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ABSTRACT: Coiled coils comprise two or more helices characterized by a heptad repeat of amino acids
denoted a through g. The buried a and d positions are usually occupied by hydrophobic residues. Fos
dimerizes via a coiled coil (leucine zipper) with Jun family members to form the transcription factor
AP-1. Fos homodimers are relatively unstable due to unfavorable interhelical electrostatic interactions
within the Fos two-stranded coiled coil. The Fos coiled coil contains two polar position a Lys residues
(Lys 16 and Lys 30 of Fos-pl, a peptide corresponding to the coiled-coil domain of v-Fos). Lys 16 and
Lys 30 of Fos-p1 were replaced individually and together with the unnatural amino acid norleucine (2-
aminohexanoic acid), which corresponds to a deletion of thestammino group. The midpoint of thermal
denaturation Tn,) of Fos-pl (10uM) is 30 °C at pH 7. The Lys 16— Nle variant forms predominantly
homodimers that are relatively unstabl&,(= 46 °C). The Lys 30— Nle variant forms a stable
homotetramerT, = 60 °C). The Lys 16/Lys 36— Nle variant forms a very stable homotetrameéy, &

80°C). The results show that (i) the effects of buried position a Lys residues on coiled-coil oligomerization
are context dependent and (ii) electrostatic destabilization of the Fos homodimer can be mitigated by an
oligomerization switch moderated by a single buried Lys residue.

The coiled coil governs proteifprotein interactions in a
diverse range of structural and regulatory protein®). The
motif is widespread in natural proteins, with over 5% of

trostatic interactions between Glu residues at e ahd g
positions in the leucine zipper of the Fos homodimer (Figure
1A) (22—24). These unfavorable interactions are relieved

putative open reading frames of sequenced genomes preupon heterodimerization with Jun, and so the specificity of

dicted to contain coiled coils3]. Coiled coils consist of two

Fos—Jun heterodimerization is driven by the instability of

or more helices that assemble with either a parallel or the Fos homodimer2Q).

antiparallel orientation| 2). The hallmark sequence feature

Four of the five a positions of the Fos leucine zipper are

of the coiled coil is a heptad repeat of seven amino acids occupied by either charged (Lys) or neutral polar (Thr) amino

labeled a through g containing a repeat of usually hydro-

phobic amino acids at positions a and 4, 6). The
hydrophobic interface between the helices of a coiled coil
comprises residues at positions a, d, e, areHfJ. Residues

at the e and g positions are often chargéds( 9—15) and
may participate in interhelical electrostatic interactiofs (
5, 16).

A classic example of a parallel, coiled-coil heterodimer
is the leucine zipper of the Fegdun transcription factor (AP-
1)t (17, 18). AP-1 is implicated in cellular processes such
as differentiation, oncogenesis, and apoptak®s-@1). The
dimerization specificity of the FosJun heterodimer is
embodied in the leucine zipper coiled-coil domali7)( Jun
can form a stable homodimefd). In contrast, the Fos
homodimer is destabilized by unfavorable interhelical elec-

acids (Figure 1A). These positions are usually, but not
exclusively, occupied by hydrophobic amino acids 5,
9—15). Buried polar residues at a positions of coiled coils
can dictate coiled-coil oligomerization and helix orientation
(6, 7, 25—35). Position a Lys residues have been observed
to impart dimerization specificity28) and to occur more
frequently in two-stranded than in three-stranded coiled coils
(10, 13, 15). Simultaneous replacement of four or five of
the polar position a residues of the Fos leucine zipper with
hydrophobic amino acids results in Fos mutants that activate
transcription in vivo, which was interpreted to result from
the formation of stable homodimers by the Fos mutadfs (

We show here that the electrostatic mechanism of Fos
destabilization can be overcome by an oligomerization switch
of the Fos leucine zipper that is mediated by one of the two
position a Lys residues of Fos. The effects of the two position
a Lys residues on oligomerization are different and so depend
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B  AcLTDTLOAETDLEDKKSALQTEIANLLKEKEKLEFILAAY-CONHg FiGURE 2: CD spectra of Fos-p1 and the Lys 16Nle, Lys 30—
FIGURE 1: (A) Helical wheel representation of the FefSos leucine Nle, and Lys 16/Lys 36~ Nle variants at 5C (PBS, pH 7.0, total
zipper, shown as a parallel, two-stranded coiled cbi) (A view peptide concentration 10M). The minima at 208 and 222 nm

down the helix from the amino terminus is shown. The d position in_dicate that th.e peptides form helical structures. The origin of the
residues are all Leu and are omitted after the first heptad for clarity, different magnitudes of the CD spectra is unclear (see Results) but
as are the b, ¢, and f position residues. Putative intra- and interhelicaldoes not simply reflect changes in the fraction of globally unfolded
polar interactions involving Lys 16 and Lys 30 (shown in bold) Peptide. Each peptide exhibits a folded baseline during thermal
are indicated with dashed lines. (B) Amino acid sequence of Fos- Unfolding (Figure 3), implying that the peptides are not in

pl (17). The N-terminus is acetylated, and the C-terminus is €quilibrium between fully folded and fully unfolded states at the
amidated. low temperature (SC) of the wavelength scand®).

, , o sticking of the Fos peptides to quartz windows. A directly
of Fos-Jun assembly, in that electrostatic destabilization of ., o5<ured solvent density of 1.008 g Mland calculated

_Fos association re_Iies_ on dimerization, f?md iIIu_s_trate the partial specific volumes of 0.744 mL~§ (Fos-p1), 0.745
importance of considering context when using position a Lys .| g% (single Nle variants), and 0.747 mL(double Nle
residues as a sequence feature for identifying dimeric COiIedvariant) were used 40). D:alta were fit using ORIGIN

coils. (Beckman Instruments) to single-species and self-associating
models both as individual data sets and as a global fit of all
EXPERIMENTAL PROCEDURES six data sets for each peptide. The validity of different models
Peptides with acetylated N-termini and amidated C-termini was evaluated by the distribution of residuals and the
were synthesized on MBHA (4-methylbenzhydrylamine variance. Results are reported as the mean mass of the
hydrochloride salt) resin (166200 mesh) with manual Boc  individual data setst the standard error and as the mass
chemistry 87). The following protecting groups were used: and variance obtained from global fits.
Asn(Xan), Asp(Bzl), GIn(Xan), Glu(Bzl), Lys(2-ClI-Z), Ser- ANS binding was monitored at % with an Aviv ATF105
(Bzl) Thr(Bzl), and Tyr(Bzl). Peptides were purified bygC  fluorometer. Emission spectra were collected from 290 to
HPLC using linear water/acetonitrile gradients containing 600 nm using an excitation wavelength of 355 nm. Samples
0.1% (v/v) trifluoroacetic acid. The identity of each peptide contained 1(:M peptide and M ANS (Molecular Probes)
was confirmed with MALDI mass spectrometry, and in all in PBS, pH 7.0. ANS concentration was determined for a
cases the expected and observed masses agreed to within gtock solution in methanol by absorbance at 372 nm using
Da. an extinction coefficient of 7.8 10° cm™* M~
Concentrations of peptide stock solutions were determined
by Tyr absorbancenié M GuHCI, 10 mM sodium phosphate, RESULTS
and 50 mM NacCl, pH 6.5, using an extinction coefficientat  Fos-p1 (Figure 1B) corresponds to the leucine zipper
276 nm of 1450 cm* M~ (38). region of v-Fos (residues 16200) and is identical to the
CD spectroscopy was performed with an Aviv 202 |eucine zipper of human c-Fos with the exception of a single
spectrometer. Samples containeduM peptide in PBS (10 g position amino acid substitution; Glu 175 of human c-Fos
mM sodium phosphate and 150 mM NacCl), pH 7.0. Thermal is substituted with Lys in v-Fog}(). Although Fos-p1 forms
stability was monitored from the change id]{, with a helical dimer at micromolar concentrations, the dissociation
temperature. The temperature was increased in steps of Zonstant for dimerization (approximately 5ué at 25 °C,
°C with an equilibration time of 60 s. The CD signal at 222 pH 7) precludes dimerization at nanomolar concentrations
nm was averaged over 60 s. Thg was determined from  (17).
the maxima of the first derivative 0B[22 with T (K) ! (39). To evaluate the contribution of position a polar Lys
Sedimentation equilibrium experiments were performed residues to the formation of the Fos leucine zipper, Lys 16
with a Beckman XL-I analytical ultracentrifuge. Samples and Lys 30 were substituted separately and together with
were dialyzed for at least 12 h against the reference bufferthe unnatural amino acid norleucine (Nle, 2-aminohexanoic
(PBS, pH 7.0). Data were collected a6 at 35, 40, and acid). This substitution corresponds to a deletion of the side
45 krpm on samples of initial loading concentrations of 70 chaine-amino moiety of Lys while leaving the remainder
and 140uM using two-sector centerpieces. Peptide concen- of the hydrophobic side chain intact. Lys 16 and Lys 30 of
trations spanned approximately-2000uM at equilibrium. Fos-p1 correspond to Lys 176 and Lys 190, respectively, of
Sapphire windows were used, which alleviated apparentfull-length human c-Fos and v-Fo41).
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Ficure 3: Temperature dependence 6ff; for Fos-pl Tm = 30 58:
°C) and the Lys 16— Nle (T, = 46 °C), Lys 30— Nle (T, = 60
°C), and Lys 16/Lys 36— Nle (T, = 80 °C) variants (PBS, pH ®
7.0, total peptide concentration 1/). @
)
3
Table 1: ANS Binding Properties of the Fos-p1 and Variant e
Peptide3 »
Amax  relative fluorescence E
(nm) intensity atlmax 2
ANS, pH 7.0 500 1.0 e
a-lactalbumin molten globule, pH 2.0 465 53
Fos-p1, pH 7.0 485 4.5 %)
Lys 16— Nle, pH 7.0 490 25 g
Lys 30— Nle, pH 7.0 495 1.8 %
Lys 16/Lys 30— Nle, pH 7.0 485 2.6 X

o
(=]

@ ANS binding to proteins is accompanied by a significant increase
in ANS emission intensity and a decrease in emission wavelength from
500 nm to approximately 470 nrbX—53). Such large changes in ANS
fluorescence are induced by the pH 2 molten globule form of
o-lactalbumin, in accord with previous resul&3]. In contrast, such
large changes in ANS fluorescence are not induced by the Fos leucine
zipper peptides. Experiments were performed &€C5

o
[«
1

Absorbance at 276 nm
o
»

In accord with previously published resultd7f, CD 0.2+
indicates that Fos-p1 is helical (Figure 2), and the molecular . e
mass determined by sedimentation equilibrium indicates that T
Fos-pl is dimeric at micromolar concentrations an&Cs 694 6% 702 706 710 74
(expected mass for the dimer, 9218 Da; observed, 9100 Radius (cm)

500 Da). Fos-pl is relatively unstable, witflaof 30°C at FiIcure 4: Sedimentation equilibrium data for the Lys 6 Nle

a total peptide concentration of 1M (Figure 3). _ variant (PBS, pH 7.0, 5C, 35 krpm, total peptide concentration
The thermal melting curve of Fos-pl is sigmoidal (Figure 140 uM). Of various models, the distribution of residuals to
3), and Fos-p1 does not bind ANS (Table 1). These resultsindividual fits and variances of the global fits (see text) indicate

suggest that the Fos-p1 dimer adopts a well-packed structurdhat the data are best accounted for by a dirtetramer equilib-

? . . rium. The apparent dissociation constant for the dintetramer
typical of native proteins. In contrast, molten globules and equilibrium is 1.0+ 0.2 mM, and so the Lys 16~ Nle variant is

many designed proteins that lack structural uniquenesspredominantly dimeric at low micromolar concentrations.
exhibit linear unfolding transitions and bind AN3§, 42,

43).

The Lys 16— Nle variant is helical (Figure 2) with a
higher thermal stability than Fos-p1; thg at 10uM peptide
concentration is 48C (Figure 3% The sigmoidal thermal
unfolding curve (Figure 3) and lack of ANS binding (Table
1) suggest that the Lys 16> Nle variant adopts a well-
packed structure typical of native proteins.

The apparent molecular mass of the Lys-t@Nle variant
determined from individual fits of the six sedimentation

equilibrium data sets is 108 0.4 kDa, which is 19% higher
than expected for a dimer (9188 Da) and 21% lower than
expected for a trimer (13782 Da). The apparent mass
obtained from a global fit to a single-species model is 11.1
kDa (variance= 1.4). Of various models, the sedimentation
equilibrium data are best accounted for by a dirtetramer
equilibrium as judged by the distribution of the residuals for
fits to individual data sets (Figure 4). In addition, the
variance, which approaches 1 as the fit improves, of a global
fit of the six data sets is lowest for the dimeetramer model

?Measurement by urea denaturation of the changes in the free energyat 1 06, Significant deviations of residuals are observed for
of unfolding due to the Nle substitutions were precluded by the lack

of folded baselines at 5 and 104M peptide concentration for Fos-  11tS t0 models other than dimetetramer (Figure 4), and
pl and the Lys 16~ Nle variant and an unfolded baseline for the Lys higher variances are seen for global fits to other possible

16/Lys 30— Nle variant. However, the midpoints of urea denaturation models such as single-species trimer (variancg3.0) and

for Fos-p1, Lys 16— Nle, and Lys 16/Lys 36— Nle are approximately ; ietribg
1.6-1.8, 3-3.4, and 7.6:8 M, respectively, indicating an increase in monomer-tetramer (variance= 2.76). The distribution of

resistance to urea denaturation that parallels the increase in thermathe residuals (Figure 4) and the variance of the global fit at
stability upon the Nle substitutions. 1.11 for the monomertrimer model are only slightly less
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Ficure 5: Sedimentation equilibrium data for the Lys 30 Nle
variant (PBS, pH 7.0, 8C, 35 krpm, total peptide concentration
140 uM). The quality of fits to various models involving the
tetramer indicates that the Lys 36 Nle variant is essentially
tetrameric.

7.15

favorable than for the dimettetramer model (variance
1.06). However, the thermal denaturation behavior of the Lys
16 — Nle variant is inconsistent with the presence of
unfolded monomers (see Figure 2 legend) and, therefore,
inconsistent with equilibria involving monomeric peptides
that are likely to be largely unfolded. The Lys 16 Nle
variant therefore exists in a mixture of oligomerization states
and is predominantly dimeric>80%, assuming that the
apparent mass reflects the weight-average distribution of the
dimer and tetramer).

Substitution of Lys 30 with Nle results in a helical structure
(Figure 2) of significantly higher thermal stability; tfig, is
increased to 60°C (Figure 3% The sigmoidal thermal
unfolding curve (Figure 3) and lack of ANS binding (Table
1) suggest that the Lys 36~ Nle variant adopts a well-
packed structure typical of native proteins.

The apparent molecular mass of the Lys-3Wle variant
determined from a single-species fit of sedimentation equi-
librium data is 17.6+ 0.4 kDa (data not shown). The mass
obtained from a global fit of the six data sets is also 17.6
kDa, and the variance of the global fit is 1.4. These apparent
masses are significantly higher than expected for a trimer
(13782 Da) and approximately 4% lower than expected for
a tetramer (18376 Da). The single-species tetramer (varianc
= 1.47), monomettetramer (variances 1.52), and dimer
tetramer (variance= 1.47) models provide essentially
equivalent descriptions of the data (Figure 5), and a
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FiIGURE 6: Sedimentation equilibrium indicates that the Lys 16/
Lys 30— Nle variant is tetrameric (PBS, pH 7.0,°&, 35 krpm,

total peptide concentration 14fM). The random distribution of
residuals indicates that a single-species tetramer accounts for data.

stability relative to the Lys 36~ Nle variant T, = 80 °C;
Figure 3)? The molecular mass determined by sedimentation
equilibrium indicates that the double variant is tetrameric
(Figure 6). The average molecular mass obtained from
individual fits of the six data sets is 18450.7 kDa, and the
mass obtained from a global fit of all six data sets is 18.7
kDa (variance= 1.7). The expected mass for the tetramer is
18316 Da. The Lys 16/Lys 36> Nle variant exhibits the
native-like properties of a sigmoidal unfolding curve (Figure
3) and lack of ANS binding (Table 1).

The variant Fos peptides exhibit differences .}, at
low temperatures that are unrelatedTig If [ 0].2 reflects
helix content only, then the Lys 36> Nle variant is
apparently less helical than Fos-p1 at low temperatures but
has a highefl,, than Fos-p1, and the Lys 16/Lys 36 Nle
variant is slightly less helical than the Lys 46 Nle variant
at low temperatures but has a higfigrthan Lys 16— Nle
(Figure 3). The reason for this behavior is unclear and is
seen with peptides that have been once and twice purified
by Cis HPLC with shallow (0.1% per minute) gradients,
making the presence of impurities unlikely. The values of
[0]222 may reflect an aromatic contribution from Tyr 40 to
the CD spectradd). Tyr 40 is at the C-terminal, a position
in each of the Fos peptides and may be sensitive to
conformational changes or oligomerization switches due to
the Nle substitutions. Tyr 40 of each peptide is, however,
largely solvent exposed since the fluorescence emission
maximum of each peptide and of the free amino aeityr
is 303 nm (PBS, pH 7.0; data not shown), as expected for a
solvent-exposed Tyrd6). The differences inf].2, at low
temperature may also reflect local unfolding of the Fos
variant coiled coils, as seen for a variant GCN4 coiled coll

e(46). The presence of folded baselines for the three variant

peptides suggests the absence of an equilibrium between
globally unfolded and folded peptide46).

DISCUSSION

systematic change in apparent mass with loading concentra-

tion is not observed. The sedimentation equilibrium data
therefore indicate that the Lys 30 Nle variant is essentially
tetrameric.

Simultaneous substitution of Lys 16 and Lys 30 with Nle
results in a helical structure (Figure 2) with increased thermal

Coiled coils form a widespread protein oligomerization
motif (1, 2), with over 5% of all putative open reading frames
predicted to contain coiled-coil domain3)( The hallmark
sequence feature of the motif, the-@ hydrophobic repeat
(4, 5), is a useful predictor of putative coiled coild, (5,
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10—15). Since the helices of coiled coils can adopt multiple  Interhelical electrostatic interactions provide a mechanism

oligomerization states in homo- and heteromeric complexesto impart homo- and heteroassociation specificitg, (23,

(1, 2), itis desirable to identify sequence features that identify 49). Fos homodimers are destabilized by the juxtaposition

oligmerization orders and partners of coiled-coil assemblies. of Glu residues that form unfavorable interhelical-¢ e
Buried polar residues can dictate the specificity of coiled- electrostatic interactions in the homodim2<24). We find

coil oligomerization and associatior6,(7, 25—35). For that the destabilization of the Fos homodimer by unfavorable

example, Asn residues at position a are a common featureelectrostatic interhelical'g— e interactions can be alleviated,

of two-stranded coiled coilslQ—13, 15), including the c-Jun ~ however, by an oligomerization switch to the homotetramer.

homodimer 25). In several natural and designed coiled coils, The results reveal an additional facet to the mechanism of

Asn at position a imparts specificity for dimerizatiofy 25— Fos destabilization, which is the role of dimerization medi-

29, 33, 47, 48) and helix orientationd6, 30), presumably  ated by the position a Lys residues, in placing like-charged

by destabilizing alternative conformations in which the residues in the correct context to disfavor self-association

hydrogen-bonding potential of the Asn side chain is unsatis- by Fos. Since FosJun dimerization is driven by the

fied (26, 48). instability of the Fos homodime28), imparting specificity
Lys is a relatively common buried polar residue in coiled for Fos dimerization is a key element of the molecular basis

coils. Position a Lys residues are significantly more common of the specificity of the FosJun proteir-protein interaction.

in dimeric than trimeric coiled coilslQ, 13, 15). A position

a Lys directs formation of dimers in the context of the GCN4 ACKNOWLEDGMENT
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