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ABSTRACT: Predictive understanding of how the folded, functional shape of a native protein is encoded in
the linear sequence of its amino acid residues remains an unsolved challenge in modern structural biology.
Antiparallel four-stranded coiled coils are relatively simple protein structures that embody a heptad sequence
repeat and rich diversity for tertiary packing @fhelices. To explore specific sequence determinants of

the lac repressor coiled-coil tetramerization domain, we have engineered a set of buried nonpolar side
chains at thea-, d-, ande-positions into the hydrophobic interior of the dimeric GCN4 leucine zipper.
Circular dichroism and equilibrium ultracentrifugation studies show that this core variant (GCN4jpAe
forms a stable tetrameric structure with a reversible and highly cooperative thermal unfolding transition.
The X-ray crystal structure at 1.9 A reveals that GCN4-pAis an antiparallel four-stranded coiled coil

of the lac repressor type in which the, d, ande side chains associate by means of combined knobs-
against-knobs and knobs-into-holes packing with a characteristic interhelical offset of 0.25 heptad.
Comparison of the side chain shape and packing in the antiparallel tetramers shows that the burial of
alanine residues at the positions between the neighboring helices of GCN4+pAdictates both the
antiparallel orientation and helix offset. This study fills in a gap in our knowledge of the determinants of
structural specificity in antiparallel coiled coils and improves our understanding of how specific side
chain packing forms the teritiary structure of a functional protein.

The lac repressor interacts with its cognate operator and e residues in the region of contact between the four
sequence to form a genetic switch that coordinately regulatesa-helices form atypical interlocking hydrophobic searmh3 (
transcription of thelac operon and thus controls lactose 13). These coiled-coil interactions contribute to stabilizing
utilization in Escherichia coli(1). The quaternary structure the lac repressor tetramer that regulates cooperativity of
of the repressor comprises four N-terminal headpieces thatligand binding.
bind to operator DNA and a C-terminal tetrameric core that  The o-helical coiled coil is among the most common
binds inducer 1, 2). Tetramerization of the core domain is protein motifs found in nature and has proven to be a
mediated by a 19-residue sequen8e4) that contains an  fyndamental model system for investigating the interplay
unusual 7-amino acid repeat with aliphatic side chains at the panween the amino acid sequence and structucelddlical
first (a), fourth (d), and fifth () positions (called a 33-1 protomers {4—20). The conformation of a classical coiled
hydrophoblc repeat, in accord_ with the_well-known conven- ol is prescribed by the 34 hydrophobic heptad repeat,
tion for coiled coils) §). Genetic analysis h_as revealed that_ with apolar amino acids spaced every four and then every
this heptad repeat at the extreme C terminus of the proteiny,ee residues2l—24). The hydrophobic residues occur at
can associate to form a tetrameimwohelices in an antiparallel positionsa andd of the heptad repeat, whereas residues at
relative orientation ) and that uncharged amino acids at qsitionse andg are predominantly charged. The interacting
the e positions play an essential role in specifying this ¢ face petween supercoiled helices is formed by Crick’s
tetramolecular structures). Mutations and deletions in the | ohsinto-holes meshing of the nonpcgeandd side chains
C terminus of thdac repressor abolish tetramer formation ;5 56) | fact, stereochemical features of this surface have
and reduce inducer binding activity{9). Furthermore, oo ‘shown to impart oligomerization and orientation
peptide models of the heptad-repeat region fold into stable, g qificity p6—31). Polar side chains at teandd positions
antiparallel four-helix bundies in solutiorlq, 11). The 5155 can destabilize coiled-coil structure yet impart partner
crystal structure of théac repressor shows that buriedld, specificity and helix-orientation preference2¢-35). More-
over, electrostatic interactions between oppositely charged
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Ficure 1: Core packing in antiparallel four-stranded coiled coils.

(a) Helical wheel representation of tH&,-symmetric tetramer
showing interhelix contacts at positioasandd (a—d core), a, d,
ande (a—d—ecore), andy, d, andg (a—d—g core). Heptad-repeat

positions are labeled—g. The N and C termini of the helices are

indicated. (b) Amino acid sequence of the GCN4-pApeptide
described in this study. GCN4-pAgdiffers from the recombinant

dimeric leucine-zipper peptide GCN4-pR only by the amino acids

present at positionag, d, ande.

structures. However, optimal interaction of the car@ndd

Liu et al.

(44), in which the backbones of two associating helices are
offset either by half a turn with alanine in positien(the
ferritin type) or by a full turn with alanine at positian(the

Rop type). Thus, heptad shifts in register are important
structural features of antiparallel tetramer configuratidr®s (

11, 42). Because coiled coils have proven valuable for
understanding how interfacial interactions between proteins
are encoded in their sequences, detailed studies of seguence
structure relationships in the antiparallel tetramers have broad
implications for our understanding of protein structure,
folding, and design.

The goal of our present study is to identify specific
sequence determinants of the coiled-coil interfaces iteihe
repressor tetramerization domain and to understand the basis
of structural specificity in antiparallel four-stranded coiled
coils. We demonstrate that buried nonpolar side chains at
the a, d, and e positions of the heptad repeat specify and
stabilize thelac repressor type of antiparallel tetramer
conformation in a background of the GCN4 leucine zipper
sequence. The requirement to accommodate small alanine

residues in the antiparallel configuration requires an axial residues at the positions dictates the interior packing and
stagger of the heptad repeat, rather than side by side as irhelix register in the engineered leucine-zipper tetramer. We
the parallel case. As a consequence of this geometricalalso attempt to define structural principles underlying the
requirement, the paired antiparallel helices are associated withconformation and topology in antiparallel tetrameric coiled
a relative axial translatiord@), while the helical offset is  coils. A comprehensive understanding of such principles will
close to zero in classical parallel coiled coils. Parallel and allow formulation of fundamental rules for coiled-coil protein
antiparallel coiled coils also have different interactions on prediction and design and can be used to design new
the surface, withg to € interactions in parallel structures protein—protein interfaces with specific biological functions.
versuse to € andg to g’ in antiparallel structures.

In practice determinants of parallel structure are embodied MATERIALS AND METHODS
in the development of sequence-based algorithms for rec-
ognizing coiled-coil motifs in the human genoni&2( 23,
45-51). Attempts to combine computational design and
experimental characterization to understand the specificity
of coiled-coil protein interactions at a high level of detail

have begun 2, 53). In contrast, the determination of quently cloned into theNdd —BanHI sites of a modified

antiparallel coiled-coil assembly af-helices is less well- :
understood, in part because structurally characterized, natu—pET3a vector (Novagen, San Diego, CA). The GCN4-pAe

rally occurring antiparallel coiled coils are frequently short ?Negsggg\rl]asszxnpg; sgec? Igge?gllsgrSJZrzngr%)(vfl)l"lnzz)t/%yiis
and intramolecular, limiting the information available for . P o : )
these systemslfl). Some sq[ructural determinants of anti- Luria—Bertani (LB} medium to an optical density of 0.7 at

. ' ) . .. 600 nm and induced with isopropyl thfgp-galactoside
parallel coiled coils have been charactenzgd in modgl peptpe(IPTG) for 3 h at 37°C. The cells were lysed by addition of
constructs, as noted above. Although antiparallel coiled coils : . . i ; :

; " lacial acetic acid and clarified by centrifugation at 35§00
have been successfully designed by exploiting these genera]

T ; . . or 30 min. The soluble fraction containing peptide was
principles @8, 43' 54, 59), hellx_orlent_auon cannot_ be subsequently dialyzed into 5% (v/v) acetic acid overnight at
accurately predicted from the amino acid sequence in most

) : . ; : 4 °C. The peptide was purified to homogeneity by reverse-
coiled coils. The presence of apolar amino acids at either X
T . . phase HPLC (Waters, Inc.) on a C18 preparative column
thee or g position in the heptad repeat can direct formation

of stable, antiparallel four-stranded coiled coils (see Figure E)l_r':ssep::eaé)fcoAi% S(I\?/g) ?ri\f';/f;?f;ceetgglggﬁ ggzg;%rg igetnr:i?ies
la) (10, 11, 42, 56, 57). The helices of these tetramers | )

associate via nonclassical knobs-into-holes packing interac-—c' © confirmed by electrospray mass spectrometry (Voyager

. . : lite, PerSeptive Biosystems, Framingham, MA). Protein
tions, and the backbones of neighboring strands are staggere . ; :

. - concentrations were determined by tyrosine absorbance at
to ensure a good mechanical &2 44). Thelac repressor

. ’ 280 nm in 6 M GuHCI §8).
type of core packing, for example, is of tlee d, e class, Circular Dichroi CD) S D .
with the helices shifted by half a turn of the two-turn repeat ircular Dichroism (CD) SpectroscopfD experiments

(measured as the distance between planes orthogonal to thi/er® Performed on an Aviv 62A/DS (Aviv Associates,

Cloning and Protein ProductianRecombinant DNA
procedures were carried out by standard methods, and all
generated sequences were confirmed by DNA sequencing.
A synthetic gene encoding GCN4-pAgsee Figure 1b) was
prepared with optimal codon usage fér coli and subse-

helix axes centered at the* @toms of thea positions of the

proximal helices) 10, 13). On the other hand, in the GCN4-

pV peptide, the packing involves tlae d, andg side chains
with a helix offset of one full turn42). In this connection,

akewood, NJ) spectropolarimeter equipped with a thermo-

1 Abbreviations: LB, Luria-Bertani; IPTG, isopropyl thig-p-
galactoside; HPLC, high-performance liquid chromatography; CD,
circular dichroism; TBS, Tris-buffered saline; GuHCI, guanidine

the Richardson’s distinguished two types of tightly packed, nydrochioride; ],z molar ellipticity at 222 nmT,, midpoint of the
antiparallel helix arrangements they referred to as “Alacoils” thermal unfolding transition; rms, root mean square.
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electric temperature controller in TBS (50 mM TisICl, unit and 99 water molecules. The bond lengths and bond
pH 8.0, 150 mM NacCl). CD spectra were collected from angles of the model have root-mean-square (rms) deviations
260 to 200 nm at a 5@M peptide concentration, using an  from ideality of 0.009 A and 171 respectively. All residues
average time of 5 s, a cell path length of 0.1 cm, and a but two (Lys-B2 and Lys-G2) occupy the most preferred
bandwidth of 1 nm. A @]z value of —33 000 deg crh regions of the Ramanchandran plot. Lys-B2 and Lys-G2 lie

dmol! was taken to correspond to 100% heig). Thermal in allowed regions of the Ramanchandran space and are the
stability was determined in the same buffer atNd peptide second residue from the N terminus.
concentration by monitoring]22 as a function of temper- Structure AnalysisCoiled-coil parameters were calculated

ature wih a 1 cmpath length cell. Thermal melts were py ysing TWISTER 70). The rms deviations were calculated
performed in 2 deg intervals wita 2 min equilibration at  wijth LSQKAB in the CCP4i program suite7{). Buried

the desired temperature and an integration time of 30 s.syrface areas were calculated from the difference of the
Reversibility was checked by repeated scans. All melts were gccessible side chain surface areas of the tetramer and of
reversible, with superimposable folding and unfolding curves, the individual helical monomers using CNS 172 Figures

and>95% of the signal regained upon cooling. The midpoint \ere generated using SETOR3|, MOLSCRIPT (74), and
of the cooperative thermal unfolding transitiom,] was Raster 3D 75).

determined from#)]»,, versus temperature data by evaluating
the maximum of df/dT~* (60). RESULTS AND DISCUSSION
Sedimentation Equilibrium Analysi8nalytical ultracen-
trifugation measurements were made on a Beckman XL-A Engineering the Lac Repressor Type of Antiparallel
analytical ultracentrifuge (Beckman Coulter, Fullerton, CA) Tetramer In the lac repressor coiled-coil tetramerization
equipped with an An-60 Ti rotor at 2T as describeds(). domain, bulky aliphatic amino acids at the cen&alositions
Peptide solutions were dialyzed overnight against TBS (pH form hydrophobic seams linking four antiparallel helices,
8.0), loaded at initial concentrations of 20, 150, and 1000 resulting in the recruitment of peripheral interactions at the
uM, and analyzed at rotor speeds of 25 and 28 krpm. Dataflanking d and e positions to sequester the interfacel
were acquired at two wavelengths per rotor speed settingPosition residues from solvent (Figure 1a)2, 10, 11). The
and processed simultaneously with a nonlinear least-squareg®rientation and oligomerization state of this antiparallel
fitting routine 62). The solvent density and protein partial te€tramer cannot be predicted from the amino acid sequence,
specific volume were calculated according to the solvent and and the determinants of its structural specificity cannot easily
protein composition, respectivelyg). Random residuals ~ be explained using known general principles. Tiae
were observed in all cases. repressor coiled-coil structure apparently conforms to the
Crystallization and Structure DeterminatioBCN4-pAgy ferritin type of Alacoil, that is, to an interhelical offset of
was crystallized at room temperature using the hanging drophalf a turn (1). Its heptad-repeat sequence reveals alanine
vapor diffusion method by equilibrating against reservoir Predominantly at the positions, consistent with the need
buffer (100 mM sodium citrate (pH 4.8), 5% (v/v) Jeffamine for the methyl groups to favor an antiparallel association of

M-600, 50 mM zinc acetate), a solution containingl1 of helices (1, 44, 76, 77). However, simple inclusion of alanine
15 mg/mL peptide in water, and AL of reservoir buffer. at the e position of the heptad repeat is insufficient to
The crystals belong to space groBgs (a = b = 51.70 A, determine thelac repressor pattern of the core packing

c=99.79 A) and contain eight monomers in the asymmetric arrangement?8). Because protein engineering has proven
unit. The crystals were transferred into cryosolution contain- to be a powerful tool for understanding protein folding and
ing the reservoir buffer and 30% (v/v) glycerol, harvested, function, we decided to probe, at atomic resolution, specific
and frozen in liquid nitrogen. Diffraction data were collected Seduence determinants of tiae repressor coiled-coil fold
on beamline X4A at the National Synchrotron Light Source by mutating residues at tha, d, and e positions of the
(Brookhaven, NY). Reflection intensities were integrated and Prototypical homodimeric GCN4 leucine zipper. The hydro-
scaled with DENZO and SCALEPACKS). Initial phases phobic interface between the twahelical chains of the
were determined by molecular replacement with Ph&®r ( leucine zipper is formed by interspersing nonpolar side chains
using the structure of the GCN4_pAe monoméﬁ)(as a at thea andd pOSitionS with hydrophlllc residues at the
search model. Eight GCN4-pAe molecules were oriented andflanking e andg positions 79). In attempting to reconstruct
placed in the asymmetric unit, corresponding to the eight thelac repressor type of coiled-coil interfaces, we engineered
GCN4_pAe_V chains. This model and the dataset for GCN4- & recombinant IeUCine'Zipper GCN4'pR variant called GCN4-
pAa_V were direct|y fed to Arp/Warpd?), which provided pAa_V that contains five leucines at tI’BEpOSitiOI’IS, three

a largely complete asymmetric unit of the eight chains and Valines and one asparagine at tlepositions, and four
allowed ~90% of the final model to be interpreted. The @alanines at the positions (Figure 1b). Asn17 at the thiad
resulting electron density map was of excellent quality and heptad position of the parent GCN4-pR molecule was
showed the location of most of the side chains. Crystal- retained to occupy the same heptgosition in GCN4-
lographic refinement of the GCN4-pAg structure was  PA€Lv.

carried out using Refmad@). Density interpretation and GCN4-pAey Forms a Stableo-Helical Tetramer in
manual model building were done with @9). The final Solution The bacterially expressed GCN4-pAepeptide
model Reyst = 19.1% andRqee = 24.0% for the resolution  exhibits a characteristie-helical CD spectrum with negative
range 51.71.90 A) consists of residues-34 (monomer minima at~222 and~209 nm in physiological aqueous
A), 1-33 (monomer B), £33 (monomer C), 234 (mono- solution (Figure 2a). The mean residue ellipticity of the
mer D), 1-31 (monomer E), 334 (monomer F), £33 folded peptide at 222 nm is-32 600 deg crh dmol?,
(monomer G), and 333 (monomer H) in the asymmetric consistent with an essentially 100% helical structls®).(
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a S Three-Dimensional Structurdo evaluate the structural
~ 20 features of the, d, e core packing of the tetramer in atomic
5 4 '_'O detail, we determined the X-ray crystal structure of the
5 "l GCN4-pAgy peptide at 1.9 A resolution (Table 1). The
Ng o_-ﬁ:? W engineered peptide forms the intended antiparallel, four-
D 10 ‘e s stranded coiled-coil structure (Figure 3). This left-handed
e . S ssss” 5 supercoil comprises a cyclinder50 A in length and~25
= e RO &é) A in diameter. Diagonally related helices have identical
D

-30 relative orientation and are aligned without lateral displace-
ment (Figure 3b). The backbones of adjacent antiparallel
helices are shifted from each other by half a turn. The

crossing angle between neighboring helices is nedr 23

el T I 0y by
200 210 220 230 240 250 260

Wavelength (nm)

b 5 Individual helices in the tetramer can be superimposed on
= °r S50 each other with an rmsd for’Gatoms of 0.170.80 A. The
g -0 o distance between the axes of parallel helices (on diagonal)
&g 151 OO is ~14 A, whereas that between the axes of adjacent
S r o antiparallel helices is-8—11 A (Table 2). The antiparallel
g 0 2 tetramer has approximaf®, symmetry with a 2-fold axis
S 251 o coincident with the superhelical axis, as well as two
Vﬁ 30l 4 orthogonal 2-fold axes directed between the helices. There-
=) L fore, GCN4-pAgy assumes the overall antiparallel coiled-

el e A Y N I Y N PO PO O coil configuration of thdac repressor tetramerization domain.

0 10 20 30 40 50 60 70 80 90100 The leucine side chains at thgositions interact between

parallel helices and stagger axially to form the tetramer
interface (Figure 3a), which consists of 10 hydrophobic
layers. Each cross-sectionallayer contains two leucine
residues (Figure 3c), which alternate from one pair of parallel
helices to the other. Eighteen of the 20 leucine side chains
adopty; andy. dihedral angles near65°, 175 or —177°,

65°, corresponding to their most favored rotamers in
o-helices 80). Residues at thel and e positions of the
neighboring antiparallel helices pack against the leucines at
a to complete the hydrophobic core (Figure 3d). Relative to
the side chains of isolated helices, the leucine side chains at
thea positions of the tetramer are completely buried, residues
at thed and e positions are substantially buried-94%),
those at thdd andg positions are partly buried (29 and 45%,
respectively), and the andf positions remain completely

_ exposed. Approximately 5830 2Aof solvent-accessible
FiGurRe 2: GCN4-pAgy associates to form a very stable tetramer g, iface area (44% of the total accessible surface area of the
of a-helices. (a) Circular dichroism spectra &t@ (circles), 8C°C . : o
(tilted squares), and 9TC (triangles) in TBS (pH 8.0) and 5@V four helical monomers) is buried in the tetramer. .
peptide concentration. (b) Thermal dependence of the circular The tetramer shows “knobs-against-knobs” packing of the
dichroism signal at 222 nm in BM peptide concentration. (c)  leucine side chains at the centagbositions between aligned,
:ie%esse(”ﬁtg’%;sz%“iggﬁm Zqﬁgfrf;fﬁc%aﬁ? ggr?n'?hzegggt);nﬁt parallel helices (Figure 3b,c). The*€CF bonds of leucine
closely té)atetrameric complgxPThe deviation in the data from the kr_10bs incline by~A45" toward the N _termlnus of each he“).(
linear fit for a tetrameic model is plotted (upper). with respect to the plane perpendicular to the superhelical

axis. This geometry maximizes hydrophobic interactions

GCN4-pAegy undergoes a cooperative and reversible thermal between the side chains. The tetramer also makes peripheral
unfolding transition (Figure 2b). The midpoint of the “knobs-into-holes” contacts between shifted, adjacent anti-
temperature dependenckyf of the ellipticity at 222 nm is parallel helices. Leucine knobs at tlaepositions fit into
75 °C at a peptide concentration ofi®. The progressive  triangles formed by the ande residues of the other helix
increase of thi§, value with increasing peptide concentra- and by an adjacera leucine layer of the preceding heptad.
tion suggests that GCN4-pAgeself-associates. Equilibrium  Knobs formed byd residues fit into triangles formed by the
ultracentrifugation experiments indicate that the GCN4- a and g residues of the other helix and by an adjacént
pAeLy peptide sediments as a discrete tetramer; its apparentesidue layer of the preceding heptad. Similarly, alanine
molecular mass is 15.3 kDa in the concentration range of knobs at thee positions pack into triangles formed by the
20 uM to 1 mM (Figure 3c). We conclude that the andbresidues of the other helix and by an adjacealanine
concentration dependence of fhigfor GCN4-pAgy reflects layer. Thus, thea, d, ande residues of the heptad repeat
a monomer-to-tetramer equilibrium and that the folded segregate into four distinct types of helix contacts to create
tetramer is well-ordered and very stable. Therefore, the alternating rectangular cross-sections. In summary, these
extended core residues at e, ande positions of GCN4- conjoined core and peripheral packing interactions specify
pAey are responsible for mediating homotetramer formation. the unique antiparallel tetramer structure that is the energeti-

Temperature (°C)

0.02

-0.02
1.2

1.0
0.8
0.6
0.4

Absorbance at 235 nm  Residuals

0.2

Radius (cm)
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Ficure 3: Crystal structure of the GCN4-pAgtetramer. (a) Lateral view of the antiparallel tetramer. Red van der Waals surfaces identify
leucine residues at theepositions, yellow surfaces identify residues at thgositions, and magenta surfaces identify alanine residues at the
e positions. (b) Stereoview of antiparallel packing in the tetramer. The van der Waals surfaces are colored red for l2aA®4.du-

C24 (@), yellow for Val-B13 d) and Val-D13 ), and magenta for Ala-B14e( and Ala-D14 §). (c) RepresentativeR2, — F. electron
density map (contoured at b (d) Helical wheel representation of the tetramer. Heptad positions are ladeted

Table 1: Crystallographic Data and Refinement Statistics

Data Collection

temp (K) 100

X-ray source NSLS X4A

space group P4

cell dimensions (A) a=b=51.70,c=99.79

no. of molecules in the AU 8

solvent content (%) 44

resolution (A) 51.71.90

no. of total reflns 432 508

no. of unique refins 20 545

multiplicity 5.0

completeness (%) 99.7 (9929)

no. of reflns>2¢, 17 496

1o(l) 13.2

Rrerg® (%) 6.1
Refinement

resolution (A) 51.7-1.90

no. of protein atoms 2 045

no. of water molecules 99

no. of zinc ions 2

no. of citrate ions 4

no. of acetate ions 3

Rerys{Riree® (%) 19.1/24.0

rmsd bond lengths (A) 0.009

rmsd bond angles (deg) 1.1

rmsd torsion angles (deg) 4.3

av B factors (&) 37.5

estimated error foB factors (&) 6.0

aValues in parentheses refer to the highest resolution shell;-1.97
1.90 A. AU = asymmetric unit® Ryerge= Y || — OOV 1, wherel is the
integrated intensity of a given reflectiohReyst = Y |Fo — Fel/Y Fo.
Riee = Reryst Calculated by using 5% of the reflection data chosen
randomly and omitted from the start of refinement.

positions is an essential determinant of the repressor
coiled-coil tetramer foldg, 10, 11).

Principles of Packing in Antiparallel Tetrameric Coiled
Coils. There are at least five types of antiparallel helix
packing arrangements in structurally characterized antipar-
allel four-stranded coiled coils (Figure 4): the well-known
a—d pattern with~0.5 heptad offset (Rop), aa—d pattern
with ~0.25 heptad (WSPLB and E20C), anr-d—e triad
with ~0.25 heptad lac repressor and GCN4-pAg), an
a—d—g triad with ~0.25 heptad (SARS C44 and GCN4-
pA), and ana—d—g triad with ~0.5 heptad (GCN4-pV)
(Table 2). Although the superhelical pitch, radius, residues
per turn, and interhelix separation differ significantly in these
coiled-coil structures, the individual-helices are virtually
identical on a local scale, and adjacent antiparallel helices
have similar cross-angles to allow for knobs-into-holes core
packing. Comparison of side chain shape and packing in the
antiparallel tetramers suggests that the requirement to satisfy
the complementary packing potential of buried hydrophobic
residues is the basis of configurational specificity.

In the Rop tetramer, the vertical translation of ap-
proximately 0.5 heptad results in a displacement equal to
one helical turn and thus leads to an approximate layering
of a—d pairs between aligned helix backbones (Figure 4b).
Each core packing layer consists of two large and two small
a andd residues with an 8.6 A by 10.0 A rectangular cross-
section (for example, Leu-A2al), Cys-A38 @), Ala-B12
(a), and Leu-B48 q); Figure 4a) 81, 81). By contrast, in
the E20C tetramer adjacent helices are offset by half a turn
such that the layers containing two leucines alternate with
the d layers containing two isoleucines (Figure 4c,d). This

cally most favorable state. The results support the proposalgeometry results in a knobs-into-holes packing of these large

that the amino acid sequence at the burégdd, and e

residues by compensating for the altered-C” vectors due
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Table 2: Superhelical Characteristics of Antiparallel Four-Stranded Coiled2Coils

parameter Rop WSPLB E20C lac GCN4-pAgy  GCN4-pA C44 GCN4-pV
core packing pattern - a—d a—d a—d—e a—d—e a—d—g a—d—g a—d—g
fraction offset (heptad) 0.43 0.19 0.28 0.26 0.26 0.31 0.26 0.46
supercoil radiusio (A) 7.4 8.0 7.5 6.8 7.1 6.9 7.2 7.4
supercoil pitchP (A) 187 252 189 213 179 161 191 156
no. of residues per supercoil tum, 128 171 130 143 119 111 130 107
pairwise helix-crossing angl€ (deg) 22 16 23 22 22 23 24 20
pairwise interhelix distanc® (A) 8.6,10.0 9.2,11.0 9.3,108 7.9,105 7.9,10.9 7.7,9.3 9.5 9.8

@ Residues 723 of Rop (PDB entry 1IROPB#), 26—51 of WSPLB 21-52 (1YOD) 85), 3—31 of E20C (2CCN)%6), 341355 oflac repressor
(1LBI) (12), 3—31 of GCN4-pA (2B1F) 42), 5—36 of SARS C44 (1ZV7)%7), 5-31 of GCN4-pV (2B22) 42), and 5-31 of GCN4-pAgy were
used in the calculations.

=3

FiGURE 4: Five types of packing interactions in antiparallel four-stranded coiled coils. (a) Helix cross-sectional layers centeradaod the

d positions with a vertical offset of a full turn (0.43 heptad). The backbones of the aligned Rop helices are shown it gepess€ntation,
highlighting corea (red) andd (yellow) residues. Side chains at positidn<, e, f, andg are truncated beyond the® Gtom for clarity. (b)

Side view of the aligned Rop helices. The front helix in the tetramer is omitted to facilitate visualization of the interfacial side chains. (c)
Helix cross-sectional layers centered on thandd positions with a vertical offset of half a turn (0.28 heptad). The backbones of the
shifted E20C helices are shown in greehr€presentation, highlighting coee(red) andd (yellow) residues. Side chains at positidn,

e, f, andg are truncated beyond the @tom for clarity. (d) Side view of the shifted E20C helices. The front helix in the tetramer is omitted.
(e) Helix cross-sectional layers centered ondhe, ande positions with a vertical offset of half a turn (0.26 heptad). The backbones of
the shifted GCN4-pAg, helices are shown in greert@presentation, highlighting coee(red),d (yellow), ande (magenta) residues. Side
chains at positionb, ¢, f, andg are truncated beyond the Gtom for clarity. (f) Side view of the shifted GCN4-pAehelices. The front
helix in the tetramer is omitted. (g) Helix cross-sectional layers centered om theandg positions with a vertical offset of half a turn
(0.31 heptad). The backbones of the shifted GCN4-pA helices are shown in greepr€sentation, highlighting coee(red),d (yellow),

andg (blue) residues. Side chains at positidnsc, e, andf are truncated beyond the® @tom for clarity. (h) Side view of the shifted
GCN4-pA helices. The front helix in the tetramer is omitted. (i) Helix cross-sectional layers centeredardtlf@dg positions with a
vertical offset of a full turn (0.46 heptad). The backbones of the aligned GCN4-pV helices are shown in‘grepresentation, highlighting
corea (red),d (yellow), andg (blue) residues. Side chains at positidng, e, andf are truncated beyond the’ @tom for clarity. (i) Side
view of the aligned GCN4-pV helices. The front helix in the tetramer is omitted.

to the opposing directions of side chains in an antiparallel at eachg position) forms an antiparallel tetramer with a 7.7
helical array $6). Thus, avoidance of steric clashing between A by 9.3 A rectanglular cross-section an@.25 heptad offset
bulky hydrophobic residues at tlaeandd positions is likely (Figure 4g,h, Table 2)4Q). In a pair of closely associating
to provide a bias toward the shifted tetramer configuration. helices, the methyl groups must choose one side of the
Previous studies have suggested that “steric matching” is andiamond and pack into a triangle of residues on the
important determinant of helix-orientation specificity in other antiparallel adjacent helix to optimize van der Waals packing
types of antiparallel coiled coil27—31). of the hydrophobic coredd). Thus, the small alanine side
GCN4-pAgy described here exhibits tiec repressor type  chains direct formation of the shifted, antiparallel tetramer.
of the shifted, antiparallel tetramer structure (Figure 4e,f), Consistent with this idea, GCN4-pV (with bulkier valine at
because tight packing between neighboring helices is requiredeachg position) folds into an aligned, antiparallel tetramer
to bury alanine residues at tleepositions, and side chains  With the~0.5 heptad offset (Figure 4i,j#2). GCN4-pV has
at thed positions point toward the tetramer interfack)( a square cross-section with an increased interhelical distance
When adjacent antiparallel helices are aligned, the layering of 9.8 A that accommodates the larger valine side chains in
effect of these buried heptad positions would lead to steric the hydrophobic core of the aligned tetramer. Evidently, the
clashes between the’ @toms of thed residues and the’C  specific topologies of the antiparallel tetrameric coiled coils
atoms of thea leucines of the adjacent, clockwise-related are determined by the precise interdigitation of the core side
monomer. Consequently, GCN4-pAeexhibits a charac-  chains.
teristic interhelical offset 0f-0.25 heptad as a result of their Itis interesting to note that the GCN4-pAe peptide, which
efficient van der Waals packing with a distance~3.8 A differs from GCN4-pAe, by inversion of the valine and
(Figure 3b). Similarly, the GCN4-pA peptide (with alanine leucine substitutions at treeandd positions, is incompletely
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folded in solution €6). This observation suggests that the
folding of GCN4-pAgy is driven primarily by the require-
ment for the larger leucine residues at the ceratabsitions

to interact in knobs-against-knobs packing, while the smaller
valine residues at the periphemlpositions interlock via
knobs-into-holes packing. In general, antiparaketd—e
tetrameric coiled coils tend to place bulky hydrophobic side
chains at thea and d positions, with alanines at the
positions. As discussed above, both Alacoil sequence motifs
allow close packing and stabilization of interhelical contacts
(11, 44, 76, 77). GCN4-pAgy shows a preference for an
antiparallel tetramer configuration with 0.25 heptad offset.
In GCN4-pV, the occurrence of bulky hydrophobic residues
at the centratl positions, with smaller nonpolar side chains
of similar size at both peripheral andg positions, favors
fully aligned, antiparallel tetramers (Table 2). In contrast,
GCN4-pA, with alanines at thg positions, adopts a shifted,
antiparallel tetramer conformation (Table 2).

Specific van der Waals interactions of the carandd

residues have been shown to determine the stoichiometry 13.

and geometry of parallel coiled coil2€). The rules and
mechanisms that govern hetikelix association in antipar-
allel coiled coils remain incompletely understood. Introduc-
tion of nonpolar side chains at the and/or g positions
notably increases the repertoire of coiled-coil structud@s (
56, 78, 82). In particular a variety of extremely stable
antiparallel four-helix coiled coils are possiblé2( 56).
Antiparallel coiled-coil tetramers can adopt different con-
figurations depending on specific packing interactions at the
hydrophobic interface (see Figure 1a). While helices in
parallel coiled coils are aligned in perfect register, in
antiparallel tetramers the helix offset becomes a major
structural parameter. Reproduction of tkec repressor
coiled-coil tetramer structure in the GCN4 leucine-zipper
model reveals a subtle interplay between helix register and
the compatibility of the shape of the core amino acids with
the packing space. In thac repressor, tetramerization of
the protein greatly amplifies operator binding. Extension of
the coiled-coil tetramerization domain beyond the natural
length can in fact further increase repressor activég).(
Thus, elucidation of principles governing the structural
selectivity within the extended hydrophobic cores can be used
to modulate biologically important conformational switches
in general.
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