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Abstract: We present a novel and straightforward screening
method to detect protein phosphorylations in complex protein
mixtures. A proteolytic digest is separated by a conventional
nanoscale liquid chromatography (nano-LC) separation and
the eluate is immediately compartmentalized into microdrop-
lets, which are spotted on a microarray MALDI plate.
Subsequently, the enzyme alkaline phosphatase is applied to
every second microarray spot to remove the phosphate groups
from phosphorylated peptides, which results in a mass shift of
nx—80 Da. The MALDI-MS scan of the microarray is then
evaluated by a software algorithm to automatically identify the
phosphorylated peptides by exploiting the characteristic chro-
matographic peak profile induced by the phosphatase treat-
ment. This screening method does not require extensive MS/
MS experiments or peak list evaluation and can be easily
extended to other enzymatic or chemical reactions.

The investigation of post-translational protein modifications
is pivotal for gaining a deeper understanding of protein
functions and their roles in cellular mechanisms.'! Amongst
the large family of post-translational modifications (PTMs),?
phosphorylation is found to be one of the most frequent.”! Tt is
estimated that approximately one third of all proteins in
eukaryotic cells are phosphorylated at one point in their
lifetime™ and that approximately two percent of the human
genome encodes kinases and phosphatases.’! Despite the
great regulatory importance of protein phosphorylation, their
proteomic study is still far from being routine.
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State-of-the-art methods to study protein phosphorylation
commonly rely on bottom-up proteomic workflows using
liquid chromatography (LC) coupled online to electrospray
ionization (ESI) tandem mass spectrometry (MS/MS).[!
However, those and other common approaches suffer from
various limitations and are far from delivering a comprehen-
sive picture. Usually, in a single data-dependent analysis run,
a substantial number of (mainly low intensity) peaks are not
selected for fragmentation and consequently remain unno-
ticed. This is particularly problematic for the detection of
phosphopeptides as they are known to be of low abundance
and reported to exhibit poor ionization efficiencies” and poor
fragmentation behavior.®! These limitations often result in
alarge number of false positives as well as in a low probability
score in automated MS/MS search algorithms.”! False pos-
itives have also been reported as being introduced by sample
preparation artifacts in combination with improper precursor
selection,'” or by insufficient mass accuracy and precision,
which, for example, makes it impossible to discriminate
between phosphorylation and sulfation."!! Furthermore,
depending on the scoring and reporting procedure, different
tandem MS search algorithms can generate significantly
different results.'”

A common fragmentation-free approach employs enzy-
matic dephosphorylation prior to LC-MS analysis,"! so that
the removal of n phosphate groups results in an indicative
mass shift of n x —80 Da. However, this approach requires at
least two consecutive LC-MS runs to detect the mass shift by
peak lists comparison.®¢%] This can be challenging as the
removal of the phosphate group(s) influences the elution time
of the peptides and thus, large elution areas from separate
runs have to be correlated.'

Enzyme-based phosphopeptide identification has also
been demonstrated using a workflow combining LC and
matrix-assisted laser desorption/ionization mass spectrometry
(MALDI-MS) with intermediate on-plate digestion.[*™
However, the commercially available fractionation devices
deteriorate the separation by pooling eluate for dozens of
seconds on one spot. This results in competitive ionization,
which prevents the identification of low-abundant signals.
Furthermore, an on-plate digest after MALDI matrix addi-
tion is hardly feasible.

Here we describe a novel and straightforward screening
method to detect protein phosphorylation in complex protein
mixtures. The method is based on the integration of on-plate
nanoliter phosphatase reactions into a nano-LC-MALDI-MS
workflow. This is achieved by using droplet microfluidics
which has proven to be a powerful technology for (bio)chem-
ical syntheses!"™ and (bio)analytical applications."®! Building
on our recently introduced interface between droplet micro-
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Figure 1. A) Workflow for phosphopeptide screening: 1) The nano-LC
eluate is compartmentalized into picoliter droplets using droplet
microfluidics and collected on a microarray plate with high temporal
resolution (final volume of each fraction on the plate is 5 nL). 2) The
microarray plate is placed under a protecting film of perfluorinated oil
and every second fraction is digested by adding droplets which contain
alkaline phosphatase. 3) MALDI matrix is added to each spot (not
shown) and each spot is analyzed by MALDI-MS. B) Photograph of

a microarray plate with 2780 hydrophilic spots (spot diameter:

300 um) inside a sample holder. C) Micrograph showing the left part
of the microarray after eluate spotting. D) Fluorescence micrograph
showing the same field of view after enzyme addition. The enzyme
droplets, which also contain low amounts of fluorescein (used to
visualize the droplets), are only spotted on every second eluate
fraction.

fluidics and MALDI-MS,"” we used a modified platform that
facilitates spotting of nano-LC eluate fractions on a high-
density microarray with subsequent on-plate dephosphoryla-
tion (Figure 1). This is enabled by a new system, in which the
microarray is immersed in a perfluorinated oil bath that
prevents evaporation during the addition and incubation of
the enzyme-containing droplets. The combination of the on-
plate nanoliter enzymatic reactions and eluate fractionation
with high temporal resolution enables the simultaneous
detection of phosphorylated and enzymatically dephosphory-
lated fractions using the same nano-LC run. As a result, our
method expands the standard analytical dimensions of LC-
MS analysis, that is, retention time and mass, by adding
a time-wise correlated enzymatic step—in this case the
specific dephosphorylation—as a third analytical dimension.
This enables a robust and straightforward phosphopeptide
screening for both low- and high-abundant signals. Phos-
phorylated peptides are identified without a priori knowledge
about the sample, without any sample enrichment steps, and
without fragmentation experiments.

In the experimental workflow, the proteolytic digest of
a protein mixture (containing o-casein S1 and S2, -casein,
and BSA) was injected into a reversed-phase nano-LC
system. Subsequently, the outflow was fractionated at 1 Hz
rates onto a microarray plate using droplet microfluidics."”
The eluate compartmentalization into picoliter droplets
preserves the chromatographic separation and enables the
fast and reliable deposition of eluate fractions (final volume
of 5 nL; Figure 1 A1). Therefore, even narrow peaks of only
a few seconds width were divided into multiple fractions and
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stored over several adjacent microarray spots containing
virtually identical compositions.

After archiving the nano-LC run on the microarray plate,
droplets containing alkaline phosphatase were deposited on
every other spot on the microarray (Figure 1 A2 and S1 in the
Supporting Information, SI). During this procedure, the
microarray plate and the spotting capillary were immersed
in a liquid bath of perfluorodecalin, which enabled elongated
incubation times. After incubation, most of the oil was
removed by decantation and the remaining traces of oil
evaporated residue-free. Finally, MALDI matrix was spotted
on every spot using the same procedure and the entire chip
was analyzed by MALDI-MS.

The phosphatase treatment turns a highly resolved con-
tinuous peak of an eluting phosphopeptide into a character-
istic zigzag pattern. At the same time, a peak originating from
the dephosphorylated peptide with a mass shift of n x —80 Da
relative to the phosphopeptide arises solely on the treated
spots generating a second zigzag pattern. The resulting
characteristic interlocked zigzag pattern is demonstrated in
Figure 2 for the phosphorylated peptide KTVDME(p)-
STEVFTK (a-casein S2). The observed mass shift also
shows the number of phosphorylations (here: one). Non-
phosphorylated peptides or peptides with modifications of
different chemical nature (e.g., sulfated peptides) are not
affected by the enzymatic reaction (Figure 2B).

Peaks appearing exclusively in control spots or exclusively
in adjacent digest spots are therefore directly indicative of
phosphorylated peptides and their dephosphorylated counter-
part, respectively. This procedure significantly reduced the
duration and complexity of data evaluation as compared to
conventional approaches in which the dephosphorylation of
a part of the sample is performed before separation.l**<¢
Furthermore, our data evaluation approach based on the
detection of characteristic peak patterns turned out to be
more specific than the more commonly used approach based
on the comparison of large peak list tables. The reduced
complexity of our method therefore paved the way for
automated data evaluation.

We were able to develop a Matlab script to systematically
screen the entire data set (containing 1430 MS spectra for
25min LC run time) for the characteristic zigzag peak
profiles. Figure 3 (row 1) shows details of three extracted
ion chromatograms (XICs) representing a pair of a phos-
phorylated (A1) and its corresponding dephosphorylated
(B1) peptide as well as a non-phosphorylated peptide (C1).
To discriminate between the MS signals originating from
these different peptide classes, the base-peak-intensity ratio
of each spot (n) to the next spot (n+1) was calculated
(row 2). Subsequently, the intensity ratio values were sepa-
rated into two groups (rows 3 and 4). The intensity ratio of
each control spot to its subsequent digest spot is only high for
phosphorylated peaks, because the intensity was typically
reduced to the noise level on digest spots due to the enzymatic
dephosphorylation (A3). Similarly, high-intensity ratios of
each digest spot to its subsequent control spot appear solely
for dephosphorylated peptides, because they do not appear
on control spots (B4). Peaks from non-phosphorylated
peptides do not show up after this procedure (C3, C4).
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Figure 2. A) Extracted ion chromatograms for m/z=1594.7+0.5 (green) and m/z=1514.7+0.5 (blue) illustrating the characteristic interlocked
zigzag pattern corresponding to the phosphorylated and dephosphorylated version of KTVDME (p)STEVFTK (a-casein S2). The dashed line
indicates the hypothetical shape of the untreated phosphopeptide peak. B) Relevant m/z region of mass spectra from seven subsequent one-
second eluate fractions. Peaks with a molecular ion mass of 1594.7 Da and 1610.7 Da (+ 16 Da; methionine oxidation) appear only in control
spots. Other peaks with a molecular ion mass of 1514.7 Da and 1530.7 Da (4 16 Da; methionine oxidation) appear only in digest spots. The mass
shift of —80 Da shows that the peptide is singly phosphorylated. Peaks corresponding to non-phosphorylated peptides do not show the
characteristic intensity fluctuations (example at 1639.8 Da is marked in gray).

Finally, a threshold analysis is used to classify a signal as
a potential hit or as background. Using this approach, even
low-abundant phosphorylated or dephosphorylated peptides
can be detected (see Figure 3, column A).

The classification of a peak as a “hit”, a “potential hit”, or
as “negative” was performed on the basis of two criteria:
1) The appearance of a zigzag peak profile for any peptide
due to phosphatase treatment, and 2)the appearance of

a second zigzag peak profile interlocked with the first peak
profile at a mass shift of nx 80 Da. Peptides fulfilling both
criteria were rated as a “hit”. Peptides showing a characteristic
zigzag peak profile but without an automatically detected
interlocked counterpart were rated as a “potential hit”. In this
case, we applied a “count-up” or “count-down” method. This
method implies the overlaid plotting of the elution trace of
a “potential hit” peptide together with elution traces of the

Table 1: Summary of all transitions, which were detected in our validation sample.?!

Entry a-casein S1 (#P) a-casein S2 (#P) B-casein (#P)

Not assigned to model proteins Not assigned to model proteins
(Part 1) (#P) (Part 2) (#P)

1 1660.7 — 1580.8 (1) 1466.5 — 1386.6 (1) 2061.7 — 1981.8 (1) 31844  — 31044 (1) 19339 —  1853.9 (1)
2 1951.9 — 1871.9 (1) 15946 — 15146 (1) 2431.9 — 2352.0 (1) 27944 —  27144(1) 19919 —  1912.0 (1)
3 2079.9 — 2000.0 (1) 1738.7 — 1658.7 (1) 2556.0 — 2476.1 (1) 27552 — 26752 (1) 19898  —  1909.8 (1)
4 25482 — 24682 (1) 14185 — 13385 (1) 29842 — 29042 (1) 24450 —  2365.1(1) 16827 —  1602.8 (1)
5 27209 — 2321.0 (5) 15465 — 1466.5 (1) 31222 — 28023 (4) 24241  —  23441(1) 15505 — 13905 (2)
6 19276 — 1767.7 (2) 15395 — 13795 (2) 21097  —  2029.8 (1) 14825  — 14025 (1)
7 19436 — 1783.7 (2) 27161 — 2556.2 (2) 20837 — 20037 (1) 14536 —  1373.6(])
8 18795 — 1719.6 (2) 3008.1 — 2688.2 (4) 20500 — 19700 (1)

9 18328 — 1752.8 (1) 2093.8 — 2013.8 (1)

10 31320 — 2812.2 (4)

[a] The first, second, and third column show entries for a-casein S1, a-casein S2, and B-casein, respectively. The last two columns show unassigned
transitions (split in two parts). The number of phosphorylations (#P) inducing each transition is shown in brackets.
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Figure 3. Automated peak classification procedure for phosphorylated and dephosphorylated peptides
illustrated on the basis of three exemplarily selected mass windows (A to C) with 1 m/z width (out of
a total number of 2900 mass windows): A1 shows the extracted ion chromatogram (XIC) containing
the signal from a phosphorylated peptide (from a-casein S1), and B1 the XIC of its dephosphorylated
counterpart. C1 contains the XIC of a non-phosphorylated peptide (from a-casein S2). The intensity
ratios of each spectrum to the next are calculated for each XIC (A2, B2, C2) and are displayed
separately for I(ctrl)/I(dig) and I(dig)/I(ctrl) (A3, B3, C3 and A4, B4, C4, respectively). A simple
threshold analysis (red dashed line) is used to discard non-phosphorylated peaks (C3, C4) and to
differentiate between phosphorylated (A3) and dephosphorylated (B4) peptides.

same peptide with a consecutively increasing or decreasing
number of phosphates (e.g., see Figure S6C, SI). In this way,
even very low-abundant counterparts, which were not
detected with the automatic data evaluation, could be
identified.

The method presented here was validated through the
analysis of the tryptically digested model protein mixture (o-
casein S1 and S2, B-casein, and BSA). Table 1 gives a con-
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phosphopeptides based on the
appearance of a characteristic
zigzag peak profile. This screen-
ing approach enables the detec-
tion of low-abundant phospho-
peptides, which are typically
missed in MS/MS experiments.
Moreover, it is still optionally
possible to fragment both peptide
forms  (phosphorylated and
dephosphorylated) if sequencing
or phosphosite localization is
desired. Finally, a method for
automatic data analysis is pre-
sented, which is indispensable for
complex phosphoproteomic anal-
yses.

The nanoliter reaction plat-
form described here will certainly
be of interest beyond the field of
protein phosphorylation, because
it can be advantageously inte-
grated into most analytical LC-
MALDI-MS workflows. Finally,
coupling our platform to a more
complex microfluidic chip for
droplet generation and advanced
droplet handling, e.g., droplet
splitting™®  or sorting,'® has
great future potential.

Keywords: droplet microfluidics - mass spectrometry -
microarrays - protein modifications - protein phosphorylation

densed summary of the evaluation results (see also Table S1;
SI). Almost 40 hits for pairs of peptides with interlocked
zigzag peak profiles and clear transitions of # x —80 Da were
found (an overlaid XIC for each hit can be found in the SI).
The majority could be assigned to the predicted phosphor-
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In conclusion, the method presented here describes
a novel screening strategy for protein phosphorylation in
complex protein mixtures. By integrating a nanoscale phos-
phatase digest step into a standard nano-LC-MALDI-MS
workflow, our system enables an MS/MS-free detection of
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