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Abstract

The acknowledged potential of small-molecule therapeutics targeting disease-related
protein-protein interactions (PPIs) has promoted active research in this field. The strategy of
using small molecule inhibitors (SMIs) to fight strong (tight-binding) PPIs tends to fall short
due to the flat and wide interfaces of PPIs. Here we propose a biligand approach for disruption
of strong PPIs. The potential of this approach was realized for disruption of the tight-binding
(Kp = 100 pM) tetrameric holoenzyme of cAMP-dependent protein kinase (PKA). Supported
by X-ray analysis of co-crystals, bifunctional inhibitors (ARC-inhibitors) were constructed that
simultaneously associated with both the ATP-pocket and PPI interface area of the catalytic
subunit of PKA (PKAc). Bifunctional inhibitor ARC-1411, possessing Kp value of 3 pM
towards PKAc induced the dissociation of the PKA holoenzyme with a low-nanomolar 1Csg,
whereas the ATP-competitive inhibitor H89 bound to the PKA holoenzyme without disruption
of the protein tetramer.
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Introduction
Estimates of the number of protein-protein interactions (PPI) comprising the “human

interactome” have increased from a few thousands in 1995 up to 650 000 in 2013.12 This is in
sharp contrast to a gradual decrease of the number of human protein-coding genes (19000
genes).® The functional interactome has been a key focus of disease-related protein network
characterization, with the ultimate goal to enable therapeutic control of PPIs with small-
molecule inhibitors (SMIs). Currently, 50 PPIs have been proposed as potential targets for drug

intervention, and 22 corresponding SMIs have reached phase I/11 clinical trials.*

Stabilities of protein complexes vary broadly with the values of dissociation constant
(Kp) ranging from low mM to single-digit pM, whereas the majority of the Kp-s fall into
micromolar and nanomolar range.> The contact surfaces of PPIs usually cover large flat areas
(1500 to 3000 A?),° thus SMIs can effectively target PPIs only via interaction with key amino
acid residues (hot spots) that are critically important for stability of the complex.® Classical high
throughput screening, fragment-based drug design, and virtual screening usually identify PPI
inhibitors with micromolar affinities,> whereas inhibitors with higher affinity are required for
disruption of tight-binding (Ko < 200 nM) protein complexes.”® Furthermore, a SMI that
disrupts the PPI in a biochemical assay may fail in cells either due to inadequate uptake of the
SMI, degradation of the SMI in biological milieu, or because the PPI is reinforced in complex

cellular environment.

Signaling networks obviously employ many PPIs, of which interactions of protein
kinases (PKs) with its substrates are a part.® Dysregulation of phosphorylation of proteins is
associated with cancers, inflammatory disorders, diabetes, and other diseases; as a consequence,
this family of enzymes has come to constitute one of the most important drug target class over
the past two decades.'® All small-molecule PK inhibitors currently approved by FDA as cancer
drugs bind to the deep and largely hydrophobic ATP-pocket of the PK. However, high
conservation of the nucleotide-binding site across more than 500 human PKs presents a
challenge for the construction of PK inhibitors that are suitable for specific therapeutic and
research applications. Nevertheless, as an indication of the success of cancer drug development

efforts, more than 30 small-molecule PK inhibitors have been approved for clinical use.!!

By definition, all PKs inevitably participate in PPIs: the bisubstrate mechanism of the
PK-catalyzed protein phosphorylation reaction involves formation of the molecular triple
complex incorporating the PK, a substrate protein, and ATP. Usually the interactions between
PKs and protein substrates are relatively weak, possessing Kp-s in micromolar range.'? In
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Bioconjugate Chemistry

addition to catalytic functions, PKs also possess non-catalytic functions, e.g. protein
scaffolding.’® Even more, 10% of human PKs are “pseudokinases” that possess no or weak
catalytic activity.’>'* Thus, PPIs play dual roles in case of PKs. From one side, functioning
(activity and localization in cells) of PKs is regulated by PPIs. On the other hand, PKs regulate
the functioning of the target proteins through specific PPIs. Taken together, the development
of inhibitors of PPIs offers a promising approach for the selective regulation of activity of PKs
in cells.

cAMP-dependent protein kinase (PKA) has been used as a prototype enzyme for large
and highly diverse protein super-family of PKs.®® PKA is a ubiquitous intracellular CAMP
effector that regulates the functioning of many intracellular proteins and plays a critical role in
the integration of signaling networks in eukaryotic cells. The activity and localization of PKA
are regulated through a complicated PPl network in a multiprotein hetero-complex that
comprises 5 proteins: two catalytic subunits of PKA (PKAc) and a dimer of regulatory subunits
[(PKAr)2] form the PKA holoenzyme, that is bound to an A-kinase anchoring protein (AKAP).
At low cAMP concentrations the PKA/AKAP hetero-complex is held together by a network of
strong PPIs that cause the dimerization of PKAr, association of PKAr dimer with AKAP (Kp-s
ranging from low nanomolar for PKArlI to 200 nM for PKArl),® and interaction of two PKAC
monomers with (PKAr); that leads to a stable (Ko = 100 — 200 pM) PKA holoenzyme.!’

Disruption of strong protein complexes possessing Kp-s in picomolar range requires the
application of inhibitors with very high affinity towards any of the proteins participating in the
complex formation. Moreover, the protein-bound inhibitor should at least partially cover the
contact area of the PPI for disruption of the protein complex. An acknowledged technology for
the construction of high-affinity inhibitors works through incorporation of several fragments
that interact with separated binding regions (“pockets”) of the target protein.®° The binding
of a protein with a bifunctional (bivalent) ligand composed of two covalently tethered
monofunctional ligands may lead to a very stable ligand:protein complex (Kp value in the
picomolar range). In case the bifunctional inhibitor retains the interactions of each individual
fragment upon complexing with the protein, the binding free energy for the bifunctional
inhibitor is equal to the sum of binding free energies of the monofunctional fragments, plus an
entropic gain resulting from the interaction of a single molecule rather than multiple fragments

with the protein molecule.?

Previously, we have used the bifunctional approach for the development of high-affinity
bisubstrate inhibitors for several PKs: PKAc, CK2, PIM1, ROCK, Haspin, etc.??? In the
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present work, supported by structure-affinity studies and X-ray analysis of inhibitor:PK co-
crystals, we developed bifunctional ARC-inhibitors whose affinity towards PKAc extended to
one-digit picomolar range (Kp = 3 pM). Area of binding of PKAc with ARC-compounds partly
overlaps with the contact area of interaction of PKAc with PKAr, making possible the
disruption of the protein tetramer of PKA holoenzyme with ARCs. This result demonstrates
that bifunctional ligands possessing very high (picomolar) affinity towards a partner protein of
PPI complex can disrupt stable PPI complexes, provided that the SMI interaction overlaps with

the area of hot spot interactions.
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Characterization of 7-deazapurine-based bifunctional inhibitors

Affinities of synthesized inhibitors towards PKAca, AKT3, and ROCKII
A new set of ARC-compounds was designed proceeding from the previously reported

lead compound ARC-670, because of its high affinity (Kp = 0.82 nM) and good crystal-forming
ability with PKAca.?® Structures of ARCs together with their affinities towards PKs PKAca,
AKT3, and ROCKI| are listed in Table 1.

Table 1. Structures of ARCs and their affinities towards PKs PKAca, AKT3, and ROCKII

compound nucleosidic  linker  peptidic moiety Kp, nM (95% Cl)
code moiety region PKAco AKT3 ROCKII
0.32 39 156
~ a
ARC-902 (0.26-0.36) (32-50) (1.35-1.81)
HN/\N
ARC-670° s . Oda  (DArg)-NH, 0.82 8.4 nd
|/
ARC403 4~ oda DArg-NH 1t 2593 392
N;N\ N MR g-NHz (127-230) (2075-3241)  (285-539)
HN/\N
578 10990 1398
_ R -
ARC-IISE % (yak  Oda DArg-NH; (468-715)  (8440-14320)  (947-2062)
N
HN/\N
735 6421 1620
- R -
ARC-1168 ) NQN Oda DArg-NH; (543-995)  (4737-8700)  (1330-1975)
HNTN
] Mo ] 29 430 48
ARC-1404  ®_)™_ )N+  Oda DArg-NHz (26-33) (350-533) (34-67)
] DArg-Ahx-DArg- 46 107 53
ARC-1407 X Hda NH; (4.2-5.1) (91-123) (43-66)
] DArg-Ahx-DArg- 0.18 95 3.9
ARC-1408 X Nda NH; (0.17-0.20) (8.5-10.6) (3.4-4.4)
17 a1 9.3
ARC-1409 X- Nda DArg-NH, (1.5-2.0) (30-52) (7.9-10.8)
1 171 26
ARC-1410 X- Dda DArg-NH; (10-15) (132.222) (2121)

] ] (DArg)s-DLys- 0.0030 0.31 0.030
ARC-1411 X Nda NH; (0.0025-0.0041)  (0.24-0.41)  (0.015-0.055)
] ] (DArg)e-DLys 0.035 0 35
ARC-1412 X Nda (COCiHz)-NH,  (0.030-0.041) (27-39) (3.2-3.9)

] ] (DArg)s-DLys 0.0054 2.9 118

ARC-1413 X Nda 5 TAMRA)-NH, (0.0045-0.0065)  (2.7-33)  (1.00-2.40)
42 410 78

ARC-1414 X Nda DLys-NH; (3.6-4.9) (268-628)  (6.4-9.4)

0.0062 0.84 0.22

ARC-1415 X- Nda  (DArQ)eNHz 65053 0.0072)  (0.74-0.92)  (0.18-0.27)
] DAla-(DArg)s- 0.0095 28 154

ARC-1416 X Nda NH; (0.0086-0.0104)  (19-41)  (1.03-2.26)

aReference compound, affinity determined peviously?*?; °LLead compound®; nd — not determined; Ahx,
6-aminohexanoic acid; Dda, a,w-decanedioic acid; Hda, o,0-heptanedioic acid; Nda, a,w-nonanedioic
acid; Oda, a,m-octanedioic acid. Full structures, HRMS data, and experimental displacement curves in
Supporting Information Part 2-4.
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ARC-670 and newly synthesized ARCs contain a,m-diacid linker between the peptide
fragment and the adenosine-mimicking moiety (Table 1). ARC-1403 incorporating a single D-
arginine was synthesized according to a new synthetic pathway (please see Supporting
Information Part 1, Figure S1), allowing the performance of measurements in a convenient
range of affinity. Three fragments were identified whose modification potentially leads to
increase of affinity of the conjugates towards AGC kinases: piperazine fragment, purine moiety,
and length of the linker.23%

First, the effect of piperazine moiety was tested. Crystal structure of ARC-670 revealed
no polar interactions between PKAca and piperazine or its adjacent carbonyl group.? However,
replacement of piperazine in the structure of ARC-1403 with 4-aminopiperidine (ARC-1156)
or homopiperazine (ARC-1169) caused several-fold decrease in affinity towards the tested PKs.
Piperazine seemed to allow favorable placement of the subsequent structure in the glycine-rich

loop of PKs, and was therefore retained as a structural element in modified ARCs.

Second, we substituted 7-deazapurine for purine, obtaining ARC-1404. While the
crystal structure of ARC-670:PKAca? showed that N7 of the purine ring could be the acceptor
atom for the hydrogen bond with Thrl83, ARC-1404 revealed 6-fold increase in affinity
towards both PKAca and AKT3, compared to ARC-1403. Therefore, we used 7-deazapurine

fragment as ATP binding site-directed motif in further structural optimizations.

Third, proceeding from ARC-1404, the length of the linker was adjusted. Analogues of
ARC-1404 were synthesized comprising a,m-heptanedioic acid (ARC-1407), a,-nonanedioic
acid (ARC-1408 and ARC-1409), or a,m-decanedioic acid (ARC-1410) linker. Within the
structures of ARC-1407 and ARC-1408, additional linker of 6-aminohexanoic (Ahx) acid was
incorporated for positioning of the following D-arginine residue(s) farther away from the D-
arginine spacer. Comparison of Kp values of ARC-1404, ARC-1407, ARC-1408, ARC-14009,
and ARC-1410 towards tested PKs (Figure S2A) revealed that the application of o,o-
nonanedioic acid linker leads to the highest affinity of the compounds, with a strong
dependency of only an atom-length difference of the linker.

We have previously established that six D-arginine residues in the peptide moiety led
to substantial gain in affinity of ARCs towards basophilic PKs.!® The number of D-arginine
residues in the peptide part of ARC-1409 was increased, leading to compounds ARC-1411,
ARC-1415, and ARC-1416 (Table 1). These conjugates revealed almost 1000-fold higher
affinity towards PKAca than ARC-1409. Comparison of affinity of ARC-1411, ARC-1415,
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and ARC-1416 showed that ROCKII affinity of ARCs was especially sensitive to the
composition of peptide moiety (50-fold reduction from ARC-1411 to ARC-1416)
(Figure S2B). Amongst these inhibitors, ARC-1411 was the superior binder possessing Kp
value of 3 pM towards PKAca, 310 pM towards AKT3, and 30 pM towards ROCKII. The
fluorescent probe ARC-1413, obtained by labeling of ARC-1411 at D-lysine residue with the
fluorescent dye 5-TAMRA, retained very high affinity (Kp = 5.6 pM) of the unlabeled parent

compound towards PKAca.

The inhibitory potency of ARC-1411 was tested at 1 uM concentration towards 93 PKs
in a commercial panel. Great majority of basophilic kinases were inhibited by more than 75%
(Table S1) whereas non-basophilic PKs such as CK2, PLK1, and GSK3 were not inhibited.

Correlation of Kp values and Thermofluor 4 Ti, values for ARC:PKAca complexes
Kp values found from the time-resolved (TR) luminescence binding/displacement

assay?® were compared to ATm values from ThermoFluor-based?” PK denaturation stabilizing
effect for inhibitors comprising the same nucleoside moiety. The similar trends in dependency
of ATm values on the structure of ARCs were established for PKAco and AKT3 (Figure S3).
For comparison, ATm value of 6.8 °C was determined for Hidaka’s inhibitor H89% towards
PKAca, well-coinciding with previously published AT value of 6.9 °C.?°

Inhibitors ARC-1411, ARC-1415, and ARC-1416 revealed the strongest stabilizing
effect towards PKAca with ATm values of 17.1 °C, 16.2 °C, and 16.7 °C, respectively, that all
substantially surpassed the previously reported highest ATm value of 11.3 °C for the generic PK
inhibitor staurosporine towards PKAc.?

Correlation of ATm values with inhibition constants or isothermal titration calorimetry
(ITC) data have been published previously,®*3? now we correlated ATm values with the Kp
values determined in the binding/displacement assay with TR luminescence intensity read-out.
Figure 1 shows a good linear dependency (R? = 0.97) between ATm and pKp values for
association of the tested ARC-based inhibitors with PKAca. Linear analysis of the pKp—ATm
plot revealed the pKp value at which linear regression graph intercepted abscissa, pointing to
the real concentration of the active form of PKAca (7.2 uM of total 10 uM) in the ThermoFluor

assay.
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19 R%=007
3 18 slope = 2.75 ARC-1416 ARC-1411

ARC-1415

ARC-1408

5 7 8 9 10 1 12
pKp of respective ARC for PKAco.

Figure 1. Correlation between Kp values and ThermoFluor AT values. Linear plot of inhibitor-
induced thermal denaturation temperature change (ATm) and a negative logarithm of corresponding

dissociation equilibrium constants (pKp) for inhibitor:PKAca complexes.

Dissociation kinetics of ARC-1413 from its complex with PKAca
We have shown that ARC-based inhibitors and photoluminescent probes associate with

target PKs with near diffusion-limited association kinetics.®* Regarding the similar structure
and binding mechanism of the ARCs described here, the association kinetics is not expected to
vary significantly between ARCs. Therefore, change in equilibrium dissociation constant of the
ARC:PK complexes is mainly attributed (Kp = kott/kon) to the decrease in dissociation rate
constant. We measured the dissociation half-life of the complex of fluorescent probe ARC-1413
and PKAca (Kp = 5.6 pM). Following the dissociation kinetics in the presence of a competing
inhibitor ARC-1411 or ARC-902 in an assay with fluorescence anisotropy (FA) read-out
revealed the dissociation half-life of 17.7 min for the complex of ARC-1413:PKAca
(Figure S4).

Disruption of a picomolar PPI complex with bifunctional ARC-inhibitors

Application of the fluorescent probe ARC-1413 for characterization of strong PPIs
involving PKAC
The fluorescent probe ARC-1413 was used to determine the affinity of natural

regulators of PKA activity, heat-stable PKA inhibitor protein PKla®*% and PKArIa, towards
the enzyme PKAca (Figure 2). Kp values of 0.22 (0.16-0.29) nM and 62 (53-73) pM were
determined for complexes PKI:PKAca and PKArla:PKAca, respectively [Kp = 43+7 pM has
been reported for PKArla:PKAca on the basis of surface plasmon resonance (SPR)

measurements].>® The latter titration series was subsequently treated with cAMP (final
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192  concentration of 50 uM) to induce the dissociation of holoenzyme and rebinding of ARC-1413
193  to PKAca (Figure 2,m).
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-+~ PKAro

= PKAra (50 uM cAMP) E\K““ —

19 -+ PKI - -

[y
N
Fluorescence Anisotropy x 1000
Ex 540(20) nm Em 590(20) nm

21 -competitor 10 9 -8 7 -6 -5free [:I!robe
22 194 log ¢ (competitor)/M

o4 195  Figure 2. Determination of affinity of inhibitors towards PKAca. Displacement of the probe ARC-
25 196 1413 (2 nM) from PKAca (3 nM total active concentration) with control (ARC-902, ¢ ), PKI (A), or
26 197 PKArlo (e), and subsequent liberation of catalytic subunit from the latter by cAMP (m) as detected by
27 198  measurement of FA.

28

ég 199  Displacement of PKArZIf-CFP from complex with PKAca-YFP by ARC-1411

31 200 Genetically engineered variant of a cCAMP-sensor that is based on the measurement of
32

33 201 intensity of non-radiative Forster-type resonant energy transfer (FRET) between two interacting
34 202  fluorophores positioned in close proximity, lysate of cells expressing the fusions of cyan
36 203 fluorescent protein (CFP) and yellow fluorescent protein (YFP) with PKAr and PKAc,>'38
38 204  respectively, was used for gaining direct evidence that ARC-based biligands disrupt the
40 205 interaction between regulatory and catalytic subunits of PKA. Lysate of C9HG6 cells (CHO cells
206  stably expressing fusion proteins PKArIIB-CFP and PKAca-YFP) was separated and diluted
43 207  20-fold (characterization of lysate in Supporting Figure S5). Disruption of the tetrameric PKA
45 208 holoenzyme was induced by cCAMP, which led to cease of FRET. The ECs value of 48 nM was
47 209  determined for activation of PKA by cAMP (Figure 3B, A). The activation constant (Ka) of 580-
210 600 nM has been previously reported for cAMP activation of full-length PKA holoenzyme
S0 211 (PKATrIIB:PKAc) as determined by kemptide phosphorylation activity, while the value of Ka is
52 212 10-fold higher than the affinity of cAMP towards PKATrIIf (Kpcamp = 60 nM).*°

213 Thereafter we tested the potential of two ARC-based bifunctional inhibitors, ARC-1411
56 214 and ARC-902 to disrupt PKA holoenzyme (Figure 3A). ICso values of 2 nM and 109 nM were
58 215 obtained for displacement of PKArIIB by ARC-1411 and ARC-902, respectively (Figure 3B).
60 216 Inthe presence of ATP and Mg?" the lower plateau of 530/480 FI ratio decreased for the ARC-
217 1411 and ARC-902, resembling the effect seen for CAMP without the presence of Mg?*/ATP
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(Figure 3C). Addition of Mg?*/ATP induced slight increase in the upper plateau value for the
titration series of both cAMP and ARC-inhibitors, with primary effector identified as Mg**
rather than ATP (Figure S6A). It is expected that a lysate contains nucleotides that apply
cations as cofactors in binding to the active site, which induces the conformational packing of
the enzyme. Binding of H89 to PKAca revealed no cooperativity with Mg?*, this result is in
accord with results of NMR analysis.*® Furthermore, the removal of Mg?* with 20 mM EDTA
had no effect to the FRET between PKArIIB-CFP:PKAca-YFP in the presence of H89, while
in the absence of both Mg?* and H89 the maximum FRET efficiency decreased (Figure S6B).
The displacement curves for ARC-1411 and ARC-902 are shifted in the presence of competitive
ATP (100 uM), resulting in 1Cso values of 22 nM and 2.4 uM, respectively. The influence of
ATP to the cCAMP titration series is smaller leading to 45% increase in the value of ECso

(ECso.camp = 68 nM), comparable to the previously reported value of 60 nM.%

A

EX 427 nm EM 530 nm
EX 427 nm EM 480 nm

f {i CFP \\(‘\.\; 5 Rﬂ; i ! S~
7. ARC-1411 v A o v

B C
5% C9H6 cell te of PKArlIp-CFP:PKAca-YFP
5% C9HS cell lysate of PKArIIB-CFP:PKAca-YFP t cell ysate o p-CFP:PKAca
g 100 1M ATP, 10 mM Mg
o g 0% o E 0.90
E o -+ ARC-1411 E - - ARC-1411
< @
>3 o085 = ARG-902 S oss| o= = ARGC-902
2 g -+ CAMP =g -+ CAMP
[ — gt
(= - §
E 3 0.80 E § 0.80
[t} -]
g uE_l 0.754 e IE 0.754
S & S E
S 070 85 oo
o N o N
=R S 4
= Ll’.<| 0.65 T 1 /T T T T L |i<| 0.65 T 1 /7 T T T
-competitor =10 -8 -6 -4 -competitor -10 -8 -6 -4
log ¢ (competitor)/M log ¢ (competitor)/M

Figure 3. Disruption of PKA holoenzyme by PKA activator cAMP and ARC-inhibitors. (A)
Scheme of disruption of the complex of CFP-fused PKATrIIf (blue) and YFP-fused PKAca (orange) by
ARC-1411 (green), leading to interruption of FRET and decrease in the ratio of fluorescence
intensities in 530 nm and 480 nm channels. (B) Titration 5% lysate of C9H6 cells expressing
PKATrIIB-CFP and PKAca-YFP with cAMP (A), ARC-1411 (e), and ARC-902 (m). (C) Experiments
were performed as in B, in the presence of ATP (100 uM) and Mg?* (10 mM).

Association of H89 with PKA holoenzyme
Previous X-ray analysis of the co-crystals of H89:PKACc:PKI(5-24) triple complex, in
which H89 and PKI peptide PKI(5-24) are simultaneously associated with PKAc, revealed lack
10
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of direct interaction between the two ligands.*%> On the other hand, to the best of our
knowledge, there is no direct evidence available whether H89 could bind to PKA holoenzyme
without disrupting the tetrameric structure. H89 is a small-molecule generic inhibitor of PKs of
the AGC group that with high affinity (Ko = 10 nM)® binds to the ATP-pocket of PKAc. As
the positioning of H89 in the ATP-pocket is different from that of Mg.ATP, it is not clear
whether H89 can also bind into ATP-pocket of PKAC in the tetrameric PKA holoenzyme.

Here we investigated the effect of H89 on PKA holoenzyme that was constituted of
fluorescent fusion proteins PKArIIB-CFP and PKAca-YFP in lysate of C9H6 cells. After
inducing the dissociation of the holoenzyme with the bisubstrate inhibitor ARC-902, H89 was
added to the solution in excess (Figure 4A). We hypothesized that ARC-902 (Kp pkaca = 0.32
nM)?* disrupts the PKA holoenzyme by associating with PKAca-YFP, leading to cancellation
of FRET. At higher concentrations H89 would displace ARC-902 from PKAc and the
H89:PKAc complex in turn associates with PKAr. This formation of PKA holoenzyme
complex, that comprises two H89 molecules, would lead to recurrence of FRET between the

fluorescent proteins.

A
EX 427 nm EM 480 nm EX 427 nm EM 530 nm
RYF;. i ! R’. A‘ ) YFP i ;ﬂ:—: ff

v»cn’« ,;v$

ARC-902 @ .
ARC-902

B Titration of H89 in the presence and absence of ARC-902 € Dissociation kinetics of PKArlIB-CFP:PKAca-YFP
0.80: 0.80
g § gk
Z3 Eg
-y >3
2% 075 g
g8 £
3O 2
ER ER
]
§ 'E 0.70 g 'E
[
g 5 * ¢ Control § 5 — ARC-902
Z % -= +1pMARC-902 o A+ Control
0.65-——1 T T T | +— 0.65 T T T
Lysate -10 -8 -6 -4 Lysate 0 1000 2000 3000
*ARC-902 log ¢ (H89)/M Time, s

Figure 4. FRET assay for PKA holoenzyme dissociation. (A) Scheme of the proposed process of
displacement of a PKATrIIB-competitive bisubstrate probe ARC-902 (black) from PKAca (orange) by
H89 (green), leading to PKA holoenzyme reformation and accompanying increase in FRET from CFP
to YFP. (B) Dilution series of H89 in the absence (e) and presence (m) of 1 uM ARC-902. (C)
Dissociation kinetic profiles of PKArIIB-CFP:PKAca-YFP with addition of ARC-902 (10 uM, m) or
H89 (50 uM, e) at t=0.
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Steady-state fluorescence intensity measurements revealed that H89 could not disrupt
PKA holoenzyme as there was no decrease in FRET even at 10 uM concentration of H89
(Figure 4B,e). Simultaneous association of H89 (Kp pkaca = 10 NM)* and PKATrIIB-CFP with
PKAcao-YFP was confirmed by using bisubstrate inhibitor ARC-902 at 1 uM concentration.
ARC-902 disrupted the PKA holoenzyme by displacing PKATrIIB-CFP from PKAca-YFP,
leading to cancellation of FRET between the fluorescent proteins (Figure 4B,m). At higher
concentrations H89 replaced ARC-902 in complex with PKAca-YFP, liberating the protein for
association with PKArIIB-CFP (Figure 4B,m).

We then questioned whether H89 has to displace PKArIIf before the formation of H89
complex with holoenzyme. H89 was added to the lysate containing PKArIIB-CFP:PKAca-YFP
and the FI ratio (FI530/FI1480) was monitored in time. H89 bound to the ATP-pocket without
prior disruption of the interactions between PKArlIB:PKAca (Figure 4C,e), as the FRET
remained constant within observed time interval. In comparison, ARC-902 induced the
dissociation of PKA holoenzyme (Figure 4C,m), resulting in kosr value of 1.27-10° s, This
value is close to the reported values of dissociation rate constants that range from 1.23-103 st
to 2.6-10* s for different variants of PKArIIB:PKAca as measured with SPR spectroscopy. 344

X-ray analysis of co-crystals of complexes of PKAca with ARC-1408, ARC-1411,
and ARC-1416
According to X-ray analysis the structure of PKAca:ARC-1408 co-crystal features one

protein molecule in the asymmetric unit, well defined by electron density from Glul13 to Phe350
(Figure 5A). Positioning of ARC-1408 in the active site of PKAca clearly points to the
bifunctional character of the compound. Binding sites of both substrates of the PK are involved
into interactions with ARC-1408: contacts with ARC-1408 are visible for Glu121 and Val123
in the ATP-binding site,* but also for Asp166, Glu170, and Glu230 in the hot spots region of
PPI interface of PKArIIB:PKAca association.>3 Additional interactions of the linking region
with residues Phe54 and Ser53 are also apparent.

Co-crystal of ARC-1411:PKAca holds two mirror-imaged protein molecules in the
asymmetric unit. The protein molecules face each other with their active sites, which in both
cases are occupied by a single ARC-1411 molecule. Six D-arginines of ARC-1411 seem to
allow multiple binding modes to the substrate binding site of PKAca resulting in unclear
electron density (excluded from the model) beyond D-Arg3 for the ARC compound in chain B
(Figure S7B), and D-Arg2 for the ARC compound in chain A (Figure S7A). ARC-1411

induces the ATP-pocket to adapt the open conformation only seen with the compound ARC-
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307
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309
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311
312
313

1012 (PDB entry 3AG9)?. The catalytic activity of PKAca is attributed to phosphorylation of
Thr197, which then interacts with His87 for stabilization of the activation loop. Both structures
with ARC-1411 (chain A and chain B) are characterized by a strong shift of His87, abolishing
the interaction with pThr197 in the activation loop (Figure S7C). Unlikely to the structure
3AG9, where His87 shows no interactions to other residues, His87 in ARC-1411:PKAca co-
crystal interacts with Gly187 in the DFG-motif.

Within ARC-1416, D-Arg3 offers multiple conformations and the terminal D-Arg
reveals unclear electron density. Well-defined interactions with PK Aca are formed for D-Arg2
(interacts with Glu127) and D-Arg4 (with Glu170 and Glu230). Differently from ARC-1411-
induced open conformation of glycine-rich flap of PK Aca, D-Ala residue in the posl of peptidic
moiety of ARC-1416 allows the glycine-rich flap to adapt the intermediate conformation as in
ARC-1408:PKAca complex (Figure 5B).

Figure 5. Crystal structure analysis of ARC:PKAca complexes. (A) ARC-1408 in the active site of
PKAca. Amino acid residues within PKAco forming hydrogen bonds with ARC-1408 are depicted.
(B) Overlay of PKAca co-crystal structures with ARC-1408 (green), ARC-1411 (pink), ARC-1416
(yellow), and inhibitor peptide (light brown, PDB entry 2CPK) showing conformational differences in
the glycine-rich flap: closed (2CPK), intermediate (ARC-1408, ARC-1416), and open state (ARC-
1411).
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Discussion
SMis of specific PPIs have been acknowledged as potential therapeutic agents. On the

other hand, “Lipinski’s rule of five’*® may be not the best guideline to effective small drugs for
disruption of protein complexes*’. Shallow and extensive contact area of a tight-binding PPI
interface implies that an effective inhibitor should comprise multiple pharmacophoric elements
positioned dispersedly for interaction with hot spots of the target protein. Therefore, MW limit
of 500 D may be insufficient to mount the minimal number of pharmacophoric elements for

achieving adequate affinity of the compound towards the protein involved in the PPI.

In this study the biligand approach was used for the rational development of disruptors
of tight-binding protein complexes. A new synthetic scheme was established for synthesis of
conjugates of heteroaromatic systems and peptide analogs (ARCs). The peptide moiety of an
ARC interacts with the contact surface involved in PPI and the strength of this interaction is
reinforced through binding of “affinity hook” of the ARC to a specific binding pocket (e.g.,
ATP-pocket) of the interacting protein. Supported by the results of X-ray analysis of
ARC:PKACc co-crystals and extensive structure-affinity studies, bifunctional PKAc inhibitors
were developed whose affinity extended down to low picomolar range. These ARC-inhibitors

disrupted the tight-binding PKA holoenzyme complex by associating with PKAC.

The fluorescent probe ARC-1413 (Kppkaca = 5.6 pM) was employed in a simple
homogeneous assay with FA read-out for the investigation of a tight-binding protein complex,
PKA holoenzyme, possessing Kp value of 100 pM3®43, Characterization of such strong PPIs
requires the application of very high-affinity probes, as the Kp value of the probe determines
the lowest Kp value of the PPI complex that can be reliably established in the FA-based assay.*®
The homogeneous fluorescence-based assay is less labor- and material-consuming than ITC-
and SPR-based methods. Other methods for the identification of PPIs (e.g.,
immunoprecipitation and affinity chromatography) are not suitable for determination of the
strength of the interaction. For the target protein, this setup can be used for the screening of
interacting proteins both for hit identification and characterization, while excluding the need

for labeling of target protein(s).

To exclude the possibility of simultaneous binding of the probe and PKAr to PKAc, the
lysate of cells co-expressing CFP-fused PKArIIp and YFP-fused PKAca was used in a FRET
assay. ARC-1411 (Kprkac = 3 pM) induced decrease of energy transfer from CFP to YFP as
did the physiological activator CAMP, pointing to disruption of the PKA holoenzyme by both
compounds.
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Differently from the bisubstrate inhibitors ARC-1411 and ARC-902, ATP-competitive
inhibitor H89 (Kppkac = 10 nM)*® did not displace the regulatory subunit from the catalytic
subunit. Furthermore, H89 induced the recovery of the holoenzyme after displacement of
ARC-902 from the catalytic subunit. In cellular context, these results point to the fundamentally
different effect of inhibitors targeted only to the ATP-pocket of PKAc (e.g., H89) and
bifunctional inhibitors (e.g., ARC-902 and ARC-1411) on the PKA holoenzyme. We have
previously shown that ARCs that comprise multiple D-arginine residues are proteolytically
stable and well penetrate cell plasma membrane, thereafter localizing into cytoplasm and nuclei
of mammalian cells.>” Within cell environment, at higher concentration H89 can displace
MgATP from PKA without disrupting the tetrameric PKA holoenzyme (nevertheless, stability
of the holoenzyme is reduced). PKAc remains bound to PKArll and therefore localized to
special regions of cell membranes via interaction of the latter protein dimer with AKAPS. In
contrast, binding of a high-affinity ARC-inhibitor to the active site of PKAc leads to formation
of ARC:PKAc complex and disruption of PPI between PKAc and PKAr (type | or type Il
subunit), relocating PKAc from the initial distinct cellular compartment as its anchoring to
AKAP via PKAr is split. Free regulatory subunit PKAr may interact with other proteins, e.g.,
RSK 1.4 PKAc remains bound to the ARC-inhibitor, but the catalytically inactive complex is
replaced from its native, AKAP-anchored position. Thus ARCs remove the inhibitor-bound
PKAc from AKAP-rich regions, resembling to the specific PKA:AKAP interaction inhibitors
that remove inactive PKA holoenzyme from the AKAP-rich region.>® For both cases the
feedback mechanism of adenylate cyclase (AC) inhibition by PKAc phosphorylation is
disrupted, however the contrasting mechanism suggests different outcome within cell.
Continuous production of CAMP can lead to activation of PKA dissociated by PKA:AKAP
inhibitor, releasing PKAc for substrate phosphorylation events in remote locations. The
inadequate control of activity by regulatory subunit is seen in the PKArlla overexpressing
prostate cancer cells, in which application of PKI(6-22) peptide further improved the cell
survival.>! Considering that numerous AKAPs scaffold both AC and PKA, the application of
ARCs emerge as a novel tool for studying the underlying mechanism of this important signaling

pathway.

Although ARC-1411 revealed the superior binding affinity to PKAc (Kp = 3 pM), other
ARCs in the set possess some prominent properties and may be preferred lead scaffolds for
developing inhibitors of PPIs. Arrangement of the inhibitor and the protein in the complex

ARC-1408:PKAca points to efficiency of the technology of atom-wise fine-tuning of the
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structure of a bifunctional inhibitor. ARC-1408 very well fits into the active site of PKAca
(Figure 5A), forming numerous contacts with amino acid residues of both the ATP-binding
pocket and protein-binding domain (or PPI interface) of the PK. ARC-1408 with MW of less
than 800 D possesses impressively low Kp value of 180 pM towards PKAc. Although the MW
of ARC-1408 exceeds the upper MW limit set by pharma companies for orally bioavailable
small molecule drugs (MW = 500 D)*, many new compounds in different stages of clinical
study have higher MW.%2 At the same time the affinity of ARC-1408 is higher than the
inhibitory potency of AT13148%, a novel oral multi-AGC kinase inhibitor in clinical trials that
inhibits PKs PKA (ICso = 3 nM), AKT, p70S6K, ROCK, and most inhibitors of tyrosine
kinases® approved as cancer drugs. It has been shown that inhibitors of enzymes and those of
PPIs have a statistically significant difference in two out of five rules set for drugs (higher logP
and MW) and only one third of inhibitors of PPI passed all five rules.>® Although the average
MW for the tested inhibitors of PPIs remained close to the limit of 500 Da, higher MW multi-
pharmacophoric ligands promise to expand the druggable target library within interactome and
are presumably an inevitable choice for inhibition of a selection of PPlIs.

The results shown here encourage the further investigation of middle-sized bifunctional
ligands that target a well-defined binding site of the protein in addition to the hot spot amino
acid residues within the PPI interface as research tools for regulation of PPIs in biomedical

studies and as candidates of future drugs.

16

ACS Paragon Plus Environment



Page 17 of 27 Bioconjugate Chemistry

©CoO~NOUTA,WNPE

399
400

401
402
403
404
405
406
407
408
409

410

411
412
413
414
415
416
417
418

419
420
421
422
423

424
425
426
427
428
429
430

Methods

Reagents

Chemicals from the following commercial sources were used: bovine serum albumin
(BSA, Cahn Fraction V), dithiothreitol (DTT) from Fluka; ATP, Tween 20, and buffering
reagents (Hepes, BisTris, Tris) from Sigma; NaCl and MgAc: from Riedel-de Haén; peptide
synthesis reagents from Neosystem, Novabiochem, Advanced ChemTech, and AnaSpec;
n-butylamine from Aldrich; Sypro Orange Protein Gel Stain and ROCKII from Invitrogen;
AKT3 from KinaseDetect; organic solvents from Rathburn and Fluka; H89 (N-[2-[[3-(4-
bromophenyl)-2-propenylJamino]ethyl]-5-isoquinolinesulfonamide), cAMP-dependent protein
kinase regulatory subunit Io. (PKArla), and full-length heat stable protein kinase inhibitor
(PKlo, NP_006814) from Biaffin.

Equipment

The concentrations of stock solutions of ARC-type inhibitors and H89 were determined
spectrophotometrically in aqueous buffer at pH 7.5 using a NanoDrop2000c. Molar extinction
coefficients used for respective absorbing species: 13 000 M-tcm™ for ARC-1156 and
ARC-1169 at 282 nm; 15 000 M-tcm™ at 260 nm for ARC-902; 16930 M-cmat 276 nm for
other purine analogue structures not incorporating a fluorescent marker; 250 000 Mtcm™ at
653 nm for Alexa Fluor 647-containing compound ARC-1063; 30 000 Mcm at 260 nm for
H89; 80 000 M-cm™ at 559 nm for 5-TAMRA-containing ARC-1413; 70 000 M-cm™ at
493 nm for Alexa Fluor 488-containing ARC-679.

Time-resolved (TR) measurement of luminescence intensity, steady-state measurement
of fluorescence anisotropy (FA) and fluorescence intensity (FI) were performed with a
PHERAstar microplate reader (BMG Labtech) using HTRF optic module [excitation 337(50)
nm, emission 675(50) nm], FP optic module [excitation 540(20) nm, emission 590(20) nm], or

FI optic module [excitation 427(10) nm, emission 530(10) nm and 480(10) nm], respectively.

ThermoFluor assay for determination of protein unfolding temperatures (using
Boltzmann equation) were conducted using MiniOpticon Real-Time PCR detection system
(BioRad) on Multiplate Low-Profile 48-Well Unskirted PCR Plates (BioRad) covered with
Microseal C Optical Seals (BioRad). ThermoFluor experiments was controlled and the data
recorded with Opticon Monitor software (Bio-Rad). Binding and displacement assays were
performed on black, low-volume, 384-well, non-binding surface (NBS) microplates

(cat. no. 3676, Corning). Thermo Scientific incubator was used to pre-heat the microplate and
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samples to 30 °C for binding and displacement assays. GraphPad Prism (v5, GraphPad
Software) was used for data analysis and PyMOL (The PyMOL Molecular Graphics Software
v1.6, Schrodinger, LCC) for creation of crystal structure figures.

Synthesis of ARCs

Peptide fragments were prepared on the Wang resin by using traditional Fmoc solid-
phase peptide synthesis methods. After each step the resin was washed 5 times with DMF.
Protected amino acids (3 Eq) were dissolved in DMF and activated with HBTU/HOBLt (2.94 Eq
each) and N-methylmorpholine (9 Eq) in DMF. After 3 minutes, the coupling solutions were
added to the resin and shaken for 40-60 min at RT. The completeness of each coupling step
was monitored with the Kaiser test.®® Removal of Fmoc-group was performed with 20%
piperidine solution in DMF (20 min). From synthesis methods tried, Figure S1 represents the
most successive pathway. In short, the respective dicarboxylic acid (10 Eq), HOBT (3 Eq),
HBTU (3 Eqg), and NMM (20 Eq) were dissolved in DMF. This ratio of the reagents led to
predominant activation of a single carboxylic acid group of the a,w-diacid and minimized the
formation of crosslinked products. After 3 min, the coupling solutions were added to the resin
and placed on orbital-shaker for 2 h at RT. Excess of reagents, HBTU (3 Eq), HOBT (3 Eq),
and NMM (20 Eq) was dissolved in DMF and added to the resin for 40 minutes to activate the
second carboxylic group of the diacid. After washing of the resin 5 times with DMF, the
adenosine mimicking compound (1.5 Eq) was dissolved in DMF and added to the resin. Finally
the resin was washed 5 times with each solvent (DMF, isopropanol, DCE) and dried. Treatment
with TFA/H2Oltriisopropylsilane (5/90/5 by volume) for 2 h was used as a standard cleavage
procedure to get crude peptide conjugates that were purified by reverse phase HPLC and freeze-
dried.

Time-resolved luminescence intensity displacement assay for affinity determination of
synthesized compounds

Displacement assay based on time-resolved (TR) measurement of luminescence
intensity was used for determination of the affinity of synthesized compounds (detailed
description in Enkvist et al.)?®. The assay based on TR measurement of luminescence was
chosen instead of FA-based assay mainly because of the possibility of using the probe
ARC-1063 in excess compared to the PK, which is required for characterization of inhibitors
with very high affinity. Briefly, TR luminescence intensity measurements were performed in
the assay buffer [50 mM Hepes (pH = 7.5), 150 mM NaCl, 5 mM DTT, 0.5 mg/ml BSA] in

final volumes of 20 ul. Assay was carried out by preparation of the 3-fold titrations series
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(n = 1) of the competitive inhibitor and a fixed concentration of PK:ARC-1063 complex was
added to each well as follows (Supporting Information, Part 4): 1 nM PKAco with
50 nM ARC-1063 for ARC-1411, ARC-1413, ARC-1415, ARC-1416, and 2 nM ARC-1063
for inhibitors possessing lower affinity with PKAca; 2.5 nM ROCKII with 5 nM ARC-1063
for ARC-1411, ARC-1412, ARC-1413, ARC-1415, ARC-1416, and 0.5 nM ARC-1063 for the
remaining ARCs; 1 nM AKT3 with 50 nM ARC-1063 for ARC-1411, ARC-1413, and 3 nM
AKT3 with 2 nM ARC-1063 with the remaining ARCs. Each set of measurements were
accompanied with titration series of ARC-902 as a control. The incubation of the titration series
were carried out at 30 °C for 1 h. The displacement curves were measured using HTRF optical
module and the data were fitted to a sigmoidal dose-response model to obtain 1Cso values. Kp
values were calculated according to the equation

Kb,competitor = [1]50/([ARC-1063]s0/Kp,arc-1063 + [P]o/Kb.Arc-1063 + 1)°7, 1)

where [l]so0 is the concentration of free inhibitor at 50% of displacement, [ARC-1063]so is the
concentration of probe at 50% of displacement, [P]o is the concentration of free PK without the
presence of competitor, and Kp arc-1063 IS the dissociation equilibrium constant of the probe
towards the PK (15 pM for PKAca, 5 nM for AKT3, and 0.2 nM for ROCKII). The resulting

Kb values were used for correlation with ThermoFluor measurements (Figure 1).

Displacement assay with FA read-out for characterization of protein substrate-competitive
inhibitors

Displacement assay based on the measurement of fluorescence anisotropy (FA) was
performed in the assay buffer [50 mM Hepes (pH =7.5), 150 mM NaCl, 5 mM DTT, 0.5 mg/ml
BSA] in the presence of 10 uM ATP and 10 mM Mg?" in final volumes of 20 ul in wells of
384-well microtiter plates. The assay was performed by titrating fixed concentration of the
complex of ARC-1413 (2 nM) and PKAca (3 nM) with PKArla or PKI (3-fold dilution series)
and preincubated for 1.5 h at 30 °C. Measurements were conducted in parallels (n = 2), for
which standard error is depicted. Thereafter, 1.05 ul of 1 mM cAMP was added to the titration
series of PKArla, resulting in a total concentration of 50 uM cAMP. The displacement curves
were measured using the optical module for fluorescence polarization (FP) measurements
[excitation 540(20) nm, emission 590(20) nm]. Resulting data were fitted to a sigmoidal dose
response model to obtain ICso values (Figure 2). Kp values were calculated by using the

equation
Kb, competitor = [1]50/([ARC-1413]50/Kp,Arc-1413 + [P]o/Kp,ARC-1413 + 1), (2)
where Kparc-1413 is the dissociation equilibrium constant of the probe towards PKAca
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(Kp,Arc-1413 = 5.6 pM), [I]s0 is the concentration of free inhibitor at 50% of displacement,
[ARC-1413]so is the concentration of probe at 50% of displacement, [P]o is the concentration
of free PK without the presence of competitor.

Dissociation kinetics of the complex ARC-1413:PKAca

Probe ARC-1413 (4 nM) and PKAca (6 nM) were mixed and incubated at 30 °C in a
well of a microplate to a 10 pl volume. Competitive inhibitor (10 ul) ARC-1411 or ARC-902
was added to the mixture at t = 0 s with the final concentration of 10 uM or 75 puM, respectively
(n =1). The FA measurements were performed with 60 s increments over a time course of 1 h
using the FP module of PHERAstar plate reader and the resulting data were fitted to the first-
order kinetic model to obtain the dissociation rate constant (Kofr) for the inhibitor:PKAca

complex:
mA = g koff 'L (MAt=0 — MAplateau) + MAplateau 3)

Investigation of thermal stability effect of ARC-type inhibitors on PKs

ThermoFluor measurements were carried out in buffer containing 50 mM Tris
(pH = 7.5) and 50 mM NaCl in a final volume of 25 ul®®. Sypro Orange stock solution (5000x)
was added to samples (dilution factor of 90) containing a fixed concentrations of PK (10 uM,
AKT3 protein used for ThermoFluor measurements was not fully activated) and the inhibitor
(40 uM). Wells were then sealed and the measurement of fluorescence intensity accompanied
by temperature program in the range of 5-90 °C was initiated. Denaturation temperature of the
PK was found from intensity and dI/dT data of triplicates (n = 3), for which standard error bars
are shown (please see Figure S3, PKAca data was further used for Figure 1).

Protein expression and purification

Untagged full-length human PKAca (UniProt accession no. P17612) was expressed in
Escherichia coli BL21-(DE3) cells (Stratagene) from a construct based on the vector
pET-28b(+) (Novagen) in Studier autoinduction medium®. The expression was carried out over
a period of 24 h at 24 °C. The following procedure of protein purification was performed

according to published descriptions.**

CI9HG6 cells stably expressing CFP-fused PKA regulatory subunit (PKArIIB-L20-CFP)
and YFP-fused PKA catalytic subunit (PKAca-YFP) were seeded on six-well Nunc plate

(Thermo Scientific) and grown for up to 72 h3"38, Cells were lysed using NP-40 cell lysis buffer
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(FNNO0021, Life Technologies) containing 1x protease inhibitor cocktail (Complete EDTA free,
Roche), 1% Triton X, 0.5 mM DTT and 0.5 mM phenylmethanesulfonyl fluoride (PMSF).

Fluorescence intensity ratio experiments with C9H6 cell lysate containing fused proteins
PKArlIf-1.20-CFP and PKAca-YFP

The approximate concentration of fused proteins was assessed by using a two-fold
dilution series of C9H6 cell lysate in parallel to ARC-679 labelled with Alexa Fluor 488. For
5% of C9H6 lysate used in experiments, the concentration of fused proteins was approximately
5nM (Figure S5A).

ARC-1411, ARC-902, and cAMP were serially three-fold diluted in assay buffer
[50 mM Hepes (pH 7.5), 150 mM NaCl, and 0.005% Tween 20]. C9H6 cell lysate was then
added to each well of the dilution series to a dilution of 5%. Duplicates (n = 2) of displacement
series were measured (standard error of the mean is depicted for the measurements) after
incubation period of 1 h using FI optical module of PHERAstar plate reader [excitation at
427(10) nm, emission at 530(10) nm and 480(10) nm]. The resulting data were used to calculate
relative FI ratio of signals in donor and acceptor channels in the absence and presence of the

inhibitor based on the equation
Relative FI ratio = (la/1d)/(1a,p/l4,0), (4)

in which I, and lg denote the emission intensity in the acceptor and donor channels in the
absence of a competitor, and la,p and lqp are the emission intensity in the acceptor and donor
channel in the presence of the competitor, respectively. The ratio was fitted to sigmoidal dose

response model to obtain 1Csp values.

The effect of Mg?* and ATP was measured (n = 1) as described above in the presence
of 100 uM ATP and 10 mM Mg(CH3COO).. Further, the lysate containing fused PKA
holoenzyme with a final dilution of 5% was added to the ARC-1411 titration series (3-fold
dilution), and series containing 10 mM Mg?*, 100 uM ATP and 10 mM Mg?*, 100 uM H89 and
10 mM Mg?* were prepared (n = 1) in parallel. These series were incubated for 1 h and measured
as described above (Figure S6A). Following measurement, 20 mM EDTA was added to each
well of each titration series and incubated for 1 h, followed by measurement of FI as previously
(Figure S6B).

Experiments of dissociation kinetics were performed with 5% of C9H6 cell lysate
containing PKArIIB-CFP and PKAca-YFP fusion proteins. Compound H89 or ARC-902 was
added to the lysate with the final concentration of 50 uM or 10 uM, respectively, and FI optic
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module [excitation 427(10) nm, emission 530(10) nm and 480(10) nm] was used for measuring
the fluorescence intensity in 15 s intervals (n = 1). The resulting intensity values for both
channels can be found from Figure S5D. All reagents and the microplate were pre-incubated
at 30 °C. The dissociation rate constant for the resulting time-dependent FI ratio data was

calculated using the first-order kinetic model.

Conditions for co-crystallization of recombinant PKAca with synthesized ARCs, diffraction
data collection, and structure determination

PKAca was transferred (spin column centrifugation) into crystallization buffer [25 mM
BisTris (pH 7.0), 150 mM KCI] at concentration of 8 mg/ml. ARC compounds were
subsequently added to the solution (final concentration of 1 mM). The PKAca:ARC-1411
complex was crystallized in 0.4 M Li2SOs, 0.1 M phosphate/0.1 M citrate (pH 4.5), 17-19%
PEG 1500, at 4 °C. It cannot be ruled out that the packing of the PKAca molecules in the
asymmetric unit or presence of oxyanions (sulfate/phosphate) displaces the ligands from their
preferred binding mode, contributing to the observed flexibility (Figure S7). The PKAca:ARC-
1408 complex was crystallized in 0.1 M BisTris (pH 7.0), 0.2 M (NH.)2S0s, and 20-24% PEG
3350 at 4 °C. In both cases the crystal quality was improved by streak seeding and Paratone-N
was used for cryo-protection. The PKAca:ARC-1416 complex was successfully crystallized in
18% PEG3350, 0.2 M Li2SO4 at 4 °C.

The diffraction of frozen crystals was measured at the “Berliner
Elektronenspeicherring-Gesellschaft fiir Synchrotronstrahlung” (BESSY, Berlin, Germany)
and at the European Synchrotron Radiation Facility (ESRF, Grenoble, France). The resulting
data were integrated and scaled with the programs XDS® and XSCALE®, or MOSFLM?®! and
SCALA®? from the CCP4 package®®. Molecular replacement and structure refinement were
carried out with PHASER®* and PHENIX refine®. Coordinate and molecular topology files for
ligands were created with ELBOW®® and PRODRG®®.
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