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ABSTRACT. A mutant of the ferric enterobactin receptor, FepA, containing a valine to cysteine (V338C)

substitution was made and the purified protein sel

ectively modified with a sulfhydryl-specific nitroxide

spin label. In reconstituted liposomes, interaction of the attached spin label with a combination of water-

soluble and lipid-soluble relaxation agents indicated

that the V338C site was located in the polar headgroup

region of the membrane, approximately £45 A above the phosphate groups of the lipids. Binding of

the ligand, ferric enterobactin (FeEnt), to the purifie

d spin-labeled protein produced a significant decrease

in both the rotational freedom and accessibility of the nitroxide, indicating the formation of new structural
contacts between the spin label and either the protein or the bound ligand. Electreedmn(ESE)
measurements of the nitroxide phase-memory relaxation rate in the presence and absence of bound ligand
showed substantial dipolar coupling between th& leé FeEnt and the spin label and provided an iron

nitroxide distance estimate in the range of-3D A.

We conclude that the ligand-induced changes in

spin label motion and accessibility are due to new tertiary contacts with the protein and not to direct
contact with the ligand. These studies suggest that V338C may occupy a hinge region connecting the
ligand binding surface loop to thbarrel and provide the strongest evidence to date of an in vitro ligand-

induced conformational change in FepA.

The mechanisms of gating and transport are key aspectghat surround a central aqueous channel.

of the function of any ligand-gated receptor. The ferric
enterobactin receptor FepA is an 81 kDa ligand-gated channel

It has been
suggested that all Gram-negative bacterial OM channel
proteins are based on this general matif)( FeEnt binds

that mediates iron transport across the outer membrane (OM)}o a large extracellular surface loop of FepA that not only

of Escherichia coland many related Gram-negative bacteria
via the binding and translocation of Febound to the
catecholate ligand enterobactit).( Although ferric entero-
bactin (FeEn#) binds to FepA in vitro, its transport across
the OM requires an intact electrochemical potential across
the bacterial inner membrang)(and participation of the
inner membrane protein, TonB+5), in addition to several
cytoplasmic membrane proteins (reviewed @) The
mechanisms that couple FeEnt transport with the inner
membrane potential and govern FepfonB interaction are
not known.

Based on analogy to crystallized porins (e=9) and
hydrophobicity analysisl0), FepA is thought to contain a
transmembrang-barrel composed of antiparallgtstrands
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contains the FeEnt binding site but also keeps the trans-
membrane channel in a closed configurati@g,(13. We

have confirmegB-strand secondary structure for one of the
putative transmembrane stranddgl) verifying the-barrel
hypothesis. In that study, we used the site-directed spin
labeling (SDSL) technique to show that the accessibility of
residues in the strand to both water- and lipid-soluble
relaxation agents varied with a periodicity of 2; alternating
sites are exposed to the channel lumen and the hydrophobic
phase of the lipid bilayer.

SDSL (reviewed inl15) is emerging as a powerful
technique for the study of protein structure and dynamics.
This approach involves utilizing site-directed mutagenesis
to substitute a cysteine residue at a desired labeling site
followed by reaction of the cysteine with a sulfhydryl-specific
nitroxide spin label. The ability to introduce cysteine
residues at desired locations, rather than relying on endog-
enous labeling sites, greatly enhances the applicability of the
spin labeling method and allows the independent study of
multiple sites in a given protein. The spectroscopic informa-
tion obtained on the physical environment of the mutated
site provides structural insights that cannot be obtained by
site-directed mutagenesis and functional analysis alone.
SDSL is particularly applicable to large membrane proteins
that are not amenable to NMR analysis and which do not
readily crystallize (reviewed iri6). SDSL can provide
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information on the location of a given site relative to the 100 uL of solution containing 0.2 mM MTSL-V338C or
membrane bilayer, the tertiary structure surrounding the wild-type FepA was mixed with a-25-fold molar excess
attached label, and local conformational changes induced byof FeEnt, and the ligand was allowed to bind at room
chemical or physiological perturbations. temperature. This concentration of FeEnt is high enough to
Previously, we used the SDSL technique to demonstrate€nsure that each FepA monomer contains a bound ligand,
that even in the absence of TonB, binding of FeEnt to FepA but is sufficiently low that unbound ligand should have no
causes a conformational change in the large, extracellularsignificant effects on spin label relaxation times. After
surface loop that has been shown to contain the ligand allowing the ligand to bind, samples were mixed with an
binding site (7). In the present work, we show that FeEnt equal volume of glycerol as cryoprotectant, placed in 4 mm
binding induces a significant conformational change at a site OD quartz tubes, and deoxygenated by three frepaenp-
that is putatively part of thg-barrel domain and not part of thaw cycles, and the tubes were back-filled with helium gas.
the ligand binding surface loop. FeEnt binding results in a Samples were stored in liquid nitrogen and kept frozen during
structural alteration that greatly restricts the rotational insertion into the spectrometer cryostat.
mobility of an attached nitroxide spin label at this site and  Liposome Preparation Multilamellar liposomes contain-
diminishes accessibility to water-soluble relaxation agents ing €gg phosphatidylcholine and 1-palmitoyl-2-oleoylphos-
in the aqueous phase. Measurement of the distance fromphatidylglycerol at a molar ratio of 5:1 and MTSL-V338C
the bound ferric iron to the spin label by electron spin  (lipid:protein ratio approximately 800:1) were prepared as
echo (ESE) spectroscopy indicates a separation ef3p0  described previouslyld). Aqueous relaxation agents (i.e.,
A, demonstrating that the ligand-induced restrictions on spin CROX, NiAA, NiEDDA) were included in the final suspen-
label motion and accessibility are due to altered tertiary Sion buffer so that all lamellae were exposed to an equal
contacts between the nitroxide and the protein and not to concentration of these reagents. NiAA and CROX were
direct contact between the spin label and the bound ligand.from Aldrich Chemical Co. (Milwaukee, WI), and the
These studies provide the strongest evidence to date of arNIEDDA synthesis protocol used was kindly provided by
in vitro ligand-induced conformational change in FepA.  Dr. C. Altenbach (University of California, Los Angeles).
Continuous Wee (CW) ESR Measurement€W ESR
MATERIALS AND METHODS measurements were made on a Varian E102 Century Series
spectrometer (Varian Associates, Palo Alto, CA) equipped

Mutagenesis and Protein PurificatiorThe single cysteine  ith a loop-gap resonator (Medical Advances, Milwaukee,
V338C mutation was created and verified as previously ) ysing 1 mwW microwave power and 1.0 G field

described 14). Protein was purified front. coli RWB18- modulation. Signal averaging and data analysis were done
60 (18) harbormgz_apUClQ-be_lsed plasmid encoding the FepA using the programs Viking and SUMSPC92 (National
gene (9) as previously published20—22). Biomedical ESR Center, Milwaukee), respectively. CW

Site-Directed Spin Labeling.The purified protein was  power saturation studies were done with 1.25 G field
labeled at the introduced cysteine residue with the sulfhydryl- modulation, and the incident powd?)(typically varied from
specific spin label (1-oxy-2,2,5,5-tetramethylpyrroline-3-yl)- 0.1 to 36 mW. Power saturation curves were fit to the
methyl methanethiosulfonate (MTSL, Reanal, Budapest, function:

Hungary) at a 210-fold molar excess overnight at°Z.

Excess spin label was removed by dialysis. The two native A= IPY1 + (2% — )PP, (1)
cysteines in FepA are involved in a disulfide bond and do

not spin-label without the prior addition of a thiol reducing (25) whereA is the amplitude of the first-derivative center
agent (7), thus leaving the singly introduced cysteine the |ing, | is a scaling factor is a homogeneity factor, ari,

only labeled site. Spin quantitation was carried out by the half-saturation parameter, is the power at which the signal
incubating an aliquot of MTSL-labeled V338C in 10 MM intensity is half that which it would be in the absence of
tris(2-carboxyethyl)phosphine (TCEP, Molecular Probes, saturation. @ and depth calculations were carried out as
Eugene, OR), which cleaves the spin labgiotein disulfide previously described1d).

bond and releases the nitroxide into the solution. The spin  Time-Domain ESR Measurementg&lectron spir-echo
concentration was determined by double integration of the (ESE) and inversion recovery measurements were made on
resulting spectrum and comparison with a standard nitroxide a Bruker ESP380E spectrometer equipped with an ER4118X-
solution. Protein concentration was determined from the MS5 split-ring resonator and an Oxford CF935 liquid helium
absorbance at 280 nm using an extinction coefficient of 1.56 cryostat as described previousl6( 27. The Oxford

x 10°M~* cm~* based on amino acid compositicsj. The cryostat readout was calibrated by placing a TG-120PL
labeling efficiency of V338C with MTSL was determined  GaAlAs diode immersed in silicone oihia 4 mmquartz

to be 0.76. tube in the sample cavity. The uncertainty in temperature

ESR Sample PreparationFor CW ESR studies on the is estimated at-1 K. The split-ring resonator was over-
effects of ligand binding, purified MTSL-V338C suspended coupled to aQ of approximately 150, bringing the spec-
in 20 mM MOPS/2% Triton X-100, pH 7, at a concentration trometer deadtime to 64 ns. Inversion recovery data were
of approximately 0.2 mM was mixed with FeEnt and any obtained using ar—T—a/2—7t—x—t—echo sequence in
appropriate relaxation agent (e.g., NiAA) in the same buffer which the time,T, was varied. Pulse lengths were 16 and
to give a 2-fold excess of FeEnt in a final volume of @0 24 ns, and the microwave field intensity andalues were
Samples were placed in a gas-permeable TPX capillly (  selected to provide maximum echo intensity. Inversion
and the ESR spectra and power saturation curves wererecovery curves were fitted to a sum of exponentials using
obtained at room temperature. For time-domain ESR studies,the algorithm developed by Provenchsy,
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ESE data were obtained using 5/82—7—mx—7—echo wild-type levels. In addition, the susceptibility of cells
sequence with 40 and 80 ns pulses. For the nitroxide signalexpressing V338C to colicin B, a toxin for which FepA is
and for the iron signal at magnetic fields greater than 2900 also a receptor, was similar to wild type. Thus, these results

G, ESE decay curves were fitted to the equation: indicate that the ligand binding site and transmembrane
« channel were not significantly altered by the mutation and
Y(z) = Y(0) exp[-(27/T,)] (2) also show that FepA containing the V338C mutation is able

20) usi L beraM dt least lqorith to interact effectively with TonB. Both FepA-V338C and
(29) using a LevenbergMarquardt least-squares algorithm wild-type FepA ran with an anomalously low apparent

whereY(r) is the_ echo inte_nsityY(O) is the echo ‘”te”S‘Fy molecular mass of 68 kDa on SB®AGE due to the
e_xtrapolz?jteq to time zer, |sr:he ghase_zt-)men:]ow Lelaxan?nh compact nature of thg-barrel structure, indicating that the
time, andx is a parameter that describes the shape of the ., .ot \yag properly folded. The effects of FeEnt binding
decay curve.T,, encompasses all processes that lead to echoOn the CW spectrum of MTSL-V338C (discussed below)

dephasing, including metal-induced dipolar relaxation. At clearl o : : ;
- y show that the purified, spin-labeled protein retains
magnetic fields below about 2900 G, the echo decays for ligand binding activity. The minimal impact of the mutation

the iron signal exhibited substant_|a| echo_envelope modula-on protein structure is consistent with the work of Hubbell,
tion so the value ol » was determmed by fitting the decay_s Khorana, and co-workers, who have established that for
to a product of a decay function and an echo modulation bacteriorhodopsin and rhodopsin, single cysteine mutations
function. o . . at numerous sites cause minimal disruption of the native
Iron—Nitroxide Distance Measurementhe analysis of  qi,04re (e.g31-33). Similarly, Matthews and co-workers

Elt;\(;/dee Ispm—gch;édgci\yls/ to geterr?me_ dthﬁ dlts)tance have established the resilience of the T4 lysozyme to multiple
etween low-spin (S= Y2 and a nitroxide has been single-site mutations (reviewed Bv).

reported £6, 27). In those cases the "‘3” relaxationis atwo- ~'c\y SR studiesTo establish the location of V338C
site e>|<chatrrlge.. For P'gh;.Sp”ﬁTds.: /tZ) as 'r? the FSE,[C\} relative to the lipid bilayer, we used CW power saturation
compiex, the iron refaxation IS a SIX-site exchange bEWeen,, qoaqre the accessibility of the attached spin label of

values ofm ranging from—5/2 to +5/2. _que equ_atlons purified MTSL-V338C to the water-soluble relaxation agents
are not yet available to analyze the nitroxide spitho  Niaa NiEDDA, and CROX and to the nonpolar, lipid-
decay_s for this case, two approximate _approaches were usec>ioluble relaxation agent n reconstituted liposomes (Table

to_ estllmatg the mt_erspln distance. First, Wgen the +ron 1). Although NiAA and NiEDDA partition primarily into
nltrox@e d|s?anc¢ IS shprter than qbout 15.3 , the col!apse the agueous phase, they have depth-dependent concentrations
of the iron—nitroxide splitting due to increasing rates of iron in the lipid bilayer. High accessibility to all of the water-

;eclgézii;'t%r:]smitalfjeescghes C\;;{;ﬁ'?ﬁg 2Oescr':?or:ntgtaetr rgg;é Ig%;h(e soluble relaxation agents was observed, indicating exposure
our abilit ty b Y ho d pec dicates fhai i to the aqueous phase. Calculation of the depth parameter
thlijsr shtln:tyfo(r) t%esr?irt\r/gx(iadce (i)n Ifggﬁvll'?slfiis A ars; dn\?ve ® indicated a location 1:24.5 A above the phosphate groups
conclude that the nitroxide is not in the immgdi,ate vicinity of the lipids. Based on these results and sequence analysis,
f the iron. As the iron-nitroxide distance increases, the V33.8C likely occupies a site within the polar headgroup
Omaximum .value of the nitroxidd-— decreases and t,he region of the bilayer at the top (extracellular surface) of a
m transmembrang-strand.

Irgfxri]rsr:ta/rr?fvtgligg?ro ?lt itrr]fr;?gsra;\l;tr:rccoorrrfescaﬁ]nd;g? ttrc])ethe Binding of FeEnt to MTSL-V338C produced a substantial
m y 9 change in the structure surrounding the labeled site, as

Boltzmann dependence of echo intensity, the nitroxide echo. : :
; . oo - indicated by both conventional and power saturation ESR.
intensity for FeEnt MTSL-FepA atr =200 ns andr =60 g ggR spectrum of MTSL-V338C in Triton X-100

Iljit\),\gli: dart:it)tﬁmt-gni?]-fr?mlgttrrr]] OJ tlr:)?)tir?sbs\;\ﬁ?r:ei?ez::it?olii d:%ri;pm' detergent micelles is shown in Figure 1A. The spectrum
gn-sp yog indicates the presence of two spin label populations that are

tza:)noctraé ?gea'?e ?rl:t :r;tér,etg'?v:r:%?g)‘qldv?/azclgf :anstte r\:\?;é’[aatfout of approximately equal intensity; one is immobilized on the
' P gest, ESR time scale (closed arrow), and one has rotational

one-sixth of that at low temperature (Zhou, Eaton, and Eaton, mobility in the intermediate range with rotational correlation

unpublished results). Thus, the irenitroxide distance in . : o
s times on the order of 10 ns (open arrow), reflecting the ability
FeEnt-MTSL-FepA must be significantly longer than 17 of the spin label to adopt alternate conformations relative to

The Shasrvation of tho Substantal afsct of e ton on e 1 peplide backbon@®. FeEnt binding o MTSLV338C

nitroxide T~ and on echo intensity requires that the ifon alters the structure of the site such that the entire population

nitroxide (Tistance is less than about 30 A. Second, the of spin Iabgls IS very.st_rongly immobilized, as |nd|cated_ by
: ’ the formation of a distinct powder pattern with resolution

multisite exchange was approximated as two-site exchangeof the minorg and A tensor splittings in the central line

with a dipolar splitting proportional ta/SSt+1). Simula- (Figure 1B).
tion of the echo decays using the equations in r28.and Changes in the local environment of MTSL-V338C upon
27 and values of the iron relaxation rates extrapolated from ligand binding were also apparent in CW saturation studies
the data in Figure 4 were consistent with an interspin distance(-rame 2). Without bound ligand, the ESR signal for MTSL-
of about 25 A. V338C saturated in the presence of NiAA giveAR;, of
RESULTS 24.9 mW (Table 2), indicating the extremely high acces-
sibility of this site to the aqueous phase and consistent with
Functional Analysis of V338CFepA mutant V338C was its localization near the extracellular surface of fhbarrel.
expressed, and the cells showed FeEnt-dependent growth after binding FeEnt, the accessibility of MTSL-V338C to
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Table 1: Accessibility Parameters and Depth Calculations in Liposbmes
APy
mutant Q)P CROX NiAA NiEDDA D (NIAA) depth(NiAA) (A) @ (NiEDDA) depth(NiEDDA) (A)
V338C 2.01 6.67 6.05 19.67 -1.11 -1.2 —2.28 —4.5

a power saturation parameters reflecting accessibility and bilayer depth for MTSL-V338C in reconstituted lipdstmggparameters were
obtained in the presence of air (20% oxygen), 20 mM CROX, 20 mM NiAA, or 200 mM NIEDDA, as described in the text4sfe (¢ and
depth calculations.

Table 2: Accessibility Data for MTSL-V338C in Detergent Micelles in the Presence and Absence ofd.igand

—FeEnt +FeEnt
mutant P1/2(N2) Apl/z(OZ) Apl/z(N IAA) P1/2(N2) Apl/z(OZ) Apl/z(N IAA)
V338C 3.47 3.05 249 2.43 1.50 15.1

@ Power saturation parameters reflect the change in accessibility of MTSL-V338C upon FeEnt binding in Triton X-100 micelles. The decrease
in P12(Ny) in the presence of FeEnt is due to the increase in nitroxide-dpitice relaxation timeT,) that accompanies the decrease in motion
(i.e., increased rotational correlation time) seen in Figure 149). The decreased values &P1,(O,) and AP1»(NiAA) in the presence of FeEnt
reflect the lower accessibility of the spin-labeled site to these relaxation reagents.

A
M A
B
T I T | T I
Ficure 1: Ligand-induced change in spin label motion for MTSL- 4000 8000 12000
V338C. CW ESR spectra of purified MTSL-V338C in MOPS/ Magnetic Field (gauss)

Triton X-100 (A) in the absence of ligand, (B) saturated with FeEnt, ) o

and (C) overlay. Spectra were recorded at room temperature with FIGURE 2: (A) First-derivative CW ESR spectrum of MTSL-V338C

a field sweep of 100 G. bound to FeEnt obtained at 15 K with a microwave power of 0.010
mW and a modulation amplitude of 3.1 G. (B) Echo-detected ESR

NiAA was markedly diminished (Table 2), and accessibility absorption spectrum of the same sample at 6 K.

to O, was also decreased (Table 2). FeEnt binding had little structural interactions may be either additional tertiary
effect on the unperturbdeh»(N,). This is entirely expected  contacts of the spin label with the protein or direct contact
given that the F& relaxation times at room temperature are between the nitroxide and FeEnt itself. In addition, several
on the order of a nanosecond or less, which is too fast for sites in an adjacerii-strand also show changes in the motion
effective dipolar coupling to the nitroxide. Thus, the changes and accessibility upon FeEnt binding (Klug and Feix,
in APy, for O, and NiAA upon ligand binding reflect  unpublished data).

changes in the accessibility of the nitroxide and not relaxation ~ Time-Domain ESR StudiesTo examine the interaction
enhancement by the bound ligand complex. Interaction of between the Fe center of the bound ligand and the nitroxide
MTSL-V338C with NiAA in the ligand-bound state was still  attached to FepA, time-domain ESR measurements were
significantly greater than observed for sites located in the performed. The first-derivative ESR signal at 15 K for
nonpolar phase of the micell&4), and the relative interac- MTSL-V338C bound to FeEnt is shown in Figure 2A. The
tion rates with @ and NiAA indicate that the spin-labeled prominent feature at1700 G is typical of high-spin Fé&

site remained in the polar headgroup region of the bilayer in a low-symmetry environment and has been described
upon ligand binding. The reduced accessibilities of MTSL- previously for FeEnt36). The signal at 3500 G is due to
V338C to Q and NiAA show that new structural interactions the nitroxide and is substantially power-saturated under the
induced by ligand binding produce a change in the environ- conditions employed, which are optimized to detect'Fe
ment of the spin label and are consistent with the observedFigure 2B shows the two-pulse echo-detected ESR absorption
decrease in rotational mobility (Figure 3). These new signal for the same system at 6 K. Although the first-
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Ficure 3: Inversion recovery curves for the high-spirfFim FeEnt
bound to FepA 216 K (2000 G) and 12 K (1730 G). The solid
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Ficure 4: Temperature dependence of electron spin relaxation rates
for FE¥" in FeEnt bound to wt-FepAT,,~* from two-pulse spir

echo data®), T;~* obtained by fitting inversion recovery data to

a single exponentiak¥), and slow [J) and fast componentsH)

of T;~! obtained by fitting inversion recovery data to a sum of two
exponentials. The average valuesTef * and T; ! obtained at
several points in the spectrum were used to generate the plots.
Dashed lines are least-squares fits to the data: Todj = 1.07
log(T) + 5.36; single-exponential fit, log@¢~%) = 2.17 log{) +

lines are fits to a single exponential, and the dashed lines are fits2.78; short component, log(*!) = 1.81 log{) + 3.57; long

to the sum of two exponentials. Resultifigvalues are plotted in
Figure 4.

derivative spectrum (Figure 2A) exhibited features attribut-
able to the F& only in the vicinity of 1700 G, the signal

intensity for the F&" in the absorption spectrum extends from
1500 to >12500 G (the maximum spectrometer field)

because the absorption spectrum facilitates observation of

signals for which intensity varies slowly with magnetic field.
The observation of signal intensity extending beyond 12 500
G indicates that the zero-field splitting (ZFS) for3Fds
greater than the X-band EPR quantuw0(3 cnrl) and is
consistent with the literature report of ZES0.50 cn1? for
FeEnt 37).

Values of the spirlattice relaxation timeTye) of FE" in
FeEnt bound to wt FepA, which are required for distance
calculations, were determined by inversion recovery ESR at
3—6 magnetic field strengths and varied by less than 30%
with position in the spectrum. Fits to a single exponential
were not as good as fits to the sum of two exponentials.
The sum of two exponentials cannot be distinguished readily
from a distribution in exponential time constants, which can
arise from a distribution in zero-field splittings. Typical
inversion recovery curves for the Fecenter are shown in
Figure 3, and the temperature dependenck ot is shown
in Figure 4. The temperature dependence of valuds,of
for the Fé" center obtained by two-pulse spiacho is also
included in Figure 4. For F& in a magnetically dilute
sample such as these protein samplgsis approximately
equal toT,.

Typical nitroxide ESE decay curves for MTSL-V338C in

component, logl; ™) = 1.96 log(l) + 2.79.

A

spin echo decay signal

0.0 4.0 8.0

time (usec)

spin echo decay signal

time (usec)

Ficure 5: Two-pulse electron spinecho decays obtained in the
center of the nitroxide spectrum for (A) MTSL-V338C at 40 K
and (B) MTSL-V338C containing bound FeEnt at 15, 35, and 50
K. The dashed lines are fits of the data to eq 2 (see text). Note that

the presence and absence of FeEnt are shown in Figure 5Ahe time axis for part A is twice as long as that for part B.

and 5B, respectively. In the absence of FeEnt, the echo
decay was approximately independent of temperature be-

tween 10 and 70 K (Figure 6), which is typical for nitroxide

radicals in this temperature regim26( 29, 3§. The echo
decay curves were fitted to eq 2 (see Materials and Methods)
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7.00 — Tm Y in the complex of FeEnt with MTSL-FepA to interac-
tion with the iron.

The iron—nitroxide distance can be determined by analysis
5.00 — of the temperature-dependent nitroxide spiécho decay

6.00 —

& shapes in the regime where the metal relaxation rate is
g %7 comparable to the magnitude of the spapin splitting 6,

:E 3.00 —| 27). For the Fé&" in FeEnt-MTSL-FepA, the analysis is

= | complicated by the fact that high-spin¥FéasS= 5/2 and

2.00 in the limit of slow iron relaxation each nitroxide transition

100 is split into a multiplet. Analysis of the collapse of these

e -0 splittings is more complicated than the two-site exchange
0.00 i L e e e e e required for interaction with a6 = 1/2 metal 26, 27). As
0 20 40 60 80 100 described under Materials and Methods, approximate analy-
T ses of the nitroxide spinecho data indicate that the iren

nitroxide distance is 2030 A. Further work is in progress

FIGURE 6: Spin label phase-memory relaxation rat€s () as a  to obtain a more precise value of the iremitroxide distance
function of temperature for MTSL-V338C in the presen®@ &4nd in this system

absence @) of bound FeEnt obtained from two-pulse ESE ) .
measurementd,, values were obtained by fitting echo decays to ~ The crystal structure of vanadium(IV) enterobactin (VEnNt)

eq 2 as described under Materials and Methods. indicates that the distance between the metal atom and the
surface of the VEnt complex varies between 3 and 7.5 A
with Tn = 3.1 us andx = 1.4. These parameters are (40). The structure of the FeEnt complex is expected to be
characteristic of a nitroxide in an environment containing a similar to that for VEnt; thus, the 2630 A iron—nitroxyl
substantial concentration of methyl grou@8) indicating distance estimated for FeEnt bound to FepA is much longer
that the spin label is in the immediate vicinity of protein than would be observed if the FeEnt were in direct contact
and is not fully surrounded by the,8/glycerol solvent, again  with the spin-labeled site. This comparison supports the
consistent with the restricted mobility of the spin label proposal that the decreased mobility of the spin label that is
observed in Figure 3. The small increaseTj! observed observed when FeEnt binds to FepA is due to changes in
at 90 K is due to the increasing rate of rotation of the methyl the tertiary structure of the protein rather than direct contact
groups on the nitroxide ring. The rotation of these groups between FeEnt and the spin-labeled site.
at rates comparable to the electranethyl-proton couplings
dominates the echo dephasing between about 100 and 15®ISCUSSION

K (38). . .
(38 The mechanism of FeEnt transport across the bacterial OM
In the presence of bound FeEnt, the echo decay curvesig cyrrently unknown. However, it appears to be a multistep

for the nitroxide in MTSL-V338C displayed a strong ,rocess involving ligand binding, opening of the channel,
temperature dependence between 4 and 70 K (Figure 5). Toyng release of the ligand into the agueous channel lumen.
obtain a qualitative description of the temperature depen- gince FeEnt binds to the resting FepA channel with high
dence, data were fitted to eq 2. The value3gft increased affinity (Kq &~ 20 nM; 1, 41), a conformational change in
up to about 56-55 K and then decreased (Figure 6). The ine receptor would appear to be a necessary step in
value ofx (in eq 2) decreased from 1.1 at low temperature facilitating ligand release. Such a step could occur in
to 0.55 at 56-55 K and then increased to 0.8 at 90 K. This response to ligand binding or as a result of Fe{JAnB
temperature dependence of bati* andx is characteristic  jnteraction. Cross-linking studies with glutardialdehyde have
of the changes that occur when the rate of a dynamic processpgicated that at least some population of the two proteins
involving a spin that is coupled to the unpaired electron of are in close physical proximityl@, 43. Interaction between
the nitroxide goes from slow to intermediate compared with TonB and FepA could occur randomly as a consequence of
the magnitude of the coupling. Similar changeSit*and  the lateral diffusion of TonB in the inner membrane (lateral
x have been observed for nitroxides that are coupled to low- gjffusion in the OM being highly limited due to its rigid
spin @6, 27 and high-spin 30, 39 Fe€* hemes and  structure), or selectively between TonB and FepA occupied
porphyrins. The dynamic process in these systems is thewith bound ligand. Thus, it is important to establish whether
iron electron spin relaxation, and the coupling that is stryctural changes occur in FepA in the absence of TonB.
averaged by the dynamic process is the eleeteactron  |n this work, we have shown that ligand binding alone to
spin—spin coupling. The increase in nitroxide " occurs  the purified receptor is sufficient to induce a substantial
ast. = 4/T,T, decreases from about 10to 107 s, where conformational change in FepA and could serve as a
7. is the correlation time for the dynamic process, dnd transmembrane signaling mechanism for TonB interaction.
and T are Ty and T, for the F&*. Extrapolation of the An interesting aspect of this study is that V338 is not part
experimental relaxation times for the¥én wt-FepA+-FeEnt  of the primary sequence which constitutes the ligand binding
(Figure 4) to higher temperatures indicates thﬁlszf site. Mapping of MTSL-V338C in reconstituted liposomes
decreases from about 10to 107 s between about 15 and by power saturation methods indicates that it is in the polar
60 K, which is also the temperature interval where the headgroup region of the bilayer, and hydrophobicity analysis
increase in nitroxidd,~* was observed (Figure 6). Thus, of the FepA sequencel() locates V338 at the top of a
the iron relaxation rates for FeEnt bound to FepA are j-strand. Consequently, the location of this site places it in
consistent with assignment of the changes in the nitroxide a potential hinge region between the ligand binding domain
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and thepg-barrel, in excellent position to interact with the accessibility of a nitroxide spin label attached at this site

surface loop(s) involved directly in ligand binding. are due to a structural rearrangement in FepA and not due
Time-domain and CW ESR methods to measure metal to contact between the spin label and bound ligand. These

nitroxide distances enhance the detailed structural informationstudies demonstrate that ligand binding alone is sufficient

that can be obtained by SDSL. Either approach is applicableto induce alterations in purified FepA that impact the receptor

to metalloproteins containing a native paramagnetic metal structure at sites beyond those comprising the surface loop

ion or to proteins containing engineered metal binding sites containing the ligand binding site. Further studies on the

(e.g.,44—46), provided that the appropriate conditions are extent to which this change is transmitted throughout the

satisfied. The Leigh method relies on a decrease in FepA structure will help determine its role in receptor gating,

amplitude of the spin label spectrum as a result of broadeningFepA—TonB interaction, and the translocation of FeEnt

due to dipolar coupling to a nearby 25 A) metal ¢4) and through the transmembrane channel.
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