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ABSTRACT The noncovalent association of transmem-
brane a-helices is a fundamental event in the folding of helical
membrane proteins. In this work, a system (TOXCAT) is
developed for the study of transmembrane helix-helix oli-
gomerization in a natural membrane environment. This assay
uses a chimeric construct composed of the N-terminal DNA
binding domain of ToxR (a dimerization-dependent transcrip-
tional activator) fused to a transmembrane domain (tm) of
interest and a monomeric periplasmic anchor (the maltose
binding protein). Association of the tms results in the ToxR-
mediated activation of a reporter gene encoding chloramphen-
icol acetyltransferase (CAT). The level of CAT expression
indicates the strength of tm association. The assay distin-
guishes between a known dimerizing tm and a mutant in which
dimerization is disrupted. In addition, modulation of the
chimera concentration shows that the dimerization exhibits
concentration dependence in membranes. TOXCAT also is
used to select oligomeric tms from a library of randomized
sequences, demonstrating the potential of this system to reveal
novel oligomerization motifs. The TOXCAT system has been
used to investigate glycophorin A tm-mediated dimerization.
Although the overall sensitivity of glycophorin A tm dimer-
ization to mutagenesis is found to be similar in membranes
and in detergent micelles, several significant differences exist.
Mutations to polar residues, which are generally disruptive in
SDS, exhibit sequence specificity in membranes, demonstrat-
ing both the limitations of detergent micelles and the wider
range of application of the TOXCAT system.

The environment presented by the lipid bilayer imposes sub-
stantial constraints on the structures of the transmembrane
segments of integral membrane proteins, providing a thermo-
dynamic rationale for the formation of stable transmembrane
a-helices. The establishment of tertiary and quaternary struc-
ture then comprises interactions between preformed helical
transmembrane domains (tms) (1). However, the study of
helix-helix association in the folding of integral membrane
proteins is technically difficult because of the necessity for
solubilizing membranes or detergent micelles. Here, we
present a method to investigate transmembrane helix associ-
ation in a biological membrane.

Although the environment’s influence on secondary struc-
ture formation is well conceptualized, less is known about the
forces that stabilize interactions between transbilayer a-heli-
ces. Transmembrane helix interactions are governed by the
formation of helix—helix contacts and by interactions between
the protein and its lipid environment. These environmental
influences on folding are poorly understood because of the
inability of most experimental systems to directly report helix—
helix interactions in their native environment, a natural mem-
brane. Typically, folding studies of membrane proteins have
used detergents to provide a convenient membrane-like en-
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vironment, although the extent to which observations made in
detergent micelles accurately reflect helix-helix interactions in
lipid membranes is not known.

The dimerization of the glycophorin A (GpA) tm in deter-
gent micelles (2) provides a convenient example of membrane
protein folding. Site-directed mutagenesis (3), computational
modeling (4), and solution NMR (5) have demonstrated that
the association between GpAtm monomers is mediated by
helix—helix contacts involving a seven-residue motif, presented
on one face of each transmembrane o-helix. The dimer
interface is characterized by tightly packed surfaces formed by
complementary ridges and grooves that allow close approach
of the helices at a right-handed crossing angle (5). The
specificity of the interaction is such that seemingly conserva-
tive mutations of the side chains contributing to the interface
can disrupt the dimer, whereas hydrophobic mutations at
noninterfacial positions generally have no effect (3, 6). The
GpAtm dimerization motif is sufficient to drive the association
of helices in a detergent environment, even when all nonin-
terfacial residues are mutated to leucine (7). In addition, a
peptide corresponding to the GpAtm dimerizes in synthetic
lipid bilayers (8). Although the energy terms contributed by
the GpAtm helix dimer contacts have been studied in deter-
gent micelles (3, 5, 6, 9), little is known about the influence of
environment on transmembrane helix—helix association.

To study tm association in a natural membrane environ-
ment, we have developed the TOXCAT assay system, which is
based on the dimerization-dependent ToxR transcriptional
activation domain (10, 11). TOXCAT provides substantial
advantages over previous implementations of ToxR (11, 12),
exhibiting heightened sensitivity to changes in dimerization
affinity, tunable expression level, and the ability to apply
selective pressure to isolate strongly oligomerizing tms. Ap-
plication of this system to investigate the effects of mutagenesis
of the GpAtm dimerization domain in a natural membrane has
demonstrated significant environmental influences on the
association of transmembrane a-helices.

MATERIALS AND METHODS

General. Media were prepared as described in Sambrook et
al. (13). All genes cloned using PCR were confirmed by
sequence analysis. Ampicillin (Amp) was used at 200 ug/ml.

Vectors and Constructs. pMAL-c2 and —p2 were obtained
from New England Biolabs. The ctx::chloramphenicol acetyl-
transferase (CAT) reporter construct was cloned by PCR
amplifying the ctx promoter from genomic DNA isolated from
Escherichia coli FHK12 (kindly provided by H. Kolmar,
George-August University, Gottingen, Germany; ref. 11),
using primers that add HindIII sites at both termini. The
resulting product was ligated into the HindIII site of pkk232-8

Abbreviations: CAT, chloramphenicol acetyltransferase; MBP, mal-
tose binding protein; GpA, glycophorin A; tm, transmembrane do-

main; wt, wild type; CAM, chloramphenicol; Amp, ampicillin; LB,
Luria-Bertani.

*To whom reprint requests should be addressed. e-mail: donald.
engelman@yale.edu.
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(Stratagene), and the BamHI site was deleted to generate
plasmid pkkctxAB. ToxR'(tm) maltose binding protein (MBP)
chimerae were cloned as follows: pkktgm, the Smal/Xbal
fragment of pHKToxR'(TM"*)MalE (kindly provided by H.
Kolmar; ref. 11) was cloned as a blunt fragment into the
Klenow-filled Aatll site of pkkctxAB; pccKAN, to facilitate
cloning, the kanamycin resistance cassette from pACYC177
was ligated as an Nhel/BamHI fragment into pkktgm; pc-
c¢TNM, for expression of a ToxR-MBP chimera with no tm,
Notl linkers were ligated into 3’ filled Nhel/BamHI sites on
pkktgm; pLTMKAN, for expression of ToxR'(tm)MBP chi-
merae under inducible control, the lac promoter (PCR am-
plified from pBS/KS™; Stratagene) and ToxR' (PCR amplified
from pHKToxR'(TM"*)MalE) were subcloned into the Smal
site of pBS/KS™*. The EcoRV/Nhel fragment containing the
cytoplasmic domain of ToxR downstream of the lac promoter
was ligated into the Smal/Nhel sites of a modified pccKAN
(with deleted Ndel, Smal, and Nrul sites). The GpAtms for
wild-type (wt) and G83I mutant sequences were cloned into
the Nhel/BamHI sites of pPLTMKAN as described below.

tms. tms corresponding to residues L75-T87 of the wt
GpAtm were PCR-amplified and cloned into the Nhel/BamHI
sites of pccKAN as Nhel/Dpnll fragments by using an Nhel site
incorporated in the primer. wt GpAtm and mutants V80F,
V80Y, A82Y, and G83Y were amplified from pT7SN/GpA99
clones (3). All other tms were amplified from pT7SN/GpA99
by using primers that contain a mismatch to generate the
desired mutation.

Inducible Expression of Chimerae. Expression of ToxR’
(tm)MBP chimerae was induced by addition of isopropyl
B-D-thiogalactoside to MM39 cells grown in M9 medium
containing 0.4% glucose and 100 pg/ml of carbenicillin.
Chimera concentration was measured by using immunoblot-
ting followed by densitometry. Purified MBP was used as a
concentration standard (kindly provided by L. Hanakahi, Yale
University, New Haven, CT). The surface area of the E. coli
cytoplasmic membrane was estimated by using values reviewed
by Cronan et al. (14) and Neidhardt (15). To decrease leaky
expression from the lac promoter in the absence of inducer,
pLTMwt was cotransformed with pRG1 (kindly provided by T.
Griffin, Yale University), a pACYC177-based plasmid that
confers kanamycin resistance and overproduces the lac repres-
sor Lacl.

Library Preparation. Library inserts were generated by
Klenow-catalyzed extension of primer AS1 (5'-TCGTGCG-
GTGATCAG-3") annealed to R2L [5'-ACACACCGCAGG-
CTAGCVBTVBTCTCTTAVBTVBTTTGCTTVBTVBTCT-
ATTAVBTCTGATCGCCCTAACGGATATC-3' where V
and B indicate equimolar mixtures of (ACG) or (CGT),
respectively]. The resulting product was ligated as an Nhel/
Dpnll fragment into the Nhel/BamHI sites of pccKAN. The
pool of ligation products was transformed into E. coli DH5«
and plated as a lawn on Luria-Bertani (LB) agar containing
Amp. The lawn was resuspended, diluted between 10- and
107-fold, and plated on LB agar containing Amp and varying
concentrations of chloramphenicol (CAM).

malE Complementation on Agar Plates. ToxR'(tm)MBP
chimera-expressing MM39 cells (kindly provided by J. Beck-
with, Harvard Medical School, Boston) were cultured on M9
agar plates containing 0.4% maltose, 1% ion agar, and Amp.

Proteolysis of Spheroplasts. Protease sensitivity assays were
carried out as described in Chen and Kendall (16) with the
following alterations. MM39 cells expressing ToxR'(GpAwt)
MBP were grown in LB medium containing Amp to a final
ODgqp of 0.6. Lysis was carried out by using 3X freeze/thaw
and mechanical disruption by 10X passage through a 23-gauge
hypodermic needle. Proteinase K was added to 125 pg/ml.

Disk Diffusion Assay. MM39 cells were grown to an ODggg
of 0.6, diluted 6X with LB medium, and plated on 20 ml of
LB/Amp agar plates. A disk, prepared by drying 60 ul of 90
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mg/ml CAM in ethanol onto a Whatman 3MM filter paper
disk (2.4cm diameter), was placed in the center of the plate.
The diameter of the clear zone of inhibition of growth around
the disk is reported.

CAT Assays. To generate cell-free extracts, 200 ul of an 0.6
ODgp culture of MM309 cells was pelleted, resuspended in 0.5
ml of 100 mM Tris-HCI, pH 8.0, and lysed by addition of 20 ul
of 100mM EDTA, 100 mM DTT, 50 mM TrisHCI, pH 8.0, and
a small drop of toluene (from a drawn-out Pasteur pipette) at
30°C for 30 min. CAT assays were performed either as
described in Sambrook et al. (13) or by using Quan-T-CAT
(Amersham).

Immunoblots. Immunoblotting was carried out by using
standard methods and detected by using the ECL kit (Amer-
sham). a-glucose-6-phosphate dehydrogenase antibodies were
kindly provided by J. Beckwith.

RESULTS

TOXCAT Application to Gptm-Mediated Dimerization.
GpAtm was used to test the utility of the TOXCAT system for
studying helix—helix interactions in the inner membrane of E.
coli. According to the model for ToxR-mediated transcrip-
tional activation (11), introduction of an intramembranous
dimerization domain, such as the GpAtm, is expected to drive
dimerization of the ToxR cytoplasmic domain, resulting in
activation of the CAT gene and subsequent resistance to
CAM. Mutations in the GpAtm that disrupt dimerization
should yield relatively low levels of CAT, resulting in CAM-
sensitive cells. Because CAM arrests bacterial growth without
killing, a graded response in apparent survivorship is allowed.

CAM Resistance to Report Helix Interactions. The TOX-
CAT system uses the chimeric construct described by Kolmar
et al. (11), composed of the ToxR N-terminal transcriptional
activation domain (ToxR") fused to a transmembrane segment
of interest and a C-terminal MBP domain (Fig. 1). The
resulting chimera—ToxR’(tm)MBP—is constitutively ex-
pressed at low levels by the foxR promoter. tm-mediated
dimerization of the chimera in the E. coli inner membrane
results in transcriptional activation of a reporter gene driven by
the ctx promoter, in this case CAT (Fig. 1). The extent of
tm-induced dimerization can be measured in two ways: (i)
acquired resistance to the antibiotic CAM in vivo, or (ii) direct
quantitation of CAM acetylation by CAT in vitro. Incorpora-
tion of the reporter construct into the expression plasmid
provides several copies of the reporter gene per cell, as
opposed to previous systems, which used a single-copy chro-
mosomally integrated reporter gene (10—12). This increase in
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Fi16. 1. The TOXCAT assay for tm oligomerization. tm-mediated
oligomerization of the ToxR cytoplasmic domains () results in
activation of CAT at the ctx promoter by dimerized N-terminal ToxR
cytoplasmic domains (m). The periplasmic C-terminal MBP domain
(@) anchors the chimera in the inner membrane. ToxR': the cytoplas-
mic DNA binding domain of ToxR.



Biochemistry: Russ and Engelman

ZOl (cm)
3.4 4.1

29

no chimera

wt G83l

FiG. 2. Selection assay for tm dimerization. Disk diffusion assays
of cells expressing ToxR’(GpAwt)MBP (wt), ToxR'(GpAG831)MBP
(G83I), or no chimera. The zone of inhibition (ZOI) is shown above
each assay.

reporter gene copy number is expected to provide greater
sensitivity to low-level dimerization, as well as an enhanced
upper range of measurement.

Dimerization Assays. Disk diffusion assays (17) demon-
strate that tm-mediated dimerization confers CAM resistance
in this system (Fig. 2). Dimerization of the wt GpAtm (GpAwt)
results in cells that are highly resistant to CAM relative to cells
expressing no chimera, whereas cells expressing a chimera with
a transmembrane point mutation (GpAG83I) are much less
resistant to CAM. In SDS micelles, the G831 mutant does not
dimerize (3). It is clear from the NMR structure of the GpAtm
(5) that introduction of an isoleucine into position 83 would
result in steric clashes with the backbone at position 84 on the
opposing monomer, shifting the dimerization equilibrium to-
ward monomer. The relative disk diffusion assay results for
GpAwt and GpAGS83I are consistent with these observations,
suggesting that association of transmembrane a-helices is
solely responsible for activation of CAT. Furthermore, these
experiments demonstrate that antibiotic selection can distin-
guish tms with differing dimerization affinities.

Assays of CAT activity in cell-free extracts (Fig. 3) provide
a quantitative measurement of tm association. Dimerization of
the wt GpAtm causes strong activation of the ctx promoter,
resulting in high levels of CAT expression, whereas activation
by the mutant G831 is reduced 10-fold. The observation that
position G83 is sensitive to mutation in membranes and in SDS
suggests that similar structural contacts are being made in both
environments. To verify that the same interface is being used,
all noninterfacial residues were simultaneously mutated to
leucine, while motif residues (L75, 176, G79, V80, G83, V84,
and T87) were preserved. As observed in SDS (7), mutation of
all nonmotif residues to leucine has no effect on dimerization,
and sensitivity to the G831 mutation is maintained.

Because concentration differences should affect the relative
amountofdimerization, the expressionlevelsof ToxR'(GpAtm)
MBP chimerae were determined by immunoblotting (Fig. 4).
Although some proteolysis results in a high mobility band
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F16.3. Quantitative assay of tm dimerization. CAT activity relative
to wt for cells expressing the wt and G831 constructs in both the native
sequence context (wt and G83I) and with noninterfacial leucines
(leu-wt and leu-G83I), or with no chimera. Error bars represent the SD
of 2-3 independent measurements.
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F1G. 4. Comparison of chimera expression levels in MM39 cells.
Anti-MBP immunoblots of serial 2-fold dilutions of cells expressing
ToxR’(tm)MBP chimera with wt or mutant (G83I) transmembrane
domains or untransformed cells (¢). Arrow indicates full-length
chimera. * indicates proteolyzed chimera. For undiluted samples, 4 ul
of 6.0 ODgqo units of cells were loaded.

corresponding to cleaved MBP, the majority of the chimera is
full length. Examination of serial 2-fold dilutions reveals no
significant difference in the levels of chimera expression from
either construct, demonstrating that both chimerae are being
assayed in the same concentration range. Dimerization of
ToxR chimerae was not observed in SDS/PAGE, probably
because of the steric hindrance imposed by SDS-denatured
soluble domains at each end of the transmembrane helix.
Lemmon et al. (18) observed destabilization of the GpAtm
dimer upon shortening of the linker between the soluble
domains and tms. In the ToxR'(GpAtm)MBP chimerae, short
linker lengths and the substantially large MBP domain inhibit
association.

Dimerization of soluble ToxR’ chimerae also can activate
transcription at the ctx promoter (11). To verify that intramem-
branous interactions are responsible for the observed CAT
activation, the membrane insertion and orientation of
ToxR'(GpAtm)MBP chimerae was measured. The localiza-
tion of the MBP domain in E. coli MM39, a malE deletion
strain, was probed directly by using proteolysis. In this assay,
the protease sensitivity of a chimera is assayed in cells that have
been stripped of their outer membrane and cell wall (sphero-
plasts), exposing the periplasmic contents to an exogenous
protease, and permitting degradation of periplasmic proteins.
Cytoplasmic proteins such as glucose-6-phosphate dehydroge-
nase are protected from the protease by the inner membrane
(Fig. 5B). Immunoblots show almost complete degradation of
the ToxR'(GpAwt)MBP chimera’s MBP domain in protease-
treated spheroplasts (Fig. 54), indicating that >90% of the
MBP domain of the chimera is located in the periplasm and
demonstrating the transmembrane topology of the chimera.

Another assay for the topology of ToxR’(tm)MBP chimerae
in the E. coli inner membrane exploits the function of MBP in
the maltose transport pathway. MM39 cells, which lack en-
dogenous MBP, cannot transport maltose into the cytoplasm
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FiG. 5. Transmembrane topology of ToxR'(GpAwt)MBP. Immu-
noblots of a spheroplast proteolysis assay using MM39 cells expressing
ToxR'(GpAwt)MBP, using antibodies directed against (4) MBP
(a-MBP) or (B) glucose-6-phosphate dehydrogenase (a-G6PD). wc,
whole cells. we+PK, whole cells treated with Proteinase K. sph+PK,
spheroplasts treated with Proteinase K. lys+PK, lysed spheroplasts
treated with Proteinase K. Arrows denote full-length protein. *
indicates MBP liberated by proteolysis.
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for metabolism, and consequently cannot grow on media in
which the only available carbon source is maltose. If the
chimeric ToxR'(tm)MBP are correctly inserted in the inner
membrane, the periplasmic MBP domain will complement the
MM39 malE-deficient phenotype and support growth on
maltose. To demonstrate the requirement for periplasmic (vs.
cytoplasmic) localization of MBP in the complementation
assay, pMAL-p2 or pMAL-c2 (expressing MBP in the
periplasm or cytoplasm, respectively) were transformed into
MM39 cells and cultured on M9-maltose. As shown in Fig. 6,
cells expressing periplasmic MBP (pMAL-p2, and either wt or
G831 mutant ToxR'(GpAtm)MBP chimerae) grow on M9-
maltose. Cells that lack MBP (expressing no chimera) or that
express cytoplasmic MBP (pMAL-c2, or a ToxR'MBP chi-
mera with no tm) fail to grow. These experiments demonstrate
that both the wt and mutant tm-containing chimerae express
their MBP domains in the periplasm, whereas the genetic
response to dimerization (CAT activation) demonstrates cy-
toplasmic localization of the ToxR’ domain, consistent with
correct membrane insertion and topology.

The ToxR-Mediated Response Is Concentration Dependent.
As with any reversible dimerization event, intramembranous
helix—helix interactions should exhibit concentration depen-
dence. Although ToxR’(tm)MBP chimerae differing in only a
single amino acid are expressed at comparable levels, the
expression of chimerae containing significantly different tms
can vary (data not shown), which complicates direct compar-
ison of dimerization propensities. To overcome this obstacle,
the ToxR'(tm)MBP chimera was placed under the control of
the inducible lac promoter.

Expression of ToxR’(GpAtm)MBP chimerae containing wt
or G831 mutant tms was induced with varying amounts of
isopropyl B-D-thiogalactoside and quantitated by using immu-
noblotting and densitometry. CAT activity measurements
demonstrate that dimerization depends on the expressed
ToxR'(GpAtm)MBP concentration for both chimerae (Fig. 7).
Also, as previously observed, the G831 mutation in the GpAtm
decreases dimerization substantially relative to wt at all con-
centrations examined.

Tunable control of the ToxR chimera provides significant
advantages to the investigation of transmembrane dimeriza-
tion. The regulation of chimera expression levels permits the
comparison of associations at specified chimera concentra-
tions. In addition, the use of an inducible promoter will allow
dimerization to be measured as a function of chimera concen-
tration, permitting a quantitative assessment of association in
vivo.

Sequence Specificity of the GpAtm in a Natural Membrane.
The sequence specificity of GpAtm oligomerization was as-
sayed by using the TOXCAT system and compared with
previous assessments of dimerization in SDS micelles (3). Fig.
8 shows the CAT activities of a series of ToxR'(GpAtm)MBP

no chimera

no tm

F1G. 6. malE complementation to test of ToxR’(tm)MBP chimera
topology. malE-deficient E. coli MM39 transformed with various
expression constructs were cultured on M9 agar containing 0.4%
maltose. wt, ToxR'(GpAwt)MBP. G831, ToxR'(GpAG83I)MBP. no
chimera, cells expressing no chimera. no tm, pkkTNM, a ToxR'-MBP
chimera with no tm. pMAL-c2, cytoplasmic accumulation of MBP.
PMAL-p2, periplasmic accumulation of MBP. ¢, untransformed cells.
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F16.7. Concentration-dependent dimerization of ToxR’(tm)MBP
chimerae. E. coli MM39 expressing ToxR'(GpAwt)MBP (wt) or
ToxR’(GpAGS83I)MBP (G83I) under inducible control were induced
at various levels and measured for CAT activity (expressed in arbitrary
units) and chimera expression level (expressed as molecules of chimera
per membrane surface area). ®, ToxR'(GpAwt)MBP. A, ToxR’
(GpAGS83I)MBP.

mutants relative to ToxR'(GpAwt)MBP. Where available, the
effect of each mutation on dimerization in SDS micelles is
presented (3). Expression levels (immunoblots, Fig. 8) and
correct membrane insertion (by malE complementation, data
not shown) were measured for each mutant. As with G831,
expression levels were consistent, although a small and vari-
able amount of cleaved MBP was observed (data not shown).
Although this degradation may be related to the oligomeric
state of the chimera, with monomeric species exhibiting height-
ened sensitivity to endogenous proteases (19), there was no
correlation between dimerization (as reported by CAT activ-
ity) and the quantity of the high mobility species.

The relative dimerization of mutants at interfacial residues
(L75, 176, G79, V80, G83, V84, and T87) varies from highly
disruptive (G83Y) to greater than wt stability (V80F). The
results of mutation in membranes follows the general trend of
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Fi6. 8. Mutations of GpAtm modulate dimerization in E. coli
membranes. Numbering for transmembrane residues is taken from the
full-length GpA sequence. Light bars represent 2-3 independent CAT
assays (left axis), and SD is shown by error bars; dark bars are values
for SDS/PAGE (right axis) from Lemmon et al. (3) except for M81F
and A82F (K. R. MacKenzie, personal communication). Interfacial
substitutions are shown in bold. Anti-MBP immunoblots of each
mutant are shown below. (4) Mutations of interfacial residues L75,
176, and T87. (B) Mutagenesis of G79-V84 to F or Y, representing both
interfacial and noninterfacial positions over a full turn of a-helix.
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those observed in SDS micelles. For example, mutants of 176
and L75 exhibited a broad range of dimerization affinities in
both systems (Fig. 84), whereas substitutions at residues G79
and G83 always disrupted dimerization (Figs. 2, 3, and 9B).

In contrast to the general agreement between data obtained
in detergent micelles and membranes for hydrophobic substi-
tutions, mutations to polar residues yielded strikingly different
results. To directly test the effects of polar side chains, both
phenylalanine and tyrosine were substituted at several contig-
uous positions. This pair of amino acids differs only in the
presence of a hydroxyl group and should make similar van der
Waals contacts at the dimer interface. If the polarity of the
hydroxyl group does not play a role, mutation to either
phenylalanine or tyrosine would be expected to have the same
effect on dimerization. In all cases, however, mutation to
tyrosine is disruptive when assayed in SDS micelles (even away
from the dimer interface), whereas mutation to phenylalanine
disrupts dimerization only at interfacial positions of the dimer-
ization motif. In membranes, mutations to F and Y have almost
identical effects at V80, A82, and G83, indicating that the
addition of this polar group is not inherently disruptive in
membranes. There is a significant difference between M81F
and M81Y, however. Given that M81 is located away from the
dimer interface, the effects of these mutations are not yet
understood. Additional confirmation of the behavior of polar
mutations in natural membranes is evident from mutant L75T.
This mutation results in a moderately dimeric phenotype in
vivo, as opposed to the complete disruption of the dimer seen
in SDS micelles.

These data suggest that many properties of tm oligomeriza-
tion are indeed conserved between the environments provided
by detergent micelles and natural membranes. However, they
also demonstrate that environment can significantly affect tm
oligomerization. This observation underscores the importance
of assaying folding in a native-like environment, especially
when polar groups are present in the transmembrane helix.

Oligomeric Sequences Can Be Selected from a Library of
tms. As demonstrated by the disk diffusion assay (Fig. 2), the
increased CAM resistance conferred by tm-mediated oli-
gomerization can be used to select transmembrane sequences
with a strong propensity to associate. Selection was applied to
a library of ToxR'(tm)MBP chimerae containing randomized
tm dimerization motifs. Sequences simultaneously were ran-
domized by using a set of nine residues (glycine, alanine,
valine, leucine, isoleucine, serine, threonine, proline, and
arginine) at the seven interfacial positions identified in the
GpA right-handed crossing of a-helices. Residues occupying
noninterfacial positions were fixed as leucine.

Bacteria transformed with this library were plated on me-
dium containing varying concentrations of CAM. Fig. 9 shows
the number of colonies forming as a function of CAM con-
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F1G6.9. Selection of oligomeric tms from a randomized library. The
logarithm of the number of colonies forming at varying CAM con-
centrations is reported. Arrows indicate the resistance of chimerae
containing wt (open arrow) and G83I (filled arrow). R? for the
correlation is 0.98.
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centration. The logarithmic decay in the number of colonies
with increasing CAM concentration indicates that only a small
subset of sequences encode strongly dimerizing tms. The
observation that colony number decreases as a continuous
function of CAM concentration suggests that a broad and
continuous range of helix—helix affinities exists in this popu-
lation of transmembrane sequences. These results demonstrate
that the selection of novel transmembrane oligomerization
domains from a library of randomized sequences is feasible by
using TOXCAT.

DISCUSSION

The TOXCAT transmembrane dimer assay system was de-
signed to discriminate between strongly and weakly associating
transmembrane a-helices in a natural membrane—the E. coli
cytoplasmic membrane. The accuracy of the ToxR report is
reflected in the general agreement between this system and
previous results in detergent micelles (3, 7). The results
demonstrate that transcriptional activation of the CAT re-
porter gene depends on the extent of tm-driven dimerization,
and that the GpAtm dimerization interface identified in
detergent micelles also mediates association in natural mem-
branes.

Other applications of the ToxR protein to the study of
GpAtm-mediated dimerization (12, 20) have indicated the
applicability of this general approach to the study of trans-
membrane helix—helix association. Our enhancement of this
system has resulted in a more controlled assay with greater
sensitivity than previously observed. TOXCAT also enables
genetic selection. By using a single-copy, chromosomally in-
tegrated reporter, Langosch et al. (12) have measured only a
slight difference between the wt GpAtm and mutants previ-
ously shown to be mostly disruptive (L75A) or completely
disruptive (I76A) in SDS micelles. In our system, L75A and
I76A are significantly destabilized relative to wt (35% and 37%
of the wt signal, respectively). The observed increase in
sensitivity is probably a consequence of the increased cellular
concentration and mobility of the plasmid-borne reporter
construct, allowing a more accurate comparison of association
affinities. Furthermore, an ability to control the chimera
concentration within the membrane may enable the measure-
ment of association constants for the dimerization in a natural
environment, providing insight into the relative energies as-
sociated with tm oligomerization in vivo.

Because protein-environment interactions may differ be-
tween detergents and membranes, it may be possible to use
TOXCAT to study interactions that do not persist in detergent
micelles. The failure of SDS/PAGE to accurately report the
phenotypes of GpAtm mutations to residues with polar side
chains illustrates the potential differences between these sys-
tems. The favorable free energy of inserting a hydrophobic
a-helix across the membrane is sufficient to compensate for
the cost of burying a polar side chain away from water (21).
When compared with a membrane, the detergent micelle
provides a significantly different environment, in that polar
head groups form a shell around the hydrophobic portion of
the micelle. The free energy cost of burying a tm containing
a polar side chain in the hydrophobic interior of a detergent
micelle could be eliminated by breaking the helix and exposing
the polar groups on the side chain and the newly exposed
main-chain polar groups to the external aqueous environment
(9, 22). Such a deformation of the helix monomer in SDS
micelles is expected to disrupt dimerization by distorting the
helix backbone. The observations (3) that (i) most hydrophobic
to polar mutations were disruptive in SDS, and (i) mutations
to strongly polar residues not only disrupted dimerization, but
also caused anomalous monomer migration in SDS/PAGE
both are consistent with the notion of polar mutation-induced
helix deformation.
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As a direct test of the ability of tms to accommodate polar
groups, mutations of hydrophobic to polar residues were made
in the GpAtm, assayed for dimerization in the E. coli inner
membrane, and compared with previous results in SDS mi-
celles (3). The use of ToxR to measure the response of GpAtm
dimerization to mutation has revealed that polar side chains
can be incorporated into tms without a serious disruption of
structure, even at the dimer interface (L75T and V80Y). It has
been postulated (23) that the folding of integral membrane
proteins may involve the burial of polar groups into the protein
interior. Although some transmembrane regions (24-26) may
use polar groups at their association interface, the precise role
of these residues has not been confirmed. The ability of this
system to tolerate mutations to residues with polar side chains
may facilitate further investigation of this hypothesis.

Although mutations to hydrophobic residues affect dimer-
ization similarly in membrane and micelle environments,
significant differences do exist. As with polar mutations, these
inconsistencies may be caused by different protein-
environment interactions. Energy terms describing the change
in entropy of both protein and “solvent” upon dimerization are
expected to differ between detergent micelles and lipid bilay-
ers, because of the additional degrees of freedom available to
individual micelles relative to one another. Differences also
may arise from the potential for detergent acyl chains to insert
between protein helices in orientations that are not accessible
to lipid chains. Biological membranes provide additional ra-
tionales for the observed changes in association, because
factors such as controlled tm orientation, volume exclusion by
other proteins (27), and lipid acyl chain heterogeneity all are
expected to affect helix—helix association.

Application of the TOXCAT assay to the study of trans-
membrane helix association in a natural membrane broadens
both the scope of the kinds of interactions that can be studied
and the range of observable energies. The high sensitivity of
the system, coupled with its ability to measure stabilizing
mutations (V80F, Fig. 8) make it ideally suited for analyzing
the effects of mutation. The fact that substitutions of more
polar amino acids are allowed significantly enhances the scope
of the assay as well. Continued application and development
should test in membranes ideas of helix-helix interactions
based on studies in micelles.

Although TOXCAT is applicable to the study of interactions
between individual transmembrane helices, perhaps its great-
est advantage lies in the ability to select oligomerizing tms from
a population of different sequences. An initial demonstration
of this application comes from our observation that increasing
concentrations of CAM select for strongly decreasing numbers
of oligomerizing sequences from a randomized library of tms.
The variation in CAM resistance reveals a range of helix
affinities in the randomized library. Further characterization
of isolates from different CAM concentrations should reveal
novel oligomerization motifs and may identify existing oli-
gomerization domains in naturally occurring membrane pro-
teins. Selection also can be used in the isolation of pseudo-
revertants that compensate for a given disruptive mutation to
help distinguish between computationally derived models (28).
By applying selective pressure to randomized tm libraries we
can simultaneously assay a much greater number of sequences,
thus extending our ability to probe the association interface.
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