
equivalent atoms in other substitutions (Cr2 of acid combinations were obtained at a frequency different peptide from smooth muscle myo- 
LeulZg and Cv2 of (21). of l o - "  from the screening of 25,000 phages, 

33. The T4 lvsozvme aene was am~lif ied with ~ o l v -  and a number of these were chosen for crvstal- Sin !ight 'kn - .  (smMLCK) - . . . (9)d 
merase chain reaction (PCR) 'with the use bf loara~hic and thermodvnamic analvsis. protein which has been further rehned at 2.2 A 
degenerate primers encodingall 20 amino acids 
and one stop codon (X, X, G or T, where X is A, 
T, G, or C) at the target sites (9). Three overlap- 
ping fragments bounded by the mutagenesis 
sites and the gene termini were generated and 
subsequently linked together with PCR in two 
steps. The full-length mutagenized gene frag- 
ment was cut with restriction enzymes and li- 
gated into an engineered bacteriophage A se- 
lection vector (9) that relied on the activity of the 
cloned T4 lysozyme gene to complement a 
defect in its own homologous lysis (R) gene (25). 
Plaque-forming phages were isolated and func- 
tional T4 lysozyme genes were excised as part 
of a phagemid for both protein expression and 
DNA sequencing (26). A plate assay (27) was 
used to sort the variants into rough categories of 
stability and activity. A total of 106 new amino 

(27), thermal denaturaiion at pH 3 
( lo ) ,  and crystal growth (3) were as described. 
Data from x-ray measurements were collected 
(28), and structures were refined (29) starting 
with the cysteine-free wt model (30). No torsion 
angle restraints were imposed during refine- 
ment. Final models have deviations from ideal 
geometry less than or equal to 0.015 a (bond 
lengths) and 2.1" (bond angles) 
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Modulation of Calmodulin Plasticity in Molecular 
Recognition on the Basis of x-ray Structures 

William E. Meador, Anthony R. Means, Florante A. Quiocho* 
Calmodulin is the primary calcium-dependent signal transducer and regulator of a wide 
variety of essential cellular functions. The structure of calcium-calmodulin bound to the 
peptide corresponding to the calmodulin-binding domain of brain calmodulin-dependent 
protein kinase Ila was determined to 2 angstrom resolution. A comparison to two other 
calcium-calmodulin structures reveals how the central helix unwinds in order to position 
the two domains optimally in the recognition of different target enzymes and clarifies the 
role of calcium in maintaining recognition-competent domain structures. 

Calmodulin (CaM) exerts its role by acti- 
vating more than 20 different enzymes in 
eukaryotic cells. Studies in solution show 
that the helical content of CaM is increased 
upon binding Ca2+ (I). The next step in 
the mechanism of signal transduction re- 
quires binding of Ca2+-CaM to an acceptor 
protein. Much of what is known about such 
ohvsical interactions comes from the use of . , 
synthetic peptides corresponding to the 
CaM-binding domains of various physiolog- 
ically relevant target proteins or enzymes 
and also peptide drugs and toxins (2). 
Often these peptides have very little se- 
quence similarity (Fig. 1). Calcium-CaM 
bound to these peptides [dissociation con- 
stant values in the nanomolar range (2, 3)] 
has been shown especially by physical tech- 
niques to be considerably more compact 
than the unbound form, which indicates 
the extraordinary flexibility of CaM (4). 
These observations led to suggestions that 
in the Ca2+-CaM-peptide ternary complex 
the two domains of Ca2+-CaM interact 
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simultaneously with opposite ends of the 
peptide (2, 4). The x-ray structures of 
native Ca2+-CaM show that the two do- 
mains, each containing a pair of Ca2+ 
atoms, are widely separated by a seven-turn 
central or linker helix with an unusually 
high thermal motion (5-7). The three- 
dimensional structure determinations of 
Ca2+-CaM bound to synthetic peptide an- 
alogs of the CaM-binding regions of skeletal 
and smooth muscle mvosin light chain ki- - 
nase by nuclear magnetic resonance (8) and 
x-ray crystallography (9), respectively, 
have revealed that a portion of the central 
helix in the unbound structure uncoiled, 
enabling the two domains to engulf the 
helical target peptides. The mode of bind- 
ing of the regulatory light chain seen re- 
cently in the S1 myosin crystal structure 
(10) has features that resemble those of the 
bound Ca2+-CaM structures. 

Our report focuses on the detailed struc- 
tural basis for the ability of CaM to recog- 
nize the different targets and initiate signal 
transduction. We report the refined 2 A 
structure of the complex of Ca2+-CaM with 
the CaM-binding domain peptide (Fig. 1) 
of the brain CaM-dependent protein kinase 
IIa (CaMKII) (Fig. 2) and compare it to 
the 1.7 A structure of Ca2+-CaM (7) and 
the 2.4 A structure of the complex with the 

(I 1). Whereas the smMLCK peptide is 
observed in its entirety in the electron 
density of the refined complex structure 
(9), only residues 293 to 3 10 of the CaMKII 
peptide show density and make contacts 
of 4 A or less with Ca2+-CaM (Figs. 2 and 
3, A and B). The ordered segments define 
more closely the CaM-binding domain of 
the target enzymes within the context of 
the peptide fragments. 

As can be seen in Figs. 2B and 3A, the 
ellipsoidal compact structure of Ca2+-CaM 
bound to the CaMKII peptide bears some 
resemblance to that bound to the smMLCK 
peptide (9). The two domains of Ca2+- 
CaM (identified as NH2- and COOH-do- 
mains or lobes) wrapped around and en- 
gulfed the target peptide. The two domains 
approach in the central latch region (be- 
tween helices I1 and VI) to again create a 
pseudo twofold symmetry and a continuous 
hydrophobic arc, formed from the coalesc- 
ing of the wide hydrophobic patches in 
both domains, that apposes the hydropho- 
bic side of the helical peptide. The NH2- 
and COOH-terminal halves of the CaMKII 
peptide interact mainly with the COOH- 
and NH2-domains of Ca2+-CaM, respec- 
tively, with the exception of the consecu- 
tive basic side chains (Arg296-Arg297- 
LysZ9') in the NH2-terminus, which make 
hydrogen bonding and salt-linking interac- 
tions with glutamate residues on both do- 
mains. Aiding maximal contact of the 
Ca2+-CaM lobes with the target peptide, a 
portion of the central helix in the native 
Ca2+-CaM structure again is pulled out 
into a strand (Fig. 3C), which we have 
referred to earlier as the "expansion joint" 
to underscore this unique and functionally 
critical region of CaM (9). 

Consistent in part with previous general 
suggestions [summarized in (2)], a major 
determinant in molecular recognition ap- 
pears to be the hydrophobic interactions 
between the shallow hydrophobic pockets 
in the two domains of Ca2+-CaM and 
specific hydrophobic residues of tatget pep- 
tides. As can be seen in Figs. 2B and 3A, 
the pocket in the COOH-domain harbors 
Leu299 of the CaMKII peptide or its coun- 

CaMKll peptide LKKFNARRKLKGAILT~ATRNFS 
(residues 290 to 314) 

smMLCK peptide ARRKWQKTGHAVRAIGRLSS 

(residues 796 to 815) 

Fig. 1. Peptide segments corresponding to the 
CaM-binding domains of CaMKll and smMLCK 
used in the x-ray studies (17). The alignment of 
the peptide sequences is based primarily on an 
almost total identity between residues 295 to 
299 of the CaMKll peptide and residues 796 to 
800 of the smMLCK peptide (Fig. 3, A and B). 
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terpart TrpBm of the smMLCK peptide 
found near the NH,-terminal end, and the 
similar pocket in the NH,-domain contains 
Leu308 near the middle of the CaMKII 
peptide or LeuB13 close to the COOH- 
terminal end of the smMLCK peptide. 

The electrostatic interactions have a 
focus at the NH,-terminus of the CaMKII 
and smMLCK peptides, where there is a 
cluster of basic residues (Figs. 1, 2B, and 
3B), a motif present in a number of CaM- 
binding domains that bind with nanomolar 
affinity (2, 3). Because this positive charge 
cluster is flanked by two glutamate clusters 
of CaZ+-CaM in both bound structures and 
interacts extensively with them, it is evi- 
dent that a role exists for these electrostatic 
interactions in orienting CaM binding in 
the recognition process. 

The geometry of binding and specific 
interactions of the two domains of Ca2+- 
CaM are influenced by the target sequences. 
In this comparison (Fig. 3A), the changes 
are more apparent with the interaction in- 

volving the NH,-lobe. In the COOH-termi- 
nal portion of the peptides, a number of 
sequence differences between the CaMKII 
and smMLCK peptides resulted in geometri- 
cal and contact changes in the binding of 
the NH,-domain. The motif of two aliphatic 
long chain or aromatic residues separated by 
12 residues found in many CaM-binding 
sequences (that is, TrpBm and LeuB13 in the 
smMLCK peptide) is not observed in the 
CaMKII peptide (Fig. 1). The Leu299 residue 
of the CaMKII peptide (as well as Ile3") is 
inserted in the same hydrophobic patch as 
its homolog TrpBm of the smMLCK pep- 
tide, but the interaction of LeuB" of the 
smMLCK peptide does not mirror that of its 
counterpart Asn31Z of the CaMKII peptide, 
which is disordered in the structure. In- 
stead, the NH,-domain moved with respect 
to its position in the structure of the com- 
plex with the smMLCK peptide in order to 
accommodate Leu308 of the CaMKII pep- 
tide in the hydrophobic patch. Further 
aided by the replacement of a bulky IleBIO in 

the smMLCK peptide with an Ala309 in the 
CaMKII peptide and the removal of a steric 
hindrance by LysBo2 in the smMLCK pep- 
tide with Gly301 in the CaMKII peptide, 
the movement of the NH,-domain as a 
whole is a tilt toward the NH,-terminus of 
the peptide, with a slight intradomain shift 
of helix I toward helix IV. 

The binding of the COOH-lobe is sim- 
ilar in the two CaZ+-CaM peptide struc- 
tures in spite of some sequence differences 
in the NH,-terminal half of the two pep- 
tides. For example, although the counter- 
part of Ile3O3 in the CaMKII peptide is 
GlySo4 in the smMLCK peptide, the 
COOH-domain, which mainly interacts 
with this portion of the peptide, seems to 
have accommodated the bulky Ile side 
chain with a minimum of adjustment rela- 
tive to the complex with the smMLCK 
peptide, which shows only a modest rota- 
tion about the peptide and a slight outward 
movement of the COOH-terminal helix 
(VIII) of CaZ+-CaM. 

procedures for W n i  

aruehrre of the complex with the mWCK peptide (@. cfysM Wh ' iih&we@WCaM (magenta) bcund taw CPdAWl pepbide (atl atoms 
o t t h e C a 2 + - C a W K I I p e p t i d e c o r r r p l e x , w h l c h i s ~ ~ ~ d  with~&asin(A)].fhefowCaP+atanseuestxmrnmspheW 
the complax with the smMLCK peptide (9). bsbnga, to spme C222, dot surfaces. The NH,- and COOH-tarmind d b d  CaM and the p e p t i  
w i t h w t i t c e l 1 ~ o f a = ~ ~ ( ) o A , b = 1 ~ A ~ e - l ~ . 1 5 A ~ n d  8 1 e ~ Y i e d b y N a n d C , r e ~ . T h e e e P " - C a M r e s ~ d i s p l a y e d  
onemdeculeofCaMpeptidecomplexinthessymneMo~The~ aret)rehydtophobicresiduesneerthemanalogdallm 
were d e t m  by the single i- residua sapthg tkm near Caz'k4nding dtes. Gkr residues 7,11,14, 
dispmii tedmique, with F%(NOJ, as the heavy atom dwlvefim. 11 3.5 114, end 127 bebng to two large clusweoftheee residw (one on heli 
A eledron dens@ map calculated wtth the heavygtom pheses ( m e i ~  I and the ottw on h e l i  VII) and mak hychga bonds and salt links with 
figure of merl of 0.57) was good enough to initidly fit the two dornaine of the three comecutive Mi regkkres rreer the NH,-termbml end d the 
CS+-CaM, each separately as a rigid body, and a portian of the W I  CaMKll peptide. The st- of reskkas T3m 83, which clivides the centrgl 
peptide. The model of the W+-CaM-CaMKII peptide mmpk was helk of native W+-CeM into tw helkw (IV and V) in the bound fomr, 
refined with the X-PLOR suite of programs (19). The final Rfactor is 0.208 has very little electron density in the rafinad stnrchtre, a refledon of very 
for 9635 refiections between 10.0 to 2.0A resdution. The refined structure h i  mobility. The mcrdel of thia sbmd (which is also shown in Fig. 3, A 
has gocd gmneby, with a root--square deviation f rm Wi of end C) is the r e d l  of $imkW aMaalkrg and energy minimimtim in the 
0.01 1 A for d i m  and f .W for angles. The program CHAIN (20) was come of the X-PLOR refinement. The iirst three and last two residues of 
used in fitting the model to eledron density m e p  and molecular grmics C # + W  and the first three end kist four midues of the Cet)JIKII pept@e 
analysis of the structure. (B) Stereo view of the a carbon ba&bone have no density and ere not dmw.  
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The critical element in the hydrophobic the significance previously attached by 0th- is, those of smooth and skeletal muscle 
interactions is the presence of at least two er investigators (2, 8, 12) to a 12-residue myosin light chain kinases) is only partially 
hydrophobic residues in the CaM-binding sequence separating the hydrophobic resi- valid (13). 
segment separated by an 8- or 12-residue dues near both ends of the segments ob- A total of 135 contacts of 5 4  A are 
sequence (Figs. 1 and 3, A and B). Thus, served in many CaM-binding domains (that formed in the complex with the CaMKII 

~ e ~ t i d e .  about 40 less than with the smMLCK 

Flg. 3. Comparison of Ca2+-CaM structures. (A) Stereo view of the Ca2+-CaM-CaMKII peptide com- 
plex 2 A structure (green) and the Ca2+-CaM-smMLCK peptide 2.2 A structure (magenta). Superim- 
posed are the helical portions of the CaMKll peptide (with the side chains Leuzg9, lle303, and Leu30B) and 
the smMLCK peptide with the side chains Trpm and Leua13. In the bound form, the CaMKll and 
smMLCK peptides (Fig. 1) are a-helical from residues 294 to 310 and 799 to 81 3, respectively. Portions 
of the central helix in the unbound Ca2+-CaM complex are uncoiled in both complex structures, giving 
rise to four helices in both domains1 to IV for the NH2-domain and V to Vlll for the COOH-domain (9). 
(B) Schematic diagram of the interactions between the ordered residues of Ca2+-CaM (enclosed in 
boxes) and those of the CaMKll peptide residues 290 to 314 (1) and the smMLCK peptide residues 293 
to 310 (11) (17). Residues Arg797 and SeP4 of the smMLCK peptide are very close to being part of the 
helix (9). The interactions associated with the a-ammonium group of Ala796 of the smMLCK peptide are 
excluded. (C) Perspective model of the backbone structures of Ca2+-CaM in the native unbound form 
(green) and in complex (magenta) with the CaMKll peptide (blue). The COOH-domain of CaM in both 
structures overlap. The four bound Ca2+ atoms in each structure are shown as spheres. The view is 
down the tunnel resulting from the two domains wrapping around the peptide with its NH2-terminal end 
closest in view. This figure was generated with RIBBONS (21). 

* .  , 

peptide (9). About 80% of all contacts in 
both complexes are van der Waals interac- 
tions, which accounts for the ability of Ca2+- 
CaM to bind tightly to many target enzymes 
with CaM-binding domains that lack se- 
quence similarity. Notably, all of the nine 
Met residues of Ca2+-CaM (2, 14), as well as 
several Phe, Leu, Val, and Ala residues, are in 
positions to participate in binding to target 
enzymes. Moreover, the extensive participa- 
tion of glutamates of Ca2+-CaM as almost the 
sole polar residues has not been heretofore 
recognized (Fig. 3B). 

In comparing the structures of native 
Ca2+-CaM and the two CaM peptide com- 
plexes, we find changes in the conformations 
of many side chains that make contact with 
the peptides, especially in the Glu and Met 
residues that have flexible side chains (I I). 
Thus, there are local as well as global struc- 
tural changes associated with molecular rec- 
ognition. However, domain structures over- 
all for the two target-bound forms are similar 
to those of the unbound form. It is notewor- 
thy that the Ca2+-binding sites in the un- 
bound and bound structures of Ca2+-CaM 
are distant from the peptides and are ex- 
posed, enabling unhindered access to and 
from these sites (Figs. 2B and 3, A and C). 

How is it possible for the domains of 
Ca2+-CaM to make the adjustments to 
accommodate different target sequences? 
Because of the nature of the domain dispo- 
sition in the complex with the CaMKII 
peptide, the expansion joint region be- 
tween helix IV and helix V became longer 
(Fig. 3A). However, the NH2-terminal 
portion of the expansion joint cannot un- 
coil further preceding residue 73 without 
compromising the positions of residues 
Met7' and Met72 in the hydrophobic arc 
area. Instead, we found that the expansion 
joint unraveled further at its COOH-termi- 
nal end and was disordered from residues 73 
to 83. Although the joint in both complex 
structures commences at residue 73, it ter- 
minates at residue 77 in the Ca2+-CaM 
complex bound to the smMLCK peptide 
(9). Thus, the central helix of Ca2+-CaM 
plays a key role by acting as a variable 
expansion joint, allowing different relative 
positionings of the lobes as different target 
enzymes are recognized. This role of a 
protein helix is novel (1 5). 

Calmodulin in the Ca2+-free form is less 
organized (I). However, 3D structures of 
Ca2+-CaM bound to its target as well as 
unbound show similarity and hence some 
rigidity in the domain structures, but also 
show high thermal parameters and hence 
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fluidity in the interconnecting helix (15). 
Thus. CaZ+ serves to organize and stabilize - 
domain structure in a conformation that 
can bind the target, while the central helix 
remains flexible, an essential condition for 
target recognition. Target binding further 
stabilizes domain structure, which should 
and does increase Ca2+ affinity (1 6). We 
believe that the Ca2+ signal restricts the - 
available conformational states of CaM to 
those that are most favorable to target 
recognition and activation. The modula- 
tion of the inherent plasticity of CaM by 
the different ligands is a key element of 
molecular recognition and the mechanism 
of signal transduction. 
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Restoration of HIV-Specific Cell-Mediated Immune 
Responses by Interleukin- 1 2 in Vitro 

Mario Clerici, Daniel R. Lucey, Jay A. Berzofsky, Ligia A. Pinto, 
Thomas A. Wynn, Stephen P. Blatt, Matthew J. Dolan, 
Craig W. Hendrix, Stanley F. Wolf, Gene M. Shearer* 

Peripheral blood mononuclear cells (PBMCs) from many asymptomatic individuals 
infected with human immunodeficiency virus-type 1 (HIV) are unresponsive as mea- 
sured by in vitro T cell proliferation and interleukin-2 (IL-2) production to influenza virus 
and synthetic peptides of HIV envelope (Env). Strong influenza virus- and Env-stim- 
ulated IL-2 responses and T cell proliferation were restored when cultures were stim- 
ulated in the presence of IL-12. Interferon-y production by PBMCs from HIV seropositive 
(HIV+) patients was also restored with IL-12. Furthermore, in vitro antigen-specific 
production of IL-2 and proliferation of PBMCs from HIV- donors were suppressed by 
antibody to IL-12, but were not enhanced by addition of exogenous IL-12. Thus, IL-12 
may be limiting in PBMCs from HIV+ but not HIV- individuals. These findings demon- 
strate that IL-12 can restore HIV-specific cell-mediated immunity in vitro in HIV-infected 
individuals and suggest a potential use of IL-12 in augmenting the diminished immu- 
nologic functions associated with HIV infection. 

T h e  recently discovered cytokine IL-12 
has been reported to increase (i) natural 
killer cell and cytotoxic T lymphocyte 
(CTL) activity ( I ) ;  (ii) T cell proliferation 
(2, 3); and (iii) the production of interfer- 
on-y (IFN-y) (4). We previously demon- 
strated that the progression of HIV disease 
in HIV-infected (HIV+) individuals is as- 
sociated with a switch from a T helper 1 
(TH1)-like cytokine profile (high IL-2, low 
IL-4, and low IL-10 production) to a TH2- 
like cytokine pattern (low IL-2, high IL-4, 
and high IL-10 production) (5, 6). This 
change in cytokine profile is predictive of a 
decline in the number of peripheral blood 
CD4+ T cells (7), as well as of the time 
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until diagnosis of acquired immunodefi- 
ciency syndrome (AIDS) and time to death 
(7). We recently demonstrated that IL-4 
and IL-10 antibodies can reverse the TH1- 
to-TH2 switch in vitro and restore in vitro 
the ability of the PBMCs of HIV+ individ- 
uals to produce IL-2 (6). IL-12 can bypass 
the inhibitory effect of IL-10 on the induc- 
tion of a TH1-like function (4). Therefore, 
on the basis of the above findings we asked 
whether the defective TH1-like cell-medi- 
ated responses of PBMCs from HIV+ indi- 
viduals could also be reconstituted in vitro 
by IL-12. 

The PBMCs of 40 HIV+ individuals 
that were unable to produce IL-2 in re- 
sponse to five synthetic peptides corre- 
sponding to antigenic regions of the enve- 
lope (Env) of HIV-1 (8) in vitro were 
stimulated with Env in the presence of 
IL-12 (9). The data obtained from three 
representative individuals are shown in Fig. 
1A (~anels a through c), along with the 
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did not elevate above the background the 
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