Sequence Specific Phosphopeptide Enrichment of
ZAP-70 regulatory motifs using epitope-imprinted
polymer complements

Anil Incel*’, Sudhirkumar Shinde,>*"" Ignacio A. Diez?, Maria M. Stollenwerk® , Ole N. Jensen?

and Bérje Sellergren®?”

Abstract.

Immunoaffinity enrichment based on antipeptide antibodies coupled to mass spectrometry-
based identification and quantification (immuno-MS) is a promising approach to translate
proteomics to clinical assays with diagnostic value. This is linked to precision cancer medicine,
where immuno-MS based studies of protein phosphorylation dependent-signalling states of
cells enable pathway targeted therapies and response monitoring to be developed. Clinically
robust methods depend on the availability of high quality phosphopeptide antibodies but
these rarely meet the stringent demands on reproducibility, robustness, availability and
peptide specificity. We here show that polymer-based “plastic antibodies” prepared by
molecular imprinting could play this role. Focusing on the Tyr-492 and Tyr-493 kinase
regulatory motif of the SH2 domain in ZAP-70, a critical mediator in T-cell receptor signalling,
we show that MIPs can be easily generated to recognize corresponding mono- or di-
phosphorylated tryptic peptides in a highly specific manner. The polymers bound their
complementary phosphorylated decapeptides with Kd:s in the low uM range in both low

aqueous proteomics media and aqueous buffers. Moreover, only minor cross-reactivity was



observed for phosphopeptide variants with identical amino acid sequence. Proving their
practical value, we demonstrate their use for sequence specific phosphopeptide enrichment
from extracts of Jurkat T-cells stimulated to induce protein phosphorylation at either of the
two regulatory sites of ZAP-70. We expect the approach to be broadly applicable paving the

way for robust, low-cost multiplex phosphopeptide assays.
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Introduction

Protein phosphorylation is a reversible post-translational modification (PTM) influencing
protein localization, protein-protein interactions, and intracellular protein activities. This PTM
is the key chemical signal in complex molecular networks and pathways, which controls gene
expression and in turn cell behavior in response to extracellular signals.}* Dysfunctions in the
signalling network commonly involves enhanced kinase activity and abnormal
phosphorylation is thus a common hall mark of several diseases with cancer as a notable
example.> In spite of genetic alterations being the underlying cause for these defects, the
direct identification and quantification of distinct protein phosphorylation events is needed to
understand the disease driving mechanisms and in turn to tailor therapies at an individual
level. This has spurred the development of functional phosphoproteomics, most frequently
based on affinity-based phosphopeptide enrichment combined with advanced mass
spectrometry (MS). This technique is capable of detection, sequencing and quantification of
thousands of protein phosphorylation sites in large-scale experiments.

In spite of the scalability, speed and sensitivity of current phosphoproteomics methods,
robustness is typically insufficient for its routine use for instance in clinical settings.1%! This
may be addressed by targeted phosphoproteomics involving site-specific phosphopeptide
enrichment and selective MS readout techniques.>'2'3 This in turn paves the way for routine
multiplex biomarker quantifications, a requirement for the technique to be useful for routine
use. Immunobased phosphopeptide enrichments have in this context emerged as one
enabling tool allowing deep profiling of multiple phosphopeptides in a reproducible and
robust assay format.> This is offset by current limitations in delivering antibodies fulfilling

high specificity, high affinity as well as high reproducibility and the highly variable



immunogenicity of phosphopeptides per se.? To compensate for this lack of affinity tools, we
set out to investigate whether molecular imprinting technology'*2° could fill this gap.

A molecularly imprinted polymer (MIP) refers to a synthetic polymer with templated binding
or catalytic sites.?! MIPs are typically prepared by conventional network polymerization in the
presence of a template serving the dual role of preorganizing individual monomers and as a
mold for inducing shape complementary binding sites. Removal of the template result in a
MIP exhibiting antibody-like recognition behavior with nanomolar, or higher, affinities for the
template or targets with template substructures.???3 These binders are robust, resist
denaturing solvents, high temperatures and can be reproducibly and cost-effectively
produced. Hence, they are potentially useful as antibody substitutes in protein and glycan
detection strategies. MIPs targeting protein PTMs have in this context emerged as a promising
alternative to established affinity reagents.2429 30 3133 For instance, efficient amino acid side
chain specific enrichment of tryptic peptides from cell lysates or complex protein digests have
been demonstrated for phosphotyrosine3!, phosphoserine?” and most recently labile
phosphohistidine PTMs33. The design of these MIPs relies on the use of neutral urea-based
host monomers with tunable affinity for oxyanions such as carboxylates and phosphates.
Exploiting the ability of divalent phosphate to coordinate two such groups, MIPs can be
prepared featuring cleft-like receptors with tight affinity for the template or target
epitopes.?>3* In contrast to most other phosphopeptide enrichment techniques, these
receptors are charge neutral and therefore less biased towards peptides comprising other

charged amino acid residues, such as Glu and Asp.?’

To apply this technique to the enrichment of specific phosphopeptides we focused on Zeta-
chain associated protein kinase 70 kDa (ZAP-70), a well-characterized protein playing a central

role as mediator in the T-cell receptor (TCR) signalling cascade. 3>3¢ 3733 ZAP-70 is inactive



cytosolic tyrosine kinase which associates with immunoglobulin tyrosine-based activation
motifs (ITAMs) on the transmembrane TCR via two SH2 domain modules.®® These are

connected to the kinase domain via a flexible interdomain (Scheme 1a).
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Scheme 1. a, Schematic drawing of the early stages of TCR signaling comprising the activation of ZAP-70 by
phosphorylation at Y492 and Y493. The TCR interacts with a peptide/MHC (major histocompatibility complex)
on antigen-presenting cells. This leads to attraction of the transmembrane co-receptor CD4 whose intracellular
domains thereby associate with the Src family kinase Lck. Lck thereby catalyze phosphorylation of the ITAMs
which in turn leads to recruitment of cytosolic ZAP-70 via SH2 domain association. b, Sequence of amino acids
485-496 of the ZAP-70 kinase domain.

ITAM association is suggested to free up tyrosine residues Y315 and Y319 of the interdomain
facilitating their phosphorylation.*° This leads to recruitment of other signalling molecules and
renders the enzyme catalytically active. 4! The kinase activity is further controlled by two
juxtaposed tyrosine residues in the kinase domain, Y492 and Y493, acting as negative and
positive kinase activity regulators respectively (Scheme 1b).*>4* ZAP-70 overexpression and
hyper-phosphorylation is linked to Chronic Lymphocytic Leukemia (CLL) highlighting the need

for sensitive assays to monitor the relative abundance of the above phosphorylation sites. 3°



To address this need we set out to design MIPs capable of specific capture and enrichment of
these targets. Based on our stoichiometric imprinting approach*> we here show that MIP
complements can be tailored to recognize each of the four phosphorylated and non-
phosphorylated forms of the Y492/Y493 motif. These MIPs were used for direct enrichment
of phosphopeptides from tryptic digests of proteins extracts from stimulated Jurkat T-cells
setting new limits for the achievable precision of imprinting and its compatibility with protein

phosphorylation assays in biochemistry and cell biology.

Results and discussion

MIP preparation and characterization

Stoichiometric imprinting relies on the use carefully designed functional monomers and
templates that quantitatively associates in an appropriate solvent to form defined monomer-
template complexes.*® We previously showed that aryl-phosphonates and -phosphates
strongly associate (Ka>>1000 M) with urea monomer 1 in aprotic media to form higher order
complexes.?3* Complexation is driven by hydrogen bonding with the urea group of 1 acting
as a potent hydrogen bond donor and the phosphate monoanion or dianion as the acceptor
leading to cyclic hydrogen bonded structures reflected in enhanced solubility behaviour (Fig.
S1). The complex stoichiometry is given by the phosphate ionization state with the
monoanion and dianion promoting the formation of template:monomer 1:1 and 1:2
complexes respectively. To adapt this system to the ZAP-70 epitopes we first prepared the
peptides in Scheme 2a by manual solid-supported synthesis using standard Fmoc chemistry
(Table $1-S2).#” All peptides were obtained in acceptable yields (=60 %) and purity (295%)
based on LC-MS, H-, 13C- and 3!P-NMR characterization (Fig $2-13) and were transferred to

bis-tetrabutylammonium salts prior to imprinting.



Preparation of the MIPs followed in large previously reported protocols using 1,3-diarylurea
monomer 1 added in a twofold excess with respect to each peptide-phosphate group and with

PETA as a hydrophilic crosslinker (Scheme 2b, Table $3).3334
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Scheme 2 | Synthesis of Imprinted Polymers. a, Structure of templates. b, procedure used for preparing MIP
complements to the phosphorylated isomers of the ZAP-70 Y*2Y4%3 motif.

Free radical polymerization was conducted with the initiator, monomers and templates
dissolved in dry acetonitrile. The polymer monoliths were crushed and sieved to isolate a 25-
36 um particle-size fraction, followed by template removal by acid treatment. This led to a
minimum template recovery of ca 90% resulting in a nominal capacity assuming 100% site
occupancy of 15 umol/g (Fig. S14). Morphology and structural characterization were
thereafter performed by scanning electron microscopy (SEM) (Fig. S15), thermal gravimetric
analysis (TGA) (Fig. S16), and Fourier-transform infrared spectroscopy (FTIR) (Fig. S17).

Meanwhile, the Thermogravimetric analysis (TGA) resulted in weight loss curves typical for



highly cross-linked networks with onset above 200 °C and complete weight loss obtained at
450 °C. Moreover, the transmission FTIR spectra showed all characteristic bands with no
apparent differences between the polymers. Overall, the data indicate a high monomer

conversion and no apparent physical or chemical differences between the polymers.

Phosphopeptide binding studies

Imprinting effects were assessed by competitive binding assays by incubating the MIPs in
equimolar peptide mixtures in different acetonitrile/water mixtures or aqueous buffers. First,
we probed the polymer’s ability to recognize their templates in an acetonitrile rich solvent
system. This compensates for network solvation effects on recognition and is the standard
gauge of the polymer’s memory for their templates. 1’ As seen in Fig. $18 the phosphopeptide
imprinted polymers each recognized their complementary templates with selectivity factors
(Btemplate/Bcompetitor) ~ With  respect to the other templates exceeding two. The
nonphosphorylated peptide meanwhile was not recognized by neither of the MIPs reflecting
the lack of strong interactions with 1. Encouraged by this precise discrimination we went on
to probe binding of phosphorylated forms of the ZAP-70 487-496 epitope (Fig. 1). The four
MIPs were hence incubated in acetonitrile/water or aqueous buffers containing the four
decapeptides: nonphosphorylated YY, monophosphorylated pYY and YpY and
diphosphorylated pYpY. Fig. S19-20 show the specific uptakes of all peptides and Fig. 1 the
corresponding stacked selectivity factors in the different solvents. Fig. S19 shows that the
polymers also crossreact with the complementary decapeptides but that this effect is strongly
solvent dependent. In the buffered acetonitrile/water mixtures only in 90% acetonitrile
buffered with TFA is this effect strongly manifested (Fig. 1a, Fig. $19a). Under these conditions

more than 90% of the complementary peptides were bound with selectivity factors all
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Fig. 1 | The phoshopeptide selectivity ratio of imprinted polymers towards deca-peptides. a-c, Results from
equilibrium binding tests (n=3) to probe phosphopeptide selectivity as a function of water content in
acetonitrile/water mixtures or d-f, buffer pH. The selectivity factor was determined as the % bound target
over nontarget peptide (Fig. S19-20) as defined by the MIP design. pYpY = GADDSpYpYTAR, pYY =
GADDSPYYTAR, YpY = GADDSYpYTAR, and YY = GADDSYYTAR.

exceeding 2. The discrimination was lost when replacing the strong acid TFA with the weaker
acid (FA) or basic (TEA) modifiers. Meanwhile, increasing the aqueous content completely
suppressed binding of the peptides. Binding tests using aqueous buffers showed that both
uptake and selectivity depended strongly on the buffer pH. Hence, whereas binding of the
peptides was elevated in low pH 1 and pH 3 buffers (Fig. $20a, b) it dropped overall with
increasing pH (Fig. S20c-e). At low pH, binding increased inversely with the number of
phosphate groups of the peptide with YY displaying the strongest binding. This trend was no
longer present at pH 5, although still with no imprint related discrimination to be seen. On the
contrary, at neutral and basic pH, the MIPs specifically recognized their peptide complements,
an effect seen most clearly in Fig. S20d and Fig. 1d-f. The above observations can be

understood when taking a closer look at the peptide ionization states in the different buffers



(Table 1) and ionic strength effects. In the acetonitrile/water media (Fig. S19, Fig. 1a-c) the
acidic modifiers TFA and FA reduces the charge of the phosphopeptides, while leaving the
phosphate groups partly ionized for interacting with the urea N-H hydrogen bond donors. This
facilitates their interactions with the templated sites explaining the pronounced phosphosite
selectivities observed. This contrasts with results obtained with the basic modifier TEA, which
renders all peptides multiply negatively, charged and strongly solvated. In addition,
nonspecific effects due to the three carboxylic acid groups contribute to overall enhanced
binding. In the aqueous buffers the binding dependence on the ionization state show clear
trends. At pH 1, only the terminal amino acids are charged whereas the acidic side chains are
protonated (pYpY being a possible exception) and charge neutral rendering all peptides an
equal +2 charge. At pH 3, pTyr sites of the phosphopetides are ionized reducing the charge of
the latter in comparison with the nonphosphorylated peptide. The latter, carrying a positive
net charge, is still tightly bound. At pH 5, which is situated between the pKa of the Asp side
chains and the pKa2 of the phosphotyrosines, the phosphate groups are only partially charged
with only one H-bond acceptor free to interact with the MIP sites. Increasing pH from 5to 7.4
however transforms the phosphate groups to dianions i.e., more potent hydrogen bond
acceptors, manifested in a pronounced target discrimination. The effect prevails in the more

basic buffer although less pronounced.

Table 1. Net charge of the ZAP-70 decapeptides* versus buffer pH.

Buffer YY? YpY/pYY? pYpY?
pH 1 2 2 2
pH 3 1 0 -1
pH 5 -1 -2 -3

pH 7.4 -1 -3 -5

pH 9.2 -1 -3 -5
TFA 2 1 0

FA 2 1 0
TEA -2 -4 -6

YY? — GADDSYYTAR, YpY/pYY? — GADDSYpYTAR/ GADDSPYYTAR and pYpY? — GADDSpYpYTAR

10



The recognition effects observed in MeCN/water: 90/10 and neutral buffer led us to

investigate the corresponding binding energy distribution in more detail.

Adsorption isotherms and binding parameters
The binding-energy distributions of the phospho-peptide targeting polymers were determined
from single-component adsorption isotherms under static conditions. The binding data

corresponding to the peptides binding to each MIP in 90% MeCN + 0.1% TFA and in HEPES

buffer pH=7.4 are plotted in Fig. 2 and Fig. S21.
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Figure 2 | Equilibrium binding isotherms of phospho-peptide targeting polymers incubated with indicated
model peptides in. a, and ¢, MeCN/water: 90/10 (0.1% TFA). b, and d, HEPES buffer pH 7.4. pYY =
GADDSPYYTAR, YpY = GADDSYpYTAR and pYpY = GADDSpYpYTAR.

In agreement with the initial peptide binding tests, the MIPs preferentially bound their
phosphopeptide complement with a strong ability to discriminate against their structural
analogs. Meanwhile, binding to the MIP targeting the non-phosphorylated peptide (YY MIP)
was low for all peptides. Fitting the binding data with the Langmuir mono-site binding model
resulted in the binding parameters givenin Table S4. Overall, the polymers exhibited stronger
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affinity for the peptides in the acetonitrile rich medium with saturation capacities (Bmax) for
the peptide complements reaching 2.5-3 umol/g and for the noncomplements ca 1 umol/g for
the pYY- and YpY- MIPs and 0.5 umol/g for the pYpY MIP (Table S4). The pronounced
specificities were accompanied by dissociation constants Kp in the single digit UM range.
Although this indicates a lower affinity than phosphoprotein antibodies the steep initial slope
of the binding curve indicate presence of sites with higher affinity. Even more striking were
the MIPs binding performance in the pH 7.4 buffer. In spite of the slightly lower affinity, the
binding specificity shown by all phosphopeptide MIPs was absolute. For instance, the pYY MIP
bound the pYY peptide but showed complete rejection of the YpY peptide and vice versa (Fig.
2b). To investigate whether the pronounced discrimination prevailed in complex matrices we

went on to peptide enrichment tests.

Enrichment of spiked phosphorylated ZAP-70 deca-peptides from protein digests

To check whether the pronounced phosphotyrosine peptide recognition and discrimination
prevailed in biological samples we decided to stepwise increase the protein sample
complexity. First, we performed spike-in experiments of a mixture of three of the model
peptides (YY, YpY and pYpY or YY, pYY, and pYpY mixtures — each at spiking level: 1:5) in a
digest of BSA and B-casein followed by ZAP-70 MIPs enrichments. The SPE flow-through (FT),
wash (W) and elution (E) fractions were screened by MALDI-TOF MS, resulting in the spectra
shown in Fig. S22. With most of the BSA and B-casein digest peptides found in the FT and W
fractions, it is noted a significant reduction of sample complexity in the E fractions. The mass
spectra of the fractions before and after YY-MIP based enrichment test are shown in Fig. $22d.
Mass signals of all spiked peptides are found in the FT and W fractions whereas none in the E

fraction. However, a different picture emerged from the spectra corresponding to the YpY-,

12



pYY-and pYpY- MIP based enrichment fractions (Fig. $22a-c). In the enrichment using the YpY-
MIP where YY, YpY, and pYpY peptides were spiked in the digest, the E fraction now revealed
one single signal with a m/z matching the target YpY peptide (m/z = 1198.10) (Fig. S22a).
Likewise, the pYY-MIP based enrichment, where YpY was spiked instead of pYY, led to a similar
result (Fig. S22b). Targetting the doubly phosphorylated peptide, the pYpY-MIP was tested
with the same spiked digest as used in YpY-MIP enrichment. Again, the target peptide was
specifically enriched on this MIP as shown by the appearance of a single signal with a m/z
matching pYpY (m/z = 1278.09) (Fig. S22c). Meanwhile YpY was detected in both the FT and
W fractions. In all the aforementioned enrichments, the non-phosphorylated peptide YY (m/z=

1118.11) was mainly recovered in the FT fractions.
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Fig. 3 | Extracted LC-MS/MS profiles of highlighting spiked ZAP-70 peptides (indicated in colors)
corresponding to fractions in the enrichment. a, YpY-, b, pYY-, ¢, pYpY-MIP. Up to down E = Elution, FT + W
= flow-through + washing, R = reference fractions. The spiked peptides are pYpY = GADDSpYpYTAR (green),
YpY = GADDSYpYTAR (blue), pYY = GADDSPYYTAR (red), and YY = GADDSYYTAR (gray). The light pink
chromatogram in the background stands for full chromatogram. The left y-axis shows intensity of spiked
peptides, the right y-axis refers for the intensity of full chromatogram. The spiking level is 1:10 for target:non-
target peptides.
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Increasing sample complexity further, we tested a 12-protein digest in the same manner as
above but with the model peptides spiked at the 1/10, 1/100, and 1/1000 levels. Fractions
were collected from each step and analyzed by nanoliter flow LC-MS/MS (Orbitrap mass
analyzer). Fig. 3 (spiking level is 1:10) and Fig. $23 (spiking level is 1:100) show the extracted
ion chromatograms corresponding to the pre-enrichment control (reference, R) sample and
the post-enrichment (flow through + wash, FT+W and elution, E) fractions.

The MIP sample processing protocol effectively removed background signals at both spiking
levels as judged from the LC-UV chromatograms (light pink) of the elution fractions (E)
compared to reference (R) (Fig. 3). Meanwhile highly specific extractions of the target
peptides were evident but with slight variations depending on the phosphorylation pattern
and spiking level. Tests using the YpY (YY, YpY, and pYpY peptides spiked in enrichment) and
pYY (YY, pYY, and pYpY peptides spiked in enrichment) MIPs, targeting the
monophosphorylated forms, cleanly extracted their targets while completely (Fig. 3) or
partially (Fig. S23) rejecting the nonphosphorylated and diphosphorylated peptides, albeit
with breakthrough noted for pYY. %8

The relative abundances of the spiked peptides (Fig. $24) confirm the results in Fig. 3 and Fig.
S23 (Fig. S24a, b) while revealing other more subtle effects. First considering the SPE results
using the digest spiked with pYpY, YpY and YY (left graphs in Fig. S24). The enrichments of the
target peptides (YpY and pYpY) on their MIP complements, reflected in their relative
abundance in the elution fractions, decreases with increasing dilution but still with a
noticeable target selectivity. This contrasts with the experiments using the digest spiked with
pYpY, pYY and YY (right graphs in Fig. S24). In this case, only pYY is selectively enriched whereas
pYpY enrichment is noted only at the 1/10 spiking level. This suggests that pYY, in contrast to

YpY, effectively competes with pYpY for interacting with the pYpY imprinted sites.
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Detection of site-specific ZAP-70 phosphorylation in Jurkat leukemic T-cells

ZAP-70 protein tyrosine kinase is a prognostic factor in B cell chronic lymphocytic leukemia (B-
CLL).2® Its overexpression is related to the progress of the disease while aberrant
phosphorylation of the protein is considered as a negative prognostic factor for the
disease.3%% The above spike-in experiments show that MIPs can recognize both the number
and position of phosphate groups in the ZAP-70 kinase regulatory motif. Thus, the question
was whether this ability, selectivity and specificity would prevail when exposed to protein
extracts from cell lysates.

To stimulate phosphorylation and expression of the protein we focused on Jurkat T-cells, a
human leukemic T cell lymphoblast cell line. Our first goal was to investigate whether the cells
could be selectively stimulated to express phosphorylation at either Y492, Y493 or at both
positions. This would allow us to probe the efficiency of the MIPs to enrich their targets in
competition with excess of the other isoforms. For this purpose, we applied different bio- and
chemical stimuli known to up- or down- regulate phosphorylation at the two sites and verified
the outcome by Western Blot analysis using anti ZAP-70 phospho-antibodies. After profiling
and identification of the overexpressed ZAP-70 phosphoproteins, whole cell lysate digestion
or in-gel proteolytic digestion of the protein was performed, and the digest analyzed or used
for further enrichment experiments (Fig. S25).

For the stimulation, different regulators and their combinations were employed. An antibody
targeting CD3, the upstream ZAP-70 recruiter in the TCR signalling cascade can be used to
stimulate TCR signalling with increased phosphorylation activities.*® Hydrogen peroxide is a
reactive oxygen species, activating the response of extracellular receptor kinases via oxidative
stress, which in turn initiates TCR signaling and activation of ZAP-70.>° Finally, sodium

pervanadate is an inhibitor of phosphotyrosyl protein phosphatases (PAP) and hence, it can
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be used to generally boost protein phosphorylation.! The cells were stimulated using
individual regulators or combinations of regulators as shown in Fig. 4a thereafter lysed and
the lysate subsequently analysed by PAGE and WB using the anti-phospho ZAP 70 antibodies.
Percent changes in band intensities revealed the relative expression levels of the two ZAP-70
proteins. First, we note that the non-stimulated cells feature constitutive
hyperphosphorylation of Y493. This is in line with previous reports, showing that
phosphorylation of Y493 is a positive regulatory mechanism required for activation of ZAP-70
and lymphocyte antigen receptor function.*>#* Anti-CD3 stimulation slightly increased the
Y493 phosphorylation compared to the basal level while Y492 phosphorylation remained
unchanged. H,0, stimulation alone caused a slight decrease of the Y493 phosphorylation, an
effect reinforced in presence of anti-CD3 that also boosted Y492 phosphorylation. In contrast,
stimulation with Na;VOs alone or in combination with anti-CD3 caused a pronounced
accumulation of phosphorylation at Y492, induced by the phosphatase inhibition, while the
phosphorylation at Y493 remained indistinguishable from non-stimulated or anti-CD3-
stimulated cells.

The catalytic kinase activity of ZAP-70 is known to depend on the mode of phosphorylation of
the two-tyrosine residues Y492 and Y493 in the so-called activation loop.*>** Y493
phosphorylation leads to rearrangement of the activation loop, which frees up the catalytic
center for further downstream signaling. On the other hand, Y492 phosphorylation has been
invoked as a negative activity regulator. Indeed, phosphorylation on Y493 might follow by
auto-phosphorylation of Y492.42

Having confirmed that phosphorylation of Y492 and Y493 can be selectively stimulated, we
focused on cell lysates stimulated with anti-CD3 and anti-CD3 + H,0, for the proteomics

analysis.
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Fig. 4 | Characterization of Proteins and Peptides obtained by Jurkat leukemic T-cell line. a, Western blot
analysis using anti-pY492 and anti-pY493 antibodies for identification of phosphoproteins. b, LC-MS/MS
analysis of peptide mixture produced via in-gel digested ZAP-70 phosphoproteins after stimulation with anti-
CD3 (top) or with a combination of anti-CD3 + H,0, (bottom). The target phosphopeptides and non-
phosphorylated counterpart are indicated pYpY = ALGADDSpYpYTAR (green) — RT: 16.3 min, YpY(1) =
ALGADDSYpYTAR — RT: 17.8 min + pYY(2) = ALGADDSPYYTAR — RT: 18.2 min (purple), and YY =
ALGADDSYYTAR — RT: 18.6 min (gray) (b). c-f, the MS/MS spectra derived from the fragmentation of
ALGADDSYpYTAR (c, d) and ALGADDSpPYYTAR (e, f) after stimulation with anti-CD3 (c, e) and after stimulation
with anti-CD3 + H,0; (d, f). RT: retention time.
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Proteomic analysis of ZAP-70 protein digests of Jurkat T-cell lysates

The amino acid sequence of ZAP-70 is shown in Table S6 and the list of possible short tryptic
peptides of ZAP-70 YY including various phosphorylation states in the kinase domain in Table
S7. For the identification of these and other endogenous phosphopeptides of ZAP-70 digests,
proteins were first isolated by gel electrophoresis by cutting the polyacrylamide gel between
50 kDa and 75 kDa followed by in-gel proteolytic digestion as described in the experimental
section. The sample complexity and peptide profiles of digested ZAP-70 phosphoproteins from
anti-CD3 and anti-CD3+H,0; stimulated cells were screened using LC-MS/MS (Fig. 4b). All YY
peptides could be identified in the chromatograms i.e. YY (gray, Mw 1302.5 g/mol), YpY (1)
and pYY (2) (purple, Mw 1382.5 g/mol) and pYpY (green, Mw 1462.5 g/mol). Confident
phosphorylation site localization of isobaric peptides was achieved by comparing their MS/MS
fragmentation patterns (Fig. 4c-f, Fig. $26). Thus ALGADDSYpYTAR with characteristic y(4) ion
at m/z = 590.2 (Fig. 4c, e) and ALGADDSpPYYTAR with characteristic y(4) at m/z = 510.2 (Fig.
4d, f) verified presence of the pYY and YpY motifs, respectively.

While the intensities of YpY and YY were similar after both stimulations, the pYY intensity
increased after the anti-CD3+H,0; stimulation compared to the non-stimulated cells.
Although this is in qualitative agreement with the WB results the pYY/YpY intensity ratio is
markedly lower in the MS/MS compared to the WB analysis (Fig. 4a). This difference likely
originates from a limited antibody specificity. We therefore compared the level of pYpY after
the two stimulations and as expected, the pYpY signal increased in intensity after the anti-CD3
+ H,0; stimulation (Fig. S26 c, d). Crossreactivity of anti-p492 with pYpY could therefore

account for the quantitative discrepancy between the MS/MS and WB analytical results.

Enrichment of ZAP-70 phosphopeptides from stimulated Jurkat T-cells
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To test the ZAP-70 MIPs ability to enrich phoshopeptides from a complex cell lysate we first
focused on the in-gel tryptic digests of the ZAP70 protein band obtained by SDS-PAGE. The LC-
MS/MS profiles of the pre-enrichment (reference) and elution fractions are shown in Fig. 5.
As in the spike in experiments, the overall peptide abundance was significantly lowered in the
elution fractions (Fig. 5, Fig. S27) compared to the pre-enrichment and FT+W fractions (Fig.
$28).

Focusing first on the target phosphorylated ZAP-70 peptides, the measured abundances of
YpY and pYY in the pre-enrichment fractions agreed with the WB results. Thus, the YpY/pYY
intensity ratio was significantly higher in the anti-CD3 (Fig. 5a) compared to the anti-CD3/H,0;
stimulated cell lysate (Fig. 5b) whereas the pYpY signal intensity was lower and the YY
remained unchanged. Turning to the enrichment results we were pleased to see that the MIP
specificity remained intact also in this native sample (Fig. 5). Hence, all target peptides were
cleanly eluted with a near quantitative recovery and with intensity ratios mirroring the WB
and MS/MS results, the latter appearing clearly when scrutinizing the relative abundancy
graphs in Fig. S29. All in all, these data shows that phosphopeptide specific MIPs are
compatible with direct target enrichment from lysate digests and that enrichment specificities

can exceed those of antibodies.
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Conclusions

Large-scale genomics, proteomics and metabolomics technologies have been used to find
more precise predictive biomarkers for clinical applications. In this context an urgent need for
robust affinity-based sample preparation techniques has emerged that can provide easy-to-
use and reliable biomarker recovery, identification and detection. Protein phosphorylation
analysis using mass spectrometry and applications of enrichment techniques such as IMAC
and MOAC in particular is commonly restricted to generic enrichment of phosphorylated
residues. Here we demonstrate that molecularly imprinted polymers provide a new dimension
in offering the ability to tailor the enrichments towards specific amino acid modifications or
peptide sequences. This may reveal hitherto unknown phosphorylation sites or offer a useful
tool for targeted phosphoproteomics. We show here that sequence specific binders are
capable of specific enrichment of the targeted pTyr peptides directly from in-gel digests of
protein from cell lysates. To demonstrate the approach we focused on ZAP-70, a mediating
kinase in the TCR signalling cascade with a phosphorylation state being a prognostic factor of
Chronic Lymphocytic Leukemia (CLL). The results show that the MIP binders could cleanly
enrich phosphopeptides corresponding to the regulatory motif of the ZAP-70 kinase domain.
Notable features are the absolute discrimination of all phosphorylated forms of peptides
featuring two juxtaposed tyrosines (Yag2Yae3), the high specificity and affinity for a doubly
phosphorylated peptide and the high apparent recovery observed from native samples. This
complements phosphospecific antibodies for this sequence motif that commonly exhibit
undesirable crossreactivities. We foresee this kind of precision imprinting to be broadly
applicable paving the way for robust, low-cost multiplex phosphopeptide assays compatible

with clinical proteomics platforms.
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Experimental Section and Methods

Preparation of Imprinted Polymers. Bis-tetrabutylammonium (TBA) salts of Fmoc-YpYG-OMe,
Fmoc-pYYG-OMe, Fmoc-YYG-OMe (each 0.5 mmol) or Fmoc-pYpYG-OMe (0.25 mmol), urea
monomer (1) (1 mmol), and pentaerythritol triacrylate (PETA) (13.3 mmol) were dissolved in
dry acetonitrile (MeCN) (6.1 mL). The initiator azobis 2,4-dimethyl)valeronitrile (ABDV) (1%
w/w of total monomer) was added to the solution which was subsequently transferred to a
glass ampoule, cooled to 0°C and purged with a flow of dry nitrogen for 5 min. The
polymerization was then initiated by placing the tubes in a thermo-stated water bath pre-set
at 50 °C overnight. After 24 h the tubes were broken, the polymers lightly crushed and then
washed with MeOH:1N HCI (1:1/v:v) x 3 times and MeOH x 2 times for the removal of
template. This was followed by sieving to isolate particle fractions between 25 um and 50 um
for use in subsequent affinity enrichment tests.

Binding Test Using Model Peptides. Each polymer (10 mg) was suspended in 1.0 mL of
equimolar GADDSYYTAR, GADDSYpYTAR, GADDSpYYTAR and GADDSpYpYTAR (each 20 uM)
dissolved in MeCN:H20 at different ratios buffered with 0.1% TFA, FA or TEA or in different
pH buffers . The suspensions were shaken vigorously for 2 h to promote binding equilibrium
followed by centrifugation. The supernatant (500 uL) was dried and the sample reconstituted
in H2O/MeCN: 95/5 (0.1% TFA) (200 uL), and analyzed by reversed phase HPLC using a Prodigy
5 pm ODS-3 100 A (Phenomenex, 150 x 4.6 mm) C18 column. Mobile phases were (A) 100%
H,0 + 0.1% TFA and (B) 100% MeCN + 0.1 % TFA. A linear gradient method of 5% B to 20% B

in 10 min at a flow rate of 1.5 mL/min was used. The injection volume was 100 uL and the
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detection was performed by UV absorbance measurement at 275 nm. All experiments were

performed in three parallel replicas.

Binding Isotherms. The imprinted polymers (10 mg) were separately suspended in 1 mL
solution of different concentrations (0 — 100 uM) of the peptides (GADDSYYTAR,
GADDSYpYTAR, GADDSpYYTAR, GADDSpYpYTAR) in MeCN/water: 90/10 (0.1% TFA) or in
potassium phosphate (0.1M) buffer at pH = 7.4. The vials were shaken for 2 h followed by
centrifugation and quantification of unbound analyte (Ctee) by HPLC using the method
described above. The amount of bound analyte per unit mass of polymer (B) was calculated
according to equation 1 from the total peptide concentration (Co), Cfree, volume (V) and
polymer mass (m). The binding curves were then constructed by plotting B (umol/g) against
Ctree, and were subsequently fitted using the GraphPad Prism 7 software (GraphPad Software,
La Jolla, CA, USA) and the Langmuir mono-site binding model (2):

(1) B= (CO— Cfree) V/m

Keg'C

(2) B =B

max ° 14+Keqc
where Bmax is the maximum amount of solute bound by the polymer particles and Keq the

equilibrium constants.

Enrichments from spiked samples

MALDI TOF-MS analysis. A mixture of three of the model peptides (YY, YpY and pYpY or YY,
pYY, and pYpY mixtures — each at spiking level: 1:5 (1 nmol of peptide mix: 5 nmol to digest)
in a digest of BSA and [-casein followed by ZAP-70 MIPs enrichments. Solid phase extraction
(SPE) was performed using a standard SPE cartridge packed with the MIP, MeCN/water 90/10

(0.1% TFA) as loading solvent (flow through), water (0.1% TFA) as washing solvent and
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MeOH/water: 80/20 (0.1% TFA) followed by MeOH (0.1% TFA) as elution solvents. Three
fractions as flow-through (FT), washing (W), and elution (E) were dried, redissolved and the
peptide profile in each fraction was screened using a MALDI reflector time-of-flight mass
spectrometer (Ultraflex mass spectrometer, Bruker-Daltonics GmbH, Bremen, Germany)
equipped with a Scout-384 source in positive reflector mode. The residue was dissolved in
20% MeCN + 0.1% TFA (25 pL), then 1 pL of sample was mixed with 1 pL of matrix solution
(2,5-dihydroxybenzoic acid, DHB (25.0 mg) was prepared in 1 mL of 50% MeCN and 1%
phosphoric acid + 0.1% TFA) and deposited together on the target plate. The data collection
was performed keeping scanning parameters constant for all samples. The spectra were
collected by accumulating 2000 laser shots in the linear mode (relative laser focus: 50%).
FlexControl software version 3.0 (Bruker Daltonics) was used for instrument control and data
acquisition and further data processing was completed with the FlexAnaysis software version

3.0 (Bruker Daltonics).

LC MS/MS Analysis. ZAP70 deca-peptides were spiked in 12 protein digests (Carbonic
anhydrase, BSA, Ovalbumin, Alpha casein, Beta casein, Beta lacto globulin, RNaseB, Alcohol
dehydrogenase, Myoglobin, Transferrin, Lysozyme, Alpha amylase) with three different
spiking level: 1:10 (1 pmol of peptide mix:10 pmol digest), 1:100 (100 fmol of peptide mix:10
pmol digest) and 1:1000 (10 fmol of peptide mix:10 pmol digest). Each solution was prepared
in 90% MeCN + 0.1% TFA. The polymer particle (10 mg) was packed in single fritted SPE
cartridges (ISOLUTE, Biotage) and was protected with a frit on top. In the enrichment protocol,
the polymers were conditioned by using 90% MeCN + 0.1% TFA (3 x 1 mL) followed by loading
the spiked solution (1 mL prepared by 90% MeCN + 0.1% TFA). The washing step was

performed by using loading solution (2 x 0.5 mL) and 100% H,0 + 0.1% TFA (2 x 0.5 mL), lastly
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the elution step was done by using two solutions, which were 80% MeOH + 0.1% TFA (0.5 mL)
and 100% MeOH + 0.1% TFA (0.5 mL). In the regeneration, each SPE column was washed with
following solutions: 80% MeOH + 20% HCI (0.1 M) (3 x 1 mL), 100% H,0 (3 x 1 mL), and 90%
MeCN + 0.1% TFA (3 x 1 mL). Three fractions as loading (L), washing (W), and elution (E) were
dried and elution fractions were used to test in LC-MS analysis. Each dried elution fraction for
different spiking level with three replicas were tested in LC-MS analysis. Each fraction was
firstly dissolved, vortexed and sonicated. The preparation of fraction for testing in LC-MS
followed as: 1:100 elution fractions were dissolved in 18.8 uL in 0.1% FA (5.5 fmol/uL) and
then 2 pL of the solution was diluted in 9 uL of loading solvent, 1:10 elution fractions were
dissolved in 181.1 puL of 0.1% FA (5.5 fmol/uL) and then 2 uL of the solution was diluted in 9
uL of loading solvent (each dilution process was estimated as 1 fmol/uL peptides exist).
Redissolved peptide samples were then analyzed on a Dione Ultimate 3000 RSLCnhano system
coupled online to an Orbitrap Fusion Tribrid mass spectrometer (Thermo Scientific). In the
analysis of sample, approximately 10 fmol of each elution fraction was injected in 10 uL for 1
fmol/uL of peptides as expecting an elution of 100% recovery. This makes it possible to
compare each elution fraction among each other. Additionally, two positive controls, which
are 10.0 fmol injection of equimolar of ZAP70 peptides and 1:10 spiking solution in 10 fmol of
ZAP70 peptides spiked in 100 fmol of protein digest, were analyzed. The LTQ-Orbitrap Velos
was operated in positive ion mode with data-dependent acquisition. The full scan was
acquired in the Orbitrap with an automatic gain control (AGC) target value of 1 x 106 ions and
a maximum fill time of 500 ms. Full-MS scans were acquired with resolution of 60 000 fwhm
followed by 10 MS/MS scans of the most intense ions, also acquired with a mass resolution at
15000 (HCD normalized collision energy = 35; activation time 10 ms). Raw data were viewed

in Xcalibur v2.0.7 (Thermo Fisher Scientific, USA).

26



For in-gel digest experiments, the polymers were tested with peptide mixtures obtained from
in-gel digests. In enrichment protocol, 4.0 mg of polymer was incubated with 200 pL of peptide
mixture prepared in 90% MeCN + 0.1% TFA for 1 h., followed washing step using loading
solution (200 pL) for 30 min. Both flow-through and washing fractions combined (FT+W). The
elution was completed using first 50% MeOH + 0.1% TFA for 1 h. and then 80% MeOH + 0.1%
TFA for 1 h. and then elution fractions (E) pooled together. Pre-enrichment, FT+W and E
fractions were dried and analyzed by LC-MS/MS. The same LC-MS/MS analysis written above

was done for profiling each fraction obtained by enrichment experiments.

Stimulation of cells and protein analysis. Jurkat (ATCC TIB-152) were cultured under
conventional conditions (37°C, humidified atmosphere, containing 5% CO) in RPMI-1640
supplemented with 10% FCS (Gibco), sodium pyruvate (1 mM) and glucose (4.5 g/L), penicillin
and streptomycin. Before stimulation, cells were serum starved for 3 hours before stimulation.
Thereafter cells were sedimented at 300 x g for 5 min and resuspended at 3 x 10° cells/ml in
RPMI-1640 without serum and stimulated with either anti-CD3 (mouse monoclonal, clone
OKT3, Sigma-Aldrich, USA) at the indicated concentrations, anti-CD3 with 3% H,0, (VWR, USA)
and 3% H,0> for 2 min at 37°C. To find out the optimal stimulation, cells were also stimulated
with sodium orthovanadate (Sigma-Aldrich, Sweden) and sodium orthovanadate with 3% H,0>
for 15 min at 37°C. After stimulation, cells were immediately placed on ice, 1 ml ice-cold DPBS
were added quickly before centrifugation at 300 x g for 5 min. The pellets were lysed for 30
min at 4°C with 150 pl lysis buffer (RIPA, Thermo Scientific, USA) including phosphatase
inhibitor PhosSTOP (Sigma-Aldrich, USA) as well as protease inhibitor (Sigma-Aldrich, USA).
Cellular debris were sedimented at 12 000 x g for 20 min at 4°C and supernatant harvested

and stored at -80°C for subsequent studies. Quantitation of proteins were performed with
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PierceTM BCA protein assay kit (Thermo Scientific, USA). SDS-PAGE and Western blotting were
performed according to the manufacturer. Briefly, reduced SDS-PAGE was performed with
Bio-Rad CriterionTM 12% respectively 7,5% TGX Stain-FreeTM Precast gels (Bio-Rad
Laboratories, Hercules, CA) and proteins were transferred to 0,2 um PVDF (Bio Rad, USA) using
Trans-blot Turbo transfer pack, mini format Trans blot Turbo Transfer system (Bio Rad, USA),
Mini-PROTEAN TGX (Bio Rad, USA). Thereafter membranes were blocked with 0,1% TBS-T with
5 % BSA for 60 min with agitation before incubation with Rabbit polyclonal antibodies to
ZAP70 phospho Y493 (Abcam, Storbritannien), Rabbit monoclonal antibodies [EP2291Y] to
ZAP70 phospho Y492 (Abcam, Storbritannien), and Anti-beta Actin antibodies (Abcam,
Storbritannien). Antibody binding was detected with secondary antibodies Goat Anti-Rabbit
IlgG H&L (HRP) (Abcam, Storbritannien) and HRP Anti-beta Actin antibody (Abcam,
Storbritannien) and enhanced via Clarity MaxTM Western ECL chemiluminescence (ECL)
detection kit (Amersham, Buckinghamshire, Storbritannien). The ChemiDoc Imaging systems

(Bio Rad, USA) were used for imaging.

In-gel Proteolytic Digest. 25 mM NH4HCOs (100 mg/50 ml), 25 mM NH4HCO3 in 50% MeCN,
50% MeCN/5% formic acid, 12.5 ng/uL trypsin in 25mM NHsHCO3 were firstly prepared.
Acrylamide gel was cut between 50 kDa to 75 kDA — where ZAP-70 phosphoprotein were
detected- and gel was sliced into small pieces and placed into siliconized tubes. Gels were
covered with 500 pL of 25 mM NHzHCOs in 50% MeCN, vortexed for 15 min and the
supernatant was discarded. This protocol was repeated twice. The gels were dried using Speed
Vac. to complete dryness. The dried gels were then incubated with 200 pL of 10 mM DTT in
25 mM NH4HCO3 (1.5 mg/mL) for 1 h at 56°C. After reaction, the supernatant was removed

and 200 pL of 55 mM iodoacetamide in 25 mM NH4HCOs3 (10 mg/mL) was added. The reaction
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allowed proceeding in the dark for 45 min at room temperature. Then, the supernatant was
removed and the gel pellets were washed with 200 pL of 25 mM NHsHCO3 and vortexed for
15 min. This protocol was repeated three times and then the gels were dehydrated with 25
mM NH4HCOs in 50% MeCN. The protocol was repeated twice and the gels were dried
completely using Speed Vac. For the digestion, 100 uL of 12.5 ng/uL trypsin in 25mM NH4HCO3
was added and the tubes and placed on ice for 15 min for dehydration. Before incubation
incubated at 37°C for 16 h, 200 pL of 25 mM NH4HCOs in 50% MeCN was added and the
samples. Thereafter, the solution was transferred to clean tubes and 100 pL of 50% MeCN/5%
formic acid was added into gel pieces, vortexed for 30 min and the extracted digested pooled
together. The in-gel digest protocol was repeated several times, pooled together and the

extracted protein digest samples were concentrated.
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