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ABSTRACT: The cation-π interaction is an electrostatic attraction between a positive charge and the
conjugatedπ electrons of an aromatic ring. These interactions are well documented in soluble proteins
and can be both structurally and functionally important. Catalyzed by observations in our laboratory that
an Ala- and Ile-rich two-helix transmembrane segment tended to form SDS-resistant dimers upon the
incorporation of suitably located Trp residues, here we have constructed a library of related constructs to
study systematically the impact of aromatic-aromatic and cation-π interactions on tertiary structure
formation within anEscherichia colimembrane. Using the TOXCAT oligomerization assay with the
hydrophobic segment AIAIAIIAZAXAIIAIAIAI, where Z) A, W, Y, or F and X) A, H, R, or K in all
possible combinations of cation and/or aromatic pairings, to assess the TM-TM dependent expression of
the chloramphenicol acetyltransferase reporter gene, we find that cation-π interactions, particularly between
Lys and Trp, Tyr, or Phe, as well as weakly polar interactions between pairs of aromatic residues,
significantly enhance the strength of oligomerization of these hydrophobic helices, in some instances
forming oligomers four times stronger than the high-affinity glycophorin A dimer. The contribution of
these forces to the tertiary structure formation in designed transmembrane segments suggests that similar
forces may also be a significant factor in the folding and stability of native membrane proteins.

Membrane proteins comprise a third of the total protein
content of a cell and play important roles in numerous
biological functions such as receptor signaling, ion conduc-
tance, and nutrient transport (1). Compared to their soluble
counterparts, relatively little structural information is avail-
able on membrane proteins due to challenges inherent in their
hydrophobic nature (2). However, in membrane protein
folding as described by the two-stage model (3-5), trans-
membrane (TM)1 segments are depicted as individually
stable, self-folding units that interact with one another to
form the final folded structure. In this process, formation of
tertiary and quaternary structure must accordingly involve
helix-helix association through noncovalent forces, believed
to be largely van der Waals packing and electrostatic forces
(6). Van der Waals packing mediates helix-helix association

by maximizing the surface area of contact between helices,
typically using small residue packing motifs such as GxxxG
and AxxxA (7-10). Electrostatic interactions stabilize folded
structures via polar side chain-side chain or side chain-
backbone interactions between interacting helices (11-16).

However, other important subsets of noncovalent interac-
tions in both soluble and membrane protein structural biology
have emerged and involve aromatic interactions, either
between two aromatic residues (π-π) or between a basic
and an aromatic residue (cation-π). Aromatic rings (i.e.,
Trp, Phe, and Tyr) and their self-association or interaction
with cations (i.e., Arg, Lys, and His) have been proposed to
consist of van der Waals and electrostatic forces (17, 18);
however, the relative contribution and magnitude of each of
these components are still under current investigation. Correct
packing geometry contributes to the van der Waals compo-
nent, whereas the electrostatic component is believed to arise
from interactions with the quadrupole moment of the
aromatic ring. Two orientations are typically found forπ-π
interactions (Figure 1a,b): the edge-face and offset stacked
geometries (18). The edge-face geometry can be considered
a CH-π interaction and is commonly observed between
aromatic residues in proteins. The offset stacked geometry
acts to bury more surface area, resulting in increased van
der Waals and hydrophobic interactions. Similarly for
cation-π interactions (Figure 1c,d), there are two preferred
geometries (parallel and perpendicular) of the charged (often
amino) group in relation to the electron-rich face of the
aromatic ring, where the parallel conformation is typically
favored by a 2.5:1 ratio (19). Since aromatic interactions
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consist of both van der Waals forces and electrostatic
interactions, Trp, Tyr, and Phe residues provide a potential
interaction site that is polar yet also hydrophobic, a combina-
tion of properties that is especially suitable for the interior
of a globular protein or for the plasma membrane.

The importance of aromatic and cation-π interactions in
membrane proteins has been examined by theoretical and
experimental methods. For example, a randomization study
found that Trp specifically mediated strong in vivo associa-
tion of transmembrane segments based on a heptad repeat
pattern ([aXXdeXg]n) of amino acids, which is known from
soluble leucine zipper interaction domains (20). Furthermore,
the cation-π forming residue Tyr381 in the TM domain of
the acetylcholine receptor plays a key role in receptor
function (21). Cation-π interactions between Arg and Trp
have also been shown to stabilize a protein/polypeptide in
the lipid bilayer (22). Studies aimed at examining cation-π
interactions from the crystal structures ofR-helical membrane
proteins have shown that such interactions play a significant
role in stabilizing membrane protein structures, where the
electrostatic component of the interaction energy is twice
that of the van der Waals energy (23-26) and the overall
average energetic contribution from cation-π pairs was
approximately-6.5 kcal/mol (23). In the same study, it was
also observed that cation-π interactions occurred with no
specific preference for location and were found between
residues in the transmembrane helices, outside of the
membrane, or between membrane-bound and surface residues
in the loop regions (23).

The residues involved in cation-π interactions are also
highly conserved (24). Interestingly, there are several human
diseases involving membrane proteins for which the pheno-
typic point mutations appear to occur in the context of a
disrupted cation-π pair or the introduction of a non-native
cation-π interaction. Notably, the most frequent mutations
in the human glycine receptor (GLRA1), leading to startle

disease, occur at positively charged or aromatic residues in
the TM2 domain (K276E, Y279C, R271L, R271Q, and
Q266H) (27). Although no specific structural data are
available for GLRA1, the likelihood of interhelical cation-π
bonding is significant, considering the frequency with which
aromatic residues occur in the surrounding TM domains
(Figure 2).

We previously demonstrated the existence of cation-π
interactions in helix-helix association in vitro using a
hydrophobic helical hairpin, a minimal tertiary folding helix-
turn-helix model termed AI (2). This AI hairpin used
“small” (Ala) and “large” (Ile) residues to maximize tertiary
contacts between the two antiparallel helical TM segments
(2). In this context, oligomerization assays by SDS-PAGE
analysis showed that a strategically located Arg, His, or Lys
residue on one hairpin was interacting with the Trp residue
on another hairpin, resulting in a four-helix bundle SDS-
resistant dimer; dimerization was abrogated in Trp-knockout
mutants. To enhance our understanding of these phenomena,
we examine here systematically the contribution of aromatic
and cation-π interactions to membrane-based helix-helix
association in vivo, by using the TOXCAT assay (28) in
the context of a single AI-like transmembrane helix peptide
of prototypic sequence AIAIAIIAZAXAIIAIAIAI (2), where
Z ) A, W, Y, or F and X) A, K, R, or H, representing all
possible aromatic and/or cationic residue combinations.

EXPERIMENTAL PROCEDURES

Vectors and Strains.The expression vectors pccKan,
pccGpA-WT, and pccGpA-G83I, along withEscherichia coli
strain NT326, were kindly provided by Dr. Donald Engel-
man, Yale University (28). The TOXCAT constructs contain
an N-terminal ToxR DNA binding domain, a transmembrane
domain, and a periplasmic maltose binding protein (MBP)
domain. Construction of pccAI-WT (WAI) has been de-
scribed elsewhere (2). Individual mutants were produced by
mutating the WAI construct using the QuikChange site-
directed mutagenesis kit (Stratagene, La Jolla, CA). The
sequences of all constructs were confirmed using DNA
sequencing. Constructs were subsequently transformed into
E. coli NT 326 (malE-) cells. Whole cell lysates were used
to determine expression levels of the constructs. Western
blotting was used to analyze samples using an antibody
against MBP (New England Biolabs, Beverly, MA). The blot
was developed using a goat anti-rabbit horseradish peroxidase
(HRP) secondary antibody (Sigma, St. Louis, MO), and band
densitometry was performed using NIH image. Statistical
analysis was performed using the software program R (29).

Chloramphenicol Acetyltransferase (CAT) Enzyme-Linked
Immunosorbent Assay (ELISA).Constructs transformed into
NT 326 cells were grown at 37°C in a shaker at 250 rpm to
an A600 of 0.6. Cells were harvested in 1 mL fractions and
stored at-80 °C. Cell lysates were prepared as previously
described (30). The cell lysate was assayed for CAT
concentrations using the CAT ELISA kit (Roche Applied
Science, Indianapolis, IN). A standard curve was generated
with CAT provided by the supplier. In each experiment, the
high-affinity GpA homodimer and a mutant that disrupts
dimerization of GpA (G83I) were included as controls. All
measurements were performed in at least triplicate, and errors
shown are standard deviations on at least three measurements.

FIGURE 1: Geometries of aromatic and cation-π interactions.
Aromatic interactions adopt either (a) edge-face or (b) offset stacked
geometries. Carbon atoms are colored in green (atoms in first Phe
side chain) or blue (atoms in second Phe side chain) in panels a
and b. Cation-π interactions adopt either (c) perpendicular or (d)
parallel geometries. Carbon atoms are colored in red (Lys side chain
atoms) or green (Phe side chain atoms). This figure was created
using PyMol (http://www.pymol.org). Hydrogen atoms are colored
in white in all panels; nitrogen atoms are rendered in blue in panels
c and d.
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Statistical analysis was performed using the R software
program (29).

MalE Complementation Test.M9 minimal medium plates
were used with 0.4% maltose as the only carbon source (28).
NT 326 cells transformed with each mutant were streaked
onto the plates and incubated for 2 days at 37°C.

RESULTS

Transmembrane helix sequences including WT AI (WAI),
and AI mutants (ZAX) representing aromatic (Trp, Tyr, and
Phe) and/or cationic residue combinations (His, Arg, and
Lys) (Figure 3) were incorporated into the TOXCAT vector
pccKAN and expressed in the inner membrane ofE. coli
with an N-terminal fusion of the DNA binding domain of
ToxR, and a C-terminal fusion of the periplasmic maltose
binding protein (MBP) domain (28). The separation of the
X and Z sites in the construct by a single (Ala) residue
mitigates against their preferential interaction within a single
helix, while simultaneously orienting both X and Z side
chains toward an incipient helix-helix interface. The well-
studied glycophorin A (GpA) TM segment was included in
our studies as a reference high-affinity dimer (9, 31). In the
TOXCAT system, ToxR domain dimerization is driven by
the homooligomerization of the TM domain, resulting in
transcriptional activation of a CAT reporter gene. The extent
of TM helix-mediated association can therefore be measured,
as it correlates to the level of CAT expression. TOXCAT
does not provide a measure of the order of the oligomers
formed; however, it is a powerful tool for assessing the
relative strength of TM helix interactions in a natural
membrane bilayer (32). A GpA mutant, G83I, known to

disrupt helix-helix association, was used as a negative
control for oligomerization (not shown).

The correct membrane insertion of each fusion protein was
confirmed by growth of NT 326 cells expressing each fusion
protein construct on M9-maltose plates (not shown). Western
blotting and densitometry measurements (2, 8, 28, 30, 33-
41) were used to confirm that the expression levels of each
chimera were produced at comparable levels (Figure 4). Since
the expression levels of all fusion proteins were similar, any
differences in the CAT expression levels can be considered
to be the result of relative dimer affinity.

Two constructs, WAI and AAA, were initially tested for
their CAT expression levels in comparison to the high-
affinity GpA dimer. As previously observed, WAI exhibited
a similar CAT concentration to WT GpA (p ) 0.102 for
GpA vs WAI) (Figure 4), indicating that WAI similarly
associates through its TM helix with high affinity. On the
other hand, AAA had approximately 64% of the CAT signal
compared to WT GpA (Figure 4), indicating that AAA
dimerizes but at a lower affinity than both WT GpA and
WAI (p ) 0.003 for GpA vs AAA). The decrease in CAT
signal likely results from the loss of an aromatic residue (vide
infra); however, the removal of an Ile residue from the TM-
TM van der Waals packing interface could also result in some
decrease in CAT signal.

Aromatic-Substituted Constructs Oligomerize with Higher
Affinity Than WT GpA, and Their Affinities Are Dependent
on both Steric and Electrostatic Constraints.The observed
difference in dimerization levels of WAI and AAA led us
to investigate the role of aromatic residues in the TM-TM
oligomerization of the AI construct. Three chimeras (WAA,
FAA, and YAA) were constructed, and their ability to
facilitate helix-helix association was tested in the TOXCAT
assay (Figure 4a). All three constructs displayed CAT signals
higher than WAI, where FAA had the highest signal followed
by YAA and then WAA. WAA and WAI differ by only one
residue (Ile), yet their CAT signals are significantly different,
indicating that the loss of a “knob” in the van der Waals
interface (WAA) is likely contributing to its lower affinity
as compared to WAI.

Interestingly, the TOXCAT signal appears to increase as
the volume of the aromatic side chain decreases (i.e., FAA
> YAA > WAA). Furthermore, the electrostatic potential
surface for each of the three aromatic residues differs, where
Trp has the largest surface of negative charge above and
below the plane of the aromatic ring, followed by Tyr and
Phe (17). Both the residue volume and its electrostatic
potential surface suggest that the dimerization of these
constructs depends on both steric constraints as well as
charge-charge repulsion.

Basic Residues Facilitate Strong Helix-Helix Associations
in AI. The role of basic residues in the helix-helix
association of AI was determined by examining the CAT
levels of three chimeras, AAR, AAK, and AAH (Figure 4b).

FIGURE 2: GLRA1 transmembrane domain sequences. Residues that are buried within the hydrophobic bilayer are boxed, and residues
subject to phenotypic mutations are highlighted in gold.

FIGURE 3: Construct design and sequence alignment of AI aromatic
and/or basic residue constructs. (a) WT GpA and WT AI (WAI)
sequences are shown, along with the design of ZAX mutants. (b)
Sequences of ZAX mutants are shown. Gray boxes represent the
mutation positions, where aromatic residue positions are highlighted
in red (Z ) A, W, Y, or F) and the basic residue positions are
highlighted in blue (X) A, H, K, or R).
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All constructs exhibited either a 3-fold (AAR and AAK) or
4-fold (AAH) increase in CAT expression levels in com-
parison to AAA. Thus, even in the absence of aromatic
residues, it appears that all three basic residues are able to
facilitate TM-TM association in the AI construct. It is
interesting to note that AAR and AAK have similar oligo-
merization levels whereas AAH has a higher reported CAT
expression level (Figure 4b). Arg and Lys residues may be
able to H-bond interhelically (either side chain-side chain
or side chain-backbone) if the pKa within the membrane is
shifted enough to allow the side chains of Arg and Lys to
become deprotonated. Depending on its protonation state,
His residues are either basic (protonated) or aromatic
(deprotonated) in nature (17). This means that His can, in
principle, participate in bothπ-π and cation-π interaction
types, as well as H-bonding (when it is deprotonated), likely
leading to the observed higher stability than either Arg or
Lys.

Cation-π Interactions Contribute to the Stability of the
TM-TM Association of AI.Previous in vitro studies (2)

indicated that Lys and Trp residues were able to participate
in cation-π interactions, stabilizing the dimerization of a
hydrophobic helical AI hairpin, resulting in a four-helix
bundle. To investigate whether similar results can be
observed in vivo, we sought to determine the effect of a Lys
residue on the association of aromatic residue constructs
(WAA, YAA, and FAA). Three chimeras were constructed
(WAK, YAK, and FAK), and their CAT levels were
determined (Figure 4c). All three constructs reported similar
levels within error and were all 4-fold greater than WT GpA,
indicating remarkably high dimer affinities. Furthermore,
there was a 2.5-3-fold increase in TOXCAT signal for WAK
vs WAA (p ) 0.015) and YAK vs YAA (p ) 0.002),
indicating that the copresence of a Lys residue greatly
increases the TM-TM association of W- and Y-containing
helices. Interestingly, there was no difference in CAT
expression for FAK vs FAA (p ) 0.060), suggesting that
the Lys residue in this case is not likely participating in its
helix-helix association per se. An energy-minimized model
was produced for the WAK construct, in which cation-π

FIGURE 4: TOXCAT assay of WT GpA and the AI aromatic and basic residue-substituted series. CAT expression is normalized to WT
GpA and is shown for the following series: (a) aromatics; (b) basics; (c) Lys and aromatics; (d) Trp and basics. Aromatic residue substitutions
are colored in red (Trp), green (Tyr), or blue (Phe). Basic residue substitutions are shaded with a solid (His), diamond (Arg), or stripe (Lys)
pattern. Aromatic and basic residue substituted constructs [prototypic sequence: AIAIAIIAZAXAIIAIAIAI (2), where Z) A, W, Y, or F
and X) A, K, H, or R] are colored and shaded with the appropriate combinations; for example, WAK is colored red (Trp) and is shaded
with a striped pattern (Lys). Error bars represent the standard deviation of at least three separate measurements. Fusion protein expression
levels are shown below each graph, where cell lysates were assayed by Western blot using an anti-MBP antibody.
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interactions are observed between the Trp residue on one
helix with the Lys residue on the other helix (Figure 5).

In addition, chimeras with Arg and His were constructed
with Trp (WAR and WAH) to investigate the effects of
various basic residues in the context of an aromatic residue.
The CAT signals determined (Figure 4d) showed that WAH,
WAK, and WAR all associated at higher strengths than
corresponding AAH, AAK, and AAR systems. Interestingly,
there was a larger difference between AAK vs WAK and
AAH vs WAH (1.5-2-fold) than in AAR vs WAR (p values
were 0.030, 0.043, and 0.003, respectively), suggesting that
while cation-π interactions specifically contribute to the
stability of the TM-TM association of AI, variations arise
based on the identity of the interacting pairs.

DISCUSSION

Glycophorin A is known for its strong dimerization
potential mediated by a GxxxG sequence motif that permits
close contacts between interacting TM helices (42). However,
TM-TM interactions stronger than those of GpA have been
observed using TOXCAT in a number of proteins including
gp55-P, the envelope protein of the polycythemic strain of
the spleen focus forming virus (33), and BNIP3, the
mitochondrial proapoptotic protein Bcl-2/19 kDa interacting
protein (43). The observation of signals higher than WT GpA
likely originate from the fact that TOXCAT does not provide
a measure of the order of the oligomers formed. This assay,
however, is useful as a powerful tool for assessing the relative
strength of TM helix interactions in a natural membrane
bilayer (32). Furthermore, the hierarchy of stabilities for sets
of mutants is retained, as previously demonstrated by

correlation of TOXCAT data to the free energy of dimer-
ization relative to WT GpA in detergent micelles (37). It is
therefore perhaps not unexpected that, in the present work,
some AI chimeras were observed to have significantly higher
CAT expression signals than GpA. Indeed, the level of CAT
expression in all AI constructs is at least equal to, or greater
than, that resulting from GpA dimerization. In GpA, the
packing motif GxxxG helps to maximize the surface area of
contact between interacting GpA helices and facilitate van
der Waals interactions (42). However, the strength of helix-
helix association has been shown to be dependent on the
sequence of residues neighboring such packing motifs (44).
For example, large residues may push helices apart, increas-
ing the crossing angle and reducing the contact surface area.
Given this sequence dependence, and the presence of several
AxxxA packing motifs in each AI helix, it may be suggested
that the stronger CAT expression in the designed AI segment
is the result of better packing interactions, perhaps stronger
than those typically observed in native TM segments.

In AI, the TM-TM interaction is dominated by van der
Waals packing, in which geometric complementarity between
Ala and Ile residues at the interaction interface allows TM
helices to approach one another and maximize the surface
area of contact (2). This proximity between interacting helices
strengthens weak electrostatic attractions mediated by the
alignment of temporary electric dipoles in atoms at the
helix-helix interface (45). However, the argument that AI
dimerization is stronger than GpA due exclusively to
increased van der Waals packing is diminished by the
observation that CAT expression from AAA is significantly
weaker than that of GpA WT (Figure 4). Thus, the large
gain in CAT expression resulting from AI dimerization must
be explicable in terms of additional means of interaction
augmenting the packing forces already at work in AI.

Introduction of an aromatic residue into the AI TM
sequence adds to the strength of TM-TM association in the
cases of WAA, YAA, and FAA. Stacking interactions
involving the conjugatedπ electron systems of aromatic
residues likely play a role in this TM-TM interaction. Such
weakly polar aromatic interactions are well-known to
contribute to the structure and function of soluble proteins
such a globins, immunoglobulins, and calcium binding
proteins (46, 47) and may well be enhanced in the nonpolar
membrane environment. The observation that aromatic
interactions do not have an effect as pronounced for WAA
as for YAA and FAA might be explained by the asymmetry
in electron distribution of the heterocyclic indole side chain
compared to the more regular distribution of the phenol side
chain in Tyr and the benzene side chain in Phe (17). As well,
the obstacles to accommodating the relatively large indole
side chains in TM-TM helical interfaces may mitigate
against helix-helix proximity.

Nevertheless, the strength of AI helix-helix association
in the presence of Trp increases dramatically upon inclusion
of a cationic residue. Since the contribution of each cation-π
interaction depends on the polarizability of interacting
residues, their proximity, and orientation (Figure 5), our work
confirms that variable levels of increase in TM-TM affinity
will indeed arise depending on the identity of the cation-π
pair (48, 49). For example, the terminal nitrogen on the side
chain of Lys is more strongly polarized than the guanidinium
group of Arg and produces a stronger cation-π interaction

FIGURE 5: Energy-minimized molecular model of a parallel dimer
of the WAK construct. This dimeric model was generated using a
global conformation search program as previously described (52,
53). Backbone models are shown in (a) and (c); space-filling models
are shown in (b) and (d). The Trp10 residue is highlighted in green,
and the Lys12 residue is highlighted in red. Both top views (panels
a and b) and side views (panels c and d) are shown. This figure
was created using PyMol (http://www.pymol.org).

9212 Biochemistry, Vol. 46, No. 32, 2007 Johnson et al.



with aromatic residues (50). Furthermore, the residues
surrounding the cation-π pair would likely result in further
variability of TM-TM affinity; however, the context de-
pendence of this interaction has yet to be determined.

The significantly stronger CAT signal produced from AI
constructs bearing only a cationic residue in comparison to
GpA WT may be the result of repulsive electrostatic forces
acting to restrict the rotational flexibility of AI helices. This
conformational restriction may act to define a more rigid
interaction interface based on van der Waals packing.
Another more likely possibility is that basic residues, in the
absence of an aromatic counterpart, are deprotonated (i.e.,
the pKa has been shifted due to the local microenvironment)
and can now participate in stabilizing H-bonds, either
between two side chains (N-H‚‚‚N) or between the side
chain and the peptide backbone (N-H‚‚‚OdC). In particular,
AAH may produce weakly polar aromatic interactions or
H-bonding interactions with the peptide backbone depending
on the protonation state of histidine in the membrane (17).
Use of the GALLEX heterooligomerization assay (51) in
future work will allow us to distinguish between the two
mechanisms of stabilization by cationic residues, by deter-
mining whether a single His residue can facilitate oligomer-
ization or whether two such residues are required for TM-
TM association.

CONCLUSION

Systematic assessment of hydrophobic helical oligomer
formation in E. coli membranes has shown that cation-π
and aromatic interactions are demonstrably significant in the
hydrophobic membrane environment. Thus, a designed
transmembrane helix of largely alternating Ala and Ile
residues forms equal or stronger oligomers than the known
high-affinity dimer GpA. While the principal force mediating
this interaction is van der Waals packing, our results confirm
that additional electrostatic interactions contribute signifi-
cantly, particularly when cation-π associations between
cationic and aromatic residues, which are known to be a
prominent feature of soluble proteins, are detected in the
TOXCAT assay. In addition, weakly polar interactions
between pairs of aromatic residues also partake in stabiliza-
tion of the AI helical oligomer. The contribution of these
forces to the tertiary structure formation in this hydrophobic
TM segment suggests that they may also be a factor in the
folding and stability of native membrane proteins.
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