
I@# RESEARCH ARTICLE 

times and five amino acid replacements Crystal Structure of a Synthetic were made in residues other than Leu in 
order to enhance helical potential (1 3, 14). 

Tri p Ie-Stranded a-Hel i ca 1 B u nd le Potentially destabilizing electrostatic inter- 
actions with the helix dinole moment were 
avoided by blocking the'terminal cx-NH3+ 

Brett Lovejoy, Seunghyon Choe, Duilio Cascio, and a-COO- groups with acetyl and amide 

Donald K. McRorie, William F. DeGrado, David Eisenberg* groups, respectively (14), and Trp2 and 
His2' were introduced to facilitate nuclear 

The x-ray crystal structure of a peptide designed to form a double-stranded parallel coiled 
coil shows that it is actually a triple-stranded coiled coil formed by three a-helices. Unlike 
the designed parallel coiled coil, the helices run up-up-down. The structure is stabilized by 
a distinctive hydrophobic interface consisting of eight layers. As in the design, each a-helix 
in the coiled coil contributes one leucine side chain to each layer. The structure suggests 
that hydrophobic interactions are a dominant factor in the stabilization of coiled coils. The 
stoichiometry and geometry of coiled coils are primarily determined by side chain packing 
in the solvent-inaccessible interior, but electrostatic interactions also contribute. 

A common structural motif of proteins is 
the cx-helical bundle. These bundles appear 
in different forms, including almost parallel 
four-cx-helical bundles (I) ,  crossed bundles 
(2), multiple bundles (3), and parallel 
coiled coils (4). The factors that stabilize 
cx-helical bundles and cause a particular 
protein to adopt one form of bundle over 
another have not been defined. One exper- 
imental approach to defining these factors is 
the characterization of sequences designed 
to self-associate into a particular a-helical 
bundle (5). The crystal structure of a 12- 
residue fragment of a 16-residue peptide 
designed to form a four-cx-helical bundle 
showed that the peptide is a-helical and 
self-associates into both a hexameric and 
tetrameric structure (6). Although the 
structure is more complex than envisioned, 
it contains the central features of the de- 
sign: the cx-helices are largely stabilized 
through hydrophobic interactions between 
leucine side chains. 

One class of cx-helical bundles stabilized 
bv hvdro~hobic interactions is the coiled , ,  . 
coil, a structure adopted by the proteins 
keratin, myosin, epidermin, and fibrinogen 
(4). The coiled coil is characterized by a 
repeating seven-residue pattern. According 
to the notation of McLachlan and Stewart 
(7), the positions within this heptad repeat 
are termed a, b, c, d, e, f, and g. From their 
distinctive x-ray diffraction patterns, Crick 
inferred that these proteins fold into paral- 
lel two- or three-stranded a-helical coiled 
coils (8). He suggested that a "knob" (a 

hvdro~hobic side chain) fits into a hole 
3 L 

formed by the spaces between side chains of 
the neighboring helix. The model was con- 
firmed by the crystal structure of a peptide 
corresponding to the leucine zipper motif of 
the transcriptional activator GCN4 (9). 
This peptide, GCN4-pl, forms a two- 
stranded parallel coiled coil in which hy- 
drophobic residues at McLachlan positions 
a and d fall on the same face of the cx-helix. 
In GCN4-pl the residues at positions a and 
d 'make side-to-side contacts with side 
chains of the neighboring helix: the side 
chains of residues at position a pack against 
side chains of residues at positions a' and g' 
while the side chains of residues at position 
d pack against side chains of residues d' and 
e' where primed letters refer to positions of 
the neighboring helix (9). This same basic 
coiled coil structure, both in dimeric and 
trimeric forms. has been ~redicted for other 
transcription factors such as Fos and Jun, 
and also for heat shock transcription factors 
(10). 

Coil-Ser, the subject of this article, was 
originally designed to provide a model sys- 
tem for evaluating the helix-forming ten- 
dencies of the 20 commonlv occurrine ami- " 
no acids (I I ) .  Its sequence originated with 
the poly-heptapeptide sequence of Hodges 
and co-workers (LeuaGlubAlacLeudGlue- 
GlyfLysg),, which was designed to mimic 
the two-stranded coiled coil conformation 
of tropomyosin (12) (Fig. 1). In the design 
of coil-Ser, this heptamer was repeated four 

magnetic resonance and ultraviolet spectro- 
scopic studies. As a consequence coil-Ser 
has, with the single exception of Trp2, Leu 
residues occupying positions a and d. This 
uniform leucine face distinguishes coil-Ser 
from naturally occurring dimeric coiled 
coils (1 5 ) ,  which usually have some smaller 
residues in these positions. 

Structure determination. The initial 
electron density map of coil-Ser was calcu- 
lated at 2.5 A resolution by means of 
multiple isomorphous replacement (MIR) 
and the density modification techniques of 
Zhang and Main (1 6). The quality of the 
resulting electron density map was sufficient 
to establish the positions of the polyalanine 
model of three cx-helices and build the side 
chains for helix I with the use of the 
program FRODO (1 7). The initial model 
was subjected to rigid body and positional 
refinement with subsequent simulated an- 
nealing (1 8). Phases from this model were 
then combined with MIR phases to produce 
improved 2Fo - Fc maps in which all the 
side chains of helices I1 and I11 were built 
(Fig. 2A). 

X-ray data were collected from an iso- 
morphous crystal of coil-Ser that lacked 

- GlyZ9; the Fc0,,,,, Fco,Ls,, d,,,l, difference 
Fourier map revealed 5 u  and 3 u  peaks 
corresponding, respectively, to the 
CONH2-termini of helices I1 and 111. The 
CONH2-terminus of helix I is exposed to 
solvent, with atomic temperature factors for 
Gly29 in excess of 60 A2, suggesting that 
the lack of a significant difference peak for 
this terminus was due to its high mobility. 
Our model contains all 29 residues of each 
of the three polypeptide chains and 33 
water molecules. It has been refined to an R 
factor of 0.180 for all F/u(F) r 1.0 data 
from 7 to 2.1 A resolution, with root-mean- 
square (rms) deviations from ideal geometry 
of 0.017 A for bond lengths and.23" for 
bond angles (Table 1). 

The structure of coil-Ser. Coil-Ser 
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b F~Q. 2. The structure of coil-Ser. (A) Representative 2F0 - F, coil-Ser - electron density showing Tr$' (left) and Trp2 (right). A hydrogen 
bond between the indole nitrogen of TrpZ' and the carbonyl oxygen 
of Glul is marked with a red line. (6) Side view of the triple-stranded 
coiled coil. The NH,-terminus of each helix is red and the COOH- 
terminus is blue. In this view, the three a-helices are arranged as 
three lines forming the letter "N." The left vertical strand corre- 
sponds to helix I, the tilted strand to helix II, and the right vertical 
strand runs antiparallel to helices I and II and corresponds to helix 
Ill. (C) End-on view of the structure shows the +20" crossing angle 
between all three helix pairs. Helices I, 11, and Ill are in clockwise 
order, starting from the left center. (D) A space-filling side view 
illustrates the eight hydrophobic layers formed by side chains in r positions a and d of each helix. This view is in the same direction as 

in (B). Leucine side chains are whie and tryptophan side chains are red. (E) End-on view of the hydrophobic layer consisting of Tr$, TrpZ', and L e P .  
(F) End-on view of the hydrophobic layer consisting of Leu26, L e P ,  and Trpr. 
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forms a triple-stranded a-helical bundle 44 
A in length and 18 A in diameter (Fig. 2B). 
All three helices consist of eight helical 
turns (1 9). Helix I and helix I1 run in the 
same direction "up" and helix I11 runs 
"down." The three-helix up-up-down to- 
pology of coil-Ser has precedents both in 
globular proteins such as a fragment of 
protein A where the helices are intercon- 
nected by peptide loops (20) and in fibrous 
proteins such as dystrophin and spectrin 
(21). In coil-Ser, the crossing angle be- 
tween all three helix pairs is about +20°, 
inducing the three helices to wrap around 
the superhelical axis to form approximate- 
ly one-sixth of a turn of a left-handed 
supercoil (Fig. 2C). The pitch for this 
supercoil, approximately 270 A, is long 
compared to that estimated for fibrous pro- 
teins (for example, 140 A for tropomyosin) ; 
this is partly due to the bulky Trp side 
chains that sterically hinder the termini of 
the three helices from packing closer to- 
gether. The distance between the axes of 
the parallel helices I and I1 is 11.1 A, 
whereas that between the axis of the anti- 

parallel helix I11 to the axis of helix I and I1 
is 11.3 and 12.6 A, respectively. The su- 
perhelical trimer axis is straight (Fig. 2C). 
Sedimentation equilibrium indicates that 
coil-Ser forms trimers in 0.15 M sodium 
chloride (pH 7.5) (Fig. 3). The finding that 
the peptide forms trimers does not affect the 
earlier calculations of AAG for helix forma- 
tion (12, 22). 

The 16 residues occupying the a and d 
positions of helices I and I1 interact with 
the eight d and a positions of helix I11 to 
form a hydrophobic core at the interface of 
the three a-helices, which consists of eight 
hydrophobic layers (Fig. 2D). Each layer is 
formed by interactions of three apolar side 
chains, the composition of which alternates 
between d, d', a" (Fig. 4A) and a, a', d" 
(Fig. 4B), where a' and d' refer to positions 
on helix I1 and a" and d" refer to positions 
on helix 111. The Ca-CP vectors of all 
leucines occupying a and d positions point 
toward the superhelical axis (Fig. 2, E and 
F, and Fig. 4, A and B). In addition, these 
leucines adopt preferred rotamer angles (x, 
= gauche plus or trans) with frequencies 

Table 1. Data collection and phasing statistics. Crystals in space group P2,2,2, of coil-Ser and of 
coil-Ser missing GlyZ9 were obtained by precipitation with 2.80 M ammonium sulfate in 0.05 M 
potassium phosphate buffer that was adjusted to pH 5.0 with sodium hydroxide (31). Each x-ray 
data set was obtained from one crystal with a Rigaku R-AXIS IIC imaging plate. For Hg(CH,), 
derivatives, crystals were soaked in artificial mother liquor for 6 hours (3.46 M ammonium sulfate In 
a 0.075 M potassium phosphate buffer that was adjusted to pH 6.6 with sodium hydroxide). 
Immediately before the data were collected, Hg(CH,), was added by vapor diffusion. For 
K,Pt(SCN), derivatives, crystals were soaked for 2 days at half the concentration saturated in 
artificial mother liquor. For Hg(CH,),-K,Pt(SCN), double derivatives, crystals were soaked for 5 
days with K,Pt(SCN), at half the concentration saturated in artificial mother liquor and then 
Hg(CH,), was added by vapor diffusion. Anomalous differences were measured for both Hg(CH,),- 
containing derivatives and used in the calculation of MIR phases. Heavy atom parameters were 
refined and MIR phases were calculated by the program HEAVY(32); the mean figure of merit was 
0.54 (30 to 2.5 A). 

Data 

Unit cell dimensions (A) 
a 
b 
C 

Resolution of data (A) 
Measured reflections (No.)* 
Unique reflections (No.) 
Completeness of data (%)? 
Rmerget 
RSGale (8 to 2.5 A)§ 
Number of sites 
Rms f H I e  (30 to 2 . 5 4 1  
RC,Il,, (30 to 2.5 A111 

27.7 28.1 28.0 
38.7 39.3 39.0 
77.8 77.4 77.8 
2.1 2.4 2.5 

13096 701 4 81 35 
4512 2771 2936 

86 76 92 
0.057 0.056 0.057 

0.17 0.18 
1 
1.17 
0.63 

Refinement (7  to 2.1 A )  
R factor** 0.180 
rms bond (A) 0.017 
rms angle (") 2.55 
rms dihedral (") 17.8 

*Only reflections Fla(F) 2 1.0 were processed; F, structure factor amplitude tpercentage of unique data to the 
resolution limit of the data set. SR,,,,, = X,I(I,) - I,ID,I,, and (I,) IS the average of I, over all symmetry 
equivalents. OR,,,,, = XIFpH - FdDF,, F,, and F, derivative and native structure factors, respectively. One 
Hg(CH,), site and one K2R(SCN), site (33) TRms fH/e = [(XfH2)D(FpH - Fq - fH)2]i12, where fH 1s a calculated 
heavy atom structure factor. IIR,,,,,, = XIFpy - Fp - fJDJFpH - Fd for centrlc reflections. **Ref~nement with 
X-PLOR (18) resulted in an Rfactor of 0.21 1 agalnst all &(F) 2 1.0 data from 7 to 2.1 A resolution. The rms deviations 
from ideal bonds and angles were 0.016A and 2.66", respectively. The Rfactor against the same data, 4198 reflections, 
with a single isotropic thermal parameter and no solvent molecules, had an Rfactor of 0.283. Refinement was continued 
with TNT (34) to yield a model having an Rfactor of 0.180 against all F/u(F) 2 1 .O data from 7 to 2.1 A resolution. 

similar to a-helical leucyl residues in the 
crystal structures of proteins (23). 

The occurrence of Trp2 in the a position of 
the heptad repeat results in three classes of 
hydrophobic layers in the structure of coil-Ser: 
Leu-Leu-Leu, Trp-Trp-Leu, and Leu-Leu- 
Trp. The Trp-Trp-Leu and Leu-Leu-Trp lay- 
ers occur at each end of the triple-stranded 
coiled coil, flanking six Leu-Leu-Leu layers. 
In the Trp2-Trp2'-Leu2@' layer, the large size of 
tryptophan does not leave sufficient room for 
two tryptophans to occupy the hydrophobic 
interface (Fig. 2E). As a result Trp2' is forced 
to face solvent. In this orientation the indole 
nitrogen of Trp2' forms a hydrogen bond with 
the carbonyl oxygen of Glul (2.95 A) (Fig. 
2A). In the L e ~ ~ ~ - L e u ~ ~ ' - T r p ~ "  layer (Fig. 
2F), Trp2" is accommodated in the triple- 
stranded coiled coil hydrophobic interface but 
is tilted (Fig. 2D). J'he C6 carbons of the 
seven Leu residues occupying the a and d 
positions of each a-helix are tilted with re- 
spect to the plane perpendicular to the super- 
helical axis. This results in an increase in the 
hydrophobic interactions between the Leu 
side chains. 

Forces that stabilize coiled coils. Ap- 
proximately 3900 A2 of accessible surface 
area, an area that represents 40 percent of 
the total accessible surface area, is buried 

0.0 
6.4 6.5 6.6 6.7 

Radius (cm), 

Fig. 3. Analytical ultracentrifugation of coil-Ser. 
The analysis was performed in a Beckman XL-A 
analytical ultracentrifuge at 20°C with a loading 
concentration of 0.2 mglml in 10 mM 3-[N- 
morpholino]propane-sulfonic acid (MOPS), 150 
mM sodium chloride, pH 7.5. Shown by circles 
is the concentration distribution as a function of 
radial position of coil-Ser at equilibrium after 24 
hours at 30,000 rpm. The data fit best for a 
single species with a molecular size of 10,258 
daltons (curve 3), a value in close agreement 
with the calculated molecular size for the trimer 
of 10,040 daltons. For comparison, curves for a 
dimer (curve 2) and tetramer (curve 4) are 
shown. Analyses of residual differences from 
curve 3 do not reveal systematic error. 
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Fig. 4. An end-on view of the Leu-Leu-Leu hydrophobic layer illustrates how Leu23" (d-dl-a") and (B) Leug-Leug'-Leuqg" (a-a'-#). (C) In a hypothetical 
the tendency of Leu to adopt negative x, angles causes the Cp-Cy bond of representation of coil-Ser as an all parallel triple-stranded coiled coil, the 
each Leu side chain occupying d positions to bend away from the superheli- residues Leug, Leug', and Leug" form a hydrophobic layer of the type 
cal axis and the Cp-Cy bond of each Leu side chain occupying a positions a-a'-a". This panel illustrates how the adoption of favorable X, angles by 
to bend toward the superhelical axis. The two types of hydro- phobic layers Leu in this type of layer causes their side chains to collide. Such collisions 
observed in the coil-Ser structure are represented by (A) Leu5-Leu5'- can be avoided by the adoption of less favorable X, angles by Leu. 

when the trimer is formed from helical 
monomers (24). This change results in a 
gain in hydrophobic stabilization energy. 
O n  the basis of hydrophobic potential en- 
ergy calculations (25), both GCN4-pl and 
coil-Ser form the most stable structures 
possible. GCN4-pl tends toward dimer for- 
mation rather than trimer formation, and 
coil-Ser is more stable as an up-up-down 
triple-stranded coiled coil than as an all 
parallel triple-stranded or double-stranded 
coiled coil (Table 2) although the energy 
differences are small. Thus the hydrophobic 
stabilization energy provides the main driv- 
ing force for the formation of coiled coils 

from helical monomers and may even influ- 
ence the stoichiometry and strand polarity 
of coiled coils. 

Like GCN4-pl, coil-Ser is stabilized by 
three interhelical salt bridges between 
charged residues in the e and g positions of 
the heptad repeat (Fig. 5) (26). Such salt 
bridges are believed to stabilize naturally 
occurring double-stranded coiled coils (4) 
and are found in GCN4-pl. Coil-Ser is also 
stabilized by an additional interhelical salt 
bridge between charged residues in the g 
and b positions as well as four intrahelical 
salt bridges (26). An unexpected feature of 
the coil-Ser structure is the grouping of like 

charges between the e and g positions of 
antiparallel helices (Fig. 5B). Examination 
of the structure reveals that these charged 
side chains have sufficient conformational 
flexibility to move away from each other. 
The presence of interhelical salt bridges 
between helix I and I1 only, and also the 
presence of unexpected repulsive interac- 
tions, suggest that interhelical salt bridges 
are not a dominant driving force in the 
formation of coiled coils but rather an 
indirect consequence of coiled coil forma- 
tion. Our findings are consistent with the 
studies of a-tropomyosin by Skolnick and 
Holtzer, in which they propose that the 

Fig. 5. Axial helical projection of GCN4-pl and coil-Ser. In this represen- 
tat~on the helices have been slightly underwound to compensate for the 
left-handed supercoiling of the structure. Thus, they are drawn containing 
seven residues per turn.  (A) Residues 2 to 33 of GCN4-pl. This view is 
from the NH,-terminus with the first seven residues represented by 
circles. The diagram shows how apolar residues at positions a and d 
form a hydrophobic interface in a parallel two-stranded coiled coil. (6) 
Residues from 2 to 27, 2' to 27', and 2" to 27" of coil-Ser as viewed from 
the side of Gluq, Glul', and GlyZ9". The diagram shows the hydrophob~c 
interface formed by the apolar residues of the a and d positions of helices 
1. I I .  and 111. 
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Table 2. Atomic solvation (hydrophobic) energy calculations for coil-Ser and GCN4 structures, 
based on the method of Eisenberg and McLachlan and the atomic solvation parameters of 
Eisenberg et a/. (25). The net hydrophobic stabilization energy for each structure was derived by 
subtracting the energy of component a helices from the energy of the complete structure. 

Model 
Net hydrophobic 

stabilization energy 
(kcallmol) 

Net hydrophobic 
stabilization energy 
per helix (kcalimol) 

Coil-Ser structure -33.7 
All parallel coil-Ser model* -32.0 
GCN4 structure (9) - 19.0 
GCN4 model with coil-Ser sequence* -19.1 
Coil-Ser model with GCN4 sequence* -19.4 

*The GCN4 model with the coil-Ser sequence and the coil-Ser model with residues 1 through 29 of the, GCN4 
sequence were created by mutating the respective GCN4 and coil-Ser crystal structures with the use of the 
program FRODO (17). The all parallel coil-Ser structure was created by docking helix Ill to helices I and II in an 
all parallel orientation. All model coordinates were subjected to positional refinement with X-PLOR (18) before 
hydrophobic energy calculations were made. 

influence of interhelical salt bridges to 
coiled coil stabilization is small compared to 
that of hydrophobic interactions (27). 

The polarity of coil-Ser. The small dif- 
ference in hydrophobic stabilization energy 
that coil-Ser gains by forming an up-up- 
down trimer rather than an all parallel tri- 
mer (Table 2) suggests that additional fac- 
tors may influence the polarity of coil-Ser 
and coiled coils in general. One such factor 
might be the interactions of the macro- 
dipole moment (28) of the helices. The 
up-up-down polarity of coil-Ser could pro- 
vide electrostatic stabilization energy in the 
form of favorable interactions between di- 
pole moments of antiparallel a-helical pairs 
(helix I and 11, helix I and 111), as suggested 
by Hol et al. (29). In addition, the up-up- 
down uolaritv of coil-Ser allows Leu residues 
in the 'a position of helix I11 to adopt favorable 
rotamer angles. To avoid steric clash, an all 
parallel trimer would require Leu residues in 
the a Dosition to adopt energetically less fa- 
vorable x, angles ( ~ i i  4C). - 

While a modest improvement in hvdro- 

Met, and Val are all relatively well tolerat- 
ed at position a. The structure of coil-Ser 
demonstrates that what distinguishes Leu 
from Ile, Met, and Val in the a position is 
a combination of its steric properties (with 
two C6 carbons) and its strict preference for 
negative x1 angles (Fig. 4). The absence of 
Leu in the a Dositions of G c N 4 - ~ 1  is . A 

consistent with our modeling studies that 
show that adoption of this favored x angle 
by Leu in the a position of double-stranded 
parallel coiled coils results in a steric clash 
similar to that shown in Fig. 4C. Of course, 
Leu can occur in the a position of parallel 
coiled coils if it ado~ t s  a less favored rota- 
mer. Analysis of peptide analogs of coil- 
Ser, in which the Trp and Leu occupying 
the a positions are replaced by Val or Ile, 
will shed further light on the effect of 
hydrophobic residues on the stoichiometry 
and polarity of coiled coils. These replace- 
ments may stabilize a double-stranded par- 
allel coiled coil. 
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