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FtsZ, a homologue of eukaryotic tubulin, forms the cytoske-
letal framework of the contractile ring that divides bacteria.1

In vitro FtsZ assembles into protofilaments that are structurally
homologous to the protofilaments of the microtubule wall.2,3 In
some conditions the FtsZ protofilaments associate laterally to
form sheets or bundles, but in many conditions they remain as
single protofilaments, one subunit thick.4�6 Assembly of these
one-stranded protofilaments shows characteristics of cooperative
assembly, including a critical concentration and kinetics that fit a
weak dimer nucleus.5,7 Cooperative assembly is well understood
for two- or multistranded filaments,8 but cooperativity of one-
stranded protofilaments is more difficult to explain.4 Three
groups have suggested that the appearance of cooperativity could
be generated by a conformational change that favors assembly,
and that is favored by the act of assembly itself.9�12 Experimental
verification of conformational changes that might accompany
assembly has been lacking. See ref 1 for a review of FtsZ.

FtsZ has two globular subdomains, which are independently
folding13,14 (Figure 1). The N-terminal subdomain contains all
amino acids of the protofilament interface on the plus-end side of
the subunit, including the GTP-binding site. The C-terminal
subdomain contains all interface amino acids on the minus-end
side of the subunit, including the catalytic amino acids that
stimulate GTP hydrolysis. The two subdomains are connected
by a long helix, H7, which is sandwiched between them. Con-
formational changes might involve sliding or rotation of the two
subdomains or in more extreme models a complete separation.
However, crystal structures of FtsZ from several different species,

and with the nucleotide binding site occupied by GTP, GDP, or
other ions, all show identical conformations.15 In particular, the
two subdomains are in the same orientation in all crystal struc-
tures, an orientation that corresponds to the curved conformation
in crystals of tubulin stathmin.16 A recent study suggested that a
number of hinge points exist within and between the two
subdomains17 and discovered some mutants that locked proto-
filaments into a curved conformation. Conformational changes
within the subunits, in particular ones that might accompany
assembly, have not yet been identified.

FtsZ of most species has no natural tryptophan. In a previous
study our lab mutated L68 of Escherichia coli FtsZ to trp (L68W)
and found that the trp fluorescence emission increased 2.5-fold
when the FtsZ assembled.5 L68 is on the loop T3 near the plus-
end interface, and we reasoned that the fluorescence increase was
produced when the trp was partially buried in contact with the
minus end of the subunit above. The L68Wmutant was used as a
measure of total assembly to investigate the kinetics.

We have now prepared several new mutants of E. coli FtsZ,
each introducing a single trp. One trp is on helix H7 and buried
between the N- and C-terminal subdomains. The others are on
the surface of the N- and C-terminal subdomains near their
interface. Each of these trp mutants showed a substantial change
in fluorescence upon assembly, indicating a conformational
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ABSTRACT: E. coli FtsZ has no native tryptophan. We showed previously that the
mutant FtsZ L68W gave a 2.5-fold increase in trp fluorescence when assembly was
induced by GTP. L68 is probably buried in the protofilament interface upon assembly,
causing the fluorescence increase. In the present study we introduced trp residues at
several other locations and examined them for assembly-induced fluorescence changes.
L189W, located on helix H7 and buried between the N- and C-terminal subdomains,
showed a large fluorescence increase, comparable to L68W. This may reflect a shift or
rotation of the two subdomains relative to each other. L160W showed a smaller increase
in fluorescence, and Y222W a decrease in fluorescence, upon assembly. These two are
located on the surface of the N and C subdomains, near the domain boundary. The
changes in fluorescence may reflect movements of the domains or of nearby side chains.
We prepared a double mutant Y222W/S151C and coupled ATTO-655 to the cys. The
CR of trp in the C-terminal subdomain was 10 Å away from that of the cys in the
N-terminal subdomain, permitting the ATTO to make van der Waals contact with the trp. The ATTO fluorescence showed strong
tryptophan-induced quenching. The quenching was reduced following assembly, consistent with a movement apart of the two
subdomains. Movements of one to several angstroms are probably sufficient to account for the changes in trp fluorescence and trp-
induced quenching of ATTO. Assembly in GDP plus DEAE dextran produces tubular polymers that are related to the highly curved,
mini-ring conformation. No change in trp fluorescence was observed upon assembly of these tubes, suggesting that the mini-ring
conformation is the same as that of a relaxed, monomeric FtsZ.
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change in the nearby environment. We explore the magnitude of
the conformational changes and discuss their significance. The
trp mutants described here provide sensitive new tools to assay
assembly of FtsZ.

’EXPERIMENTAL PROCEDURES

Protein Purification and Labeling. All studies were done
with E. coli FtsZ. Mutants of FtsZ were constructed using site-
directed mutagenesis in the plasmid pET11b-FtsZ. FtsZ proteins
were expressed and purified as described previously.5,7 Briefly,
the soluble bacterially expressed protein was purified by 30%
ammonium sulfate precipitation, followed by chromatography
on a source Q 10/10 column (GE healthcare) with a linear
gradient of 50�500 mM KCl in 50 mM Tris, pH 7.9, 1 mM
EDTA, 10% glycerol. Peak fractions were identified by SDS-
PAGE and stored at �80 �C.
For the FRET (fluorescence resonance energy transfer) assay

the FtsZ mutant L189W/F268C was labeled with fluorescein
5-maleimide and tetramethylrhodamine 5-maleimide (Molecular
Probes) for use as a pair.5 Briefly, a 5-fold molar excess of dye was
incubated with FtsZ protein at room temperature for 2 h. After
adding 1 mM DTT, free dye was removed with a G-25 Quick
Spin Protein Column (Roche Applied Science). The labeling
efficiency was >90% for each fluorophore. Labeled protein was
stored at �80 �C.
Before each experiment, a cycle of calcium assembly/disas-

sembly was done to remove any inactive protein and remaining
free probe. Briefly, FtsZ protein with 10 mM CaCl2 and 2 mM
GTP was incubated for 5 min at 37 �C to assemble protofilament
bundles. The FtsZ polymer was collected by centrifugation at
45 000 rpm for 30 min (Beckman TLA100 rotor). The pellet was
resuspended and solubilized in assembly buffer without GTP and
Ca and centrifuged again to remove any insoluble protein. Most
experiments were done in HMK buffer (50 mM HEPES pH 7.7,
5 mM MgAc, 100 mM KAc), and assembly was initiated by
adding 0.1�0.5 mMGTP. Some experiments were done inMEK
buffer (50 mMMES, pH 6.5, 1 mM EDTA, 100 mM KAc) or as

noted. The protein concentration was determined using a BCA
assay and corrected for the 75% color ratio of FtsZ/BSA, as
described previously.18

GTPase Activity Measurement. GTPase activity was mea-
sured using a continuous, regenerative coupled GTPase assay.19

In this assay, all free GDP in solution is rapidly regenerated into
GTP, in a reaction that consumes one NADH per GDP. The GTP
hydrolysis rate is measured by the decrease in absorption of NADH,
in a Shimadzu UV-2401PC spectrophotometer, using the extinction
coefficient 0.006 22 μM�1 cm�1 at 340 nm. Our assay mixture
included 1mMphosphoenolpyruvate, 0.8mMNADH, 20units/mL
pyruvate kinase and lactate dehydrogenase (Sigma-Aldrich), and
0.2 mM GTP. A 3 mm path cuvette was used for measurement.
Hydrolysis was plotted as a function of FtsZ concentration, and
the slope of the line above the critical concentration (∼1 μM for
all mutants) was taken as the hydrolysis rate. Measurements were
made in a thermostatically controlled cell at 25 �C.
Fluorescence Measurement. Fluorescence measurements

were taken with a Shimadzu RF-5301 PC spectrofluorometer.
FtsZ assembly kinetics were measured following addition of GTP
to 0.5mM, using an Applied Photophysics RX 2000 Rapid Kinetics
System stopped-flow mixing accessory. All fluorescence measure-
ments were taken in a thermostatically controlled cell at 25 �C.
For most tryptophan mutants, trp emission spectra were

measured between 300 and 420 nm, with excitation at 295 nm.
Assembly kinetics were monitored by measuring the tryptophan
emission at 340 or 350 nm, with excitation at 295 nm. For the
FRET assay, assembly was tracked using the decrease in donor
fluorescence at 515 nm, with excitation at 470 nm as described
previously.5

Photoinduced Electron Transfer20 or Tryptophan-In-
duced Quenching21. Some fluorophores can be efficiently
quenched by a tryptophan that is close enough to form van der
Waals contacts and perhaps ring stacking. We constructed FtsZ
double mutants T151C/Y222W and S154C/Y222W, in which
cys is close to the trp (10 and 7 Å between the CR’s). We labeled
the cys with the fluorescent dye ATTO-655-maleimide (Fluka)
or BODIPY FL N-(2-aminoethyl)maleimide (BODIPYaem;
Molecular Probes). For assembly experiments, the labeled FtsZ
protein was diluted with a 9-fold excess of unlabeled protein to
avoid the formation of FtsZ bundles. ATTO fluorescence spectra
were measured between 660 and 750 nm, with excitation at
650 nm, and assembly kinetics were measured at the ATTO
emission peak 680 nm, with excitation at 650 nm. BODIPY
fluorescence spectra were measured between 500 and 600 nm
with excitation at 490 nm, and assembly kinetics were measured
at the peak 515 nm, with excitation at 490 nm. All measurements
were taken at 25 �C.
ElectronMicroscopy.FtsZ filaments were imaged by negative

stain electron microscopy (EM). Approximately 10 μL of sample
in the appropriate buffer was incubated with GTP for 1�2 min
and applied to a carbon-coated copper grid. Samples then were
negatively stained with 2% uranyl acetate and photographed
using a Philips 301 electron microscope at 50000� magnifica-
tion. Specimens of DEAE dextran assembly were made after
2�5 min of assembly.

’RESULTS

Design of Trp Mutants and Measure of Steady-State
Fluorescence before and after Assembly. We constructed
three single trp mutants at positions indicated in Figure 1. We

Figure 1. Location of trp and cys mutants used in this study. The
globular part of FtsZ comprises two subdomains (N-terminal dark blue,
C-terminal cyan), which are independently folding.13,14 GDP and the
synergy residueD212 are shown in yellow spacefill. Three of the residues
mutated to trp are shown in red spacefill. Y222 is in orange. The two
residues mutated to cys (both in the presence of Y222W) are in green.
The model is from the crystal structure of P. aeruginosa FtsZ (PDB
1ofu).39 The amino acids indicated are those of E. coli, some of which are
different from the corresponding ones in P. aeruginosa.
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also included the previously described L68W in some experi-
ments. L189W is on helix H7; it is sandwiched between the N-
and C-terminal subdomains and appears to be completely buried
in a space-filling model (not shown). L160W and Y222W are on
the N- and C-terminal subdomains, respectively, close to the
boundary between the two subdomains. L160 is partly covered
by an overlapping side chain in the Pseudomonas structure, while
Y222 (M223 in Pseudomonas) seems almost completely exposed.
L68 is completely exposed on the upper protofilament interface
in the FtsZ monomer. All trp mutants assembled well and had
good GTP hydrolysis activities. Figure 2a�d shows the negative
stain EM pictures of FtsZ filaments assembled in HMK buffer
(pH 7.7, 100 mM KAc, 5 mM MgAc); Figure 2e�h shows
assembly in MEK buffer (pH 6.5, 100 mM KAc, 1 mM EDTA).
We used pH 6.5 for assembly in EDTA buffer because assembly is
weak (high critical concentration) in EDTA at pH 7.7. FtsZ-
L189W assembled into one-stranded protofilaments or small
bundles, which were somewhat shorter than those of wild type
FtsZ (Figure 2c). L160W and Y222W assembled protofilaments
indistinguishable from wild type FtsZ (Figure 2).
We began our studies using L189W protein that had been

purified without any added nucleotide, and we discovered a
curious effect. Upon adding GTP there was a rapid rise in
fluorescence, followed by a slow decline over 300�500 s. Adding
GDP caused only the slow decline (data not shown). But if GDP
was added first and fluorescence allowed to stabilize, an excess of
GTP now caused a rapid rise to a plateau, which was stable until
the GTP was exhausted. This suggested that protein purified and
stored in the absence of nucleotide adopted some inactive
conformation or aggregation state that could be reversed (over
a period of minutes) by adding GDP. This may be related to the
pronounced lag in GTP hydrolysis seen in early studies, which
could be reversed by preincubation with any of several nucleo-
tides.22 We have not seen this effect with other trp mutants, so it
may be peculiar to L189W; alternatively, it may be a property
common to FtsZ but only reported by L189W.We have resolved
this problem by subjecting the protein to a cycle of assembly in
Ca, as described in the Experimental Procedures, prior to each

experiment. Following assembly and pelleting, the protein
retains one molecule of GDP bound to each FtsZ, plus a small
excess trapped in the pellet. Using the step of Ca assembly we
obtained very reproducible fluorescence changes that seemed to
follow assembly.
We first characterized the trp fluorescence at steady state

(Figure 3). Each protein was subjected to a round of Ca
assembly; the pellets were resuspended in HMK buffer and
diluted to the same concentration, 5 μM. The emission peak
prior to assembly varied from 350 nm for L68W to 330 nm for
L189W. In most cases there was a less than 5 nm blue shift
following assembly, and for Y222W the blue shift was 10 nm. The
most striking change was in the emission intensity upon assembly.
L68W gave the largest change, increasing 3-fold (consistent with
our previous report of a 2.5-fold increase inMMK buffer, pH 6.5).5

L189W had a peak emission less than half that of L68W before
assembly, but it also showed a 2.5-fold increase upon assembly.
L160W showed a moderate increase, while Y222W showed a
significant decrease in emission intensity. The overall conclusion is
that each of the four trp mutants examined here showed a
significant change in trp emission intensity upon assembly in GTP.
We made two other trp mutants, F182W and L199W, located

on the top and bottom of the H7 helix. These showed noGTPase
or assembly and were abandoned.
Critical Concentration and Kinetics of Assembly of the Trp

Mutant L189W. When assembly of L189W was initiated by
adding 0.1 mMGTP, there was a very rapid fluorescence increase
up to a plateau (Figure 4a). We determined the critical concen-
tration by plotting the plateau fluorescence against the total FtsZ
concentration (Figure 4b). A plot of GTPase vs FtsZ concentra-
tion also gave a straight line with a similar intercept (Figure 4b).
From these two assays we deduce a critical concentration of
0.8�1.0 μM for L189W. This is the same as wild type FtsZ.7,23,24

The critical concentration of the mutant L68W was 0.1 μM,7

indicating that this trp mutation in the protofilament bond
interface significantly enhanced the affinity. The GTPase of
L189W was higher than that of wild type—9 GDP per min per
FtsZ (Figure 4a) vs 5�7 for wild type FtsZ at 25 �C.25

Figure 2. Negative stain EM of 5 μM assembled wild type FtsZ and single trp FtsZ mutants in the presence of 5 mMMgAc, pH 7.7 (a�d) or 10 μM
FtsZ in presence of 1 mM EDTA, pH 6.5 (e�h). The scale bar is 200 nm.
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Following addition of GTP, the fluorescence of L189W
increased rapidly to a plateau, which was reached in about 3 s
(Figure 4a,c). This is 2�4 times faster than the kinetics of L68W
and of F268C labeled for FRET.5,7 We wondered if the rapid
fluorescence increase of L189W might be reporting a conforma-
tional change linked to GTP binding or some preassembly steps,
rather than to assembly of protofilaments. To test whether the trp
fluorescence followed assembly, we constructed a double mutant
L189W/F268C, which we could label with fluorescent probes to
assay assembly by FRET.7 We tracked assembly of a sample at
5 μM concentration using FRET (decrease in donor fluorescence)
and then tracked a duplicate sample by trp fluorescence
(Figure 4c). The kinetics of the two curves were identical,
reaching a plateau in 2.5�3.0 s. We conclude that the trp fluores-
cence of L189W is indeed tracking assembly and that the
assembly of this trp mutant is substantially faster than assembly
of L68W and F268C.
We also checked the assembly kinetics of L189W in MEK

buffer (50 mM Mes, 100 mM KAc, 2.5 mM EDTA, pH 6.5),
where the chelation of Mg blocks GTP hydrolysis but permits
assembly. Following addition of GTP the trp fluorescence
increased to a plateau (Figure 4d). This assembly was somewhat
slower than in pH 7.7 buffer with Mg. Also assembly inMEK had
a much higher critical concentration; there was no assembly at
5 μM, and the curve shown was for 10 μM.We conclude that the
FtsZ conformational change reported by the trp fluorescence is
due to assembly and is independent of GTP hydrolysis.
Surface-Exposed Trp Mutants near the Subdomain

Boundary. To explore further possible conformational changes
during assembly, we constructed two new single trp mutants,
L160W and Y222W. L160 is in the N-terminal and Y222 in the
C-terminal subdomain, and each is close to the interface between
the two subdomains (Figure 1). Each of these trp mutants

showed fluorescence changes after initiating assembly by adding
GTP. The trp fluorescence of L160W increased about 50%
during assembly, while that of Y222W decreased (Figure 5a,b).
The kinetics of assembly of each of these mutants was 2�4 times
slower than for L189W and very similar to L68W and F268C.
Plotting the fluorescence change at plateau, and the GTPase
activity, as a function of total FtsZ concentration, we found that
both Y222W and L160W had critical concentrations around 1 μM
(Figure 5c,d), the same as wild type FtsZ. Both mutant proteins
could assemble into filaments in EDTA buffer, pH 6.5, when the
concentration was above 5 μM (not shown). The GTP hydrolysis
rate of these two mutants was similar to that of wild type.
Subdomain Movements Reported by Changes in Trypto-

phan Quenching of ATTO and BODIPY.To explore further the
movements of theN- andC-terminal subdomains relative to each
other, we turned to a technique termed photoinduced-electron
transfer20 or tryptophan-induced quenching.21 In this technique
the fluorescent dye ATTO or BODIPY is attached to a cys that is
close to a trp, and its fluorescence is quenched when it forms a
close contact with the indole ring of the trp. For this we used the
trp in Y222W in the C-terminal subdomain, as the quencher, and
we created cys mutations in the N-terminal subdomain for
attachment of the fluorophores.We constructed two FtsZ double
mutants: Y222W/S154C and Y222W/T151C. The distance
between the alpha carbons was 7.2 Å for Y222W/S154C and
10.0 Å for Y222W/T151C. Both ATTO-655 and BODIPYaem
have a long linker (comprising the maleimide plus 4�6 N and C
atoms21) between the cys attachment and the fluorophore, which
should easily span these distances. Each of the double mutants
assembled with kinetics similar to the Y222W single mutant as
measured by changes in trp fluorescence (not shown).
Before attaching the ATTO we made a new discovery,

that introducing the cys residues substantially altered the trp

Figure 3. Steady-state emission spectra of the different mutants. Each mutant protein was diluted to 5 μMconcentration and excited at 295 nm, and the
emission spectrum was recorded with no addition and with 1/20 volume of GDP or GTP (to 0.2 mM final concentration). Spectra were recorded after 1
min to achieve steady state. The small decrease upon addition of GDP is due partly to dilution and partly to the weak absorption byGDP at 295 nm.Note
that the scale for L68W is twice that of the other panels.
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fluorescence of 222W. T151C, which is 10 Å away, caused the trp
fluorescence to increase in the unassembled state; assembly
caused a drop in fluorescence (Figure 3), similar to the case for
the single Y222W mutant. S154C, which is 7.2 Å away, caused a
substantial decrease in fluorescence in the absence of assembly;
upon assembly the fluorescence increased (Figure 3), the opposite

of the single Y222W mutant. These effects are addressed in the
Discussion.
We then labeled the cys of T151C/Y222W with ATTO-655

maleimide. The labeled mutant showed a strong quenching of
the ATTO fluorescence in the native protein, as indicated by the
very large increase in fluorescence upon denaturation in urea
(Figure 6a). We then tested how the quenching was affected by
assembly. In preliminary assays we found that when the protein
was highly labeled with ATTO it formed bundles in which the
ATTO fluorescence was decreased by auto-FRET (data not
shown), as previously observed for fluorescein-labeled FtsZ.26

These bundles also had a significantly decreased GTPase. To
avoid these effects, we mixed 1 part of ATTO-labeled FtsZ with 9
parts unlabeled FtsZ. Figure 6a shows that ATTO fluorescence
increased about 60% upon assembly, suggesting that 151C moved

Figure 4. (a) Time course of assembly of L189W measured by trp
fluorescence. The FtsZ concentration was 2.5 and 5 μM for the lower
and upper curves. (b) L189W has a critical concentration 0.8�1 μM,
measured by both GTP hydrolysis rate (left ordinate, circles) and trp
fluorescence increase (right ordinate, squares). (c) Assembly of L189W/
F268C measured by increasing trp fluorescence (lower curve) and by
decreasing donor fluorescence in FRET (upper curve). (d) Assembly of
10 μM L189W in EDTA buffer measured by trp fluorescence increase.

Figure 5. Trp fluorescence during assembly showed an increase for 5
μM L60W (a) and a decrease for 2.5 μM and 5 μM Y222W (b). The
critical concentrations of L160W (c) and Y222W (d) are around 1 μM
measured by both GTP hydrolysis rate and trp fluorescence changes.
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away from 222W, resulting in decreased quenching of ATTO.
This increase was small compared to the complete loss of
quenching in urea, suggesting that the movement was small.

The increase in ATTO fluorescence occurred with essentially
the same kinetics as assembly measured by trp fluorescence
(Figure 6b).
We repeated these experiments with the S154/Y222W mu-

tant. In this case we also obtained a large quenching of ATTO
fluorescence before assembly; however, there was essentially no
change upon assembly. We suggest that the closer distance of the
154�222 pair (the CR atoms are 7.2 Å apart) allows for full
quenching even after the small subdomain movement that
accompanies assembly. This is consistent with the observations
of Mansoor et al., who found substantial quenching of ATTO
when the W�C distance was 7.5 Å and reduced but variable
quenching for a distance of 10�11 Å.21

Very similar results were obtained with the BODIPYaem label.
When attached to 151C, the BODIPYaem fluorescence was
strongly quenched in GDP, and fluorescence increased about
60% after assembly in GTP (Figure 6c). When attached to 154C
the BODIPYaem showed similar strong quenching, but no
change in fluorescence upon assembly. As with the ATTO this
suggests that the 7.2 Å spacing of 154�222 is too short for the
subdomain movements to reduce the quenching.
Trp Mutants with No Change in Fluorescence. We tested

three mutants—L10W, T65W, and T162W—that showed nor-
mal assembly but no change in trp fluorescence (data not
shown). T162 is at the interface of the two subdomains and
only two amino acids away from L160, which gave a 50% increase
in fluorescence upon assembly. L160 (L161 in the Pseudomonas
crystal structure) in the N-terminal subdomain is partly covered
by and in contact with M223 (in the Pseudomonas crystal
structure) in the C-terminal subdomain, whereas T162 (T163
in Pseudomonas) is exposed on the surface and makes no contact
with the C-terminal subdomain. The absence of a fluorescence
change for L160W may be due to this absence of contact.
T65 is close to the L68, which gave a 2.5-fold fluorescence

increase. The equivalentmutation inMethanococcus jannaschiiFtsZ,
T92W, gave a 30% increase in fluorescence when the nucleotide
was changed fromGDP to GTP.27 That measurement was done in
the absence of Mg, which prevents assembly ofM. jannaschii FtsZ
(at the 2 μM concentration tested), and was interpreted to show a
movement of the T3 loop caused by the gamma phosphate ofGTP.
We repeated the measurement of our T65W of E. coli FtsZ at
0.5μMFtsZ, which is below the critical concentration and therefore
lacking assembly, and at 5 μMFtsZ, which assembled normally.We
saw no change in fluorescence in either case after addingGTP. This
suggests that the movement of the T3 loop upon GTP binding is
not a universal mechanism across FtsZ’s.
AcrylamideQuenching.Tryptophans that are exposed to the

solvent are readily quenched by adding acrylamide to the solvent,
while trp buried in the interior of a subunit are not.28 We tested
the quenching of four trp mutants with 100 mM acrylamide, in
GDP and GTP. As shown in Table 1, the largest quenching was
of Y222W and L68W in GDP, consistent with space-filling
models showing them exposed on the surface. The quenching
of L68Wwas 45% in GDP, and only 19% in GTP, consistent with
this trp becoming buried in the protofilament interface. Y222W
quenching dropped from 50% in GDP to 30% in GTP, suggest-
ing that the conformational change partially buries it. L189Wwas
the least sensitive to acrylamide quenching, 21% and 13% in
GDP and GTP. L160W showed 25% quenching in both GDP
and GTP; this suggests that the increase in trp fluorescence upon
assembly is caused by movement of nearby side chains without
changing the exposure to solvent.

Figure 6. Assembly-induced change in tryptophan-induced quenching.
The cys of Y222W/T151C, where the alpha carbons ofW andC are 10Å
apart, was labeled with ATTO-655 or BODIPYaem and examined for
quenching. (a) ATTO fluorescence in GDP was substantially quenched
in the native FtsZ relative to urea-denatured FtsZ. Adding GTP to
induce assembly reduced the quenching, indicated by increased fluor-
escence emission. (b) Time course of ATTO fluorescence during
assembly, at 5 μM (upper curve) and 2.5 μM (lower curve) FtsZ. (c)
Quenching of BODIPYaem fluorescence in the Y222W/T151C mutant
was very similar to that of ATTO. (d) BODIPYaem-labeled Y222W/
T154C, where theW and C are only 7.2 Å apart, showed an insignificant
fluorescence increase after adding GTP to induce the assembly.
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A Disulfide Lock Blocks FtsZ Activity. To further test the
importance of domain movements, we prepared a double
cysteine mutant S154C/Y222C. The alpha carbons of these
two amino acids (the same used above for a trp/cys mutant)
are 7.2 Å apart, which means that they should be able to form a
disulfide bond. This could inhibit the relative motion of the N-
and C-terminal subdomains. Figure 7 shows nonreducing SDS-
PAGE analysis of disulfide bond formation. Following normal
purification the protein ran as two bands, indicating partial
formation of disulfide. (However, since the GTPase was equal
to wild type FtsZ, it seems likely that the partial disulfide formed
after the addition of SDS and that the purified double cys mutant
had no disulfide.) We then added 50 μM copper sulfate to
catalyze oxidation of the disulfide, and the pattern shifted to a
single band with faster migration on the gel, a characteristic of an
intramolecular cross-link. Figure 7 shows that 5 μM double cys
mutant had a GTPase activity of 26 min�1, which is similar to
that of 5 μMwild type FtsZ. There was little change when tested
in the presence of DTT. Following treatment with copper sulfate
to form the disulfide bond, the GTPase activity was zero. When
this protein was subsequently treated with DTT, the GTPase
activity recovered to 15 min�1, 57% of the initial activity.
Assembly of protofilaments was confirmed by EM for the
untreated protein and protein treated by copper sulfate and then
DTT. The disulfide-locked FtsZ also failed to assemble either by
itself or in DEAE dextran (see next section). These results
suggest that the disulfide bond locked the protein into a
conformation that was incapable of assembly.
Assembly of the Curved Conformation Produces No

Change in Trp Fluorescence. The polycation DEAE dextran
stabilizes FtsZ polymers and can drive polymerization in either
GTP or GDP. In GTP the polymers are sheets or bundles of
straight protofilaments, sometimes mixed with tubes.29,30 In
GDP the polymers are exclusively tubes.29 The tubes have a
diameter of 24 nm, the same as mini-rings, and are interpreted to
be made of protofilaments in the curved conformation.29 We
used DEAE dextran assembly to test whether a conformational
change accompanied the assembly of tubes.
All four trp mutants assembled into tubular polymers with

10 μM FtsZ (0.4 mg/mL) and 0.15 mg/mL DEAE-dextran in
HMK buffer with 0.5 mM GDP (Figure 8). Assembly with GTP
produced a mixture of straight sheets and bundles with some
tubular polymers (Figure 8b,e). Assembly in GTP plus DEAE
dextran gave a rise in fluorescence for L68W and a decrease for
Y222W. This was the same magnitude as for assembly without
DEAE dextran, but much slower (Figure 8c,f). Assembly of
L68W and Y222W in GDP produced no detectable change in
fluorescence (Figure 8c,f). Similar results were obtained with
L189W and L160W (data not shown). This suggests that the

conformation of FtsZ subunits before assembly is the same as the
curved conformation in tubular polymers.

’DISCUSSION

If a protein�protein association buries a surface-exposed trp
in the interface, the fluorescence of the trp is frequently altered.
This change in trp fluorescence can serve to follow the associa-
tion reaction and report even rapid kinetics. For example, the
association of barnase and barstar results in a 20% decrease in
total trp fluorescence, and this has been widely used to study
kinetics.31 We found that an FtsZ mutant containing a single trp
at amino acid 68 (L68W) showed a 2.5-fold increase in trp
fluorescence when the FtsZ was induced to assemble by addition
of GTP.5We interpreted this to result from the trp being partially
buried in the interface between subunits in the protofilament.
This large increase in fluorescence made this mutant an ideal tool
to explore kinetics of assembly. The only caveat was that L68W
assembled with higher affinity than wild type FtsZ, having a
critical concentration about 10 times lower.5 It did, however,
complement an FtsZ null and so could function for cell division.

In the present study we have examined the fluorescence of
tryptophans introduced at three new sites. One of these, L189W,
gave a large increase in fluorescence upon assembly, comparable

Table 1. Tryptophan Fluorescence of FtsZ Trp Mutant (L189W, L160W, Y222W, and L68W) Quenched by 100 mM Acrylamide
with or without Assembly in GTPa

mutant GDP GDP acrylamide quenching (%) � GDP GTP GTP acrylamide quenching (%) � GTP

L189W 131 104 20.6 317 275 13.2

L160W 260 196 24.6 347 260 25.1

Y222W 302 150 50.3 180 126 30.0

L68W 390 214 45.1 1004 817 18.6
aThe numbers in columns 2, 3, 5, and 6 are the fluorescence emission intensity in arbitrary units, but all scaled together. The quenching % is the percent
reduction in acrylamide.

Figure 7. GTP hydrolysis of S154CY222C with and without disulfide
bond formation assayed by consumption of NADH. The negative slope
is proportional to the rate of GTP hydrolysis . Before treatment with
CuSO4 the rate was 26 GTP/min (for 5 μM protein, line 1). After
treatment with CuSO4 the slope was zero, indicating a complete loss of
GTP hydrolysis (line 2). When the protein was subsequently treated
with DTT, hydrolysis was recovered to 57% (line 3). The inset shows
SDS-PAGE analysis of disulfide bond formation of S154C/Y222C. The
protein purified by the normal procedure shows two closely spaced
bands (lane 1); following treatment with 50 μMCuSO4 the upper band
is converted to the lower band, which runs faster because of the
intramolecular disulfide (lane 2).
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to L68W. Two additional trp mutations also showed substantial
changes in fluorescence upon polymerization. These three trp
mutants provide additional tools to assay assembly of FtsZ, with
L160W being especially attractive because its critical concentra-
tion and kinetics appear to be the same as wild type FtsZ.

Tryptophan fluorescence is readily quenched by several amino
acid side chains, with cysteine having the strongest activity.32

Consistent with this, we found that introducing a cys at 154,
whose R carbon is only 7.2 Å from that of 222, caused a 2-fold
decrease in the fluorescence of 222W in the monomeric state.
This cys side chain is close enough to contact the indole ring and
cause substantial quenching. In this case polymerization caused
an increase in fluorescence, consistent with the quenching cys
moving away. The interpretation is more complicated for T151C/
Y222W, which are 10 Å apart, where the introduction of cys caused
the fluorescence of monomeric FtsZ to increase. Perhaps this cys is
too far away to effectively quench, but its introduction caused a
rearrangement of other side chains that reduce quenching. These
two cys mutants show how sensitive the trp fluorescence can be to
small changes in the nearby surface side chains.

A movement of the N-terminal subdomain relative to the
C-terminal subdomain was confirmed by ATTO quenching,
which also suggested that 151C moved away from 222W upon
assembly. The ATTO quenching has not been subject to
quantitation, but it seems most consistent with the movements
being small. T151 is 10 Å away from Y222 in the relaxed subunit

and maymove 1�2 Å farther away upon assembly. S154 is only 7
Å from Y222, and there was no change in ATTO quenching for
this pair upon assembly. We suggest that for this closer pair the
small movements can be accommodated by the flexibility of the
ATTO linker, without disrupting the contact of ATTO and trp.
We note that the change in ATTO fluorescence provides yet
another tool to assay assembly. This should be especially useful
for interactions involving proteins with their own multiple trp.

Martin-Galiano et al.17 have recently presented a theoretical
analysis of FtsZ, looking for hinge regions that might support
conformational changes. They identified several potential modes,
which involved rotational and closure movements both between
and within the N- and C-terminal subdomains. Their first
consensus movement would have T151 rotating away from
Y222, consistent with our interpretation of the ATTO quenching.
On the basis of this analysis, theymade several pointmutations that
altered assembly, some producing spiral polymers that are likely
related to the curved conformation discussed below. None of their
mutations corresponded to those in our study.

Diaz-Espinoza et al.33 searched for flexible and rigid zones of
FtsZ based on B factors of published crystal structures. They
made three mutants, replacing phe with trp: F275W and F135W
in flexible zones and F40W in a more rigid zone. In spite of the
fact that each of these amino acids is largely buried, none of the
mutations significantly destabilized the folding of FtsZ, and they
each complemented the FtsZ null. Another mutant, I294W, was

Figure 8. L68W and Y222W polymerization in DEAE dextran. L68W assembled into tubes in DEAE-dextran in GDP (a) and assembled into bundles,
sheets plus a few tubes with GTP (b). (c) Assembly of L68W in GDP plus DEAE dextran produced no change in trp fluorescence; assembly in GTP plus
DEAE dextran produced a large increase in trp fluorescence, although the increase was much slower than in GTP alone. (d�f) Y222W assembled
structures similar to L68W inDEAE dextran; a drop in fluorescence accompanied assembly inGTP, but there was no change in fluorescence for assembly
in GDP plus DEAE dextran.
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not functional but a double mutant I294W/F275A was. They
concluded that flexibility in this S9 strand “has a dramatic effect
on the functionality of the protein”. This study did not look for
fluorescence changes upon assembly.

The formation of a disulfide bond bridging the N- and
C-terminal subdomains in themutant S154C/Y222C completely
blocked assembly and GTP hydrolysis. The disulfide did not
form spontaneously upon air oxidation but required catalysis by
copper sulfate. This suggests that in the relaxed subunit the thiols
were not optimally positioned to make the disulfide. The copper
catalysis may have forced the FtsZ into a strained conformation
that inactivated it. The movements to achieve this should be
small, and importantly they should not have affected the top and
bottom surfaces, which form the protofilament interface. This is
additional evidence that it is not just these interfaces that are
needed for assembly, but conformational flexibility within the
subunit is also important.

Protofilaments of tubulin and FtsZ have two distinct con-
formations: straight and highly curved.30 For tubulin there are
high-resolution structures of the straight conformation from EM
crystallography of Zn sheets34 and of a curved conformation in a
crystal structure of a tubulin�stathmin complex.35 The curved
conformation is produced partly by a bend between subunits, but
there is also an intrasubunit conformational change between the
straight and curved protofilaments. Specifically there is a tilt of 8�
or 11� (for the R and β tubulins) between the N- and C-terminal
subdomains (the latter is termed the intermediate domain for
tubulin).16 Crystals of γ tubulin showed a tilt of the two subdo-
mains similar to that of the curved conformation of β tubulin.36,37

Bacterial tubulin BtubA/B also showed a tilt of the subdomains
equivalent to the curved conformation of tubulin�stathmin.38

Importantly, about a dozen crystal structures of FtsZ, from
different species and with different nucleotide content, all show
a subdomain tilt equivalent to the curved conformation.15

Our data provide new evidence that the relaxed conformation
of FtsZ monomers is the same as that in curved protofilaments.
In contrast to the substantial changes in fluorescence produced
with four different trp mutants when assembled into straight
protofilaments, none of these mutants showed any detectable
change in fluorescence when assembled with GDP into the
curved conformation in DEAE dextran tubes. We should note
that there is a second curved conformation that produces toroids
∼200 nm in diameter. This “intermediate curved conformation”
has been discussed elsewhere.1 The curved conformation that we
are discussing here is the one that makes the mini-rings and
DEAE dextran tubes, which are 24 nm in diameter.29 These
appear to be structural homologues of tubulin rings.

It has been proposed that a change from a low to high affinity
conformation might generate the apparent cooperativity of
protofilament assembly.9�12 The conformational changes that
we have documented here may be induced primarily by small
movements of nearby side chains, and they accompany the
8��11� rotation of the subdomains that occurs in straight
protofilaments of tubulin. L189W, which is sandwiched between
the two subdomains, should be especially sensitive to this
rotation, and indeed it showed a very large change in fluorescence
upon assembly. It is still not clear, however, how these small
movements in side chains, or even the larger rotation of the
subdomains, might translate into a high affinity conformation
that would generate apparent cooperativity. Structural evidence
or suggestions at the level of specific side chains are still needed to
advance this theory.
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