mM Tris, pH 7.2) and then quenched with 12 μL of 0.8%
(v/v) formic acid containing various concentrations of GuHCl (0.08,
0.8 1.6, 3.2 M) with 16.6% glycerol, or 6.4 M GuHCl alone, at 0 �C and
frozen at-80 �C. At 0 �C, the frozen quenched samples were melted on
ice and then immediately passed over a protease column with a 16 μL
bed volume filled with porcine pepsin (Sigma, immobilized on Poros AL
20 μmmedium at 30mg/mL following themanufacturer’s instructions),
with 0.05% trifluoroacetic acid (TFA) in water at a flow rate of 20 μL/
min for 4 min. The duration of digestion was 40 s. The proteolytic
products were directly collected by a Magic C18AQ column (Michrom
BioResources Inc., Auburn, CA) and then eluted with a linear gradient of
8-48% of solvent (80% (v/v) acetonitrile, 20% (v/v) water, 0.01%
TFA) over 30 min. The eluate was then transferred to a Finnigan LCQ
Classic mass spectrometer (with an ion trap) for mass spectrometric
analysis, with the ESI sprayer voltage at 3.5 kV, capillary temperature at
200 �C, and data acquisition in either MS1 profile mode or data-
dependent MS/MS mode. The SEQUEST software program (Thermo
Finnigan, San Jose, CA) was used to identify the sequence of the pepsin-
generated peptide ions. This set of peptides was then further examined
by DXMS Explorer software (Sierra Analytics, Modesto, CA) to deter-
mine if the measured isotopic envelope of peptides was qualified for
accurate measurement of the geometric centroid of isotopic envelopes
on deuterated samples. The peptide coverage maps for various concen-
tration of GuHCl were compared, and the condition with highest
coverage map was used for deuterium exchange experiments.
Deuterium Exchange Experiments. Deuterated samples were

prepared at 0 �C by diluting 2 μL of a 2 mg/mL protein stock solution
with 7.5 μL of deuterated buffer and 0.5 μL of compound dissolved in
DMSO (final concentration 250 μM) or DMSO alone, followed by on-
exchange incubation for varying times (30, 100, 300, and 1000 s) prior to
quenching in 15 μL of 0.8% formic acid, 0.08 M GuHCl at 0 �C. The
solutions were then stored frozen at-80 �C. These deuterated samples
were subjected to DXMS apparatus as described above, along with
control samples of nondeuterated and fully deuterated protein
(incubated in 0.5% formic acid in 100% D2O for 12 h at room
temperature).

The centroids of isotopic envelopes of nondeuterated, partially
deuterated, and fully deuterated peptides were measured using DXMS
Explorer and then converted to deuteration level with corrections for
back-exchange. The deuteron recovery of fully deuterated sample was,
on average, 70%.
Docking Studies. Molecular docking studies were performed

using GOLD (genetic optimization for ligand docking) software pack-
age, version 4.0 (Cambridge Crystallographic Data Centre, Cambridge,
U.K.). GOLD uses a genetic algorithm to explore the conformational
space of a compound inside the binding site of a protein.58,59 The 2P6X
crystal structure of LYPwas used for the docking of inhibitors. The active
site was defined as the collection of protein residues identified from
DXMS analysis with a sphere of 15 Å radius. Docking studies were
performed using the standard default settings with 500 runs on each
molecule. For each of the 500 independent GA runs, a maximum of
100 000 operations were performed on a set of 5 groups with a
population of 100 individuals. Ligand flexibility was included by using
options such as flipping of ring corners, amides, pyramidal nitrogens,
secondary and tertiary amines, and rotation of carboxylate groups, as
well as torsion angle distribution and postprocess rotatable bonds as
default. The annealing parameters were used as default cutoff values of
3.0 Å for hydrogen bonds and 4.0 Å for van der Waals interactions.
Hydrophobic fitting points were calculated to facilitate the correct
starting orientation of the compound for docking by placing the
hydrophobic atoms appropriately in the corresponding areas of the
active site. When the top three solutions attained root-mean-square
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deviation (rmsd) values within 1.5 Å, docking was terminated. Gold-
Score, a scoring function within the software, is a dimensionless fitness
value that takes into account the intra- and intermolecular hydrogen
bonding interaction energy, van der Waals energy, and ligand torsion
energy.58,59
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