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ABSTRACT: The protein kinase family is a prime target for therapeutic agents, since unregulated protein
kinase activities are linked to myriad diseases. Balanol, a fungal metabolite consisting of four rings, potently
inhibits Ser/Thr protein kinases and can be modified to yield potent inhibitors that are selectives
characteristics of a desirable pharmaceutical compound. Here, we characterize three balanol analogues
that inhibit cyclic 3′,5′-adenosine monophosphate-dependent protein kinase (PKA) more specifically and
potently than calcium- and phospholipid-dependent protein kinase (PKC). Correlation of thermostability
and inhibition potency suggests that better inhibitors confer enhanced protection against thermal
denaturation. Crystal structures of the PKA catalytic (C) subunit complexed to each analogue show the
Gly-rich loop stabilized in an “intermediate” conformation, disengaged from important phosphoryl transfer
residues. An analogue that perturbs the PKA C-terminal tail has slightly weaker inhibition potency. The
malleability of the PKA C subunit is illustrated by active site residues that adopt alternate rotamers
depending on the ligand bound. On the basis of sequence homology to PKA, a preliminary model of the
PKC active site is described. The balanol analogues serve to test the model and to highlight differences
in the active site local environment of PKA and PKC. The PKA C subunit appears to tolerate balanol
analogues with D-ring modifications; PKC does not. We attribute this difference in preference to the
variable B helix and C-terminal tail. By understanding the details of ligand binding, more specific and
potent inhibitors may be designed that differentiate among closely related AGC protein kinase family
members.

As cellular processes are better understood at the molecular
level, especially in the context of recent genomic information,
there has been an increased effort to target specific proteins

that are linked to disease. Protein kinases are a diverse family
of enzymes that have various regulatory roles yet function
similarly by catalyzing the phosphoryl transfer of the
γ-phosphate of ATP1 to an enzyme-specific protein substrate.
Since many diseases, including cancer, autoimmune dis-
orders, cardiac disease, and diabetes, are associated with
defects in protein phosphorylation, and there are an estimated
∼500 protein kinases in the human genome (1), this family
is a major target in the design of pharmaceutical agents and
inhibitors. A major challenge for the development of
therapeutics is the identification of compounds that have high
selectivity. To better understand binding diversity and how
this correlates with specificity for protein kinases, three
analogues of balanol were studied that specifically inhibit
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cyclic 3′,5′-adenosine monophosphate (cAMP)-dependent
protein kinase (PKA) over calcium- and phospholipid-
dependent protein kinase (PKC).

PKA, one of the simpler, better characterized members
of the protein kinase family, serves as a model system. Upon
binding the second messenger, cAMP, two C subunits
dissociate from the dimeric regulatory subunits. The catalytic
core of the C subunit (residues 40-300) is the conserved
feature of this family, and conveniently the PKA C subunit
activity can be studied independently of the effects of the
regulatory domains. In developing inhibitors to protein
kinases, the active site of the C subunitsformed by a small
lobe (residues 40-120) and a large lobe (residues 128-
300)shas been targeted with compounds that compete with
ATP binding. The Gly-rich loop (residues 50-55), in the
small lobe, is a critical element in ATP binding and
phosphoryl transfer (2). In the structure of the C subunit
complexed with ATP and inhibitor peptide (IP20) (C:ATP:
IP20), the enzyme is locked in a stable, closed conformation,
by extensive contacts with ATP, where the tip of the Gly-
rich loop positions theγ-phosphate of ATP near catalytic
residues in the large lobe.

Because the PKA C subunit has multiple cellular functions,
it has not been targeted for the development of disease-related
pharmaceutical agents. The PKA regulatory subunit is
actively targeted since its overexpression can be isoform
specific. For example, the type I regulatory subunit, but not
type II, is overexpressed in cancer cells; thus, compounds
that bind specifically to the type I regulatory subunit have
been sought for cancer therapy (3). PKA C subunit specific
inhibitors are important as biological tools, to help determine
the role of PKA in a given signal transduction pathway.

Balanol, a fungal metabolite, was initially reported as an
inhibitor of PKC (4-6) (Figure 1A). Later, balanol was
found to be a competitive inhibitor of ATP and to potently
inhibit PKA (Ki ) 5 nM), among other Ser/Thr kinases such
as PKG, calcium calmodulin-dependent protein kinase II
(CaMKII), and p34cdc2 (7, 8). The total synthesis of balanol
allowed analogues to be synthesized, which are more specific
inhibitors of PKA versus PKC and maintain a high potency
for PKA (7, 9). Because of the high homology of the kinase
domains (40% identical for PKC residues 340-632 and PKA
residues 40-300) (10), PKC makes a good companion
enzyme to test for inhibitor specificity. These balanol
analogues, having an enhanced potency for one protein
kinase, provide the opportunity to probe specificity and
isoform diversity in the closely related AGC family of protein
kinases.

In the previously solved crystal structure of PKA C subunit
complexed with balanol (C:Bal), balanol occupied the ATP-
binding site (11), as predicted by kinetic studies (7, 8) (Figure
1B). Briefly, the p-hydroxybenzamide group (A-ring) oc-
cupied the adenine ring subsite of ATP, and the hexa-
hydroazepine ring (B-ring) occupied the ribose subsite. The
benzophenone group (C- and D-rings) mimicked the tri-
phosphate group of ATP, but occupied a distinct space.

Three analogues of balanol (BD1, BD2, and BD8) that
inhibit PKA more potently than PKC are described here
(Figure 1A). To examine the molecular basis of protein
kinase specificity, three crystal structures of the PKA
catalytic (C) subunit complexed to the balanol analogues
were solved. Together with biochemical and biophysical

FIGURE 1: Balanol and balanol analogues. (A, top) Chemical
diagrams. The most important change is in the D-ring, where the
carboxylic acid group in balanol is removed (best seen in BD2). In
BD2, the two hydroxyl groups from the C-ring are removed. In
comparison to BD2, BD1 has the D-ring removed. BD8 is similar
to BD2 but has an additional A-ring alkyl group and an extra
o-methyl group on the D-ring. This figure was made with the
Integrated Scientific Information System (ISIS) Draw program
(MDL Information System, Inc., San Leandro, CA). (B, bottom)
Balanol and ATP superposition. The A-ring occupies the adenine
ring subsite, the B-ring occupies the ribose subsite, and the C- and
D-rings mimic the triphosphates, but occupy a distinct space. These
spaces are the A-ring subsite, B-ring subsite, and C- and D-ring
subsite (11). ATP (black stick) was taken from the C:ATP:IP20
structure (PDB code 1ATP) (2) and balanol (shown as a ball-and-
stick model) from the C:Bal structure (PDB code 1BX6) (11).
Atoms are colored by type: oxygen (red), nitrogen (blue), and
carbon (black).
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experiments, the structures provide insight into the specificity
of the analogues for PKA, which may aid in the design of
other potent and specific PKA C subunit inhibitors. In the
absence of a structure of PKC, the analogues serve as probes
of the PKC active site local environment.

EXPERIMENTAL PROCEDURES

Materials.Balanol analogues were provided by Dr. Pierre
Barbier (Hoffman-La Roche, Basel, Switzerland). Dr. K. C.
Nicolaou (University of California, San Diego) provided
balanol. PKCâII was a kind gift from Dr. Alexandra Newton
(University of California, San Diego). Reagents were pur-
chased as follows: H1 histone, Mega-8, and Mega-9
(Calbiochem, San Diego, CA); [γ-32P]ATP (ICN Biomedi-
cals, Costa Mesa, CA); NaHEPES (USB, Cleveland, OH);
DTT (Roche, Indianapolis, IN); orthophosphoric acid, P81
Whatman paper disks, and dimethyl sulfoxide (DMSO)
(Fisher Scientific, Pittsburgh, PA); 2-methyl-2,4-pentanediol
(MPD) and ammonium acetate (Aldrich, St. Louis, MO);
remaining reagents (Sigma, St. Louis, MO).

Protein Expression.Recombinant murine PKA CR was
purified as described previously (12). Briefly, the C subunit
was expressed in BL21E. coli and grown at 37°C for 6-8
h in LB media prior to induction of protein expression with
IPTG. After expression for 6 h at 25°C, the cells were lysed
and the C subunit was purified on a P11 cellulose column.
The different phosphorylated species of PKA were separated
by cation exchange, using a Mono S column and a salt
gradient. Protein from peak II, autophosphorylated on Ser
10, Thr 197, and Ser 338, was used for crystallization and
inhibition assays (12). For crystallization, purified protein
was dialyzed into a 50 mM Bicine buffer with 150 mM
ammonium acetate and 10 mMâ-mercaptoethanol, pH 8.0,
overnight, then concentrated to 8-10 mg/mL, and sterile
filtered. Protein concentration was determined by Bradford
assay using BSA standards (13).

Inhibition Assays. Following a preliminary screen using
partially purified PKA and PKC from porcine brain, the
analogues were characterized using purified PKA and PKC
(14).

(1) PKA Inhibition.To each reaction was added 5 ng of
PKA CR. The reaction mixture (100µL, final volume)
consisted of 30µM ATP, 0.3µCi [γ-32P]ATP, 5 mM MgCl2,
1 mM DTT, 0.5 mg mL-1 H1 histone, 50 mM NaHEPES
(pH 7.5 at 30°C), and 0.1 mg mL-1 BSA (7, 8). Balanol
analogue stock solutions were in 10 mM DMSO, while 10×
working stocks were prepared with water. The final DMSO
concentration, 10% or less, did not affect activity (data not
shown). Following incubation for 10 min at 30°C, 75 µL
aliquots were spotted onto a phosphocellulose paper disk
(Whatman P81) and submerged in 500 mL of 0.5% phos-
phoric acid. The disks were washed batchwise three times
more for 5 min each with stirring. The amount of32P
transferred to H1 histone was quantified by liquid scintillation
spectrometry.

(2) PKC Inhibition.The activity of PKC was determined
using 1 ng of purified rat PKCâII. The reaction mixture
(100 µL, final volume) consisted of 30µM ATP, 0.3 µCi
[γ-32P]ATP, 5 mM MgCl2, 0.5 mg mL-1 H1 histone, 50 mM
NaHEPES, pH 7.5 (at 30°C), 0.5 mM CaCl2, 0.14 mM
phosphatidylserine, 4µM diacylglycerol, and 0.1 mg mL-1

BSA. The experiments were performed as described for PKA
(see above).

(3) Determination of Inhibition Constants.The inhibition
constant,Ki, was calculated as previously described (7) using
the equationKi ) [(IC50)Kd]/(Kd + L), where IC50 is the
concentration of inhibitor that reduced enzyme activity by
50%,Kd is the apparent affinity of the enzyme for ATP, and
L is the ATP concentration. The data were plotted using the
program Prism (GraphPad, San Diego, CA), assuming a one-
site competition. TheKd(ATP) values for PKC (7µM) and
for PKA (19 µM) were within the range of previously
published values (8, 15, 16). Data were derived from the
mean of two to three separate experiments.

Hydrophobicity Determination of Balanol Analogues.
Reversed-phase HPLC retention time was used to estimate
the relative hydrophobicity of balanol and the balanol
analogues. Samples of balanol and analogues in 0.1%
trifluoroacetic acid (TFA) were applied to an analytical C18
column (Vydac C18, no. 218TP54, 10µm particle size, 300
Å pore, 4.6× 250 mm) and eluted with a linear gradient of
90% acetonitrile in 0.1% TFA. An acidic solvent (TFA) was
used to ensure all compounds had the same overall charge
so that any interaction with the column could be attributed
to the hydrophobic interaction of the compounds with the
solid support. A compound with a longer retention time may
be interacting more with the column and is presumed to be
more hydrophobic.

Thermostability. The thermostability of the PKA C subunit
(2.5 µM) in 50 mM potassium phosphate buffer, pH 7.5,
was monitored by circular dichroism (CD) using an AVIV
202 CD spectropolarimeter using a 0.1 cm path length
microcuvette (40µL capacity). C subunit:balanol analogue
samples (1:40 ratio) were scanned at 20°C/h from 30 to 80
°C using a 20 s integration time. The 1:40 C subunit:balanol
analogue (BD) ratio used in the thermal unfolding experi-
ments was based on saturation experiments. C subunit:BD
ratios assayed were 1:0.25, 1:0.5, 1:1, 1:2, 1:10, 1:20, and
1:40. Simultaneous saturation of the balanol analogue-
induced thermal stabilization effect was achieved at the 1:40
ratio, corresponding to a final BD concentration of 100µM.
Ellipticity was monitored at 222 nm. Each measurement was
performed in triplicate. Deviations between scans were
negligible. Baseline subtraction and conversion of ob-
served ellipticities (mdeg) to mean residue ellipticities
(deg‚cm2‚dmol-1) were performed using the AVIV CDS
program. Data analysis, including normalization of maximal
and minimal ellipticities to 0-100% folding, was performed
using the Microcal Original program, version 3.5. TheTm is
the temperature at which 50% of the protein is unfolded.

Protein Crystallization and Data Collection. Balanol
analogues cocrystallized with the C subunit at 4°C using
the vapor-diffusion hanging-drop method in conditions
similar to those of C:Bal (11). No metal ions or peptides
were used to facilitate crystallization. C:BD1 crystals (0.2
× 0.05× 0.05 mm) grew in 5µL drops with 4.9 mg/mL C
subunit, 0.5 mM BD1, 3.3% MPD, and 100 mM Bicine, pH
8.0. The reservoir (1 mL) contained 100 mM Tris-HCl, pH
7.5, and 15% MPD. C:BD2 crystals (0.2× 0.05× 0.05 mm)
grew in 5.5µL drops with 4.5 mg/mL C subunit, 0.45 mM
BD2, 3% MPD, 90 mM Bicine, pH 8.0, and 0.1% Mega-9.
The reservoir solution (1 mL) contained 100 mM Bicine,
pH 8.0, and 15% MPD. C:BD8 crystals (0.6× 0.2 × 0.05
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mm) grew in 3.5µL drops with 4.8 mg/mL C subunit, 0.3
mM BD8, 3.3% MPD, 100 mM Bicine, pH 8.0, and 0.3%
Mega-8. The reservoir (1 mL) contained 100 mM Tris-HCl,
pH 7.5, and 20% MPD. Crystals grew within two to four
months. BD1 and BD2 were water soluble. Mega-8 was used
to dissolve BD8.

Crystals were cryofrozen at 105 K for C:BD1 and C:BD8
and 96 K for C:BD2 and were cryoprotected with dips in a
gradient of increasing MPD/0.1 M Bicine, pH 8.0, starting
with 15% and ending with 30% in increments of 5%. A
single dip in the final concentration of MPD also provided
comparable cryoprotection. C:BD1 and C:BD8 data were
collected on the home source, an FR2 rotating anode X-ray
generator, which has a Cu KR radiation (λ ) 1.54 Å) that is
focused using osmic mirrors, operating at 5 kW. C:BD2 data
were collected at SSRL on beam line 7-1. All data were
collected from a single crystal using a Mar image plate and
were processed using Denzo and Scalepack (17). The
orthorhombic crystals are isomorphous with other binary
crystalssC:adenosine (C:Ade) and C:Bal (11, 18)swith one
molecule in the asymmetric unit.

Structure Solution. Structures were refined with XPLOR
3.851 (19), using C:Bal (PDB code 1BX6) as the starting
model (11) with balanol omitted and temperature factors (B
factors) set to a constant value (15-25 Å2). The initial R
value was 42-44% after rigid body refinement using data
to 3 Å. A total of 20-35 rounds of conjugate-gradient
positional refinement, slow-cool annealing refinement (with
a starting temperature of 2500-3000 K), and individualB
factor refinement were done, starting with data to 3 Å and
in two steps increasing to the highest resolution of the data
(20). Overall isotropicB factor refinement was applied
followed by a bulk solvent correction. A 2σF cutoff was used
during refinement. Tom/Frodo was used for model building,
and analogues were built after the appearance of clear
positive 3σF densities in theFo - Fc map. Residues 1- 15
in C:BD1 and C:BD8 and residues 1-11 in C:BD2 were
not seen in the electron density map and are presumed
disordered. Totals of 82, 282, and 99 water molecules were
built for C:BD1, C:BD2, and C:BD8, respectively, on the
basis of a positive 3σF density in theFo - Fc maps. Only
residue 326 of C:BD8 was in the disallowed region of the
Ramachandran plot as determined by PROCHECK (21, 22).
Figures were made with Insight II (Accelrys Inc., San Diego)
or Molscript (23).

RESULTS

Inhibition Potency. The balanol analogues inhibit the PKA
C subunit with nanomolar potency, but only inhibit PKC
with micromolar potency (Figure 2A), and are thus more
specific inhibitors than balanol, the parent compound. BD2
has the same basic four-ring structure as balanol, but does
not have the two hydroxyl groups on the C-ring or the D-ring
carboxylic acid group found in balanol. These modifications
significantly enhance the potency of BD2 for PKA (Ki )
0.3 nM versus 5 nM for balanol (7)) by over an order of
magnitude, while its potency for PKC is decreased by over
2 orders of magnitude (Table 1). The specificity of BD2 for
PKA over PKC is thus over 2000-fold. In this regard, BD2
is similar to a previously described balanol analogue that
just had the carboxylic acid group removed yet had increased

specificity for PKA, but not PKC (7, 8). Thus, the D-ring
carboxylic acid group does not appear to contribute to the
potency of BD2 for PKA. Since PKC needs the carboxylic
acid moiety for balanol binding, a negative charge in this
subsite may contribute to PKC ligand binding.

Since BD1 potently (Ki ) 5 nM) and specifically inhibits
PKA, only three of the four rings of balanol are necessary
for creating a potent PKA inhibitor. This is surprising since
neither the A- and B-rings together nor the C- and D-rings
together could inhibit PKA and PKC (7). Since only three
rings are necessary for creating a potent PKA inhibitor, the
synthesis of balanol-based inhibitors can be simplified.

FIGURE 2: Correlation of the inhibition potency and thermostability.
(A, top) Inhibition curves for the balanol analogues using PKA
and PKC. TheKi for the balanol analogues is in the nanomolar
range, whereas theKi for PKC is in the micromolar range. Filled
symbols represent the data for PKA, while the open symbols are
for PKC: BD1 data (9), BD2 data (2), and BD8 data (1). Table
1 summarizes theKi values. (B, bottom) Thermostability curves of
the balanol analogues as determined by thermal denaturations
monitored by circular dichroism, which measures secondary
structure.

Table 1: Biochemical and Biophysical Characteristics of Balanol
Analoguesa

Ki(PKA) Ki(PKC) ratio
Hφ

(min)
Tm

(°C)

balanol 5 5 1 22.1 na
BD1 5 2000 400 15.0 54
BD2 0.3 670 2200 28.7 58
BD8 200 3300 17 22.1 49

a Ki in nanomolar. For inhibition datan ) 2-3. The ratioKi for
PKC/Ki for PKA represents the specificity of the compound.Hf is the
hydrophobicity measurement as determined by retention time on a C18
column.Tm is the thermostability temperature, withn ) 3. na means
not available.
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BD8 specifically inhibits PKA, but does so with less
potency (Ki ) 200 nM) than BD1 or BD2. While BD8 does
resemble BD2, either the A-ring alkyl group or the D-ring
o-methyl group detrimentally affects BD8 binding to both
PKA and PKC, where the consequences are more severe for
PKC.

Hydrophobicity of the Analogues. On the basis of the order
of elution from a C18 column, the compounds in order of
decreasing hydrophobicity are BD2, BD8 and balanol, and
BD1, where BD2 is the most hydrophobic (Table 1). There
is no simple correlation of the relative hydrophobicity of a
compound and its inhibition potency. Since balanol success-
fully inhibited PKA in whole cells (24), BD2, which is more
hydrophobic and more potent than balanol, should pass
through the plasma membrane more readily and thus may
be a better inhibitor in intact cells than balanol.

Balanol Analogues Enhance PKA Thermostability. Since
the thermostability of the C subunit is significantly enhanced
when ATP is bound (25), the effect of the balanol analogues
was also tested. Like ATP, each analogue confers enhanced
thermostability to the C subunits54, 58, and 49°C for BD1,
BD2, and BD8, respectively (Figure 2B), in comparison to
45.4°C for the unliganded C subunit (Apo). Relative to the
thermostability conferred by MgATP (Tm ) 51 °C) (25), the
Tm for BD2 is significantly elevated. The increasedTm

conveyed by the analogues correlates directly with the
increased inhibition potency (Table 1).

Structure of the C Subunit Bound to BD2: Common
Features. To gain insight into the molecular basis for
specificity of the analogues, the crystal structures of the PKA
C subunit bound to BD1 (C:BD1), BD2 (C:BD2), and BD8
(C:BD8) were solved (Table 2). Since the three structures

Table 2: Summary of Balanol Analogue Data and Refinement

C:BD1 C:BD2 C:BD8

space group P212121 P212121 P212121

cell dimensions (Å) a ) 53.5 a ) 51.8 a ) 53.6
b ) 72.1 b ) 71.6 b ) 71.9
c ) 97.6 c ) 97.7 c ) 98.9

resolution (Å) 2.2 2.1 2.3
completeness (%) 93 95 96
Rsym

a,b 6.7 (38) 8.6 (28) 7 (19)
Rrefinement 20.8 19.7 21.8
Rfree

c 29.1 25.2 29.5
averageB (Å2)

main chain 29.7 22.4 40.1
Gly-rich loop 27 20 33

RMSD
bond (Å) 0.01 0.01 0.01
angle (deg) 2.9 2.6 2.5

most favored region (%)d 89.1 91.8 86.4
a Values shown in percent. Values in parentheses are for the highest

shell. b Rsym ) ∑|Iobsd - Iav|/ ∑Iobsd. c For C:BD1 and C:BD2, 10% of
the reflections were in the test set, and for C:BD8, 8% (44). d Percent
of residues in the most favored region of the Ramachandran plot.

FIGURE 3: The C:BD2 structure is a representative model of the three structures of the C subunit bound to the balanol analogues. (A, left)
PKA C subunit complexed with BD2 (red stick model) in the ATP binding sitesATP (black stick model) from C:ATP:IP20 (2) after
residues 128-300 were superimposed with C:BD2. The ribbon diagram of the C subunit with the N-terminal lobe is shown in beige and
the C-terminal lobe in gray. The linker is yellow. Red spheres are three buried water molecules from C:BD2: 405 (a), 389 (b), 374 (c). The
water molecules are below the active site and around important catalytic residues. The highly conserved Asp 166 and the two residues that
interact with the waterss203 and 216sare shown as black spheres (CR atoms). N- and C-termini are labeled N and C, respectively. (B,
right) C:BD2 adopts an intermediate conformation. The superposition of C:BD2 (yellow) with a closed conformation structure, C:ATP:
IP20 (black) (2), and C:Bal, an intermediate conformation structure (gray) (10) is shown. Ligands are not shown. The Gly-rich loop,
represented by Ser 53 CR (red), is displaced from Asp 166 CR (red), in the large lobe. Distances (Å) from the three structures are shown
for the CR of Ile 339 (red sphere) as representative of small-lobe displacement.

Balanol Analogues Probe the PKA Active Site Biochemistry, Vol. 43, No. 1, 200489



are roughly the same (RMSD 0.4 Å), the shared structural
features will be highlighted with C:BD2. The three analogues
bind to the ATP-binding site (Figure 3A), like all protein
kinase small-molecule inhibitors solved to date. In terms of
“open” and “closed” conformational states, the C subunit
adopts an “intermediate” conformation when the analogues
bind. This is slightly more closed than the intermediate
conformation of C:Bal (Figure 3B) and is due to the removal
of the C-ring hydroxyl groups and the D-ring carboxylic acid
group (discussed below). Another indication of a smaller
active site is that C:Bal Thr51:N interacts with the ester
linkage of balanol via a water molecule, whereas in the C
subunit bound to the analogues, this interaction is direct.

Several important hydrogen-bonding interactions are seen
in the three structures (Figure 4), as determined by distance
measurements. The A-ring hydroxyl of each analogue makes
two hydrogen bonds with the backbone of the linker (residues
121-127)sto Glu 121:O and Val 123:N. This interaction,
present in most other protein kinase:inhibitor complexes, is
not essential for PKA ligand binding, but is for PKC binding
(7). The B-ring nitrogen hydrogen bonds to Glu 170:O and
Asp 184:OD1. The compounds all hydrogen bond to
Phe54:N at the tip of the Gly-rich loop (described below).

When the analogues bind the PKA C subunit, numerous
polar and nonpolar interactions (Figure 4 and Table 3)
disengage the Gly-rich loop in the small lobe from the highly

FIGURE 4: Potential hydrogen-bonding interactions for balanol analogues. Potential hydrogen bonds are represented by dashed liness
determined on the basis of polar atoms that are 2.5-3.5 Å apart. Boxes indicate conserved residues. Atoms are colored by type (as in
Figure 1). Hydrophobic residues that contribute to ligand binding are listed in Table 3.
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conserved Asp 166, a residue in the large lobe that facilitates
catalysis. In the closed conformation, represented by C:ATP:
IP20, the Gly-rich loop clamps onto ATP, orients the
phosphoryl group during phosphoryl transfer, and positions
the phosphoryl group close to residues important for phos-
phoryl transfer surrounding Asp 166. In C:BD2, the tip of
the Gly-rich loop (Ser 53 CR) is 2 Å further away from Asp
166 CR than it is in the closed conformation (Figure 3B).
The analogues thus wreck the network of interactions at the
cleft interface that are important for successful phosphoryl
transfer.

B factors, indicators of intrinsic atomic disorder, further
suggest that the bound analogues rigidify the Gly-rich loop.
The average main-chainB factor of the Gly-rich loop is lower
than the average main-chainB factor for the entire C subunit.
This is in contrast to C:Ade (18) and Apo (26) structures,
which both have a higher average main-chainB factor for
the Gly-rich loop (80 and 100 Å2, respectively) than the
overall main-chain average (40 and 70 Å2, respectively). The
stability of the Gly-rich loop is explained structurally by
extensive contacts made with the analogues, not present in
C:Ade and Apo. In particular, each analogue can make a
key hydrogen bond with Phe54:N, thus stabilizing the tip of
the Gly-rich loop. Comparable stability is only seen in closed
conformation structures (2, 27, 28). The Gly-rich loop
stabilization may be the structural basis for the enhanced
thermostability conferred by the analogues (described above).

Three water molecules are buried in the large lobe of the
structures solved (Figure 3A). These waters, clustered around
water 405 in C:BD2, were previously unrecognized, but are
present in all higher resolution (∼2 Å) PKA C subunit
structures. Because the waters are within hydrogen-bonding
distance to backbone atoms and side chains buried within
the hydrophobic core of the protein, they may help maintain
the structure. Their proximity to Asp 166, as well as other
evidence, suggests that the waters play a role in catalysis. A
pool of water, including these three water molecules, is

barricaded by Tyr 204. Mutagenesis of Tyr 204 to Ala
detrimentally affects catalysis (29) with few structural
consequences other than an enlarged pool of water (Yang,
J., personal communication), suggesting that the pool of
water affects catalysis (30).

Perturbation of the C-Terminal Tail Decreases Inhibitor
Potency. A portion of the “gate” (residues 317-329) of the
C-terminal tail (Figure 5) is significantly displaced by the
protruding alkyl moiety from the A-ring when BD8 binds
the C subunit. Superposition of C:BD8 and the two other
analogue-bound structures shows that to accommodate the
A-ring of BD8, Phe 327 in the C-terminal tail must move
significantly and Leu 49 at the base of the Gly-rich loop is
slightly disturbed. These structural differences may explain
the reduced potency of BD8. On the other hand, since BD8
does inhibit PKA with nanomolar potency, the C:BD8
structure also illustrates the flexibility of the C-terminal tail,
which adjusts to its ligand. A similar disturbance to the
C-terminal tail was found when staurosporine, another potent
PKA inhibitor, was bound to the C subunit (31).

ActiVe Site Residues Adopt Different Rotamers in the
Absence of a D-Ring. Surprisingly C:BD1 has a structure
similar to those of C:BD2 and C:BD8. Even though BD1
has only three rings, to fill the space of the absent D-ring,
the active site residues adopt alternate rotamers. For example,
Gln 84 points outward from the active site in C:BD2, but
points inward when BD1 is bound (Figure 6). Additionally,
in C:BD1 Phe 54 is slightly closer to the active site. BD1
shows that the D-ring is necessary for binding PKC, but not
for PKA. This is consistent with the Phe 54 to Gly mutant
of PKA that bound balanol, suggesting that the Phe 54 to
D-ring interaction was not critical (8). While Ser 53 and Phe
54 are not essential for balanol binding, interactions that
rigidify the Gly-rich loop do appear to be important (32).

DISCUSSION
The fungusVerticillium balanoideshas likely evolved to

synthesize balanol as part of its defense system, since the
inhibition of protein kinases such as PKA and PKC would
stop cell growth and function. In the search for specific
protein kinase inhibitors, balanol is an appealing starting
compound because it is a highly potent, broad-based Ser/
Thr protein kinase inhibitor. Furthermore, since balanol can

Table 3. Summary of Hydrophobic Interactions with Balanol
Analoguesa

balanol
subsite BD1 BD2 BD8

A-ring V57 V57 V57
A70 A70 A70

V104
M120 M120 M120

Y122
L173 L173 L173
T183 T183 T183
F327 F327

B-ring V57 V57 V57
E127 E127 E127
E170 E170
D184 D184

C-ring G52 G52 G52
K72 K72 K72
L74 L74 L74

D-ring F54 F54
K72 K72
L74 L74
E91 E91
G186 G186

F187
a Letters represent one-letter amino acid names for PKA residues.

Hydrophobic interactions are determined by carbon atoms that are
within 4 Å of theanalogue.

FIGURE 5: Superposition of C:BD1, C:BD2, and C:BD8 structures.
The superposition of three structures of the C subunit complexed
with each of the balanol analogues, BD1 (gray), BD2 (yellow),
and BD8 (red), is shown. The overall structures are similar, but
upon BD8 binding the C-terminal tail is perturbed by the alkyl group
of the A-ring. Leu 49 and Phe 327 from C:BD8 are displayed.
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be chemically synthesized, it can be modified to create
specific inhibitors. Being cell permeable (24), balanol is
suitable for the development as an inhibitor for application
in vivo. Although achieving specificity may be complicated,
in the design of effective therapeutics, one encouraging
success story is Gleevec (STI-571), an anticancer agent that
specifically inhibits the hyperactive Abelson tyrosine protein
kinase, which is responsible for myelogenous leukemia (33).

Here, the analysis of balanol analogues that retain their
potency for PKA, but not PKC, provides a window to
highlight key differences between the two enzymes. The
manner in which the analogues interact with each enzyme
allows the identification of specific subsites within the active
site that may be targeted in the combinatorial design of PKA
inhibitors derived from balanol. From this study we hope to
determine general rules about the molecular mechanism of
ligand binding and specificity, which would provide a
paradigm for understanding how inhibitor specificity can be
achieved for a closely related enzyme subfamily, such as
the AGC protein kinase family.

In terms of open and closed conformational states, these
structures show that a potent inhibitor does not have to mimic
a transition state. The balanol analogues appear to stabilize
the Gly-rich loop in an intermediate conformation. Thus, in
the case of the protein kinases, where the small lobe is quite
malleable, inhibitors have a wide array of conformations to
sample. Furthermore, since theKi of the analogues correlated
with Tm, thermostability may be used to screen for inhibitor
potency, where compounds that confer a higherTm to the C
subunit are better inhibitors.

How do the four rings of balanol contribute to the
inhibition of PKA activity and to specificity? A hydrophobic
group that occupies the A-ring subsite appears to be a
common requirement of all ATP-based kinase inhibitors (11,
31, 33, 34). Typically, the A-ring moiety also hydrogen bonds
to the backbone of the linker, but this is not essential (7).
This is consistent with previous computational work that
showed that the potency of balanol was due to the nonpolar
interactions, but specificity was determined by the electro-
static contribution from polar groups (35). Additional sub-
stituents to the balanol A-ring that disturb the C-terminal
tail (as in C:BD8) appear to detrimentally affect binding to
both PKA and PKC; however, the effect is less severe in
PKA.

A positive charge at the nitrogen position of the B-ring
has been highlighted as an important feature in ligand
binding. An interaction with this charged group is preserved
in the structures of C:Bal and the analogues (11, 35). The
conformational flexibility of the seven-membered ring allows
sufficient freedom for the nitrogen to be within hydrogen-
bonding distance to the carbonyl oxygen of Glu 170.
Computational analysis showed that this nitrogen enhances
ligand binding thermodynamically (36). The absence of a
C-ring hydroxyl group in the analogues allows Asp 184 to
hydrogen bond to the B-ring nitrogen, by adopting a different
rotamer than the one found in C:Bal. This is another example
of an active site residue adjusting to accommodate a
functional group of a ligand.

Unlike PKA, PKC can tolerate changes in the B-ring
subsite (37, 38). Three residues that contact adenosine in
the C:ATP:IP20 structure differ in PKA and PKC; Leu 173,
Thr 183, and Glu 127 in PKA are Met, Ala, and Asp in

FIGURE 6: Local conformational changes upon ligand binding.
Close-up of variable regions of the C subunit: C:Bal (A), C:BD2
(B), C:BD1 (C), and C:BD8 (D). Side chains (red) of active site
residues adopt different rotamers depending on the ligand bound.
Alternate rotamers are utilized to optimize hydrophobic and
hydrophilic interactions. Shown are Lys 78 and Leu 82 from the B
helix, Gln 84 from the C helix, Ser 53, Phe 54, and Arg 56 from
the Gly-rich loop, Glu 333 from the C-terminal tail, and Asp 184
from the large lobe. Gln 84 (pink circle) adopts alternate rotamers
depending on the ligand bound. The Arg 56 to Glu 333 salt bridge
(green triangle) is lost when the inhibitors bind. In blue are residues
that do not change conformation. Inhibitors are in yellow. The Gly-
rich loop and the variable B helix and C-terminal tail, which interact
with the Gly-rich loop, are red ribbons.
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PKC, respectively (Figures 7B and 8B). Together these
residues provide a larger cavity in PKC around the B-ring
subsite (Figure 8C); this would allow PKC to accommodate
bulkier, bicyclic and tricyclic groups (37, 38) that PKA could
not.

C:BD1 highlights that the A-, B-, and C-rings are
necessary for creating a PKA-specific inhibitor based on
balanol, but the D-ring is not. Furthermore, the analogues
demonstrate that PKA, in contrast to PKC, is tolerant of
alterations in the D-ring subsite.

One reason that balanol inhibits PKA and PKC whereas
the analogues inhibit only PKA may be that balanol props

the active site cleft open slightly more than the analogues
do (Figure 3B). PKC has an additional C1 domain that binds
diacylglycerol and phorbol esters and a C2 domain that binds
acidic phospholipids and Ca2+ (Figure 7A), but how these
regulatory domains interact with the kinase domain is not
known. If the C1 and C2 domains interact with the kinase
domain favorably when balanol is bound, those favorable
interactions may be lost when the analogues bind and the
active site cleft is slightly more closed.

The slightly more open active site cleft in C:Bal is likely
due to the direct interaction of the balanol C-ring hydroxyl
group with the Gly-rich loop (Gly 52 and Gly 55 backbone

FIGURE 7: PKA versus PKC. (A, top) PKA and PKC shared kinase core. Pink and purple bars represent the small (residues 40-120) and
large (residues 128-300) lobes, respectively. The PKA C subunit and R subunit (two green bars represent the cAMP-binding domains) are
in different polypeptide chains, in contrast to PKC that has its regulatory domains, C1 (blue) and C2 (light blue) domains that bind Ca2+

and phospholipids, in the same polypeptide. Yellow indicates the dimerization/docking domain, red indicates the autoinhibitory site, and
green balls are sites of phosphorylation. The light blue sphere is a myristylation site.(B, bottom) Sequence alignment of PKA CR and PKC
âII kinase domains. Green boxes are variable residues that approach the ligand-binding site. Black boxes are the variable regions between
PKA and PKC that may play a role in the difference in inhibition potency. Blue boxes are conserved residues. Gray ovals and arrows
representR helices andâ strands. Pink and purple bars demarcate the small and large lobes, with the linker in yellow. C-terminal regions
that are similar in PKA and PKC are in black and brown bars for the large- and small-lobe anchors.
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atoms), which is absent with the analogues. The steric
hindrance or the electron repulsion of the C-ring hydroxyl
groups and the D-ring hydroxyl group and carboxylic acid
group may contribute to this interaction by orienting the C-
and D-rings appropriately. The charge present on the
carboxylic acid group of balanol may also contribute to the
balanol interaction with PKC, which is not present in the
analogues.

The main chemical difference between balanol and the
analogues is the carboxylic acid group in the D-ring. In
C:Bal, this carboxylic acid group is within hydrogen-bonding
distance to Ser 53 (hydroxyl group) (11); however, since
Ser 53 is conserved between PKA and PKC, this interaction
alone cannot account for the difference in potency. To

examine residues in the proximity of Ser 53, a sequence
homology alignment (10) and the C subunit structure were
used to create a preliminary model of the PKC active site
(Figures 7 and 8). Although residues directly surrounding
the D-ringsLys 72, Glu 91, and Phe 54 (hydrogen-bonding
residues) (Figure 4) and Leu 74 and Gly 186 (hydrophobic
contact residues)sare all conserved between PKA and PKC,
there are two variable segments surrounding the Gly-rich
loop that may account for the binding specificity of the
balanol analoguesshelix B and the C-terminal tail (Figure
8A).

The Variable B Helix.The B helix structure is conserved
among the PKA, PDK1, and PKB structures (39, 40), all
members of the AGC family; therefore, the B helix is likely

FIGURE 8: Variable regions between PKA and PKC. (A, top left) Overview of C:BD2. Proximal to the conserved Gly-rich loop (residues
50-55, red), the B helix (residues 76-80, red) and the C-terminal tail (residues 330-334, red) are variable between the two protein
kinases and may account for the difference in inhibition potency of the analogues. In PKA, a stretch of Glu residues in the C-terminal tail
is not present in PKC. In PKC, a stretch of Asp residues in the B helix is not present in PKA. Residues that may contribute to interaction
with the D-ring are Lys 78, Leu 82, and Gln 84 (B and C helices), Ser 53 and Phe 54 (Gly-rich loop), and Glu 333 (C-terminal tail), which
interacts with Arg 56 in the ternary complex with C:ATP:IP20 (2) (not shown). (B, top right) Close-up of the active site. The variable
regions can be divided into three areas: the A- and B-ring subsites (Glu 127, Leu 173, and Thr 183), the C-terminal tail, and the B helix.
The cumulative effect of amino acid changes in the A- and B-ring subsites for PKC is an enlarged binding pocket. One-letter amino acid
names are used. The first letter and number are the amino acid in PKA, and the second letter is the equivalent PKC amino acid. Dashed
lines are potential hydrogen-bonding or salt bridge interactions. A water (gray sphere) that contacts Tyr 330 coordinates several regions of
the proteinsthe C-terminal tail, Glu 127, which interacts with the ribose moiety of ATP, and the P-3 Arg from IP20 (45). BD2 is yellow.
(C, bottom) Highlight of the surface covered by the C-terminal tail. The kinase core alone (left) and kinase core plus C-terminal tail (right)
show how the C-terminal tail is an integral part of the active site and creates the gate region that allows entrance to the active site. The
1ATP structure is shown (2). White and gray indicate the small and large lobes with the linker in yellow. Green residues are from the base
of the Gly-rich loop, which are different in PKA and PKC. In blue are residues that differ around the A- and B-ring subsites. Asp 184, Ser
53, and Thr 197 are in red on the left, and acidic residues from the C-terminal tail are in red on the right. Tyr 330 is displayed in orange.
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to be structurally conserved in PKC. While the position of
the B helix backbone is likely the same, the electrostatic and
hydrophobic properties are not. Specifically, several polar
residues in the PKC B helix are hydrophobic in PKA and
vice versa; Lys 78 is a Val, Leu 82 is an Asp, and Gln 84 is
an Asp in PKA and PKC, respectively. These residues lie
just above the tip of the Gly-rich loop (Figure 8B) and
introduce an acidic patch in PKC that is absent in PKA. In
PKC, the charge repulsion between the D-ring carboxylic
acid group and the B helix may be necessary to open the
cleft sufficiently to accommodate the D-ring of balanol.

The Variable C-Terminal Tail.While the kinase core is
conserved in all protein kinases, the N- and C-terminal
regions are highly variable and interact with the core in
different ways. In Src, the SH2-kinase domain linker
interacts with the loop between the C helix andâ strand 4
(41), whereas in PKA the N-terminal A helix covers this
region. In MAPK ERK2, although the N-terminal tail has a
very different sequence and structure, it interacts with the
kinase core surface in a manner similar to that of the PKA
C-terminal tail FXXF motif (residues 347-350). Addition-
ally, the ERK2 C-terminal tail wraps around the large lobe
and covers an area of the kinase core similar to the area
covered by the PKA N-terminal A helix. In the case of PKC,
we can only speculate as to how the C-terminal tail or the
C1 and C2 domains interact with the kinase core. On the
basis of sequence similarities of PKA, PDK1, and PKC, the
C-terminal tail of PKC is predicted to interact with the large
lobe of the kinase domain on the same surface as PKA
initially (residues 301-314sthe large lobe anchor) (18). At
the PKC C-terminus, the FXXF motif should firmly anchor
the C-terminal tail onto the docking motif created by the C
helix on the surface of the small lobe as seen in PKA (39).

The region that covers the active site in PKA is a “gate”
(residues 315-334) that changes conformation to allow
access to the active site (18, 26). An acidic patch (residues
328-334) within the gate is thought to be a “latch”, since it
interacts with the Gly-rich loop. Because PKC has seven
additional residues in this segment of the C-terminal tail,
the PKC C-terminus probably covers more area of the kinase
core than the PKA C-terminus. Furthermore, since the PKC
C-terminal tail does not have an acidic patch, it probably
covers a different surface of the kinase core than the PKA
C-terminal tail. These two differences between the PKA and
PKC C-terminal tails may affect the shape of the active site
and therefore ligand specificity.

Molecular dynamics simulations suggest that a salt bridge,
from Glu 333 in the latch to Arg 56 in the Gly-rich loop,
plays a role in the closing of the Gly-rich loop (42). To
support this idea, when PKA is in the closed conformation
(in C:ATP:IP20), Glu 333 and Arg 56 are within salt-bridging
distance (2), and when the C subunit binds the balanol
analogues, this ion pair is broken (Figure 8B). If the Gly-
rich loop is the lid of the active site, then Arg 56 may be a
handle that is pushed down upon by the C-terminal tail. In
PKC, however, this Arg is a Lys and the acidic patch is
absent in the C-terminal tail. Additionally, Thr 48, which
interacts with Arg 56 in PKA, is a Val in PKC. In the absence
of the contacts found in PKA, the PKC C-terminal tail and
Gly-rich loop interactions are predicted to be different (Figure
8C) and may operate in a different way. For example, in
PKC, an acidic patch from helix B, rather than from the

C-terminal tail, may play a role in determining the path of
the C-terminal tail across the kinase core surface and in
closing the Gly-rich loop, which has yet to be shown.

In ligand binding, the PKA C-terminal tail is important
for excluding solvent from the active sitesespecially Phe
327, which creates a hydrophobic environment around the
A-ring subsite (43). The PKA latch of the C-terminal tail
may play a role in the Gly-rich loop movement, and the PKC
C-terminal tail may play a similar role. As an integral part
of the active site, the PKA C-terminal tail may be targeted
in drug design since it varies among protein kinases (36).

Balanol Analogues as Probes.This work shows that PKA
is slightly sensitive to changes in the A-ring subsite but
tolerates changes in the D-ring subsite. PKC, on the other
hand, cannot tolerate changes in the D-ring subsite. It is likely
that the PKC C-terminal tail interacts more with the D-ring
subsite than is seen with the PKA C-terminal tail, which
would explain why PKC is more sensitive to modifications
in this region. In designing a PKA inhibitor, this suggests
that the D-ring subsite is a better target for modification.
On the other hand, since PKC tolerated large substituents at
the B-ring subsite (37, 38), the B-ring appears to be a better
target for modification in the development of PKC-specific
inhibitors (Figure 9).

In the absence of PKC structural information, sequence
alignment and a structural model derived from PKA help to
understand some of the differences between PKA and PKC.
Furthermore, the balanol analogues provide a mechanism to
test the model and to probe the local environment of the
active site to help identify determinants for ligand binding.
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