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Background: The leucine zipper is a protein struc-
tural motif involved in the dimerization of a number
of transcription factors. We have previously shown that
peptides corresponding to the leucine-zipper region
of the Fos and Jun oncoproteins preferentially form
heterodimeric coiled coils, and that simple principles
involving electrostatic interactions are likely to determine
the pairing specificity of coiled coils. A critical test of
these principles is to use them as guidelines to design
peptides with desired properties.

Results: Based on studies of the Fos, Jun and GCN4
leucine zippers, we have designed two peptides that
are predominantly unfolded in isolation but which,
when mixed, associate preferentially to form a stable,
parallel, coiled-coil heterodimer. To favor heterodimer
formation, we chose peptide sequences that would
be predicted to give destabilizing electrostatic interac-
tions in the homodimers that would be relieved in

the heterodimer. The peptides have at least a 105-fold
preference for heterodimer formation, and the dissocia-
tion constant of the heterodimer in phosphate-buffered
saline is approximately 30nM at pH7 and 20°C. Stud-
ies of the pH and ionic strength dependence of sta-
bility confirm that heterodimer formation is favored
largely as a result of electrostatic destabilization of the
homodimers.

Conclusions: Our successful design strategy supports
previous conclusions about the mechanism of interac-
tion between the Fos and Jun oncoproteins. These re-
sults have implications for protein design, as they show
that it is possible to design peptides with simple se-
quences that have a very high preference to pair with
one another. Finally, these sequences with “Velcro™-like
properties may have practical applications, including use
as an affinity reagent, in lieu of an epitope tag, or as a
way of bringing together two molecules in a cell.
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Background

Structural and energetic studies of leucine-zipper pep-
tides [1-4] and analyses of coiled-coil sequences [5-8]
suggest that simple principles may determine the speci-
ficity of pairing for coiled coils. A critical test of these
principles is to use them as guidelines in the design of
peptides with desired properties.

One strategy to promote preferential pairing between
two peptides is to design their sequences so that the
heterodimer has specific stabilizing interactions. For
example, sequences could be designed to pack prefer-
entially at the hydrophobic interface in a heterodimer.
However, attempts to design heterodimeric coiled coils
with leucine-alanine interactions at the dimer interface
did not result in heterodimers that are more stable than
both corresponding homodimers [9].

Sequences that result in favorable electrostatic interac-
tions between the helices in a heterodimer could also
be designed. Circular dichroism (CD) studies of the
leucine zipper of the yeast transcription factor GCN4,

however, suggest that it may be difficult to stabilize a
leucine zipper with interhelical ionic interactions. Stud-
ies of the GCN4 leucine zipper have shown its ther-
mal stability does not.depend strongly on pH or ionic
strength (the melting temerature, Ty, in solution in
PBS is 51°C, 57°C and 49 °C at pH2,7 and 11, respec-
tively, and the T, is 57°C £ 2°C from 15mM to 1.5M
NaCl at pH7). This suggests that ion pairs observed
in the crystal structure of this peptide [3] may not be
significantly stabilizing.

A less obvious strategy to promote heterodimer
formation is illustrated by the Fos/Jun leucine-zipper
heterodimer, in which preferential pairing of the Fos
and Jun peptides is driven primarily by the destabi-
lization of the Fos homodimer [1,4). Unfavorable in-
terhelical electrostatic interactions substantially destabi-
lize the Fos homodimer, thereby favoring heterodimer
formation. We chose to design a heterodimeric coiled
coil consisting of two peptides that would have many
unfavorable interhelical electrostatic interactions in the
homodimeric states,

*Velcro’ is a registeféd trademark of Velcro USA Inc, Manchester, New Hampshire, USA. T Present address: School of Medicine,
Department of Biochemistry and Biophysics, Box 0448, University of California, San Francisco, California 94143, USA.

Correspondence to: Peter S. Kim.

©Current Biology 1993, Vol 3 No 10



Peptide ‘Velcro': design of a heterodimeric coiled coil O'Shea, Lumb and Kim

RESEARCH PAPER

Results and discussion

Peptide design

The coiled-coil structure consists of two right-handed
o-helices wrapped around one another with a slight
lefthanded superhelical twist [10-12]. This structural
motif is found in many proteins, including tropo-
myosin, keratin, bacterial surface proteins, leucine-
zipper proteins and tumor suppressor gene products
[12-16]. The sequences of coiled-coil proteins con-
sist of heptad repeats, where positions of the hep-
tad are labeled with the letters a~g [5,17]. Analysis
of these sequences has shown that coiled-coil pro-
teins have a characteristic 43 hydrophobic repeat,

with hydrophobic amino acids spaced every four and

then every three residues [5,17]. The hydrophobic
residues occur at positions a and d of the heptad
repeat, whereas residues at positions e and g are
predominantly charged (Fig. 1a).

These sequence preferences were rationalized by
McLachlan and Stewart [S] with a three-dimensional
model for the coiled coil. Experimental support for this
model is provided by the X-ray.structure of the GCN4
leucine-zipper homodimer [3], a two-stranded, paral-
lel coiled coil. The structure of the coiled coil can be
represented as 4 ladder, in which the helix backbones
are the sides of the ladder and the rungs are comprised
of residues at the dimer interface (Fig. 1a). There are
two types of rung, each containing four residues, which
alternate along the superhelical axis. One type of rung
consists of residues from positions a, a’, g, g', and the
second type of rung has residues from positions d, d’,
e, €'. Residues-at positions e and g can also participate
in interhelical jonic interactions (Fig. 1a).

The stability of homodimers containing residues of like
charge at positions e and g is strongly pH-dependent
(1,4], which can be explained by reference to the crys-
tal structure of the GCN4 leucine zipper [3]. Side-chain
methylene groups of residues at positions e and g
pack against the predominantly hydrophobic residues
at positions a and d, completing the dimer interface

(Fig. 1b) and bringing together charged groups of side

chains from opposing subunits (Fig. 1a). Thus, if posi-
tions e and g are occupied by residues of like charge,
destabilization of the dimer is expected to result from
electrostatic repulsion as well as loss of hydrophobic
contacts.

The two peptides that we have designed differ only
at positions e and g (Fig. 2). Glutamic acid was cho-
sen for these positions in one peptide, designated
ACID-pl, whereas lysine was chosen in a second pep-
tide, designated BASE-pl. The ACID-p1 and BASE-pl
homodimers are expected to be destabilized at neutral
pH by unfavorable, electrostatic interactions. Leucine
was chosen for posjtions a and d because it is the
most common amina-acid at these positions in coiled-
coil proteins {6-8] and because Hodges {18,19] and
DeGrado [20] have placed leucine at these positions

@

Fig. 1. Schematic representations of the coiled-coil structure
illustrating the interactions between residues at the dimer inter-
face. (@) The coiled-coil structure can be thought of as a lad-
der with sides formed by the helix backbones and alternating
rungs composed of four residues. A side view of a coiled coil
is shown: the positions of the heptad of one subunit are labeled
with the letters a~g; residues a’—g’ are on the other subunit. One
set of rungs (red) consists of side chains from positions a, a’, g,
g', whereas the second set (blue) consists of side chains from po-
sitions d, d’, e, e’ (only a, g’, d and e’ are marked). Residues at
positions e and g pack against positions a and d, as well as par-
ticipating in interhelical electrostatic interactions, which are indi-
cated with bridges. For simplicity, the supercoiling of the helices
is not depicted. (b) Schematic cross section through the dimer,
illustrating the interactions between four residues in a rung. The
large circles represent the helical backbone and line segments
represent bonds between carbon atoms. As an example, a rung
consisting of leucine at position d and glutamate at position e
is shown. Residues at positions d and d' make side-to-side inter-
actions, as in a handshake. Additionally, methylene groups from
residues at the charged positions e and e’ make contacts with the
hydrophobic residues at positions d and d'. These types of inter-
action are also seen in the other type of rung, in which methylene
groups from residues at positions g and g’ make contacts with
residues at positions a and a’.

in simple designed homomeric coiled coils. A single
asparagine residue was placed at position a in the sec-
ond heptad to favor the paralle] orientation of helices.
Replacing a hydrophobic residue (at position a) with
an asparagine in a leucine zipper that has little intrinsic
preference for helix orentation results in a marked
preference for the parallel orentation (R Rutkowski,
EKO and PSK, unpublished observations).

A polar residue is often found at an a position in the
sequences of leucine-zipper proteins, including GCN4
[21]. In the crystal structure of the GCN4 leucine
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ACID-p1

Fig. 2. Helical wheel representation [5,17] of the ACID-p1/BASE-pT
heterodimer. ACID-p1 differs from BASE-p1 only at positions e
and g, where ACID-p1 contains glutamate and BASE-p1 con-
tains lysine. The homodimers of these peptides are expected to
be destabilized by unfavorable intrahelical and interhelical elec-
trostatic interactions arising from residues at positions e and
g This destabilization is expected to be relieved in the het-
erodimer. The view shown is from the amino termini, look-
ing down the superhelical axis. The peptide sequences begin
at position b and end at position . The sequence of peptide
ACID-p1 is: Ac—AQLEKELQALEKENAQLEWELQALEKELAQ-NH,;
the sequence of BASE-p1 is Ac~AQLKKKLQALKKKNAQLKWK-
LQALKKKLAQ-NH,.

zipper, in which the helices have a parallel orientation,
an asparagine is part of the dimer interface and forms
a buried hydrogen bond with the corresponding as-
paragine from the opposing subunit [3]. An asparagine
at position a is expected to disfavor an antiparallel ori-
entation of helices, because each asparagine (at posi-
tion a) would be paired with a leucine (position d)
from the opposing subunit. Based on similar reasoning,
an asparagine at position a is expected also to favor
an unstaggered arrangement of the helices [3].

The peptides contain alternating alanine and glutamine
residues at positions b and ¢. Uncharged residues were
desired at these positions in order to avoid substan-
tial electrostatic interactions with adjacent residues at
positions e and g (Fig. 2). In addition, alanine and
glutamine residues promote helix formation (20,22,23]
and the polar glutamine side chain is expected to
increase solubility [24]. Lysine was chosen for the
residues on the outside of the dimer at position f to
increase the solubility of the peptides and to discour-
age aggregation. One residue at position f was chosen
to be a tryptophan in order to facilitate concentration-
determination by absorbance {25].

The ACID-p1/BASE-p1 heterodimer is helical and stable

CD spectra indicate that the individual ACID-pl and
BASE-p1 peptides are predominantly unfolded at 37°C
and pH 7 in phosphate-buffered saline (PBS) (Fig. 3a).
In contrast, the €D spectrum of an equimolar mixture
of ACID-p1 and BASE-pl indicates that the mixture is
highly helical (Fig. 3a). This helical structure is stable:
at a heterodimer concentration of 5 puM, the Ty is 65°C
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Fig. 3. The ACID-p1 and BASE-p1 peptides show little evidence
of structure in isolation, but when mixed form a stable, helical
structure. (a} The ACID-p1 and BASE-p1 peptides are predomi-
nantly unfolded in PBS (pH 7.0, 37 °C), but a mixture of the pep-
tides forms a highly helical structure characterized by CD min-
ima at 222 nm and 208 nm. (b) The structure of the ACID-p1 plus
BASE-p1 mixture is stable and uhdergoes a cooperative unfold-
ing transition with a midpoint at approximately 4.5M urea (PBS,

- pH7.0, 37 °C). In contrast, isolated ACID-p1 and BASE-p1 peptides

show no evidence for significant folding.

in PBS at pH7. In addition, whereas a urea-induced
unfolding transition is observed for the heterodimer,
the isolated peptides show no evidence for cooperative
unfolding (Fig. 3b). Sedimentation equilibrium stud-
ies of an ACID-p1 plus BASE-pl mixture at 20°C in
PBS, pH 7 indicate definitively that it has the molecular
weight expected for the heterodimer: the observed
molecular weight is 7200D (the expected molecular
weight is 7123 D). Thus, the ACID-p1 and BASE-p1 pep-
tides associate preferentially and fold as a stable, helical
heterodimer.

The amide proton exchange behavior of the
ACID-p1/BASE-p1 heterodimer was characterized by
nuclear magnetic resonance (NMR) spectroscopy. A
coiled-coil dimer with a well-packed hydrophobic core
is expected to have some protons protected from ex-
change by factors approaching the equilibrium con-
stant for folding of the molecule. For example, several
amide protons in a GCN4 leucine-zipper peptide have
protection factors of 105-106, comparable to the equi-
librium constant for folding [26]. In contrast, slowly
exchanging protons in the designed four-helix bundle



Peptide ‘Velcro’: design of a heterodimeric coiled coil O'Shea, Lumb and Kim

RESEARCH PAPER

h
o N oo

9.2 88 84 80 76
ppm

Fig. 4. Several amide protons are protected from exchange by
a factor of at least 104 suggesting that the interface between
helices in the ACID-p1/BASE-p1 heterodimer has a well-defined
structure. A region of the one-dimensional TH-NMR spectrum
containing resonances arising from the amide and aromatic pro-
tons is shown. The top spectrum is taken in HyO (0 hours) and
the bottom spectrum is taken 70 hours after the sample was dis-
solved in D,0- (pH4.7, 20°C). The dissociation constant meas-
ured by urea denaturation (see later, Fig. 8a) indicates that a
1M solution of peptide would have a free energy of unfolding
at 20°C, pH7.0 of —10.Tkcal mol~7. The concentration depen-
dence of stability is given by AG? = AG + RTIn(c), where AG is
the standard state free energy and c is the concentration of pep-
tide. Thus, a 3mM peptide solution at 20°C, pH7.0 is expected
to have a free energy of unfolding of — 6.7 kcalmol~". Because
the stability of the ACID-p1/BASE-p1 heterodimer is independent
of pH from pH7 to pH4.5 (Fig. 5a), the free energy of unfold-
ing under the exchange conditions (pH 4.7, PBS) is estimated to
be — 6.7 kcal mol —7, corresponding to an equilibrium constant of
105. At pH 4.7, 20 °C the half-time for exchange of an unprotected
amide proton is approximately 0:4 minutes {43]; thus, protons that
are half-exchanged after 70 hours have protection factors of 104

a4 are protected from exchange by factors of only
103-105, compared to the maximum of 1016 expected
from the global stability of the molecule [27,28]. These
NMR data and the results of other experiments suggest
that a4 contains fluctuating tertiary structure [28,29}.

The global stability of the ACID-pl/BASE-pl het-
erodimer, under the conditions in which hydrogen ex-
change was studied, is —6.7kcal mol~!. Thus, the
maximum degree of protection from exchange is ex-
pected to be about 105. At a time when protons that
are protected by a factor of approximately 104 are ex-
pected to be half-exchanged, twelve amide proton res-
onances are present in the spectrum (Fig. 4). This sug-
gests strongly that the interface between the ACID-pl
and BASE-p1 helices is well-packed [28,29].

Characterization of the disulfide-bonded heterodimer
and homodimers

Our design predicts that the ACID and BASE pep-

tides will fold as parallel, helical dimers but, at pracg-
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cal peptide concentrations, the ACID-p1 and BASE-p1
homodimers are too unstable to study. One way to
stabilize dimeric coiled-coil peptides is to join the pep-
tides with a disulfide-bond linker {1,2,19,30,31]. There-
fore, versions of the ACID and BASE peptides con-
taining an amino-terminal cysteine followed by two
glycines, designated ACID-pIN and BASE-p1N, were
made and studied. The glycines allow disulfide-bond
formation without distortion of the coiled-coil structure
[2]. CD studies demonstrate that the disulfide-bonded
heterodimer and homodimers are greater than 80 %
helical at 0°C and that a cooperative thermal unfold-
ing transition is observed for each dimer, indicating
that the ACID and BASE homodimers can fold when
stabilized with a disulfide-bond linker,

To determine if the orientation of the helices is paral-
lel, the concentration dependence of stability was stud-
ied for each of the disulfide-bonded peptide dimers
[1,2]. A dimer in which the helices are joined in the
preferred orientation is expected to have stability and
structure that is independent of peptide concentration.
Alternatively, a dimer in which the helices are covalently
linked in the unfavorable orientation is expected to
have concentration-dependent stability and structure,
arising from the intermolecular association of dimers.

When the ACID-pIN and BASE-p1N peptides are joined
with a disulfide bond (that is, with a parallel orienta-
tion), the Ty, of the heterodimer and each homodimer
was found to be independent of peptide concentration
from approximately 2.5 to 170 uM (see Fig. 5 legend).
In contrast, when the heterodimer is disulfide-bonded
in the antiparallel orientation (by joining the peptide
ACID-pIN to a BASE peptide that has a carboxy-ter-
minal sequence Gly-Gly—Cys), the CD signal is depen-
dent on peptide concentration, indicating that higher-
order oligomers are formed. In PBS, pH 7.0 containing
2.25 MGuUHCl at 0°C, the [8],, values of the antiparal-
lel heterodimer change from — 11 100 degcm?2 dmol —1
at 9pM to — 25300 degcm2dmol —1 at 25 uM. Collec-
tively, these results indicate that the folded conforma-
tions of the ACID and BASE heterodimer and homod-
imers are parallel.

Mechanism of specificity

Our design strategy sought to drive heterodimer for-
mation by electrostatic repulsion in the homodimers.
Nonetheless, because the ACID and BASE peptides
contain oppositely charged residues at the € and g
positions of the coiled-coil repeat, it is very plausible
instead that electrostatic attraction between these pep-
tides provides a major driving force for heterodimer
formation.

661
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Fig. 5. The pH-dependence of stability indicates that the ACID
and BASE homodimers are destabilized by unfavorable electro-
static interactions, whereas the net electrostatic contribution
to the stability of the heterodimer is minimal. @) The stabil-
ity of the heterodimer, measured in the absence of a disul-
fide bond, is relatively independent of pH. (b) In contrast, the
T, of the disulfide-bonded ACID-pIN homodimer increases at
fow pH and the T, of the disulfide-bonded BASE-p1N homod-
imer increases at high pH. (¢} The stability of the disulfide-
bonded ACID-pIN/BASE-pIN heterodimer in 3M GuHCI in-
creases at low pH, suggesting that the heterodimer is some-
what destabilized by acidic residues at neutral pH. In PBS
and at pH7, the T, .values of the disulfide-bonded ACID-p1N/
ACID-p1IN, BASE-pIN/BASE-pIN, and ‘ACID-p1/BASE-pT dimers
are 214 1°C,%66 & 1°C and > 100°C, respectively, over the
concentration range 2.5-170 pM. Because the disulfide-bonded
ACID-pTIN/BASE-pIN heterodimer is too stable to denature ther-
mally, the Ty, of a 2.5 uM solution of heterodimer was measured
in PBS containing 3M GuHCI and determined to be 62 + 1°C.

Assuming that one of these mechanisms predominates,
some simple predictions can be made about the pH-
and ionic strength-dependence of stability. If electro-
static destabilization of homodimers is dominant, then
the homodimers will be more stable when the charges
are removed by titration at extremes of pH or when the
ionic strength is increased. In contrast, if electrostatic
attraction between the ACID and BASE peptides in
the heterodimer provides the dominant driving force
for preferential heterodimer formation, then the het-
erodimer will be less stable as charges are removed by
titration at pH extremes (that is, a bell-shaped curve for
the pH dependence of stability would result) and the
stability of the heterodimer should decrease at higher
ionic strength.

The stability of both homodimers in the more sta-
ble disulfide-bonded species is highly dependent on
both pH and ionic strength (Figs 5 and 6). The T,
of the ACID-pIN/ACID-p1N homodimer is more than
80 °C higher at acidic pH than at pH 7, indicating clearly
that it is destabilized by negatively charged residues
at neutral pH (Fig. 5b). Similarly, the BASE-p1N,
BASE-p1N homodimer is approximately 20 °C more sta-
ble at basic pH than at pH 7, indicating that it is destabi:
lized at neutral pH by positively charged basic residues
Both homodimers are stabilized substantially by in
creasing ionic strength at neutral pH (Fig. 6b), indicat
ing that they are destabilized by repulsive electrostatic
interactions.

At neutral pH, the BASE-pIN/BASE-pIN homodime
is substantially more stable than the ACID-pIN
ACID-pIN homodimer (Fig. 5b). It is likely that par
of the reason for this difference in stability is the dif
ference in the length of the side chains of residue
at positions e and g. Whereas ACID-pIN has glute
mate, containing two methylene groups, at position
e and g, BASE-pIN has lysine, which contains fou
methylene groups. The longer lysine side chain allow
for more flexibility and better solvation of the term
nal charged group. This is supported by studies ¢
BASE peptides containing the non-natural amino acic
ormithine (ORN-p1; three methylene groups) or di:
minobutyric acid (DAB-pl; two methylene groups) :
positions e and g. Unlike BASE-p1N, disulfide-bonde
homodimers containing these non-natural amino acic
do not show evidence for structure at 0°C, nor fc
a cooperative thermal unfolding transition. Additios
ally, the stability of the corresponding ACID/BAS
heterodimer decreases with decreasing side cha
length: in PBS at pH 7, the disulfide-bonded ACID-p1?
DAB-p1N and ACID-p1N/ORN-p1N heterodimers ha
T,, values of approximately 63°C and 80°C, respe
tively (the ACID-p1N/BASE-p1N heterodimer has a1
over 100°C).

Because the disulfide-bonded ACID-pIN/BASE-p]
heterodimer is exceedingly stable, the pH and ior
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amino-terminal disulfide-bonded ACID-p1N/BASE-pIN
heterodimer remains dimeric at pH2: the observed
molecular weight was 7200D at pH2 and 7700D at
pH 7 (the expected value is 7556 D). Thus, the neg-
atively charged glutamate residues have a net destabi-
lizing effect in the heterodimer.

Fig. 6. The ionic strength-dependence of stability indicates that
the ACID and BASE homodimers are destabilized by unfavorable
electrostatic interactions, whereas the net electrostatic contribu-
tion to the stability of the heterodimer is minimal. (a) The stability
of the heterodimer, measured in the absence of a disulfide bond,
is relatively independent of ionic strength. (b) In contrast, the sta-
bility of the disulfide-bonded homodimers increases at high ionic
strength.

strength-dependence of stability for the heterodimer
was studied in the absence of a disulfide bond. At pH7,
the stability of the ACID-p1/BASE-pl heterodimer is
relatively independent of ionic strength (Fig. 6a). In
addition, there is little change in the stability of the het-
erodimer between pH 4.5 and pH 9 (Fig. 5a). It is, how-
ever, difficult to assess the stability of the heterodimer
at extremes of pH (< 3.5 and > 10.5) because at these
pH extremes the thermal denaturation curves corntain
evidence for more than one transition, suggesting that
other species, such as homodimers, are formed or that
folding is not two-state.

To evaluate the stability of the heterodimer at extremes
of pH, the pH-dependence was also studied in the
presence of the disulfide bond but in 3M GuHCI to
destabilize the heterodimer (Fig. 5¢). A comparable
concentration of NaCl has little effect on the stability of
the heterodimer (Fig. 6a). The striking result is that the
stability of the disulfide-bonded heterodimer increases
by approximately 25 °C at low pH (Fig. 5¢). Sedimen-
tation equilibrium studies show definitively that the
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Fig. 7. 13C-NMR spectroscopy indicates that the pK, values for the
glutamic acid side chains in the heterodimer are close to normal,
or slightly increased, in PBS at 20 °C. (a) The changes in chemical
shift with pH of the carboxylate 13C resonances of AcGluOMe
indicate that the pK, of the carboxylic acid group of AcGluOMe
is 4.5. (b) The changes in chemical shift with pH of the carboxylate
13C resonance of disulfide-bonded ACID-pTN/BASE-p1N indicates
that the pK, values of the glutamic acid residues are either close
to normal (pK, = 4.4, W, and pK, = 4.9, &) or slightly increased

(pK, = 5.2-53, O).

The measurements described above do not, however,
rule out extremely large pK, shifts for some ionizable
groups in the heterodimer, which can result from sta-
ble salt bridge formation (for example, see [32]). The
pK, values for the glutamic acid residues in the het-
erodimer were therefore measured directly by natural-
abundance 13C NMR. The disulfide-bonded form of the
heterodimer was studied to prevent formation of alter-
nate species such as the ACID homodimer at low pH. In
contrast to the decrease in pK, expected if the glutamic
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acid residues were involved in stabilizing salt bridges,
the observed pK, values for all glutamic acid residues
in the heterodimer are close to or higher than the pK,
for blocked glutamic acid measured under the same
conditions (Fig. 7).

The finding that some of the glutamic acid residues
have increased pK, values is consistent with the ob-
servation that the heterodimer is more stable at low
pH (Fig. 5¢). The most likely explanation for the in-
creased stability at low pH is that electrostatic repulsion
between the glutamic acid residues in the individual
ACID helix is destabilizing, even in the heterodimer.
Similarly, the Fos/Jun leucine-zipper heterodimer [1,4]
and previously designed coiled coils that contain acidic
residues at positions b and e [18,19] are more stable
at low pH than at neutral pH, suggesting that there
is substantial electrostatic repulsion within the helices
of these coiled coils at neutral pH [14]. In general,
however, intrahelical destabilization can be minimized
in designed coiled coils by utilizing a 14-residue repeat
in which residues at a particular position in the heptad
repeat are different.

It is puzzling that these studies do not indicate that
interhelical salt bridges substantially stabilize the het-
erodimer, given that the heterodimer has charged side
chains that might be expected to form salt bridges
of the same type seen in the crystal structure of the
GCN4 leucine zipper [3]. It is possible that salt bridges
do not form in the heterodimer. Alternatively, the salt
bridges may form but not be significantly stabilizing,
as appears to be the case for the GCN4 leucine-
zipper peptide. Finally, the stabilizing effect of salt
bridges could be offset by destabilizing factors. For ex-
ample, the protonated form of a glutamic acid residue
has a higher helix propensity than the ionized form
[33, 34] and, as discussed above, electrostatic repulsion
between residues of like charge within the ACID pep-
tide helix is destabilizing even within the heterodimer.

Even if stabilizing salt bridges are present in the
heterodimer, these results indicate that the net
electrostatic contribution to specificity from the het-
erodimer per se is either minimal or unfavorable. In
contrast, both homodimers have stabilities that are de-
pendent strongly on pH and ionic strength, in a man-
ner that would be expected if the homodimers have
substantial net destabilizing electrostatic interactions at
neutral pH. We conclude that our design strategy was
successful: preferential heterodimer formation is driven
primarily by destabilization of the homodimers.

Quantitation of specificity

Because the preference for heterodimer formation in
a mixture of the ACID and BASE peptides is so large,
the rato of heterodimer to homodimer cannot be
measured readily*from an equilibrium mixture of the
two peptides. However, the degree of specificity can
be estimated because Kspee, the equilibrium constant
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Fig. 8. Estimation of the dissociation constant for the
ACID-p1/BASE-p1 heterodimer and homodimers. (a) The disso-
ciation constant for the ACID-p1/BASE-pT heterodimer is esti-
mated to be 3x10~8M from a curve fit of the urea dependence
of the CD signal (the line from this fit is shown). (b) The disso-
cistion constants for the homodimers of ACID-pT and BASE-p1,
estimated from plots of the CD signal at 222 nm as a function of
peptide concentration, are greater than 5x 1073 M and approx-
imately 1x1073M respectively.

describing the ratio of heterodimer to homodimers,
can be expressed in terms of the dissociation constants
for each dimer [4]. Assuming a two-state model for
monomer-dimer equilibrium,

Kspec = Kqg (AB)/[Kq4 (AA) 1/2 x K4 (BB) 1/2 ]

where Ky (AB), Ky (AA) and K4 (BB) are the dissoci-
ation constants of the ACID-p1/BASE-pl heterodimer,
the ACID-p1 homodimer and the BASE-pl homodimer,
respectively.

The dissociation constant for each dimer was deter-
mined so that the degree of specificity, AGgpe., given
by —RTInKpec, could be estimated. A d1ssoc1at10n
constant of 3x10 8M for the ACID-p1/BASE-p1 het-
erodimer was determined by fitting the CD signal as a
function of urea concentration to a monomer—dimer
equilibrium (Fig. 8a). An estimate of the dissociation
constant for each homodimer was obtained from meas-
urements of the helical CD signal as a function of
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peptide concentration. The dissociation constant for
the BASE-pl homodimer is approximately 1x10~3M
and that for the ACID-pl homodimer is greater than
5x1073M (Fig. 8b). These dissociation constants
place a lower limit on the degree of preference for
heterodimet; AGgpec, of —6.5kcalmol~1 (> 105-fold
preference for heteroduner)

A different, albeit less reliable, estimate of specificity
can be made by measuring the difference between
the T, of the heterodimer and the average of the
Ty values for the homodimers [4]. This difference
(AT,,) has been measured for other disulfide-bonded
leucine-zipper peptides and has been shown to be
related t0 AGgpe. by a proportionality constant of
7.4°C/kcalmol~1 [4]. ATy, for the amino-terminally
disulfide-bonded ACID-p1N and BASE-p1N peptides is
greater than 56 °C (see Fig. 5 legend). If the same pro-
portional relationship between ATy, and AGgpe. exists
with the ACID and BASE peptides, this lower limit for
ATy, implies that AGg,.. is at least —7.5kcalmol~!
(greater than 1056 foldp preference for heterodimer).

Thus, the heterodimer is preferred over the ACID-pl
and BASE-p1 homodimers by at least 10>-fold. This de-
gree of specificity is much greater than that observed
for the Fos and Jun peptides, which show only a 102-
fold preference for heterodimer formation [4]. The in-
creased specificity of the ACID/BASE heterodimer is
likely to result from the increased number of repulsive
interactions in the designed homodimers.

Conclusions

Our results indicate that the designed ACID and BASE
peptides fold as parallel, helical dimers that have a
very high preference for the heterodimeric state. As
the ACID and BASE peptides were designed using
principles learned from the study of preferential het-
erodimer formation in the Fos and Jun peptide sys-
tem, our results support previous conclusions about
the basis and mechanism of Fos/Jun specificity [1,4]. In
both cases, unfavorable electrostatic interactions in the
homodimers contribute more to dimerization speci-
ficity than favorable electrostatic interactions in the
heterodimer.

Our results have implications for protein design, be-
cause they demonstrate that it is possible to design sim-
ple helical sequences that pair with substantial speci-
ficity. The design of simple molecules consisting of
two secondary structural elements may lead to stepwise
strategies for the design of larger proteins. In contrast
to many other designed peptides, the ACID/BASE het-
erodimer does not cofitain fluctuating tertiary structure,
as judged by amide proton exchange studies, possi-
bly because a polar gréup was introduced into the
otherwise hydrophobic interface [3,29,35,30].

Finally, the ACID-p1 and BASE-pl peptides can be
thought of as peptide ‘Velcro’: the individual peptides
have little self-affinity under physiological conditions of
temperature, pH and ionic strength, but the two pep-
tides have high affinity for each other. Tt may be pos-
sible to use these properties for practical applications,
including use in affinity reagents, in place of an epitope
tag or as a way to bring together two molecules in a
cell.

Materials and methods
Peptide synthesis

Peptides were synthesized using small-scale FMOC HBTU
reaction cycles and acetic anhydride capping on an Applied
Biosystems Model 431A peptide synthesizer [37]. Peptides were
cleaved from the resin with trifluoroacetic acid (TFA) using stan-
dard cleavage methods and were desalted on a Sephadex G-10
column in 5% acetic acid. Final purification was by reverse-
phase high performance liquid chromatography (HPLC) with a
Vydac preparative C18 column (2.2 x 25 cm) at 25 °C using linear
acetonitrile/H,O gradients in the presence of 0.1 % TFA. Peptide
purity was greater than 90 %, as judged by analytical HPLC. The
identity of each peptide was confirmed by laser desorption mass
spectrometry on a Finnegan Lasermat and each was found to be
within 2D of the expected mass. All peptides are acetylated at
the amino terminus and amidated at the carboxyl terminus.

CD spectroscopy

CD studies were performed on an Aviv Model 60DS or
62DS CD spectrophotometer equipped with a thermoelectric
controller. Peptide concentrations were determined by ab-
sorbance at 280nm in 6M GuHCl [25] and samples were
prepared in PBS (150mM NaCl, 10mM sodium phosphate).
CD spectra (Fig. 3a) were measured at 37°C, pH7.0 us-
ing a peptide concentration of 10 uM ACID-p1, 10uM BASE-
pl, or 5uM ACID-pl plus 5uM BASE-pl. Urea denatura-
tdon curves shown in Figure 3b were determined at 37°C,
pH 7.0 using a peptide concentration of 20 pM ACID-p1, 20 pM
BASE-pl, or 10 pM ACID-p1 plus 10 pM BASE-pl. Thermal melt-
ing curves were determined by monitoring the CD signal at
222 nm as a function of temperature, For studies of the pH-de-
pendence of stability (Fig. 5), mélting curves were recorded with
S uM homodimer or 5puM heterodimer in PBS with the pH ad-
justed to the desired value. For studies of the ionic strength-de-
pendence (Fig. 6), melting curves wete recorded at pH 7.0 with
S uM heterodimer or with 2.5 uM homodimer in 10 mM sodium
phosphate in the presence of the indicated concentration of
NaCl. The T, values were estimated by taking the first derivative
of the CD signal with respect to temperature~! and finding the
minimum of this function [38]. All thermal melts performed at
pH values below pH8 are reversible; more than 90 % of the CD
signal at 0°C was recovered after the melt. The urea denatura-
tion curve shown in Figure 8a was determined at 20°C, pH7.0
with 10uM ACID-p1 plus 10 pM BASE-p1. A two-state model for
unfolding was assumed and the urea denaturation curve for the
heterodimer was fit with a non-linear least-squares fitting pro-
gram (KaleidaGraph, Synergy Software) to the following equa-

. tion that describes the urea dependence of the CD signal for a

monomer-dimer equilibrium:

8= 04 + (8, — Dlexp((AG°+m[urea) )/RT)/4C 4] +
[exp((AG® + m[urea] )/RT)%/16C12] +

[exp((AG® + m[urea] )/RT)/2C11/2]

where 0 = CD signal at 222nm; 64 and 8, are linear equa-
tions describing the urea dependence of the CD signal of
the dimer and unfolded monomer respectively; AG® = free
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energy of folding under standard conditions of 20°C and 1M
concentration of peptide chains; m = the dependence of the
free energy of folding on denaturant concentration; R = gas
constant; T = temperature in K; Cp = total concentration of
peptide chains in M. Measurements of the CD signal at 222 nm as
a function of peptide concentration for the ACID-pl and BASE-
p1 homédimers were performed at 20 °C, pH7.0 (Fig. 8b).

Analytical centrifugation

Sedimentation equilibrium was performed at 20°C using a
Beckman XL-A ultracentrifuge at rotor speeds between 30 and
40 krpm. Three samples at 2 heterodimer concentration of
22uM, 44 uM and 66 uM in PBS were analyzed. Sarnples were
dialysed { > 12hours) against the reference buffer (PBS). Data
were fit to an ideal model plot of radial distance squared ver-

- sus log(concentration). The residuals were analyzed to reveal

the presence of species other than the dimer; in no case were
systematic deviations of the residuals observed. Partial molar
volumes and solvent densities were calculated as described by
Laue et al [39].

NMR spectroscopy

One-dimensional H-NMR spectra were recorded on a Bruker
AMX 500 spectrometer operating at 500.1 MHz for 'H at 20°C
with a sweep width of 6024.1Hz and a delay of 1.2seconds.
The sample was approximately 3 mM ACID-p1/BASE-pl in PBS,
pH 4.7 and internally referenced with trimethylsilylpropionic acid
[40]. 8192 points were collected and water was suppressed by
continuous irradiation. The pH values were uncorrected for the
isotope effect [41]. Data were processed with the FINMR soft-
ware package (Hare Research Inc.) and spectra were apodized
with a Gaussian window.

One-dimensional 13C-NMR spectra were recorded at natural
abundance on a Bruker AMX 500 spectrometer operating at
125.8 MHz for 13C at 20°C with a spectral width of 26315.79 Hz
and a recycle delay of 3seconds. Samples were prepared in
deuterated PBS and were either 38 mM in AcGluOMe (Bachem
Feichemikalien AG, Bubendorf, Switzetland) or approximately
2 mM in disulfide-bonded ACID-p1N/BASE-p1N. 1H were decou-
pled using WALTZ-16 broadband decoupling {42]. Data sets
consisting of 4096 to 25000 transients defined by 4096 points
were collected and zero-filled twice before Fourder transforma-
tion. The pH values were uncorrected for the isotope effect [41].
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