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In the molecular scheme of living organisms, adenosine 3',5'-monophosphate (cyclic 
AMP or CAMP) has been a universal second messenger. In eukaryotic cells, the primary 
receptors for cAMP are the regulatory subunits of CAMP-dependent protein kinase. The 
crystal structure of a 1-91 deletion mutant of the type la regulatory subunit was refined 
to 2.8 resolution. Each of the two tandem cAMP binding domains provides an extensive 
network of hydrogen bonds that buries the cyclic phosphate and the ribose between two 
p strands that are linked by a short a helix. Each adenine base stacks against an aromatic 
ring that lies outside the p barrel. This structure provides a molecular basis for under- 
standing how cAMP binds cooperatively to its receptor protein, thus mediating activation 
of the kinase. 

Protein phosphorylation and dephospho- 
rylation is one of the principal mechanisms 
bv which cellular f~~nctions are regulated in - 
eukaryotic cells in response to external 
stimuli (1 ). The enzymes catalyzing these 
phosphorylations, the protein kinases, are 
tightly regulated and maintained in an in- 
active state in the absence of the specific 
activating signal. The mechanism for main- 
taining the inhibited state of any protein 
kinase is at least as critical for its function as 
is catalytic efficiency. 

Although the family of protein kinases 
now includes several hundred members (2), 
cyclic AMP-dependent protein kinase 
(cAPK) was among the first to be charac- 
terized (3). The demonstration of the acti- 
vation of cAPK by CAMP introduced the 
hormone second messenger concept, where- 
by a hormone binding to the extracellular 
surface led to the generation of a cytoplas- 
mic second messenger (4). Of the protein 
kinases, cAPK is also one of the simplest 
and best understood biochemically (5,  6) ,  
largely because the regulatory (R) and cat- 
alytic (C )  components are coded for by 
separate genes, and the proteins can be 
readily separated upon activation. The in- 
active holoenzyme is an R2C, tetramer. Cy- 
clic AMP binding cooperatively causes the 
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complex to dissociate, thereby releasing an  
R2   CAMP)^ dimer and two free and active 
C subunits. Both cvtonlasmic and nuclear , & 

proteins are substrates for cAPK, and when 
C is not anchored to R in the R,C2 com- 
plex, it can enter the nucleus (7). 

There are two general classes of R sub- 
units, types I and 11, and within each class 
are at least two distinct gene products (2,  6). 
All R subunits nevertheless retain a well- 
defined domain structure. At  the amino ter- 
minus is a dimerization domain, followed by 
an autoinhibitor site that resembles either a 
substrate or an inhibitor. This autoinhibitor 
segment binds to the active site of the cata- 
lvtic subunit. The R subunits are thus com- 
petitive inhibitors of substrate proteins. The 
carboxyl terminus is comprised of two tan- 
dem ho~nologous CAMP binding domains, A 
and B. Site A is masked in the holoenzyme 
so that the cooperative activation is mediat- 
ed by cAMP binding first to site B (8). This 
triggers a conformational change that makes 
site A Inore accessible. Cyclic AMP binding 
to site A then mediates dissociation of the 
complex. The two CAMP binding sites can 
be readily distinguisheil by several criteria. 
Site A has a faster off-rate and has a prefer- 
ence for N6-substituted analogs. Site B, with 
a slower off-rate, is preferred by C2- and 
C8-substituted analogs 19). The CAMP - , ,  

binding domains are also homologous to the 
cAMP binding domain of the catabolite 
gene activator pruieirl (CAP) in Eschenchia 
coli (1 0 ) .  

The domain structure of the R subunits, 
first characterized by limited proteolysis, 
was subsequently probed with deletion mu- 
tants (5). One of the most stable of these 
mutants has a deletion of 91 residues at the 
NH2-terminus (1 1 ). Although monomeric, 
it retains the autoinhibitor site as well as 

the two CAMP binding sites. It forms a tight 
complex rapidly with C ,  and CAMP medi- 
ates activation in a manner similar to the 
tetrameric holoenzyme. Full understanding 
of the molecular basis for CAMP binding 
and for holoenzyme activation requires high 
resolution structures. Crystal structures of 
the C subunit have been determined ( I  l a ) .  
We  describe here the structure of the h l -  
91 deletion mutant of the recombinant bo- 
vine RIa subunit (rRIa). Ever though the 
dimerization domain is absent, this struc- 
ture nevertheless reveals the detailed fea- 
tures of each cAMP binding site and pro- 
vides a molecular basis for the cooperative 
binding of CAMP and activation of the 
holoenzyme. 

Structure solution. The A1-91 rRIa 
subunit, (A1 -9l)rRIa, was expressed in E. 
coli as described ( I  1 ). Unlike the full-length 
R subunit, this deletion mutant is resistant to 
proteolysis. A typical yield is 200 mg from 4 
liters of culture. To  generate a heavy atom 
substitution site, we replaced the Cys residue 
with Ser at position 145 by the Kunkel 
method (12). The expression, biochemical 
properties, and crystallization of (A1-91)- 
rRIa(S145C) are similar to those of 
(Al-9l)rRIa. 

Crystals of (A1 -9l)rRIa and (A1 -91)- 
rR(S145C) were grown by the vapor diffu- 
sion method with the hanging-drop proce- 
dure in Linbro plastic tissue culture plates 
at 22°C ( 1  3). The drops contained 5 y l  of 
protein stock (8  mg/ml) and 5 ~1 of reser- 
voir solution. Hexagonal crystals were pro- 
duced from a reservoir solution of 1.1 to 1.2 
M (NH4),S04 (grade 111, Sigma), 10 to 
12.5 percent glycerol (Sigma) and 10 mM 
dithiothreitol buffered with 80 to 100 mM 
sodium acetate, pH 5.5; they grew to their 
maximum size, 0.15 by 0.15 by 1.5 mm, 
over 3 weeks. They belonged to space group 
P6,22 (P6522), and the ynit cell dime?- 
sions were a = b = 88.9 A,  c = 179.9 A.  
There was one molecule per asymmetric 
;nit with a Matthews coefficient, V,, of 2.9 
A3 per dalton. The solvent content (14) 
was approximately 57 percent. 

Diffraction data for the native and heavy 
atom derivative crystals were collected ini- 
tially with the Xuong-Hamlin multiwire 
area detector system (15) at the NIH Na- 
tional Research Resource at YCSD. The 
native crystal diffracted to 2.9 A resolution. 
Three heavy atom derivatives, namely, two 
mercury derivatives and a gold derivativ5, 
were prepared, and diffraction data to 3.5 A 
were collected. The diffraction data for the 
native protein and the derivatives were 
again measured to higher resolutions with 
an MAR image plate scanner at the Stan- 
ford Synchrotron Radiation Laboratory 
(SSRL). The statistics of data collection 
and the rnultiple isomorphic replacement 
(MIR) phases computed with the program 
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package PHASES (1 6) are l isted in Table 1. 
Solv$nt- f lat tening calculations (1 7) w i t h  
2.8 A MIR phases gave a n  interpretable 
map. T h e  space group was assigned as P6522 
f rom the right-handedness o f  the  oc helices. 

A f t e r  t he  m a p  was computed w i t h  t he  
solvent- f lat tened phases, mode l  bu i l d i ng  
was done w i t h  t h e  graphics programs 
TOM (18) and  0 (19). T h e  program 0 
was used t o  construct  t he  backbone and  
side chains based o n  t h e  Ca trace t h a t  was 
manual ly  generated w i t h  t h e  use o f  TOM. 
T h e  map  showed wel l -def ined e lec t ron 
density fo r  C A M P  b o u n d  t o  b o t h  domains 
A and  B (Fig. 1). T h e  i n i t i a l  m o d e l  in- 
cluded t w o  molecules o f  C A M P  and  three 
segments o f  pept ide chains consist ing o f  

190 residues. T h e  coordinates o f  th is  mod-  
e l  were improved b y  X - P L O R  (20) ref ine- 
ment ,  w h i c h  gave a n  R factor 0 f ~ 3 4 . 1  
percent  fo r  data between 10.0 t o  3.0 A. At 
th is  stage, using the  program S I G M A A  
(21 ), we combined phases f r o m  the  re f ined 
par t ia l  mode l  w i t h  t he  MIR phases, and  
t h e  resul tant  map  revealed bet ter  e lec t ron 
density fo r  t he  unbuilt regions. Seventy- 
four more  residues were incorporated i n t o  
t h e  mode l  after several rounds o f  mode l  
bu i l d i ng  and  phase combinat ions.  T h e  re- 
f i nemen t  was done i terat ively w i t h  
X - P L O R  and  o m i t  maps. At present, mod-  
e l  consists o f  2020 nonhydrogen atoms. 
T h e  N H 2 - t e r m i n a l  residues 92  t o  112 and  
the  C O O H - t e r m i n a l  residues 377 t o  379  

Table 1. Diffraction data and structure solution statistics. N, number of observa- 
tions, Rde,,, = ZIF, - F,,lGF,. Rsy, = ZhZN, = ,/(h) - I(h),lZhXN,= ,l(h),, where 
I(h), is the ith measurement of reflection h and I(h) is the mean value of the N 
equivalent reflections. The R derivative is calculated with respect to a merged data 
set obtained by merging the two data sets. F,, average root-mean-square (rrns) 
heavy atom structure factor amplitude. Fa,,,, average anomalous dispersion 
structure factor amplitude of heavy atoms. E, rms closure error, Centric R,FPh(obs) 
- F,,(calc) X 100ZF,,(obs) - F,l; E,,,,, rms anomalous closure error. The Au 
derivative was formed by soaking the crystal in solutions of 2 mM KAuCI,, The Hg 
derivative was obtained by cocrystallizing with C,H,HgCI, The protein has two 
cysteines, one at residue 345 and the other at residue 360; however, only Cys3"0 
reacted with Hg. For obtaining another Hg derivative, a new mutant was created 
by replacing Ser'45 with Cys. Soaking of crystals of this mutant with 6 mM 
p-chloromercuribenzene sulfonate (PCMBS) yielded a derivative with two Hg sites. 
Diffraction dafa from two native crystals were measured at UCSD (A=1.518 A). 

cou ld  n o t  b e  traced. F ive  o ther  reeions o f  " 
t h e  c h a i n  consist ing o f  residues 113 t o  
118, 275 t o  279, 285 t o  288, 302  t o  311, 
and  375 t o  376 showed u p  in t h e  map  w i t h  
densities less w e l l  de f ined compared t o  t he  
rest o f  t he  structure: however,  these resi- 
dues cou ld  be traced and  were inc luded in 
the  refinements. These regions were a l l  
so lvent -ex~osed.  Residues 302  t o  3 1  1. l o -  
cated in t h e  surface l oop  connect ing  p 4  
and  P5 o f  d o m a i n  B, have  h i g h  B factors. 

Side chains were assigned as follows. 
Cys'45 and C y ~ ~ ~ h e r e  ident i f ied f r om the  
~ o s i t i o n s  o f  t he  mercurv atoms in the de- 
rivatives. In each domain, conserved resi- 
dues interact ing w i t h  C A M P ,  Glu2@" and 
Arg2" in domain  A and G ~ u ~ ~ ~  and Arg333 

Thes? two data sets were merged with a native data set measured at SSRL (A = 
1.08A) on a MAR image plate; the program MOSFLM (45). was used to reduce the 
data from SSRL. The Hg atom position in the C,H,HgCI derivative was located 
from the isomorphous difference Patterson map. The Au position and the posi- 
tions of the two Hg atoms in the S145C mutant derivative were located with 
cross-difference electron density maps, The solvent-flatten~ng calculations were 
done according to Wang eta/, (1 7 ) ,  on the basls of an assumed solvent content of 
50 percent. After convergence, the mean figure of merit was 0.84 with the map 
inversion Rfactor of 29 percent. An analysis of the diffraction pattern revealed that 
the overall temperature factor of the crystal is anisotropic. Hence an anisotropic 
correction was applied. After the correction, the refinement provided an R factor of 
22.1 percent from the prevlous R of 25 percent. Further refinement with the 
program TNT (46) with all the data yielded the flnal R of 22.9 percent. As the high 
reso!ution data were affected by decay, we confirmed our present refinement to 
2.8 A data. 

Data sets used in the structure determination 

Data set Reflections Observations dm,, Rsym 
(N) (N) (4 (%) 

Overall 
complete Rderiv 

(%) (%) 
Device 

- - - - - 

Natlve 1 8904 61 857 3 0 4 8 99 3 Mult~w~re 
Natlve 2 15809 37561 2 4 5 5 88 5 MARISSRL) 
C,H,HgCI 14656 53743 2 5 7 5 95 0 7 8 MAR(SSRL) 
KAuCI, 9494 19257 2 7 6 9 83 8 11 8 MAR(SSRL) 
Hg der~vat~ve of S145C mutant 9801 52070 2 8 8 9 88 7 10 7 MAR(SSRL) 

MIR statistics of the heavy atom derivatives 

Average resolution of the shell (A) 
Derivative Measurement 

Overall 9.16 5.57 4.63 4.12 3.77 3.51 3.31 3.15 3.01 2.87 

Centric R 0.68 
KAuCI, FH/E 1.40 1.58 1.84 1.54 1.36 1.24 1.26 1.44 1.27 1.21 1.29 

Centric R 0.58 
Hg derivative of S145C mutant FH/E 2.08 2.32 2.36 1.99 1.88 2.01 2.07 2.15 1.96 2.02 1.98 

Centric R 0.64 

Figure of merit 0.66 0.737 0.714 0.684 0.686 0.674 0.648 0.656 0.622 0.576 0.563 

Refinement 

Model Final R B factor Data selection Programs factor 

190 residues + 2 cAMP 
247 residues + 2 cAMP 
264 residues + 2 cAMP 
264 residues + 2 cAMP 

Overall 
Individual 
Individual 
Fixed 

10.0-3.0 4 l/u>2 
10.0-2.8 A l/u>2 
8.0-2.8 r\ j /u>2 
15.0-2.8 A all F 

X-PLOR 
X-PLOR 
X-PLOR 
TNT 
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in domain B, were identified. TrpZ6O was 
identified bv its ~roximitv to the adenine , & 

ring in domain A. With 'these residues as 
markers, side chains were eventually as- 
signed for all the remaining residues. At 
present, the R factor for the model is 2 1 .a 
percent for all the data between 8 to 2.8 A 
with I/u 2 2.0 (Table 1). The root-mean- 
square (rms) deviations from oideal bond 
length and angles are 0.019 A and 2.8", 
respectively. Ramachandran plots of +,* 
angles (22) showed that most of nonglycine 
and nonproline residues are within the al- 
lowed regions with 82.3 petcent of the 232 
residues in the energetically most favored 
areas. Only eight nonglycine residues fall 
into the generously allowed regions. Five of 
these residues, Pro117, Lys118, Arg304, 
Glu306, and Glu308, are located in regions 
where electron densitv is less ordered. as 
indicated above. The bther three residles, 

GlulS7, Se919, and are in surface 
loops. 

Molecular architecture. The molecule is 
a monomer with an alp structure consisting 
of two cAMP binding domains, each having 
a similar folding pattern to the cAMP bind- 
ing domain of CAP (Fig. 2). To simplify 
comparisons, we have adopted a nomencla- 
ture based on CAP, and we aligned the 
sequences of the cAMP binding domains in 
CAP, RIa, and RIIa (Fig. 3). The first 21 
residues of this deletion mutant are not 
seen, presumably because this region is dis- 
ordered. This segment includes the autoin- 
hibitor site that mimics the substrate recog- 
nition site and binds to the active site of C. 
The structure begins with Arg1l3 followed 
by a helix (a-X:N) (see legend to Fig. 2 for 
nomenclature). An extended chain then 
turns into cAMP binding domain A. The 
COOH-terminus of domain A goes imme- 

Fig. 1. Stereo view of the (2F0 - FJ electron density of the cAMP binding regions of domain A at 2.8 A 
resolution. The map is contoured at 1.5 sigma; cAMP and three residues, GIuZw, ArgZo9, and Trp260, with 
prominent interactions are shown. 

Fig. 2. General architecture 
of (Al-9l)rRla. The three 
domains, shown as a ribbon 
representation of the back- 
bone, are colored with the 
NH,-terminal region in gray, 
domain A in cyan, domain B 
in magenta, and cAMP in 
yellow. WZ6O and Y3", affin- 
ity labeled by 8-N3-CAMP, 
are shown in red. For no- 
menclature we have adopt- 
ed the numbering used for 
the cAMP binding domain of 
CAP. The three major heli- 
ces in domain A are named 
aA:A, aB:A, and &:A, and 
the corresponding helices in 
domain B are named d : B ,  
aB:B, aC:B, (Fig. 3). Each P 
strand is likewise designat- 
ed pl :A, P2:A. . .p8:A in domain A and pl :B, p2:B, and so forth in domain B. In that the NH,-terminus 
is missing in this deletion mutant, the first helix is designated at present as a-X:N. 
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diately into domain B. The last three resi- 
dues are disordered and not seen. The mol- 
ecule is elongat$d with oyerall dimensions 
of 65 A by 45 A by 34 A consistent with 
earlier estimates of dimensional asxmmetry 
based on the Stokes radius (27.5 A) (1 1). 
The distances between the tyo CAMP mol- 
ecules is approximately 26 A. 

The specific topography of each cAMP 
binding domain (Fig. 4) consists of three 
major a helices and eight P strands. The 
eight p strands form a flattened P barrel, 
consisting of two antiparallel P sheets, each 
with four strands, connected in a jelly-roll 
topology. The V-shaped pocket in this jelly- 
roll p barrel forms a major part of the 
cAMP binding site. The three helices are 
connected to the ends of the p barrel. Helix 
A is at the NH2-terminus and helix B, 
followed immediately by helix C, is at the 
COOH-terminus. Helices A and B are 
antiparallel. Between strands 6 and 7 is a 
short helix, a-B', sitting on the top edge 
of the jelly roll. The phosphate group of 
the cAMP is located near the NH2-termi- 
nus of this helix and, as discussed later, the 
capping of this helix is integrally depen- 
dent on CAMP. 

Cyclic AMP binding sites. In both do- 
mains CAMP is bound in a syn conforma- 
tion. The phosphate and the ribose ring 
interact with the protein through several 
hydrogen bonds and electrostatic contacts. 
These interactions mostly occur among 
highly conserved residues in the segment 
linking P strands 6 and 7. In contrast, the 
adenine ring interacts primarily through hy- 
drophobic and stacking interactions with 
residues in and near the C helix. The nu- 
cleotide is thus sandwiched between the b 
barrel and the C helix. The conserved res- 
idues, GluZm and Arg2* in domain A and 
G ~ u ~ ~ ~  and Ar$33 in domain B, participate 
directly in cAMP binding. The Glu residues 
interact with the 2'-OH of the ribose ring 
while the Arg residues interact with the 
phosphate. In both sites, an aromatic side 
chain, TrpZ6' in domain A and TyP7' in 
domain B, stacks with the adenine ring. 

While Fig. 4, A and B, shows the general 
features of each cAMP binding domain, the 
multiple contacts between cAMP and the 
protein are summarized in detail in Fig. 4, C 
and D. The region extending from Gly'99 to 
Ala210 in site A and from Gly323 to Ala334 
in site B are linked by an extensive network 
of contacts that are synergistically depen- 
dent on the presence of CAMP. For exam- 
ple, GluZoo makes multiple contacts. In ad- 
dition to its interaction with the ribose 
2'-OH, it also hydrogen bonds to the Nel 
of Trp260 and is stabilized by electrostatic 
contacts with Arg241. GluZm also begins the 
one-and-a-half-turn helix. Most of the un- 
paired amides at the beginning of this helix 
are capped by interactions with protein side 
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chains or by cAMP. For example, the aNH 
of Glu199, conserved so far in all of these 
cAMP binding sites, hydrogen bonds to the 
2'-OH of cAMP. The aNH of Glu200 hy
drogen bonds to the Oe2 of its own side 
chain- The aNH of Ala202 hydrogen bonds 
to the equatorial oxygen of the phosphate 
in cAMP. The aNH of Leu203 hydrogen 
bonds to the a carbonyl of Leu201. Thus, 
the architecture of this site, and specifically 
the secondary structure that includes this 
short helix, is integrally dependent on the 
presence of cAMP itself. The stacking of 
the adenine ring with Trp260 also depends 
on this network of interactions involving 
Glu200. The Arg209 plays a major structural 
role in addition to binding cAMP. It con
tributes to cAMP binding by interacting 
with the equatorial exocyclic oxygen of the 
cAMP phosphate. This same Nr\ nitrogen 
also is only 3.5 A from the backbone car
bonyl of Gly199. Thus Arg209 bridges the 
conserved segment that links p strands 6 
and 7. However, by contacting the back
bone carbonyl of Asn171 in p strand 3 and 
the side chain carboxylate of Asp170, it 
bridges the cAMP binding domain and 
transmits a signal that extends beyond the 
immediate cAMP binding site. The inter
action with Asp170 also contributes to the 
neutralization of the charge on Arg209. 

A similar .network of contacts is found in 
site B (Fig. 4D). Glu324 hydrogen bonds 
with the 2'-OH of the ribose ring, to the 
phenolic OH of Tyr371, and interacts with 
its own backbone amide. The aromatic side 
chain at the end of the C helix is thus 
positioned both by its stacking with the 
adenine ring of cAMP and by hydrogen 
bonding to a conserved residue in the p 
barrel. Likewise, the backbone amide of 
Gly323 also interacts with the 2'-OH of the 
ribose, and Glu324 is followed by a short 
helix- Most of the unpaired aNH groups at 
the beginning of this helix also hydrogen 
bond in a manner similar to that in domain 
A. Unlike Glu200, Glu324 does not interact 
with an Arg comparable to Arg241. As in 
domain A, conserved Arg333 forms a single 
ion pair with the equatorial phosphate ox
ygen of cAMP but also plays a structural 
role by interacting with the backbone car-
bonyls of Gly323 and Glu289, which is in p 
strand 3, similar to domain A. In domain B 
there is no carboxylate near Arg333 to help 
neutralize its charge; but there are still po
tential interactions with residues that ex
tend from Gly287 to Glu289. 

In addition to the electrostatic interac
tions, the tight binding of cAMP with Kd's 
of 10 to 100 nM involves a number of 
strong hydrophobic interactions. In site A, 
one side of the adenine base faces a hydro
phobic pocket formed by the side chains of 
Ala189, Val184, Val182, Ala210, and Ala211. 
On the other side, the five-member ring of 

the adenine base stacks with the indole ring 
of Trp260 while the six-member ring has van 
der Waals contacts with Leu201. In cAMP 
binding site B, the adenine ring is sand
wiched by hydrophobic interactions be
tween the side chains of Leu316, Tyr371, 
Ser373, and He325 on one side and Val300, 
Val313, and Ala335 on the other. The phe
nol ring of Tyr371 also stacks with the ade
nine ring. The stacking of the aromatic 
rings of Trp260 and Tyr371 with the adenine 
ring of cAMP also orients the dipole mo
ments of the adenine, Tyr, and Trp rings in 
an antiparallel alignment as predicted (23). 
Whereas the dipole moments for the ade
nine and Trp rings are fixed, the dipole 
moment of Tyr depends on the rotation of 
the phenolic hydroxyl group. The hydroxyl 
group of Tyr371 is fixed by a hydrogen bond 
to Glu324 so that the dipole of Tyr371 can
not rotate. 

In prokaryotes the primary receptor for 
cAMP is CAP where cAMP binding direct
ly mediates gene expression (24). As pre
dicted by sequence alignments (Fig. 3) (10), 
the general features of the cAMP domains 
in CAP and R are conserved although we 
were unable to solve the structure by mo
lecular replacement with the coordinates of 
CAP. Each cAMP binding domain has 
three main helices and an eight-stranded p 
barrel. There are three invariant Gly resi
dues in each domain. One of them (Gly166 

in domain A and Gly285 in domain B) lies 
between p2 and p3 and is situated at the 
third corner of a type II p turn. Type II p 
turns prefer a Gly residue at this position. 
The second conserved Gly is located in a 
loop connecting p3 and p4- The third in
variant Gly begins the active site pocket, 

Gly199 in A and Gly323 in B. A larger side 
chain here could collide with the adenine 
ring. Although the fold is conserved, the 
length of the C helix and its position rela
tive to the p barrel differ in these three. 
structures (Fig. 5). Most significant is the 
displacement of the C helix in domain A 
away from the p barrel. As discussed below, 
two residues, Trp260 and Arg241, specifically 
keep this helix extended away from the 
barrel. 

The different conformation of cAMP, 
syn in R and and in CAP, is due most 
likely to differences in the environment 
surrounding the adenine rings. The stack
ing of the adenine ring with aromatic side 
chains comparable to Trp260 and Tyr371, 
for example, is missing in CAP. Another 
difference is that the short helix found 
between p strands 6 and 7 in the R sub-
units is missing in CAP. CAP has one 
extra residue in the region that links p6 
and p7, and this may prevent the helix 
from forming. Cyclic AMP binding is 
three orders of magnitude tighter in R 
than CAP. The presence of the phos-
phate:helix interactions and the stacking 
interactions between the adenine rings 
and the aromatic side chains probably ac
count for this difference, at least in part. 

In eukaryotes, homologous cAMP bind
ing motifs are conserved in the R subunits 
of cAPK, in the guanosine 3',5'-monophos
phate (cGMP)-dependent protein kinase 
(cGPK), and in the cyclic nucleotide-gated 
channels (25). The difference in relative 
specificity for cAMP compared to cGMP is 
approximately a factor of 100 for cAPK and 
cGPK (26). One residue that partially ac
counts for this specificity is the equivalent 

« * P i P2 P3 B4 B5 
1 ' ' ' ' 3J ' ^ i i r—^—i 

CAP 8/DPTLEWFLSHCHIHKYPSKSTLIHQEEKAETLYYIVK|SsVAVLIKDEE GKEMILSYLNQG/67 

CCA: A Pl:A R2:A 03:A (34: A B5:A 
1 1' U59 P i # ( M-- (ii^_1 188 r^l 

RIOC 14 1 /DNERSDIFDAMFPVSFIAGETVIQQHDEGDNFYVIDQgEMDVYVN NEWATSVGEG / 19 5 
RIIOC 141/PEQLSQVLDAMFERTVKVDEHVIDQBDDGDNFYVIERETYDILVTK DNQTRSVGQYDNH/19 9 

w 150 170 190 -<V 
-f aA:B Pl:B B2 : B B3:B [U : B B5:B 
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Fig. 3. Sequence alignment of the cAMP binding domains of Rl, Rll, and CAP. Rl corresponds to bovine 
Rla and Rll corresponds to bovine Rlla. Residues that are conserved in all three proteins are indicated by 
black boxes. Sites of affinity labeling with 8-N3-cAMP in the native protein are indicated by filled stars. 
Sites affinity labeled in the proteolyzed protein are indicated by open stars. Residues identified as 
important for cAMP-mediated activation by genetic screening are indicated by black dots. Single-letter 
abbreviations for the amino acid residues are A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, lie; 
K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gin; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. 
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of Ala2'@ (domain A) and Ala334 (domain 
B) in RIa. This is always a Thr in cCPK 
and an Ala in R. Replacement of these Ala 
residues with Thr in RIa did improve spec- 
ificity for cCMP but did not weaken the 
affinity for cAMP (27). On the basis of the 
current structure, replacing Ala2'@ with Thr 
and adding an NH, at the posjtion 6 of 
cAMP gives a distance of 2.4 A between 

the OG1 of Thr and the N2 of cGMP. 
Correlation of the structure with chem- 

ical data. Affinity labeling with 8-N3- 
cAMP was used to identify residues near the 
cAMP binding sites. Two sites were labeled 
in RIa: Trp26@ in Site A and T ~ 7 1 i n  Site B 
(28). In the RII subunit, Trp260 is replaced 
with a Ser and only one site was labeled, 
TyGal, the equivalent of Tyg7I in RI (29). 

c. I 
Fig. 4. (A and B): Overall features of the cAMP binding domains. Ribbon diagrams of domain of CAMP 
binding domains A and B are shown in (A) and (B), respectively. The general orientation of CAMP (yellow), 
relative to the p barrel and the C helix is shown. Conserved residues (R209 and E200 in domain A and Rm 
and E324 in domain B) are indicated. Stereo views of the hydrogen bonding interactions between CAMP 
and the protein are shown in (C) (site A) and (D) (site b). Additional residues, R241, E267, and that 
interact directly with cAMP domain A are also shown. Possible H bonds are indicated by dashed lines 
(distances < 3.3 a). Space-filling models of each cAMP binding site are shown in (E) (site A) and (F) (site 
B). Atoms of cAMP and residues involved in cAMP binding are colored differently: carbon in yellow, 
nitrogen in blue, phosphorus in dark blue, oxygen in red, the others in pink. C8 is the site of attachment 
of the photoreactive azido moiety. 
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These two aromatic side chains in RIa are 
optimally aligned, which presumably ac- 
counts for the exceptionally high efficiency 
in labeling (Fig. 4, E and F). 

Affinity labeling of proteolytic frag- 
ments and deletion mutants provide an in- 
dication of conformational flexibility. For 
example, when domain B (residues 260 to 
379) in RIa is deleted, all the residues 
normally labeled are absent. In this protein, 
Tyr244 was labeled by 8-N3-CAMP (30), 
indicating that, in the absence of domain B, 
the C helix in domain A moved closer to 
the p barrel, thus resembling more closely 
the orientation in both domain B and CAP 
(Fig. 5). When the NH2-terminus of the 
RII subunit was removed by proteolysis 
(residues 1 to 94), the pattern of photoaf- 
finity labeling also was altered. In this 
case, Tyr196 in domain A was labeled, in 
addition to Tyrj8', indicating that the 
NH,-terminus also imposed some structur- 
al constraints on the COOH-terminal part 
of the molecule (31 ). 

The chemical features of the two cAMP 
binding sites were also mapped with cAMP 
analogs (32). As predicted, no strong hy- 
drogen bonding interactions exist between 
the adenine ring and the protein; most of 
the interactions are hydrophobic and stack- 
ing. The closest potential hydrogen bond is 
between the N6 in cAMP bound to domain 
B and the backbone carbonyl of 
Whereas three H bonds between the 2'-, 
3'-, and 5'-ribose oxygens were predicted, 
only the 2'-OH hydrogen bond was ob- 
served in the structure. The importance of 
the exocyclic phosphate oxygens was also 
correctly predicted. Although the axial ox- 
ygen interacts with the amide of Ala2" and 
Ala3j4, respectively, in site A and B, the 
equatorial oxygen binds to the side chain of 
Arg209 and to the amide of Ala202 in site A 
and to Arg333 and Ala326 in site B. There is 
no evidence, however, for a ~entacovalent 
intermediate as was suggested. Analogs also 
predicted correctly that cAMP binds to R 
in a syn conformation, in contrast to the 
anti conformation seen in CAP. 

Analogs also can discriminate between 
sites A and B (33). Site A can accept 
analogs having substituents at the C6 posi- 
tion whereas substituents at the C8 position 
are not well tolerated. The N6 of cAMP 
bound to site A is exposed, but the acces- 
sibility of the C8 position is blocked by the 
six-member ring of Trp260, as well as by 
Va1lE2 and Val'92. In contrast, site B  refers 
analogs substituted at the C8 position, and 
in this site, the accessibility of the N6 po- 
sition is blocked by van der Waals contacts 
with four residues, Tyg7', Se?73, 
and Val3I3, the N7-C8 edge of CAMP is 
accessible (Fig. 4F). Another feature that 
distinguishes the two sites is the relative 
off-rates for CAMP. In site B with its slower 
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off-rate, the cyclic nucleotide is buried more 
deeply and is packed tightly against Tyr3". 
At the base of the cAMP binding pocket, 
for example, Arg333 is completely buried by 
the nucleotide (Fig. 4F). In contrast, cAMP 
binds to domain A with a relatively fast off 
rate. In the crystal structure, this cAMP 
binding site is more open. 

Of the hundreds of cAMP analogs tested, 
only one group served as antagonists, the 
chiral phosphorothioate analog (Rp)cAMPS, 
and its analogs (34). When the sulfur is in 
the equatorial position, as in (Rp)cAMPS, 
dissociation of the holoenzyme was 
blocked, whereas (Sp)cAMPS was an ago- 
nist. Sulfur bas a larger van derQ Waals 
radius (1.70 A) than oxygen (1.35 A)  (35), 
and the P-S bond length of the phosphoro- 
thioate group is acsordingly longer (1.95 A 
compared to 1.5 A). Because most of the 
charge resides on the sulfur, the resonance 
of the electrons is also reduced in these 
chiral analogs (36). Sulfur also does not 
form hydrogen bonds as well as oxygen. In 
(Rp)cAMPS, the sulfur replaces the equa- 
torial oxygen that interacts with ArgZo9 and 
the amide backbone of AlaZoZ in Site A. In 

w c a p  Domain A 

Fig. 5. Comparisons of each cAMP binding do- 
main from RI and CAP. a-C atoms of the p barrel 
of each cAMP binding domain were superim- 
posed using Program 0. (A) Domain A (darker line) 
and CAP. R241 in domain A and R123 in CAP 
stabilize the conserved Glu in the cAMP binding 
site through salt bridges. (B) Domain 6 (darker 
line) and CAP. (C) Domain A and domain B (darker 
line). TyrZ44 is affinrty-labeled when the domain B 
is deleted. 

the crystal structure the charge of ArgZo9 is 
neutralized in part by A.spl7O. With (Rp)- 
CAMPS bound, the charge of R209 would 
be neutralized predominantly by the nega- 
tive charge on the sulfur leaving no anchor 
for Aspl7'. The hydrogen bonding to 
AlaZoZ would also be disturbed. The larger 
size of the sulfur in both of the chiral 
analogs probably causes steric hindrance 
and accounts for their low affinity. At this 
point, it is not clear why (Sp)cAMPS, and 
not (Rp)cAMPS, is an antagonist for CAP. 

Genetic approaches also identified func- 
tionally important residues. The most ex- 
tensive genetic mapping has been done in 
RIa of S49 mouse lymphoma cells (37). For 
these cells cAMP is toxic. By isolating mu- 
tants that were resistant to CAMP, a family 
of RIa mutants defective in cAMP binding 
were identified. Most of these dominant 
negative mutations (Fig. 3) are located in 
the highly conserved P6-P7 loops. Addi- 
tional residues that lie outside this loop are 
Gly169 and ArgZ4l in domain A and TrpZ6' 
and in domain B. Gly169 precedes 
Aspl7', which ion pairs with ArgZo9, and 
ArgZ4', which is critical for cooperativity 

(38), pairs with GluZm, as predicted (39). In 
domain B, TrpZ60 stacks with CAMP, and 
IleZ9) is at the hydrophobic interface be- 
tween the two domains. Other mutations, 
genetically engineered into the RIa sub- 
unit, have provided insights into the chem- 
ical structure of the cAMP binding sites and 
the cooperativity between the two sites. 
Extensive in vitro analysis of mutants such 
as ArgZOgLys, Gly199Glu, and Ala335Asp, 
has confirmed the importance of these res- 
idues for cAMP binding and signaling (40). 

Molecular basis for cooperativity. A 
primary region of contact between domains 
A and B is an extended hydrophobic sur- 
face. Specifically, the hydrophobic surface 
in domain B formed by Val265, Leu269, 
Val346, Ile292, Tyg2', 
VaPS6, Cy~360, and 11e363 is covered by 
Tyr244, Phe247, LeuZ4', ValZ5', 
LeuZs4, and Leu257 from domain A (Fig. 6). 
In addition, the ends of aA:B are anchored 
by further electrostatic and hydrophobic in- 
teractions with domain A. TrpZ60, which is 
a critical residue that links the two do- 
mains, was first indicated to be important 
by affinity labeling (28). It lies at the be- 
ginning of aA:B and is thus part of the 
secondary structure of domain B, yet its side 
chain interacts directly with cAMP binding 
site A by stacking with the adenine ring 
and by hydrogen bonding to the conserved 
GluZm (Fig. 6). Thus it is an integral part of 
the network of contacts that define cAMP 

Fig. 6. Interactions between domains A and B. 
The a carbons of residues that participate in hy- 
drophobic interactions between the two domains 
are indicated as balls. Additional residues that 
could play a role in mediating allosteric interac- 
tions are indicated (EZw, RZog, KZ4O, R241, W6O, 
Ez67, E324, R-, V71), as are the bound CAMP 
molecules. The arrow indicates the site where 
CAMP binds first in the holoenzyme. 
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binding site A. Another interdomain hydro- 
gen bond interaction involves the side chain 
of &:A, which hydrogen bonds to 
the backbone carbonyls of Asp26' and 
Leu269 at the COOH-terminus of ciA:B. Fi- 
nally, there is an electrostatic interaction 
between ArgZ4' and Asp267. Thus the A 
helix of domain B is anchored firmly to key 
regions of site A by hydrophobic, electro- 
static, and hydrogen bonding interactions. 

One question relating to the R subunits 
of cAPK is how the cooperative binding of 
cAMP leads to the dissociation, and thus 
activation, of the holoenzyme. Although 
we cannot fully understand this process un- 
til a structure of the holoenzyme is solved, 
we can begin to understand how communi- 
cation between sites A and B and the C 
subunit might be mediated from the struc- 
ture of the R subunit. A deletion mutant 
lacking domain B (A260-379) and even a 
double mutant, where both the NH2-termi- 
nus (Al-91) and domain B are deleted, still 
bind C tightly (1 1 ,  41), demonstrating that 
domain B is not required for high affinity 
binding to C. On the basis of kinetic argu- 
ments, site A is masked in the holoenzyme 
(8). Thus, in the sequential cooperative 
pathway for activation of cAPK, cAMP 
binds first to site B, which "opens up" site 
A allowing cAMP to bind and C to be 
released. . , 

There are only two stable conformations 
of the R subunit; the CAMP-saturated, dis- 
sociated R and the holoenzyme. The inter- 
actions between domains A and B as well as 
the immediate environment of each cAMP 
binding site must be different in these two 
structures. Since no structure of any CAMP- 
free domain is yet available, we can only 
speculate on the conformational changes 
that take place. The C helices, however, 
probably play an important role in both 
domains. The aromatic side chains of 
TrpZ6%nd Tyr3", for example, are packed 
tightly against the cAMP ligands and have 
no contacts on the sides away from CAMP. 
They must therefore either collapse into the 
cAMP binding pocket in the absence of 
cAMP or otherwise rearrange. The C helix 
in domain A also is slightly bent suggesting 
a strained conformation. When cAMP 
binds to site B in the holoenzyme and stacks 
with Tyr371, the orientation of the C helix 
relative to the p barrel has to change. The 
fact that cooperativity is lost when Tyr3" is 
replaced with Phe (42) confirms the impor- 
tance of this initial binding of cAMP to 
domain B and suggests that the strong di- 
pole-dipole interaction between cAMP and 
Tyr371 is important. The cAMP binding to 
site B will also influence the position of the 
NHz-terminus of aC:B. Two residues here, 
Cys36"nd are directly involved in 
the hydrophobic interactions between the 
two domains. The equivalent of Cys36"n 

RII is more accessible in the holoenzyme 
than in the dissociated R,(cAMP)~ (43) 
(Fig. 6). As indicated earlier, this hydro- 
phobic region is linked in multiple ways to 
cAMP binding site A with Aspz6' and 
T ~ - p ~ ~ % e i n ~  of particular importance. Re- 
placement of ArgZ4', which binds directly 
to both Asp267 in domain B and Glu2" in 
domain A, with Ser or Lys demonstrated 
that this residue is a key feature for the 
allosteric coupling between sites A and B 
(38). Thus communication between the 
two domains is likely carried out through 
the C helix of domain B to the interdomain 
hydrophobic interaction region and trans- 
mitted to site A through residues AspL6', 
Arg241, GluZ", and Trp260 or vice versa. 

When holoenzyme forms, the initial 
docking of C to R involves interactions of 
the autoinhibitor site in R with the active 
site cleft in C. This autoinhibitor site in the 
free R subunit is extremely labile to prote- 
olysis (5, 6) and, in our structure, the first 
21 residues are disordered. This initial in- 
teraction is essential; however, it is not 
sufficient to convey high affinity binding. 
To achieve high affinity binding requires 
interactions involving the surface of C that 
lies COOH-terminal to the consensus site 
peptide. This is the surface that surrounds 
and includes the essential phosphorylation 
site, Thr19' (44). Point mutation of the 
P-Thr itself as well as the basic residues that 
bind the phosphate all interfere with R 
subunit binding. The second step in form- 
ing holoenzylne would thus be the docking 
of the C subunit, with its active site cleft 
occupied, to a region on cAMP binding 
domain A. With this structure we can now 
begin to model these interaction sites. 
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