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ABSTRACT: BtuB is a TonB-dependent transport protein that binds and carries vitamin B12 across the
outer membrane of Gram negative bacteria such asEscherichia coli. Previous work has demonstrated
that the Ton box, a highly conserved segment near theN-terminus of the protein, undergoes an order-
to-disorder transition upon the binding of substrate. Here, we incorporate pairs of nitroxide spin labels
into membrane reconstituted BtuB and utilize a four-pulse double electron-electron resonance (DEER)
experiment to measure distances between the Ton box and the periplasmic surface of the transporter with
and without substrate. During reconstitution, the labeled membrane protein was diluted with wild-type
protein, which significantly reduced the intermolecular electron spin-spin relaxation rate and increased
the DEER signal-to-noise ratio. In the absence of substrate, each spin pair gives rise to a single distribution
of distances that is consistent with the crystal structure obtained for BtuB; however, distances that are
much longer are found in the presence of substrate, and the data are consistent with the existence of an
equilibrium between folded and unfolded states of the Ton box. From these distances, a model for the
position of the Ton box was constructed, and it indicates that theN-terminal end of the Ton box extends
approximately 20 to 30 Å into the periplasm upon the addition of substrate. We propose that this substrate-
induced extension provides the signal that initiates interactions between BtuB and the inner membrane
protein TonB.

TonB-dependent transporters are a unique class of high-
affinity transport proteins found in the outer membrane
(OM1) of Escherichia coliand other Gram-negative bacteria.
In these systems, energy for transport is extracted from the
proton potential across the inner membrane by coupling to
the inner membrane protein TonB. Crystal structures have
been obtained for a number of TonB-dependent transporters,
including the iron transporters FhuA (1, 2), FepA (3), FecA
(4), and the vitamin B12 (cyanocobalamin (CNCbl)) trans-
porter BtuB (5). These membrane transporters have homolo-
gous structures formed from a 22-strandedâ-barrel, where
theN-terminal region of the protein forms a core (or hatch)
that occludes the interior of the barrel (Figure 1).

At the present time, the mechanism of transport in TonB-
dependent systems is unclear. Coupling between the trans-
porter and TonB is thought to take place through a conserved
sequence near theN-terminus of BtuB termed the Ton box,
and there is evidence for an interaction between the
transporter and TonB, which is substrate-dependent (6-8).

The nature of the substrate-dependent change that triggers
the Ton box interaction is not entirely clear. The Ton box is
not resolved in the crystal structure of FhuA, either with or
without substrate. In FecA, the Ton box is resolved, but it is
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FIGURE 1: Top: two views of the crystal structure for BtuB in the
absence of substrate (pdb ID 1NQE). Residues 6-17 are shown in
red, and the hatch or core region is shown in yellow. The green
spheres represent the van der Waals surfaces of the CR carbons of
residues that were mutated to cysteine. These include residues D6
(in the Ton box), Q157, R384, and Q510 (in theâ-barrel).
Bottom: each of these was mutated, expressed, and labeled singly
and in pairs (see text) using the sulfhydryl specific MTSL to
produce the spin-labeled side chain R1.
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not resolved when substrate is bound. In BtuB, the crystal
structures show a minor change in the Ton box configuration
with substrate addition, but it is resolved and remains folded
within the barrel of the protein. The results of site-directed
spin labeling (SDSL) present a different picture for the Ton
box of BtuB, where the Ton box is seen to undergo an order-
to-disorder transition upon the addition of substrate (9, 10).
The discrepancy between the two methods appears to be the
result of different osmolalities for the buffers that are used
in the crystallographic versus the spectroscopic approach (11,
12).

Earlier SDSL studies indicated that the Ton box became
disordered upon the addition of substrate, and presumably
had greater access to the periplasmic space; however, no
direct evidence for the position or placement of the Ton box
upon substrate addition was obtained in these measurements
(9, 10). In the present work, we investigate the position of
the Ton box of BtuB in the presence and absence of substrate
using the four pulse double electron-electron resonance
(DEER) measurement (13). This method produces a dipolar
echo that is modulated by the frequency of the dipolar
interaction between spin pairs, and it has been used to
measure distances out to 80 Å (14). To make these
measurements, three pairs of spin labels were incorporated
into BtuB, where one label in the pair was placed on the
periplasmic surface of the barrel of BtuB (at positions 157,
384, or 510), and the other was placed within the BtuB Ton
box (at position 6, see Figure 1). The data indicate that the
N-terminal end of the Ton box undergoes a dramatic change
in position upon the addition of substrate so that it projects
as much as 30 Å into the periplasmic space. The data are
also consistent with an equilibrium between folded and
unfolded conformations of the Ton box. A model for the
Ton box has been constructed, which is consistent with the
results of previous CW EPR studies and with the results of
the pulse measurements presented here. We propose that the
extension of this unstructured protein segment provides the
trigger that initiates the protein-protein interaction between
BtuB and TonB.

EXPERIMENTAL PROCEDURES

Materials.The sulfhydryl reactive spin-labeled methane-
thiosulfonate, (1-oxyl-2,2,5,5-tetramethyl-3-pyrroline-3-meth-
yl) methanethiosulfonate (MTSL), was purchased from
Toronto Research Chemicals (Ontario, Canada). Cyano-
cobalamin, Polyethylene glycol 3350 (PEG 3350, av mol
wt ) 3350) and DL-dithiothreitol (DTT) were obtained from
Sigma (St. Louis, MO). Sarkosyl was from Fisher Chemical
Co. (Pittsburgh, PA), and 4-(-2-aminoethyl)benzene-
sulfonylfluoride (AEBSF) was purchased from EMD
Bioscience, Inc. (La Jolla, CA). Octylglucoside, (OG,
Anagrade) was purchased from Anatrace (Maumee, OH) and
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC),
was purchased from Avanti Polar Lipids (Alabaster, AL).
Coomassie Plus, Slide-A-lyzer Dialysis Cassettes (10 000 Da
molecular weight cutoff) were purchased from Pierce Bio-
technology, Inc. (Rockford, IL), and Centriprep YM30 was
purchased from Millipore (Bedford, MA). Glass (0.6 mm
I.D.) and quartz capillaries (1.5 mm I.D.) were purchased
from VitroCom, Inc. (Mt. Lakes, NJ).

Methods

Mutagenesis and Isolation of Intact Outer-Membranes.
Both single and double cysteine mutants (D6C, Q157C,
R384C, Q510C, D6C/Q157C, D6C/R384C, D6C/Q510C,
and D6C/T55C) of BtuB were produced by PCR-based site-
directed mutagenesis using the QuickChange Site-Directed
Mutagenesis Kit by Stratagene (La Jolla, CA). The mutants
were then expressed inEscherichia coli strain RK5016
(metE). Cell growth, isolation of intact outer-membranes,
solubilization, and purification procedures were as described
previously (15, 16), except that phenylmethylsulfonyl fluo-
ride was replaced by AEBSF, and spin labeling was
performed differently. Following the first ion-exchange
chromatography step, fractions containing BtuB (approxi-
mately 20-35 mL) were collected, and additional OG was
added to ensure that the protein remained soluble. The pH
was adjusted to 8.0 by adding 100 mM Tris-buffer (pH 8.0)
containing 6 mM DTT and was concentrated to approxi-
mately 2 mL using a Centriprep YM30. The BtuB sample
was then spin labeled by adding 100µL of 22 mM MTSL
to the protein solution, which was allowed to react for 2-4
h at room temperature. The sample was then subjected to a
second round of ion-exchange chromatography to remove
excess spin label. Wild-type BtuB (WT) was purified without
spin labeling. Protein concentrations were determined using
a Bradford assay (17, 18).

The purified protein was then reconstituted into vesicles
by dialysis from OG mixed micelles as described previously
(16), except that spin-labeled BtuB was diluted prior to
reconstitution with wild-type protein. The spin pair, D6C/
T55C, was produced and used to characterize the DEER
signal under different dilutions with wild-type protein.
However, the distances measured in the presence of substrate
were greater than 4.5 nm and beyond a distance that could
be accurately determined with the sample preparation and
experimental conditions used here. Typically, the double-
labeled mutants were mixed with wild type (nonspin labeled
BtuB) at a ratio of 1:3. Prior to dialysis, mixed micelles
contained POPC/BtuB) 25:1 (w/w) and OG/POPC) 10:1
(w/w). For measurements with substrate, Ca2+ and vitamin
B12 were added to final concentrations of 4 and 1 mM,
respectively. Under these conditions, the BtuB samples are
completely saturated with substrate.

CW EPR Measurements.CW EPR spectroscopy was
performed on a Varian E-line 102 series X-band spectrometer
equipped with a loop-gap resonator (Medical Advances,
Milwaukee, WI). LabView software, provided by Drs.
Christian Altenbach and Wayne Hubbell (UCLA), was used
for digital collection and analysis of data. All spectra for
line shape analyses were recorded at 2.0 mW incident power
with a modulation amplitude of 1.0 G, from samples in glass
capillaries. Typically, 4-10 uL of the protein sample was
used for CW EPR measurements, which were carried out at
room temperature (approximately 295 K), and were averages
of 16 scans (sweep width) 100 G).

Dipolar Interactions Measured Using Double Electron-
Electron Resonance.Four-pulse DEER measurements (13)
were performed using a Bruker Elexsys 580 spectrometer
equipped with a 2-mm split-ring resonator under conditions
of strong overcoupling (Q ) 200). Measurements were
performed at approximately 78 K unless otherwise men-
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tioned, using the pulse sequence (π/2)ν1 - τ1 - (π)ν1 - t -
(π)ν2 - (τ1 + τ2 - t) - (π)ν1 - τ2 - echo. A π/2 pulse
length of 16 ns was used at the observe frequency,ν1, and
a π ELDOR pulse of 36 ns was found to be optimal for the
pump frequency,ν2. Interpulse delays ofτ1 ) 200 ns andτ2

) 1200 ns were used with an increment∆t ) 4 ns, unless
otherwise noted. An 8-step phase cycle was applied during
data collection. The observe frequencyν1 (typically 9.46
GHz) was set to the center of the resonator mode, and the
static magnetic field was adjusted to the global maximum
of the nitroxide spectrum. The pump frequencyν2 (typically
ν2 - ν1 ) 72 MHz) was set to the local maximum at the
low-field edge of the spectrum. Accumulation times for the
data sets varied between 19 and 22 h. Reconstituted BtuB
samples used for DEER typically had a 12µL volume at a
protein concentration of 70 to 80µM and were placed in
sealed quartz capillaries.

Analysis of Dipolar EVolution Data.The DEER experi-
ment provides a signal,V, of the form

whereωdd is the frequency of the dipolar interaction (which
is dependent upon the distance between spins,r, and the
angle between the interspin vector and the magnetic field,
θ), andt is the dipolar evolution time (14). The parameterλ
defines the depth of the modulation in this signal. Dis-
tance distributions were determined from the dipolar time
evolution data,V(t), using the MatLab program package
DeerAnalysis 2006, provided by G. Jeschke (http://
www.mpip-mainz.mpg.de/∼jeschke/distance.html). The back-
ground contribution to the signal was fitted using a 2D
distribution (planar background correction) corresponding to
exp(-kt2/3). The distance distributionP(r) was obtained by
Tikhonov regularization (19, 20), and the optimal regulation
parameter was chosen from the L-curve computed in the
DeerAnalysis 2006 package, unless otherwise indicated. For
cases where a distribution of distances was obtained, the
distribution was fit to a series of Gaussians using Origin
(Origin Lab Corp., Northhampton, MA). The relative areas
under each Gaussian curve were used to estimate relative
populations.

RESULTS

EPR Spectra of Single and Double Spin Labeled Mutants
of BtuB.To determine the position of the Ton box with and
without substrate, three sets of double mutants were con-
structed where one label was incorporated into theN-terminal
end of the Ton box at position 6, and the second label of the
pair was located on one of three sites on the periplasmic
side of the barrel, 157, 384, and 510 (Figure 1). These
proteins were then expressed, purified, spin labeled, and
reconstituted into POPC bilayers as described in Methods.

Shown in Figure 2 are X-band CW EPR spectra of the
single-labeled mutants D6R1 and Q510R1. D6R1 on the end
of the Ton box shows a dramatic change in EPR line shapes
upon the addition of substrate (CNCbl or vitamin B12). The
change to a narrower line shape with substrate addition
reflects the conversion of the Ton box from a structured and
folded segment to a highly flexible unfolded protein segment.
This is consistent with previous work showing that the Ton
box and theN-terminal end of BtuB unfold upon substrate
binding to approximately residue 15 or 16 (9). If 30% PEG

3350 is added to the substrate-bound protein, the spectrum
from D6R1 reverts to a broad line shape indicating that Ton
box is refolded by this solute. This observation is consistent
with previous work, which indicates that there is an equi-
librium between folded and unfolded forms of the Ton box
that is modulated by solution osmolality (12, 21). Figure 2
also shows EPR spectra for Q510R1. These line shapes are
similar to those seen at otherâ-sheet sites (22), and as
expected, no substrate-dependent change in the EPR spec-
trum is seen at this site. Similar results are obtained for
R384R1 and Q157R1, which are also located on the barrel
(data not shown).

The CW EPR spectra of the three double spin-labeled
BtuB derivatives are shown in Figure 3 (solid lines), both
without (Figure 3a) and with (Figure 3b) substrate. Also
shown in Figure 3 are the sum of the two single spectra (gray
lines). Under each condition (with and without substrate),
the EPR line shapes for double mutants D6R1/Q510R1 and
D6R1/Q157R1 are virtually identical to the two respective
sums. This suggests that the static dipolar interaction between
these nitroxide pairs is weak, and that interspin distances
must be over 20 Å (23). This is consistent with the CR-CR
distances observed in the crystal structure of BtuB (Table
1). However, for the mutant pair D6R1/R384R1, the spectra
are slightly broadened compared to the sum of the single
spectra in the absence of substrate, which corresponds to a
distance between the spin pair of approximately 20 Å (23).
This broadening is not seen once the substrate is added,
suggesting that substrate addition increases the distance
between these nitroxides. As discussed below, this result is
consistent with measurements made by DEER.

Time-Domain Deer Signals Are ImproVed by the Use of
Magnetically Dilute Samples.Under the conditions typically
used in our reconstitution, protein/lipid ratios were ap-
proximately 1:700, and relatively noisy DEER signals were
obtained for some samples due to intermolecular dipolar
interactions. In the present case, this difficulty was overcome
by producing a reconstituted protein sample that was
magnetically dilute. In particular, the spin-labeled protein
was diluted with chromatographically pure wild-type protein.

FIGURE 2: EPR spectra of D6R1 reconstituted into POPC without
(top trace) and with substrate (CNCbl) as well as with both substrate
binding and PEG 3350 (30% w/v). Lower two traces: EPR spectra
of Q510R1 reconstituted into POPC without and with substrate.
Spectra are 100 G scans.

V(t,θ,r) ) 1 - λ[1 - cos(ωdd(θ,r)t)]
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One advantage of this approach, compared to producing a
highly dilute protein sample in membranes, is that identical
reconstitution and membrane preparation procedures could
be employed.

Figure 4 shows the four-pulse DEER time-domain data
for D6R1/T55R1 in POPC vesicles at different ratios of
labeled/WT protein. At a ratio of 1:1 (Figure 4c), the signal
decay was approximately 50% of the maximum whent was
1200 ns, whereas at ratios of 1:3 and 1:6, the maximum
signal was 70% (Figure 4b) and∼80% (Figure 4a),
respectively. With longer distances, it can be difficult to
separate the desired dipolar signal from the background
decay. As a result, we increasedτ2 to 1800 ns and used a
1:6 ratio of labeled to WT protein with measurements
involving longer distances such as that for D6R1/T55R1

(Figure 4d). For shorter distances, a 1:3 ratio was sufficient
to reduce the intermolecular dipolar-dipolar interaction so
that the signal could be extracted from the background decay.

Four-Pulse DEER ReVeals Dramatic Changes in the Ton
Box Position upon Substrate Binding.The normalized DEER
signals (V(t)/V(0)) are plotted in Figure 5A for D6R1/
Q157R1, D6R1/R384R1, and D6R1/Q510R1 in the presence
and absence of substrate, using a labeled/WT protein ratio
of 1:3. For D6R1/Q510R1, spectra were also recorded in
the presence of substrate and PEG 3350. Figure 5B, shows
dipolar power spectra (Pake patterns) that are extracted from
the data for D6R1/Q510R1 in the absence and presence of
substrate. Figure 6 shows the corresponding interspin distance
distributions obtained from the DEER signals in Figure 5A.

For each mutant, a single distance distribution is obtained
in the absence of substrate. For D6R1/R384R1, the distance
distribution is centered at approximately 2.0 nm (Figure 6A
and Table 2), and a significant fraction of this distance lies
at <1.8 nm, which likely results in the line broadening seen
in the CW EPR (Figure 3). For D6R1/Q510R1, a single
distribution centered at 2.47 nm is obtained, and for D6R1/
Q157R1, a distance of 2.33 nm is found. In each case, these
distances are within a few Angstroms of that seen for the
CR-CR distances in the crystal structures (Table 1). Some
differences between distances derived from EPR and crystal-
lography are expected. Although the R1 side chain has a
preferred configuration relative to the protein backbone, it
can execute motions about at least two of the bonds linking
it to the protein backbone (24), and differences between the
rotameric states of the two labels could easily account for
the differences between the electron-electron distances and
CR-CR distances.

For each of the spin-labeled pairs, the addition of substrate
results in a slower decay of the DEER signal, indicating an
increase in the interspin distance (Figure 5A). This is most
apparent for D6R1/R384R1 and D6R1/Q510R1. The corre-
sponding distributions and distances are shown in Figure 6
and Table 2. Each of the insets in Figure 6 shows distance
distributions determined in the presence of substrate. In each
case, the distance distribution appears to arise from more
than one interspin distance, and in each case the data is fit
well by three distances. One of these distances is close to
the distance obtained in the absence of substrate, and the
others are significantly longer than that seen in the substrate-
free case by 5 to 15 Å (Table 2).

FIGURE 3: EPR spectra of double-spin-labeled BtuB (black lines)
(a) reconstituted in POPC vesicles and (b) in the presence of
substrate. Also shown are the EPR spectra that are obtained by
summing up the corresponding normalized spectra obtained from
each single mutant (gray lines). These spectra represent noninter-
acting spectra or spectra that would be obtained in the absence of
dipolar interactions. In most cases, the spectra obtained from the
double mutants closely match the noninteracting spectra, indicating
that interspin distances are greater than 20 Å. The one exception is
the spectrum from D6R1/R384R1 in the absence of substrate, where
there is clear evidence of dipolar broadening.

Table 1: Distances between Positions from BtuB Crystal Structuresa

CR-CR distance
(nm)

double
mutants Apo

+Ca
(CNCbl)

distance change
(liganded-apo)

D6-Q157 2.15 2.61 0.46
D6-R384 2.04 1.56 -0.48
D6-Q510 2.03 2.30 0.27
a The distances are obtained from the crystal structures in the absence

and presence of substrate: pdb ID 1NQE and 1NQH, respectively (5).

FIGURE 4: Four-pulse DEER dipolar time evolution data for the
double-spin-labeled BtuB mutant D6R1/T55R1 reconstituted into
POPC vesicles at different local spin concentrations obtained by
varying the labeled/wild-type protein ratio: (a) 1:6, (b) 1:3, (c) 1:1
at τ2 ) 1200 ns, and (d) 1:6 withτ2 ) 1800 ns. They-axis for b,
c, and d is offset by 0.05, 0.1, and 0.45, respectively for clarity.
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For D6R1/Q510R1, DEER data were also obtained in the
presence of substrate following the addition of 30% PEG
3350. In this case, the addition of PEG eliminates the longer
distances to yield a single distribution of distances close to
that seen in the folded (substrate-free) form of the Ton box.
This is consistent with previous work indicating that high
concentrations of these solutes act through an osmotic
mechanism to shift the Ton box to its folded or least hydrated
state (11, 12).

For DEER signals with good signal-to-noise, the distances
can be estimated with good precision (approximately(0.4
Å) (25); however, there is likely a much greater uncertainty
in fitting the distance distributions, particularly those involv-
ing longer distances (19). As seen in Table 2, the populations
of the distances in each of these sample shows considerable
variability, and some of this variability is likely due to
uncertainty in the fits. This variability might also result from
differences in sample preparation, and the effects of the
different nitroxide substitutions (in theâ barrel) on the Ton
box equilibrium (9). Nonetheless, the data from each of the
three mutant pairs are consistent and indicate that both folded
and unfolded conformations of the Ton box are observed in

the presence of substrate. And as discussed below, the
appearance of these distance distributions is consistent with
previous work from CW EPR indicating that there is an
equilibrium between folded and unfolded Ton box forms (11,
12).

Ton box of BtuB Extends into the Periplasm upon
Substrate Binding.The distances in Table 2 were used to
triangulate the position of theN-terminal end of the Ton box
in the presence and absence of substrate (vitamin B12). Figure
7 shows two views of the positions of theN-terminal end of
the Ton box. In this Figure, the periplasmic surface of BtuB
and the CR carbons for the mutants labeled within the
â-barrel lie in thex-y plane. This plane is nearly coincident
with the periplasmic surface of the OM. In POPC, in the
absence of substrate, the position of D6R1 (determined by
the three sets of DEER data in Figure 5) is consistent with
the position expected based upon the crystal structure, and
the spin label is found to reside a few Angstroms into the
periplasmic space. In the presence of substrate, we assume
that the three sets of distances obtained for each of the three
spin pairs arise from three corresponding positions for D6R1.
The two longer sets of distances yield two positions that are
extended from the periplasmic surface of BtuB, and place
D6R1 approximately 30 and 20 Å into the periplasmic space.
Both these positions place D6R1 directly below the hatch
or core region of BtuB. A third position places D6R1 near

FIGURE 5: (A) Four-pulse DEER dipolar time evolution data,V(t)/
V(0), for double-spin-labeled BtuB derivatives. For D6R1/Q157R1
and D6R1/R384R1, top and bottom traces are without and with
substrate (CNCbl), respectively. For D6R1/Q510R1, the top and
middle traces are without and with substrate, respectively, and the
bottom trace includes both substrate and 30% (w/v) PEG 3350.
Each vertical division represents a change inV(t)/V(0) of 0.2, and
the peak of each DEER signal corresponds to a normalized value
of 1.0. (B) Dipolar powder spectrum (Pake pattern) extracted from
the data in A for D6R1/Q510R1 in the absence (gray line) and
presence (black line) of substrate.

FIGURE 6: Extracted distance distributions (P(r)) by applying
Tikhonov regularization to the DEER data. (A) D6R1/Q157R1 with
(---) and without (s) substrate; (B) D6R1/R384R1 with (---) and
without (s) substrate; and (C) D6R1/Q510R1 with (---) and without
(s) substrate, and with both substrate and∼ 30% (w/v) PEG 3350
(....). Insets are multi-Gaussian fits for the distance distribution in
the presence of substrate, distance distribution curve (---), Gaussian
curves (gray), and fit (black).
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its original (substrate free) position in POPC bilayers. This
is consistent with observations obtained previously that a
significant fraction of the Ton box remains folded within
the barrel following substrate addition (21).

The EPR spectra reported previously for the Ton box of
BtuB (9) indicate that the unfolding of the Ton box results
in a loss of secondary fold and tertiary contact to ap-
proximately residue 15 on theN-terminus of BtuB. Shown
in Figure 8 is a model for the substrate bound form of BtuB.
This model was generated by starting with the substrate-
bound crystal structure of BtuB and unfolding theN-terminus
of BtuB, including the Ton box, out to residue 15. The end
of the Ton box, at position 6, was then extended to place it
at a position consistent with the most extended position seen
in Figure 7. The resulting structure shows that thisN-terminal
segment, which includes the Ton box, must be fully extended
upon the addition of substrate to be consistent with the
distance data.

DISCUSSION

In the work presented here, pairs of spin labels were
incorporated into BtuB with one label located near the
periplasmic surface and the other in the Ton box. The protein
was then reconstituted into lipid bilayers composed of POPC,
and a double electron-electron resonance (DEER) pulse
experiment was used to measure the distances between these
spin pairs. The data clearly indicate that there is a dramatic
change in the position of the Ton box upon substrate addition.
In particular, the end of the Ton box is positioned close to
the periplasmic surface in the absence of substrate, but
extends by as much as 30 Å into the periplasmic space upon
substrate addition (Figure 7). This result is consistent with

CW EPR line shapes obtained previously, which indicate
that theN-terminal end of BtuB becomes unstructured from
theN-terminus to approximately residue 15 in the presence
of substrate (9). This extension of the Ton box into the
periplasm requires that theN-terminal segment of BtuB be
fully unfolded, and a model that is consistent with both the

Table 2: Distances between Spin Pairs in BtuB Derived from
DEERa

label pair

distances (nm)
(distribution (nm),

fraction (%))

D6R1/Q510R1
apo 2.5 (0.27, 100%)
+CNCbl 2.3 (0.2, 18%);

2.8 (0.54, 50%);
3.5 (0.4, 32%)

+CNCbl and
PEG 3350

2.4 (0.33, 100%)b

D6R1/Q157R1
apo 2.3 (0.34, 100%)b

+CNCbl 2.1 (0.27, 21%);
2.7 (0.38, 72%);
3.7 (0.26, 7%)b

D6R1/R384R1
apo 2.0 (0.24, 100%)
+CNCbl 2.2 (0.33, 61%);

2.9 (0.16, 14%);
3.5 (0.21, 26%)

a Distance distributions were computed using Tikhonov regularization
in DEER Analysis 2006 with a 2-dimension background distribution.
Multiple distance distributions were further fit into separate Gaussian
peaks using Origin, and the percentage of each distance population
was calculated by comparing the area under each Gaussian curve. The
distance distribution represents the distance corresponding to one
standard deviation from the peak of the distribution.b For these data,
a regulation parameter of 1000 was used in the Tikhonov regulatization.
For all other data, a value of 100 was used.

FIGURE 7: Model for the position of D6 and spin-labeled positions
on theâ-barrel in the presence and absence of substrate. Thex-y
plane defines the periplasmic surface of BtuB, and the solid symbols
show the positions of the CR carbons of residues 157(b), 384 ([),
and 510 (9)) in the substrate-free crystal structure of BtuB (pdb
ID 1NQE). These residues lie in thex-y plane. The CR carbon of
D6 (̀ ) in the crystal structure in the absence of substrate lies close
to thex-y plane. The shaded symbol (`) represents the position
of D6R1, which is obtained by triangulation from the three
experimental distances measured by DEER in the apo state of BtuB
in POPC (Table 2). The open symbols represent the positions for
D6R1 determined by triangulation using the distances obtained by
DEER for BtuB in the presence of substrate. In Table 2, three
distances are shown for each of the three spin pairs. The shortest,
middle, and longest sets of the three distances result in the positions
for D6R1 shown by the symbolsO, 4, and3, respectively.

FIGURE 8: Model for the substrate-bound form of BtuB. This model
was generated by beginning with the substrate-bound crystal
structure of BtuB (pdb ID 1NQH) (5) and unfolding theN-terminus
of BtuB, including the Ton box, out to residue 15. TheN-terminus
was then extended to place position 6 at a position consistent with
the longest DEER distance.
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distance measurements and the results from EPR line shapes
is shown in Figure 8.

It should be noted that the models shown in Figure 7 and
8 are approximate and require the following assumptions.
We assume that the distances between spins parallels the
distances measured between theR-carbons in the protein and
are not strongly affected by configurations of the spin label.
The fact that the distances measured by EPR in the absence
of substrate match reasonably well with the crystal structure,
suggests that this approximation is reasonable; however,
further refinement in the interpretation of these distances
might be possible using energy minimization approaches as
described previously (26). We also assume that the distance
changes reflect changes in backbone position and not changes
in the rotameric states of the label. This appears to be true,
at least for labels attached to theâ-barrel, which do not
appear to change configuration (Figure 2). Furthermore, the
distance changes we see are large, consistent among each
spin pair, and are not likely to be accounted for by changes
in the rotameric state of the label. Thus, the data provide a
clear indication for a significant projection of the Ton box
into the periplasm upon substrate addition.

Interactions between TonB and BtuB appear to be
regulated by substrate addition, and the extension of the Ton
box is an ideal mechanism to regulate the interaction between
BtuB and TonB (6, 15). Protein-protein interactions are
often found to be mediated by conserved and highly dynamic
segments of proteins (27, 28). The projection of the Ton box
both makes it accessible to the periplasm and converts it
into a highly dynamic protein segment, as judged by the
highly mobile EPR line shapes that are obtained along the
Ton box (9).

In the presence of substrate, the data for each mutant pair
are fit well using three distances. The two longer distances
correspond to the end of the Ton box being located 20 and
30 Å into the periplasm. Because of the large distance
difference, these two longer distances are likely to result from
two different protein backbone conformations rather than
different rotameric states of the label. In addition, dramati-
cally different rotameric states seem unlikely because the
spin label at position 6 in these two extended configurations
is not in tertiary contact, and the label should take up similar
configurations relative to the backbone in each case (24).
There is also a third distance component in the presence of
substrate that is close to that seen in the unliganded, folded
state of the Ton box. This observation is consistent with the
results of CW EPR spectroscopy (21). The simplest inter-
pretation of the DEER data is that the third distance
component, which places D6R1 close to its position in the
apo state, arises from the folded state of the Ton box, and
that the two longer distances, where D6R1 is extends 10 and
20 Å further into the periplasm, arise from the unfolded state.
The folded and unfolded conformational states are apparently
in equilibrium at room temperature. This is indicated both
by the results of chemical derivatization and the effects of
solution osmolality on the conformational populations seen
in the EPR spectra (7, 21).

In the absence of substrate, the EPR data presented here
are consistent with the results of crystallography. The
differences seen between the location of a spin label on
residue 6 and the CR-carbon position measured in the crystal
structure (5) are within the range of distances expected

because of the rotameric states of the label (24). However,
the crystallographic result in the presence of substrate does
not show evidence for the unfolding of the Ton box, which
is seen in bilayers by SDSL. As demonstrated previously,
this difference results from the different conditions used for
spectroscopy and crystallography. In particular, the structural
change seen by EPR is not seen by crystallography because
of the high osmolality of the solutions used to produce
protein crystals (11, 12). The DEER distance measurements
made here are also consistent with this conclusion. The
presence of PEG 3350 (a major solute used in crystallization
(29)) has a dramatic effect on the distances seen in the
presence of substrate (Figure 6C and Table 2). Under these
conditions, the Ton box does not unfold, but has a position
that is now consistent with that seen in the crystal structure
(5). Thus, under the conditions used for crystallography, the
spectroscopic and crystallographic results are in agreement.

Double resonance DEER experiments have the ability to
resolve distances between spins from 15 out to 60 Å and
beyond. Although this length scale may be highly desirable,
high concentrations of spin-labeled proteins will lead to
significant intermolecular dipole-dipole interactions. This
may result in a significant decay in the echo amplitude and
in the DEER signal, making measurements of intramolecular
interactions difficult. This sensitivity is usually not a problem
for water-soluble proteins; however, membrane proteins are
restricted to diffusing in a plane, and high local concentra-
tions of protein and short intermolecular distances are more
likely to be encountered. In the EPR spectra of our mutants,
we found no evidence for line broadening due to intermo-
lecular dipolar interactions; thus, the spins must be separated
between proteins by distances of 20 Å or greater (23).
However, the DEER measurements are sensitive to longer
distances, and we find clear evidence that dilution of the
protein by nonlabeled or wild-type protein leads to a
reduction in the background decay in the DEER signal
(Figure 4). We estimate that for BtuB dilution of the labeled
sample with a 3-fold excess of wild type BtuB will place
most intermolecular spin interactions at a distance of 80 Å
or beyond, even if there is some local aggregation of BtuB
in the bilayer.

In conclusion, previous work using CW EPR indicates that
the Ton box of BtuB undergoes a substrate-dependent
unfolding. Here, we used a four-pulse DEER experiment to
monitor distances between the periplasmic surface of the
BtuB barrel and the end of the conserved Ton box as a
function of substrate addition. The data clearly demonstrate
that the Ton box projects into the periplasm upon the addition
of substrate so that theN-terminal end of the Ton box lies
as much as 30 Å in the periplasm. This structural change
may provide the conformation trigger that initiates protein-
protein interactions between BtuB and TonB. Finally, this
work demonstrates that the production of a magnetically
dilute protein sample, by dilution with wild-type protein, can
dramatically improve the intramolecular DEER signals from
spin-labeled integral membrane proteins.
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