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Abstract

Limited information is available on inherent stabilities of four-chain coiled-coils. We have developed a model system
to study this folding motif using synthetic peptides derived from sequences contained in the tetramerization domain
of Lac repressor. These peptides are tetrameric as judged by both gel filtration and sedimentation equilibrium
and the tetramers are fully helical as determined by CD. The four-chain coiled-coils are well folded as judged by
the cooperativity of thermal unfolding and by the extent of dispersion in aliphatic chemical shifts seen in NMR
spectra. In addition, we measured the chain length dependence of this four-chain coiled-coil. To this end, we de-
veloped a general procedure for nonlinear curve fitting of denaturation data in oligomeric systems. The dissocia-
tion constants for bundles that contain «-helical chains 21, 28, and 35 amino acids in length are 3.1 x 107!2,
6.7 x 1072}, and 1.0 x 1073 M?, respectively. This corresponds to tetramer stabilities (in terms of the peptide
monomer concentration) of 180 uM, 51 nM, and 280 fM, respectively. Finally, we discuss the rules governing coiled-

coil formation in light of the work presented here.
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The coiled-coil protein structural motif has provided an impor-
tant model for our understanding of the rules governing the
folding and stability of proteins. In particular, much work has
focused on the study of two-chain coiled-coils, with emphasis
on the leucine zipper subclass, and less work has been directed
toward the study of stability and folding of four-chain coiled-
coils (Cohen & Parry, 1990). Four-chain coiled-coils might be
considered as a subclass of the four-helix bundle motif. Four-
helix bundles are a highly represented structural motif in pro-
teins (cf. Harris et al., 1994) and, as such, this motif is one of
the best understood protein folding motifs. The advantage of
studying four-chain coiled-coils is that such a model system
would provide a paradigm for understanding how the primary
sequence dictates specificity of helix-helix interaction. Single-
chain four-helix bundles are not readily amenable to this type
of analysis because chain connectivity constrains helix-helix
interactions.

Examples of well-studied four-chain coiled-coils include the
bee venom protein, mellitin; a de novo designed protein, «l (Ho
& DeGrado, 1987); and GCN4-pLl, a sequence variant of the
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leucine zipper domain from the transcription factor, GCN4
(Harbury et al., 1993). The stability and folding of mellitin,
which forms antiparallel four-chain coiled-coils (Terwilliger &
Eisenberg, 1982), has been studied extensively (Wilcox & Eisen-
berg, 1992; Hagihara et al., 1994); however, it will be difficult
to generalize studies on mellitin because its structure deviates
considerably from that of a canonical four-helix bundle. «1B
is also thought to form an antiparallel four-helix bundle and its
folding has been studied in detail (Handel et al., 1993). Inter-
estingly, both mellitin and «1B have characteristics of molten
globules, or compact intermediates, and thus, general principles
about early steps in protein folding may be elucidated with these
systems. A much more recent addition to the four-chain coiled-
coil library is GCN4-pLI; this derivative of GCN4 forms all-
parallel four-chain coiled-coils and extensive mutagenesis of the
hydrophobic core of this structure is providing new insights into
the rules governing oligomeric states of four-chain coiled-coils
(Harbury et al., 1993).

We chose an amino acid sequence from the Lac repressor
C-terminal oligomerization domain as a model system to study
antiparallel four-chain coiled-coils. Lac repressor contains two
distinct oligomerization domains, a dimerization domain and
an immediately adjacent tetramerization domain, each contain-
ing a characteristic 4-3 hydrophobic repeat (Chakerian et al.,
1991). These two domains are functionally separable; deletions
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in the last 32 amino acids of the Lac sequence result in Lac re-
pressor protein that can form dimers but not tetramers (Chen
& Matthews, 1992).

The positioning of the tetramerization domain at the
C-terminus of Lac repressor suggests that it may be possible to
isolate its function from the rest of the protein. Miiller-Hill and
his colleagues (Alberti et al., 1993) showed that recombinant
peptides encoding the tetramerization domain of Lac repressor
could form tetramers in the absence of the dimerization domain.
Figure 1 illustrates the consequences of this 4-3 repeat on the for-
mation of a four-helix bundle showing a helical wheel projec-
tion of the Lac repressor sequence from residues 339 to 359.
There are seven residues per two turns of «-helix in coiled-coils.
By convention, individual heptads are designated a-g. In this
nomenclature, the 4-3 hydrophobic repeat corresponds to po-
sitions a and d.

It is likely that antiparallel o-helices make up the tetramer do-
main of Lac repressor. Lac repressor tetramers mediate the for-
mation of DNA “looped complexes” (Brenowitz et al., 1991),
thus the two dimers of Lac repressor most likely present their
DNA-binding domains in an opposing fashion. An antiparal-
lel arrangement of the putative helices at the tetramer interface
accomplishes this. Further compelling evidence for antiparal-
lel a-helices comes from the work of Alberti and colleagues
(1993) in their electrophoretic mobility shift studies of DNA
sandwich complexes. However, in the strictest sense, this does
not prove an antiparallel arrangement of the «-helices in the ab-
sence of DNA because binding energy of the DNA-protein com-
plex could, in principle, force such an antiparallel arrangement,

We synthesized peptides based on the Lac repressor C-terminal
domain studied by Alberti and colleagues (1993) to determine
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their oligomerization states and to define their utility as models
to study the forces governing four-chain coiled-coil stability.

Results

We synthesized peptides corresponding to the sequence from the
Lac repressor tetramerization domain (Table 1). The Lac 21 pep-
tide contains residues 339-359 of Lac repressor with several
modifications. The first three amino acids (MKQ) replace the
wild-type sequence (PRA) and represent an artifact of the clon-
ing strategy taken by Alberti and colleagues (1993) for their P2
protein. We retained these changes for three reasons: (1) to al-
low for N-terminal «-helical extensions (proline is a helix-
breaking residue); (2) to simplify the synthesis; and (3) to start
with a sequence that has been demonstrated to form tetramers.
Gly 359 likely acts as a helix stop signal in Lac repressor so we
replaced this residue with alanine (a strong helix-forming amino
acid) as the C-terminal residue. In addition, all peptides were
acetylated at the amino-termini and amidated at the carboxy-
termini in order to remove the unfavorable charge interactions
with the helix dipoles (Shoemaker et al., 1987). Peptides Lac 28,
Lac 29, and Lac 35 contain the Lac 21 sequence with either one
or two additions of the central heptad of Lac 21 onto the amino-
terminus. We synthesized these peptides to study the role of
chain elongation on tetramer formation and stability.

First we wanted to know the oligomerization states of Lac 21,
Lac 28, and Lac 35. The Lac 28 and Lac 35 peptides eluted from
a Sephadex G50 gel-filtration column as symmetric, single peaks
with molecular weights expected for tetramers (Fig. 2). In con-
trast, the shorter Lac 21 peptide eluted as an asymmetric peak

Fig. 1. Helix wheel diagram showing placement of
C-terminal residues (339-359) of Lac repressor in a pu-
tative antiparallel four-helix bundle. Note that the helix
is capped with a proline at the amino-terminus and a gly-
cine at the carboxy-terminus; amino acids that are strong
helix-breaking residues and often found at the ends of he-
lices (Richardson & Richardson, 1988). Hydrophobic res-
idues are revealed to be exclusively in a and d positions
and are dominated by leucine, a residue commonly found
in helical bundle proteins (Cohen & Parry, 1990).
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Heptad position a d a d a d

(wt Lac sequence: (339)- PRALADS LMQLARQ VSRLESGQ)

Lac 24: Ac-YGG MKQLADS LMQLARQ VSRLESA-CONH,
Lac 21: Ac- MKQLADS LMQLARQ VSRLESA-CONH,
Lac 28: Ac- LMQLARQ MKQLADS LMQLARQ VSRLESA-CONH,
Lac 29: Ac-Y LMQLARQ MKQLADS LMQLARQ VSRLESA-CONH,
Lac 35: Ac-LMQLARQ LMQLARQ MKQLADS LMQLARQ VSRLESA-CONH,

with an apparent molecular weight of 5,000 Da, intermediate
to the expected monomer (2,416 Da)} and tetramer (9,664 Da)
species (Fig. 2). This result for Lac 21 was somewhat surpris-
ing because the P2 protein from Alberti and colleagues (1993),
which contains the Lac 21 sequence, was sufficiently stable to
demonstrate tetramer formation by this technique. These results
suggest that tetramers of Lac 28 and Lac 35, but not Lac 21, are
stable in the micromolar concentration range.

We analyzed further the oligomerization states of Lac 21,
Lac 28, and Lac 35 by sedimentation equilibrium (SE) ultra-
centrifugation as a second test of oligomerization because this
technique does not suffer from shape dependence as does gel fil-
tration. We subjected all three peptides to ultracentrifugation
at three speeds and the data with their corresponding curve fits
are shown in Figure 3B, C, and D. Both the Lac 28 and Lac 35
SE data are fitted using a single species analysis (Fig. 3C,D),
where the molecular weight is included as a fitting parameter.
The best-fit molecular weights for Lac 28 and Lac 35 are con-
sistent with tetramer oligomerization states over the entire pro-
tein concentration gradient in the cell. The residuals from the
Lac 28 curve fits are random at all three speeds. In contrast,
there is a significant nonrandom component to the residuals
from the curve fits to the 20,000-rpm and 30,000-rpm data for
Lac 35. Addition of another term for a larger molecular weight
species moderately improves the fit, although such a term pre-
dicts only trace amounts. To demonstrate the quality of the fit
to a tetrameric species, we compare dimer, trimer, and tetramer
single species analyses of the data for Lac 28 taken at 40,000 rpm
(Fig. 3A). This speed would optimize the distribution of Lac 28
dimers and trimers and would provide the most sensitive probe
of these oligomerization states. Significant nonrandom depar-
tures from the data are seen for the dimer and trimer fits,

whereas the data are fit well to a tetramer species as judged either
by direct observation of the curve fits or by the residuals gen-
erated from the curve fits.

SE analysis of Lac 21 confirmed the suggestion from gel fil-
tration that this peptide is in dynamic equilibrium between
monomer and tetramer states. Figure 3B shows Lac 21 data fit-
ted with a monomer-tetramer equilibrium scheme. Global anal-
ysis of data taken at different temperatures revealed that the
monomer-tetramer equilibrium is highly cooperative, with no
improvement in fits by including a dimer term. A dissociation
constant (K,;) could not be precisely determined because the
goodness of fit for the data shown here is insensitive to K,
within several orders of magnitude; however, the calculated K,
is in the same range with the K, obtained from CD analysis
(Fig. 9).

We next addressed the question of secondary structure in these
peptides. The Lac 21 sequence is thought to encode for a coiled-
coil structure in Lac repressor and this was tested by CD spec-
troscopy. Figure 4A and B show CD spectra for Lac 21. The two
minima at 208 and 222 nm and the maximum at 192 nm dem-
onstrate that Lac 21 is largely a-helical (CD deconvolution of
a Lac 21 spectrum is consistent with this conclusion). Spectra
for Lac 28 and Lac 35 (not shown) also are predominantly
a-helical. Given the highly helical nature of these tetramers, it
is very likely that these peptides form four-chain coiled-coils.

NMR spectra provide more information about the structures
of the Lac peptides. We made two additional peptides for NMR
studies (Lac 24 and Lac 29) containing the addition of a tyro-
sine at the amino-termini. Lac 24 contains a Tyr-Gly-Gly addi-
tion to the amino-terminus and was used, in conjunction with
NMR analysis, for a careful comparison to Lac 21 to assure that
tyrosine does not affect tetramer stability (CD data not shown).

Fig. 2. Gel-filtration analysis of Lac 21,

cytochrome

Lac 28, and Lac 35. A: Elution profiles are
shown for each peptide and elution volumes
for the standards are represented with bars
at the top. B: The theoretical molecular
weights of the Lac peptides are plotted
against their elution volumes. The calcu-
lated molecular weights based on the curve
generated by a linear least-squares fit to the
standards shown are 16,300, 13,200, and
5,000 Da for Lac 35, Lac 28, and Lac 21,
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respectively. The expected tetramer molec-
ular weights for these peptides are 16,400,
13,028, and 9,664 Da.



1460

1]
T
3
ke
B
b}
o<

(=)

~

o
<

1
6.50
Radius (cm)

[}

©

2

R

(7]

V]

s

s
oN
<
C_, ----~A". 1 1
6.40 6.45 6.50 6.55 6.60
Radius (cm)

R. Fairman et al.

Residuals

- o 1 1
5.90 595 6.00 6.05 6.10
Radius (cm)

0.02
0.00
-0.02
L
[o)
=]
kel
172
Q
o
3
o
<
Aot ' L L -
5.90 595 6.00 6.05
Radius (cm)

Fig. 3. Sedimentation equilibrium analysis of 200 uM each Lac 28 (A,C); Lac 21 (B); Lac 35 (D). Samples were run at 25 °C
in 10 mM MOPS, pH 7.5, 100 mM NacCl. Rotor speeds used were 20,000, 30,000, and 40,000 rpm. A: Data for Lac 28 collected

at 40,000 rpm are shown fitted with dimer (~---), trimer (

), and tetramer (

) species. Residuals from the curve fits

are shown for the dimer and tetramer single species analysis. B,C,D: Curve fits for each peptide represent simultaneous fits for
the three rotor speeds. Data for Lac 21 were fit to a monomer-tetramer equilibrium scheme, whereas data for Lac 28 and
Lac 35 were fit using a single-species analysis and the aggregation states obtained from curve fitting are 4.2 and 3.9 for Lac 28

and Lac 35, respectively. Residuals from the curve fits are shown as well.

The insertion of glycines serves to avoid complications owing
to interference of tyrosine CD absorption on measurements of
a-helix content when the amino-terminal residue of an «-helix
is tyrosine (Chakrabartty et al., 1993). Figure 6A shows the cross
peaks between backbone amide hydrogen atoms and side-chain

hydrogen atoms in a NOESY spectrum of Lac 24. The resolu-
tion of individual cross peaks is poor for this peptide. In order
to rule out any role of the tyrosine in the quality of this spec-
trum, we collected a NOESY spectrum for Lac 21, and the re-
sulting spectrum was virtually indistinguishable from that for
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Table 2. Curve-fitting parameters
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Peptide Kay (M) AGHO” m® [8)mon® 10)e®

Lac-21 3.1+ 0.7 (x 10712 —5.14 + 0.36 ~27.3+0.6
Lac-28 2.7+ 0.4 (x 1071%) ~2.45 £ 0.28 -27.9+0.3
Lac-28 302+ 0.4 —2.72+0.12 —0.50 £ 0.25 —34.7 + 0.4
Lac-35 51.8+ 1.1 —3.94+0.16 —4.02 + 0.369 ~31.7 £ 0.1

2 Reported in kcal/mol.
b Reported in kcal/mol/M.
€ x 1073 (deg cm? dmol !).

9 The lack of an experimental baseline for [#],,on results in an ill-defined curve-fitted value for this parameter. If a value of

0 is assumed for [6],0n, then AG = 46.2 kcal/mol.

Lac 24 (data not shown). Although the spectrum for Lac 24 has
similar characteristics to that seen for many molten globule
states of proteins, given the cooperative nature of its tempera-
ture unfolding profile (Lac 24 temperature unfolding was essen-
tially identical to Lac 21 temperature unfolding; Fig. 4C), it is
more likely that the poor resolution is a consequence of the
low stability of Lac 24. Lac 24 has a tetramer stability that is
significantly lower than 120 uM at pH 3.0 and we typically per-
formed NMR experiments with 2 mM peptide. In this concen-
tration range, Lac 24 peptide is most likely in fast exchange
between unfolded monomer and folded tetramer.

There is a striking difference in the NOESY spectra of Lac
24 and Lac 29 (Tyr-Lac 28; Table 1). The spectrum of Lac 29
is representative of a protein with a well-defined tertiary fold

(Fig. 6B). This result further supports the notion that the lower
stability of Lac 24 is the main cause of its poorly resolved NMR
spectrum. The quality of the NMR NOESY spectrum allows an
evaluation of the helical nature of Lac 29. The NH-NH NOEs
(Fig. 6C) are characteristic of well-defined «-helices. Tentative
assignment of NH-NH NOEs at the ends of the peptides sug-
gests that the ends are o-helical. In addition, the number of
NH-aH cross peaks is consistent with the number expected for
a helix containing 29 residues and suggests that each helix is in
an identical environment in the coiled-coil structure (contain-
ing either four- or twofold symmetry along the bundle axis).
More detailed information about the structure of Lac 29 will re-
quire heteronuclear experiments because of the sequence degen-
eracy of the heptad repeats.
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Fig. 4. A: CD spectra for Lac 21 as a function of peptide concentra-
tion. B: CD spectra for Lac 21 as a function of temperature. Conditions:
20 mM sodium phosphate, pH 7.4. C: Thermal unfolding curves for
Lac 21, Lac 28, and Lac 35.
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Table 3. Tetramer stabilities

Peptide Ko (MY (Mp),,® (aM)  AGH20°  AGH0
Lac 21 3.1 %1072 1.8 x10%° 15.7 3.9
Lac 28 6.7x 1072 51 x10*! 30.2 7.6
Lac 35 1.0x 1073  28x107* 51.8 12.9
(1.3x107%  63x1073 46.2 11.6)4
Lac 28°¢:
[Lac28] 2.7x10°'  1.7x10%* 19.9 5.0
[GuCl) 6.8 x 1076 1.1 x 10** 20.7 5.2

4(Mry),,, is defined as the total monomer concentration for 50%
tetramer dissociation (Bujalowski & Lohman, 1991).

b Reported in kcal/mol.

¢ AG is the AG per monomer.

4 See note d in Table 2.

¢ The stability of Lac 28 in 3.5 M GuCl as measured either by the
peptide concentration dependence method or by the GuCl denaturation
method.

We hoped to gain further insight about the structure and sym-
metry of the Lac tetramers through a computer model-building
exercise. We built the Lac 29 tetramer in three symmetries: all
parallel (++++), parallel/antiparallel (++ ——), and antiparal-
lel (+—+). The structure of the favored antiparallel model, show-
ing the packing of the residues at the a and d positions, is shown
in Figure 7A and Kinemage 1. We calculated and compared
interhelical contact areas (total areas and those contributed by
formally charged polar atoms) and electrostatic interhelical in-
teractions for the three classes of models. Table 5 shows the re-
sults of these calculations. Overall, the total contact areas are
comparable in all three cases but the all-parallel model shows
a significantly larger contact surface contributed by the oxygen
and nitrogen atoms of the formally charged side chains Arg,
Lys, Asp, and Glu (by about 100A2, or approximately 30%).
The buried charged side chains make close interactions (salt
bridges) that are also responsible for the much higher apparent
electrostatic stabilization of this model, —14.7 kcal compared
to about —7.0 kcal for the other two models. However, buried
salt bridges are extremely rare in native proteins, and so far have
not been observed in a-helical oligomers. Thus, the buried salt
bridges of the (++++) structure, although a natural outcome
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of side-chain modeling, driven in part, by optimization of Cou-
lombic interactions, may be an indication that this tetrameric
symmetry for the Lac sequence does not occur in nature.

The incorporation of tyrosine in both Lac 24 and Lac 29 also
allowed us to test, using NMR, for near-space interactions be-
tween the N-terminal tyrosine and the C-terminal alanine. We
observed NOEs between Tyr 16¢ hydrogen atoms and Ala 293
hydrogen atoms of Lac 29. This set of NOEs suggests that the
a-helices in Lac 29 are antiparallel with respect to one another.
The shorter, Lac 24 peptide is also antiparallel based on simi-
lar NOEs between Tyr 1 and Ala 24 (data not shown). These
data prompted us to evaluate the distances between Tyr 1 and
Ala 29 in our models. After energy minimization of the Lac 29
structure, the shortest distances among the four pairs of Tyr 1
and Ala 29, in the antiparallel pairs of helices, ranged between
3.5 and 5.0 A, consistent with the expected range from the NMR
NOESY measurement for this amino acid pair (Table 6; Fig. 7B;
Kinemage 1). Obviously, the Tyr 1-Ala 29 distance in parallel
helical pairs is much larger.

Having established a basic structural understanding of the Lac
peptides, we set out to measure rigorously the stability of these
tetramers. We noted that the «-helix content in Lac 21 is depen-
dent on peptide concentration (Fig. 4A), suggesting a linkage
between o-helix formation and the monomer-tetramer equilib-
rium. Thermal analysis of CD spectra for Lac 21 further sup-
ports a strong linkage between these two processes. At elevated
temperatures, the CD spectrum of Lac 21 takes on the appear-
ance of a random coil, or unstructured peptide. An isodichroic
point at 208 nm provides evidence that Lac 21 is in equilibrium
between two states, an unstructured monomer and a structured
tetramer. The thermodynamic analysis presented below assumes
a two-state transition based on this evidence.

The stability of the tetramer is quantitated using the peptide
concentration dependence of a-helix content as measured at
222 nm by CD (Fig. 5A) in an approach similar to that described
by Ho and DeGrado (1987). These data were fit to various
equilibrium schemes but the best fit is obtained using a simple
monomer-tetramer equilibrium scheme according to Equa-
tion 1, and the curve fits in Figure 5A represent this scheme. The
parameters determined from the curve fitting (the dissociation
constant, K,;, and the CD signals for peptide monomer and
tetramer, [6],n and [6],¢), along with their associated errors,
are reported in Table 2. A more complex monomer-dimer-

Fig. 5. Stabilities of Lac peptides. A: Peptide concentra-

1.00 |
A

Fg

0.50 |-

—&— Lac21

4

~—@— Lac28
e ON-bri

tion dependences for Lac 21 and Lac 28 in 10 mM MOPS,
1.00 pH 7.5, measured at 25 °C. It was necessary to add 3.5M
GuCl to Lac 28 samples in order to provide a CD window
for measuring the binding isotherm. Data points repre-
sent an averaging time of 3 min. Lac 28 data are shown
fit with monomer-tetramer ( ), monomer-trimer
0.50 [ ), and monomer-dimer (----) equilibrium schemes
for comparison. Lac 21 data are fit only to a monomer—
tetramer equilibrium. B: GuCl denaturations of 10 uM Lac
28 and 2 uM Lac 35 in 10 mM MOPS, pH 7.5, measured
at 25 °C. Given the stability of Lac 335, it was necessary
0.00 to preincubate the samples at 37 °C for 5 days and at 25 °C

0.00 " ! ——-- mon-qimq ------- , mon-djm N N for an additional 2 days prior to data acquisition to as-
-6 5 -4 3 2 0 2 4 6 3 sure an equilibrium measurement. Data for Lac 28 are

shown fit to monomer-tetramer ( ) and monomer-

Log[Lac] (M) [GuCl] (M) dimer (----) equilibrium schemes. Lac 35 data are fit only

to a monomer-tetramer equilibrium.
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Table 4. Comparison of stabilities with
other four-helix bundles

Protein Amino acids/helix AGH2O
Lac 21 21 -3.9
Lac 28 28 -7.6
Lac 35 35 -12.9
Mellitin® 26 -3.8
ROP® 27 —4.3
Peptide 2¢ 16 —4.5
aA¢ 16 —4.6
a,B¢ 16 -5.5

2 Wilcox and Eisenberg (1992)

b Steif et al. (1993)

¢ Chmielewski and Lipton (1994)
4 Ho and DeGrado (1987)

tetramer scheme failed to improve the fits, further supporting
the notion of a highly cooperative folding transition.

Lac 28 is too stable to monitor a peptide binding isotherm as
described above for Lac 21. However, the tetramer of Lac 28
can be sufficiently destabilized by guanidinium chloride (GuCl),
a potent chemical denaturant of proteins, to confirm the monomer—
tetramer equilibrium behavior of this peptide. Figure SA shows
the peptide concentration dependence of «-helix content for
Lac 28 in 3.5 M GuCl. The data are shown fit with monomer-
dimer, monomer-trimer, and monomer-tetramer equilibrium
schemes. For our model system, it is evident that CD analysis
of oligomerization state is as sensitive a determinant as SE anal-
ysis (Fig. 3A).

We used an alternative approach to measure the stability of
Lac 28 in H,O: Figure 5B shows the GuCl concentration depen-
dence of «-helix content for Lac 28. The numerical approach
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Table 5. Surface area changes and electrostatic energy
change of the modeled Lac 29 in three symmetries:
antiparallel (+—+—), parallel/antiparallel (++——),
and all-parallel (++++)

AS, area

Tetramer AE,, AS?.(R,K,E)
(symmetry pattern) (kcal/mol) (A% (AY)
Lac 29 (£ 1) 7.0 5,121 285
Lac 29 (++—) -7.2 4,682 269
Lac 29 (++++) ~14.7 4,945 379

we have taken to curve fitting (see Materials and methods) al-
lows for a simple extension of the equations to include a term
describing the effects of GuCl on oligomeric systems (in prin-
ciple, any perturbation of an oligomeric system that can be de-
scribed by a mathematical function can be included, thus, this
approach extends our abilities to study complex protein assem-
bly processes). We fit the data in Figure 5B using Equation 4,
which describes the denaturation of a monomer-tetramer sys-
tem by GuCl. This curve fitting procedure takes advantage of
the entire range of data and provides a more accurate estimate
of K4, than the standard approach using a linear transforma-
tion of the transition data with subsequent extrapolation of the
[GuCl] dependence to 0 M. It is important to point out that good
fits to GuCl denaturation data are insensitive to the oligomer-
ization state (dimer and tetramer schemes fit equally well), so
it is critical to determine independently the oligomerization states
(i.e., gel filtration and/or SE). The stability of the Lac 28 tet-
ramer in 3.5 M GuCl as measured by this method is in good
agreement with the peptide binding isotherm approach (Table 3).

Lac 35 is significantly more stable than Lac 28. At 2 uM pep-
tide, the lowest concentration readily detectable by CD, the mid-
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Fig. 6. NMR spectra. A: NH-CH region of Lac 24. B: NH-CH region of Lac 29. C: NH-NH region of Lac 29. Spectra were

collected at 30 °C in 10 mM Na-phosphate, pH 3.0, 10% D,O.
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point of the denaturation curve is about 7.5 M GuCl, therefore
we cannot measure the monomer-tetramer cooperativity for Lac
35 by a peptide binding isotherm approach. The lack of a well-
defined baseline for the unfolded monomer further exacerbates
calculation of the stability of Lac 35. We report two values for
AG in Table 3, that for the best-fit value of [0],,, and a value
of 0 as a lower limit. Reversibility of Lac 35 unfolding is dem-
onstrated by preparing samples from stocks of Lac 35 made in

R. Fairman et al.

Fig. 7. A: Schematic diagram of a three-dimensional model built for
the Lac 29 sequence. a-Helices are shown as red ribbons and interface-
forming residues in the a and d positions of the individual helices are
shown as stick representations (blue and green, respectively). The model
is that of an antiparallel bundle of twofold symmetry (+—+—) with the
a', d?, a’, d* (1-4 represent each of the four helices) side chains of the
four helices stacked in regular layers. B: End view of the Lac 29 three-
dimensional model (antiparallel bundle of twofold symmetry, +—+—;
cf. Fig. 1). a-Helices are shown as red ribbons, side chains are in ball-
and-stick representations. Note the close juxtapositions (=4.0 A or less)
of Tyr 1 (blue) and Ala 29 (green).

0M GuCl and 8 M GuCl. If the peptide stock in 8 M GuCl was
irreversibly unfolded, then the apparent midpoint of the dena-
turation curve should fall below 4 M GuCl.

Discussion

Using a multifaceted approach, we have identified and char-
acterized a new four-chain coiled-coil structure based on the
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Table 6. Shortest distance of the four pairs of Tyr 1 and Ala 29 in modeled Lac 29 in three symmetries:
Antiparallel (+—+—), parallel/antiparallel (++——), and all-parallel (++++)

Distance (A)

Tetramer T
(symmetry pattern) Ccs-Cj cy-cl Ccg-CcY ci-Ch cp-ch
Lac 29 (£ %) 53 3.6 3.2 4.2 4.1
Lac 29 (++-) 35 3.6 4.2 3.6 4.2
Lac 29 (++++) >38 >38 >38 >38 >38

C-terminal tetramerization domain of Lac repressor. Gel filtra-
tion, sedimentation equilibrium, and CD spectroscopy unequiv-
ocally demonstrate the tetrameric states of synthetic peptides
derived from the native Lac repressor sequence. CD, in conjunc-
tion with NMR, shows that these tetramers are «-helical. NMR
spectra also suggest a well-ordered tertiary structure for peptides
Lac 29 and Lac 35. Although we do not yet have unambiguous
evidence for the symmetry of these bundles, indirect evidence
from Alberti and colleagues (1993) and from our NMR and
modeling data strongly suggest that the helices of the bundle are
antiparallel with respect to one another (see Kinemage 1).

Because we observe a strong linkage between the random coil-
a-helix transition and the monomer-tetramer transition, we used
CD to quantitate the stabilities of the four-chain coiled-coils.
Evidence for an isodichroic point in the thermal analysis of Lac
21 (Fig. 4B) provided us with the impetus to apply a two-state
thermodynamic treatment to peptide concentration isotherms
and guanidine denaturation data. Although a more exact sta-
tistical mechanical description exists for the a-helix-random coil
transition for monomeric a-helices and has been extended for
two-chain coiled coils by Skolnick and Holtzer (1982), this ap-
proach has not been applied as yet to four-chain coiled-coils.
However, several workers have suggested that, owing to the
highly cooperative nature of the folding of coiled-coils, a two-
state treatment is an accurate approximation of stability (O’Neil
& DeGrado, 1990; Handel et al., 1993; Thompson et al., 1993).
The sigmoidal shape of the thermal melting profile for Lac 21
further supports the cooperative nature of the folding transition.
The thermal melting profiles of Lac 28 and Lac 35 suggest that
these peptides fold highly cooperatively as well. The Lac pep-
tides exhibit fully reversible temperature unfolding behavior,
which is required for a thermodynamic analysis of these data.
However, attempts to fit these data to the Gibbs-Helmholtz
equation proved unsuccessful because AH, AS, and AC, are
highly interdependent.

The stability of Lac 21, the peptide most closely resembling the
wild-type sequence, is —3.9 kcal/mol of monomer (Table 3).
Although this stability is comparable to the stability of P2, a
fusion protein containing the C-terminal portion of Lac repres-
sor studied by Alberti and colleagues (1993), it is lower than the
tetramer stability measured for intact Lac repressor (—5.3 kcal/
mol/monomer, Royer et al. [1990]; —6.6 kcal/mol/monomer,
Brenowitz et al. [1991}). This suggests that other protein—protein
contacts in native Lac repressor are likely to be involved in sta-
bilizing the tetramer further. Matthews and colleagues have ar-
gued that this C-terminal sequence forms a leucine zipper rather
than a four-helix bundle in the context of native Lac repressor.
Chen et al. (1994) show that lengthening the tetramerization do-
main of Lac repressor by inclusion of 1 or 2 heptads from the

GCN4 coiled-coil sequence helps to stabilize dimerization of Lac
repressor in the background of a Y282D mutant (which knocks
out the dimerization domain). Because GCN4 forms a two-chain
coiled-coil structure, it is not surprising that Lac repressor should
favor dimerization. We would predict that our longer bundles
would stabilize tetramer formation of Lac repressor, rather than
dimer formation.

We have also measured the influence of chain length on the
stability of the Lac four-chain coiled-coil. Analysis of Lac 28
and Lac 35 suggests that the addition of a heptad contributes
approximately 4 kcal/mol per monomer of free energy (or 16
kcal/mol of tetramer). The consequence of this large free en-
ergy difference in the coiled-coils is that a wide range of stabil-
ities can be accessed with small changes in sequence. This can
be contrasted with the stabilities of dimeric coiled-coils, where
the chain length dependence of stability is much smaller (Lau
et al., 1984; Su et al., 1994). The wider range of stabilities for
tetramers comes from the increased burial of hydrophobic sur-
face relative to dimers. The stability of the Lac 21 tetramer is
not unusual; other well-studied four-chain coiled-coils have com-
parable stabilities (Table 4). Inspection of Table 4 reveals no
clear correlation between helix length and tetramer stability and
probably reflects the importance of specific side-chain inter-
actions on stability (cf. 1A and «1B; Ho & DeGrado, 1987).
In contrast, Lac 28 and Lac 35 tetramers are much more stable;
it will be possible to study subtle changes in stability because
effects of mutations are magnified fourfold.

In order to understand how the Lac sequence encodes for a
four-chain coiled-coil, it is useful to consider the rules that gov-
ern the assembly of coiled-coils. Clearly, the 4-3 hydrophobic
repeat is not sufficient to distinguish oligomeric states or sym-
metry states of coiled-coils. Therefore, the specificity comes
from the pattern of amino acids found at the interfacial a, d,
e, and g positions of the coiled-coil heptad repeat.

The Lac sequence is dominated by leucine residues at the a
and d positions; this is generally true for all coiled-coil se-
quences. Interestingly, the designed four-chain coiled-coil, « 1B,
contains leucines at the a and d positions, however, it has the
characteristics of a molten globule, a state that is ill-defined in
its tertiary structure (Handel et al., 1993). The molten globule
state of a1B, while not fully understood, demonstrates that, al-
though leucine residues at a and d positions may be critically
important for stability, they are not the only determinant for
defining specificity in the tertiary structure.

The a and d positions can also be important in defining the
oligomeric states of coiled-coils. Harbury and colleagues (1993)
showed that the placements of the hydrophobic residues, valine,
leucine, and isoleucine, at a and d positions affect the oligomeric
states of GCN4, an all-parallel coiled-coil. If we apply these rules
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to the Lac 21 coiled-coil, on the assumption that the helices are
all-parallel (three leucines at the d position; one leucine, one va-
line, and one methionine at the a position), it ought to form tri-
mers with some dimer intermediate. However, we believe that
the Lac peptides form antiparallel coiled-coils, therefore it is
likely that the a and d positions must play a different role and
different rules probably apply. Recall that in an all-parallel
model, if one considers a plane orthogonal to the bundle axis,
only d-d and a-a contacts are present, whereas in an antipar-
allel model, a-d contacts occur.

The e and g positions also are important in the assembly of
four-chain coiled-coils (cf. Cohen & Parry, 1990; Alberti et al.,
1993; Harbury et al., 1993; Krylov et al. 1994). These positions
may play a dual role to influence the oligomer state as well as
to potentiate the switch between parallel and antiparallel sym-
metries (Monera et al., 1994). It is thought that, when the e and
g positions are dominated by alanine and/or small polar resi-
dues, as is seen in the Lac sequence, four-helix bundles will form
and will be antiparallel. It has been suggested that, in this case,
helix-dipole interactions would be the main driving force for the
formation of antiparallel «-helices {these dipole interactions
could also play a role in maintaining the registry of helices in
a bundle) (Sheridan et al., 1982; Robinson & Sligar, 1993).
Krylov and colleagues (1994) find that mutation of e and g
positions to alanine in the leucine zipper, VBP, causes a switch
from dimers to tetramers and a similar experiment to convert
e and g positions in GCN4 to alanines also results in a switch
to tetramers (Alberti et al., 1993). Interestingly, when the e and
g positions contain appropriately placed oppositely charged
amino acids (cf. Cohen & Parry, 1990), four-helix bundles can
be all-parallel (Harbury et al., 1993). The Lac sequence that we
have used is dominated by alanine at position e and polar resi-
dues at position g. It would be informative to mutate residues
in the e and g positions of the Lac tetramerization sequence to
explore the importance of these positions for parallel versus anti-
parallel structures and dimer versus tetramer structures. Clearly,
all four interfacial positions must be considered for understand-
ing the fold of the Lac repressor coiled-coils because these
positions seem to have a complex interplay in controlling oligo-
merization states. One must be cautious in overemphasizing any
particular interfacial position.

Although specific positions in the heptad repeat are impor-
tant for specificity of quaternary structure, the potential role of
helix length in determining oligomeric states must not be over-
looked. At first, we anticipated that a 21-residue «-helix might
simply be too short to form a stable dimeric coiled-coil (Lau
et al., 1984; Su et al., 1994) and that extension to longer a-helices
may, at a minimum, stabilize a significantly populated dimer in-
termediate. Formation of tetramers in Lac 28 is highly cooper-
ative, with no evidence for a dimer intermediate in its folding.
Although we do not fully understand this surprising result, it
provides further evidence that positional information of amino
acid residues is a critical determinant for defining oligomeriza-
tion states. The Lac four-chain coiled-coil model system will be
useful for exploring these issues.

Materials and methods
Peptide synthesis and purification

Peptides were synthesized on an Applied Biosystem model 431A
automated peptide synthesizer using the Boc/benzyl strategy.
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Peptidyl-resin was deprotected and cleaved by treatment with
HF containing appropriate scavengers. Peptides were purified
to homogeneity by reverse-phase HPLC (Chao et al., 1993) and
their identity was established by amino acid analysis (Liu &
Boykins, 1989) and electrospray or fast atom bombardment
mass spectrometry analysis.

The concentrations of the peptides were determined by one
or more of the following methods: (1) UV absorption in 6 M
GuCl by the method of Brandts and Kaplan (1973); (2) quanti-
tative amino acid analysis (Liu & Boykins, 1989); or (3) quan-
titative ninhydrin analysis (Rosen, 1957).

Gel filtration

Peptides were loaded at 1 mM on a Sephadex G50 (coarse) resin
column (1.6 x 95 cm) equilibrated in 10 mM 3-(N-morpholino)-
propanesulfonic acid (MOPS) buffer, pH 7.5, 0.1 M NaCl,
using a flow rate of 10 mL/h. The concentration of eluted pep-
tides was typically 20-fold lower {40-50 uM). The column was
calibrated with carbonic anhydrase (29,000 Da), cytochrome ¢
(12,400 Da), human insulin (5,300 Da), and blue dextran 2000
(2,000,000 Da).

Ultracentrifugation

Experiments were performed at 25 °C in a Beckman model XLA
ultracentrifuge using an An 60 Ti rotor. Data for the Lac pep-
tides were collected using six-channel Epon, charcoal-filled cen-
terpieces with a 12-mm pathlength containing 110-uL samples
and 125-uL buffer references. Peptide loading concentrations
were 200 uM for Lac 21, Lac 28, and Lac 35 in 10 mM MOPS,
pH 7.5, 0.1 M NaCl. Samples were centrifuged at 30,000,
40,000, and 50,000 rpm and protein distribution was monitored
at a wavelength of 240 nm. Ten successive radial scans were av-
eraged using a 0.001-cm step size and equilibrium was assumed
if no change in distribution was observed at intervals of 2 h,

Data analysis software running under Igor (Wavemetrics,
Lake Oswego, Oregon) and incorporating the algorithm of
Michael L. Johnson (Johnson et al., 1981) was a generous gift
from Preston Hensley (Smith Kline Beecham, King of Prussia,
Pennsylvania). Partial specific volumes (Lac 21, 0.741; Lac 28,
0.745; Lac 35, 0.747) were calculated from the weight average
of the partial specific volumes of the individual amino acids
(Cohn & Edsall, 1946). Variation of the partial specific volume
from 0.72 to 0.76 did not alter the predicted aggregation states
of the peptides and proteins used in this study.

CcD

Data were collected using a Jasco-720 CD spectropolarimeter
in the early phases of this work and an Aviv 62DS CD spectro-
polarimeter equipped with a thermoelectric device for temper-
ature control for the majority of the studies. Spectra were
collected on the Aviv instrument using a 0.25-nm step size, an
averaging time of 2 s, and a bandwidth of 1.5 nm in 20 mM so-
dium phosphate, pH 7.4. All other measurements were made
typically in 10 mM MOPS, pH 7.5, at 25 °C. Data points in the
thermal melts represent a time average of 3 min. Samples for
GuCl denaturation were prepared by mixing appropriate
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amounts of two peptide stocks containing 0 M and 8 M GuCl
(Pierce).

Data analysis

Peptide concentration dependence data and GuCl denaturation
data were fit by nonlinear least-squares methods with various
equilibrium schemes using a PC version of the program MLAB
(Civilised Software, Bethesda, Maryland} (Knott, 1979). The
peptide concentration dependence data were fit according to the
following relationship describing a tetramer — monomer equi-
librium scheme (cf. Ho & DeGrado, 1987; Fairman et al., 1993):

[monomer]
[Piot]

4 x [monomer]*
K4y X [Po]

1)

[e]obs = [O]mon X + [o]tet X

[0]mon» and [8],, and K4, are the CD signal for the monomer,
the CD signal for the tetramer, and the tetramer dissociation
constant, respectively; these are treated as adjustable parameters
by the curve-fitting routine. [P,,] is the concentration of pep-
tide (independent variable) and [8],, is the measured CD sig-
nal (dependent variable). Equation 1 ascribes the contributions
of the peptide monomer and tetramer to the CD signal, [6],,,
at a given concentration of peptide. The tetramer concentration
is expressed in terms of the monomer in order to define Equa-
tion 1 in terms of a single unknown and to simplify the numer-
ical analysis, according to the following relation:

4
monomer
[tetramer] = [——] 2
Ky

The [monomer] term is determined for experimental [P,,] val-
ues and test values of K,; by numerical solution of the mass
balance equation:

4 x 4
[P,y,] = [monomer] + ——[m—zﬂmir]— 3)
41

and the value for K}, is then passed to the curve-fitting Equa-
tion 1 for fitting to the CD data.

A general procedure for nonlinear curve fitting of GuCl de-
naturation data for oligomeric systems is developed here. Pre-
vious curve fitting of such data has relied heavily on linearization
by conversion of the measured signal to an equilibrium constant
and then plotting the natural log of the equilibrium constant ver-
sus denaturant. Nonlinear approaches have been used for curve-
fitting denaturation data of monomer-dimer systems because
an analytical solution of the appropriate equilibrium expression
is straightforward. However, for higher order equilibria, ana-
lytical solutions require formulas more complex than the sim-
ple quadratic formula. One way to avoid this problem is to take
a combined numerical and nonlinear curve-fitting approach and
the development of the appropriate expressions is described
below.

The GuCl denaturation data are curve fit using the follow-
ing modification of the monomer-tetramer Equation 1:
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[monomer]
[0]() s — [0] on X ——
i " [Pio]
(8] % 4 x [monomer]* y 1
o <AG<H2°>) <m[GuCl]> [Pod
e X e
—RT —RT

O]

The denominator of the second term is derived from the linear
dependence of free energy, AG, on GuCl concentration assum-
ing a two-state solvent denaturation function (Santoro & Bolen,
1988):

AG = AG'™M29) + m[GuCl] %)

Equation 5 is introduced into the peptide monomer-tetramer
equilibrium Equation 1 using the well-known relationship:

AG = —-RTInKy,. (6)

NMR spectroscopy

2D NOESY (Jeener et al., 1979; Kumar et al., 1980) were col-
lected at 20 °C and 30 °C and mixing periods of 150 and 250 ms
for the Lac 24 and Lac 29 peptides. Thirty-two scans were av-
eraged per f,-value and a total of 400 ¢,-interferogram points
were collected. The spectral widths were set to 7,000 Hz in both
dimensions. All spectra were obtained on a Varian UnityPlus
triple resonance spectrometer operating at 600 MHz proton
frequency. The NMR sample consisted of 2-3 mM of peptide
dissolved in 90% H,0/10% D,O, pH 3.0. Solvent peak sup-
pression was accomplished by a 50-Hz CW presaturation during
the relaxation delay of 1.5 s. Both ¢,- and ¢,-fids were apodized
by a shifted squared sinebell function (90 °-shift and an 80 °-shift
in ¢, and ¢,, respectively) and zero-filled to 2,048 points prior
to Fourier transformation. The spectra were processed with an
in-house modified version of Felix 1.0 (Biosym Technologies).

Modeling

Pilot computer experiments were conducted: (1) to build out-
line models of the Lac a-helical tetramers; and (2) to estimate
their relative stabilities. Antiparallel (+—+—), parallel/antipar-
allel (++—-), and all-parallel (++++) four-helix bundles of
three and four Lac heptad repeats were built using the programs
CONGEN (Bruccoleri & Karplus, 1987) and INSIGHT II (Bio-
sym Technologies, Inc.). Helical backbones for the models were
taken from GCN4-pLI, a parallel homotetramer formed by the
mutated GCN4 leucine zipper sequence (Harbury et al., 1993).
For the all-parallel (++++) Lac models, CONGEN was used
to introduce the Lac side chains onto the GCN4 backbones by
uniform conformational sampling of all the side-chain torsional
degrees of freedom. The global minimum energy conformation
for all the side chains was retained (the CONGEN side-chain
search option ITER). To model the (+ —+—) and the (++—-)
oligomers, backbones of selected helices were rotated by about
180° around an axis perpendicular to the helical axis, to achieve
an approximate antiparallel arrangement, and the skew angle
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and the stagger (see below) of all the helix-helix pairs were sys-
tematically adjusted, prior to CONGEN side-chain construction
by conformational sampling. Thus, families of stereochemically
plausible models with different interhelical parameters were gen-
erated for all three tetrahelical symmetries considered.
Geometric parameters describing the structure and packing
of four-helical bundles (Harris et al., 1994) are (1) helix polar-
ity (parallel, antiparallel), (2) the helix-helix dihedral angles
(usually comparable for all the helical pairs), (3) the skew an-
gle, i.e., the relative angular orientation of two helices, and (4)
the side-chain stagger, i.e., either in-register or staggered ar-
rangement of identical heptad positions (layers) in the oligomer
(e.g., the in-register, coplanar arrangement of the a and d po-
sition layers in all the helices, or a staggered alternation of the
a position and d position layers; cf. Cregut et al., 1993). The
known X-ray structures of bundles show a wide variety and com-
bination of these parameters. So far, it has not been possible to
choose a priori the parameters (points 1, 2, 3, 4 outlined above)
of an unknown bundle structure, although, in many cases, plau-
sible ranges of the helix dihedral angles and the skew angles can
be identified based on the assumption of maximum interhelical
contacts. In our Lac tetramer modeling, we limited ourselves to
discrete sampling of helical arrangements with different skew
angles and side-chain stagger. As a rule, we retained those mod-
_els that optimized intrahelical side-chain packing in the hydro-
phobic positions a and d. As an approximate gauge of structural
stability, the following values were calculated for each model:
i, the total interhelical electrostatic Coulombic energy calculated
with the effective dielectric constant, ¢ = 4r, and ¢ the area
of polar, formally charged atoms of the Arg, Lys, Asp, and
Glu side chains that became buried at the interhelical interface.

Note added in proof

The structure of Lac repressor core domain, including the
tetramerization domain, has been reported (Friedman et al.,
1995).
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