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In contrast with the very well explored concept of structure-activity
relationship, similar studies are missing for the dependency be-
tween binding kinetics and compound structure of a protein ligand
complex, the structure—kinetic relationship. Here, we present a struc-
ture-kinetic relationship study of the cyclin-dependent kinase 8
(CDK8)/cyclin C (CycC) complex. The scaffold moiety of the com-
pounds is anchored in the kinase deep pocket and extended with
diverse functional groups toward the hinge region and the front
pocket. These variations can cause the compounds to change from
fast to slow binding kinetics, resulting in an improved residence
time. The flip of the DFG motif (“DMG” in CDK8) to the inactive
DFG-out conformation appears to have relatively little influence
on the velocity of binding. Hydrogen bonding with the kinase hinge
region contributes to the residence time but has less impact than
hydrophobic complementarities within the kinase front pocket.

kinetic profiling | structure-based drug design

he cyclin-dependent kinase 8/cyclin C (CDK8/CycC) complex

is a potent oncogene (1-4), involved in transcription and reg-
ulation of transcriptional activity (5-10), linked to epigenetic
processes (11), and regarded as an attractive drug target. The
recent clinical success of the small molecule inhibitors sorafenib
(BAY-43006, Bayer Pharma) and imatinib (STI-571, Novartis
Pharma AG) has been attributed to their deep pocket binding
mode (12). The “deep pocket” (13) is adjacent to the kinase ATP
binding site and accessible in protein kinases by the rearrangement
of the DFG motif (a short motif composed of the residues Asp-
Phe-Gly near the N-terminal region of the activation loop) from
the active (DFG-in) to the inactive state (DFG-out) (13, 14).
Binding of a type II compound to such a DFG-out conformation
often includes slow binding kinetics (15) with a prolonged “resi-
dence time,” which is defined as the period for which a target is
occupied by a compound (16). Residence time is currently con-
sidered to be a key success factor for compound optimization
during drug discovery and perhaps as important as the apparent
affinity such as half-inhibitory concentration (ICs) or dissociation
constant (Kg) (16, 17). Accordingly, residence time could be a key
to providing enhanced potency in vivo (18) and a means to im-
prove the correlation of in vitro and in vivo efficacy of drugs (19).
Despite the increased acceptance of the need to understand
binding kinetics, the interplay between compound-target inter-
actions and binding kinetics is in general too complex and poorly
understood to enable prediction of the essential dynamic prop-
erties. The impact of the combination of kinetic data of protein—
inhibitor interactions with crystallographic studies has been rec-
ognized with pioneer studies such as bovine trypsin in complex
with the bovine pancreatic trypsin inhibitor (20). The concept
of structure-activity relationships describing the interdependency
between binding affinity and compound structure has been well
explored in the last decades. However, similar studies describing
the dependency between binding kinetics and compound struc-
ture, the structure—kinetic relationships (SKRs), are, to date, less
well explored. The concept of screening for compounds with
slow binding kinetics and a beneficial residence time has been
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developed recently using a reporter displacement assay allowing
the high-throughput quantification of the association rate con-
stant (k,,) and the dissociation rate constant (kog) of the com-
pound target binding, enabling the determination of residence
time (1/kofr) (21, 22). Using this concept, we set out to investigate
the features of SKRs in the CDK8/CycC complex. We have al-
ready presented structural and kinetic data of a deep pocket binder
that binds CDK8/CycC (22, 23). Because the morphology of the
ATP binding site is very well conserved in the CDK family, ATP-
competitive type I compound binding is rather indiscriminative
(24). In this respect, as CDK8/CycC is the only known CDK kinase
that provides access to its deep pocket, targeting it in a type II
binding mode obviously enables its selective inhibition. This
structure—kinetic relationship (SKR) study analyzes compounds
with short and long residence times, selected from a screen of the
Proteros fragment library (18), which share a scaffold moiety with
type II binding features. Additionally, compounds were designed
according to the “retro-design” concept (18). In this case the in-
hibitor scaffold is anchored within the CDKS8 deep pocket,
whereas the groups directed toward the CDKS hinge region vary
in their nature and size. Surprisingly, our results reveal that the
flip from the CDK8/CycC DMG-in conformation, as observed
in the CDK8/CycC apo form, to DMG-out, as seen in all complex
structures presented in this work, does not detectably influence
the residence time. Instead, long residence times are triggered by
H-bond formation with the hinge region, whereas hydrophobic
complementarities within the CDKS front pocket have the most
obvious impact.

Results and Discussion

Discovery of Slowness: Primary Screen and Detection of Binding
Kinetics with Slow k¢ Rates. To find further compounds with an
elongated residence time similar to the CDK8/CycC/sorafenib
complex (22, 23), we performed a primary screen (hit rates, Table
S1) of a kinase-focused subset of the Proteros library using the
Proteros reporter displacement assay with a reporter based on a
type I inhibitor for kinases (21, 22). The library screen was per-
formed according to the previously described method for active
p38 alpha (21, 22) and in total 4,921 compounds with different
molecular weights (MW) (fragment with MW < 350 g/mol and
lead-like compounds with MW > 350 g/mol) were tested. The slow
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binding behavior of nine lead-like compounds was easily detectable
in a high-throughput fashion (Fig. S1) including sorafenib and
BIRB796 (Doramapimod, 1-[5-tert-butyl-2-(4-methylphenyl)-3-
pyrazolyl]-3-[4-[2-(4-morpholinyl)ethoxy]-1-naphthalenylJurea) as
control substances in agreement with previously reported results
(22) and seven hits from different scaffolds. The binding kinetics
of the hit compounds 1 and 2 already provided clues for an in-
creased residence time (Fig. S1), as they contain a scaffold moi-
ety, which is also found in the fast binding hit compounds 3, 4, and
5 (Fig. 1, Fig. S1). We endeavored to delineate the switch from
fast binding and short residence times (“SRTCs;” below the de-
tection limit < 1.4 min) to slow binding with detectable residence
times (> 1.4 min) and to long residence times (“LRTCs”). Within
a back-to-front approach (18), the different SKR compounds
(Fig. 1) were measured with the reporter displacement assay
continuously over 8 h (Table 1) as follows: because the large
hydrophobic moiety of the hit compounds, 1-[3-tert-butyl-1-(4-
methylphenyl)-1H-pyrazol-5-yl (“deep pocket binding moiety,”
shaded forest green in Fig. 1) is supposed to make van der Waals
interactions with residues of the deep pocket (13), this deep
pocket binding moiety was combined with an amine group (com-
pound 6) or a urea group (compound 7). Whereas compound 6
obviously did not interact with CDKS8 in the concentrations ap-
plied in the assay, compound 7 was detected as the “minimal
compound” of this SKR compound series with moderate affinity
and fast binding kinetics (Table 1, Fig. 1). Our minimal compound
is identical to the deep pocket binding moiety of BIRB796 to-
gether with its urea linker (25), which forms hydrophilic contacts
with the conserved Glu—-Lys ion pair of all kinases involving the «C
helix, the “roof” of the deep pocket (26), and the backbone of the
CDKS8 DMG motif. In the further compound building process the
minimal compound was combined with a methyl group (compound
8) or a (3-hydroxy-propyl)-group (compound 9), but affinity and
binding kinetics were still comparable to the hit compounds 3 and
4, which combine the minimal compound with a (2-hydroxyethyl)-
group and a [2-(morpholine-4-yl)ethyl]-group. A detectable resi-
dence time was observed only for compounds with longer
extensions: 10 and 11, which combine the newly designed (4-
hydroxybutyl)-group or (5-hydroxypentyl)-group or the hit
compound 5 with a [3-(morpholine-4-yl)propyl]-group. Obviously,
residence time increases with the complexity of the hinge-directed
moieties, which is in accordance with literature: hinge interaction
of a type Il inhibitor is present in most, but not all, available kinase
structures (27) and regarded as favorable to stabilize the protein—
compound interaction (13). An overview of the kinetic parameters
of compounds with detectable residence times is visualized on
a kinetic map (Fig. 2). There, the k,, value is plotted on the x axis
against the kg value and thus the residence time (1/kor, Eq. S4) on
the y axis, showing both the affinity (Kg=kos/kon, Eq. S4) and the
binding kinetics. Compounds with longer residence times are lo-

with identical Ky values (Kq=Fkof/kon, Eq. S4) would be located
on the same diagonal line. Compounds with high affinity are lo-
cated in the lower right part of the kinetic map, whereas com-
pounds with low affinity are located in the upper left part of the
kinetic map. The kinetic map shows whether compound affinity
improves due to increase of the k,, rate or due to decrease of the
kogr rate. Overall, the improvement of selectivity and binding ki-
netics is mainly drlven by the k¢ rate. For example, compounds
10 and 11 show a similar k., rate (1.85 x 1072 s - uyM™%; 3.65 x
107371 uM ™), but the kg rate of 11 (2.9 x 10~ i *1) is 1 order
of magnitude lower than that of 10 (2.41 x 1072 - s™"), increasing
its affinity (K4 = 0.08 uM) by a factor ~16 (K4 = 1 30 uM). Conse-
quently, the residence time of compound 11 is increased eightfold
(57 min versus 7 min). Both compounds 2 and 1 show a similarly
high affinity (Kg = 0.01 pM and Ky = 0.03 pM) in comblnatlon
with a favorable k. rate (8.57 x 10~ 6.sland 1.02x 107 - s7Y),
which leads to an optimized residence time.

Combining Structural with Kinetic Data Reveals That Flip of CDK8 DMG
Motif Does Not Influence Kinetic Binding Behavior of Compounds of
SKR Series. The detailed binding modes of the compounds com-
plexed to CDKS8/CycC help to explain the observed kinetic data.
All compounds were back-soaked into CDKS8/CycC crystals co-
crystallized with a regular CDK8/CycC DMG-in type I inhibitor
(binding kinetics, Table S2) that induces the CDK8 DMG-in
conformation. This protocol was chosen to confirm that the DMG-
out conformation of CDKS8/CycC in the crystals is induced by
addition of the SKR compounds. We have also determined the
crystal structure of the CDK8/CycC apo form (Tables S3 and S4),
which retains the DMG-in conformation after removal of the
type I compound by several washing steps (Fig. 3, Fig. S24). The
resulting X-ray structures of CDK8/CycC in complex with com-
pounds with both short and long residence times (Tables S3 and
S4) are shown in detailed stereo figures (Fig. S3 A-G), and the
most important findings in Fig. 3. For a better overview, the CDK8
residues within the active site were assigned to the specific pockets
and kinase regions as follows: (i) the deep pocket and surrounding
residues, (ii) the “key” residues of the DMG motif and kinome-
wide conserved salt bridge, (iii) the DMG-motif surroundings, (iv)
the p1-B2 loop residues, (v) the hinge residues, and (vi) the front
pocket and its surroundings.

Even though the minimal compound 7 as the basic scaffold
moiety has a short residence time (below the detection limit <1.4
min), it induces a flip of the CDK8 DMG motif to the out con-
formation (Fig. 3, Fig. S34). As postulated previously, its deep
pocket binding moiety is anchored within the CDKS8 deep pocket
and forms hydrophobic contacts with neighboring ke ey residues of
the DMG motif and its surroundings, and Tyr32°P*® (1-p2
loop). The urea linker contacts the DMG motif via hydrogen
bonding and the essential Glu66“°*® («C helix), but does not
dlsrupt the salt brldge of the kinome-wide conserved Glu66“>**~

cated below compounds with shorter residence times. Compounds ~ Lys52“P%® ion pair. The structure of compound 7 allows no
Fig. 1. Structures of the relevant compounds used  ¢empound 2 — —
for the SKR study. Within this figure, hit compounds )H\E) TR compound 11 compound 10 compound 9~ compound 3 compound 8

of the library screen are marked with bold letters;
newly designed compounds to complete the back-
to-front approach are marked with italic letters. The
deep pocket binding moiety is shaded forest green. ~~R
1-[3-tert-butyl-1-(4-methylphenyl)-1H-pyrazol-5-yl] jzjm\rrﬂ

compound 1

amine (compound 6); 1-[3-tert-butyl-1-(4-methylphenyl)-
1H-pyrazol-5-yllurea (compound 7); 1-[3-tert-butyl-1-

HO A

no—~~R

Q =
Nn r« ‘N
compound § compound 4 V4

O\/\/Fl QNR

R o ~"~vR "™~~_R

«minimal compound" (=R)

(4-methylphenyl)-1H-pyrazol-5-yl]-3-methylurea (compound 8); 1-[3-tert-butyl-1-(4-methylphenyl)-1H-pyrazol-5-yl]-3-(2-hydroxyethyl)urea (compound 3); 1-[3-
tert-butyl-1-(4-methylphenyl)-1H-pyrazol-5-yl]-3-[2-(morpholine-4-yl)ethyl]-urea (compound 4); 1-[3-tert-butyl-1-(4-methylphenyl)-1H-pyrazol-5-yl]-3-(3-
hydroxypropyl)urea (compound 9); 1-[3-tert-butyl-1-(4-methylphenyl)-1H-pyrazol-5-yl]-3-[3-(morpholine-4-yl)propyllurea (compound 5); 1-[3-tert-butyl-1-(4-
methylphenyl)-1H-pyrazol-5-yl]-3-(4-hydroxybutyl)urea (compound 10); 1-[3-tert-butyl-1-(4-methylphenyl)-1H-pyrazol-5-yl]-3-(5-hydroxypentyl)urea (compound
11); tert-butyl[3-({[3-tert-butyl-1-(4-methylphenyl)-1H-pyrazol-5-yl]carbamoyl}amino)propyllcarbamate (compound 2); N-[3-tert-butyl-1-(4-methylphenyl)-1H-
pyrazol-5-yl]-4-[2-({[3-tert-butyl-1-(4-methylphenyl)-1H-pyrazol-5-ylJcarbamoyl}amino)ethyl]piperazine-1-carboxamide (compound 1).
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Table 1. Determination of binding kinetics

ID Kg, pM Kons s -pM! Kot s~ Residence time, min PDB ID Contact atoms Quotient*

Compounds with a short residence time for CDK8/CycC
6 — n.a. n.a. bd. <14 — — —
7 3.24 a.d. a.d. b.d. <14 4F6S 29 <1.4
8 1.57 a.d. a.d. bd. <14 — — —
3 5.82 a.d. a.d. b.d. < 1.4 4F7) 30 <1.4
4 1.82 a.d. a.d. b.d. < 1.4 4F70 32 <1.4
9 3.53 a.d. a.d. b.d. < 1.4 — — —

Compounds with a detectable or long residence time for CDK8/CycC
10 1.30 1.85 x 1073 2.41x 1073 7 — —
5 0.70 1.68 x 1073 1.18 x 1073 14 4F6U 47 0.3
1 0.08 3.65 x 1073 2.90 x 107* 57 4F7N 37 1.5
2 0.01 573 x 107* 8.57 x 107°° 1,944 4F7L 43 45.2
1 0.03 299 x 107* 1.02 x 107° 1,626 4F6W 58 28

a.d., above detection limit; b.d. below detection limit; ID, compound-identity; n.a., not applicable.
*Quotient was calculated by dividing the residence by the contact atoms.

interaction with the CDKS hinge region. The other SRTC:s 3 (Fig.
S3B) and 4 (Fig. S3C) are found in a similar binding mode. Thus,
the displacement of the T loop does not influence the residence
time in an obvious way (below the detection limit <1.4 min). More
strikingly, a hinge-directed anchor improves the residence time
but does not improve the affinity significantly. Compared with
compound 4, the additional methyl group in the hinge-directed
moiety of compound 5 enables hinge interaction by the terminal
[3-(morpholine-4-yl)propyl]-group (Fig. 3, Fig. S3D, refined 2Fo-
Fc omit map, Fig. S2B) via H bonding and results in a detectable
residence time (14 min) but comparable binding affinity (K4: 0.7 pM
versus Kgy: 1.72 pM). The improvement of the residence time for
compound 11 (Fig. 3, Fig. S3E, 57 min) by a factor of 4 relative to
compound 5 (14 min) is obviously driven by a second H bond with
the hinge region. However, the optimization of residence time
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Fig. 2. Kinetic map of the compounds with a detectable residence time.
Within the kinetic map, the k¢ rate and thereby the residence time is plotted
on the y axis, whereas the k., rate is plotted on the x axis. Compounds with an
identical K4 (Kg = kofi/kon) lie on the same diagonal line. Arrows indicate that
compounds with a low affinity are located in the upper left part of the kinetic
map, whereas compounds with a higher affinity are located in the lower right
part of the kinetic map. Compounds with a shorter residence time (residence
time = 1/ko¢) are located above compounds with a longer residence time.

Schneider et al.

for the LRTC 2 (Fig. 3, Fig. S3F, 1,944 min) is not easily explained
by an even tighter hinge interaction, as its hinge-directed tert-
butyl-propylcarbamate-moiety does not contact the hinge region
at all. The tertiary butyl of compound 2 is stabilized in a van der
Waals distance of Arg356“P%® that becomes involved in this front
pocket interaction. Similarly, the hinge-directed moiety of the
LRTC 1 (Fig. 3, Fig. S3G, refined 2Fo-Fc omit map Fig. S2B,
1,626 min) does not interact with the hinge region. Based on the
hydrophobic interaction of the piperazine ring with Tyr32P%5, the
hinge-directed N-[3-tert-butyl-1-(4-methylphenyl)-1H-pyrazol-5-yl]
amide extends further into the front pocket and forms extensive
contacts with Arg356“P*® and surrounding residues. However, the
different binding mode of compound 1 does not further improve its
residence time, which is still in the range of compound 2.

In summary, the binding kinetics of the compounds are neither
influenced in an obvious way by the flip to the CDK8/CycC DMG-
out kinase conformation nor by the degree of disorder and dis-
placement of the CDKS T loop or the position of Tyr32°PK®,
which normally caps the site of phosphate transfer (28, 29).

Crystal Structures of CDK8/CycC with Compounds with Short, Detectable,
and Long Residence Times Indicate That Main Contributions to Residence
Time for This Compound Series Are Conserved Hydrogen-Bonding and
Hydrophobic Contacts Within CDK8 Front Pocket. Based on the obser-
vation that both SRTCs and LRTCs induce the DMG-out flip
even within the CDKS8/CycC crystals, we set up a working hy-
pothesis to identify parameters that influence the velocity of
compound binding independent from a conformational change.
To measure the impact of the SKR compound/CDKS8/CycC in-
teraction surface on the optimization of the residence time, the
number of contacts within the binding surface was analyzed for
each interacting atom of CDKS8/CycC (Table 1, Fig. 3). The sum of
the binding interactions correlates with the extension of residence
time as SRTCs form fewer hydrogen bonds and hydrophobic
contacts with CDKS8/CycC (compounds 7: 51, 3: 49, and 4: 53;
interactions were calculated at a van der Waals distance of 3.5-4
A +0.2 A, Table S5) than LRTCs (compounds 5: 70, 11: 63, 2: 78,
and 1: 99, Table S5). This applies equally to the switch from
binding kinetics with a short to a detectable residence time as
exemplified for compounds 4 (<1.4 min) and 5 (14 min): com-
pound 5 forms an additional H bond (in sum 4) but also increased
hydrophobic contacts (66 compared with 50). Consequently, the
two H bonds that are formed additionally (making a total of five)
by compound 11 appear to trigger its fourfold optimized residence
time. However, the significantly improved residence time of
compounds 1 and 2 appears to be independent of additional H
bonds. Further H-bond formation involving water molecules was
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Fig. 3. Structure—kinetic relationship. (Top and Middle) Active site of the crystal structure of human CDK8/CycC in complex with the SKR compounds;
residues of the CDK8 specific pockets and kinase regions are indicated with different colors, compounds are shown as sticks with their carbons colored
yellow. H bonds are shown for compound/CDK8 interaction (blue dotted lines), water molecules that bridge interactions as blue nonbound spheres.
Secondary structural elements are labeled black. Positioning of the figures was chosen to allow best view depending on the compound'’s binding mode.
Residence time and affinity are indicated. CDK8/CycC apo form in the DMG-in conformation: within the CDK8/CycC DMG-in conformation, M174<P%8 is in
close contact with F176°P*€ in the deep pocket beyond the CDK8 aC helix. Y32P*® side chain and activation segment (185-196) are disordered. Detection
of residence time is reconciled in the compounds’ binding mode by H bonding with the hinge region (5 and 11); compounds with a long residence time
form contacts within the front pocket (2, 1). Compound 7: M174P*€ is rotated outside the deep pocket to enable compound binding. Activation segment
(178-194) is disordered. Compound 5: activation segment (177-193) is disordered; compound 11: activation segment (177-193) is disordered; compound 2:
nearest distance to hinge region 5.1 A; Y32P%€ side chain and activation segment (176-195) are disordered; compound 1: activation segment residues
176-195 are disordered. (Bottom) Interactions of compounds in relation to their residence time; the sum of the hydrophobic contacts per atom is plotted
on the y axis; compound structures at the respective CDK8 kinase site, Kq values [pM], and residence time [min] are indicated. H bonds are marked in red
numbers in the respective regions where they appear. As compound 11 forms no hydrophobic contact with the hinge region but two H bonds, the red
label is shaded turquoise. The hydrophobic contacts were calculated as described in the text and S/ Text. Parts of the kinase are indicated by color. Residues
belonging to the same color are listed next to the plot.

8084 | www.pnas.org/cgi/doi/10.1073/pnas.1305378110 Schneider et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1305378110/-/DCSupplemental/pnas.201305378SI.pdf?targetid=nameddest=STXT
www.pnas.org/cgi/doi/10.1073/pnas.1305378110

L T

/

1\

=y

not considered due to experimental uncertainties at the resolution
of our analysis (30). It may have a profound influence though.

The impact of the sum of compound/CDKS/CycC contacts on
residence time is quantified by the quotient of the residence time
divided by the sum of each CDKS8 atom interacting with the
compound (“residence time per CDKS8 atom,” Table 1, Fig. 3). A
quotient of 0.3 calculated for the binding kinetics of compound 5
with a detectable residence time (47 CDKS8 atoms, 14 min) is
increased to 1.5 for compound 11 (37 CDKS atoms, 57 min) up
to a value of 28 and 45.2 for the LRTCs 1 (58 CDKS8 atoms,
1,626 min) and 2 (43 CDKS8 atoms, 1,944 min), respectively.
Apparently, not only the sum of the interacting atoms in CDK8
(as observed for compound 1) but also their properties and lo-
cation within the kinase favor efficient binding of a compound.
The analysis of site-specific CDK8/CycC interaction with the
compounds (Table 1, Fig. 3) reveals an optimization of residence
time by including further interaction surfaces. Besides the con-
served hydrogen bonding, the main van der Waals contacts of the
SRTCs (Table 1, Fig. 3: compounds 7, 3, and 4) are formed with
the key residues of the DMG motif and the Glu-Lys ion bridge
(44%, 43%, 52% of total) and explain the conformational flip of
the DMG motif. The different conformations of Tyr32<P*® (p1-
2 loop) cause a variable fraction of a f1-p2 loop-based van der
Waals interaction but do not influence the compound binding
kinetics. In contrast, binding kinetics with a detectable residence
time requires at least H bonding with the hinge region, whereas
the increased ratio of hydrophobic interactions within the front
pocket by the LRTCs 2 (14% of total; 1,944 min; Fig. 3) and 1
(30% of total; 1,626 min; Fig. 3) has the most obvious impact on
residence time. Nevertheless, H bonding appears to exert a pro-
found influence as the second H bond with the hinge region of
compound 11 compensates for the fewer hydrophobic contacts
and results in an increased residence time compared with com-
pound 5. As the minimal compound’s binding mode is conserved
for all complex structures (Fig. S4), the detectable residence time
of compound 10 (7 min), which has not been crystallized, may be
explained by the shortened hinge-directed 4-hydroxybutyl group
compared with compound 11 and therefore is expected to form
one H bond with the hinge region, similar to compound 5 (14 min),
and one less than compound 11 (Fig. 3).

In summary, our SKR series suggests that hydrogen bonding
with the hinge region is indispensable to evoke a slow k. rate
but only large hydrophobic complementarities within the front
pocket significantly optimize the residence time of a compound.

Discussion

This SKR study reveals that factors other than conformational
change of the CDK8 DMG motif increase the residence time of
the CDKS/CycC specific compounds. We observe the standard H
bonding between the urea linker of the SKR compounds with
CDKS/CycC as reported for DFG-out binders such as BIRB796
(12, 13, 25, 31), but only further H bonding with the hinge region
triggers a detectable residence time. This is consistent with liter-
ature reporting that solvent-shielded H bonding slows down dis-
sociation (32). Previously, in the case of BIRB796, it was thought
that a DFG-out binding inhibitor would cause a slow dissociation
rate (25), but we observe short residence times (<1.4 min) for
some of our DMG-out binders. Indeed, BIRB796 is also in contact
with the hinge region of p38 alpha, which helps to explain its long
residence time. As the crystal structure of the CDK8/CycC apo
form shows the DMG-in conformation, the observed DMG-out
conformation in all inhibitor complexes described in this study is
a consequence of compound binding irrespective of their binding
kinetics. Conformational flipping appears to require the combi-
nation of the deep pocket binding moiety with a urea linker
(compound 7). Compound 6, with only an amine linked to the
deep pocket binding moiety, did not bind to CDKS8/CycC. The
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“key H bonding” between the urea linker and the aC helix’DMG
backbone seems to be essential for this process.

CDKS8/CycC specific features may contribute to our results. The
effect of the change of Phe to Met within the DFG motif in the
activation loop can be evaluated by superimposing p38a (DFG)
and CDKS8/CycC (DMG) both complexed with sorafenib. No
significant difference in the conformation of the DFG/DMG
motifs is seen (23). However, the CDKS8-specific Phe176P%, two
residues beyond DMG (Leu in other CDKs), might allow a higher
flexibility to the activation loop compared with other members of
the CDK family. Within the CDK8/CycC DMG-in conformation,
Phe176°PX8 is in close contact with Met174“PX8 in the deep
pocket (Fig. 3, Fig. S2). More importantly, the CDKS kinase is ac-
tivated via a phosphorylation-independent mechanism (23), which
might be one important difference that explains why CDKS is still
the only known member of the CDK family that provides access to
its deep pocket, explaining the observation that a type II compound
binds to the DMG-out conformation without an increased resi-
dence time. The interaction of CDK8 with CycCis likely to be key to
this unique feature, as the association of the cyclin with the CDK8
aC helix is expected to stabilize a certain CDKS kinase conformation
in the general CDK activation by cyclins (33, 34). In the complex, the
equilibrium between active and inactive kinase conformations may
be shifted from which type II binders select the DMG-out confor-
mation. For other kinases the slow binding kinetic signature is
believed to derive from conformational selection of the inactive
T-loop kinase conformation from a preexisting equilibrium (13).

Independent of CDKS8/CycC complex-specific features, we
presented evidence that H bonding with the hinge region triggers
detectable residence times. Moreover, the quotient of residence
time divided by the sum of interacting atoms of CDKS8 was shown
to be a suitable measure to quantify the optimization of the CDKS8/
CycC compounds. Previously, “kinetic efficiency” (KE) metrics
were described for binding kinetics of compounds without struc-
tural information to rank the physiochemical properties of
a compound series with similar MW and residence time. The ki-
netic parameters for the binding interaction per atom of a com-
pound have been described as KE = ©/Ng4 = t1,5/(0.693 X Np4);
where 7 is the residence time and Ny, is the number of non-
hydrogen atoms of a compound (35). Subsequently, the sum of
interactions needs to be fine-tuned within the compound/target
interaction surface in terms of distinctive kinase sites. In our study,
targeting the CDKS front é)ocket, where its C-terminal segment
gets involved with Arg356“PX8 optimizes the residence time. A
kinase-site-dependent increase in affinity was as well reported for
type I compounds that bind the CDK front pocket, the so-called
“Lys89-pocket” (reviewed by Lolli, ref. 36). Importantly, the C
terminus of CDK9 within the CDK9/CycT complex was reported
to interact with the CDK9 hinge region and contributes to an in-
creased compound affinity (37). The extension of the residence
time by hydrophobic interactions within the hinge region/front
pocket appears also to be rationalized in part by kinase dynamics
descriptions such as the “hydrophobic spine” model (18, 38). The
core of the hydrophobic spine consists of four amino acids that are
considered to build a hydrophobic network/spine allowing the ki-
nase “breathing motion” between the N lobe and the C lobe to
enable nucleotide binding and release (39). In the case of the
CDK/cyclin family, this mechanism is modified as exemplified for
the CDK2/CycA complex (38), which positions the CDK loop
accurately for the active kinase conformation even in the absence
of an activatory T-loop phosphorylation (Fig. S5B) (38, 39). Only
in compounds that additionally interact with the hinge region of
CDKS or even more efficiently with the CDKS8 front pocket as
“anchor point,” the CDK8 T-loop/CycC interaction surface (Fig.
S5A4) may be destabilized. This possibly results in a fast dissocia-
tion rate of SRTCs, whereas a more efficient reduction of the
kinase motions could explain the slower dissociation of LRTCs.
Analogously, binding of inhibitors changed the internal motion of

PNAS | May 14,2013 | vol. 110 | no.20 | 8085

BIOCHEMISTRY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1305378110/-/DCSupplemental/pnas.201305378SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1305378110/-/DCSupplemental/pnas.201305378SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1305378110/-/DCSupplemental/pnas.201305378SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1305378110/-/DCSupplemental/pnas.201305378SI.pdf?targetid=nameddest=SF5
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1305378110/-/DCSupplemental/pnas.201305378SI.pdf?targetid=nameddest=SF5

isolated CDK2 probably by a blocked hinge movement between its
N lobe and C lobe (40). Although X-ray crystallography provides
only a static model to detect reduced kinase motions, the combi-
nation of X-ray structural data and kinetic data of compound
binding within this SKR study suggests that residence time may be
influenced by hindered kinase motion. This SKR study reveals
a behavior of the CDKS8/CycC kinase inhibitors that deviates in
some aspects from the general paradigm of drug design within the
kinase family and adds a promising tool and approach of drug
design such as the back-to-front approach. Generalization of our
observations to the other kinase families is possible but requires
SKR studies, as the parameters that influence the binding kinetics
of compounds in those may differ in detail.

Methods

Protein Expression and Purification. Protein expression and purification of the
corresponding CDK8(Hs1-403)/CycC(Hs1-283) constructs was performed accord-
ing to the previously published protocols (23). Protein crystals were obtained
within the hanging drop setup at 20 °C in 20% (wt/vol) polyethylene glycol
3350 and 0.2 M sodium formate. Tested hit compounds and newly designed
compounds were synthesized by Vichem Chemie Ltd. with a purity >95%.

Protein Crystallography. For complex formation with CDK8/CycC, compounds
were back-soaked into crystals within a concentration range of 1-10 mM
from 4 h to 7 d. These crystals had been prepared by co-crystallization with
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a type | compound (N-(2-phenylethyl)quinazolin-4-amine) that induces the
DMG-in conformation. The crystal structure of this complex has also been
solved and is deposited (PDB-ID 4F7S). For the CDK8/CycC apo form, the
ligand was removed by several washing steps. Crystals were shock-frozen
using 25% (vol/vol) ethylene glycol as cryoprotectant. Data sets were taken at
Swiss Light Source, Paul Scherer Institute at beamline X06SA. Data were pro-
cessed using XDS and XSCALE (41) (4F6S, 4F6U, 4F6\W, 4F7S, and 4F7L) or XDS and
SCALA/Collaborative Computational Project, number 4 (42) (4F70, 4F7), 4F7N,
and 4G6L). Molecular replacement was achieved by MOLREP (43) and re-
finement cycles were calculated using REFMACS5 (44). Building was performed
with COOT (45) and graphical figures were prepared with PYMOL (46).

Kinetic Measurements. Binding kinetics of the compounds was measured with
the Proteros reporter displacement assay (21, 22). A brief description, equa-
tions, error estimation, and correlation coefficients are available in S/ Text.
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