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Reversible phosphorylation of proteins (a critical posttransla-
tional event catalyzed by kinases and phosphatases) occurs in
>20% of human proteins.!! Although kinases have been
studied extensively,” knowledge about the biological charac-
terization of phosphatases, for example, their cellular partners
and substrate specificities, is limited.”! The reason is, in part,
the lack of strict substrate specificity in many phosphatases, as
well as a shortage of techniques that enable quick and
accurate determination of potential phosphatase substrates.
There are two main classes of protein phosphatases, namely
tyrosine phosphatases (PTPs) and Ser/Thr phosphatases.
Most approaches developed thus far have focused on
mapping the substrate specificity of PTPs.[*®! Early studies
involved kinetic assays of individually synthesized phospho-
peptides.”! More recently, combinatorial peptide libraries and
SPOT synthesis were introduced.” In the latest example,
Waldmann and co-workers introduced a peptide-microarray
strategy for mapping the substrate specificity of PTPs® by
immobilizing phosphopeptides on glass slides and detecting
their dephosphorylation with a fluorescently labeled anti-
pTyr antibody; the strategy is a major improvement over
previous membrane-based methods.”! The main drawback,
however, is that it can only study PTPs due to the lack of
reliable anti-pSer/Thr antibodies. Herein, we report the first
peptide microarray for high-throughput studies of Ser/Thr
phosphatases.

A peptide microarray is a miniaturized screening platform
that enables thousands of individually addressable peptides to
be simultaneously interrogated on a glass slide.”™ Over the last
few years, the peptide microarray has become a viable choice
for high-throughput determination of enzyme substrate
specificities.”] In our current work, we show that glass slides
that have multiple peptide substrates of Ser/Thr phosphatases
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immobilized on them can be used to simultaneously deter-
mine the preference of the enzymes for the different
substrates; with this information, new biology may be
discovered. In contrast to the approach of Waldmann and
co-workers, our method is amenable to both Ser/Thr phos-
phatases and PTPs. Compared to other approaches, it offers
unique advantages in terms of throughput and sensitivity.""”

We synthesized 87 putative peptide substrates of Ser/Thr
phosphatases, each containing 11 amino acid residues with a
centrally located p(Ser/Thr)-Pro moiety flanked by 5 and 4
amino acids on each side (Figure 1a). Protein phosphoryla-
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Figure 1. a) The p(Ser/Thr)—Pro peptide microarray used to target Ser/
Thr phosphatases. b) The subarray format and three types of applica-
tions introduced in the current study.
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tion/dephosphorylation on (Ser/Thr)-Pro moieties is highly
prevalent amongst known kinase/phosphatase substrates.
These peptide sequences were extracted from putative
protein substrates of the peptidyl prolyl cis/trans isomerase
(PPIase) or Pinl. Pinl, together with its regulatory kinases/
phosphatases, is a key cell-regulatory protein.!"!! Many
physiological substrates of Pinl are known. Enzymes that
control phosphorylation/dephosphorylation of these sub-
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strates, however, have not been well studied. In fact, PP2A is
the only Pinl-regulated phosphatase identified to date.”! OQur
aims in this work were therefore to develop a peptide
microarray that allows accurate determination of the activ-
ities of candidate Ser/Thr phosphatases against putative Pinl
peptide substrates and to identify unknown physiological
phosphatase/substrate pairs whose activity is regulated by
Pinl cis/trans isomerization. The peptides were individually
synthesized by standard solid-phase peptide chemistry and
characterized by LC-MS. An extra hydrophilic linker and
biotin were introduced to the N terminus of each peptide,
which was then subsequently immobilized onto an avidin-
coated glass slide to generate the corresponding peptide
microarray.

To detect peptide dephosphorylation on the glass slide, we
used a signal-decrease assay with the commercially available
Pro-Q Diamond dye, which is capable of fluorescence-based
measurement of pSer/Thr/Tyr residues present in peptides
and proteins (Figure 1a).'¥) Compared to other microarray-
based methods that report phosphorylation/dephosphoryla-
tion,*”*< the Pro-Q method is advantageous in terms of its
safety, ease of handling, and sensitivity."¥ On each peptide
microarray, 6 identical subarrays were fabricated, with each
containing all 87 putative Pinl peptides individually spotted
in duplicate (Figure 1b). Each subarray comprises approx-
imately 200 different spots, thereby allowing up to 1200
different enzymatic assays to be simultaneously performed on
the same slide. By closely monitoring the dephosphorylation
event of every peptide in the whole collection (Figure 1b),
one can 1) carry out kinetic measurements and obtain the
relative rates of dephosphorylation (k) for many peptides
against a phosphatase, 2) generate unique and comparative
substrate “fingerprints” of different phosphatases, and 3) dis-
cover potential phosphatase/substrate pairs regulated by
Pinl. To ensure the accuracy of our results, we determined
the variability of spots from different subarrays; a high
correlation (Pearson coefficient r > 0.9) in fluorescence read-
ing was obtained for the same peptides spotted across
different subarrays. We further confirmed that the fluores-
cence reading was linearly proportional to the amount of
phosphopeptide present in each spot. Nonphosphorylated
peptides did not give any noticeable fluorescence. We noticed,
however, that different peptides spotted on the same (sub)-
array, despite a uniform spotting concentration, registered
varying degrees of fluorescence reading after Pro-Q treat-
ment (Figure 2a). This could be due to the presence of
different hydrophobic environments around the phosphoa-
mino acid in the peptides. The same phenomenon had been
reported previously.?!

We next investigated whether the peptide microarray
could be used for simultaneous kinetic studies of a Ser/Thr
phosphatase. Lambda phosphatase, an enzyme possessing
Ser/Thr phosphatase activity from bacteriophage A and dis-
tantly related to PP2A and PP1 (also a Ser/Thr phosphatase),
was used as the model protein. Both concentration- and time-
dependent experiments were carried out by applying different
amounts of the enzyme (0-8 U; Figure S9 in the Supporting
Information) to different subarrays on the glass slide, as well
as incubating the subarrays for different periods of time
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Figure 2. a) Time-dependent experiment with Lambda phosphatase.
The six subgrids were incubated with Lambda phosphatase at different
time intervals. Only one subarray is shown (0 min). The “expanded”
images represent time-dependent results of three peptides (E2, L5, &
E8). Samples were spotted in duplicate. b) The kinetic profiles and
fitted curves of three representative peptides, E2 (O), L5 (¢), and E8
(®). ) The time-dependent HPLC assay validation experiment of the
three peptides. No noticeable dephosphorylation of E8 was detected.
*: starting peptides; »: dephosphorylated peptides.

(Figure 2a). All experiments were performed in triplicate.
Concomitant fluorescence decreases were observed with
increasing enzyme concentrations and incubation times
(“expanded” images in Figure 2a) for all active peptide
spots (that is, spots that show a decrease in fluorescence
reading upon treatment with Lambda phosphatase). An
optimized enzyme concentration was thus obtained and
used for all subsequent experiments. Inhibition experiments
were carried out by preincubating the Lambda phosphatase
with increasing amounts of Na;VO, (a general phosphatase
inhibitor) before it was applied to the peptide microarray; a
complete abolishment of phosphatase activity was observed
with 1.4 mm Na;VO,, a result indicating the specific detection
of phosphatase activity on the microarray. To obtain kinetic
data, the fluorescence data from the time-dependent experi-
ments, representing a total of 1044 individual data points (87
peptides x 6 time intervals, in duplicate) were quantified,
filtered, and fitted to obtain the relative rates of dephosphor-
ylation, k., where kq,,= (k../Ky)*x E and represents the
observed rate of catalysis/Michaelis constant (k./Ky,) ratio
under a given enzyme concentration (E). Representative
fitted curves are shown in Figure 2b. Since our assay was run
under conditions in which the enzyme and peptide substrate
concentrations were well below the K, value, the k, values
thus truly reflect the k. /Ky ratios® " and can be used to
compare the kinetic profiles of different substrates for the
same enzyme. To ensure the quality of the kg, values
obtained, we subjected the data to stringent filtering criteria
(r>0.85 in fitted curves) and significant dephosphorylation
signals (>40% signal decrease from the original Pro-Q
readings), and we were able to obtain reasonable k,, values
for 53 of the 87 peptides (Figure S10 & Table S3 in the
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Supporting Information). To confirm the accuracy of our
microarray data (which are based on a solid-phase assay), we
picked three representative peptides with different k,, values
(high, moderate, and low) for independent verification with a
solution-phase HPLC assay (Figure 2 ¢ & Table 1). The results

Table 1: k,,, values obtained from the microarray and HPLC assays.”!

Peptide kops With array kyps With HPLC
E2: PVPPG-pT-PAPPG 0.13+0.03 0.17

L5: HSSAA—-pT-PNLGP 0.077+0.03 0.064

E8: HSESA—pS—PSALS ND®! NDE!

[a] Values are given +the standard deviation. [b] ND: not determined;
the k. value was too small to be determined accurately.

confirmed that the &, values obtained from the microarray
were consistent with those measured by using the HPLC
assay. Furthermore, the microarray assay appeared to be quite
sensitive, capable of detecting “weak” substrates (for exam-
ple, E8 in Figure 2b,c) that would have eluded the HPLC
assay.

We next used the peptide microarray to generate the
corresponding substrate fingerprints against five different
phosphatases. All phosphatases tested showed distinct sub-
strate specificities (or “fingerprints”) against our peptide
microarray (Figure 3a). Alkaline phosphatase is a “spurious”

buffer Alkaline Lambda PP2B PP2A

b) Alkaline 1
Lamhda |
PP1 |
PP2B | 1
PP24 | |

’ BTK-21 C‘i o% Raf-1 W Cdc25
L&
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Figure 3. Substrate fingerprints of 5 different phosphatases (and buffer
only as a control) against the panel of 87 peptides. The grid format of
the array is the same as that shown in Figure 2a. a) Original micro-
array images. b) Heat map of the extracted data, with selected
peptides identified. See Table S5 in the Supporting Information for
details. The scale bar represents the relative dephosphorylation ratio.

enzyme known to dephosphorylate a variety of phosphate-
containing molecules (including phosphopeptides/pro-
teins).' Interestingly, it showed a clear preference towards
pSer over pThr amongst the phosphopeptides (Figure S14 in
the Supporting Information), which is a key criteria routinely
used to distinguish acid/alkaline phosphatases from “genu-
ine” Ser/Thr phosphatases.'” Lambda phosphatase dephos-
phorylated most of the 87 peptide substrates in our micro-
array, which agrees well with its known broad substrate
specificity."¥! Of the three mammalian Ser/Thr phosphatases,
PP1, PP2B, and PP2A, only PP2A was previously shown to be
involved in Pinl regulation pathways.'”! PP1 was previously
reported to show low activity against most peptide sub-
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strates.””) Correspondingly, it weakly dephosphorylated most
peptides in our microarray. PP2B, also called calcineurin, is a
heterodimer made of two major subunits, namely CnA and
CnB.'"M We expressed the CnA subunit (the phosphatase
subunit) and tested it against our peptide microarray. The
results showed that CnA dephosphorylated most peptide
substrates. Of the top 6 substrates of CnA identified from our
results, half of them bear a basic residue at the —3 position
(BTK-21, C1, and Tau; see Table S6 in the Supporting
Information). This is in good agreement with previous reports
regarding the substrate specificity of PP2B."") PP2A, as
expected, dephosphorylated many of the peptide substrates in
our microarray (see below), albeit with weak activity in
general. Overall, the unique fingerprints generated from our
experiments should offer useful information for identifying
potential physiological substrates of a target phosphatase.
Pinl isomerizes the p(Ser/Thr)-Pro motif in a number of
phosphoproteins (for example, Cdc25 and Tau) and, conse-
quently, regulates their dephosphorylation with PP2A [11:12:20]
This regulatory mechanism plays an important role in a
variety of cellular activities and is associated with human
diseases including cancer and Alzheimer’s disease.'!! PP2A is
the only phosphatase identified thus far that takes part in
Pinl-regulated dephosphorylation. We wondered whether
our peptide microarray could be used to investigate Pinl-
regulated dephosphorylation events caused by PP2A and to
identify new Pinl-regulated PP2A substrates. We carried out
the dephosphorylation experiment with PP2A, with or with-
out Pinl, on the peptide microarray (Figure 4a). As shown in
Figure 4b, when Pinl regulation scores of +0.1 were set as
the cut-off thresholds, the affected peptides could be broadly
classified into different groups: 1) “Expected” (>=£0.1
score), where the peptides derived from previously reported
Pinl-regulated protein substrates of PP2A, such as
Cdc25 (T48);">2" 2) “unexpected” (< 0.1 score), where
the peptides derived from previously known Pinl-regulated
protein substrates of PP2A, including the two Tau pep-
tides;"*? and 3) “new” (>=0.1 score), where the peptides
derived from proteins not previously known to be Pinl-
regulated PP2A substrates. These are highlighted with an
asterisk in Figure 4b and include (left to right) p53, A16, p73,
Bcl-2 (S87), pS54nrd, cyclin D and E, Sil (S699), E6, and
Sil (T574). Of this list, Bcl-2 (S87) caught our attention
immediately, as it is a phosphopeptide derived from the
antiapoptotic protein Bcl-2 which plays a key role in apoptosis
and cancer.”!! It is known that the activity of Bcl-2 is highly
regulated by phosphorylation under or oxidative stresses, and
PP2A may be involved in dephosphorylation of Bcl-2.%?
Recent studies have also indicated that Pinl can interact
with Bcl-2;%! however, the tripartite relationship has not yet
been established. In our current study, the regulation experi-
ment has provided a rapid and potentially accurate means to
predict the vital interplay among these three important
proteins. To confirm this, we carried out cell-based experi-
ments to investigate the effect of Pinl on Bcl-2 dephosphor-
ylation by using Pinl WT (Pin1™") and Pinl knockout
(Pinl1™") mouse embryonic fibroblasts (MEFs; Figure 4c).
Consistently, both Pinl** and Pinl”~ MEFs showed no
difference in the level of Bcl-2 protein expression, a result
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Figure 4. Pin1-regulated dephosphorylation by PP2A. a) Array images
upon treatment with 1) buffer, 2) PP2A only, 3) Pin14+PP2A. The boxed
spots correspond to the Bcl-2 (S87) peptide (yellow) and two of the
Cdc25 peptides (red). b) Pin1 regulation score for PP2A activity against
the panel of 76 peptides. Selected peptides are highlighted by colors
or with asterisks. c) Cell-based experiments with Pin1™/* (wild-type,
WT) and Pin™/~ (knockout, KO) cell lines to confirm the up regulation
of Bcl-2 (S87) protein dephosphorylation by PP2A in the presence of
Pinl. PP2A is endogenously expressed in both cell lines.

suggesting that Pinl did not affect the expression of Bcl-2.
Importantly, we observed a dramatic increase in the phospho-
Bcl2 (Ser87) protein level in Pinl™~ MEFs. These results
suggest that in the absence of Pinl, PP2A probably displayed
significantly reduced phosphatase activity, thereby resulting
in an accumulation of phospho-Bcl2 (S87) protein. At this
moment, we can not rule out the possible involvement of
other Ser/Thr phosphatases (rather than PP2A) in regulating
Bcl-2 dephosphorylation in Pinl '~ MEFs.

In conclusion, we have developed a peptide microarray
capable of high-throughput determination of Ser/Thr phos-
phatase activities. The strategy should be amenable for future
studies of other phosphatases. By determining the dephos-
phorylation of putative peptide substrates and generating the
so-called substrate fingerprint, we were able to delineate the
substrate preference of the enzyme in vitro and in the
presence of regulating proteins. We showed that the strategy
could be used to discover new phosphatase biology. This was
illustrated with the example of PP2A, a previously known
Pinl-regulated enzyme; from initial microarray findings, we
were able to validate, in a cell-based assay, the suggestion that
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Bcl-2 dephosphorylation is indeed dependent on Pinl expres-
sion. This might provide useful information for the future
discovery of potential Pinl inhibitors. Since our strategy
utilizes purified enzymes, it might not work well with
phosphatases that are active only in multimeric complexes.
Additionally, since at most only 1000-10000 peptides could be
accommodated on each glass slide, our platform can only
cover a small fraction of all the possible sequences of a target
phosphatase. Nevertheless, this method should provide a
useful chemical tool in the emerging field of catalomics.”"]
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