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bare space (-70% of total) (Fig. 3), allon~ing 
BotryNoicles recruits that had sun-i\-ed beneath 
the :lfolg~tlcl "canopy" to expand. A siinilar 
pattern was observed among co~nrnunities ini- 
tially composed of only the semelparous colo- 
nial ascidian Boti:l~ll~ts sch1ossei.i (19) (not 
shourn). which died after reproducing. "Boom 
and bust" population cycles are characteristic of 
many epifaunal maline inveitebrates (I 7-20), 
and this feature may contribute substantially to 
the susceptibility of these simple communities 
to in\-asion. 

Species-rich conxnurities appear to be buff- 
ered from such fluctuations in space availability. 
Although the abundance of each species in mul- 
tispecies cornnmnities varied. these 1-aiiations 
were out of phase. and the amount of open space 
that became a\-ailable was less than that in sim- 
pler con~munities. For exarnple, co~nnlunities 
that initially contained Botiyll~ts, iCfolg~~li(. 
Ci~ptosztlr. and Cioim showed little change in 
the availability of free space tl~oughout the 
course of the experiment (Fig. 3). This resulted 
from the sequential replacement of species; 
when one specles decl~ned, o the~s  nlc~eased 
and thus mainta~ned high total coler Be- 
cause little space became available in these 
experiments, Boti:l~lloides recruits had little 
room to grow. and fen, sunived (Fig. 2). 
The consistently high co\-er in more spe- 
cies-rich communities may also reduce new 
recruitment of exotic invaders into these 
communities because these organisms typi- 
cally do not settle directly on resident adults 
(21). In theoiy. a single species that could 
effectively monopolize space for a long period 
of time could resist invasion at least as well as a 
multispecies assemblage. Hon~ever. the exis- 
tence of such species in shallow-water epifaunal 
communities such as these appears unlikely be- 
cause of the shoi-t life-span of most species, the 
absence of a rigid competitive hierarchy, and the 
i~nportance of "p~ioiity" effects (I 7). Differenc- 
es in primaiy- space availability appear to 
dri\-e the relation betnreen diversity and inva- 
sibility in this system, but this model should 
be applicable to any system in which the 
limiting resources (such as light or nutrients) 
are clearly identifiable. 

All natil-e species used in our experiinents 
could be placed in the same hophic and fi~nc- 
tional groupings, as they are all sessile, suspen- 
sion-feeding invertebrates. As has been pro- 
posed for other cornrn~u~ities (22), functionally 
redundant species may represent a foiln of bi- 
ological insurance against the inevitable loss of 
any one species as a consequence of natural 
population cycles or disturbances. Our results 
lend empiiical support to this idea fronl the 
marine en\-iroixnent, strengthening the argu- 
inent for efforts to presei~e naturally occuning 
biodil-ersity. regardless of whether some spe- 
cies are filnctio~lally similar. Because biodiver- 
sity loss promotes invasion and successful in- 
\-asion may further decrease biodiversity (2-4), 
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Structural Analysis of the 
Mechanism of Adenovirus 

Binding to Its Human Cellular 
Receptor, CAR 

Maria C. Bewley, Karen Springer, Yian-Biao Zhang, 
Paul Freimuth," John M. Flanagan" 

Binding of virus particles to specific host cell surface receptors is known to be 
an obligatory step in infection even though the molecular basis for these 
interactions is not well characterized. The crystal structure of the adenovirus 
fiber knob domain in complex with domain I of its human cellular receptor, 
coxsackie and adenovirus receptor (CAR), is presented here. Surface-exposed 
loops on knob contact one face of CAR, forming a high-affinity complex. 
Topology mismatches between interacting surfaces create interfacial solvent- 
filled cavities and channels that may be targets for antiviral drug therapy. The 
structure identifies key determinants of binding specificity, which may suggest 
ways to modify the tropism of adenovirus-based gene therapy vectors. 

Ivlany viral infections are initiated by the cells. Enveloped virclses, such as human iin- 
specific binding of specialized proteins or munodeficiency virus (HIV),~:attach to host 
attachment factors on the virion's surface to cells by means of spike-like membrane gly- 
glycoprotein receptors on the surface of host coproteins, whereas 111ost nonenveloped 1-i- 

ruses, such as poliovirus, attach by means of 
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specialized domains integral to their capsids. 
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gov their icosahedral capsid. which terminate in 
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globular knob domains (-175 residues). In- olution (4). The data collection and refine- 
fection is initiated by the formation of a ment statistics are shon~n in Table 1. Adopt- 
high-affinity complex between these knob ing the nomenclature of Xia, used for the 
domains and a host cell surface protein. For structure of the Ad5 knob (5), Ad12 knob 
the majority of the >50 known Ad serotypes, momomers also have an eight-stranded anti- 
this receptor is CAR, which is also the cellu- parallel P-sandwich fold. The packing of 
lar receptor for group B coxsackieviruses (I),  strands J, C, B, and A (called a sheet) from 
CAR is an integral membrane protein of un- adjacent monomers form the tightly packed 
known cellular function that is expressed in a trimer interface and create a large cavity lo- 
wide range of human and murine cell types. cated along the central threefold axis of sym- 
Its two extracellular immunoglobulin super- metry that was proposed as a potential recep- 
family (Ig) domains mediate Ad and coxsack- tor binding site (5). Strands G, H, D, and I (R 
ievirus B infections, possibly with different sheet) form a solvent-exposed P sheet that 
parts of the molecule. After CAR binding. Ad was also identified as a putative receptor- 
replicates within the nuclei of cells, causing binding site (5). The major difference be- 
frequent and generally mild infections of the tween the structures of the two knobs, which 
upper respiratory and gastrointestinal tracts. both bind CAR. is in the HI loop, which in 
Their efficiency of infection and their ability Ad12 (residues 548 to 556) is well ordered 
to transport large amounts of DNA are two of but in Ad5 (residues 536 to 549) is a five- 
the properties of Ad that have prompted their residue extended and disordered loop ( 6 ) .  
development as gene delivery 1-ectors for ex- To locate the actual CAR-binding site on 
perimental gene therapy (2). Understanding 
the molecular details of the knob-CAR com- 
plex is one step toward developing better 
gene-deli\-ery systems with altered tropism or 
increased receptor binding affinity. or both. 

The knob domain from Ad serotype 12 
(Ad12) and the NH,-terminal domain of hu- 
man CAR (CAR D l )  were overexpressed in 
Escherichia coli as soluble protein fragments. 
To determine the molecular basis for the 
specificity and tight affinity of this interac- 
tion (3) ,  we crystallized and determined the 
structure 'of the Ad12 knob alone and in 
complex with human CAR D l  to 2.6 A res- 

Ad12 knob, n7e sol\-ed the structure of the 
Ad12 knobhuman CAR D l  complex (Table 
1). It has a triskelion shape with three CAR 
D l  monomers bound per knob trimer (Fig. 
1A). This multiplicity for CAR binding cou- 
pled with the high affinity of the interaction 
may contribute to the high efficiency of Ad 
infection. In the complex, CAR D l  (residues 
1 to 123 of the mature protein) adopts a 
P-sandwich fold that is characteristic of Ig 
variable (Igv) domains (Fig. 1B). CAR D l  
does not bind at either of the predicted sites 
on knob. Instead, each CAR D l  molecule 
binds at the interface between two adjacent 

Table 1. Summary o f  data collection statistics. Numbers i n  parentheses refer t o  data i n  the outermost 
resolution shell. AU, asymmetric unit. I, intensity. R,,,, is based on -3% of  the data. 

Ad12 knob Ad12 knob- 
CAR D l  

Thimerosal 

Crystal parameters 
Space group pz, P4,32 P4,32 
Cell dimensions (A) a = 6 1 . 9 1 , b = 1 0 4 . 8 2  a = 1 6 7 . 8 5  a = 167.44 
Matthew's coefficient 2.12 5.67 5.63 
No, o f  molecules i n  AU 2 knob trimers 1 knob monomer 1 knob monomer 

1 CAR D l  1 CAR D l  
Data collection 

Resolution (A) 30-2.6 30-2.6 30-3.4 
Unique observations 27987 24636 11487 
Redundancy 2.5 14.2 13.8 
Rmerge (%)* 10.0 (22.4) 7.0 (34.6) 9.8 (23.6) 
Completeness (%) 100.0 (100) 100.0 (100) 99.6 (99.7) 
I/ul 
Phasing power, FOM 

10 (3) 20 (6) 12 (5) 
1.1, 0.2 

Refinement statistics 
Resolution l imits (A) 20-2.6 20-2.6 
No. o f  protein atoms 8406 2342 
No. o f  water molecules 0 70 
R factor (%)t 24.1 22.5 
Ri ree  (%I 29.4 24.9 
No. o f  reflections i n  free 1125 739 

set 
Geometric parameters 
Bond length (A) 0.008 0.008 
Bond angle (") 1.70 1.65 

*R,,,,, = Zl(I,,,,( - ( I,,,/Z I,,, . +R = & ( F ,  - ( F , / Z  F,( ,where IF , (  is the structure factor of observed 
data and I F ,  IS the structure factor of the model. 

Ad12 knob monomers, consistent with the 
observation that most neutralizing antibodies 
to knob are directed against the trimer, rather 
than the monomer (7).  In contrast to some 
viruses, which undergo a conformational 
change to expose the binding site, we find 
that complex formation in Ad occurs without 
any notable rearrangement in the knob struc- 
ture. This may also be true of CAR D l ,  
because in the complex it is structurally ho- 
mologous to the unliganded forms of CD4 
and the myelin adhesion molecule (8). Com- 
patible with the role of CAR Dl  in attaching 
adenol-irus to the cell membrane, its COOH- 
terminus lies 180" away from the NH,-termi- 
nal end of the knob trimer and hence the viral 
fiber axis. Although the current model does 
not provide direct information concerning the 
orientation of CAR D2 (residues 126 to 222) 
relati\-e to Dl ,  comparisons of CAR D l  with 
structures of homologous proteins, sol\-ed 
with both Dl  and D2 domains. suggest that 
CAR D2 does not make extensive contacts 
with knob (9). This is consistent with the 
observation that soluble CAR D l  alone is 
sufficient for knob binding and is an inhibitor 
of viral infection for cells in culture (3). 

The nature of the specificity of Ad12 knob 
for CAR is suggested by the structure of the 
complex, particularly at the interface that is 
formed by four loop regions of Ad12 b o b  
interacting with a single face of the CAR D l  
sandwich. Specifically, the AB loop, the car- 
boxyl ends of the DE loop, and the very short 
F strand of one knob monomer and the FG 
loop of the adjacent knob monomer interact 
with strands C, C'. C", and the second half of 
strand F in CAR D l .  The AB loop (colored 
yellow in Fig. 1A) contributes 01-er 50% of 
interfacial protein-protein interactions. in- 
cluding the three hydrogen bonds involving 
conserved atoms in Ad12 knob [D415 0 on 
knob forms a hydrogen bond with K104 NT, 
on CAR D 1 (D415 OiK104 NT,), L426 OiY64 
OH, and K429 N5!E37 O E ~ ]  (lo), and thus 
may be the lcey anchor for the complex. This 
loop spans the width of the CAR Dl ,  held at 
one end by D415 and at the other end by 
E425. which changes rotomer conformation 
upon CAR Dl  binding to accommodate the 
approaching side chain of Y61. In the middle 
of the AB loop, the conserved residue P418 
makes contacts with residues E37, V51, and 
L54 in CAR D l .  Substitution of L54 with 
alanine . in CAR Dl  completely abrogates 
CAR binding, which is consistent with a role 
for these interactions in complex stability. 
The importance of the AB loop is further 
emphasized when comparing the sequence of 
non-CAR-binding Ad serotypes such as sub- 
group B (serotypes 3 and 7), which have 
evolved to bind a different receptor (II),  or 
serotypes 40 and 41. where two types of fiber 
exist on the same virus but only one fiber 
type binds CAR (12) (Fig. 1C). The sequenc- 
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es in this region of the non-CAR-binding 
serotypes diverge widely from each other and 
from known CAR-binding serotypes. Specif- ' 

ically, the knob domains of non-CAR-bind- 
ing fibers either have insertions or deletions 
in this loop relative to the conserved residues, 
P418 and N419. 

To further explore the idea that the AB 
loop is important in CAR binding, we con- 
structed a number of knob variants that mim- 
ic non-CAR-binding knobs in this region. 
The double substitution P417E and P418A, 
which converts the Ad12 AB loop to a se- 
quence similar to Ad3, the insertion of TI 
before S421, which lengthens the AB loop, 
and the deletion of E425 and LA26, which 
shortens the AB loop, all abrogate CAR Dl 
binding (13). In addition, we made single 
amino acid substitutions outside this loop, the 
majority of which behaved in a manner that is 
consistent with the structure we constructed 
(14). The results are consistent with the hy- 
pothesis that the AB loop is a primary deter- 
minant for the specificity of most Ad sero- 
types for CAR. Unexpectedly, the deletions 
of G550 and I55 1 in the HI loop significantly 
reduced the affinity of CAR Dl binding even 
though the residues do not interact directly 
with the receDtor or model. In the native 
structure, there are water-mediated hydrogen 
bonds between G550N and G5500 in the HI 
loop and R5 180 and A52 1N in the FG loop 
that stabilize the FG loop in a conformation 
through which it can make direct contacts 
with CAR Dl. Thus, a likely explanation for 
the decreased affinity of Ad12 for CAR Dl 
when G550 and I551 are deleted is that the 
loss of these hydrogen bonds, because of the 
removal of G550, allows the FG loop more 
flexibility in conformation. Although this re- 
sult highlights the limitations of using a pure- 
ly mutational strategy for identifying knob's 

C Ad2 WAk-iwCXa~80 
1. The Ad12 knob-CAR D l  complex and the D ~ d g  

e of the AB loop. (A) Ribbon d i i  of E MI 
Tlwbl'B-l?maocjp 
~ - P N C P t l l l l  

5A??kwb-CARDI -p*xv*mddavnthe m, 
$ml fiber. The core of each knob monomw corn- * an eight-stranded antiparallel $ sandwich, 

about 65% of the residues are found in AdrKlsbo* al-m-plffSZmT 
=surface ex@ wo a d  turns. The V 
sheet is colored wm(e and the R sheet and HI  too^ Ad3 T ~ ~ ! T ~ X Z H G  
am colored ma&&. The AB loop is highlighted i;l 

@ low, and all other regions are gray. Abwt 2050 
of primarily hydmphobk surface per monomer is burled upon trimerhtkm of the knob doniaim 

jnAdl2 knob, the interfacial residues are MIS,  P417, P418,1426 (AB loop), V4UI. K451 (CD loop), 
4487, Q494,5497, and V498 E and F strands) from one monomer, and P517, P519, N524 and 

E!@l (FG loop) from the other. [B) Ribbon digram of the CU Dl d a v i n  fmn the complex 
cpe!ored in a rainbow from blue to  red. Strands in the foreground are D, E, B, and A, and strands in 
ike b&kgrwnd are C", C', C, F, and G from left to right, repect41wly. In CAR Dl, the interfadal 
rrnidues are P33. E37, U9, V48, M9, V51, L54,S56, Y61, D62, E63, Y64 (strands C C', and C"), 
RM2, K104, A106 and PI07 (later hdf of F). This figure was generatad in MOLSCRlPT (29). (C) 
h i n o  acid sequence dtgnment of residues in the AB loop for all knob subgroups. Adcnovirus 
M p u p s  A, C, D, E, and thc 1- fibcr of F bind CAR, whereas subgroup 0 and short fiber knobs 
of F do not Residues consewed in CAR-binding serotypes are cdored blue, those with 1 amino add 
Qmerent are colored in red, and all other residues are cdored in Medc On a wider alignment, with 
the we of all a v a i W  adenovim sequences, the pattern of cqnservation of prdine and aspartate 
VLR~S unchanged 1141. 

receptor-binding sites, it shows that altering 
the amino acid sequence in the AB loop may 
be one way of changing the tropism of Ad- 
based gene therapy vectors. 

In protein-protein complexes, the interact- 
ing surfaces are typically well conserved and 
usually display a high degree of surface 
complementarity. The CAR Dl binding site in 
Ad12 knob lies along a ridge of residues pri- 
marily from the AB loop that are generally 
highly conserved, although some sequence 
variability is seen (14). It is located on the side 
of the molecule at the interface between adja- 
cent monomers (Fig. 2A). In total, the complex 
formation buries -1880 A2 of mixed hydro- 
phobic and hydrophilic surfaces at each knob- 
CAR interface: 960 A2 of surface are contrib- 
uted by knob (820 A2 from one monomer and 
140 A2 from the second monomer) and 920 K 
by CAR Dl (Fig. 2, B and C) (IS). These 
values are within the range typically observed 
for protein-protein interactions. However, the 
interface is atypical because the Ad12 knob and 

Fig. 2. A molecular surface representation of the interface in the Ad12 knob-CAR D l  complex. (A) 
Sequence conservation surface diagram of two knob monomers viewed at the CAR interface. The 
molecules are colored on a sliding scale from white (conserved) to red (nonconserved). Conserva- 
tion analysis was based on an alignment of all human Ad knob sequences available in GenBank. A 
white strip of conservation transects the surface of the molecule. Upon binding, the CAR D l  
molecule occludes the conserved strip on Ad12 knob. (0) Surface diagram of two adjacent Ad12 
knob monomers shown in the same view as (A). The molecules are colored on a sliding scale from 
yellow (contact) to red (no contact). Atoms in contact with CAR D l  are shared between monomers. 
(C) Surface diagram of CAR Dl. The molecules are colored on a sliding scale from magenta 
(contact) to cyan (no contact). This figure was generated with GRASP (30). 
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Fig. 3. CPK model of 
the region around the 
cavity. The three con- 
secutive proline resi- 
dues in Ad12 knob 
partially shape the cav- 
ity, which is colored 
magenta. The AB loop, 
whose carbon atoms 
are dored yellow, lines 
one side of the cavity. 

1 
The carbon atoms from 
the remainder of the 
monomer are colored 
red, those of the sec- 
ond knob monomer, 
green, and those of CAR Dl, cyan. All oxygen and nitrogen atoms are colored light red and blue, 
respectively. The cavity is lined with atoms from residues D415, P416 (backbone), (side), 
V448 (side), (backbone), V450, L455 (side), Q535 (side), P573 (side), and 5575 (side) from 
one Ad12 knob; 5514 (backbone), A515 (backbone), P517 (side), N520 (side), A524 (main), E523, 
K525, and 5526 (side) from the other Ad12 knob; and L39 (side), K47 (backbone), V48 (backbone), 
D49, 450, V51, and KlO2 (side) from CAR. The underlined residues are conserved or similar in all 
CAR-binding Ad serotypes. 

CAR Dl residues each produce a surface that, throughout the cavities and channel, may be 
when united with its partner, creates a prorni- indicative of additional mobile water mole- 
nent channel and two adjacent cavities. A con- cules. The identification of the key residues 
sequence of this discontinuous interface is that 
the actual footprints of the interacting surfaces 
in the complex are - 15% larger than would be 
predicted from the values of buried surface 
area. 

The high affinity of the knob-CAR Dl 
complex directly conflicts the general obser- 
vation that shape mismatches in the interface 
of protein complexes tend to correlate with 
low-affinity binding (16). In the Ad12 knob- 
CAR Dl complex, the lack of van der Wads 
interactions between the protein surfaces may 
be partially compensated for by solvent mol- 
ecules within the cavities and interfacial 
channel (Fig. 3A). The two equally sized 
(total volume - 120 A3) cavities are separat- 
ed by P418 in the AB loop of Ad12 knob 
interacting with residues in CAR Dl, and the 
cavities are lined with a mixture of hydropho- 
bic and polar groups, >60% of which either 
are backbone atoms or are conserved in se- 
quence. From a thermodynamic standpoint, 
empty cavities of this size are energetically 
unfavorable and are thus likely to be filled 
with solvent. The cavities could accommo- 
date -four water molecules, although in the 
current structural ,model only one well-or- 
dered water molecule was observed that 
formed a bridging interaction with the con- 
served or backbone atoms of E37 0 ~ 1  and 
K102 N& in CAR and D415 0 ,  P416 0 ,  and 
K429 N& in Ad12 knob. In addition, there is 
a solvent-lined interfacial channel, created by 
the packing of residues N415, K429, V450, 
L455, N520, S522, and E523 in Ad12 knob 
(Fig. 2C) against residues V48, N49, K102, 
V51, Y64, and P66 in CAR Dl (Fig. 2D). In 
the current model, four ordered water mole- 
cules markedly increase the interfacial con- 
tact surface and may thus act as molecular 
glue. Weaker electron density, also observed 

involved in the Ad12 knob-CAR Dl inter- 
face may aid in the design of Ad-based gene 
targeting vectors that no longer bind CAR but 
specifically target other cell surface receptors 
at a second site. 

The results presented here, and those of 
others, suggest that viruses have developed at 
least two structural means of successfully 
binding their receptors. The receptor-binding 
sites in picomoviruses, such as poliovirus, 
and, by extension, the CAR-binding site on 
coxsackievirus B, are located in deep crevices 
or canyons on the capsid surface (17, 18). 
Burying the receptor-binding site in this way 
may act as an antigenic shield for the con- 
served residues that define receptor-binding 
specificity (19). By contrast, the structures 
and biochemical studies of the structurally 
unrelated Ad12 knob and the HIV gp120 in 
complex with their receptors (20, 21) show 
that their receptor-binding faces are surface 
loops and thus are exposed to immunoselec- 
tive pressure. Both viruses bury a similar 
amount of surface area to create cavities and 
channels that may serve a dual purpose as 
both a water buffer and as molecular glue, 
because they mediate hydrogen bonds be- 
tween backbone and conserved atoms. By 
using a noncomplementary interface that 
traps water molecules, the virus can maintain 
its receptor specificity while altering its se- 
quence. Because this type of interface has 
been observed in two very different viruses, 
the water-buffer hypothesis may represent a 
second general mechanism by which viruses 
can successfully achieve the first stage of 
infection. 
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Regulation of Myosin 
Phosphatase by a Specific 

Interaction with cGMP- 
Dependent Protein Kinase la 
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Contraction and relaxation of smooth muscle are regulated by myosin light- 
chain kinase and myosin phosphatase through phosphorylation and dephos- 
phorylation of myosin light chains. Cyclic guanosine monophosphate (cGMP)- 
dependent protein kinase la (cGKla) mediates physiologic relaxation of vascular 
smooth muscle in response to nitric oxide and cGMP. It is shown here that cGKla 
is targeted to the smooth muscle cell contractile apparatus by a leucine zipper 
interaction with the myosin-binding subunit (MBS) of myosin phosphatase. 
Uncoupling of the cGKla-MBS interaction prevents cGMP-dependent dephos- 
phorylation of myosin light chain, demonstrating that this interaction is es- 
sential to the regulation of vascular smooth muscle cell tone. 

Smooth m~iscle cells are critical to the normal 
physiology of many of the organs of the body. 
Smooth muscle cells are the principal compo- 
nent of blood vessels, where they regulate vas- 
c~ilar tone and play a central role in the patho- 
genesis of atherosclerosis and vasc~ilar diseases. 
Smooth m~iscle contraction and relaxation are 
regulated by the iise and fall of intracellular 
calcium levels (I, 2). .4n increase in intracellu- 
lar calcium causes smooth muscle cell contrac- 
tion by activation of the calciunv'calmodulin- 
dependent myosin light-chain kinase, which 
phosphorylates myosin light chain and activates 

the contractile myosin adenosine triphosphatase 
(ATPase). A decrease in intracellular calcium 
causes inactivation of niyosin light-chain ki- 
nase, accompai~ied by dephosphoi-ylation of 
myosin light chain by the myosin light-chain 
phosphatase, PPlM (2). PPlM is a trimer com- 
prising a 130-kD regulatoi-y myosin-binding 
subunit (MBS), a 37-kD catalytic subunit 
(PPlc), and a 20-16) protein of uncertain func- 
tion (M20) (3). 

In sl~looth muscle, the sensitivity of the 
contractile apparatus to calcium is modulated 
by intracellular messengers that alter PPlM 
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activity. Contractile agonists acting through sig- 
naling molecules such as protein kinase C, ar- 
achidonic acid, and rho kinase increase the 
sensitivity of vascular smooth muscle cells to 
contractile stimuli by inhibiting PPlM (4). 
Conversely, endogenous nitric oxide and relat- 
ed nitrovasodilators regulate blood pressure by 
activation of soluble guanylate cyclase, eleva- 
tion of cGMP, and activation of cGMP-depen- 
dent protein kinase Ia (cGKIa), which is re- 
quired for nitric oxide-mediated vasodilatation 
and leads to vasorelaxation by an unknonn 
mechanism (5). Cyclic GMP-mediated vascu- 
lar smooth muscle cell relaxation is character- 
ized by both a reduction of intracellular calcium 
concentration and by activation of PP 1 M, 
which red~ices the sensitivity of the contractile 
apparatus to intracellular calcium (5, 6). The 
mechanism by which cGMP increases PPlM 
activity and myosin light-chain dephosphoryl- 
ation is unknown. 

Kinases and phosphatases are targeted to 
s~ibcellular locations by binding to specific tar- 
geting proteins that restrict the subcellular lo- 
cale of these signaling enzymes (7). Anchoring 
proteins, such as the A-kinase anchoring pro- 
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