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Pehr B. Harbury, Tao Zhang,* Peter S. Kim, Tom Alber* 

Coiled-coil sequences in proteins consist of heptad repeats containing two characteristic 
hydrophobic positions. The role of these buried hydrophobic residues in determining the 
structures of coiled coils was investigated by studying mutants of the GCN4 leucine zipper. 
When sets of buried residues were altered, two-, three-, and four-helix structures were 
formed. The x-ray crystal structure of the tetramer revealed a parallel, four-stranded coiled 
coil. In the tetramer conformation, the local packing geometry of the two hydrophobic 
positions in the heptad repeat is reversed relative to that in the dimer. These studies 
demonstrate that conserved, buried residues in the GCN4 leucine zipper direct dimer 
formation. In contrast to proposals that the pattern of hydrophobic and polar amino acids 
in a protein sequence is sufficient to determine three-dimensional structure, the shapes of 
buried side chains in coiled coils are essential determinants of the global fold. 

Recent evidence has suggested that the 
three-dimensional structure of a protein is 
determined largely by the pattern of hydro- 
phobic (H) and polar (P) residues in the 
amino acid sequence and is independent of 
the geometric properties of the amino acid 
side chains that make up the pattern (1-3). 
This simplifying hypothesis, however, fails 
to account for a group of proteins composed 
of interacting, amphipathic a helices, the 
coiled-coil family. Coiled-coil proteins 
have a characteristic seven-residue repeat, 
(a.b.c.d.e.f.g),, with hydrophobic residues 
at positions a and d and polar residues 
generally elsewhere. Despite this shared HP 
pattern, coiled-coil sequences adopt dimer- 
ic (4, 5), trimeric ( 6 4 ,  and anti-parallel 
tetrameric (9) conformations. 

In addition. uarallel. dimeric coiled coils . 
exhibit strong preferences for specific amino 
acids at the hydrophobic a and d positions 
of the heptad repeat. A striking example is 
provided by the leucine zipper motif, which 
functions to dimerize bZIP transcription 
factors. Unlike other coiled coils, leucine 
zippers contain leucine at -80 percent of 
all d positions (5 ,  10). Multiple substitution 
of these leucines with similarlv-sized hvdro- 
phobic residues often interfere's with d k e r -  
ization function (I I). 
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The structural variety of the coiled-coil 
family and the functional requirements of 
leucine zipper sequences suggest that geo- 
metric properties of buried, apolar amino 
acids may influence the overall structure of 
coiled coils. To investigate this possibility 
we altered the hydrophobic core of a leu- 
cine ziuuer molecule in a concerted fashion 

L .  

and characterized the structures of the de- 
rivatives. 

Hydrophobic core mutants form two-, 
three-, and four-stranded structures. We 
systematically mutagenized the hydrophobic 
core of the dimeric leucine zipper peptide 
GCN4-pl (12). With rare exceptions, hy- 
drophobic residues occupy the a and d posi- 
tions of the GCN4-pl sequence, and polar 
residues appear at b, c, e, f, and g, generating 
the characteristic (H.P.P.H.P.P.P), pat- 
tern. Because supercoiled a helices haxe 
approximately 3.5 residues per turn, the 
spacing of the a and d positions three and 
four residues apart places the H residues on 
one side of the helix. In the GCN4-pl 
dimer, the hydrophobic faces of two helices 
pack against each other in a parallel orien- 
tation (1 2, 13). Thus, the five amino acids 
at position a and the four leucines at position 
d from each monomer of GCN4-p1 form the 
apolar interface of the dimer (Fig. 1). 

We simultaneously changed four a 
residues (Valy,Asn16,Va123,Va130) and four 
d residues ( L e ~ ~ , L e u ~ ~ , L e u ~ ~ , L e u ~ ~ )  of 
GCN4-pl to leucine, valine, or isoleucine 
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surements, each peptide was >90 percent 
helical at 4"C, neutral pH, and a concen- 
tration of 150 FM (15), and each exhibited 
a cooperative thermal unfolding transition 
(Table 1). The midpoint of the thermal 
transition (T,) for each variant exceeded 
that of the parental GCN4-pl peptide. 

Equilibrium analytical ultracentrifuga- 
tion (16) indicated that the peptides fall 
into three molecular weight classes: the 
peptides p-IL, p-11, and p-LI sedimented as 
dimeric, trimeric, and tetrameric species, 
respectively (Table 1). The oligomerization 
states of these peptides (p-IL, p-11, and 
p-LI) were independent of peptide concen- 
tration from 20 to 200 p,M. A derivative of 
each peptide that contained the added se- 
quence Cys-Gly-Gly at the NH2-terminus 
also was synthesized (1 2) .  The cysteine 
residue permits disulfide bond formation, 
and the two glycine residues provide a 
flexible linker. Pairing peptide monomers 
with a covalent disulfide bond did not 
change the oligomerization state of p-IL 
and p-LI. In contrast, disulfide-bonded p-I1 
sedimented with the molecular mass of a 
hexamer, consistent with the assignment of 
p-I1 as a trimer in the absence of a disulfide 
linkage. 

The peptides p-VI, p-VL, p-LV, and 
p-LL populated multiple oligomerization 
states (Table 1). The sizes of the complexes 
formed by these variants were determined 
by gel filtration using the peptides p-IL, 
p-11, p-LI, and GCN4-pl as size standards 
(17). The peptides p-VI and p-VL ex- 
hibited concentration-dependent retention 
times between 5 and 50 p,M, and deriva- 
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Fig. 1. Helical wheel projection of residues 
Met2 to G I U ~ ~  of the GCN4-pl sequence. View 
is from the NH,-terminus, and residues in the 
first two helical turns are boxed or circled. 
Heptad positions are labeled a through g. In the 
mutant peptides described here, the residues 
in the dashed box at position a were collectively 
changed to I, V, or L, and, separately, the 
residues in the dashed box at position d were 
changed to I, V, or L (41). For example, p-LI 
contains leucine at the four boxed a positions 
and isoleucine at the four boxed d ~ositions. 
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tives of p-VI, p-LV, and p-LL that con- 
tained an NH2-terminal Cys-Gly-Gly disul- 
fide linkage eluted as multiple species. 

Helix orientation. The observation that 
the p-IL peptide remains dimeric with an 
NH2-terminal disulfide linkage (Table 1) 
indicates that the helices are parallel. Con- 
sequently, the conformation of p-IL likely 
resembles the structure of GCN4-pl. The 
helices of the trimeric peptide p-I1 also are 
parallel because a two-dimensional double 
quantum-filtered correlation spectrum (DQF 
COSY) of the peptide showed only one 
magnetic environment for each residue (1 8), 
and the p-I1 peptide crystallized on a three- 
fold rotation axis (19). Thus, p-I1 assumes 

Unlike two- and three-stranded coiled 
coils, all well-characterized examples of 
four interacting a helices exist in an anti- 
parallel four-helix bundle conformation 
(Fig. 2A) (20). To determine the helix 
orientation of the p-LI tetramer, variants of 
the p-LI peptide with the sequence Cys- 
Gly-Gly at the NH2-terminus (denoted 
p-LI-N) or with the sequence Gly-Gly-Cys 
at the COOH-terminus (denoted p-LI-C) 
were synthesized. The disulfide-bonded 
p-LI-N-p-LI-C heterodimer was purified 
and placed in redox buffer to allow the 

peptide monomers and the disulfide bonds 
to exchange (Fig. 2B) (21). Only ho- 
modimers were observed at equilibrium. 
Assuming that the glycyl linkers allow the 
terminal cysteines to assort randomly, the 
results indicate that the p-LI peptide assem- 
bles into a conformation containing four 
parallel a helices (22). To investigate the 
basis for the switch between parallel tetra- 
mer, dimer, and trimer conformations, the 
x-ray crystal structure of the p-LI peptide 
was determined at 2.1 A resolution (Table 
2) (23). 

the same oligomeric structure as the trimeric 
stalk of influenza hemagglutinin (8). 

A Anti-parallel four-helix bundle 

All parallel helices 

Flg. 2. The p-LI peptide forms a parallel tetra- 
mer in solution. (A) Given random pairing of 
terminal cysteine residues, the anti-parallel 
four-helix bundle conformation should produce 
a mixture of N-ss-C, N-ss-N, and C-ss-C disul- 
fide bonds. The parallel conformation should 
produce only N-ss-N and C-ss-C disulfide 
bonds. (6) The disulfide-bonded p-LI-N-p-LI-C 
heterodimer (N-ss-C) rearranges to form ho- 
modimers (N-ss-N and C-ss-C). The disulfide- 
bonded heterodimer of p-LI-N (a variant of p-LI 
with the sequence CGG added to the NH,- 
terminus) and p-LI-C (a variant of p-LI with the 
sequence GGC added to the COOH-teriminus) 
was purified and incubated in redox buffer to 
allow the exchange of disulfide bonds (21). At 
the indicated times a portion of the sample was 
removed, quenched with acid, and analyzed by 
HPLC. The p-LI-C peptide has a larger extinc- 
tion coefficient than the pLI-N peptide because 
it contains an additional tyrosine residue. 

Flg. 3. The p L I  peptide 
forms a parallel, fwr- 
stranded coiled coil. (A) A 
portion of the 2F,-F, elec- 
tron dens* map showing 
the d level containing Ilel@. 
View is from the NH2-termi- 
nus down the superhelix 
axis. (8) An axial view of 
the p-U tetramer next to 
the GCNepl dirner. The 
van der Waals (VDW) sur- 
faces of side chains at e 
(purple) and d (green) are 
depicted. (C) Side view of 
the pU tetramer showing 
the VOW surfaces of resi- 
dues at a (purple) and d (green) 
superimposed on the helix back- 
bone. The NH,-terminal methiu 
nine layer is yellow. (D) Helical 
wheel representation of residues 
2 to 32 of the p-LI tetrarner. V i  
is from the NH2-terminus, and res- 
idues in the first two heiical turns 
are boxed (Met2) or circled. Hep 
tad positions are labeled a 
through g. llw 4, o,, and 41 
variables from a coiled-coil pa- 
rameterization suggested by 
Crick are illustrated (Table 2) 
(26). 

K 
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Structure of the tetramer. The p-LI 
tetramer consists of four oarallel a helices 

The gross differences between the struc- 
tures of the D-LI tetramer and the GCN4- 

(1 3). The tetramer also exhibits several 
types of ion pairs not present in the GCN4- 
pl dimer. These include four of eight pos- 
sible interhelical g to b salt bridges (for 
example, LysD8-G1~A'0, Fig. 4D) and five 
of eight possible interhelical c to e salt 
bridges (for example, HisB'8-G1~C20, Fig. 
4E). Finally, a charge-stabilized hydrogen 
bond forms between and the main 

wrapped in a left-handed superhelix (Fig. 
3). The helices create a cylinder that is 
-27 A wide and -48 A long. An approx- 
imate fourfold axis of symmetry coincides 
with the superhelical axis (24). 

The leucine and isoleucine side chains 
at the a and d positions point into the 
center of the tetramer. Cross-sectional lay- 
ers containing leucine at the a positions 
alternate with layers containing isoleucine 
at the d positions (Fig. 3C). The dihedral 
angles X, and x2 of all leucines at a and 
all isoleucines at d are approximately 
(-60,180), corresponding to the most pop- 
ulated rotamer for both amino acids (25). 
The side chains of Met2 form the most 
NH2-terminal a layer. 

A cavitv in the middle of each leucine 

pl  dimer (1 3) may be summarized as fol- 
lows: (i) Compared to the helices of the 
GCN4-pl dimer, diagonally related helices 
of the p-LI tetramer have the same relative 
orientation but are 5.5 A further apart (Fig. 
3B). (ii) Adjacent helices of the p-LI tet- 
ramer are separated by approximately the 
same distance as the GCN4-pl dimer heli- 
ces, but each helix is rotated bv -45" 

- 
chain carbonyl oxygen of LeuC23. 

More surface area is buried in the tetra- 
mer (1640 A2 per helix) than in the dimer 
(900 A2 per helix) (28). Compared to the 
side chains of isolated helices. residues at 

around its own axis toward the center of the 
tetramer (Fig. 3B). Helical parameters are 
compared in Table 3 (26). 

Helix interactions. On the basis of dis- 
tance criteria (27). residues on the surface 

the a, d, e, and g positions of the tetramer 
are substantially buried (> 66 percent) ; res- 
idues at the b and c positions are partly 
buried (- 15 percent); and the f positions 
remain completely exposed. The e and g 
residues in the tetramer are almost as buried 
as the a and d residues of the dimer (28). 

~ , , 

of the tetramer appear to form interhelical 
ion oairs. Of 12 oossible interhelical salt 
bridges between residues at the e position of 
one heptad and the g position of the pre- 
ceding heptad [for example, G1uB6-ArgA', 
(27)], five are seen in the tetramer crystal 
structure. A similar frequency of interheli- 

and isoleucine layer forms a continuous 
central channel. The radius of the channel 
varies from 1.0 to 1.3 A and therefore 
excludes a 1.4 A radius water-molecule 
probe. No electron density was seen in the 

~, 

Similarly, the b and c residues of the tetra- 
mer are almost as buried as the e and e - 
residues of the dimer. 

The tetramer interface shows knobs-in- 
to-holes packing between helices (Fig. 4). 
As proposed by Crick (29), knobs formed 
by the side chains of one helix fit into holes 

cal e to g interactions was found in the 
crystal structure of GCN4-pl, which con- 
tains three of six possible e to g salt bridges channel. 

Table 1. Core mutants of GCN4-pl form stable two-, three-, and four-helix structures formed by the spaces between side chains 
on the neighboring helix. Looking from the 
NH2-terminus down the superhelix axis, 
each leucine knob at an a oosition ~ a c k s  

Positions* 
- [81222 

(deg cm2 dmol-') 

No. of helices$ 

Unmodified SS 
into a hole formed by the g and, a residues of 
the counterclockwise-related monomer 
(Fig. 4D) and by two d residues in adjacent 
layers along the superhelix axis. Similarly, 
each isoleucine knob at a d position packs 
into a hole formed by the d and e residues of 
the clockwise-related monomer (Fig. 4E) 
and by two a residues in adjacent layers. 

The a and d layers of the tetramer 
exhibit two different types of knobs-into- 
holes packing that can be distinguished by 
the relative orientation of the knob to the 
hole. At the a level of the tetramer, the 
Ca-CP bond of each leucine knob makes a 
-90" angle with the Ca-Ca vector at the 
bottom of the hole into which it packs (Fig. 
4, A and B). We define this arrangement as 
perpendicular (I) knobs-into-holes pack- 
ing. In contrast, at d levels the Ca-CP 
bond of each isoleucine knob is oriented 
parallel to the Ca-Ca vector at the bottom 
of the recipient hole (Fig. 4, A and C). We 
define this geometry as parallel (11) knobs- 

*The residues inserted at four a and four d positions of GCN4-pl (41). ?TmGdmCi denotes the melting 
temperature in 3 M GdmCI. All scans and melts were performed at 10 pM peptide concentration. $The number 
of helices in the solution complex formed by unmodified peptides and by disulf~de bonded peptides. The first four 
peptides were assigned on the basis of equilibrium analytical ultracentrifugation data and the last four on the basis 
of gel filtration data. Parentheses indicate that multiple species were present; a dash indicates the presence 07 a 
species that could not be assigned. Bp-VI exhibits a -[0],,, value of 31,500 deg cm2 dmol-' at 150 WM 
concentration. 

Table 2. Data collection, phasing, and refinement statistics. 

Parameter Native K2PtCI, 

Space group 
Unit cell dimensions (A) 

Unique reflections 
into-holes packing. 

Packing in two-, three-, and four- 
stranded coiled coils. Comparison of the 
side chain packing in the GCN4-pl dimer 
and the p-LI tetramer shows that the local 
geometries of the a and d layers are reversed 
in the two structures; the dimer d level 
resembles the tetramer a level, and the 
dimer a level resembles the tetramer d level 
(Fig. 4, B and C). Perpendicular knobs- 
into-holes packing occurs at the d levels of 

Rmerget 

RISd 
Empirical K§ 
Number of sites 
Mean figure of merit (20-3 A)// 
Crystallographic RT 
Rms Abonds, Rms Aangles# 

TR,,,,, = Zll- (l)liZI; I, intenslty. tq,, = ZIFpH-FpliZFp; FpH and F,, derivative and native structure-factor 
amplitudes. §Kemp,r,cai = 2{Z+[FpH-Fp]ZZ*[Fp,H(+)-FpH(-)]2}1f2, [FPH(+)-FPH(-)], anomalous difference be- 
tween Friedel pairs; Z', sum over acentr~c reflections. Mean figure of merit = (/lzP(a)em/zP(a)ll); a,phase, 

P(a), phase probability distribution. (IR,,,, = ZIFP-F,,,,IEFp; F,,,,, calculated structure-factor amplitude. 
#Root-mean-square deviations from Ideal values. 

SCIENCE VOL. 262 26 NOVEMBER 1993 



the dimer and the a levels of the tetramer A 

4C). A third class of knobs-into-holes i i -  

preferences in a dimeric coiled-coil model 
indicate that both types of packing exhibit 
the expected bias. Isoleucine is strongly 
favored (-0.4 kcal mol-') over leucine at 
the parallel geometry and leucine is more 
weakly favored (-0.1 kcal mol-') over 
isoleucine at the perpendicular geometry 
(31). If the a position of the tetramer is 
assumed to have the same residue specificity 
as the geometrically similar d position of 
the dimer (and similarly position d of the 
tetramer is assumed to have the same resi- 
due specificity as position a of the dimer), 
then it follows that the two- to four-strand- 
ed transition is driven primarily by prefer- 
ence for isoleucine at the levels with paral- 
lel packing. 

However, at least two arguments support 
the opposite conclusion, that discrimi- 
nation against isoleucine at perpendicular 
positions dominates the conformational 
switch. First, dimeric, fibrous coiled-coil 
sequences show a strong bias against isoleu- 
cine residues at d (I) positions and show 
no preference for isoleucine or leucine at a 
(11) positions (32). Second, modeling stud- 
ies indicate that isoleucine must a d o ~ t  an 
infrequently observed rotamer (- , -) to 
occupy the perpendicular position of a di- 
meric coiled coil, while the most common 
rotamer of leucine may be accommodated 
at the parallel position (33). Poor packing 
of isoleucine at perpendicular positions also 

teraction appears at the a and d positions of 
parallel trimeric coiled coils (8). At both 
levels of the influenza hemagglutinin tri- 
mer, the Ca-CP bond of each knob makes 
a -60' angle with the Ca-Ca vector at the 
base of the corresponding hole. We define 
this arrangement as acute knobs-into-holes 
packing (Fig. 4A). 

Because the peptides p-IL, p-11, and p-LI 
differ only by volume-conserving hydropho- 
bic substitutions at the buried a and d 
positions, packing interactions at a and d 
must mediate the switch between the di- 
mer, trimer, and tetramer conformations. 
The geometric relationship between the 
dimer and tetramer structures suggests an 
explanation for the different oligomeriza- 
tion of the peptides p-IL and p-LI. The 
inversion of sequence at the a and d posi- 
tions (Ile, Leu to Leu, Ile) coincides with 

1 
an inversion of the packing geometry at a 
and d (parallel-perpendicular to perpendic- 
ular-parallel) in the two- and four-stranded 
conformations. Evidently, parallel packing 
has a geometric preference for isoleucine, or 
perpendicular packing has a geometric pref- 
erence for leucine, or both (30). 

Recent measurements of amino acid 

Fig. 4. Three types of knobs-into-holes packing and electrostatic interactions. (A) Schematic 
drawing (not to scale) showing the relative positions of the Ca-Cp and Ca-Ca vectors for 
perpendicular, parallel, and acute knobs-into-holes packing. (B) Superposition of perpendicular 
packing in a GCN4-pl dimer d level (green) and a p-LI tetramer a level (white). The Ca-Cp bond 
of each knob (thck red line) makes a -90" angle with the Ca-Ca vector at the base of the hole on 
the neighboring helix (thick yellow line). The two dimer d positions overlay on an a position and a 
g position of the tetramer (white VDW surfaces). (C) Superposition of parallel packing in a GCN4-pl 
dimer a level (green) and a p-LI tetramer d level (white). The Ca-Cp bond of each knob (thick red 
line) is parallel to the Ca-Cavector at the base of the hole on the neighboring helix (thick yellow line). 
The two dimer a positions overlay on a d position and an e position of the tetramer (white VDW 
surfaces). (D) g to b salt bridges in the tetramer a level (Leug). Lysines at g positions (blue VDW 
surfaces) make salt bridges with glutamates at b positions (red VDW surfaces). White VDW surfaces 
idenfity leucines at a positions. (E) c to e salt bridges in the tetramer d level (llei9). Glutamates at 
e positions (red VDW surfaces) make salt bridges with histidines at c positions (blue VDW surfaces). 
White VDW surfaces identify isoleucines at d positions. 

would explain why the p-I1 peptide forms a 
trimer. The dimer and tetramer conforma- 
tions would each   lace four isoleucines of 
p-I1 in a perpendicular geometry, while the 
trimer conformation places all eight isoleu- 
cines in the acute geometry. Sequences of 
trimeric coiled coils show no strong bias for 
leucine or isoleucine at either the a or d 
positions (6). 

In addition to efficient packing, a buried 
hydrogen bond between Asn16 residues spe- 
cifically favors the dimer conformation of 
GCNCpl, the parent molecule of the 
coiled coils described here (1 3, 34). The 

GCN4-pl peptide forms a dimer, but sub- 
stitution of Asn16 (at an a position) with 
valine causes the resulting peptide p-VL to 
populate both dimeric and trimeric confor- 
mations (Table 1). Despite this heteroge- 
neity, p-VL exhibits a significantly higher 
apparent T, than GCN4-pl. Thus, Asn16 
imposes specificity for the dimer structure at 
the expense of stability (35). 

Residues at the b, c, e, and g positions 
are more buried in the tetramer structure 
than in the dimer. Thus, the amino acid 
sequence at these positions can also influ- 
ence oligomerization state (3 1). 
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Table 3. Superhelical parameters calculated from the refined dimer (13) and tetramer structures 
using a parameterization suggested by Crick (26). The Ro, w,, and I$ variables are illustrated in Fig. 
3D. 

Parameter Dimer Tetramer 

Supercoil radius, Ro (A) 
Amino acids per supercoil turn, o, 
Supercoil pitch (A) 
Helix crossing angle 
Radius of curvature (A) 
Position a orientation angle, I$ 

Protein structure. Recent studies have 
suggested that the tertiary folds of globular 
proteins are insensitive to the details of 
packing, and are determined instead by 
hydrophobic-polar (HP) and secondary 
structlre (2s) patterns in the amino acid 
sequence. Several globular proteins, for ex- 
ample, accommodate multiple hydrophobic 
substitutions at core positions without 
adopting new folds (1). In addition, HP-2S 
sequence patterns, when compared with an 
HP-2S template derived from a known 
three-dimensional structure, are more sen- 
sitive indicators of structural homology 
than is direct sequence comparison (2). 
Finally, bipartite lattice models of proteins, 
consisting of H-type and P-type residues, 
fold to single, compact conformations un- 
der potentials that maximize HH contacts 
(3). Within the limitations of the comouter 
models, the drive to bury hydrophobic res- 
idues can specify unique tertiary structures. 

The heptad HP-2S pattern is clearly not 
sufficient to guide a coiled-coil sequence to 
a single structure. Unlike globular proteins, 
however, coiled coils have a very simple HP 
pattern and contain unconnected units of 
secondary structure. Such properties allow 
coiled-coil monomers to assemble in multi- 
ple configurations. Thus, rearrangement of 
the hydrophobic core in response to muta- 
tions, which globular proteins appear to 
accomplish while conserving tertiary fold, 
can be manifested in coiled coils as dramat- 
ic changes in overall structure. Consistent 
with this argument, conservative core mu- 
tations often result in loss of function for 
coiled coils (I I )  but not for their globular 
counterparts (1). 

Recent attempts to design helical pro- 
teins based on HP-2S patterns have pro- 
duced molecules that lack unique packing 
(36). For example, the four-helix bundle a4 
exhibits a well-defined secondary structure 
and is very stable, but the leucine side 
chains in the core of the molecule have 
fluctuating conformations (37). Within the 
GCN4-pl variant family, HP-2S design 
criteria predict that the p-LL sequence 
should form an optimal coiled coil (38). For 
the dimer and tetramer conformations, 
however, p-IL and p-LI exhibit equal or 
higher thermal stabilities than p-LL (Table 

1). In the case of the trimer conformation, 
p-11, though less stable than p-LL, exhibits 
higher specificity for the trimer fold. The 
results suggest that by ignoring specific 
packing interactions, HP-2S design meth- 
ods fail to produce high conformational 
selectivitv and sometimes oredict seauences 
with less 'than optimal stability. 

' 

Practical implications. The mutants of 
GCN4-pl clarify the functions of conserved 
features of leucine zipper sequences. The leu- 
cine repeat at d positions and the preponder- 
ance of p-branched amino acids at a positions 
favor dimer formation due to packing consid- 
erations (Table I) ,  while conserved aspar- 
agines at a positions direct dimerization by 
forming buried hydrogen bonds. 

Together with analvses of coiled-coil " 

sequences (4, 6), our results also suggest 
that predictions of coiled-coil oligomeriza- 
tion can be based in part on the distribution 
of P-branched residues at the a and d 
positions. The occurrence of P-branched 
residues at d positions disfavors dimers, 
while P-branched residues at a positions 
should disfavor tetramers. The presence of 
B-branched residues at both the a and d 
positions facilitates trimer formation. 

The tetramer structure. which contains 
a large axial cavity, may serve as a soluble 
model for membrane ion channels. Related 
sequences that contain serine at the a and d 
positions have been shown to conduct small 
cations (39). Substitutingserine for leucine 
and isoleucine residues in the crystallo- 
graphic coordinates of the p-LI tetramer 
generates a model with an enlarged interior 
channel lined by the hydroxyl groups of the 
serine side-chains. 

Finally, the short, modular peptides 
p-11, p-LI, and p-IL may be used to design 
two-, three-, and fourfold oligomers of at- 
tached sequences. Addition of p-VL, alter- 
natively, would produce a hybrid capable of 
interconvertine between dimer and trimer - 
states. Such inherent structural heterogene- 
ity could form the basis for a regulatory 
switch (40). 
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transcription by a factor of 30 in vivo, as well as in vitro in the absence of protein factors binding sites for the activator protein Fis, 
other than RNA polymerase (RNAP). When fused to other promoters, such as lacUV5, the which results in increasing the activity of 
UP element also stimulates transcription, indicating that it is a separable promoter module. the promoter by a factor of 10 (8, 16, 20, 
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