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Gram-negative bacteria acquire iron with TonB-dependent uptake
systems. The TonB-ExbBD inner membrane complex is hypothesized
to transfer energy to outer membrane (OM) iron transporters. Fluo-
rescence microscopic characterization of green fluorescent protein
(GFP)-TonB hybrid proteins revealed an unexpected, restricted local-
ization of TonB in the cell envelope. Fluorescence polarization mea-
surements demonstrated motion of TonB in living cells, which likely
was rotation. By determining the anisotropy of GFP-TonB in the
absence and presence of inhibitors, we saw the dependence of its
motion on electrochemical force and on the actions of ExbBD. We
observed higher anisotropy for GFP-TonB in energy-depleted cells
and lower values in bacteria lacking ExbBD. However, the metabolic
inhibitors did not change the anisotropy of GFP-TonB in AexbBD
cells. These findings demonstrate that TonB undergoes energized
motion in the bacterial cell envelope and that ExbBD couples this
activity to the electrochemical gradient. The results portray TonB as
an energized entity in a regular array underlying the OM bilayer,
which promotes metal uptake through OM transporters by a rota-
tional mechanism.
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From its importance in aerobic metabolism, iron is essential
to most pro- and eukaryotes and therefore is a determinant
of bacterial disease. Its sequestration by transferrin, lactoferrin,
ferritin, heme compounds, and lipocalins defends animal cells,
fluids, and tissues by “nutritional immunity” (1). However, effi-
cient pathogens overcome this barrier and capture Fe** either by
producing siderophores (2) or by directly removing the metal
from eukaryotic proteins (3). The trilaminar cell envelope of
Gram-negative bacteria, composed of inner membrane (IM),
outer membrane (OM), and the periplasm between them, con-
tains protein components that confer the uptake of metabolic
solutes, including sugars, amino acids, nucleotides, vitamins, and
metals such as iron (4, 5). Enigmatic OM active transporters
acquire metal complexes (ferric siderophores, heme, vitamin B,)
from the environment (6). The OM protein ferric enterobactin
permease A (FepA), for example, internalizes the siderophore
ferric enterobactin (FeEnt) (7). It is typical of many homologous
metal transporters in commensal and pathogenic organisms.
These uptake reactions also require TonB (8), a cell envelope
protein that long ago was proposed to transduce energy (9-12).
However, many questions exist about TonB’s mediation of iron
uptake, including its physical mechanism and its relationship to
bioenergetics. Proton motive force (PMF) may drive OM active
transport (6-8), but the mode of energy transmission to the OM
and TonB’s potential role in it are unknown. We addressed these
topics by characterizing the localization of TonB in the cell mem-
branes, by monitoring its physical motion, and by determining the
dependence of its movements on metabolic energy and the addi-
tional IM proteins ExbBD.

Iron chelates bind to their OM transporters on the cell surface
(13). The subnanomolar affinities of these receptor ferric side-
rophores (14) impart efficiency and specificity to the transport
process. These proteins, also called ligand-gated porins (LGP)
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(13) or TonB-dependent transporters (15), contain a C-terminal
porin (16) channel (C-domain) that surrounds an N-terminal
globule (N-domain) within the pore (17-22). When LGP bind
ligands, structural changes expose an N-terminal polypeptide [the
TonB-box (20-22)] in the periplasm, transmitting a signal of re-
ceptor occupancy to the internal surface of the OM bilayer. The
N-domain somehow regulates the subsequent stage of energy-
dependent ligand transport through the transmembrane channel,
which also requires the actions of TonB. Ultimately, periplasmic
binding proteins (23) adsorb the transported metal complexes and
transfer them to ABC-type IM permeases (24, 25).

Bioinformatic, biochemical, and biophysical data suggest that
TonB comprises three parts in the cell envelope: a hydrophobic
N-terminal sequence in the IM (26-28), a central rigid section in
the periplasm (29-31), and a C-terminal ppoaf domain that may
transiently associate with the TonB-box of LGP in the OM (32—
35). By spanning the periplasm, TonB may link the IM and OM
in a manner that facilitates energy transmission to the metal
transporters (32, 36). However, its participation in energy me-
tabolism remains hypothetical: TonB is not known to generate,
use, or transfer bioenergetic force. Despite this gap, most theo-
ries postulate that TonB transduces energy (11, 31, 32, 37, 38).
Furthermore, the ExbBD proteins that associate with TonB in
the IM show homology to MotAB, the presumed “stator” ele-
ment of the bacterial flagellar motor (39). Both LGP and the
flagellar motor require an electrochemical gradient for activity.
These realizations led to the theory (32) or implication (40) that
TonB functions by rotation. Using GFP fusion proteins, we
conducted experiments to observe the disposition and motion of
TonB in vivo. The results suggest that it undergoes constant
motion, driven by electrochemical force.

Results

Localization of TonB in the Cell Envelope. We microscopically
characterized hybrid proteins (36) that encode either cytoplasmic
GFP (pTpG) or membrane-localized GFP-TonB (pGT). The
latter plasmid introduced GFP upstream of and in frame with
wild-type TonB (GFP-TonB); it produced a fluorescent hybrid
protein with wild-type TonB activity (36). Fluorescence micro-
scopic observations of the chimera originally showed its associa-
tion with the IM, in contrast to GFP alone, which localized in the
cytoplasm (36, 41). Higher-resolution confocal images of GFP-
TonB revealed more detail about the distribution of TonB in the
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Fig. 1. Fluorescence microscopic localization of FepA and TonB in the E. coli cell envelope. E. coli strain OKN3 harboring pFepAS271C (7) and pGT (36) was
grown in MOPS minimal medium to late log, which derepressed the synthesis of FepAS271C and GFP-TonB, respectively. We pelleted the bacteria by cen-
trifugation and exposed them to 5 pM AggoM (Upper) or AsssM (Lower) in PBS at pH 6.5, which restricts the labeling reaction to the genetically engineered Cys
sulfhydryl in FepA (46, 48). (A) FepA. The bacteria were illuminated with 680 nm light and observed at 700 nm (Upper) or illuminated with 553 nm light and
observed at 570 nm (Lower), which visualized FepAS271C-AggoM and FepAS271C-AsssM, respectively, from pFepAS271C. The images with different fluo-
rophores and depths of focus show uniform distribution of the OM transporter around the entire cell surface. (B) GFP-TonB. The bacteria were illuminated
with 488 nm light and observed at 520 nm, which visualized GFP-TonB from pGT, showing the membrane localization of the fusion protein, its centralized
distribution, and general absence from the poles of the cell. (C) Covisualization of FepA and TonB. Superposition of the images in A and B reiterated the

presence of FepA and absence of TonB at the poles of the cell.

cell (Fig. 1). Unlike other fluorescently labeled OM (FepA-AM,;
Fig. 1) and IM (GFP-LacY; Fig. S1) proteins, which were dis-
tributed uniformly throughout the bacterial cell envelope, GFP-
TonB localized to the central regions of the cells and usually was
absent from the poles. The microscopic images suggested a de-
fined organization of GFP-TonB underlying the cell surface. Its
OM partner, FepA, fully encircled the perimeter of bacterial cells,
but TonB did not inhabit the poles, where roughly one-third of the
total FepA localized (Fig. 1). The absence of the accessory pro-
teins ExbBD did not change the distribution of TonB in the IM
(Fig. S1): TonB localization was autonomous from the presence or
absence of ExbBD. This restriction of TonB to the central regions
of the bacterial cell is germane to proposed mechanisms of TonB
action. At any instant, all the FepA proteins in the OM are active
in that they all bind FeEnt and within seconds transport it into the
periplasm (8). Hence, the images raise questions about the phys-
ical relationship between TonB and OM proteins such as FepA
during metal transport reactions through the OM (31-35, 37, 38).

Measurements of TonB Motion. Using the same constructs, we
monitored the directional dependence of GFP emissions, either
free in the cytoplasm or linked to TonB. Steady-state fluorescence
anisotropy examined the motion of the GFP protein. We measured
its depolarization in terms of the anisotropy value (R) according to

_ ILy-Ghy
_IVV+2(;IV)L]7

where I, and I, are fluorescence intensity parallel and per-
pendicular to the excitation polarization, respectively, and G is
an instrument correction factor for its uneven response to s and
p polarized fluorescence. In practice, R ranges from 0 to 0.4; a
smaller R value signifies a more mobile fluorophore.

11554 | www.pnas.org/cgi/doi/10.1073/pnas.1304243110

The fluorescence anisotropy measurements are sensitive only
to molecular motions on the nanosecond timescale, during the
excitation/emission interval. When randomly oriented fluor-
ophores are excited by polarized light, the excited molecules are
oriented within a range of angles to the applied polarization. If the
fluorophore reorients before light emission occurs, then the extent
of polarization will decrease. The anisotropy values strongly depend
on the fraction of GFP-TonB molecules undergoing rapid motion
during the nanosecond observation window and on the frequency
of the motion. These observations record changes in the relative
magnitude of the s and p polarized fluorescence, as will arise from
molecular rotation. Discernible changes in R require a large frac-
tion of molecules in a population displaying asynchronized motion,
and the time frame of the measurements excludes potential effects
from translational motion in the membrane bilayer, which occurs
much more slowly (41).

We expected free GFP to show lower R values than membrane-
anchored GFP, and we determined the parameter for Escherichia
coli BN1071/pTpG (native, cytoplasmic GFP) and BN1071/pGT
(GFP anchored to the TonB N-terminus at the cytoplasmic side
of the IM) (36). The same ferric uptake regulator (Fur)-regulated
TonB promoter controlled expression of both molecules. Histo-
grams comparing R from GFP with that from GFP-TonB (Fig. 2)
revealed statistically significant (P < 0.01) differences in mean an-
isotropy between the cytoplasmic (R, = 0.160; n = 51) and mem-
brane-anchored (R,y. = 0.22; n = 53) fluorophore. These data came
from measurements of individual bacteria in each population
expressing cytoplasmic GFP or membrane-localized GFP-TonB.
The results confirmed that covalent attachment of GFP to TonB in
the IM restricted the motion of the fluorescent protein relative to its
tumbling when free in the cytoplasm.

Effects of Metabolic Inhibitors on TonB Motion. Models of TonB
action and its postulated participation in cell envelope bioenergetics
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Fig. 2.

Fluorescence anisotropy measurements of bacteria expressing GFP. E. coli BN1071/pTpG (Upper) or /pGT (Lower) (36), which produce cytoplasmic GFP

or membrane-associated GFP-TonB, respectively, was grown in MOPS medium and subjected to fluorescence microscopy. We recorded anisotropy (R) of GFP in
the two cells for ~50 measurements from each construct. The resulting histograms revealed a higher R-value, reflecting less rapid motion, for GFP fused to the

N-terminus of TonB, resident in the IM bilayer.

raised the possibility that the anisotropy of GFP-TonB may change
in response to inhibition of energy metabolism. To evaluate this
idea, we observed the effects of the proton ionophore carbonyl
cyanide m-chlorophenyl hydrazone (CCCP) on the anisotropy of
the GFP constructs. In such studies, we measured the fluorescence
of a single cell before and after the addition of the inhibitor. The
microscope itself remained fixed during this procedure: the field
and focus were unchanged, allowing determinations of the differ-
ence in anisotropy (AR) before and after CCCP addition (Fig. 3
and Table 1). Statistical analyses of ~50 measurements showed a
positive change in the anisotropy of GFP-TonB after CCCP addition
(AR = +0.047; P < 0.01) at the stringent 99% confidence level. The
absolute values of R varied on different days, but observations of an
individual cell before and after CCCP addition consistently showed
that anisotropy increased. On the other hand, the much smaller
change in anisotropy (AR = —0.015) seen for cytoplasmic GFP after
CCCP addition was statistically insignificant at a relaxed confidence
level of 90%. These data indicate that CCCP-induced depletion of
the electrochemical gradient reduced the mobility of TonB in the
IM. An electron transport blocker (azide) and dinitrophenol
(DNP), another protonophore that collapses PMF, similarly in-
creased the anisotropy of GFP-TonB (Table 1 and Fig. S2). Thus in
wild-type bacteria, depletion of the electrochemical gradient always
increased the polarization of GFP tethered to TonB, indicating
a reduction in the motion of fusion protein in the IM. Identical
experiments involving the addition, binding, and transport of FeEnt
did not comparably alter the anisotropy of either GFP or GFP-
TonB: the magnitude of its effects was smaller (AR = +0.008), and
the change was not significant at the 99% confidence level (Table 1
and Fig. S2).

The anisotropy measurements in the presence of inhibitors
revealed that depletion of the electrochemical gradient decreased
GFP-TonB motion in the IM. These results demonstrated an en-
ergy-dependent biochemical activity of TonB in vivo: depletion of
electrochemical force decreased the motion of TonB. The absence
of ExbBD also affected the anisotropy of GFP-TonB. However,
whereas inhibition of energy metabolism increased the polarization
of GFP-TonB, AexbBD decreased it (AR, = —0.184, P < 0.01)
relative to that of the same construct in wild-type cells (Table 2).
Lastly, we determined the effects of PMF depletion on TonB mo-
tion in the AexbBD strain and found that CCCP did not change the
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anisotropy of GFP-TonB in bacteria lacking ExbBD (Fig. S2 and
Table 1).

Discussion

The first conclusion of our study is that unlike FepA, TonB does
not uniformly inhabit the Gram-negative bacterial IM, but tends
away from the poles of the cell. This result was unexpected be-
cause all FepA proteins in the OM are functionally active (8),
and iron uptake requires direct, protein—protein interactions
between the TonB C-terminus and LGP N-termini (33, 35). The
observation of different FepA/TonB localization in the cell en-
velope does not readily reconcile with these findings. If TonB is
their physical partner in OM active transport, then how do polar-
localized LGP internalize solutes? In addition, the bacterial IM
is fluid at 37 °C, so why does TonB not diffuse to the poles?
Fusion of GFP to the TonB N-terminus was not responsible for
its restricted distribution, because GFP-LacY hybrids uniformly
inhabited the IM. Peptidoglycan (PG) beneath the OM poten-
tially hinders the lateral motion of a periplasm-spanning protein
such as TonB (42), and TonB associates with PG (36). Murein
is less metabolically active near the poles (43, 44), resulting in
an inert form that restricts OM protein mobility (43). These or
other phenomena may underlie the localization of TonB in the
central regions of the cell envelope.

It was intuitive to understand the decreased motion that
resulted from tethering GFP to a membrane protein (TonB) (Fig.
S3). The further decreases in motion from reagents that collapse
the electrochemical gradient led to a second conclusion, that
PMF drives GFP-TonB motion. These movements likely are ro-
tational, because the anisotropy experiments are sensitive only to
motions on the nanosecond timescale, which excludes the ob-
servation of much slower, translational motions (41). TonB ro-
tation and FeEnt uptake are functionally linked in that all the
metabolic inhibitors we tested had the same dual effect: they all
increased the anisotropy (decreased the motion) of TonB, and
they all blocked FeEnt transport by FepA (7, 8). These findings
consistently supported the conclusion that energized movements of
TonB facilitate OM metal transport (32, 36, 42). They constitute
experimental evidence for a physical mechanism of TonB action. If
the TonB/ExbBD complex transfers energy from the IM to the OM
by rotational motion, then it resembles an electric motor in which
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Fig. 3. Effect of CCCP and azide on anisotropy of GFP-TonB. E. coli strain BN1071 harboring pGT was grown in MOPS minimal medium and subjected to
fluorescence microscopy in 1-mL cuvettes. After the initial observation and anisotropy measurement (Ro) of GFP-TonB in single cells (Top), either CCCP
(Middle) or sodium azide (Bottom) was added at 1 or 10 mM, respectively, and incubated for 30 min before a second anisotropy determination (R;). The
microscope was not focused or adjusted during exposure to the inhibitors. In this experiment, CCCP increased anisotropy in each of the 51 samples (Middle
Inset: AR,y = 0.049); azide increased anisotropy in 35 of 36 samples (Bottom Inset: AR,y = 0.11). Hence, both dissipation of the PMF and inhibition of electron
transport increased the anisotropy of GFP-TonB.

the rotor (TonB) moves within a stator (ExbBD) in response to
current flow (PMF) (Fig. S3 and Movie S1). Sequence homology in
the proposed transmembrane helices of ExoBD and MotAB (39)
supports this notion, suggesting a relationship to rotatory flagellar

motion (40). However, the MotAB stators encircle a large flagel-
lum; the proposed ExbBD-TonB machine is much smaller and may
function by a different process to achieve its different result. At the
same time, TonB rotation appears consistent with the vertical

Table 1. Effect of metabolic inhibitors on the anisotropy of cytoplasmic GFP and
membrane-localized GFP-TonB

Construct Agent  Sample size ARave SD z 90%*  95%"  99%*
BN1071/pGT cccp 52 +0.047  0.0302  +11.3172 Pass Pass Pass
BN1071/pTpG CCCP 23 -0.015 0.0431 -1.6627 Fail Fail Fail
AexbBD/pGT CCcpP 30 —-0.005 0.0177 +0.052 Fail Fail Fail
BN1071/pGT NaN3 58 +0.060 0.0371 +12.3404 Pass Pass Pass
BN1071/pTpG NaN3 40 +0.019 0.0674 +1.7975 Fail Fail Fail
BN1071/pGT DNP 53 +0.056 0.0512 +7.9198 Pass Pass Pass
BN1071/pTpG DNP 44 -0.012 0.0717 —1.0806 Fail Fail Fail
BN1071/pGT FeEnt 51 0.008 0.0240 +2.3815 Pass Pass Fail

BN1071 harboring pTpG or pGT, and BN1071 AexbBD/pGT were grown in MOPS minimal medium, sus-
pended in PBS, and subjected to fluorescence microscopy. We measured anisotropy (R) in individual cells
adhered to the coverslip before and after the addition of the noted agents to the cuvette. In each case, we
conducted z-tests for paired dependent samples to determine the statistical significance of the different mean

values.

*The observation is deemed statistically significant if |z| > 1.960.
"The observation is deemed statistically significant if |z| > 2.241.
*The observation is deemed statistically significant if |z| > 2.807.
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Table 2. Measurement of GFP-TonB anisotropy in exbBD*
bacteria

BN10714exbBD
BN1071/pGT IpGT
t test Null hypothesis
Study  Ravg SD n  Rayg SD n result probability
1 0.547 0.100 12 0.298 0.179 24 492 <0.0001
2 0.493 0.142 36 0.311 0.080 24 5.72 <0.0001
3 0.414 0.166 26 0.306 0.053 31 3.42 0.0012
4 0.377 0.160 29 0.173 0.096 37 6.55 <0.0001
5 0.459 0.198 50 0.281 0.153 49 4.99 <0.0001

On five occasions, E. coli strains BN1071/pGT and BN1071 AexbBD/pGT
were grown in MOPS minimal media, suspended in PBS, and subjected to
fluorescence microscopy. We measured anisotropy (R) in individual cells ad-
hered to the coverslip. After n measurements, we calculated mean anisotropy
(Ravg) and SD of the mean, and performed Student t tests to determine the
statistical significance of the different mean values. In each case, the null
hypothesis probability was <0.01, indicating that GFP-TonB was more mobile
in AexbBD bacteria.

scaffold model of PG architecture (45), it provides a mechanism to
move TonB through the PG matrix, and it may supply a force that
promotes conformational change in OM transporters, compelling
bound metal complexes through their transmembrane channels. It
is noteworthy that this hypothesis is unsubstantiated by any struc-
tural information on the proposed TonB-ExbBD complex: not-
withstanding biochemical estimates (38, 40), no structural data exist
to describe the nature of their physical associations or their com-
ponent stoichiometry. Furthermore, despite the correspondence
between the biological and mechanical systems, the electric motor
analogy has limitations. Energized TonB motion must occur in the
context of biochemical associations between the TonB C-terminus
and the TonB-box of iron transporters (33), in response to their cell
surface binding of ligands. The turnover number of TonB-facilitated
FeEnt uptake by FepA is quite low [on the order of 10" s™ (8, 15)];
at present, we have no estimate of a rate of motion for TonB.

To rationalize the effect of AexbBD, we distinguish between
random motion and energy-driven, biochemically relevant motion.
Removal of ExbBD from a protein complex [GFP-TonB,(ExbBD),,
(6, 26, 32, 38)] decreases its aggregate mass and thereby increases
the rate of random motion of the remaining component (GFP-
TonB), as we observed. Next, AexbBD disconnected GFP-TonB
anisotropy from the actions of proton ionophores and other inhib-
itors. The deletion compromised the connection between the elec-
trochemical gradient and GFP-TonB motion, suggesting that
ExbBD physically links proton movement to TonB rotation. Hence,
whereas the overall effect of AexbBD was more rapid random
movements of GFP-TonB, that motion was nonproductive in pro-
moting OM transport. According to this explanation, depletion of
PMF and deletion of ExbBD blocked OM transport in different
ways. In the former case, CCCP, azide, etc. dissipated the bio-
energetic force that drives transport, but the TonB-ExbBD mem-
brane complex remained intact. In the latter case, the membrane
complex lost protein components (ExbBD), which removed its
mechanical interface to the electrochemical gradient.

Overall, the results suggest that in wild-type bacteria, ExoBD
engage TonB to PMF, creating controlled motion in response to
the electrochemical gradient. This model implies that deflation of
PMF will retard TonB motion, as we observed. It further predicts
that AexbBD disconnects TonB from PMF, resulting in insensitivity
of GFP-TonB anisotropy to inhibitors, as we also observed. Hence,
the results reconcile with the expectations of the electric motor
analogy. TonB is moving in the IM bilayer, energized by the elec-
trochemical gradient, which determines the frequency of the mo-
tion. This summarizes our understanding of the data, but other
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models that we cannot yet envision also may explain the results.
TonB motion may allow surveillance of the OM for receptors with
bound metals (36), and during interactions with these proteins (33,
35), rotation may transfer energy that triggers ligand transport.

Methods

Bacterial Strains and Plasmids. OKN3 (AfepA) (46), OKN13 (AfepA, AtonB)
(46), and their parent, BN1071 (F-, entA, pro, trp, B1) (47), were the hosts for
pPTpPG and pGT (36). These plasmids are derivatives of the low-copy vector
pHSG575 that express cytoplasmic GFP and GFP-TonB, respectively. The latter
hybrid protein has normal TonB activity, including ferric siderophore uptake
and colicin susceptibility (36). We also transformed OKN3/pGT and OKN13/
pGT with pFepAS271C, a pUC18 derivative that carries fepAS271C under
control of its natural promoter (7).

Fluorescence Microscopy. Bacteria were grown overnight in LB broth with ap-
propriate antibiotics, subcultured into 3-(N-morpholino)propanesulfonic acid
(MOPS) minimal medium with the same antibiotics, and grown for 5.5 h to late
exponential phase (46, 48). The cells were washed with Tris-buffered saline
(TBS), adsorbed to slides coated with poly-L-lysine hydrobromide (8.33 mg/mL)
for 15 min, and observed by a Nikon confocal microscope. In experiments with
BN1071/pGT/pFepAS271C, after growth the cells were washed with 50 mM
NaHPO,, pH 6.5, and subjected to Alexa Fluor 555 maleimide (AsssM) or
AggoM at 5 pM in the same buffer for 15 min at 37 °C, which specifically
modifies FepA residue S271C with the Alexa Fluors (48).

Analysis of Anisotropy. Sample cuvettes were made from a hollow plastic tube
with a glass coverslip glued to the bottom. The coverslip was coated with 300
uL of poly-t-lysine hydrobromide (8.33 mg/mL) for 15 min. Bacteria were
grown in LB and then in MOPS minimal medium to induce their Fur-regu-
lated promoters, and then analyzed by confocal fluorescence microscopy in
TBS. One hundred microliters of cell suspension was added and adsorbed to
the poly-L-lysine—coated surface for 15 min. Unadsorbed cells were removed,
and the cuvette was rinsed twice with 500 pL of TBS, pH 7.0. Five hundred
microliters of TBS plus 0.4% glucose was added to the sample cuvette, which
was transferred to a confocal microscope for anisotropy measurement.

Variations in the setup and calibration of the microscope resulted in day-to-
day differences in the absolute values of R, even in the same strain, so we
evaluated samples under comparison on the same day, with minimal adjust-
ment of microscopic parameters between the different groups. These variations
arise from several factors that affected the individual experiments, including
cell shape, pixel selection, sample size, detector alignment, reproducibility of
focus, laser intensity, the concentration of fluorescein used to obtain the G-
factor, and temperature. We attempted to normalize and minimize the effects
of these factors during the study. In a typical experiment, cells were imaged in
the field and focused. The entire field was scanned; background values in areas
without cells were less than 10. In the regions of membranes illuminated by the
laser, we collected data from representative single pixels near the center of
a cell, which represents an area of 0.01 uM2. We collected a stream of data from
a single pixel for 5-15 s, recording both /\,,and /4, which produced more than
200 simultaneous individual measurements of /,, and /, which we averaged
for calculations of R. The microscopic measurements were not particular noisy in
that SD for /,,, and I,y was around 6%. In two representative experiments, raw
Iy (SD):lyy (SD) values were 771.3 (46.9):321.6 (20.5) and 902.4 (53.0):249.6
(16.2). In all the experiments, the background intensity was below 10.

Effects of Metabolic Inhibitors. After focusing the microscope on a single cell
that was immobilized on the glass surface and determining its anisotropy
value, we diluted the metabolic inhibitors 100-fold into the 500-uL cuvette
[the final concentrations of CCCP, NaN3, and DNP were 1, 10, and 2 mM (7),
respectively], equilibrated the sample for 10 min, and remeasured the anisot-
ropy of the same cell. Because the agent affected all cells within the cuvette,
this protocol produced only one measurement per sample, but it produced an
accurate record of anisotropy changes in response to extrinsic inhibitors.

GFP emission intensity is sharply pH dependent (49), and because ExbBD/
TonB may transfer protons from one side of the membrane to the other
(Discussion), its mechanism may decrease pH in the vicinity of GFP, potentially
changing its emission intensity. However, fluorescence anisotropy is relatively
immune to intensity fluctuations because it simultaneously measures /,,, and
Iy - As long as I\, and I,y are affected to the same extent (e.g., both drop by
20% because of altered pH), then R will not be skewed, because the 20%
decrease occurs in both the numerator and denominator of the anisotropy
equation for R and therefore cancels. Thus, the anisotropy measurement is
insensitive to pH effects on fluorescence emissions, unless intensity drops so
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low that poor signal-to-noise ratios degrade data quality. We did not see
much drop in fluorescence intensity upon addition of different chemicals to
the sample, which led to any concerns about data quality.
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