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Abstract: Five SOX peptides are used to classify the MAPK
groups and isoforms thereof using chemometrics. The score
plots show excellent classification and accuracy, while support
vector machine analysis leads to the quantification of ERK and
an ERK inhibitor concentration in kinase mixtures. Examina-
tion of the loading plots reveals cross-reactivity among the
peptides, and some unexpected surprises.

Mitogen-activated protein kinases (MAPKs) are key
regulators of cellular processes, and their aberrant activity is
associated with several diseases: cancer, diabetes, and neuro-
degenerative and hematological malignances.[1] MAPKs are
classified in three major groups, the extracellular signal
regulated kinases (ERK1/2), the c-jun N-terminal kinases
(JNK1/2/3), and the p38 MAPKs (p38a/b/g/d). Conventional
detection methods for these groups, and their isoforms, rely
either on the use of radioassays or antibodies.[2] More
recently, optical-based biosensors have emerged to detect
kinase activity.[3] For instance, the peptide-based sensors
developed by the Imperiali group, containing a sulfonamido-
oxine (SOX) fluorophore, is a leading approach. Upon
peptide phosphorylation proximal to SOX, this fluorophore
increases its affinity for Mg2+, resulting in chelation-enhanced
fluorescence.[4] Imparting selectivity to the biosensors for
distinguishing between kinases is a challenge, and is achieved
by varying the peptide structure.[5]

The design of the peptides that control selectivity relies on
differences between the recruitment sites of MAPKs.[6] These
sites control the specificity of the kinase docking interactions
with upstream activators, phosphatases, and downstream
substrates.[7] Two different MAPK recruitment sites have
been identified, the D-recruitment site (DRS) and the F-
recruitment site (FRS), which recognize modular peptide
sequences in their substrates.[8] Some MAPKs, such as the
ERKs possess both, while others, such as the JNKs are
believed to possess only a DRS. By targeting these sites
a selective SOX-peptide was synthesized to study the activity
of p38a,[9] while a different SOX-peptide, with different
recognition elements, exhibited selectivity for ERK1/2.[10] In
such a strategy, one designs a different SOX-peptide for each
kinase target.

In contrast, the differential sensing method enables the
detection of closely related analytes by using an array of
cross-reactive receptors, creating a response pattern that is
diagnostic for individual targets or mixtures.[11] Our group,[12]

and others,[13] have used this pattern recognition approach for
the differentiation of proteins. Recently, we reported the in
situ formation of an array of ZnII dipicolylamine chemo-
sensors targeted to kinases. Seven different hosts were used to
classify phosphorylation stages of MAPKs, as well as to
differentiate cell extracts of varying kinase expression.[14]

Herein, we report an alternative differential sensing strategy
for kinases. The approach uses five SOX-peptides with
distinctive docking sites for MAPKs, and shows considerably
higher sensitivity and better cross-reactivity than the previous
approach. This array was used to qualitatively differentiate
each of the following: ERK1/2, JNK1/2/3, and p38a/b/d/g. In
addition, changes of kinase concentration, as well as specific
inhibitor concentration, were quantitatively detected in
kinase mixtures. Further, the chemometric results revealed
unexpected cross-reactivity of the SOX-peptides, and inter-
dependences between the kinases that otherwise would not
necessarily be evident.

We chose peptides with differing selectivities for MAPKs
based upon previously reported results. In addition, we
adopted the fluorescence sensing strategy reported by the
Imperiali group, in which the Cys residue at the P+2 or P�2
position in each peptide was functionalized with the SOX
fluorophore, yielding the fluorescent docking peptides: SOX-
Sub-D (1a), SOX-MEF2A (1b), SOX-NFAT4 (1c), SOX-
Sub-F (1d) and SOX-p38 (1e) (Figure 1). The first and fourth
peptides were designed based on a report by Dalby, where he
found that the Sub-D and Sub-F peptides bind to the DRS
and the FRS of ERK2, respectively.[15] The DRS exists in
ERK, JNK, and p38 MAPKs.[16] Thus, it was expected that
Sub-D will be phosphorylated by any of these kinases. In
contrast, the FRS has been found primarily in ERK and p38a,
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but not in p38b or JNKs;[17] for this reason Sub-F affinity was
expected towards ERKs and some p38 isoforms.[18] The
second and third peptides were reported by Garai et al. He
found that the docking peptide derived from MEF2A
(myocyte enhancer factor 2A) bound ERK2 and p38a,
while a peptide derived from NFAT4 (nuclear factor of
activated T cells 4) bound to JNK1.[19] Because the MEF2A-
derived peptide previously used is very long,[19] only the D-
motif was retained, and linked by means of 6-aminohexanoic
acid to the phosphorylation motif. Further, the phosphoryla-
tion motif TPVVSVTTPS was replaced with TGPLSPCPF
because Dalby and Turk had reported that this motif is
relatively nonspecific, and differential sensing benefits from
cross-reactivity.[18] Lastly, Chen et al., found that the p38
peptide shows good selectivity for the p38 group, having
highest affinity to p38a,[20] Therefore, addition of peptide 1e
to our array was expected to assist in the classification of these
kinases.

We first sought to challenge the discriminatory power of
our cross-reactive peptides to distinguish nanomolar levels of
the MAPK isoforms: ERK1/2 (0.5 nm), JNK1/2/3 (5 nm), and
p38a/b/g/d (2.5 nm), with each SOX-peptide at 2 mm, with the
exception of SOX-p38 peptide (8 mm). Kinetics traces for
SOX-peptide phosphorylation by each kinase were recorded
for 60 min in four replicates (Figure 2 shows two representa-
tive examples, see the Supporting Information for all data).
The delta fluorescence (DF) values at 20 min, along with

calculated rate constants,[21] were used as input for chemo-
metric analysis (Supporting Information).

The multivariate data (4 replicates � 5 peptides � 9 kinases
� 2 inputs) were analyzed with the program XLSTAT using
both principal component analysis (PCA) and linear discrim-
inant analysis (LDA). PCA is an unsupervised method, which
is used to find the greatest variance in the data set without any
predetermined bias for classification. In contrast, LDA max-
imizes the separation between known differing classes, while
minimizing the scatter within each analyte class.[22] Thus, for
the classification of known kinase groups and isoforms, as well
as concentrations (vide infra) we turned to LDA. The score
plot (Figure 3a, a 2D representation is in the SupportingFigure 1. Peptide-based sensing array. SOX-peptide substrates present-

ing docking sites for MAPK recognition. Linker= three 6-aminohexa-
noic acid groups.

Figure 2. Fluorescence changes of SOX-NFAT4 peptide upon phos-
phorylation with different MAPKs, showing four experimental repli-
cates. Enzymatic activity of a) ERK1 and b) JNK2 with SOX-NFAT4
peptide (2 mm).

Figure 3. Fingerprints of the MAPKs produced by the peptidic array.
a) Three-dimensional LDA plot of the response from the SOX-peptides
showing in vitro differentiation of nine MAP kinases. b) PCA biplot
showing the peptide contributions to the differentiation of the MAPKs.
F = DF at 20 min, k= rate constant.
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Information) was obtained with 94.4 % classification accuracy
according to a jack-knife analysis. LDA successfully differ-
entiated and categorized the MAPK isoforms into their three
corresponding groups, with the exception of p38b, which was
unexpectedly found in close proximity to the JNK group.

To reveal which SOX-peptides led to differentiation of the
kinases we used PCA. Although more scatter is common with
PCA, the unbiased nature of the plot makes it superior for
revealing which variables (peptides in this study) lead to
classification of the groups (kinases). To visualize the depend-
ence between the variables and groups, loading plots are used.
In our study the direction and magnitude of the discriminate
vectors in the PCA loading plot show the extent to which the
peptides contribute to the discrimination of the kinases along
the factor axes of the score plot. Biplots superimpose the
score and loading plots to readily reveal which discriminate
vectors correlate with group classification (Figure 3 b).[22a]

The discriminate vectors in the biplot were found to
support the aforementioned literature results for phosphor-
ylation selectivities, but some unexpected cross-reactivity was
uncovered. For instance, the MEF2A vector indeed correlates
well with ERK2 and p38a, but also with ERK1 and even p38d

to some extent. Further, as expected, the NFAT4 discriminate
vector indicates that this peptide was phosphorylated by
JNK1, but it actually shows a greater contribution to differ-
entiating the other JNK group members, as well as p38b.
Further, although the p38 peptide was mainly phosphorylated
by the p38 kinase group as expected, the discriminate vectors
show that this peptide primarily differentiates only the p38g

and p38d isoforms from the other kinases. As expected, Sub-F
was phosphorylated by the ERKs and most p38 isoforms due
to binding to the FRS. The kinetics revealed that the p38
group phosphorylated this peptide with higher efficiency.
Thus, the Sub-F discriminate vectors mainly contributed to
the discrimination of ERKs, as well as p38a, p38g, and p38d.
Lastly, Sub-D was expected to be phosphorylated by most
MAPKs, and thus would be quite cross-reactive and benefi-
cial to the analysis. Indeed, Sub-D was the least selective
peptide, but because its discriminate vectors lie nearly equally
between the ERK and JNK groups, the response to this
peptide contributes to the discrimination of these groups the
most. In summary, when the composite response from the
array is analyzed using chemometrics, the peptides were
found to be cross-reactive and not necessarily highly selective
for their predicted individual kinases. Hence, a differential
sensing approach has considerable power in classifying the
MAPK groups, and also their isoforms, in one in vitro assay.

Next, we explored whether the array could be used to
quantitatively determine the concentration of a kinase in
a mixture of kinases. Thus, a study was performed in which the
concentrations of ERK1 were increased in the presence of
fixed concentrations of JNK3 and p38g (Figure 4a). In this
case, as well as the next study, LDA was used because the goal
was to make a clear classification of concentrations. The LDA
plot revealed a curved dependence of the intergroup variance
along the F1 and F2 axes. In such cases, Anzenbacher has
introduced the use of support vector machines (SVMs) for
quantitative data analysis in differential sensing.[23] SVMs are
used to analyze datasets of numerical classes with nonlinear

behavior. These classes are rearranged into a higher-dimen-
sional vector space using kernel functions.[24] The SVM
regression method constructs calibration models which pre-
dict the properties (concentrations in our studies) of unknown
samples.[25] Thus, a SVM model was used for regression
analysis of ERK1 in MAPK mixtures. The acquired multi-
variate data was divided into two sets: one to generate the
calibration model and the second to validate the model. For
ERK analysis, two concentrations of seven (29 % of the data)
were analyzed as unknown concentrations, and the calibra-
tion model was used to calculate the unknown samples. This
peptide array yielded an accurate quantitative determination
of ERK1, where the unknown concentrations were correctly
quantified (dots) as shown in Figure 4b. The test model used
to validate the calibration model produces a root-mean-
square error of prediction (RMSEP) value, which gives
a measure of the predictive performance of the calibration
model when presented with unknown data. An error of only
2.4% was obtained according to the RMSEP = 0.075.

Finally, we set out to explore whether the cross-reactive
peptides could be used to analyze kinase inhibitor activity. A
variety of small-molecule inhibitors have been developed to
regulate the activity of the ERK pathway.[26] However, few
detection methods have been developed that are amenable to
screening the in vitro activity of inhibitors using mixtures. To
explore the utility of this sensing ensemble for monitoring
inhibitors, a kinase assay with the specific ERK inhibitor VX-
11e[27] was investigated to fingerprint the inhibition of ERK1

Figure 4. Results of the quantitative analysis of ERK1 in the presence
of JNK3 (5 nm) and p38g (2.5 nm) MAPKs. a) LDA plot showing the
response of the SOX-peptides to the in vitro differentiation of ERK1
concentration. b) Results of the SVM regression method for ERK1 in
a mixture of kinases. The unknown samples (circled dots) were
correctly analyzed. The root-mean-square errors (RMSEs) of calibration
(C), cross-validation (CV), and prediction (P) indicate the accuracy of
the model and prediction.
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in the presence of JNK3 and p38g. The
resulting LDA score plot (Figure 5 a)
presented a slightly curved progression
of the data primarily along F1. The
kinetics showed that MEF2A pre-
sented a significant decrease in the
fluorescence intensity, whereas a mod-
erate fluorescence decrease was
observed with Sub-F peptide at low

inhibitor concentrations. Thus, the MEF2A and Sub-F vectors
in the loading plot (Figure 5b) contributed to the differ-
entiation of low inhibitor concentrations. Interestingly, how-
ever, an otherwise unanticipated dependence of the p38
peptide on the ERK inhibitor concentration was revealed,
showing a moderate increase in the kinetic activity with
increasing ERK inhibitor concentration. The loading vectors
show that this increase in activity contributes to differentia-
tion of the high inhibitor concentrations. In fact, p38 and ERK
are reported to form a heterodimer that inhibits their

activities.[28] Therefore, our hypothesis is that VTX-11e
activates p38 by promoting its release from this inhibitory
heterodimer. Such unanticipated results in inhibitor behavior
can only be revealed with a parallel analysis of peptide cross-
reactivity with mixtures of kinases, and examination of
loading plots, as is inherent in a differential sensing routine.

Overlap of data clusters was observed at low inhibitor
concentrations, yielding lower classification accuracy than
with ERK concentration. However, despite this overlap at
low concentrations, a trend was observed showing a depend-
ence of the response on increasing inhibitor concentrations.
As with the ERK concentration studies, for the analysis of the
ERK-inhibitor, we used five concentrations to build the
calibration model using a SVM regression method. Two
concentrations were used as unknowns for cross-validation.
The regression analysis of inhibitor concentrations allowed
for the correct prediction of the unknowns (circles) in
Figure 5c. The RMSEP yielded a 6.6 % error of the predictive
accuracy of the model.

In summary, this study showed that the discriminating
properties of the docking sites on MAPK substrates can be
used to develop a pattern recognition approach for finger-
printing kinases. Nine MAPK isoforms were classified by
using this differential sensing approach. The use of a PCA
biplot revealed the cross-reactivity of the peptides, and their
respective contributions to the kinase classification. Further-
more, this array allowed for the quantitative analysis of ERK1
and inhibitor concentrations in mixtures of kinases. From
these results, SOX-peptides proved to be excellent choices for
a differential sensing approach that relies on a significant
extent of cross-reactivity. Importantly, by performing a che-
mometric analysis of the SOX-peptide substrate activities,
their respective contributions to classifying kinases, as well as
kinase and inhibitor concentrations, can be tested or discov-
ered, and unexpected trends in reactivity revealed.
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