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We are interested in the determinants that specify the structure of anti-
parallel coiled coils. Antiparallel coiled coils often contain alanine as an
important interfacial packing residue; structures containing alanine at cer-
tain well-de®ned positions in the heptad-repeating unit are referred to as
Alacoils. Two types have been identi®ed, containing alanine at either the
g position of the heptad repeating unit (de®ned as the d position in the
Richardson nomenclature), referred to as a rop-like Alacoil, or the e
position (a position in the Richardson nomenclature), referred to as a fer-
ritin-like Alacoil. The Lac repressor tetramerization domain forms an
antiparallel four-chain coiled coil, which falls into the second class of
Alacoils based on recent crystal structures. The role of alanine in such
structures has not yet been explored experimentally. We test the import-
ance of alanine at the e positions on the oligomeric state and stability of
the isolated coiled-coil domain of Lac repressor by testing the effect of
mutations at this position. We ®nd that mutation to leucine is tolerated
and its moderately stabilizing effect is most likely a consequence of plas-
ticity of this motif. The effects on stability of the mutations to either ser-
ine or glutamine can be largely accounted for by helix propensity
differences between these residues and alanine. The ability of the helices
to adjust to such mutations, while maintaining the basic fold of this
coiled coil, was further tested by making the same changes at the more
highly exposed g position. Leucine at the g positions also causes an
increase in stability, presumably by subtle rearrangement of the helices to
allow partial desolvation of this side-chain.
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Introduction

While signi®cant progress has been made in
understanding how the primary sequence of a pro-
tein dictates its folding and structure, much is still
unknown.1 One approach to this problem is to
explore the balance of chemical forces exerted by
the amino acid sequence in dictating the fold of a
protein. The coiled-coil structure, a highly rep-
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resented motif in nature, has proven to be an
important tool for the study of protein folding and
structure2,3 and our understanding of the determi-
nants de®ning the structural characteristics of this
motif has led to some success in the design of
coiled coils with novel structural and functional
properties.4,5

Coiled coils typically consist of two or more
right-handed a-helices wound around each other,
forming a left-handed supercoil. The associated
a-helices in a coiled coil interact via ``knobs-
into-holes'' packing of the side-chains, in which a
hydrophobic side-chain of one helix is inserted
between several hydrophobic side-chains of an
adjacent helix.6 An a-helix contains 3.6 amino acid
residues per turn, but the supercoiling of a-helices
results in a repeat unit of 3.5 amino acid residues
per turn, or seven per two turns; by convention the
# 2002 Elsevier Science Ltd.



602 Role of Alanine in Lac Repressor Alacoil
seven amino acid residues that comprise each hep-
tad are designated positions a to g. Detailed studies
have demonstrated that the hydrophobic effect,
electrostatic interactions, and van der Waal's pack-
ing interactions all contribute to de®ning the
characteristics of coiled coils. These chemical forces
determine the oligomeric state, whether the chain
is parallel or antiparallel, speci®c pairing inter-
actions or heterospeci®city, and stability.7 ± 9

Structure determinants for parallel coiled coils
are better understood than for antiparallel coiled
coils. For example, the details of knobs-into-holes
packing in the core have been extensively studied.
Rotamer preferences of side-chains involved in
layered aa pair and dd pair interactions can govern
the oligomeric state and stability of parallel coiled
coils.10 The neighboring residues, at the e and g
positions, also play an important role in structure
determination (including stability, speci®city, and
oligomeric state); charged residues are favored in
dimeric structures and small non-polar residues
are often found in higher order oligomeric
structures.11,12

In contrast, antiparallel structures have an added
degree of complexity because the knobs-into-holes
packing can be satis®ed in several different helical
arrangements. The major difference in the packing
of hydrophobic residues here is that, rather than
forming discrete layers of side-chain interactions in
the core, the helices are offset with respect to one
another such that side-chains take on a more inter-
digitated packing arrangement. Seminal work in
identifying these features has been done by the
Richardson laboratory13 for four-helical coiled coils
(two- and three-helical antiparallel coiled coils are
much rarer). The Richardson laboratory de®nes a
class of antiparallel coiled-coil structures, the Ala-
coil, in which alanine residues are over-represented
in either the g position (d position in their nomen-
clature), representing the rop-like Alacoil, or the e
position (a position in their nomenclature), describ-
ing the ferritin-like Alacoil. These alanine residues,
being small and hydrophobic, allow for the
rotation of two neighboring helices to bury the ala-
nine residues, resulting in tight packing between
this pair of helices. Given the inequivalence of the
e and g heptad positions in Alacoils, there are sig-
ni®cant differences in the structural details of these
two subclasses, which can be observed particularly
in the values of the helical offset and helix axis spa-
cing parameters. In parallel structures, the helical
offset is zero, resulting in a layered effect of resi-
dues at the core as described above; the helix axis
spacings are all approximately 10 AÊ between each
neighboring helix, thus de®ning a pseudo-4-fold
symmetry along a vector through the centroid of
the bundle and parallel to the helical axes.10 Anti-
parallel coiled coils that do not have alanine at e or
g positions maintain this pseudo-4-fold symmetry
of the helical bundle. For the Alacoils, this pseudo-
4-fold symmetry is broken and the helix axis dis-
tances are about 10 AÊ for the distal helices and
either 7.5 AÊ for the proximal helices in the ferritin
class or 8.5 AÊ for the rop class. The helical offset
(de®ned as the distance between planes orthogonal
to the helix axes centered at the Ca atoms of the a
positions of the proximal helices) for the ferritin
class is 0.20-0.25 heptad units and for the rop class
is 0.4-0.5 heptad units. In the case of the rop class,
because the translation results in a displacement
equal to one helical turn, there is an approximate
layering of ad pairs with this offset value.

Our research has focused on an understanding
of the structure determinants for the four-chain
antiparallel coiled coil from the tetramerization
domain of Lac repressor. We had shown that
Lac21, a 21-amino acid residue peptide derived
from the C terminus of the Lac repressor, forms an
antiparallel, tetrameric coiled coil.14 About the
same time, two crystal structures of intact Lac
repressor containing the tetramerization domain
were published and con®rmed our model.15,16

Examination of the structure published by the
Lewis laboratory revealed that it belongs to the fer-
ritin-class of Alacoils. The helix offsets in this struc-
ture are 0.22 heptad units and the helix axis
distances are 7.5 AÊ and 10.5 AÊ . Two of the three e
positions in each helix contain alanine. These ala-
nine residues pack as knobs-into-holes, nestled
between residues at the a0, b0, and e0 positions of
the proximal helix (Figure 1(a)). In contrast,
because of the rotation of the helices required to
bury the alanine residues, the g position residue is
rotated out towards the solvent and away from the
corresponding hole on the proximal helix made by
residues at the c0, d0, and g0 heptad positions
(Figure 1(b)). The degree of solvation of the e and g
positions in this structure should be quite different
(compare Figure 1(c) and (d)), therefore mutations
at these positions may have differential effects on
several parameters, such as the stability and oligo-
meric state, of this four-chain coiled coil.

In order to test the importance of alanine at the e
and g positions in de®ning structural determinants
for this Alacoil and to test the apparent asymmetry
of the e and g positions, we made a set of mutants
in which the alanine residues were changed to
either leucine, serine, or glutamine, thus testing the
effects of polarity and size of the amino acid resi-
dues at these positions (Figure 2). Mutations were
made to either e positions at residues 5 and 12 or g
positions at residues 7 and 14. We did not mutate
the e or g positions in the third heptad as inspec-
tion of the structure suggested that these residues
do not take part in interhelical interactions. If such
alanine residues are of integral structural import-
ance, then any mutation should result in a destabi-
lization of the Alacoil fold. However, given the
known ¯exibility of helices in coiled coils, it is also
possible that minor rearrangements of the back-
bone can accommodate such mutations, resulting
in stabilities that are perhaps governed principally
by the hydrophobic effect; our results are consist-
ent with this hypothesis.



Figure 1. Space-®lling models of the Lac repressor tet-
ramerization domain comparing e and g packing inter-
actions and degree of burial. (a) Knobs-into-holes
packing of the b-carbon atoms (red) of the alanine resi-
dues at two e positions of one helix into two sets of resi-
dues in the proximal helix, at a0 (gray), b0 (dark gray),
and e0 (white) positions. (b) Loss of knobs-into-holes
packing of two g position residues, serine and glutamine

(both in green) between two sets of residues in the prox-
imal helix, at c0 (gray), d0 (dark gray), and g0 (white) pos-
itions. (c) Four e position alanine residues (red), two
from each helix, at one interface of the tetramerization
domain showing high degree of burial. (d) Serine and
glutamine residues (both in green) at the g positions of
two distal helices showing high degree of solvation.

Figure 2. Four-chain coiled coil helical wheel diagram
depicting the wild-type Lac21 sequence. Each large cir-
cle represents a single a-helix looking down the axis. N
and C distinguish helices oriented with their amino (or
carboxy) termini toward the viewer. The lower case
letters in the circles represent the seven positions within
each heptad unit. The upper case letters represent the
residues of the Lac21 sequence in single amino acid
letter code (A, alanine; D, aspartic acid; E, glutamic
acid; K, lysine; L, leucine; M, methionine; Q, glutamine;
R, arginine; S, serine; V, valine). The peptide sequences
are:

.
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Figure 3. Circular dichroism (CD) spectra were collected at 25 �C for each mutant in 10 mM Mops (pH 7.0) and
200 mM peptide. (a) e mutant CD spectra. (b) g mutant CD spectra.
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Results

Analysis of mutations at e positions

To test the in¯uence of the alanine residues at
the e positions in the ®rst two heptads on stability
and oligomerization, they were mutated simul-
taneously to either a non-polar residue, leucine, or
to the polar residues, serine or glutamine. Synthetic
peptides containing each of these mutations were
assessed for their helical content and compared to
a peptide containing the ``wild-type'' sequence,
using circular dichroism (CD) spectropolarimetry
(Figure 3(a)). The sequences and nomenclature for
all the peptides used here are given in Figure 2.
CD spectra were collected at the same concen-
tration for each peptide, thus the spectra can be
directly interpreted in terms of relative stabilities.
CD spectra of these peptides are consistent with a
secondary structure dominated by a-helices, with
Table 1. Sedimentation equilibrium analysis of peptides

SROVa (�
Peptide (conc) (mM) Single speciesb Monomer

AeAe, 200 4.16 30.4
LeLe, 50 5.23 49.2

50c 6.11 21.2
QeQe, 100e 5.39 8.21

100f 4.89 7.72
SeSe, 200 4.99 5.06
AgAg, 200 3.45 14.7
LgLg, 50 3.80 28.3

50g 3.94 28.7
QgQg, 200 4.65 31.6
SgSg, 200 4.02 29.9

a SROV is the square root of variance of the ®t to the data.
b Single species model is calculated based on using a varying mole
c Measured in 3.5 M urea.
d Dashes indicate no convergence in ®tting this model.
e Measured in 1.5 M NaCl.
f Measured in 4.0 M NaCl.
g Measured in 6 M urea.
two minima: one in the range 200-208 nm and
another at 222 nm. The spectra of SeSe and QeQe
(peptides containing either serine or glutamine in
place of alanine in each of two e positions) both
exhibit a weak minimum at 222 nm and a more
intense minimum around 200 nm, indicative of
being largely in the unfolded state. In contrast, the
LeLe spectrum has a much more intense signal at
222 nm, with a concomitant red shift in the second
band to about 208 nm, indicating a high degree of
helix content. The wild-type (AeAe) spectrum lies
somewhere in between that seen for LeLe and both
SeSe and QeQe, suggesting that, at this concen-
tration, the peptide is in equilibrium between
monomer and oligomer states.

Since the mutations that were introduced lie at
the helix packing interface, and thus could in¯u-
ence the oligomerization state, the effects of these
mutations on the oligomeric states of each of our
103)

Tetramer 1$ 4 4$ 8 1$ 4$ 8

4.37 4.05 4.46 3.97
21.0 21.0 4.66 4.61
6.10 6.06 6.09 5.39
13.1 5.30 -d 5.30
8.45 5.04 - 5.04
13.0 5.32 - 5.32
5.58 5.59 3.45 3.55
7.66 7.85 4.11 4.12
4.32 4.37 3.84 3.68
10.6 5.22 10.6 5.23
5.24 5.26 3.68 3.24

cular weight parameter.
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peptides were tested. Sedimentation equilibrium
ultracentrifugation (SE) was used for this analysis
(Table 1). SE analysis of 200 mM AeAe indicates
that this peptide is in dynamic equilibrium
between monomers and tetramers and agrees well
with our previous work on Lac21, using an earlier
nomenclature for the same peptide.14 Model anal-
ysis of the SE data for the AeAe peptide is pre-
sented in Table 1. The square root of variance
(SROV) is reported as a quantitative measure of
the ®ts of various models to our data. For the
AeAe peptide, as expected, a tetramer model rep-
resents a much better ®t to the data than that of a
monomer model (SROV of 4.37 versus 30.4, respect-
ively). A moderate improvement in the ®t is
obtained using a two-state model with the peptide
in equilibrium between monomers and tetramers.
Since there is evidence for molecular weights larger
than that of tetramers for some of our other pep-
tides, tetramer-octamer and monomer-tetramer-
octamer models were considered. This is not meant
to suggest that the higher order states of our pep-
tides are necessarily octameric; it is used as a con-
venient way to test for the presence of higher
molecular weight aggregates. For the AeAe pep-
tide, no improvement is seen in the ®ts to the data
for models that include an octamer species. Finally,
the possibility of a dimeric intermediate state for
AeAe (as well as for all other peptides in this
study) was considered, but no improvements in
the ®ts were observed and thus these results are
not included here.

Analytical ultracentrifugation experiments were
performed for each of the other peptides at mul-
tiple concentrations and rotor speeds and some-
times in the presence of a chemical denaturant or
stabilizing salt, depending on the stability of the
given peptide (Table 1). Ultracentrifuge exper-
iments for LeLe were carried out at 50 mM peptide.
The best ®t models for this peptide required the
inclusion of a state larger than that of a tetramer.
To determine if this was a consequence of an ill-
determined partial speci®c volume or owing to
higher order aggregation, we analyzed the sedi-
mentation behavior of LeLe in the presence of
3.5 M urea (Figure 4). Urea should help reduce the
level of aggregation, resulting in a lower apparent
molecular weight, while having little impact on the
partial speci®c volume of the peptide. Figure 4(a)
shows global ®ts to data collected at three rotor
speeds for either a tetramer model or a tetramer-
octamer model. There is a clear improvement in
the residuals from the ®tting upon inclusion of an
octamer state. Addition of urea results in a signi®-
cant improvement in the ®t using a monomer-tet-
ramer model with no distinguishable difference
between this model and a three-state monomer-tet-
ramer-octamer model (Figure 4(b)). This result is
borne out by the SROV analysis as well. A tetra-
mer-octamer model predicts that approximately
24 % of the peptide is aggregated to states larger
than the tetramer state. Since aggregation above
that of a tetramer is largely eliminated by 3.5 M
urea, this higher order aggregation is not likely to
signi®cantly in¯uence the measurement of stability
using urea as a denaturant as shown in Figure 8(a)
for LeLe.

In contrast, the QeQe peptide is much less stable
and is largely monomeric by sedimentation equili-
brium as judged by the difference in SROV for
monomer and tetramer models. In fact, establish-
ing clear evidence for the tetramer in this peptide
was not possible without the addition of NaCl to
populate the tetramer. Addition of salt is well-
known to help stabilize proteins through its effects
on the hydrophobic contribution to stability and
the NaCl dependence of coiled-coil stability for
QeQe is shown in Figure 6(a). Therefore, SE exper-
iments on QeQe were performed in 1.5 M and
4.0 M NaCl, representing a point midway through
the folding transition and a second point in which
the peptide is largely folded (Table 1). The SE
results con®rm that, while highly unstable, the
QeQe peptide still has the structure determinants
for a four-chain coiled coil. The SeSe peptide was
determined also to be largely monomeric by SE
and attempts to stabilize the structure through the
addition of NaCl were unsuccessful owing to pep-
tide precipitation in the time-frame of the ultracen-
trifuge experiments.

The stabilities of these peptides were quanti®ed
by thermal denaturation using CD as a probe. The
signal at 222 nm was used to quantify helix con-
tent.14 Thermal denaturations performed on the e
mutants at a constant peptide concentration of
100 mM (Figure 5(a)) gave the following order of
stabilities for the e mutants: LeLe > AeAe > Qe-
Qe � SeSe, in good agreement with the qualitative
conclusions reached by inspection of the CD
spectra. As is often seen for coiled-coil thermal
unfolding, cold denaturation is a prominent
feature,17 and is most evident in the unfolding
curve for the AeAe peptide. As expected for a con-
centration-dependent folding reaction, increasing
peptide concentration results in an increased tm in
thermal unfolding experiments, along with an
apparent increase in signal intensity, as the tm

values for cold and heat denaturation diverge from
one another (data not shown).

A free energy value for each of the mutants was
extracted by ®tting the data using the Gibbs-Helm-
holtz equation modi®ed accordingly to describe
the unfolding of an oligomeric system. We have
justi®ed the thermodynamic treatment of such data
in our previous work on this model system.14,18

The problem that we faced in a thermodynamic
treatment here is the lack of well-de®ned pre- and
post-transition baselines. Since the post-transition
baselines are similar for the AeAe, QeQe, and SeSe
peptides, it was assumed that the LeLe peptide, in
which this baseline is not evident, must be the
same. It is harder to make a similar assumption for
a pre-transition slope since the LeLe peptide pro-
vides the only dataset with a well-de®ned native
baseline. To test such an assumption, the weakly
associating peptides were stabilized by the



Figure 4. Sedimentation equilibrium analyses for 50 mM LeLe peptide in (a) 0 M and (b) 3.5 M urea. The data are
®t globally with either a monomer-tetramer model (- - -) or a monomer-tetramer-octamer model (Ð). The residuals
from the ®ts are shown above for each speed. Solvent densities: 0.9975 g/ml for the buffer alone and 1.0521 g/ml for
the buffer plus 3.5 M urea.
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addition of NaCl (Figure 6(a)) in order to establish
a well-de®ned baseline in thermal unfolding exper-
iments. For each of the less stable peptides, the
addition of NaCl results in stabilization of the tet-
ramer, as seen in the SE data as well, and further,
the magnitude of the mean residue ellipticity of the
stable tetramers is in good agreement with that of
the LeLe tetramer. Thermal unfolding of AeAe, as
measured in the presence of NaCl, demonstrates
that the pre-transition baseline is identical to that
observed for LeLe (Figure 6(b)), thus justifying the
extraction of a free energy at 25 �C.

The free energies of these peptides are shown in
Table 2. As we have pointed out before,19 obtain-
ing accurate free energies requires either that the
reported free energy be within, or near, the folding
Table 2. Stabilities of the e and g mutants

Peptide Temperature

AeAe ÿ4.1 (29) c

LeLe ÿ7.0 (91)
QeQe ÿ3.5 (ÿ4)
SeSe ÿ3.2 (ÿ31)
AgAg ÿ4.6 (64)
LgLg ÿ7.6 (99)
QgQg ÿ3.7 (ÿ9)
SgSg ÿ3.7 (ÿ8)

a All free energies are reported in kcal/mol of monomer using a 1
b m represents the [denaturant] dependence of the free energy in k
c High temperature unfolding midpoints, in deg. C, assuming no c
transition or that there is clear evidence for cold
denaturation to help establish a reasonable value
for the heat capacity, in order to extrapolate a free
energy outside of the transition zone. In most
cases, the data here ful®ll this requirement. Never-
theless, given the high stability of the LeLe pep-
tide, the free energy extrapolated to 25 �C is ill-
determined. Free energies in the range ÿ26,000 to
ÿ36,000 cal/(mol-tetramer) can ®t these data
reasonably well for different ®xed values of the
heat capacity, ranging from 500 to an unrealistic
value of ÿ2000 cal/(mol-tetramer) per deg, when
allowing for enthalpy compensation in the ®tting
protocol. In contrast, the ®ts to the data for the
AeAe, QeQe, and SeSe peptides provide much
more robust free energies. In a similar sensitivity
�G0a

[GuCl] (m) b [Urea] (m) a

ÿ4.4 (1.3) ÿ4.3 (0.75)
ÿ6.1 (2.3) ÿ5.9 (1.4)
ÿ3.5 (0.56) ÿ3.4 (0.72)
ÿ3.4 (0.38) ÿ3.3 (0.41)
ÿ5.0 (1.2) ÿ4.9 (0.54)
ÿ7.0 (2.2) ÿ6.5 (0.94)
ÿ3.7 (0.62) ÿ3.6 (0.68)
ÿ3.8 (1.0) ÿ3.7 (0.79)

M peptide standard state at 25 �C.
cal/mole of monomer/Mol denaturant.
old denaturation (�Cp � 0).
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analysis for the SeSe data, using test values of 100
and 500 cal/(mol-tetramer) per deg (the best ®t
value is 325 cal/mol per deg) results in signi®cant
deviations of the model from the data and only
modest changes in the free energy in the range
ÿ12,880 to ÿ12,910 cal/(mol-tetramer), respect-
ively. This somewhat surprising result, especially
for the SeSe peptide where the transition is so
poorly de®ned, suggests that reasonably accurate
free energies can be ascertained, provided that
information about pre- and post-transition base-
lines is available.

It is well understood that extrapolation methods
to quantify stability can magnify errors. Thus, the
accuracy of the free energies reported from the
thermal unfolding data was tested by measuring
the stabilities using both guanidinium chloride and
urea as denaturants. Chemical denaturations were
performed on this set of mutants, at various pep-
tide concentrations, again using CD as a probe
(Figures 7(a) and 8(a)). As in the case of the ther-
mal unfolding data, LeLe was the only peptide of
suf®cient stability to provide a full transition
between the folded and unfolded states. Neverthe-
less, making similar assumptions about the pre-
transition baselines in these experiments, free ener-
gies were extracted from both the chemical dena-
turation experiments (Table 2). Also shown in
Table 2 is the dependence of the free energy on
either [GuCl] or [urea] as an m value. As with the
thermal unfolding data, a free energy sensitivity
analysis was performed for a few representative
cases (LeLe, AeAe, and SeSe) using the urea dena-
turations. The LeLe data provide a good basis set
to extract a rigorous free energy. The m value for
the LeLe peptide is 1440 cal/(mol-tetramer) per
(M-urea) and variation of > � 300 about this value
reveals signi®cant non-randomness in the ®t. This
error range represents deviations in the free energy
from the value of ÿ23,400 cal/(mol-tetramer) of
�900. Similar sensitivity analyses of the data for
the AeAe and SeSe peptides provide uncertainties
of approximately �300 cal/(mol-tetramer) for
both.

The free energies, as measured by these different
experiments, are in fairly good agreement with one
another, thus justifying such a treatment of trun-
cated data sets. The largest discrepancies are in the
apparent over-prediction of the stability for LeLe
by thermal denaturation; this is most likely
explained by the ill-determined nature of the free
energy owing to the enthalpy-heat capacity com-
pensation problem as discussed above. Overall, the
differences in free energies upon mutation are
quite small. The largest difference is the mutation
to leucine, giving a ��G in the range of ÿ800 to
ÿ1500 cal/mol per residue, a value that is signi®-
cantly smaller than that expected for the difference
in the desolvation of alanine versus leucine, which
has been calculated to be ÿ1900 cal/mol.20
Analysis of mutations at g positions

Since the leucine is readily accommodated in an
apparently sterically constrained environment in
the e heptad position, even resulting in a modest
increase in coiled-coil stability, the helices
obviously are suf®ciently plastic to adjust to the
increased volume of this residue; such a result was
predicted by Gernert et al.13 In order to further test
the plasticity of this motif, these same mutations
were engineered into two g heptad positions. In
addition, to provide consistency in the approach to
our thermodynamic analysis, a reference peptide
was made in which the native residues at the g
positions had been replaced with alanine. Thus,
��Gs for the g mutations are reported relative to
this reference peptide. The CD spectra (Figure 3(b)),
thermal unfolding curves (Figure 5(b)), and chemi-
cal denaturation curves (Figures 7(b) and 8(b)) for
the g mutant peptides show that the order of stab-
ilities parallel the order observed for the e mutants,
but in general are more stable than their e mutant
counterparts. For example, the CD spectra for SgSg
and QgQg appear to be partially helical, in contrast
to that observed for SeSe and QeQe. The thermo-
dynamic parameters from these experiments are
shown in Table 2. The general increase in the stab-
ility of each of the g mutants, relative to their e
mutant counterparts, can be largely explained by
the difference in helix propensities between the
two reference peptides (see Discussion). In AeAe,
the e and g positions in the ®rst two heptads of
each peptide collectively contain two alanine resi-
dues, a serine, and a glutamine, whereas in AgAg,
all four residues are alanine. Thus, the difference in
stabilities can be accounted for by the difference in
helix propensities of substituting a serine and glu-
tamine with two alanine residues (Table 3). It is
interesting to note that the mutation to leucine at
either the e or g positions results in a similar
change in free energy, indicating that the helices
can similarly accommodate the partial desolvation
of these side-chains (Table 3).

Results of SE analysis of the g mutants also lar-
gely parallel those for the e mutants. Like the LeLe
peptide, the LgLg peptide shows evidence for
some aggregation above that of a tetramer. Again,
addition of urea helps to alleviate this aggregation.
Given the increased stabilities of the QgQg and
SgSg peptides, relative to their e counterparts, it
was more straightforward to establish the oligo-
meric states from the SE analysis. In all cases, a
monomer-tetramer equilibrium model ®ts well to
the data.

Discussion

The importance of alanine residues in specifying
structural features of the Alacoil subclass of anti-
parallel coiled-coil structures was investigated.13

Analysis of the Lac repressor tetramerization
domain identi®es it as a member of the ferritin-like
Alacoil. In order to explore the structural role of



Figure 5. CD thermal unfolding experiments for (a) the e mutants: LeLe (squares), AeAe (diamonds), QeQe (circles),
and SeSe (triangles) and (b) the g mutants: LgLg (squares), AgAg (diamonds), QgQg (circles), and SgSg (triangles).
All experiments were performed using 100 mM peptide in 10 mM Mops (pH 7.0).
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alanine, the oligomeric states and stabilities of a
series of peptides were studied containing
mutations at e or g heptad positions. All of the
peptides studied here maintained their speci®city
determinants for tetramer formation as determined
by SE experiments indicating that, in the context of
the Lac repressor sequence, the alanine residues do
not play an in¯uential role in this structural feature
(Table 1). Additionally, such mutations have at
best a moderate affect on the stability of this motif,
as judged by the thermodynamic analysis pre-
sented in Table 2.

In general, replacing the alanine residues that
de®ne the Alacoil with leucine is signi®cantly sta-
Figure 6. (a) [NaCl] dependence of stability for AeAe (sq
unfolding of AeAe in 2 M NaCl (®lled squares) as compare
NaCl.
bilizing as predicted by Gernert et al.13 Mutations
to leucine in the g heptad positions also result in
added stability, suggesting that the effect is due to
a general increase in the burial of hydrophobic sur-
face area rather than in speci®c packing effects. In
fact, placement of leucine residues at e and g pos-
itions was an important element of early design
efforts for antiparallel helical bundles.21

Replacement of the alanine residues with either
serine or glutamine results in an apparent decrease
in stability. However, this decrease in stability, as
measured at the e heptad positions, can be
accounted for through the change in helix propen-
sity upon mutation from alanine to the appropriate
uares), QeQe (triangles), and SeSe (circles). (b) Thermal
d to AeAe (open squares) and LeLe (triangles) without



Figure 7. GuHCl denaturations were performed on each mutant in 10 mM Mops (pH 7.0). (a) e mutant denatura-
tions using the following concentration of peptide: 50 mM LeLe (squares), 50 mM AeAe (triangles), 200 mM QeQe
(circles), and 200 mM SeSe (inverted triangles). (b) g mutant denaturation using the following concentration of pep-
tide: 50 mM LgLg (squares), 50 mM AgAg (triangles), 200 mM QgQg (circles), and 200 mM SgSg (inverted triangles).
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residue (Table 3). Helix propensity corrections
have been used in the past to determine the impact
of side-chain interactions on coiled coil stability
18,19 using a helix propensity free energy scale
measured for a coiled coil system as a basis set.22

The helix propensity of leucine is unfavorable rela-
tive to alanine, and thus correction for the differ-
ence in helix propensities leads to a larger free
energy associated with burial of the leucine side-
chain relative to alanine. For example, considering
the urea denaturation data for LeLe, the difference
in free energy from the reference peptide, AeAe, is
Figure 8. Urea denaturations were performed on each mu
centrations as reported in Figure 7. (a) e mutant denaturatio
(inverted triangles); (b) g mutant denaturations: LgLg (squar
angles).
ÿ1600 cal/(mol-monomer) but upon inclusion of a
propensity penalty of �380 cal/(mol-monomer),
the overall effect of the two leucine replacements is
ÿ2000 cal/(mol-monomer), or ÿ1000 cal/mol for
each alanine-leucine mutation. In contrast, for
QeQe and SeSe, all of the destabilizing effect of the
mutated residues can be ascribed to helix propen-
sity effects as the difference in free energies is close
to zero. Replacement of alanine with glutamine or
serine at the g heptad positions is somewhat more
destabilizing than predicted from differences in
helix propensities. This is a puzzling result as,
tant in 10 mM Mops (pH 7.0) at the same peptide con-
ns: LeLe (squares), AeAe (triangles), QeQe (circles), SeSe
es), AgAg (triangles), QgQg (circles), SgSg (inverted tri-



Table 3. ��G�s corrected by helix propensity differences

Peptide
�G0a based on urea

denaturation ��G0b Propensity penaltyc Residual interaction

AeAe ÿ4.3 - - -
LeLe ÿ5.9 ÿ1.6 �0.38 ÿ2.0
QeQe ÿ3.4 �0.9 �0.76 �0.14
SeSe ÿ3.3 �1.0 �0.88 �0.12
AgAg ÿ4.9 - - -
LgLg ÿ6.5 ÿ1.6 �0.38 ÿ2.0
QgQg ÿ3.6 �1.3 �0.76 �0.54
SgSg ÿ3.7 �1.2 �0.88 �0.32

a All free energies are reported in kcal/mol of monomer using a 1 M standard state at 25 �C.
b Difference between AeAe or AgAg and peptide of interest.
c Helix propensities are calculated using data from Betz et al.22 based on dimeric and trimeric coiled coil systems.
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given that residues at this position of the Alacoil
are more highly solvated, it would be predicted
that these mutations would have an even more
benign effect on stability compared to the same
mutations at the e heptad positions.

We applied energy minimization routines, using
the Discover module of Insight95, to see how the
helices might adjust to the mutations introduced at
the e positions. The sequences used here were built
starting with the structure reported from Lewis'
laboratory (1LBI).15 We found that the mutation of
the e position alanine residues to leucine resulted
in improved energies as a consequence of signi®-
cant changes in the juxtaposition of the helices
with respect to one another. The proximal helices
rotate to provide increased van der Waal's contact
between the introduced leucine residues and then
move apart to accommodate the increased side-
chain volume such that the distances between the
helical axes are more similar to that seen in parallel
helical bundles, with uniform helix axis distances
on the order of 10 AÊ . In contrast, the mutations to
serine residues did not signi®cantly affect the
structure or energies after minimization. This is not
unexpected since serine can often replace alanine
in helices because burial of the hydroxyl group can
be compensated by the formation of an H-bond
with the backbone.23 The placement of the serine
hydroxyl group in the minimized structure is con-
sistent with the possibility of forming such H-
bonds. While no conclusive results were obtained
for the mutations to glutamine, it is clear that these
mutations did not have a signi®cant impact on the
minimized structure or energies. While these mod-
eling studies should not be interpreted quantitat-
ively in terms of comparing the stabilities to the
experimentally determined values, it is intriguing
to note that the helices readily adjust away from
the Alacoil geometry to the more canonical geome-
try of an anti-parallel four-helix bundle.

Thus, the e position alanine residues in the anti-
parallel coiled coil from Lac repressor do not play
a dominant role in determining the oligomeric
state and are of only minor importance as stability
determinants. It can tentatively be concluded that
the role of alanine in this structure is as a speci-
®city determinant, in¯uencing the precise geome-
try of the coiled-coil structure. It is not obvious
why specifying such a structure might be of
importance to the function of the Lac repressor
protein. Our results from our leucine mutations are
similar to that seen for the sequences studied by
the DeGrado laboratory who have shown that
such sequences are dynamic and have many
characteristics of a molten globule.24 In light of the
albeit indirect evidence for increased dynamics in
the leucine mutants, it is likely that the details of
the geometry and packing interactions for the leu-
cine mutants (and possibly the glutamine mutants)
are quite different from that of the Alacoils. Further
work on similar Alacoils will be important to eluci-
date the in¯uence of this subclass of antiparallel
coiled coils on the functions of proteins that con-
tain this motif.

Materials and Methods

Peptide synthesis and purification

The synthesis and puri®cation of the e and g mutant
peptides were carried out as described by Vu et al.19 All
peptides were synthesized manually using standard
FMOC chemistry and using PAL resin (Advanced Chem-
Tech), which provides an amide at the carboxy-terminal
end upon TFA cleavage. The peptides were acetylated at
the amino terminus prior to TFA cleavage. The peptides
were puri®ed by reversed-phase HPLC and the identities
of the products were veri®ed by MALDI-TOF mass spec-
trometry. Stock solutions of peptides were prepared by
lyophilization and dissolution in Milli-Q puri®ed water
to about 1-2 mM concentration. Concentration of the
peptide solutions was determined by a modi®ed ninhy-
drin assay25 and by amino acid analysis when inconsist-
ent results were obtained by the ninhydrin method.

Circular dichroism spectropolarimetry

CD data were collected on an Aviv 62A circular
dichroism spectropolarimeter. All CD samples were pre-
pared in 10 mM Mops (pH 7.0), and measurements were
taken using a bandwidth of 1.5 nm. Spectra were col-
lected from 195 to 250 nm at 25 �C, with a step size of
0.25 nm and an averaging time of two seconds. Thermal
denaturations were collected from 2 to 98 �C at 222 nm,
with a step size of 2 nm and 25 �C. Algorithms encoded
using MLAB25 were used to ®t the thermal denaturation
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data and the urea and GuHCl denaturation data and
allowed for the calculation of free energy values for the
mutants.17 Stabilities were quanti®ed by ®tting thermal
unfolding experiments using the Gibbs-Helmholtz func-
tion to de®ne the temperature dependence of a mono-
mer-tetramer equilibrium.17

Pre-transition and post-transition baselines were ®tted
as described by Vu et al.19 Justi®cation for ®xed slope
and intercept values for the pre-transition baselines for
all the peptides was based on measuring the CD signal
under conditions where 100 % helix formation is
expected using NaCl to induce this effect. Addition of
NaCl in thermal unfolding experiments using the AeAe
peptide as a test case (Figure 7(a)), was done to demon-
strate that the pre-transition slope for highly unstable
peptides is the same for related coiled coil peptide
systems.

Analytical ultracentrifugation

Sedimentation equilibrium experiments were per-
formed at 25 �C in a Beckman model XLA analytical
ultracentrifuge using an An 60 Ti rotor. Data were col-
lected using six-channel Epon, charcoal-®lled center-
pieces with 12-mm pathlengths containing 110 ml
samples and 125 ml buffer references. Samples in 10 mM
Mops (pH 7.0) were centrifuged at 30,000, 40,000, and
50,000 rpm. The sedimentation equilibrium data were
analyzed using either the HID program from the Ana-
lytical Ultracentrifugation Facility at the University of
Connecticut or an SE curve-®tting algorithm running in
Igor PPC 3.16. Temperature-corrected partial speci®c
volumes (LeLe: 0.7559 ml/g, SeSe: 0.7331 ml/g, QeQe:
0.7338 ml/g, LgLg: 0.7642 ml/g, AgAg: 0.7493 ml/g,
SgSg: 0.7409 ml/g, QgQg: 0.7413 ml/g) were calculated
from the weight average of the partial speci®c volumes
of the individual amino acids.27 Densities for the differ-
ent solution conditions were also calculated using tables
from Laue et al.27

Molecular modeling

The starting model for energy minimizations was the
structure of the tetramerization domain from Lac
repressor15 modi®ed in the following manner using the
Biopolymer module running in InsightII 97 (Biosym
Technologies, San Diego). The amino-terminal residues
that de®ne the start of the coiled-coil domain, containing
proline, arginine, and alanine, were mutated to methion-
ine, lysine, and glutamine, to be consistent with the
design of the peptides used in this study and in our pre-
vious work.14,18,19 Also, serine and alanine were
appended to the C-terminal glutamic acid in a helical
conformation. Side-chains were manually adjusted to the
most energetically favorable rotamer and molecular
mechanics were run in Discover using a combination of
steepest descents and conjugate gradients to optimize
the modi®ed structure. Mutations were then introduced
to this structure at each of the e positions in the ®rst two
heptads. Further minimization was applied to accommo-
date these new residues, using 800 iterations of steepest
descents and 10,000 iterations of conjugate gradients.
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