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ABSTRACT Val -3 Ala mutations within the effective
transmembrane segment ofa model single-spanning membrane
protein, the 50-residue major coat (gene VM) protein of
bacteriophage M13, are shown to have sequence-dependent
impacts on stabilzation of membrane-embedded helical di-
meric structures. Randomized mutagenesis performed on the
coat protein hydrophobic segment 21-39 (YIGYAWAMV-
VVIVGATIGI) produced a library of viable mutants which
induded those in which each of the four valine residues was
replaced by an alanine residue. Sicant variations found
among these Val -* Ala mutants in the relative populations and
thermal stabilities of monomeric and dimeric helical species
observed on SDS/PAGE, and in the range of their a-helix -*

«-sheet transition temperatures confirmed that intramembra-
nous valine residues are not simply universal contributors to
membrane anchoring. Additional analyses of (0) nonmutatable
sites in the mutant protein library, (u) the properties of the
double mutant V29A-V31A obtained by recycling mutant
V31A DNA through mutagenesis procedures, and (iu) energy-
minimized helical dimer structures of wild-type and mutant
V31A transmembrane regions indicated that the transmem-
brane hydrophobic core helix of the M13 coat protein can be
partitioned into alternating pairs of potential protein-
interactive residues (V30, V31; G34, A35; G38, 139) and
membrane-interactive residues (M28, V29; 132, V33; T36,
137). The overall results constitute an experimental approach
to categorizing the distinctive contributions to structure of the
residues comprising a protein-protein packing interface vs.
those facing lipid and confirm the sequence-dependent capacity
of specific residues within the transmembrane domain to
modulate protein-protein interactions which underlie regula-
tory events in membrane proteins.

Although most transmembrane (TM) regions ofintegral mem-
brane proteins are presumed to be a-helical in conformation,
glycine and p,-branched residues (valine, isoleucine, threo-
nine), known to disfavor a-helices in soluble proteins (1),
often account for nearly 50%6 ofTM amino acids (2). As many
membrane proteins require function-related conformational
change(s) [e.g., during membrane insertion (3) or signaling
(4)], the TM sequence-particularly through its glycine and
(3-branched content-may also contribute to function (e.g.,
conformational flexibility and/or helix destabilization) at
various stages of the protein life cycle (5) rather than serve
exclusively to anchor the protein to the membrane.
The prevalence of (3branching in TM segments is epito-

mized by the major coat (gene VIII) protein of bacteriophage
M13, ofwhich the mature 50-residue sequence after excision
of its signal sequence by Escherichia coli leader peptidase is
AEGDDPAKAAFNSLQASATEYIGYAWAMVVVIVGA-
IGIKLFKKFTSKAS [ref. 6; a stretch of 19 uncharged
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residues (the candidate TM region), 21-39, is underlined].
M13 coat protein experiences a variety of environments
during the phage life cycle, from its initial DNA-bound state
and its deposition in the host inner membrane, to its presence
in the host cytoplasm during biosynthesis and membrane
insertion. In the viral assembly/extrusion stage, old as well
as newly synthesized coat protein participates in an a-helical
aggregation process within the membrane, ultimately encap-
sulating viral DNA (7, 8). In contrast, the transient existence
of coat protein in the E. coli cytosol must favor a water-
soluble conformation, in which nascent membrane proteins
are likely to have a (3-sheet ("extended") conformation (9).
The sequences ofa variety offilamentous phage coat proteins
tend to be highly conserved, perhaps reflecting an inherent
requirement for multiple conformations dictated by primary
sequence during the phage life cycle (10).
DNA-bound M13 coat proteins are essentially 100%o a-he-

lical, while helical aggregates are believed to be intermediate
states in the host inner membrane during phage assembly
(11). Considered a model single-spanning membrane protein,
wild-type (WT) coat protein has been deduced to exist largely
as a helical dimer in 2.5 mM SDS micelles and in 30 mM
deoxycholate (12). The conformation ofthe related Pfl phage
coat protein in a micelle environment is proposed to consist
oftwo a-helical regions along its full sequence-an aqueously
located N-terminal helix and a TM plus C-terminal helix-
with the two segments linked by a short region of more
flexible structure (13).

Previous work in this laboratory (5, 14, 15) has focused on
the site-directed mutagenesis of the TM region of M13 coat
protein, with a primary goal of identifyingTM residues which
contribute specifically to coat protein structure and function.
An initial library of 28 viable mutants generated in the
putative TM region demonstrated that coat protein can
accommodate significant changes in side-chain chemistry,
volume, and charge (15). The methodology allows for pro-
duction of mutant coat proteins in milligram quantities and is
accordingly amenable to circular dichroism (CD) and nuclear
magnetic resonance spectroscopy (NMR) studies (5, 14). In
the present work, we take advantage of a subset of mutants
in which each of the M13 TM region valine residues is
replaced with alanine (V29A, V30A, V31A, and V33A).
These mutants afford an opportunity to "walk" alanine
residues through the valine-rich core segment and thereby to
explore the sequence-dependent structural role(s) of valines
within TM helices. Through biophysical analyses of these
latter mutants, and of a double mutant (V29A-V31A) ob-
tained by subjecting the valine-rich TM region of M13 coat
protein to a further cycle of mutagenesis, we demonstrate the
TM position dependence of Val-mediated protein-protein
and protein-lipid interactions.

Abbreviations: TM, transmembrane; WT, wild type.
tTo whom reprint requests should be sent at the * address.
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MATERIALS AND METHODS
Mutagenesis of M13 Coat Protein. Mutagenesis was per-

formed with an oligonucleotide-directed mutagenesis kit,
(Amersham) based on the method of Eckstein and coworkers
(16). In addition to WT M13mpl8 single-stranded DNA
(Pharmacia), three mutant single-stranded DNAs, each with
a single Val -> Ala mutation in the coat protein TM region
(V29A, V30A, and V31A), were used as mutagenesis tem-
plates. (Mutant V33A exhibited poorer growth characteris-
tics and was reserved for future investigation.) Three over-
lapping oligonucleotides, which together spanned the entire
TM region, residues 21-39), were used to anneal directly to
the template (15); no subcloning was required. Oligonucleo-
tides were synthesized at the Biotechnology Centre, Banting
Institute, University of Toronto, and purified with oligonu-
cleotide-purification cartridges (Applied Biosystems). To as-
sess the tolerance of M13 phage to TM mutations, "random-
ized" oligonucleotides were used which contained 92.5% WT
precursor at each selected site but also 2.5% "contaminants"
of each of the other three nucleotides (17). In each oligonu-
cleotide, the 3'-end base was not randomized. Nine separate
mutagenesis reactions (3 templates x 3 oligonucleotides)
were performed. Oligonucleotide sequences were: 5'-
CGCCCACGCATAACCGATATAT-3' (V29A, V30A, V31A
oligonucleotide 1; coat protein residues 21-27); 5'-GACAA-
TGACAACAGCCATCGCC-3' (V29A oligonucleotide 2; res-
idues 27-33); 5'-GACAATGACAGCAACCATCGCC-3'
(V30A oligonucleotide 2; residues 27-33); 5'-GACAATG-
GCAACAACCATCGCC-3' (V31A oligonucleotide 2; resi-
dues 27-33); 5'-GATACCGATAGTTGCGCCGACA-3'
(V29A, V30A, V31A oligonucleotide 3; residues 33-39).
After mutagenesis, 440 plaques were sequenced (195 for
oligonucleotide 1, 120 for oligonucleotide 2, and 125 for
oligonucleotide 3). A total of 48 mutations (including silent)
were identified, for an overall efficiency of 11%.

Preparative-Scale Samples of Mutant M13 Proteins. Mutant
phages were amplified by infecting 1-liter cultures of E. coli
JM101 (15). Coat protein mutants were separated from DNA
by gel filtration [Sephacryl S-200 HR column (Pharmacia)
equilibrated with 8 mM sodium deoxycholate/25 mM sodium
borate elution buffer] (18).
CD Spectra. CD spectra were recorded on a Jasco J-720

spectropolarimeter, with coat protein at 1 mg/ml in 30 mM
deoxycholate/25 mM sodium borate, pH 9. Coat protein
concentrations were determined by A2N0 with an extinction
coefficient of 1.66 for 1 mg/ml (15). Each curve was the
average of four to six scans, recorded at 250 to 190 nm in a
cell (Jasco) with a path length of 0.1 mm.
Molecular Modeling. Model building and energy minimi-

zation were performed with the CHARMM22 program (19)
using full-atom representation and empirical energy func-
tions. The conjugated gradient Powell method and adopted
basis Newton-Raphson method were used for the minimiza-
tion task. The conformation of a 19-residue TM helix of M13
coat protein (residues 24-42) was built (see also refs. 20 and
21), with acetylated N terminus and methyl-amidated C
terminus. Standard bond lengths and bond angles were used,
with a-helical (4, tf, w) and extended (antiperiplanar) side-
chain X angles. The dielectric constant was set at 1 to mimic
the nonpolar environment of the lipid bilayer. After optimi-
zation of the monomer helix, a dimer was constructed by
duplication, rotation, and translation of the monomer. With
helix 1 fixed in space, helix 2 was rotated around its z axis by
increments of 100 and minimized at each rotation angle. The
tilt of helix 2 relative to helix 1 was varied from -60° to 600
for each rotation angle and minimization was repeated. Helix
1 was rotated around its axis by increments of 30° and the
minimization procedure described for helix 2 was repeated.
For each dimer conformation, the total energy was minimized

with full degrees of freedom of the system. The lowest
minimum-energy structures thus obtained were subjected to
room temperature (300 K) molecular dynamics simulations
(4-ps heating, 12-ps equilibration, and 12-ps production) (19).
The residue-residue interaction energies were calculated at
each 50-fs interval during the simulated molecular dynamics
trajectory in the final productive stage. The average values of
these energies were taken as a measurement of interaction
between residues.

RESULTS
Viable Multiple-Site Mutations of M13 Coat Protein TM

Region. Upon cycling of single-stranded DNAs of coat pro-
tein single mutants V29A, V30A, and V31A through the
randomized mutagenesis procedure, 33 new single-, double-
and triple-site amino acid substitutions were generated,
bringing the total number of viable M13 TM-region mutants
to 61 (Table 1). This procedure provided the mutant V29A-
V31A, whose properties are further investigated herein.
Overall, 35 of 61 mutants feature decreased (-branching,
strongly reinforcing the observation that WT (3-branched
amino acid content must already be near-maximal for func-
tion (14). While glycine was statistically highly probable at
eight sites (residues 25-27,29-31, 33, and 35 can each mutate
to glycine by a single nucleotide change), none of the 61
mutants had increased glycine content, suggesting a critical
packing role for glycine within the membrane (see below). Of
the 27 Val -- Ala background mutants, 21 were compatible
with phage viability irrespective of whether the background
was valine (WT) or alanine (G23A, G23A-V29A, Y24H,
Y24H-V30A, etc.). Thus, rather than revertants (i.e., Ala -+
Val mutations compensating for the V29A, V30A, or V31A
loss in j-branching or net hydrophobicity), mutations ob-
tained by recycling were essentially independent of the
alanine background. These results provide evidence that
although the mutagenic oligonucleotides are random, the
library remains a function of viability.
The tolerance of the M13 coat protein TM region to

mutation is apparent from mutants such as V29A-V31L-I32T,
which features three changes within a span of four residues;
G23R-V29A, which places a positive charge at the N termi-
nus of the TM helix, and Y24C-V31A, which introduces the

Table 1. Viable-mutant library of the putative TM segment of
M13 coat protein, as generated by application of the Eckstein
method using randomized oligonucleotides to WT phage and
to mutant phage DNAs of V29A, V30A, and V31A
122V
G23A
G23A-V29A
G23A-V31A
G23D
G23D-V29A
G23D-V30A
G23D-Y24A-V30A
G23R-V29A
G23S
G23S-A25S
G23S-V30A
G23S-V31A
G23S-A27S-V29A
G23T-V30A
G23V-A27S
G23V-V31T
Y24A
Y24C-V31A
Y24D
Y24D-V29A

Y24H
Y24H-A27E
Y24H-V29A
Y24H-V30A
Y24H-A27E-V30A
Y24N
Y24N-V31A
Y24S-V31A
A25S-V31A
A27E
A27E-V30A
A27E-V31A
A27S
A27T
A27T-V30A
A27T-V31A
M28L
M28L-V31A
M28L-V31L
V29A

V29A-V31A
V29A-V31L
V29A-V31L-132T
V29I-V31T
V29T
V30A
V30I
V31A
V31A-T36A
V31A-I37V
V31I
V31L
V31T
132V
132T
V33A
T36S
I37V
I37T
G38S
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potential for covalent disulfide-bonded dimers. Yet all single-
or double-site mutations (with Val-- Ala backgrounds) found
in the TM core (residues 28-39) were uncharged (Fig. 1) and
relatively conserved in hydrophobicity vs. WT protein. Many
of these mutations correspond to residues which comprise
the WT sequence of related filamentous bacteriophages
[M28L, V31L, I32V, 137V for Ifl; V31T, I32V for IKe (22)].
Mutants involving Val -* Thr changes (V29T, V31T, G23V-
V31T, V29I-V31T) arise from stepwise two-base changes vs.
WT codons, since oligonucleotides with (mutant) alanine
codons can mutagenize to threonine codons with one base
change.
SDS/PAGE to Probe the Thermostability of TM Mutant

a-Helicity. Thermally induced in vitro a-helix -- (-sheet
transitions ofWT M13 coat protein were noted by Spruijt et
al. (11). In M13 coat protein TM mutants, these transitions
were proposed to involve at least a two-step process (14), in
which dissociation of intramembranous helical dimers/
oligomers to monomers is followed by escape from the
membrane and ultimately by water-based reassociation ofthe
monomers into high molecular weight P-sheets. SDS/PAGE
can therefore be used to assess relative populations and
thermal stabilities of M13 coat protein species as a function
of mutation type and locus (14). At 25°C, WT coat protein
migrates in gels as a diffuse mixture of a-helical monomeric
and dimeric species (Fig. 2); after brief heating at 95°C (5
min), these species are replaced by high molecular weight
aggregates. Mutant V29A behaves similarly to WT coat
protein; in addition, higher [probably helical (8, 11, 14)]
oligomeric states may also be discerned in V29A gels. In
contrast, mutants V29A, V31A, and V29A-V31A migrate
almost exclusively as dimers, with the majority of protein
remaining as dimers at 95°C. Mutant V30A behaved similarly
to V31A in parallel experiments, whereas V33A behaved
similarly to WT protein (data not shown).
Conformational Studies of Mutant Coat Proteins by CD

Spectroscopy. CD spectroscopy was used to assess species
conformations and to detect conformational interconver-
sions. With samples similar to those used for SDS/PAGE,
CD spectra recorded in deoxycholate micelles at 25°C for
WT, V29A, V31A, and V29A-V31A showed largely helical
conformations for each protein (Fig. 3). Spectra recorded
immediately at 85°C revealed the residue-dependent extent of
(irreversible) conversion to p-sheet aggregates: WT and
V29A displayed largely p-type CD spectra, whereas V31A
and V29A-V31A spectra remained a-helical, with only minor
fraying of helicity.

In parallel CD experiments performed using stepwise heat-
ing (5°C increments, 5 min at each temperature), we mea-
sured the effective midpoint of the irreversible a -, P
transition temperatures (Tmjd)-defined as the halfway point
between the initial [01208 and a final value at which increasing
temperature induced no further change-forWT coat and the
various V -- A mutants. The values obtained-V33A (75°C),
WT (760C), V29A (860C), V30A (900C), V31A (>930C), and
V29A-V31A (>930C)-indicated that a decrease in valine
tended to maintain (dimeric) a-helical structures in the mi-
celle relative to WT, but with the range in Tmid suggesting
varying contributions at each locus.

arg cys
thr ser
val Asp
Asp Asn Glu ike
Ser His Thr Thr

Val Ala Ala ser Ser Leu Ala
I

-Ala Thr Glu Tyr Ile Gly Tyr Ala Trp Ala Met Val
21 22 23 24 25 26 27 28 29

25°'C V29A
WT V29A V31 A V31 A

kDa

43-
25-

18-
14 ,fl,.

3-

950C V29A FIG. 2. SDS/PAGE analysis
5 WT V29A V31A V31A of WT and mutant coat proteins.

Protein (4-5 jig) was loaded in a
volume of 10 ,ul. Gels were run in

kDa S E0.025 M Tris/0.192 M glycine/
kDa E0.1% SDS, pH 8.3. Protein sam-

43 - - ples (1 mg/ml) were untreated
(25°C) (Upper) or heated at 95°C

25- for 5 min (Lower). Polymeric
18- (3-type aggregates, most apparentfor WT and V29A, are seen both in
164 - the 5% stacking gel and at the

6 interface between the stacking gel
3- and the 15% separating gel.

Energy-Minimized Helical Dimers. The roles of individual
valine residues in helix-helix packing were explored further
with energy minimization/molecular dynamics simulation
techniques. By using a 19-residue monomeric segment con-
sisting of amino acids 24-42, which corresponds to a "shift-
ed" TM span (residues 21-23 were excluded since results
from the mutagenesis suggested the aqueous-accessible na-
ture of this segment), dimers were constructed with each
monomer in the a-helical conformation, from which a col-
lection ofenergy minima was obtained for various helix-helix
contact interfaces. Resulting energy-minimized molecular
dynamics average structures forWT dimer and mutant V31A
dimer are shown in helical ribbon representations in Fig. 4a.
Space-filling models generated from these (Fig. 4b) indicate
the favorable protein-protein interior packing of the com-
bined four Val30 and Val31 residues ofWT dimer; in the V31A
dimer, both Val30 and the (now) mutant Ala31 residues remain
located in this packing face. In contrast, Val29 and Val33
largely face lipid in both structures. Further analysis of the
structures obtained confirmed the interior positions of Gly34,
Ala35, and Gly38 in both proteins (data not shown). Analysis
of residue-residue interaction energy suggests that the V31A
mutation improves the intermolecular interaction energy at
the mutation site and confers a general improvement of the
interactions throughout the helix-helix interface. In particu-
lar, the interaction energies of the Ala27 residues with the
opposing helices are clearly strengthened in the V31A mutant
vs. WT dimer (data not shown), corresponding to a slight shift
of the local helix-helix contact site from Trp26 to Ala27; the
improvement is also observed for Ala35 and Gly38. Therefore,
as may be discerned in Fig. 4a, the alanine-promoted packing

Die
Ala

I
Val
30

Leu
Tr
Be myr &d 3r1
AaVal Aa 5cr Val 5r

I
Val Ile Val Gly Ala Thr Ile Gly lIe Lys Leu Phe-
31 32 33 34 35 36 37 38 39

FIG. 1. Viable mutations arising along the 19-residue uncharged effective TM segment (Tyr21-1le39) of M13 coat protein. The diagram was
obtained from composite analysis of 61 mutants (Table 1). Single-site mutants are displayed above the WT TM sequence. Substitutions obtained
only in double- or triple-site mutants are shown in italics and lowercase. Residues flanking the TM segment are indicated.
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FIG. 3. CD spectra ofWT M13 coat protein and mutants V29A,
V31A, and V29A-V31A at 250C and 850C. Protein samples were 1
mg/ml in 30 mM deoxycholate/25 mM sodium borate, pH 9. Spectra
were recorded at 25C, after which the temperature was raised in 5°C
increments, held at each temperature for 5 min, up to 85°C.

efficiency in mutant V31A propagates in both directions
toward the termini of the TM segment.

Preliminary results from energy minimization of the V29A
dimer (not shown) suggest, however, that the most stable
arrangement for this mutant represents net rotations about the
major axis ofeach protein chain (vs. WT and V31A), such that
Ala;9 becomes contained in the protein-protein packing face
(while Val31 now faces lipid) to produce a dimer of lower
energy thanWT. This result accounts forthe enhanced Tmd for
V29A vs. WT. However, since at least one alanine (instead of
valine) must face lipid in the V29A-V31A double mutant, the
result that the V29A-V31A Tmid paralleled that observed for
V31A is then explicable in terms of packing-driven helical
dimer stability, rather than a net decrease in protein-lipid
interactions by the "forced" interaction of Ala;9 with lipid.

DISCUSSION
By recycling V29A, V30A, and V31A mutant M13 phage
DNAs through Eckstein-based randomized mutagenesis pro-
tocols-allowing the coat protein to select for its own via-
bility-we found the putativeTM domain ofM13 coat protein
to be highly tolerant to second- and third-site mutations.
Whatever conformational and protein-protein interactive
properties are imparted by the WT segment 23-27 appeared
to be essentially independent of any packing and/or hydro-
phobicity-mediated interactions in the lipid-interactive core
(residues 28-39); i.e., the mutation spectrum at Gly23, Tyr24,
and Ala27 was not modulated by the "background" Val -+
Ala mutations. Similarly, multiple-site mutations of A repres-
sor protein appeared to be mutually independent (23). Since
polar-mutation-sensitive regions (in this case, Gly23 and
Tyr24) correlate with solvent accessibility (24), Gly23 and
Tyr24 most likely initiate the first turn of the subsequent
hydrophobic TM a-helix.

FIG. 4. Models of energy-minimized helical dimer structures of
TM segments (residues 24-42 shown) ofWT and mutant V31A M13
coat protein. (a) Helical ribbon models of energy-minimized dimers.
(b) Detail of the mid-TM region packing face involving Val3O and
Val3l. In WT (Left), VaI30 (white) and Val31 (gray) residues of each
chain are shown in space-filling representation; in mutant V31A,
VaP30 (white) and Ala31 (gray) are similarly indicated.

The ease with which each of the four WT M13 coat protein
valine residues mutates to alanine may imply initially that
wherever it occurs, Val -> Ala should be considered essen-
tially a universal replacement in membrane environments.
Factors generally stabilizing a Val -- Ala substitution could
include the possibility oftighter protein-protein packing due to
reduction in side-chain volume, as well as an inherent gain in
a-helical stability in Val -- Ala mutants due to reduction of
strain (25). However, while mutants V29A, V30A, V31A, and
V33A are chemically and hydrophobically "identical" pro-
teins, the variation in their species formation/stability on gels
and in CD spectra (Figs. 2 and 3), and the range of >18'C in
their a-helix -- (3-sheet transition temperatures-resulting in
two distinct categories of proteins [viz., (WT, V29A, V33A)
vs. (V30A, V31A, V29A-V31A)]-suggests that certain WT
intramembranous valine residues may be further functional-
ized. Consistent with these data modeling studies locate Val"
and Val3l in the protein-protein packing interface (Fig. 4).
The scope and pattern(s) of 61 viable single- and multiple-

site coat protein TM-region mutants (Table 1), in conjunction
with the above experimental and modeling studies, allow us
to apportion the region 21-39 of WT M13 coat protein into
"subdomains" and to ascribe positional roles to various TM
residues (Fig. Sa). [Preliminary results indicate that Lys4O,
Leu41, and Phe42 are essentially nonmutable by the method
described here (M.G. and C.M.D., unpublished work)]. That
the segment 21-27 is susceptible to such a variety of polar

Biochemistry: Deber et al.
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28 29 30 31 32 33 34 35 36 37 38 39 40 41 42

MVVVIVGATI GIKLF
I.....I

non-polar mutants

Protein - interactive
Face

FIG. 5. (a) Apportionment ofthe midsegment ofM13 coat protein
(Tyr21-Phe42) into subdomains, as determined from mutational and
structural analysis of a library of61 viable mutant proteins. Residues
underlined are those deduced to be participatory in the protein-
protein packing interface within the TM hydrophobic core domain of
the effective transmembrane segment. (b) Helical wheel represen-
tation of the TM hydrophobic core domain (Met28-le39), indicating
approximate protein-interactive (shaded area) and lipid-interactive
faces which arise from a four-residue (two in, two out) repeat motif.
Underlined residues are as given in a above.

mutations (Fig. 1) emphasizes its largely aqueous-accessible
location and its effective independence from the hydrophobic
core domain. This result also provides a caveat that an
uninterrupted stretch ofuncharged residues in a protein (e.g.,
Tyr2l-41e39) may not necessarily represent the demarcation
points of membrane entry/exit. The hydrophobic core of the
WT TM helix (Met2k-lle39) may be qualitatively partitioned
further into protein-interactive residues (Val30-Val31, Gly34-
Ala35, Gly38-11e39) and membrane-interactive residues (Met28-
Val29, Ile32-Val33, Thr36-11e37). This situation is depicted for
theTM hydrophobic core Met2-Ile39 in the schematic helical
wheel representation shown in Fig. Sb. Near the extremes of
the TM segment, the amphipathic character of the Trp26
indole side chain may aid in positioning the protein chain at
the outer membrane/water interface, while the Lys4O side
chain, although charged, may extend toward the opposing
membrane/water interface from within the membrane via its
side chain of four methylene groups.
Among "small" residues in the WT M13 coat protein TM

segment, Gly34 and Ala35 were nonmutable (Table 1),
whereas Gly38 tolerated only a (small) serine side chain; these
three residues, in concert with Ala27 (all located on the same
face of an a-helix in the helical wheel schematic) could
facilitate the close approach ofprotein chains in dimerization
or oligomerization. Stable dimers such as the single-spanning
protein glycophorin A similarly have subunit interactions
between TM segments stabilized by the close approach of
faces rich in glycine and alanine residues (26). Yet the mix of
"small" and "large" side chains lining the M13 coat protein
packing interface (underlined in Fig. 5a) apparently functions
to modulate the tenacity ofintramembranous protein-protein
interactions. Since the species required in vivo for the tran-
sient membrane-interactive phase of the M13 phage life cycle
are not yet known, it should be emphasized that those Val -)

Ala mutations which enhance protein dimer stability in the
M13 system are not necessarily "better" for phage viability.
However, the phenomenon of dimeric (and oligomeric) he-
lical species formation by M13 coat protein may serve as a

model for multiple-spanning membrane proteins, where fold-
ing to a final tertiary structure may depend upon similar
specific TM side chain-side chain interactions.

Our results suggest that Val -+ Ala mutations have variable
impacts on stabilization of helical structures which depend
upon their positions in the TM sequence. Thus, an interior Val
-+ Ala mutation one helical turn from the packing interface of
a Gly-Ala locus can dramatically increase the propensity
toward helix-helix association. Given the dearth of crystallo-
graphic data on membrane proteins, the present approach
provides a method for distinguishing between protein-facing
and lipid-facing residues in helical assemblies. Residues iden-
tified as "out" or "in" in Fig. 5 for the M13 TM segment
match, in part, the situation found in the crystal structure of
the bacterial photosynthetic reaction center, where TM resi-
due contacts were similarly correlated with patterns of helical
periodicity (27). Our observation ofan =4-residue (2 in, 2 out)
helix packing motif parallels the identification by Lemmon et
al. (28) of sensitive positions occurring with a 3.9-residue
repeat along the TM helix of dimeric glycophorin A. The
findings reinforce the notion of the TM segment as an inde-
pendent, functional domain and confirm the sequence-
dependent capacity of specific residues within this domain to
modulate protein-protein interactions which underlie certain
regulatory events in membrane proteins.
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