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ABSTRACT: FhuA, an outer membrane receptorEscherichia colifacilitates transport of hydroxamate
siderophores and siderophetantibiotic conjugates. The cytoplasmic membrane complex FdeB—

ExbD provides energy for transport via the proton motive force. This energy is transduced by-protein
protein interactions between TonB and FhuA, but the molecular determinants of these interactions remain
uncharacterized. Our analyses of FhuA and two recombinant TonB species by surface plasmon resonance
revealed that TonB undergoes a kinetically limiting rearrangement upon initial interaction with FhuA: an
intermediate TonB-FhuA complex of 1:1 stoichiometry was detected. The intermediate then recruits a
second TonB protein. Addition of ferricrocin, a FhuA-specific ligand, enhanced amounts of the 2:1 complex
but was not essential for its formation. To assess the role of the cork domain of FhuA in forming a 2:1
TonB—FhuA complex, we tested a FhuA deletion (residues 248) for its ability to interact with TonB.
Analytical ultracentrifugation demonstrated that deletion of this region of the cork domain resulted in a
1:1 complex. Furthermore, the high-affinity 2:1 complex requires the N-terminal region of TonB. Together
these in vitro experiments establish that TerflBhuA interactions require sequential steps of kinetically
limiting rearrangements. Additionally, domains that contribute to complex formation were identified in
TonB and in FhuA.

The outer membrane (OMyf Gram-negative bacteria acts bomycin and rifamycin CGP 4832 and is the receptor for
as a barrier that limits the passive diffusion of large molecules phages T5, T1¢80, and UC-1, for colicin M, and for the
through porin proteins. Molecules larger than the molecular antimicrobial peptide microcin MccJ21. Energy for sidero-
mass exclusion limits of porins require an energy-dependentphore transport is provided by the CM complex TenB
mode of transport. These transport systems are proteinExbB—ExbD. This complex delivers electrochemical poten-
complexes whose components reside within the OM, peri- tial via the proton motive force of the CM and transduces
plasm, and cytoplasmic membrane (CM}).(Iron, an energy to the OM receptoR{-4).
essential element, is transported iBscherichia colby iron- FhuA (5, 6) and related OM receptors FepA&)( FecA
chelating siderophores, but its bioavailability is limited at (g) and BtuB @) share common structural features. Each is
physiological conditions due to the formation of insoluble comprised of two domains: an N-terminal globular cork and
ferric hydroxides. Siderophores are too large to diffuse a 22-strandeg-barrel. The cork domain resides within the
passively across the OM and therefore require high-affinity parre|, occluding the large pore of the barrel domain. To
receptor-mediated transport. One such high-affinity uptake yransduce energy from the CM to the OM, TonB must
system relies on FhuA, the receptor for the hydroxamate jnteract with OM receptors. The Ton box, located near the
siderophore ferricrocin (Fc). FhuA also facilitates the periplasmic face of each receptor, is a conserved motif
transport of siderophoreantibiotic conjugates such as al- proposed to be a primary site for Tor®M receptor
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Determination of the X-ray crystallographic structure for
the C-terminal fragment of TonB (residues 16239)
published by Chang et all%) and confirmed by Koedding

Khursigara et al.

pET28 vector in order to change a glycine residue to a cys-
teine; codon underlined: '@&ATCATCACAGCAGCTGC-
CTGGTGCCGCGCGGC and 3-GCCGCGCGGCACCAG-

et al. (L6) raised fundamental questions about the oligomeric GCAGCTGCTGTGATGATG-3. All subsequent steps were

state of TonB in the context of its interactions with OM

receptors. The structures depict C-terminal TonB as a tightly

intertwined dimer. The solution behavior of C-terminal TonB
was analyzed by our groupl?) and others 16) using
analytical ultracentrifugation (AUC). These studies estab-
lished that dimerization of this domain of TonB was not a
crystallographic artifact. However, longer TonB constructs
including TonB residues 145239, 116-239 (16), and 33-

239 (17) sediment as monomers when analyzed by AUC.
Our AUC studies of TonB residues 3239 with FhuA
demonstrated a 2:1 (TonrB-huA) complex in which the

followed according to the manufacturer’s guidelines.

Insertion of Hexahistidine Tag in Fhu¥®1—-128 Plasmid
pGCA21—-128 encoding the FhuA21—128 mutant20) was
doubly digested wittspH and Sal. The resulting fragment
encoding the internally deletdtuA gene was then ligated
into pHX405 vector 21, 22 previously digested with the
same enzymes. This construct corresponded to ARIA
128 mutant that is hexahistidine tagged at residue 405. The
recombinant plasmid was then amplifiedEn coli DH5q,
and sequence fidelity was verified. Last, pGCAQ3—128
was transformed int&. coli AW740.

presence of the FhuA-specific ligand Fc enhanced and Protein Purification FhuA and FhuA21-128 were

stabilized complex formationl{). Determination of 1:1
TonB—FhuA stoichiometries by gel filtrationl@) did not
include longer TonB constructs in which the N-terminal
region was shown to enhance TonBhuA complex forma-
tion. The in vivo dimerization of TonB was also investigated
(18) in protein hybrid experiments: the C-terminal TonB
fragment (residues 16439) was detected in vivo as a
dimer, while a longer protein (residues-3239) did not
dimerize, in agreement with our in vitro finding&).

extracted and purifiedl®) in N-lauryldimethylamine oxide
(LDAO; Fluka) and detergent exchanged on Q Sepharose
anion-exchange media (Amersham Bioscience) into Biacore
running buffer: 100 mM HEPES (pH 7.4), 150 mM Nacl,
0.1% Tween 20 (Protein grade, Calbiochem). TonB (FL) and
TonB (CT), both containing engineered cysteine residues,
were purified using Nit-nitrilotriacetic acid Superflow resin
(Qiagen) followed by cation exchange with SP Sepharose
(Amersham Bioscience). Prior to SPR experiments, each

Our previous surface p|a5mon resonance (SPR) StudyTOﬂB protein was dialyzed against Biacore running buffer.

focused on steady-state interactions between FIMIA7B,
992) and two TonB variants: (i) a C-terminal TonB fragment
termed TonB (CT); residues 15239, M, 11 903; and (ii)

Analytical Ultracentrifugation Samples were prepared for
AUC by dialysis against 100 mM HEPES (pH 8.0), 150 mM
NaCl, and 0.4%n-octyltetraoxyethylene (C8E4; Bachem).

a full-length TonB minus its signal/anchor sequence termed Proteins were concentrated to 1 mg/mL and mixed in 2:1

TonB (FL); residues 32239, M, 24 900. Because TonB

molar ratios (TonB (FL):FhuA§21—128)) for the analysis

requires membrane anchorage and interaction with theof complexes. Ligand-loaded receptor was prepared by
energy-coupling Exb proteins, these TonB variants are unablemixing Fc and FhuA21—-128 in a 10:1 molar ratio, 30 min
to drive active transport. Our objectives were to study isolated at room temperature. Excess Fc was removed by dialysis

TonBs and by SPR define kinetic and thermodynamic
parameters for TonBFhuA interactions. To do so we

expressed and purified the two TonB variants, now engi-
neered with a single cysteine at the N-terminal linker region.

against AUC buffer using Spectrapor dialysis membrane
(POR-6, 25 kDa cutoff).

Sedimentation velocity experiments were performed using
a Beckman XL-1 Analytical Ultracentrifuge. The sample and

The cysteine residue allowed coupling of the TonB variants reference sectors of 1.2 cm path length double-sector

in an oriented fashion, intending to reflect the in vivo
orientation of TonB anchored in the CM. Using this

ultracentrifuge cells were filled with 400L of protein and
AUC buffer, respectively. All sedimentation velocity runs

optimized experimental design we also characterized thewere performed at 40 000 rpm with absorbance scans

kinetics of interactions with full-length FhuA and a mutant
FhuA harboring a deletion in its cork domain (FIMNA1—
128; deleted residues 2128,M, 68 103). Our SPR results,
in combination with sedimentation velocity AUC data,
highlight the intricacy of TonB-FhuA complex formation
in vitro.

EXPERIMENTAL PROCEDURES
Strains E. coli strain AW740 harbors plasmid pHX405

monitored at 280 nm in 10-min intervals over a total spin
time o 4 h at24.6°C.

Sedimentation velocity data were analyzed using computer
program SEDFITZ3) as previously described 7). Briefly,
initial sedimentation profiles were obtained by fitting the data
to the continuous c(S) model, allowing for estimates of initial
svalues for all sedimenting species. Buoyant molecular mass
(Mp) values and refined values for uncomplexed species
were determined using SEDFIT’s noninteracting discrete
species model. InitiaM, values were obtained from the

and expresses recombinant FhuA with a hexahistidine tagknown molecular mass of each protein. Sedimentation

at position 405 19). E. coli ER2566 was transformed with
pPET28 plasmids expressing TonB (FL) and TonB (CT) as
described previouslyl(). All plasmids were confirmed for
nucleotide fidelity by DNA sequencing at Sheldon Biotech-
nology Centre, McGill University.

Site-Directed Mutagenesis of TonB ProteiSge-directed

parameters of uncomplexed species were constrained during
analysis of sedimentation velocity data of heterogeneous
protein mixtures. Sedimentation parameters of species cor-
responding to proteinprotein complexes were refined using
the nonlinear regression algorithms of SEDFIT. Optimization
of the fits were performed by varying stoichiometric

mutagenesis was accomplished using the QuickChange Siteeombinations 081, s2, ands3 and repeating the constrained

directed Mutagenesis Kit (Stratagene, #200519). Briefly,

analyses until distributions of residuals were observed to be

primers were designed to anneal to the linker region of the fully random and rmsd errors were minimized.
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Surface Plasmon ResonancePR measurements were
performed using Biacore 2000 and 3000 optical biosensors
(Biacore, AB). The data collection rate and temperature were
set to 10 Hz and 28C, respectively.

TonBs were immobilized on CM4 or C1 sensor chips
(Biacore, AB) using thiol-coupling procedurezy. Surfaces
were activated by injections oN-hydroxysuccinimide/
N-ethyl-N-(3-dimethylaminopropyl)carbodiimide-hydrochlo-
ride (NHS/EDC, 25L) and 2-(2-pyridinylthio)ethanolamine
(PDEA, dissolved in borate buffer pH 8.5, 2Q) according
to manufacturer’'s recommendations. TonB (FL) or TonB
(CT) diluted in 10 mM acetate buffer (pH 4.5) were
individually coupled to different surfaces by manual injection
at 5uL/min (final concentrations: 160 nM for TonB (FL)
and 145 nM for TonB (CT)) until the desired amounts of
protein were immobilized. Deactivation of remaining acti-
vated groups was accomplished by injection.efysteine
solution dissolved in 0.1 M formate buffer (pH 4.3; 3B).

Control surfaces were prepared using the same procedure,

injecting buffer rather than TonB proteins. Before conducting
any experiments, TonB surfaces were conditioned by buffer
injections followed by two 5Q:L pulses of 5 mM NaOH,
0.1% Tween 20, and an EXTRACLEAN procedure (flow
rate set at 10@L/min). The conditioning cycle was repeated
four times.

Time-Lapse Experiment&huA (— Fc) was injected (1
uM) over TonB proteins,£50 RU for TonB (FL) and~80
RU for TonB (CT)) and control surfaces for 20, 30, 60, or
240 s at 5Q:L/min. After each FhuA injection regeneration
was achieved with two pulses (10 s) of regeneration solution
(5 mM NaOH, 0.1% Tween 20) followed by an EXTRA-
CLEAN procedure performed according to the Biacore
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Ficure 1: Schematic representation of the different kinetic models
to describe TonBFhuA interactions. For all models TonB
represents the ligand (Biacore terminology) and FhuA the analyte.
TonB—FhuA represents 1:1 complex, while TorRBhuA—TonB
represents 2:1 complex. Equation A depicts a simple Langmuirian
interaction model. Equation B represents the rearrangement model
where an initial TonB-FhuA complex undergoes a rearrangement
to TonB—FhuA*. Equation C depicts the two-population model
where two different populations TonB (i.e., Ton&nd TonB) can
bind to FhuA with different kinetic rates. Equation D represents
the avidity model where a TonBFhuA complex recruits a second
TonB to form TonB—FhuA—TonB. For the rearrangement model
Kq is defined as the thermodynamic constant related to the first
step; Kq kott/kon (M). K corresponds to the thermodynamic
constant related to the second stép;= k_/k (no unit). The
apparentKy (Kqapp corresponding to ([TonBk [FhuA])/([TonB
— FhuA] + [TonB — FhuA*]) at equilibrium is equal to4* x
(1+ K H]~L. The apparent dissociation rate(app) corresponds
to (KgappX Kona)-

RESULTS

manual. Sensorgrams were then corrected by the double-

referencing method 26). To facilitate the comparison
between dissociation profiles of FhuA injected at different
association times over TonB (FL), the response at the end

Our initial SPR experimentsly) examined interactions
between TonB and FhuA using a random amine coupling
approach for the immobilization of TonB proteins to the

of each association phase was normalized to an arbitrarySurface of the biosensor chips. With this coupling method
value. Sensorgrams were then aligned so that the dissociatiordttempts to analyze kinetics of TorfF-huA interactions by

phase of the FhuATonB complexes begart & s on the
x-coordinate. The same procedure was used for TonBCT)
FhuA interactions.

Kinetic Characterization of TonBFhuA Interactions by
SPR.AIl kinetic experiments were carried out with a flow
rate of 100uL/min on CM4 or C1 sensor chips (Biacore,
AB). Different concentrations of FhuA (in the absence of
Fc or presence of 1M Fc; —/+ Fc) from 0 to 3000 nM
were injected for 60 s over different TonB proteins; FhuA
injections were randomly performed in triplicate. Analyte
injections were then followed by buffer injection for 180 s.
Between each FhuA injection regeneration of sensor chip
surfaces was achieved by two b0 pulses of 5 mM NaOH,
0.1% Tween 20, followed by an EXTRACLEAN procedure.

SPRevolution did not provide an acceptable fit to a simple
Langmuirian interaction model. Three models of varying
complexity (Figure 1) equally well described data for TonB
(FL)—FhuA interactions: a rearrangement model of initial
complex formation followed by rearrangement to a more
stable complex; a two-population model of two different
populations of immobilized TonB interacting with FhuA; and
an avidity model of FhuA interacting with one TonB
molecule on the surface followed by recruitment of another
TonB. Because computer analyses were unable to discrimi-
nate between different kinetic models when TonB was
randomly coupled to the CM4 sensor surface, alternate
coupling procedures for TonB proteins were investigated.

To reduce experimental effects of surface heterogeneity

Data were prepared using the double-referencing methodattributed to the random amine coupling procedure, a strategy

(25) described by Khursigara et all%). All curves were
reduced to 700 evenly spaced sampling points, and the initial
3 s of each curve were deleted prior to analy&is).(For
each set of individual curves corresponding to injections of
various concentrations of FhuA over the same TonB mutant
surface kinetic analyses of the data were carried out using
four kinetic models (simple, rearrangement, two-population,
and avidity models) available in the RBvolution software
package 26, 27.

was designed to mimic in vivo orientation of TonB when
anchored in the CM. Site-directed cysteine mutagenesis of
TonB (FL) and TonB (CT) proteins incorporated a single
cysteine into the N-terminal linker region provided in the
PET28 vector. No endogenous cysteine is found in either
TonB protein. Expression, purification, solubility, and stabil-
ity were the same for the TonBcysteine mutants when
compared to their parent, nonmutagenized proteins (data not
shown). Taking advantage of the engineered cysteine residue,
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A 12 mental conditions, such as heterogeneity of the TonB surfaces
due to random coupling28). We hypothesized that the
3 10 observed complexity results from a sequential multistep
2 08 240's mechanism of interaction with a kinetically limiting element.
c s On the basis of this observed time-dependent effect, FhuA
s 06 20s injection times were set at 60 s over TonB surfaces for all
E 04 subsequent kinetic experiments to fully assess the complexity
2 of the initial interactions between TonB and FhuA.
02 Kinetic Assessment of Initial TonB (FLtFhuA Interac-
0 tions Time-lapse experiments provided preliminary informa-
tion about experimental parameters for subsequent detailed
-400 200 0 200 kinetic analyses. To further refine our kinetic experiments,
Time (s) flow rates were increased to 1@Q./min and low amounts
B 12 of TonB protein were thiol-coupled, reducing surface het-
erogeneity, mass transport limitation, and rebinding artifacts
g 10 (29). Furthermore, data sets were rigorously analyzed using
S o8 the double-referencing methodqQ).
8 Interactions between thiol-coupled TonB (FL) and FhuA
E 06 é?)oss (—=/+ Fc) were examined using CM4 sensor chips. We
£ o4 30s observed a marked decrease in the level of FhuA response
S in the presence of Fc (Figure 3B) as compared to the absence
0.2 of Fc (Figure 3A). The difference at the highest FhuA
0 concentration was approximately 2-fold. These trends were
observed for all data generated by injecting the same FhuA
-400 -200 0 200 concentrations/+ Fc) over similar TonB (FL) surfaces
Time (s) (data not _shown)_. Given the Complex mode of interaction
Ficure 2: Time-lapse experiments for FhuA-c binding to TonB pbservgd in the “”.‘e""?‘pse experlments., TonB H:E)IUA .
(FL) and TonB (CT). FhuA (kM) was injected at 5@L/min for interactions were kinetically analyzed using a simple kinetic

20, 30, 60, and 240 s over TonB (FL) (A) and TonB (CT) (B). The model. The nonrandom residuals and standard deviations
sensorgrams were control-corrected and normalized at the end ofdemonstrate poor fits (Figure 3C and D). Because sources
35’:10h a_siociat;]on pf;ase tOhan arbitrary v?lue.(;rhe sz%indmngr of theof artifact that might lead to deviation from a simple model
e e s, Were addressed by our experimental design, the observed
deviations are consistent with a more complex mechanism
thiol coupling of the purified TonB variants to the sensor of interaction between TonB (FL) and FhuA.
chips created homogeneous TonB surfaces. Our previous data demonstrated that in solution FhuA was
TonB-FhuA Interactions Are Comprised of Multiple Steps. capable of interacting with two TonB (FL) proteins by AUC,
To compare complexity of interactions for FhuA that were and a similar reduction in FhuA response over TonB (FL)
previously observed with amine-coupled TonB (FL)/), surfaces was seen in steady-state SPR experintentsihe
time-lapse experiments were conducted with thiol-coupled decreased response level of bound FhuA observed upon Fc
TonB (FL). In the absence of Fc, FhuA ¢M) was injected addition (Figure 3B) is likely due to an enhanced avidity
for association times varying between 20 and 240 s. If effect occurring at the biosensor surface. That is, Fh#tA (
interactions between TonB and FhuA were to follow a simple Fc) might bind two TonB (FL) molecules in a more efficient
Langmuirian association, the observed off rate should not fashion than the FhuA- Fc) might bind two TonB (FL)
change with respect to the duration of FhuA injections. molecules. Hence, less unbound TonB would be available
However, if the interaction were comprised of multiple to bind additional FhuA molecules at the surface of the
association steps, the observed off rate should vary with biosensor, resulting in decreased response levels observed
changes in association times. Figure 2A demonstrates then the presence of Fc.
apparent dissociation of normalized FhuA injections over a  We next evaluated two kinetic models of higher complex-
TonB (FL) surface. As association times of FhuA were ity that describe the interactions: the rearrangement model
increased, the stability of the TonB (FLFhuA interactions and the avidity model (Figure 1B and D). Avidity describes
also increased, as judged by slower dissociation profiles. Thisbinding strength of an interaction where one molecule
time-dependent phenomenon was also observed for TonBcontains multiple binding sites (multivalent), a term often
(CT)—FhuA interactions (Figure 2B), suggesting that FhuA invoked for antibody-antigen interactions. Within the
interacted with both TonB species in a manner that deviated SFRevolution software package the avidity model is used to
from a simple Langmuirian 1:1 interaction model. The analyze bivalent interactions because it depicts the presence
deviation in dissociation profile was most evident at shorter of two independent binding sites on the analyte molecule
association times (20, 30, and 60 s), indicating that the two- (31). When used to analyze kinetics of TonB (FthuA
state mode of binding can be detected at shorter timeinteractions, these more complex models resulted in similar
intervals. The design of these experiments placed emphasidits (Figure 3E-H), as judged by residuals (difference
on low amounts of TonB coupled in an oriented fashion and between experimental data and theoretical model) and their
on high flow rates. Therefore, the observed variation in standard deviations. The same results were observed for three
dissociation cannot be attributed to nonoptimized experi- independently generated data sets over similar TonB (FL)
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Ficure 3: Kinetic analysis by SPR of FhuA interactions with TonB (FL) on CM4 sensor chip. Different concentrations (0, 10, 30, 100,
300, 1000, and 3000 nM) of FhuA Fc (A) and FhuA+ Fc (B) were injected in duplicate over 65 RUs of thiol-immobilized TonB (FL).
The black points correspond to the experimental data and the solid lines to the fit using the rearrangement model in the case of FhuA
Fc and the avidity model in the case of FhdAFc. The kinetic and thermodynamic constants related to the fits are listed in Table 1. (C
and D) Residuals for the fit to the simple model; (E and F) residuals for the fit to the rearrangement model; (G and H) fit to the avidity
model for FhuA— Fc and FhuA+ Fc, respectively. Standard deviations for each fit are listed above the respective residuals.

Table 1: Apparent Kinetic and Thermodynamic Constants of Fhu/A-(Fc) Interacting with TonB (FL): Rearrangement Mddel

CM4 sensor chip C1 sensor chip
FhuA (— Fc) FhuA ¢ Fc) FhuA & Fc) FhuA ¢ Fc)
Konapp(M 1579 (27.3+ 1.0) x 10° (27.3+ 1.0) x 10° (31.6+ 1.0) x 10° (30.4+ 1.0)x 10°
Koff app (S74) (7.0+0.7) x 10 (3.1+£1.0)x 10 (7.3+£0.3)x 104 (7.6+0.5) x 10
Kd app(NM) 25.7+ 3.0 11.5+ 3.0 23.1+ 2.7 25.0+ 2.6

aValues correspond to average vaktethe standard deviation of four independent experiments.

surfaces (data not shown). Similarities in the residuals and thermodynamic constants for interactions of TonB (FL)
associated with the more complex models did not allow us with FhuA (—/+ Fc) with the rearrangement model are listed
to discriminate between the fit of the rearrangement model in Table 1. Despite best agreement between the experimental
versus the fit of the avidity model. data and the avidity model in the case of FhuRA Fc)
Muller et al. 32) proposed that description of the kinetic (Figure 3H; standard deviatios= 0.523), Kkinetic rates
and thermodynamic parameters associated with the aviditydetermined for the avidity model have been omitted from
effect are difficult to interpret. They demonstrated that the our tables. Instead, the observed effect of Fc and its ability
quality of fit obtained with an avidity model may be usedto to promote stable 2:1 TonB (FEFhuA complexes is
evaluate the adequacy of an interaction when compared topresented (Figure 3B).
other models. However, the authors emphasized that the To test the ability of TonB (FL) to dimerize upon addition
derived kinetics are less meaningful because the rates relatedf FhuA, we conducted additional experiments on C1 sensor
to the second step of the avidity model are dependent onchips. C1 sensor chips lack the flexible chains of carboxy-
the amount of surface-bound protein. Acknowledging their lated dextran that provide the three-dimensional matrix on
caveats and then kinetically analyzing our data, only kinetic CM4 sensor chips. Instead, the C1 surface is replaced by a
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E Std. Dev. = 0.602 F Std. Dev. = 0.613
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0 60 120 180 240 300 E) 6'0 150 1;;0 240 360
Time (s) Time (s)
Ficure 4: Kinetic analysis by SPR of FhuA interactions with TonB (FL) on C1 sensor chip. Different concentrations (0, 10, 30, 100, 300,
1000, and 3000 nM) of FhuA- Fc (A) and FhuA+ Fc (B) were injected in duplicate over 118 RUs of thiol-immobilized TonB (FL)
coupled to a C1 sensor chip. The black points correspond to the experimental data and the solid lines to the fit using the rearrangement
model. The kinetic and thermodynamic constants related to the fits are listed in Table 1. (C and D) Residuals for the fit to the simple model;

(E and F) residuals for the fit to the rearrangement model; (G and H) fit to the avidity model for FHtedand FhuA+ Fc, respectively.
Standard deviations for each fit are listed above the respective residuals.

flat two-dimensional carboxylated surface that supports the standard deviations. Apparent kinetic and thermodynam-
same immobilization chemistry. The absence of the dextranic constants obtained when analyzing TonB (FEhuA
matrix reduces dynamic movement of immobilized proteins, (—/+ Fc) interactions on C1 chips are listed in Table 1.
thereby minimizing potential avidity effect83). TonB (FL) Our results from both CM4 and C1 sensor chips suggest
was thiol coupled to the C1 chip (approximately 120 RU), that a kinetically limiting rearrangement of TonB (FtifhuA
and FhuA /+ Fc) was injected at different concentrations complex (1:1 stoichiometry) occurs prior to the recruitment
(0—3000 nM). As shown in Figure 4A and B, no apparent of an additional TonB (FL) molecule. Apparent thermody-
differences were observed in the levels of response ornamic dissociation constant&y apy for TonB (FL)—FhuA
dissociation profile for FhuA</+ Fc) binding to TonB (FL). interactions on a CM4 sensor chip demonstrated (Table 1)
Even though the avidity component was experimentally an increased affinity in the presence of A¢ylps 25.7
discounted, the interactions between TonB (FL) and FhuA (— Fc) versus 11.5 nM+ Fc)]. Subsequent recruitment of
were still not adequately described by a simple model (Figure a second TonB (FL) was enhanced by preincubation of Fc
4C and D,— and + Fc, respectively) because of highest with FhuA and lead to formation of a more stable complex
values for standard deviations. The complex interaction [Kefapp 7.0 x 1074 (— Fc) versus 3.1x 1074 s (+ Fc)].
mechanism of binding was also highlighted by performing On C1 sensor chips, absence of the three-dimensional dextran
time-lapse experiments on the C1 chip, which provided surface did not allow TonB (FL) molecules to bind to FhuA
similar dissociation profiles (data not shown) to those ina 2:1 manner; therefore, no reduction in response of FhuA
obtained with CM4 chips (Figure 2A). Analyses were over the TonB (FL) surface was observed (compare Figures
extended by fitting the C1 sensor chip data using the 3A and B with 4A and B). The resulting affinities were not
rearrangement and the avidity models (Figure-48. The affected by FcKqapp23.1 (— Fc) versus 25.0 nM+ Fc)]
rearrangement model was found to best describe the datanor was the overall stability of the complekfapp 7.3 x
rather than the avidity model, judging by residuals and 104 (— Fc) versus 7.6x 104 s ! (+ Fc)]. These results
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Ficure 5: Kinetic analysis by SPR of FhuA interactions with TonB (CT). Different concentrations (0, 10, 30, 100, 300, 1000, and 3000

nM) of FhuA — Fc (A) and FhuA+ Fc (B) were injected in duplicate over 61 RUs of thiol-immobilized TonB (CT). The black points
correspond to the experimental data and the solid line to the fit using the rearrangement model for both FhaAd FhuA+ Fc. The

kinetic and thermodynamic constants related to the fits are listed in Table 2. (C and D) Residuals for the fit to the simple model; (E and

F) fit to the rearrangement model for FhuA Fc and FhuA+ Fc, respectively. Standard deviations for each fit are listed above the
respective residuals.

suggest that a kinetically limiting rearrangement governs Table 2: Apparent Kinetic and Thermodynamic Constants of FhuA
initial interaction between TonB (FL) and FhuA; formation (—/+ Fc) Interacting with TonB (CT): Rearrangement Mddel

of a 2:1 TonB (FL}»FhuA complex follows. parameters FhuA{ Fc) FhuA & Fc)

Kinetic Assessment of Initial TonB (CIFhuA Interac- Ko on(M 15 1) (28.3% 0.8) x 10° (24.8+ 0.6) x 10°
tions TonB (CT) was shown to be a tightly intertwined dimer koﬁazg (s (5.24+0.6) x 1073 (3.8+0.4)x 1073
(15, 1. When analyzed by steady-state SRR) this dimer Kd app(NM) 182.34+ 15.0 154.2+ 17.3

was capable of binding to FhuA with reduced affinity when — a oy footnote definitions see Table 1.
compared to TonB (FL). For kinetic analysis of TonB (CT)
FhuA interactions, approximately 60 RUs of TonB (CT) were fit when compared to the avidity model (data not shown),
thiol coupled to a CM4 sensor chip. Concentrations of FhuA consistent with previous observations that TonB (CT) exists
(—=/+ Fc) from 0 to 3000 nM were injected. In both the as a preformed dimed6, 17. Kinetic and thermodynamic
absence and presence of Fc (Figure 5A and B, respectively)parameters corresponding to the TonB (EFhuA interac-

the heights of each control-corrected sensorgram for match-tions are listed in Table 2. A comparison of these constants
ing FhuA concentrations were similar, indicating that Fc had revealed that preincubation of FhuA with Fc did not affect
no effect on the amount of FhuA binding to the immobilized its interaction with TonB (CT). The apparent thermodynamic
TonB (CT) surface. As expected from time-lapse experi- dissociation constant&{.py corresponding to FhuA interac-
ments, the interactions could not be adequately depicted bytions with TonB (CT) were higher [182.3(Fc) and 154.2

a simple model of binding (Figure 5C and D). We previously nM (+ Fc)] than for FhuA interactions with TonB (FL) [25.7
demonstrated by AUC that TonB (CT) was dimeric and (— Fc) and 11.5 nM+ Fc)]. This indicates that the overall
bound to FhuA wilh a 2 TonB (CT):1 FhuA stoichiometry  affinity of FhuA for TonB (CT) is not as high as for TonB
(17). The observed deviation from the simple model is likely (FL). Such findings are in agreement with our steady-state
due to each monomer within the TonB (CT) dimer interacting analysis {7) and confirm that the N-terminal portion of TonB
sequentially with FhuA. This mechanism of binding would (FL) actively participates in binding to FhuA.

correspond to the rearrangement model (Figure 1B). Thus, Deletion within the Cork Domain of FhuA Alters Stoichi-
the control-corrected sensorgrams for FhuA- Fc) were ometry of TonB-FhuA ComplexPrior to high-resolution

fit to the rearrangement model (Figure 5E and F, respec- structures of FhuA by X-ray crystallography,(6) we
tively). As a control, the quality of the fit was compared to engineered the Fhu¥21—128 protein 20) to define domains
that obtained using the avidity model; both models are of FhuA—ligand interactions. By inspection of the FhuA
equally complex. The rearrangement model provided the bestcrystal structures this deletion is located in the cork domain
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Table 3: Sedimentation Velocity Parameters of TonB (FEhuAA21—-128 Complexes Determined by Fits to a Noninteracting Discrete
Species Model

FhuAA21-128 TonB(FL) Fc s3 Ma32 (Da) Dad (ML/G) M;3¢ (Da) Cs3/Crot (%) rmsd
1 2 - 2.66 22,533 0.756 92,357 55 0.0079
1 2 + 2.82 22,949 0.756 94,053 41 0.0057

FhuAA21—-128 and TonB (FL) were mixed in the molar ratios indicated in the presence or absence of ferr&3oeisB8, M3 = FhuAA21—
128+ TonB (FL) complex.2 Buoyant molecular mass determined from fit to noninteracting discrete species model (SERPWAEjght-averaged
apparent vbar of complex$ M, = My/(1 — ®); 9rmsd= least-squares error of fit.

(residues +160), eliminating the switch helix (residues24  FhuAA21-128 (s1), uncomplexed dimeric TonB (FL}Z),

29) but not deleting the Ton box (residues-I11). We and TonB (FL)-FhuAA21—-128 complex $3). In analyzing
modified the original FhuA21—128 construct to incorporate  these data the and My parameters ol ands2 were fixed

a hexahistidine tag at position 405, thereby facilitating its at the values described above. In the absence aBReas
purification. This same FhuA mutant was characterized by observed to have aswalue of 2.66 and 8, of 22 533 Da.
Bonhivers et al. 34), and its stability was compared to FhuA. In the presence of Fc thevalue of the complex increased
The authors demonstrated that FIAZ1—128 had some  to 2.82 while theMy, remained the same (22 949 Da; Table
reduced stability resulting from loss of cork residues. Our 3). The increase is suggests alterations in the overall shape
biophysical characterization of Fhu¥®1-128 exploited of s3 in the presence of Fc and is consistent with the Fc-
AUC and SPR to examine this engineered FhuA cork dependentincrease &previously observed for the 2:1 TonB
deletion for interactions with TonB. (FL)—FhuA complex 17). Also consistent with our previous

To investigate the stoichiometry of TonB (FEFhuAA21— study, the observed complex has swalue that is slightly
128 we performed sedimentation velocity AUC experiments lower than that of the uncomplexed FhuA species, likely due
on TonB (FL) and FhuA21-128 individually and in to the elongated nature of TonB (FLT)K_). We observed that
mixtures. The sedimentation parametessufdM,) for the 3 accounted for 55% and 41% of: in the absence and
individual species were used as prior knowledge in analyzing Presence of Fc, respectively (Table 3). The remaindey,of
the sedimentation behavior of TonB (FtfFhuAA21—128 in each case was comprised of both uncomplexed AR1A
complexes in the absence and presence of Fc. Experimentd-28 and uncomplexed TonB (FL).
were performed in the detergent C8E4 using methods and The My, values ofs3 in the absence and presence of Fc
analytical procedures described previously’)( Uncom- are equivalent to the sum of ti\d, values of one molecule
plexed FhuA21-128 (— Fc) sedimented as a single species of TonB (FL) plus one molecule of Fhu¥21—-128. Using
with ans value of 3.04 and a buoyant molecular mals)( a weight-averaged apparent vbar of 0.756 we determined the
of 15 712 Da: such a value corresponds to ao168 017 molecular mass of the complex to be 92 357 and 94 053 Da
Da and reflects the loss of 107 residues in the FhuA cork in the absence and presence of Fc, respectively (Table 3).
domain. This is in agreement with the findings of Bonhivers These values agree well with the sequence-predicted mo-
et al. that demonstrated by SB8AGE and nondenaturing lecular mass of a 1:1 TonBFhuAA21-128 complex
gels a shift in migration of recombinant FhA&1—-128 (93 049 Da). We previously showed?) that TonB (FL)
proportional to the loss of residues-2128 in the FhuA cork  and FhuA form a 2:1 complex both in the absence and
domain @4). In the presence of Fc we found Fha&1— presence of Fc. However, here we were unable to fit our
128 to have ais value of 2.99 and a buoyant molecular mass sedimentation velocity data to a model describing a 2:1
of 15 665 Da. The ¢(S) analyses revealed that the frictional TonB—FhuAA21—-128 complex. SEDFIT analyses of these
ratio (f/fo) of FhuAA21—-128 is 1.80 in the absence of Fc data revealed the presence of only a 1:1 complex with no
and 1.89 in the presence of Fc. These values differ only detectable 2:1 complex in the absence or presence of Fc.

slightly from the frictional ratio of FhuA f(fo = 1.76) Deletion within Cork Domain of FhuA Does Not Alter
determined in our previous studg4). TonB (FL) with a  |pjtial TonB (FL)~FhuA Interactionsinteractions between
single Cys _ substitution sedimented as two species: aTonB (FL) and FhuA21-128 were analyzed by thiol
molnomerlwnh ars value of 1.61 and &, of 7102 Da and coupling approximately 80 RUs of TonB (FL) to a CM4
a dimer with ars value of 1.58 and #, of 14 367 Da. The  sensor chip. Concentrations up to 3000 nM Fhu#k Fc)
dimeric TonB (FL) species is of lower abundance, compris- \yere injected over test surfaces and control surfaces. Absence
ing approximately 30% ofCo, with monomeric TonB  of residues 24128 of FhuA abolishes formation of a 2:1
comprising the remaining 70%. We previously showed TonB TonB (FL)-FhuA complex and thus is not expected to lead
(FL) lacking this Cys substitution sediments withswalue o a Fc-enhanced avidity at the sensor chip surface. In either
of 1.40 and aM of 6989 Da (7). The lower abundance the absence or the presence of Fc FAA—128 demon-
dimeric species may be due to the formation of intermo- strated similar levels of response (Figure 6A and B). This
lecular disulfide bridges between TonB (FL) monomers.  gpservation is strikingly different than that for TonB (FL)
Using the sedimentation parameters of the uncomplexedFhuA (—/+ Fc) interactions (Figure 3A and B), indicating
species as prior knowledge we performed sedimentationthat Fc does not contribute an avidity effect to the same
velocity experiments on 2:1 molar mixtures of TonB (FL) extent. Also, the absence or presence of Fc did not improve
and FhuA\21—-128 in the absence and presence of Fc (Table the quality of the fit to the simple model (Figure 6C and D).
3). Absorbance data were fit to the noninteracting discrete Data were next analyzed using the rearrangement (Figure
species model of SEDFIT. Both in the absence and presenceéE and F) and avidity models (data not shown); TonB (L)
of Fc three sedimenting species were observed: uncomplexed~huAA21—128 interactions, both in the absence and presence
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Ficure 6: Kinetic analysis by SPR of Fhu#21—-128 interactions with coupled TonB (FL). Different concentrations (0, 10, 30, 100, 300,
1000, and 3000 nM) of FhuA21—-128 — Fc (A) and FhuA21—-128+ Fc (B) were injected in duplicate over 89 RUs of thiol-immobilized

TonB (FL). The black points correspond to the experimental data and the solid line to the fit using the rearrangement model for both
FhuAA21-128 — Fc and FhuA21-128 + Fc. The kinetic and thermodynamic constants related to the fits are listed in Table 4. (C and
D) Residuals for the fit to the simple model; (E and F) fit to the rearrangement model forA21+4128 — Fc and FhuA21-128+ Fc,
respectively. Standard deviations for each fit are listed above the respective residuals.
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Ficure 7: Evaluation of by SPR of FhuA21—-128 interactions with TonB (CT). Different concentrations (0, 100, 300, 1000 and 3000
nM) of FhuAA21—-128 —Fc (panel A) and FhuA21-128 +Fc (panel B) were injected in duplicate over 159 RUs of thiol-immobilized
TonB (CT). The top curve (grey) in both panels A and B represent the surface-normalized response from Fon\ (CT) interactions,

— and+ Fc respectively (Figw 4 A and B) at the 3000 nM concentration injection. Experiments were performed’at 28d at a flow

rate of 100ul/min.

of Fc, were best described by the rearrangement model asTable 4: Apparent Kinetic and Thermodynamic Constants of

judged by residuals and standard deviations. FhuAA21-128 (~/+ Fc) Interacting with TonB (FL):
L . Rearrangement Model
The kinetic and thermodynamic constants for TonB (FL)
FhuAA21—128 interactions as described by the rearrange- __Parameters FhuA Fc) FhuA ¢+ Fo)
ment model are presented in Table 4. The overall affinity of  kon app(h/lllsfl) (37.04 1.0) x 1034 (29.0+ 1.0) x 1033
the interaction Kq app= 20.1 (- Fc) versus 64.1 nM Fc)] Kotfapp (S) (7.4+0.6) x 107 (1.9£0.3) x 107

and stability of the complexkpapp = 7.4 x 107* (— Fc) Ka app (NM) 20.1+£4.0 64.1£5.2

versus 1.9« 103 s1 (+ Fc)] are stronger in the absence of __*For footnote definitions see Table 1.

Fc. The Fc-dependent increasdigwgpagrees with our AUC

data which demonstrate a slightly lower abundance of TonB 3). This suggests that when FhA21—128 is in a ligand-
(FL)—FhuAA21-128 complex in the presence of Fc (Table loaded state, the cork deletion in FhuA may perturb potential
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sites of TonB interaction or the mutated cork may undergo experiments for interactions of FhuA with thiol-coupled
drastic conformational changes when the ligand Fc is present.TonB (FL) and TonB (CT) demonstrated that the interactions
Deletion within Cork Domain of FhuA Eliminates TonB are kinetically complex (Figure 2A and B). These results
(CT)-FhuA Interactionsinitial attempts to analyze interac- were corroborated by kinetic analyses of the SPR data
tions between TonB (CT) and Fhu¥1—-128 employed 61  corresponding to FhuA</+ Fc) interacting with both TonB
RUs of thiol-coupled TonB (CT) on the surface of a CM4 variants.
sensor chip. Concentrations of FhdA1—-128 (—/+ Fc) The kinetic analysis of FhuA interactions with TonB (FL)
from 0 to 3000 nM injected over a surface with a similar immobilized at its N-terminus provides a clearer depiction
loading of TonB (CT) failed to produce a significant of complex formation since TonB (FL) is now coupled in a
response. To increase the response the amount of TonB (CT)more functionally relevant orientation. SPR experiments
coupled to the surface was increased to 159 RUs, and theconducted on CM4 and C1 sensor chips (Figures 3 and 4,
same concentrations of FhiM®1—-128 (—/+ Fc) were respectively) demonstrate that at least two distinct steps
injected as for FhuA. Only the highest concentrations (3000, follow the formation of an initial TonB (FL)-FhuA com-
1000, 300, and 100 nM-/+ Fc) provided reproducible and  plex: a rearrangement of the initial 1:1 TonB (FtFhuA
detectable signals (Figure 7A and B). At these concentrationscomplex and then recruitment of a second TonB (FL). The
of FhuAA21—-128 the complexes formed with TonB (CT) presence of Fc enhances the 2:1 TonB (FEhUA complex
were determined to be transient, as judged by their apparentwhen TonB (FL) is thiol coupled to the CM4 sensor chip
fast dissociation rate. Also, no effect of Fc on the interactions surface (Figure 3B). TonB (FL) and FhuA can form a 2:1
was observed (Figure 7B); there was no change in the levelcomplex in the absence of Fc but with decreased stability
of response. For comparison, data from 3000 nM concentra-(17). This combination of kinetic steps resulted in experi-
tions of FhuA (/+ Fc) injected over 61 RUs of TonB (CT)  mental data that fit well to both the rearrangement and avidity
were normalized to the response expected over the 159 RUmodels (Figure 3).
surface (Figure 7A and B, gray curves). The differences in SPR experiments on C1 sensor chips corroborate the
the level of response, the amplitude of the association, andsequential nature of kinetic steps that occur between FhuA
the resulting stability of the complex reveal negligible (—/4+ Fc) and TonB (FL) (Figure 4). These experiments
interactions between TonB (CT) and FhaRA1-128. suggest that when monomeric TonB (FL) is immobilized on
DISCUSSION a two-dimensional surface, recruitment of an additional TonB

(FL) molecule by a 1:1 TonB (FL)FhuA complex is greatly
Our previous steady-state SPR analy$i§ ¢onfirmed that

diminished. A comparison dfy app Values from CM4 and
FhuA interactions with TonB (FL) were enhanced by the C1 sensor chips (Table 1) indicates that apparent off rates
preincubation of FhuA with Fc, demonstrating a 7-fold are similar for 2:1 and 1:1 TonB (FE)FhuA interactions.
increase in affinity in the presence of Fc. However, attempts From these values it is unclear whether the recruited TonB
to analyze kinetics of FhuA interactions with amine-coupled (FL) interacts directly with FhuA or with the initial TonB
TonB (FL) were complicated by surface heterogeneity, an (FL) in the 1:1 complex. However, on the basis of on AUC
experimental artifact25), and did not allow determination  results obtained for FhuA21—128 (see below) and fits of
of kinetic constants to describe the interactions. In the presentTonB (FL)—FhuA interactions to the avidity model, our
study we carefully optimized our SPR experimental condi- interpretation is that TonB (FL) recruited to a 1:1 TonB
tions by oriented thiol coupling. Addition of a single cysteine (FL)—FhuA complex interacts with FhuA; additional TornB
residue in the N-terminal linker region of both TonB variants TonB interactions cannot be excluded. Kinetic analysis of
provided an alternate immobilization of TonBs, producing the TonB (FL}-FhuA SPR data generated with C1 sensor
a homogeneous surface that mimics in vivo orientation. Using chips indicates that the interaction is complex even though
these surfaces our kinetic analysis indicates that ligand-loadedhe avidity effect was not observed. This led to our hypothesis
FhuA forms a complex 2-fold more stable than its ligand- that the observed complexity was due to a kinetically limiting
unloaded counterparkdtap, = 7.0 x 1074 s™* (— Fc) versus rearrangement occurring with the TonB (FtfhuA com-
3.1x 10 (+ Fc); Table 1]. This Fc-dependent increase in plex, consistent with a best fit of our data to the rearrange-

stability is directly reflected in the apparent affinitid&;fpp
= 25.7 (= Fc) versus 11.5 nM« Fc)] of TonB for FhuA

ment model (Figure 4).
Further evidence for the presence of a kinetically limiting

—/+ Fc since the apparent association rates of the interactionsearrangement step in formation of TonB (FIBhuA
were determined to be identical both in the presence or thecomplex came from experiments conducted with FAQA—

absence of Fc (Table 1). The differencesKiup, between

128 and TonB (FL) (Figure 6; Tables 3 and 4). AUC analysis

our steady-state and kinetic analyses are attributed to twoof TonB (FL) plus Fhu21—-128 revealed that deletion of

factors: the immobilization technique used to couple TonB
(FL) (random amine coupling versus oriented thiol coupling)

a significant portion of the FhuA cork domain abrogates in
vitro assembly of 2:1 TonBFhuA complex. With AUC

and the amount of TonB (FL) coupled to the surface (100 experimental conditions used previously to detect 2:1 FonB
RUs in our previous study versus 65 RUs in the present FhuA complex 17) we now establish that TonB (FL) can

study). The latter is consistent with measured affinity
differences. Considering that FhuA binds to TonB (FL)
according to an avidity model, it is likely that the apparent
affinity of FhuA for surface-bound TonB (FL) increases
while increasing the amount of coupled TonB. The higher
amount of free TonB (FL) on the surface would favor the
formation of a 2:1 TonB-FhuA complex. Time-lapse

only form a 1:1 complex with FhuA21—128. The complex

is stable: sedimentation velocity data fit well to SEDFIT’s
noninteracting discrete species model. This is in agreement
with SPR analyses that show the TonBhuAA21-128
complex to have approximately the same stability as the
TonB—FhuA complex; both have equivalekds app Values

in the absence of Fc. In the presence of Fc, however, the
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(IV) TonB — FhuA - TonB

stability of the TonB-FhuAA21—-128 complex decreases [ T - .
approximately 2.5-fold, also reflected in a decrease in (1) TonB + FhuA (V) TonB — FhuA(Fc) - TonB
abundance 0§3 upon addition of Fc to our AUC sample.
We observe a concomitant Fc-dependent increase in the
sedimentation coefficient &f3 (2.66-2.82), suggesting that
the conformational changes that we proposed during the
formation of the 2:1 TonB-FhuA encounter complex occur
before recruitment of the second TonB molecule at the
periplasmic face of the OM receptor. Our AUC results
strongly support our SPR data in which an avidity model
best describes the interaction of FhuA with TonB (FL) ~  precomplex Final Complex
immobilized in a functionally relevant orientation. By using
FhuAA21—-128 we trapped the intermediate 1:1 complex o
formed prior to recruitment of a second TonB monomer, a { Fe H
necessary step in forming 2:1 complex. Evidence for this
recruitment is clearly seen in the avidity effect in SPR
experiments when TonB (FL) is immobilized to CM4 chips;
this effect is enhanced when the OM receptor is in the ligand-| ) TonB -Fhua (1) TonB — FhuA*
loaded state. Since Fhu¥®1—128 cannot facilitate confor-
mational changes necessary to render the TonB dimerization
competent, we did not observe in our AUC experiments a .9
significant increase in the abundance of TerfBhuAA21— T
128 complex nor transition to a 2:1 complex when FA2A—
128 is ligand loaded.
Moeck and Letellier 35) characterized interactions be-
tween a truncated TonB protein and FhuA. These in vitro
interactions demonstrated that H&nB formed complexes - Encounter Complex &
with FhuA in solution and when one partner was immobilized FiGure 8: Proposed model of TonBFhuA complex formation.
on NF NTA agarase resin. Complex formation was en T2 0478, e i e e Clomina
.han(.:ed n thet prgsence of Fc, ConSIStem.Wlth.Other quahtatlvedomain of TonB, wﬁich are connec'?ed to gylinders that represent
in vitro and in vivo results demonstrating ligand-induced  the N-terminal binding region of TonB. The precomplex (1) consists
enhancement of TonBOM receptor interactionsle, 35— of monomeric TonB (FL) and FhuA<{ Fc). The encounter complex
39). Characterization of TonBFhuA interactions reported  (II—IV) is comprised of an initial interaction mediated by the
here represent detailed quantitative assessments of in vitrogf'f}ﬁi'rt;"mfgrggtrig‘r’]“m‘g dgg? é”)aﬁ”'\? tzrrn?%gf‘”gﬁi’gﬁg} ?or?Bh('ﬁBer
mteracuons qSIng recombinant proteins, thus advancing The rearrangement isfollowe)(; by the recruitrr?ent of a second TonB
previous studies. (IV). The addition of Fc (shaded circle) enhances formation of the
In the case of TonB (CT), crystallographic structures, ( high-affinity 2:1 complex (V).
16) and AUC studies 16, 17 demonstrated that the
C-terminal portion of TonB forms an intertwined dimer. Our FhuA. This also confirms the higher affinity binding site
proposal that a predimerized TonB (CT) protein is coupled within the N-terminal region of TonB (FL). Although
to the sensor chip surface is in excellent agreement with ourFhuAA21—-128 cannot form a stable complex with TonB
SPR data and is best described by a rearrangement modeCT), it interacts with TonB (FL) with &g app0f 20.1 nM
(Figure 5 and Table 2). However, contrary to TonB (FL)  (— Fc) in a stable fashiork{sap, = 7.4 x 1074 s71).
FhuA interactions, these results suggest that FhuA initially ~ The initial rearrangement step of TonB (FLfFhuA
interacts with one chain of the TonB (CT) dimer and then interactions is supported by studies demonstrating that the
rearranges to a more stable and higher affinity complex in proton motive force and ligand-loaded OM-receptors can
which the second TonB (CT) chain also contacts FhuA. drive conformational changes in TonBg). Mutations in
Kinetic and thermodynamic constants related to FhaAK aromatic residues within the C-terminus of TonB affect its
Fc) interacting with TonB (CT) are similar, indicating that ability to transport ligand due to altered conformational states
there is only modest Fc-dependent effect on TonB (€T) (40). A related hypothesis has been proposed by Koedding
FhuA complex formation. Koedding et al. suggestéé)( et al.: TonB variants longer than 96 residues (from the
that a similar dimeric TonB variant, TonB-86 (residues153 C-terminus) contain secondary structure elements that pro-
239), is not an energetically favored oligomer of TonB. mote an interaction betweghstrands within the C-terminal
Hence, this rearrangement, although well described by fits region (L6). This mechanism, by which TonB folds upon
to the model, is not considered to be biologically favored. itself, was suggested to play a role in TonBhuA interac-
The inability of FhuAA21—128 to effectively interact with  tions, consistent with our observation that a rearrangement
TonB (CT) in the SPR assays (Figure 7) suggests that thestep occurs after the initial interaction between TonB (FL)
deleted cork residues are important sites of binding betweenand FhuA.
C-terminal residues of TonB. Alternatively, positioning of We now propose a detailed model for the mechanism of
the cork may be altered, abrogating stable interactions. In TonB—FhuA interactions (Figure 8). The precomplex sto-
either case, the outcome delineates regions of interactionichiometries (Step I) are comprised of monomeric TonB and
between predimerized TonB (CT) and the cork domain of monomeric FhuA. Step Il is an initial interaction of a TonB
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monomer with FhuA, characterized by low affinity and
mediated by the C-terminus of TonB. On the basis of our
results and other evidence this interaction most likely
involves the Ton box of FhuA, although other sites of FhuA
may participate in this interaction. Step lll describes the
rearrangement of the 1:1 TorB-huA complex to a higher
affinity complex mediated by the N-terminal region of TonB.
This rearrangement facilitates recruitment of a second TonB
(Step IV); according to our AUC analysis this can occur in
the absence of Fc. Importantly, Fc is required for formation
of the high-affinity 2:1 TonB-FhuA complex (Step V), the
most stable complex in all our experimental results. On the
basis of results derived from the Fha21—128 mutant, we
now propose that recruitment of two TonB monomers to
FhuA requires the participation of the cork domain of OM
receptors. However, all sites of interaction between TonB
and OM receptors need to be more precisely identified, as
do other sites of dimerization within TonB.
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