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ABSTRACT: One popular model for protein folding, the framework model, postulates initial formation of 
secondary structure elements, which then assemble into the native conformation. However, short peptides 
that correspond to secondary structure elements in proteins are often only marginally stable in isolation. 
A 33-residue peptide ( G C N C p l )  corresponding to the GCN4 leucine zipper folds as a parallel, two- 
stranded coiled coil [O’Shea, E. K., Klemm, J.  D., Kim, P. s., & Alber, T. A. (1991) Science 254,539-5441, 
Deletion of the first residue (Arg 1) results in local, N-terminal unfolding of the coiled coil, suggesting that 
a stable subdomain of GCN4-pl can form. N-  and C-terminal deletion studies result in a 23-residue 
peptide, corresponding to residues 8-30 of GCNCp1, that folds as a parallel, two-stranded coiled coil with 
substantial stability (the melting temperature of a 1 mM solution is 43 OC at pH 7). In contrast, a closely 
related 23-residue peptide (residues 11-33 of GCN4-pl)  is predominantly unfolded, even at  0 OC, as 
observed previously for many isolated peptides of similar length. Thus, specific tertiary packing interactions 
between two short units of secondary structure can be energetically more important in stabilizing folded 
structure than secondary structure propensities. These results provide strong support for the notion that 
stable, cooperatively folded subdomains are the important determinants of protein folding. 

One popular model for protein folding, the framework 
model, postulates initial formation of secondary structure 
elements, which then assemble into the native conformation 
[reviewed in Kim and Baldwin (1982)l. Isolated peptides 
that correspond to secondary structure elements, however, 
are often only marginally stable [e.g., Scholtz and Baldwin 
(1992) and Dyson and Wright (1993)l. This suggests that 
stabilizing interactions between transiently formed elements 
of secondary structure are required for proceeding to the native 
state. To address how elements of secondary structure 
associate and stabilize each other, we have investigated the 
folding of a two-stranded coiled coil, which is a simple motif 
consisting of just two a-helices (Figure 1A). 

Coiled coils are formed from two, three, or four amphipathic 
a-helices that wrap around one another in a left-handed 
supercoil [Crick, 1953; Pauling & Corey, 1953; O’Shea et al., 
1991; Harbury et al., 1993; see also Banner et al. (1987), 
Lovejoy et al. (1993), and Yan et al. (1993)l. This structural 
motif is found in many proteins (Cohen & Parry, 1990), 
including the leucine zipper, or bZIP,’ class of transcription 
factors [Landschulz et al., 1988; O’Sheaet al., 1989; for recent 
reviews, see Alber (1992), Hu and Sauer (1992), and 
Ellenberger (1994)l. The sequences of coiled coils are 
characterized by a heptad repeat of seven amino acid residues, 
denoted a tog, with a 4,3 repeat of predominantly hydrophobic 
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residues at positions a and d (Hodges et al., 1972; McLachlan 
& Stewart, 1975). The intercoil hydrophobic interface (Fig- 
ure 1A) is formed by residues at positions a, d, e, and g (O’Shea 
et al., 1991; Harbury et al., 1993). 

Studies of the folding of coiled coils have focused pre- 
dominantly on tropomyosin, a 400-A-long, two-stranded coiled 
coil. Tropomyosin unfolds thermally with a shallow pre- 
transition, involving loss of about 20% helicity, followed by 
a major unfolding step (Lehrer, 1978). The nature of the 
pretransition is unclear, having been attributed to non- 
cooperative helix fraying (Holtzer & Holtzer, 1992), unfolding 
inthevicinityofresidues 130-190 (Ishiiet al., 1992), andloss 
of coiled coil but not helical structure (Greenfield & Hitchcock- 
DeGregori, 1993). 

Shorter coiled coils may exhibit simpler folding behavior 
than tropomyosin. A synthetic peptide, called GCN4-pl, 
corresponding to the leucine zipper of the yeast bZIP 
transcription factor GCN4, folds independently of the 
remainder of the GCN4 sequence as a parallel, two-stranded 
coiled coil (O’Shea et al., 1989, 1991; Oas et al., 1990). We 
define here peptides derived from the GCN4 coiled coil that 
form stable, folded structures. The results emphasize the 
importance of tertiary interactions in stabilizing marginally 
stable elements of structure during folding, and provide strong 
support for the notion that stable, cooperatively folded 
subdomains are the important determinants of protein folding. 

EXPERIMENTAL PROCEDURES 

The recombinant peptides GCN4-p3 and GCN4-p3C were 
expressed in Escherichia coli strain BL2 1 (DE3) pLysS using 
the T7 system (Studier et al., 1990). A synthetic gene encoding 
GCN4-p3 was prepared with optimal codon usage for E. coli 
(Grosjean & Fiers, 1982) and ligated into the XbaI/EcoRI 
site of pET3a (Studier et al., 1990) as a precursor to an 
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Fict R t  I :  ( A I  Schematic reprerenlation ora  parallrl. tuo-ctranded 
coilcdcoil (OShca ct al.. 1991). A side view IS shown For simplicit), 
t he supercoiling of t  hc hcliccr IS not depicted. The sequences olcoiled 
coils~rechar~cterixd by a heptad rcpeatofsevenammoacld residues. 
denoted a log. w i t h  34.3 rcpcarulprcduminantly hydrophobcrmdues 
a1 positions a and d (tlcdgrs el i l l ,  IY72: \lcLar.hlin & Steuart. 
19751 The hldrophobic mcrfacebrluccn thctuon-hehcesis fumed 
by re\idues at psilions 3. d.  L.. and g. P r i m  ('1 r c f m  to por~tiuns 
fmm the uthcr helix. One set of packing ~ntcr~ction\ s o n ~ i ~ t ~  u l  ridc 
chain, Tram po.ilwns a. a', g. and g'. u herear !he second ic! consi~ts 
of stde cham lrom po,ilions d. d , c. and e' (O'Shea et al.. 1991 J.  
Residucs at  poulionr e and g pack against postilons a and d. as uell 
as pirticipatmg In mtcrhelical electro\laiic interactionr. uhich are 
indicated u i th  bridges(p~~l~oncrog'ofthepreccding hcptadJ pK. 
mc,twrcmcnt, in J deupned helerodimeric cotlcd coil wgge,t. 
houever. lh31 inlcrhelical r31t bridges do not contrlbutc qignificantly 
lo  the siability of a two-stranded coiled coil (O'Shca el AI.. 1 ~ V 3 )  
(R) tlelical wheel rcprcscntation o i ( iC '~J -p ) .uh ichcor re~pond~  to 
residues Mer?-Arg3?olGC\J-pl (Table I ) a n d  ha~anunblwked 
S\;-icrminur. GC\J-p3 dillrrs 4ightl) frum GCN4-pl  (O'Shea et 
al.. l9h91, which hasa neut ia l  tacrt!latedl \-tcrminusand begins 
a1 Arg I .  rather than  Met 2. The ( ICY 15 from the \\.-lcrmmu, 

expression plasmid (pJH370) fora h repressor-GCUP leucine 
zipper fusion protein ( H u  et al., 1990). The gene u3s then 
rubcloned intothe XbolfEroRl siteofthe highcopy expression 
vector pAED4 (Doering. 1992) using rtandard procedures 
(Sambrook et 31.. 19891 and called p4LZ. The plasmid for 
GCKJ-p3C (called p4LZGGC) was prepared by oliponuclc- 
otide-directed mutagenesis of p4LZ (Zoller & Smith. 1982). 
Sequence5 were confirmed by DNA sequencing (Smger et 
al.. 1977) 

Cellsueregroundirectly fromasinglecolony i n  L R  media 
containing 100mg/L ampicillinand 25 mg/L chloramphenicol 
to an opticil denwy of 0.6 at 600 nm and uere induced u,ith 
soprop) I 3-n-thiogalactop) ranoside (final concentration. 0.5 
mW) After 3 h. cells were harvested by centrifugation and 
lysed b) freezing followed by sonication in 50 mM Tris-base 
and I mM EDTA. pH 8.0. The pH of the Ijrate was reduced 
to 2 w i t h  HCI to precipitate impurities. and the resulting 
mixture uar centrifuged. The soluble fraction was dialyied 
against IO mM sodium acetate. pH 4.0, and then loaded onto 
C W-Sepharosc CL-6B. Contaminants uere eluted in I O  m M  
sodium acetate. pH 4.0. and theGCU4 peptide war then eluted 
i n  the same buffer containing I M NaCI. Final purification 
uas bv reverse-phase HPLC on a Vydac CI8 column ubing a 
linear uater acetonitrile gradient containing 0.19 trifluo- 
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roacetic acid. The yields of GCN4-p3 and GCN4-p3C from 
LB media were 60-90 and 40-60 mg/L, respectively. 
Uniformly tSN-labeled GCN4-p3C was prepared in the same 
way except cells weregrown in M9Tminimal media (McIntosh 
etal., 1987) containing 1 g/L(15NH1)2S01toyield25 mg/L 
HPLC-purified tSN-labeled GCN4-p3C. All other peptides 
were synthesized using FMOC or t-Roc solid-phase synthesis 
and purified as described previously (OShea et al., 1989, 
1993). The identity of each peptide was confirmed by laser 
desorption mass spectrometry on a Finnigan LASERMAT, 
and in all cases the expected and observed molecular masses 
agreed to within 2 Da. The numbering of residues of the 
peptides follows theGCN4-pl sequence (OSheaetal., 1989). 

CD spectra were acquired on Aviv 60DS or 62DS spec- 
trometers. Samples were prepared in 50 mM sodium 
phosphate and 150 mM NaCI. Peptide concentrations were 
determined by tyrosine absorbance in 6 M guanidine hydro- 
chlorideassuming an extinction coefficient at 276 nm of 1500 
M-' cm-' (Edelhoch, 1967). Helix content was estimated 
from [ 8 ] 2 2 2  by assuming that a value of -33 X IO3 deg cm2 
dmol-' corresponds to a helix content of 100% for a 33-residue 
coiled coil (OShea et al., 1989) and by correcting for the 
length dependence of [0]222 (Chen et al., 1974). Thermal 
stability was determined at peptide concentrations (monomer) 
of 35 r M  or 1 mM by monitoring the change in [8]222 as a 
function of temperature. The temperature was increased in 
steps of I 'C with an equilibration time of 120 sand a data 
collection time of 30 s. The T,,, was determined from the 
minima of the first derivative of [ 8 ] 2 2 2  with TI, where T i s  
in K (Cantor & Schimmel, 1980). All thermal melts were 
reversible (the folding and unfolding curves were superim- 
posable, with >95%ofthestarting signal regainedoncooling). 

Apparent molecular masses were determined by sedimen- 
tation equilibrium on a Beckman XL-A ultracentrifuge at  0 
" C .  Samples weredialyzed against 50 mM sodium phosphate 
and 150mM NaCI, pH 7.0, for at least 12 h. Typically, three 
samples of total peptide concentration of 166, 332, and 553 
r M  were run at rotor speeds of 35 000 or 40 000 rpm, and the 
absorbance at 276 nm was monitored. One peptide (GCN4- 
pl I was not significantly folded at these concentrations; 
in this case, a concentration of 1 mM was used and the 
absorbance at  244 nm was monitored. Data were fit to an 
ideal model plot of In(absorbance) versus radial distance 
squared. Significant deviations of residuals, indicative of 
deviation from this ideal model, were not observed except for 
the partially folded peptide GCN4-pl 11.33. Partial molar 
volumes and solvent densities were calculated as described by 
Laue et al. (1992). 

NMR spectroscopy was performed on a Bruker AMX 
spectrometer operating at  500.1 MHz for 'H. Samples were 
typically 2 to 5 mM peptide in 50 mM sodium phosphate and 
150 mM NaCI, pH 6.5. containing 10% D 2 0  and internally 
referenced to zero ppm with (trimethylsily1)propionic acid. 
NOESY (Macura et al.. 1981) and 2D lH-I5N HSMQC- 
NOESY (Gronenborn et al., 1989; Zuiderweg, 1990) data 
sets consisted of 512 tl increments defined by 1024 complex 
points and 96 transients collected using time-proportional 
phase incrementation (Marion & Wiithrich, 1983). Data 
were acquired at 5 "C using spectral widths of 6024.1 Hz in 
the 'H dimension and 1250 Hz in the ISN dimension and a 
recycle delay of I .5 s. The NOESY mixing time was 150 ms. 
'Hs were decoupled in heteronuclear experiments using 
WALTZ-I6 (Shaka et al., 1983). The water resonance was 
suppressed using a selective 1-1 echo sequence to avoid 
saturation transfer to the exchangeable amide NH protons 
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FIGURE 2: (A) CD spectra of GCN4-pl (0) and GCN4-p3 (0) at 0 OC and pH 7. The minima a t  208 and 222 nm indicate that both peptides 
are helical. However, GCN4-p3 is only approximately two-thirds helical by CD, in contrast to GCN4-pl, which is essentially fully helical. 
(B) Temperature dependence of [el222 for GCN4-p3 (0 )  and GCN4-pl (0) at pH 7. Despite GCN4-p3 being only about two-thirds helical 
by CD, the temperature dependence of its CD signal exhibits a folded baseline (where [el222 shows little change with temperature) prior to 
the major unfolding transition region. (C) Continuous sets of d”(i, i + l ) ,  d”(i, i + 2), and daN (i, i + 3) NOEs. These NOES indicate 
(Wtithrich, 1986) that GCN4-p3 is helical from approximately Leu 5 to at  least Leu 29 (see text). A solid bar indicates that the NOE was 
observed unambiguously, whereas an open bar indicates that a NOESY cross peak was observed but could not be assigned unambiguously. 
(D) The amide N H  region of the NOESY spectrum of GCN4-p3. d”(i, i + 1) NOEs are observed from Gln 4 to Leu 29. For clarity, the 
contour plot has been made at a high level, so that the d”(ir i + 2) cross peaks are not visible. The amide proton chemical shift degeneracy 
prevented unambiguous observation of the d” (28, 29) and the d”(i, i + 1) NOEs for residues 30-33 (see also Figure 3). 

(Sklenar & Bax, 1987). Datawereresolutionenhancedusing 
a Gaussian function in t 2  and a 50’ shifted squared sine bell 

using d”(i, i + 1 )  NOES and the Tyr 17 spin system as a 
unique reference point. 

RESULTS AND DISCUSSION 
in tl and zero-filled prior to Fourier transformation to give 
final digital resolutions of 2.9 and 1.2 Hz/point in the lH and 
I5N dimensions, respectively. Spectra weie assigned using a 
main chain directed approach (Englander & Wand, 1987) 

GCN4-p3 (Figure 1B) corresponds to  residues 2-33 of 
GCN4-pl (Table 1) and has an unblocked N-terminus. It 
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Table 1: Circular Dichroism and Sedimentation Equilibrium Data 

I. . , 

peptide sequence 35 pM 1 mM 35 pM 1 mM molecular massC (Da) 
GCN4-pl AcRMKQLEDKVEELLSKNYHLENEVARLKKLVGER -33.2 -33.3 56 68 7900 (8080)d 
GCN4-p3 MKQLEDKVEELLSKNYHLENEVARLKKLVGER -22.0 -24.5 47 65 7790 (7681) 

GCN4-plAAc RMKQLEDKVEELLSKNYHLENEVARLKKLVGER -27.7 -30.0 49 67 7620 (7995) 
GCN4-p3Ac AcMKQLEDKVEELLSKNYHLENEVARLKKLVGER -32.3 -33.3 51 69 7600 (7769) 

GCN4-~14-33 AcQLEDKVEELLSKNYHLENEVARLKKLVCER -31.1 -33.2 43 63 7120 (7246) 
GCN4-~18-33 AcKVEELLSKNYHLENEVARLKKLVGER -24.0 -33.2 35 50 5710 (6275) 
GCN4-plll-33 AcEELLSKNYHLENEVARLKKLVCER -8.8 -14.7‘ <O CO 3600 (3900)a 

GCN4-~18-30 AcKVEELLSKNYHLENEVARLKKLV 

N-terminal modifications 

N-terminal truncations 

C-terminal truncations 
-20.7 -27.8 22 43 5160 (5588) 

GCN4-~18-27 AcKVEELLSKNYHLENEVARLK -6.5 -7.0 <O <O 

[el222 was measured at 0 OC at peptide concentrations (monomer) of 35 pM and 1 mM. GCN4-plAAc, GCN4-~14-33, GCN4-p1~-~3, and GCN4- 
pl8-30 are not fully helical at 35 pM, but are >90% helical at millimolar concentrations as judged by [el222 and continuous sets of dm( i ,  i + 1) NOEs 
(data shown for GCN4-pl8-30 in Figure 5C). The Tm was determined at peptide concentrations (monomer) of 35 pM and 1 mM and is accurate to 
&1 “C. Apparent molecular masses were determined at 0 OC. The expected value for a dimer is enclosed in parentheses. d Data from O’Shea et al. 
(1989). e The concentration dependence of [el222 and the apparent molecular mass for a 1 mM sample of GCN4-pill-33 suggest that GCN4-plll-33 
self-associates. The expected molecular mass indicated in parentheses is for a 1 mM solution of peptide, assuming an unfolded monomer-folded dimer 
equilibrium and a helix content of 45% estimated from the value of [8]222. 

I K2a 

8.2 8 . 0  7 . 8  7 . 6  7 . 4  

‘H (Ppm, 
FIGURE 3: Region of the 2D IsN-IH HSMQC-NOESY spectrum 
of GCN4-p3C. In addition to the d”(ir i + 1) NOES observed in 
the NOESY spectrum of GCN4-p3 (Figure 2), d”(i, i + 1) NOEs 
are observed for residues 29-3 1. NOES are not observed for residues 

differs slightly from GCN4-pl (O’Shea et al., 1989), which 
has a neutral (acetylated) N-terminus and begins at Arg 1, 
rather than Met 2. The X-ray structure of GCN4-pl is helical 
for residues Arg 1-Val 30 and is undefined for residues 3 1-33 
(O’Shea et al., 1991). NMR studies indicate that GCNCpl 

31-33. 

FIGURE 4: 1D NMR spectra of GCN4-plaj3, GCN4-plll-33, and 
GCN4-plazt. The amide N H  and aromatic region of the 1D NMR 
spectrum of GCN4-pls-33 is typical of a folded, two-stranded coiled 
coil (Oas et al., 1990). In contrast, the amide N H  resonances in the 
1D N M R  spectrum of GCNCplll-33 are broad, perhaps as a result 
of chemical exchange on the intermediate time scale between multiple 
conformations or between the unfolded and folded states. The 
spectrum of GCN4-pla2.1 indicates that the peptide is predominantly 
unfolded, with the amide proton chemical shifts close to those expected 
for an unstructured peptide (Wiithrich, 1986). 

in solution is helical from Arg 1 to at least Glu 32 (chemical 
shift degeneracy prevented the observation of NOES to Arg 
33; Oas et al., 1990). GCN4-p3 also differs slightly from 
GCN4-p2N (Goodman & Kim, 1991), which has the same 
sequence but with a neutral (amidated) C-terminus and a 
N-terminal Ac-Cys-Gly-Gly to allow interchain disulfide 
formation. N-terminally disulfide-bonded GCN4-p2N is 
helical as judged by NMR from Met 2 to Arg 33 and has a 
Tm of 83 OC (Goodman & Kim, 1991). 

CD indicates that GCN4-p3 exists in a helical conformation 
(Figure 2A) which sedimentation equilibrium indicates is a 
dimer (Table 1). However, GCN4-p3 is only approximately 
two-thirds helical at 0 “C and pH 7.0 (Figure 2A and Table 
1). In contrast, both GCNCpl  (Figure 2A and Table 1; 
O’Shea et al., 1989) and the N-terminally disulfide-bonded 
GCN4-p2N (Goodman & Kim, 1991) are essentially 100% 
helical under identical conditions. 
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FIGURE 5 :  (A) CD spectra of GCN4-pla30 at 0 OC and pH 7. These spectra indicate that the peptide is helical and that the helix content 
is concentration dependent, consistent with self-association. At millimolar concentrations the peptide is greater than 90% helical at low 
temperature. At 0 OC, GCN4-pls-30 is a dimer (Table 1). (B) Thermal melt of 1 mM GCN4-pla30. The peptide exhibits a cooperative unfolding 
transition. (C) Amide NH region of the NOESY spectrum of GCN4-pln-30. dm(i,  i + 1) NOEs that are indicative of helical structure are 
observed from Lys 8 to Val 30. For clarity, the contour plot has been made at a high level, so that the dm(i ,  i + 2) cross peaks are not visible. 

Despite incomplete helix formation, GCN4-p3 exhibits a 
“folded” baseline during thermal unfolding; Le., prior to the 
major unfolding step, there is a region where little helical 
signal is lost with increasing temperature (Figure 2B). This 
suggests that the CD spectrum of GCN4-p3 at  low tempera- 
tures does not result from a weighted average of completely 
folded and completely unfolded peptide molecules. Instead, 
the data suggest that GCN4-p3 contains both an unfolded 
region and a separate folded region that is stable to thermal 
denaturation. 

The helices of the GCN4 coiled coil are parallel (OShea 
et al., 1989, 1991). To confirm that the helices of GCN4-p3 
are also parallel, the concentration dependence of the T, of 
a disulfide-bonded variant of GCN4-p3 was studied. GCN4- 
p3C has the same sequence as GCN4-p3 except for a 
C-terminal Gly-Gly-Cys that allows formation of an interchain 
disulfide bond. If the two helices are disulfide bonded in the 
favorable orientation, the Tm will be independent of concen- 
tration. Conversely, it has been shown that if the GCN4 

helices are disulfide bonded in an unfavorable orientation (Le., 
antiparallel), then higher order oligomers form, reflected in 
a concentration dependence of Tm (OShea et al., 1989). The 
Tm of disulfide-bonded GCN4-p3C (77 f 1 OC at pH 7) is 
independent of concentration over the range 50 pM to 2 mM, 
confirming that the helices of GCN4-p3 are parallel. 

NMR indicates that GCN4-p3 is locally unfolded at  the 
N-terminus, although it is not possible to define precisely the 
residue at  which the helix begins. Medium-range dNN(i, i + 
2) and drrN(i, i + 3) NOEs that are indicative of a-helical 
structure are observed for residues 6-29 and 5-29, respectively 
(Figure 2C). Sequential d”(i, i + 1) NOES are observed for 
residues 4-30 (Figure 2D); however, these NOES are observed 
in unfolded peptides as well as cy-helices, and so, given the 
absence of medium-range NOEs to Gln 4, it cannot be certain 
that the helix begins at  Gln 4. Chemical shift degeneracy 
precluded observation of helical NOEs for residues 30-33, 
although unambiguous d”(ir i + 1) NOES are observed for 
these residues of GCN4-p2N (Goodman & Kim, 1991) 
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and for residues 28-3 1 of GCN4-p3C (Figure 3). Weconclude 
that GCN4-p3 is folded as a parallel, two-stranded coiled coil 
from approximately Leu 5 or Glu 6 to at least Leu 29 and that 
Met 2, Lys 3, and possibly Gln 4 are predominantly unfolded. 

These results suggest that N-terminal deletions of residues 
from the GCN4 coiled coil sequence may be possible without 
loss of the coiled coil structure. Truncations were made at 
one residue before each of the hydrophobic interface residues 
at positions a and d (Le., the first residue in the peptide was 
either at position g or c; Figure l ) ,  since GCN4-pl AAc (which 
begins at Arg 1 and has a free N-terminus) is significantly 
more helical than GCN4-p3 (Table 1). It is likely that the 
loss of a favorable g-a packing interaction (Figure 1A; O'Shea 
et al., 1991;Greenfield et al., 1994) and a main-chain hydrogen 
bond (Arg 1-Leu 5 )  contributes to the lower helix content of 
GCN4-p3 compared to GCN4-pl AAc. TheN-termini of the 
truncated peptides were synthetically neutralized (acetylated), 
since acetylation of the N-terminus of GCN4-p3 results in a 
fully folded, two-stranded coiled coil (GCN4-p3Ac in Table 
1).2 A significant increase in coiled coil stability upon 
N-terminal acetylation has also been observed for peptides 
corresponding to the N-terminus of tropomyosin (Greenfield 
et al., 1994). 

Peptides beginning at residues Gln 4 (GCN4-plk33) and 
Lys 8 (GCN4-pl8-33) fold as stable, two-stranded coiled coils 
(Table 1 and Figure 4), although the helix content does not 
approach 100% by CD until the concentration of the peptide 
is increased to the millimolar level (Table 1). The next 
truncation was made at Glu 11. This 23-residue peptide 
(GCNCp111-33) is largely unfolded by CD (Table 1) and NMR 
(Figure 4). Thus, N-terminal truncations of the GCN4 coiled 
coil beyond Glu 10 do not form stable structures. 

C-terminal truncations were made from the sequence of 
GCN4-p18-33, which is the shortest of the N-terminal 
truncations that folds as a stable coiled coil. GCN4-pls-30 
corresponds to a deletion of residues 31-33 and folds 
cooperatively as a two-stranded coiled coil (Figure 5 and Table 
1). Disulfide-bonded GCN4-pl8-30N (a variant of GCN4- 
pl8-30 which has an N-terminal Ac-Cys-Gly-Gly to allow 
formation of an interchain disulfide bond) has a Tm (72 f 1 
OC at pH 7) that is independent of concentration over the 
range 35 pM to 2 mM, indicating that the helices are parallel 
(see above). A 20-residue peptide, GCN4-pl~27, correspond- 
ing to a further deletion of residues 28-30, is not folded by 
CD (Table 1) or NMR (Figure 4). Thus, the shortest peptide 
derived here from the GCN4 sequence that folds as a stable, 
two-stranded, parallel coiled coil with a cooperative thermal 
unfolding transition is the 23-residue peptide GCN4-p18-30. 
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GCN4-p3 and GCN4-pl AAc are less stable at acidic than at neutral 
pH (the T,  of 35 pM GCN4-p3 decreases from 47 OC at pH 7 to 25 OC 
at pH 3, and the T,  of 35 pM GCN4-plAAc decreases from 49 OC at 
pH 7 to 25 OC at pH 3). In contrast, the stabilities of the corresponding 
peptides with neutral (acetylated) N-termini are relatively insensitive to 
pH (the Tm of 35 pM GCN4-pl is 56 OC at pH 7 and 52 OC at pH 3, 
and the Tm of 35 pM GCN4-p3Ac is 52 OC at pH 7 and 51 OC at pH 
3). ThepK,, of an a-aminogroup lies between 7 and 8 (Creighton, 1993), 
so the N-terminus will be more charged at acidic than at neutral pH. This 
might result in an unfavorable interaction either between the two like- 
charged termini or between the charged N-terminus and the helix dipole 
[cf. Shoemaker et al. (1987); see, however, Greenfield et al. (1994)]. 
Although at pH 10 the Tm of 35 p M  GCN4-p3 (47 "C) is comparable 
to that of 35 p M  GCN4-pl (50 "C), GCN4-p3 is only 76% helical, 
whereas GCN4-pl is essentially 100% helical. This suggests that, in 
addition to the potential for destabilizing charge effects at low pH, loss 
of other favorable interactions (e.g., the g-a packing interaction or the 
Arg l.Leu 5 main-chain hydrogen bond) may contribute to the relatively 
low helix content of GCN4-p3. 

This is the shortest isolated coiled coil to date [cf. Lau et al. 
(1984)], although shorter coiled coils can exist in the context 
of an entire domain (Marmorstein et al., 1992). 

GCN4-pl8-30, along with the longer peptides, folds as a 
stable, parallel, two-stranded coiled coil. This indicates that 
the GCN4 leucine zipper contains stable subdomains (i.e., 
cooperatively folded units of structure larger than an isolated 
helix, but smaller than an entire domain; Rose, 1979; 
Richardson, 1981; Oas & Kim, 1988; Staley & Kim, 1990; 
Wu et al., 1993). It is striking that GCN4-pill-33 is 
predominantly unfolded, even though it is the same length as 
GCN4-p18-30 and differs only at three terminal residues. In 
addition, deletion of the three C-terminal residues from GCN4- 
PIS-30 results in an unfolded peptide. Isolated helices are 
often only marginally stable (Scholtz & Baldwin, 1992), 
including those of a peptide corresponding to the bZIP region 
of GCN4 (Thompson et al., 1993). Our results indicate, 
therefore, that the formation of specific tertiary interactions 
gives rise to the cooperative folding of GCN4-p18-30. Similar 
conclusions have been reached from studies of peptide 
fragments of BPTI, cytochrome c, and myoglobin (Oas & 
Kim, 1988; Staley & Kim, 1990; Wu et al., 1993; Shin et al., 
1993). 

The framework model for protein folding emphasizes the 
formation of secondary structure (Kim & Baldwin, 1982). 
Although the intrinsic propensities of the amino acids to form 
cy-helices [for reviews, see Scholtz and Baldwin (1992) and 
Fersht and Serrano (1993)l or @-sheets (Kim & Berg, 1993; 
Minor & Kim, 1994; Smith et al., 1994) appear to be important 
determinantsof protein folding, our results suggest that tertiary 
packing interactions (even between two short cy-helices) can 
be energetically more important in establishing a cooperatively 
folded structure. This conclusion strongly reinforces the notion 
that protein folding can be understood, in large part, in terms 
of the formation of cooperatively folded subdomains, in which 
elements of secondary structure are stabilized by native-like 
tertiary interactions. 
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