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ABSTRACT: The structure and dynamics of the N-terminal and core regions of BtuB, an outer membrane
vitamin By, transporter fronEscherichia coli were investigated by site-directed spin labeling. Cysteine
mutants were generated by site-directed mutagenesis to place spin labels in the N-terminal region (residues
1-17), the core region (residues 2380), and double labels into the Ton box (residueslB). BtuB

mutants were expressed, spin labeled, purified, and reconstituted into phosphatidylcholine. In the presence
of substrate (vitamin B), EPR spectroscopy demonstrates that there is a conformational change in the
Ton box similar to that seen previously for BtuB in intact outer membranes. The Ton box is positioned
within the -barrel of BtuB in the absence of substrate (docked configuration) but becomes unfolded and
increases its aqueous exposure upon substrate binding (undocked configuration). This conformational
change and the similarity in the EPR spectra between reconstituted and native membranes indicate that
BtuB is correctly folded and functional in the reconstituted system. The protein segment on the N-terminal
side of the Ton box is highly mobile, and it becomes more mobile in the presence of substrate. Side
chains in the region C-terminal to the Ton box also show increases in mobility with substrate addition,
but position 16 appears to define a hinge point for this conformation change. EPR line shapes and relaxation
data indicate that residues-230 form af-strand structure, which is analogous to the fitsttrand in the

cores of the homologous iron transporters. When substrate binds to BtuB, thi§-fistnd remains

folded. The EPR spectra of double-nitroxide labels within the Ton box are broadened because of dipolar
and collisional exchange interactions. The broadening pattern indicates that the Ton box is not helical but
is in an extended gf-strand structure.

The outer membrane of Gram-negative bacteria contains High-resolution structural models for several outer mem-
a family of active transport proteins that bind essential brane transporters have been obtained, and these structures
nutrients from the external medium and concentrate them inall have two distinct domains: a barrel formed from 22
the periplasmic space. IEscherichia colithese include  antiparallel5-strands and an N-terminal globular core (Figure
FepA, FhuA, and BtuB, which transport iron complexes and 1) (7—10). The substrate-binding region is located in the large
vitamin By, respectively 1—4). Transport in these proteins  loops that extend above the membrane on the extracellular
is thought to function by a common mechanisrs),(  surface. These loop regions vary in size among the different
regardless of the substrate identity. These outer membrandransporters, presumably because they are adapted to bind
transporters are termed TonB-dependent because they bindlifferent substrates. TonB-dependent transporters all possess
to the transperiplasmic protein TonB and derive energy for a highly conserved sequence near their N-termini, termed
transport from the inner membrane proton motive foe ( the Ton bo%, which is believed to function in coupling the
6). TonB is a transperiplasmic protein that is anchored to transporter to TonB1(1), and conformational changes have
the inner cytoplasmic membrane and is associated with thebeen observed in the N-terminus of these transporters upon
inner membrane proteins ExbB and ExbD. It is thought that substrate binding. Although the Ton box region is not
an energetically charged conformation of TonB physically resolved in the substrate-bound FhuA crystal structure, the
interacts with the outer membrane transporters following first helix (H1), which is C-terminal to the Ton box, is
substrate binding and induces structural changes that leadinfolded in the presence of substrate (Figure 1Ad}) Site-
to the subsequent release of substrate into the periplasmiglirected spin labeling (SDSt)directed at BtuB in intact
space. outer membrane preparations indicates that the Ton box

segment is docked within the barrel of the transporter in the
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Ton box

Ficure 1: Crystal structure of FhuA as viewed from the side of the barrel (A) PDB ID: 1BY3, without substrate showing the H1 helix and
(B) PDB ID: 1BYS5, with substrate, ferrichrome (cyan), showing that the H1 region has become unfolded and that the Ton box is in an
extended conformation. The Ton box region in light green color was artistically drawn and is not part of the original crystal structure. (C)
The core region of FhuA showing the H1 helix and thesdtrand with residues 5864 shown in ball-and-stick format. In each structure,

the g-barrel is colored in light gray, residues-182 are colored in blue with the remaining core region481) colored in light orange.

carried out in intact cells1@3, 14). This conformational protein that is reconstituted into palmitoyloleoylphosphati-
change likely represents an early step in the transport processglylcholine (POPC) bilayers. In the absence of substrate, the
and it may provide a signal to the TonB complex that the Ton box does not adopt a helical structure but appears to be
receptor is loaded with substrate. The subsequent events irdisordered or #-strand. Substrate-induced structural changes
this transport process, including how TonB interacts with are also observed for labels on either side of the Ton box,
the transporter and how substrate is passed through theand these changes indicate that residues near position 16 form
protein, remain unclear. These events may involve a rear-a hinge or pivot region for the conformational change. EPR
rangement or unfolding of the core of the transporter to line shapes and accessibility data are also obtained from
produce a channel through which substrate may difflide ( SDSL for positions 2530. These data indicate that this
16). region of BtuB forms the firsp-strand in the core of BtuB,
Currently, there is limited information regarding the homologous with the firsg-strands (S1) seen in FepA or
structure and substrate-induced structural changes that occuhUA, and that this region remains folded upon the addition
in the Ton box. The high-resolution structures of three TonB- Of substrate.
dependent iron transporters show the Ton box in either an
unresolved or in an extended conformati@n-(0). Further- EXPERIMENTAL PROCEDURES
more, the substrate-induced structural change of the Ton bOX'MateriaIs
which has been observed in outer membrane preparations
by SDSL and EPR, is not observed in these crystal structures. The sulfhydryl reactive methanethiosulfonate spin label
In the present work, SDSL is used to provide additional (MTSL), (1-oxy-3-methanesulfonylthiomethyl-2,2,5,6-tetra-
information on the dynamics, structure, and substrate-inducedmethyl-2,5-dihydro-1H pyrroline)(7) was purchased from
conformational changes of the Ton box and N-terminal Toronto Research Chemicals (Ontario, Canada). A diamag-
segment of BtuB. SDSL and EPR are carried out on netic analogue of the MTSL spin label was synthesized as
reconstituted purified protein, which allows the labeling of described previouslylg). Nickel (Il) acetylacetonate hydrate
sites that were inefficiently labeled in isolated outer mem- (NiAA) was obtained from Aldrich Chemical Co. (Milwau-
branes. The work presented here demonstrates that th&kee, WI) and cyanocobalamin (CNCbl) was obtained from
substrate-induced structural change previously observed forSigma (St. Louis, MO). Octylglucoside (Anagrade) was
the Ton box in intact outer membranes also occurs in purified purchased from Anatrace (Maumee, OH), and 1-palmitoyl-
2-oleoylsnglycero-3-phosphocholine was purchased from
Avanti Polar Lipids (Alabaster, AL).

2 Abbreviations: CNCbl, cyanocobalamin; DM, decylmaltoside;
DPPH, a,a'-diphenyl#-picryl hydrazyl; EPR, electron paramagnetic
resonance; HEPES\-2-hydroxyethylpiperazin&¥-2-ethanesulfonic Methods
acid; MTSL, S(1-oxy-2,2,5,6-tetramethylpyrroline-3-methyl) meth- . .
anethiosulfonate; NiAA, nickel (Il) acetylacefonate; OG, octylglucoside; ~ Mutagenesis and |59|at|9n of Intact Outer Membrap@s
PCR, polymerase chain reaction; OM, outer membrane; SDSL, site- two-step PCR based site-directed mutagenesis technique that
directed spin labeling; POPC, 1-palmitoyl-2-olesytglycero-3-phos-  has peen described previously was used produce cysteine

phocholine. - -
3 The substrate-bound form of the Ton box is referred to as either mutants in BtuB 13). The mutants were expressedincoli

an unfolded or an undocked form, and these terms are used herein strain RK5016 inetE, which is a derivative of strain
interchangeably. The EPR spectra for the substrate-bound form of theMC4100 [A(argF—lac)U169 araD139 rpsL150 relAl fl-

Ton box are consistent with those expected for an unfolded or extendedeSSOl deoCl ptsP25 rbsR22 non9 gyrA219] having the
protein strand. The termed undocked attaches a functional significance . . .
to this unfolding. In its undocked or unfolded form, the Ton box additional mutationsmetE/O argH btuB recAand which

facilitates interactions between BtuB and Ton B. requires vitamin B, to synthesize methionine. To test for
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functionality, the different mutants were grown on minimal Milwaukee, WI). Labview software, which was generously
A salt agar supplemented with 0.02% glucose, 0.01% Arg, provided by Drs. Christian Altenbach and Wayne Hubbell
and various concentrations of vitamin,§0.1-5000 nM) (UCLA), was used for digital collection and analysis of data.
in place of methionine. The comparison was made with All spectra for line shape analyses were recorded at 2.0 mW
growth on similar plates containing 0.01% Met, as previously incident power with a modulation amplitude of 1.0 G, and
described 19). All the BtuB Cys mutants were therefore these samples were prepared in glass capillary tubes with a
tested for their ability to use vitamin ;B in place of 0.8 mm i.d. (VitroCom, Mountain Lakes, NJ). For power
methionine for growth. They were all found to function as saturation measurements, the samples were placed in gas-
well as the wild-type protein in this growth assay. Outer permeable TPX tubes (Medical Advances, Milwaukee, WI),
membranes were grown and isolated as described previoushyand spectral amplitudes were measured using microwave
(15). powers that varied from 0.25 to 100 mW. During these
Protein Purification and Spin LabelingDuter membrane ~ €xperiments, either a stream of air (oxygen accessibility) or
fractions were solubilized by octylglucoside (OG), and all hitrogen (baseline measurement and metal relaxing agent)
single- and double-labeled MTSL (R1) BtuB mutants were Was used to purge the samples. The values, which are
labeled and purified by anion exchange chromatography asrelated to the producligeTze) ™, were then determined from
described previously (see Scheme 2Y)( The purity of the power saturation curves as described elsewhzte (
samples was determined by SBBAGE electrophoresis.  These values were then normalized againstRbg value
Silver staining revealed that lipopolysaccharides were presentfor DPPH and used in turn to determine the collision
in the purified BtuB fractions, but concentrations were not parametedl for each reagent. The parameléris related
determined. For labeling with R1 and the diamagneti¢, R1 to the change i of the nitroxide by the frequency with
molar ratios of 30:70 were added to the solubilized mem- which either NiAA or Q collide with theR; side chain 22).

brane supernatant and allowed to react fo h before EPR spectra of double mutants were acquired at room
purification by the same FPLC procedure used for the R1 temperature and at130°C by passing cooled nitrogen gas
mutants. over the sample and loefmap resonator. Spectra atL30

Liposome Reconstitution and Sample Preparatiurified ~ °C were acquired with an incident microwave power of 20
protein samples were reconstituted into POPC vesicles in#W, whereas those at room temperature were acquired with
HEPES buffer by the dialysis of OG from mixed POPC/OG 2 mW. Estimates of distances were determined from dipolar
micelles as described previousB0j. For measurements with ~ Proadened spectra of double-labeled mutantsi80°C by
vitamin By (CNCbl), 5uL of sample was mixed with &L taking a ratio of spectral amplituded,{do) and comparing
of a vitamin By, stock solution to give a final B concentra- the values to those obtained for the potassium channel KcsA
tion of 4504M. For the power saturation experiments, 4.7 2s described previousl{#). Distances were also determined
uL of sample and 1.ZL of 100 mM NiAA were mixed to as described previously by finding the Pake broadening
produce a 20 mM NiAA solution. In both cases, multiple function, which when convolved with the noninteracting
freeze thaw cycles were performed to ensure that the addecsPectrum (in the case the sum of the single-labeled spectra)
reagents had equal distributions inside and outside the'eproduced the experimental spectru@8)(

vesicles.
. RESULTS
Electron Paramagnetic Resonan&&PR spectroscopy was

performed on a Varian E-line 102 series X-band spectrometer Ton Box in Reconstituted BtuB Undergoes a Docked to
equipped with a loopgap resonator (Medical Advances, Undocked Transition in the Presence of SubstrBtevious
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Ficure 2: EPR spectra normalized to equal areas for Ton box
mutants labeled with R1. (A) Samples reconstituted into POPC RI4R1
vesicles. (B) Samples reconstituted into POPC vesicles with 450
uM vitamin B;,. Spectra are plotted with equal scaling in the

i
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dimension, and each spectrum was acquired with a 100 G sweep FISRI
width. W
SDSL of the Ton box region of BtuB was performed in E16R1

%
7

isolated outer membrane fragments frden coli. These
experiments demonstrated that the conformation of the Ton

box is docked within the BtuB barrel in the absence of Q”RLJ\’\A/“_"—
substrate, and it unfolds upon substrate (vitamia 8
CNChbl) binding 2). Shown in Figure 2A are the EPR no substrate with substrate

spectra for the single spin-labeled BtuB mutants_ _in the Feure3: EPR spectra normalized to equal areas for the extended
absence of substrate, which have been labeled, purified, andron box mutants labeled with R1 without and with substrate. (A)
reconstituted into POPC bilayers as described above (seeN-terminal R1-labeled BtuB mutants and (B) C-terminal R1-labeled

Methods). The EPR line shapes indicate that a wide rangeBtuB mutants reconstituted into POPC vesicles. In each case, the
PR ; ; e right-hand columns show the EPR spectra acquired in the presence
of motion is present for the labeled side chains within the of substrate, vitamin B. Spectra are plotted with equal scaling in

Ton box regiofi. For example, the EPR spectra for positions  the x dimension, and each spectrum was acquired with a 100 G
7 and 10 are broad, indicating that the R1 side chain is in sweep width. The arrows in the figure show the underlying broad

tertiary contact, whereas the relatively narrow spectra at components.
positions 9, 11, and 12 indicate that R1 is highly mobile at

these sites. Collectively, the EPR line shapes for the
reconstituted samples are similar to those observed for BtuB
in the isolated outer membrane fragments. For the reconsti-
tuted system, substrate addition (Figure 2B) results in a loss
of the tertiary contacts present in the closed state, indicating

that a conformational change has taken place. In the presenc . . : . "
of substrate, the EPR line shapes for residue8 &nd 10 abeled side chain R1 was incorporated into positions on both

are now similar to those for residues 9, 11, and 12. Thesethe N- and the C-terminal sides of the Ton box. Figure 3A

changes were also seen in our earlier studies of BtuB labelecS"OWS EPR spectra normalized for equal areas for residues

in the outer membrane, and the spectra shown in Figure 21~5: N-terminal to the Ton box, with the right column

indicate that the transition from a docked to undocked '€Presenting the substrate-bound state. In the absence of
substrate, the EPR line shapes for residue$ hre very

" T o narrow, indicating that this segment has a high degree of
4In general, the mobility of the nitroxide side chain is indicted by . .

the breadth of the EPR spectrum. Broader features are present in thd0tion. In a few of these spectra, an underlying broad

EPR line shapes for side chains with lower mobility. The term mobility Component can be observed (arrows, Figure 3). This broad

refers to both the rate and the amplitude of motion of the R1 side chain, component represents a population of R1 side chains that

and we make no attempt to separate the contributions of these two re restricted in their motion. Except for positions 1 and 5

factors in line shapes. The spectra presented here are also normalized . T : !
r?All’ns component represents a minor fraction of the total R1

against their second integrals so that the EPR amplitudes are a functio ' ) )
of the label mobility. population. The presence of two different line shapes can

configuration of the Ton box also occurs for BtuB in the
reconstituted system.
EPR Line Shapes for Residues on Either Side of the Ton
Box Regions in Both Docked and Undocked States Indicate
Hinge Point for the Conformational Chang&he spin-
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result from a variety of factors that include multiple 0.12F AL S
conformations of the side chain or peptide backbone. N
When substrate is added, the amplitudes of each of the 0.09 - 1
spectra for residues-15 increase. Both a further narrowing
of the line widths and a reduction in the relative percentage
of the broader component causes an increase in normalized
amplitudes for these already highly motionally averaged
spectra. The increased motion of this segment is consistent ‘
with the change seen in the Ton box, which converts from N
a docked to an undocked configuration in the presence of -0.03 | .
substrate. The high degree of motional averaging observed 2 4 6 8 10 12 14 16
in both the docked and the undocked states indicates that
the N-terminal segment is not in tertiary contact or folded
into the barrel in either state. Thus, we can infer that this T T T T T
region of the protein is highly dynamic and unstructured. 1.or t B
The broader component may represent a minor conformation ; |
of the N-terminal segment where the side chains contact the P CEERN
barrel or other parts of the protein and rapidly interconvert . 06f i ié -
with the more mobile conformation. i
Shown in Figure 3B are the EPR spectra normalized to 04r it ]
equal areas for sites C-terminal to the Ton box (residues 13 02l i
17). It is immediately apparent that the spectra for R1 at
sites 13-17 are broader than those for R1 at sites5] 0.0F P
indicating that the R1 side chain at sites C-terminal to the 0 2 4 6 8 10 12 14 16 18
Ton box are less mobile than the N-terminal sites. The line Residue Number
shapes for residues £3.7 are representative of spectra for Ficure 4: (A) Plot of the change in normalized intensitygi» —
the R1 side chains that are in tertiary conta2#)( For In, of the central first-derivative resonance of the EPR spectra for
positions 13-15, two components can be observed in each Sites 17 in the absencey, and presencélngiz, of substrate.

. Error bars are not displayed because the error for each normalization
spectrum. These features may represent either two conformas

_ X 4 : procedure was at maximum 3% of the values. (B) Plot of the scaled
tions for the labeled side chain or two backbone configura- mobility, M, for sites +-17 in the presence of substrate.

tions. Only a single spectral component is present in the EPR

spectra of R1 at site§.16 and 17. When substrate is addedmobile (Ms = 0)°. The pattern of scaled mobilities plotted
the spectrum for position 13 changes, but the spectrum forin Figure 4B suggests that this segment is tethered at one
the liganded state is much broader than that detected for siteand but has a high degree of motion at the N-terminal end,
within the Ton box. Additionally, the line shapes for sites and the pattern suggests (as mentioned above) that residues
13—17 in the substrate-bound form are broader than those16 and 17 are near a hinge point for the substrate-induced

for sites 6-12 in the undocked form of the Ton box (Figure conformational change.

ZB) Interestingly, the addition of substrate does not Slgnlfl- Ton Box Does Not Ha a Helical Structure and Is H|gh|y
cantly change the EPR spectrum of R1 at sites-16. Mobile. As discussed elsewhere, thé+ n pattern of tertiary
Furthermore, addition of substrate for site 17 results in an contact observed for the EPR spectra of residuet®Bin
EPR line shape that is broader than observed for thethe Ton box segment in its closed configuration is roughly
unliganded state. These results indicate that there is little consistent with that expected for a heli®. However, the
change in mobility for sites 1416 with site 17 becoming  EPR spectra for R1 at positions 9, 11, and 12 are not typical
less mobile when substrate binds. The pattern of line shapesf those obtained for the R1 side chain incorporated into a
from the Ton box through to position 17 suggests that well-formed helix @4). The EPR line shapes for R1 at
positions 1517 form part of a hinge region for the positions 9, 11, and 12 result from a high degree of motional

Ll

undocking of the Ton box. . o ~ averaging. These line shapes correspond to a spin label with
Figure 4A is a plot of the change in normalized intensities a correlation time of about 1 ns or less and have narrower
(Ins1z — In) for all of R1-labeled sites in the presentgs(2) spectral features than previously seen for the R1 side chain

and absencey) of substrate. For residues-13, the positive  when located at exposed sites on flexible heli@8.(To
values mdmate that j[hese sites become more mpblle whendetermine whether the structure of the Ton box is a
substrate is bound. Sites 14 and 15 become only slightly more
mo.b"e.’ and in contrast, site 17 becomes more immobilized. 5 The scaled mobilityMs, is a parameter that can be used to compare
This flgure clearly shows the changes in the R1 label the relative mobility of R1-labeled side chains. This parameter is defined
dynamics between the docked and the undocked statesasMs= (67! — & 9/(0m™* — i), whered is the central nitroxide

i iliti line width, andd, andd; represent the line widths of the most mobile
Figure 4B plots the scaled mobilitiebls, for each of the and immobile protein associated R1 labels observed. Here, these values
EPR line shapes for residues 17 in the_l_me_Cked substrate- were taken as 8.5 and 1.8 G, respectively. These limiting 7va|ues were
bound conformation. The scaled mobilityls, is a parameter  determined from spectra reported here and in earlier work (s&&yef
that can be used to compare the relative mobility of R1- Values ofMswere determined only for spectra having a single motional
labeled side chainb, 26). Remarkably, the values span a component since the value M, in the case where both broad and

' ’ ' . . narrow components are present, would only reflect the mobility of the

range from those that are close to the most mobile sites seeryarrower component. Here it is only calculated for the EPR spectra of

for R1 in proteins s = 1) to a value that is one of the least the undocked substrate-bound state.
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Ficure 5: EPR spectra of each of the rigid limit double-labeled
R1 Ton box mutants. Spectra were acquired-480 °C at 2uW
incident microwave power. For easy comparison of the degree of \
line broadening, the spectra are normalized to equal areas and are ;44 I
plotted on the samg scale. Each spectrum was acquired with a __,_/\/\/\ﬁR_l/g)Rl
200 G field scan. Theal,/d, ratio is defined as the height of the Y\

high and low field transitions over the height of the center field {
transition and is shown graphically for mutant 7/10. Spectra for
mutants 6/8 and 6/10 have some baseline distortions that result fro
contaminants in the glass capillaries.

Ficure 6: Comparison of EPR spectra acquired at°250f the
Mdouble-labeled R1 Ton box mutants (black thick lines) to each of

the corresponding summed noninteracting singles spectra (grey thin

lines). Spectra are normalized to equal areas and plotted with the
Table 1: EPR Spectral Parameters for Double-Cys R1 Mutants at  samey scaling for easy comparison. All spectra were acquired with
Room Temperature and130 °C a 100 G field scan.

ch/dlo?
ot i+n i%HlnG ﬁf?&c (—foo;q int;aractit%n approx. Figure 6 shows the room temperature EPR spectra
mutant n= (#016) (0.2G) (*02) strength distanc normalized to equal areas of each of the double R1-labeled

6RI7R1 1 83 1.1 047 moderate —4B4 mutants (thick lines) overlain upon the summed spectra of
7R1/8R1 1 7.0 11.1 0.45 moderate 15 . . .
6R1/8R1 2 a1 10.9 0.44  moderate 15 the noninteracting singles. In each case, except 6R1/10R1
8R1/10R1 2 8.0 11.6 0.58  strong 7 and 7R1/10R1, the EPR spectra of the double-labeled
6R1/9R1 3 2.7 10.0 041 weak 18 mutants are broader and have lower amplitudes than the
7R1/10R1 3 5.4 10.5 0.36 very weak 21 fth di . . irs. The EPR
6R1/10R1 4 3.4 107 035  veryweak 21 spectra of the corresponding noninteracting pairs. The El

- - , , , spectra of this series of double R1-labeled mutants exhibit a

aTypical di/dp values obtained for single (noninteracting) R1 mutants . .

ranged from 0.36 to 0.40. The distances estimated fronlfg ratio much greater degree of line broadening at room temperature

appear to be slightly longer in some cases than those estimated usinghan expected from the relative strengths of the dipolar
a Fourier convolution approach. This appears to be due to a fraction interactions observed in frozen samples. A reasonable
of single-labeled protein present in the samplBistances were jnterpretation of the additional broadening is that there is a
estimated frondi/dp values presented for KcsAL§). Lo L . -

significant degree of maotion in the backbone or side chains

at room temperature, resulting in collisions between labels
disordered irregular helix or if it has a different configuration, resulting in Heisenberg exchange. In all but a few cases, it
a series of double-Cys mutants with varied+ 1 toi, i + was not possible to cleanly convolute dipole Pake patterns
4 spacings were prepared and labeled. Figure 5 shows thewith the summed noninteracting spectra to reproduce the EPR
low-temperature EPR spectra obtained for the double R1-line shapes of the interacting double-labeled samples. The
labeled cysteine mutants: 6/7, 6/8, 6/9, 6/10, 7/8, 8/10, anddistances reported in Table 1 are approximate and were
7/10. The degree of dipolar broadening in this rigid limit is determined from thel/d, ratios as described previousig).
estimated frondlldo, which is the ratio of the intensities of Presence of R1 May Undock the Ton Box When Incor-
the low field and hlgh field transitions to the intensity of porated at Certain PositiondNe were interested in deter-
central transition of the first derivative EPR spectrum of the mining whether the presence of the R1 side chain at certain
MTSL nitroxide radical 8). Values ofdi/d, < 0.4 indicate  positions might promote the undocked or unfolded config-
that very little dipolar interaction occurs, whereas values uration of the Ton box because several observations sug-
>0.45 report interactions of moderate strength. The valuesgested that this could be occurring. As noted above, the EPR
of di/d, for each of the pairs are given in Table 1. The values line shapes for VOR1, T11R1, and A12R1 in the absence of
for thei, i + 3 andi, i + 4 pairs are<0.4, indicating weak  substrate reflect a high degree of side chain and backbone
or no dipole interactions. In contrast, thig/d, values for mobility that is normally expected for an unstructured protein
thei, i + 2 andi, i + 1 pairs range between 0.45 and 0.58, segment. This degree of mobility is surprising because V9R1
indicating the presence of moderate to strong dipolar and T11R1 flank V10R1, which is the most immobile label
interactions. This finding indicates that the Ton box structure in the Ton box. In addition, little or no change is seen for
in the closed conformation is net-helical, but it instead  the spectra of R1 at positions 9, 11, or 12 upon substrate
has ag-strand or extended conformation. addition (Figure 2).
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T7R1

VIF/V10R1
V10R1
Ficure 8: EPR spectra comparing double mutants 9/10 and 7/11

that are under labeled with a 30:70 R1/Rdixture (thicker lines)
Ficure 7: EPR spectra comparing the effects of phenylalanine to (A) the spectra of each of the appropriate summed singles labeled
substitutions on the Ton box conformation. Spectra are discussedwith R1 (thin lines) in the closed state (no substrate) and to (B)
in the text. All spectra are normalized to equal areas and are plottedthe spectra of each of the appropriate summed singles labeled with

7/11 711

with the samey scaling except for T7TR1/T11F where thexis is R1 (thin lines) in the open state (with vitamingg The arrows in
doubled in value to make the spectrum fit nicely in the figure. the figures show the broad component coming from site 10. The
Spectra were acquired with a 100 G field scan. spectra are normalized to equal areas and are plotted on the same

y scales. Spectra were acquired with a 100 G field scan.

To determine whether the R1 side chain might perturb the
docked structure, we performed two sets of experiments. feature in the spectrum of 9/10 R1/Rindicated by arrows
First, we prepared two double mutants containing both a in the figure) can be fit only when this spectrum is compared
phenylalanine and a cysteine (for R1 labeling). Phenylalanine o that of the summed singles for 9R1 and 10R1 in the closed
is a larger residue, which would mimic insertion of the spin  state. However, the spectrum for the 7/11 R1/Rhot well-
label, and it was substituted at pOSitionS 11 and 9. R1 was represented by either of the summed Sing]e states, thus
incorporated at positions 10 and 7, which show contact in making it hard to draw a conclusion about the effect of R1
the docked state and should report the state of the Ton box at site 11. From the results of this experiment and the results
The EPR spectra for VOF/V10R1 and T7R1/T11F reconsti- of the phenylalanine substitution at site 9, we conclude that
tuted into POPC are shown in Figure 7 along with the spectra\/gr1 does not perturb the docked conformation of the Ton
of VIOR1 and T7R1. The spectrum for T7R1/T11F is pox. On the other hand, it is likely that T11R1 promotes the
dramatically different than that for T7R1 and is similar to  yndocked configuration of the Ton box. Hence, the relatively
T7R1 in the presence of substrate. This result indicates thatnarrow line Shape (and h|gh mob|||ty) observed for 11R1
the placement of a phenylalanine at residue 11 unfolds the(and possibly for 12R1) may be an artifact of the incorpora-
Ton box. On the other hand, the spectrum of VOF/V10R1 iS tion of the spin label.
very similar to that of V10R1 indicating that the substitution Beginning of the8-Strand Structure of the Core Regioncon
of phenylalanine at position 9 does not alter the Ton box of BtuB Is Identified by EPR Line Shapes and Relaxation
qonfiguration._This result suggests that a single Rl_ SUbStitu'Measurement§hown in Figure 9 are EPR spectra for R1
t|on' may spring open the Ton box when. substituted at at positions 2530. The solid lines are spectra acquired in
position 11 but that the Ton box may remain folded when o apsence of substrate, whereas the dashed lines are spectra
R1 s substituted at position 9. . ._collected after substrate addition. It is apparent that the line
_ The second_ set of experiments .to address this queSt'onshapes do not change significantly when vitamir, B
involved Iabellng.the dguble-cystelne mutants V9CN10.C added, indicating that no conformational change occurs in
and T7C/T11C with a mixture of MTSL and a nonmagnetic s region of the protein upon substrate binding. Thus, the
analogue R1lin a 30:70 R1/R1ratio (Scheme 1). These o matic unfolding observed for the Ton box is limited to
mutants were chosen so that one R1 site (7 or 10) would o N _terminal region of the protein core. The pattern of
provide a broad spectrum, with the second site (€ither 9 or ity seen for R1 at these sites provides an indication of

11) providing a narrow EPR signal. If R1 at positions 9 or its secondar : :
) y structure, and Figure 10A plots the normalized
11 undocked the Ton box, then the spectrum of the R1/R1 ., rq) intensityly, of each of the spectra in Figure 9. The

double mutant should be the sum of the corresponding Singleresultingi i + 2 periodicity is indicative of g-strand. In
spectra for the substrate-bound (undocked) Conﬁguration'addition ’the accessibility parametef3, for both oxygen
However, if these R1 substitutions do not perturb or unfold 1 NiaA (Figure 10B) have an, i 1o pattern also
the Ton box, then the resultant line shapes should resembl ndicating a3 structure. A comparis,on of thee values to
the sum of the spectra for the docked state (unlignaded), an hose measured for sites in proteins of known struct2®e (
the double-labeled spectra should retain some broader30) indicates that the even numbered residues inttsgand

features. .
. have partial agueous exposure, whereas the odd numbered
Figure 8A,B compares the spectra of the 9/10 and 7/11 residurc)es are rgore protecF:)ted or buried.

R1/R1 mutants to the summed spectra for the R1-labeled

single mutants in the absence of substrate (docked state) anghjscyssION

the presence of substrate (undocked state), respectively. In

both cases, some double R1 labeling has occurred, which The work described here was carried out with several
leads to a small amount of dipole broadening. The broad objectives in mind. One objective was to determine whether
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P25R1 induced conformational change. Third, we wanted to deter-
—/\/\f‘/ mine whether segments deeper in the core of BtuB also
unfolded upon substrate addition. Finally, we were interested

_ﬁ/b\__r@ in examining the conformation of the Ton box in its closed
state.

The data obtained here clearly demonstrate that the Ton
__/\/\ﬁ_TﬁRfl box of BtuB is folded in the same manner in the reconstituted
y system as it is in the native system. Further, the conforma-
tional change observed for the Ton box in intact outer
V28R1 membranes when substrate binds also occurs for BtuB
reconstituted into POPC vesicles. Retention of the confor-
mational change indicates that BtuB is functional in the
‘/\/\/ﬂ reconstituted system. Additionally, previous SDSL and EPR
spectroscopy of putativg-barrel segments of BtuB recon-
stituted into this same lipid system indicate that the BtuB
T30R1 barrel is properly folded20).
The N-terminal side of the Ton box (residuesH) is a
highly dynamic and disordered segment of the protein. The
additional motion that is observed upon substrate binding

Ficure 9: EPR spectra for R1-labeled sites in the ffistrand of (Figure 3) reflects an additional loss of conformational

the core without substrate (solid lines) and in the presence of vitamin . . .
B1, (dashed lines). The spectra are normalized to equal areas andonstraint that is expected to occur upon the undocking of

are plotted with the samg scales. Spectra were acquired with a the Ton box. In the presence of substrate, this segment is

100 G field scan. one of the most mobile protein segments that has been
- investigated by SDSL2E). The segment on the C-terminal
0.061 | side of the Ton box is more structurally ordered than the

N-terminal side, and the EPR spectra indicate that a hinge
for the undocking of the Ton box when substrate binds is
located near position 16. Residues further in core (positions
25—30) form af-strand but do not become unfolded upon
substrate addition. It should be noted that thistrand is

o

=)

G
.

1, (arbitrary units)
)
(=]
S

0.03}
’ homologous with segments in FepA and FhuA that form the
o2 ] first S-strand (S1) within the coré7(9). In FhuA, residues
25 26 27 28 29 30 49—-54 form this strand, and in FepA it is formed from
Residue residues 2732. In each case, residues on one face of the
o0ash M Y strand have a greater exposure to the periplasm than the other
120 face, and the strands are tilted within the core so that one
020 11s end is more buried. The collision parameters reported here
g 0.15 1o & (Figure 10) are consistent with the sidedness of the strand
g in FepA and FhuA and suggest that the strand is also tilted
0.10 10.5 .
in BtuB.
0.05 100 The model that can be generated from these data for the
0.00L 103 substrate-bound form of BtuB places residuesl’ in an
24 25 26 27 28 20 30 3 unstructured strand that is free to diffuse toward the periplasm

Residue with residues 16 and 17 remaining tethered to the core. As

FiIGURE 10: (A) Plots of the normalized intensitl, of the central indicated previouslyX4, 15), the substrate induced unfolding
first-derivative resonance of the EPR spectra shown in Figure 9 Of this N-terminal segment may trigger the interaction with
for sites 25-30 in the absencedl) and presence)) of substrate. TonB, either by directly recognizing TonB or facilitating an
(B) Collision accessibilitiesIf) for oxygen (no substratd®; with interaction between TonB and BtuB. Disulfide cross-linking
substrate©) and NiAA (no substratefl, with substrate[) for indicates that residues within the Ton box directly cross-
residues 2530 determined using air (20% oxygen) and 20 mM . . o . . - .
NiAA (with an N purge background), respectively.Astrand {, link with positions in TonB suggesting that there is a direct
i + 2) periodicity is clearly revealed in both of these data plots. interaction between the Ton box and TonB3), Although
there is limited information from crystallography on substrate-
the substrate-induced conformational change of the Ton boxinduced changes in the Ton box of TonB-dependent proteins,
observed previously in intact outer membrane samples alsothe structural changes seen previously in FhuA are consistent
occurred when BtuB was purified and reconstituted into a with the results obtained here. They also indicate that the
defined lipid mixture. Although the Ton box region can be most significant changes are localized to the N-terminal end
spin labeled while BtuB is in the intact outer membrah2, ( of the protein 9).
15), reconstitution of the protein is necessary because it was As indicated above, we found that many segments in BtuB
found difficult to reproducibly label other segments of this are poorly labeled in intact outer membranes. However,
protein without detergent solubilization. A second objective efficient labeling can be achieved by solubilization and
was to determine those positions on the N- and C-terminal reconstitution procedures. We believe this occurs because
sides of the Ton box that are involved in the substrate- both the dynamics of the protein and its structure are
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perturbed in the micelle environment where the MTSL sites in the Ton box and the effects noted above with
reaction is carried out. In a previous SDSL study on BtuB, detergents suggest that the free energy difference between
the backbone dynamics of tifebarrel region of BtuB were  docked and undocked conformations of the Ton box is small.
found to be dramatically enhanced in the presence of mixedIndeed, careful measurements of the broad (docked) and
micelles formed from POPC and O@(Q). These changes mobile (undocked) components in the EPR spectra indicate
were particularly dramatic near the periplasmic end of the that this difference is on the order of a few kcal/mol (Fanucci
barrel. We have also observed that a portion of the N- and Cafiso, unpublished).
terminus of BtuB (including the Ton box) becomes unfolded  In summary, the data reported here provide information
when placed in OG or DM micelles, and the unfolding is on the structure and mobility of the Ton box segment of
reversed when the protein is reconstituted into a lipid bilayer BtuB in both its docked and its undocked conformations.
environment (Fanucci and Cafiso, unpublished). Both in- The data indicate that the Ton box in the reconstituted system
creased protein dynamics and partial unfolding likely increase exhibits the same structural change observed in intact outer
the accessibility of the MTSL to the various mutant cysteine membranes. In its docked state, the Ton box is fasarand
sites. or extended conformation rather than a helical configuration.
The sequential pattern of EPR line shapes obtained Residues 1 to 15 become undocked from the BtuB core upon
previously for the Ton box indicated that it might have a the addition of substrate, and positions 16 and 17 appear to
helical periodicity (2). Here, a series of double-labeled be near a hinge responsible for opening the Ton box.
cysteine mutants were labeled, and the degree of dipolarPositions 25-30 form af-strand within the core of BtuB
broadening was determined for sites within the Ton box. The that remains folded in the presence of substrate. This region

degree of dipolar broadening observed in the rigid limit appears structurally homologous to the fifsstrand of the

spectra was greatest for pairs of residues having afr 2
spacing consistent with the conclusion that the Ton box in
its docked state is not helical but may assumg-strand
structure. For the spectra presented here, we attempted to
analyze the distances between spin pairs using a Fourier
convolution approach?@, 31). For the labeled mutant 7R1/
10R1, the analysis yielded a bimodal distance distribution
with one distance centered at 12 A and the other at 18 A.

core fold found in the iron transporters FepA and FhuA.
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