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The forces stabilizing the three-dimensional structures of mem-
brane proteins are currently not well understood. Previously, it
was shown that a single Asn side chain in a transmembrane
segment can mediate the dimerization and trimerization of a
variety of hydrophobic helices. Here, we examine the tendencies of
arepresentative set of amino acids (Asn, GIn, Asp, Glu, Lys, Ala, Val,
Leu, Ser, Thr) to direct the oligomerization of a model transmem-
brane helix. The model peptide is entirely hydrophobic throughout
a 20-residue segment and contains a single central site for the
introduction of various amino acid “guests.” Analytical ultracen-
trifugation and gel electrophoresis were used to determine the
stoichiometry and free energy of association of the entire set of
peptides within micelles. Variants with two polar atoms at the
guest site—Asn, GIn, Asp, and Glu—formed stable trimers,
whereas residues with one or fewer polar atoms showed a much
weaker tendency to associate. The data are examined in light of the
frequencies of occurrence of various amino acid side chains in
membrane proteins and provide insight into the role of polar
interactions in directing transmembrane helix association. These
data also suggest an approach to the design of variants of natural
single-span transmembrane proteins with various potentials to
associate in the bilayer.

he forces that drive membrane protein folding are not well
understood. A reasonable model for membrane protein
folding (1) posits that folding occurs in two kinetically separate
steps. The first involves insertion of the helical regions of the
protein in the bilayer, whereas the second involves the formation
of specific interactions between these helices, to form a tightly
packed native structure. The second step can occur in an
intermolecular process as in the folding/assembly of multimeric
ion channel proteins or in an intramolecular process, as in the
folding of monomolecular proteins. The features required for the
insertion of peptides into bilayers are largely hydrophobic in
nature and have been quantified through various model systems
(reviewed in ref. 2). However, the features required for the
subsequent association of inserted helices are controversial and
less well understood (3). One early study (4) suggested that the
composition of the interiors of membrane proteins are similar to
those of water-soluble proteins; both predominantly consist of
well-packed apolar residues. Buried polar side chains occur less
frequently but may be important for function, conformational
specificity, and thermodynamic stability. A more recent study
suggests that small residues such as Gly and Ala may additionally
play an important role in the association of some transmembrane
helix pairs (5-7), although this is not a universal phenomenon
(8). Finally, the role of amino acid sequence in defining the
orientation and topology of transmembrane helical segments has
been defined by using a glycosylation mapping method (9-11).
To determine experimentally the features required for folding
membrane proteins, we built a transmembrane peptide begin-
ning with a water-soluble two-stranded coiled coil from GCN4
(GCN4-P1; ref. 12). This dimer is stabilized in aqueous solution
by a series of hydrophobic interactions. Only one polar interac-
tion occurs between side chains that are buried in the center of
the structure, involving a hydrogen bond between the carbox-
amide groups of two Asn side chains on neighboring chains.
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Mutational studies indicate that this interaction is actually
destabilizing relative to a hydrophobic interaction. However, it
is important for specifying a dimeric state, relative to other
aggregation states that are observed when the buried Asn is
changed to hydrophobic residues (13, 14). Crystal structures of
several variants of GCN4-P1 in trimeric and tetrameric aggre-
gation states have been determined, providing an excellent
system for comparing the effects of substitutions in water-soluble
versus membrane-soluble proteins. Previously (15), we con-
verted GCN4-P1 to a membrane-soluble peptide, MS1, by
changing the exterior polar side chains of the water-soluble
peptide to a combination of apolar side chains while maintaining
its buried side chains invariant. The resulting peptide, MS1, was
found to associate in nonionic detergent micelles and bilayers. In
micelles, the association was a thermodynamically reversible
monomer—dimer—trimer equilibrium, which favored formation
of trimers at high peptide/detergent ratios. The Asn appeared
critical for association: when this residue was replaced by Val, the
corresponding peptide failed to associate. By contrast, the same
mutation strongly favored the formation of trimers in the
water-soluble parent peptide (14). Thus, polar interactions in-
volving the transmembrane Asn residue appear essential for
association of the peptide in micelles. An independent study by
using transmembrane peptides fused to water-soluble protein
domains came to a similar conclusion and additionally provided
evidence for hydrogen bonding between the buried Asn side
chain (16). Both studies also found that interactions between Asn
side chains were the primary driving force for the interaction,
with the packing of apolar side chains playing a less important
energetic role in bilayers and micelles.

Here, we ask whether other polar side chains are able to
similarly mediate the association of transmembrane helices. The
transmembrane Asn-14 is therefore changed to Ser, Thr, and Gln
as examples of neutral polar side chains. Asp Glu, and Lys were
also examined as examples of ionizable residues. Finally, Ala,
Val, and Leu were investigated as examples of small and large
apolar side chains.

Materials and Methods

Peptide Synthesis and Purification. MS1 (Fig. 1) was synthesized
and purified according to Choma et al. (15). For five of the
peptides, the synthesis was split into five portions before cou-
pling the guest amino acid, sealed in “tea bags” (a gift from
Enrique Perez Paya, University of Valencia, Valencia, Spain)
(17) and the desired amino acid coupled manually. The bags
were then returned to the reaction vessel, and the synthesis was
completed on the peptide synthesizer. The N termini were
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Peptide * * * * * * * *
GCN4-P1 MKQLEDK VEELLSK NYHLENE VARLKKL VGER
MS1 BOLLIA VLLLIAV NLILLIA VARLRYL VG
N14v BQLLIA VLLLIAV VLILLIA VARLRYL VG
N14D BQLLIA VLLLIAV DLILLIA VARLRYL VG
N149Q BQLLIA VLLLIAV QLILLIA VARLRYL VG
N14E BQLLIA VLLLIAV ELILLIA VARLRYL VG
N14K BQLLIA VLLLIAV KLILLIA VARLRYL VG
N14s BQLLIA VLLLIAV SLILLIA VARLRYL VG
N14T BQLLIA VLLLIAV TLILLTA VARLRYL VG
N14A BQLLIA VLLLIAV ALILLIA VARLRYL VG
N14L BQLLIA VLLLIAV LLILLIA VARLRYL VG

Fig. 1. Peptide sequences.

labeled with 4-fluoro-7-nitrobenz-2-oxa-1,3-diazole [(NBD) flu-
oride; Molecular Probes] by stirring resin-bound peptide for 24
hours with a 3-fold molar excess of label in dimethylformamide
with sufficient N-methylmorpholine to make the reaction mix
slightly basic.

All SDS electrophoresis was performed by using 4% acryl-
amide in the stacking gel and 20% acrylamide in the resolving
gel. The gel was stained with Colloidal blue (NOVEX, San
Diego) to show all protein bands. Samples contained ~5 ug
peptide in 4% SDS in Tris pH 6.8 buffer. Running buffer was 1%
SDS Tris/tricine, pH 8.25, buffer. The NBD-labeled peptides
were used because they stained better than the unlabeled
peptides.

Analytical Ultracentrifugation. The concentration of the NBD-
labeled peptide was determined by the absorbance of ethanolic
solutions (NBD: e4sg = 21,000). Ethanolic solutions of the
NBD-labeled peptide plus Cl4-betaine detergent were dried
under reduced pressure, then dissolved in 100 mM sodium
phosphate buffer, pH 7.0, with 13% DO present to adjust for the
detergent density (18). Sedimentation equilibrium experiments
were performed at 25°C by using a Beckman (Beckman Coulter)
XL-I analytical ultracentrifuge, as described (19). The samples
were centrifuged in three-compartment carbon-epoxy center-
pieces with sapphire windows for lengths of time sufficient to
achieve equilibrium. Data obtained by absorbance at 470 nm
were analyzed by nonlinear least-squares curve fitting of radial
concentration profiles by using the Marquardt-Levenberg algo-
rithm implemented in Igor Pro (WaveMetrics, Lake Oswego,
OR) with a user-defined function coding the equations describ-
ing reversible association in centrifugation. The monomeric
molecular masses and partial specific volumes were calculated by
using the program SEDINTERP (20), modified to include revised
values for individual amino acid residues (21) and corrected for
hydrogen—deuterium exchange by using averaged H-D ex-
changed amino acid residue weights. The calculated values of
these parameters were held constant in fitting the absorbance
versus radius profiles to various equilibrium models.

A monomer—trimer equilibrium model provides a very good fit
to the sedimentation curves for MS1 (15) and most of the
variants. However, the curves for MS1-N14E and MS1-N14D
indicated that they were forming higher-order aggregates as well
as trimers. The correction associated with the higher-order
aggregate is considerable for MS1-N14E and even more sub-
stantial for MS1-N14D. Inclusion of an electrolyte (0.25 M
NaCl) reduced the formation of higher-order aggregates in both
cases, while having very little effect on the trimerization constant
for MS1. Also, as the pH was lowered from 8.0 to 6.0, the
higher-order aggregation of the MS1-N14E and MS1-N14D
peptides reached nearly undetectable levels (published as sup-
plemental data, Figs. 8§ and 9, on the PNAS web site, www.
pnas.org). Thus, it is likely that the trimers involve a neutral
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protonated Asp or Glu side chain, whereas the higher-order
aggregates arise from surface-absorbed peptide with the Glu or
Asp side chains in an ionized state. The negatively charged side
chain might associate with the positively charged residues of
neighboring helices, leading to the formation of aggregates.
Here, we report sedimentation of MS1-N14E and MS1-N14D at
neutral pH in the presence of 0.25 M NaCl. Under these
conditions, the curves for MS1-N14E conformed well to a
monomer—trimer equilibrium, whereas MS1-N14D required a
monomer—trimer—hexamer scheme to describe adequately the
data (supplemental data). At a peptide/detergent ratio of
1:1,000, equal amounts of trimer and hexamer were present in
MS1-N14D including only 10% monomer.

The degree of association of MS1-N14A, MS1-N14V, MS1-
N14L, MS1-N14T, and MS1-N14S was relatively small under
accessible peptide/detergent ratios, making it difficult to deter-
mine uniquely the association state of the aggregated form.
Therefore, for sake of uniformity of analysis, these curves were
also analyzed by using a monomer—trimer equilibrium, giving a
very good fit to the data. A monomer—tetramer association
scheme also fit the data for these mutants, but the difference in
AAG (reported in Fig. 5), when expressed on a per-monomer
basis was the same within experimental error.

Structural Analysis of Transmembrane Helices. A total of 1,118
residues distributed over 62 transmembrane helices in 7 mem-
brane proteins were examined. The dataset of Stevens and Arkin
(3) was used with one exception; helix I of locc was reported to
span from residues 21 to 53, but examination of the structure
suggested a more typical length of 18 residues (34 to 52). To
characterize the exposure of the side chains in the structures, a
probe-accessible surface was calculated by using a probe radius
of 1.5 A and compared with an appropriate standard for the
“unfolded state.” In the two-state model, the unfolded state is
considered an isolated helix. Therefore, the measured area was
compared with the corresponding value for the same residue
type in a polyAla helix [the most frequent rotamer for the side
chain in a helical conformation (22, 23) was used in this latter
calculation]. If the solvent accessibility for the residue in the
transmembrane segments was less than 20% of the exposed
surface area of that residue in the polyalanine helix, the side
chain was considered buried. In each case, probe accessibility
was calculated by using the biologically relevant association state
of the protein, although only one subunit of each different chain
was included for compiling the statistical frequencies of occur-
rence of the various amino acid types.

Results

SDS/PAGE. SDS/PAGE has been used extensively to assess the
degree of association of various membrane peptides, such as the
transmembrane domain of phospholamban (24) and glycophorin
(25). Therefore, this method was initially used to determine the
association of the different MS1 variants. MS1 migrates with an
apparent molecular weight approximately equal to that of the
trimeric state of the peptide, whereas MS1-N14V migrates with
a mobility consistent with a monomeric state (Fig. 2). The
variants in which the central Asn was replaced with Asp (MS1-
N14D), Gln (MS1-N14Q), and Glu (MS1-N14E) show mobilities
similar to MS1. The peptides containing a central Ala (MS1-
N14A), Leu (MS1-N14L), Ser (MS1-N14S), and Thr (MSI-
N14T) run in a similar fashion to MS1-N14V, indicating that
these peptides are monomeric in SDS. The peptide N14K smears
on the gel, possibly because of interactions between the charged
Lys and the SDS micelles.

Analytical Ultracentrifugation. All of the peptides except N14K run

as single bands in SDS/PAGE, denoting a single association
state. In nonionic detergent micelles, however, MS1 exists in a
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Fig. 2. SDS/PAGE of MS1 and variants. Lane 1 is a membrane standard
consisting of the 19- and 8-kDa fragments of bacteriorhodopsin and a 2.7-kDa
fragment from the M2 proton channel from influenza A virus (15). Lanes 2 and
3 contain MS1 and MS1-N14V, which migrate with molecular weights similar
to that expected for a trimer and monomer, respectively. Lane 4 (MS1-N14D),
Lane 5 (MS1-N14Q), and Lane 6 (MS1-N14E) all migrate similarly to MS1 at
approximately the trimeric MW. Lanes 7, 8, 10, and 11 (MS1-N14A, MS1-N14L,
MS1-N14S, MS1-N14T) all migrate as apparent monomers. Lane 9 contains the
N14K peptide.

monomer—#-mer equilibrium (15). The association of peptides in
SDS micelles requires days to equilibrate (26). Therefore, a more
quantitative experimental method was necessary to determine
the association states of the MS1 variants.

Analytical ultracentrifugation and fluorescence quenching
experiments have shown that MS1 associates to form trimers in
a variety of micellar systems including C12E8, DPC, SDS, and
Cl4-betaine micelles (15). Therefore, analytical ultracentrifu-
gation was used to examine the association of the variants in
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Fig.4. The variation in monomer fraction with peptide/detergent mol ratio
for each of the peptide variants studied in this work. Curves were calculated
by using dissociation constants determined by curve-fitting analytical ultra-
centrifugation data.

micelles of the detergent Cl4-betaine, chosen for its chemical
stability and moderately low critical micelle concentration (=~0.1
mM). To eliminate the contributions of the micelles to the
sedimentation of the peptides, solvent density was adjusted by
using D,O to match the density of the detergent (18). Analysis
of the sedimentation curves under these conditions provides the
buoyant molecular weight of only the peptide component. The
equilibrium sedimentation curves were well described by a
monomer—trimer equilibrium (Fig. 3). The variant MS1-N14A is
primarily monomeric at all accessible peptide/detergent ratios,
whereas MS1-N14Q shows an even greater tendency to trimerize
than MS1.

Fig. 4 illustrates the computed fraction of monomer as a
function of the mol fraction of the peptide in the micellar phase.
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Analytical ultracentrifugation of NBD-MS1-N14A and NBD-MS1-N14Q in C14-betaine micelles. The peptides at different peptide-to-detergent ratios

(1:150 and 1:300 molar ratios) in 100 mM sodium phosphate buffer, pH 7.0, 13% D0, were centrifuged at 40, 45, and 48 K. Amonomer-trimer equilibrium scheme
was used to fit curves to the experimental data. Residuals of curve fits for each individual data set are shown above the data.
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Fig. 5. Histogram showing the differences in free energies of trimerization
(—AAG in kcal/mol per monomer) for each of the variants relative to the
MS1-N14A variant. Error bars reflect the uncertainties in free energies as
obtained by a sensitivity analysis of the analytical ultracentrifugation data.
Because the AAG values are calculated as differences from alanine, the alanine
variant errors were added to each of the others.

The differences in the free energy of trimerization (on a
per-peptide basis) of the variants relative to MS1-N14A are
presented in Fig. 5. Variants with carboxamide- or carboxylic
acid-containing side chains at position 14 (Asp, Asn, Glu, Gln)
have a high tendency to associate, whereas the remaining
peptides show much weaker association. N14K, which was not
well behaved in SDS/PAGE, was clearly demonstrated to be
predominantly monomeric in the zwitterionic Cl14-betaine de-
tergent micelles.

Amino Acid Distribution in Membrane Proteins. To determine
whether the trends measured in our model system accurately
reflect trends in natural helical membrane proteins, we mea-
sured the frequency of occurrence of the amino acid side chains
in the transmembrane segments of membrane proteins available
from the protein data bank (27). Asn, Asp, Gln, and Glu would
be expected to occur infrequently on the surface of a membrane
protein; otherwise, they would cause oligomerization (15, 16). In
a sample of 1,118 transmembrane helical residues, these 4 side
chains occur only 22 times. As expected, those that occur at
buried positions inevitably hydrogen bond to the backbone of
neighboring helices and/or polar side chains. Visual inspection
of the 10 exposed side chains from this group shows that they are
all located near the ends of the helices and that their side chains
tend to project away from the hydrophobic portion of the
transmembrane segment (i.e., toward the headgroup region of
the bilayer; Table 1; Figs. 6 and 7). For example, in the recent
crystal structure of rhodopsin, there is a highly conserved Asn
whose side chain is involved in a hydrogen bond with an Asp and
a backbone carbonyl, as well as another Asn in which both polar
atoms are involved in a hydrogen-bonding network (28).

Ser and Thr are also small polar side chains, but they failed to
lead to transmembrane peptide association in variants of MS1.
Therefore, it was of considerable interest that they occur in much
greater frequency than Asn, Asp, Gln, and Glu in both buried as
well as exposed locations. At exposed positions, Ser and Thr
taken together occur 8.4-fold more frequently than the sum of
the frequencies of Asn, Asp, Gln, and Glu. The corresponding
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Table 1. Summary of occurrence for all 20 amino acids in the
transmembrane segments of the 7 helical proteins examined

Amino acid Buried Exposed Total Fraction buried
Ala 55 74 129 0.43
Arg 0 0 0

Asn 5 5 10

Asp 4 1 5

Cys 6 6 12 0.50
Gln 2 3 5

Glu 1 1 2

Gly 54 42 96 0.56
His 7 3 10

lle 39 76 115 0.34
Leu 61 158 219 0.28
Lys 2 1 3

Met 32 29 61 0.52
Phe 51 73 124 0.41
Pro 9 14 23 0.39
Ser 20 32 55 0.36
Thr 22 52 74 0.30
Trp 15 24 39 0.38
Tyr 8 17 25 0.32
Val 30 81 111 0.27

When at least 12 side chains were present, the fraction buried was calcu-
lated and is shown along with the total number of occurrences.

value for buried locations is 3.8. Also, Leu Ala, and Val, which
failed to direct strongly oligomerization of variants of MS1, were
among the most frequently occurring of amino acids. Lys occurs
only three times in the population.

Discussion

Previously, it has been shown that a single Asn in a transmem-
brane helix provides a strong driving force for dimer or trimer
formation (15, 16). Here we extend these studies to examine the
potential of other commonly occurring amino acids to direct the

Occurrence in Transmembrane Helices (%)

L A V T S8 N D Q K E
Amino Acids

Fig. 6. Frequency of side chains in transmembrane regions of protein
structures deposited in the Protein Data Bank. The proteins included bacte-
riorhodopsin, the photosynthetic reaction center, the KCSA K channel, glyco-
phorin, the light-harvesting complex, cytochrome C oxidase, and the cyto-
chrome bc1 complex. Transmembrane regions were defined according to
Stevens and Arkin (3).
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Fig. 7.
deposited in the Protein Data Bank.

oligomerization of transmembrane helices. Within the context of
the MS1 peptide, Gln is shown to have an even higher potential
than Asn to induce the formation of trimers. The side chain of
Gln is one methylene longer than Asn, possibly providing
additional flexibility for forming optimal hydrogen bonds within
the interior of the trimer. Both Asn and Gln often occur in buried
locations of water-soluble three-stranded coiled coils, where they
form hydrogen bonds to one another, a buried water molecule,
and/or chloride ions (29-33).

Because trimerization occurs in a region of low dielectric, it is
likely that the carboxyl-containing side chains Asp and Glu are
protonated. Consistent with this observation, the fit of a mono-
mer-trimer equilibrium becomes increasingly poor as the pH is
increased (supplemental data). Similarly, in a variant of GCN4-
P1, in which a buried Asn was replaced by Asp, association was
linked to protonation of the carboxyl group (33). It has long been
known that carboxylic acids form strong hydrogen bonds, par-
ticularly in solvents of low dielectric (34, 35). Finally, it has
previously been shown that the introduction of a Glu into the
transmembrane helix of the neu oncogene protein product leads
to the formation of oligomers (36, 37). Again, the formation of
the transmembrane oligomeric form appears to be linked with
protonation of the Glu side chain (36).

Although Ser and Thr are also small polar amino acids, they
failed to direct trimer formation in variants of MS1. Their side
chains contain a single polar hydroxyl group, whose proton can
hydrogen bond back to a carbonyl oxygen of a residue preceding
it by one helical turn (38). An analogous hydrogen bond does not
occur frequently for Asn or Gln residues when located within an
a helix (38). Thus, Ser and Thr behave more like apolar amino
acids when in a transmembrane helix (39).

The incorporation of Lys into MS1 led to a peptide that failed
to show a strong tendency to form trimers. Like Asp and Glu, its
pKa is approximately 3 logs removed from the experimental pH
of 7.0 (the pKas of Asp and Glu are near 4, whereas the pKa of
Lys is approximately 10). Thus, it would appear to be thermo-
dynamically feasible to deprotonate the Lys side chain in the low
dielectric of the membrane in a manner analogous to Asp and
Glu. However, the failure of N14K to form oligomers suggests
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that the deprotonated Lys side chain has a lower tendency to
form stabilizing intermolecular interactions, possibly because its
side chain has only one polar atom with which to form such
interactions, whereas Asp and Glu have two. Thus acetic acid is
a liquid, whereas methylamine is a gas. Further, the formation of
specific hydrogen-bonded interactions that involve a Lys side
chain would require freezing five torsional angles of its long side
chain, resulting in an unfavorable entropy of interaction. By
contrast, only two and three torsional angles are required to
specify the conformation of Asp and Glu, respectively.

The aliphatic variants of MS1 with Ala, Val, and Leu failed to
associate strongly in the membrane. Modeling and crystallo-
graphic studies of the corresponding water-soluble structures
suggest that MS1-N12V and MSI1-N12L could form densely
packed trimers. In an aqueous environment, this interaction is
highly favored, but the lack of a hydrophobic effect in a
membrane-like environment substantially decreases the driving
force for trimerization. Presumably, any improvement in van der
Waals interactions that occurs in trimerization is largely bal-
anced by an unfavorable decrease in entropy of the amino acid
side chains. Of these variants, MS1-N14A showed the lowest
tendency to associate, possibly because its small side chain would
lead to the formation of voids in the helix—helix interface.
However, high-resolution structural information will be neces-
sary to confirm this conclusion. Interestingly, small side chains
have been shown to mediate the interaction of some transmem-
brane helices (5). Our findings indicate that they need to be
placed in the proper context to be effective.

The frequencies with which different types of amino acids
occur in the transmembrane helical portions of membrane
proteins of known structure can be rationalized largely on the
basis of our experimental measurements. Two features need to
be considered that contribute to the observed frequencies: first,
a transmembrane helix must partition into the bilayer, which
tends to maximize the number of hydrophobic side chains and
minimize polar residues, particularly those bearing side chains
that are charged at neutral pH. However, the requirement for
function and folding dictates the occasional need for polar side
chains. This tradeoff between partitioning versus folding and

Gratkowski et al.



function is apparent in a comparison of the frequencies of
occurrence of Asn and Gln in the population of type I single-span
membrane proteins (0.2%; ref. 40) versus the multispan mem-
brane proteins (1.3%) studied in this work. The corresponding
values for Asp plus Glu are 0.2% in single-span proteins versus
0.7% in multispan proteins. Thus the requirement for folding
and function leads to an expansion of the number of these polar
side chains in the transmembrane region. Indeed, when Asp,
Asn, Glu, and Gln occur in multispan proteins, they are found
either in the headgroup region or in the interior of the protein,
where they appear to be essential for folding, proton transloca-
tion activity, or other functional roles. By contrast, the presence
of even a single Asn or GlIn in a single-span membrane protein
might potentially lead to deleterious oligomerization, as dis-
cussed previously (16).

In conclusion, we have determined the potential of a repre-
sentative collection of amino acids to mediate association of
transmembrane helices in membranes. The results show a clear
distinction between side chains with a single polar heavy atom
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