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Active Kinase Proteome Screening Reveals
Novel Signal Complexity in Cardiomyopathy*s

Pasan Fernandof, Wen Deng§, Beata Pekalskat, Yves DeRepentignyt,
Rashmi Kothary$y], John F. Kelly§, and Lynn A. Megeneyt]||

Recent advances in the characterization of the phospho-
proteome have been limited to measuring phosphoryla-
tion statuses, which imply but do not measure protein
kinase activity directly. As such, the ability to screen,
compare, and define multiple protein enzymatic activities
across divergent samples remains a daunting challenge in
proteomics. Here, we describe a gel-based kinase assay
coupled to MS identification as an approach to map global
kinase activity and assign pathway architecture to spec-
ified biologic contexts. We demonstrate the utility of this
method as a platform for the comparison of proteomes
based on differences in both kinase activities and for use
in the de novo substrate identification for individual ki-
nases. This approach allowed us to map the signal per-
turbations in the post-natal heart that were associated
with activation of a myopathic cascade as mediated by
the mitogen-activated protein kinase MKK6 and estab-
lished the novel observation that MKK6 promotes the
development of cardiomyopathy through multiple sub-
strate interactions. Molecular & Cellular Proteomics 4:
673-682, 2005.

Serial modification of proteins is a common mechanism for
eukaryotic cellular adaptation. Within this context, protein
phosphorylation is believed to be the most common form of
modification. Many excellent methods describing the purifi-
cation and identification of phospho-proteins are now avail-
able and have significantly contributed to our understanding
of cellular regulation through signal transduction (1-4). Nev-
ertheless, phosphorylation status alone does not unambigu-
ously characterize the kinetic steps of signaling cascades,
namely the activity of protein kinases. Indeed, there are an
estimated 519 kinase-related gene products in the human
genome (representing ~3% of the coded proteome) with a
unique substrate range for each kinase (5). As such, success-
fully mapping these steps in any biologic model remains a
daunting challenge for proteomics.
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In addition to the limitation imposed by current screening
methodologies, the accurate reconstruction of signaling net-
works may also be hindered by the prevailing hypothesis that
describes signaling cascades as insulated and linear events.
For example, the annotation of mitogen-activated protein ki-
nase (MAPK)' pathways describes a three-tier modular struc-
ture involving sequential activation from module to module (6).
The p38 MAPK pathway is a typical representation of this
kinase family. This pathway contains a phosphorylation se-
quence initiated by a MAPK kinase kinase (MKKK), which
activates a MAPK kinase (MKK), which then in turn activates
a MAPK (p38), with the MAPK then serving as the effector
enzyme to stimulate or repress the activity of corresponding
protein substrates by targeted phosphorylation (7).

Considerable experimental evidence supports the basic
premise of the linear MKK/p38 MAPK pathway, yet ascribing
all phenotypic outcomes exclusively to the activity of the
effector kinase is most likely an oversimplification. In this
regard, the relationship between activation of p38 signal cas-
cades and the development of cardiac pathology (hypertro-
phy and dilatation) provides an interesting venue in which to
model signaling events and their biologic response. To date,
numerous studies have implicated p38 activation as a requi-
site step in the development of post-natal cardiac dilatation
and or hypertrophy (8). In a portion of these studies, a clear
relationship was established for p38 and its responsive tran-
scription factor substrates, the substrates being directly vali-
dated as p38 targets and as hypertrophic agonists (9). Con-
versely, other models were predicated on the use of MKK6 as
a selective activation source for p38 kinases (10, 11). As
predicted, these later models displayed phenotypic alter-
ations of the heart, yet the changes were solely attributed to
MKK®6 activation of p38.

Here, we report the application of a novel proteomic
screening assay to interrogate the complexity of MAPK-in-
duced cardiac adaptation. This assay combined the utility of
solid-phase kinase assays with the resolving power of nano-
flow-LC-MS/MS. We have termed this assay kinase sweep

" The abbreviations used are: MAPK, mitogen-activated protein
kinase; MKKK, MAPK kinase kinase; MKK, MAPK kinase; KSE, kinase
sweep; KSS, kinase substrate; MBP, myelin basic protein; 2D, two-
dimensional; PAK, p21 activated kinase; AMPK, 5-AMP activated
kinase; RAK, Rho-associated kinase; IP, immunoprecipitation;
CRMP, collapsin response mediator protein; PKN, protein kinase N.
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(KSE)/MS. Using this assay with gel-embedded substrates,
we identified a broad range of kinase activities in lysates
derived from the hearts of transgenic mice expressing acti-
vated MKK6. Second, we used a modification in the assay
which we termed kinase substrate (KSS)/MS, to identify a
range of probable substrates for MKK6, suggesting that this
kinase may influence hypertrophic adaptation through a com-
plex signaling architecture. Together, these results provide a
proof of concept that KS/MS (KSE/MS and KSS/MS) is appli-
cable for large scale identification and analyses of both pro-
tein kinase activities and their effective substrate range.

EXPERIMENTAL PROCEDURES

Transgenic Mice—The full-length murine MKK6 gene carrying mu-
tations at S207E and T211E (MKK6BEE) was subcloned into a pBlue-
script backbone containing a murine a-myosin heavy chain promoter
(a gift from Jeffrey Robbins, Children’s Hospital, Cincinnati, OH) and
a 600-bp fragment of the human growth hormone poly(A) tail. The
transgenic mice were derived as described previously (12).

Tissue Lysis—Hearts from MKK6EE and wild-type mice were ex-
cised and snap-frozen in liquid nitrogen. Total protein was extracted
in modified RIPA buffer (50 mm Tris-HCI, pH 7.4, 150 mm NaCl, 1 mm
EDTA, 1% Nonidet P-40, 1% glycerol) containing 1.0 ug/ml aprotinin,
0.5 pg/ml leupeptin, 0.7 ug/ml pepstatin, and 50 ug/ml PMSF and
supplemented with 20 mm NaF and 5 mm sodium orthovanadate.
Tissues were Dounce homogenized on ice and rotated at 4° C for 30
min. Samples were centrifuged at 10,000 X g, and soluble fractions
were stored at —80° C. Total protein was measured using the bicin-
choninic acid protein assay (Pierce, Rockford, IL).

IEF and Gel-based Kinase Assays—Samples were prepared for [EF
using standard protocols as previously described (13). Three hundred
to 400 pg of total protein was separated on immobilized pH 4-7
gradient strips (Bio-Rad, Hercules, CA).

KSE/MS—For identification of protein kinases, 0.1 mg/ml myelin
basic protein (MBP) was mixed with a 10-12% polyacrylamide solu-
tion (830%T:2.6%C). In some instances, 0.1 mg/ml histone H1 or both
MBP and histone H1 (0.05 mg/ml of each) were used. Gel-based
kinase assays were performed as described previously for one-di-
mensional SDS-PAGE (14) with several modifications. All steps were
performed at room temperature unless otherwise indicated. Following
electrophoresis, gels were washed in three changes of a propanol-
Tris buffer (50 mm Tris-HCI, pH 8.0, 20% 2-propanol). Gels were then
soaked in three changes of a DTT-Tris buffer (50 mm Tris-HCL, pH
8.0, 5.0 mm DTT). A denaturing solution (50 mm Tris, pH 8.0, 20 mm
DTT, 6.0 m guanidine-HCI) facilitated protein unfolding within the gel.
Gel-bound proteins were refolded in a protein folding buffer (50 mm
Tris-HCI, pH 8.0, 5.0 mm DTT, 0.04% Tween-40, 150 mm NaCl, and
5.0 mm MgCl,). The solution was changed four times and then once
prior to an overnight incubation at 4 °C. Subsequent changes of
protein folding buffer were carried out the following day (8—10 times).
Prior to the kinase reaction, gels were soaked in two changes of
pre-kinase reaction buffer (20 mm MOPS, pH 7.4, 25 mm B-glycero-
phosphate, 5 mm EGTA, 1 mm DTT, 1 mm sodium orthovanadate, and
50 mm MgCl,) for 30 min each. Gels were then incubated in a kinase
buffer (20 mm MOPS, pH 7.4, 25 mm B-glycerophosphate, 5 mm
EGTA, 1 mm DTT, 1 mm sodium orthovanadate including 5 uCi/ul
[y-*2P]JATP) and 500 um cold ATP for 1.5-2 h. Incubation was per-
formed with occasional agitation. In order to minimize nonspecific
background and precipitate incorporated radiolabel, gels were
washed with several changes of a TCA wash solution (5% TCA, 1%
sodium pyrophosphate). Finally, the gels were air-dried (Bio-Rad),
and kinases were detected by autoradiography.

Autophosphorylated proteins were excluded from analyses by run-
ning replicate gels that did not contain embedded substrate. The
radiolabeled spots appearing on these gels were compared with
spots on gels that contained embedded substrate. Similar protein
spots from both gels did not undergo further analysis.

KSS/MS—A 10 to 12% polyacrylamide gel (30%T:2.6%C) without
copolymerized substrate was used for the substrate-sweep/MS anal-
yses. In this assay, substrates for the kinase of interest are endoge-
nous to the sample. Following the second-dimension electrophoresis,
gels were treated as described for the KSE/MS. After incubation in a
pre-kinase buffer as above, the gel was soaked for 1.5-2.0 h in a
kinase buffer containing a commercial recombinant activated kinase
(MKK®6; Upstate Biotechnology, Lake Placid, NY). The gel was then
washed and treated as above.

In-gel Tryptic Digests and MS—Autoradiograms from gel-based
kinase assays were matched with their corresponding dried gels.
Picked spots were excised and re-swollen in 50 mm NH,HCO;. Gel
pieces were reduced, alkylated, and processed for in-gel tryptic di-
gestion using standard protocols (15). All nano-HPLC-ESI MS/MS
experiments were conducted using a Q-TOF Ultima™ hybrid Q-TOF
mass spectrometer coupled with a CapLC™ capillary LC system
(Waters, Millford, MA). Samples were first loaded onto a 0.5-cm X
300-um C,5 peptide trap (LC-Packings, San Francisco, CA). Trapped
peptides were eluted off to a 15-cm X 75-um C, 4 capillary column for
separation using a gradient of 5-50% ACN over 45 min and 50-85%
ACN over 5 min. The flow rate to the ESI sprayer was 250 nl/min. The
mass spectrometer was set to operate in automated MS/MS acqui-
sition mode during the analysis. In order to increase the probability of
detecting isolated kinases with the KSE/MS method, MBP parent ions
were excluded from analyses using an in silico-generated MBP ion
exclusion list. The peptide MS/MS spectra were searched against the
NCBInr database using the MASCOT searching algorithm.

Immunoprecipitation/in Vitro Kinase and Immunoblot Assays—Im-
mune-complex kinase analyses were performed using tissue protein
lysates from wild-type and MKKBEE mice as described previously
(13). Western transfer and immunoblot analyses were performed as
described previously (13). Antibodies against MKK6 (Calbiochem, La
Jolla, CA), p38a, p38y (Upstate Biotechnology), AMPKB1, AMPKe,
and PAKT1 (Cell Signaling Technologies, Beverly, MA), and pan-phos-
phoserine (Zymed Laboratories Inc., San Francisco, CA; Chemicon,
Temecula, CA; Abcam, Cambridge, MA; and Cell Signaling Technol-
ogies) were used as indicated by the manufacturer.

RESULTS

To begin to address the depth of the MKK6/p38 signaling
cascade, we chose to utilize the post-natal heart as a mod-
eling environment. To this end, we generated transgenic mice
overexpressing an activated MKKG6 transgene (MKKGEE).
Post-natal cardiac expression was achieved by using the
a-myosin heavy chain promoter (16, 17) (Fig. 1D). Although
MKKGEEE mice appeared normal at birth, these animals had
attenuated lifespans (<2 months). Post-mortem analysis of
MKKBEE mice revealed evidence of a significant cardiac my-
opathy, with enlarged ventricular walls and a pronounced
increase in ventricular chamber size in comparison to wild-
type littermates (Fig. 1, A and B). In addition, the fiber diam-
eter from MKKGEE hearts were larger than those from wild-
type littermates (Fig. 1C). Interestingly, we observed that
overexpression of activated MKKG6EE resulted in the prefer-
ential induction of p38« kinase activity with little or no alter-
ation in p38+y despite similar levels of protein expression (Fig.
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Fic. 1. Characterization of the MKK6EE phenotype. A, whole mount view of wild-type (left) and MKKG6EE (right) hearts at 2 months of age.
The MKKG6EE heart displays enlarged atria and ventricular hypertrophy. B, cross section of MKKBEE heart. Distention of the left ventricle is
accompanied by thickening of the ventricular walls. Section was photographed at xX0.63 magnification. C, longitudinal sections of wild-type
heart (leff) and MKKG6EE heart (right). Individual fibers from MKKBEE hearts appear larger than fibers from wild-type hearts. Sections were
photographed at X60 magnification. D, MKK®6 protein levels are higher in MKKBEE hearts. Western blot analysis of wild-type (wt) and MKKGEE
(tg) heart lysates using an anti-MKK®6 antibody. The blot is representative of the MKKBEE transgenic strain. E, MKK6 activity is higher in MKK6
EE transgenic hearts. MKK6 kinase activities from wt and tg tissue lysates were compared by IP/kinase analyses. MKK6 was immunopre-
cipitated with an anti-MKK6 antibody and incubated in a kinase reaction buffer containing [*?P]JATP and MBP. Kinase activity was assessed
by autoradiography. Control reactions with (+) or without (-) recombinant activated MKK6 or from the skeletal myobast cells (C2) are shown.
F, p38vy activity is lower in MKKGEE hearts. p38y kinase activities were assessed as in D using an anti-p38y antibody. Reactions without MBP
(-) and with recombinant activated p38y (+) are shown as controls. G, p38« activity is higher in MKKGEE hearts. p38a« kinase activities were
assessed as in D using an anti-p38« antibody. A control reaction using recombinant activated p38a« (+) was also included. For E-F, the position
equal loading of each kinase reaction was assessed with Coomassie blue (shown below each panel).

1, E-G). Indeed, variable MKK®6 activation has been demon-
strated to alter the substrate preference of MKK6 between the
targets of p38« and p38y, an interaction that originates from
the more efficient binding of MKK6 to p38« in comparison to
p38y (18).

These results indicated that the signaling pathways in-
volved in MKK6 activation were more complex than initially
anticipated. As such, it was evident that the standard predic-

tive models for interrogating MAPK signaling were limited,
and the use of broad-range screening tools were required to
identify the relevant kinases and phosphoproteins. As a first
step in screening the pathways, we performed standard two-
dimensional (2D) gel separation of cardiac protein lysates
derived from wild-type and MKKG6EE transgenic mice followed
by Western blot analysis of these gel profiles using a number
of pan-phosphoserine antibodies, i.e. antibodies raised to a
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phosphoserine epitope in general. This screening approach
demonstrated observable differences between the conditions
(see supplemental Fig. 1), yet the reproducibility of this ap-
proach was subject to considerable variability. The variability
originated in part from the pan-phosphoserine antibodies, i.e.
antigen detection appeared to be dependent on the class of
phosphoserine proteins examined and did not provide global
or uniform coverage of serine phosphoproteins (data not
shown). In addition, the information acquired from this screen
like other proteomic tools did not provide a direct measure of
protein activities.

Based on these limitations, we sought to develop a repre-
sentative proteomic screen in which global kinase activity
could be coupled to kinase identification. We had previously
shown that innate kinase activities of muscle protein lysates
could be retained following IEF and SDS-PAGE separation
(18). Therefore, we postulated that additional alterations to
this preparative protein separation could be made to maxi-
mize kinase activities and enhance identification through the
use of LC-MS/MS (Fig. 2). Protein lysates were subject to IEF
and SDS-PAGE with a gel matrix consisting of a ubiquitous
kinase substrate cross-linked to the matrix, in this case MBP.
The protocol was enhanced with the use of a chaotropic
buffer designed to encourage protein re-folding and mainte-
nance of enzymatic activity. These gels were then subject to
a modified kinase assay and then autoradiography to identify
matrix-bound kinase activities. Absolute identification of the
speculative kinase could then be made using LC-MS/MS (Fig.
2). We have termed this assay KSE/MS. As a proof of principle
experiment, we subjected active MKK6 and p38 fusion pro-
teins to the KSE/MS procedure with 2D-PAGE gels containing
MBP. We observed proteins in these gels with mass and
isoelectric points within ranges consistent for recombinant
MKK®6 and p38, which retained robust kinase activity (Fig. 3, A
and B). These protein spots were then cut from the gel,
trypsin-digested, and positively identified by LC-MS/MS as
MKK6 and p38 (Fig. 3, A and B). Importantly, the MS analysis
was conducted using an MBP exclusion list to circumvent any
signal squelching that may have arisen from the excess gel-
bound MBP.

Following the successful reconstitution of these recombi-
nant kinases in the KSE/MS, we then tested the utility of this
method for monitoring multiple kinase activities from tissue
protein lysates. Total protein lysates were extracted from
wild-type and MKKG6EE hearts, and comparative kinase activ-
ity maps were generated (Fig. 4A). LC-MS/MS identification of
these proteins demonstrated that the wild-type heart ap-
peared to maintain a kinase activity profile consistent with a
baseline cellular function, displaying measurable kinase ac-
tivity for intermediate metabolic enzymes (such as protein
kinase C and pyruvate kinase) and cytoskeletal organizers
p21 activated kinase (PAK) and a kinase activity associated
with the cellular chaperone 14-3-3) (Fig. 4, A and B). The
kinase activity profile that was generated from MKKG6EE pro-

tein lysates was clearly divergent from the profile observed
using wild-type lysates (Fig. 4A). For example, in addition to
elevation of MKK6 and p38« activity, MKKGEE lysates also
demonstrated robust enzymatic activity for three kinases of
particular interest, 5'-AMP activated kinase (AMPK), Rho-
associated kinase (RAK), and the serine/threonine kinase pro-
tein kinase N (PKN) (Fig. 4). To validate the observations
obtained from the 2D-KS/MS screen, we made use of stand-
ard immunoprecipitation (IP) kinase assays. Individual kinases
were immunoprecipitated from wild-type and MKK6EE car-
diac protein lysates and incubated with MBP in a comparative
in vitro kinase assay. The results of the IP kinase assay were
entirely consistent with the results obtained in the initial
KSE/MS assay for each protein tested (data only shown for
PAK and AMPK), which confirmed the utility of KSE/MS in
identifying multiple kinase activities from one sample and
constructing comparative kinase activity maps (Fig. 4C).

The KSE/MS screen yielded an enzymatic activity map that
was consistent with the physiologic demands for cardiac
hypertrophy. Nevertheless, many of these responding kinases
do not contain the requisite interaction domains that are typ-
ical hallmarks of MAPK substrates (19). It is probable then that
a portion of these kinases were responding to the hypertrophy
environment and not MKKG6 directly. Therefore to distinguish
primary MKK6/p38a signaling alterations from secondary
changes, we adapted our kinase assay to identify probable
kinase substrates for MKK6 (KSS/MS). Briefly, this KS/MS
variation utilized IEF-2D-separated protein lysates as the ki-
nase substrate, i.e. second-dimension gel without MBP (Fig.
2b). These gels were then incubated with a recombinant ac-
tivated kinase in an appropriate incubation buffer (Fig. 2),
followed by MS identification of the [y->?P]ATP-labeled pro-
tein spots. Subsequently, we utilized the KSS/MS variation
with recombinant MKK6 and p38a to identify corresponding
substrates in cardiac protein lysates.

The p38a-based KSS/MS resulted in direct phosphoryla-
tion of and identification for multiple known substrates (data
not shown), an established characteristic for this effector ki-
nase during cardiac hypertrophy (17). Not surprisingly, MKK6-
based KSS/MS experiments identified p38a, p385, and p38y
(low level) kinases as targeted substrates (Fig. 5, A and B).
However, these experiments also identified other probable
targets for MKK6 in cardiac protein lysates, including cy-
toskeletal regulatory factors and translational control proteins
(Fig. 5, A and B). Interestingly, we also identified elF-4E and
tubulin, proteins known to be phosphorylated by kinases (Fig.
5, C and D). Phosphorylation status for these MKK6 targets
were independently confirmed using a combination of anti-
phospho-specific antibodies for IP/Western and Western
blotting analysis in wild-type and MKKGEE heart lysates.

DISCUSSION

The phosphorylation of cellular proteins represents an im-
portant mechanism for eukaryotic cellular adaptation. The
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Fic. 2. The KS/MS assay. A schematic diagram depicting the essential steps of the KSE/MS assay. Samples are IEF on immobilized pH
gradient of a chosen pl range (a). The focused sample is loaded onto a denaturing polyacrylamide matrix containing an embedded kinase
substrate of choice (e.g. MBP, histone-H1) (b). Following electrophoresis, the gel is washed in a Tris-propanol buffer to remove SDS (c).
Proteins within the gel are denatured in denaturing buffer (d) and then renatured in a folding buffer (). The gel is incubated in a kinase buffer
containing [*2P]ATP (f) and washed to remove unincorporated radiolabel (g). Autoradiographic exposure of the dried gel reveals a number of
spots of interest (h), where each spot represents a putative kinase that has phosphorylated the in-gel substrate. The spots of interest are
excised from the gel, subjected to tryptic digest, and further purified for mass spectrometric analyses using nano-LC-ESI-MS (j).

biochemical pathways that mediate these adaptive responses
have become a central focus in signaling biology. Several
broad-based screening methods, now available for the iden-
tification of phospho-proteins, have established their utility in
as far as revealing the outcome of cellular regulation. How-
ever, the current approaches that recount signaling events

often rely on methods that depict only linear and isolated
outcomes. Clearly, illustrating the dynamic nature of signal
transduction cascades remains a difficult and onerous chal-
lenge. In this report, we describe an activity-dependent pro-
teomic screening assay used to interrogate the complexity of
MAPK signaling. Using this assay, we demonstrate that
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Fic. 3. Validation of the KS/MS assay. A, recombinant active Mal-E-MKK6 was subjected to KS/MS analysis. A representative autora-
diogram is shown. The spot of interest (circled in red) was tryptic digested and prepared for MS analysis. The corresponding MS spectra for
the double-charged parent ion is shown on the right. B, recombinant active GST-p38+y was subjected to KS/MS analyses as in A. The resulting
spectra (parent ion, double charge) from an in-gel tryptic digest of the circled spot (indicated in red) is shown on the right. For both A and B,
the peptide MS/MS spectra were searched against public databases using the MASCOT (Matrix Science, London, UK) database searching

algorithm.

MAPK signals in cardiac disease can behave in an unconven-
tional manner.

Broad spectrum analysis of protein kinase activity using
gel-based methods has been reported previously (14, 20). In
these instances, proteins were subjected to one-dimensional
separation based on molecular mass through a substrate-
embedded polyacrylamide matrix. Upon exposing the gel to
denaturation/renaturation and kinase buffers, single bands
representing protein kinases were visualized. However, the
resolution of this assay provides only qualitative information
because several protein kinases may share the same molec-
ular mass. Using an improved gel-based approach, we incor-
porated a high-resolution 2D polyacrylamide separation cou-
pled with mass spectrometric interrogation to unambiguously
identify protein kinases, termed KSE/MS. Importantly, these
modifications allowed us to draw more enumerative conclu-
sions between test samples.

An activated MKK6 murine model of cardiomyopathy re-
vealed several interesting and unanticipated results following
the application of KSE/MS. Aside from the expected activa-

tion of downstream signaling components, i.e. p38 MAPK, we
identified kinases that affect cellular metabolism, cytoskeletal
dynamics, and cell survival. In general terms, it is known that
AMPK acts as an independent rate-limiting step in oxidative
metabolic pathways. More interestingly in the present con-
text, activation of AMPK has been implicated in metabolic
regulatory events during the development of cardiac hyper-
trophy (21). Similarly, elevated RAK activity has been shown
to be a crucial component of hypertension-induced left ven-
tricular hypertrophy (22, 23), and PKN has been shown to
mediate Rho GTPase activation of transcriptional activity
leading to hypertrophy in cardiomyocytes (24). In addition to
the cardiac-specific effects, both RAK and PKN are known to
be modulators of the cytoskeleton.

An important consideration of the KSE/MS method is the
choice of substrate that is co-polymerized within the second-
dimension gel. While MBP is a general substrate for a wide
variety of serine/threonine protein kinases (25, 26), a number
of kinases have alternate substrate preferences. In this in-
stance, the KSE/MS method may be best utilized with a
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Fic. 4. KS/MS profiling of protein kinases from wild-type and MKK6EE cardiac lysates. A, KSE/MS analyses of wild-type and MKKGEE
cardiac lysates revealed distinct differences in kinase activities. Cardiac lysates were prepared and subjected to the KSE/MS assay using MBP
as a gel-bound substrate. MKK6 (7), p38 (2), and cAMP-dependent protein kinase (3) are shown for the MKK6EE analysis. B, a partial list of
protein kinases identified by KSE/MS in wild-type and transgenic cardiac lysates. MS results were searched against the NCBI databases using
MASCOT database search algorithms. C, validation of KSE/MS targets using in vitro kinase assays. Adenosine monophosphate-activated
protein kinase (AMPK) (left) and p21 activated kinase (PAK) (right) was immunoprecipitated from wild-type (wt) and MKKGEE transgenic (tg)
heart and skeletal muscle protein lysates. Kinase activity using MBP as the target substrate was assessed as described in Fig. 1. A positive
control containing recombinant activated AMPK was included (input). D, representative spectra for PAK (top) and serine/threonine protein
kinase PKN (bottom) are shown. Spectra were generated by searching MS results against NCBI databases using the MASCOT database
search algorithms. The peptide sequence and parent ion mass is shown for each. Additional spectra for other identified peptides are shown

in supplemental Fig. 3.

multisubstrate gel matrix. For example, when we co-polymer-
ized both MBP and histone H1 in combination, a larger num-
ber of kinase activities were detected. By using the two gen-
eral substrates together, we were able to cover a more
extensive kinase substrate range (see Supplemental Fig. 2).
A novel feature of the KS/MS approach is the ability to
identify substrates of a given protein kinase, termed KSS/MS.
By separating IEF samples in a substrate-free second-dimen-
sion gel and incorporating a recombinant active protein ki-
nase in the kinase incubation buffer, we were able to identify
several substrates of MKK6. Several of these substrates are
known to be targeted by kinases (elF-4E, tubulin, etc.), yet this
is the first demonstration to imply that these same proteins
act as bona fide MKK6 substrates (Fig. 5, C and D). Impor-

tantly, many of these proteins are known to be involved in
cytoskeletal reorganization and have been reported to retain
cardiac-specific functions. For example, a-adducin is a spec-
trin-like protein that modulates ankryin interactions with actin
(27) and has been linked to hypertension-associated cardiac
hypertrophy (28). Semaphorins are secreted glycoproteins
that bind and activate a family of transmembrane receptor
proteins termed plexins. Semaphorins were originally identi-
fied as critical axon guidance factors through deconstruction
of the actin cytoskeleton (29). Interestingly, semaphorin 6 has
been shown to have profound effects on cardiac morphogen-
esis by limiting the expansion of ventricular mass, presumably
by inducing cardiomyocyte cell contraction (30, 31). Finally, it
is germaine to note that collapsin response mediator pro-
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Fic. 5. KS/MS identification of substrates for MKK6. A, cardiac protein lysates from MKKBEE mice were subject to KSS/MS analyses. The
second-dimension PAGE was run with the lysates as the substrate. Activated MKK6 was included in the kinase reaction buffer (see Fig. 2).
Numbers correspond to proteins identified by MS analyses (B). B, a partial list of potential MKK6 substrates identified in A. Peptide fragments

were searched against the NCBI databases using MASCOT database

search algorithms. Asterisk indicates protein spots not shown on the gel

(A). C, phosphorylation of tubulin by MKK6. The identified substrate tubulin was immunoprecipitated from MKKGEE transgenic cardiac lysates
and subjected to an in vitro kinase assay using recombinant active MKK6 and then Western transferred to a membrane support. Increasing
amounts of recombinant active enzyme were used to validate phosphorylation of tubulin by MKK6 (shown by autoradiography). A control lane
showing tubulin without active MKKB6 is shown. The blot was then immunostained to show comparative levels of immunoprecipitated tubulin.
D, the identified substrate adducin was verified as an MKK6 substrate as in C. An equivalent level of immunoprecipitated adducin was verified
by an anti-adducin immunoblot (lower panel). E, representative spectra for adducing (top) and tubulin (bottom). The parent ion mass and
peptide sequence are also shown for each. Additional spectra for other identified peptides are shown in supplemental Fig. 4.

tein-1 (CRMP-1) was also identified as an MKK6 substrate.
CRMP proteins act to mediate semaphorin signals, and
CRMP activity is known to be suppressed by phosphoryla-
tion, at least in neuronal cell types (32). As such, it is reason-
able to suggest that MKK6 may promote the progression of
cardiomyocyte hypertrophy by targeted phosphorylation of
these proteins, and it is the phosphorylation and consequent
inhibition of these proteins that permits the characteristic
re-organization of the cytoskeleton during hypertrophy (33).
The prevailing hypothesis for MAPK-induced cardiac hy-
pertrophy describes a simple linear relationship in which the

effector kinase acts as the final arbiter of the hypertrophic
signal by up-regulating cardiac transcription factor activity
(34, 35). This model presumes that the cytoskeletal and sar-
comereic reorganization that takes place during cardiomyo-
cyte hypertrophy is the consequence of effector kinase func-
tion. Our results challenge this model and suggest that MAPK
induction of cardiac hypertrophy originates from both effector
kinase-dependent and -independent mechanisms, i.e. indi-
rect activation of protein/substrate activity.

The application of KS/MS relies on the efficient separation
of proteins by isoelectric point and then by molecular mass.

680 Molecular & Cellular Proteomics 4.5



Activity-based Proteomic Screening of Cardiomyopathy

Although the resolution of an entire proteome using gel-based
separation is still a challenge, these methods remain versatile,
dependable, and cost efficient. More recently, significant ad-
vances in proteomic profiling techniques have been made
with gel-free methods of sample separation followed by
LC-MS (36-38). These approaches have the advantage of
enhanced resolution through comprehensive sample analyses
including the detection of low abundance proteins and pro-
teins within extreme isoelectric point ranges. We are currently
making efforts to improve the resolution of the KS/MS meth-
odologies by incorporating gel-free matrices coupled to LC
separation.

To date, proteomic applications in signaling biology have
been limited to annotation of the phosphoproteome. These
protocols are based on one general strategy; the enrichment
of phosphorylated proteins/peptides from a protein lysate
followed by mass spectrometric identification of the altered
proteins/peptides. Despite the promise of these innovations,
assigning true functional outcomes to the resulting phospho-
proteome maps has remained elusive. Our observations have
demonstrated that the KS/MS protocol circumvents this limi-
tation, coupling signal protein function (kinase activity) to
protein identification. As such, application of the KS/MS
methodologies will provide a platform for accelerating signal-
ing discovery in complex biologic models.
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