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Flagellar Hook Flexibility Is Essential for Bundle Formation in

Swimming Escherichia coli Cells

Mostyn T. Brown,*? Bradley C. Steel,® Claudio Silvestrin,® David A. Wilkinson,®9 Nicolas J. Delalez, Craig N. Lumb,?

Boguslaw Obara,““ Judith P. Armitage,>® and Richard M. Berry®

Department of Biochemistry, University of Oxford, Oxford, United Kingdom?; Clarendon Laboratory, Department of Physics, Oxford University, Oxford, United Kingdom®;
Oxford e-Research Centre, Oxford University, Oxford, United Kingdom<; and Oxford Centre for Integrative Systems Biology (OCISB), Department of Biochemistry,

University of Oxford, Oxford, United Kingdom®

Swimming Escherichia coli cells are propelled by the rotary motion of their flagellar filaments. In the normal swimming pattern,
filaments positioned randomly over the cell form a bundle at the posterior pole. It has long been assumed that the hook func-
tions as a universal joint, transmitting rotation on the motor axis through up to ~90° to the filament in the bundle. Structural
models of the hook have revealed how its flexibility is expected to arise from dynamic changes in the distance between mono-
mers in the helical lattice. In particular, each of the 11 protofilaments that comprise the hook is predicted to cycle between short
and long forms, corresponding to the inside and outside of the curved hook, once each revolution of the motor when the hook is
acting as a universal joint. To test this, we genetically modified the hook so that it could be stiffened by binding streptavidin to
biotinylated monomers, impeding their motion relative to each other. We found that impeding the action of the universal joint
resulted in atypical swimming behavior as a consequence of disrupted bundle formation, in agreement with the universal joint

model.

An Escherichia coli cell swimming is arguably one of the sim-
plest examples of behavior in a living organism. As a conse-
quence, much is understood about the system: the process of fla-
gellum assembly (8), the motor’s molecular architecture (25) and
physiology (3, 32), and the physics of swimming (7, 29). The fla-
gellum is a macromolecular complex made up of ~30 different
proteins (3), which are assembled in a particular order (8). It can
be divided into three parts: the motor, the hook, and the filament.
The motor is embedded in the cell envelope, spanning both the
inner and outer membranes. In E. coli, motor rotation is powered
by the diffusion of protons from the periplasm, down their elec-
trochemical potential gradient, and into the cytoplasm (32). The
motor is coupled via the hook to the filament. The hook consists of
a flexible curved helical structure 55 nm long (19), made up of
~120 copies of the FIgE protein which form 11 helical protofila-
ments (12, 13, 33). The filament also consists of a single protein
(FliC) made into 11 protofilaments, but itis 10 to 15 pm long and
rigid for its function as a propeller (3). An E. coli cell typically
possesses ~4 to 10 flagella which coalesce to form a bundle at the
posterior pole when swimming. When one or more motors re-
verse direction in response to environmental cues, they break
from the bundle, causing the cell to reorientate (10).

The hook is thought to act as a universal joint, translating ro-
tation from the axis of rotation at the motor, through 90°, to the
filament participating in the bundle. This idea was first postulated
by Berg and Anderson in 1973 (4). Since then, models describing
the universal joint have been developed based on ever-advancing
structural information (17, 30, 31). FIgE is composed of four do-
mains (DO, D¢, D1, and D2) positioned radially from the inside to
the outside of the hook (17). The DO domains form the inner core
and are tightly packed together, providing the mechanical stability
of the hook while allowing extension and compression of their
helical array. The Dc and D2 domains form a mesh-like structure
which may provide twisting rigidity, while the D1 domain is con-
sidered to be packed loose in all directions, allowing the hook to
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adopt highly curved conformations. Protofilaments on the inside
of the curve have shorter repeat distances than those on the out-
side. As the hook rotates, the inside of the bend is successively
occupied by different protofilaments, resulting in a kind of rolling
rotation (30). This detailed structural information is supported by
molecular dynamic simulations, lending further support to the
universal joint hypothesis. However, direct investigation of the
dynamics of the hook has been very limited (5, 6, 18, 28). In this
study, we genetically modified the hook to contain a solvent-ex-
posed AviTag sequence (GLNDIFEAQKIEWHE) (2), a 15-mer
amino acid sequence that can be biotinylated by the E. coli enzyme
biotin ligase, BirA (21). This enabled us to (i) reduce the torsional
compliance of the hook and (ii) abolish the universal joint action,
so that swimming cells failed to form bundles, simply by exposing
the biotinylated hooks to streptavidin.

MATERIALS AND METHODS

Strain construction. Five strains were made which carried a modified
version of flgE on the genome. These strains produced FIgE proteins
which had an AviTag sequence (GLNDIFEAQKIEWHE) in between the
following amino acid positions: site A, T166 and V167; site B, A232 and
N233; site C, 1221 and A222; site D, K202 and T203; and site E, T227 and
L228. DNA encoding the AviTag sequence plus some flgE flanking se-
quence (309 bp in total) was synthesized by Entelechon GmbH. This DNA
was ligated into an Alel/Clal-cut vector containing the fIgE gene. These
vectors were then used as a template to clone the modified full-length flgE
gene into the suicide vector pDS132 (27). These were sequenced before

Received 13 February 2012 Accepted 14 April 2012

Published ahead of print 20 April 2012

Address correspondence to Judith P. Armitage, judith.armitage@bioch.ox.ac.uk.
Supplemental material for this article may be found at http://jb.asm.org/.
Copyright © 2012, American Society for Microbiology. All Rights Reserved.
doi:10.1128/JB.00209-12

jb.asm.org 3495

ay04xX0 40 AINN Ag 210z ‘8T aung uo /Bio wse-qlj/:dny woly papeojumoq


http://dx.doi.org/10.1128/JB.00209-12
http://jb.asm.org
http://jb.asm.org/

Brown et al.

replacing wild-type (WT) fIgE in the E. coli RP437 chromosome by allelic
exchange (23). Mutants were screened by PCR and had their DNA se-
quenced and strain codes applied (see Table S1 in the supplemental ma-
terial).

Two deletion constructs were also required to produce a nonflagellate
strain (AfliC) and a polyhook strain (AfliK). The constructs were made by
amplifying ~500 bases up- and downstream of the gene to be deleted.
They were then incorporated into the chromosome by allelic exchange so
that the fliC and fliK genes now encoded small polypeptides (4 and 5
amino acids long, respectively). This strategy ensured inactivation of the
target gene without adversely affecting other genes in the operon. For the
AfliC AfliK double mutant, AfliK was introduced into a background al-
ready containing AfliC.

General procedures. Frozen stocks of strains were made as follows.
Cells were grown to stationary phase (Luria broth [LB] medium, with
shaking at 37°C overnight) and diluted in glycerol (ata 20% final concen-
tration) before being stored in aliquots at —80°C. Strains were then grown
for 5.5 h at 30°C with shaking in tryptone broth to an optical density at 600
nm (ODy,,) of 0.6. Typically, 1 ml of cell culture was then spun down,
although this volume was adjusted to keep the number of cells constant
(an ODyy, range of 0.5 to 0.7 was acceptable). Centrifugations were all
carried out at 3,400 X g for 2 min. Experiments were all carried out in
motility buffer (MB; 10 mM potassium phosphate, 0.1 mM EDTA [pH
7]), MB+ (10 mM potassium phosphate, 67 mM NaCl, 0.1 mM EDTA,
0.5% glucose, 0.002% Tween 20 [pH 7]), or MB-NaCl (10 mM potassium
phosphate, 67 mM NaCl, 0.1 mM EDTA [pH 7.5]). Media were supple-
mented with an antibiotic (ampicillin at 100 wg/ml) and isopropyl B-p-
1-thiogalactopyranoside (IPTG) when required.

Reagent stocks and storage. Biotin (Sigma) was made up to 100 mM
in dimethyl sulfoxide (DMSO), frozen in aliqouts at —20°C, and then
diluted to 1 mM before use. ATP (Sigma) was made fresh at the start of
each experiment at 100 mM in Milli-Q water. Purified BirA was stored in
20-pl aliquots at a 50 WM concentration. Streptavidin (Sigma) was made
up to 200 wM in phosphate-buffered saline (PBS) and stored in aliquots at
—20°C. L-Serine (Sigma) was made up to 1 M in MB immediately before
use. Streptavidin-Alexa Fluor 532 (Invitrogen) was made up to 200 uM in
PBS and stored in aliquots at —20°C. Cy3 monofunctional succinimidyl
ester (Amersham/GE Healthcare; 5-mg pack) was made up to 10 mg/ml in
aqueous DMSO and stored in 10-pl aliquots at 4°C.

Biotinylation. We had two options for biotinylation: (i) endogenous
biotinylation, achieved by expression of BirA from pET21a-BirA (see Ta-
ble S3 in the supplemental material), which biotinylates the FIgE AviTag
protein before being exported by the cell and incorporated into the hook,
or (ii) exogenous biotinylation, achieved by exposing cells to purified BirA
invitro (see Howarth and Ting for a review of methods [21]). Exogenously
biotinylated cells gave better labeling of hooks (as assessed using strepta-
vidin-Alexa Fluor 532); thus, exogenous biotinylation was used through-
out, except for the preparation of polyhooks prior to electron microscopy
(EM) (see Fig. S2 in the supplemental material), in which cells were grown
overnight in the presence of ampicillin, 180 wM IPTG, and 10 wM biotin.

BirA had to be purified before cells could be exogenously biotinylated.
We used the procedure outlined in box 1 of reference 21, although we used
BL21(DE3) RIPL cells (Stratagene) instead of BL21(DE3) pLysS E. coli
cells.

Cells were then exogenously biotinylated as follows. One milliliter of
culture grown to an ODy,, of 0.6 was spun down, washed twice with 1 ml
of MB-MgCl, (MB supplemented with 5 mM MgCl,), and resuspended in
100 .l of MB-MgCL,. To this we added (i) 1 pl of biotin (10 M final), (ii)
1 pl of ATP (1 mM final), and (iii) 4 pl of BirA (2 pM final) and then
incubated the culture at room temperature on a shaker for 20 min. Cells at
this stage, referred to herein as biotinylated cells, were then used for a
number of different experiments.

Motility assays. (i) Swim plates. Agar (0.25%) in LB was inoculated
with 5 pl of stationary-phase culture and incubated for 8 h at 30°C.
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(ii) Free swimming. Biotinylated cells (strains RP437, MTB7, and
MTBY; see Table S1 in the supplemental material) were washed twice with
1 mlof MB+ (see “General procedures” above) and resuspended in a final
volume of 500 p.l. These cells were then incubated with streptavidin (100
M final), or the same volume of 0.5X PBS, and incubated for 20 min at
room temperature. L-Serine (10 mM final) was added to the mix to sup-
press chemotactic tumbling immediately before the cells were injected
into a tunnel slide. Swimming cells were observed using a Nikon Op-
tiphot-150 phase-contrast microscope at X20 magnification and images
recorded using a DALSA Genie HM640 black and white camera at 50 Hz.
Swimming direction and the longitudinal axis of the cell body were deter-
mined over time using automated tracking software (34).

Fluorescent labeling of hooks, imaging, and analysis. Biotinylated
cells (strains RP437, MTB7, MTB8, MTB9, MTB10, MTB11; see Table S1
in the supplemental material) were washed twice with 1 ml of MB and
resuspended in 100 pl of streptavidin-Alexa Fluor 532 (1 uM for epiflu-
orescence experiments and variable concentrations for total internal re-
flection fluorescence [TIRF] experiments). Cells were incubated for 20
min at room temperature, washed five times with 1 ml of MB, and resus-
pended in 10 pul MB. One microliter of cells was placed on an agarose pad
(1% agarose in Milli-Q water, wt/vol) and then imaged via epifluores-
cence or TIRF microscopy. Epifluorescence microscopy was carried out
on a Nikon Eclipse TE2000-E microscope with illumination by a 100-W
halogen lamp with yellow fluorescent protein (YFP) filters. TIRF micros-
copy was carried out on a custom-built inverted microscope with a
532-nm excitation wavelength and imaged with a 128- by 128-pixel,
cooled, back-thinned electron-multiplying charge-coupled-device cam-
era (iXon DV860-BI; Andor Technology) as described previously (11,22).
Images were sampled for ~10 s, resulting in complete photobleaching of
streptavidin-Alexa Fluor 532 molecules bound to hooks within the TIRF
field, at 20-ms exposures and laser power at 720 wW. New custom-written
software was used to determine the stoichiometry per spot by (i) locating
spots using a Gaussian fit with fixed width (132 nm) to a composite image
comprising the average of all images in the video sequence, (ii) calculating
the intensity of the spot in each image by fitting the amplitude of a Gauss-
ian fit with fixed width and position, (iii) calculating the initial intensity of
the spot minus background, and (iv) identifying the unit step size by
finding the first significant peak in the Fourier transform of the pairwise
difference distribution function (PDDF, as in reference 22) of the filtered
intensity trace (step-preserving LIPWC filter [24], with gamma set to
500). Note that the dye consists of 3 mol of Alexa Fluor 532 per mole of
streptavidin (Invitrogen), which was accounted for in our calculations,
and that the Fourier transform of the PDDF was evaluated exactly, with-
out using a binned histogram, as follows:

_ n — 2mikx;
F= j=1¢€ ]

Stiffness characterization. Biotinylated cells (strains MTB38, MTB33,
MTB34; see Table S1 in the supplemental material) were washed twice
with 1 ml of MB and resuspended in 300 .l of MB. Cells were incubated in
a tunnel slide turned upside down for 10 min so the cells were tethered to
the coverslip. They were washed twice with 50 l of MB and placed, with
the ends of the slide left open, on a Nikon Optiphot-150 phase-contrast
microscope at X20 magnification. A field of view (FOV) with a high
number of rotating cells was chosen and a short video recorded (DALSA
Genie HM640 camera, 100 Hz) so rotating cells could be distinguished
from nonmotile cells for the analysis. Twenty microliters of glutaralde-
hyde (0.1% in MB) was flushed through the channel, causing the cells to
lock up within a few seconds. The FOV was then recorded for 5 min. Then
10 pl of streptavidin (100 wM in PBS) was wicked into the chamber, the
slide sealed, and the recording continued for another 20 min. The total
time to add streptavidin and continue recording was ~90 s.

Only cells that were originally rotating before exposure to glutaralde-
hyde were analyzed. Custom software was used to determine the angle of
the longitudinal axis of the cell body and the variance (square of the
standard deviation) in angle determined over 1-s windows. The variance
in body angle (V) was then converted into tether stiffness (K,) using the
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The Hook and Flagellum Bundle Formation

FIG 1 Design and functionality of engineered strains. (a) Three-dimensional density maps of the hook, adapted from Structure (17) with permission from
Elsevier. Shown is the structure of three FIgE units with the insertion sites for the AviTag marked in red and labeled A through E (Protein Data Bank [PDB]
identifier 3A69). Scale bar, 50 A. (b) Swim plate analysis of strains relative to the WT and a nonmotile control (AfliC). (c) Fluorescent images of streptavidin-Alexa
Fluor 532 attached to exogenously biotinylated hooks; exposure, 300 ms; scale bar, 3 pm.

equipartition theorem (Ky,/2 = kT/2) (where ks the Boltzmann constant
and T is temperature) (5).

Flagellum and cell body staining. Cells were biotinylated as normal
except that MB-NaCl (rather than MB) was supplemented with MgCl,.
Cells and filaments were then stained using the Cy3 protocol as follows
(10). Biotinylated cells (strains RP437, MTB7, and MTBY; see Table S2 in
the supplemental material) were washed twice with 1 ml of MB-NaCl and
resuspended in 100 wl of MB-NaCl. Five microliters of 1 M sodium hy-
drogen carbonate was added to reach pH ~8 before adding 10 wl of Cy3
monofunctional succinimidyl ester dye (1-mg/ml final concentration).
Cells were then incubated for 90 min in the dark before being washed five
times with MB+ and then resuspended in 500 pl of MB+. L-Serine (10
mM final concentration) was added just before the cells were injected into
a tunnel slide and imaged using an OMX fluorescence microscope (Ap-
plied Precision). Excitation was provided by a 532-nm laser (at 300 mW),
and 3-ms exposures were taken at 26 Hz (35 ms between frames) on a
Cascade II:512 camera (Photometrics).

RESULTS AND DISCUSSION

Design and functionality of engineered strains. Normally the
AviTag sequence is incorporated at the N or C terminus of the
protein of interest, but the AviTag sequence had to be incorpo-
rated into the FIgE protein in a solvent-exposed site, which per-
mitted normal assembly of the hook and retained the hook’s func-
tionality. The electron cryomicroscopy structure of the Salmonella
enterica serovar Typhimurium hook (17), which is 88% homolo-
gous to the E. coli FIgE protein, shows that only a central segment
from Al146 to K284 (D2 domain, E. coli numbers) lies on the
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outside of the assembled hook structure. Since successful inser-
tion of the AviTag in nonterminal regions has been achieved pre-
viously (1, 14, 26), we chose sites in positions that had limited
similarity across different species (31). Based on this information,
five insertion sites for the AviTag were chosen, three of which were
in loops (Fig. 1a).

After making the strains, we tested whether the hooks (i) were
functional and (ii) could be biotinylated and would bind strepta-
vidin. Motility was assessed using the swim-plate assay; cells were
inoculated onto semisolid agar and left to migrate. Figure 1b
shows that strains with mutations in sites C and E were almost
fully motile, the site A mutant was weakly motile (25% motility of
the WT), and the remaining strains, with mutations in sites B and
D, were nonmotile. Phenotypes were confirmed by observing
free-swimming behavior under a light microscope.

The hook’s ability to be biotinylated and bind streptavidin was
assessed by exposing cells to streptavidin-Alexa Fluor 532 (Fig.
1¢). Strains with mutations in sites A and C show distinct spots, in
the range of 1 to 10 per cell, in agreement with the number of
flagella per cell. Site B and E mutants show no fluorescence, indi-
cating that the AviTag either could not be biotinylated or could be
biotinylated but could not bind streptavidin. Finally, site D mu-
tants produced fluorescence spots, but these were not localized to
cells, suggesting that the hook was brittle in this mutant and was
easily sheared off. We also used this assay to show that levels of
exogenous biotinylation were higher than those of endogenous
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biotinylation (see Materials and Methods for details; see Fig. S1 in
the supplemental material). Our aim was to create a hook that
allows normal swimming, but with multiple streptavidin binding
sites to allow investigation of the effects on swimming of disrupt-
ing normal hook dynamics. Based on these results, strains with site
A and C mutations were selected for further characterization.

Hook stiffness. As discussed in the introduction, the E. coli
hook is a highly curved structure that undergoes continuous roll-
ing rotation during which the protofilaments dynamically change
their conformation as well as their repeat distance. An insertion of
a 15-mer peptide might affect this natural flexibility and the tor-
sional compliance of the hook. Binding of streptavidin molecules
to the biotinylated hook could have an even greater impact on
compliance through steric effects.

To test the effect of the presence of the AviTag and streptavidin
binding on the hook’s torsional compliance, the genes encoding
the site A and site C FIgE proteins were put into a background that
expressed FIiC™® (see Tables S1, S2, and S3 in the supplemental
material for strain details). This enabled the biotinylated cells to be
tethered to the coverslip by their flagella, which causes the cell
body to rotate. Glutaraldehyde (0.1%) was used to lock the motors
(5, 6), and the angle of the long axis of the cell body was measured
over time. After 5 min, 100 wM streptavidin was added to the slide
and the same single cells were recorded for a further 20 min. The
variance in cell body angle (V) provides a good measure of the
torsional compliance of the hook, where more compliant tethers
lead to larger variances. Angle was converted to stiffness (Kj) us-
ing the equipartition theorem (K, /2 = kT/2) (5). Figure 2a shows
that the presence of the AviTag in site A and C mutants does not
affect the torsional compliance of the hook (1,300 pN-nm/rad?).
However, upon addition of streptavidin, the site A and C mutant
hooks become significantly stiffer than that of the WT (over a
2-fold increase to ~3,000 pN-nm/ rad?).

These experiments were designed to measure relative changes
in hook stiffness. Nonetheless, we note that our WT E. coli mea-
surements are over three times stiffer than a previous E. coli mea-
surement of 400 pN-nm/rad? (5). One possible explanation is that
we tethered cells by hydrophobic sticky filaments, which is ex-
pected to give a tighter attachment to the surface than the anti-
body tethering used in the previous measurement. This might
restrict extra degrees of freedom of the tether (18), other than
twisting of the hook, that add to the measured compliance with
antibody tethering. It might also force the part of the hook nearest
to the filament to be parallel to the glass, preventing it from con-
tributing to the measured torsional compliance. The only other
published values for comparison come from Rhodobacter spha-
eroides, a bacterium propelled by a single filament attached to a
much stiffer, straighter hook (3,800 pN-nm/rad?) (28). At ~3,000
pN-nm/rad? the streptavidin-bound AviTag E. coli hooks are ap-
proaching this stiffness.

To investigate whether the stiffening of the hook by addition of
streptavidin may lead to a straight hook phenotype, we made ap-
propriate polyhook strains that that could be endogenously bio-
tinylated (see Tables S1, S2, and S3 for strain details). Polyhooks
are made when the fliK gene, which controls hook length, is dis-
rupted, leading to the production of a hook that has the correct
helical packing but is much longer than normal (6). Due to large
culture sizes, we endogenously biotinylated the cells, purified the
polyhooks using the shearing method, and imaged the polyhooks
by electron microscopy (EM) (see SI Methods in the supplemental
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FIG 2 Biophysical characterization of site A and site C AviTag mutants in re-
sponse to streptavidin. (a) Hook stiffness of single tethered cells over time calcu-
lated using the equipartition theorem (see the text for details). Streptavidin (100
M) was added at t = 5 min; stiffnesses are means * standard errors of 28, 31, and
27 hooks from WT, site A, and site C strains, respectively. The inset shows the
variance in body angle of a single cell from the site A data set versus time. (b)
Analysis of free-swimming cells (see Videos S1, S2, and S3 in the supplemental
material); histograms of the difference in angle between the cells’ swimming tra-
jectory and the angle of the cell body (illustrated by the inset). A cell swimming
along its long axis gives an angle of 0°. (c) Selected video frames (3-ms exposure) of
swimming cells dyed with Cy3 monofunctional succinimidyl ester showing the
position of filaments. Scale bar, 3 um (see Videos S4, S5, and S6).

material) (35). Figure S2 shows the average contour lengths and
curvatures of site A and site C polyhooks, with and without
streptavidin. Site A polyhooks were shorter and straighter than
those of the wild type, independent of streptavidin. This is consis-

Journal of Bacteriology

ay04xX0 40 AINN Ag 210z ‘8T aung uo /Bio wse-qlj/:dny woly papeojumoq


http://jb.asm.org
http://jb.asm.org/

tent with reduced swimming of this strain (Fig. 1b), indicating
disruption and possibly weakening of the hook. Site C polyhooks
were shorter and more curved than those of the wild type, but only
with streptavidin.

It was also possible that stiffening the hook may have adversely
affected the motor’s ability to efficiently transmit torque to the
load, as predicted by theoretical work (16). To test this, we mea-
sured the speeds of 0.75-pwm-diameter beads attached to the fila-
ment of biotinylated cells with and without streptavidin, but we
found only small differences in speed between the samples, sug-
gesting that torque transmission is unaffected (see Fig. S3 in the
supplemental material).

Free swimming and bundle formation. Next we observed the
behavior of free-swimming biotinylated cells before and after ex-
posure to streptavidin (see Videos S1, S2, and S3 in the supple-
mental material). Site A mutant strains could barely swim with or
without streptavidin, indicating that the presence of the AviTag
alone was sufficient to disrupt the action of the universal joint. Site
C mutant cells, however, were indistinguishable from the WT
without streptavidin, but in the presence of streptavidin cells, they
typically swam end over end rather than pole forward as normal
(see Videos S1, S2, and S3). To quantify this observation, we used
automated tracking software (34) to obtain histograms of the an-
gle between swimming direction and the long axis of the cell in
20-s-long videos of swimming cells (Fig. 2b). Wild-type cells nor-
mally swim along their long axis, giving a peak at 0° in Fig. 2b. This
peak is absent for site A cells and site C cells with streptavidin,
indicating disruption of the normal swimming pattern. Interest-
ingly, the automated tracking software revealed that despite swim-
ming in an unstreamlined fashion without a bundle, site C cells
with streptavidin swam just as fast as WT cells (see Fig. S6 in the
supplemental material). This is consistent with a previous finding
that one filament propels an E. coli cell as fast as many (10). The
small 90° peaks present in the panels representing WT and site C
mutants without streptavidin may be an artifact of the tracking
software. We also explored more subtle effects on behavior by
titrating streptavidin into the sample (see Fig. S4 in the supple-
mental material). Traptavidin, a streptavidin variant with a 10-
fold-slower biotin dissociation (9), was also included for interest.
We found that normal swimming was disrupted at concentrations
greater than or equal to 5 M streptavidin.

Next, we investigated why the site C mutant could not swim
normally following exposure to streptavidin. We fluorescently la-
beled the flagella and cell body using Cy3 monofunctional succin-
imidyl ester, which binds to any free amino group (e.g., on lysine
residues) (10), and recorded videos with 3-ms exposure times,
enabling us to see individual rotating filaments (see Videos S4, S5,
and S6 in the supplementary material). Figure 2c shows that site C
mutant filaments no longer form bundles when exposed to
streptavidin; instead, they tend to stick straight out from the cells.
Meanwhile, site A mutant cells cannot form bundles even in the
absence of streptavidin.

Mechanism by which streptavidin affects the site C mutant
hook. The simplest explanation for increasing hook stiffness and
abolition of universal joint action in the presence of streptavidin is
that streptavidin binds to the D2 domains at sufficiently high den-
sities that steric interference between bound streptavidin mole-
cules inhibits the interdomain rearrangements that normally oc-
cur in WT hooks. Alternatively, a single streptavidin molecule
(containing four biotin binding sites) might be able to bind to two
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adjacent monomers simultaneously. The minimum distance be-
tween two monomers on the same protofilament, on the inside of
the curve, is predicted to be 35 A (30), while the maximum dis-
tance between two sites on a streptavidin molecule is 34 A (15).
Thus, it is just possible that streptavidin might cross-link such
monomers and hinder the protofilament length changes that are
necessary for the universal joint action. To test this possibility,
we conducted a free-swimming experiment with monovalent
streptavidin (a streptavidin tetramer with only one functional bi-
otin binding subunit) (20). We found that monovalent streptavi-
din gives the same phenotype as the normal streptavidin with four
binding sites (see Fig. S5 in the supplemental material), showing
that binding between monomers is not the dominant mechanism
which abolishes universal joint action.

Finally, we estimated the number of streptavidin molecules
bound to the hook. To do this, we prepared the cells using the
streptavidin-Alexa Fluor 532 procedure as described for Fig. 1c,
but this time we imaged cells using a custom-made total internal
reflection fluorescence (TIRF) microscope fitted with a high-sen-
sitivity camera. Fluorescent spots were photobleached to obtain
stepwise photobleaching fluorescence intensity traces. For each
spot, the unitary step size corresponding to the bleaching of a
single fluorophore was identified, and the number of dye mole-
cules per hook was estimated by dividing the initial intensity (mi-
nus the background) by the unitary step size (11, 22). This number
was then divided by 3, the average number of dye molecules per
streptavidin molecule (manufacturer’s data sheet). Our best esti-
mate of the streptavidin stoichiometry (Fig. 3a, inset) is ~36
streptavidins per hook.

Figure 3b shows a schematic of the hook and associated
streptavidin molecules. Each streptavidin was positioned by align-
ing the protein such that the opening of one of the biotin binding
cavities faced directly toward the insertion site at the surface of the
D2 domain, with the carbon atom of the carboxylic acid of the
biotin at a distance approximately 16 A away from the insertion
site in each case. In the top panel, the red surfaces show all atoms
from one streptavidin that are within 5 A of any atom of its neigh-
bor, i.e., indicating a clash. The compression of the interdomain
distances on the inner side of the curved hook results in consider-
able overlap of adjacent streptavidins and leads to severe steric
clashes when attempting to pack streptavidins in this fashion.
Even the outer curve cannot be fully occupied by streptavidins
without an increase in curvature. The observed increased curva-
ture of site C polyhooks with streptavidin (see Fig. S2) is consistent
with streptavidin binding preferentially to the outer curve, which
would not only stiffen the hooks but also give them a “permanent”
preferred direction of curvature. When streptavidins are docked
in an arrangement where overlaps are not tolerated (bottom
panel), we predict an absolute maximum occupancy of 55 strepta-
vidins for the complete hook. This is in broad agreement with ~36
streptavidins per hook obtained by single-molecule microscopy.
Bringing the two numbers together, we estimate that approxi-
mately a third of the 120 AviTag sites present per hook will be
occupied, at saturating levels of streptavidin.

Of the five AviTag FIgE mutants made, two were subjected to
biophysical tests. The incorporation of the AviTag at one site im-
peded the action of the universal joint, without affecting its tor-
sional compliance, resulting in very poor motility. The other
strain was unaffected by the presence of the AviTag. In this strain
we were able to increase the torsional stiffness of the hook and
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FIG 3 Quantification of the number of streptavidin molecules on the hook. (a) Stoichiometry of streptavidin-Alexa Fluor 532-labeled hooks via single molecule
stepwise photobleaching. The top panel shows TIRF (false-color) images taken every 100 ms; the first image has the corresponding bright-field image superim-
posed. Scale bar, 1 pm. At the bottom is a histogram of data collected at saturating levels of streptavidin-Alexa Fluor 532 (=10 pM; number of cells = 50 and
number of spots = 114). Inset, stoichiometry at different concentrations of streptavidin-Alexa Fluor 532 fit with a Michaelis-Menten curve (K,, = 2 pM;
V. nax = 36). Measurements were made at concentrations of 0.1 uM (28, 50), 1 uM (19,45), 5 uM (5, 5), 10 wM (15, 36), 50 M (4, 17), 75 .M (13, 26), and 100
M (18, 35); numbers in parentheses are numbers of cells and spots. (b) Schematic of streptavidin bound to the hook, based on the model of Samatey and
coworkers (adapted by permission from Macmillan Publishers Ltd.: Nature [30]) (PDB, IWLG). The a-carbon atoms of the curved hook are displayed as a
solvent-accessible surface, with the D1 domains shown in white and the D2 domains shown in blue. Streptavidin molecules (PDB, ISWE [15]) are shown as gray
surfaces. The top panel shows how streptavidin binding along the 11-start helix may lead to steric clashes (red). The bottom panel shows an alternative packing
strategy that avoids steric clashes, where the streptavidins are positioned in alternating arrangements along the 11-start helices. Images were generated using
PyMOL.
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