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ABSTRACT. Specific helix-helix interactions are fundamental in assembling the native state of proteins

and in protein-protein interfaces. Coiled coils afford a unique model system for elucidating principles of
molecular recognition betweenhelices. The coiled-coil fold is specified by a characteristic seven amino

acid repeat containing hydrophobic residues at the fasad fourth ¢) positions. Nonpolar side chains

spaced three and four residues apart are referred to as the 3-4 hydrophobic repeat. The presence of apolar
amino acids at the or g positions (corresponding to a 3-3-1 hydrophobic repeat) can provide new
possibilities for close-packing @f-helices that includes examples such addlcagepressor tetramerization
domain. Here we demonstrate that an unprecedented coiled-coil interface results from replacement of
three charged residues at thgositions in the dimeric GCN4 leucine zipper by nonpolar valine side
chains. Equilibrium circular dichroism and analytical ultracentrifugation studies indicate that the valine-
containing mutant forms a discretehelical tetramer with a significantly higher stability than the parent
leucine-zipper molecule. The 1.35 A resolution crystal structure of the tetramer reveals a parallel four-
stranded coiled coil with a three-residue interhelical offset. The local packing geometry of the three
hydrophobic positions in the tetramer conformation is completely different from that seen in classical
tetrameric structures yet bears resemblance to that in three-stranded coiled coils. These studies demonstrate
that distinct van der Waals interactions beyond #hand d side chains can generate a diverse set of
helix—helix interfaces and three-dimensional supercoil structures.

Coiled coils consist of two or more-helices that interwind ~ programs to predict coiled-coil domains in protein sequences
in a left-handed supercoill{ 2). Coiled-coil sequences in (4, 19—24).
proteins commonly share a seven-amino acid sequence, the The coiled-coil motif has also served as a unique model
3-4 heptad repeat, the positions in which are denoted bysystem for studying protein folding2$, 26), molecular
lettersa to g (3). The first @) and fourth @) positions are  recognition (0, 27), andde nao protein designZ8—31).
predominantly occupied by hydrophobic residues such asPlasticity in coiled-coil structure includes changes in oligo-
Leu, lle, Val, and Ala, whereas amino acids at positiens meric state, strand polarity, homasersus heteromeric
andg are frequently polar or charge8<6). The interacting association, heptad register of helices, and the presence or
surface between supercoileshelices is formed by comple- ~ absence of cavities or channels enclosed by the hel®@es (
mentary “knobs-into-holes” packing of the and d side Helix-pgcking interactions are sensitive to the geometric
chains 7, 8); this arrangement represents an essential Properties of the cora andd residues, as well as effects
structural feature of the coiled-coil family2,(9). Beyond  €xerted by thee andg side chains9). Incisive studies by
the fundamental role of apolar residues at the eoamdd Harbury et al. 82, 33) on the 33-residue GCN4 leucine-
positions, interhelical electrostatic interactions between the ZIPPer dimerization domain revealed a crucial role for interior
flanking e and g positions specify interchain interactions Packing of thea andd side chains in dictating the stoichi-
(10-15). For example, repulsive or attractive interactions °Metry of parallel coiled-coil conformations. For example
between the andg side chains can produce a high level of the presence of |soleu9|ne n _posmenand leucine ind
conformational selectivity for heterodimersersus ho- promotes dimer f_ormatlon, while the reverse arrangement
modimers 10, 11, 16-18). These characteristics of the 3-4 favors tetramers instead. On the other hand, isoleucines at

heptad repeat have stimulated development of bioinformaticsbOth aandd positions def!ne trimers. Moreover, a single
polar asparagine side chain at aposition plays a pivotal

role in specifying dimeric structure by forming a buried
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interactions between apolar side chains at ¢and g systems Voyager Elite, Cambridge, MA). Protein concentra-
positions are an important determinant of the global three- tions were determined by using the method of Edelh&&h (
dimensional architecturelq, 31, 39—50). So-called “3-3- Circular Dichroism SpectropolarimetnyCD spectra were

1" hydrophobic heptad repeats containing nonpolar amino measured on an AVIV 62A/DS spectropolarimeter (Aviv
acids at thea, d, e or a, d, g positions have been found to  Associate, Lakewood, NJ) equipped with a thermoelectric
encode stable antiparallel four-helix structures with combined temperature control in 50 mM Tris-HCI (pH 8.0) and 150
knobs-against-knobs and knobs-into-holes packing of themM NaCl (TBS) and 200uM peptide. The wavelength
three hydrophobic side chainéZ 46, 49, 50). Antiparallel dependence of molar ellipticityg], was monitored at OC
tetramer configurations with alanine at te®r g positions as the average of five scans ugia 5 sintegration time at
have been classified into two distinct types of tightly packed 1.0 nm wavelength increments. Spectra were baseline-
helix arrangements, referred to as “Alacoil$1y. In one, corrected against the cuvette with buffer alone. Helix content
the ferritin type, the helices are staggered by 0.25 heptadwas estimated from the CD signal by dividing the mean
(42, 49). In the second, the rop type, the helices are shifted residue ellipticity at 222 nm by the value expected for 100%
by 0.5 heptadR0, 52). This potential to shift heptad register helix formation by helices of comparable size33,000 deg
presents an additional element of conformational plasticity cn? dmol* (56). Thermal stability was determined by
in coiled coils, as we noted above. monitoring the change irf] .22 as a function of temperature,
We have previously characterized variants of the GCN4 and thermal melts were performed ifi @tervals with a 2
leucine-zipper dimer that adopt antiparallel tetrameric struc- min equilibration at the desired temperature and an integra-
tures in response to hydrophobic substitutions at ghe tion time of 30 s. Reversibility was verified by repeated
positions &6). Unexpectedly we have found that a leucine- scans. Superimposable folding and unfolding curves were
zipper mutant with alanine residues at both #hend g observed, and>95% of the signal was regained upon
positions forms a parallel heptamer, suggesting that muchcooling. Values of midpoint unfolding transition() were
remains to be learned about the principles of coiled-coil estimated by evaluating the maximum of the first derivative
assembly 45). Here we investigata, d, e packing interac-  of [0]222 versustemperature dateby).
tions using a leucine-zipper peptide in which nonpolar valine  Analytical Ultracentrifugation Sedimentation equilibrium
side chains replace three charged amino acids atethe experiments were performed on a Beckman XL-A analytical
positions. Structural and biophysical analysis of the valine- ultracentrifuge (Fullerton, CA) equipped with an An-60 Ti
containing mutant reveals a previously uncharacterized typerotor at 20°C as described5@). Protein solutions were
of parallel four-stranded coiled coil with extended knobs- dialyzed overnight against TBS (pH 8.0), loaded at initial
into-holes packing interactions based on pairs of associatingconcentrations of 50, 200, and 800!, and analyzed at rotor
trimers rather than tetramers. Although at this point we have speeds of 25 and 28 krpm. Data were acquired at two
only begun systematic studies of the diversity of interhelical wavelengths per rotor speed setting and processed simulta-
packing interactions in coiled-coil structures, we can con- neously with a nonlinear least-squares fitting routibg)(
clude that the 3-3-1 hydrophobic residue repeat engendersSolvent density and protein partial specific volume were
new folds that merit investigation as has the canonical 3-4 calculated from the solvent and protein composition, respec-

heptad repeat thus far. tively (60). Apparent molecular masses were all within 10%
of those calculated for an ideal tetramer with no systematic
MATERIALS AND METHODS deviation of the residuals.

Crystallization and X-ray Data CollectionCrystals of
GCN4-pVe were grown from 15 mg/mL HPLC-purified

. e ! peptide in water, 0.1 M HEPES-Na (pH 7.8), 10% (vol/vol)
pLysS using a modified pET3a vector (Novagen, Madison, isopropanol, 0.1 M NaBr, 20% PEG 4000 at room temper-

WI). Substitutions were introduced into the GCN4-pR _ _
; : e ature. Crystals belong to space grde® (a=23.7 A,b =
plasmid 63) using the method of Kunkeb#) and verified 53.9 A,cy= 52.0 A, i 95_50) ang contasin four monomers

by DNA sequencing. Cells were grown at 32 in Luria— : : -
. ) . . in the asymmetric unit, with a solvent content of 45.4%. The
Bertani (LB') media to an optical density of 0.6 at 600 nm crystals were transferred into a cryosolution containing 0.1

and induced with isopropylthig-p-galactoside (IPTG) for M HEPES-Na ( ;

o . . ; - pH 7.8), 10% isopropanol, 0.1 M NaBr, 25%
3hat37 .C' Cells were lysed at_fl? by glacial acetic acid PEG 4000, 15% glycerol and frozen in liquid nitrogen.
and pentrlfuge'd (SSQ@Ior 3(.) min) to separate the ;oluble Diffraction data were recorded at 100 K on a MAR345 image
fraction from "?CIUS'OH. bodloes. Th? so_luble fre_lcnon was plate at the beamline X4C of the National Synchrotron Light
subsequently dialyzed into 5% acetic acid overnight %€ 4 Source at Brookhaven National Laboratory. The images were
Peptides from the soluble fraction were purified to homo- indexed and integrated with the programs DENZO and

geneity by reverse-phase high—performance liquid ch.roma— SCALEPACK 61). Data collection statistics are presented
tography (HPLC) on a C18 preparative column using a in Table 1

water—acetonitrile gradient in the presence of 0.1% trifluo-
roacetic acid and lyophilized. Peptide identities were con-
firmed by electrospray mass spectrometry (PerSeptive Bio-

Protein Expression and PurificationThe GCN4-pVe
peptide was expressedhscherichia colstrain BL21(DE3)/

Structure Determination and Refinemenhe structure of
GCN4-pVe was solved by molecular replacement with the
program Phase6@) using the GCN4-pV monomer structure
(PDB entry 2B22) as a search model. This model and the

! Abbreviations: LB, Luria-Bertani; IPTG, isopropylthigs-p- dataset for GCN4-pVe were directly fed to the program Arp/
galactoside; HPLC, high-performance liquid chromatography; CD, Warp 63), which provided a largely complete asymmetric
circular dichroism; TBS, Tris-buffered saline; GuHCI, guanidine ;i ! ; N i
hydrochloride; §]22,, molar ellipticity at 222 nmiT,,, midpoint of the unit of four chains and allowed91% of the final model to

thermal unfolding transition; rms, root-mean-square. be interpreted. The resulting experimental electron density
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Table 1: Crystallographic Data and Refinement Statistics

Data Collection

resolution (A) 52.6-1.35
unique reflections 27103
redundancy 3.4 (3.9)
completeness (%) 94.5 (95.3)
Rmerge (%)° 4.7 (39.5)
1lo(l) 17.5(4.9)
space group R2

a=23.7Ab=539A,
c=520A8=95¢
4

unit-cell parameter

molecules in the asymmetric unit

solvent content (%) 45.4
Refinement
resolution (A) 52.6-1.35
reflections 27103
protein atoms 1116
water molecules 164
Reryst Riree (%0)° 20.2/23.7
average temperature factors?jA 20.3

RMS Deviations from Ideal Geometry

bond lengths (A) 0.01
bond angles (deg) 1.3
torsion angles (deg) 4.1
B values (&) 1.0

aValues in parentheses refer to the highest resolution shell{1.35
1.37 A).® Rnerge= Y |I — OVS 1, wherel is the integrated intensity of
a given reflection® Reyst = Y |F — Fcl/YFo, Riee = Reyst Calculated
using 10% of the reflection data chosen randomly and omitted from
the start of refinement.

map was of excellent quality and showed the location of
most of the side chains. Crystallographic refinement of the
GCN4-pVe structure was carried out using Refmé4) (n
CCP4i program suitesf). Density interpretation and manual
model building were done with the program ®6). An
overall anisotropic thermal factor correlation was applied by
using TLS groups for each monomé&7}. The final model
(Reryst = 20.2% andRqee = 23.7% for the resolution range
52.0-1.35 A) includes 136 amino acids of the tetramer, one
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Ficure 1: Positione mutant of the dimeric GCN4 leucine zipper.
(a) Helical wheel projection of Metl to Arg34 of the wild-type
GCN4-pR peptide. The view is from the N terminus. Heptad-repeat
positions are labeledthroughg. Prime () refers to positions from
the second helix. Three charged residues at posigoare
highlighted in bold. The GCN4-pR sequence contains an additional
Met-Lys-Val and no Arg-Met at its N terminus but is otherwise
identical with GCN4-p1. (b) The amino acid sequence of the GCN4-
pVe peptide used in this study. Residues at positeoasdd are
underlined. The three chargecdamino acids in wild-type GCN4-
pR are replaced by nonpolar valine side chains.

RESULTS AND DISCUSSION

Position e Valine Mutant of the GCN4 Leucine Zipper
The dimeric GCN4 leucine zipper has offered a benchmark
protein—protein interface with which to study the detailed
relationships between local conformational interactions and
overall coiled-coil architectured( 32, 45). The hydrophobic
faces of the twar-helices of the classical dimer pack against
each other in a parallel orientatio8){ the interface formed
engages residues at thed, e, andg positions of the heptad
repeat (Figure 1a). Introduction of nonpolar side chains at
the normally charged positions into the canonical GCN4-

isopropanol, one glycerol, and 164 water molecules. The pR sequence can switch both oligomerization state and strand
model exhibits root-mean-square (rms) deviations from ideal polarity, leading to a stable tetramer in which the antiparallel

bond lengths and bond angles of 0.01 A and® 1r8spec-
tively. All protein residues are in the most preferred regions
of the Ramanchandran plot.

Structure AnalysisCoiled-coil parameters were calculated
with the program TWISTERGY). Residues 632 of GCN4-

pVe were used in the calculations. The rms deviations were

calculated with LSQKAB in the CCP4i program suit).

Buried surface areas were calculated from the difference of

helices shift by 0.5 heptadi§). Experimental analysis of
the lac repressor tetramerization domain has revealed that
residues at thea, d, and e positions in this antiparallel
tetramer comprise the hydrophobic core, producing a helical
offset of 0.25 heptadd@—44). The mechanism that deter-
mines helix register in these antiparallel structures remains
incompletely understood. Given the apparent inequivalence
of the e andg heptad positions, we decided to examine in
more detail the role of the triaa d, e pattern on the overall

the accessible side chain surface areas of the tetramel, cture of the leucine-zipper model. We completely sub-

structure and of the individual helical monomers using CNS
1.0 69). Residues 434 of GCN4-pVe and residues-B3
of GCN4-pLI were used in the calculations. Atomic solvation

stituted three chargeslamino acids in GCN4-pR with valine
to generate the variant that we refer to as GCN4-pVe (Figure
1b).

energy was calculated using the method of Eisenberg and GCN4-pVe Forms a Stable Four-Helix Bundle in Solution

McLachlan {0). The net solvation energies were derived
by subtracting the energies of the componeititelices from
the energy of the oligomer structure. Residues3h of the
GCN4-pVe tetramer and the GCN4-pMSE dimB8)(were

On the basis of circular dichroism (CD) measurements in
50 mM Tris-HCI (pH 8.0) and 150 mM NaCl (TBS), GCN4-
pVe is ~90% helical at ®C and undergoes a cooperative
thermal unfolding transition with a midpoinT4 value) of

used in the calculations; the four most N-terminal residues greater than 88C at 200uM peptide concentration (Figure
and the three most C-terminal residues of GCN4-pVe and 2a), compared with ., of 63 °C for the parent molecule

GCN4-pMSE were omitted from the calculation to minimize
end effects. Figures were generated using SETQ@BE, (
Insight Il (Accelrys, San Diego, CA), and GRASPZ].

GCN4-pR under the same conditions. Equilibrium analytical
ultracentrifugation indicates that GCN4-pVe sediments as a
discrete tetramer and exhibits no systematic dependence of
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Ficure 2: Folding of GCN4-pAe into a stable-helical tetramer.
(a) Thermal melt monitored by CD at 222 nm and 200 peptide
in TBS (pH 8.0). (Inset) Circular dichroism spectrum at@. (b)

Representative sedimentation equilibrium data for ai@dGample
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ing hydrophobic side chains at tlaed, ande positions are
tighter than in the original dimer, consistent with the
increased stability (see Figure 2a). This conclusion is in
accord with the predicted gain o0f8.0 kcal/mol in net
hydrophobic stabilization energy (@) of the tetramer relative

to the dimer structure.

Because the vertical translation of the-B and C-D
helices results in a displacement equivalent to 0.43 heptad,
there is an approximate layeringafd pairs with this helical
offset value (Figure 3). In essence a@ndd residues of
the B and D chains pack against the&4l, ande residues
of the A and C chains to form the tetramer interface, which
consists of eight hydrophobic layers (Figure 4). (Note that
the Val3 residues of the A and B chains and the Val3l
residues of the C and D chains create diraclayers as
overhangs of the GCN4-pVe tetramer.) Cross-sectional layers
containing d leucines of helices A and Ba valines/
asparagines of C and D, amdvaline of helix A alternate
with layers containingd leucines of helices C and 3
valines/asparagines of helices A and B, analine of helix
C (Figure 3a). All thea, d, ande side chains (except for
two leucines, two asparagines, and one valine) assume their
most favored rotamers i helices {3, 74). Notably, the
Leu20 residue of helix A adopts an unusual dihedral angle
near 78, 86°; this rotamer conformation appears to be
necessary to achieve efficient van der Waals contacts with
Asn17 of helix C and Leu20 of helix B, presumably because
of the polar group of the Asn17 side chain.

“Conjoined Trimet Core Packing in GCN4-pVeThe
GCN4-pVe tetramer comprises two series of interlocking
knobs-into-holes packing interactions between triads of the
A—B—C and A-C—D chains (Figure 3b), a pattern that to

at 20°C and 25 krpm in TBS (pH 8.0). The natural logarithm of  our knowledge has not been reported before. In layers 2, 4,
s e o e e o e’ and 8 (see Figure 3c). 100king fom the N teminus down
iF;]dicated for compglrison. The deviation in 'E)he data from the linear the Sgperhel'x axis, knobs formed Uygu0|ne§ of helix A
fit for a tetrameric model is plotted (upper). pack into holes formed by theé ande side chains and two
adjacenta layers of helix B;d knobs from helix B fit into
apparent molecular mass on peptide concentration from 50holes by thea andb side chains and two adjaceatayers
uM to 800 uM (Figure 2b). Thus GCN4-pVe folds into a  of helix C; anda knobs from helix C dock into holes by the
well-ordered, stable four-helix bundle. d and e side chains and two adjaceatlayers of helix A
Crystal Structure of the GCN4-pVe Tetram@&b inves- (we call this trimeric core packing the clockwise-8—C
tigate details of the interfacial, d, ande side chain packing  d-d-a triad). In the cyclic complementary counterclockwise
in this tetramer, we determined the X-ray crystal structure A—D—C e-a-a triad (Figure 3c),e knobs from helix A
of the GCN4-pVe peptide at 1.35 A resolution (Table 1). interact with holes formed by the andg residues and two
GCN4-pVe forms a unique parallel four-stranded coiled coil adjacentd layers of helix D;a knobs from helix D dock
~54 A in length with a maximum diameter of 27 A (Figure into holes by thea and g side chains and two adjacedt
3a and b). The adjacent helices-B and C-D are vertically layers of helix C; an@ knobs from helix C pack into holes
shifted from each other by three amino acids, resulting in by thed ande side chains and two adjaceatayers of helix
an unusual layering effect of residues in the hydrophobic A.
core of the tetramer (see below). The crossing angle between Similarly, in layers 3, 5, 7, and 9 (see Figure 3d), the
all four helix pairs is about 2% the four helical monomers  knobs-into-holes interaction of the counterclockwise@—B
wrap tightly around the superhelical axis to form a gradual a-e-a triad is coupled with that of the clockwise-AC—D
left-handed supercoil. In contrast to the parallel GCN4-pLI a-d-d triad. Thus thea, b, d, e, andg residues of the A and
tetramer with a pitch value of 205 A, the pitch of the GCN4- C chains and the, d, e, and g of the B and D chains
pVe supercoil is 162 A (Table 2). This smaller pitch allows segregate into four geometrically distinct hetixelix inter-
the a, d, and e side chains of the A and C helices (on faces (Figures 3e and 4). Compared with the side chains of
diagonal) to face toward the axis of supercoil rotation and isolated helices, tha, d, ande residues of helices A and C,
mesh as the four parallel-helical chains interlock (Figure  and thea andd residues of helices B and D are completely
3c—e). As a consequence, adjacent helices of the GCN4-buried; theb andg residues of helices A and C, and the
pVe tetramer are separated by approximately the sameandg residues of helices B and D are partly buried; and the
distance as the A and C helices, while the B and D helices c andf positions of helices A and D, and th® c, andf
are 5.6 A further apart. These interfacial interactions involv- positions of helices B and D remain completely exposed
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e

Glu-B12(c) Trr-B18(6) @’ -

Lys-C3(f) Tyr-A18(b)

Glu-C11(b) Lys-A16(g)

Ficure 3: Crystal structure of the GCN4-pVe tetramer. (a) Lateral view of the parallel tetramer (resicl8és The GCN4-pVe backbone

is shown in cyan and pink Lrepresentation for the A/C and B/D helices (labeled at the N terminus), respectively. Red van der Waals
surfaces identify residues at thgoositions, green surfaces identify residues atdipmsitions, and blue spheres identify residues atethe
positions. (b) Axial view of the parallel tetramer. The view is from the N terminus looking down the superhelical axis. The van der Waals
surfaces are colored red for the Val-@Band Val-D3@), green for Leu-A6q) and Leu-B6¢), and blue for Val-A7¢). (c) Cross section

of the tetramer in the Val-C18), Val-D10(@), Leu-A13(d), Leu-B13¢), and Val-A144) layer. The 1.35 A B, — F. electron density map

at 1.5 contour is shown with the refined molecular model. (d) Cross section of the tetramer in the Led);C28¢D13¢), Val-C14§),
Asn-Al7(@), and Asn-B174) layer. A hydrogen bond is denoted by a pink dotted line. (e) Schematic cross section through the parallel
tetramer, depicting interhelical packing interactions betweerattee ande side chains (dotted lines) and between #hel, andd side

chains (solid lines).

Table 2: Structural Parameters of Parallel Leucine-Zipper Coiled Helix B Helix A Helix C Helix D
Coils lLayers a d a d e a d e a d
GCN4 leucine-zipper variaht 1 (3v) | 3v)
pl pll pLI pVe 2 (6L) 6L Gv)| BV ),
dimer trimer tetramer tetramer o
superhelix parameter 3 |1V 1oy U @v, -
supercoil radiusR, (A) 4.9 6.7 7.6 6.7 o~ | =
residues per supercoil 100 118 139 112 4 L @y 4L wv Y
turn, wo i £y —
supercaoil pitch (A) 148 175 205 162 5 |WN N Y qaL) -
a-helix parameter 6 oL 200 ¢ (7N 7N)
residues pea-helix turn,n 3.62 3.60 3.59 3.62 P } .
rise per residued (A) 1.51 1.53 1.52 1.51 7 |@av 24v) 200 By 200)
o-helix radius (G), Ry (A)  2.28 2.24 2.26 2.29 -
- - - - 8 270 7L Ggwyy | 24V) (,4
aValues for the leucine-zipper peptide variants were from ref 33. - = -
9 |31V 31V Y 8V 27
(Figure 5). Note that each helix in the tetramer is tilted  4q 81v) 81V)

slightly about its axis, which effectively points theesidues
of helix C and thee residues of helix D more toward the
center of the structure, resulting in higher buried surface of the A~B—C (purple) and A-C—D (cyan) chains are shown,

values at these sites. The eight valine side chains at thgositions of the A and C helices
In summary, while the GCN4-pVe structure conforms to (pink) participate in bothrimeric coiled-coil packing interactions.

the canonical knobs-into-holes interdigitation of hydrophobic Note that the first and lasi layers of the tetramer show knobs-
residues in coiled coils, there are important differences. All into-holes packing between two helices.

the four triad core packing arrangements in the GCN4-pVe per turn of the GCN4-pVe tetramer are virtually identical to
tetramer reveal that the*€ C? bond of each knob side chain  those of the GCN4-pltrimer, and differ greatly from those
makes an acute angle with thé-aC* vector at the base of  of the GCN4-pLI tetramer (Table 2). Remarkably, despite
the recipient hole; this packing geometry is characteristic of the formal tetramerization imposed by thealine substitu-
classical trimeric coiled coils3@). Crick parametrization  tions, the resulting architecture is a construct formed by two
analysis indeed shows that the pitch, radius, and residuednterlocking trimers.

Ficure 4: Core packing in the parallel GCN4-pVe tetramer. Helix
cross-sectional layers centered in acute knobs-into-holes packing
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Buried surface area (%)

GCN4-pLI GCN4-pVe
a-d core a-d core a-d-e core
Positions helix B helixD helix A helix C
a 90 94 98 97 93
b 12 2 7 25 54
c 18 3 0 5 6
d 97 95 90 97 100
e 77 49 60 95 92
f 0 0 0 6 0
g 60 30 31 39 42

Biochemistry, Vol. 45, No. 51, 20065229

hydrophobic core. This situation is seemingly at variance
with studies that show that the interior of small globular
proteins can be repacked quite freely with retention of the
native fold (78). We suggest here that each of the four critical
heptad positions in a coiled coid(d, e, andg) can play a
determinative role in the final structure, depending on the
number and presence of bulky or small nonpolar side chains
that are present. In classical coiled coils, interactions between
the a andd residues dominate the global fold, whiéeand

g side chains are mostly polar, and often charged. Ifehe
and/org residues are valines or alanines, for example, new
packing interactions become available, opening up higher-
order helix-helix interacting possibilities that we see here
and in previous reportglb). At this point we find it hard to
predict how larger or smaller nonpolar side chains will

GCN4-pVe tetramers. Percent buried surface area is expressed a
the fraction of accessible side chain surface in the isolated helix

that becomes buried in the parallel tetramer.

Comparison between Parallel GCN4-pVe and GCN4-pLlI
Tetramers GCN4-pLI represents the archetypal model for
parallel four-stranded coiled coil3%). The parallel tet-
rameric structure of GCN4-pVe reveals a different topology

der Waals interactions involving the and g side chains
dominate if thea andd positions include smaller nonpolar
side chains such as alanine? More generally, when nonpolar
side chains are present at any or all of the key, e, or g
positions, the combination that contains the most effective
packing side chains might be expected to prevail. If so,
additional distinctive heptad combinations should be possible,

for this class of the coiled coil. We can summarize the major including triads such as, d, g; a, e, g; andd, e, g; the
differences between the GCN4-pVe and GCN4-pLl structures inequivalence of each of the four positiorss ¢, e, andg)

as follows. (i) While the classical GCN4-pLlI tetramer has

suggests that these will not yield identical structures. Factors

approximate fourth-order rotational symmetry that dictates that control the helix offset, relative orientation, and homo-

its square cross-sectior3d), GCN4-pVe lacks any such

versusheteromeric composition all remain to be identified.

apparent symmetry and instead exhibits a rectangular cross Implications for Coiled-Coil Structure and Prediction
section as a result of the unusual core packing arrangemenRecent studies suggest that the range of potential coiled-

(as a pair of conjoinettimers). (ii) Neighboring A—B and
C—D helices of GCN4-pVe are offset by three amino acid

coil structures is far greater than has been suspected,
depending on the nature of the side chains atatsand d

residues with respect to each other. The translational helix positions 79—81) as well as the presence of nonpolar side

offset is zero in the GCN4-pLlI structure. (iii) In contrast to
the alternatinga and d layers in GCN4-pLI 82), GCN4-
pVe shows an extremely tight-knit van der Waals packing
extending beyond tha andd side chains. (iv) As a result
of (iii), an axial channel that spans the length of the GCN4-

chains at thee and/org positions §5—47). Defining the
relative importance, selectivity, and context dependence of
individual side chains at four hydrophobic positions in coiled
coils presents a large experimental space for detailed
investigation. In practice we know already that coiled-coil

pLI tetramer is much less pronounced in the structure of folding can yield a multiplicity of alternative conformations

GCN4-pVe. Thus GCN4-pVe is significantly more tightly

that are close in free energy, a situation that can result in

packed than GCN4-pLI. We should nonetheless emphasizeintrinsic structural heterogeneity?, 34, 37, 47, 81, 82).

that the surface area of each helix is less buried in GCN4-

pVe (1425 R per helix) than in GCN4-pLI (1640 Aper
helix), due to the N- and C-terminal dimer overhangs in
GCN4-pVe (see Figure 4).

Extending Crick’s Principles for Parallel Tetramers

Current design algorithms have difficulty discriminating
among multiple configurations that are close in folding free
energy, to ensure specificity in selecting a target conforma-
tion from a set of undesired competitors. A key issue in
recent protein design efforts then is to achieve a balance

Together with our present results, it is now evident that van between the requirements for stability and specificit$, (

der Waals interactions beyond the canonigandd side
chains afford a variety of new coiled-coil assembli2s/6—
77). GCN4-pVe forms an unusual parallel coiled-coil tet-

ramer with interhelical interactions that are unprecedented.

31). Havranek and Harbury attempted to take into account
some of the diversity of alternative structures accessible to
coiled-coil dimeric sequencegY).

Predictive rules for coiled-coil architecture have empha-

This structure was unpredicted; indeed an initial goal of this sized thea—d pair for obvious reason€8). Analysis of a
work was to reproduce the interior packing of the antiparallel coiled-coil dodecamer structure points to a number of novel

tetramerization domain seen in thHac repressor. It is

side chain-side chain packing combinations that remain to

noteworthy that the latter structure is based on three heptadshe tested39, 75). The variety of helix-helix interactions is

not five (@42, 44, 49). How the number of heptads influences
translational offsets between supercoitedelices as well

evidently much greater than has been explored up to now,
and additional experimental and theoretical studies will be

as their detailed packing interactions remains to be further needed to define and clarify the structural determinants of

explored.
Coiled coils are exceptional in that the symmetry and

this interaction specificity. A comprehensive prediction
algorithm will necessitate detailed understanding of the

geometrical constraints amplify small differences in packing physical principles governing hydrophobic heptad-repeat

among side chains that contribute to formation of the

patterns and coiled-coil assembly.
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