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Abstract

We introduce a mass spectrometry-based method that provides residue-resolved quantitative
information about protein phosphorylation. In this FLEXIQinase assay we combined our Full-
Length Expressed Stable Isotope-labeled Protein for Quantification strategy (FLEXIQuant) with a
traditional kinase assay to determine the mechanisms of multi-kinase substrate phosphorylation
such as priming-dependent kinase activities. The assay monitors the decrease in signal intensity of
the substrate peptides and the concomitant increase in the (nx80 Da)-shifted phosphorylated
peptide. We analyzed the c-Jun N-terminal Kinase (JNK)-dependent glycogen synthase kinase 3
(GSK3) activity on doublecortin (DCX) revealing mechanistic details about the role of
phosphorylation cross-talk in GSK3 activity and permitting an advanced model for GSK3p-
mediated signaling.
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INTRODUCTION

Protein phosphorylation is one of the most studied molecular mechanisms of the cell, yet the
exact details of protein phosphorylation-based signaling mechanisms can be difficult to
elucidate for a number of reasons. For example, ,substrates are often phosphorylated by a
combination of kinases, however, kinase assays have yet to be coupled to a read-out that can
localize a phosphorylation event to a specific amino acid residue of a substrate and
determine the extent of the phosphorylation. Traditionally, once candidate kinase-substrate
partners are inferred, biologists turn to an in vitro kinase assay for validationl: 2. However,
information regarding the location and abundance of phosphorylation sites, and the
dependence on cross-talk between sites is not readily determined. One could investigate
specific sites by immuno-based detection methods, however, the use of antibodies to detect
posttranslational modifications may be suboptimal due to epitope occlusion, non-
quantitative binding behavior, and/or suboptimal sensitivity and specificity® 4. To fully
understand the mechanisms of kinase activity that regulate cells and their signaling cascades,
we need to extract quantitative information on phosphorylation sites. Mass spectrometry
(MS)-based phosphorylation analysis is currently the most efficient method to readily
identify, localize and quantify numerous phosphorylation sites on a substrate in a single
experiment® 6, however it is challenging to extract mechanistic details about kinase
activities from standard mass spectrometry workflows. We designed FLEXIQinase, a
strategy that combines the power of soluble protein standards’ and mass spectrometry, and
is easily implemented into the well-established in vitro kinase assay workflow!: &, To test its
versatility we analyzed serial kinase activities of the two kinases JNK and GSK3f on DCX
and uncovered a surprisingly complex interaction of the kinases with their substrate.

RESULTS

FLEXIQinase for 1-kinase assays

Traditionally, kinase activity is evidenced by the addition of 32P-labeled phosphate onto the
candidate substrate and one uses an inactive form (or dead kinase) as a control in a parallel
experiment (Supplementary Fig. 1a). FLEXIQinase adopts a similar, dead versus active
kinase strategy however the assay does not rely on the incorporation of 32P-labeled
phosphate. Instead parallel reactions with the dead and active form of the kinase are
performed on two distinct stable isotope labeled protein substrates, “light” and “heavy”,
which are synthesized using light or heavy (for example, 12Cg,14N,-Lys and 12Cg,14N,-Arg
vs. 13Cg,19N,-Lys and 13Cg,15N,-Arg) labeled amino acids, respectively (Supplementary
Fig. 1a). Differential labeling of the control and phosphorylated substrate allows for
simultaneous sample processing prior to analysis by mass spectrometry. This mass
spectrometry-based quantification result in three basic FLEXIQinase readouts
(Supplementary Fig. 1b): 1) no change in peak ratio of unphosphorylated peptides between
samples, if the kinase does not phosphorylate a particular peptide 2) A decreased or absent
heavy ion signal of the unphosphorylated peptide with respect to the light control indicates a
phosphorylation event within the observed peptide. This decrease in a heavy signal intensity
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is accompanied by 3) a concomitant increase in the ion signal of the heavy (+nx80 Da)-
shifted phosphorylated peptide (n = number of phosphorylation sites).

FLEXIQinase for serial kinase assays

Some kinases require their substrates be primed by another kinase; in this case we use a 2-
kinase assay with which additional peak pair patterns emerge (Fig. 1a). First, unchanged
peak ratios are no longer unique to unmodified peptides, but can also represent phospho-
peptides resulting from priming kinase activity only (Fig. 1a). Second, phosphorylation by
the second kinase can manifest itself by a decrease of the heavy peptide signal, an increase
of a heavy phospho-peptide signal, and/or the appearance of a heavy phospho-peptide peak
without a light complement (Fig. 1b).

When broken down further these three scenarios reveal mechanistic details: a
(phospho-)peptide peak pair with no change in signal intensity indicates that the peptide is
not phosphorylated by the second kinase (Fig. 1b). A decrease in the heavy phospho-peptide
peak signal intensity indicates an additional kinase 2-dependent phosphorylation on another
site within the same peptide (Fig. 1b) which is associated with a concomitant increase or
appearance of an nx80 Da heavy phospho-peptide: the increased intensity of the heavy
phospho-peptide signal indicates Kinase 2-dependent additional phosphorylation on the
same phosphorylation site that is shared with kinase 1 (Fig. 1b). The appearance of a heavy-
only peak is the signature for a phospho-peptide with at least one kinase 2-specific
phosphorylation site (Fig. 1b). These simple changes in the peptide peak ratios can therefore
provide relevant details about kinase activities and specificities.

MS1 peak chasing and insights into phosphorylation cross-talk—The peak ratio
scenarios outlined above show that phospho-peptides can in turn serve as substrates for
further phosphorylation events. This results in the observation of various phosphorylated -
species for the same peptide, differing in retention time and in mass (+nx80 Da) depending
on the possible phosphorylation sites. We call the process of identifying substrate and
product (phospho)-peak pairs (MS1) ‘peak chasing’. The peak chase profile, that is the
extent of signal loss or gain, can vary among the peptides, indicating that a kinase can have
different phosphorylation profiles on a single protein substrate.

To investigate the effects of prior priming phosphorylation events on subsequent kinase
activities, FLEXIQinase experiments can be combined with site-directed mutagenesis (Fig.
2). Assume three phosphorylation sites (P-1, P-2 and P-3) across two peptides: P-1, P-2 on
Peptide A and P-3 on Peptide B. The second phosphorylation site (P-2) is observed only
post kinase 2 treatment (Fig. 2a). The novel phospho-site occurs on peptide A, while nothing
changes on peptide B (control peptide ratio). Two kinase activity models can explain this
observation (Fig. 2b): 1) kinase 2 phosphorylated P-2 without influence by primed P-1 or
P-3; or 2) kinase 2 activity was dependent on priming on P-1, or P-3. Site-directed
mutagenesis of P-1 or P-3 in combination with FLEXIQinase analysis will enable us to
differentiate between the models (Fig. 2b). If a mutation does not perturb the substrate
peptide ratios when compared to the wildtype substrate (Fig. 2b), it can be concluded that
this site has no influence on kinase 2 activity. If however kinase 2-dependent
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phosphorylation on P-2 is not observed post mutation, that is, the substrate peptide ratio is
that of the control ratio (Fig. 2b), it can be concluded that this is the bona fide priming site
(Fig. 2b).

JINK-dependent phosphorylation of DCX by GSK3pB is localized to the C-terminal end

We quantified peptide peak pairs corresponding to 80-90% of the DCX protein sequence
and identified over 20 phosphorylation sites (Supplementary Table 1). Most of these sites
were localized to the C-terminal domain spanning amino acids 299-340 (Fig. 3a). The N-
terminal half of DCX has unperturbed mixing ratios indicating the absence of GSK3p3
activity. The phosphorylated peptides covering the amino acid range 299-340 display
various MS1 peak pair ratios indicating that INK-induced GSK3p activity is specific to the
C terminus (Fig. 3a).

JNK and GSK3p share a number of phosphorylation sites

The DCX sequence corresponding to amino acid range 299-340 produced two tryptic
peptides each with unique peak chase profiles (Fig. 3b). In most cases, MS2 and/or MS3
spectra provided precise localization of the phosphorylation sites (Supplementary Table 1).
The peak chase profile for Peptide B shows GSK3[ phosphorylates this region and that
activity is dependent on JNK priming as indicated by the unchanged peak pair ratio for the
unmodified peptide (Supplementary Fig. 2a). The highest order phosphorylation product
observed was a triply phosphorylated peptide, and it has a higher heavy peak signal with
respect to the light counterpart. This ratio indicates that for DCX, amino acids S327, T331
and S334 are target sites for both INK and GSK3p. Thus, GSK3p further phosphorylates
these sites beyond the initial priming by JNK. However, phosphorylation by GSK3p is
abrogated once particular doubly or triply phosphorylated species are generated (Fig. 3b).

Identification of novel GSK3p target sites

The peak chase profile for the peptide cohort corresponding to amino acids 299-323 (Peptide
A) of DCX is distinct from that of peptide B (Fig. 3c), as GSK3p activity is observed
irrespective of the priming status of peptide A (Fig. 3b). The intensity of the heavy
unmodified peptide signal is low suggesting that priming within this amino acid range is not
a requirement for GSK3p activity. We do not observe the heavy peak until a triply
phosphorylated peptide is obtained; the relative peak height of the corresponding light
peptide is less than 1 % indicating that GSK3p activity heavily favors the formation of a
triply phosphorylated species. We determined the triply phosphorylated peptide to be
(pS316)(pS317)QLS(pT321) corresponding to unexpected GSK3p-specific sites. The ability
of GSK3p to phosphorylate the non-primed peptide A sequence is most likely due to the
priming of amino acids downstream within peptide B, however alternative mechanisms may
also be active such as direct binding of GSK3p within peptide A (Supplementary Fig. 2a),
irrespective of priming status. Site-directed mutagenesis experiments will assist in
differentiating among the models.

Nat Methods. Author manuscript; available in PMC 2013 March 13.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 5

GSK3B specific activity is dependent on downstream priming cross-talk

To test whether GSK3B-specific activity on the SSxxxT motif is dependent on remote
effects of the downstream (Peptide B) priming status, we mutated the proposed priming
region by substituting one (T331, Supplementary Fig.3) or two (S327 and T331, Fig. 3c)
assumed priming sites with alanine. If the GSK3-specific activity on the Peptide A motif,
SSxxxT, is dependent on the overall extent of phosphorylation of the proposed priming
region on Peptide B, we would expect mutation-dependent attenuated activity by GSK3[ on
this region. The results of the double mutant show two major effects: the highest order
phospho-peptide that we could readily capture for Peptide B was a doubly phosphorylated
form rather than the triply phosphorylated form observed in wildtype DCX (Fig. 3b). In
contrast, GSK3 activity on the sequence, SSxxxT of Peptide A, was attenuated as a
function of these mutations (Fig. 3¢ and Supplementary Fig. 3), confirming that GSK3§-
activity on Peptide A is dependent on these remote priming events (Supplementary Fig. 2b).
The effect observed for the single mutant was less than that of the double mutant, indicating
that GSK3p-activity can be modulated by the degree of remote, downstream priming
(Supplementary Fig. 3).

pT321 phosphorylation status can drive the priming response

Based on the data above, we hypothesized that GSK3p-specific activity is influenced by
more than one mechanism. This notion is underscored by the observation that phospho-
peptides of peptide A harboring a INK-primed pT321, a previously described in vivo JNK
phospho-sitel!, were further phosphorylated by GSK3p, irrespective of the mutation status
downstream (Fig. 3c, Supplementary Fig. 3). These data reveal that T321 is part of the
priming hot spot which promotes GSK3p activity to the upstream SSxxxT motif.
Interestingly, the relative abundance of pT321 relative to the other singly phosphorylated
peptide forms provided by JNK priming is rather low (< 10 % of the total light population,
Supplementary Fig. 4). Upon removal of downstream priming sites, GSK3p-dependent
activity relies more on the low abundant pT321, which might explain why we were not able
to observe the final (pS316)(pS317)QLS(pT321) form in the DCX mutants.

The mutant analyses suggest that even for wildtype DCX, a primed T321 is sufficient to
trigger GSK3p-specific activity, giving rise to an “immediate priming” response (Fig. 4).
However, the relatively low abundance of the pT321 observed in our quantitative analysis of
wildtype DCX (Supplementary Fig. 4), also indicates that GSK3B—specific activity is most
likely driven by binding to and subsequent phosphorylation of the downstream amino acids,
performing a type of “secondary priming” in response to initial INK priming (Fig. 4). If
these Ser/Thr sites are removed, we are less likely to observe the GSK3p-specific phospho-
peptide, indicating that secondary priming by GSK3p accounts for most of its (pS316)
(pS317)QLS(pT321) in the in vitro system.

DISCUSSION

Elucidating the mechanistic details of priming-dependent kinases is crucial to understanding
the basic biology of these kinases and to design inhibitors. FLEXIQinase allows the
qualitative and quantitative analysis of a single kinase target with multiple acceptor sites, as
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are often observed in high throughput mass spectrometry-based kinase screens® 6,
FLEXIQinase can also serve as a follow up study on kinase-substrate pairs identified in
kinase screens. Once one has determined the phosphorylation dynamics in the controlled
environment of the in vitro system, specific phospho-peptides of interest can be monitored
and absolute quantification can be determined in vivol’. Moreover, FLEXIQinase can be
readily adapted to more complex in vivo experiments. Finally, we anticipate that
FLEXIQinase will serve as a basis for even more sophisticated applications of the peak
chasing strategy while remaining a simple and practical approach. By combining
multiplexed labeling and FLEXIQinase, for example, detailed kinetic information about the
phosphorylation site dynamics can be obtained in temporal experiments. The general
approach is not limited to a single modification such as phosphorylation, but can also be
extended to several other posttranslational modifications and combinations thereof.

ONLINE METHODS

In vitro kinase assay

GST-tagged DCX (GST-DCX)0_ENREF_10 was sub-cloned into the CellFree Systems
(CFS) pEU-EO0-MCS vector, in vitro synthesized, as either light or heavy labeled
(33Cg,15N,-Lys and 13Cg,15N,-Arg), using the CFS wheat germ system (WEPR02240), and
purified and retained on glutathione sepharose beads (GE Healthcare). FLAG-JNK1 was
expressed in 293T cells which were UV irradiated for 30 minutes (to activate JNK1) prior to
its purification: agarose beads were conjugated with the FLAG antibody (Sigma) and mixed
with 293T lysate. The beads were washed in high salt (50 mM Tris pH 7.5, 2 mM EDTA, 1
% Triton X-100, 500 mM NaCl) and JNK1 was eluted with the 3xFLAG peptide (Sigma).
The JNK priming reaction was carried out under the following conditions: 20 mM HEPES
pH 7.4, 20 mM MgCl,, 1 mM dithiothreitol (DTT), 0.1 mM sodium orthovanadate, 100 mM
B-glycerolphosphate, and 10 mM ATP, for three hours at 30 °C. JNK was removed from
bound DCX with high salt washes and DCX was subsequently subjected to GSK3p (New
England Biolabs). The GSK3p reaction was carried out under the following conditions: 20
mM Tris-HCI, 10 mM MgCl,, 5 mM DTT, 200 uM ATP for 30 minutes at 30 °C.
Approximately 500 ng of substrate was incubated with 250 U of the GSK3p kinase. A
typical experiment for the differential labeling experiment (Fig. 2a) would entail, for
example, INK1 priming of the light labeled DCX, whereas the heavy labeled DCX would be
subjected to JNK1 followed by GSK3p treatment, or vice versa. Previous work by Bilimoria
and colleagues!? confirm that kinase-dead JNK eliminates GSK3p activity, thus
phosphorylation events are specific to INK-GSK3.

Mass spectrometry

Kinase-treated GST-DCX was purified using glutathione sepharose beads by heating to
100°C in Laemmli buffer supplemented with f-mercaptoethanol. Light DCX sample (treated
with JNK1 only) was combined with heavy DCX (JNK1 and GSK3p) right before SDS-
PAGE. A molecular weight (MW) window corresponding to GST-DCX and potential
phospho-shifted MW species was excised and in-gel trypsinized using standard protocols.
Samples were analyzed with an LTQ-Orbitrap Classic mass spectrometer (ThermoFisher
Scientific, resolution setting: 30.000) linked to a micro-autosampler and a nanoflow HPLC
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pump (both: Eksigent). The reversed phase columns were packed in-house by using Magic
C18 particles (3 um, 200 A; Michrom Bioresource) and PicoTip Emitters (New Objective,
Woburn, MA). The peptides were eluted with a 30 minute linear gradient and data acquired
in a data dependent fashion, fragmenting the 6 most abundant peptide species. Buffer A was
0.2 % formic acid, buffer B was acetonitrile/0.2 % formic acid, and loading buffer was 5 %
formic acid/5 % acetonitrile.

Spectral Analysis

The low resolution ion trap MS/MS data were queried against the IPI Human 3.69 database
or an in-house Custom database (for all recombinant DCX sequences) using MASCOT
(Matrix Science). For MS1 quantification, the area under the appropriate selected ion
chromatogram for each light and heavy monoisotopic peak was determined using Xcalibur
(Thermo Scientific).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FLEXIQinase workflow. Grey and black circles indicate light and heavy labeled proteins,
respectively. Grey and black bands at the bottom indicate bands after gel electrophoresis. (b)
Peak chase profiling. Grey and black bars (and their corresponding spectra above), indicate
light and heavy peptides, respectively. Phospho-sites are colored according to their
respective kinases, represented by the FLEXIQinase workflow in (a). y-axis shows relative

peak abundance.
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A theoretical approach to interpreting a serial kinase mechanism. (a) Upper panels — the

resulting phospho-profile imprinted by the serial activity of Kinases 1 and 2. The three
possible phosphorylation sites are labeled, P-site 1, 2 and 3. Lower panel — the substrate and
product peak profiles that result from the scenario above. (b) Site-directed mutagenesis
confirms the serial kinase mechanism. Upper panel — two theoretical phospho-profiles that
could result due to the mutation in the candidate priming site, P-site 1. Lower panel — the
substrate and product profiles that would arise from each possible phospho-profile. Red and
yellow phospho-sites are phosphorylated by Kinase 1 or 2, respectively. The x indicates that
the light peptide peak is not observed.

Nat Methods. Author manuscript; available in PMC 2013 March 13.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Singh et al.

Page 11

3 la = 1
I !
i !
> 1 |
& | |
2 |
<y | !
b=} | |
z 11920 211
2 ® 8 _ a" e eeeceen"gesese; = =
s P
2 i [
" H]
T . ! .
14 1 |- |
° :
O] 1 |
o] I -
0 | |
DCX peptides ratios plotted from N to Cterminus | |
-3 J- - 8 |
. s :
% C o
” ’
. 7’
. ”
> 4
SKSPADSGNDQDANGTSSS;1,QLST,:PK || SKQSs,,PIST45,PTSPGSLR |
Peptide A Peptide B
Peptide B
Py w001 w28 ‘ sgase ‘ e -
I b L | I | il
[skaspPisTPTSPGS] [sKasPIps)TPTSPGS | [ska(s)Pi(ps)TPTSPGS | [ska(ps)Pis(eT)PT(PS)PGS |
o f [skaspis(pT)PTSPGS | [skasPIs(pT)PT(ps)PGS |
o w50
; |
—L'——U.—‘U» (not observed)
Peptide A
w77 ;
! e e i ETe
i = = L m
[sKksPaDs..TsssaLST] [SK(pS)PADS..TSSSQLST]  [(pS)K(pS)PADS..TSSSQLST| [SKSPADS. . TS( QLS(pT

[sksPaDs..TsssaLs(pT)]  [SK(pS)PADS...TSSSQLS(pT) |

Relative
Abundance
3
N

Peptide B
e 7044 79541 | e
1L, L 1N o s [l
ot [@aPisaPTsPGs] [QaPisaPT(ps)PGS] [QaPi(ps)aP(pTS)PGS]
s
< miz
Peptide A
sz w272 ase0s ! i
! i
N | PR | [P | (T T !
[sKksPaDs..TsssaLsT| [skspabs..Tsssatspm)] UL - (not observed)
!

SK(pS)PADS...TSSSQLS(pT)

SK(pS)PADS... TSSSQLST

3

Relative
abundance

Figure3.
FLEXIQinase analysis of INK/GSK3p activity on DCX. (a) A plot of the light/heavy ratios
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indicated) — how do the three tryptic peptides correlated to Peptide A and B? what is the
significance of peptides 18 and 22; why are they labeled?. Unmodified peptides plots are
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triply phosphorylated peptides are green. (b, c) Peak chase profile for peptides A and B for
WT (b) and mutant (¢c) DCX. The phosphorylation status is profiled on top where a dash
indicates an unmodified peptide, and the number of (P’s) indicate the number of
phosphorylation sites on the peptides below. Representative light-to-heavy peak profiles
[label the axis, indicating real numbers for m/z since this is real data not schemata] are
shown for the phosphorylation sites indicated below them. Green and blue boxes include all
possible phospho-acceptor sites for peptides B and A, respectively, a simplified view of the
tryptic peptides in (a) which peptides in (a) do these correspond to, please give the number.
Dashed lines connect heavy substrate peaks with their expected heavy product peaks, until
an end product is observed. A product peak that should be present but not observed with MS
is indicated by, (not observed). JINK-dependent sites are red, GSK3p-sites are yellow, and
black indicates either INK or GSK3p-dependent phosphorylation.
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Figure 4.
Model for INK-dependent GSK3p activity on DCX. Position of phosphorylation sites (P) on

the two peptide (blue and green) are indicated. Red circles represent JNK sites, yellow
circles GSK3p sites. The yellow arrow depicts the net movement of GSK§.
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