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Abstract: Phosphorylation is an important post-transla-

tional modification on proteins involved in many cellular
processes; however, understanding of the regulation and

mechanisms of global phosphorylation remains limited.
Herein, we utilize self-assembled monolayers on gold for

matrix-assisted laser desorption/ionization mass spectrom-

etry (SAMDI-MS) with three phosphorylated peptide arrays
to profile global phosphatase activity in cell lysates de-

rived from five mammalian cell lines. Our results reveal
significant differences in the activities of protein phospha-

tases on phospho- serine, threonine, and tyrosine sub-
strates and suggest that phosphatases play a much larger

role in the regulation of global phosphorylation on pro-

teins than previously understood.

Protein phosphorylation is the most prominent reversible post-

translational modification and is involved in the regulation of
almost all cellular processes including signaling, migration, pro-
liferation, apoptosis, differentiation, and metabolism.[1] The ad-

dition and removal of phosphorylation sites on proteins are
regulated by kinases and phosphatases, respectively, and dys-

regulation of phosphorylation has been found to contribute to
several diseases such as cancer, diabetes, and neurodegenera-
tive and inflammatory disorders.[2]

Proteomic studies have shown that phosphorylation occurs
on over 30 % of cellular proteins, where it is most commonly
found on serine (Ser, 86.4 %), followed by threonine (Thr,
11.8 %) and tyrosine (Tyr, 1.8 %) residues.[3] The reasons and
functional implications for this distribution of phosphosites

remain poorly understood. Tyrosine phosphorylation is known
to be an important regulator of dynamic signaling events, and

the lower levels of phosphotyrosine (pTyr) are consistent with
the comparable number of kinases (90) and phosphatases
(107).[4] The functional roles of Ser/Thr phosphorylation are less

understood, and the reasons for the abundance of phospho-

serine (pSer) compared to phosphothreonine (pThr) are un-

clear. The number of serine/threonine kinases (428) is far great-
er than the number of phosphatases (only 30),[4] leading many

researchers to postulate that Ser/Thr phosphatases play a
“housekeeping“ role. However, in recent years, it has been rec-

ognized that Ser/Thr phosphatases are important for regulat-

ing phosphorylation, and they act as holoenzymes that form
various complexes with large numbers of regulatory subunits

to gain specificity.[5] The interactions between phosphatases
and their regulatory subunits are yet to be fully elucidated;

however, several reviews comprehensively describe findings
from past research and recent discoveries, notably the review

by Cesareni and colleagues[6] and the special issue titled ”Pro-

tein Phosphatases as Critical Regulators for Cellular Homeosta-
sis“ in BBA—Molecular Cell Research.[7]

The inherent challenges of studying the activities of Ser/Thr
phosphatases that are regulated by interactions with many dif-

ferent regulatory subunits and the lack of assays that can
quantitate both phosphatase activity and substrate specificity

in complex samples, such as cell lysates, help to explain why
the majority of work is directed towards the roles of kinases.[8]

In fact, most explanations for the regulation and distribution of

phosphorylation sites have often emphasized or solely ad-
dressed changes in kinase activity with little consideration for
the roles that phosphatases play. However, as the extent of
phosphorylation depends on the balance of kinase and phos-

phatase activities, increases in kinase activity or corresponding
decreases in phosphatase activity can both lead to greater
phosphorylation.

In this work, we used phosphopeptide arrays to profile total
phosphatase activity from the three main protein phosphatase

families (serine/threonine phosphatases, tyrosine phosphatas-
es, and dual-specific phosphatases that dephosphorylate all

three phosphosites) in cell lysates with the aim of identifying
trends in the relative activities on pSer, pThr, and pTyr sub-
strates. Biochemical arrays are valuable platforms for high-

throughput experiments,[9] and peptide arrays have been im-
portant for the study of substrate specificity of enzymes, epi-

tope mapping of antibodies, and protein binding interac-
tions.[10] We prepared peptide arrays on surfaces presenting
self-assembled monolayers (SAMs) that are well-suited for

assays of cell lysates and compatible with matrix-assisted laser
desorption/ionization mass spectrometry (SAMDI-MS), which

provides a label-free assay of phosphatase activity on peptide
substrates.[11] SAMDI-MS is particularly significant for analyzing

phosphatase reactions because it can observe the reaction
product directly, without the need for labels, and is applicable

[a] Dr. L. C. Szymczak, Prof. M. Mrksich
Department of Chemistry, Northwestern University
Evanston, IL 60208 (USA)
E-mail : milan.mrksich@northwestern.edu

[b] D. J. Sykora, Prof. M. Mrksich
Department of Biomedical Engineering
Northwestern University, Evanston, IL 60208 (USA)

Supporting information and the ORCID identification number(s) for the
author(s) of this article can be found under :
https ://doi.org/10.1002/chem.201904364.

Chem. Eur. J. 2020, 26, 165 – 170 T 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim165

CommunicationDOI: 10.1002/chem.201904364

http://orcid.org/0000-0002-0667-4730
http://orcid.org/0000-0002-0667-4730
http://orcid.org/0000-0002-0667-4730
http://orcid.org/0000-0002-4964-796X
http://orcid.org/0000-0002-4964-796X
https://doi.org/10.1002/chem.201904364
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fchem.201904364&domain=pdf&date_stamp=2019-12-05


to all phosphopeptide substrates. The most striking insight
from this work is that substrates containing pThr are globally

more active for the Ser/Thr phosphatases than are substrates
containing pSer. This work profiles protein phosphatase activity

in cell lysates using hundreds of distinct peptide substrates
and has revealed activity trends that will be important for un-

derstanding the roles these phosphatases play in cellular pro-
cesses.

We prepared phosphopeptide arrays on steel plates with

384 gold islands arranged in the standard microwell plate ge-
ometry, each modified with a SAM. The SAMs present a male-

imide group against a background of protein-resistant tri(eth-
ylene glycol) (EG3) groups, as described previously.[12] We used

standard Fmoc-based solid-phase peptide synthesis to prepare
a pSer peptide library based on the following sequence: Ac-

GXSpZGRC (in which X and Z are variable positions and repre-

sent all natural amino acids except for cysteine). In this way,
the peptides are designed not to identify specific substrates of

individual phosphatases, but instead to represent a broad dis-
tribution of sequences that can resolve the general specificities

of phosphatases in their many complexed forms. The cysteine-
terminated peptides (suspended in 50 mm Tris buffer, pH 7.5)

were robotically spotted onto the monolayer array, where pep-

tides underwent immobilization to each spot through reaction
of the cysteine thiol with the maleimide group. We evaluated

the quality of each peptide using MALDI-MS, and the signal-to-
noise ratios of each peptide are listed in Tables S1–S3, Support-

ing Information.
We next used the pSer peptide array to profile phosphatases

that were present in lysates derived from cultured NIH/3T3

cells. We applied the lysate to each spot on the array (1.5 mL at
0.5 mg mL@1 total protein) and incubated for 15 minutes at

37 8C before the peptide array was rinsed and dried. During
the incubation, endogenous phosphatase enzymes could de-

phosphorylate their corresponding active peptide substrates.
We then applied MALDI matrix to the array plate and mea-

sured the extent of dephosphorylation of each peptide using

SAMDI mass spectrometry (Figure 1).
The extent of dephosphorylation of each peptide was deter-

mined by dividing the area under the curve (AUC) of the de-
phosphorylated product peak by the sum of the AUC of the

dephosphorylated product and phosphorylated substrate

peaks. The extents of dephosphorylation of each peptide in
the array are displayed in heatmaps, where each square repre-

sents an individual peptide with X and Z residues on the hori-
zontal and vertical axes, respectively. The heatmaps report the
percent of dephosphorylation on a color scale, where dark
purple represents 100 % dephosphorylation, and the standard
deviation from three replicates for each peptide is displayed
by circle size within each peptide square—where a smaller

circle corresponds to a larger standard deviation.
To assess phosphatase activity on other residues, we similar-

ly prepared pThr and pTyr arrays based on the sequences: Ac-
GXTpZGRC, and Ac-GXYpZGRC (in which X and Z represent all
natural amino acids except for cysteine). We treated the pThr

and pTyr peptide arrays with the same NIH/3T3 lysate, and an-
alyzed the extent of dephosphorylation of each peptide using

MALDI-MS. The use of three phosphorylated peptide arrays

containing the same sequence (apart from the central phos-
phorylated residue) allows for a direct assessment and compar-

ison of broad phosphatase activities on pSer, pThr, and pTyr
substrates. The phosphatase activity profiles on all three arrays

from the NIH/3T3 cell lysate are shown in Figure 2.
Inspection of the heatmaps reveals striking differences in ac-

tivity and specificity between the pSer, pThr, and pTyr arrays.

While Ser/Thr phosphatases (and dual-specific phosphatases)
act on both pSer and pThr substrates, the levels of activity ob-

served on the arrays are notably different. The substrate specif-
icities observed on these two arrays are quite similar, but the

activity on the pThr array is clearly higher than on the pSer
array. The pSer and pThr arrays show preferential Ser/Thr phos-

phatase activity on substrates containing hydrophobic and aro-

matic amino acids in both the X and Z positions (V, L, I, M, F, Y,
and W). Additionally, we find disfavored Ser/Thr phosphatase

activity on peptides with combinations of G, A, S, T, D, E, N,
and Q in both X and Z positions. The pTyr array revealed low

Tyr phosphatase specificity where most peptides were dephos-
phorylated between 40–60 %; however, we note slightly lower

Tyr phosphatase activity on substrates with lysine or arginine

in either variable position, which is consistent with the findings
of Pei and colleagues.[13] Additionally, on all three arrays, we

observe very little activity on peptides containing proline in
the Z position. While this observation may be related to phos-

phatase substrate specificity, we recognize that proline in the

Figure 1. Profiling phosphatase activity from cell lysates on peptide arrays. Phosphopeptide libraries were immobilized onto SAMDI arrays. The arrays were
treated with cell lysates and the extent of dephosphorylation of each peptide was measured using SAMDI-MS.
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Z position may introduce steric interactions of the phosphoryl-

ated residue with the surface and result in our observed low

phosphatase activity.
We note that our measurements are not calibrated, and

there are differences in ionization efficiency between unphos-
phorylated and phosphorylated peptides; however, these dif-

ferences are consistent between peptides of various sequences
and, therefore, have a minimal perturbation on the trends in

activity and sequence specificity that we observe (Figure S1,

Supporting Information). Additionally, we observe no kinase
activity in our cell lysates without the addition of ATP, a re-

quired co-factor for kinase activity (Figure S2, Supporting Infor-
mation).

Following our analysis of global phosphatase activity in NIH/
3T3 cell lysates, we extended our study to measure phospha-

tase activity in cell lysates from four additional mammalian cell

lines: HT-1080, MCF-7, BT474, and MDA-MB-231. We chose
these five cell lines because we were interested in comparing

the phosphatase profiles between 1) different species (i.e.
NIH3T3 from mouse and the four others from human), 2) dif-
ferent cancer cell types (i.e. breast cancer and fibrosarcoma),
and 3) similar cancer cell types with altering metastatic levels
(three breast cancer cell lines with different receptor profiles).

The chosen cell lines met these three comparison criteria and
are relatively simple to culture. Each cell lysate was applied to
the pSer, pThr, and pTyr peptide arrays, and the arrays were
analyzed by MALDI-MS and reported in heatmaps (Figure 3).
The data values for each peptide for all five cell lysates are
listed in Tables S1–S3, Supporting Information.

The global phosphatase profiles for each lysate again show
preferential activity on pThr compared to pSer substrates. As
mentioned earlier, several proteomic studies have found that
in various cellular conditions, phosphorylation occurs with
&86 % on Ser, &12 % on Thr, and &2 % on Tyr residues.[3] Pro-

teomic studies for the detection of phosphorylated sites offer
an unbiased view of the in vivo proteome; however, they do

not provide mechanistic information such as the enzymes re-

sponsible for the addition and removal of the phosphorylation

modification or the stability and regulatory roles of each phos-
phorylation site. Previous reports suggest the phosphopro-

teome distribution across Ser, Thr, and Tyr residues likely re-
sults from the higher number of Ser/Thr kinases and their pref-

erences for Ser and Thr as phosphoacceptor residues.[14] While
this may be true, our results suggest that phosphatases, and

more specifically the Ser/Thr phosphatases (and the dual-spe-

cific phosphatases), may play a more significant role in deter-
mining the phosphoproteome distribution than previously be-

lieved and can help explain the high levels of pSer.
The high specificity and lower reactivity of phosphatases on

the pSer array may indicate that phosphorylation on Ser is
more regulated than on Thr and/or that Ser/Thr phosphatases

generally have a stronger preference for pThr over pSer sub-

strates. Either of these conclusions could explain why proteo-
mic studies report the highest level of phosphorylation on Ser.

In fact, Merlevede and co-workers found that members of the
PP2A family of Ser/Thr phosphatases preferred pThr over pSer
substrates and that phosphatase activity on pSer could be in-
creased by changing the proximal amino acid sequences sur-

rounding the pSer, while activity on pThr was less affected by
changes in proximal amino acid sequences.[15] Additionally, Bur-
gess and co-workers observed in a proteomic study that pThr

sites with proline in the + 1 position were dephosphorylated
at a higher rate than pSer-proline motifs.[16] These results are

consistent with our findings that phosphatase activity is lower
on pSer than on pThr substrates.

Our observation that Ser/Thr phosphatases are more active

on pThr than pSer substrates is significant because it estab-
lishes that the prevalence of pSer in the proteome could re-

flect generally greater phosphatase activities on pThr. This ex-
ample is a significant reminder that kinases and phosphatases

both play important roles in determining global phosphoryl-
ation.

Figure 2. Heatmaps showing global phosphatase activity in cell lysate from NIH/3T3 cells. The average extent of dephosphorylation of each peptide is plotted
in the heatmap, in which complete dephosphorylation is denoted by dark purple, and each square represents a peptide of sequence Ac-GX-Sp/Tp/Yp-ZGRC, in
which the X and Z residues are denoted on the vertical and horizontal axes, respectively. The standard deviation of the dephosphorylation of each peptide is
displayed by circle size in each peptide square, with larger standard deviations resulting in smaller circles.
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Figure 3. Heatmaps showing the global phosphatase activity in cell lysates from HT-1080, MCF-7, BT474, and MDA-MB-231 cell lines. The experiments and
analysis were performed as described earlier and shown in Figure 2. Larger heatmaps for each of these cell lines are shown in Figures S3–S6, Supporting Infor-
mation.
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We were surprised by the similar phosphatase profiles that
we observed across five different cell lines. To visualize the var-

iance in phosphatase activity across the five cell lysates, we

calculated the standard deviation of the average percentages
of dephosphorylation from all five cell lysates for each peptide.

We found the variation in phosphatase activity on all peptides
was less than 20 %, with most peptides having a standard devi-

ation between 1–10 % (Figure 4).
The functionality of the vast majority of phosphorylation

sites have yet to be studied; however, several reports have

speculated that many phosphorylation sites are nonfunction-
al.[17] Many proteomic studies that have monitored global

phosphorylation in various cellular processes found small varia-
tions across a myriad of conditions. For instance, proteomic

studies that examined global phosphorylation changes in vari-
ous mouse tissues[18] and during mitotic exit,[16] epidermal
growth factor stimulation,[3a] and DNA damage response[19] all

found that global phosphorylation was only altered between
10–15 % which is consistent with our observation of little varia-
tion in phosphatase activity in the five different cell lysates.
The similar, but specific phosphatase profiles that we observed

likely indicate that phosphatase activity is similarly regulated in
different cell types and could also suggest that many phos-

phorylation sites are nonfunctional. The mechanisms behind

phosphatase specificity remain largely unknown; however, it is
clear from our results, as well as from others, that phosphatas-

es are highly regulated enzymes.[20]

Herein, we used peptide arrays and SAMDI-MS to observe

and differentiate phosphatase activity on Ser, Thr, and Tyr resi-
dues on more than 1,000 peptide substrates for lysates derived

from five cell lines. We found that phosphatase activity is

lower on pSer in comparison to pThr substrates, which may
suggest that the phosphorylation distribution across Ser, Thr,

and Tyr residues is largely impacted by phosphatase activity,
rather than differential activity of kinases alone. It is clear that

phosphatases have significant regulatory roles in the cell ; how-
ever, further studies on the substrate specificities and dynamics

between kinases and phosphatases are necessary to fully deci-
pher the mechanisms behind phosphorylation and the regula-

tory roles of each site.
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