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Introduction

Protein kinases play a central role in many cellular processes
like metabolism, transcription, cell cycle progression, cytoskele-
tal rearrangement and cell movement, apoptosis, and differen-
tiation.[1] Thus, the deregulation of kinase activities can lead
to various severe pathological conditions,[2] for example,
cancer,[3–9] central nervous system disorders,[10, 11] autoimmune
disease,[12] post-transplant immunosuppression,[13] osteoporo-
sis,[14] and metabolic disorders.[15] A variety of studies show that
kinases are suitable targets for the treatment of the diseases
that are caused by such deregulation. The approval of the first
selective tyrosine kinase inhibitor imatinib (Gleevec�) has ex-
tremely encouraged the pharma industry to generate a multi-
tude of kinase inhibitors.[16]

In the majority of current drug discovery strategies, libraries
of compounds are screened at an early stage against recombi-
nant, isolated, purified proteins or functional protein domains.
Initially identified hits are further optimized in regard to their
potency. Compound selectivity is then addressed by counter-
screens in protein kinase assay panels; this results in a small
number of lead compounds.[17–19] However, besides the on-
target kinase inhibition, the compounds might affect multiple
unknown- and off-targets, which either contribute to the bio-
logical effect of the kinase inhibitor or that counteract or lead
to detrimental side-effects. Indeed, due to a high degree of
structural conservation of the ATP binding site, toward which
most inhibitors are directed, multiple targets and off-target ef-
fects, which contribute to the biological activity, have been re-
ported for several drugs.[20–24] To obtain deeper insights into
the target space of a compound, additional strategies for a
more global compound profiling have been developed, such
as chemical proteomics.[25–28]

Chemical proteomics has been successfully implemented to
directly obtain protein-binding profiles of compounds from
cell lysates. For affinity pull-downs of drug targets in an un-
biased fashion, a small-molecule ligand is modified by intro-
ducing a suitable linker; this enables immobilization on a solid
support (referred to as matrix). Subsequently, the compound
matrix is incubated with a protein extract, and captured pro-
teins are analyzed by mass spectrometry or immunodetection
(Figure S1 in the Supporting Information). The KinobeadsTM ap-
proach is an advanced technology that quantitatively measures
the competition of a free compound with an affinity matrix
consisting of several immobilized tool compounds selected to
capture a large portion of the expressed kinome.[20, 29] However,
by profiling compounds against a subset of proteins captured
by tool compounds, the unbiased character in regard to po-
tential off-targets, which is a particular advantage of chemical
proteomics, partly gets lost. In fact, an unbiased off-target
characterization during the lead optimization processes is
highly desirable for gaining deeper insights into the biological
activity and off-target profile of a drug.

Since the approval of the first selective tyrosine kinase inhibi-
tor, imatinib, various drugs have been developed to target pro-
tein kinases. However, due to a high degree of structural con-
servation of the ATP binding site, off-target effects have been
reported for several drugs. Here, we report on off-target de-
coding for a multitarget protein kinase inhibitor by chemical
proteomics, by focusing on interactions with nonprotein kinas-
es. We tested two different routes for the immobilization of
the inhibitor on a carrier matrix, and thus identified off-targets
that interact with distinct compound moieties. Besides several
of the kinases known to bind to the compound, the pyridoxal

kinase (PDXK), which has been described to interact with the
CDK inhibitor (R)-roscovitine, was captured. The PDXK–inhibitor
interaction was shown to occur at the substrate binding site
rather than at the ATP binding site. In addition, carbonic anhy-
drase 2 (CA2) binding was demonstrated, and the determina-
tion of the IC50 revealed an enzyme inhibition in the submicro-
molar range. The data demonstrate that different compound
immobilization routes for chemical proteomics approaches are
a valuable method to improve the knowledge about the off-
target profile of a compound.
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Recently, the binding profile of (R)-roscovitine (CYC202), a
CDK inhibitor that is currently in phase 2 clinical trials for vari-
ous cancer indications,[30, 31] was investigated by affinity chro-
matography with the drug immobilized on a sepharose
matrix.[32, 33] In addition to the expected targets extracellular
signal-regulated kinase 1 (ERK1), ERK2, and cyclin-dependent
kinases (CDKs), the previously unknown off-target, pyridoxal
kinase, was identified. This nonprotein kinase is responsible for
the phosphorylation of pyridoxal (PL), pyridoxine (PN) and pyri-
doxamine (PM) to the respective 5’-phosphate esters PLP, PNP,
and PMP, which are the active forms of vitamin B6. Vitamin B6
is a cofactor for numerous enzymes, such as aminotransferases
and decarboxylases, of which many are involved in amino acid
and neurotransmitter metabolism.[34–36] Low levels of PLP,
which is caused by a down-regulation of brain PDXK expres-
sion or by PL competitors, are correlated with epilepsy in
animal models.[37, 38] It has been suggested that the unexpected
binding activity of (R)-roscovitine to PDXK explains some of
the biological effects of the drug or dilutes its on-target effects
by reducing the amount of free (R)-roscovitine that is available
for the desired target interaction.

Herein, we report on the results of a chemical proteomics
based, unbiased off-target decoding approach for a small-mol-
ecule ATP-competitive multitarget protein kinase inhibitor (C1).
This inhibitor was previously shown to have high potency
against CDK2, and macrocyclic derivatives were described as
multitarget CDK and VEGF-R inhibitors with potent antiprolifer-
ative activities towards various human tumor cells and in a
human tumor xenograft model.[39] Based on a computational
model of a compound–target complex, we carried out two dif-
ferent immobilization routes that were aimed at uncovering
potential off-targets that interact with distinct compound moi-
eties. Furthermore, we generated a soluble mimic of the im-
mobilized inhibitor to confirm that immobilization of the com-
pound does not interfere with its functionality. Additionally,
potential linker effects caused by the immobilization method
could be analyzed. During our studies, we found that pyridoxal
kinase (PDXK), which is a recently described off-target for (R)-
roscovitine, and carbonic anhydrase 2 (CA2) bind to the immo-
bilized inhibitor. We identified the targeted binding site of
PDXK, and quantitatively analyzed the binding of the com-
pound to recombinant PDXK and CA2. Altogether, we not only
improved our knowledge about the off-target profile of our in-
hibitor, but also introduced the utilization of different com-
pound immobilization routes as a valuable method for a more
comprehensive off-target profiling by chemical proteomics.

Results and Discussion

Immobilization of the inhibitor C1 at the sulfonamide
moiety preserves its functionality

A computational model of the protein kinase inhibitor C1 in
complex with its target protein, CDK2, was derived from co-ACHTUNGTRENNUNGcrystallization experiments of CDK2 in complex with various C1
analogues.[39] Due to the solvent accessibility of the sulfon-ACHTUNGTRENNUNGamide moiety of C1, this group was identified as an appropri-

ate site for compound immobilization in a chemical proteo-
mics approach (Figure 1). After introducing a short linker at the
sulfonamide group to give C1–SL, we immobilized this short-

linker analogue to a solid support and thereby generated a
C1–matrix (Scheme 1). Additionally, a soluble mimic of the
compound matrix was synthesized to confirm that immobiliza-
tion via the sulfonamide does not interfere with the functional-
ity of the compound. For this purpose, C1 was provided with a
linker that was similar to the linking structure of the sepharose
matrix, to give the long-linker analogue C1–LL, which is re-
ferred to as “mimic”.

The IC50 determinations for C1, C1–SL and the mimic re-
vealed that they all inhibit CDK2/CycE in the low-nanomolar
range (Table 1). Because the mimic (C1–LL) showed a high in-

hibitory potential against CDK2/CycE, we concluded that the
C1 matrix is suitable for the affinity enrichment of binders. The
in vitro affinity capturing experiments were performed by
using HeLa cell extracts, and the binding of CDK2 to the C1
matrix was confirmed by immunoblotting (Figure 2 A).

For the identification of a suitable elution buffer, the cap-
tured CDK2 was sequentially eluted by applying an ATP/MgCl2

buffer, followed by a saturated C1–SL solution (approximately
150 mm) and finally LDS-sample buffer (LDS-SB) and heat. Nei-
ther ATP nor compound buffer was found to quantitatively
elute CDK2 from the matrix. We assumed that the high local

Figure 1. Computational model of C1 in complex with the ATP binding
pocket of CDK2. Due to its solvent accessibility, the sulfonamide group was
identified as an appropriate site for a functional linker attachment; this gave
C1–SL.

Table 1. Structure–activity relationship observations for C1 analogues.

Compound C1 C1–SL mimic (C1–LL) C1a
IC50 [nm]
CDK2/CycE[a]

1 1 3 18

[a] HTRF�: homogeneous time resolved fluorescence assay.
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compound concentration on the bead surface and the limited
solubility of the free compound prevented CDK2 from being
quantitatively eluted by ATP or free compound. Thus, unless
otherwise stated, we applied denaturing conditions by boiling
beads in LDS-SB for subsequent experiments for a complete
but unspecific elution of the captured proteins.

The protein-binding profile of C1 matrix

After having demonstrated the suitability of the C1 matrix for
capturing CDK2, we employed LC-MS/MS analysis of eluted
proteins by using HeLa cell extracts to obtain a protein-bind-
ing profile for the C1 matrix (Figure 2 B). The overlap of two in-
dependent experiments when using compound matrix result-
ed in the identification of 150 proteins that fulfill the accept-

Scheme 1. Generation of affinity matrices. A) Based on computational modeling of C1 in complex with CDK2, the “short linker” analogue, C1–SL, was
generated and coupled to epoxy-activated SepharoseTM beads. The resulting C1 matrix was used for affinity purification of binders in a chemical proteomics
approach. Furthermore, a soluble mimic of the immobilized inhibitor, referred to as C1–LL (C1–“long-linker”) or mimic, was generated to confirm suitable
compound immobilization in regard to target protein binding. Additionally, the mimic was used to analyze potential effects of the linker. For an alternative
immobilization route, the C1 analogue, C1a, was immobilized to epoxy-activated SepharoseTM beads at the 4-position; this resulted in the C1a–matrix. This
affinity matrix was used to capture proteins that interacted through the sulfonamide moiety. B) The substrate of PDXK, pyridoxal, was coupled to EAH–Se-
pharoseTM in a two-step reaction. The resulting pyridoxal matrix was employed for the characterization of the PDXK–C1 interaction and for the purification of
recombinant PDXK. C) The purine class CDK inhibitor, (R)-roscovitine (CYC202).
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ance criteria described in the Experimental Section (Table S1).
Keratins and highly abundant unspecific binders, which were
also identified in control experiments by using blocked sephar-
ose as an affinity matrix, were removed from the list. Among
the remaining proteins we found more than 30 protein kinas-
es, several oxidoreductases, ATP and GTP-binding enzymes,
and nonprotein kinases. Additionally, we detected associated
proteins (cyclins), which are known to interact with several of
the identified protein kinases. Furthermore, the list contained
more than 30 proteins, the majority of which are presumably
unspecific binders because isoforms or other subunits of the
same proteins or other members of the same protein families
were found in control experiments as well. To obtain a com-

prehensive interaction profile for the C1 matrix, more cell lines
have to be screened.

C1: high potency, poor selectivity

C1 has been optimized in regard to potent inhibition of CDK2.
However, its selectivity was barely improved and is considered
to be poor. Testing of C1 against the 27 protein kinases that
were identified in our chemical proteomics experiments re-
vealed its limited selectivity (Figure 3). At a concentration of
1 mm, C1 inhibited three other CDKs (CDK1, -5, and -9) by more

than 90 %, as expected, since CDKs are closely related and
share a high level of amino acid sequence identity (40–
70 %).[40, 41] In addition, six further kinases were inhibited by
more than 90 % (AURKA, CHEK1, MAPK8, MAPK9, STK3, and
ST17A) and six by more than 80 % (CAMK2D, CDK7, PRKD2,
STK4, STK10, and ULK3). Because C1 inhibits protein kinases
from several kinase families, we would expect an increasing
number of highly inhibited targets by expanding the tested
kinase panel to all available human protein kinases. Interesting-
ly, not all kinases captured by the C1 matrix appeared to be
highly inhibited in the assay panel. Five kinases were inhibited
by 50–80 % (CAMK2G, CHUK, FER, MAPK1, YES) and six
(CDC42BPB, MAP2K1, PAK4, PKN2, PRKD3, RIPK2) by less than

Figure 2. A) Proof-of-concept: HeLa cell extracts were incubated with com-
pound matrix and control matrix. After several washing steps, captured pro-
teins were eluted sequentially with: 1) ATP (10 mm)/MgCl2 (10 mm)/low-salt
washing buffer (detailed in the Experimental Section); 2) a saturated C1–SL
solution in low-salt washing buffer; 3) 2 � LDS-SB/heat. CDK2 binding to C1
matrix was demonstrated by immunodetection (lanes 1–3). No CDK2 enrich-
ment resulted with the control matrix (lanes 4–6). B) Affinity pull-down by
using C1 matrix: HeLa cell extracts were loaded on C1 and control matrix.
After extensive washing, bound proteins were eluted by boiling the beads
in 2 � LDS-SB and analyzed by SDS-PAGE, Coomassie staining and
LC–MS/MS.

Figure 3. Percentage inhibition of 27 protein kinases identified by affinity
pull-down experiments with C1 and mimic (C1–LL). Inhibitors were tested at
1 mm compound and 10 mm ATP. Only a subset of protein kinases captured
by the C1 matrix, were strongly inhibited by C1. Comparison of the selectivi-
ty patterns of C1 and the mimic revealed moderate effects of the linker on
the inhibitory potential. Data were obtained from the Upstate–Millipore
KinaseProfilerTM service.
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50 %; this indicates that the affinity capturing used in the
setup in this study is not necessarily correlated with a high-af-
finity binding, but depends on both affinity and the expression
level of the protein. Additionally, the protein extract used in
this study might not accurately reflect the in vivo situation of
intact cells with regard to the physicochemical behavior of the
proteins. Furthermore, it has to be taken into consideration
that some of the protein kinases initially identified in the pull-
down approach by using the C1 matrix, do not bind to the in-
hibitor directly, but instead might be cocaptured by their asso-
ciation to a protein complex. Indeed, the identification of sev-
eral cyclins, which are known to tightly interact with several of
the identified CDKs, suggests that there are additional associat-
ed proteins. In particular, the protein kinases that show only a
low inhibition by C1 (CDC42BPB, MAP2K1, PAK4, PKN2, PRKD3,
RIPK2) might bind indirectly to the C1 matrix via other target
proteins. These findings demonstrate that there is an essential
need for the validation of the affinity of the compound to any
protein captured by inhibitor pull-downs.

Application of a mimic to assess functional effects of the
linker

Testing the mimic on the same panel of kinases revealed differ-
ences in the selectivity pattern compared to C1 (Figure 3). The
mimic had less inhibitory potency against most of the tested
kinases, which is very likely due to steric effects of the linker.
However, we found a few examples against which the mimic
was more active compared to C1 (CAMK2G, PAK4, PKN2,
PRKD2). In these examples, the functional groups of the linker
(e.g. , the hydroxyl group) might form additional hydrogen
bonds and thereby increase the binding affinity. Altogether,
the effects of a linker are individual and depend on the struc-
ture of the respective binding pocket of a specific target. A
mimic is useful to analyze these linker effects on a given
target; this improves the data interpretation of chemical pro-
teomics experiments, but it does not allow a general predic-
tion of linker effects on target binding.

However, not only the linker but also the immobilization
itself might affect the binding profile of the test compound.
For instance, the immobilization itself might change the poten-
cy of the inhibitor. Additionally, a high local compound con-
centration on the bead surface might cause enhanced captur-
ing of moderate binders present in high abundance, or cause
steric effects that are difficult to predict. Whereas the coupling
chemistry is well reflected by our design of the soluble mimic,
the question of how the density of the inhibitor on the bead
surface influences the binding pattern is barely addressed by
testing the soluble mimic and is therefore difficult to quantify.
Nevertheless, our findings on additional linker effects that in-
fluence the selectivity pattern of a compound are consistent
with those recently reported by Saxena et al.[42] By employing
different kinds of linkers for compound coupling in terms of
drug target deconvolution, they found significantly different
patterns of captured proteins. Both, their and our results dem-
onstrate the need for a suitable assay to define the specificity

of the interaction of a protein with the ligand under investiga-
tion.

Besides the investigation of the protein kinase binding pro-
file of C1 with chemical proteomics, another focus of this
study was the characterization of nonprotein kinase–com-
pound interactions.

Characterization of the pyridoxal kinase–C1 interaction

Within our chemical proteomics approach, we identified the
human pyridoxal kinase (PDXK) as being captured by the C1
matrix. Interestingly, PDXK was found to be targeted by the
CDK2 inhibitor (R)-roscovitine, as well.[32] Surprisingly, the bind-
ing was shown to occur at the substrate binding site rather
than at the ATP binding site, as demonstrated by cocrystalliza-
tion experiments.[43] Contribution of PDXK binding to the bio-
logical activity of (R)-roscovitine was discussed, but found to
be unlikely. However, PDXK was thought to trap (R)-roscovitine
and thereby reduce the amount of inhibitor that is free to in-
teract with its main targets.[33]

These findings prompted us to investigate the PDXK–C1 in-
teraction in more detail. First, we performed serial affinity chro-
matography[44, 45] to verify a specific enrichment of PDXK by the
C1 matrix. We incubated HeLa cell extracts with the C1 matrix,
and mixed the flow-through with a fresh C1 matrix. Specific
binders were essentially captured by the first affinity matrix
whereas the amounts of unspecifically bound proteins were
similar for both matrices. Because PDXK was mainly retained
by the first matrix, as demonstrated by immunodetection of
PDXK, we concluded that specific binding of PDXK to the com-
pound matrix had occurred (Figure S2).

We next addressed the question of whether the C1 matrix
targets the ATP site or an alternative binding site of PDXK as
shown for (R)-roscovitine. We employed sequential elution of
C1 matrix using ATP, free C1–SL and LDS-SB to distinguish be-
tween capture with the ATP binding site from enrichment by
alternative sites. We identified PDXK only in compound and
LDS-SB elution fractions but not in the ATP fraction (Figure 4 A,
lanes 1–3). In parallel, the C1 matrix was sequentially eluted by
using ATP, free (R)-roscovitine and LDS-SB. Interestingly, (R)-ro-
scovitine was able to compete with immobilized C1 and eluted
PDXK; this suggests a similar binding site for both compounds
(Figure 4 A, lanes 4–6). No PDXK enrichment and elution result-
ed with the control matrix (Figure 4 A, lanes 7–9).

Based on the results with (R)-roscovitine, we assumed that
C1 binds to PDXK at the pyridoxal binding site. Indeed, PDXK
enrichment by the C1 matrix was reduced by competition
when free pyridoxine (10 mm) was spiked into the cell extract,
as shown by immunodetection of PDXK (Figure S3 in the Sup-
porting Information). Due to these findings we generated a
pyridoxal affinity matrix (Scheme 1) and applied a sequential
elution scheme (ATP, pyridoxine, free C1–SL, and finally LDS-SB)
to C1 matrix, pyridoxal matrix, and control matrix in parallel
(Figure 4 B). Because PDXK was eluted from both affinity matri-
ces by pyridoxine and free C1–SL (and LDS-SB, Figure 4 B,
lanes 3–5), but not by ATP (Figure 4 B, lane 2), we concluded
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that the PDXK–C1 interaction occurs at the substrate binding
site rather than at the ATP binding site.

After having demonstrated the enrichment of PDXK by the
C1 matrix via the substrate binding site, we employed a PDXK
activity assay to quantify the PDXK–C1 binding affinity. To this
end, the activity of recombinant human PDXK was assayed in
the presence of different concentrations of C1, C1–SL, mimic,
and (R)-roscovitine. Even at the highest concentration tested
(50 mm), a very modest inhibition of PDXK was found for (R)-ro-
scovitine (Table 2, PDXK activity = (78�13) % at 50 mm (R)-ro-

scovitine) ; this confirms previously reported findings.[32] The
same was true for C1 (50 mm, (92�2) %), but an increasing
linker length correlated with a more efficient decrease in PDXK
activity (50 mm C1–SL: (81�6) %, 50 mm mimic: (56�7) %). We
assume that additional interaction options provided by the
linker contribute to the binding of the compound to the pyri-
doxal site (e.g. , by hydrogen bonds or hydrophobic interac-
tions). Nevertheless, the low-affinity binding of C1 and its ana-
logues to PDXK was surprising to us. However, as it is suggest-
ed for the PDXK–(R)-roscovitine interaction, the high ATP con-
centration in the PDXK activity assay (2.5 mm) might have an
influence on the activities measured by either reducing the af-
finity of PDXK for C1 or enhancing the affinity of PDXK for its
substrate, pyridoxal. To determine the KD of the compound for
PDXK in the absence of ATP and of pyridoxal, we performed
isothermal titration calorimetry (ITC); C1–SL was chosen for
this experiment. A weak exothermal reaction was measured,
but low binding heats prevented the exact KD determination.
However, the data suggest a KD value of >10 mm, which is in
agreement with our results from the PDXK activity assays (Fig-
ure S4). Thus, we assume that the significant enrichment of
PDXK during chemical proteomics experiments can be ex-
plained by a combination of a high expression level of the
ubiquitous PDXK, additional effects of the linking structure of
the sepharose matrix, which contributes to the compound
binding to the pyridoxal site, and a high local compound con-
centration on the bead surface. Altogether, it seems unlikely
that effects caused by a PDXK–C1 interaction will play a role in
pharmacological applications.

CA2 interaction revealed by an alternative immobilization
route

Immobilization of C1 at the sulfonamide group is a suitable
strategy for identifying targets that interact with the aminopyr-

Figure 4. A) Pyridoxal kinase (PDXK) was found to bind to the C1 matrix by
an alternative binding site and not the ATP binding site, similar to the
PDXK–(R)-roscovitine interaction. After incubation with HeLa extracts and
washing procedures, a sequential elution of C1 matrix was employed by
using: 1) ATP (10 mm)/MgCl2 (10 mm)/low-salt washing buffer; 2) a saturated
C1–SL solution in low-salt washing buffer; 3) 2 � LDS-SB/heat. Eluted pro-
teins were loaded on SDS-PAGE and Coomassie stained. PDXK was identified
in the compound and LDS-SB elution fractions, but not in the ATP fraction
(asterisk); this suggests an alternative binding site rather than the ATP bind-
ing site (lanes 1–3). The same was observed when C1–SL was replaced by
(R)-roscovitine, which is known to bind PDXK by its pyridoxal binding site
(lanes 4–6). Because (R)-roscovitine was able to release PDXK from the C1
matrix, a similar PDXK binding site for C1 and (R)-roscovitine was concluded.
PDXK was neither enriched nor eluted from the control matrix (lanes 7–9).
B) PDXK was targeted by the C1 matrix at the pyridoxal binding site rather
than the ATP binding site: C1 matrix, pyridoxal matrix and control matrix
were loaded with HeLa extracts, washed and sequentially eluted by using:
1) ATP (10 mm)/MgCl2 (10 mm)/low-salt washing buffer; 2) pyridoxine
(10 mm)/low-salt washing buffer; 3) a saturated C1–SL solution in low-salt
washing buffer; 4) 2 � LDS-SB/heat. PDXK was eluted from both affinity ma-
trices by pyridoxine and free C1–SL (immunodetection, lanes 3 and 4), but
not by ATP (lane 1) ; this indicates that the PDXK–C1 interaction occurs at
the substrate binding site rather than at the ATP binding site.

Table 2. The activity of native human PDXK was assayed[a] in the pres-
ence of C1, C1–SL, mimic (C1–LL) and (R)-roscovitine. Even at the highest
concentration tested (50 mm), the C1 analogues showed only limited in-
hibition of PDXK activity. However, an increasing linker length caused
stronger inhibition.

C1 C1–SL mimic (R)-roscovitine EDTA[c]ACHTUNGTRENNUNG(10 mm)
activity[b] [%] 92�2 81�6 56�7 78�13 11�1

[a] Experiments were performed in triplicate; [b] as a percentage of vehi-
cle control at 50 mm compound concentration; [c] negative control.
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imidine moiety (e.g. , protein kinases). However, due to steric
hindrance, interactions that occur at the benzenesulfonamide
moiety of C1 are blocked with the C1 matrix. In fact, benzene-
sulfonamide moieties are known to inhibit most of the known
carbonic anhydrase isozymes.[46] Especially the ubiquitously ex-
pressed cytosolic isoform carbonic anhydrase 2 (CA2)[47] is de-
scribed to have a very high affinity for sulfonamides. To profile
the C1 interactions more comprehensively, particularly with
regard to CA2 binding, the analogue C1a was coupled to a
solid support at the 4-position to give the C1a matrix
(Scheme 1). C1a was also shown to inhibit CDK2 activity at
low-nanomolar concentrations (Table 1, IC50 (CDK2/CycE) =

18 nm). Not being blocked by a linker at the benzenesulfon-ACHTUNGTRENNUNGamide moiety, the C1a matrix was used for the identification of
additional off-targets for our studied compound. Due to a lack
of expression of CA2 in HeLa cells, H460 cells were included in
this analysis. CA2 expression in H460 but not in HeLa cells was
demonstrated by immunoblotting (Figure S5 in the Supporting
Information). Indeed, CA2 was found to be enriched from
H460 cell extracts by the C1a matrix by LC-MS/MS analysis of
proteins unspecifically and specifically eluted with LDS-SB and
free C1a (Figure S6 A), and this was validated by immunoblot-
ting (Figure 5 A).

Commercially available human CA2 was used to determine
the IC50 values for C1, C1–SL, mimic, and C1a. The IC50 values
of C1 and C1a were in the submicromolar range (IC50 C1 =

331 nm, C1a = 995 nm for CA2), whereas C1–SL and the mimic
had no inhibitory potential (Figure 5 B); this was most likely
due to the steric hindrance that was caused by the linkers. The
ubiquitous CA2 is involved in crucial physiological processes
connected with respiration and transport of CO2/bicarbonate,
electrolyte secretion, bone resorption, calcification, etc.[46, 48]

Thus, binding of C1 to CA2 at submicromolar concentrations
might cause unwanted biological effects of the compound or
at least trap the compound and reduce the amount of free in-
hibitor that is available for on-target interaction. However, our
findings show that the CA2–C1 interaction specifically occurs
at the benzenesulfonamide moiety and that CA2 binding by
the compound can easily be prevented by a small modification
at the sulfonamide group. This structure–activity relationship
information might help to improve the selectivity profile of the
compound in the context of ongoing lead-optimization
processes.

The protein-binding profile of C1a matrix contained some
protein kinases and revealed one further potential
off-target: CMBL

Compared to the C1 matrix, a significantly lower amount of
total protein was retained by the C1a matrix; this was demon-
strated by a Coomassie stained SDS-PAGE of proteins that un-
specifically eluted from the C1a matrix by using LDS-SB and
heat (Figure S6 A). The overlap of two biological replicates by
using the C1a matrix resulted in the identification of 37 pro-
teins that fulfill the acceptance criteria (Table S2 in the Sup-
porting Information). Keratins and unspecific binders that were
also identified in control experiments by using control matrix

and H460 protein extracts—in total 25 proteins—were not
considered for further data interpretation.

We assume two major reasons for the lower total number of
proteins retained by the C1a matrix compared to the C1
matrix. First, we expect that the ATP binding pocket of protein
kinases and other purine-binding proteins is much less accessi-
ble by the C1a matrix. Thus, fewer specific interactions are ex-
pected to occur. Secondly, due to a lower number of directly
interacting proteins, much less indirect capturing of proteins
through association with other target proteins and protein
complexes, or through unspecific hydrophobic interactions can
occur.

Surprisingly, by employing the C1a matrix, we indeed identi-
fied some protein kinases (AURKA, CDK1, MAPK9) that were
also captured by using the C1 matrix. This indicates that bind-
ing to the ATP binding pocket is not completely hampered
with the C1a matrix. We assume that the entrance to the ATP

Figure 5. The C1 analogue, C1a, was immobilized by the aminopyrimidine
moiety, and the corresponding C1a matrix was employed to investigate a
potential interaction with CA2. A) Because the benzenesulfonamide moiety
was not blocked by a linker, the C1a matrix captured CA2 from H460 ex-
tracts, as shown by immunodetection of specifically eluted CA2 from C1a
matrix by using a saturated C1a solution in low-salt washing buffer (lane 1).
No CA2 capturing resulted with the control matrix (lane 2). B) Inhibitory po-
tentials of C1, C1–SL, mimic (C1–LL) and C1a on human CA2 activity were
determined (IC50). Medium affinity binding was found for C1 (IC50 = 331 nm)
and C1a (IC50 = 995 nm), whereas C1–SL and the mimic had no inhibitory po-
tential. These findings suggest that binding of CA2 to C1 can be prevented
by a modification of the sulfonamide group of the compound.
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binding site is less size restricted with these kinases compared
to the kinases found only with the C1 matrix. Because the
linker arm of the matrix is flexible and can fold into the direc-
tion of the sulfonamide group, the immobilized compound
might still be able to bind to the hinge region of the respec-
tive kinases. A very high inhibitory potency was found for C1
in the biochemical selectivity screen for these kinases (>90 for
MAPK9 and even >95 % for CDK1 and AURKA, Figure 3); there-
fore, the possibility that some of these kinases are cocaptured
by binding to protein complexes appears to be very unlikely.
However, because the C1a matrix was not optimized for cap-
ture of protein kinases, these findings were not investigated in
more detail.

Eight proteins were exclusively identified by using the C1a
matrix, including CA2 and the previously unknown potential
off-target carboxymethylenebutenolidase homologue (CMBL,
Figure S6 A). Interestingly, CMBL was also identified by employ-
ing free C1a for specific elution of the proteins captured by
the C1a matrix. Moreover, this protein was also identified by
applying the C1a matrix and specific elution with HeLa cell ex-
tracts (Figure S6 B). Because CMBL was not found by using the
C1 matrix, we conclude that it binds to the sulfonamide
moiety of the compound. This enzyme is described to have a
hydrolase activity and is involved in detoxification pathways
(KEGG pathways: 1,4-dichlorobenzene degradation 00627 and
g-hexachlorocyclohexane degradation 00361). The CMBL–com-
pound interaction was not characterized in more detail for this
study, but might be an object for further investigations of C1
profiling.

Conclusions

Here, we present an unbiased chemical proteomics approach
for decoding nonprotein kinase off-targets of the multitarget
protein kinase inhibitor, C1. We applied two different com-
pound immobilization routes to identify off-targets interacting
with distinct compound moieties. Furthermore, we employed
a soluble mimic of the immobilized compound to confirm ap-
propriate compound immobilization with regard to protein
kinase capturing. After having captured several protein kinases
by using the C1 matrix, we selected 27 kinases for a biochemi-
cal selectivity screen. A strong enzyme inhibition was found for
the CDKs, as well as for several other kinases from different
kinase families; this indicates the poor selectivity of the com-
pound. Besides this, several kinases that were captured by the
C1 matrix showed only a low inhibition in the selectivity stud-
ies. Thus, affinity capturing by the C1 matrix in the setup used
in this study is not necessarily correlated with high-affinity
binding, but depends on both affinity and expression levels. In
addition, a protein extract might differ from the physiological
conditions with regard to the physicochemical behavior of the
proteins. Moreover, indirect capture of proteins by their associ-
ation to other target proteins and protein complexes might
occur. The low inhibitory potency (<50 %) of C1 toward some
of the kinases initially identified by the affinity pull-down and
the identification of cyclins, which are known to form com-
plexes with CDKs, support this assumption. This underlines the

essential need for additional methods, such as quantitative
biochemical binding studies, to validate the results from affini-
ty pull-down experiments.

Furthermore, we applied the mimic to assess the functional
effects of the linker on target binding. For this purpose, the
mimic was screened in the same panel of kinases that was
used for the selectivity studies of C1. The comparison of the
selectivity patterns of compound and mimic revealed various
effects of the linker on distinct targets. Predominantly, the
linker caused a reduction of inhibitory potential, which is very
likely due to steric effects. However, some kinases showed in-
creased inhibition by the mimic compared to C1; this was pre-
sumably due to additional interaction options provided by the
linker. Thus, a mimic helps to improve data interpretation of
chemical proteomics experiments, but it does not allow a gen-
eral prediction of functional effects of the linker on target
binding. Within our chemical proteomics approach, we found
that the human pyridoxal kinase (PDXK) was captured by the
C1 matrix. Interestingly, PDXK is described to also bind the
CDK2 inhibitor, (R)-roscovitine. PDXK is a nonprotein kinase re-
sponsible for the phosphorylation of vitamin B6—a cofactor
for numerous enzymes such as aminotransferases and decar-
boxylases. We demonstrated that the PDXK–C1 interaction
occurs at the substrate binding site rather than at the ATP
binding site. However, subsequent quantitative binding stud-
ies, which included several C1 analogues, revealed a very limit-
ed inhibition of PDXK activity. We conclude that it seems un-
likely that effects observed in pharmacological applications
could be caused by a PDXK–C1 interaction. By employing an
alternative immobilization route for C1, we found carbonic an-
hydrase 2 (CA2) to be captured by the C1a matrix. Because the
ubiquitous CA2 is inhibited by C1 in the submicromolar range
(IC50), as demonstrated by subsequent activity assays, unwant-
ed pharmacological effects or a trapping of the compound
due to this interaction have to be taken into consideration.
However, our results indicate that a modification at the sulfon-ACHTUNGTRENNUNGamide group prevents CA2 from binding, most likely due to
steric hindrance.

To summarize, we introduced different compound immobili-
zation routes as a valuable method for an unbiased off-target
profiling by chemical proteomics. By successfully applying this
methodology, we identified several off-targets that interact
with distinct compound moieties. We propose to employ the
strategy of different compound immobilization routes for the
target identification of hit compounds that originate from phe-
notypic screens in cell-based assays or animal studies. Thus,
we believe that the use of different immobilization routes will
become a useful tool for future off-target and target-decoding
strategies.

Experimental Section

Reagents and antibodies : Unless otherwise stated, all reagents
were purchased from Sigma (Munich, Germany). Antibodies used
were: monoclonal mouse anti-CDK2 antibody (Santa Cruz Biotech-
nology, Inc. , Heidelberg, Germany), polyclonal rabbit anti-PDXK
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(Abcam, plc. , Cambridge, UK), and polyclonal rabbit anti-CA2
(Chemicon–Millipore, Billerica, MA, USA).

Compounds: C1, C1–SL, C1–LL and C1a were produced in-house.
The correct compound identity was confirmed by 1H NMR spec-
troscopy and MS.

C1: 1H NMR ([D6]DMSO): d= 10.35 (s, 1 H), 8.23 (br s, 2 H), 7.89 (m,
2 H), 7.70 (m, 2 H), 7.20 (br s, 2 H), 4.12 (m, 2 H), 3.19 ppm (br s, 1 H);
MS: m/z 383 (EI + ).

C1–SL : 1H NMR ([D6]DMSO): d= 9.87 (s, 1 H), 8.13 (s, 1 H), 7.98 (m,
2 H), 7.74 (br s, 2 H), 7.61 (m, 4 H), 4.11 (dd, 2 H), 3.11 (t, 1 H),
2.83 ppm (m, 4 H); MS: m/z 425 (ESI + ).

Mimic C1–LL : 1H NMR ([D6]DMSO): d= 9.86 (s, 1 H), 8.43 (m, 2 H),
8.12 (s, 1 H), 7.99 (m, 2 H), 7.61 (m, 4 H), 4.11 (dd, 2 H), 3.85 (m, 2 H),
3.35 (m, 3 H), 3.26 (m, 1 H), 3.11 (t, 1 H), 2.98 (m, 4 H), 2.81 (m, 1 H),
1.43 (m, 2 H), 1.27 (m, 2 H), 0.83 ppm (t, 3 H); MS: m/z 555 (ESI + ).

C1a : 1H NMR ([D6]DMSO): d= 9.68 (s, 1 H), 8.12 (s, 1 H), 7.75 (m, 6 H),
7.20 (tr, 1 H), 7.13 (s, 2 H), 3.61 (m, 2 H), 3.08 ppm (m, 2 H); MS: m/z
387 (CI + ).

Immobilization of diaminopyrimidines and control matrix : This
was performed in a similar fashion to a previously described proce-
dure.[49] Drained epoxy-activated SepharoseTM 6B (GE Healthcare
Biosciences AB, Uppsala, Sweden) was resuspended in two vol-
umes of either 20 mm C1–SL or C1a dissolved in coupling buffer
(50 % dimethylformamide/0.1 m Na2CO3, pH 11) and incubated,
overnight, at room temperature in the dark. After being washed
three times with coupling buffer, the remaining reactive groups
were blocked with ethanolamine (1 m ; pH 11). Subsequently, the
washing steps were performed according to the manufacturer’s in-
structions. The control matrix was prepared by directly blocking
epoxy-activated SepharoseTM 6B with ethanolamine (1 m, pH 11),
and further treated as described above. The matrixes were stored
at 4 8C in the dark.

Immobilization of pyridoxal : Coupling of pyridoxal to EAH–Se-
pharoseTM 4B (GE Healthcare Biosciences AB) was adapted from a
previously described protocol.[50] The beads (50 mL) were pretreat-
ed as recommended by the manufacturer, and added to a pyridox-
al hydrochloride solution (120 mm ; 350 mL; pH 7). After being in-
cubated, overnight, at room temperature in the dark, NaBH4

(20 mg mL�1) was added dropwise until all traces of yellow color
had disappeared. Meanwhile, acetic acid (7 %) was used to keep
the pH below 9. Subsequently, the matrix was allowed to reach
room temperature, and the pH was adjusted to 6 with acetic acid
(7 %) to destroy residual NaBH4. After the pyridoxal matrix was
washed with KCl solution (3 m ; 250 mL) and H2O (250 mL), the
matrix was stored at 4 8C in the dark.

Cell culture and lysis : H460 cells (human large-cell lung carcinoma
cell line, ATCC/LGC Standards GmbH, Wesel, Germany) were cul-
tured in DMEM/Ham’s F12 (1:1; Biochrom, Berlin, Germany) supple-
mented with fetal bovine serum (10 %). Frozen HeLa cells (human
cervix carcinoma cell line, CilBiotech, Mons, Belgium) and H460
cells were lysed in lysis buffer that contained Tris-HCl (50 mm),
pH 8.0, NaCl (150 mm), glycerol (10 %), NP-40 (0.5 %), EGTA (1 mm),
EDTA (1 mm), DTT (5 mm), orthovanadate (1 mm) and complete
protease inhibitor cocktail (Roche Diagnostics GmbH, Mannheim,
Germany). For affinity chromatography experiments, lysates were
precleared by centrifugation (30 min, 50 000 g, 4 8C, Optima� L-90K
Ultracentrifuge, Beckmann Coulter, Krefeld, Germany) and the pro-
tein concentration was determined by using the Bradford method
(Pierce Biotechnology, Rockford, IL, USA).

Affinity chromatography : Affinity chromatography experiments
were performed as previously described.[49, 51] HeLa and H460 cell
extracts (~9 mg total protein, ~200 mL) were adjusted to 1 m NaCl.
Optionally, pyridoxine (10 mm) in low-salt washing buffer (see
below) was spiked into the sample. Cell extracts were incubated
with drained affinity matrix (25 mL; C1–, C1a–, pyridoxal–matrix) or
control matrix (50 mL) for 3 h at 4 8C in Micro Bio-Spin Chromatog-
raphy Columns (Biorad, Hercules, CA, USA). Subsequently, the flow-
through was discarded, but the beads were kept for the washing
procedure. After three washing steps with high-salt washing buffer
(450 mL; 1 m NaCl, 50 mm Tris-HCl, pH 8.0, 10 % glycerol, 1 mm

EGTA, 1 mm EDTA) and three steps with low-salt washing buffer
(450 mL; 150 mm NaCl, otherwise the same composition as the
high-salt washing buffer) the beads were (sequentially) eluted with
several elution buffers (200 mL each, depending on the question
addressed) for 20 min at 4 8C, or by LDS-SB elution buffer (22.5 mL)
for 10 min at 90 8C. ATP buffer: ATP (10 mm), MgCl2 (20 mm) in
low-salt washing buffer ; compound buffer: saturated compound
solution in low-salt washing buffer ; pyridoxine buffer : pyridoxine
(10 mm) in low-salt washing buffer; LDS-SB: 2 � LDS-sample buffer,
1 � sample reducing agent (both from Invitrogen, Karlsruhe, Ger-
many). The volume of the elution fractions, with the exception of
LDS-SB elution fraction, which was directly loaded on SDS-PAGE,[52]

was reduced to 100 mL by using a Speed Vac� Plus SC110A concen-
trator (GMI, Ramsey, MN, USA) before precipitation of proteins by
using the 2D Clean-Up Kit (GE Healthcare Biosciences). Precipitated
proteins were dissolved in LDS-SB (20 mL), and after reduction (1 �
sample reducing agent, 90 8C, 10 min) and alkylation (with 50 mm

iodoacetamide, 30 min, room temperature, in the dark) were sepa-
rated by 1D SDS-PAGE. Proteins were either transferred to a nitro-
cellulose membrane and immunoblotted with the indicated anti-
bodies or stained with Coomassie and prepared for analysis by
mass spectrometry.

Serial affinity chromatography : Cell extracts were treated as de-
scribed above. The flow-through, however, was not discarded, but
mixed with fresh affinity or control matrix and incubated for 3 h at
4 8C. After the washing and elution steps as described for affinity
chromatography, samples were separated by SDS-PAGE and immu-
noblotted by using an anti-PDXK antibody.

LC-coupled mass spectrometry : Lanes from Coomassie stained
SDS-PAGE gels were sliced across the separation range and sub-
jected to in-gel tryptic digestion in a manner similar to a previously
described procedure.[53] ESI-based LC-MS/MS analyses were carried
out by using an Eksigent NanoLC 2D system (Eksigent, Dublin, CA,
USA). A C18 capillary column (NanoSeparations, Nieuwkoop, Neth-
erlands) with 5 mm biosphere material, 75 mm ID and 15 cm length
was used at a flow rate of 250 nL min�1. The samples were separat-
ed by a 35 min linear gradient of 2 to 35 % acetonitrile in H2O con-
taining formic acid (0.1 %). The HPLC was coupled to a quadru-
pole/time-of-flight mass spectrometer (QSTAR XL) by using a nano-
electrospray source (both from Applied Biosystems/MDS Sciex,
Concord, Canada). The electrospray voltage was set to 2.0 kV. The
data acquisition mode was set to one full MS scan (m/z range 300
to 1100) followed by three MS/MS events by using information-de-
pendent acquisition (the three most intense ions from a given MS
scan were subjected to CID). The peptide masses, which were se-
lected for CID, were excluded from reanalysis for 30 s.

Data processing : The raw files from the QSTAR XL were converted
to Mascot generic format-files by Mascot Daemon (version 2.2).
MS/MS spectra were searched by using MascotTM 2.0 software
(Matrix Science Ltd. , London, UK) against an in-house-curated ver-
sion of the human IPI protein database combined with a decoy
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version of this database,[54] which was created by a script supplied
by Matrix Science. The search was performed with tryptic cleavage
specificity with one missed cleavage site, a mass tolerance of
100 ppm for the precursor ions and 0.5 Da for the fragment ions,
methionine oxidation, and cysteine carbamidomethylation as varia-
ble modifications. Protein identifications were accepted when at
least two peptides with a Mascot ion score of �25 for each pep-
tide were found. The false discovery rate (FDR) for peptides was
<5 % in each case. The protein redundancy in the dataset was
eliminated by the ProteinScape software (version 1.3 SR2, Prota-
gen/Bruker Daltonik GmbH, Bremen, Germany).[55] To further
reduce dataset complexity by combining several splicing variants
for one protein, and because gene IDs are more stable, BioXM soft-
ware (version 2.5, BioMax Informatics AG, Martinsried, Germany)
was used to replace IPI numbers by gene IDs as provided by the
Entrez gene database. Resulting lists of gene IDs and gene prod-
ucts were used for further data analyses.

Expression of human PDXK : E. coli strain BL21 (DE3; Novagen,
Madison, WI, USA) was transformed with the recombinant vector
pET11a-PDXK, which was kindly provided by E. Leistner.[56] The re-
combinant strain BL21 (DE3)-pET11a-PDXK was grown in LB
medium that contained ampicillin (200 mg mL�1) at 37 8C until an
OD600 of 1 was reached. Isopropyl thio-b-d-galactoside (IPTG) was
added (final concentration of 0.01 mm) and the culture was incu-
bated with shaking for 24 h. Protein expression was confirmed by
SDS-PAGE. The cell pellet derived from 2 L of culture was frozen at
�80 8C. The frozen bacteria were resuspended in ice-cold column
buffer (100 mL; 50 mm Tris-HCl, pH 7.4; 200 mm NaCl, 1 mm EDTA)
before microfluidizer (Microfluidics, Lampertheim, Germany) treat-
ment. After sedimentation of the cell debris (45 min, 100 000 g,
4 8C, Optima� L-90K Ultracentrifuge) the supernatant was treated
as described below.

Purification of PDXK : Cell-free protein extracts derived from 2 L of
culture were adjusted to 100 mm KCl and subjected to affinity
chromatography by using a pyridoxal matrix (preparation as de-
scribed above) and size-exclusion chromatography as described
previously.[50] The purity of the elution fractions as well as their pro-
tein concentrations were determined by LabChip� 90 (Caliper,
Ruesselsheim, Germany).[57] In the final pool fraction, the identity of
PDXK was verified by SDS-PAGE and LC-ESI-MS/MS.

Enzymatic assays

PDXK assay : The activity of recombinant human PDXK (without
tag) was assayed in the presence of test compounds in a range of
1 nm–50 mm, as previously described.[56] The assay determines
phosphorylation of pyridoxal by PDXK by measuring pyridoxal 5’-
phosphate at its absorption maximum of 388 nm. Test compounds
dissolved in DMSO were pipetted into the wells of a UV/vis-trans-
parent 96-well microtiter plate (BD Biosciences Europe, Erembode-
gem, Belgium) that contained assay buffer (250 mL; 70 mm potassi-
um phosphate, pH 6.2, 0.1 mm ZnCl2, 2.5 mm ATP, 2.5 mg mL�1

PDXK). The enzymatic reaction was started by the addition of sub-
strate dissolved in H2O (final pyridoxal concentration 0.5 mm). Ab-
sorbance was determined photometrically at 388 nm against a
blank (same mixture of reagents but without enzyme) by using a
SpectraMax 190 spectrophotometer (Molecular Devices, Sunnyvale,
CA, USA) at 37 8C. The initial linear formation rate of pyridoxal 5’-
phosphate was used to calculate PDXK activity; this was expressed
as a percentage of vehicle control (wells that contained 2 % DMSO
without test compounds), which represented maximal activity.
Curves were fitted to the averaged value of each triplicate by
using Sigma Plot 8.02 (Systat Software GmbH, Erkrath, Germany).

EDTA (10 mm) served as a negative control ; DMSO (2 %) was
shown to have no effect on PDXK activity.

CA2 assay : The inhibitory potential of compounds on human CA2
activity was determined (IC50). The assay determines the hydrolysis
of 4-nitrophenyl acetate by carbonic anhydrases[58] by measuring
4-nitrophenolate at 400 nm. A Tecan Rainbow 96-well spectropho-
tometer (Tecan Group, Ltd. , Maennedorf, Switzerland) was used for
the measurements. Test compounds, which were dissolved in
DMSO and covered a concentration range of 0.01–25 mm (final),
were pipetted in triplicates into the wells of a 96-well microtiter
ELISA plate. Wells containing solvent without test compound
served as reference. Degassed assay buffer (10 mm Tris-HCl, pH 7.4,
80 mm NaCl) with CA2 (3 units per well) was added. The enzymatic
reaction was started by the addition of substrate solution (1 mm 4-
nitrophenyl acetate that was dissolved in H2O-free acetonitrile;
final substrate concentration 50 mm). The plate was incubated at
room temperature for 60 min. Absorbance was determined photo-
metrically at 400 nm against a blank (same mixture of reagents but
without enzyme). The enzyme activity was expressed as a percent-
age of the vehicle control (2 % DMSO without test compounds),
which represented maximal activity.

CDK2/CycE assay : CDK2/CycE inhibitory activity of compounds was
quantified by employing a CDK2/CycE HTRF� assay. Recombinant
GST fusion proteins of human CDK2 and human CycE (ProQinase
GmbH, Freiburg, Germany) were used to measure the phosphoryla-
tion of the biotinylated peptide biotin–Ttds-YISPLKSPYKISEG-amide
(Jerini peptide technologies, Berlin, Germany). CDK2/CycE was in-
cubated for 60 min at 22 8C in the presence of different concentra-
tions of test compounds in assay buffer (5 mL; 50 mm Tris-HCl,
pH 8.0, 10 mm MgCl2, 1.0 mm dithiothreitol, 0.1 mm sodium ortho-
vanadate, 10 mm ATP, 0.75 mm substrate, 0.01 % (v/v) Nonidet-P40
(Sigma), 1 % (v/v) DMSO). The concentration of CDK2/CycE was ad-
justed depending on the activity of the enzyme lot, and was
chosen appropriately to measure the assay in the linear range. Typ-
ical concentrations were in the range of 1 ng mL�1. The reaction
was stopped by the addition of a solution of HTRF� detection re-
agents (5 mL; 0.2 mm streptavidine–XLent), Phospho-(Ser) CDKs sub-
strate antibody (3.4 nm ; product #2324B, Cell Signaling Technology,
Danvers, MA, USA) and Prot-A-EuK (4 nm ; Protein A labeled with
europium cryptate from Cis Biointernational, France, product
no. 61PRAKLB) in an aq. EDTA solution (100 mm EDTA, 800 mm KF,
0.2 % (w/v) bovine serum albumin in 100 mm HEPES/NaOH,
pH 7.0). The resulting mixture was incubated for 1 h at 22 8C to
allow the formation of the complex between the phosphorylated
biotinylated peptide and the detection reagents. Afterwards, the
amount of phosphorylated substrate was evaluated by measure-
ment of the resonance energy transfer from Prot-A-EuK to strept-ACHTUNGTRENNUNGavidine–XLent. For this purpose, the fluorescence emissions at 620
and 665 nm after excitation at 350 nm were measured in a HTRF�
reader, for example, a Rubystar (BMG Labtechnologies, Offenburg,
Germany) or a Viewlux (Perkin–Elmer, Wiesbaden, Germany). The
ratio of the emissions at 665 and 622 nm was taken as the mea-
sure for the amount of phosphorylated substrate. The data were
normalized (enzyme reaction without inhibitor = 0 % inhibition, all
other assay components but no enzyme = 100 % inhibition), and
IC50 values were calculated by a four-parameter fit by using in-
house software.

KinaseProfilerTM service : The inhibitory potential of C1 and the
mimic (C1–LL) for selected kinases was screened by the KinasePro-
filerTM Service provided by Upstate/Millipore (Dundee, UK) at 1 mm

compound and 10 mm ATP. Detailed information and assay proto-
cols are available under: http://www.millipore.com
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Isothermal titration calorimetry : ITC experiments were performed
by using a Microcal VP-ITC instrument (MicroCal, LLC, Northamp-
ton, MA, USA). The calorimeter was calibrated by using standard
electrical pulses as recommended by the manufacturer. The
sample cell was loaded with purified PDXK (12.6 mm) in potassium
phosphate (0.1 m ; pH 6.0). The syringe was loaded with C1–SL
(140 mm) in the same buffer. To ensure the same buffer conditions,
an aliquot of the size-exclusion chromatography buffer for protein
purification was used to prepare the compound solution. Titrations
were performed at 25 8C with injection volumes of 12 mL and a
spacing of 300 s. Raw data were collected, corrected for ligand
heats of dilution, and integrated by using the MicroCal Origin soft-
ware supplied with the instrument.

Computational modeling : Based on cocrystallization experiments
of CDK2 in complex with various C1 analogues,[39] C1 was modeled
into the ATP binding pocket of CDK2 by using Discovery Studio 2.1
(Accelrys, Cambridge, UK). The solvent-accessible surface was cal-
culated by using PyMOL (DeLano Scientific LLC, Palo Alto, CA,
USA).
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