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ABSTRACT. The Bcr oligomerization domain, from the Bcr-Abl oncoprotein, is an attractive therapeutic
target for treating leukemias because it is required for cellular transformation. The domain homodimerizes
via an antiparallel coiled coil with an adjacent short, helical swap domain. Inspection of the coiled-coill
sequence does not reveal obvious determinants of helix-orientation specificity, raising the possibility that
the antiparallel orientation preference and/or the dimeric oligomerization state are due to interactions of
the swap domains. To better understand how structural specificity is encoded in Bcr, coiled-coil constructs
containing either an N- or C-terminal cysteine were synthesized without the swap domain. When cross-
linked to adopt exclusively parallel or antiparallel orientations, these showed similar circular dichroism

spectra. Both constructs formed coiled-coil dimers,

but the antiparallel construet1f<C more stable

than the parallel to thermal denaturation. Equilibrium disulfide-exchange studies confirmed that the isolated
coiled-coil homodimer shows a very strong preference for the antiparallel orientation. We conclude that
the orientation and oligomerization preferences of Bcr are not caused by the presence of the swap domains,
but rather are directly encoded in the coiled-coil sequence. We further explored possible determinants of
structural specificity by mutating residues in tth@osition of the coiled-coil core. Some of the mutations

caused a change in orientation specificity, and all

of the mutations led to the formation of higher-order

oligomers. In the absence of the swap domain, these residues play an important role in disfavoring alternate
states and are especially important for encoding dimeric oligomerization specificity.

The Bcr-Abl oncoprotein has been extensively studied
due to its important role in several leukemias. The protein
is formed by a reciprocal chromosomal translocation that
fuses the oligomerization domain of Bcr to the tyrosine
kinase domain of Abl. In mechanisms that are just beginning
to be understood, this leads to dysregulation of Abl through
relief of autoinhibition and, consequently, to aberrant signal-
ing that is responsible for~95% of chronic myeloid
leukemias and 1#30% of acute lymphoblastic leukemias
(1—3). The small-molecule kinase inhibitor Gleevec is an
effective therapy for many patients, but resistance to the drug
can develop quickly, and it is only moderately effective in
later stages of diseasé)( Alternative treatments that could
be used in conjunction with Gleevec would represent a
significant advance.

The Bcr oligomerization domain is an attractive therapeutic
candidate. It is essential for transformatids), (and exog-

FiGure 1: (A) The Bcr oligomerization domain, PDB code 1K1F

can suppress the transformed phenotype and increase se
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sitivity to Gleevec 6). A high-resolution crystal structure

of the oligomerization domain reveals a homoteteramer

assembled via helixhelix interactions (Figure 1A). Two 36-

residue two-stranded antiparallel coiled coils are at the core

of the structure. In each monomer, the coiled-coil region is

preceded by a shorter helix that associates as a swap domain

with the coiled-coil helix of its dimeric partner (Figure 1B).

Two such dimers assemble face-to-face to form the tetramer.
The a-helical coiled-coil motif, which forms the core of

the Bcr oligomerization interface, is among the best-studied
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protein—protein interaction domaing(8). It is reasonable  the core, witha to a8 andd to d' for parallel, versus to d’

to expect that our rich knowledge about coiled coils may for antiparallel coiled coils (where the prime indicates a
aid the search for small-molecule or peptide inhibitors of residue on an opposing helix). Parallel and antiparallel coiled
Bcr-Abl oligomerization. Nevertheless, the coiled-coil se- coils also have different interactions on the surface, \gith
guence of Ber is unusual, and it is difficult to rationalize to € interactions in parallel versusto € andg to g in

how the sequence encodes the structure. In this work, weantiparallel structures (Figure 2, panels A and BpB)(
explore a puzzling aspect of Bcr, that is, how the protein Despite an abundance of both parallel and antiparallel X-ray
specifies formation of a dimeric, antiparallel coiled coil. crystal structures, antiparallel examples are frequently short
Because the-helical coiled coil is among the most common and intramolecular 34), making it unclear whether the
protein motifs found in nature, and because it has proven coiled-coil sequence actually encodes helix orientation in
valuable for understanding interaction specificity in non- these cases.

coiled coil proteins, our studies of basic sequersteucture A handful of studies have addressed the determinants of
relationships in Bcr promise to have broad applicability.  helix-orientation specificity and established that &el, e,

The coiled-coil motif consists of two to fivei-helices andg residues can each play a ro88). One theory suggests
packed together with a left-handed superhelical twist; the antiparallel coiled coils favor small hydrophobics in the
helices can associate in either a parallel or antiparallel andd positions, because they allow tighter van der Waals
orientation. Coiled coils play a fundamental functional role packing between the-helices 85), and another suggests a
in many different proteins, including transcription factors, “steric matching” argument in which helix orientation can
SNARE complexes, and proteins that mediate viral mem- be established by the juxtaposition of small and large residues
brane fusion7, 8). For many of these proteins, knowledge (36—39). Polar residues in the core may patrticipate in specific
of whether the helices are arranged in a parallel or antiparallelhydrogen-bonding interactions in one state preferentially to
orientation can be critical in determining how they function. another, leading to an orientation preferend6).(Charge
For example, the bZIP transcription factors contain a parallel complementarity of the surfaceand g positions can also
coiled-coil oligomerization domair8(9), but there are other  play a role in determining helix orientatior33, 41—43).
DNA binding proteins that dimerize in an antiparallel Antiparallel coiled coils have been successfully designed by
orientation (L0). Determining the orientation of coiled coils  exploiting general principles, such as steric matching and
in DNA binding proteins can help in elucidating function charge complementarity4{, 42, 44, 45). Nevertheless,
and can establish what surfaces are available for otherorientation cannot be accurately predicted from amino-acid
proteins to bind. Structural maintenance of chromosomessequence for most coiled coils.

(SMC) proteins, which are involved in chromosome con-  Oligomerization specificity is understood somewhat better
densation, sister chromatid cohesion, gene dosage, and DNAhan helix-orientation specificity, and a few computer
recombination, were originally expected to contain a parallel programs have been developed that can distinguish two- from
coiled-coil motif (L1—13). After electron micrographs and three-stranded coiled coils with good success, particularly
crystallographic analyses revealed that the helices are actuallyfor parallel examples4, 47). Some structural features that
antiparallel, however, proposed mechanisms had to becontribute to oligomerization specificity are well-understood.
reevaluated4, 15). In another example, models of coiled- Harbury et al. have demonstrated how hydrophobic packing
coil-mediated membrane fusion are strongly dependent onof S-branched residues can impart strong preferen2@s (
the orientation of the proteins involved. Mitochondrial fusion and the roles of asparagin2s( 26, 28, 48) and lysine 49)
proteins contain antiparallel coiled coildl), whereas residues at tha position and arginine at the position 60)
SNARE coiled coils are parallelly, 18). Viral membrane have also been characterized. Nevertheless, predictions of
fusion proteins contain a parallel coiled-coil trimer that forms the oligomerization state of the Bcr domain using the

antiparallel interactions with additional helicekd). Under- program MULTICOIL incorrectly assign the coiled-coll

standing the orientation of the coiled coils in each of these region as trimeric rather than dimeriég).

cases has precipitated models of membrane fusiéni(s, The Bcr oligomerization domain is an example of an

19). important and medically relevant protein for which orienta-
The coiled-coil motif contains a characteristic repeating tion and oligomerization state cannot be predicted from the

heptad pattern of amino acidghbcdefg,. Hydrophobica amino-acid sequence. The determinants of structural specific-

andd residues create a stripe down one side ofdHeelix ity in the Bcr coiled-coil dimers are not obvious in the

and form the core of a coiled-coil oligomer. Frequently, structure $1) and cannot easily be explained using known
charged residues atandg form inter- and/or intrahelical ~ general principles. It is possible that the N-terminal swap
salt bridges §). In parallel coiled coils, charge complemen- domain establishes the geometry of the oligomerization
tarity at thee andg positions can impart heterooligomeric interface. It is also possible that the coiled-coil domain adopts
specificity 20, 21), and this general principle has been a different structure in solution than what is observed in the
expanded in the design of non-coiled coil proteit8-24). crystal structure. Indeed, solution characterization and crys-
Similarly, polar residues at theepositions in parallel coiled-  tallographic studies of coiled coils can sometimes yield
coil cores, although destabilizing, can provide orientation and different results, as for spectrib2), Coil-Ser 63, 54), and
oligomerization specificityZ5—28). Following this finding, an alanine-zipper peptidé%). Domain-swapped proteins
polar residues have been found to impart specificity in have also been reported to change oligomerization state and/
globular folds 29—32). or swap region depending upon crystallization conditions
Sequence elements that influence coiled-coil helix-orienta- (56).
tion preference are not well-understodB), Parallel and In the first part of this study, we investigated the intrinsic
antiparallel coiled coils have very different interactions in orientation preference of the Bcr coiled coil in solution and
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cdefgabcdefgabecdefgabecdefgabedefgabe
C-BCR - Ac-KWCGGDIEQELERAKASIRRLEQEVNQERSRMAYLQTLLAK-CONH2
BCR-C - Ac-DIEQELERAKASIRRLEQEVNQERSRMAYLQTLLAKGGC-CONH2

C-BCRA38L - Ac-KWCGGDLEQELERLKASIRRLEQEVNQERSRMAYLQTLLAK-CONH2
C-BCRE52L - Ac-KWCGGDLEQELERAKASIRRLEQEVNQLRSRMAYLQTLLAK-CONH2

BCRA38L-C - Ac-DLEQELERLKASIRRLEQEVNQERSRMAYLQTLLAKGGC - CONH2
BCRE52L-C - Ac-DLEQELERAKASIRRLEQEVNQLRSRMAYLQTLLAKGGC-CONH2

Ficure 2: Helical-wheel diagram of Bcr in an antiparallel (A) and parallel (B) orientation. Mutated positions are shown in bold with an
asterisk. (A) Solid lines represent interhelical salt bridges that always form in the crystal structure. Dashed lines represent poterndal interhel
salt bridges that form in half of the copies in the asymmetric unit. (B) Dashed lines represent pgtem#iasalt bridges that could form

in a parallel dimer. (C) Peptides used in this study. C-BCR and BCR-C have the same sequence for resiffess3@as used in the
crystal structure. Mutated residues are shown in bold and underlined.

found that it is dimeric and maintains a strong preference (residues 3665, 1K1F). As in the crystal structure, the
for the antiparallel orientation, even without the swap “native” sequence had several mutations from the wild-
domain. To explore the origins of this preference, compu- type: Cys 38 was mutated to alanine to prevent undesired
tational methods, statistical analysis, and structural evaluationdisulfide bonds, lle 57 was changed to alanine to disfavor
were employed. In the second part, we mutated severalthe formation of Bcr tetramers, and Phe 54 was changed to
residues in thel positions that are unusual and nonoptimal serine to eliminate hydrophobic surface exposed as a result
for parallel coiled coils and found that these play an important of removing the swap domains. All mutant peptides were

role in establishing the interaction specificity of Bcr. purchased from Bio-Synthesis, Inc., Lewisville, TX. The
peptides were acetylated and amidated to eliminate charges
MATERIALS AND METHODS on the termini, and N-terminal KWCGG or C-terminal GGC

were added (as shown in Figure 2C). Reduced peptides are

Modeling of Parallel and Antiparallel Bcr and Mutants.  indicated with “C” in their name. For example, C-BCRA38L
The Ber crystal structure (1K1F, shown in Figure 1) was is a peptide with a reduced N-terminal cysteine and position
used for general structural examination. Additionally, the Ber 38 mutated from Ala to Leu. All mutant peptides have lle
sequence and numerous mutants were modeled as dimers i81 changed to Leu. Disulfide-bonded peptides are indicated
both parallel and antiparallel orientations. Several different with a superscript P or AP to indicate parallel or antiparallel
parallel and antiparallel backbones were created using Crick’shelix orientation, respectively. C-BCRA3B8Is the oxidized
parametrization of coiled coil${, 58). Native side chains  form of C-BCRA38L, whereas BCRA38&E indicates a
were placed onto these backbones in their optimal conforma-construct in which C-BCRA38L and BCRA38L-C are
tions with a DEE/A* algorithm, using energies calculated disulfide-bonded. Cap-C-BCRA38L indicates C-BCRA38L
with a molecular mechanics energy function, as in a previous with the N-terminal cysteine alkylated.
study @3). Coordinates for a model of the native sequence  Alkylation of Cysteine Thiol Groups:or some experi-
in the parallel orientation are included in the Supporting ments, thiol groups were alkylated with iodoacetamide.
Information, Table S1. Structures for the mutants A38L and Peptides were dissolved in 50 mM sodium phosphate buffer,
E52L were based on model Bcr parallel and antiparallel pH 7.2, and 2 mM TCEP for 30 min. At least a 10-fold molar
structures, but side chains near the mutation site wereexcess of iodoacetamide was added to the reduced peptide.
reoptimized. The solution was stirred in the dark at room temperature for

Peptide Design, Synthesis, and Clage. Native and 2 h. Peptides were HPLC-purified following the reaction,
mutant Bcr peptides were synthesized using standard Fmocand the presence of the acetamide group was confirmed with
synthesis and consisted only of the Bcr coiled-coil region electrospray mass spectrometry to 2 Da.
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Purification and HandlingPrior to purification, peptides  allowed to equilibrate in an anaerobic chamber at room
were either reduced in 0.2 M Tris/HCI and 100 mM DTT, temperature in 50 mM sodium phosphate, 150 mM NacCl,
pH 8.8, for 30 min or oxidized in 0.2 M Tris/HCl overnight and 1 mM EDTA, pH 7.2. The total monomer peptide
to form disulfide-linked dimers. Both the reduction and concentration was 50M. Samples were quenched by adding
oxidation reactions were quenched by adding acetic acid toacetic acid to a final concentration of 5% after the reaction
a final concentration of 5%, yielding a final pH around 2. reached equilibrium. Samples were considered to be at
Reduced or oxidized peptides were purified on a C18 reverse-equilibrium when consecutive HPLC traces showed no
phase HPLC column using a 0.1%/min acetylnitrile/water change. C-BCRA38t.was sparingly soluble in phosphate
gradient with 0.1% trifluoroacetic acid. Samples were buffer, so the assay was performed in the presence of 0.25
immediately frozen with liquid nitrogen after eluting from M urea and 5% acetonitrile. For the BCRA38L disulfide-
the HPLC, then lyophilyzed. All peptide solutions were made exchange experiment, acetonitrile was added to a final
in an anaerobic chamber with degassed solvents to minimizeconcentration of 20% immediately before acetic acid was
oxygen exposure. The solutions were kept in the anaerobicused to quench the reaction. The products were run on an
chamber until immediately before use. This careful handling analytical HPLC and monitored at 229 nm, and the identities
procedure eliminated most methionine oxidation problems. of the peaks were confirmed by liquid chromatography
The purity of each peptide was greater than 95% by analytical mass spectrometry. Adjustments to the absorbance were
HPLC. Masses for the native Bcr peptides were correct to made for the difference in the number of amide bonds in
within 1 Da using electrospray mass spectrometry, and thethe peptides, and an equilibrium constant was calculated.
masses for the mutant Bcr peptides were verified by the
supplier. Concentrations were determined using the methodRESULTS
of Edelhoch §9).

Circular Dichroism Spectroscopgircular dichroism (CD) , X R ,
spectra from 300 to 200 nm were collected at &5 in pr_obe c_ietermm(_:l_nt_s c_’f ollgomerlz_atlon state and he:hx-
triplicate on an Aviv circular dichroism spectrometer model ©fientation specificity in the Bcr oligomerization domain,
202 using strain-free quartz cells with a path length of 0.1 peptides cprrespondmg to Ber reS|dues—_BB were con-
cm and an averaging time of 5 s. Disulfide-linked peptides Structed with either GGC on the C-terminus (BCR-C) or

were dissolved in degassed buffer (50 mM sodium phosphateK_WCGG on r:he N-terrr}inu;s (C'BCR)GG)’. as shqwn if
and 150 mM NaCl, pH 7.2) in an anaerobic chamber. Figure 2C. The convention for our abbreviations is defined

Thermal unfolding experiments involved monitorig,, " Materials and Methods. The glycine residues on the
using a 30 s averaging time, 90 s equilibration time, and peptides provide flexibility in disulfide-bond formation, while

temperature increments ofZ from 5 to 85°C. Melts were the tryptophan anq lysine rlesidues .provide a means to
done in the presence 8 M GdnHCI. Several consecutive separate and identify the various peptides by HPLC. These

melts were done on the same sample and compared. Théongtrupts contairj only the coiled-f:oil portion of the oligo-
Tm the midpoint of the thermal unfolding curve, was Merization domain, lacking the linker and short “swap
estimated by extrapolating the pre- and post-transition domain _hellx. The cystem_e reS|_dues on the term|n_| allow
baselines and then determining the temperature for Whichth(.a pep_tldes. to be. constramed in a parallel or antiparallel
the CD signal was half of the difference. Thig for each  °rientation via a disulfide bond.
peptide was reproducible within1—2 °C. Both the parallel and antiparallel disulfide-constrained
Analytical Ultracentrifugation.Alkylated and disulfide- ~ Peptides are highly helical in phosphate buffer, as shown in
linked peptides, dialyzed against reference buffer (50 mM Figure 3A. The ratio of the minima at 208 and 222 nm
sodium phosphate and 150 mM NaCl, pH 7.2) in an indicates that the helices are associating and is typical of
anaerobic chamber, were spun at°?5in a Beckman XL-I spectra observed for coiled COI|§$ The antiparallel
analytical ultracentrifuge at 17 000, 20 000, and 23 000 rpm Orientation is slightly more helical than the parallel orienta-
for BCRA38LAP, BCRA38L-C-cap, and cap-C-BCRE52L tion and is much more stable to thermal denaturation (Figure
and 28 000, 31 000, and 34 000 rpm for B®Rind BCR- 3B). TheT, of the antiparallel construct is53 °C, whereas
CP, for approximately 24 h at each speed. The following that of the parallel construct is-37 °C. Equilibrium
concentrations were used: B&Rand BCR-C (5, 25, and sedimentation experiments run at and around concentrations
50 M), BCRA38LAP (25 and 5Q:M), BCRA38L-C-cap (30, used for other characterization studies indicated that both
50, and 100uM), and cap-C-BCRES52L (30, 50, and 100 the disulfide-constrained parallel and antiparallel peptides
uM). The contents of each cell were confirmed to be at had the molecular weight expected for a two-stranded coiled
equilibrium prior to increasing the speed. Data were analyzed coil (Figure 4A,B, and Table 1).
using the programsionLiN (60) and seppHAT (61, 62). To confirm that the Bcr coiled-coil peptide prefers an
Various association models were fit, including a single, ideal antiparallel orientation, oxidized and reduced peptides were
species, and monomeoligomer equilibria. The results mixed together and allowed to equilibrate in an anaerobic
reported are from single-species fits. Partial specific volumes atmosphere. A clear antiparallel preference was evident from
were calculated from the amino-acid sequer&3}.(Solvent two experiments with different starting conditions. The first
density was calculated bgebNnTERPfrom its composition experiment was performed by mixing BER(12.5 uM),
(63). C-BCR (12.5uM), and BCR-C (12.5«M) at pH 7.2 (Figure
Disulfide-Exchange ExperimenHelix orientation was 5B). Exchange took place within a few minutes and showed
determined using an equilibrium disulfide-exchange assay a preference for an antiparallel orientation whith, = 1.3 x
(28, 40, 64). Different starting reactants were used to ensure 10°3. To ensure that the reactants were not kinetically
that the products were not kinetically trapped. Peptides weretrapped, the disulfide-exchange experiment was repeated by

Biophysical Characterization of the Bcr Coiled Collo
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FiIGURE 3: (A) Circular dichroism spectra of BCREGparallel, *)

and BCRY (antiparallel,s) (25uM peptide concentration, 50 mM

sodium phosphate, and 150 mM NaCl, pH 7.2) at°Z5 (B) C
Thermal denaturation of BCR (antiparallels) and BCR (parallel,

*) monitored at 222 nm in 33 mM sodium phosphate, 100 mM

NaCl, ad 2 M GdnHCI, pH 7.2. Melting temperatures indicate

that the antiparallel conformation is more stable than the parallel

by ~16 °C.

Residuals

mixing BCR-C® (12.5 uM) with C-BCR (25 «M) (Figure 05+ cap-C-BCRES2L
5C). This experiment gav&Keq = 1.5 x 103 These

. . . 8 04 -
experiments establish that, although the Bcr peptides can, %
in fact, fold as both parallel and antiparallel two-stranded € 03
. . . . . . [}
coiled coils, the antiparallel orientation is preferred and both a
< 0.2

oligomerization state and helix-orientation preference in full-
length Bcr are not determined by the swap domain.
Sequence-Based and Structural Analysis of Bbe role

0.1 8 .l

of charged residues at the and g positions has been 0 . . r ‘
extensively studied as a source of interaction specificity for 22.0 22.5 23.0 23.5 24.0 24.5 25.0 25.5
coiled coils. Surface electrostatics alone have been used R/2

successfully to impart orientation specifici#Z 43), and FIGURE 4: Analytical ultracentrifugation data for Ber coiled coils.

charge complementarity is now a reliable technique for Giobal fits to data collected at three speeds and three concentrations
designing an antiparallel coiled coBT, 38, 44, 45). In Bcr, are shown with representative experimental traces and residuals to

however, inspection of the- and g-position residues does the fit. Data shown were collected at 17 000 rpm withA0 total

: : : monomer concentration. (A) BCRand (B) BCR are both two-
not suggest any strongly preferred helix orientation. A stranded coiled coils at 26M, in 50 mM sodium phosphate and

helical-wheel diagram (Figure 2A,B) can be used to assessj5o mm NaCl, pH 7.2; (C) cap-C-BCRES2L is a single-species
potential interactions in each state. In the parallel orientation, three-stranded coiled coil at 5(M in 50 mM sodium phosphate
salt bridges typically occur between tigeposition of one  and 150 mM NacCl, pH 7.2. All data were fit with WAIONLIN.

helix and the nexe position of a partner helixg(*). Four

such interhelical salt bridges are possible in a parallel Bcr repulsions in the parallel state (Figure 2B). The antiparallel
structure, and there are no putatigeto € electrostatic X-ray structure of Bcr also contains four interhelical salt
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Table 1: Analytical Ultracentrifugation Data Fit to a Single-Species in a dimeric parallel orientation and typically lead to the

Model for Ber Peptides formation of higher-order oligomerg8®). Thus, lle 31 could
BCRA38L- cap-C- be an element of negative design, favoring an antiparallel
BCRAP BCR-C® BCRA38LAP  C-cap BCRES52L orientation of Bcr by destabilizing the parallel state. On the
v (Cilg) 0.73055 0.72908 0.734 073055 0.73780  Other hand, the effect of lle 31 may be mitigated by its
MW cac 4731 4573 4773 4733 4931 location at the end of a helix, where fraying of the ends of
WIRNONLIN the c_oiled co?l may cause it not to be subje_ct to stringe_nt
MW gt 10042 10395 25608  2603F  14093.97 packing requirements. To remove one possible factor dis-
stoichiometry 2.12  2.27 5.36 5.50 2.86 favoring a parallel state, position 31 was mutated to a leucine
in all mutants made. Leucine was chosen because it is found
SE,\E,T\';V':QT 9995 10245 28029 256982 14111 more frequently than any other residue in thpositions of

stoichiometry 2.11  2.24 5.87 5.43 2.86 both dimeric parallel and antiparallel coiled coi4( 66).

a Partial specific volumes were calculated as previously described Modeling on parallel and antiparallel backbones showed that
(77). Partial specific volumes of disulfide-bonded mixtures are averages leucine is easily accommodated in the cores of both parallel
of the components Stoichiometry is calculated as (MYW[MW carc and antiparallel Bcr dimers.
for a single helix]) < Fit with nonrandom residuals. Ala 38 is another unusual residue atigosition in the

Ber crystal structure that may provide a natural negative
bridges and no potentially repulsiggto g+ or e to €7 design element disfavoring the parallel orientation. In the
interactions (Figure 2A). Thus, a simple sequence-basedstructure, it interacts weakly with a methionine residue on
analysis of charged surface residues does not strongly favorthe opposite chain. In the parallel orientation, two alanines
either orientation. would be directly across from one another, leaving a cavity

Coiled-coil orientation specificity is determined by the in the core. The residues above and below the pair of
relative stability of the parallel and antiparallel states. Several alanines, lle 31 and Leu 45, are not large enough to reach
d-position residues in the Bcr crystal structure, lle 31, Ala into the cavity and fill the void space. Analysis of coiled
38, and Glu 52, are unusual for parallel, dimeric coiled coils, coils in the PDB supports the idea that Ala is highly
suggesting that these residues may specify an antiparallelunfavorable at the position of parallel coiled coils and may
state by destabilizing the parallel one. We analyzed the be better accommodated in antiparallel structures. In dimeric
unusuald-position residues by constructing computational coiled coils with greater than 15 amino acids, there are 5
models of the native and mutant Bcr sequences on bothtimes more alanines dtpositions in antiparallel coiled coils
parallel and antiparallel backbones and by examining the compared to parallel coiled coils in the SOCKET database
SOCKET database of coiled coils with greater than 15 amino (34). Further, our molecular mechanics calculations suggest
acids. SOCKET identifies coiled coils in the PDB automati- that, although an Ala to Leu mutation at position 38 stabilizes
cally by detecting packing interactions and can be used to both orientations, it stabilizes the parallel orientation more.
derive the frequency with which different amino acids occur There are also more alanine residues atdhgosition in
in certain heptad position84). antiparallel dimers and trimers than in parallel trimers,

The Bcr crystal structure contains an isoleucine (lle 31) suggesting an additional possible role in establishing speci-
at ad position near both ends of the coiled coil that packs ficity. Thus, we chose to mutate Ala 38 to Leu to test the
between two hydrophobic leucine residues on the opposingeffects of this change on structure. Leu was again chosen
chain. Harbury et al. have demonstrated thairanched because it is so common in tleposition of all coiled coils
residues, such as isoleucine, do not pack well atlthesition (39).
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All other peptides were in 50 mM sodium phosphate, 150 mM
NacCl, ard 2 M GdnHCI, pH 7.2 at 25C.
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Glu 52 is a thirdd-position residue that may provide an

element of negative design disfavoring the parallel orienta-  Helix-Orientation Specificity and Characterization of the
tion. In the crystal structure of Bcer, the glutamates at position Mutants. To investigate the role ofi-position residues lle
52 reach into solvent and form an intrahelical salt bridge 31, Ala 38, and Glu 52, two variants of C-BCR and BCR-C
with Arg 55, with the hydrophobic parts of the side chains were synthesized. All mutants replaced lle 31 with Leu.
making some interhelical contacts in the core. In a model C-BCRA38L and BCRA38L-C additionally contained Leu
parallel structure, the glutamates behave similarly, but pack at position 38, and C-BCRE52L and BCRE52L-C contained
less well because they are positioned directly across fromLeu at position 52. Sequences are given in Figure 2C.
each other. Interestingly, there are no glutamatedd in BCRA38L remained antiparallel, with an equilibrium
positions in parallel coiled coils within the SOCKET constant of~10~* (Figure 6A) in a disulfide-exchange assay.
database, but glutamates are found nearly as often asBecause BCRA38L exhibited such a strong antiparallel
hydrophobic residues such as lle, Ala, Met, and Tydat preference, we characterized the disulfide-linked peptide
positions in antiparallel coiled coils. In our models, changing BCRA38LA? and compared it with BCR. Figure 7A shows
Glu 52 to Leu improved core packing in the parallel that BCRA38IA? is slightly more helical than BCRR at 25
orientation but was not as easily accommodated in an °C, and the ratio of mean residue ellipticities at 208 and 222
antiparallel orientation. When idealized backbones are used,nm is typical of coiled coils§5). BCRA38LA" is more stable

a leucine at position 52 can be modeled in parallel structuresthan BCR® to thermal denaturation (Figure 7B). THeg,
with rotamer conformations that are common in the PDB for BCRA38LA" is about 17°C higher than that for BCRR.
(67). However, the most energetically favorable packing of ~ The A38L mutation caused oligomerization specificity to
leucine in antiparallel structures forces at least one side chainbe lost. AUC data for BCRA38Y did not fit a single-species

to adopt a statistically uncommon rotamer conformation, or two-state model well and gave a weight average close to
indicating that leucine cannot be accommodated without that of a six-helix species (Table 1). BCRA38L-C-cap still
some strain. Therefore, Glu 52 may favor the antiparallel did not fit a single-species model or two-state equilibrium
orientation of Bcr via greater destabilization, relative to Leu, model and had a single-species weight close to BCRABSL
of the parallel versus the antiparallel state. A role for Glu in (Table 1). BCRA38L-C-cap was less helical than BCRASSL
establishing oligomerization specificity is suggested by the as shown in Figure 7A, and was much less stable than either
total absence of this residue at tthi@osition of trimers and  disulfide-bonded BCRA38Y or BCR* to thermal dena-
tetramers in the SOCKET database. turation.
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In disulfide-exchange experiments, BCRE52L showed a can be more favorable to form two smaller cavities than one
loss of orientation specificity (Figure 6B). The equilibrium large one.
constant was determined to be2.2, favoring the parallel To test the role of @-position Ala in the context of Bcr,
orientation slightly. Because there was no clear orientation we mutated position 38 to leucine. Position 38 is alanine in
specificity, the cysteine group was capped for biophysical the crystal structure of Bcr and in the constructs that we
analysis to preclude the formation of a disulfide bond. Cap- characterized in solution. Note, however, that this residue is
C-BCRE52L was as helical as BER shown in Figure 7A, cysteine in the native protein. Mutation of Ala 38 to Leu
and theT, was ~64 °C in the presencef@ M GdnHClI, did not change the preference for an antiparallel helix
indicating this complex was much more stable than BCR orientation in disulfide-exchange reactions, but it did lead
(Figure 7B). The Glu to Leu mutation also caused a changeto a change in oligomerization specificity and stability. Ala
in oligomerization state; AUC data for cap-C-BCRES2L fit at position 38 of Bcr may preclude higher-order oligomer-
well to a single-species trimer with random residuals (Figure ization due to an energetic penalty for large cavities in the

4C). core, consistent with the formation of higher-order oligomers
upon mutation to Leu. BCRA38E was also more helical
DISCUSSION and stable than BCR. Increasing hydrophobic content in

. . , proteins is frequently stabilizing’p), and indeed, changing
In this study, we established that even in the absence ofyp, 5janine to a leucine attaposition in a model coiled-coil

the N-terminal swap domain, Bcr constructs remained o mqdimer designed by Moitra et al. stabilized the complex
dimeric and showed a strong preference for an antiparallel by 9.2 kcal/mol and increased tfg, by ~30 °C (76). In

orientation. This indicated that structural specificity IS gor an Ala to Leu substitution apparently stabilized anti-
encoded directly in the coiled-coil part of the sequence. We parallel helix arrangements more than parallel ones, as

went on to examine the effects of Sevemposition refiected by the somewhat increased antiparallel preference
mutations that could potentially be providing a negative- aaqred in the disulfide-exchange reactions.

design e_Ieme_ntdlsfavoring the competing parallel dimer state Along with constraints on hydrophobic packing, polar
or favoring dimers relat|_ve to oiher oligomez3( 45, 68— residues in the core can be critical for disfavoring an
71). Elements of negative design have been used to bOthundesired state. For example, Oakley and Kim showed that,

manually and compu'tationally Qesigp coiled coi_Is and heligal if the location of ana-position Asn is moved such that a
bundles that adopt different orientations and oligomerization p ,iadq Asn-Asn hydrogen bond can form only in the

states £3, 37, 44, 45, 68, 71, 72). Further, such features are - jiinarajiel orientation, this state is strongly preferré)

als_o important for establishing specificity in native coiled However, asparagines are not found in the cores of antipar-
coils (26, 73). allel dimeric coiled coils very often3d), and Asn-Asn

On the basis of previous studies and our current modeling, interactions at the position have not been observed in any
isoleucine (or any3-branched amino acid) at tieposition antiparallel coiled-coil crystal structures thus fag), Asn—
cannot be easily accommodated in parallel dimers due toAsn hydrogen bonds are seen very frequently in parallel

geometric packing restraint2g). This makes lle 31 a  coiled coils and probably play a large role in giving some
possible negative-design element disfavoring a parallel Ber coiled coils a parallel orientation.

dimer, and we mutated it to leucine in all mutants tested.  polar or charged residues other than Asn could also

We did not isolate the effect of this point mutation because provide a mechanism for negative design against a particuiar
we believe that its effect at the end of the coiled coil is orientation and, therefore, be important for establishing helix
probably minimal. It remains possible, therefore, that a single orientation. For example, this idea has been explored by
change of lle to Leu at position 31 could give rise to parallel Campbell and Lumb in a model dimeric coiled coil. In their
dimers. It is unIiker that the lle 31 to Leu mutation alone study, a Lys in ama position interacting with a charged
was responsible for the significant changes in oligomerization residue aty gave oligomerization specificity. However, this
state that we observed in this Study, however. Leucine is combination of residues did not impart a Specific helix
very common in both parallel and antiparallel dimers, and it orientation due to the favorable interactions lysine could
was eaS”y accommodated in models of both states for Bcr. make in both the paraiiei and antiparaiiei Sta‘@_(in the
Poor packing in the core, arising from the opposition of context of a different model heterodimer, a buried Arg at a
small residues, could provide an element of negative designd position, with the potential to interact with a Glu gt
against parallel helix orientations or higher-order oligomers. was not sufficient to specify helix orientation but did give a
There is precedent for both types of effects. The patterning specific dimer $0). Another study took an antiparallel coiled-
of large and small core residues can change coiled-coil coil mitochondrial fusion protein with two glutamatesdn
orientation in a tetrameB@), and an antiparallel coiled-coil ~ positions and mutated these to leucine one at a time. Mem-
trimer has been designed using steric matching (pairing brane fusion was adversely affected by these mutations. The
alanine with a large non-natural residue) to give the desired cause of the loss of function was not apparent, however, as
orientation 86). Subtle changes in core packing can also no structural analysis of the mutants was dob@).(
cause a change in oligomerization st&t8, (74). In a study Glutamate is common at theé position in antiparallel
by Monera et al., the relative placement of Ala and Leu coiled-coil dimers but is rarely found in parallel dimers or
residues was important for oligomerization specificity. Two in any trimers; thus, it may have a special structural role. In
alanine residues on the same layer in an antiparallel coiledC-BCRE52L, Glu 52 was replaced by Leu, and both
coil formed a dimer, but when the positions of the alanines dimerization specificity and the propensity to adopt a unique
were staggered such that one layer contained-Aku and helix orientation were lost. Although lle 31 was also changed
the other Lew-Ala, a tetramer formed7{@). This suggestsit  to Leu in this mutant, the I31L mutation did not alter
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orientation preference in the context of BCRA38L. Therefore, C-BCR and M. Oakley, K. Taghizadeh, D. Pheasant, M. Alj,

the change in orientation specificity seen in BCRE52L is
likely due to removal of the core glutamate. Cap-C-
BCRES2L was a single-species trimer by analytical ultra-
centrifugation. An up-up-down trimer, in which onehelix

is oriented antiparallel relative to two adjacent parallel
helices, is consistent with all of the biophysical data. With

J. Glover, D. Pamuk, D. Lee, E. Oakes, G. Grigoryan, and
D. Mujumdar for experimental and computational assistance
and/or helpful discussions. We thank members of the Keating
Lab, G. Hersch, T. Keating, and T. Schwartz for helpful
comments on the manuscript.

a helical bundle in this topology, it would be possible to get SUPPORTING INFORMATION AVAILABLE

approximately equal amounts of parallel and antiparallel helix
pairs in the disulfide-exchange experiments. Alternatively,
cap-C-BCRE52L may form a mixture of trimeric species
with different helix orientations.

Glu 52 is clearly important for establishing structural
specificity in the Bcr oligomerization domain. It is easy to
understand why glutamate residuesdapositions might
prevent the formation of higher-order complexes. In a dimer,
the glutamate carboxyl groups can reach at least partially 1.
out of the core and interact with water. However, these
charged atoms would be almost completely buried in a
coiled-coil trimer or tetramer, at a significant cost in solvation
energy. Whether or how Glu 52 plays a negative-design role
in disfavoring a parallel dimer state relative to an antiparallel
one is less clear, although there is a statistical preference
for d-position glutamate residues to be antiparal&l)(In
the X-ray structure of Ber, Glu 52 is partially solvent-exposed
and interacts with Arg 55 on the same helix; the hydrophobic
part of the side chain packs between lle 42 and Ser 41 on
the opposite chain. In models of parallel dimeric versions
of Bcr, this residue can interact with Arg 55 on the same
helix or with Arg 53 on the opposite helix, and the
hydrophobic parts of the two Glu 52 residues interact weakly
in the core. It is likely a tradeoff between exposing the
charged carboxlate versus forming good hydrophobic con-
tacts in the core that makes glutamate unfavorable at parallel
d positions. By visual inspection, interdigitation af and
d-position residues in antiparallel structures appears to
improve packing while maintaining solvent exposure.

Numerous studies have used protein design as a way to
explore determinants of coiled-coil structural specificity, and
this has been a powerful and effective approad 28, 33,

39, 40, 49, 50, 68, 74). However, general principles
uncovered in model systems do not always explain the
specificity observed in many native coiled-coil proteins.
Some interactions that are effective in designed proteins are 1,
rare or even unprecedented in naturally occurring oA6s (
68). In this work, we examined determinants of structural
specificity in the Ber oligomerization domain and found them
to be subtle, with some residues playing multiple roles. The
influence of charged residues, such as Glu 52, is likely to 4
be context-dependent, varying according to the precise
interactions that can be formed in multiple competing states.
Improved methods for predicting helix-orientation specificity
and coiled-coil oligomerization state may need to address
this complexity explicitly.
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