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Abstract

Reversible phosphorylation plays critical roles in cell growth, division, and signal transduction.
Kinases which catalyze the transfer of -y-phosphate groups of nucleotide triphosphates to their
substrates are central to the regulation of protein phosphorylation and are therefore important
therapeutic targets. Top-down mass spectrometry (MS) presents unique opportunities to study
protein kinases owing to its capabilities in comprehensive characterization of proteoforms that
arise from alternative splicing, sequence variations, and post-translational modifications. Here, for
the first time, we developed a top-down MS method to characterize the catalytic subunit (C-
subunit) of an important kinase, CAMP-dependent protein kinase A (PKA). The recombinant PKA
C-subunit was expressed in £. coli and successfully purified via his-tag affinity purification. By
intact mass analysis with high resolution and high accuracy, four different proteoforms of the
affinity-purified PKA C-subunit were detected and the most abundant proteoform was found
containing seven phosphorylations with the removal of N-terminal methionine. Subsequently, the
seven phosphorylation sites of the most abundant PKA C-subunit proteoform were characterized
simultaneously using tandem MS methods. Four sites were unambiguously identified as Ser10,
Serl1, Ser18, and Ser30 and the remaining phosphorylation sites were localized to Ser2/Ser3,
Ser358/Thr368, and Thr[215-224]Tyr in the PKA C-subunit sequence with a 20mer 6xHis-tag
added at the N-terminus. Interestingly, four of these seven phosphorylation sites were located at
the 6xHis-tag. Furthermore, we have performed dephosphorylation reaction by Lambda protein
phosphatase, and showed that all phosphorylations of the recombinant PKA C-subunit
phosphoproteoforms were removed by this phosphatase.
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Introduction

Reversible phosphorylation is one of the key biological processes that govern cellular events

including cell cycle control, cell growth, and signal transduction [1, 2]. Aberrations in
signaling events, such as up- and down-regulation of phosphorylation, are associated with

the progress of human diseases [3-8]. Protein kinases are enzymes that catalyze the transfer

of the -y-phosphate groups of nucleotide triphosphates to their substrates, and therefore are
central to the regulation of protein phosphorylation [9, 10]. Dysregulation of kinase
signaling networks is increasingly recognized as an underlying mechanism that contributes

to human diseases [11-14]. Consequently, numerous kinases inhibitors are currently utilized

or under development for use as therapeutics [15, 16].

Protein kinases are also modulated by phosphorylation [17]. Autophosphorylation of protein

kinases, or phosphorylation by other protein kinases, results in their activation or
deactivation due to changes in their secondary structures [18]. Structural changes affect the
binding kinetics to kinase substrates such as adenosine triphosphate (ATP) and inhibitor
peptides by altering the salt bridges and hydrogen bonding network at the active site [18,
19]. One of the important protein kinases is the cCAMP-dependent protein kinase A (PKA),
which partakes in many biological processes including mediating adrenergic stimulation in
the heart and regulating the functions of skeletal muscle [20, 21]. This protein Kinase is a

heterotetramer composed of two catalytic subunits (C-subunits), and two different regulatory

subunits [22, 23]. The PKA C-subunit has multiple phosphorylation sites displayed in the

expressed proteins, which are associated with the physiochemical properties and enzymatic

activity [18, 19, 24, 25].

The phosphate groups at the phosphorylation sites are removed by protein phosphatase
through the biological process of dephosphorylation, which together with protein

phosphorylation, constitutes the reversible phosphorylation [1]. The removal of a phosphate

group at the phosphorylation sites by phosphatase largely depends on the substrate
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specificity of the phosphatase [26]. Additionally, structural information around the
phosphorylation sites can be revealed as the efficacy of dephosphorylation also relies on the
accessibility, which is based on the structural environment of the phosphorylation sites under
physiological conditions [26]. To better understand the function of phosphorylations on PKA
C-subunit, a comprehensive characterization of the phosphorylation sites and the analysis of
the dephosphorylation reaction are necessary.

Top-down mass spectrometry (MS) presents unique opportunities to study protein kinases
owing to its capabilities in analyzing alternative splicing, sequence variations and post-
translational modifications (PTMs) [5, 27-34]. Compared to bottom-up MS, which analyzes
digested peptides, top-down MS analysis provides a “bird’s eye” view of all proteoforms by
analyzing proteins from the intact level [35-37]. In this study, we have developed a top-down
MS strategy to characterize the recombinant PKA C-subunit. The affinity-purified PKA C-
subunit, which was expressed in E. coli, was present with multiple proteoforms by intact
mass analysis. The most abundant proteoform of PKA C-subunit was identified with seven
phosphorylations along with the removal of N-terminal methionine. Using tandem MS
(MS/MS) techniques including collision-induced dissociation (CID) and electron-capture
dissociation (ECD), these seven phosphorylation sites were localized to specific amino acid
residues or located to a region. Interestingly, four of these phosphorylation sites were located
at the 6xHis-tag sequence. Dephosphorylation reactions using Lambda protein phosphatase
(APP) suggested that all phosphorylation sites were accessible to this particular phosphatase.
Taken together, we have demonstrated that top-down MS has unique advantages in
comprehensively characterizing protein kinases.

Experimental

Chemicals and Reagents

All reagents were acquired from Sigma-Aldrich, Inc. (St. Louis, MO, USA), unless
otherwise noted. Solvents, including HPLC grade water (H,0), acetonitrile (ACN) and
ethanol (EtOH), were purchased from Fisher Scientific (Fair Lawn, NJ, USA).

Molecular Cloning

Commercial plasmid encoding the PKA C-subunit (plasmid # 14921) was purchased from
Addgene (Watertown, MA, USA) in an agar gel piece [38]. A small agar piece was
transferred in 5 mL TB media with 100 pg/mL ampicillin, and the mixture was allowed to
grow for 9 h in a shaker. The cells were collected and the growth media was discarded. The
plasmid DNA was extracted using QlAprep Spin Miniprep Kit (QIAGEN, Hilden, Germany)
following the manufacturer recommended protocol. The plasmid product was transformed
into ScarabXpress T7 E. coli cells (Scarab Genomics, Madison, WI, USA), and a glycerol
stock was prepared.

Protein Expression and Purification

The protein expression and purification protocol was similar to that previously described
[39]. Briefly, a starter LB broth culture with 100 pg/mL ampicillin was inoculated by
glycerol stock of the £. coli and the starter culture was allowed to grow overnight. A small
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amount of starter culture was transferred to LB broth containing 100 ug/mL ampicillin. The
culture was allowed to grow until the optical density of the culture reached 0.4 to 0.6. IPTG
at a final concentration of 0.1 mM was introduced to induce protein expression, and the
bacteria were cultured at 30 °C for 9 h. The cells were harvested by centrifugation and the
cell pellets were stored at =80 °C prior to protein purification.

Unless stated otherwise, additives include 1 mM DTT and 0.25 mM PMSF. The cell pellets
were lysed by sonication in 50 mM NaH,PO,4 pH 7.4, 250 mM NaCl (10 mL/g pellet) buffer
(Buffer A) with additives and protease inhibitor cocktail (Sigma-Aldrich Inc.). The cell
debris were removed by centrifugation. For 2 mL of the supernatant, 250 uL of
Dynabeads™ His-Tag Isolation and Pulldown (Invitrogen™, Carlsbad, CA, USA) was
added, and the mixture was agitated at 4 °C for 30 min. The supernatant was removed and
the Dynabeads were washed twice with Buffer A containing additives, once with 50 mM
Tris pH 7.4, 50 mM NaCl buffer (Buffer B) with additives, and finally with Buffer B
containing additives and 25 mM imidazole. The attached proteins were eluted with Buffer B
with additives, 300 mM imidazole, and protease inhibitor cocktail, and was concentrated
using a Pierce™ Protein Concentrators PES, 10K MWCO filter (Fisher Scientific). The
efficacy of the protein purification was verified by SDS-PAGE analysis.

Dephosphorylation Reaction

The dephosphorylation reaction for the PKA C-subunit (~ 40 pg) was performed using ~ 150
units of APP (New England Biolabs Inc., Ipswich, MA, USA) following the manufacturer
recommended protocol. Briefly, the reaction was supplemented with 1 mM MnCl; solution
and 1X NEBuffer for PMP (New England Biolabs Inc.) and allowed to proceed for 2 h at

30 °C to achieve complete dephosphorylation.

Top-down Mass Spectrometry

For online MS analysis, the PKC C-subunit samples were separated using a homemade
PLRP reversed-phase column (200 mm length x 500 pm i.d., 10 pm particle size, 1,000 A
pore size). PLRP-S particles were obtained from Agilent Technologies (Santa Clara, CA,
USA). Mobile phase A (MPA) contained H,0 with 0.1% formic acid (FA) and mobile phase
B (MPB) contained 50:50 ACN:EtOH with 0.1% FA. Liquid chromatography (LC) was
performed with a 60 min linear gradient which ran at 5% MPB from 0 to 5 min, followed by
5% to 65% MPB from 5 to 40 min, 65% to 95% MPB from 40-53 min, and back to 5%
MPB at a flow rate of 12 uL/min. Five microliters (5 uL) of sample were injected for all
experiments. The sample was analyzed either using a maXis 1l Q-TOF mass spectrometer
(Bruker Daltonics, Bremen, Germany) coupled with an ACQUITY UPLC M-Class System
(Waters Corporation, Milford, MA, USA), or using a 12T solariX FT-ICR mass
spectrometer (Bruker Daltonics) coupled with a nanoACQUITY UPLC System (Waters
Corporation). For online LC-MS/MS experiments with CID fragmentation using a maXis Il
Q-TOF mass spectrometer, the precursor ion was isolated and subjected to 15 - 20 eV energy
for fragmentation.

For offline MS analysis, the fraction was collected using a nanoACQUITY UPLC System.
The sample was introduced to a 12T solariX FT-ICR mass spectrometer using a TriVersa
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NanoMate® (Advion Bioscience, Ithaca, NY, USA) as previously described [5, 40]. The
mass spectra were collected over a 200 to 3000 /7/z range with 2 M transient size (1.2 s
transient length) and a pulse at 28% excitation power. In MS/MS analysis, an isolation
window of 1.8 — 2 m/zwas used for the precursor ion. Mass spectra were accumulated for
500 to 750 scans. For CID experiments, an energy from 6 to 12 V was set to generate
fragment ions. For ECD experiments, the parameters for ECD pulse length, ECD bias, and
ECD lens were set to 0.020 s, 0.3 - 0.6 V, and 10 V, respectively.

Data Analysis

All reported masses are monoisotopic masses. For intact mass analysis, the spectra were
analyzed using DataAnalysis 4.2 and deconvoluted using the Maximum Entropy
deconvolution algorithm. The monoisotopic mass was calculated using the SNAP algorithm
in DataAnalysis. For MS/MS analysis, the data were analyzed using MASH Suite Pro [41].
Peak extraction was performed using a signal-to-noise ratio of 3 and a minimum fit of 60%,
and all peaks were subjected to manual validation. A 10-ppm mass tolerance was used to
match the experimental fragment ions to the calculated fragment ions based on amino acid
sequence.

Results and Discussion

We developed a top-down MS strategy for the comprehensive characterization of
recombinant PKA C-subunit (Figure 1). The strategy started with obtaining a plasmid
encoding the PKA C-subunit, and subsequently transforming the plasmid into a vector.
Afterwards, the PKA C-subunit was overexpressed in E. coli, and the protein was purified by
affinity purification. The protein was first subjected to intact mass analysis which reveals the
sequence variations and PTMs by accurate mass measurements. These putative
modifications were first assessed by online CID experiment for protein fragmentation
analysis. Then the fraction containing the PKA C-subunit was collected after LC separation,
and further subjected to offline characterization using both CID and ECD at various
fragmentation settings for verification of the putative modifications.

PKA C-subunit expression and purification

The plasmid encoding the PKA C-subunit was kindly provided by Dr. Susan Taylor from
UCSD through Addgene organization [38]. The plasmid includes a 20 amino acid 6xHis-tag
sequence before the endogenous sequence of PKA C-subunit derived from mice [UniProtKB
- P05132]. The mouse-derived C-subunit of PKA is composed of 351 amino acid residues.
For overexpression of the PKA C-subunit, the plasmid was purified and transformed into the
PET-28a(+) vector. To capture the 6xHis-tag on the PKA C-subunit, affinity purification
using Dynabeads was employed, which is based on TALON technology (Figure S1a). The
loading mixture, flow through, and elution fractions were evaluated by SDS-PAGE analysis
(Figure S1b). The PKA C-subunit was determined to be successfully purified based on the
presence of a dark band at around 42 kDa, which is consistent with the predicted protein
mass (M;: 42575.92 Da) from the encoding amino acid sequence. Although the PKA C-
subunit was present as the most prominent band by SDS-PAGE analysis, other faint bands
could also be observed in the elution lanes. In particular, some lower mass proteins might
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suppress the ionization and detection of the PKA C-subunit in the top-down MS analysis.
Therefore, our strategy was to use reverse phase LC (RPLC) methods to separate the PKA
C-subunit from other proteins for both online and offline characterization.

Online LC-MS/MS Profiling of Multiple Proteoforms

The affinity-purified PKA C-subunit was subjected to RPLC separation coupled online with
high-resolution MS analysis using a Q-TOF instrument. Using H,O as MPA and 50:50
ACN:EtOH as MPB, the PKA C-subunit was separated and detected by MS with minimal
impurities, and this was demonstrated by the charge state distribution envelope (Figure 2a
and Figure S2). The deconvoluted spectra revealed the existence of multiple PKA C-subunit
proteoforms but none of the masses of these proteoforms matched with the theoretical
protein mass based on the predicted amino acid sequence (Figure 2a, inset). The mass
difference between two neighboring peaks was 79.97 Da, indicating the occurrence of
phosphorylation on these proteoforms. As it is common that the N-terminal methionine of
recombinant proteins would be removed by methionyl-aminopeptidase after protein
translation, the mass of methionine was first deducted from the theoretical protein mass [42].
The PKA C-subunit proteoforms were found to contain six to nine phosphorylations with N-
terminal methionine removed based on the results from the deconvoluted spectra. With a
mass shift of 559.49 Da, the most abundant proteoform was modified with seven
phosphorylations in addition to the removal of N-terminal methionine, which accounted for
~ 45% of relative percentage of all PKA C-subunit proteoforms (Figure 2a, inset).
Collectively, the affinity-purified PKA C-subunit was hyperphosphorylated from E. coli
expression, which is consistent with previous studies [25, 43].

For the initial PTM site characterization, the PKA C-subunit was subjected to online LC-
MS/MS with CID fragmentation on the precursor ion corresponding to the most abundant
proteoform with seven phosphorylation sites. Since phosphorylation is the only PTM being
considered, the mass list was matched with the theoretical fragment ion list by adding the
mass of phosphorylation modification. Asides from the precursor ion (M4%*), several
abundant fragment ions were observed (Figure 2b). The masses of these abundant fragment
ions were identical and could be identified as y;;4ions at different charge states after
accounting for the mass of one phosphorylation. Less abundant ions at 560 — 850 /m/z
afforded additional information regarding the phosphorylation sites (Figure 2b, inset).
Several low mass yions (g, V19, and yj5) suggested a phosphorylation site located after
Arg356 at the C-terminus. A series of bions (bs4, bss5, bsg, and b57) could also be identified
with mass difference equivalent to five phosphorylations, indicating five phosphorylation
sites located before Lys54 at the N-terminus. Lastly, a &5, ion was identified with mass
difference equivalent to six phosphorylation, suggesting that a phosphorylation site was
located in the middle of the recombinant PKA C-subunit sequence. Using online CID
characterization, fragment ions from MS/MS spectra localized five phosphorylation site
before Lys54 at the N-terminus, one phosphorylation site after Arg356 at the C-terminus,
and one phosphorylation site in the middle of the sequence for the most abundant PKA C-
subunit proteoform.
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Characterization of PKA C-subunit phosphorylation sites by high-resolution MS MS

Analysis

We sought to localize all phosphorylation sites present in the most abundant proteoform of
the PKA C-subunit using offline MS analysis combining different fragmentation methods.
The fraction containing the recombinant PKA C-subunit was collected after LC separation,
and the samples were analyzed on an ultrahigh-resolution FT-ICR mass spectrometer. In this
study, when referring the amino acid residue in the endogenous sequence, note that the
reference is to the UniProt sequence [UniProtKB - P05132] with N-terminal methionine
removed to be consistent with the previous reports [19, 24]. As shown from the online CID
results, there were five phosphorylation sites located near the N-terminus. As a result, ECD
fragmentation method was used for site localization, which is known to preserve labile
modifications such as phosphorylation [44]. ECD was able to effectively fragment most of
the bonds at the N-terminus, and a plethora of fragment ions was observed in the raw spectra
from the ECD experiment (Figure 3a and Figure S3).

For the first phosphorylation site at the N-terminus, both ¢g and ¢g differed from the
theoretical mass by 79.97 Da, indicative of the occurrence of phosphorylation (Figure 3b).
Ser2 and Ser3 are the only two amino acid residues that can be phosphorylated; however, the
site could not be definitively localized to either Ser2 or Ser3 without additional fragment
ions. Three additional phosphorylation sites were localized at Ser10, Serl1, and Ser18,
which were confirmed by ¢y, ¢y, and ¢ig ions (Figure 3b). Serl11 and Ser18 were confirmed
with only two cions, ¢g, and cyg, as these are the only two sites which could be
phosphorylated. Intriguingly, all of these four phosphorylation sites were located at the
added 6xHis-tag sequence. Hyperphosphorylation at the 6xHis-tag sequence was also
observed in other case using £. coli for kinase expression such as that for Aurora A [45].
lakoucheva et al. suggested that protein phosphorylation predominantly occurred at
disordered regions [46]. The structure of the 6xHis-tag sequence along with the first 12
amino acid residues of the PKA C-subunit was found to be disordered from previous X-ray
crystallography study, which supported our observation that the four phosphorylations took
place at the disordered 6xHis-tag sequence [38]. This 20mer 6xHis-tag sequence
(MGSSHHHHHHSSGLVPRGSH) is a common sequence added at the N-terminus due to its
dual functionality [47, 48]. This tag includes a 6xHis-tag for affinity purification and a
thrombin cleavage site (LVPR/GS). Proteins with only Gly-Ser-His added at the N-terminus
of the endogenous protein sequence could be yielded after reacting the affinity-purified
protein with thrombin [49]. In the case of the PKA C-subunit, the thrombin cleavage site
was not utilized as the 20mer 6xHis-tag did not affect the structure and enzymatic activity of
this protein [19, 38].

The last of the five phosphorylation sites at the N-terminus was localized at Ser30, which
was confirmed by ¢;g and ¢z ions (Figure 3b). This phosphorylation site is equivalent to
Ser10 in the endogenous sequence. Previously, Tholey et al. suggested that phosphorylation
at Ser10 altered the structure at the N-terminus, resulting in the amplified extent of
electrostatic interaction [50]. Yonemoto et a/. argued that Ser10 could be autophosphorylated
in vitro, and that this site was significant for protein solubility [19]. Mutation at Ser10
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significantly impaired the solubility of protein in agqueous solution. Therefore, the
phosphorylation at Ser10 was shown to be important for protein structure and solubility.

Next, we sought to identify the phosphorylation site at the C-terminus. Since ECD did not
generate sufficient fragment ions, the site was instead characterized primarily by CID
fragment ions. The phosphorylation site was localized at Ser358 or Thr368 by )43 and a
series of yions from y45 to )51 (Figure 4a and Figure 4b). Although an )4 ion without
phosphorylation was observed in the CID experiment, this ion could not be used for
confident identification of phosphorylation site at Ser358 due to the possibility that this ion
was present after the loss of the phosphorylation at Thr368 (Figure 4b) [44]. One of the
potential phosphorylation sites, Ser358, equivalent to Ser338 in the endogenous sequence,
has been reported previously [19, 51]. Yonemoto et a/. suggested that this phosphorylation
site was relevant to catalytic activity and protein stability. Mutations of recombinant PKA C-
subunit with S338A or S338E either disrupted the catalytic activity or altered the binding
kinetics for inhibitor peptide and ATP [19].

The localization of phosphorylation site in the middle of the sequence required fragment
ions generated from both CID and ECD fragmentation methods. The phosphorylation site
was narrowed down to T[215-224]Y by b»,4 with six phosphorylations, ¢,1g with five
phosphorylations and z¢157 with two phosphorylations (Figure 4c and Figure 4d). One of the
potential phosphorylation sites was Thr217, which is equivalent to Thr197 in the
endogenous sequence. Phosphorylation at Thr197 is crucial to catalytic activity, as it allows
PKA C-subunit to change from an inactive state to an active state [18]. It does so by forming
salt bridges with amino acid residues from other parts of the PKA C-subunit, such as C-
helix, catalytic loop, 49, and activation loop.

In previous studies, phosphorylation sites on PKA C subunit were usually identified by
bottom-up MS based on the detection of phosphopeptides, in which the identified
phosphorylation sites are from a mixture of multiply-phosphorylated proteoforms [24, 25].
Compared to the bottom-up MS strategy, our top-down MS strategy analyzes intact proteins,
giving a bird’s eye view of all proteoforms present. This approach not only shows the
stoichiometry of different proteoforms in a single sample, but also provides a comprehensive
analysis of all phosphorylation sites present in a single proteoform.

Top-down MS MS Sequencing of the PKA C-subunit

By combining five CID spectra and three ECD spectra, 191 of 369 possible bonds were
cleaved, providing a 52% sequence coverage for the recombinant PKA C-subunit (Figure 5).
A series of CID fragment ions was observed at Ser[54-58]GlIn, Ser[134-145]Gly,
Gly[246-265]GlIn, and Tyr[350-357]Arg (Figure S4). Interestingly, although loss of
phosphorylation would sometimes occur in CID, a series of bions with all phosphorylations
intact was observed from Ser[54-58]GlIn, Ser[134-145]Gly, and Gly[246-255]Tyr. Compared
to peptide fragmentation, CID of intact proteins often could retain a portion of the labile
modifications in the top-down approach [44]. Fragmentation at the amide backbone was
preferred over PTM ejection, which is likely due to the higher-order structure of gas phase
ions that are larger than ~8 kDa [52]. By contrast, only a few & ions were observed for the
first 50 amino acid residues in the N-terminus, likely due to the loss of phosphate group(s)
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as a result of their smaller size. ECD fragmentation yielded bond cleavages unique to CID
fragmentation due to the difference in the dissociation mechanism [53]. This method
provided good sequence coverage at both the N- and C-terminus; however, the
fragmentation efficiency was suboptimal for bonds in the middle of the sequence, despite
some larger ECD fragment ions being observed (Figure S5 and Figure S6). For this study,
utilizing both CID and ECD fragmentation methods, the phosphorylation sites of the PKA
C-subunit proteoform with seven phosphorylations were characterized. Current development
in fragmentation methods, such as UVPD, will be beneficial to achieve a higher sequence
coverage due to additional generated ion species such as aand xions, in addition to 4, ¢, y
and 2 ions [54].

Dephosphorylation of hyperphosphorylated PKA C-subunit

Dephosphorylation, which removes phosphate groups on their substrates by phosphatases, is
complimentary to phosphorylation. We were interested in how the recombinant PKA C-
subunit proteoforms react to a common phosphatase, APP. The dephosphorylation reaction
of the affinity-purified PKA C-subunit was performed and the reaction product was analyzed
by top-down MS. A drastic shift in peaks was observed in each charge state due to the loss
of multiple phosphorylations (Figure 6a and Figure S7). From the deconvoluted spectra, all
phosphoproteoforms collapsed into a single unphosphorylated proteoform after the
dephosphorylation reaction (Figure 6b). This suggested that all phosphorylation sites were
accessible by APP and were subsequently dephosphorylated. Byrne et a/. observed that after
dephosphorylation, the most abundant proteoform still possessed two phosphorylations
detected by low-resolution top-down MS analysis [25]. The reaction conditions of the
dephosphorylation reaction between our studies and the study done by Byrne et al. were
different. In our protocol, we followed the manufacturer recommended conditions from the
New England Biolabs and performed the dephosphorylation reaction at 30 °C. In
comparison, Byrne et al. conducted the dephosphorylation reaction at 37 °C using
bacterially expressed APP. At elevated temperature, the phosphatase might not reach its
maximum Kinetics and might denature after prolonged incubation. Conclusively, our result
showed that all phosphorylations on the phosphoproteoform of the PKA C-subunit were
removed by APP. The discrepancy between our result and result from Byrne ef a/. might be
due to the difference in reactions conditions.

Conclusion

For the first time, a top-down MS strategy was developed to achieve a comprehensive
characterization of the recombinant PKA C-subunit. The PKA C-subunit was overexpressed
in E. coli and the expressed protein with 6xHis-tag was successfully purified by affinity
purification. The affinity-purified PKA C-subunit was subjected to intact mass analysis and
proteoforms with six to nine phosphorylations were observed. The most abundant
proteoform was identified with seven phosphorylations and removal of N-terminal
methionine. Using CID and ECD fragmentation methods, all seven phosphorylation sites
were characterized simultaneously for the first time. Four of the phosphorylation sites were
unambiguously localized to Ser10, Serl1, and Ser18, which were located at the 20mer
6xHis-tag sequence, as well as Ser30, which corresponded to Ser10 in the endogenous
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sequence Three other phosphorylation sites were localized to Ser2/Ser3, Thr[215-224]Tyr,
and Ser358/Thr368. By combining five CID and three ECD experiments, a 52% sequence
coverage was achieved for the PKA C-subunit with seven phosphorylations. Finally,
dephosphorylation experiments showed that all phosphorylations of the PKA C-subunit
phosphoproteoform were removed by APP.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Workflow of expression, affinity purification, and top-down LC-MS analysis of the

recombinant PKA C-subunit. a) The plasmid obtained from Addgene organization was
transferred into a vector and expressed in £. coli cells. b) The PKA C-subunit was purified
using affinity purification. ¢) The purified samples were subjected to online LC-MS and
MS/MS analysis using a Q-TOF mass spectrometer and complemented with offline MS/MS
analysis using a FT-ICR mass spectrometer. d) The modifications were characterized based
on MS and MS/MS spectra.
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Figure 2.
Top-down MS analysis of the PKA C-subunit. a) Mass spectra with charge state distribution

and deconvoluted (inset) spectra of the PKA C-subunit. The most abundant proteoform
purified from E. coli expression contained seven phosphorylations with removal of N-
terminal methionine. b) The precursor at charge state 49 was subjected to online LC-
MS/MS with CID fragmentation. 560 — 850 /m/zis zoomed in to show a variety of fand y
fragment ions (inset).
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Identification of five phosphorylation sites at the N-terminal region using ECD. a) ECD
fragment ion mapping for the first 45 amino acid residues. b) Representative fragment ions
from ECD fragmentation. Five phosphorylation sites, Ser2/Ser3, Ser10, Ser11, Serl18, and

Ser30 were confirmed by phosphorylated cions.
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Figure 4.
Phosphorylation site mapping at the C-terminus and in the middle region by CID and ECD.

a) CID fragment ion mapping at the C-terminus. b) Representative fragment ions from CID
experiment. A phosphorylation site was localized at Ser358 or Thr368. ¢) CID and ECD
fragment ion mapping for the middle sequence of PKA C-subunit. d) Representative
fragment ions from the CID and ECD experiments. A phosphorylation site was located at
Thr[215-224]Tyr.
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Figure 5.

Top-down MS/MS sequencing of the PKA C-subunit. The map combined three ECD spectra
and five CAD spectra. 191 of 369 possible bonds were cleaved, providing a 52% sequence
coverage.
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Figure 6.

Analysis of the dephosphorylation of the PKA C-subunit using Lambda protein phosphatase
(APP). a) Charge states 48*, 47*, and 46" were shown for PKA C-subunit before (top) and
after (bottom) the dephosphorylation reaction. b) Deconvoluted spectra were shown for the
analysis of the dephosphorylation reaction. All phosphorylations were removed, resulting in
a single unphosphorylated proteoform in the spectra.
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