
First, the lipids in free bilayers may be 
expected to be able to undergo elastic and 
othcr deformations even more easily than 
our supported bilayers. Second, although 
\vc "depleted" our bilayers to  expose hydro- 
phobic groups, in the case of vesicles and 
biomcmbranes such exposed areas would 
arisc from certain stresses, that is, from 
inhomogeneous ionic or osmotic stresses, or 
local packing stresses induced by integral 
membrane proteins. Indeed, both lipid vesi- 
clcs and biological membranes may fuse by 
going through similar stages as depicted in 
Fig. 3 (1, 10). Such a molecular mechanism 
is v e n  simple and does not involve any 
complex intermediate nonbilayer or inverted 
micellar structures. 

Recent studies have increasingly implicat- 
ed the hydrophobic interaction in the acihe- 
sion and fusion of membranes (23-26) 
through mechanisms not unlike the ones we 
have found for supported bilayers, namely, 
through membrane conformational changes 
involving the exposure of hydrophobic "do- 
mains" (24) ,  "pockets" (25) ,  or "segments" 
(26) .  Our force measurements are not incon- 
sistent \vith these obsenations on  mem- 
brane adhesion and fusion, and-more gen- 
erally-shed new light on  the forces and 
mechanisms that govern such interactions. 
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Cognate DNA Binding Specificity Retained After 
Leucine Zipper Exchange Between GCN4 and CIEBP 

Both C/EBP and GCN4 are sequence-specific DNA binding proteins that control gene 
expression. Recent evidence implicates C/EBP as a transcriptional regulator of genes 
involved in lipid and carbohydrate metabolism. The CBBP protein binds avidly to the 
dyad symmetric sequence 5'-ATTGCGCAAT-3'; GCN4 regulates the transcription of 
genes that control amino acid biosynthesis in yeast, and binds avidly to the dyad 
symmetric sequence 5'-ATGA(G1C)TCAT-3'. Both C/EBP and GCN4 bind DNA via 
the same structural motif. This motif has been predicted to be bipartite, consisting of a 
dimerization interface termed the "leucine zipper" and a DNA contact surface termed 
the "basic region." Specificity of DNA binding has been predicted to be imparted by 
the basic region. As a test of this hypothesis, recombinant proteins were created 
wherein the basic regions and leucine zippers of GCN4 and C/EBP were reciprocally 
exchanged. In both of the recombinant polypeptides, DNA binding specificity is 
shown to track with the basic region. 

A NEWLY RECOGNIZEl) CLASS OF SE- 

quence-specific DNA binding pro- 
teins has been described (1) that 

includes biochemically defined DNA bind- 
ing proteins such as CIEBP and AP1 ( 2 ) ,  
genetically defined regulatory proteins such 
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as GCN4 (3 ) ,  and transforming proteins 
encoded by proto-oncogenes such as$s and 
j u n  (4 ) .  These proteins have been proposed 
to interact with DNA through a common, 
bipartite DNA binding motif (5) .  One com- 
ponent of the motif is a dimerization inter- 
face termed the leucine zipper. The zipper is 
thought to  form as a result of the intermo- 
lecular association of  two anlphipathic a 
helices. Helix association is believed to re- 
sult, at least in part, from hydrophobic 
interactions generated by aliphatic amino 
acids in a manner analogous to  the coiled- 
coil intertwining of  filamentous, structural 
proteins (6 ) .  As a result of dimerization, 
highly basic polypeptide regions located on  

SCIENCE, VOL. 246 



the immediate NH2-terminal side of the 
uxta- zipper are predicted to  become closel~ j 

posed. According t o  this model, the cleft 
formed between appropriately juxtaposed 
basic regions constitutes the DNA contact 
surface. We term these bZIP proteins in 
order to  distinguish them from other tran- 
scriptional regulatory proteins that use leu- 
cine zippers in the context of  other DNA 
contact surfaces. 

A number of  experiments have been con- 
ducted t o  test the validity of the aforemen- 
tioned model. Amino acid substitutions and 
deletions have been introduced into the 
leucine repeat segment of several bZIP pro- 
teins. Changes in amino acid sequence that 
disrupt heliv amphipathp interfere with 
DNA binding. These include substitutions 
of leucines by residues less suitable for hy- 
drophobic packing (7-II), introduction of 
helix-disrupting residues such as proline (8), 
and deletions that result in an interruption 
of helical periodicity (9). It  has been as- 
sumed, and in certain cases established ( I I ) ,  
that the failure of these zipper-defective 
mutants to  bind D N A  is concordant with 
their inability t o  associate as dimers. 

Several bZIP proteins have also been al- 
tered by site-specific mutagenesis in regions 
corresponding t o  the putative DNA contact 
surface. Two variant forms of  CIEBP that 
bear small clusters of basic t o  uncharged 
substitutions lack sequence-specific DNA 
binding activity despite retaining the capaci- 
ty to  form dimers (1 1). Similar results have 
emerged from studies on  the Fos and Jun 
polypeptides (8-10). Perhaps the most com- 
pelling evidence favoring the importance of 
the basic region has emerged from classical 
genetic studies. Inactive forms of  a regula- 
tory gene from Neuvospova rvassa that encodes 
a bZIP protein have been sequenced and 
shown t o  encode polypeptides that substi- 
tute single amino acids within the basic 
region (12). 

Although molecular genetic studies such 
as those outlined in the preceding para- 
graphs are consistent with the bipartite 
structural model hypothesized for bZIP 
proteins, they d o  not provide unambiguous 
evidence that D N A  binding specificity re- 
sides in the basic region. In  order t o  perform 
a more rigorous test of  this hypothesis, we 
have prepared and expressed a set of chimer- 
ic proteins that contain the basic region of 
one protein fused to the leucine zipper of 
another protein (Fig. 1A). 

The two proteins chosen for study, 
CIEBP and GCN4, have the canonical prop- 
erties of  bZIP proteins (Fig. lB), yet recog- 
nize different sites on  DNA. CIEBP binds to  
a variety of different sites whose consensus 
appears t o  be a 10-bp sequence-5'- 
ATTGCGCAAT-3'-consisting of two di- 

rectly abutted dyad half sites (13, 14); 
GCN4 binds to  the 9-bp sequence-5'- 
A ~ G A $ ~ A ~ - 3 ' - c o n s i s t i n ~  of  hvo dyad 
half sites that overlap at a central G . C base 
pair (15). In  order t o  construct chimeric 
proteins, Xho I restriction sites were intro- 
duced into the genes that encode CIEBP and 
GCN4 at positions between the basic region 
and leucine zipper. The hexanucleotide se- 
quence that specifies cleavage by Xho I, 5'- 
CTCGAG-3', encodes leucine-glutamic 
acid. This same set of  amino acids occurs 
starting at the NH2-terminal leucine of  the 
GCN4 zipper (Fig. 2). The gene encoding 

GCN4 was mutagenized with a synthetic 
oligonucleotide (16), allowing production 
of a polypeptide termed G1. Although the 
nucleotide sequence of the gene encoding 
G1 was changed so as to  introduce the Xho I 
restriction site, the protein sequence of  

Basic L e u c i n e  r e p e a t s  
region 1 2 3 

R K L Q R M K Q C D K V E E L L S K N Y H L  GI 

R K L Q R M K Q L E D K V L J L L S K N Y  H L  G2 

R K L Q R M K Q L - E L L S K N Y H L  GI-G2 

COOH 

Bas~c regon &&A 
1 2 3 4  

Leucine repeat 

DNA bindlog domain 

Fig. 1. (A) Scheme used to reciprocally exchange 
leucine zippers of GCN4 and CIEBP. The upper 
portion shows parental, dimeric forms of GCN4 
(open rectangles) and CIEBP (stippled rectan- 
gles). Chimeric polypeptides shown in the lower 
portion were prepared by reciprocal exchange of 
basic regions and leucine repeats, resulting in G-C 
(basic region of GCN4 fused to leucine zipper of 
CIEBP) and C-G (basic region of CIEBP fused to 
leucine zipper of GCN4). (6) Anatomy of a 
monomeric chain of CIEBP. The DNA binding 
domain of CIEBP consists of a basic region 
(about 20 amino acids) linked to a leucine repeat 
(about 30 amino acids). Reciprocal exchange 
with corresponding segments of GCN4 was made 
possible by insertion of an Xho I restriction 
enzyme recognition site at one of two positions 
(Fig. 2). Expression of parental CIEBP and chi- 
meric derivatives was monitored with antibodies 
specific to either of two epitopes. One epitope 
was located within a sequence of 14 amino acids 
located on the NH2-terminal side of the basic 
region (a-14). The other epitope was located 
within a 15-amino acid sequence located at the 
COOH-terminus of CIEBP (a-COOH). 

R K L Q R M K Q L E D K V L E L L S K N Y H L  G2-GI 

A 
E D K V E  

R K L Q R M K Q L E Q K V L E L T S D N D R L  GI -CI 

R K L Q R M K Q L E D K V L E L T S D N D R L  G2-C2 

R K L Q R M K Q L E D K V L E L T S D N D R L  G2-C1 

A 
E Q K V  L  

K A K Q R N V E E Q K V  L E L T S D N D R L  C1 

K A K Q R N V E T Q Q K V E L T S D N D R L  C2 

K A K Q R N V E L - E L T S D N D R L  C1 -C2 

K A K Q R N V E T Q Q K V  L E L T S D N D R L  C2-C1 

A 
E Q K V  L  

K A K Q R N V E L E D K V E E L L S K N Y H L  CI-GI 

K A K Q R N V E T Q Q K V L E L L S K N Y  H  L  C2-G2 

K A K Q R N V E L - E L L S K N Y  H L  CI -G2 

K A K Q R N V E T Q Q K V L E L L S K N Y H L  C2-GI 

A 
E D K V  E  

Fig. 2. Locations of reciprocal exchange between 
leucine zippers of GCN4 and CIEBP. Amino acid 
sequences of portions of GCN4, CIEBP, and 
chimeric fusions are shown using the single amino 
acid code (22). Top four sequences show a seg- 
ment of the GCN4 polypeptide sequence starting 
within the basic region (arginine residue number 
235 out of the 271 residue polypeptide) and 
progressing approximately halfivay through the 
leucine repeat (terminating with leucine residue 
number 257). Positions of Xho I linkers are 
indicated by underlined leucine-glutamic acid 
(LE). Recombination of G1 basic region with G2 
leucine repeat leads to deletion of five residues 
(GlG2), and recombination of G2 basic region 
with G1 leucine repeat leads to insertion of five 
residues (G2G1). Third set of sequences (stip- 
pled) show a segment of the CIEBP polypeptide 
sequence starting within the basic region (lysine 
residue number 302 out of the 359 residue poly- 
peptide) and progressing approximately halfway 
through the leucine repeat (terminating with leu- 
cine residue number 324). Second and fourth sets 
of sequences show chimeric polypeptides consist- 
ing of GCN4 basic region fused to the CIEBP 
leucine repeat (second set), and CIEBP basic 
region fused to the GCN4 leucine repeat (fourth 
set). In all cases, CIEBP sequences are designated 
by stippling. In addition to appropriately matched 
chimeric polypeptides (GlC1, G2C2, ClG1, and 
C2G2), four illegitimately matched chimeras were 
also prepared (GlC2, G2C1, ClG2, and C2G1). 
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GCN4 remained unchanged. The analogous 
position of CEBP, according to interpreta- 
tions outlined by Vinson et al. (14), contains 
the sequence Thr-Glu. The DNA sequence 
encoding these amino acids was changed to 
specify cleavage by Xho I, leading to a gene 
that encodes an altered form of CEBP 
termed C1 (Fig. 2). 

Not knowing whether this first site of 
reciprocal exchange would be suitable, we 
also introduced Xho I restriction sites into 
the two genes at positions five amino acids 
closer to their respective COOH-termini 
(Fig. 2). In this second case, mutagenesis led 
to a form of GCN4, termed G2, that bore a 
single amino acid substitution (glutamic 
acid to leucine). In contrast, C/EBP already 
contained the sequence leucine-glutamic 
acid at this position. Therefore, inwduc- 
tion of the Xho I site led to expression of a 
polypeptide bearing the native C/EBP ami- 
no acid sequence (termed C2). These four 
polypeptides, G1, G2, C1, and C2, were 
expressed in bacterial cells and tested by 
deoxyribonuclease I (DNase I) footprinting 
for sequence-specific interaction with DNA. 
As is shown below, all four proteins bound 
DNA selectively. Three of the four proteins 
bound to their cognate sites on DNA as 
avidly and specifically as "native" protein 
expressed from unaltered GCN4 and CEBP 
genes. However, the apparent &ty of the 
C1 protein was reduced by 70 percent rela- 
tive to native C/EBP as measured by titrat- 
ing C1 and native C/EBP. The molecular 
basis for the reduced aflinity of the C1 
variant of CEBP has not been resolved. 

Reciprocal exchanges were made by re- 
combining the CEBP and GCN4 genes at 
the newly introduced Xho I sites. Recombi- 
nants containing the basic region of C/EBP 
fused to the zipper of GCN4 were termed 
ClGl  and C2G2. Likewise, recombinants 
containing the basic region of GCN4 fused 
to the zipper of C/EBP were termed GlC l  
and G2C2 (Fig. 2). Having introduced the 
Xho I site at two locations in each gene 
(separated by five amino acids), we also 
prepared derivatives of the parental proteins 
that either inserted or deleted five amino 
acids in the region separating the basic 
region from the zipper. These variants of 
GCN4 were termed G1G2 (deletion of five 
amino acids) and G2G1 (insertion of five 
amino acids). The corresponding derivatives 
of C/EBP (ClC2 and C2C1) were also 
prepared (Fig. 2). Finally, improperly 
matched recombinants were prepared by 
fusing the basic region of GCN4 to the 
inappropriate site on the CEBP zipper 
(GlC2 and G2Cl), and the basic region of 
C/EBP to the inappropriate site on the 
GCN4 zipper (ClG2 and C2G1). 

Parental and recombinant proteins were 

expressed in bacterial cells, solubilized (17), 
and fractionated on three polyacrylamide 
electrophoresis gels. One gel was stained 
with Coomassie brilliant blue, and the other 
two were prepared for imrnunoblot analysis 
with two CEBP-specific antibodies. One 
antibody, termed a-14, was prepared 
against a 14-amino acid epitope located 
immediately "NH2-terminal" from the 
UEBP basic region. The other antibody, 
termed a-COOH, was prepared against an 
epitope corresponding to the COOH-termi- 
nal15 amino acids of CIEBP (Fig. 1B). The 
a-14 antibody allowed detection of parental 
and recombinant polypeptides that con- 
tained the basic region of CEBP, whereas 
the a-COOH antibody allowed detection of 
polypeptides that contained the zipper of 
CEBP. Coupled with Coomassie staining, 
the immunoblots (Fig. 3) verified the pres- 
ence of the appropriate polypeptides in each 
bacterial extract. These analytical studies 
showed that the inappropriately matched 
recombinant proteins, which either inserted 

G2 61 62 61 62 61 62 cZ ti  C? EI cz CI c2 Bwknglon 
62 G I  C I  c2 c2 C I  c2 C I  61 GZ 62 G I  Leucinezipper 

Fig. 3. SDS gel electrophoresis of parental and 
recombinant forms of GCN4 and CIEBP. Soluble 
extracts prepared from bacterial cells (17) were 
applied to three electrophoresis gels. Protein no- 
menclature idenufying individual gel lanes (top) 
is as designated in Fig. 2. (Top) One gel was 
stained with Coomassie brilliant blue. Protein 
bands on right represent molecular markers. The 
other two gels were subjected to imrnunoblot 
analysis with antibodies to two epitopes of CIEBP 
(Fig. 1B). One antibody, a-14, recognized an 
epitope located on the NHrterrninal side of the 
C/EBP basic region (center). This antibody re- 
acted with polypeptides carrying thc basic region 
of CIEBP, but failed to react with polypeptides 
canying the basic region of GCN4. The other 
antibody, termed a-COOH, recognized an epi- 
tope located on the COOH-terminal side of the 
ClEBP leucine zipper (bottom). This antibody 
reacted with polypeptides carrying the leucine 
zipper of CIEBP, but failed to react with polypep- 
tides carrying the leucine zipper of GCN4. Paren- 
tal and recombinant polypeptides exhibited elec- 
trophoretic mobilities in the range of 40 kD. 

or deleted five amino acids (Fig. 2), migrat- 
ed with the expected, altered mobilities. 

Having found that parental and recombi- 
nant polypeptides could be produced in a 
soluble form, we then tested each protein 
for sequence-specific interaction with DNA. 
The binding sites used in DNase I footprint- 
ing assays were synthesized as complemen- 
tary oligonucleotides and inserted into the 
same vector DNA molecule (1 8). The nucle- 
otide sequence chosen for the C/EBP bind- 
ing site was 5'-AlTGCGCAAT-3', and that 
for the GCN4 binding site was 5'-AT- 
GAGTCAT-3'. As shown in the upper pan- 
el of Fig. 4, the GCN4 binding site was 
protected by four protein samples (Gl, G2, 
GlCl, and G2C2). The lower panel of Fig. 
4 shows that the C/EBP binding was also 
footprinted by four protein samples (Cl, 
C2, ClG1, and C2G2). These assays also 
provide evidence of weak interaction be- 
tween the CEBP binding site and the four 
proteins that bound avidly to the canonical 
GCN4 binding site (Gl, G2, GlC1, and 
G2C2). All eight proteins that initiated 
translation at the NH2-terminus of GCN4 
were expressed more effectively in bacteria 
than those that initiated at the NH2-termi- 
nus of C/EBP (Fig. 3). This disparity in 
protein concentration probably accounts for 
part of the perceived promiscuity of GCN4 
binding. 

Three general conclusions can be drawn 
from the observations presented in Fig. 4. 
First, DNA binding specificity is conferred 
by amino acid sequences located upstream 
from the leucine zipper. G lC l  and G2C2 
bound to DNA in a manner indistinguish- 
able from G1 (which consisted of an entirely 
native GCN4 amino acid sequence) or G2 
(which contained a single amino acid substi- 
tution). Likewise, C lGl  and C2G2 bound 
DNA in a manner indistinguishable from 
C1 (which contained a single amino acid 
substitution) or C2 (which consisted of an 
entirely native C/EBP amino acid sequence). 
Other than the zipper, the only aspect of 
C/EBP necessary for DNA binding is the 
basic region (1 1, 19). Thus, we conclude 
that the DNA binding specificity of a bZIP 
protein is determined by its basic region 
(20). However, we emphasize that DNA 
binding is heavily dependent on dimeriza- 
tion; mutations in the C/EBP leucine zipper 
that fully disrupt dimerization also lead to 
complete inactivation of DNA binding (1 1). 

Second, the fact that exchange of leucine 
zippers between CEBP and GCN4 yields 
functional DNA binding proteins demon- 
strates the autonomous nature of the leucine 
zipper. That is, its capacity to mediate dirner 
formation is not substantially iduenced by 
its polypeptide environment. This "autono- 
my" argues against the notion that the leu- 
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cine zipper relies on tertiary interactions 
with o&r wlv~evtide determiants in or- 

L z n  L 

der to adopt its appropriately folded config- 
uration. 

The third observation that emerged from 
our studies is that all "illegitimate" recombi- 
nants of the parental proteins (GlG2, 
G2G1, ClC2, and C2C1) failed to bind 
DNA (Fig. 4). Likewise, all four of the 
illegitimate chimeric recombinants (GlC2, 
G2C1, ClG2, and C2Gl) failed to bind 
DNA. Since it was wssible to document the 
presence of these proteins in soluble bacteri- 
al extracts (Fig. 3), we do not believe that 
their inactivity can be attributed simply to a 
failure to be expressed in a stable form. 
Moreover, cross-linking assays conducted 
on C1C2 and C2Cl show that both pro- 
teins are l l l y  competent in dimer formahon 
(21). It would thus appear that proteins 
bearing small deletions or insertions be- 
tween the basic region and leucine zipper are 
not completely distorted in three-dimen- 
sional structure. We instead believe that 
their failure to bind DNA reflects the dis- 
ruption of a register or phasing between the 
basic region and leucine zipper that is con- 

Fig. 4. DNase I footprint assays of parental and 
recombinant forms of GCN4 and C/EBP. Soluble 
extracts prepared from bacterial cells (17) were 
tested in footprint assays with two DNA sub- 
strates (18). One substrate contained a high &- 
ty binding site for GCN4 (top). The other sub- 
strate contained a high-athity binding site for 
CIEBP (bottom). Left lane (00) of each set of 
assays contained substrate DNA that had been 
exposed to DNase I in the absence of added 
protein. Remaining lanes contained DNA that 
had been exposed to parental and recombinant 
proteins as indicated above each gel lane. Posi- 
tions and sequences of GCN4 and C/EBP binding 
sites are indicated on the right. 

served in all proteins of this class. The nature 
of this register is described by Vinson et al. 
(14). 
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Assembly of the Native Heterodimer of Rana esculenta 
Tropomyosin by Chain Exchange 

The thermal unfolding profile of the cr 
helix of acr (17) showed one main transition 
at 50°C and that of pp showed a broad 
transition centered at 30°C, both of which 
were reversible on slow cooling (Fig. 1A). 
In contrast, the unfolding profile of cup 
showed nvo cooperative transitions with 
midpoints at 36" and 50°C (Fig. lA, curve 
1) and was not reversible on refolding by 
cooling, as made evident by the missing 
36°C transition (Fig. lA, curve 2). A second 
unfolding nln of the unfolded and refolded 
crp sample gave data that coincided with the 
refoldini profile (Fig. lA, cunre 3); this 

SHERWIN S. LEHRER, YUDE QIAN,* S ~ R E N  HVIDT profile consisted of a broad transition be- 

Rana esculenta tropomyosin assembles in vivo into a coiled-coil a helix from two 
different subunits,k and P, which are present in about equal concentrations. Although 
the native composition is ap, a mixture of equal amounts of aa and pp is produced by 
refolding dissociated a and P at low temperature in vitro. Refolding kinetics showed 
that aa formed first and was relatively stable with regard to chain exchange below 
approximately 20°C. Equilibration of the homodimer mixture at 30" and 34°C for 
long times, however, resulted in the formation of the native a p  molecule by chain 
exchange. Biosynthesis of a p  from separate a and P genes is, therefore, favored 
thermodynamically over the formation of homodimers, and biological factors need not 
be invoked to explain the preferred native a p  composition. 

T ROPOMYOSIN I'URIFIED FROM SEV- ly cup The native crp molecule and the nvo 
era1 sources (skeletal, cardiac, and reconstituted homodimers, crcr and pp, had 
smooth muscle) is composed of two different thermal stabilities characterized by 

kinds of subunits, cr and P, -which differ different helix thermal unfolding profiles. 
slightly in amino acid sequence (1). In some This allowed us to determine the relative 
muscles, cr and p are present in about equal amounts of the three species refolded in 
amounts (2). Assembly of the two subunits vitro from separated cr and P chains. 
in such muscles after chain biosvnthesis, or 
in vitro after chain dissociation, can in prin- 
ciple produce a mixture of equal numbers of 
homodimers (acr and PP), all heterodimer 
(crp), or a mixture of the three species. 
Attempts to determine the native composi- 
tion and to find out if it is controlled by 
thermodynamic and kinetic parameters or 
by biological factors have been made for 
tropomyosin from rabbit skeletal muscle (3- 
7) and fowl gizzard smooth muscle (8-12). 

Tropomyosin is a coiled-coil cr helix, 
which dissociates into subunits (13, 14) in 
parallel with a major cooperative helix-coil 
transition (13, 15, 16). Thus, the dissocia- 
tion and association processes can be studied 
by directly monitoring changes in helical 
content with circular dichroism (CD) meth- 
ods. We have purified tropomyosin from 
Rnrln rsc~rlr~~tn muscle, in which cr and P are 
present in about equal amounts, and found 
that the native con~position is predominant- 

Fig. 1. Helix thermal unfolding and refolding 
profiles of the three species of R. esculettto tropo- 
myosin. The ap tropomyosin refolds as a 1 : 1  
mixture of aa and pp. (A)  Temperature depen- 
dence of ellipticity (a) at 222 nm normalized to 
the value for aa at 5°C. The aa and pp profiles 
were reversible whereas that of ap was not for 
these cooling rates. The ap profiles are as follows: 
1, on heating; 2, on cooling; 3, on reheating; and 
4, calculated profile where @ = 112 ( a p p  + @I-=) 
at each temperature. Initial value of helicity for pp 
was lower than that of aa and cup. ( B )  Tempera- 
ture dependence of ellipticity at 222 nm normal- 
ized to the aa value at 15°C for aa, pp, and "aP" 
refolded from 51M guanidinium hydrochloride by 
dialysis at 5°C. The (aa + pp)12 curve was calcu- 
lated by taking equal contributions from the aa 
and pp profiles. Ellipticity was measured on 
tropomyosin solutions (0.5 mglml) in a 1-mm cell 
(A), or on solutions (0.05 mglml) in a 1-cm cell 
(B), in buffer [0.5M NaCI, 20 mM sodium phos- 
phate (pH 7.01, 1 mM EDTA, and 1 mM dithio- 
threitol] with an Aviv 60DS CD spectropolari- 
meter and a Hewlett-Packard 8910A temperature 
controller. Data were collected in stem of 0.2"C 

nveen 20" and 40°C and a sharp transition at 
50°C, suggesting that the cunre originated 
from contributions from pp and cra, respec- 
tively. The agreement benveen a cuwe calcu- 
lated by taking equal contributions of the 
unfolded and refolded crp (Fig. lA, curve 3) 
showed that the heating and cooling pro- 
cesses resulted in a conversion of the crp 
heterodimer to equal amounts of homo- 
dimers. 

Samples of the three different dimers were 
dissociated separately in 5M guanidinium 
hydrochloride; and dimers were allowed to 
re-form by dialyzing the samples at 5°C. The 
thermal unfolding profiles of the homo- 
dimers refolded from guanidinium hydro- 
chloride (Fig. 1B) were essentially the same 
as those obtained for untreated homodimers 
(Fig. 1A). The unfolding profile of the 

after 0.3-min dwell times with 10-s averaging, 
S. S. Lehrer and Y. Qian, Department of hli~scle Re- 
search, Boston Biomedical Research Institute, 20 Stani- which gave a 0'4" per minute heating Or 15 25 35 45 55 

ford Street, Boston MA 02114, and Departtilent of rate. The ap and tropomy0sin were purified Temperature ( O C )  

Neurology, Hanard Medical School, Boston, MA from frog back and leg muscle by isoelectric 
02115. precipitation, ammonium sulfate fractionation, and hydroxyapatite chromatography (4) at 0" to 5°C 
S. Hvidt, Laborator?. and ROskilde U n i  and were found to contain 86 and 96% ap from leg and back muscle, respectively, and a corresponding 
versity, DK 4000, Roskilde, Denmark. small anount of aa (14 and 4%). The pp dimer and also aa when needed in greater quantities were 
*Present address: chen1istl?. D ~ ~ ~ ~ ~ ~ ~ ~ ,  ~~~~~h~~~ prepared by ion-exchange chromatography on urea-separated chains of ap (24), and the chains were 
Uni\.ersity, Hangzhou, People's Republic of China. refolded by dialysis. 

926 SCIENCE, VOL. 246 




