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tion apparatus is poised to proceed. In the
case of trans cleavage, the requirement for
two precisely aligned protomers could
serve to restrain inappropriate cleavages,
as proposed for FLP (17). A second poten-
tial role of the flexible catalytic loop may
be to accommodate strand transfer during
synapsis. Movement of the protein-DNA
complex may be required for access of the
invading strand to the catalytic center,
and this movement might be facilitated by
adjustment of the active site loop.

The structure of N Int c170 with its
flexibly tethered tyrosine nucleophile also
suggests~a mechanism to explain another
variable property of Int family recombi-
nases. Some members of the Int family are,
like N Int, quite fastidious in their require-
ment for DNA-DNA homology within the
overlap regions of two recombining part-
ners (46). Other Int family recombinases,
such as the Tnl1545 and Tn916 trans-
posases, are more relaxed in their response
to heterologies between recombining part-
ners (47, 48). This difference might be
due in part to the variety of amino acids
occupying this segment of Int family re-
combinases (Fig. 2B). Alterations in the
delivery arm of Tyr**? could be expected
to significantly influence such parameters
as the rate, reversibility, and specificity of
the DNA cleavage and ligation reactions.
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A Transmembrane Helix Dimer:
Structure and Implications

Kevin R. MacKenzie, James H. Prestegard,
Donald M. Engelman*

The three-dimensional structure of the dimeric transmembrane domain of glycophorin
A (GpA) was determined by solution nuclear magnetic resonance spectroscopy of a
40-residue peptide solubilized in aqueous detergent micelles. The GpA membrane-
spanning a helices cross at an angle of —40 degrees and form a small but well-packed
interface that lacks intermonomer hydrogen bonds. The structure provides an expla-
nation for the previously characterized sequence dependence of GpA dimerization and
demonstrates that van der Waals interactions alone can mediate stable and specific
associations between transmembrane helices.

Glycophorin A, the primary sialoglycopro-
tein of human erythrocyte membranes, forms
noncovalent dimers by sequence-specific, re-
versible association of its single hydrophobic
membrane-spanning domain (1-3). We have
determined the dimeric structure of GpAtm, a
peptide corresponding to residues 62 to 101 of
human GpA, by heteronuclear nuclear mag-
netic resonance (NMR) methods (Fig. 1).
Nuclear Overhauser effect (NOE) distance
restraints and J coupling—derived dihedral re-
straints were used to generate a family of 20
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structures (4). Residues 62 to 71, which lie
outside the membrane (5) and are unneces-
sary for dimerization (2), are poorly defined by
this procedure, but within the transmembrane
region the structures differ from the average
by only 0.4 A [root mean square (rms)] for
backbone and 0.8 A (rms) for all nonhydro-
gen atoms. The well-defined interface be-
tween the hydrophobic helices allows us to
describe the physical basis for helix-helix as-
sociation, the second stage of the proposed
“two-stage model” for membrane protein fold-
ing (6).

Residues 73 to 96 of GpA form « helices
that interact at a —40° (right-handed) cross-
ing angle in a symmetric GpAtm dimer (Fig.
2). Side chain and backbone atoms of seven
residues make favorable van der Waals inter-
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Fig. 1. (A) "H-"5N heteronuclear single-quantum co-
herence spectrum (77) of GpAtm in 5% dodecylphos-
phocholine at 500 MHz. Each backbone amide pro-
ton except those of Glu™ and Glu” gives rise to a
single correlation identified by residue number; the
signals for Thr8” and Arg®® overlap and are indicated
by an asterisk. Correlations arising from side chain
atoms are labeled with residue number and atom
name. (B) NOE and chemical shift data identify sec-
ondary structure of the GpAtm peptide. NOE correla-
tions indicative of a-helical [dy,g — 4 8nd dyg — )] and
B-strand [dy, - 1) configurations are denoted by
filled boxes; correlations that cannot be unambigu-

ously identified due to chemical shift degeneracies are denoted by open boxes. Chemical shift index
analysis (18) was applied to the resonances of GpAtm: for H* resonances, scores of +1 indicate a
strand, whereas scores of —1 indicate a region of a helix; for the C* and carbonyl resonances, the
scoring is reversed. Resonances with statistically insignificant secondary shifts received scores of O.
The consensus secondary structure is indicated at the bottom (h, helix; s, sheet). Abbreviations for
the amino acid residues are as follows: A, Ala; E, Glu; F, Phe; G, Gly; H, His; |, lle; K, Lys; L, Leu; M,
Met; P, Pro; Q, GiIn; R, Arg; S, Ser; T, Thr; V, Val; and Y, Tyr.

Fig. 2. Stereo view of the GpAtm dimer interface with the dyad axis aligned vertically. Main chain atoms of
residues 73 to 88 and side chain atoms of interfacial residues are shown (gray, carbon; blue, nitrogen; red,
oxygen; white, polar hydrogen). Molecular surfaces of each monomer, drawn at radii corresponding
to the van der Waals hard sphere limit, are shown for those portions of the surfaces that lie within 1.4
A of the other monomer. The detailed fit between the yellow “groove” and blue “ridge” residues in the
front half of the dimer interface can be recognized by considering the complementarity of the
semitransparent surface representations. Figures 2 and 3 were generated with the program GRASP

(79).

132

actions at the dimer interface. Extensive
backbone-backbone contact between the he-
lices is made possible by two glycines separat-
ed by four residues: The side chains of Val®
and Val®* form a ridge that packs against the
groove created by Gly?”® and Gly*® of the
opposite monomer. This groove is extended
by the side chains of Leu” and Thr®’, and the
side chain of Ile’® extends the ridge. The
symmetry-related Thr8” B methines and vy
methyls interact with one another across the
dyad. The Gly® carbonyl oxygen forms a
bifurcated hydrogen bond with the Thr® hy-
droxyl and amide protons of its own mono-
mer, as observed in many soluble proteins (7),
and the Thr®” y oxygen packs with the back-
bone and side chain of Val®*. GpA dimerizes
by burying only a small interaction surface
(400 A?) and without forming intermonomer
hydrogen bonds or salt bridges.

The preponderance of glycines and
B-branched amino acids in the GpA trans-
membrane domain contrasts markedly with
the low frequencies at which these residues
are found in a helices of soluble proteins (8).
Theoretical considerations and experimental
evidence (6, 9) suggest that the stabilization
energy provided by backbone hydrogen bonds
within a low dielectric, hydrophobic environ-
ment can drive GpA helix formation despite
the high proportion of residues with poor
helix-forming tendencies (10). Interestingly,
the GpAtm structure shows that the propet-
ties of these “unfavorable” residues can be
used to generate specific interactions be-
tween transmembrane monomers. Because
only one x; rotamer is accessible to the
B-branched amino acids isoleucine, valine,
or threonine within an a helix (11), the
positions of most GpA interfacial atoms
within one monomer are determined by
helix formation, and two largely preformed
surfaces associate to form the dimer. This
results in only a small loss of protein con-
formational entropy upon dimerization.

The closely packed dimer interface of
GpAtm has side chain torsion angles dis-
placed only slightly from the ideal values of
the rotamers seen in a helices (11, 12), indi-
cating that the side chains are not strained by
their participation in the interface. The en-
thalpic penalty associated with generating the
side chain configurations needed to make
good intermonomer packing interactions is
therefore minimal. Although helix-lipid en-
thalpic interactions and lipid entropy presum-
ably affect the monomer-dimer equilibrium,
the relative smoothness of the dimer interface
suggests that lipid chains would interact at
least as favorably with the interfacial residues
as with the other faces of monomeric GpA
helices.

Mutagenesis studies of GpA identified a
dimerization motif composed of Leu”, Ile®,
Gly”, Val®®, Gly®, Val®4, and Thr® (3,
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13). In our structure, these residues contrib-
ute essentially all the atoms that participate
in intermonomer van der Waals interac-
tions, reinforcing the conclusions of the
mutagenesis work and providing a structural
rationale for the general ability of this motif
to induce dimerization (I13). The model
proposed on the basis of simulated anneal-
ing searches (14) has the same features as
the structure presented here; the difference
for backbone atoms of residues 74 to 91 is
only 0.8 A (rms), showing that a combina-
tion of computational and mutagenesis
methods can provide accurate models of
transmembrane helix interactions. The ex-
cellent agreement between the conclusions
of the indirect structural methods previous-
ly applied to GpA and the direct structure
determination presented here should en-
courage further application and develop-
ment of indirect approaches to the structur-
al characterization of membrane proteins.
Modeling of disruptive hydrophobic sub-
stitutions (3) in the GpAtm structure
through use of side chain rotamers common-
ly found in « helices (11) reveals that more
than 90% of these mutations alter packing
interactions between monomers. Steric
clashes are found to be more disruptive than

Fig. 3. Steric clashes generated by alanine sub-
stitutions at positions Gly”® and Gly®3. The left-
hand panels portray the favorable van der Waals
interactions in the wild-type structure through sur-
face representations as in Fig. 2, whereas the
right-hand panels depict the steric clashes in-
curred upon replacing glycine by alanine. (A) Re-
placement of Gly”® with Ala causes moderate
methyl-methyl clashes; this sequence variant
shows reduced amounts of dimer (3). (B) Re-
placement of Gly®3 with Ala causes methyl-car-
bonyl and methyl-methyl clashes; this sequence
variant shows no dimer (3). All other identified hy-
drophobic substitutions at these two sites com-
pletely disrupt dimerization (3).
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changes that eliminate favorable interac-
tions, and clashes with backbone atoms are
more disruptive than clashes with side chain
atoms. For instance, the Gly”®— Ala substi-
tution, which causes slight clashes that
might be alleviated by small side chain
movements, is mildly disruptive, whereas the
Gly®— Ala substitution results in a methyl-
carbonyl oxygen clash and is completely dis-
ruptive (Fig. 3). The disruptive effects of
substitutions Leu”>—Ile and Ile’— Ala and
the ability of these two nondimerizing pro-
teins to form a heterodimeric complex (3)
are consistent with the GpAtm structure, as
are the results of alanine insertion mutagen-
esis (15). The qualitative agreement be-
tween mutagenesis data and steric consider-
ations based on the wild-type structure rein-
forces the idea that helix-helix packing is the
main determinant of GpA stability.

The GpAtm structure presented here
demonstrates that van der Waals interac-
tions alone can stabilize specific dimerization
of membrane helices, but a full understand-
ing of the structural basis for transmembrane
helix association will require the analysis of
many systems of varying size and complexity.
Approaches such as the use of deuterated
protein and quadruple resonance pulse se-
quences (16) and the availability of higher
fields should make structure determination
by solution NMR applicable to many deter-
gent-solubilized single- and multispanning
helical membrane protein systems.
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