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ABSTRACT Synthesis of a 33-residue, capped leucine
zipper analogous to that in GCN4 is reported. Histidine and
arginine residues are mutated to lysine to reduce the unfolding
temperature. CD and ultracentrifugation studies indicate that
the molecule is a two-stranded coiled coil under benign
conditions. Versions of the same peptide are made with 99%
13C« at selected sites. One-dimensional 3C NMR spectra are
assigned by inspection and used to study thermal unfolding
equilibria over the entire transition from 8 to 73°C. Spectra at
the temperature extremes establish the approximate chemical
shifts for folded and unfolded forms at each labeled site.
Resonances for each amino acid appear at both locations at
intermediate T, indicating that folded and unfolded forms
interconvert slowly (>>2 ms) on the NMR time scale. More-
over, near room temperature, the structured form’s resonance
is double at several, but not all, sites, indicating at least two
slowly interconverting, structured, local conformational sub-
states. Analysis of the dynamics is possible. For example, near
room temperature at the Val-9, Ala-24, and Gly-31 positions,
the equilibrium constant for interconversion of the two struc-
tured forms is near unity and the time scale is =10-20 ms.

Protein conformational equilibria are of vital interest in
biochemistry and biophysics and are under intense scrutiny in
many laboratories. In this endeavor, studies of coiled-coil
proteins have attracted increasing attention, both because of
the variety of proteins in which the motif occurs and because
its structural simplicity recommends it as a model. A two-
stranded coiled coil, in which two right-handed a-helices are
arranged in parallel and in register and with a slight left-
handed super twist, exhibits all the secondary and higher order
structural interactions that are so characteristic of proteins but
in a simple repetitive geometric context (1). The structure
results from a sequential pattern, called a pseudo-repeating
heptad (designated abcdefg), in which residues a and d are
hydrophobic and e and g are oppositely charged (1).

A physical understanding of protein conformational equi-
libria requires elucidation of the population of molecular
states. Long coiled coils, such as the tropomyosins from rabbit
muscle, show multistate unfolding equilibria whose details are
controversial (2, 3). Other tropomyosins (e.g., from chicken
gizzard) are thought by some (4) to unfold all-or-none (i.e., to
comprise only two kinds of molecular conformations: intact
two-stranded coiled coils and random monomer chains), but
this too is disputed (5).

For smaller coiled coils, such as the GCN4 leucine zipper
(6), calorimetry evidence fits all-or-none unfolding (7). How-
ever, an NMR study of 'H-?H exchange at the amide protons
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shows that individual residues vary in protection over a million
fold range (8). Such differences in local dynamics and stability
strongly suggest that substates exist. Finally, although the x-ray
crystal structure of the GCN4 leucine zipper shows that the
two chains are conformationally distinct (9), extant two-
dimensional NMR shows only one resonance per proton,
indicating that the two chains either become equivalent in
solution or rapidly interconvert (10).

Evidence concerning such substates can only come from
techniques, such as NMR, that are site-specific and are applied
to models small enough to ensure interpretability of the data.
To that end, we employ a synthetic, 33-residue capped leucine
zipper, GCN4-1zK, which is like that of GCN4 except for four
conservative mutations: R1K, H18K, R25K, and R33K. That
is, in GCN4-1zK, all basic residues are lysines. This sequence
forms a strong coiled-coil dimer and unfolds at a somewhat
lower temperature than its parent (see below), making physical
studies possible sans denaturants and reducing the danger of
thermal damage.

To avoid the complexities of exchange reactions and mul-
tidimensional NMR, we synthesized a number of isosequential
peptides, differing only in the sites of substitution of 99% '3C=.
This strategy allows examination of conformational species by
one-dimensional 3C* NMR, using the expected chemical
shifts for a-helical and random backbone conformations (11,
12). The high 3C* enrichment allows study of dilute solutions,
makes peak assignment trivial, and keeps data accumulation
times short, thereby assuring reversibility. Moreover, in each
peptide, substitution sites can be chosen to minimize spectral
overlap. Finally, such isotopic substitutions are conformation-
ally neutral, unlike fluorescent or spin-label probes, which are
invariably large hydrophobes.

As will be seen, the one-dimensional 13C* NMR spectra of
such a series of isotopically substituted, otherwise isosequen-
tial peptides reveal that the unfolding equilibrium in this
GCN4-leucine zipper analog exhibits not only slowly intercon-
verting local (amino acid level) folded and unfolded confor-
mations but also more than one folded conformation. These
one-dimensional spectra therefore contain information not
only about the relative populations of these conformations but
also about the kinetics of their interconversion.

MATERIALS AND METHODS

For the labeled sites, fluoren-9-ylmethoxycarbonyl (Fmoc)
derivatives were prepared (13, 14) from the 99% !3C*-labeled
amino acids (Cambridge Isotope Laboratories, Cambridge,
MA), coupled with diisopropylcarbodiimide and 1-hydroxy-
benzotriazole, and characterized by 'H NMR and HPLC. The
isosequential GCN4-1zK peptides were synthesized on a Du-
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Pont RAMPS system using Rapidamide resin (0.1 or 0.05
mmol scale), Fmoc-pentafluorophenyl esters, and acetic an-
hydride capping. Purification was effected using Vydac (Hes-
peria, CA) C;3 columns (10 X 250 and 25 X 250 mm) with a
linear gradient of 25-50% acetonitrile containing 0.1% tri-
fluoroacetic acid at 0.3% acetonitrile per min. The products
were >95% pure and all had the same retention time on a
Vydac analytical C;s HPLC column (4.6 X 250 mm). Electro-
spray mass spectra gave results agreeing with those expected
from the sequence within 1 Da.

In this investigation, only glycine and hydrophobic amino
acids were labeled, obviating the necessity of blocking side
chains. Substitution sites in each peptide were chosen so as to
minimize spectral overlap and to provide a broad sampling of
chain and heptad locations. Confirmation that all peptides are
pure and isosequential was obtained from the *C NMR
spectra. For example, the corresponding chemical shifts are
invariant from peptide to peptide and agreed with those in the
natural abundance spectrum.

Peptide concentrations were determined from the absor-
bance due to the lone chain tyrosine, Y17. The extinction
coefficient in benign media at 275 nm is 1.40 *+ 0.03 (SD, n =
3) cm™M~! (M in formality of peptide chains), using the
method of Edethoch (15). The latter is based on the universally
observed change in absorbance at 295 nm of unstructured
tyrosine (in 6 M guanidinium chloride) when titrated from
near-neutral pH to pH 12. The procedure therefore also yields
the extinction coefficient of the guanidinium chloride-
unfolded GCN4-1zK; we found a value of 1.54 = 0.01 (SD, n
= 3) cm~-M~! at 275 nm. Most thermal unfolding measure-
ments were performed using the benign, near-neutral saline
buffer (100 mM NaCl/50 mM inorganic phosphate, pH 7.4).
However, variations in added salt (100-150 mM), buffer
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concentration (10-100 mM), pH (7.0-7.4), or even the pres-
ence of 2H,0 (to 15%) were shown to have only negligible
effects on the thermal unfolding.

CD was measured using a Jasco (Easton, MD) J500A
spectropolarimeter controlled by a THE computer via a Jasco
IF-500 interface. The instrument was calibrated with (+)-
camphor-10-sulfonate by the two-point method (16). Proce-
dures for temperature control and measurement, data acqui-
sition, and analysis have been described (17).

All 13C* NMR data were collected at 125.703 MHz, em-
ploying a Varian Unity Plus-500 spectrometer with a 10-mm
probe and Oxford Instruments temperature controller. Tem-
peratures were independently measured with a thermocouple,
using a buffer sample under conditions identical to those in the
actual experiments. Approximately 5000 transients were col-
lected at each temperature at a spectral width of 12,686 Hz
centered at 44 ppm. The time between transients was 1.3 s
(including 0.5-s acquisition time), and excitation pulses of 15
us (67° flip) were used. Continuous proton decoupling was
employed.

For peptide solutions in nondeuterated solvents, the follow-
ing external lock and reference scheme was used. Prior to data
collection on each sample, a dummy 2H,O buffer of identical
volume (1.8 ml) to the sample was placed in a 10-mm NMR
tube and fitted with a 3 mm (o.d.) capillary containing the
sodium 3-(trimethylsilyl)-1-propane sulfonate chemical shift
reference in ZH,0. This sample was shimmed until an accept-
able 'H lineshape was obtained via the decoupler coil. The
retained shim settings were used for the actual sample, which
was positioned identically in the probe and fitted with a similar
capillary as an external field-frequency lock. In this way, 13C
half-height linewidths of 6—8 Hz are obtained reproducibly for
unfolded peptides (at 73°C) for at least 24 h after shimming.
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FiG. 1. Equilibrium ultracentrifugation results for GCN4-1zK in near-neutral saline buffer at 4°C. (4) Concentration (in fringes; one fringe ~91
uM chains) vs. one-half the square of the distance (r) from the center of rotation. For clarity, only every fourth data point is shown. Solid lines
give theoretical curves for ideal single-species fit (8118 Da) or fit with a predominant (7973 Da) single species and a small amount (1.5%) of higher
mass species (best fit). Loading concentrations and rotor speeds are as follows. Low r points (cell top): @, 330 uM; O, 82.5 uM at 52,000 rpm; O,
33 uM at 48,000 rpm. High r points (cell bottom): O, 165 uM at 52,000 rpm; m, 110 uM at 48,000 rpm. (B) Deviation of data from best fit. All

points are shown. Symbol types are as in A.
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Thus, samples can be studied in the absence of extraneous
solutes, such as chemical shift reagents or 2H,0.
Equilibrium ultracentrifugation employed, as previously de-
scribed (18), a Beckman model E instrument outfitted with
interference optics and a real-time laser-TV system. For low
mass species, longer columns than usual (19) are needed to
obtain the desired resolution. Hence, special cells were con-
structed of lucite with two solution—solvent pairs of channels
instead of three; these accommodate solution columns up to 5
mm in length and were loaded to 4 mm in our experiments.
Equilibrium measurements were made at 4°C on solutions in
NaCl;soNaPisg (7.4) (aqueous solvents are specified by giving
the abbreviation for each solute with millimolarity as a sub-
script, followed by pH in parentheses) at five concentrations:
330, 165, 110, 82.5, and 33.0 uM in chains and two speeds:
52,000 and 48,000 rpm. The partial specific volume was 0.769
ml/g, as calculated from the amino acid composition (20). The
solvent density was found from tables to be 1.0068 g/ml at 4°C.

RESULTS AND DISCUSSION

The ultracentrifugation results are shown in Fig. 1. A global fit
(21) to an ideal, monodisperse model yields curves indistin-
guishable from those drawn on Fig. 14 and a molecular mass
of 8118 = 82 Da (SD, 1399 points), which is only 2.9% higher
than the expected value (7889 Da) for the two-stranded
molecule. However, the residuals (Fig. 1B) improve somewhat
when fit to a model of such dimers plus a small fraction of
material of higher mass. That best fit is the one actually shown
in Fig. 1. The resulting molecular mass of the predominant
species is 7973 = 45 Da (SD, 1399 points), which agrees with
expectations to 1%. For perspective, we note that, with the
polydispersity assumption, the 8118 figure becomes a z-
average (22), showing that the peptide is over 98% (by weight)
two-stranded. These data thus leave no doubt that the relevant
molecule under benign conditions is a dimer of GCN4-1zK
chains.

CD spectra (not shown) of GCN4-1zK at various tempera-
tures are isodichroic at 203 nm, like other coiled coils (7, 23,
24). CD thermal unfolding curves are shown in Fig. 2 at a
variety of concentrations in near-neutral saline buffer. These
curves are reversible and therefore describe equilibrium states.
As expected for dimeric peptides that dissociate when they
unfold, mass action renders the unfolding dependent upon
peptide concentration (25). However, the isotopic substitution
has no detectable effect; the labeled (filled symbols) and
natural abundance (open symbols) samples form one family of
curves. Data plotted [e.g., as melting temperature vs. In(con-
centration)] all fall on the same curve (data not shown). This
underscores the findings from mass spectrometry and NMR
(see above) that all these peptides have the same sequence,
except for isotopic labeling.

These CD thermal unfolding curves, in which an initial
shallow decline is followed by a more precipitous one, are
typical of those seen in other coiled coils (6, 25, 26). The
shallow decline is thought by some to represent the tempera-
ture dependence of CD of an intact coiled coil. It is then used
as a baseline for interpretation, often in terms of an all-or-none
model, but others ascribe it to progressive unwinding from the
ends (26). CD alone cannot distinguish these two possibilities.

Fig. 3 shows one-dimensional '3C* NMR spectra for one of
our labeled peptides at four of the temperatures determined,
covering the full range (8.5-73.0°C); the chain concentration is
300 uM. This peptide bears 99% '3C substitution at four sites:
V9 (a), L19 (d), A24 (b), and G31 (b), providing the desired
broad sampling of chain and heptad (a-g) locations.

At 73°C (top spectrum), four sharp resonances appear,
which are characteristic of unstructured chains. In contrast, at
8.5°C (bottom spectrum), four prominent resonances, down-
field from those at 73°C, establish shifts for folded, coiled-coil
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FiG. 2. Mean residue ellipticity at 222 nm vs. temperature for
GCN4-1zK at various concentrations in near-neutral saline buffer.
Open symbols, natural abundance samples; filled symbols, variously
13Ce substituted samples. Chain concentrations: v, 15.6 uM; 5, 16.2
uM; v, 251 uM; O, 76.1 puM; , 142 uM; ¢, 291 uM; ©, 314 uM; @,
2640 uM; O, 8520 uM.

species. This low-temperature spectrum provides evidence of
interconverting substates, since the G31 (b) region also shows
a small resonance (=~45.5 ppim) at the location of the corre-
sponding unfolded form. No such resonance appears for the
other three sites, although it does (see Fig. 5) for a peptide
labeled at LS (d). Thus, there clearly is some unwinding at the
coiled coil’s ends in this peptide, even at the lowest temper-
ature.

At intermediate temperatures, resonances appear in Fig. 3
at both high- and low-temperature major resonance positions.
The way in which these resolved, high- and low-temperature
resonances, for a given site, wax and wane reciprocally with
increasing temperature indicates that unfolded and folded
conformations interconvert slowly on the NMR time scale.
This allows determination of site-specific unfolding curves via
relative area measurements, after correction for saturation
factors. In Fig. 3, only resonances for folded A24 (b) and
unfolded L19 (d) overlap. However, since the other resonance
for each stands alone, one can determine the fraction folded
at all four sites. Checks are made using labeled peptides with
no overlap.

Fig. 3 reveals further conformational complexity. Near room
temperature (27.9°C), the folded form’s resonance doubles for
all but L19 (d). Again, these resonances wax and wane recip-
rocally (15-35°C; data not shown), implying the presence of
more than one slowly interconverting folded species at those
sites. Folded species at V23 (a) (data not shown) or L26 (d)
(see Fig. 5) do not show this duality, nor is it evident in extant
proton spectra of the native GCN4 leucine zipper (10). Indeed,
to our knowledge, such local interconverting folded substates
have not been reported elsewhere for any coiled coil.

Fig. 4 provides further evidence that the resonances at a
given chain site represent slowly interconverting conforma-
tional forms. These spectra are for the same peptide species of
Fig. 3, but all are at 46.9°C. Three concentrations are shown.
At this temperature, only one resonance appears at each site
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FiG. 3. Proton-decoupled 1*C* NMR spectra of GCN4-1zK with 99% 13C= at V9 (a), L19 (d), A24 (b), and G31 (b). Chain formality was 300
#M in near-neutral saline buffer. At the top are the heptad designation, sequence, and residue number. Boxed residues have a 13C2 substitution.
Flat spectral regions have been deleted, and the shift scale has been varied to better reveal resolution.

for the structured form. However, at each site, the resonances the lowest concentration, only the resonance for the unstruc-
of the structured and unstructured forms vary reciprocally with tured form remains. This pattern is repeated at the other sites,
concentration. For V9 (a), for example, the peak area for the again indicating local unfolding that is slow on the NMR time
unstructured form (near 63 ppm) is much less than for the scale.

structured form (near 67.5 ppm) at the highest concentration. Fig. 5 shows the leucine *C* NMR region at 27.9°C and 290

For the middle concentration, they are more nearly equal. For

2

A2
) [ ] G31 L29
| I M1 L2

L26

L13

" M,

LI i L

LR A
59 58 57 56 55 54

[ ™7 N N A | T T
65 60 55 50 45 ppm
ppm . .
) FiG. 5. Leucine region of the 1C* NMR spectra at 27.9°C of
FIG. 4. Proton-decoupled 13C* NMR spectra at 46.9°C of GCN4- GCN4-1zK (290 M in near-neutral saline buffer) variously isotopi-
1zK, isotopically labeled as in Fig. 3. Peptide chain concentrations in cally labeled. Positions marked F (folded) and U (unfolded) show
near-neutral saline buffer are from top to bottom: 27, 150, and 300 uM. resonance locations determined from, respectively, low-temperature

Other conditions are as in Fig. 3. and high-temperature spectra (data not shown) for the same peptide.
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uM for five different isosequential GCN4-1zK peptides, each
labeled to avoid overlap. This allows us to compare the
behavior of the same residue at different chain locations. Note
that the shifts of folded and unfolded forms, as established by
low- and high-temperature spectra (data not shown), respec-
tively, are different at different leucine sites. Conformational
substates are evidenced by the appearance of site-to-site
variations in the fraction unfolded (larger fractions appear at
the chain extrema) and by doubling of the folded form’s
resonance at all but L26 (d). Data for the remaining leucine,
L19 (d), are in Fig. 3 and also show no such doubling.

These spectra contain a great deal of information not only
on the local coiled-coil stabilities but also on the time scales of
interconversion of one folded species to another and of folded
to unfolded species. Even at this early stage, some results are
apparent. For example, it is evident, by eye, from Fig. 3 that
at V9 (a) the areas for the two folded forms are approximately
equal near 27.9°C, implying that the equilibrium constant is
unity. The forward and reverse rate constants are therefore
equal, and a lower bound for the characteristic time can be
estimated as follows (27).

The observed separation of the two structured resonances of
V9 (a) is 0.4 ppm. This corresponds, at 126 MHz, to Aveps =
50.4 Hz. However, because of overlap, this is not the true
separation of the individual resonances (Av), which is, in hertz
(27),

(Av)* = (Avgrs)* + 2(k/ 7, (1]

where k is the rate constant. One cannot determine two
unknowns with one equation. However, the appearance of the
resonance for the V9 (a) structured form is very like simula-
tions (27) for which Av = 5k /2, whereupon we find from Eq.
1 and the observed separation that Av = 61 Hzand k < 76 s™ 1.
The latter corresponds to a time scale of =13 ms for the
interconversion of the two structured forms of V9 (a) at
27.9°C. These times are lower bounds because our resonances
are inherently broader than in the simulations.

Corresponding estimates can be made for A24 (b) and G31
(b), but not L19 (d); the latter shows only one resonance for
the structured form. For A24 (b), overlap with the unstruc-
tured form of L19 (d) is immaterial, since the latter is negligible
at 27.9°C. The upshot is that all three doubled sites show
equilibrium constants near unity and time scales for intercon-
version of the two structured forms in the range =10-20 ms at
27.9°C.

Since the peak separation for the structured and unstruc-
tured forms is smallest at G31, it can be used to set a limit on
the time scale for their interconversion as well (27). The shift
difference at 8.5°C is 0.6 ppm, or 75.5 Hz. Since these are
well-separated peaks, k' << 2mwAv must hold (27), implying a
time scale far longer than 2 ms. The effect of temperature on
the dynamics is seen by comparing the G31 (b) regions at 8.5°C
(Fig. 3) and 46.9°C (Fig. 4). In the latter, the shift difference
for the structured and unstructured forms has been reduced to
0.4 ppm (i.e., 50.4 Hz). Since the highest concentration (300
1M, bottom spectrum of Fig. 4) exhibits approximately equal
amounts of each form and mimics simulations (27) for which
Av = 5k/27, we again can estimate the time constant; it is =13
ms. Thus, the process, as expected, is more rapid at the higher
temperature. Extraction of more precise and detailed infor-
mation is certainly possible but requires further dynamical
analysis of our data.

It is perhaps too early to speculate on the precise nature of
these substates. The two structured substates found here may
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be related to the chain inequivalency observed in the dimer by
x-ray crystallography (9) and/or to two folded forms postu-
lated in a recent study, by stopped flow, of kinetics of folding
a coiled coil having a different sequence (28). The time scale
and temperature range found here to connect the two struc-
tured forms are similar to those seen in the kinetics study.

Quantitation of these spectra requires methods different
from those appropriate in small peptide helices wherein the
helix—coil transition is rapid on the NMR time scale (29).
However, similarly detailed local unfolding curves should be
accessible. Moreover, information on the dynamics of these
conformational equilibria is also available in the coiled-coil
case, making such studies all the more promising.
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