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ABSTRACT: Electron paramagnetic resonance (EPR) site-directed spin-labeling (SDSL) has been used to
characterize a proposed transmembraneâ-strand of theEscherichia coliferric enterobactin receptor, FepA.
Each of nine consecutive residues was mutated to cysteine and subsequently labeled with the sulfhydryl-
specific spin-label methanethiosulfonate (MTSL) and the purified protein reconstituted into liposomes.
Continuous wave (CW) power saturation methods were used to determine exposure of the nitroxide side
chains to a series of paramagnetic relaxation agents, including nickel acetylacetonate (NiAA), nickel
ethylenediaminediacetate (NiEDDA), chromium oxalate (CROX), and molecular oxygen. The spin-label
attached to Q245C, L247C, L249C, A251C, and Y253C had higher collision frequencies with molecular
oxygen than with polar relaxation agents, indicating that these sites are exposed to the hydrophobic phase
of the lipid bilayer. MTSL bound to residues S246C, E248C, E250C, and G252C had higher collision
rates with the polar agents than with oxygen, suggesting that these sites are exposed to the aqueous channel.
The alternating periodicity observed with the polar relaxation agents, NiAA and NiEDDA, and in opposite
phase with oxygen, is consistent withâ-sheet structure. Depth measurements, based on the reciprocal
concentration gradients of NiEDDA and O2 across the bilayer and calibrated for our system with
phosphatidylcholine spin-labels, indicated that L249C was nearest the center of the bilayer and that Q245C
and Y253C were located just below the bilayer surface in opposite leaflets of the membrane. Thus, we
conclude that this approach, through mapping of individual residues, has the capability of definingâ-sheet
secondary structure.

The outer membrane of Gram-negative bacteria is an
important barrier to toxins, antibiotics, and other noxious
agents often found in the bacterial environment. The
existence of this protective barrier also gives rise to the need
for proteins that can facilitate the uptake of required nutrients
and elimination of waste products (Nikaido, 1992; Nikaido
& Saier, 1992). Outer membrane (OM) proteins include
porins such as OmpF and PhoE, low-specificity diffusion
channels that allow passage of solutes less than about 600
Da, and LamB, which has moderate specificity for malto-
sides. In recent years, crystal structures have been deter-
mined for OmpF and PhoE (Cowanet al., 1992), the general
porins of Rhodobacter capsulatus(Weiss et al., 1991;
Przybylski et al., 1996) andRhodopseudomonas blastica
(Kreuschet al., 1994), and LamB (Schirmeret al., 1995).
Common structural features of these OM proteins are a
transmembrane domain composed of a series of antiparallel
â-strands arranged in aâ-barrel configuration and surface
loops that act to impart specificity or to restrict access to
the underlying channel.
An additional group of OM proteins are the ligand-gated

porins, high-specificity receptors that actively transport their
cognate ligands and require interaction with the inner
membrane protein, TonB. These include the vitamin B12

receptor, BtuB (Kadner, 1990; Postle, 1990), receptors for a

variety of iron complexes (siderophores) such as the fer-
richrome receptor, FhuA (Koebnik & Braun, 1993), and the
ferric enterobactin receptor, FepA (Hollifield & Neilands,
1978). No solved crystal structure has yet been reported
for a TonB-dependent OM protein.

FepA is an 81 kDa TonB-dependent integral membrane
protein responsible for transporting the siderophore, ferric
enterobactin, across the outer membrane of Gram-negative
bacteria. Based on immunochemical studies, hydropathy
analysis, and analogy to other OM proteins, FepA has been
predicted to form aâ-barrel structure containing 29 anti-
parallelâ-strands (Murphyet al., 1990). A large hydrophilic
loop, centrally located in the primary structure, has been
shown to contain the ligand-binding domain and to main-
tain the channel in a closed conformation. Deletion of this
central loop converts FepA from a high-affinity ligand-gated
channel to an open diffusion pore (Rutzet al., 1992; Liuet
al., 1993).

In this study, we utilize the electron paramagnetic reso-
nance (EPR)1 site-directed spin-labeling (SDSL) approach
to examine the secondary structure and membrane localiza-
tion of one of the proposed transmembrane strands of FepA
reconstituted into liposomes. SDSL is a valuable technique
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which can provide detailed information on the environment
and location of an individual residue within a protein
structure (Hubbell & Altenbach, 1994; Liuet al., 1994; Klug
et al., 1995; Mchaourabet al., 1997). This is especially
useful when studying large membrane proteins such as FepA
which are not amenable to analysis by NMR techniques and
which lack a solved crystal structure. Using site-directed
mutagenesis, a cysteine is inserted in place of the residue of
interest and subsequently modified with a sulfhydryl-specific
spin-label (Scheme 1). The motional dynamics of the
attached spin-label and its accessibility to various paramag-
netic reagents provide insight into the local structure and
conformational interactions at the labeled site. Using this
method, we have investigated nine consecutive residues
located in a proposed transmembrane segment near the active
site loop, characterizing each by power saturation depth
measurements. Our results confirm that these residues adopt
aâ-strand secondary structure spanning the lipid bilayer, with
alternate residues facing the lipid alkyl chains and the
aqueous interior of the channel. Additionally, strong tertiary
interactions observed for the extracellular half of the strand
imply strand-loop interactions that may be significant in
ligand recognition or transport.

MATERIALS AND METHODS

Site-Directed Mutagenesis and Protein Purification.Single
cysteine substitutions were made using the four-primer
method and overlap-extension PCR with the wild-type FepA
gene expressed in plasmid pITS449 (Armstronget al., 1990)
as the template. Primers of 18-20 deoxynucleotides were
from Operon (Alameda, CA). Mutations were verified by
the dideoxynucleotide sequencing method using the Thermo
Sequenase kit from Amersham International (Buckingham-
shire, England). Each mutant was transformed intoE. coli
RWB18-60 for expression, and protein was purified as
described previously (Neihardtet al., 1974; Fisset al., 1982;
Klug et al., 1995).
Colicin Killing Assay. A total of 107 cells taken from a 2

mL overnight culture were added to 2 mL of top agar (7
g/L) containing either no colicin B or a titer sufficient to
give complete killing in wild type, plated onto base agar (15g/
L), and incubated overnight at 37°C. A bacterial lawn was
observed on the plates containing no colicin B, and suscep-
tibility to the toxin was indicated by the absence of colonies
on the plates containing colicin B. RWB18-60 (Leong &
Neilands, 1976) and KDF541/pITS449 (Armstronget al.,
1990) were plated as colicin B-resistant and sensitive
controls, respectively.
Ferric Enterobactin Growth Assay.Purified enterobactin

was reconstituted with iron by incubation with FeCl3 and
purified on a Sephadex LH-20 column (Murphyet al., 1990).
Purity was assessed by examining the absorbance ratio at

395 nm/495 nm, and concentration was determined from the
absorption at 495 nm using an extinction coefficient of 5.6
mM-1 cm-1. In order to test each mutant for ferric
enterobactin uptake, a sterile filter disk (6 mm in diameter)
containing 2-3 nmol of ferric enterobactin was added to
the center of a 45 mm plate containing 2 mL of LB agar (15
g/L), 107 cells (from a 2 mLovernight culture), 0.1 mg of
ampicillin, and 0.1 mM apoferrichrome. Plates were incu-
bated at 37°C overnight, and uptake was determined by the
appearance of a growth halo surrounding the disk. KDF541/
pITS449 (expressing plasmid-encoded wild-type FepA in a
fepAbackground) with and without added ferric enterobactin
was used as a positive and negative control, respectively.
Spin-Labeling. The purified protein was spin-labeled at

the introduced cysteine residue with a 10-fold molar ex-
cess of the sulfhydryl-specific spin-label (1-oxy-2,2,5,5-
tetramethylpyrrolidine-3-yl)methyl methanethiosulfonate
(MTSL, Reanal, Budapest, Hungary) overnight at 4°C. It
has been shown previously that the two native cysteine
residues are disulfide linked and will not label without prior
treatment with a thiol reducing agent such as DTT (Liuet
al., 1994). Excess spin-label was removed by extensive
dialysis followed by precipitation with 2 volumes of ice-
cold ethanol.
Liposome Reconstitution and Sample Preparation.Lip-

osomes were prepared by drying a chloroform solution
containing 2µmol of egg PC and 0.4µmol of POPG under
a stream of nitrogen and placing in a vacuum desiccator
overnight. Purified spin-labeled protein (3 nmol) was
resuspended in distilled water and added to the thin film of
lipids. This suspension was then dried under a stream of
nitrogen and placed in a vacuum desiccator for approximately
1 h. The lipid-protein film was resuspended in 20 mM
MOPS, pH 7.2, containing CROX, NiAA, or NiEDDA as
desired and incubated at 37°C before being inserted into
sample tubes. This method provides a uniform distribution
of the appropriate broadening reagents on both sides of the
bilayer in all regions of the multilamellar vesicles. The
paramagnetic broadening reagents CROX [potassium tris-
(oxalato)chromate] and NiAA [nickel(II) acetylacetonate]
were from Aldrich Chemical Co. (Milwaukee, WI). NiED-
DA [nickel(II) ethylenediamine-N,N′-diacetic acid] was a gift
from Dr. H. Mchaourab.
Electron Paramagnetic Resonance.EPR spectroscopy

was performed on a Varian E-102 Century series X-band
spectrometer (Varian Associates Inc., Palo Alto, CA) equipped
with a loop-gap resonator (two loop-one gap; Froncisz &
Hyde, 1982) using the VIKING software package for data
collection and SUMSPC92 for data analysis (National
Biomedical ESR Center, Milwaukee, WI). Samples were
run in a gas-permeable TPX capillary (Popp & Hyde, 1981).
Spectra were recorded using 1 mW incident microwave
power and a modulation amplitude of 1.0 G. Power
saturation experiments were carried out using a 1.25G
modulation amplitude and varying microwave powers (typi-
cally 0.1-36 mW). During saturation experiments, the
sample in the TPX capillary tube was purged with a
continuous stream of either nitrogen or 20% oxygen (air).
The peak-to-peak intensity of the first-derivativemI ) 0
resonance line (A) was measured and plotted against the
square root of the incident microwave power. These data
points were then fit, using Enzfitter (Elsevier-Biosoft,
Cambridge, U.K.), to the equation:

Scheme 1: Chemistry of Site-Specific Spin-Labeling with
MTSLa

a The methanethiosulfonate spin-label reacts exclusively with the free
sulfydryl group on the introduced cysteine residue.
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as described by Altenbachet al. (1994), whereI is a scaling
factor,ε is a homogeneity factor,P is the incident microwave
power, andP1/2, the half-saturation parameter, is the micro-
wave power at which the observed intensity of the first-
derivative center line is half that which would be observed
in the absence of saturation. In order to characterize
accessibility for each mutant, power saturation data were
obtained under several different conditions: under nitrogen
gas, under air (20% oxygen), and in the presence of 20 mM
CROX, 20 mM NiAA, or 200 mM NiEDDA under nitrogen.
From these data,∆P1/2 values were calculated by subtracting
theP1/2 value in the absence of a paramagnetic broadening
reagent (under nitrogen gas) from theP1/2 value in the
presence of a paramagnetic broadening reagent (oxygen,
CROX, NiAA, or NiEDDA). In addition, dimensionlessΠ
values, which are normalized to correct for differences in
T2e and variabilities between resonators, were calculated
using the equation:

(Farahbakhshet al., 1992) where∆H is the peak-to-peak
first-derivative center line width andP1/2(DPPH) and∆H(D-
PPH) are the half-saturation power and the peak-to-peak
width of a DPPH (2,2-diphenyl-1-picrylhydrazyl) standard,
respectively. AΦ value was then calculated from the
equation:

(Altenbachet al., 1994), and the depth (Å) of the attached
spin-label exposed to the lipid bilayer was calculated
according to the equation:

The above bilayer depth calibration equation was determined
using phosphatidylcholine spin-labels (PCSLs) integrated into
liposomes containing unlabeled FepA.Φ values for 5-, 7-,
10-, and 12-PCSL were measured and plotted against known
depths of the spin-labels (Daltonet al., 1987). Equation 4
was derived from linear regression analysis of the line
passing through the plotted experimental points. A similar
calibration was obtained using PCSLs in the presence of 20
mM NiAA. Doxylstearate spin-labels also show a linear
dependence onΦ (data not shown).

RESULTS

A portion of the FepA structural model adapted from that
proposed by Murphyet al. (1990) is shown in Figure 1. This
model is based on immunochemical and antibody binding
studies for many of the extracellular loops and on hydro-
phobicity calculations for theâ-strands. The strand in which
the cysteine mutations are located (Q245-Y253) is adjacent
to the large extracellular loop containing the active site. Our
study is the first to begin resolving the predicted model and
proving theâ-barrel proposal correct.
Colicin B and Ferric Enterobactin Effects.To assess the

functional integrity of the mutant FepA receptors, we
examined each for the ability to support growth under iron-
limited conditions and for susceptibility to colicin B. Each
of the mutants sustained ferric enterobactin-dependent growth

at levels similar to wild-type. However, Y253C was
completely resistant to colicin B killing, and S246C was only
partially susceptible to the toxin while the rest were fully
susceptible to colicin B killing. The differentiation between
ferric enterobactin and colicin B transport is somewhat rare,
but has been reported previously (Armstronget al., 1990).
Further studies to examine the basis of Y253C and S246C
resistance are in progress. Nonetheless, these studies
demonstrate that these FepA mutants containing specifically
introduced cysteine residues bind and transport the native
ferric enterobactin ligand, and furthermore indicate that the
required interaction with TonB remains intact.
EPR Spectra.The EPR spectrum of each MTSL-labeled

FepA mutant in liposomes is shown in Figure 2. With the
exception of S246C, the nitroxide side chain is fairly strongly
immobilized for each of the MTSL-labeled mutants, with
2T|′ values between 62 and 65 G, where 2T|′ is the separation
between the outer hyperfine extrema (Hubbell & McConnell,
1971). In addition, all the mutants appear to contain two
components in the low-field region.
Power Saturation Results.Continuous wave (CW) power

saturation has proven to be a simple and convenient method
to examine the accessibility of sites labeled with a nitroxide
spin-label to aqueous and hydrophobic molecules (Hubbell
& Altenbach, 1994). Collision of a spin-label with a fast-
relaxing, paramagnetic broadening reagent enhances the
spin-lattice relaxation rate of the nitroxide, increasing the
power necessary for its saturation. This increase in power
required for saturation (∆P1/2) is directly proportional to the
collision rate of the nitroxide with the paramagnetic broaden-
ing reagent, thus reflecting the environment surrounding the
spin-label (Altenbachet al., 1989). For spin-labels immersed
in a lipid bilayer, the reciprocal concentration gradients of
molecular oxygen and neutral, polar nickel complexes such
as NiAA and NiEDDA, with oxygen concentration increasing
as the environment becomes increasingly nonpolar and the

FIGURE 1: Model [adapted from that proposed by Murphyet al.
(1990)] for the region of FepA surrounding the cysteine mutations
(Q245-Y253) studied in this paper. Putativeâ-strands 8-11 (left
to right) are shown along with the large extracellular ligand binding
domain.

A) IP1/2[1 + (21/ε - 1)P/P1/2]
-ε (1)

Π ) [∆P1/2/∆H]/[P1/2(DPPH)/∆H(DPPH)] (2)

Φ ) ln[∆P1/2(O2)/∆P1/2(NiEDDA)] (3)

depth (Å)) 3.56Φ + 3.62 (4)
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nickel complexes showing the opposite trend, allow estima-
tion of the depth of the label in the membrane (Altenbachet
al., 1994). Chromium oxalate (CROX), a negatively charged
molecule restricted to the aqueous phase, can also be used
to probe accessibility (Altenbachet al., 1989).
Results obtained from the power saturation experiments

are summarized in Table 1. Depth values were not calculated
for residues S246C, E248C, E250C, and G252C, as these
residues appear to be located within the aqueous channel
and are therefore not exposed to the oxygen and nickel
gradients found within the bilayer. TheΦ values and depth
measurements found in Table 1 are based on the NiEDDA
data while the NiAA data are included for qualitative
comparison. The higher NiEDDA concentration (200 mM)
is necessary in order for sufficient amounts of the complex
to partition into the membrane to alter P1/2 (Altenbachet
al., 1994).
The variation in both oxygen and NiEDDA accessibilities

with label position show a striking biphasic periodicity
(Figure 3). For the odd-numbered residues, Q245C, L247C,
L249C, A251C, and Y253C, the attached MTSL side chain
consistently has a higher accessibility to oxygen than to the
nickel complexes, indicative of exposure to the hydrophobic
alkyl chains of the lipid bilayer. In contrast, the even-
numbered mutants do not appear to be exposed to the lipid

phase of the bilayer (Table 1 and Figure 3). S246C is the
most accessible to the aqueous reagents and sees very little
oxygen, strongly indicating an aqueous environment which
would be expected for a location at the inside base of the
aqueous channel (see Discussion). Similarly, E248C inter-
acts significantly more strongly with the nickel complexes
than with oxygen and also shows strong interaction with
CROX (Table 1), all of which indicate exposure to the
aqueous phase. Unexpectedly, the next two consecutive
channel-exposed residues, E250C and G252C, show low
exposure to all of the relaxation agents used, including the
polar reagents.
Combining the results of the two sets of residues and

plotting their accessibilities to oxygen and NiEDDA leads
to the conclusion that these residues do in fact comprise a
â-strand. Figure 3 clearly indicates the alternating periodicity
in both oxygen and NiEDDA accessibility parameters. A
periodicity of 2.0 is unequivocally consistent withâ-sheet
secondary structure.
To assess the relative depths of the lipid exposed residues

in the membrane bilayer, the ratio of accessibilities to oxygen
and NiEDDA (see eq 3) was examined (Figure 4). L249C
and A251C have the highest O2:NiEDDA ratios (i.e.,eΦ),
with depths calculated at 15.2 and 11.1 Å from the polar
head groups, respectively (Table 1). Q245C interacts with
relatively more NiEDDA, but still has a higher collision rate
with oxygen than with either NiEDDA or CROX, placing it
in the bilayer close to the membrane surface at a calculated
depth of 5.1 Å. L247C is accessible to slightly less nickel
and more oxygen, placing it deeper into the membrane at a
calculated depth of 8.4 Å. Similarly, the high comparative
interaction of Y253C with oxygen and intermediate interac-
tions with CROX and NiEDDA suggest a depth of 7.7 Å.
Taken together, the pattern observed in Figure 4 clearly
indicates that this stretch of amino acids spans the membrane,
with Q245 and Y253 near the lipid glycerol moiety in
opposite leaflets and L249 nearest the center of the bilayer
(Figure 5). In addition, the average separation of 6.3 Å
between odd numbered residues is in good agreement with
the separation of 6.8 Å in an idealâ-sheet (see Discussion).

DISCUSSION

In this study, we have utilized SDSL to map the location
and local secondary structure of a proposed transmembrane
â-strand in the ferric enterobactin receptor. Although this
approach has proven quite valuable in examining the
structure, tertiary interactions, and conformational dynamics
of transmembraneR-helices (Altenbachet al., 1989, 1990,
1994; Farahbakhshet al., 1992), this is the first report of
such characterization for a transmembraneâ-strand. In the
present study, variation in CW power saturation parameters
in the presence of both oxygen and polar nickel complexes
as a function of spin-label position gave a well-defined
alternating periodicity (Figure 3). This alternating periodicity
is characteristic ofâ-sheet secondary structure, as observed
previously with the soluble cellular retinol binding protein
(Hubbellet al., 1996).
Taken alone, theΠ dependence shown in Figure 3 does

not distinguish between aâ-strand oriented along the bilayer
normal and one that lies parallel to the membrane surface.
However, examination of bilayer depths (Table 1) and the
associated depth parameter,Φ (Figure 4), does indicate that

FIGURE 2: CW X-band EPR spectra of MTSL-labeled FepA
mutants reconstituted into liposomes. All spectra were recorded with
a 100 G scan width.
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this strand spans the bilayer. Orientation along the bilayer
surface is not compatible with the depth separation between
nitroxides attached to E248C and L249C that would be
indicated by their relativeΦ values, and would also require
the strand to be sharply bent around residue 249. The ob-
served depth dependence is much better fit by a transmem-
brane orientation of the strand, in agreement with what is
known about other bacterial outer membrane proteins.

The MTSL side chain bound to residues E250C and
G252C was remarkably inaccessible to both polar and
nonpolar relaxation agents (Figure 3 and Table 1), in sharp
contrast to sites S246C and E248C located on the opposite
side of the channel. By analogy to porins for which crystal
structures have been solved, this restriction could possibly
be due to structural interactions with surface loops. In the
LamB maltoporin, three of the nine surface loops fold back
into the channel along with a surface loop from an adjacent
subunit in the functional trimer (Schirmeret al., 1995). For
theE. coli porins PhoE and OmpF, one large surface loop
in particular folds back into the aqueous channel, forming a
constriction that determines the exclusion limit for solute
diffusion through the pore (Cowanet al., 1992). This
structural characteristic is also observed for the general porin
from Rhodobacter capsulatus(Weisset al., 1991). Thus,
the steric hindrance observed at E250 and G252 may arise
from interaction with one of the surface loops of FepA, in
particular, the large extracellular loop proposed to include
residues 256-336 that contains the ligand binding site.
Guanidine denaturation studies have shown that the spin-
label at E250C becomes freely mobile at concentrations of
denaturant that produce unfolding of this surface loop,
whereas sites on the hydrophobic side of the barrel (L247C
and L249C) do not (Kluget al., 1997). Whether or not there
are specific structural interactions involving surface loops
and the particularâ-strand we have mapped, or simply
reduced accessibility due to a more general steric hindrance
arising from occlusion of the channel by surface loops, is

Table 1: Accessibility Parameters and Depth Calculationsa

mutant ∆P1/2(O2)b ∆P1/2(CROX) ∆P1/2(NiAA) ∆P1/2(NiEDDA) Φ depth (Å)

Q245C 2.46 0.92 1.62 1.61 0.42 5.1
S246C 1.47 3.77 >20c >20c
L247C 2.99 1.31 1.07 0.77 1.36 8.4
E248C 2.22 2.97 3.76 4.05 -0.60
L249C 2.61 0.46 0.56 0.10 3.30 15.2
E250C 2.16 -0.05 0.15 0.97 0.80
A251C 2.28 0.19 1.10 0.28 2.11 11.1
G252C 1.36 0.31 0.73 0.87 0.62
Y253C 2.08 0.53 1.23 0.66 1.15 7.7

a Power saturation parameters reflecting accessibility and bilayer depth for spin-labeled FepA cysteine mutants in liposomes.b ∆P1/2 parameters
were obtained in the presence of air (20% oxygen), 20 mM CROX, 20 mM NiAA, or 200 mM NiEDDA, as described in the text.Φ values and
subsequent depth measurements were calculated from eqs 3 and 4 (see text).c S246C-MTSL did not saturate in the presence of either 20 mM NiAA
or 200 mM NiEDDA.

FIGURE 3: Variation in the accessibility parameterΠ for oxygen
and NiEDDA as a function of spin-label position. An alternating
periodicity is observed for both relaxation agents, indicative of
â-sheet secondary structure. Sites with relatively highΠ(O2) and
low Π(NiEDDA) values are exposed to the lipid phase of the
membrane, while those with highΠ(NiEDDA) and low Π(O2)
values are oriented toward the aqueous channel.

FIGURE 4: Variation in the depth parameterΦ with spin-label
position for lipid-exposed mutants.Φ values, derived from relative
interactions of the given spin-label sites with O2 and NiEDDA (see
text), increase with increasing depth into the bilayer.

FIGURE 5: Visual model of the transmembraneâ-strand encom-
passing residues Q245 through Y253. Depth measurement data
collected by EPR power saturation experiments are shown on the
right, and model antiparallelâ-sheet parameters (6.8 Å separation
between alternate residues) are shown on the left.

EPR Mapping of FepA Biochemistry, Vol. 36, No. 42, 199713031



not known. Based on the above analogies combined with
our spectroscopic studies, we suggest that the ligand-binding
surface loop folds back into the aqueous channel where it
forms structural interactions that may have obvious functional
importance in ligand recognition and transport.
In addition, S246C is expected to be located at the base

of the channel as part of theâ-strand studied. This
conclusion arises due to its high accessibility to aqueous
reagents and to the depths measured for the two adjacent
residues Q245C and L247C. Since both Q245 and L247
have been shown to be lipid-exposed and are located at
depths of 5.1 Å and 8.4 Å, respectively, S246 is then
positioned near the inside base of the channel on theâ-strand.
Although the high accessibility to the aqueous paramagnetic
broadening reagents alone may indicate that this residue is
located in aâ-turn, the above depth measurements along with
the fact that residue 243 is a proline (see Figure 1) make it
unlikely L247 ends one strand and Q245 begins another with
S246 the only residue comprising theâ-turn between strands.
Since the lipid composition of our membranes differs from

that studied by Altenbachet al. (1994), it was important to
develop a calibration curve characteristic of our specific
system. Wild-type (unlabeled) FepA was included in the
system used for calibration since membrane proteins can
influence the transmembrane dipole potential and hence the
distribution of polar relaxation agents. Originally, the depth
measurements were calculated using 20 mM NiAA. How-
ever, using NiAA, we observed inconsistencies with the two
mutants nearest the surface (Q245C and Y253C). Because
the presence of charged species is known to complicate
accessibility measurements (Altenbachet al., 1994), 200 mM
NiEDDA was used as a more stable alternative and has been
proven just as useful in these types of studies (Altenbachet
al., 1994, 1996; Yuet al., 1994). Bilayer depths calculated
from O2:NiAA ratios (based on a separate calibration curve
determined for NiAA) were slightly greater than those
obtained with NiEDDA, but followed the same trend.
The depth measurements for each residue are assumed to

be indicative of the depth of the residue at approximately
the CR, inferring the nitroxide is in an extended position
perpendicular to theâ-strand backbone. This is certainly
an approximation. The nitroxide could also be positioned
against the protein backbone, as assumed by molecular
modeling (Mchaourabet al., 1997). The EPR spectra of our
MTSL-labeled mutants (Figure 2) all contain indications of
more than one spectral component, reflecting the ability of
the side chain to adopt various conformations relative to the
protein backbone. These conformations may vary according
to site, as defined by interactions with closely neighboring
side chains. Consequently, calculated depths in the bilayer
should be taken as approximations in which some deviation
from the CR position is not unexpected. Nonetheless, the
general trend inΦ values across theâ-strand (Figure 4)
clearly provides a well-defined model of relative depths in
the bilayer.
Our results indicate an average of 6.3 Å between alternate

residues, assuming the center of the bilayer is 19 Å below
the lipid phosphate groups based on comparison with crystal
structure data obtained for the related protein LamB (Schirm-
eret al., 1995). Although we presume that the center of the
bilayer lies between 249 and 251, it should be noted that
the calculated average separation does not depend on which
residue is closest to the bilayer center. It is assumed, since

the distances are less than the model 6.8 Å value, that the
strands comprising thisâ-barrel structure are at an angle to
the bilayer normal. This is entirely expected given the nature
of â-barrel structures. Based on these measurements, we
can begin to predict the tilt angle of theâ-strands and the
possible total number of strands found in FepA. Using the
distance measurements between each residue as measured
by power saturation experiments, it is possible to obtain the
angle of tilt from the bilayer normal,R. The tilt of the
â-strands can be determined using the equation cosR ) a/b
wherea is the average experimentally determined distance
between residues perpendicular to the bilayer normal andb
is the distance between each residue along the tilted strand
which is assumed to be 6.8 Å, the translation used in model
â-strands. Based ona) 6.3 Å andb) 6.8 Å, the tilt angle
(R) for this particularâ-strand is 22°, lower than the average
angle (35°-50°) observed in crystallized 16-stranded porins
(Cowanet al., 1992; Kreuschet al., 1994). However, FepA
is much larger than these porins (723 amino acids vs less
than 350), contains a larger diffusion channel (Liuet al.,
1993), and is proposed to have a greater number of strands
(29) forming the barrel (Murphyet al., 1990). Consequently,
the tilt of individual strands may be less extreme.
Further extrapolation of the above data can lead to a

prediction of the diameter of the barrel. The geometric
characteristics of modelâ-barrels can be described by

and

(Chothia & Murzin, 1993) whereR is the mean radial
distance of the barrel,S is the shear number or measure of
the stagger of theâ-strand (see aforementioned paper for
illustrated description), andn is the total number of strands
in theâ-barrel. Usingn ) 29, as predicted in the model by
Murphy et al. (1990), andR ) 22°, as determined above,
the radius of the barrel becomes 22 Å. Analysis of the crystal
structure of LamB (18 strands) using Molw PDB Viewer
(Molecular Imaging, San Diego, CA) suggested a barrel
radius of nearly 20 Å, making the 22 Å estimate not un-
reasonable. Again, it should be noted that there is a great
deal of variability in the tilt angle even between strands with-
in a single porin; thus, the strand we have characterized in
this study may not be representative of the average tilt angle.
Further analysis of neighboring strands and SDSL measure-
ments of distances between strands should provide a more
accurate understanding of theâ-barrel geometry of FepA.
In conclusion, we have studied nine consecutive residues

located on a proposedâ-strand near the active site of FepA
and shown, using site-directed spin-labeling and EPR power
saturation techniques, that they are involved inâ-sheet
secondary structure, as indicated by a well-defined periodicity
of 2.0.
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