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ABSTRACT: The colicin E1 immunity protein (ImmE1), a 13.2-kDa hydrophobic integral membrane protein
localized in theEscherichia colicytoplasmic membrane, protects the cell from the lethal, channel-forming
activity of the bacteriocin, colicin E1. Utilizing its solubility in organic solvents, ImmE1 was purified by
1-butanol extraction of isolated membranes, followed by gel filtration and ion-exchange chromatography
in a chloroform/methanol/H2O (4:4:1) solvent system. Circular dichroism analysis indicated that the
R-helical content of ImmE1 is approximately 80% in 1-butanol or 2,2,2-trifluoroethanol, consistent with
a previous membrane-folding model with three extended hydrophobic transmembrane helical domains,
H1-H3. Each of these extended hydrophobic domains contains a centrally located single Cys residue
that could be used as a probe of protein structure. The presence of tertiary structure of purified ImmE1
in a solvent of mixed polarity, chloroform/methanol/H2O (4:4:1) was demonstrated by (i) the constraints
on Tyr residues shown by the amplitude of near-UV circular dichroism spectra in the wavelength interval,
270-285 nm; (ii) the correlation between the near-UV Tyr CD spectrum of single and double Cys-to-X
mutants of the Imm protein and their in vivo activity; (iii) the upfield shift of methyl groups in a 1D
NMR spectrum, a 2D- HSQC NMR spectrum of ImmE1 in the mixed polarity solvent mixture, and a
broadening and disappearance of the indole1H proton resonance from Trp94 in H3 by a spin label attached
to Cys16 in the H2 hydrophobic domain; (iv) near-UV circular dichroism spectra with a prominent ellipticity
band centered at 290 nm from a single Trp inserted into the extended hydrophobic domains. It was
concluded that the colicin E1 immunity protein adopts a folded conformation in chloroform/methanol/
H2O (4:4:1) that is stabilized by helix-helix interactions. Analysis of the probable membrane folding
topology indicated that several Tyr residues in the bilayer region of the three transmembrane helices
could contribute to the near-UV CD spectrum through helix-helix interactions.

Colicin E1 is a plasmid-encoded toxin, produced by and
active againstEscherichia coli cells, which exerts its
cytotoxicity by forming a highly conductive ion channel in
the cytoplasmic membrane of susceptible strains (1). The
efficiency of the colicin is rivaled by that of its immunity
protein (ImmE1),1 which is encoded on the same plasmid
and protects colicin-producing strains against concentrations
of the toxin 104-107 times higher than that required to kill

nonimmune cells (2). The immunity gene is present for self-
preservation in plasmids coding bacteriocins that are cyto-
toxic toward sister cells (3). No protein analogous to Imm
is present in bacteria producing toxins that act on foreign
eukaryotic cells. Inhibition of productive channel formation
by colicin E1 has been proposed to occur through specific
and direct interaction between the helices of the colicin
channel-forming domain and ImmE1 within the membrane
bilayer (4), but it has not yet been possible to test the
existence, nor to understand the structural basis, of such
interactions. For this purpose, it is necessary to overexpress,
purify, and ultimately gain high-resolution structure informa-
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tion for the integral membrane immunity protein in a
membrane-mimetic environment.

The isolation and high-resolution structure determination
of integral membrane proteins provides challenges, due to
the requirements of finding suitable detergent conditions for
solubilization and purification and in generating high-
resolution three-dimensional crystals from detergent-solu-
bilized membrane proteins (5, 6). For a limited number of
hydrophobic integral membrane proteins, efficient purifica-
tion (7-11) and structure determination by NMR spectros-
copy with varying degrees of success (12-15) have exploited
the unique solubility of certain small membrane proteins in
organic solvents.

The potential utility of such solvent systems for structural
analysis has been demonstrated in studies on the integral
membrane proteins DAGK (14), EmrE (16), and a bacteri-
orhodopsin fragment (17). Highly helical secondary struc-
tures observed in organic solvents proved consistent with
predictions based on primary sequence (16, 18, 19) and
spectroscopic analysis following reconstitution into artificial
membranes (16, 20, 21). Unfortunately, little or no evidence
for tertiary folding was found in these cases.

For subunit c of F1Fo ATP synthase, a small bitopic
integral membrane protein, tertiary structure, native folding,
and functionally relevant conformational changes were
observed in chloroform/methanol/water mixtures. Tertiary
folding was demonstrated by long-range, interhelix interac-
tions between spin labels introduced in one helix on the
relaxation properties of residues in the neighboring helix (22,
23). The complete three-dimensional structure was subse-
quently determined by NMR at low pH where the proton-
transferring Asp61 side chain is protonated (12). This
structure was consistent with both the long-range interactions
within monomers predicted from mutagenesis experiments
and patterns of contacts between monomers identified by
disulfide cross-linking experiments (24). Furthermore, the
structure of the Asp61-deprotonated form of the protein was
subsequently solved (25). This second conformation was
consistent with cross-linking data between subunit c and
subunit a of the Fo complex (26). The observed conforma-
tional changes have provided a basis for the mechanism of
coupling of proton transfer through subunit c toγ subunit
rotation and rotational coupling of ATP synthesis within the
ATP synthase (25). Thus, for subunit c of the integral
membrane protein Fo complex of the ATP synthase, a
chloroform/methanol/water solvent system appears to be
membrane-mimetic. The special properties of this solvent
mix may be a consequence of the demonstrated preferential
solvation by methanol and chloroform of the hydrophilic and
hydrophobic parts of amphiphilic solutes (27). Relevant
properties of the proteins that have been analyzed structurally
to at least some extent in this solvent system are summarized
(Table 1).

In contrast to the situation with the proteolipid subunit c,
it has not been possible to show that the other small
hydrophobic proteins or peptides summarized in Table 1 can
assume a native conformation in organic solvents. Thus, the
general utility of organic solvents for structure determination
of integral membrane proteins by NMR spectroscopy has
not been demonstrated. The ability of organic solvents to
mimic the natural environment of a biological membrane is
not known. Further examples of integral membrane proteins

that retain solubility in a variety of membrane-mimetic
environments are required to determine whether there is a
group of proteins that reliably folds into native structures in
organic solvents or, alternatively, resembles the “alcohol-
denatured” state of soluble proteins, characterized by the
presence of secondary structure elements in the absence of
specific tertiary contacts (28-32).

The ImmE1 immunity protein for colicin E1 was purified
by a rapid and efficient isolation procedure based on its
unique solubility in organic solvents. Using CD and NMR
spectroscopies, it was found that ImmE1 in solvents of mixed
polarity assumes a folded conformation with significant
tertiary structure.

EXPERIMENTAL PROCEDURES

Reagents. 1-Butanol, chloroform, and methanol (analytical
grade) were obtained from Mallinckrodt. Sephadex LH-20-
100, CM-cellulose, and SDS were from Sigma, 3-maleimido-
PROXYL from Aldrich, low molecular weight protein
standards from BioRad, and15NH4Cl was from Cambridge
Isotope Laboratory.

Construction and Mutation of pT7Imm.The immunity
protein gene,imm, was cloned behind the T7 promoter to
facilitate overexpression. TheEcoRI/BamHI fragment of
pColE1 coding for the immunity protein was cloned into
M13mkp18. TheNdeI restriction site was inserted before
the start codon ofimm gene, and the 0.4 kbNdeI/EcoRI
fragment was cloned into pT7-7 to produce pT7Imm. The
wild-type ImmE1 was expressed from pT7Imm in theE. coli
strains BL21(DE3).

A modified PCR-based protocol (34) was used to generate
mutations in pT7Imm. Two mutagenic oligonucleotide
primers, complementary to opposite strands of the vector,
were extended during PCR usingPfu DNA polymerase
(Stratagene). The reaction mixture after PCR was treated with
DpnI to digest the parental DNA template resulted in
selection for synthesized strand with the mutation. Epicurian
XL1-Blue E. coli cells (Stratagene) were transformed with
DpnI-treated PCR mixture. Mutagenized pT7Imm was
isolated from the cells propagated from ampicillin-resistant
colonies and was used for transformation ofE. coli strain
K17 (DE3). Replacement of one of three Cys by Trp and of
another Cys by Ala produced ImmE1 with single Trp and
single Cys side chains.

Table 1: Physical Properties of Integral Membrane Proteins Purified
and Characterized in Organic Solvents

protein
MW
(kDa) pIa

charged
res (%)

net
charge

hydrophob
indexb

ImmE1 13.2 9.36 15.0 +7 0.63
EmrE 12.0 7.72 6.3 +1 1.05
diacyglycerol kinase 13.2 6.05 17.0 -1 0.88
subunitc of ATP-synthase 8.3 4.44 10.1 -2 1.3
1-71 fragment of BRc 7.7 8.80 11.2 +2 0.75
phospholamban 6.1 9.15 13.4 +3 0.84
P190d 23.0 8.92 25.2 +4 -0.1

a Isoelectric point.b Calculations based on a hydrophobicity scale
with values ranging from-4.5 for least hydrophobic to 4.5 for most
hydrophobic (33). c N-terminal 71-residue fragment of bacteriorhopsin
(15). d The colicin E1 channel domain, a soluble protein, which is
insoluble in both 1-butanol and chloroform/methanol/H2O solvent
systems, listed for the purpose of comparison.
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OVerexpression of ImmE1.TheE. coli strains BL21 (DE3)
and K17 (DE3) were used for overexpression from the
plasmid pT7Imm (35). Cells were grown at 37°C to an
OD600 ∼ 1.0 in 2×YT media and incubated an additional 3
h following induction with 0.25 mM IPTG. Cells were
harvested and stored at-20 °C until further use.

Isolation of Membrane Fractions.Frozen cell pellets from
4 L of culture were homogenized in 120 mL of medium
containing 10 mM DMG, 100 mM KCl, pH 5.0 (buffer A).
The suspension was brought to a final concentration of 1
mM PMSF, 1 mM DTT, and 1 mM EDTA and passed twice
through a French Pressure cell at 1100 psi. Following
centrifugation at 7000g (10 min), crude membrane fractions
were isolated by centrifugation at 150000g (1 h) in a Ti60
rotor at 4°C. The pellets were homogenized in 50 mL of 2
M NaBr, buffer A, 1 mM PMSF, and 1 mM DTT, and
incubated on ice for 20 min prior to centrifugation as
described above. The pellet was homogenized in 100 mL of
buffer A, 1 mM PMSF, and 1 mM DTT and again
centrifuged as described. Final pellets were homogenized in
30 mL of buffer A, 1 mM DTT, and stored at-20 °C until
further use.

ImmE1 Purification.ImmE1 was extracted from NaBr-
washed membranes by addition of an equal volume of
1-butanol at 4°C and further incubation at 4°C for 1-2 h
with thorough mixing. Organic and aqueous phases were
separated by centrifugation at 3000g at 4°C, and the butanol
(upper) phase was collected. The butanol phase was dried
under rotary evaporation (-45 °C) and resuspended in 3 mL
of chloroform/methanol/H2O (4:4:1; solvent B). Subsequent
chromatography was conducted at room temperature. Re-
suspended material was chromatographed on Sephadex LH-
20-100 (30 × 2.5 cm) in solvent B at a flow rate of
approximately 0.5 mL/min. ImmE1 was detected by absorp-
tion spectroscopy (320-240 nm). Pooled LH-20-100 frac-
tions were adsorbed on a 30-mL CM-cellulose column
previously equilibrated in solvent B. Protein was eluted in
chloroform/methanol/H2O/88% formic acid (4:4:0.6:0.4) after
the column had been washed with approximately 50 mL of
solvent B. Pooled fractions were concentrated by precipita-
tion through the addition of 10 vol of diethyl ether and
subsequent incubation on ice for 2 h. Precipitated protein
was collected by centrifugation at 9000g (30 min, 4 °C),
dried under a slow stream of N2, and further dried under
vacuum at room temperature for 1 h. Dried ImmE1 pellets
were resolubilized in chloroform/methanol/H2O (4:4:1), 50%
TFE, or in 1-butanol/H2O (20:1) with 10 mM ammonium
acetate, pH 7.0.

SDS-PAGE and Purity of ImmE1.ImmE1 fractions were
assessed for purity employing a modified Tris-Tricine gel
system (36) with stacking and resolving gels of 3 and 12.5%,
respectively. Stacking and resolving gels contained 0.5%
SDS and the cathode buffer, 0.8% SDS, to help eliminate
ImmE1 self-association during electrophoresis. Prior to
electrophoresis, NaBr-washed membranes were brought to
200 mM NaOH, 2% SDS, and 1%â-mercaptoethanol, while
samples in organic solvents were precipitated with 10 vol
of diethyl ether, dried, and resuspended in 200 mM NaOH,
2% SDS, and 1%â-mercaptoethanol. Gels were stained with
either silver (37) or Coomassie Brilliant Blue.

Pooled material following CM-cellulose was electropho-
resed as described above and blotted onto PVDF membranes

for identification and evaluation of purity with respect to
protein by amino acid composition analysis. The amount of
contaminating phospholipid was determined by quantitation
of inorganic phosphate (38).

Circular Dichroism.All measurements were acquired at
room temperature using a Jasco-600 spectropolarimeter.
Quartz cells with a path length of 0.1 or 0.2 mm were used
for far-UV measurements. Spectral parameters: time con-
stant, 2 s; scan speed, 20 nm/min; scanning increment, 0.1
nm; spectral bandwidth, 2 nm. Spectra were recorded in
1-butanol/H2O (19:1) at a protein concentration of 0.25 mg/
mL. Secondary structure content was determined as an
average of two methods of analysis of CD spectra in the
190-240 nm spectral range (39, 40), compiled in the
program PROT CD (41).

NMR Spectroscopy.Samples for NMR consisted of∼100
µM wild type, unmodified C50A/C94W, or PROXYL-
maleimidomethyl-modified C50A/C94W immunity protein
in 100 µL of 4:4:1 CDCl3/CD3OH/H2O. A 2.5-mm triple
resonance Bruker microprobe with gradients in a Bruker
DRX600 spectrometer was used to collect the data. Each
experiment was recorded at 30°C with a sweep width of 16
ppm. Solvent suppression was achieved using a double
pulsed field gradient echo technique (42). For each spectrum,
4096 transients of 8192 data points were averaged.

PROXYL-maleimide modification of a single Cys mutant
of ImmE1, C50A/C94W, was made in CHCl3/CH3OH/H2O
(3:3:1), containing 25 mM ammonium acetate, pH 7.0 (23,
43). A total of 3 mg of ImmE1 was incubated with 3 mM
PROXYL-maleimide for 2 h at 23°C. The modified protein
was separated from excess reagent on a Sephadex LH20
column in CHCl3/CH3OH/H2O (4:4:1).

Gradient-enhanced two-dimensional1H15N HSQC spectra
(44) of ImmE1 expressed in minimal medium containing 1.0
g/L 15NH4Cl (45) were acquired with 2048× 128 complex
points in the direct and indirect dimensions, with 16 scans
per t1 increment. Sweep widths were 7788 Hz in the proton
dimension and 2500 Hz in the nitrogen dimension. The two-
dimensional data were processed and analyzed using NMR-
PIPE (46). The ImmE1 protein was stable in chloroform/
methanol/H2O. There were no detectable changes in the
HSQC spectra over the course of 7 days at 30°C.

Analysis of ImmE1 Membrane Topology.ImmE1 was
compared with the other five immunity proteins of the E-type
channel-forming colicins (1): ImmE1*, Imm10, Imm5&K,
ImmIa, and ImmIb. Patterns based on three conserved
regions in ImmE1 (residues 4-14, 45-57, and 92-103,
Figure 3) were used to search the SWISS-PROT and
TrEMBL databases (ScanProsite, http://www.expasy.ch/
tools/scnpsit2.html). Ten sequences were consistently found
with all three conserved regions, here classified into five
groups (SWISS-PROT or TrEMBL codes given):
ImmE1: IMM0•ECOLI, IMM1•ECOLI, IMM1•SHISO,
O87672 (fromAeromonas hydrophila); Imm10: Q47126;
ImmK&5: IMMK •ECOLI; ImmIa: IMMI•ECOLI,
Q46739, Q46741; ImmIb: IMMJ•ECOLI. These sequences
were initially aligned using Clustal W (47) and slightly
adjusted to produce more contiguous transmembrane seg-
ments, which did not change the alignment scores signifi-
cantly. TransmembraneR-helices and topology were pre-
dicted using the programs TopPred II (48), MEMSAT,
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setting the minimum helix length to 19 residues (49), PHD
(50), and TMAP (51).

Spot-Test Assay of in ViVo ImmE1 ActiVity. E. coli K17
(DE3), harboring the plasmid pT7Imm, in which respective
replacements in the Imm gene were made, were spread on
Petri plates. A total of 20µL of colicin E1 (3× 10-9-3 ×
10-4 g/mL) in 0.1 M NaPi, pH 7.0, was overlaid, and plates
were incubated at 37°C.

RESULTS

OVerexpression and Purification.Isolation of ImmE1 in
quantities sufficient for characterization and structural analy-
sis was complicated by low expression levels directed by
the natural plasmid pColE1. Overexpression of ImmE1 from
the pT7-7 promoter resulted in an approximately 50-fold
increase in yield to∼1 mg/L cells. Efforts to further increase
expression levels using different promoters(tac and T7) in
several constructs (native ImmE1, GST-ImmE1, and His6-
ImmE1) and bacterial strains [RB791, LM101, JM103,
JM105, BL21, BL21(DE3), and BL21(DE3)LysS] did not
increase the yield of ImmE1, suggesting that the above levels
may represent a ceiling for expression (35). These results
are consistent with a previous study reporting production of
ImmE1 from a plasmid under control of thetac promoter
(52). The limited success encountered in following the
conventional approach of screening a variety of different
detergents and chromatographic procedures for purification
of ImmE1 (ref 35; R. Taylor, unpublished data) led to
investigation of the use of organic solvents as an alternative
medium for isolation and purification.

The level of ImmE1 purity in the stages of membrane
isolation, extraction, and chromatographic separation is
shown (Figure 1, panel A). Comparison of the butanol extract
with isolated membrane fractions demonstrates the unique
solubility profile of ImmE1, as only trace contaminants are
observed after a single membrane extraction step. Following
transfer of the butanol-soluble material into a chloroform/
methanol/H2O (4:4:1, v/v) solvent system, the ImmE1 was
purified to apparent homogeneity by gel filtration on Sepha-
dex LH-20-100, followed by CM-cellulose chromatography.
Final purity of ImmE1 with respect to protein was confirmed
by amino acid composition analysis (Figure 1, panel B) and
determination of a unique N-terminal sequence (NH2-M-
S-L-R-Y-Y-). Determination of inorganic phosphate
indicated only trace amounts of phospholipid following
chromatography on Sephadex LH-20-100 (not shown).

Secondary Structure Analysis by Circular Dichroism.The
far-UV circular dichroism spectrum of ImmE1 in 1-butanol
or 50% TFE (Figure 2), showing minima at 208 and 222
nm, and a large peak of positive ellipticity centered at
approximately 193 nm, is characteristic ofR-helical proteins
(41). Analysis of the spectra (39, 40) yielded an estimate of
79 and 77%R-helical content in 1-butanol and 50% TFE,
respectively. This spectroscopic analysis is the first empiri-
cally derived secondary structure analysis for the hydrophobic
immunity proteins of the channel-forming colicins. It was
not possible to obtain far-UV CD spectra below 250 nm in
chloroform-containing solvents, which were useful for NMR
structural studies, because of high optical density. Spectra
were also measured in SDS micelles, in which theR-helical
content was55% (data not shown).

Prediction of ImmE1 Membrane Topology.ImmE1 is
related to the immunity proteins ImmE1*, Imm10, Imm5&K,
ImmIa, and ImmIb (1). An alignment of the six known
E-type immunity proteins (Figure 3) shows a high conserva-
tion of the three extended hydrophobic regions (dark,
shaded), inferred to be transmembraneR-helices in the
hydrophobic core region of the membrane (dark, shaded),

A

B

FIGURE 1: Extraction, purification, and identification of ImmE1.
(A) Protein detected by silver staining following separation on a
12.5% SDS-polyacrylamide gel. Lane 1, isolated membranes
following extraction with 2 M NaBr; lane 2, organic phase following
butanol extraction of NaBr washed membranes; lane 3, pooled
fractions following Sephadex LH 20-100; lane 4, pooled fractions
following CM-cellulose; lane 5, low molecular weight protein
standards. (B) Comparison of ImmE1 amino acid composition
calculated from the primary sequence (solid bars) with that
determined for pooled fractions following CM-cellulose (hatched
bars).

FIGURE 2: Far-UV circular dichroism spectrum of wild-type
ImmE1. The purified ImmE1 was solubilized in 1-butanol/H2O,
19:1 v/v (solid), or 50% TFE (dashed). The secondary structure
content, inferred from the analysis of the far-UV CD spectra in
1-butanol or TFE, wasR-helix, 79 or 77%;â-sheet, 10 or 9%;
â-turns, 3 or 3%; remainder, 8 or 10%, respectively.
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from both the sequence pattern and gene fusion analysis (2).
The light shaded region of the schematic membrane shown
in Figure 4 represents the membrane interfacial layer that
has an intermediate dielectric constant (53, 54). Advantage
was taken of the conservation of hydrophobic domains to
derive a more precise topology model for ImmE1 by
employing four predictive methods, TopPred II (48), MEM-
SAT (49), PHD (50), and TMAP (51), across the six
immunity protein sequences. The transmembrane helix ends
predicted by these four algorithms agreed to within 1-2
residues of standard deviation (Table 2). The consensus
prediction agrees well with the existence of three transmem-
braneR-helices, extending between residues 6-26, 37-57,
and 88-109 for H1, H2, and H3, respectively. This is
consistent with ca. 80% helical content (Figure 2) and a
cytoplasmic location of the N-terminus inferred from the
gene fusion studies (2). However, this results in a substantial
modification of the previous topology model of ImmE1 that
predicted helices H1-H3 to be composed of residues 9-28,
44-65, and 84-105, respectively (2). The 178-residue
hydrophobic immunity protein, ImmA, associated with the
channel-forming colicin A, has been inferred from genetic
analysis, to have four transmembrane helices (55).

In accord with the preference for Trp and Tyr residues of
integral membrane proteins for the ends of transmembrane
R-helices in the membrane interfacial regions (54, 56, 57),
the ImmE1 topology model shows that two Tyr residues are
probably located near the periplasmic and five Tyr located
in or near the cytoplasmic membrane interface. However, it
is predicted that five Tyr residues are located closer to the
center of the bilayer (Figure 4, panel A). Three of the latter
group, Y15, Y20, and Y22, are located in transmembrane
helix H1, and two, Y41 and Y52, in H2. These residues will
be discussed below as candidate probes for the active versus
inactive conformation of ImmE1.

EVidence for a Compact, Folded ImmE1 Species in
Chloroform/Methanol/H2O from Near-UV Circular Dichro-
ism Spectra.The near-UV CD spectra of ImmE1 were similar
in H2O-saturated 1-butanol (butanol/H2O, 19:1, v/v) and in
chloroform/methanol/H2O (4:4:1). Wild-type ImmE1 has 9
Phe and 12 Tyr residues but no Trp. Therefore, negative CD
signals in the 270-285-nm region originate from Tyr side
chains only, whereas the sharp peaks in the 260-270-nm
region could originate from Phe (Figure 5 red). All these

FIGURE 3: Primary sequence analysis of the six E-type immunity
proteins. Alignment of the E-type immunity proteins showing the
consensus prediction for the three extended hydrophobic domains,
consistently predicted to be in the hydrophobic membrane core (gray
bars underneath sequences). Residues near the helix ends that were
inconsistently predicted to be in the membrane core, and are inferred
to be in the membrane interfacial layer (Figure 4), are indicated by
bold letters. Numbering according to the ImmE1 sequence.

FIGURE 4: Topology model of the colicin E1 immunity protein.
(A) Multisource hydropathy (44, 45) and topology analysis (45-
48) of all six immunity proteins to pore-forming colicins were
employed for prediction of helix ends. Dark and lightly shaded
regions represent the bilayer core and membrane interfacial layer,
respectively. H1-H3, proposed transmembraneR-helices. There
is a small discrepancy between the start of H3 in the bilayer core
domain and that shown in Figure 3 because of the greater length
of H3. (B) Model for interhelix interactions of transmembrane
helices H1-H3 inferred from near-UV CD spectra and the Cys16-
PROXYL quenching of Hε1 of the Trp94 indole ring. The interhelix
tilt angles are drawn somewhat arbitrarily, with the awareness that
the interhelix and helix-membrane normal tilt angles should be<20°
and 40° (51). The relatively long H2-H3 loop is shown.

Table 2: Predicted Helical Ends for ImmE1 Membrane Topology
Model Generated Using Four Methods for Alignment of Six E-Type
Immunity Proteins

method H1-N H1-C H2-N H2-C H3-N H3-C

TopPred 11 5a 25 36 56 90 110
MEMSAT 8 25 39 59 86 108
PHD 14b 23 38 57 87 109
TMAP 7 27 35 55 87 112
average 7( 2 25( 1 37( 2 57( 2 87( 2 110( 2

a Numbering is according to the ImmE1 sequence.b Outlier excluded
from calculations.
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signals are overlaid with the long wavelength edge of the
far-UV CD spectrum arising fromR-helical secondary
structure. The near-UV spectra for the wild type and the
C50A/C94W and C16A/C94W mutants are stable for more
than one week (data not shown).

To test tertiary structure and folding of isolated ImmE1
in organic solvents using CD and NMR spectoscopies, single
Cys mutants were made by substitution of Cys 16, 50, or 94
to Ala or Trp in the extended hydrophobic domains H1-
H3 (Figures 3 and 4). The absence of tryptophan residues
in wild-type ImmE1 allowed designated sites in the primary
sequence to be used as indicators of tertiary structure by site-
specific introduction of a single tryptophan residue. All three
Cys residues in ImmE1 were predicted to be in the
hydrophobic core of the membrane bilayer (Figure 4). The
C94W replacement resulted in the appearance of a positive
CD signal at 290 nm (Figure 5, black), implying that Trp94
is constrained by neighboring groups. Similar signals ap-
peared in C16W or C50W mutants. The C16A/C94W mutant
(Figure 5, blue) has spectral characteristics similar to wild
type, ImmE1, in the 250-270-nm region and a positive CD
signal at 290 nm that belongs to the single Trp residue.
However, the negative signals in the 270-285-nm region
are significantly weaker than in the wild-type ImmE1,
implying that some Tyr side chains have lost their constrained
state as result of the two side chain replacements in
hydrophobic domains H1 and H3. A similar decrease in this
signal was detected in the C16A/C50W and C50W/C94A
mutants (Figure 5, orange, green), whereas the spectra of
C94A/C16W and C50A/C94W in the 270-280-nm region
(Figure 5, brown, violet) were similar to that of the wild-
type Imm.

“Spot” Test of in ViVo ImmE1 ActiVity. The set of single
and double Cys mutants were tested for the protective activity
of ImmE1 against the cytotoxic effect of added colicin,
assayed through the extent of cell growth in the presence of
exogenous colicin E1 (“spot” tests). The mutants varied
substantially in their level of protective activity against
colicin E1 (Table 3). C16A/C94W was the least active
mutant. It was essentially inactive since the same small

amount of colicin E1 (6 pg) as in the absence of theimm
gene was sufficient to kill cells. Slightly weaker immunity
“by-pass” effects were observed with C16A/C50W and
C50W/C94A. No other combination of singleCys/singleTrp
mutants or mutants with single replacements, C16A or
C94W, impaired the functional activity of Imm (Table 3).

Comparison of the level of protective activity in the
mutants with their corresponding CD spectra in the near-
UV revealed a correlation between (a) the amplitude of the
CD signal in the 270-285-nm region and (b) the in vivo
activity of ImmE1: the greater the activity, the larger the
amplitude of the negative signals in the 270-285-nm region
of the spectrum.

EVidence from NMR for ImmE1 Folding in Chloroform/
Methanol-H2O. A one-dimensional spectrum of the upfield
methyl region shows at least four methyl resonances that
are shifted upfield, presumably by interaction with ring
currents from aromatic residues that would be expected in a
stably folded protein (Figure 6, panel A). Two-dimensional
HSQC NMR spectra of an15N-labeled protein provide a
useful fingerprint of nearly every residue in the protein. From
the range of amide chemical shifts, one can distinguish folded
from unfolded proteins. From the ability to observe complete
sets of cross-peaks even with short acquisition times, one
can infer amenability of the sample to a full structural study.
Two-dimensional1H15N HSQC spectra of uniformly15N-
labeled wild-type ImmE1 protein in chloroform/methanol/
H2O show the chemical shift dispersion (Figure 6, panel B)
typical of folded membrane proteins (12, 13), which is also
diagnostic of highly helical proteins. Despite the somewhat
limited range of the chemical shifts, 95 of the expected 109
backbone amide cross-peaks can be resolved in the two-
dimensional spectra if they are magnified by approximately
5-fold (not shown). The protein was sufficiently stable under
these sample conditions for a complete structural study.
HSQC spectra recorded before and after a one-week incuba-
tion at 30°C were identical with respect to both cross-peak
intensities and their locations.

Additional evidence for a folded structure of ImmE1 in
chloroform/methanol/H2O was obtained by NMR analysis
of the active single Cys mutant of ImmE1 (C50A/C94W),

FIGURE 5: CD spectra of wild-type and mutant ImmE1 in the near-
UV region. Spectra were taken in a chloroform/methanol/H2O (4:
4:1) solvent system at 23°C of ImmE1 mutant proteins in which
Cys at positions 16, 50, and/or 94 were substituted to Ala and/or
Trp. Spectra of wild type (bold red), C94W (black), C16A/C94W
(blue), C16A/C50W (orange), C16W/C94A (brown), C50A/C94W
(violet), and C50W/C94A (green) ImmE1 are shown.

Table 3: Spot-Test Assay of in Vivo Activity of Wild-Type and
Mutant ImmE1 in Protection of Susceptible Cells against Colicin
E1a

colicin E1 concentration, 3× (g/mL)

mutant 10-9 10-8 10-7 10-6 10-5 10-4

WT + + + + + +
C16A/C50W + +/- - - - -
C16A/C94W +/- - - - - -
C50A/C16W + + + + + +
C50A/C94W + + + + + +
C94A/C 16W + + + + + +
C94A/C50W + + +/- - - -
C16A/C50A + + + + + +
C16A + + + + + +
C94W + + + + + +

a E. coli K17 (DE3), harboring plasmid pT7-7Imm, in which
respective replacements in the Imm gene were made, were spread on
Petri plates. A total of 20µL of colicin E1 in 0.1 M NaPi, pH 7.0, of
the indicated concentration was overlaid before plates were incubated
at 37°C. Signs (+) or (-) indicate the presence or absence of activity,
i.e., growth, in the spots to which colicin E1 was applied.
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containing a spin label probe attached to Cys-16 near the
middle of the central transmembrane domain, H1 (Figure
3). The indole Hε1 of the single Trp was identified by
comparison with the spectrum of the wild-type protein. While
the indole proton resonance was readily observed for the
C50A/C94W mutant that was not modified with a spin label,
this resonance was broadened beyond detection in the
presence of the PROXYL spin label (Figure 7). The ability
of the spin label to broaden the indole proton resonance
demonstrates that the spin label and Trp-94 are separated
by e12 Å in space (40), although they are separated by 77
residues in primary sequence. Hence, the protein must adopt
a stable tertiary fold that brings these two residues into
proximity.

Line Width and Oligomeric State.The line width, 13-17
Hz, of the amide and alpha1H resonances of the 13-kDa
ImmE1 protein in the organic solvent mixture, as compared
to line widths of ∼13, 25, and 35 Hz for proteins of
molecular mass 8.5, 24, and 30 kDa, clearly indicates that
the protein is monomeric under these conditions.

DISCUSSION

The Folded State of ImmE1.In light of the seemingly harsh
conditions used throughout the purification of ImmE1 in
organic solvents, it is critical to gain information on the
folded state of the molecule in these potentially membrane
mimetic but diverse and poorly understood environments.
The following spectral information was obtained: (i) From
the CD spectrum of wild-type ImmE1 in the 270-285 nm
region, assigned to Tyr, some Tyr side chains were inferred
to be constrained by interhelix interactions. It should be noted
that, on the basis of the relative extinction coefficient of Tyr
versus Trp, the amplitude of the Tyr near-UV CD spectra
(ca. 35 deg cm2 dmol-1) is quite significant for wild-type
ImmE1 and the active mutants. (ii) The near-UV CD band
at 290 nm in the Cysf Trp mutants (Figure 5) implies that
the Cys residues in the hydrophobic domains of the three
transmembrane helices (Figure 4, panel A) are in a con-
strained environment. (iii) The quenching of the Hε1 indole
resonance of Trp 94 by spin labeled Cys16 implies that the
spin label and the indole ring are separated by<12 Å. It is
not known whether this distance is dependent on Imm
activity. (iv) The correlation between loss of ImmE1 activity
and perturbation of the Tyr region of the spectrum, as a result
of mutational changes in two of the three long hydrophobic
transmembrane helices, implies a wild-type conformation
involving helix-helix interactions, perhaps in a crossed
helical bundle with complementary interactions between the
three helices (Figure 4, panel B). The correlation between
near-UV CD spectral changes attributed to Tyr residues
(Figure 5) and ImmE1 activity (Table 3) is an unprecedented
application of this spectoscopic method. Of the 12 Tyr in
the protein, it can be seen in the ImmE1 topology model
(Figure 4, panel A) that five residues, Y15, Y20, Y22, Y41,
and Y52, lie within one helical turn of the center of the

FIGURE 6: NMR spectra of wild-type ImmE1. (A) Upfield region
of the1H NMR spectrum of ImmE1 (50µM) in 4:4:1 CDCl3/CD3-
OH/H2O. Several methyl resonances, labeled at-0.25, 0.67, 0.76,
and 0.82 ppm, are shifted upfield from the approximate position
of 0.9-1.15 ppm associated with unshifted methyl groups of
aliphatic residue side chains, reflect long-range contacts with
aromatic side chains elsewhere in the protein and are indicative of
a stably folded structure. (B) Two-dimensional1H15N HSQC NMR
spectrum (600 MHz) of uniformly15N-labeled ImmE1 protein (0.3
mM) in 4:4:1 CDCl3/CD3OH/H2O. The amide protons show the
limited chemical shift dispersion typical for membrane proteins (12,
13), consistent with both a highly helical structure as well as the
folded helical structure of a membrane protein. About 95 of the
expected 109 backbone amide cross-peaks can be resolved when
the spectrum is expanded 5-fold (not shown).

FIGURE 7: Broadening of indole NH region of Trp94 by spin label
adduct of Cys16. Upper panel: Control, showing the indole H-1
of the Trp94 ImmE1 mutant. Lower panel: PROXYL-modified
Cys50Ala/Cys94Trp ImmE1, showing the loss of the indole
spectrum in the presence of PROXYL-modified Cys16. The extent
of the relaxation effect indicates that the nitroxide radical attached
to Cys16 and the Trp94 indole side chain are within 10-15 Å of
each other.

Folding of Colicin E1 Immunity Protein Biochemistry, Vol. 39, No. 40, 200012137



bilayer in the putative transmembrane helices H1 and H2.
Since the above spectroscopic data (i-iii), including the
correlation of near-UV CD with activity (iv), imply helix-
helix interactions in or near the hydrophobic core, these five
Tyr are candidates for the residues whose constraints induce
the near-UV CD signals.

Analysis of the nature of the folded state by NMR and
near-UV CD spectroscopy, and of the protective activity of
the immunity protein against colicin cytotoxicity, implied a
folded ImmE1 conformation in the chloroform/methanol/H2O
solvent system. The spectroscopic data (i-iv) supply ad-
ditional detail to the membrane folding pattern of ImmE1.
In addition to three transmembrane helices shown in Figure
4, panel A, the CD data imply that helices H1-H3 interact
near the center of the bilayer (Figure 4, panel B). From the
correlation between ImmE1 activity and near-UV CD data
(Figure 5), it was inferred that the details of these interactions
are a determinant of activity. These results, together with
the 2D HSQC spectrum (Figure 6), provide the experimental
evidence necessary to rationalize a full structural analysis
by multidimensional NMR studies of the ImmE1 protein
solubilized in this membrane-mimetic organic solvent mix-
ture.

Point Mutants of ImmE1.No single point mutation,
including T17K, I19K, I21K, M39K, I43K, and I45K, studied
previously (2), has been found that causes any measurable
inactivation of ImmE1, showing that this integral membrane
protein preserves its transmembrane hydrophobic domains
(helices) after insertion of an unpaired (uncompensated)
charged side chain into these domains. In the present study,
C16A and C94W were also found to be innocuous. In ref2
and in the present study, ImmE1 could be inactivated by
double mutations. The lack of inactivation of ImmE1 by
single residue substitutions, including insertion of lysine
residues in the hydrophobic transmembrane helices, implies
that the helices are stabilized by mutual interactions in
addition to those between hydrophobic helices and lipids.
This increased stability is consistent with additional stabiliza-
tion conferred by helix-helix interactions. Double substitu-
tion of residues in different helices and insertion of such
bulky residues as Trp at positions critical for interhelix
interactions probably impairs those interactions to an extent
sufficient to inactivate ImmE1 function. This substitution is
not sufficient to break the interhelix contacts completely, as
seen in the preservation of the near-UV CD signal from
Trp94 at 290 nm in the C50A/C94W mutant (Figure 5).
However, loosening of the interhelix contacts is sufficient
to impair the constrained state of the less bulky aromatic
residue, Tyr. The identification of the tyrosines responsible
for double-mutation-sensitive CD signals in the 270-280-
nm region should provide information on interhelix contacts
and interactions crucial for ImmE1 function.

Solubility, Folding in SolVents of Mixed Polarity; Protein
Properties.The specific structural features that confer organic
solvent solubility on selected integral membrane proteins
remain unclear. The selective solubilization, from the entire
set ofE. coli membrane proteins after NaBr extraction, of
ImmE1 in 1-butanol (Figure 1, panel A, lane 2 vs lane 1)
demonstrates that such solubility is an unusual property even
for hydrophobic, integral membrane proteins. It has been
previously noted that the unique solubility of ATPase
proteolipid subunitc and EmrE in mixed polarity solvents

is not likely to stem from an unusually large proportion of
hydrophobic amino acids (44 and 49%, respectively) relative
to other ion-coupled transporters (41-50%), but that the low
incidence of unpaired charges may be the most critical
parameter for solubilization (11). ImmE1 appears to represent
a slightly different situation, as inspection of the primary
sequence shows ImmE1 to be both less hydrophobic than
EmrE and to carry a formal net charge of+7 at neutral pH
(Table 1). Thus, from the studies on ImmE1, the critical
parameters for solubility in organic solvents include (i) a
low molecular weight (ca. 10 000), (ii) a hydrophobic
primary sequence, and (iii) a tendency to form extended (ca.
20-25 residues)R-helices in a low dielectric environment.

Far-UV CD secondary structure analysis indicates that
ImmE1 adopts a predominantlyR-helical conformation in a
membrane-mimetic environment (Figure 2). Although co-
solvents such as methanol and TFE are commonly considered
as generically helix-promoting,â-sheet (30), â-turn (58), and
mixed R/â-structures (29) have also been observed in their
presence. A more detailed analysis of water-soluble proteins
suggests such solvents are helix-stabilizing only for regions
of primary sequence with a significant inherent helical
propensity (28). Considering the dependence of the helical
propensity of membrane proteins on solvent polarity (59),
cosolvents provide an important opportunity to compare the
properties of water-soluble and integral membrane proteins
in common environments for cases where their solubility
profiles overlap. For soluble proteins, the secondary structure
elements observed in the presence of cosolvents have been
proposed to be those present during the hydrophobic collapse
that occurs early in the folding pathway, and hence the
“alcohol-denatured state” may be diagnostic of a kinetic
intermediate in the folding pathway (28-31). The two-state
model for membrane protein folding postulates that indi-
vidual transmembraneR-helices are inserted into the bilayer
as independent structural domains that subsequently form
tertiary contacts through specific helix-helix interactions that
determine the native fold (60, 61). Thus, the delineation of
the secondary structure elements of proteins such as BR,
DAGK, and EmrE is of interest in the context of understand-
ing the kinetic intermediates in the poorly understood process
of membrane protein folding.
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