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ABSTRACT. We use a heterodimerizing leucine zipper system to examine the contribution of the interhelical
a—a' interaction to dimer stability for six amino acids (A, V, L, I, K, and N). Circular dichroism (CD)
spectroscopy monitored the thermal denaturation of 36 heterodimers that generate six homotypic and 30
heterotypica—a’ interactions. Isoleucine {ll) is the most stable homotyp&—a’ interaction, being 9.2
kcal/mol per dimer more stable than the-A interaction and 4.0 kcal/mol per dimer more stable than
either the L or V—V interaction, and 7.0 kcal/mol per dimer more stable than théNNnteraction.

Only lysine was less stable than alanine. An alanine-based double-mutant thermodynamic cycle calculated
coupling energies between theanda’ positions in the heterodimer. The aliphatic amino acids L, V, and

| prefer to form homotypic interactions with coupling energies-@.6 to —0.9 kcal/mol per dimer, but

the heterotypic aliphatic interactions have positive coupling energiesldd kcal/mol per dimer. The
asparagine homotypic interaction has a coupling energy@®b kcal/mol per dimer, while heterotypic
interactions with the aliphatic amino acids produce coupling energies ranging from 2.6 to 4.9 kcal/mol
per dimer. The homotypic KK interaction is 2.9 kcal/mol per dimer less stable than theMinteraction,

but the coupling energy is only 0.3 kcal/mol per dimer. Heterotypic interactions with lysine and either
asparagine or aliphatic amino acids produce similar coupling energies ranging-fdrto —0.7 kcal/

mol per dimer. Thus, of the amino acids that were examined, asparagine contributes the most to dimerization
specificity because of the large positive coupling energies in heterotypic interactions with the aliphatic
amino acids which results in the-NN homotypic interaction.

The variable-length leucine zipper coiled coil is the zipper coiled coils found as the dimerization domain of B-ZIP
dimerization domain X) of the B-ZIP class of sequence proteins contain a smaller set of amino acids inalpesition
specific transcription factor2(-6). X-ray crystal studies  (12). The shorter leucine zippers have less protein sequence
have demonstrated that the leucine zipper is a dimeric parallelflexibility because amino acids must be optimized for
coiled caoll (7, 8) that structurally repeats itself every two dimerization stability. Longer leucine zippers, in contrast,
a-helical turns or every heptad (seven amino acids). Amino allow more regulation of dimerization specificity because
acid positions in each heptad are identified using the they can contain amino acids that are suboptimal for stability
nomenclatureg,b,c,d,ef,g)n (9). but favor interaction with a particular partner.

Thea andd residues are typically hydrophobic and pack  petermining the contribution of amino acids in tle
in a regular “knobs and holes” patteriQ} along the  position to dimer stability has been complicated because
dimerization interface to create the hydrophObiC core that Changing the amino acids in this position can Change the
contributes most of the energy to leucine zipper dimerization gligomerization properties. The leucine zippers of B-ZIP
stability (11). The a position is more variable than th¢  proteins typically contain an asparagine in thgosition of
pOSition, and the interhelical interaction between the the second heptad Changing this asparagine to valine or
position and thea' position to create tha—a' interaction leucine in the yeast GCN4 B-ZIP protein dramatically
may thus contribute to dimerization specificity2). Thea stabilizes the structure, but a mixture of dimers and trimers
side chain (knob) packs into the space (hole) created by thejs formed (5, 16). Changing the asparagine to glutamine

four surrounding amino acid side chains, td/position side also resulted in a mixture of dimers and trimet§)(
chains on the same-helix and thea’ andg' side chains on The contribution of amino acids in the homotypie &

thetoppo?tex-gell_x of 'glhe_ dltrr?er?). Atnal?/ss ff_ con(?c:hcon I interaction to dimer stability has been systematically exam-
proteins, found primarily in the structural proteins ot the cetl, ., using a covalently closed model coiled coil systég) (

indicates that q_variety of hydrophobic amino acids. can 19). This model coiled coil system indicates that the
occupy thea position (3, 14). However, the shorter leucine contribution of the aliphatic amino acids to stability is similar

to their transfer free energy. A study using a yeast interaction

* To whom correspondence should be addressed. Telephone: (301)S stem based on the GCN4 leucine zioper found that
496-8753. Fax: (301) 496-8419. E-mail: Vinsonc@dc37a.nci.nih.gov. 2> ¢ . : pper fou
# Laboratory O(f Me)tabolism. @ 9V interaction between asparagine and isoleucine is disfavored

8 Laboratory of Biochemistry. (20). Subsequent quantitative work with this system dem-
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onstrated that the homotypie-| interaction is more stabiliz-
ing than the N-N interaction 1).

Biochemistry, Vol. 41, No. 48, 20024123

A-RR34(V) proteins expressed poorly B. coli. The solubil-
ity of these purified proteins in the CD buffer [12.5 mM

We have used a heterodimerizing leucine zipper systempotassium phosphate (pH 7.4), 150 mM KCI, and 0.25 mM

to examine the contribution of six amino acids (A, V, I, L,
N, and K) in homotypic and heterotyp&—a’' interactions
to coiled colil stability. Using an alanine-based double-mutant

EDTA] was low. Again the proteins differed in their
solubility with A-RRs4(N) being the most soluble (the
concentration of the saturated protein solution wag(8Ij

thermodynamic cycle, we have measured the coupling energyfollowed by A-RRs4(1), A-RR34(L), A-RR34(K), A-RR34(V),

between amino acids in tleeanda’ positions to gain insight
into amino acid interactions that regulate dimerization
specificity. Mixtures of 12 proteins, six mutants for each of
the two heterodimerizing proteins, give 36 heterodimers, six
homotypic amino acid interactions and 30 heterotypic amino
acid interactions in tha—a’ position.

EXPERIMENTAL PROCEDURES

Proteins.The heterodimerizing proteins, derived from the
PAR family member VBP B-ZIP domain, are termed BsgEE
(X) and A-RRy4(X). The amino acid sequence of the 96-
amino acid B-Ek(X) protein is ASMTGGQQMGRDPLEEK-
VFVPDEQKDEKYWTRRKKNNVAAKRSRDARRLKEN-
QITIRAAFLEKENTALRT EXAELEKEVGRCENIVSKY-
ETRYGPL. The leucine zipper region has been grouped into
heptads gabcde). B represents the basic region, &Ehe
leucine zipper with the third and fourth< € interaction
containing repulsive E> E interactions, and (X) the guest
host position amino acid in the thiadposition. The first 16
amino acids are from th@10 leader sequence and cloning
linker, and the 80 remaining amino acids are the B-ZIP
domain of VBP with two arginines changed to glutamic acid
to create repulsive E> E interhelical interactions2@, 23).
The four glutamic acids that produce two repulsive-t=
pairs in the third and fourth heptads are bold. The het-
erodimerizing partner of B-Ef(X) is A-RR34(X), the amino
acid sequence of which is ASMTGGQQMGRDP-LEE-LEQ-
RAEELARENEELEKEAEELEQENAELEIRAAFLEKEN-
TALRTRXAELRKRVGRCRNIVSKYETRYGPL. A rep-
resents the acidic extension that can form a coiled coil
heterodimeric structure with the VBP basic regigd)( RRs4
the leucine zipper with the third and fourth < €
interactions containing repulsive R R interactions, and
(X) the guesthost position amino acid in the third
position. The four arginines that produce repulsive-RR
pairs in the third and fourth heptads are bold.

Protein Purification.Proteins were expressedscheri-
chia coli BL21 lysk cells using the T7 IPTG-inducible
system 25). The B-EE4(X) and A-RRy4(X) proteins were
purified as described previousl|2). Briefly, the cells were
harvested, lysed in low salt after freezing, brought to 1 M

KCI, and spun, and the supernatant was dialyzed to low salt.

B-EE;4(X) proteins that contain DNA binding domains were
purified over a heparin column, elutech i1 M KCI,
subsequently purified on a Rainin HPLC system using a

and A-RRu(A) (the concentration of the saturated protein
solution was in the range of 33t uM). Due to the low
solubility of the proteins, for our studies we were forced to
use the proteins at a very low concentrationu(2).

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 KCIl, and 0.25
mM EDTA. For the assay, 1 mM DTT was added to the
protein solution and heated to 8& for 15 min to disrupt
any potential disulfide bond between the two cysteine
residues in the fifthd position, cooled to room temperature
for 5 min, and diluted to 2«M in 1.5 mL of stock buffer
(described above). Wavelength scans were performed at 6
°C from 200 to 260 nm. For temperature denaturation studies,
the molar ellipticity was recorded at 222 nm continuously
from 6 to 80°C at a scan rate of 1C/min.

Thermodynamic Calculationsvalues for the melting
temperature T,) and the enthalpy change at the melting
temperature AHy) were determined from denaturation
curves assuming a two-state equilibrium dissociation of
o-helical dimers into unfolded monomers. A plot @f,
versusAH,, was used to calculate the constant-pressure heat
capacity changeAC,) upon denaturation of the zipper. A
AC, value of —2.04 + 0.19 kcal mot! °C* was used to
calculateAG values at 37°C. The standard errors far,
and AH, determined from the fitting procedure were
typically not higher than+0.3 °C and +1.5 kcal/mol,
respectively. These errors were individually translated into
the error inAG37 by substituting the extrem&,, and AHp,
values in the equation fakG. We found that thé\Gs; values
were insensitive to changes in the valueAdi, in the error
range. The errors for the coupling energies were calculated
by taking the sum of the errors in the free energy for the
proteins comprising the double-mutant cycle.

Analytical UltracentrifugationA Beckman Optima model
XL-A analytical ultracentrifuge equipped with a four-place
An-Ti rotor was used for sedimentation equilibrium experi-
ments. Three 12 mm cells equipped with carbon-filled, six-
channel centerpieces and plane quartz windows were used.
The protein samples were mixed in an equimolar concentra-
tion, dialyzed, and concentrated to yield three samples with
concentrations of 10, 20, and 40M (with absorbance at
280 nm being 0.1, 0.2, and 0.4, respectively). Samples were
loaded on the right (100L/channel) with the corresponding

reverse phase C18 column, and chromatographed from 0 tareference buffer on the left (120./channel). The reference

100% acetonitrile in 0.1% trifluoroacetic acid. The A-RR
(X) proteins that have the DNA binding region replaced with
an acidic extension were purified over a hydroxylapatite
column, eluted with a buffer containing 200 mM phosphate,
and subsequently purified like the B-ZIP protein domains.
The A-RRy4(X) series of proteins expressed differently.

The A-RRy(L), A-RR34(N), A-RRsy(K), and A-RRu(l)
mutants expressed well (6 mg/mL), while the A-RR) and

buffer contained 12.5 mM potassium phosphate (pH 7.4),
150 mM KCI, 0.25 mM EDTA, and 1 mM3-ME. After
equilibration at 3000 rpm and 180C at which reference
wavelength and radial scans were performed, the rotor was
accelerated to the selected experimental speed (24 000 rpm).
The scans of protein concentration profiles were collected
at 4 h intervals for 40 h. Radial scans were recorded at 280
nm in a step mode with 0.001 cm steps and five averages.
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Ficure 1: (A) Schematic diagram of the guestost heterodimer. The basic DNA binding region and acidic leucine zipper of fE

and the acidic extension and basic leucine zipper of A;R8 are shown with the gueshost third heptad position in the circle. (B)
Coiled coil schematic of the heterodimerizing leucine zipper with the amino acids presented in the circles. To the kgtd,gbsitions

of the leucine zipper coiled coil are identified. The four potential electrostatic interactions betwegmpdséion of one helix and the
following € position of the opposite helixg(~ € ori—i' + 5 interaction) are represented by the solid black arrows connecting them. Both
sides of the heterodimerizing leucine zipper coiled coil are shown.

Equilibrium was attained typically after #&0 h, when two stabilize the homodimer. The pattern from the first to the
consecutive scans takd h apart became indistinguishable. fourth heptad ofy < € pairs is R« E, E<> R, E<> R, and
After the data collection had been completed, the rotor was E <> R. Previously, we generated a heterodimerizing leucine
accelerated to 48000 rpm for—% h and the protein  zipper system by changing two of these attractive>ER
sedimented to the bottom of the cell. The experimental pairs to repulsive acidic or bas@g< € pairs @2). In one
centrifuge speed was restored, and the baseline absorptiomonomer, we changed the third and fourth heptad attractive
values were immediately obtained from a single scan. g« R interhelical pairs to repulsive £ E interhelical pairs
Analysis of ultracentrifugation data was performed with the tg create a molecule termed BER < E, E<> R, E<> E,
software package from Beckman, Inc. Partial specific gnd E< E). For the purposes of this paper, we refer taEE
volumes of 0.71 mL/g for all proteins were calculated from 55 B-ER,(V). The B represents the basic region of VBP,
amino acid sequences and the values of Zamyagif ( EEs4 the VBP leucine zipper with the third and fourgh

€ pairs containing repulsive E E interactions, and (V)
RESULTS the valine in the thirda position. In the second monomer of

Design of Heterodimerizing Leucine Zippemle have the he_terodimer, we changed the third _and fourth heptad
used a heterodimerizing leucine zipper as a gubest  attractiveg <> € pairs from E= R to repulsive R> R pairs
system to generate both homotypic and heterotypie’ to create a molecule termed RRR <~ E, E<~ R, R<> R,
interactions. This system allows us to determine the energeticahd R<> R) (22). However, we were unable to express
contribution of this position to leucine zipper thermal sufficient quantities of the RX) proteins containing novel
stability. Figure 1 presents a cartoon of the heterodimerizing @mino acids in the third heptadposition. To overcome this
guest-host system used in this study that is derived from technical limitation, we replaced the basic region ofsRR
VBP (28), the chicken homologue of mammalian TEF, a Wwith an acidic extension to create A-RR/) which is
member of the PAR family of B-ZIP proteins. The leucine expressed well irE. coli. The acidic region of A-RE(V)
zipper of VBP has four consecutive attractive interhelical forms a coiled coil structure with the basic region of BsgEE
g < € pairs containing oppositely charged amino acids that (V) stabilizing the heterodimer by 3.9 kcal/mol per dimer
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Ficure 2: (A) Circular dichroism spectra from 200 to 260 nm of B4/) (2 uM), A-RR3z4(V) (2 uM), and the equimolar mixture of 2

uM B-EEz4(V) and 2uM A-RRz4(V). The sum line is the spectrum, assuming the two proteins do not interact. (B) Thermal denaturations
monitored by circular dichroism spectroscopy at 222 nm of the samples described for panel A. Thg\B/BERR34(V) mixture is more

stable than either protein alone. The line through the data is a fitted curve assuming a two-state equilibrium. The sum line is the expected
denaturation curve for the mixture assuming Bzlf¥) and A-RRs4(V) do not interact.

(24, 29). This additional stability makes the difference in o 0% o o
homodimer and heterodimer stabilities even greater, thus ‘g 0.004- 09 0% e °g o @ o
producing a more versatile guestost system. S 0.000 o O@&zzﬁ? OOO, db% %00“0 %ro &9
Figure 2A presents circular dichroism (CD) spectra from 004 ] ®° @ © Q@ aRP O“?S% ®o
200 to 260 nm of B-ER(V) (2 uM), A-RRz4(V) (2 uM), 0,008 o
and the equimolar mixture of B-EkV) (2 uM) and A-RRs4- ' ous | 50 o655 560
(V) (2 uM). All three spectra exhibit minima at 208 and ’ ' ' '
222 nm, characteristic ofi-helices 80). The ratio of
ellipticities (222 to 208 nm) is greater than 1.0 and is 0.40
indicative of interactions between-helices like those in a ]
coiled coil structure 31, 32). The ellipticity of the mixture g 037
is greater than the sum of the ellipticities of the individual é 030_'
samples which we interpret to represent the formation ofan &~ ™
a-helical coiled coil structure between the basic region of g 025_'
B-EEs4(V) and the acidic region of A-RR(V), as has been e
observed previously24). g 0.20
Figure 2B presents thermal denaturations monitored by g |
circular dichroism spectroscopy at 222 nm, of the same £ 54
samples presented in Figure 2A, B-H) (2 uM), A-RRz4- J
(V) (2 uM), and the equimolar mixture. B-BKV) and 0.10 . : : : : : :
A-RRz4(V) haveTys of 20.5 and 26.8C, respectively, while 6.45 6.50 6.55 6.60
the mixture has &y of 57.6 °C. The approximate 30C Radius (cm)

increase in thd of the m?xture SuggeStS thata heteromerip Ficure 3: Analytical ultracentrifugation of a mixture of B-EE
structure has formed. This reversible denaturation curve fits (v) and A-RRu(V) at 6 °C. The theoretical curve for the dimer is
well assuming a two-state denaturation profile. We calculate plotted as a solid line. The top panel shows the residuals for fitting
that the heterodimer is 7.4 kcal/mol more stable than A;RR  the experimental data to a dimer model. No systematic error is

(V) and 9.5 kcal/mol more stable than B-E&). observed.
We used analytical ultracentrifugation to determine the both homotypic and heterotypic interactions in the leucine
oligomerization state of the B-EFV) —A-RRs4(V) multimer. zipper. The large number of structural determinants driving

These data are best fit to a dimer model with an apparentheterodimer formation, (1) the basic regieacidic extension
molecular mass of 21300 Da (Figure 3 and Table 1) interaction, (2) the attractivg <> € pairs in the third and
compared to the expected molecular mass of 21 297 Da forfourth heptad that form in the heterodimer, and (3) the
the heterodimer. presence of an asparagine in the second hegiaasition,
The preferential thermal stability of the B-E#V/) and suggest this system will remain dimeric as we change amino
A-RR34(V) mixture as determined by CD spectroscopy and acids in the third heptad position.
the dimeric state of the mixture as determined by analytical Mutants.We have chosen the third heptagosition as
ultracentrifugation suggest the equimolar mixture is a het- our guesthost position to examine the contribution of
erodimer. The 30°C increase in the stability of the different amino acids to dimerization stability and specificity.
heterodimer relative to the homodimers suggests this is aThe third heptada position is flanked by leucines in the
valuable guesthost system for examining the energetics of second and third heptatipositions and attractive interhelical
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Table 1: Molecular Masses of Protein Mixtures As Determined by

Analytical Ultracentrifugation

MW of the MW of the
protein mixture complex (Da) heterodimet(Da)
B-EEz4(V)/A-RR34(V) 21 300 21297
B-EEz4(V)/A-RR34(N) 22 300 21312
B-EEz4(N)/A-RR3z4(N) 21 800 21327
B-EEz4(L)/A-RR34(1) 21800 21325
B-EEz4(L)/A-RR34(N) 23 300 21326
B-EEz4(I)/A-RRa4(N) 21300 21326

a Apparent molecular mass of the protein complex as determined
by analytical ultracentrifugatior?. The expected molecular mass of the
equimolar mixture of B-Ek(X) and A-RRs4(X).

Table 2: Melting Temperatured ) of the Six B-ER4(X) (2 uM)
and Six A-RR4(X) (2 uM) Proteins Determined by Thermal
Denaturation Using CD Spectroscopy

Tm (°C)
B-EEz4(X) A-RR34(X) B-EEs4(X) and A-RRs4(X)
A 13.8 17.1 40
| 28.1 23.6 61.2
\% 20.5 26.5 57.6
L 20.2 22.4 56
N 11.3 14.4 50.1
K 11.0 13.3 254

g < € pairs. This is a typical structural environment found
in stable leucine zippers. In both B-EEV) and A-RRy-

(V), we have mutated the V in the third heptagosition to

A, I, L, N, and K, amino acids that are commonly observed
in the a position of human B-ZIP proteins1®). This
heterodimerizing system allows us to produce six homotypic
a—a' interactions and 30 heterotypge-a’ interactions. The

30 heterotypica—a’ interactions represent 15 interactions
that are each represented twice, e.g-lAand I-A interac-
tions.

Thermal Stabilities of the 12 Homodimeihe T,:s of the
six B-EEs4(X) and six A-RR(X) proteins are presented in
Table 2. The most stable protein is B-&f) with a Ty, of
28.1°C. Several of the proteins were so unstable that a low-
temperature baseline was undefined which precluded deter-
mination of the thermodynamic parameters for these dena-
turations. The aliphatic amino acids isoleucine, leucine, and
valine contribute more to stability than alanine, asparagine,
and lysine. The general pattern of stabilities is similar to what
we expect from previous studies in which homotypic
interactions in the position of coiled coils were examined
(29).

Thirty-Sixa—a' Interactions Produced by Heterodimers.
We have mixed the six B-ERX) proteins with the six
A-RR34(X) proteins to create 36 heterodimers. The ratio of
ellipticities (222 to 208 nm) was greater than 1.0 in all cases,
suggesting the heterodimers are forming a coiled coill
structure. Also, the mixture was dramatically more stable
than either of the homodimers, suggesting the mixtures are
heteromers. To ascertain the oligomeric state, we performed
analytical ultracentrifugations with five mixtures that pro-
duced thea—a' interactions (\-N, N—N, L—I, L—N, and
I—N). In all cases, the mixtures are dimeric (Table 1).

Thermal denaturations of these 36 mixtures, monitored by
circular dichroism spectroscopy at 222 nm, are fit well by a
two-state denaturation model, allowing thermodynamic
parameters to be determined (Table 3). Figure 4 presents

Table 3: Thermal StabilitiesAGs7 (kcal/mol)] of Heterodimerizing Proteifs

A-RR34(K)
AHnm

A-RRz4(N)
AHm

A-RRsz4(L)
AHnm

A-RRz4(V)
AHm

A-RR4(1)

AHn

A-RRs4(A)
AHm

AGz7
(kcal/mol)

Tm

AGg7

Tm

AGg7

Tm

Tm

AGg7

Tm AG
(°C) (kcal/mol) (kcal/mol) (°C) (kcal/mol) (kcal/mol) (°C) (kcal/mol) (kcal/rarzol) (°C) (kcal/mol) (kcal/mol) (°C) (kcal/mol) (kcal/mol) (°C) (kcal/mol)

AGg7

Tm

—7.7+0.13
—12.4+ 0.05
—10.5+ 0.02
—10.1+0.03

—8.8+0.03

—6.4+£0.2

—30.5
—93.3
—93.4
—78.8
—67.2
—48.5

—9.7+0.04 48.9
—9.44+0.01 51.0
—9.8+0.05 43.7

—11.7+0.01 37.6
—9.6+0.03 254

a2 Thermodynamic characterizations of the thermal denaturation profiles assuming a two-state denaturation: the thermal stability measueaedicyh@ism at 222 nm, including the melting temperature

(Tm, °C), the enthalphy change at the melting temperatdtd,{, kcal/mol), and the dimerization free energy extrapolated t6@BTAGs7, kcal/mol). The standard errors fdf, and AH,, determined from
the fitting procedure were typically not higher than 0@ and 1.5 kcal/mol, respectively. These errors were individually translated into the erk@sirby substituting the extrem&, and AHn, values in

the equation foAGgs.

—10.3+£ 0.1 26.0

—83.4
—-71.1
—81

—76.1
—99.3
—88.1

—11.6+ 0.1 46.0
—15.0+ 0.08 45.2
—13.7+£0.03 43.4
—14.5+0.04 45.0

—9.94+0.03 50.1
—10.8+ 0.03 43.7

—83.3
—79.5

—104.6
=77

—9.6+0.02 45.0

—14.7+0.02 55.7 —102
—11.2+ 0.1 46.0

—15.6+ 0.07 60.5 —100.7
—13.8£0.1 585

—11.7+£0.06 51.1

—111.2

—105
—89.8
—911

—13.3+0.06 49.7 —100.5

—18.5+0.07 58.2 —111.7
—9.9+0.08 43.8
—13+0.06 46.3

—15.4+ 0.1 57.6
—15.1+ 0.1 56.0

—102
—51.2
—90.2

—13.6+0.06 61.2 —126

—8.3+0.1 51.2

—9.3+£0.1 55.0
—11.6+0.04 60.6 —100

—11.6+0.07 58.0 —119
—10.2+0.05 47.3

—57.3
—106.5
—104.1

—89.1

—78.2

—74.1

B-EEs4(A) 40.0
B-EEs(l) 55.4
B-EEs(V) 49.2
B-EEs(L) 49.7
B-EEs«(N) 46.6
B-EEs(K) 34.2

Acharya et al.
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200 placed each of the six amino acids in both the BsEg)
Lo AC, 204  0.19) kealimol/ °C and A-RR(X) background, the mixture of these proteins
produces reciprocal heterotypéc-a’ interactions. For ex-
ample, we produce both an-A and an FA interaction.
These two reciprocal heterotypic interactions are not struc-
turally equivalent, but they are similar, as seen schematically
in Figure 7. The flankingl positions are identical, but the
surroundingg < € pairs are different. The majority of the
reciprocal interactions are energetically similar; e.g., thd V
and -V interactions differ by only 0.2 kcal/mol per dimer,
suggesting that the energetics of these interactions are not
dependent on surrounding structural elements. The similarity
I of the energetics of the reciprocal heterotypic interactions
1200 o also provides great confidence that the measurements are
[ o accurate.

a0 I I ; 1 = I I Thea—a' 'pair's contain'ing alani'ne aII(')w. an examiqation
2 0 5 © 5 w0 o 60 o5 of the contribution of a single amino acid in the-a' pairs
Tm, °C to stability. All the amino acids are stabilizing relative to
FiGURE 4: Plot of AHy (the enthalpy change at the melting @lanine except K. Among the aliphatic amino acids, isoleu-
temperature) v§,, (the melting temperature) for calculating the cine is 2.0 kcal/mol more stabilizing than either valine or
AG, (the constant-pressure heat capacity change) for the 36 proteinjeycine. The extra methylene in isoleucine relative to valine
mixtures thermally denatured. may be interacting intrahelically with the leucines in the

. neighboringd positions.
the Try versusAHy, plot for all 36 denaturations presented g aep

in this paper. A line fitted through these data has a slope Reciprocal a—ad' interactions containing K show the
(AC,) of —2.04= 0.19 kcal mot® °C. This is greater than greatest difference. In all five heteroty@e-a' pairs contain-

the AC, (—1.2 kcal mot™ °C-1) we have observed for a "9 K, when K is in B-ER,(K), thea—4' pairs are 0.60.8
series of mutations in thg and e positions of VBP 22). kcal/mol per dimer more stable than the recipraeaél pair
The heterodimer coiled coil structure between the basic With K in A-RRs4(K). The B-EE4(K) conformation is what
region of B-EB4(X) and the acidic region of A-RR(X) is observed in the FOS leucine zipper, where the lysine in
generates additional hydrophobic surface in the heterodimert"€ & POSition is surrounded by glutamic acids in thand
which would be expected to increase the, value. Using € Positions. X-ray crystal structures of the FOIUN
this calculatedAC,, we have calculated AGs, value for heterodimer indicate that a buried lysine makes intrahelical

each of the 36 denaturations (Table 3). FromAl@; values contacts with the negatively chargedr g position @3, 34).

-40.0-

kcal/mol
8
T

-80.0

A Hm,

-100.0-

presented in Table 3, the stabilities of the®5a’ interac- Calculated Coupl_ing Energies fa—a' Interactions.We _
tions relative to the A-A interaction AAG) were calculated  have used an alanine-based double-mutant thermodynamic
(Table 4). cycle to calculate coupling energies for thea’ interaction

There are six heterodimer mixtures that produce homotypic (35) (Table 5). All the homotypic interactions except those
a—a' interactions. The thermal stabilities ranged from,a  0f K have a negative coupling energy, suggesting the amino
of 25.4 °C for the B-ER4K)/A-RRs,(K) mixture that acids interact with each other to stabilize the structure. The
produced a KK interaction to 61.2°C for the B-ERq(l)/ magnitude of the coupling energy however is small, less than
A-RR34(I) mixture that produced anl interaction. The —1.0 kcal/mol per dimer. This is similar to the measured
fraction of monomer for these six denaturations is presentedcoupling energies for attractive interhelicgl<> € pairs
in Figure 5. The stabilities of these-a interactions relative ~ between E and R2@). The K—K coupling energy is slightly
to the A—A interaction are listed in Table 4. The descending destabilizing at 0.3 kcal/mol per dimer, indicating that the
order of stability is as follows: isoleucine is 9.2 kcal/mol lysines in thea—a' pair do not interact to destabilize the
per dimer, valine 5.4 kcal/mol per dimer, leucine 5.2 kcal/ structure. In contrast, lysines in tige< € pairs are more
mol per dimer, and asparagine 2.4 kcal/mol per dimer more repulsive with a coupling energy of 0.6 kcal/mol per dimer
stable than the AA interaction. The K-K interaction is  (23).

2.9 kcal/mol per dimer less stabilizing than the-A The heterotypi@—a’ coupling energies are all destabiliz-
interaction. ing except for those containing K. The heterotypic aliphatic
The mixture of six B-Ek4(X) proteins and six A-RR- (V—I, V—L, and I-L) coupling energies are slightly
(X) proteins creates 30 heteroty@ie-a interactions. As with destabilizing which is in contrast to the homotypic interac-

the homotypic interactions, CD spectra for each heterodimertions which are slightly stabilizing. The most destabilizing
show a 222 to 208 nm ratio of 1.0, suggestive of a coiled a—a’ coupling energies contain asparagine and an aliphatic
coil structure. Figure 6 shows that the-W heterotypic amino acid, ranging from 4.9 kcal/mol per dimer for arN
interaction is less stable than either the-N or V-V interaction to 2.8 kcal/mol per dimer for arHN interaction.
homotypic interactions, but none of the heterotypic interac- This is in contrast to the small stabilizing coupling energy
tions are as unstable as the-K interaction or as stable as  of —0.5 kcal/mol per dimer for the NN interaction. Lysine,

the -1 interaction. in contrast, has only small stabilizing coupling energies in

The 30 heterotypic interactions contain two versions of all its heterotypi@—a’ interactions which are all in the range
each of 15 differenta—a’ interactions. Because we have of —0.2 to—0.7 kcal/mol per dimer.
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Table 4: Energetic StabilityXAG) of Homotypic and Heterotypie—a' Interactions Relative to That of an-AA Interactior?

AAGz (kcal/mol)

A-RR3(A) A-RRa(1) A-RR3(V) A-RRa(L) A-RRz4(N) A-RR34(K)
B-EEz4(A) 0.0 —4.0+0.16 —2.44+0.16 —-2.3+0.2 —-1.0£0.2 1.6+ 0.23
B-EEs4(1) —4.3+0.16 —-9.24+0.17 —6.3+0.17 —-5.7+0.13 —0.4+0.14 —-3.1+0.15
B-EEz4(V) —-2.3+0.17 —6.1+0.2 —5.4+0.12 —-4.4+0.13 —-0.1+£0.11 —1.2+0.12
B-EEz4(L) —2.3+£0.14 —5.8+0.2 —45+0.2 —-5.2+0.14 —0.5+£0.15 —-0.8+0.13
B-EEz4(N) —0.9+0.15 —0.6+0.18 —-0.3+0.12 —-0.6+0.13 —2.4+0.11 0.5+ 0.13
B-EEz4(K) 1.0+£0.2 —3.7+£0.16 —1.9+0.2 -1.5+0.13 —-0.3+0.13 29+0.3

2The thermal stabilities of the 35 heterodimers were calculated relative to the thermal stability of alaning(f®/BERR34(A)] from the AGs;
values presented in Table 3. Interactions that are less stable than the alaainateraction are depicted in bold.

0
1.0 o B-E E4(X) | AR Ry4(X) A
0.8 - —_
2 £
5 -~
0.6
c 0.4 3
2 S -1.000
O *
©0.21 N
L =
0.0 1,500
T T v I T T ' 1
0 20 40 60 80 i
(o] T T T I T I M T
Temperature, °C 6 A © 0 pa
Ficure 5: Monomer fractions of the six heterodimer denaturations 0 B

that create homotypie—a’ interactions.

DISCUSSION g
~ -500

We have examined the energetic contribution to dimer- §

ization stability and specificity of six amino acids (I, V, L, _%0

N, A, and K) in thea position of the leucine zipper. Amino .
acids in thea position can interact interhelically to produce =%

ana—a’ interaction. To measure the coupling energy of this =z

interaction, we have used a heterodimerizing system based
on the VBP leucine zipper. The heterodimerizing system  _1,500-
allows us to study both homotypic and heterotypica’

interactions. Thus, we can complete an alanine-based double- T T T T T T T T
. . 0 20 40 60 80

mutant thermodynamic cycle and calculate the coupling 0

energy between amino acids in theanda’ positions. We C

have measured the thermal stability of 36 heterodimers which _ ]

contain six homotypic and 30 heterotygie @ interactions. _g S04 BEE,WIARR,MN

These data help unravel the structural rules that determine<>
the contribution of position amino acids to the dimerization
specificity of leucine zipper coiled coils. 3
Experiments that vary amino acids in theosition are e
complicated because they can modulate oligomerizatibn (
16). To avoid this complication, we used a system in which =
the other structural elements favor dimerization. To preserve
the dimeric structure, we avoided changing the asparagine 1
in the second heptad position of the guest host system;
instead, we mutated the valine in the third hepdambsition. 0 2 40 60 80
To add additional dimerization determinants to the het- Temperature, °C
erodimerizing system, we replaced the basic region oRR  Ficure 6: Circular dichroism thermal denaturations of proteins
(X) with an acidic region to generate A-BRX). This acidic monitored at 222 nm: (A) M B-EE3z4(V) and 2uM B-EEz4(N),
extension forms a coiled coil heterodimer with the basic (B) 2uM A-RR34(V) and 2uM A-RR34(N), and (C) B-El4(V)—
region of B-EE4(X). In all the mutants we examined, this ﬁ‘RRS§V): B-EEM(N)—Ah-RRM(N), and B-EBy(V)—A-RRy(N)
system creates heterodimers. ete'\a/To imers where each monomeric protein was at a concentration
Among the homotypia—a’ interactions, the hydrophobic o
amino acid +1, V-V, and L—L interactions are 9.2, 5.4, an A—A interaction. If an amino acid’s energetic contribution
and 5.2 kcal/mol per dimer, respectively, more stable than to stability is greater than the transfer free energy, which is

B-EE3,(N) | ARy, (N)
B-EE;,(V) | ARRy(V)
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B-EE34 (N} |A-RR34 (K)

B-EE34 (K) | A-RR34 (N)

Ficure 7: Cartoon of an end view of heterodimers that produce
reciprocala—a’ interactions that are energetically the most different
[B-EE34(N)—A-RR34(K) and B-EB4(K)—A-RRaz4(N)].

Table 5: Coupling EnergiesAAAG) for thea—a' Interactions
Relative to That of an AA Interactior?

AAAGg3; (kcal/mol)
A-RR34(l) A-RRas(V) A-RRa4(L) A-RR34(N) A-RRz4(K)
B-EEa4(l) -0.9 0.4 0.9 4.9 —-0.4
B-EEs4(V) 0.2 -0.7 0.2 3.2 -0.5
B-EEs4(L) 0.5 0.2 —0.6 2.8 -0.1
B-EEz(N) 43 3.0 2.6 -0.5 -0.2
B-EEs4(K) —0.7 -0.5 -0.2 -0.3 0.3

@2 The coupling energies of the 25 heterodimers relative to alanine
were calculated using th®AG values presented in Table 4. The error
for the coupling energies is given by the sum of the errors in the free
energy for the proteins comprising the double-mutant cycle and was
calculated to be approximatelty0.5 kcal/mol. Positive coupling energy
has been highlighted in bold.

Table 6: Estimation of the van der Waals Contacts for Amino
Acids in thea—a' Interactiort

ami_no AAGp AAGheiix AAGA — AAGhelix AAGyanster AAGpacking
acid (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
L-L -225 0.15 —2.40 —2.32 —0.08
1=l —4.6 0.54 -5.14 —2.46 —2.68
v-v 27 0.63 —3.33 —1.66 —1.67
A—A 0.0 0.0 0.0 —0.42 0.0
K—-K 1.45 0.08 1.37 1.35 0.02
N-N -1.2 0.7 -1.9 0.82 —2.72

a2 AAGa, is the free energy of unfolding for a single amino acid in
the monomer relative to alaninAAGheiix is the helical propensity of
amino acids relative to alanind8). AAGuanstervalues are the transfer
free energy values from rd. The difference betweefNAG, and the
sum of AAGyansieraNdAAGreiix is defined as the free energy of packing
(AAGpackim_:)-

Biochemistry, Vol. 41, No. 48, 20024129

Hodges and co-workers have also examined the energetic
contribution of homotypid—d’' anda—a’ interactions 19,

37) to dimeric coiled coil stability. Their experiments show
a preference for leucine in the position, being 0.4 kcal/
mol per residue more stable than isoleucine which is not as
dramatic a difference as we observe with leucine being 2.95
kcal/mol per residue more stable than isoleuci®®.(The
Hodges model coiled coil system indicates that valine is the
most stable aliphatic amino acid in thgosition, being 0.2
kcal/mol per residue more stable than isoleucine. This result
is in clear contrast to the data reported here where isoleucine
is 1.9 kcal/mol per residue more stable than valine. Table 7
presents a comparison of these data. The Hodges model
system has a glycine in the position of each heptad that
may weaken the rigidi-helix of the coiled coil. This could
allow more conformational flexibility and hydrophobic
repacking of thea andd positions and thus blurring of the
differences between amino acids. The natural VBP leucine
zipper in contrast does not contain glycines which should
result in more rigidu-helices that could reveal the different
properties of amino acids in the core of the coiled coil.
However, when weZ2, 23) and Hodges and co-workei3g)

use our different model systems to examine the contribution
of the g and e positions to protein stability, we come to
similar conclusions. This suggests that the energetics of
interhelical electrostatic interactions are not sensitive to
potential packing rearrangements.

Our study of thea position contributes to the systematic
studies of leucine zipper coiled coils that have examined
which amino acids are most stabilizing in thed, e, andg,
positions, the four positions that can interact interhelically.
On the basis of these data, the most stabilizing leucine zipper
would have isoleucine in tha position, leucine in thel
position @6), glutamic acid in they position, and arginine
in thee position @3). A two-heptad leucine zipper has been
designed that uses this collection of four amino acE; (

40) and may represent the most stable coiled coil.

Coupling energy calculations reveal how #rea’ interac-
tion of the coiled coil contributes to dimerization specificity.
The three aliphatic homotyp&—-a' interactions (*V, L—L,
and K1) stabilize the structure with a negative coupling
energy ranging from-0.6 to—0.9 kcal/mol per dimer. These
are of the same magnitude as the measured coupling energy
for the interhelical attractivg < € interaction. In contrast,
the aliphatic heterotypia—a’ interactions (\*I, V—L, | —L,

a measure of the entropic effect or hydrophobicity, it suggests! ~V» L=V, and L—I) have a positive coupling energy

the amino acid is uniquely packing in the structure (Table
6). This analysis suggests that the contribution of V and L
to stability is similar to their transfer free energy. In contrast,
the contribution of | to stability is more than twice the

transfer free energy, suggesting that | has some unique

packing properties. Isoleucine in theA and the A-1 a—a'

pairs also shows a stability greater than the transfer free

energy, indicating that the packing of | is not from thel |
a—a' pair. Possible packing occurs with the intrahelical
leucines in thed andd’ positions.

A dramatic difference in the contribution of aliphatic
amino acids to stability is also observed in thposition of
a coiled coil 86). In this position, it is leucine, not isoleucine,

ranging from 0.23 to 0.9 kcal/mol per dimer. Without a high-
resolution structure of these interactions, the physical basis
of the negative coupling energy for the homotypic interac-
tions is obscure. One possibility is that the homotypic
interactions contribute to coiled coil symmetry which is
stabilizing, while the heterotypic interactions disrupt the
coiled coil symmetry and thus are destabilizing.

The asparagine side chains in tea' interaction are seen
in both X-ray () and NMR @1, 42) structures to form an
intersubunit hydrogen bond surrounded by a hydrophobic
surface composed of thd position amino acids. The
coupling energy of this interhelical interaction, however, has
not been measured previously in either the homotypid\N
interaction or the heterotypic NX interactions. Our mea-

that contributes more to stability than the transfer free energy surements indicate that the coupling energy of theNN

would predict.

interaction is —0.5 kcal/mol per dimer. Comparing the
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Table 7: Comparison of tha andd Positions

AAG, at the AAG, at the

AAGp atthe AAG, at the a position, d position,
amino  apositior? d positior? positional difference Hodges’ datd Hodges’ data  positional difference  AAGyanster free enerdy
acid (kcal/mol) kcal/mol) a — d¢ (kcal/mol) (kcal/mol) (kcal/mol) a — df (kcal/mol) (kcal/mol)
| —4.6 —1.65 —2.95 —1.95 —-1.5 —0.45 —2.46
\Y 2.7 -1.1 -1.6 —2.05 —0.55 -15 —1.66
L —2.6 —4.6 2.0 —1.75 —-1.9 0.15 —2.32
N -1.2 - - —0.45 0.3 —0.75 0.82
A 0.0 0.0 0.0 0.0 0.0 0.0 —0.42
K 1.45 - - 0.2 0.9 -0.7 1.35

a Stability contribution per residue relative to alanine in ghposition (data from this study¥.Stability of amino acids in the position using
the VBP B-ZIP domain as the guestost system3g). ¢ Difference in the contribution to stability of amino acids in thandd positions. Stability
contribution of amino acids in tha position using a model coiled coil systermd]. © Stability contribution of amino acids in the position using
a model coiled coil system3y). ' Difference in the contribution to stability of amino acids in theandd positions (the model system data).
9 Transfer free energy of amino acids for transfer from water to octanol relative to glycine which is a measure of hydropHA@icity (

stability of the N-A, A—N, N—N, I—N, and N-1 a—a' pairs Oasis and ATF6 families of B-ZIP proteins, respectively.
and the coupling energy of the-N\N, I—N, and N-I a—a' Thus, it appears that asparagine has been used to define new
pairs gives some insight into the physical basis of the homodimerizing B-ZIP proteins throughout metazoan life by
coupling energies. The relatively smalt0.5 kcal/mol inhibiting interactions with leucine zippers that do not
coupling energy of the NN pair suggests that asparagine produce N-N homotypic interactions.

in the N=A, A—N, and N-N pairs is in a hydrophilic We know of two structural situations that are used by
environment. In the NA pair, asparagine hydrogen bonds B-ZIP leucine zippers that prevent heterodimerization. One
with water, while in the N-N pair, asparagine hydrogen s to have proteins witly < € pairs that are opposite in
bonds with the second asparagine in theN pair. The  orientation. For example, if one partner has amR g <
crystal structure of the APC tumor suppressor showsaAA ¢ pair and the second partner has arFE g < € pair, the
a—a pair contains water molecules in the interior of the heterodimer is disfavored because it produces a repulsive E
interface 43). In the N—I and I-N pairs, however, aspar- < E g < € pair and a repulsive R> R g < € pair. We
agine is unable to hydrogen bond because it is buried in acalculate this would destabilize heterodimerization with PAR
hydrophobic environment, resulting in a coupling energy for proteins containing an £ R salt bridge in the third position
the N—1 interaction that is destabilizing (4.3 kcal/mol). The py 2.9 kcal/mol £3). Reversal of a single salt bridge has
one aspect of this description that is unexpected is the low been shown experimentally to prevent heterodimerization
coupling energy of the pair. One might have expected (24). The second situation is described in this paper. The
that if the NI pair buried the N which is energetically costly  placement of N in the position can produce a stabilizing
then the +I pair would have buried the I, resulting is a more  homotypic N-N a—a' interaction, but the heterotypic
significant calculated coupling energy for thellpair. interaction with the aliphatic amino acids, the typical amino
It was demonstrated earlier, but only in a qualitative way, acids in this location of a leucine zipper, is disfavored.
that buried asparagines in the dimer interface can determineinterestingly, the energetic cost of forming a heterodimer
dimerization specificity 20). This analysis shows quantita-  with the N-V a—a' pair is similar to the cost of forming a
tively that asparagine can regulate dimerization specificity heterodimer with a repulsive E> E g < € pair and a
by preventing heterodimerization with aliphatic amino acids. repulsive R~ R g < € pair.
This.“negative design_” which was fir_s.t theorized by Hurst Of the six amino acids examined in theposition, only
(44) is also observed in thg ande positions of the leucine  |ysine preferred to form heterotypic interactions. Lysine is
Zipper coiled coil 45, 46). The preferential heterodimeriza-  {5und in thea position of all the heterodimerizing B-ZIP
tion of the FOS and JUN leucine zippers is because of the proteins, including FOS, CNC, and L-MAF. Lysine is in the
repulsive interhelicafj <> € pairs containing glutamate that 5 position of the second and fourth heptads of FOS, the
prevent FOS homodimerization, helping to drive heterodimer- ¢acond and third heptads of CNC, and the first heptad of
ization with JUN. We measure a positive coupling energy | _MAF. The FOS-JUN heterodimer forms a KN a—a’

for the' E<> E g~ € pair of 0.8 kcal/mol, while the E~ R interaction in the second heptad and @\ a—a' interaction

g <> € pair has a negative coupling energy 60.5 kcal/ in the fourth heptad. Our measurements suggest that lysine
mol (23). Thus, it appears that coiled coil dimerization §ges not discriminate between the-K and K-V hetero-
specificity in both theg <= € interaction and thea—a' typic a—a interaction.

interaction is primarily governed by preventing repulsive
interactions.

A recent examination of the B-ZIP proteins in both the
Drosoph_lla (.47) and hu_man 12 genomes showed _that of the leucine zipper can favor either homodimerization or
asparagine is common in tteeposition of B-ZIP proteins. heterodimerization
As has been observed previously, asparagine occurs in the '
second heptad position of most B-ZIP proteins, including  AckNOWLEDGMENT
all homodimerizing proteins. In bofdrosophilaand humans,
asparagine is found in the fourth heptagosition and the We thank Dmitry Krylov and Vikas Rishi for advice and
third and fifth heptada positions of the homodimerizing encouragement.

The heterodimerizing gueshost system we introduce in
this paper has been used to assess homotypic and heterotypic
a—a interactions. These data demonstrate thaatpesition
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