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Abstract

A combinatorial library method was developed to systematically profile the substrate specificity of
protein phosphatases toward phosphoseryl (pS) and phosphothreonyl (pT) peptides. Application of
this method and a previously reported phosphotyrosyl (pY) library screening technique to dual-
specificity phosphatase (DUSP) VH1 of vaccinia virus revealed that VH1 is highly active toward
both pS/pT and pY peptides. VH1 exhibits different and more stringent sequence specificity
toward pS/pT than pY substrates. Unlike previously characterized protein tyrosine phosphatases
(PTPs), the activity and specificity of VH1 is primarily determined by the amino acid residues C-
terminal to the pS, pT, or pY residue. In contrast, the mammalian VH1-related (VHR) DUSP has
intrinsically low catalytic activity toward pS and pT substrates, suggesting that its primary
physiological function is to dephosphorylate pY residues in substrate proteins. This method is
applicable to other DUSPs and protein-serine/threonine phosphatases and the substrate specificity
data will be useful for identifying the physiological substrates of these enzymes.
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INTRODUCTION

Reversible phosphorylation of proteins on serine, threonine, and tyrosine residues mediates/
regulates numerous physiological processes and is controlled by the opposing action of
protein kinases and protein phosphatases. Unlike the protein kinases, which all belong to the
same structurally conserved superfamily, protein phosphatases are classified into two
distinct superfamilies, protein-serine/threonine phosphatases versus protein-tyrosine
phosphatases (PTPs). The 107 human PTPs can be further grouped into four separate
subfamilies on the basis of the amino acid sequences of their catalytic domains.1=3 The
largest subfamily contains 38 classical PTPs, which are specific for phosphotyrosyl (pY)
proteins, and 61 dual-specificity phosphatases (DUSPSs), which can dephosphorylate both
pY and phosphoserine (pS)/phosphothreonine (pT) residues within a protein substrate. Both
classical PTPs and DUSPs share a highly conserved sequence motif (HCXXXXXR) in the
active site and a common catalytic mechanism that involves the formation of a covalent
phosphocysteinyl intermediate.* First identified more than two decades ago,> DUSPs have
been implicated as major modulators of critical signaling pathways that are dysregulated in
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various diseases.1~3 However, identification of the physiological substrates of DUSPs and
understanding the molecular basis of their function remain highly challenging. Because
DUSPs have a relatively shallow active-site pocket® and often bind weakly to their
substrates, identification of DUSP substrates by “substrate trapping”’ has met with only
limited success.8-19 For most of the DUSPs, the three MAPKS, Erk, JNK, and p38, are the
only reported substrates, some of which remain controversial.2:3

PTPs are thought to have exquisite substrate specificity /n vivo, which is combinatorially
controlled by the sequence specificity of the PTP active site and protein-protein interaction
via substrate recruiting domains/docking sites outside the PTP active site.1! Thus,
determination of the sequence specificity of a PTP catalytic domain may provide important
clues to its /n vivo protein substrates. We recently developed a peptide library method for
systematically profiling the sequence specificity of PTPs against pY peptides.1? Specificity
profiling of a dozen or so PTPs revealed that each PTP has a unique specificity profile,
although different PTPs exhibit varying levels of sequence specificity and there is
significant overlap in specificity among some of the PTPs.13:14 In particular, we found that
vaccinia virus VH1-related (VHR) phosphatase, a member of the atypical DUSP
subgroup,23 has more stringent sequence specificity than the classical PTPs against pY
peptides.t® The consensus sequences derived from the library screening closely resemble the
reported VHR dephosphorylation sites in its protein substrates, providing further proof that
the intrinsic sequence specificity of the PTP active site is a key determinant of its /n vivo
substrate specificity. In addition, by using the specificity profiles, we were able to predict
the protein substrates of PTPs, some of which were subsequently confirmed
experimentally,14.15

In principle, the above “reverse interactomics”16 approach should also be applicable to the
identification of pS and pT protein substrates of protein serine/threonine phosphatases and
DUSPs. Unfortunately, there has been no methodology available for comprehensive analysis
of the substrate specificity of a phosphatase toward pS or pT substrates. The limited
specificity data on several protein serine/threonine phosphatases were obtained by in-
solution kinetic analysis of individually synthesized pS/pT peptides.1’-1° To our knowledge,
the substrate specificity of only one of the 61 human DUSPs (VHZ) has recently been
evaluated by assaying against a small panel of pS and pT peptides.2° In this work, we report
a novel library screening method for systematically profiling the specificity of DUSPs and
protein serine/threonine phosphatases against pS/pT peptides and its application to VHR and
vaccinia VH1 phosphatases. The specificity profiles of VH1 and VHR revealed several
previously unrecognized properties of these two enzymes. Thus, the new method provides a
powerful tool for studying the catalytic properties, in vivo substrates, and biological function
of DUSPs and other protein phosphatases.

EXPERIMENTAL SECTION

Materials

Reagents for peptide synthesis were from Advanced ChemTech (Louisville, KY), Peptides
International (Louisville, KY), or NovaBiochem (La Jolla, CA). N-(9-
Fluorenylmethoxycarbonyloxy)succinimide (Fmoc-OSu) was from Advanced ChemTech.
a-Cyano-4-hydroxycinnamic acid, phenyl isothiocyanate (PITC), 3-methyl-2-
benzothiazolinonehydrazone (MBTH), and NBDH were obtained from Sigma-Aldrich (St.
Louis, MO). Na-Fmoc-O-t-butyl-3,5-difluorotyrosine [Fmoc-F2Y (tBu)-OH] was
synthesized as previously described.?! Streptomyces antibioticus tyrosinase was purified as
previously described.13 GST-VH1 and VHR were expressed in Escherichia coli and purified
as previously described.522
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Synthesis of Peptide Libraries

pY libraries (libraries 111 and 1V) were synthesized as previously described.13 Library Il
[Alloc/Fmoc-XXXXX(pS/pT)AANNBBRM-resin, where B is p-alanine] was synthesized
on 2 g of amino polyethylene glycol polyacrylamide (PEGA) resin (0.4 mmol/g, 150-300
pwm in water). All manipulations were performed at room temperature unless otherwise
noted. The linker sequence (AANNBBRM) was synthesized with 4 equiv of Fmoc-amino
acids using HBTU/HOBt/N-methylmorpholine (NMM) as the coupling reagents, and the
coupling reaction was terminated after negative ninhydrin tests. The resin was split into two
equal portions and individually coupled with 4 equiv of Fmoc-Ser(HPO3Bzl)-OH and
Fmoc-Thr(HPO3Bzl)-OH and HATU/HOAU/DIPEA for 3 h. For the synthesis of random
residues, the resin was split into 18 equal portions, and each portion was coupled twice, each
with 5 equiv of a different Fmoc-amino acid/HATU/DIPEA for 2 h (twice). To facilitate
sequence determination by mass spectrometry,23 5% (mol/mol) CD3CO,D was added to the
coupling reactions of leucine and lysine, whereas 5% CH3CD,CO,D was added to the
coupling reaction of Nle. After the last random residue was added, the resin was combined,
treated twice with 20% piperidine in DMF (5 + 15 min), and incubated with 0.5 equiv of N-
(allyloxycarbonyloxy)succinimide (Alloc-OSu), 0.5 equiv of Fmoc-OSU and 1.5 equiv of
DIPEA in NMP for 24 h. The library was deprotected with a modified reagent K
[79:7.5:5:5:2.5:1 (v/v) trifluoroacetic acid(TFA)/phenol/H20/thioanisole/ethanedithiol/
anisole] for 2 h, washed extensively with TFA and dichloromethane, and stored at —20 °C
until use. Libraries la and Ib were similarly synthesized.

Screening of pS/pT Library

All steps were carried out at room temperature unless otherwise noted. For library I, a
typical screening reaction involved 10 mg of library beads (~30,000 beads) placed in a 1-ml
Bio-Rad Microspin column. The beads were washed with 50 mM NaCl plus 0.02% tween
20 (5x) and incubated with DUSP reaction buffer (100 mM Tris, 100 mM NaOAc, pH 7.4,
0.1% bovine serum albumin, 0.01% tween 20) for 30 min. After being washed three times
with the reaction buffer, the beads were suspended in 400 .l of DUSP reaction buffer
containing 500 nM GST-VH1 and 5 mM tris(carboxyethyl)phosphine and incubated for 2 h.
After that, the beads were washed with 50 mM NaCl containing 0.02% tween 20 and
anhydrous THF (5 times each). The resin was then treated with 0.9 ml of THF containing 5
mg of Pd(PPh3)4, 30 mg of PPh3, 30 I of N-methylaniline for 3 h. The solution was
drained and the beads were washed with DMF (5 x 0.9 ml) and incubated in 0.9 ml of DMF
containing 0.5% dimethyldithiocarbamate for 15 min. The beads were again washed with
DMF (5 x 0.9 ml) and 50 mM NaCl containing 0.02% tween 20 (5 x 0.9 ml) and treated
with 900 pl of sodium phosphate (pH 7.0-7.4) containing 40 mM NalQ4 (freshly prepared
in H20). After incubation for 30 min, the solution was drained and the beads were washed
with 50 mM NaCl containing 0.02% tween 20 (5 x 0.9 ml) and incubated in 1% ethylene
glycol in H,O for 10 min. The beads were washed with 50 mM NaCl containing 0.02%
tween 20 (5 x 0.9 ml) and dye labeling buffer [1:2 (v/v) mixture of 30 mM NaOAc pH 4.7
and MeCN] and incubated in 99 pl of the labeling buffer and 1 .l of 100 mM 4-
hydrazino-7-nitro-2,1,3-benzoxadiazole (NBDH) freshly prepared in DMSO for 1 h. The
beads were washed exhaustively with DMF (10 x 0.9 ml) and 50 mM NaCl containing
0.02% tween 20 (5 x 0.9 ml) and transferred to a Petri dish, where fluorescent beads were
isolated with a micropipette under a fluorescence microscope. The positive beads were
sequenced by the partial Edman degradation-mass spectrometry (PED-MS) method as
previously described.23

The N-terminal library (library 11, 20 mg) was similarly washed and treated with 50 nM
GST-VHL1 and 5 mM tris(carboxyethyl)phosphine in 800 I of DUSP reaction buffer for 1
h. The beads were washed with 50 mM NaCl containing 0.02% tween 20 (5 x 0.9 ml) and
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DMF (6 x 0.9 ml) and treated twice with 20% piperidine in DMF (0.9 ml each for 5 and 15
min). The beads were washed with DMF (10 x 0.9 ml) and pyridine (5 x 0.9 ml) and
suspended in 160 w1 of pyridine. A 2:1 (v/v) mixture of pyridine/H20 containing 0.1%
triethylamine (160 1) was quickly mixed with 50 .l of PITC in a microcentrifuge tube and
the resulting solution was immediately added to the beads. After incubation for 30 min, the
solution was drained and the beads were washed with pyridine (3 x 900 pul), acetonitrile (5 x
900 wl) and TFA (3 x 900 pl). The beads were then treated twice with TFA (900 pl for 15
min each time). The beads were washed with dichloromethane (6 x 0.9 ml) and pyridine (3
x 0.9 ml) and the above Edman degradation procedure was repeated for four times. The
library beads were washed with and incubated in 50% TFA in H,O for 1 h and the subjected
to oxidation with sodium periodate and dye labeling as described above.

Screening of pY Peptide Libraries

This was carried out as previously described,2 except that the screening experiment
involved incubation of the peptide library (~30,000 beads) with GST-VH1 (final 400 nM) in
50 mM Tris, 50 mM Bis-Tris pH 7.4, 100 mM NaOAc, 0.1% bovine serum albumin, 0.01%
tween 20, 5 mM tris(carboxylethyl)phosphine at room temperature for 15 min.

Synthesis of Selected Peptides

PTP Assays

Individual peptides were synthesized on 100 mg of CLEAR-amide resin using standard
Fmoc/HBTU/HOBt chemistry. For the coupling reaction of pY, 2.0 equiv of Fmoc-amino
acid was employed, whereas 4.0 equiv was used for all other amino acids. The peptides were
cleaved from the resin and side-chain deprotected using the modified reagent K at room
temperature for 2 h. The solvents were removed by evaporation under a N, stream and the
residue was triturated in cold diethyl ether. The precipitate was collected and dried under
vacuum. The crude peptides were purified by reversed-phase HPLC on a semi-preparative
Cjg column. The identity of each peptide was confirmed by MALDI-TOF.

VH1 activity assays were performed with synthetic pS or pT peptides as substrates in a 96-
well plate. The buffer used was a three-component system consisting of 0.1 M sodium
acetate, 0.05 M Tris, 0.05 M Bis-Tris (pH 7.4), and 1 mM tris(carboxylethyl)phosphine. The
reaction (total volume 50 pl) contained 0-4 mM peptide substrate and was initiated by the
addition of GST-VH1 (final concentration 50-100 nM). After 15-40 min, the reaction was
quenched by the addition of 50 I of a malachite green solution prepared as previously
described.24 After incubation for 30 min at room temperature, the absorbance at 620 nm was
measured on a FlexStation3-Multi-detection Reader (Molecular Devices). The initial rate
was calculated from the absorbance value by comparison with a standard curve generated
known concentrations of sodium phosphate. VH1 activity assay against pY peptides was
performed in a quartz microcuvette. The reaction (total volume 120 l) was initiated by the
addition of GST-VH1 (final 800 nM) and monitored continuously at 282 nm (Ae = 1102
M~1cm™1) on a UV-vis spectrophotometer. The initial rate was calculated from the early
region of the reaction progress curve (<1 min). The resulting initial rates were fitted to the
Michaelis-Menten equation to obtain the Az, Ky, and/or Aqai/ Ky value. A few substrates
(e.g., Ac-AApYIDWTG) were also assayed in 50 mM citric acid (pH 7.4), 50 mM NacCl,
and 1 mM tris(carboxylethyl)phosphine as buffer. Similar Ao/ Ky values were obtained (<2-
fold difference), demonstrating that the buffer components do not significantly affect VH1
catalysis under the conditions employed in this work.
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In Vitro Dephosphorylation of Protein Substrates by VH1

RESULTS

Activated GST-Erk5 (from SignalChem, Richmond, BC, Canada; final concentration 19
M) was incubated with GST-VHL1 (final concentration 1.5 wM) in 100 mM Tris-HCI, pH
7.4,50 mM NaCl, 2 mM EDTA, and 5 mM at 25 °C (total reaction volume 56 pL). At
various time points (0-540 min), 7-pL aliquots were withdrawn and mixed with an equal
volume of 2x SDS-PAGE loading buffer. The samples were boiled for 10 min, separated on
8% SDS-PAGE, transferred to PVDF membrane and immunoblotted with anti-Erk5 (pT219)
antibody (Pierce Biotechnology, Rockford, IL). The membrane was washed in 200 mM
glycine, pH 2.2, 3.5 mM SDS, 1% Tween 20, and reprobed with anti-pY (clone 4G10)
antibody (Millipore, Temecula, CA) following manufacturer’s recommendations. The
catalytic efficiency was estimated by quantifying the phosphorylated GST-Erk5 using a
Molecular Dynamics Typhoon 8600 Phosphoimager and Imagequant software.

Design, Synthesis, and Screening of pS/pT Peptide Libraries

To determine the specificity of DUSPs toward pS/pT substrates, two one-bead-one-
compound peptide libraries, Alloc-(pS/pT)XXXXXNNBBRM-resin [library I, where B is -
alanine and X is norleucine (Nle or M, used as a methionine analog) or any of the 18
proteinogenic amino acids excluding Met and Cys] and Fmoc/Alloc-XXXXX(pS/
pT)AANNBBRM:-resin [library Il, where B is p-alanine and X is Nle, L-2-aminobutyrate
(Abu or U, used as a Cys analog), or any of the 16 proteinogenic amino acids excluding
Met, Cys, Ser, and Thr] were synthesized on amino polyethylene glycol polyacrylamide
(PEGA) resin (0.4 mmol/g, 150-300 pm in water) (Figure 1). The linker sequence
NNBBRM was added to enhance aqueous solubility, permit peptide release from the resin
(after Met with CNBrr), and facilitate mass spectrometric analysis (positively charged
Arg).23 An Alloc and/or Fmoc group was added to the N-terminus of all library peptides to
prevent any bias exerted by a positively charged N-terminus and facilitate library screening
and sequencing (vide infra). Substitution of Nle for methionine in the random region
prevents internal cleavage during peptide release with CNBr. For the N-terminal library
(library 11), two alanine residues C-terminal to pS/pT were added to minimize any bias
caused by the C-terminal Arg residue; in addition, Ser and Thr were excluded from the
random region, as any incomplete Edman degradation of Ser or Thr residue would generate
false positive beads. Each library has a theoretical diversity of ~4 x 106,

Library screening involved treatment of the above libraries with a small amount of the
DUSP of interest for a limited time, so that only the beads carrying the most efficient
substrates underwent partial dephosphorylation of the pS/pT peptides (typically a few
percent or less), while the rest of the beads had little or no reaction. To identify and isolate
the reacted (positive) beads for sequence analysis, we developed two novel methods to
selectively derivatize the DUSP reaction products with a fluorescent dye. For library I,
which contains variable sequences C-terminal to pS/pT, the beads were treated with
Pd(PPhs)4 and N-methylaniline to remove the N-terminal Alloc group (Figure 1A). The
exposed N-terminal Ser (or Thr) on the positive beads was then converted into a glyoxyl
group by oxidation with sodium periodate, whereas the N-terminal pS (or pT) residue on
unreacted peptides was unaffected. Finally, the glyoxyl moiety was selectively reacted with
NBDH, which is nonfluorescent due to photoelectron transfer,2> to produce an intensely
green fluorescent dye covalently bound to the positive beads (Figure 1B). The fluorescent
beads were manually isolated from the library under a fluorescent microscope and
individually sequenced by the PED-MS method.23
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For library I1, which features variable sequences N-terminal to pS/pT and a 1:1 mixture of
Alloc and Fmoc groups at the N-terminus, the beads after DUSP reaction were treated with
piperidine to remove the Fmoc group from 50% of the peptides and subjected to 5 cycles of
Edman degradation reaction (Figure 1C). This procedure removed the five random residues
from 50% of the peptides on each bead, exposing an N-terminal Ser/Thr (on positive beads)
or pS/pT residue (on both positive and negative beads). The other 50% of the peptides
contained an N-terminal Alloc group and were protected from Edman degradation. The
exposed N-terminal Ser/Thr residue on positive beads was similarly oxidized with sodium
periodate and derivatized with NBDH. The resulting fluorescent beads were isolated from
the library, treated with Pd(PPh3)4 and N-methylaniline to remove the N-terminal Alloc
group from the remaining 50% peptides, and sequenced by the PED-MS method.23

VH1 Specificity toward pS/pT Peptides

Screening of ~25 mg of the N-terminal library (dry weight, ~75,000 beads) against 50 nM
VH1 resulted in 20 intensely fluorescent beads and 85 lightly colored beads. Sequencing of
the most intensely colored beads produced 18 unambiguous sequences (Table 1), which
should represent the most efficient substrates of VH1. Sequencing of the lightly colored
beads gave 51 complete sequences. These sequences are separated into two different classes
on the basis of sequence similarities, both of which contain an acidic residue (Asp or Glu) at
the P-5 position and less frequently at the P—4 position (relative to pS/pT, which is defined
as the PO position) (Figure 2A and 2B). VH1 prefers a small, neutral, and hydrophilic
residue (especially Gly and Asn) and tolerates larger hydrophobic residues, but disfavors
charged residues (Asp, Glu, Arg, and Lys) at the P-1 position; out of the 69 selected
sequences, only one (1.4%) contains an Asp at this position (EFYQDpT). Both types of
substrates contain at least one large, hydrophobic residue (especially Phe and Tyr) but at
different positions. The class | substrates typically have a Phe or Tyr at the P—3 position and
frequently a second hydrophobic residue at the P-2 (or occasionally P-4) position, whereas
the class Il peptides contain a hydrophilic residue (e.g., GIn and Glu) at the P—3 position and
usually two hydrophobic residues at P-2 and P-4 positions. All of the selected sequences
contain a pT at the PO position, although pS and pT were equally populated in the original
library. Screening the N-terminal library under less stringent conditions (at 0.1 and 1 .M
VH1) produced progressively more diverse sequences (Table S1 and S2), but the same
overall specificity profile was observed.

In light of the overwhelming selection of pT sequences from the N-terminal library, we
synthesized and screened the C-terminal library containing pS (library 1a) or pT (library Ib)
at the PO position in separate experiments. Screening of libraries la and Ib (20 and 10 mg,
respectively) resulted in 82 and 41 fluorescent beads, which were sequenced to give 63 and
34 complete sequences, respectively (Table S3). Similar sequences were selected from both
libraries, which are rich in large, hydrophobic residues at all five positions (Figure 2C).
Most of the sequences also contain an acidic residue (Asp or Glu), which is randomly
distributed among the five positions. Overall, the class | and Il VH1 substrates have the
consensus sequences of (E/D/N)(D/E/N)(F/YIM)X(G/N)(pS/pT)peee and (E/D)(F/IM/Y)(Q/
E)(F/Y/9)(N/Q)(pS/pT) ey (Where X is any except for basic amino acid and ¢ is a
hydrophobic amino acid), respectively.

VH1 Specificity toward pY peptides

The ability of DUSPs to dephosphorylate both pT and pY residues of the pTXpY motif in
MAPKs26:27 suggests that DUSPs recognize different sequences surrounding pS/pT vs pY
residues. The availability of methods for screening both pY and pS/pT libraries permitted us
to rigorously test this notion. To determine the specificity of VH1 toward pY substrates, we
screened two pY peptide libraries, N-terminal library Alloc-ASXXXXXpYAABBRM-resin
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(library 111) and C-terminal library Alloc-AApY XXXXXNNBBRM-resin (library 1V),
where B is p-alanine and X is 3,5-difluorotyrosine (F,Y), Nle, or any of the 17
proteinogenic amino acids excluding Met, Cys and Tyr. Library screening was based on
selective oxidation of the Tyr side chain exposed by VH1 into an orthoquinone by tyrosinase
reaction and reaction of the orthoquinone with 3-methyl-2-benzothiazolinonehydrazone to
form a red pigment on positive beads.12-15 F,Y was used as a Tyr analog?! to avoid false
positives during library screening. Screening of libraries 11 and 1V (~90,000 beads each)
gave 78 and 60 complete sequences, respectively (Table S4 and S5). VH1 has broad
specificity N-terminal to pY, with a general preference for acidic (but not basic) residues at
positions P-1 to P-3 and hydrophobic residues at P-4 and P-5 positions (Figure 3A). Most
of the selected substrates have a hydrophilic or small residue at the P-1 position and contain
at least one hydrophobic residue somewhere between P-2 and P-5 positions. On the C-
terminal side of pY, VH1 strongly prefers an aromatic or other hydrophobic residues at the P
+3 position; out of the 60 selected peptides, 34 contain Trp, Tyr, or Phe and another 5
peptides have Nle, lle, or Val at this position (Figure 3B). The rest of the peptides have
aromatic and aliphatic hydrophobic residues at P+2 and/or P+4 positions. In addition, VH1
has a slight preference for acidic residues at the P+1 position.

Kinetic Properties of VH1 toward Selected Peptide Substrates

To confirm the library screening results, three class | pT peptides (Table 2, peptides 1, 5,
and 9) and one class Il peptide (peptide 10) were resynthesized, purified, and assayed
against VH1 in solution. All four peptides are relatively efficient substrates, with Azq/ K
values of 180-870 M1 s71. Replacement of the acidic residue at P-4 or P=5 position with
an alanine reduced the activity by ~2-fold (Table 2, compare peptides 1 and 2 or 5 and 6).
Removal of Phe side chain at position P—3 of peptide 1 decreased the catalytic activity by
20-fold (Table 2, compare peptides 1 and 3). Replacement of the P-1 Gly of peptide 5 with
an Asn had minimal effect, whereas conversion of the P2 Ala into Tyr increased its activity
by 1.6-fold (Table 2, compare peptides 5, 7, and 8). This is in agreement with the
observation that Gly and Asn were selected at position P—1 with equal frequencies during
library screening, while Tyr was more frequently selected than Ala at position P—2
(especially among the most colored beads) (Table 1). The ~2-fold difference in activity
between peptides 1 and 4 suggests that VH1 is generally more active toward pT than pS
substrates, offering a partial explanation for the overwhelming selection of pT sequences
from the N-terminal library (Table 1), although the lower stability of pS (relative to pT) is
likely another contributing factor (see Discussion).

Five representative sequences selected from the C-terminal library (library Ib), which each
contain an acidic residue at a different position, were resynthesized and tested against VH1
(Table 2, peptides 11-15). The results show that as the acidic residue moves away from pT,
there is a general increase in VH1 activity. This, together with the random distribution of the
acidic residues, suggests that VH1 prefers hydrophobic residues C-terminal to pS/pT and the
acidic residues were likely selected due to their ability to increase VH1 accessibility to the
resin-bound peptides (see Discussion). Note that the most active C-terminal peptide (peptide
15, with a A/ K value of 3800 M1 s71) has significantly higher activity than the most
reactive N-terminal peptide (peptide 8, with a kgai/ Ky value of 1100 M~1 s71). This
indicates that unlike most of the other PTPs, the primary specificity determinant of VH1
resides on the C-terminal side of the phosphoamino acid. Finally, peptides containing
preferred sequences on both sides of pT are very efficient substrates (A.at/ Ky value of 1.6 x
10* M~1 571 for peptide 16).

Representative pY peptides selected from libraries 111 and 1V, as well as a panel of

artificially designed substrates were tested against VH1 in solution (Table 3, peptides 17—
31). In keeping with the broad N-terminal specificity as revealed by library screening, all of
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the N-terminal peptides have similar A,/ Ky values (102-103 M1 s71), despite their very
different sequences (Table 3, peptides 17-23). Again, peptides selected from the C-terminal
library are generally more reactive (kga/ K values of 102 — 104 M1 s71 for peptides 24—
25). Peptide 26 (YDEDFpYDYEF), which contains preferred sequences both N- and C-
terminal to pY, is an excellent substrate for VH1, with a A value of 2.6 s71, a Ky value of
11 uM, and a Az Ky value of 2.3 x 10° M~1 s71, Consistent with the screening data,
substitution of Ala for Tyr at position P+2 decreased VH1 activity by 10-fold, whereas
replacement of other C-terminal residues with Ala had smaller effects (Table 3, compare
peptides 27-30). Finally, the 500-fold difference in activity between peptides 26 and 31
confirmed that VH1 has an overall preference for acidic over basic residues.

VHR Has Intrinsically Low Activity toward pS/pT Peptides

We have previously shown that VHR recognizes distinct sequence motifs N-terminal to
pY.15 It was also reported that VHR is very active toward pY peptides but has only weak
activity toward a pT peptide derived from p38.2228 To determine whether this is a general
property of VHR, we screened VHR against peptide libraries I and Il. Incubation of the
libraries with high concentrations of VHR (up to 20 M) for extended periods of time (2 h)
resulted in no fluorescence on any of the library beads. This indicates that VHR has low
intrinsic activity toward pS and pT peptides.

Database Search and In Vitro Dephosphorylation of Protein Substrates by VH1

We searched the PhosphaSite database (http://www.phosphosite.org) against the sequence
motif (F/Y)xx(pS/pT) (where X is any amino acid) and the resulting hits were manually
filtered by removing any sequences that contained basic amino acids at P-1 to P-5 positions
or =2 acidic residues at the P+1 to P+5 positions. This exercise resulted in 18
phosphoproteins as potential VH1 substrates (Table S6). Two of the proteins, extracellular
signal-regulated kinase 5 (Erk5) and c-Jun N-terminal protein kinase 1 (Jnk1) were selected
for testing because they contain sequences that closely match the VH1 class | substrate
motifs (Erk5, HQYFMpT2°EpYVAT; Jnkl, TSFMMpT83PpYVVT), are involved in
multiple signaling pathways, and are commercially available in their phosphorylated forms.
Thus, recombinant phospho-Erk5 was treated with GST-VHL1 for varying periods of time
and the reaction products were analyzed by SDS-PAGE and western blotting with antibodies
specific for Erk5 pT219 and phosphotyrosine (Figure 4A). Based on the reaction progress
curves (Figure 4B), we estimated A,/ Ky values of 740 and 1410 M~1 s™1 for VH1-
mediated dephosphorylation of pT219 and pY residues of Erk5, respectively. In comparison,
synthetic peptides corresponding to the Erk5 motif, HQYFMpTEYVAT and
HQYFMpTEpY VAT, were dephosphorylated by VH1 with A,/ Ky values of 490 and 3200
M~1 571 respectively. Similar experiments with Jnk1 were unsuccessful because the
commercially available Jnk1 could not be detected by either anti-Jnk1 pT183 or anti-pY
(4G10) antibody.

DISCUSSION

VHL1 is a prototypical DUSP in vaccinia virus and it plays an essential role in directing the
transcription of early viral genes and controls viral infectivity.2? VHR was the first
mammalian DUSP discovered and its role in modulating MAPKSs has been well
established.827 The specificity profile of VH1 revealed three interesting features. First, VH1
recognizes different sequences surrounding the pY vs pS/pT residue. For example, the
preferred pY substrates are rich in acidic residues at the P-1 and P-2 positions, whereas its
pS/pT substrates are devoid of Asp and Glu at these positions (Figure 2 and 3). On the other
hand, the vast majority of preferred pS/pT substrates contain an acidic residue at position P
=5 (or P-4), but the pY substrates have mostly hydrophobic residues at the positions. On the
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C-terminal side, the pS/pT substrates consist of very hydrophobic residues such as Phe, lle,
Leu, and Nle, whereas the pY substrates are rich in Trp and Tyr, which are capable of both
hydrophobic interaction and hydrogen bonding. This is likely a common property of DUSPs,
since several DUSPs have been shown to dephosphorylate both the pT and pY residues of
the pTXpY motif in MAPKs.23 It remains to be determined how the same active site
accommodates these very different sequences, but they may utilize different binding
surfaces to recognize the pY vs pS/pT substrates.

Second, VH1 has more stringent sequence specificity toward pS/pT than pY substrates,
especially on the N-terminal side of the phosphoamino acid. This is evident from the kinetic
data in Table 2 and 3; while pY peptides of different N-terminal sequences have similar Agq/
Kw values, alteration of a single residue in pT peptides resulted in large changes in Kinetic
activity (up to 20-fold). Presumably, pY, which has an extra hydrophobic phenyl group as
compared to pS/pT, binds to the VH1 active-site pocket more tightly than the latter. As a
result, binding of pY substrates to VH1 is energetically dominated by the pY residue and
less dependent upon the surrounding amino acids. In contrast, productive interaction
between VVH1 and the amino acids adjacent to pS/pT is likely necessary to provide sufficient
binding energy for pS/pT catalysis. In this regard, we note that several specific, high-affinity
monoclonal antibodies have been developed against the pY residue, but no corresponding
antibody against pS or pT is yet available. Instead, all of the specific anti-pS/pT antibodies
recognize pS/pT in the context of a peptide sequence. Third, VH1 differs from other PTPs in
that its specificity is primarily determined by residues C-terminal to the pS/pT/pY residue,
although the N-terminal residues also make important contributions (especially for pS/pT
substrates).

A main motivation for profiling the substrate specificity of DUSPs is to utilize the
specificity information to predict their protein substrates. Based on the specificity profile of
VHL1, we predicted 18 pS/pT proteins as potential VH1 class | substrates (Table S6). We
subsequently showed that one of these proteins, Erk5, is an in vitro substrate of VH1.
Although the Agi/ Ky values of ~1000 M~1 s™1 are modest, this level of activity is
theoretically sufficient to alter the phosphorylation status of a signaling protein in vivo. For
example, if a vaccinia virus-infected cell produces 100 nM VH1 (which is the average
cellular concentration of signaling proteins30), half of the intracellular Erk5 would be
dephosphorylated in ~1.5 h. Additional studies will be necessary to test whether this indeed
occurs in vivo. However, infection by other viruses can cause either up- or down-regulation
of the Erk5 signaling pathway.31:32 \VH1 has been reported to dephosphorylate vaccinia
proteins A14 (at VIHTNHpS®DISMN)33 and A17 (at SLNTDDpY?203- CO,H)33 and
mammalian protein STAT1 (at GPKGTGpY "9 KTEL)34 in vivo. According to our
specificity profile, peptides corresponding to these pS/pY motifs are expected to be less
efficient VH1 substrates. Analysis of the immunoblot data of Koksal and Cingolani3® using
the method described in Figure 4 revealed a A,/ Ky value of ~50 M1 s71 for VH1-
mediated in vitro dephosphorylation of STAT1 at pY7%L. These data suggest a correlation
between the catalytic efficiency of VH1 towards protein substrates and the corresponding
peptide substrates. This in turn suggests that the amino acid sequence flanking pS/pT/pY is a
key determinant of the kinetic activity of a protein substrate against VH1. Other factors,
such as substrate recruiting via protein-protein interaction, may enhance the catalytic
efficiency of VH1 in vivo. Proteins other than those listed in Table S6 (e.g., class Il
substrates) may also be VH1 substrates in vivo.

During the course of this work, we observed two factors that may potentially bias the library
screening results. First, screening of the N-terminal pS/pT library gave overwhelmingly pT
peptides. The higher activity of VH1 toward pT peptides (~2-fold) is clearly a factor.
Another likely factor is the lower stability of pS (relative to pT), which may undergo f-
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elimination (to form dehydroalanine) and other side reactions during library synthesis and
screening.36:37 As we have demonstrated with the C-terminal libraries, this problem is easily
addressed by screening pS and pT libraries separately. Our data show that VH1 exhibits the
same specificity profile for pS and pT peptides. Second, the kinetic data indicate that VH1
prefers hydrophobic amino acids at all positions C-terminal to pS/pT, and yet the selected
sequences each contained at least one acidic residue. The random distribution of the acidic
residue at positions P+1 to P+5 suggests that it unlikely reflects the specificity of VH1, but
rather a bias of the on-bead screening procedure. This is because beads carrying very
hydrophobic peptides undergo “hydrophobic collapse” in the aqueous reaction buffer (which
is analogous to the protein folding process), rendering the peptides inaccessible to the
PTP.13 Acidic residues increase aqueous solubility and prevent hydrophobic collapse due to
repulsive interactions with each other and the negatively charged pS/pT residue. Such
“solubility” effects can be easily identified by the random distribution of the acidic residues
over several positions, whereas acidic residues specifically recognized by a PTP are likely
found at a specific position(s). For example, the vast majority of the peptides selected from
the N-terminal library contained an acidic residue(s) at the P—5 and/or P—4 positions, even
though an acidic residue at these positions only enhanced the catalytic efficiency by 2-fold
(Tables 1 and 2). Note that an optimal PTP substrate consisting of a highly hydrophobic
sequence is unlikely to be physiologically relevant, as a protein containing such a sequence
on its surface would not be stable. The “selection” of acidic residues by VH1 indicates that
VH1 can tolerate acidic and other types of hydrophilic residues at some of the C-terminal
positions.

In conclusion, we have developed a robust library screening method to determine the
sequence specificity of DUSPs and other serine/threonine phosphatases. Together with our
previous method for pY library screening,12 we can now systematically characterize the
specificity of all protein phosphatases. Application of the methods to VH1 and VHR has
already provided significant insight into their catalytic properties. The specificity data will
be useful for identifying the protein substrates as well as developing robust assays for these
enzymes.
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Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
Alloc allyloxycarbonyl
DUSP dual-specificity phosphatase
Fmoc (9-fluorenyl)methoxycarbonyl
HBTU N,N,N’,N’-tetramethyl-O-(1H-benzotriazol-1-yl)uronium
hexafluorophosphate
HOBt 1-Hydroxybenzotriazole
HATU N-[(Dimethylamino)-1H-1,2,3-triazolo-[4,5-b]pyridin-1- ylmethylene]-N-

methylmethanaminium hexafluorophosphate N-oxide
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DIPEA N,N-Diisopropylethylamine
CLEAR cross-linked ethoxylate acrylamide resin

MAPK mitogen-activated protein kinase

NBD

H 4-hydrazino-7-nitro-2,1,3-benzoxadiazole

PED-MS partial Edman degradation-mass spectrometry

PEGA polyethylene glycol polyacrylamide

PTP
pS
pT
pY

protein tyrosine phosphatase
phosphoserine
phosphothreonine
phosphotyrosine

VHR vaccinia VH1 related
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Figure 1.

Screening of DUSPs against pS/pT peptide libraries. (A and C) Reactions involved in the
screening of C- (A) and N-terminal libraries (C). (B) A portion of the peptide library after
DUSP and NBDH treatment (viewed under a fluorescent microscope). The positive beads
show a green fluorescent ring on the surface because the surface peptides were more
accessible to the 92-kD GST-VH1 dimer. Z, pS or pT.
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Figure 3.

Sequence specificity of VH1 toward pY peptides on the N- (A) and C-terminal side of pY
(B). The histograms represent the amino acids identified at each position from P-5 to P+5
(z-axis). Frequency of occurrence on the y-axis represents the percentage of selected
sequences that contained a particular amino acid at a certain position. M, Nle; Y, F,Y.
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Figure 4.

In vitro dephosphorylation of Erk5 (19 uM) by VH1 (1.5 uM). (A) Western blots showing
the remaining pT21 and pY levels after different reaction times (0-540 min). (B) Reaction
progress curves for VH1-mediated Erk5 dephosphorylation at pT and pY sites. The yaxis
values were derived from part A by phosphoimaging analysis and relative to that at reaction
time 0 (100%).
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Catalytic Activity of VH1 toward pS/pT Peptides

Table 2

Peptide No  peptide sequence®  Keat 6™  Km (MM)  kear/Kiy (M71571)
1 YNDFAIpTAA 04+0.2 21+10 180+9
2 YNAFAIpTAA NDP >2 93+3
3 YNDAAIpTAA ND >2 9+1
4 YNDFAIpSAA 02+0.1 2303 95+ 10
5 YEFFAGpTAA 0.6+0.1 0.8+0.1 700 + 16
6 YAFFAGpTAA ND >0.5 350 + 13
7 YEFFANpPTAA 14+0.1 29+0.1 5007
8 YEFFYGpTAA ND >0.5 1100 + 37
9 YNLLQNpTAA 1.8+0.1 46+04 390+ 18
10 YEYQFNpTAA 1.1+£0.1 1.2+0.2 870+ 18
11 YNpTDFIQF ND >0.5 500 + 23
12 YNpTFDIQF ND >0.5 300+ 24
13 YNpTFSDFI ND >1 350+9
14 YNpTFIADF 0.8+0.1 0.8+0.1 1020 + 42
15 YNpTFLIVE 23105 0.6+0.2 3800 + 450
16 YEYQFNpTDFIQF 05+0.1 0.03%+0.01 16300 + 6600

Page 18

a . . . . . .
All peptides contained an acetyl group at the N-terminus and a C-terminal amide. ND, kgt and A\ values could not be accurately determined
due to limited peptide solubility.
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Catalytic Activity of VH1 toward pY Peptides

Peptide No  peptide Sequence®  Keat!Km (M~1s7)
17 EDAFSpYAA 3100 £ 400
18 ADTDFpYAA 2600 = 100
19 AQDFDpYAA 1600 + 200
20 FVTDDpYAA 900 + 200
21 AFGDSpYAA 300 + 100
22 YSFDPpYAA 3300 + 100
23 DTADVpYAA 1200 + 100
24 AApYQWDSF 16000 + 1000
25 AApYIDWTG 4000 + 100
26 YDEDFpYDYEF 230000 + 4000
27 YDEDFpYAYEF 120000 £ 2000
28 YDEDFpYDAEF 24000 £ 1000
29 YDEDFpYDYAF 120000 + 2000
30 YDEDFpYDYEA 260000 + 7000
31 YRKRFpYRYKF 500 + 100

a . . . . .
All peptides contained an acetyl group at the N-terminus and a C-terminal amide.
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