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Polar residues are capable of mediating the association of membrane-
embedded helices through the formation of side-chain/side-chain inter-
helical hydrogen bonds. However, the extent to which native van der
Waals packing of the residues surrounding the polar locus can enhance,
or interfere with, the interaction of polar residues has not yet been
studied. We examined the propensities of four polar residues (aspartic
acid, asparagine, glutamic acid, and glutamine) to promote self-
association of transmembrane (TM) domains in several biologically
derived sequence environments, including (i) four naturally occurring
TM domains that contain a Glu or GIn residue (Tnf5/CD40 ligand,
C79a/Ig-a, C79b/Ig-B, and Fut3/a-fucosyltransferase); and (ii) variants
of bacteriophage M13 major coat protein TM segment with Asp and Asn
at interfacial and non-interfacial positions. Self-association was quantified
by the TOXCAT assay, which measures TM helix self-oligomerization in
the Escherichia coli inner membrane. While an appropriately placed polar
residue was found in several cases to significantly stabilize TM helix—
helix interactions through the formation of an interhelical hydrogen
bond, in other cases the strongly polar residues did not enhance the
association of the two helices. Overall, these results suggest that an innate
structural mechanism may operate to control non-specific association of
membrane-embedded polar residues.

© 2003 Elsevier Ltd. All rights reserved

Keywords: transmembrane helix; helix—helix interactions; M13 major coat
protein; TOXCAT assay; polar residues in membranes

Introduction

folding, much recent research has been devoted to
determining the role of H-bonding between TM

The folding of a-helical membrane proteins can
be conceptualized as a process including two ther-
modynamically distinct steps, involving (i) the for-
mation of independently stable transmembrane
(TM) helices; and (ii) the specific TM helix—helix
interactions that give rise to higher-order
structures.! In the study of helix—helix interactions,
the two forces considered in step (ii) to be the
major contributors are specific packing interactions
(van der Waals contacts) and hydrogen bonding
between polar residues. While earlier studies
focused on the contribution of van der Waals inter-
actions to the second stage of membrane protein
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helices. For example, using model TM segments, it
was shown by SDS-PAGE gel assays that
sequences containing a single strongly polar resi-
due (e.g. GIn, Asn, Glu, Asp) self-associate, while
those having a single Ser or Thr do not.>~> How-
ever, in a separate study, it was found that multiple
Ser and Thr residues interacting cooperatively
across the helical interface can provide sufficient
interaction energy to drive inter-helical
association.’®

Since single strongly polar residues, or multiple
weakly polar residues in a TM helix, can be suffi-
cient to drive association in some simplified
sequences, polar residues in TM domains could
form strong, and potentially deleterious interheli-
cal H-bonds. Thus, a polar substitution within a
TM helix of a functional helical bundle could give
rise to the formation of a non-native interhelical
H-bond when partnered with a wild-type polar
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residue in an adjacent helix, yielding a potentially
misfolded and non-functional protein. Indeed,
mutations from non-polar-to-polar residues in TM
domains have been implicated in a number of dis-
eases involving proteins such as CFIR (cystic
fibrosis)” and neu-ErbB (cancer).? In CFTR, a Val-
to-Asp mutation in TM4 results in the formation
of a non-native H-bond with an endogenous GIn
in TM3, which is thought to hinder protein
function.” In a conceptually related investigation,
the interaction between GIn and Asp both present
in a single CFTR TM4 helix forms only in the con-
text of the wild-type TM4 sequence, but not in a
randomized hydrophobic sequence.” In the case of
neu-erbB-2, a mutation from Val-to-Glu constitu-
tively activates the receptor, and as with CFTR,
the location of the Glu within the sequence was
found to be critical for receptor activation.’ Sub-
sequent research showed that although Glu is
involved in strong H-bonding," it does not pro-
mote homo-oligomerization of the Glu-containing
TM domain."”” Interestingly, the Glu residue acti-
vates the receptor only in the presence of a GG4
motif,'"" suggesting that the interface must be pre-
disposed to interaction.

An emerging paradigm from these studies is that
polar residues differ in their effects depending
upon where they occur within the sequence,
which suggests that not all mutations to polar resi-
dues necessarily potentiate the formation of aber-
rant H-bonds. It is evident that further studies on
the interplay between packing and H-bonding in
the context of the membrane are required in order
to understand membrane protein folding and the
role of polar residues in manifesting disease phe-
notypes. Though it is established*® that strongly
polar residues do not necessarily require specific
packing at the interface for strong association, the
extent to which the surrounding residues can inter-
fere with, or enhance, the interaction of these resi-
dues has not yet been addressed. Here, we sought
to examine both van der Waals packing inter-
actions and H-bonding in concert to determine
when and how they influence each other. Using
four distinct, biologically derived TM segments,
we show here that polar residues in TM domains
display a wide spectrum of effects, demonstrating
that the participation of polar residues on TM
helix—helix interactions can be attenuated by their
local sequence and packing context.

Results

Analysis of polar residue distribution in
TM helices

The likelihood of two polar residues from two
neighboring helices in a bilayer engaging in a
side-chain/side-chain hydrogen bond is depen-
dent upon both the frequency and location of the
polar groups in these TM domains. Initially, we
sought to examine these parameters by analyzing

the composition of TM segments to determine
how often they contain strongly polar residues,
and furthermore, where they occur within each
TM helix. The TM helices that would be at the
greatest risk of undergoing such non-native associ-
ations would be those from single-span membrane
proteins, which are not tethered to their interacting
partners during biosynthesis as are helices in
multi-spanning membrane proteins.

To determine the potential for such interactions,
previously compiled databases'* were segregated
into single and multi-spanning TM helices and the
percentage of TM domains that contain the
strongly polar residues Gln, Asn, Glu, and/or Asp
were determined. These two databases were hom-
ology-purged, and each TM was reduced to its
most hydrophobic 18 residues, resulting in 12,743
TMs from multi-spanning membrane proteins and
1410 TMs from single-spanning membrane pro-
teins. A third database of single-spanning TM
helices was then created, wherein the 18-residue
window was further reduced to the central eight
residues. These three databases (viz. all multi-
spanning TMs, all single-spanning TMs, and the
central eight residues of single-spanning TMs)
were probed for the number(s) of TMs containing
GIn, Asn, Glu, and Asp. Unlike previous work,
which looked for the percentage of each residue in
TM domains, this study calculated the percent of
TMs that contain a specific polar residue. The total
percent of TMs containing Gln, Asn, Glu, and Asp
was also determined.

As seen in Figure 1, approximately twice as
many TMs from multi-spanning membrane pro-
teins contain polar residues when compared to
single-spanning TMs. This is to be expected
because many multi-spanning membrane proteins
require polar residues in the performance of their
specific functions as channels and transporters.
Interestingly, ca 25% of all TMs from single-span-
ning membrane proteins contain a strongly polar
residue. To determine if these polar residues are
clustered near the ends of the single-spanning
TMs, the central eight residues were searched for
strongly polar residues. The results in Figure 1
indicate that the strongly polar residues are evenly
distributed across the helix because the occur-
rences within the central eight residues are almost
exactly 50% of the total occurrences in the corre-
sponding 18-residue TMs. These findings confirm
that strongly polar residues are present in signifi-
cant quantities in the central core of TM domains
where helix—helix interactions may be maximal,
and thus provide a biologically relevant context to
the question: do the residues surrounding a
strongly polar residue modulate its ability to
engage in H-bonds?

Glutamine/glutamate-containing sequences in
TM domains

To determine initially whether strongly polar resi-
dues necessarily drive TM helix—helix association
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Figure 1. Percentage of TM domains containing Gln,
Glu, Asp, and/or Asn residues. The bar graph denotes
the percentage of TM domains containing each of the
four polar residues (Gln, Glu, Asp, Asn). Multi 18 and
Single 18 are the results from a database of the 18 most
hydrophobic residues in the TMs of multi-spanning and
single-spanning TM helices. Single 8 are the results
from the central eight residues derived directly from the
Single 18 database. Total denotes the number of TM
domains containing at least one strongly polar residue.
The numerical data are shown below the graph.

in bilayers, the homo-oligomerization of four TM
domains containing a wild-type Glu or Gln (Figure
2) was determined using the TOXCAT system,
which measures TM helix homo-oligomerization
in the Escherichia coli inner membrane (Figure 3).
Interactions between the TM domains drive
expression of chloramphenicol acetyl transferase
(CAT), which renders the bacteria resistant to

TOXCAT Constructs

MCPwt ..nrarY IGYAWAMVVVIVGATIGKLF1iTlinps...
C79a ITITAEGIILLFCAVVPGTLLF
C79b GIIMIQTLLIILFIIVPIFLL

C79 QA GIIMIATLLIILFIIVPIFLL

Fut3 LAALLFQLLVAVCFFSYL

Fut3 QA LAALLFALLVAVCFFSYL

Tnfs YLLTVFLITQMIGSLFAVYL

Tnfs QA  YLLTVFLITAMIGSALFAVYL

Tnf5 NP  YLLTVFLIVQMIGAALFAVYL

Figure 2. The wild-type sequence of M13 major coat
protein. The highlighted residues were each mutated to
Asp and Asn to yield a total of eight variants. The lower-
case flanking residues are present in all of the TOXCAT
constructs. The remaining TOXCAT constructs contain a
naturally occurring polar residue (Gln or Glu). Mutation
of the GIn to Ala was made in three sequences, and in
Tnf5 a mutation (termed NP) of two neighboring polar
residues (Thr and Ser) to two non-polar residues (Val
and Ala) was also created. Sequences are aligned by
their GIn or Glu positions.
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Figure 3. TOXCAT assay. Oligomerization of the TM
domains drives dimerization of the cytoplasmic ToxR
domains, which are then able to activate transcription at
the ctx promoter that controls expression of chloramphe-
nicol acetyl transferase (CAT).

chloramphenicol (CAM). An increase in TM helix
association is manifested as an increase in CAT
activity. Extents of TM helix association in the
TOXCAT assay were normalized to the standard
of the tightly-associated glycophorin A (GpA)
wild-type  dimer.'”'® Also, the equivalent
expression of all TOXCAT constructs was verified
each time CAT assays were performed. Of the four
proteins chosen, one (Tnf5/CD40 ligand) is a
homo-trimer,"” two (C79a/Ig-a and C79b/Ig-B)
form a hetero-dimer pair,'®"*° while for the last
(Fut3/a-fucosyltransferase), there is no evidence
for oligomerization. The specific role of the TM
domain in each of these interactions has not been
previously examined. In the case of Tnf5, a trun-
cated soluble form was found to be a homo-trimer,
and for C79a and b the interaction occurs through
a disulfide bond.

Despite the fact that all four constructs contained
either a native Glu or GIn residue, C79a, C79b and
Fut3 gave weak-to-moderate dimer signals,
whereas Tnf5 interacted as strongly as GpA wild-
type (Figure 4). One possible explanation for the
higher association of Tnf5 relative to the other
sequences might be that in addition to the Gln, the
two other polar residues, Ser and Thr, near the
GlIn in Tnf5, are increasing the number of H-bonds
between the helices. We tested the role of the Ser
and Thr in the association by mutating them to
Ala and Val, respectively. There was no significant
change in association for the double mutant (Tnf5
NP in Figure 4), indicating that it is the sequence
context of the GIn that produces the strong associ-
ation, rather than additional polar residues. To
determine if the association seen for Tnf5 requires
the native GIn residue, it was mutated to Ala; as
seen in Figure 4, mutation of this GIn caused a sig-
nificant decrease in interaction.

Although C79a, C79b and Fut3 gave weaker sig-
nals than Tnf5, it is possible that the Gln or Glu in
these sequences is providing some stabilization
energy. To determine if the weak association for
these sequences could be disrupted still further,
Gln-to-Ala mutations of C79b and Fut3 were con-
structed. C79b was chosen over C79a because its
signal is slightly higher and therefore disruptions
should be easier to detect. However, neither the
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Figure 4. CAT activity measure-
ments of the single-spanning TM
domains with a naturally occurring
GIn or Glu residue. The bars indi-
cate the amount of CAT activity
normalized to wild-type GpA.
Error bars represent the standard
deviation of at least four measure-
ments for each construct, except
TNF NP (three measurements). QA
corresponds to a GIn to Ala
mutation;, NP is the double

GpA G83l C79A C79B CTQB FUT3 FUTS

mutation in C79b nor in Fut3 produced a statisti-
cally significant drop in signal, indicating that the
GIn in these sequences is not a major factor in sta-
bilizing the association.

Effect of Asp and Asn on M13 major coat
protein TM helix association

The major coat protein (MCP) TM segment is an
attractive model system to study the effects of
point mutations on TM domain association since
its wild-type MCP exists as a metastable homo-
dimer, both in detergent micelles*** and within
the E. coli inner membrane.”® As a result, in ran-
domized  mutagenesis  experiments,  point
mutations that stabilize association occur with a
comparable frequency to those that destabilize
association, as has been seen from extensive muta-
genesis of both the full-length protein and syn-
thetic TM peptides.?’ * In this framework, polar
substitutions that result in an interhelical H-bond
are expected to produce an increase in the dimer
population. If structures featuring interhelical H-
bonds represent the lowest energy conformation(s)
of polar residue-containing TM helices, as previous
studies have suggested,”™® then “walking” polar
residues around one full turn of the MCP helix
should result in an equivalent stabilization of the
dimeric conformation in all cases. If, however,
there are positional or context-specific consider-
ations that affect the strength of interhelical H-
bonds, then such a walk should give rise to a
range of interaction energies.

Each position in the central Val-rich core
(V29V3Vailsy) of the MCP TM segment was substi-
tuted with Asp and Asn residues to generate eight
variant TM peptides along with the MCP wild-
type segment. For these experiments, Asp and
Asn were chosen over Glu and GIn because pre-
vious reports showed that an Asp mutation in the
Val-rich core of MCP prevented homo-
oligomerization.”” To identify whether mutations
in the TM domain of MCP cause an increase or
decrease in association, migration properties of
MCP peptides were analyzed on SDS-PAGE. How-
ever, instead of producing distinct monomer and
dimer species, the MCP peptides formed smeared

TNF5 TNF5 TNF5

mutation of Ser and Thr to Ala and

QA NP Val, respectively.

or shifted bands that could not be reliably inter-
preted. This result was observed previously for
polar mutations of GpA. During saturation muta-
genesis of the TM domain of GpA, it was found
that all polar residues disrupted helix association
when using SDS-PAGE to measure the monomer/
dimer equilibrium."® Several of these polar
mutations that were later measured in the in vivo
TOXCAT system were not disruptive.*® These
results suggested that SDS gels can be an unreli-
able reporter of helix oligomerization when polar
amino acids are present within the TM domain.

Consequently, we tested for the homo-oligomeri-
zation of the same TM domains in a biological
membrane using the TOXCAT assay. To guide the
correct orientation of TOXCAT chimeras within
the E. coli inner membrane, the “positive inside”
rule” was considered when choosing which resi-
dues to include from the TM segment. Inspection
of the MCP TM sequence used in previous
studies® revealed that several charged residues
present at the C-terminal end could misorient the
chimera or abrogate insertion if included. Thus,
the C-terminal residues (KKFTSK) of the peptides
were omitted in the design of the MCP TOXCAT
chimera (Figure 2). The membrane insertion and
correct orientation of each construct was tested by
protease sensitivity in a spheroplast assay, as
described® (data not shown). All constructs were
judged to be inserted correctly into the membrane
except for 132D and I32N. These two constructs
were either inserted backwards, or not inserted at
all.

All TOXCAT constructs were equivalently
expressed and the reported CAT activity of each
construct is an average of at least four separate
measurements, each normalized to GpA wild-type
(Figure 5). While the CAT activity signal for the
moderately stable MCP wild-type was expected to
be lower than the highly stable GpA wild-type,
the observed value was significantly lower than
expected. The signal for MCP wild-type fell in a
range comparable to that of GpA G83I, a mutation
known to disrupt helix association when evaluated
as a Staphylococcal nuclease fusion protein in SDS-
PAGE assays."”'® This “lower-than-expected”
association of MCP in the TOXCAT system may be
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1.24

GpA G83l MCPwt V29D V29N V30D V30N

a result of deleting the C-terminal residues FTSK,
which were previously shown to play a role in
stabilizing the MCP dimer (unpublished data).
The observed metastability of the MCP dimer has
been reasoned to be a necessary requirement for
phage viability, since mutants that significantly
enhanced or decreased the MCP wild-type TM
dimer were not viable.”"*

Despite the low TOXCAT values for MCP, the
mutant constructs exhibited a range of helix associ-
ation strengths with Asp mutations producing a
higher association than Asn at the same position
(Figure 5). Surprisingly, most of the mutations pro-
duced no (V29N) to small increases (V29D, V30N,
V31D and V3IN) in helix association. Only the
V30D mutation produced a helix interaction close
to that of GpA wild-type.

Discussion

Compared to soluble proteins, the hydrophobic
bilayer-embedded regions of membrane proteins
contain fewer polar residues. However, despite
the overwhelming predominance of hydrophobic
residues within the lipid bilayer, analyses of TM
segments reveal that the polar residues Asp, Asn,
Glu, and Gln, constitute 4-6% of the total amino
acid composition in TM helices.'*** If these resi-
dues are evenly distributed, this translates to an
average of ~1 such hydrophilic residue per typical
20-25 residue TM a-helix. Since these polar resi-
dues are able to drive strong helix associations in
the absence of detailed packing,® ® this observation
indicates that there are many polar residues avail-
able to engage in strong, potentially non-native,
interactions with other TM helices. Here, we
sought to examine hydrogen bonding interactions
in the presence of the specific packing (van der
Waals) interactions responsible for native helix—
helix association to determine (i) the situations in
which polar associations occur; and (ii) whether
the associations between polar residues in TM
helices are a function of their context in the pre-
sence of native packing effects.

V31D V31N

Figure 5. CAT activity measure-
ments used to assess the degree of
association of each construct. The
bars indicate the amount of CAT
activity normalized to the wild-
type GpA dimer. Both wild-type
GpA and its disruptive mutant
G83I are shown for comparison.
Error bars represent the standard
deviation of at least four measure-
ments for each construct.

Analysis of polar residue distribution in
TM segments

Since a TM helix from a single-spanning mem-
brane protein may have a greater freedom of
association than a helix within a multi-spanning
membrane protein, it is more likely to engage in
interactions with other TM domains. Therefore,
the occurrence of, and interaction between,
strongly polar residues in single-spanning mem-
brane proteins, is an area of particular interest. As
shown in Figure 1, nearly half of all TM domains
from multi-spanning membrane proteins contain a
strongly polar residue. This number only drops to
25% for single-spanning membrane proteins, per-
haps because many if not most of such proteins
participate in oligomeric complexes. Our results
further show that 11% of all single-spanning mem-
brane proteins contain either a Gln, Glu, Asp or
Asn in the central region of their TM segment. If
these polar residues were prone to interactions
with other polar residues that frequently proved
detrimental to the organism, then it is unlikely
that they would be present in so many TM helices.
One must also consider the possibility that these
TM domains could be expressed across a range of
organisms and cell types, such that several differ-
ent TM helices with a strongly polar residue
would rarely be present in the same membrane at
the same time. If the opportunity for improper
hetero-oligomerization is rare, then unregulated
homo-oligomerization would be a greater concern.
However, as shown here, homo-oligomerization of
TM domains containing a strongly polar residue is
indeed regulated by the sequence environment.

Effects of native polar residues in TM
segment assembly

Of the three GIn-containing sequences that we
examined experimentally, C79b and Fut3 have
similar interaction strengths, while Tnf5 is approxi-
mately twice that, near the value of GpA wild-type.
In Tnf5, the mutation of Glu-to-Ala shows that the
polar residue is primarily responsible for mediat-
ing the observed association. Why does the GIn in



260

Polar Residue Association in Transmembrane Helices

Tnf5 cause a substantial increase in association
over the GIn-to-Ala mutation, but no increase in
C79% and Fut3? Examination of the Tnf5 TM
domain reveals the presence of two other polar
residues (Ser and Thr) that could be further H-
bonded with the GIn and thereby strengthen the
association. However, mutation of these two resi-
dues (Tnf5 NP) produced no detectable change in
the association, indicating that it is indeed the sur-
rounding non-polar residues that are creating the
difference in association between the sequences.

Effect of Asp and Asn substitutions on Ff
phage major coat protein association

To further examine the interplay between pack-
ing and H-bonding, a series of Asp and Asn
mutations were introduced into the Val-rich core
(V2oV3Vails,) of the MCP TM, for which there is
extensive information regarding its association
both in vivo and in vitro.*'~* Questions this study
addressed were: (i) do H-bonds alone dictate the
lowest energy conformation for TM helices con-
taining polar residues? and (ii) do carboxamides
and carboxyl side-chains produce comparable
effects on interhelical assembly?

In membranes (TOXCAT assay), polar substi-
tutions in the central Val-rich core of the MCP TM
gave rise to a wide spectrum of effects, further sup-
porting a context-specific effect of polar residues in
TM segments (Figure 5). In agreement with pre-
vious studies, there were several examples where
a polar substitution resulted in an increase in
dimer stability. In particular, the mutation V30D
resulted in a ~fivefold increase in CAT activity
over MCP wt, indicating the presence of a particu-
larly strong interhelical H-bond. This mutation,
which places a polar residue at the proposed
dimeric interface, above a GG4 motif (Figure 6),
may result in a situation where H-bond formation
can occur ideally with no disruption of the existing
packing interactions. If this is the case, the result-

Figure 6. Helical wheel diagram of the MCP TM seg-
ment assuming a periodicity of 3.9 residues per turn. In
the case of helices interacting with a right-handed cross-
ing-angle (as with the GpA homodimer), the apparent
number of residues per turn is elevated by projection
along the helix axis from 3.6 to 3.9 residues per turn."”
In the representation shown, V30 resides directly above
the interfacial GG4 motif.

ing dimer will benefit synergistically from contri-
butions of both van der Waals interactions and H-
bonding. However, at other positions (V29) there
was no, or little, change in MCP dimer stability
seen upon the introduction of a polar residue, indi-
cating either the absence of any H-bond formation,
only very weak bonding, or that an alternative
structure is formed with an association energy
approximating the native interaction.

An unexpected discovery from the Asp and Asn
walk of the MCP TM segment was that in certain
cases a polar substitution could actually prevent
TM helix insertion into the bilayer. In the context
of the TOXCAT chimera, spheroplast assays
revealed that neither of the 132 mutants inserted
into the bacterial inner membrane. A possible
explanation for this, is that the polar (Asp, Asn)
residue may interact intramolecularly with either
another residue in the helix (e.g. T36), or with the
helix backbone. Such interactions, if present, could
give rise to a significant distortion or bending in
the helix backbone that might hinder insertion.
Mutation of Thr36-Ala in the presence of 132D,
however, did not restore self-association or inser-
tion (data not shown), suggesting that T36 is not
interacting with D32 in this context.

Ultimately, the strength of an H-bond will
depend on both the orientation and angle of the
polar groups. For the C=O---H-N hydrogen
bond, most bond angles fall between 120-160°
with an average distance for the H-bond of
~2 A7 Once the H-bond moves beyond these
ranges, it loses its H-bonding character and
becomes a weaker electrostatic interaction. The for-
mation of a strong H-bond may be inhibited by
steric clashes and/or aberrant packing interactions,
which may arise through attempts to bring the
polar partners into H-bonding range.

Although the mutations at 132 in TOXCAT did
not provide information about helix association,
their failure to insert into the bilayer indicates
another interesting context effect of polar residues.
These results suggest that the ability of a polar resi-
due to insert into the bilayer is not simply a func-
tion of the overall hydrophobicity of the helix, but
involves the sequence environment of the polar
residue within the helix. In this instance moving
the polar residue one position from V31 to 132 was
sufficient to prevent insertion. Therefore, polar
residues may prevent correct membrane protein
folding by altering helix association or hindering
helix insertion and both cases show apparent con-
text dependence.

Interestingly, examination of results shown here
for Asn and Asp substitutions at a given residue
within MCP reveals that Asp residues generally
cause a greater effect on TM helix—helix associ-
ation in membranes than the corresponding Asn
residue. At V29 and V30 for instance, replacements
to Asn are relatively benign when compared with
those to Asp at these positions (Figure 5). This
difference may be due, in part, to the fact that car-
boxyl groups are known to form stronger H-bonds
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than carboxamides. However, since the difference
between Asp and Asn is not consistent, there are
obviously other factors (possibly steric) contribut-
ing to the ability of Asp and Asn to form H-bonds
of varying strength.

Conclusion

Helix-helix association wviaz side-chain/side-
chain hydrogen bond interactions among strongly
polar residues (Gln, Glu, Asp and Asn) is observed
to be greatly influenced by their sequence environ-
ment. In their native TM sequences, we found that
Glu and GIn can either have no observable effect
on helix association (C79b and Fut3) or produce a
strong association (Inf5) (Figure 4). When Asp
and Asn are introduced into the moderately stable
MCP dimer, there are a variety of stabilizing/non-
stabilizing outcomes (Figure 5), which again point
to the importance of the sequence context in polar
residue-mediated helix association. The results
with MCP suggest that within a given TM domain,
there may be “hot spots” where polar mutations
create “spurious” associations, emphasizing the
complexity of the task of dissecting the individual
sequence-dependent roles of H-bonding and van
der Waals packing in a given TM-TM association.

The overall results indicate that strongly polar
residues interact with a wide range of affinities
that are modulated by the packing interactions
provided by their surrounding residues. These
findings demonstrate that potentially strong inter-
helical H-bonding interactions can be attenuated
by their local environment, suggesting that an
innate structural mechanism may operate to select
against strong and non-specific association of
membrane-embedded polar residues. In addition,
recent work indicates that non-specific association
might be avoided by assembly pathways that
favor a specific oligomer in vivo, as appears to be
the case in the T-cell receptor.”

Materials and Methods

TOXCAT chimera construction

Oligonucleotides  encoding the transmembrane
domain of each construct were restriction digested with
Styl and Dpnll and ligated into the Nhel and Bam HI
sites of the restriction-digested plasmid pccKAN. Each
construct was tested for membrane insertion using
0.1 M NaOH washes to remove all soluble and periph-
eral membrane proteins from the membrane.* Integral
membrane proteins remain in the pelleted membrane
fraction. Additionally, membrane insertion and correct
orientation were verified for the MCP constructs using
the protease sensitivity in the spheroplast assay
described,* except that the LexA antibody (Invitrogen)
was used to verify the intact state of the spheroplasts.
Briefly, spheroplasts were created by digesting bacteria
with lysozyme to remove the peptidoglycan layer. Spher-
oplasts were then digested with proteinase K to remove
those proteins present in the periplasm. Only if the TOX-

CAT chimera is in the membrane and correctly oriented
will the maltose binding protein (MBP) portion of the
fusion be digested away from the remaining protein. Fol-
lowing digestion the samples were run on SDS-PAGE
and then Western analysis was carried out using anti-
bodies against MBP (NEB) and LexA (1:5000 dilution).
Blots were developed using goat anti-rabbit alkaline
phosphatase secondary antibody (Pierce).

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 lyzing with 20 pul of 100 mM EDTA,
100 mM DTT, 50 mM Tris (pH 8.0) and one drop of tolu-
ene from a drawn-out Pasteur pipette, at 30 °C for 30
minutes. The cell-free extract was then diluted 1:100
before being used in the CAT assays. The CAT assays
were performed using the Quant-T-CAT kit (Amersham).
All measurements were performed at least four times.

Searching of Swiss Prot

All databases used in this study were created
previously' from the SWISS PROT, version 37.*' The
databases of single and multi-spanning transmembrane
helices used here were homology purged and each TM
was reduced to an 18-residue window of maximum
hydrophobicity. For the single-spanning TMs, an
additional database was created, containing the central
eight residues of the 18-residue window. See the text for
a further discussion.
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