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Motifs of Serine and Threonine can Drive Association
of Transmembrane Helices
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Known sequence motifs containing key glycine residues can drive the
homo-oligomerization of transmembrane helices. To find other motifs, a
randomized library of transmembrane interfaces was generated in which
glycine was omitted. The TOXCAT system, which measures transmem-
brane helix association in the Escherichia coli inner membrane, was used
to select high-affinity homo-oligomerizing sequences in this library. The
two most frequently occurring motifs were SxxSSxxT and SxxxSSxxT.
Isosteric mutations of any one of the serine and threonine residues to
non-polar residues abolished oligomerization, indicating that the inter-
action between these positions is specific and requires an extended motif
of serine and threonine hydroxyl groups. Computational modeling of
these sequences produced several chemically plausible structures that
contain multiple hydrogen bonds between the serine and threonine resi-
dues. While single serine or threonine side-chains do not appear to pro-
mote helix association, motifs can drive strong and specific association

through a cooperative network of interhelical hydrogen bonds.
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Introduction

The thermodynamics of a-helical membrane pro-
tein folding can be conceptualized as a process that
occurs in two distinct steps.! First, independently
stable transmembrane (TM) helices are established
across the lipid bilayer and second, the helices
interact laterally to form higher-order structures.
Previously, as a step towards identifying residues
important in mediating TM helix interactions, a
library of randomized TM domain interfaces was
generated” and then searched for strongly associat-
ing TM helices with the TOXCAT system.®> This
system can be used to screen for high-affinity
homo-oligomerization of TM domains in the
Escherichia coli inner membrane. The screen ident-
ified the GxxxG (GG4) motif in over 80 % of the
high-affinity isolates. This well-characterized motif
is involved in a number of helix oligomers*~” and
can drive oligomerization of a poly-methionine
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transferase; GpA, glycophorin A; CHI, CNS searching of
helix interactions; CNS, crystallography and NMR
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helix.® Its general relevance in helix oligomeriza-
tion has been supported bg] its frequent occurrence
in transmembrane helices.” The success of the pre-
vious library in identifying a biologically relevant
oligomerization motif prompted the creation of a
second library to screen for additional high-affinity
motifs. To prevent selection of the GG4 motif,
glycine was omitted from the library design. We
find that motifs of four to five serine and threonine
residues can drive strong helix interactions.

This result provides additional evidence for the
importance of polar residues in mediating and sta-
bilizing the interactions between TM helices. Polar
amino acids can be broken into two groups, the
strongly polar residues that have at least two polar
groups in their side-chain (e.g. Gln, Arg) and the
less polar residues that have only a single polar
group (e.g. Ser, Thr). In some cases the interactions
between strongly polar residues is important for
function'’~'* or for the binding of prosthetic
groups.'® Recently, a single strong polar residue
(GIn, Asn, Glu or Asp) was found sufficient to
induce strong helix association in model TM
helices,'*~!” suggesting that this type of interaction
also might play a role in the stabilization of helical
membrane proteins. In contrast to the strongly
polar residues, neither a single serine nor a single
threonine residue was able to promote significant

© 2002 Elsevier Science Ltd.
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helix association.’'® Although not so well con-
served as the strongly polar residues, serine and
threonine are the most frequently occurring polar
residues in transmembrane helices.’ In part this
may be explained by serine and threonine’s ability
to form an intrahelical hydrogen bond with their
backbone carbonyl group,'® partially satisfying the
side-chain’s hydrogen bonding capacity. When
involved in a backbone hydrogen bond, serine and
threonine have been shown to promote bends in
the helix backbone, possibly facilitating confor-
mational changes in membrane proteins.”” The
results from our study show that serine and threo-
nine can have an important role in membrane pro-
tein folding, stabilizing the formation of helical
oligomers.

Results

To identify new motifs that drive TM helix-helix
interactions, a randomized library of right-handed
transmembrane helix interfaces was created and
selected for high-affinity homo-oligomerization
with the TOXCAT system (Figure 1(a)).’> The
library construct encodes a 17 amino acid residue
hydrophobic segment with a pattern of seven vari-
able positions that is based on the interfacial sur-
face of the right-handed structure of glycophorin A
(Figure 1(b)). The amino acid residues at the vari-
able positions represent the most frequently occur-
ring hydrophobic residues in TM helices,” with the
notable omission of glycine to prevent selection of
the previously identified GG4 motif. The eight
amino acid residues allowed were alanine, valine,
leucine, isoleucine, proline, phenylalanine, serine,
and threonine with leucine at the intervening pos-
itions. This generated a library of 2.1 x 10° possible
combinations.

The transmembrane sequences were cloned into
the TOXCAT construct and selected for oligomeri-
zation at varying concentrations of chlorampheni-
col (CAM). Transmembrane domains from colonies
that grew at the highest CAM concentration (300-
400 pg/ml) were sequenced. The membrane inser-
tion and correct orientation of several library iso-
lates was verified by protease sensitivity in a
spheroplast assay, as described® (data not shown).
As TOXCAT constructs containing the GpA wild-
type TM domain and the disruptive mutant G831
were used as controls, the spheroplast assay also
indicated that the levels of expression and insertion
are equivalent for all TM domains analyzed.

The most striking result from this library is the
overwhelming selection for serine and threonine
residues (Figure 1(c)). In these sequences it is
apparent that the polar residues are not randomly
distributed but show a position-dependent selec-
tion. The strongest selection is observed for the
threonine at position 13 and the serine at positions
9 and 10. Greater variety is present at positions 5
and 6 where the most common combinations of
residues are SS, TS, SP, PS, and AP. The only selec-
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Figure 1. (a) TOXCAT assay. Oligomerization of the
TM domains activates the cytoplasmic toxR domains,
which are then able to activate transcription at the ctx
promoter that controls expression of chloramphenicol
acetyl-transferase (CAT). (b) Library design. The trans-
membrane sequence is shown with each of the seven
variable positions marked by an X. The helical wheel
diagram illustrates that the variable positions map to
the interface of helices interacting at a right-handed
crossing angle. The eight possible amino acid residues
at the variable positions are shown. (c) Library results.
TM helix sequences of colonies surviving on 300-
400 pg/ml CAM were sorted by polarity and grouped
by sequence similarity. The most commonly occurring
residues (proline, serine and threonine) were highlighted
to emphasize the position-dependent selection.
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tion apparent in the first two positions is for serine
at position 2, especially in those cases where either
SP or AP is present at 5 and 6.

A series of point mutations at positions 5, 6, 9,
10 and 13 were introduced in two library isolates
(3 and 8) to explore the specificity of the inter-
action. Chloramphenicol acetyl-transferase (CAT)
assays were used to determine the degree of
association in the original library sequences and
each of the mutants. Isolates 3 and 8 have a CAT
activity comparable to the strongly dimerizing gly-
cophorin A (GpA), which suggests that the polar
motif drives an interaction similar in strength to
the GG4 motif found in GpA (Figure 2). This is
further supported by the presence of a serine and
threonine-rich motif in the previous library of GG4
containing sequences.” The serine to alanine
mutations at positions 5, 6, 9, and 10 of isolate 3
were designed to test whether the serine residues
function by hydrogen bonding and whether that
interaction is cumulative or cooperative. These four
mutations each produced a 70-90% drop in CAT
activity, suggesting that the interaction is coopera-
tive. In the sequences with proline, serine was
often present at a neighboring position, suggesting
that serine functions with proline to promote
association. The role of these residues was tested
by making mutations of serine to alanine, and pro-
line to both alanine and glycine. Each of these
three mutations reduced CAT activity by approxi-
mately 70 %. The most strongly selected residue in
this library was threonine at the final variable pos-
ition. Mutations of threonine to both valine and
serine were strongly disruptive, indicating that
threonine may have both a packing and a hydro-
gen bonding role. Remarkably, each of the nine
minimal mutations made in these sequences was
strongly disruptive (Figure 2), indicating that the
interaction is specific and cooperative. Although
packing may play a role in the interaction, the ser-
ine to alanine mutations indicate that hydrogen
bonding is probably the major factor stabilizing the
oligomer. It should be noted that both serine and
threonine are twofold over-represented in the
selected versus unselected library. Proline, although
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not enriched in the selected library, plays an
important role in promoting helix association, as
indicated from the mutagenesis results.

To develop chemically reasonable models for the
potential interaction interfaces for the sequences,
isolates 3 and 8 were modeled using the CNS
searching of helix interactions (CHI) from the crys-
tallography and NMR system (CNS).2°-?? In the
simulations, CHI modeled the interaction between
two parallel o-helices using the primary sequence
of selected library isolates. Since the TOXCAT
assay cannot distinguish between dimers and high-
er-order oligomers, the exact order of the oligomer
for the library sequences is not known. Dimers
were modeled because they are computationally
the least intensive, and higher-order oligomers can
be found by propagation from asymmetric
dimers.”* The computational search produced sev-
eral models with serine and threonine residues at
the interface. Representative structures of the
models generated are shown in Figure 3(b)
through (d). The models show a series of hydrogen
bonds between the polar residues at positions 9, 10
and 13 (S5xxT) that provide a chemically plausible
explanation for their sensitivity to non-polar
mutations. The role of positions 5 and 6 in the
helix interface is more complex. When both resi-
dues are polar they can form interhelical hydrogen
bonds similar to those between positions 9, 10 and
13. Although not shown here, several models had
serine 5 in an intrahelical hydrogen bond. How-
ever, if proline is present at one of these positions
the models do not provide a clear explanation for
their sensitivity to glycine and alanine mutations.
It should be noted that although the mutagenesis
suggests that each polar residue is involved in a
hydrogen bond, the models show that only a lim-
ited number of hydrogen bonds can be present at
one time. These seemingly contradictory results
might be explained by an interface of polar resi-
dues that can change between several hydrogen
bonding patterns.

Although the design strategy for the library
sequences was aimed at promoting helix inter-
actions with right-handed crossing angles, a left-
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Figure 2. Library mutants. CAT activity measurements were used to assess the degree of association of library iso-
lates 3 and 8 and their mutants. The bars indicate the amount of CAT activity normalized to wild-type GpA. Both
wild-type GpA and its disruptive mutant G831 are shown for comparison. The mutated positions are numbered.
Error bars represent the standard deviation of at least two measurements for each construct.
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Figure 3. (a) The serine-serine hydrogen bonds between helices A and G of halorhodopsin are shown with broken
lines. Serine 231 is in the less frequent frans rotamer where it cannot form a backbone hydrogen bond. It is, however,
in a position where it can form a cross-strand hydrogen bond with serine 32. The oxygen atom of serine 235 is form-
ing a cross-strand hydrogen bond with the carbonyl group of serine 32. Also noteworthy is the side-chain amino
group of asparagine 36 that is close enough to the carbonyl group of serine 235 to form a hydrogen bond. (b) Model
of sequence 3 at a right-handed crossing angle. For clarity only the front half of the sequence is shown. The other
side of the helix has an identical hydrogen bonding pattern. The hydrogen bonds between serine residues are marked
with a broken line. The putative C* hydrogen bonds between the backbone and serine side-chain are shown as a
dotted line. Thr13 and Ser9 are in an i-4 hydrogen bond while Ser6 and Ser10 are in a cross-strand hydrogen bond.
(c) Model of sequence 8 at a right-handed crossing angle. In this model Thrl3 is in the less common i-3 backbone
hydrogen bond and Ser10 is hydrogen bonding with the carbonyl group of Ser9 on the opposite helix. (d) Model of
sequence 3 at a left-handed crossing angle. The two possible hydrogen bonds in this sequence are shown as a broken

line.

handed interaction could still arise. Therefore,
models with both types of crossing angles were
examined. Of particular significance was the nature
and number of possible stabilization energies
between the left and right-handed models. In the
left-handed structures, only one or two putative
hydrogen bonds across the interface was observed.
However, in the right-handed structures, there
were four putative hydrogen bonds (Figure 3(b)
and (c), broken line) as well as another four poss-
ible C* hydrogen bonds (Figure 3(b) and (c), dotted
line). Although weaker than a conventional hydro-
gen bond, C* hydrogen bonds have recently been
implicated as a source of stabilization energy for
helix-helix interactions, often in the presence of ser-
ine and threonine.”® These factors suggest that the
left-handed models are less likely to produce
strongly interacting oligomers, since they possess
far fewer possible hydrogen bonds, as compared to
the right-handed models. Therefore, the right-
handed models may be a more accurate represen-
tation of the structure of the library isolates.

Since the mutagenesis results suggest that
hydrogen bonding is critical to this interaction,
helical membrane protein structures from the
RCSB PDB were searched for evidence of serine-
serine side-chain hydrogen bonding. An example
was found between helices A and G in the
1.8 A resolution structure of halorhodopsin®*
(Figure 3(a)). This structure supports the hypoth-
esis that hydrogen bonds can stabilize the associ-
ation between TM helices.

The SWISS-PROT database was searched for
examples of the polar motifs. Twelve TM domains
containing either the SxxSSxxT or SxxxSSxxT
motifs were identified (Table 1). Eight of these
proteins have another transmembrane domain

containing at least three polar residues that could
be interacting with the polar motif. With the excep-
tion of the two RODA proteins, the set of proteins
identified are unique. As this motif is not con-
served in any protein family, it is unlikely to be
involved in protein function.

Although this complete interface may not occur
frequently in TM helices, combinations of two or
three serine residues could contribute to stability.
It should be noted that, as dimers, these helices
have a more stringent requirement for detailed
interactions than multi-spanning membrane pro-
teins where each helix has at least two interaction
surfaces. Therefore, although multiple polar resi-
dues in a specific pattern are required to drive the
association of the library isolates, in multi-span-
ning membrane proteins a smaller number of polar
residues could be used to stabilize helix inter-
actions. For example, breaking the full motif into
two amino acid pairs revealed that the 554 motif,
found in most of the library isolates, also occurred
frequently in helical TMs® with an odds ratio of
1.13 and a significance of 2.2 x 10~* This motif
was found in the structure of halorhodopsin
(Figure 3(a))** where serine 231 and serine 235
(554) hydrogen bond with serine 32, potentially
stabilizing the folded structure.

Discussion

Several recent studies have explored the role of
hydrogen bonds in mediating TM helix oligomeri-
zation and found that certain polar groups (Gln,
Asn, Glu and Asp) can promote helix associations
in the absence of specific packing interactions.'*~'”
However, not all polar groups have this capacity,
as a single serine or threonine residue is unable to
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Table 1. Polar motifs in SWISS-PROT

GAP1_YEAST LLALSGLSSLFTWGGICICHI
OL1B_HUMAN FSTCSSHLTVVGIFYGTGVFSYTR
OLF6_RAT AFSTCSSHLTVVLIWYGSTIFLHV
PANF_HAEIN VSYFSSIITLILTALLIFAAL
QOXM_SULAC LSGLSSTLTGVNFVMTIT
YMB8_YEAST TILSTTSSFFTLFIGAICHVE
CYA2_RAT ATITIASILTSSSHTIVLSVYLS
RODA_HELPY LPLFSYGGSSFITFMILFGIL
RODA_TREPA ITGIPLLLLSYGGSSLWTAMI

TRG5_ECOLI VGLVVPTLLSWGASSVITDL

YAT5_SCHPO GYLFWLWILSALLSSAYTFLW

YMX8_YEAST SFCLSSAVTVISSFVVFGEIF

TM domains with the SxxSSxxT or SxxxSSxxT motifs are shown. The SWISS-PROT ID is
on the left and the TM domain with the motif highlighted is on the right. Although all TM
domains from the SWISS-PROT database were searched, only TM domains from polytopic
membrane proteins contained the serine-rich motif.

promote significant oligomerization. The latter
result is perhaps not surprising because both serine
and threonine are capable of forming an intraheli-
cal hydrogen bond with their i-3 or i-4 carbonyl
oxygen atom.'® Formation of an interhelical
hydrogen bond would require breaking the back-
bone hydrogen bond to form an interhelical bond,
a change that produces no additional hydrogen
bonds per pair of helices but has the added entro-
pic penalty of constraining the motion of the two
helices. However, multiple serine and threonine
residues at the helix interface can drive oligomer
formation through a series of side-chain hydrogen
bonds. The finding that any mutation of a polar to
a non-polar residue at the helix interface abolished
dimer formation suggests that the interacting
hydrogen bonds function cooperatively to create a
strong helical oligomer.

A combination of modeling and mutagenesis
was used to determine the role of each residue in
the helix interface. From the models it appears that
the major role of threonine 13 is to accept a hydro-
gen bond from serine 9 on the opposite helix; how-
ever, serine at position 13 could perform that task
equally well, suggesting that threonine may pro-
mote packing interactions as well as hydrogen
bonding. Mutagenesis supports this conclusion, as
both serine and valine were disruptive at this pos-
ition (Figure 2). In the models the y-methyl groups
of the two threonine residues contact each other
across the interface. This packing interaction may
fix the position of the two helices and promote the
hydrogen bonding network.

The other amino acid that was strongly con-
served in this library was proline, at either position
5 or 6. The models do not provide an obvious
explanation for its selection, but this is not surpris-
ing as the modeling program includes a helical
structure conformational constraint. If proline cre-
ates a significant bend in the helix, the program
would not be able to model it. The finding that

glycine, which also permits helix bending, could
not substitute for proline indicates that the role of
proline may not be to create a distortion in the
helix backbone, but rather to free the i-4 carbonyl
oxygen atom. In any of the polar sequences with
proline there is serine or threonine either next to it
or at the i-4 position. The requirement for a polar
residue at this position suggests that it is hydrogen
bonding with the exposed carbonyl group. This
interhelical hydrogen bond could provide stabiliz-
ation energy for helix association.

Although this study provides possible expla-
nations for these polar interactions, it was not
known if these motifs are present in membrane
proteins. Searching the SWISS-PROT database
identified 12 TM segments containing serine-rich
motifs (Table 1). The small number of identified
sequences suggests that the complete motif is not a
common theme in natural membrane protein
association. However, portions of this motif, like
SxxxS (554), could help stabilize helix interactions
in polytopic proteins. Networks of serine and
threonine residues may also be an ideal candidate
for creating interactions between subunits of mem-
brane proteins because they are strong, specific
and have a low cost of inserting into membranes
as compared with other polar residues. There are
several pieces of evidence that support the role of
serine and the SS54 motif in helix-helix interactions.
The S54 motif is over-represented in a statistical
survey of TM helices’ and recently serine was
shown to have a high propensity for self-inter-
action in membrane proteins.” In addition to the
statistical analysis a specific example of the SS4
motif’s involvement in a TM helix association was
found in the structure of halorhodopsin
(Figure 3(a)).** These results indicate that combi-
nations of serine may have a general role in stabi-
lizing TM helix interactions. Previously, it was
reported that serine and threonine occur on the
lipid-exposed surface of membrane proteins
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3.8 times more frequently than Gln, Asn, Glu and
Asp combined.'® Presumably the lipid-exposed ser-
ine and threonine residues are in geometries or
proximities that limit non-specific aggregation.

Growing evidence indicates that mutations lead-
ing to hydrogen bonds between TM helices are the
cause of some genetic diseases.*?” As this study
shows that only specific serine and threonine-con-
taining motifs create strong helix interactions, this
suggests that spontaneous mutations to serine or
threonine would not lead to disease-causing hydro-
gen bonds with another serine or threonine. How-
ever, a mutation to serine or threonine could
provide a hydrogen bonding partner to a strongly
polar residue already present in the sequence,
thereby allowing an incorrect hydrogen bond to
form.

Described here is a novel interaction motif that
creates an association similar in strength to the
GG4 motif of GpA. These findings add force to the
emerging picture of the role of polar groups in
membrane protein folding. Unlike other hydrogen
bond driven associations, where only a single pos-
ition is responsible for oligomerization, the sensi-
tivity to even conservative substitutions at any of
five positions along the helix interface show that
this interaction is cooperative and specific.

Materials and Methods
Library construction

The oligonucleotide encoding the library (aacacaccg-
cagcctaggQZtQZtctgctaQZtQZtttactcQZtQZtctgctaQZtct-
gatcgecectaacggatatc) was synthesized, where Q and Z
refer to mixtures of (a,g.ct) and (tc), respectively. To
correct for a previously identified nucleotide bias during
synthesis the following nucleotide ratios were used:
A=29%, C=28%, T=23% and G =20%. The Styl
and Dpnll sites used for cloning into the pccKAN vector
are underlined. The resulting codons (QZt) specify the
amino acids Phe, Ser, Leu, Pro, Ile, Thr, Val and Ala. The
remainder of the cloning process was identical with that
of the previous library.? Based on the number of colonies
obtained after ligation, we have approximately 70 % of
the complete library.

Library selection

Between 0.5 and 1 pl of the titered library glycerol
stock (a number of bacteria that could contain two to
four libraries of sequences, respectively) was plated on
LB/AMP plates of varying CAM concentrations. Bacteria
that grew on the 300-400 pg/ml of CAM plates (less
than 1% of the library) were used to inoculate PCR reac-
tions for sequencing. Isolates were screened for mem-
brane insertion by plating on M9-maltose minimal
medium plates. Several isolates were also screened for
membrane insertion using the protease sensitivity in the
spheroplast assay described,’ except that the LexA anti-
body (Invitrogen) was used to verify the intact state of
the spheroplasts. Briefly, spheroplasts were created by
digesting bacteria with lysozyme to remove the peptido-
glycan layer. Spheroplasts were then digested with pro-
teinase K to remove those proteins present in the
periplasm. Only if the TOXCAT chimera is in the mem-

brane and correctly oriented will the maltose binding
protein (MBP) portion of the fusion be digested away
from the remaining protein. Following digestion the
samples were run on SDS-PAGE and then Western blot
analysis was carried out using antibodies against MBP
(NEB) and LexA (1:10,000 and 1:5000 dilution, respect-
ively).

CAT assays

Cell-free extracts were made by pelleting 200 pl of
cells at an Agy of 0.6, resuspending in 500 ul of 0.1 M
Tris (pH 8.0), then lysing with 20 pl of 100 mM EDTA,
100 mM DTT and 50 mM Tris (pH 8.0) and one drop of
toluene from a drawn-out Pasteur pipette, at 30°C for
30 minutes. The cell-free extract was then diluted
1:200 before being used in the CAT assays. The CAT
assays were performed using the Quant-T-CAT kit
(Amersham).

CHI simulations

A detailed description of the CHI simulations is pro-
vided elsewhere.?°=> All simulations were conducted in
vacuo, a partial mimetic of the low dielectric of the mem-
brane. In the first step of the simulation two a-helices
were built with both a right and left-handed crossing
angle. Helical modeling was initiated with a series of
independent rotations about each helix’s central axis.
Molecular dynamics simulations, simulated annealing
and energy minimizations were carried out at each pair
of rotations to yield a total of 512 final structures.
Groups of ten or more final structures with a backbone
RMSD of less than 1 A were placed into clusters. The
average structure of each cluster was then calculated and
taken through energy minimization. As the force field
parameters used in CHI do not explicitly describe hydro-
gen bonds they were defined in any instance where a
hydrogen bond acceptor and donor were within 3 A of
each other. None of the well-populated models could be
expanded to higher-order oligomers, suggesting that
dimers are being observed in the TOXCAT selection.

Searching of SWISS-PROT

The transmembrane domains were extracted from the
SWISS-PROT, version 39 updated on 12 July 2001?® and
searched for both the SxxSSxxT and SxxxSSxxT patterns.
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