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Structure of the Mammalian Catalytic Subunit of cAMP-Dependent Protein Kinase
and an Inhibitor Peptide Displays an Open Conformation
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Abstract

The crystal structure of a binary complex of the
porcine heart catalytic (C) subunit of cAMP-
dependent protein kinase (space group P4,32; a=
171.5A) complexed with a di-iodinated peptide
inhibitor, PKI(5-24), has been solved and refined to
2.9 A resolution with an overall R of 21.1%. The
r.m.s. deviations from ideal bond lengths and angles
are 0.022 A and 4.3°. A single isotropic B of 17 A?
was used for all atoms. The structure solution was
carried out initially by molecular replacement of
electron density followed by refinement against
atomic coordinates from orthorhombic crystals of a
binary complex of the mouse recombinant enzyme
previously described [Knighton, Zheng, Ten Eyck,
Ashford, Xuong, Taylor & Sowadski (1991). Science,
253, 407-414]. The most striking difference between
the two crystal structures is a large displacement of
the small lobe of the enzyme. In the cubic crystal,
the B-sheet of the small lobe is rotated by 15° and
translated by 1.9 A with respect to the orthorhombic
crystal. Possible explanations for why this binary
complex crystallized in an open conformation in
contrast to a similar binary complex of the recombi-
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nant enzyme are discussed. This study demonstrates
that considerable information about parts of a crys-
tal structure can be obtained without a complete
crystal structure analysis. Specifically, the six rigid-
group parameters of a poly-alanine model of the
B-structure were obtained satisfactorily from a crys-
tal structure by refinement of difference Fourier coef-
ficients based on an approximate partial structure
model.

Introduction

cAMP-dependent protein kinase (cAPK) is one of
the simplest members of a large and diverse family of
enzymes that are of fundamental importance for
regulation in the eukaryotic cell (Taylor, Buechler &
Yonemoto, 1990). Because all of these enzymes have
apparently evolved, in part, from a common origin,
this simple enzyme can serve as a prototype for the
entire family (Hanks, Quinn & Hunter, 1988). cAPK,
in its inactive holoenzyme form, is a tetramer com-
posed of two regulatory (R) and two catalytic (C)
subunits. The active form of the enzyme is the
C-subunit monomer. It contains 350 amino acids
(Shoji, Ericsson, Walsh, Fischer & Titani, 1983) and
is one of the smallest protein kinases.
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In trying to understand the mechanism by which
protein kinases transfer the y-phosphate of ATP to a
protein substrate, it is important to understand the
conformational changes that are induced by sub-
strate binding. Circular dichroism provided the first
indication of substrate-induced conformational
changes in the C subunit (Reed & Kinzel, 1984).
Low-angle neutron scattering subsequently demon-
strated that the binding of substrates leads to a
reduction in the radius of gyration (Parello &
Timmins, personal communication). Two structures
of the recombinant mouse catalytic (C) subunit of
cAPK were solved previously. A binary complex
containing a 20-residue inhibitor peptide derived
from the heat-stable protein kinase inhibitor (PKI)
provided the first description of any protein kinase
(Knighton et al., 1993; Knighton, Zheng, Ten Eyck,
Ashford et al., 1991). A ternary complex containing
ATP and the inhibitor peptide (Zheng, Trafny et al.,
1993; Zheng, Knighton et al., 1993) describes how
multiple conserved residues converge at the active
site to facilitate ATP binding and catalysis. Both of
these structures represent a ‘closed’ conformation
and are consistent with the low-angle neutron scat-
tering. We report here the structure of the mam-
malian porcine C subunit co-crystallized with a
20-residue di-iodinated inhibitor peptide. This com-
plex shows an ‘open’ conformation relative to the
earlier structures. A preliminary comparison with the
apoenzyme form and a ternary complex of the mam-
malian enzyme indicate that this binary complex
resembles the apoenzyme structure and is distinct
from the ternary complex.

Experimental procedures

The porcine heart C subunit* was purified as
described previously (Nelson & Taylor, 1981). The
inhibitor peptide, PKI(5-24), corresponds to the
amino terminus of a heat-stable protein kinase
inhibitor (PKI) (Cheng, van Patten, Smith & Walsh,
1986): TTYADFIASGRTGRRNAIHD. The pep-
tide was synthesized by the La Jolla Cancer Research
Foundation facility. This peptide was fully iodinated
at Tyr7 and purified to homogeneity by high per-
formance liquid chromotography.

The crystals, grown according to Knighton,
Zheng, Ten Eyck, Ashford et al. (1991) using
enzyme:inhibitor molar ratios of 1:6, belong to the

* The amino-acid sequence of the porcine heart C subunit
differs from the amino-acid sequence of mouse recombinant C
subunit at the following positions: Asn(Thr)32, Ala(Ser)34,
His(GIn)39, Glu(Asp)44, Thr(Ser)65, Phe(Tyr)69, Tyr(Phe)108,
Pro(Ala)l24 and Ser(Thr)348, where the sequence of mouse
enzyme is indicated in parentheses. In addition, the porcine heart
C subunit, in contrast to the mouse recombinant C subunit,
contains a myristic acid at its N-terminus.

PROTEIN KINASE/PEPTIDE INHIBITOR COMPLEX

Table 1. Summary of crystal forms of porcine heart
and recombinant mouse C subunits

Enzyme  Apoenzyme Binary complex  Ternary complex
Mammalian Cubic Cubic Hexagonal
porcine P4,32 P4,32 P6,22
a=169.24 A a=171.52A a=b=280.16,
(Knighton, Xuong, c=1288.07 A
Taylor & (Knighton, Xuong,
Sowadski, 1991) Taylor &
Sowadski, 1991)
Recombinant  No crystals Orthorhombic Orthorhombic
mouse obtained P2.2.2, P22.2,
a=73.62,b=176.52, a=73.70,b=76.26,
c=80.14A c=80.74 A

(Zheng et al., 1992) (Zheng et al., 1992)

cubic space group P4,32 with unit-cell dimension a
=171.52 A (Table 1). For comparison the crystals
obtained from the recombinant enzyme are also sum-
marized in Table 1. Diffraction data were collected
at 277K with graphite-monochromated Cu Ka
X-rays from a Rigaku RU-200 rotating-anode dif-
fractometer at the UCSD Research Resource equip-
ped with two Xuong-Hamlin multiwire area
detectors (Hamlin et al., 1981; Xuong, Sullivan, Niel-
sen & Hamlin, 1985). Collecting 119740 reflections
resulted in 17821 unique reflections to 2.9 A resolu-
tion with an overall R, =9.7% [Rym = (Z|1ops —
Lag)/(Slag)l.

Molecular replacement of electron density

Since this crystal form did not diffract to high
angle, no native isomorphous data were collected for
the cubic crystals. Instead, the molecule was related
to the orthorhombic crystal structure (OCS) by the
molecular-replacement method (MR), using a multi-
solution approach to the two-stage procedure of
Rossmann (Rossmann, 1990).

Since no atomic model was available at the time,
the electron density of one binary complex of mouse
recombinant C subunit isolated from the solvent-
flattened single isomorphous replacement (SIR)
electron-density map (Knighton, Zheng, Ten Eyck,
Ashford er al., 1991) was used as search model. The
complex Fourier coefficients F, .4 Oof the search
model at various orientations in the cubic cell were
obtained by linear interpolation for use in calcula-
tions of the rotation and translation functions.

The overlap between the observed and one-
molecular Patterson function (PF) was taken as a
measure for the likelihood of the orientation of the
density model (Rossmann & Blow, 1962). The over-
lap rotation function (RF) was evaluated as the sum
SHFE?| Fposetl? using the 500 largest observed
Patterson coefficients |F,|* in the resolution range
7.0-3.6 A.

The Eulerian angular system was chosen with «, 8
and vy corresponding to the orthogonal rotation-axis
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sequence ZYZ. A step size of 4° in @« and B and, in
order to reduce the computations, a variable step size
in y of 4/sinB (B = 0) resulted in 9449 independent
angular combinations.

The molecular-position and space-group ambi-
guity was solved by the translation function
(Crowther & Blow, 1967) using all data in the resolu-
tion range 7.0-3.6 A. The translation functions cor-
responding to the seven independent Harker sections
that are common to both space-group enantiomers,
were calculated using the coefficients of the observed
PF from which the origin had been removed. The
seven translation functions were combined by the
symmetry-sum function (SSF) (Pavelcik, 1989). The
SSF gives the sum of the values at corresponding
molecular vector positions in the seven translation
functions as a measure for tentative molecular posi-
tions. Removal of the origin was accomplished by
taking the difference between the observed and aver-
age Patterson coefficient in narrow interlacing shells
of resolution. The correct orientation corresponded
to the 230th largest RF peak (2.20), but the RF
maximum was 4.4¢. The correct molecular position
had an SSF value of 8.40, which was the largest
value in all examined SSF functions. The next largest
(false) maximum was 5.40.

The translational functions corresponding to the
16 independent Harker sections were combined by
the SSF in order to solve the space-group ambiguity.
A SSF maximum of 28.5¢ was obtained for the
correct enantiomer. The largest peak in each of the
nine enantiomer-sensitive independent translation
functions corresponded to a molecular Harker
vector.

Refinement of the molecular-replacement solution

When the refined atomic coordinates of the OCS
became available, the six parameters of the coordi-
nate transformation were improved by minimizing
the least-squares sum 2 ,(|F,| — |F|)*>. All observed
reflections in the resolution range 7-2.9 A were used
in this refinement and in all further calculations.

A difference Fourier synthesis showed that the
phenyl ring of Tyr7 of the peptide inhibitor was
iodinated at positions 3 and 5. An anomalous
difference Fourier synthesis confirmed both iodine
positions.

Molecular-replacement solutions of the hexagonal
ternary and cubic apo-crystal structure

The hexagonal (OCS) and orthorhombic crystal
structures were related by MR techniques using the
previous electron-density search model and all data
in the resolution range 7.0-3.5A. The relative
orientation was given by the largest peak in the fast
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rotation function (Crowther, 1972). The translation
functions corresponding the nine independent
Harker sections combined by the SSF gave a peak of
31.70 (with origin-removed Patterson coefficients) at
the molecular position in the correct space group.

The six positional parameters were initially
improved by the maximization of the overlap
between the observed PF and the calculated PF of
the electron-density model. Later Fourier coefficients
of the large lobe were used based on the refined
atomic parameters of the orthorhombic structure.
The relative orientation, given in Eulerian angles, is
a=948, B=89.85 and y=0° about the axis
sequence ZYZ. This rotation brings the ortho-
rhombic z axis parallel to the hexagonal x axis.
Moreover, position (1/4, 0, 0) in the orthorhombic
cell corresponds to position (0.000, 0.501, 0) in the
hexagonal cell. Thus, the twofold screw axis parallel
to the z axis in the orthorhombic cell will almost
exactly coincide with the hexagonal crystallographic
twofold screw axis (x, 1/2, 0) which performs the
same operation as the twofold crystallographic x
axis.

Since the orthorhombic ¢ axis and hexagonal a
axis are of equal length (80.2 A) the lattice contacts
between the two concerned equivalent molecules will
be identical in the two crystal forms.

The crystal structure of the cubic apo form was
intially related to the orthorhombic form using the
electron-density model and the MR solution of the
binary cubic form with data in the resolution range
8.0-3.9A.

The six positional parameters were improved as
described for the hexagonal form. The C-subunit
molecule was found to have almost identical orienta-
tion in both cubic crystal forms.

Clarification of conformational changes in the small
lobe

Knighton, Zheng, Ten Eyck, Xuong et al. (1991)
divided the molecule into two parts, the large lobe
(residues 128-306 plus the peptide inhibitor) and the
small lobe (residues 15-127 and 307-350). Inspection
of various difference Fourier syntheses based on the
MR solution suggested that the small lobe, or parts
of it, might be displaced. The overlap between the
observed and calculated PF was maximized by
moving the small lobe interactively, while the large
lobe was kept fixed. More accurate orientation and
position of the large and small lobes was determined
by the minimization of X,(:F,| — F.)* using rigid-
group refinement (Briinger, Kuriyan & Karplus,
1987). Rigid-group refinement lead to crystallo-
graphic R factors of 0.449 and 0.529 for the large
lobe with no iodine and the small lobe, respectively.
Refinement carried out for both lobes resulted in a
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crystallographic R factor of 0.428 which was lowered
(R =0.419) if the I atoms were included.

A distinct difference, larger than would be
expected based on molecular size alone, between the
separate R values of the two lobes suggested that
there are conformational differences between the
small lobes of the two crystal forms. The small lobe
was, in the next step, divided into six segments as
follows: three helices 4, B and C (residues 18-30,
76-83 and 84-97, respectively), the five-stranded
B-sheet, and two interconnecting segments (residues
98-106 and 31-41) (see Table 2). These segments
were reduced to poly-alanine and treated as rigid
groups. The rigid-group parameters of each segment,
initially given those of the globally adjusted small
lobe, were refined separately by the minimization of
the least-squares sum

—_ 2

0,=2.ID~Ef,
where D is the Sim-weighted difference Fourier coef-
ficient set based on the large lobe alone, and F is the
Fourier coefficient of peptide segment j. D is an
estimate of the structure factor of the small lobe. F;
can be considered as a function of six rigid-group
parameters measuring the deviation of segment j
from the orthorhombic mouse recombinant C-
subunit model placed according to the best fit of the
large lobe in the cubic binary crystal structure. Noise
reduction of the D values was attempted by refining
the positional parameters of individual atoms of the
large lobe to an R value of 38% using TNT (Tron-
rud, Ten Eyck & Mathews, 1987) with large weights
on the geometrical restraints and then convoluting
the D values by the Fourier transform of the molecu-
lar envelope at 8 A resolution, in order to take
advantage of the high solvent content. The volume
fraction of the molecular mask, constructed to
occupy all space within 2.5 A of each tentative atom
in the unit cell, is only 33%. The refined rigid-group
parameters of the peptide segments are given in
Table 3.*

Table 3 also contains the rigid-group parameters
of the PB-structure in the hexagonal structure
(8-3.5 A data) and the cubic apo structure (8-3.9 A
data). No refinement of individual atomic param-
eters of the large lobe had been undertaken, how-
ever, in the preparation of the D values. The refined
parameters of the apo structure show the deviation

* Atomic coordinates and structure factors have been deposited
with the Protein Data Bank, Brookhaven National Laboratory
(Reference: 1CTP, RICTPSF). Free copies may be obtained
through The Technical Editor, International Union of Crystallog-
raphy, 5 Abbey Square, Chester CHI 2HU, England (Supplemen-
tary Publication No. SUP 37079). At the request of the authors,
the structure factors will remain privileged until 1 April 1994. A
list of deposited data is given at the end of this issue.
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Table 2. Summary of a-helices and B-strands of the
small lobe

15-31
76-82
84-97

43-48
57-63
67-75
106 111
115 120

a-Helices

A
B
C
B-Strands 1
2
3
4
N

Table 3. Refined rigid-group parameters of peptide
segments of the small lobe with the average standard
deviations (o)

The Eulerian angles a, B8, y (%) correspond to the orthogonal
rotation-axis sequence ZYX and the shifts dx, dy, dz along the
orthogonal axes XYZ, respectively, are given in A. Table entries
flagged as R show differences between the refined cubic crystal
structure and the refined orthorhombic crystal structure. Those
differences were obtained by minimization of Q in the resolution
range 7-2.9 A: however, the difference Fourier coefficient was
replaced by the structure factor of the individual peptide segment
at the refined cubic structure.

Segment Flag a B y (o) dx dy dz (o)
Beta R 63 127 60 01 22 16 08 00l
Beta 62 119 60 05 -2.1 16 08 007
84-97 R 46 72 81 02 -06 11 -04 001
84 97 22 64 89 22 -06 11 -04 01
1830 R 25 -08 10 01 04 -14 01 00l
18-30 15 -04 02 20 04 -13 00 01
76-83 R 47 111 18 02 -28 32 -12 00l
76-83 60 131 37 32 -28 32 -13 02
98 106 R 02 35 17 01 01 00 01 001
98106 20 20 22 18 -01 00 02 01
31 41 R 43 66 59 01 -14 04 19 001
31 41 55 21 61 23 -13 05 19 02
Beta/hex -07 04 -09 07 01 04 04 0.1
Beta/apo 16 14 -14 11 -09 -09 -01 0.1

from the refined cubic structure transferred to the
apo structure.

Final refinement

The structure solution of the cubic binary complex
proceeded with TNT refinement (initially with large
weights on the geometrical restraints for bond dis-
tances and bond angles), difference Fourier tech-
niques, and molecular modeling using the graphic
display program FRODO (Jones, 1978). The R value
is 21.1% for 2732 atoms and 17077 observed reflec-
tions in the resolution range 7-2.9 A with a single
overall temperature factor of 17.2 A? and r.m.s.
deviations from the ideal geometry of 0.022 A for
bond distances and 4.3° for bond angles. The
optional solvent correction term in the TNT program
was used with K, =0.84 and B,,= 100 A2. The
relative weights on the geometrical restraints were
6.0 for bond distances and angles, 18.0 for trigonal
atoms and planar groups, and 1.0 for contacts. The
geometrical term of the least-squares sum was 3.0%
of the X-ray term. A final refinement with fixed
coordinates and individual temperature factors B
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constrained by the condition B> 16 A% gave R=
0.190.

Residues 1-6, 318-326 and 339-340 of the main
chain and the last two residues of the inhibitor could
not be located with sufficient confidence and were
omitted in the refinement. Residues 7-12, 331-338
and 341-342, which are poorly refined, and residues
327-330, which are stabilized by a crystal contact
and thus rather well located, were included in the
refinement. The poly-Glu sequence, 331-334, could
be modelled in at least two ways, but only that
model which made the most geometrical sense was
refined. 44 residues were included in the refinement
as alanine since their side chains could not be found.
Most of these residues were charged and protruded
into the solvent region. The first eight C atoms of the
alkane tail of the myristylated N-terminal residue
could be located even though the rest of the N
terminus could not be located with confidence. A
Ramachandran plot showed 12 non-glycine residues
to be outside the allowed regions. In addition to
regions discussed above these include residues 33, 35,
65, 242 and 286.

Discussion

The most important difference in this structure com-
pared to the earlier structure of the recombinant
C-subunit binary complex is the concerted motion of
peptide segments in the small lobe. These two struc-
tures are superimposed in Fig. 1.

The dominant feature of the small lobe, shown in
Fig. 1(b), is a B-sheet composed of five antiparallel
strands. Three highly conserved features of this lobe
are a glycine-rich loop between B-strands 1 and 2,
Lys72 in B-strand 3, and Glu91 in the C helix which
ion pairs with Lys72. The motion of the B-sheet can
be formally described as a rotation of 15.0° about an
axis that passes within 0.8 A of at least one atom of
residues 31, 103 and 315. The axis has a shift of
0.4 A and is inclined 109° to an axis passing through
the centre of gravity between the large and small
lobes.

The motion of other parts of the small lobe are
smaller and are coupled to the motion of the B-struc-
ture. The C-terminal portion of helix C is anchored
to segment 98-106 which moves very little since it is
fixed to the large lobe via hydrogen bonding involv-
ing residues Asn99, Phel02, Vall04, Tyrl56 and
Vall82. The N-terminal portion of helix C, however,
follows the motion of helix B and rotates as much as
12°. This motion does not affect the important ion
pairing between the conserved residues, Lys72 and
Glu91, but does cause a change in the hydrogen
bonding of His87 and Asn90. This change can be
seen clearly in Fig. 2. The amide group of Asn90
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shifts its hydrodgen bonding form O Glu86 in the
OCS to O Alal88. In the OCS, His87 may form a
weak link with His379 in the peptide; however, its
most important contact is with the phosphate group
of Thr197, which also forms a strong ionic inter-
action with Argl65. This phosphate group forms a
2.9 A dimeric hydrogen bond to Arglé5 in both
crystals. Lys189 also ion pairs with Thr197 in both
crystals. In the OCS, all groups that interact with the
phosphate are derived from the large lobe with the
exception of His87. In the cubic crystal, His87 moves
7 A away from the phosphothreonine leaving the
other interactions with the phosphate intact. The
major contact between the small and large lobe in
the cubic crystal in this region is through Asn90 and
Alal88.

Helix A does not move much and is stabilized by
the N-terminal myristyl group. For residues 31-41,
the extended chain linking helix 4 with B-strand 1
moves 9°. Hydrogen bonds common to both struc-
tures link the backbones of GGlu35 and Thr37 to that
of Ser109 in B-strand 4.

Two structural segments, comprised of residues
31-97 and 107-120, form self-contained units. These
segments have very few external hydrogen bonds
that could prevent their concerted motion with the
exception of the residues already mentioned, His87
and Asn90. Clearly these segments can move without
disrupting any internal hydrogen bonds. Concerted
motion of these segments opens and closes the
bilobal cleft. Region 327-350 is uncertain and cannot
be accounted for in this medium-resolution structure.
This open conformational state is futher stabilized by
crystal contacts, a detailed description of which will
be presented elsewhere.

The conformation of the large lobe is very stable
in comparison to the small lobe as a result of exten-
sive hydrogen bonding between secondary structural
elements within the lobe. Inhibitor binding also
increases this stability. Deviations in conformation
of the large lobe are of local character and relate to
differences in crystal contacts and to the iodination
of Tyr7, which causes the first two residues of the
inhibitor to have a slightly different conformation.

The mammalian enzyme can assume either closed
or open conformations based on the structures
described here, and this is consistent with low-angle
neutron scattering results (Parello & Timmins, perso-
nal communication). However, the binary complex
formed with the iodinated PKI(5-24) and the mam-
malian enzyme adopts an open conformation similar,
though not identical, to the apoenzyme. This is in
contrast to the recombinant binary complex formed
with the unmodified peptide. Several factors could
account for the different conformations in the two
binary complexes; however, the most likely expla-
nation is that the iodination disrupts an important
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crystal contact that is found in the hexagonal and
orthorhombic crystals by changing the conformation
of the first three residues of the peptide. Further-
more, the kinetics of mono- and di-iodinated peptide
are identical to the unmodified peptide (Yap, 1984;
Yap & Kemp, personal communication).

The equilibrium strongly favours the ternary com-
plex when both APT and PKI are present
(Whitehouse & Walsh, 1983). The appK, for
PKI(5-24) and the C subunit is 2 nM in the presence
of ATP (Cheng et al., 1986), but at least 2-3 orders
of magnitude greater in the absence of MgATP
(Herberg, Buechler & Taylor, 1993; van Patten,
Fletcher & Walsh, 1986). Hence the equilibrium

(b)
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between the closed and open conformation is more
reversible for the binary complex. Because the equi-
librium between closed and open conformations does
not strongly favour either, the structure may be more
susceptible to packing constraints. Clearly the
crystal-contact constraints as a result of the packing
of the molecules are very similar in the hexagonal
and orthorhombic crystal forms and very different
for cubic crystal forms. Furthermore, the iodination
would interfere with the contacts that are made
between molecules in the hexagonal and ortho-
rhombic crystals. Crystal packing may, therefore,
favour the open conformation for the binary com-
plex with the mammalian C subunit.

Fig. 1. Overall comparison of
binary complexes of recombi-
nant mouse and porcine heart C
subunits. (@) Comparison of the
C” backbone traces of the por-
cine heart C-subunit binary
complex (blue) with the mouse
recombinant C-subunit binary
complex (red). The coordinates
for the mouse recombinant
enzyme are from Knighton et al.
(1993). The large lobes in these
two structures are superim-
posed. Residues 128-300 and
the inhibitor peptide constitute
the large lobe and show an
r.m.s. = 0.43. In contrast, large
conformational changes are seen
in the small lobe. These changes
correlate with a rotation of the
B-sheet. The C-terminal portion
of the C subunit (residues 318
342) wraps around the small
lobe and is well defined in the
mouse recombinant C subunit,
whereas in the porcine enzyme
this segment is highly disordered
and is, therefore, omitted from
the C* trace. lodinated tyrosine
of the inhibitor (indicated by the
thicker trace) is marked by a
dot. (b) Small lobe only with N-
and C-termini of helices and
B-strands marked by residue
number.
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(b)

Fig. 2. Stereoview of the environ-
ment of His87. The small lobe is
indicated in red and the large
lobe in blue. The inhibitor is
indicated in black. (a) In the
recombinant mouse C subunit,
His87 of the small lobe interacts
with the stable phosphorylation
site of Thr197 of the large lobe
and the carbonyl group of the
main chain of Glu86 interacts
with the side chain of Asn90. (b)
In the porcine heart C subunit,
His87 moves away from the
phosphate of Thr197 and the
side chain of Asn90 of the small
lobe interacts with the carbonyl
of Alal88 of the large lobe.
Distances are given in A,
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