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ABSTRACT: We present the thermal stability monitored by circular dichroism (CD) spectroscopy at 222
nm of 100 heterodimers that contain all possible coiled-coila-a′ pairs for 10 amino acids (I, V, L, N, A,
K S, T, E, and R). This includes the stability of 36 heterodimers for 6 amino acids (I, V, L, N, A, and K)
previously described (1) and 64 new heterodimers including the 4 amino acids (S, T, E, and R). We have
calculated a double mutant alanine thermodynamic cycle to determinea-a′ pair coupling energies to
evaluate whicha-a′ pairs encourage specific dimerization partners. The four new homotypica-a′ pairs
(T-T, S-S, R-R, E-E) are repulsive relative to A-A and have destabilizing coupling energies. Among
the 90 heterotypica-a′ pairs, the stabilizing coupling energies contain lysine or arginine paired with
either an aliphatic or a polar amino acid. The range in coupling energies for each amino acid reveals its
potential to regulate dimerization specificity. Thea-a′ pairs containing isoleucine and asparagine have
the greatest range in coupling energies and thus contribute dramatically to dimerization specificity, which
is to encourage homodimerization. In contrast, thea-a′ pairs containing charged amino acids (K, R, and
E) show the least range in coupling energies and promiscuously encourage heterodimerization.

The coiled-coil structure (2, 3), a repeating amphipathic
R-helix that multimerizes is found in about 3% of all proteins
(4, 5). The dimeric parallel coiled-coil structure repeats every
two R-helical turns or seven amino acids with each amino
acid position identified using the nomenclature (a,b,c,d,e,f,g)n

(6). Coiled-coil dimers are mainly stabilized by the hydro-
phobic core created by the typically hydrophobica and d
residues (7) that pack in a regular knobs and holes pattern
along the dimerization interface (3).

The basic leucine zipper (B-ZIP1) class of sequence-
specific transcription factors, which has 53 human members
(8), uses a parallel coiled-coil as a dimerization domain
termed the leucine zipper because of a leucine repeat every
seven amino acids (9). B-ZIP proteins can either ho-
modimerize and/or heterodimerize (10). These dimerization
domains are typically four to five heptads long and contain
amino acids that maximize their stability. The leucine zipper
sequences found in B-ZIP proteins may represent trigger
sequences that initiate protein folding in longer coiled coils
(11, 12).

To evaluate amino acids involved in regulating the
dimerization specificity of parallel dimeric coiled coils, we
and others have determined the contribution of amino acids
at the dimerization interface to stability and specificity (13-
15). We have been systematically determining the contribu-
tion of individual amino acids in theg, a, d, ande positions
of the 3rd and 4th heptads of the VBP leucine zipper for
both dimerization stability and specificity (1, 16-19). The

d position is typically leucine, contributing to dimerization
stability but not to specificity (17). In contrast, thea position
is more variable and, thus, may contribute to both dimer-
ization stability and specificity. However, changing amino
acids in the a position can modulate oligomerization,
particularity of the GCN4 leucine zipper (14, 20-22),
complicating the analysis of the contribution of amino acids
in the a position to dimerization specificity.

Previously, we examined the contribution of six amino
acids (A, V, I, L, N, and K) in homotypica-a′ pairs and
heterotypic (different amino acids in thea anda′ positions)
a-a′ pairs using a heterodimerizing leucine zipper system
(1). We have extended this analysis to include four additional
amino acids (S, T, E, and R) that are often found in thea
position of leucine zippers. We now present the thermal
stability of 64 more heterodimers for a total of 100
heterodimers that contain all combinations of these 10 amino
acids ina-a′ pairs. Using an alanine based double mutant
thermodynamic cycle calculation, we have determined the
coupling energy between amino acids in thea-a′ pair to
gain insight into amino acid interactions that regulate coiled-
coil dimerization specificity. These data should be valuable
for coiled-coil design (23), predicting coiled-coil dimerization
specificity (24), and calibrating computation models of
coiled-coil stability (25).

EXPERIMENTAL PROCEDURES

Proteins.The heterodimerizing protein system used in this
study is described previously (1). Heterodimerizing proteins
B-EE34 (X) and A-RR34 (X) are derived from the chicken
VBP protein (26). The amino acid sequence of the 96 amino
acid B-EE34 (X) protein is ASMTGGQQMGRDP-LEE
KVFVPDEQKDEKYW TRRKKNNVAAK RSRDARRL
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1 Abbreviations: B-ZIP, basic leucine zipper; CD, circular dichroism;
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∆G37, Gibbs free energy change at 37°C.
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KENQITI RAAFLEK ENTALRT EXAELEK EVGRCEN
IVSKYE TRYGPL. The leucine zipper region has been
grouped into heptads (gabcdef). In B-EE34 (X), B- represents
the basic region, EE34 represents the VBP leucine zipper with
the 3rd and 4thgTe′ pairs containing repulsive ETE pairs,
and (X) represents the guest-host position amino acid in
the 3rda position. In the protein sequence of B-EE34 (X),
the four glutamic acids in bold produce two repulsive ETE
pairs in the 3rd and 4th heptads that preclude the formation
of a stable homodimer. The amino acid sequence of A-RR34

(X) is ASMTGGQQMGRDP-LEE-LEQRAEELAREN EE-
LEKEAEELEQENAELEI RAAFLEK ENTALRT RXAEL-
RK RVGRCRN IVSKYETRYGPL. In A-RR34(X), A-
represents the acidic extension that can form a coiled-coil
heterodimeric structure with the VBP basic region (26), RR34

represents the leucine zipper with the 3rd and 4thgTe′ pairs
containing repulsive RTR pairs, and (X) represents the
guest-host position amino acid in the 3rda position. The
four arginines (in bold) in the 3rd and 4th heptads produce
repulsive RTR pairs and prevent homodimerization.

Protein Purification.Proteins were expressed inE. coli
BL21 lysE cells using the T7 IPTG-inducible system (27).
The B-EE34 (X) and A-RR34 (X) proteins were purified as
described previously (28).

Circular Dichroism.Circular dichroism (CD) studies were
performed using a Jasco J-720 spectropolarimeter with a
5-mm rectangular CD cell. All protein samples were in 12.5
mM potassium phosphate (pH 7.4), 150 mM KCl, and 0.25
mM EDTA. For the assay, 1 mM DTT was added to the
protein solution and heated to 65°C for 15 min to disrupt
the potential disulfide bond that can form between the two
cysteine residues in thed position in the 4th heptad, cooled
to room temperature for 5 min, and diluted to 2µM in 1.5
mL of stock buffer (described above). Wavelength scans
were performed at 6°C from 260 to 200 nm. Temperature
denaturation studies continuously monitored molar ellipticity
at 222 nm from 6°C to 80 °C at a scan rate of 1°C/min.

Thermodynamic Calculations. Melting temperature (Tm)
and enthalpy change at melting temperature (∆Hm) values
were determined from denaturation curves assuming a two-
state equilibrium dissociation ofR-helical dimers into
unfolded monomers using the following equation (for details
see ref 16 (16)).

whereθ222(T) is ellipticity at 222 nm at any temperature (°C),
N is the ellipticity of the dimer at 0°C, D is the ellipticity
at high temperature at which all of the protein molecules
are assumed to be unhelical monomers,Tintr is the temper-
ature at which the linear temperature-dependencies of dimer
and monomer molecules intersect, andR is the gas constant.
Each thermal denaturation curve was fitted to five parameters
(N, D, Tintr, Tm, and∆Hm).

The standard errors forTm and∆Hm determined from the
fitting procedure were typically not higher than 0.3°C and
1.5 kcal/mol/dimer, respectively. Constant-pressure heat
capacity change (∆Cp) was calculated using theTm versus
∆Hm plot for the 100 heterodimer denaturations, 64 dena-

turations presented in this manuscript and the 36 denatur-
ations reported earlier (1). A linear fitting of these data has
a slope (∆Cp) of -2.18( 0.19 kcal/mol/dimer/°C that was
used in Gibbs-Helmholtz equation to calculate∆G37 (Gibbs
free energy change at 37°C) values for each of the 100
denaturations. Previously, the∆Cp calculated for the 36
denaturations was-2.04( 0.19 kcal/mol/dimer/°C, but this
difference in∆Cp, however, did not affect the calculated
∆G37 values to two decimal points.

Transfer free energies for amino acids at 25°C (29) were
extrapolated to 37°C, resulting in energies relative to those
of alanine in kcal/mol for I) -2.1; V ) -1.3; L ) -2.0;
N ) 1.3; T) 0.1; S) 0.5; K ) 1.8; R) 1.9; and E) 1.4.

RESULTS

Design of Heterodimerizing Leucine Zippers.Figure 1
presents a side and end view cartoon of the heterodimerizing
guest-host system containing the B-EE34(X) and A-RR34-
(X) monomers that we used to produce both homotypic and
heterotypica-a′ pairs (1). In this system, B-EE34(X) contains
glutamic acids in the 3rd and 4th heptads in both theg and
e positions. In contrast, A-RR34(X) contains arginine in the
3rd and 4th heptads in both theg and e positions. These
amino acids contribute to the heterodimerization of B-EE34-
(X)|A-RR34(X) by producing attractivegTe′ pairs (16). To
add additional heterodimerization determinants to this het-
erodimerizing system, the basic region of B-RR34(X) was
replaced with an acidic and amphipathic protein sequence
to generate A-RR34(X) (8, 23, 26). This acidic extension
forms a coiled-coil structure with the basic region of B-EE34-
(X). All of these structural elements favor heterodimerization
of this guest host system as confirmed previously by
analytical ultracentrifugation (1).

The guest-host position is the 3rd heptada position and
is flanked by leucines in the 2nd and 3rd heptadd positions,
producing a canonical hydrophobic interface. The overlaying
two attractive interhelicalgTe′ pairs are not identical; in
the B-EE34(X)|A-RR34(X) heterodimer, one surface contains
two ETR gTe′ pairs, whereas the opposite surface contains
two RTE gTe′ pairs. Consequently, when we make
reciprocala-a′ pairs, for example, by the B-EE34(T)|A-RR34-
(S) heterodimer or the B-EE34(S)|A-RR34(T) heterodimer to
produce a T-S and S-T a-a′ pair, respectively, these
reciprocal heterotypica-a′ pairs are not structurally equiva-
lent as would occur if the overlayinggTe′ pairs were formed
in a homodimer. Thus, we can evaluate whether the orienta-
tion of the overlayinggTe′ pairs affect the stability of
reciprocal heterotypica-a′ pairs.

Figure 2A shows three circular dichroism (CD) spectra
from 260 to 200 nm for the B-EE34(T) homodimer, the
A-RR34(T) homodimer, and the B-EE34(T)|A-RR34(T) het-
erodimer. All 100 heterodimers have spectra with minima
at 208 nm and 222 nm that are characteristic ofR-helices
and R-helical interactions, respectively (30). The ratio of
ellipticities (222/208 nm) is greater than 1.0 for all B-EE34

(X)|A-RR34(X) heterodimers, indicative of interactions be-
tweenR-helices such as occurs in a coiled-coil structure (31,
32). The ellipticity of the mixture is greater than the sum of
the individual samples, suggesting the formation of an
R-helical coiled-coil structure between the basic region of
B-EE34 (T) and the acidic region of A-RR34 (T).

-[θ]222(T) ) (N - D) (1 - T/Tinter) [1 + 1 -

(8exp{∆Hm (1/Tm - 1/T)/R + 1})1/2/

4exp∆Hm(1/Tm - 1/T)/R] + D (1)
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Figure 2B shows thermal denaturations monitored by
circular dichroism spectroscopy at 222 nm of the three
samples presented in Figure 2A. The B-EE34(T) homodimer
and the A-RR34(T) homodimer haveTm values of∼6.1 °C
and∼8.0 °C, respectively, whereas the B-EE34(T)|A-RR34-
(T) heterodimer is over 33°C more stable with aTm of
41 °C, demonstrating the preferential heterodimer forma-
tion in the mixture. The preferential formation of het-
erodimers when the two proteins are mixed allows for the
energetic determination of unfavorable heterotypica-a′
interactions.

Stability of 100 B-EE34(X)|A-RR34(X) Heterodimers.We
have extended our previous analysis of the energetic
contribution of six amino acids (A, I, L, V, N, and K) to

homotypic and heterotypica-a′ interactions (1) to include
four more amino acids (S, T, R, and E) that are commonly
observed in thea position of both human (∼10%) (8) and
Arabadopsis(∼15%) (19) B-ZIP leucine zippers (Figure 3).
In total, these 10 amino acids represent 90% and 80% of
amino acids observed in thea position of human and
ArabadopsisB-ZIP leucine zippers, respectively. Table 1
shows thermodynamic parameters calculated from thermal
denaturations monitored by circular dichroism spectroscopy
at 222 nm for 64 new heterodimers that contain both
homotypic and heterotypica-a′ interactions. The spectra
from 260 to 200 nm and thermal denaturation profiles for
all 100 heterodimers are given as Supporting Information.
These denaturations are well fit by a two-state denaturation

FIGURE 1: (A) Schematic diagram of the guest-host B-EE34(X)|A-RR34(X) heterodimer. B-EE34(X) has the basic DNA binding region and
leucine zipper containing repulsiveETE gTe′ pairs. A-RR34(X) has an acidic extension and leucine zipper containing repulsiveRTR
gTe′ pairs. The guest-host position is in the 3rd heptada position and is shown as a circle with an X inside. (B) Side view of the
heterodimerizing leucine zipper with each amino acid position shown as a circle. An arrow connects amino acids in theg ande position
as they form attractivegTe′ pairs. The letters to the right of the coiled-coil schematic are the coiled-coil positions (a,b,c,d,e,f,g). The two
strings of letters on the top and bottom of the first schematic are the amino acid sequences of the leucine zipper region of B-EE34(X) and
A-RR34(X) grouped into heptads (g,a,b,c,d,e,f). The three heptads in bold are shown again in panel C. These strings do not include the final
12 amino acids (IVSKYEY RYGPL) of the heterodimerizing leucine zippers. (C) End view of the coiled-coil structure viewed from the
N-terminus showing the 3 heptads of amino acids and the standard coiled-coil nomenclature for the seven unique positions of the coiled-
coil heptad. Potential attractive interhelicalgTe′ pairs are shown with dashed lines and the guest-host position is shown as an X.
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model according to eq 1 giving values ofTm and∆Hm. ∆G37

values were obtained using a∆Cp value of-2.18(0.19 kcal/
mol/dimer/°C calculated from all 100 heterodimers (Table
1). Figure 4 presents the thermal denaturations for the four
heterodimer mixtures that produce homotypica-a′ pairs (S-
S, T-T, R-R, and E-E). Only one of the 100 heterodimers
producing thea-a′ pair, E-E, was so unstable that it made
the thermodynamic calculation questionable. The heterodimer
B-EE34 (E)|A-RR34 (E) at 2µM for each protein has aTm of
approximately 14°C. To further evaluate the energetics of
this thermal denaturation, we increased the protein concen-
tration to 8.4µM. This increased theTm of the bimolecular
reaction to 23°C, whereas the calculated free energies were
similar, -3.1 kcal/mol/dimer and-3.3 kcal/mol/dimer,
respectively (Figure 5).

Table 2 presents the difference in stability between A-A,
the a-a′ pair with alanine in botha positions, and each of
the remaining 99a-a′ pairs. The relative stabilities range

from -9.2 kcal/mol/dimer for I-I to +6.0 kcal/mol/dimer
for E-E. Using alanine as one of the two amino acids in
the a-a′ pair allowed us to examine the contribution of a
single amino acid to stability without the confounding
contribution of the second amino acid. Ina-a′ pairs
containing alanine in A-RR34 (A), 5 amino acids (I, V, L,
N, and T) are more stabilizing than A-A, whereas 4 are
less stabilizing (S, K, R, and E). Also, 41 heterotypica-a′
pairs are more stable than A-A, and 49 are less stable. All
25 heterotypica-a′ interactions between the 5 amino acids,
S, T, K, R, and E, are less stable than A-A.

The 90 heterotypica-a′ pairs represent 45 reciprocala-a′
pairs that have overlyinggTe′ pairs with the opposite
orientation. Table 3 shows the difference in the stability for
the 45 reciprocal heterotypica-a′ pairs. Some clear trends
are observed. Heterotypica-a′ pairs containing the aliphatic
amino acids (A, L, V, and I) do not show much difference
in energy between reciprocal pairs (0.3 kcal/mol), suggesting
they are not interacting with the overlying attractivegTe′
pairs. All heterotypica-a′ pairs containing one hydrophobic
amino acid (A, I, V, and L) and one polar or basic amino
acid (T, S, R, and K) are more stable when the polar or basic
amino acid is in the acidic B-EE34(X) background. In
contrast, heterotypica-a′ pairs containing E are more stable
with E in the A-RR34 background. The greatest difference
is observed fora-a′ pairs containing threonine, where the
difference can be as great as 1.5 kcal/mol/dimer for the T-N

FIGURE 2: (A) Circular dichroism spectra from 200 to 260 nm of
2 µM B-EE34 (T), 2 µM A-RR34(T), and the equimolar mixture of
2 µM B-EE34(T) and 2 µM A-RR34(T). The sum curve is the
assumed spectrum if the two proteins do not interact. (B) Thermal
denaturations monitored by circular dichroism spectroscopy at 222
nm of the three samples from panel A. The line through the data
is a fitted curve assuming a two-state equilibrium. The sum curve
is the assumed thermal denaturation if the two proteins do not
interact. The B-EE34(T) and A-RR34(T) mixture is more stable than
either protein alone, indicating that proteins are forming a B-EE34-
(T)|A-RR34(T) heterodimer.

FIGURE 3: Frequency of amino acids in thea position of the leucine
zipper of either human orArabadopsisB-ZIP proteins (19). Eleven
sectors are included, the 10 amino acids that have been examined
experimentally plus the frequency of the remaining 10 amino acids
summed in the 11nth sector.
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a-a′ pair. These results suggest that some amino acids in
the a position energetically interact differentially with the
overlying ETR or RTE pairs.

Coupling Energies for a-a′ Pairs. Table 4 shows the
coupling energies fora-a′ pairs derived from an alanine
based double mutant thermodynamic cycle analysis (33).
Twenty-four a-a′ pairs have attractive coupling energies,

and 57 have repulsive coupling energies. The four new
homotypica-a′ coupling energies are repulsive (positive)
with T-T and S-S being close to zero (+0.2 kcal/mol/
dimer), whereas the coupling energies for R-R and E-E
are more repulsive at+1.2 and +2.1 kcal/mol/dimer,
respectively. All attractive coupling energies are smaller than
1.0 kcal/mol/dimer, whereas the repulsive coupling energy
is as great as 4.9 kcal/mol/dimer for the I-N pair. The 24

Table 1: Thermal Stability of B-EE34(X)|A-RR34(X) Heterodimers with Differenta-a′ Pairsa

Thermal Stability of B-EE34(X)|A-RR34(X) Heterodimers

A-RR34(S) A-RR34(T) A-RR34(R) A-RR34(E)

protein
Tm

°C

∆Hm

kcal
mol

dimer

∆G37

kcal
mol

dimer
Tm

°C

∆Hm

kcal
mol

dimer

∆G37

kcal
mol

dimer
Tm

°C

∆Hm

kcal
mol

dimer

∆G37

kcal
mol

dimer
Tm

°C

∆Hm

kcal
mol

dimer

∆G37

kcal
mol

dimer

B-EE34(A) 36.8 -52.7 -7.9 34.5 -55.5 -8.4 25.9 -42.8 -7.3 26 -43.9 -7.5
B-EE34(I) 47.9 -61.4 -10.1 46.8 -77.6 -10.1 49.4 -92.8 -11.2 48.1 -76.5 -10.5
B-EE34(V) 47 -47.9 -8.7 48.2 -69.4 -10.0 45.1 -91.2 -9.8 41.8 -71.6 -9.1
B-EE34(L) 46.1 -53.2 -8.9 44 -75.6 -9.7 43.2 -86.1 -9.5 43.6 -79.5 -9.4
B-EE34(N) 39.1 -49.6 -7.9 42.2 -26.9 -8.0 39.1 -71.9 -8.3 34.3 -67.1 -7.4
B-EE34(T) 38.3 -44.1 -7.6 40.8 -42.0 -8.5 36.6 -65.5 -7.8 35.6 -80.4 -7.3
B-EE34(S) 37.5 -27.8 -7.5 27.4 -41.0 -6.7 25.7 -53.9 -7.0 22.7 -77.1 -7.1
B-EE34(K) 36.4 -60.3 -7.3 35.9 -51.6 -7.3 21.1 -55.1 -5.4 20.8 -38.2 -6.0
B-EE34(R) 24.2 -43.5 -6.6 24.7 -45.8 -6.9 20.1 -50.4 -5.1 20.2 -37.3 -5.5
B-EE34(E) 20.2 -39.5 -5.2 21.7 -39.9 -6.0 19.7 -38.6 -5.0 13.5 -52.2 -3.1

Thermal Stability of B-EE34(X)A-RR34(X) Heterodimers

B-EE34(S) B-EE34(T) B-EE34(R) B-EE34(E)

protein
Tm

°C

∆Hm

kcal
mol

dimer

∆G37

kcal
mol

dimer
Tm

°C

∆Hm

kcal
mol

dimer

∆G37

kcal
mol

dimer
Tm

°C

∆Hm

kcal
mol

dimer

∆G37

kcal
mol

dimer
Tm

°C

∆Hm

kcal
mol

dimer

∆G37

kcal
mol

dimer

A-RR34(A) 37.6 -54.7 -9.1 44.5 -81.9 -9.6 37.8 -67.4 -7.9 23.8 -41.1 -7.2
A-RR34(I) 47.6 -77.7 -10.5 49.7 -93.3 -11.4 50.9 -91.5 -12.1 46.5 -74.3 -9.8
A-RR34(V) 47.1 -49.6 -8.9 49.6 -90.2 -11.2 44.8 -75.3 -10.6 41.4 -69.5 -8.5
A-RR34(L) 47.2 -51.0 -9.1 49.1 -83.1 -10.6 47.3 -81.2 -10.3 42.3 -78.2 -8.7
A-RR34(N) 43.9 -82.2 -9.5 43.1 -88.6 -9.5 40.2 -51.3 -9.1 23.1 -40.2 -7.0
A-RR34(T) 27.4 -41.0 -6.7 40.8 -42.0 -8.5 24.7 -45.8 -6.9 21.7 -39.9 -6.0
A-RR34(S) 37.2 -27.8 -7.5 38.3 -44.1 -7.6 24.2 -43.5 -6.6 20.2 -39.5 -5.2
A-RR34(K) 35.5 -69.0 -7.6 40.9 -77.2 -8.6 20.3 -52.5 -5.2 20 -41.9 -5.5
A-RR34(R) 25.7 -53.9 -7.0 36.6 -65.5 -7.8 20.1 -50.4 -5.1 19.7 -38.6 -5.0
A-RR34(E) 22.7 -77.1 -7.1 35.6 -80.4 -7.3 20.2 -37.3 -5.5 13.5 -52.2 -3.1

a The table presents thermodynamic characterizations of the thermal denaturation profiles assuming a two-state denaturation: the thermal stability
measured by circular dichroism at 222 nm, including melting temperature (Tm, °C), enthalphy change at melting temperature (∆Hm, kcal/mol/
dimer), and dimerization free energy extrapolated to 37°C (∆G37 in kcal/mol/dimer). The error inTm and∆Hm values is due to the error in fitting
according to eq 1 and is<0.3 °C and 1.5 kcal/mol/dimer, respectively for all measurements.

FIGURE 4: Thermal denaturations curves of five heterodimer
mixtures formed by mixing B-EE34(X) and A-RR34(X) producing
four homotypica-a′ interactions (E-E, R-R, A-A, S-S, and
T-T).

FIGURE 5: Thermal denaturations of the protein mixture B-EE34-
(E) and A-RR34(E) at 2 and 8.4µM monitored by circular dichroism
spectroscopy at 222 nm.

11328 Biochemistry, Vol. 45, No. 38, 2006 Acharya et al.



a-a′ pairs with attractive coupling energies include 4
homotypica-a′ pairs (I, L, V, and N), whereas the remaining
20 pairs are heterotypica-a′ pairs containing either R or
K.

The greatest difference in coupling energies for each amino
acid was determined and termed as specificity range. The
specificity range for the ninea-a′ pairs was obtained using
calculated coupling energies. The amino acids with the
greatest difference in coupling energies contribute most to
dimerization specificity (Table 4). For example, the most
stabilizing coupling energy for isolecuine is-0.9 kcal/mol/
dimer for the I-I pair, whereas the least stabilizing coupling
energy is+4.3 kcal/mol/dimer for N-I. Coupling energy
values for the other 7 heterodimers with A-RR34(I) fall

between these two extremes; therefore, the specificity range
for the A-RR34(I)| B-RR34(X) heterodimer is-0.9 - +4.3
) 5.2 kcal/mol/dimer. In summary, isoleucine and asparagine
have coupling energies with the greatest differences (5.2 and
5.4 kcal/mol/dimer, respectively) and favor homotypica-a′
pairs. In contrast, the charged amino acids have coupling
energies with the least differences (1.4 to 1.9 kcal/mol/dimer)
and favor heterotypica-a′ pairs, suggesting more promiscu-
ous interactions. The difference in coupling energies for
reciprocal heterotypica-a′ pairs is modest, suggesting that
these calculations are independent of the overlyinggTe′ salt
bridges.

Energetics of Amino Acids in the a Position Interacting
with Other Parts of the Coiled-Coil Structure.To evaluate

Table 2: Energetic Difference fora-a′ Pairs Relative to A-Aa

a-a′ Pair stability
(kcal/mol/dimer) relative to A-A

protein
A-RR34(A)

∆∆G37

A-RR34(I)
∆∆G37

A-RR34(V)
∆∆G37

A-RR34(L)
∆∆G37

A-RR34(N)
∆∆G37

A-RR34(T)
∆∆G37

A-RR34(S)
∆∆G37

A-RR34(K)
∆∆G37

A-RR34(R)
∆∆G37

A-RR34(E)
∆∆G37

B-EE34(A) 0 -4.0 -2.4 -2.3 -1.0 +0.9 +1.4 +1.6 +2.0 +1.8
B-EE34(I) -4.3 -9.2 -6.3 -5.7 -0.4 -0.8 -0.8 -3.1 -1.9 -1.2
B-EE34(V) -2.3 -6.1 -5.4 -4.4 -0.1 -0.7 +0.6 -1.2 -0.5 +0.2
B-EE34(L) -2.3 -5.8 -4.5 -5.2 -0.5 -0.4 +0.4 -0.8 -0.2 -0.1
B-EE34(N) -0.9 -0.6 -0.3 -0.6 -2.4 +1.3 +1.4 +0.5 +1.0 +1.9
B-EE34(T) -0.3 -2.1 -1.9 -1.3 -0.2 +0.8 +1.7 +0.7 +1.5 +2.0
B-EE34(S) +0.2 -1.2 +0.4 +0.2 -0.2 +2.6 +1.8 +1.7 +2.3 +2.2
B-EE34(K) +1.0 -3.7 -1.9 -1.5 -0.3 +2.0 +2.0 +2.9 +3.9 +3.3
B-EE34(R) +1.4 -2.8 -1.3 -1.0 +0.2 +2.4 +2.7 +4.1 +4.6 +3.8
B-EE34(E) +2.1 -0.5 +0.8 +0.6 +2.3 +3.3 +4.1 +3.8 +4.3 +6.0

a The difference in the thermal stabilities of 99 heterodimers relative to that of B-EE34(A)|A-RR34(A) are calculated from the∆G37 values in
Table 1 or our previous publication (1). For example,∆G37 difference (∆∆G37) between B-EE34(S)|A-RR34(S) and B-EE34(A)|A-RR34(A) heterodimers
is -7.3 - (-9.3) ) +1.8 kcal/mol/dimer.a-a′ pairs that are more stable than A-A have a minus sign, anda-a′ pairs that are less stable than
A-A have a plus sign.

Table 3: Difference in the Stability (kcal/mol/dimer) of Reciprocal Heterotypica-a′ Interactions for the 90 heterotypica-a′ Interactions
Presented in Table 2a

protein
A-RR34(A)

∆∆G37

A-RR34(I)
∆∆G37

A-RR34(V)
∆∆G37

A-RR34(L)
∆∆G37

A-RR34(N)
∆∆G37

A-RR34(T)
∆∆G37

A-RR34(S)
∆∆G37

A-RR34(K)
∆∆G37

A-RR34(R)
∆∆G37

A-RR34(E)
∆∆G37

B-EE34(A) A-A +0.3 -0.1 0 -0.1 +1.2 +1.2 +0.6 +0.6 -0.3
B-EE34(I) -0.3 I-I -0.2 +0.1 +0.2 +1.3 +0.4 +0.6 +0.9 -0.7
B-EE34(V) +0.1 +0.2 V-V +0.1 +0.2 +1.2 +0.2 +0.7 +0.8 -0.6
B-EE34(L) 0 -0.1 -0.1 L-L +0.1 +0.9 +0.2 +0.7 +0.8 -0.7
B-EE34(N) +0.1 -0.2 -0.2 -0.1 N-N +1.5 +1.6 +0.8 +0.8 -0.4
B-EE34(T) -1.2 -1.3 -1.2 -0.9 -1.5 T-T -0.9 -1.3 -0.9 -1.3
B-EE34(S) -1.2 -0.4 -0.2 -0.2 -1.6 +0.9 S-S -0.3 -0.4 -1.9
B-EE34(K) -0.6 -0.6 -0.7 -0.7 -0.8 +1.3 +0.3 K-K -0.2 -0.5
B-EE34(R) -0.6 -0.9 -0.8 -0.8 -0.8 +0.9 +0.4 +0.2 R-R -0.5
B-EE34(E) +0.3 +0.7 +0.6 +0.7 +0.4 +1.3 +1.9 +0.5 +0.5 E-E

a For example, the difference in stability of the B-EE34(T)|A-RR34(I) heterodimer and the (B-EE34(I)|A-RR34(T) heterodimer is [-2.1- (-0.8)]
) -1.3 kcal/mol/dimer. Thus, the difference in the stability of the T-I and I-T a-a′ pairs is-1.3 kcal/mol/dimer and indicates that having T in
B-EE34(T) is -1.3 kcal/mol/dimer more stabilizing than having T in A-RR34(T).

Table 4: Coupling Energies (∆∆∆G) (kcal/mol/dimer) for thea-a′ Pairs for a Double Mutant Alanine Thermodynamic Cycle

protein
A-RR34(I)
∆∆∆G37

A-RR34(V)
∆∆∆G37

A-RR34(L)
∆∆∆G37

A-RR34(N)
∆∆∆G37

A-RR34(T)
∆∆∆G37

A-RR34(S)
∆∆∆G37

A-RR34(K)
∆∆∆G37

A-RR34(R)
∆∆∆G37

A-RR34(E)
∆∆∆G37

B-EE34(I) -0.9 +0.4 +0.9 +4.9 +2.2 +2.1 -0.4 +0.4 +1.3
B-EE34(V) +0.2 -0.7 +0.2 +3.2 +0.3 +1.5 -0.5 -0.2 +0.7
B-EE34(L) +0.5 +0.2 -0.6 +2.8 +0.6 +1.3 -0.1 +0.1 +0.4
B-EE34(N) +4.3 +3.0 +2.6 -0.5 +1.3 +0.9 -0.2 -0.1 +1.0
B-EE34(T) +2.2 +0.8 +1.3 +1.1 +0.2 +0.6 -0.6 -0.2 +0.5
B-EE34(S) +2.6 +2.6 +2.3 +0.6 +1.1 +0.2 -0.1 +0.1 +0.2
B-EE34(K) -0.7 -0.5 -0.2 -0.3 -0.3 -0.4 +0.3 +0.8 +0.5
B-EE34(R) -0.2 -0.3 -0.1 -0.2 +0.1 -0.1 +1.1 +1.2 +0.6
B-EE34(E) +1.4 +1.1 +0.8 +1.2 +0.3 +0.6 +0.1 +0.2 +2.1
specificity
range

-0.9- +4.3
) 5.2

-0.7- +3.0
) 3.7

-0.6- +2.6
) 3.2

-0.5- +4.9
) 5.4

-0.3- +2.2
) 2.5

-0.4- +2.2
) 2.5

-0.6- +1.1
) 1.7

-0.2- +1.2
) 1.4

+0.2- +2.1
) 1.9
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potential energetic interactions between an amino acid in the
a position and other amino acid in the coiled-coil structure,
three energy terms,R-helix propensities (34), transfer free
energies (29), and thea-a′ pair coupling energy (Table 5),
were subtracted from the stability of ana-a′ pair relative
to that of A-A. Any remaining energies may represent
interactions of amino acids in thea position with other parts
of the coiled-coil structure. When examininga-a′ pairs
containing one alanine, only three amino acids contribute
more than 1 kcal/mol to additional stability that is not
accounted for by these three energy terms. They are
asparagines and the twoâ-branched aliphatic amino acids
isoleucine and valine. This indicates that the other six amino
acids are not energetically interacting with additional com-
ponents of the coiled-coil structure.

Do Amino Acids Prefer to Form Homotypic or Heterotypic
a-a′ Pairs? Difference in Coupling Energies.To evaluate
whether two leucine zipper monomers containing different
amino acids in thea position would preferentially form
homodimers or heterodimers, the difference in the coupling
energy between these two possibilities was determined (Table
6). The most extreme example of two amino acids regulating
dimer preference has to do with I and N. They strongly prefer
to form homotypica-a′ pairs (1). The coupling energies
for the two homotypica-a′ interactions (I-I and N-N) are
-0.9 and-0.5 kcal/mol, respectively. The coupling energies

for the two heterotypica-a′ pairs (I-N and N-I) are+4.3
and+4.9 kcal/mol, respectively. Thus, the energetic differ-
ence between the two homodimers and the two heterodimers
is 10.6 kcal/mol/two dimers or 5.3 kcal/mol/dimer, indicating
that N and I prefer to form N-N and I-I homotypica-a′
pairs.

Of the 36 reciprocal heterotypica-a′ pairs with measured
coupling energies, 19 prefer to form homodimers, 14 prefer
to form heterodimers, and 3a-a′ pairs have no preference.
Several general conclusions are clear. The aliphatic (I, V,
and L) and polar (N, S, and T) amino acids prefer to form
homotypica-a′ pairs instead of heterotypica-a′ pairs with
any of the other aliphatic or polar amino acids. In contrast,
the three charged amino acids (E, K, and R) generally prefer
to form heterotypic pairs. The strongest stabilizing het-
erodimer coupling energy for the three charged amino acids
(K, R, and E) is with the polar amino acids serine and
theronine by∼0.7 kcal/mol/dimer. Both the basic and acidic
amino acids interact similarly with serine and threonine.

DISCUSSION

We present the thermal stability of 100 heterodimers that
contain all possiblea-a′ pairs for 10 amino acids (I, V, L,
N, A, K S, T, E, and R) commonly observed in the B-ZIP
leucine zippera position. This includes the stability of 36
heterodimers for 6 amino acids (I, V, L, N, A, and K)
previously described (1) and 64 new heterodimers including
the 4 amino acids (S, T, E, and R). A double mutant alanine
thermodynamic cycle was used to determinea-a′ pair
coupling energies to evaluate whicha-a′ pairs encourage
specific dimerization partners. Isoleucine and asparagine
show the greatest difference in coupling energies, indicating
that they contribute the most to dimerization specificity and
prefer to homodimerize. The three charged amino acids (K,
R and E) show the least difference in coupling energies (1.4
to 1.9 kcal/mol/dimer), suggesting that they contribute the
least to dimerization specificity (Table 3) and prefer to
heterodimerize. Most of the measureda-a′ pairs had
repulsive (positive) coupling energies. We were able to
determine their stability only by embedding the repulsive
a-a′ pairs in a larger coiled-coil structure with stabilizing
heptads on both theN- andC-termini.

Each of the 10 amino acids was placed in thea position
in both the B-EE34(X) and the A-RR34(X) protein background
to produce 20 proteins and were mixed to produce 100
heterodimers. The 90 heterotypica-a′ pairs contain recipro-

Table 5: a-a′ Pair Stability (kcal/mol/dimer) Relative to A-A minus R-Helix Propensity, Transfer Free Energy, anda-a′ Coupling Energiesa

protein
A-RR34(A)

∆∆G37

A-RR34(I)
∆∆G37

A-RR34(V)
∆∆G37

A-RR34(L)
∆∆G37

A-RR34(N)
∆∆G37

A-RR34(T)
∆∆G37

A-RR34(S)
∆∆G37

A-RR34(K)
∆∆G37

A-RR34(R)
∆∆G37

A-RR34(E)
∆∆G37

B-EE34(A) 0 -2.4 -1.7 -0.4 -3.0 +0.1 +0.5 -0.3 +0.6 -0.1
B-EE34(I) -2.7 -5.1 -4.4 -3.1 -5.7 -2.6 -2.2 -3.0 -2.1 -2.8
B-EE34(V) -1.6 -4.0 -3.3 -2.0 -4.6 -1.5 -1.1 -1.9 -1.0 -1.7
B-EE34(L) -0.4 -2.8 -2.1 -0.8 -3.4 -0.3 +0.1 -0.7 +0.2 -0.5
B-EE34(N) -2.9 -5.3 -4.6 -3.3 -5.9 -2.8 -2.4 -3.2 -2.3 -3.0
B-EE34(T) -0.9 -3.3 -2.8 -1.3 -3.9 -0.8 -0.4 -1.2 -0.5 -1.0
B-EE34(S) -0.7 -3.1 -2.4 -1.1 -3.7 -0.6 -0.2 -1.0 -0.1 -0.8
B-EE34(K) -0.9 -3.3 -2.6 -1.3 -3.9 -0.8 -0.4 -1.2 -0.3 -1.0
B-EE34(R) -0.6 -3.0 -2.3 -1.0 -3.6 -0.5 -0.1 -0.9 0.0 -0.7
B-EE34(E) +0.2 -2.2 -1.5 -0.2 -2.8 +0.3 +0.7 -0.1 +0.8 +0.1

a R-helix propensities (34), transfer free energies (29), and thea-a′ pair coupling energy were subtracted from the stability of ana-a′ pair
relative to A-A to identify additional energies in thea-a′ pair.

Table 6: Coupling Energy (kcal/mol/dimer) Difference between
Two Monomers with Different Amino Acids in thea Position
Forming Either Two Homotypic or Two Heterotypica-a′ Pairsa

amino
acid I V L N T S K R E

I **
V +1.1 **
L +1.5 +0.9 **
N +10.6 +3.7 +3.3 **
T +2.6 +0.8 +1.2 +1.35 **
S +2.7 +2.3 +2.0 +0.9 +0.65 **
K -0.3 0 0 -0.15 -0.7 -0.5 **
R 0 -0.5 -0.3 -0.2 -0.75 -0.6 +0.2 **
E +1.3 +0.2 -0.15 +0.3 -0.75 -0.75 -0.9 -1.25 **
a A positive number indicates that two homotypica-a′ pairs are

preferred. For example, two monomers, one containing N and the other
containing I in thea position could form either N-N and I-I a-a′
pairs or N-I and I-N a-a′ pairs. The difference in the coupling energy
between these two possibilities is (N-N + I-I) - (N-I + I-N) or
(-0.5 + -0.9) - (+4.3 + +4.9) ) +10.6/two dimers or+5.3 kcal/
mol/dimer. Thus, these two amino acids prefer to form homotypic N
and I a-a′ pairs.
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cal versions for each of 45 heterotypica-a′ pairs that
structurally differ in the orientation of the overlying elec-
trostatically attractiveETR gTe′ pair. The reciprocal
heterotypica-a′ pairs containing aliphatic amino acids (I,
V, and L) and the polar N are energetically similar (e.g., the
I-N and N-I interactions differ by only 0.2 kcal/mol/dimer),
suggesting that these amino acids are not interacting with
the overlaying attractiveETR pair. Reciprocala-a′ interac-
tions containing T and S, however, show the greatest
difference; in the nine heterotypica-a′ pairs containing T,
the a-a′ pairs are 0.9 to 1.5 kcal/mol/dimer more stable
when T is in B-EE34(T) than when it is in A-RR34(T).
Similarly, when S is in B-EE34(S), thea-a′ pairs are 0.2 to
1.9 kcal/mol/dimer more stable than when S is in A-RR34-
(S).

The coupling energies were used to calculate a preference
for two monomers containing different amino acids in thea
position to either form a homodimer or a heterodimer. A
similar approach was performed computationally and the
results verified experimentally (35). Havranek and Harbury
identified groups of amino acids in the hydrophobic core
defined as theg, a, d, andepositions that were able to drive
heterodimeriztion. For example, a tryptophane in theg
position interacts interhelically with the cavity created by a
glycine in thea position.

To evaluate potential energetic interactions between an
amino acid in thea position and other amino acids in the
coiled-coil structure, we subtractedR-helix propensities (34),
transfer free energies (29), and thea-a′ pair coupling energy
(Table 6) from the stability of ana-a′ pair relative to that
of A-A. A potential opportunity for an amino acid in thea
position is to interact intrahelically with the leucines in the
d positions. Theâ-branched amino acids, valine and isoleu-
cine, show approximately-1.5 and-2.5 kcal/mol/dimer
additional energy, which is larger than that observed for the
non-â-branched leucine with-0.4 kcal/mol/dimer. These
results are qualitatively consistent with work that has
examined intrahelical interactions between aliphatic amino
acids (36, 37). The energetic significance of intrahelical
hydrophobic interactions is clearly shown in recent work
suggesting that three consecutive hydrophobic amino acids
are required in the hydrophobic core of a coiled coil to
produce stabilizing interactions (38).

An enigma is the 3 kcal/mol/dimer of residual energy for
asparagine that is observed after these three energy terms
are subtracted. Part of this could be that including a 1.3 kcal/
mol transfer free energy for buried asparagine may be
incorrect because asparagine is not really buried. In the N-A
pair, a water molecule could be occupying the cavity caused
by the small alanine side chain. This could explain the small
calculated coupling energy for N-N of 0.9 kcal/mol/dimer
because asparagines in the N-A pair could be forming a
hydrogen bound with the water. Additionally, the asparagines
could be forming hydrogen bonds with the overlying charged
amino acids that create attractive interhelical electrostatic
gTe′ interactions as is observed in the crystal structure of a
chimeric cortexillinI/GCN4 coiled-coil peptide (39).

Recently, Keating’s group generated physical models of
B-ZIP leucine zippers that were able to mimic the dimer-
ization properties of a global analysis of human B-ZIP
proteins (25). These models recapitulated the coupling
energies experimentally identified for the surfacegTe′

interactions but were not able to recapitulate thea-a′
coupling energies we have previously reported. They cal-
culated coupling energies of approximately zero fora-a′
pairs containing asparagine and an aliphatic amino acid,
whereas we measured destabilizing coupling energies of 3
to 4 kcal/mol/dimer. This may reflect subtle details about
the backbone geometry, where small differences have large
effects on amino acid packing or calculations underestimating
the burial of asparagine in the hydrophobic core.

The coupling energies described here apply only to the
particular heptad examined. We have previously shown that
the stabilizing contribution of leucine in thed position is
dependent on the structural details of the particular heptad.
In a canonical heptad with valine in the two flankinga
positions, leucine contributes 4.6 kcal/mol/monomer more
to stability than alanine. However, when leucine in thed
position is two heptads furtherN-terminal and is surrounded
by alanine in theN-terminal a position and asparagine in
the C-terminala position, it only contributes 2.1 kcal/mol/
monomer more than alanine (17). Two open issues include
what the rules are fora-a′ interactions without overlying
attractivegTe′ pairs and in coiled-coil structures that are
not optimized for stability.

A global analysis of human B-ZIP dimerization (40)
indicated that the quantitative rules that we have previously
generated for leucine zipper dimerization specificity using
gTe′ and aTa′ coupling energies give a reasonably good
prediction of their experimental results of human B-ZIP
dimerization specificity. Computational analyses that include
correlations beyondgTe′ and aTa′ coupling energies are
more predictive, indicating that additional interhelical inter-
actions regulate dimerization specificity (24). We hope these
data will make computer predictions even more valuable.

The data presented here should be useful for coiled-coil
design (23, 41), predicting coiled-coil dimerization specificity
(24) and calibrating computation models of coiled-coil
stability (25).
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