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ABSTRACT: We have characterized the self-association of FtsZ in its GDP-bound state (GDP-FtsZ) and the
heteroassociation of FtsZ and a soluble recombinant ZipA (sZipA) lacking the N-terminal transmembrane
domain by means of composition gradient—static light scattering (CG—SLS) and by measurement of
sedimentation equilibrium. CG—SLS experiments at high ionic strengths and in the presence of 5 mM Mg*"
show that, while FtsZ self-associates in a noncooperative fashion, sZipA acts as a monomer. CG—SLS data
obtained from mixtures of FtsZ (A) and sZipA (B) in the presence of Mg>" are quantitatively described by an
equilibrium model that takes into account significant scattermg contributions from B, A, Ay, Az, As, As, Ag,
AB, A,B, A;B, and A,B. However, in the absence of Mg>" (with EDTA), the data are best explained by an
equilibrium model in which only B, Al, A,, Az, A;B, and A,B contribute significantly to scattering. The best-
fit molecular weights of monomeric A and B are in good agreement with values calculated from amino acid
composition and with values obtained from sedimentation equilibrium. The latter technique also confirmed
the interaction between sZipA and GDP-FtsZ. Moreover, the association model that best describes the
CG—SLS data is in qualitative agreement with the sedimentation data. From these results, it follows that the
binding of sZipA to GDP-FtsZ is of moderate affinity and does not significantly affect the interactions
between FtsZ monomers. Under the working conditions used, only one sZipA binds to FtsZ oligomers with a
length of six at most. The observed behavior would be compatible with FtsZ fibrils being anchored in vivo to

the bacterial inner plasma membrane by substoichiometric binding of membrane-bound ZipA.

The components of the bacterial cell division machinery assemble
in a concerted manner to form a dynamic ring at midcell toward
the end of the cell cycle. The ring is formed by at least 15 division
specific proteins, most of them integral membrane proteins. The
first multiprotein complex formed is the bacterial proto-ring that
initiates division. In Escherichia coli, the proto-ring is a complex
of three proteins (FtsZ, FtsA, and ZipA) assembling on the cyto-
plasmic membrane that are required for the incorporation of
the remaining proteins into the mature ring (/) (2). The best
characterized proto-ring protein is FtsZ, which shares structural,
but not sequence, homology with eukaryotic tubulin, as well as
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its GTPase activity and its capacity to polymerize (3) (4). In its
GDP-bound state, the FtsZ monomer self-associates in a non-
cooperative manner to form oligomers, a reaction that is promoted
by magnesium, low pH, and excluded volume effects in highly
crowded media and that it is attenuated with an increase in solution
ionic strength (5—7). GTP triggers FtsZ assembly in vitro to form
polymers whose structural organization is highly polymorphic
(single-stranded protofilaments, circles, toroidal structures,
bundles, etc.) depending upon the solution composition and
experimental conditions (5, 7—/4). The GTP-mediated assembly—
disassembly cycle of FtsZ is thought to be essential for the for-
mation of the dynamic septal ring during cell division (2—4, 15).

FtsZ is anchored to the cytoplasmic membrane through the
interaction of its carboxy-terminal region with ZipA or FtsA. FtsA
belongs to the actin family and contains a short amphipathic helix
that seems to mediate its association with the membrane (/6).
E. coli ZipA is a 36.4 kDa protein that contains an amino-terminal
helix that is integrated into the membrane and connected to a
cytoplasmic FtsZ-interacting domain via a flexible linker (17—20).
FtsA and ZipA are involved in the attachment of FtsZ to the
membrane, but no localization of FtsZ occurs in the simultaneous
absence of both. In fact, under normal conditions, ZipA is required
and essential for E. coli Z-ring formation (21). ZipA stabilizes
GTP-FtsZ polymers in vitro and in vivo that might be related to
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the effect of ZipA on the bundling of FtsZ polymers, in which the
C-terminal domain seems to be involved (/9, 22) . The interaction
between FtsZ and ZipA has been studied by means of genetic
and structural approaches (/7—27), but the mechanism of
association between the two proteins is largely unknown. The
only quantitative information about formation of the ZipA—
FtsZ complex was reported by Mosyak and co-workers (26).
They used surface plasmon resonance to measure the binding
of a 17-amino acid region from the C-terminal domain of FtsZ
(in its GDP-bound state) to two soluble fragments of ZipA
immobilized onto the sensor chip and found the interactions in
the complexes were weak (apparent dissociation constants
of >20 uM); these interactions did not change when the two
protein fragments were in solution, as measured by isothermal
titration calorimetry.

The aim of this work was the biophysical analysis of the
association between ZipA and GDP-FtsZ in solution to measure
the binding parameters of formation of the ZipA—FtsZ complex.
This information is important for undertaking the quantitative
characterization of these multiprotein complexes at different
levels of organization (like reconstituted and natural membrane
systems). We first isolate and analyze the full-length ZipA protein
in the absence of detergent. We found that detergent-free ZipA
existed mainly as a 16S oligomer, much larger than the expected
s value of the monomer (~3 S) and compatible with a 450—
500 kDa globular oligomer (ZipA decamer). Upon incubation
with GDP-FtsZ, the oligomers of ZipA formed large aggregates,
observations also confirmed by electron and atomic force micros-
copy. These results hampered the use of full-length ZipA for a
quantitative study of binding to FtsZ in solution. However, from
these preliminary studies, we concluded that ZipA in solution
retained the capacity of binding to FtsZ, with moderate affinity
(K > 10°M™"). We also found, by means of electron microscopy
and differential centrifugation assays, that full-length ZipA in a
low-salt buffer (with 50 mM KCI, but not with 500 mM)
promoted the formation of FtsZ polymer bundles at substoichio-
metric concentrations of ZipA, results that confirm previous
studies conducted in lower-pH buffers with 0.05 M KCI (79) .
To overcome these technical difficulties associated with the
tendency of ZipA to aggregate, we have generated a soluble
fragment of the protein that does not contain the transmem-
brane region (sZipA) and measured the binding of sZipA and
GDP-FtsZ in solution by means of recently developed com-
position gradient—static light scattering methods in combina-
tion with sedimentation equilibrium measurements. The former
technique is a new powerful tool for rapidly and accurately
measuring protein self-association and heteroassociation in
solution (28—32). In composition gradient—static light scat-
tering (CG—SLS) experiments, light scattering data are ac-
quired from a solution whose composition is being contin-
uously varied with time in a controlled fashion. The resulting
profiles of light scattering intensity as a function of solution
composition are then modeled in the context of schemes postu-
lating different combinations of self-association and/or hetero-
association equilibria, to determine the simplest scheme capable
of accounting for the data to within experimental precision.
This approach has allowed us to define the scheme of association
between sZipA and FtsZ as well as the affinity and stoichio-
metry of the different species present in the solution. Finally,
the potential implications of these results for understanding
the association of FtsZ with ZipA at the cytoplasmic mem-
brane are discussed.
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EXPERIMENTAL PROCEDURES

Materials. All the assays described in this paper were con-
ducted at 25 °C with the proteins equilibrated in 50 mM Tris-HCI
(pH 7.4) and 500 mM KCl buffer, with either 5 mM MgCl, (Tris-
500K Cl-Mg buffer) or | mM EDTA (Tris-S00KCI-EDTA buffer),
in the presence of the nucleotide (GDP or GTP) specified in the
text. Guanine nucleotides, GDP and GTP, were purchased from
Sigma-Aldrich and Roche, respectively. Other analytical grade
chemicals were from Merck or Sigma.

Proteins. E. coli FtsZ was purified by the Ca**-induced pre-
cipitation method described by Rivas et al. (7). In this study, we
have mainly used FtsZ in the GDP-bound state (nonpolymerized
protein), and we will call it GDP-FtsZ.

Mutagenesis of the zipA Gene and Overexpression and
Purification of sZipA. A soluble mutant of ZipA was con-
structed by elimination of the hydrophobic N-terminal domain
(amino acids 1—25) of the full-length protein. The deletion was
obtained by inverse polymerase chain reaction (PCR) using plasmid
pET-15ZIP as template DNA and primers 5-CATATGGCT-
GCCGCGCG-3 and 5-ACCAGCCGTAAAGAACG-3'. The
PCR product was purified, digested with Dpnl, and ligated with
T4 DNA ligase. The presence of the desired deletion and the
absence of other mutations were checked by DNA sequencing.

To overproduce sZipA, BL21/DE3 cells transformed with
pET-15ZIP (22) were grown at 37 °C in LB supplemented with
ampicillin (50 ug/mL) and chloramphenicol (50 ug/mL), yielding
an optical density of 0.4. Protein expression was induced with
1 mM IPTG for 3 h. Cells were harvested, centrifuged at 10000g
(4 °C for 15 min), and resuspended in 0.02 culture volume of
buffer A [20 mM Tris-HCI (pH 8.0), 500 mM NaCl, and 5 mM
imidazole]. After sonication, cell extracts were centrifuged at
200000g (4 °C for 30 min) to pellet membranes. sZipA was recovered
from the soluble fraction and loaded on a S mL Ni-NTA resin
(Novagen) equilibrated in buffer A. The protein was eluted
sequentially with 50, 100, 200, and 500 mM imidazole in buffer
A. Most of the sZipA protein eluted with 200 mM imidazole. The
protein concentration was determined by the Bradford assay.
The protein yield was typically 4—6 mg of sZipA/L of cell culture.
sZipA fractions were pooled and stored at —80 °C. The purity
of sZipA was >90% according to sodium dodecyl sulfate—
polyacrylamide gel electrophoresis.

Static Light Scattering. Composition gradient—static light
scattering experiments were performed using the Calypso system
(Wyatt Technology, Santa Barbara, CA) according to proce-
dures developed by Minton and co-workers (30—32). In brief,
a programmable three-injector syringe pump was used to intro-
duce a solution with a defined protein composition (that changes
with time) into parallel flow cells for concurrent measurement of
Rayleigh light scattering at multiple angles (using a DAWN-EOS
multiangle laser light scattering detector from Wyatt Technology)
and solute composition (using a Optilab rEX refractive index
detector from Wyatt Technology). A single-composition gradient
experiment yields several thousand values of scattering intensity
as a function of scattering angle and solution composition. The
specific refractive increments of FtsZ and sZipA were measured using
an Optilab rEX differential refractometer (Wyatt Technology),
and both were found to be equal to 0.185 % 0.002 cm®/g at 25 °C.

Experiments with a single protein were performed as described
by Attri and Minton (31). One of the pump channels (syringe and
reservoir) was filled with a solution of either GDP-FtsZ or sZipA
and a second with a buffer solution. Stepwise gradients of increasing
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or decreasing protein concentration were formed by increasing
in incremental intervals the flow rate of one of the syringes and
simultaneously decreasing by the same amount the flow rate of
the other syringe. Experiments with mixtures of two proteins were
performed as described by Attri and Minton (30). A solution of
sZipA (solution B) at weight-to-volume concentration wgoaq
was loaded into one of the pump channels, and a solution of
GDP-FtsZ (solution A) at weight-to-volume concentration wa joad
was loaded into the second pump channel. Initially, the flow
cells were filled with pure solution B, permitting determination
of the scattering intensity at multiple angles and absorbance of
sZipA at the loading concentration. Composition gradients were
created by simultaneously increasing the flow rate of pump
channel A and decreasing the flow rate of pump channel B; as
a result, the fraction of solution B in the solution mixture
gradually decreases from 1 to 0 while that of solution A gradually
increases from 0 to 1. Absorbance data were processed to yield
the concentration of either one protein (in a single-protein
experiment) or both proteins (in a two-protein experiment), as
described in refs 30 and 31. The scattering data were processed as
previously described by Attri and Minton (30, 37) to yield the
Rayleigh ratio R scaled to an optical constant

4 (dii /dw)?
AN

ot = (1)
where A, N, and 71 denote the wavelength of incident light
(690 nm), Avogadro’s number, and the refractive index of the
solution, respectively. diz/dw is the specific refractive increment of
both proteins, determined as described above, where w denotes
the weight-to-volume concentration of the protein. In this study,
all solute species were small relative to the wavelength of light.
Therefore, the scaled Rayleigh ratio is independent of scattering
angle and depends only upon the solute composition:

Z Miw; Z eM? (2)

where M, w;, and ¢; denote the molar mass, the weight-to-volume
concentration, and the molar concentration of the ith solute
species, respectively. The fractional contribution of a given species
to the total scattering intensity is then given by

opl

2
¢M;

(3)

The composition dependence of R/Kp is modeled in the
context of equilibrium schemes described below that specify the
molar masses of all significant scattering species, and the depen-
dence of all ¢; values upon one or more postulated equilibrium
association constants and the total concentrations of each protein
or both proteins.

Models for Equilibrium Self-Association and Heteroas-
sociation. Several equilibrium models were constructed to cal-
culate the molar concentration of each macromolecular species
present as a function of the total concentration of each macro-
molecular component and one or more equilibrium association
constants. The results of these models were then combined with
eq 2 to calculate the dependence of total scattering upon solution
composition. Below we describe the simplest models found to
describe the data obtained in this study within experimental
uncertainty. In a solution containing only a single protein
component (A), the subscript i denotes a property of the oligomeric
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species A;. In a solution containing two protein components
(A and B), the subscript ij denotes a property of the oligomeric
species A;B;.

Model ] Isodesmic Model for Self-Association of GD P-
FtsZ (component A). Itisassumed that monomeric A may bind
to another monomer or any oligomer of A with equal affinity.

KAA = C,'Jr]/C]C,‘ for all i (4)

- - L
Cot = —2 (Kqqc1)' = 5
o T T Z R P

where ¢ = Kaac;. Given values of wy, M;, and K, one may
solve eq 5 for the values of ¢ and ¢;. It follows from eq 2 that the
normalized scattering is then given by

2

S MPs, P MP g+
*2 lM] :K—AA;l (KAAcl) :K—X 3 (6)

opl B AA (1 - q)

Model 2: Isodesmic Self-Association of GDP-FtsZ
(component A) and Heteroassociation of Each Oligomeric
Species of A with One or Two Molecules of sZipA (com-
ponent B). Itisassumed that one or two molecules of B may bind
to a monomer or any oligomer of A with an affinity that is inde-
pendent of the size of the oligomer. The second molecule of B
binds to monomeric or oligomeric A with an equilibrium con-
stant for association that differs from the equilibrium constant
for binding the first B by a factor o

K44 = Q10 for all (7)
€i0C10
KAB = i for all i (8)
CioCo1
oKy p = for all i 9)
Ci1Co1
The conservation of mass equations may be written as
WA tot " <2 1 A*
Capor =——— =(1+B"+0aB — 10
A, tot 10 ( ) KAA (1 —A*)2 ( )
A*

w .
CB"[(;[ _ B,l‘()t _ C()] +(B*+2U»BX2)

Mo, (11)

Kyq 1—4*
where A* = Kxacyo and B* = Kapcor. Given values of wa tor, WB ot
Mo, M1, Kaa, Kap, and o, one may solve eqs 10 and 11 numer-
ically for the equilibrium values of ¢;o and ¢q;. Then eqs 7—9 may
be used to calculate the all equilibrium values of c;. The cor-
responding value of R/K is calculated numerically by summing
over all significantly populated species in the following special
case of eq 2

w2
= conMo® + Y cyiMig +jMor)* (12)
i=1j=0
When the infinite sum indicated above was evaluated, terms in in-
creasing 7 were successively added until convergence was established.
All data processing and modeling calculations were performed
using user-written scripts and functions written in MATLAB
(Mathworks, Natick, MA) available from A.P.M. upon request.
Sedimentation Equilibrium. Sedimentation equilibrium was
assessed to determine the state of association of the individual
components (sZipA and GDP-FtsZ) and to measure the asso-
ciation properties of sZipA—FtsZ complexes. The analytical
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ultracentrifugation analysis of sZipA, GDP-FtsZ, and the sZipA—
FtsZ mixtures was performed using several protein concentra-
tions (in the range of 0.3—1 g/L) equilibrated in either Tris-
500K CIl-Mg or Tris-500K CI-EDTA buffer containing 0.05 mM
GDP. Sedimentation velocity runs were conducted at 42000 rpm
and 25 °C. Sedimentation profiles were registered every 5 min at
the appropriate wavelength (230 or 275 nm). Short-column
(70—80 uL) experiments were conducted at 25 °C in an XL-A
analytical ultracentrifuge (Beckman-Coulter Inc.) with a UV—vis
optics detection system, using an An60Ti rotor and 12 mm
double-sector centerpieces. The equilibrium runs were conducted
at two speeds (10000 and 12000 rpm), and the gradients were
monitored at two different wavelengths (230 and 275 nm).
Following the equilibrium scans, the solutions were centrifuged
at high speed (40000 rpm) to deplete the meniscus and obtain the
corresponding baseline offsets. The measured equilibrium con-
centration (signal) gradients of sZipA and FtsZ alone were fit by
the equation that characterizes the equilibrium gradient of an
ideally sedimenting solute (33), yielding the whole-cell buoyant
signal average molecular weights of the individual proteins.
Analysis of Sedimentation Equilibrium Data. For two
components (A being FtsZ and B being sZipA), the absorbance
average molecular weight is given by (34)
Z(iMAaA -I-jMB(IB)Ci/(l'MA —I—jMB)
Mabs,av = b (13)

Z(iMA(lA +,jMB(XB)Ci]'
Iﬂ/

where My is the molecular weight of monomeric X, oy is the
extinction coefficient of X at the wavelength of measurement, and
¢;;is the molar concentration of A;B;. If the two components have
the same density increment (dp/dwa = dp/dwg = dp/dw), then the
experimentally measured buoyant signal average molecular
weight 1S just M*,ps0y = Maps.av(dp/dw). A MATLAB function
using eqs 7—11 and 13 was written to calculate the buoyant
absorbance average molecular weight as a function of the total
weight-to-volume concentrations of A and B.

It follows from eqs 2, 6, and 12 that any equilibrium model
used to generate a calculated dependence of R/K,,; upon protein
concentration may also be used to generate a calculated depen-
dence of M, upon protein concentration, which is the form of the
sedimentation equilibrium results presented in this work. There-
fore, with minor modifications, the same association schemes
described above to model the composition dependence data of
light scattering can also be used to model the composition depen-
dence data of sedimentation equilibrium experiments.

RESULTS AND DISCUSSION

sZipA. The normalized scattering intensity of sZipA in the
absence and presence of Mg>" is plotted as a function of protein
concentration in Figure 1. Both sets of data are fit quantitatively
by a model according to which sZipA behaves as a single species
with an M, of 34000 + 1000, in good agreement with the sequence
molecular weight of the monomer (35829). The best fit of this
model to each data set is plotted together with the data. It follows
that sZipA does not self-associate to a significant extent in either
buffer over the measured range of concentrations. We confirmed
that sZipA was a monomer in solution by analytical ultracen-
trifugation (Figure 2). The buoyant average molecular weight of
sZipA, determined by sedimentation equilibrium, was 9500 £
1000 (M,, = 36000, calculated using 0.736 cm’/g as the partial
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FIGURE 1: Normalized scattering intensity plotted as a function of
sZipA concentration in the absence (black symbols) and presence
(red symbols) of 5 mM Mg*". The blue line is the best fit of a single-
species model with an M, of 34000 + 1000.

0.01
0.00
-0.01

residuals

05

0.4 r

absorbance

02

01 L L L L L L L
6.88 6.92 6.96 7.00 7.04 7.08 712 7.16

radius (cm)

FIGURE 2: Analytical ultracentrifugation analysis of sZipA. Sedi-
mentation equilibrium absorbance gradient of 14 uM sZipA at
12000 rpm. The solid line is the best-fit distribution from the single-
species model with an My, of 36000 £ 2000, which corresponds to a
protein monomer.

specific volume of sZipA), corresponding to a protein monomer.
The sedimentation properties of sZipA did not change when the
KClI concentration was decreased to 0.05 M or when EDTA was
added to the buffer (not shown).

GDP-FtsZ. The concentration-dependent scattering of FtsZ in
(high salt) Tris-S00KCI buffer in the absence and presence of
Mg’ " is plotted in Figure 3. Both sets of data are fit quantitatively
by the isodesmic self-association model described above. The best
fit of this model to each data set, calculated using the parameter
values given in the figure caption, is plotted together with the
data. The fractional contribution of each significant species to the
total scattering, calculated according to eq 3, is plotted as a
function of total protein concentration, and the corresponding
mass fractional distributions are plotted in Figures S1 and S2 of
the Supporting Information, respectively. In the presence of
Mg**, the scattering data are well described for by an equilibrium
model that takes into account significant scattering contributions
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FIGURE 3: Normalized scattering intensity plotted as a function of
GDP-FtsZ concentration in the absence (black symbols) and pre-
sence (red symbols) of 5 mM Mg>". Plotted curves represent the best
fits of model 1 with an M 0of 40000 (constrained) and log Kx 4 values
of 4.3 (without Mg?") and 4.8 (with Mg>").

of several FtsZ species, from monomers to hexamers. In the pres-
ence of EDTA, FtsZ self-association is attenuated, as expected,
and only monomers, dimers, and trimers contributed to the scat-
tering signal.

In parallel, we conducted low-speed sedimentation equilibrium
analysis with the same FtsZ preparations (loading concentrations
ranging from 0.3 to 1.0 g/L, or from 7.5 to 25 uM) that yielded
signal buoyant average molecular weights from 15200 to 21800
(M,, from 57000 to 82000, calculated using 0.738 cm?/g as the
partial specific volume of FtsZ) (for the protein in 5 mM Mg>")
and from 11200 to 14600 (M, from 42000 to 55000) (EDTA).
The dependence of the molecular weight of FtsZ on total protein
concentration confirmed the results obtained in previous studies
from our laboratory (5) and, more importantly, is in good quan-
titative agreement with the isodesmic model that accounts for
the results obtained from composition gradient—light scattering
(CG—LS) (Figure 4).

sZipA and GDP-FtsZ. We then conducted composition
gradient—light scattering to detect and quantify the association
between GDP-FtsZ and sZipA. A 0.35 g/L solution of ZipA (B)
was automatically mixed in various proportions with a 0.5 g/L
solution of FtsZ (A), to produce a gradient with a composition
continuously varying from mole fraction 0 to mole fraction 1 of
A. The normalized scattering of these mixtures, in the absence
and presence of Mg”", is plotted as a function of the fraction of
solution A in the mixture in Figure 5.

Both sets of data are fit quantitatively by model 2 and exclude
the binding of more than one molecule of B (sZipA) to each
monomer or oligomer of A (FtsZ). In this model, it is assumed
that GDP-FtsZ self-associates isodesmically (with equal stepwise
equilibrium constants for addition of monomer to oligomer).
This is the model that satisfactorily describes the self-association
of GDP-FtsZ in the absence of sZipA (see below and ref 32). In
addition, it allows for the possibility of binding either one or two
molecules of sZipA to each monomer or oligomer of GDP-FtsZ.
The binding constant for the binding of the first molecule of
sZipA is Kap, and the binding constant for binding of the second
molecule is aKp. The data indicate that the binding of one
molecule of sZipA to an oligomer of FtsZ reduces the affinity for
binding of a second molecule of sZipA to the same oligomer by a
factor of >10 (a0 < 0.03). The best fit of this model to each data
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FIGURE 4: Dependence of the signal-average molecular weight of GDP-
FtsZ on protein concentration in the absence (O) and presence (®) of
5mM Mg>" measured by sedimentation equilibrium. The plotted curves
represent the best fits of model 1 with an M of 40000 (constrained) and
log Kaa values of 4.2 (without Mg>*) and 4.7 (with Mg*").

40

FIGURE 5: Normalized scattering intensity plotted as a function of
the fraction of solution A (0.5 g/L FtsZ) mixed with solution B (0.35
g/LsZipA) in the absence (black symbols) and presence (red symbols)
of 5 mM Mg>". Plotted solid lines represent the best fits of model 2
with the following values: M, = 40000, My = 35000, log Kap =4.18 +
0.02 (EDTA) or 4.79 & 0.02 (with Mg”"), log Kap = 5.24 £ 0.07
(EDTA) or 5.78 + 0.20 (with Mg>"), and o < 0.1 (EDTA) or o <
0.03 (with Mg>"). The dashed and dotted lines represent the calcu-
lated dependence of scattering (with Mg>+) upon fA, assuming bind-
ing of B only to monomeric A (no binding to oligomeric A) and no
binding of B to A in any form, respectively.

set, calculated using the parameter values given in the figure
caption (see also Table 1), is plotted in Figure 5 together with the
data. The best-fit values of K o obtained from the analysis of the
mixtures of FtsZ and sZipA are in very good agreement with
those previously obtained from the concentration dependence of
the light scattering of GDP-FtsZ in the absence of sZipA under
comparable conditions. This lends confidence to the robustness
of our more general analysis of the two-component systems. The
best-fit values of log Kaa and log Kap are well-defined by the
data, assuming that the concentrations and molecular weights of
the two proteins have the assumed values. Even if the concentra-
tions and molecular weights were slightly uncertain, the best-fit
values of log Kaa and log Kxp were still well-defined, however,
with tolerances somewhat larger than those presented in the legend
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Table 1: Equilibrium Association Values for Self-Association and Heteroassociation of FtsZ and sZipA As Determined by Composition Gradient—Static
Light Scattering (CG—SLS) and Sedimentation Equilibrium (SE)*

protein Mg>* log Kaa log Kap o
FtsZ (A) no 4240.1(LSI)
FtsZ (A) and sZipA (B) no 4.18 + 0.02 (LS2), 3.8 (SE2) 5.24 4+ 0.02 (LS2), 5.1 (SE2) <0.1 (LS2), 0 (SE2)
FtsZ (A) yes 4.7+ 0.1 (LS1)
FtsZ (A) and sZipA (B) yes 4.79 + 0.02 (LS2), 4.6 (SE2) 5.78 4+ 0.02 (LS2), 5.4 (SE2) <0.03 (LS2), 0 (SE2)

“Legend: no, experiment conducted in the presence of 1 mM EDTA; +, experiment conducted in the presence of 5 mM MgCly; LS1, best-fit parameter values
from the analysis of the CG—LS data using model 1 (eqs 4—6), with an M, of 40000; SE1, best-fit parameter values from the analysis of the sedimentation
equilibrium data using model 1 (eqs 4, 5, and 13), with an M, of 40000; LS2, best-fit parameter values from the analysis of the CG—LS data using model 2
(eqs 7—12), with an M of 40000 and an My of 35000; SE2, best-fit parameter values from the analysis of the sedimentation equilibrium data using model 2
(eqs 7—11 and 13), with an M4 of 40000 and an My of 35000.
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FIGURE 6: Sedimentation equilibrium analysis of binding of sZipA to GDP-FtsZ. Sedimentation equilibrium absorbance profiles obtained at a
rotor speed of 10000 rpm and 20 °C for a sZipA—FtsZ mixture (each protein at 0.5 g/L) equilibrated in Tris-5S00K Cl buffer containing either S mM
MgCl, (A) or 1 mM EDTA (B). Solid lines are the best-fit equilibrium gradients for an ideally sedimenting species with signal average buoyant
M, values of 19000 & 800 (Mg>*) and 15700 & 1000 (EDTA). The dashed lines are the predicted gradients of the noninteracting mixture at the

. . . 9 .
same protein concentration in the presence and absence of Mg ", respectively.

of Figure 5. To illustrate how sensitive the results are to variation
in model parameters, the CG—LS profiles of the mixture assum-
ing either no binding of sZipA to FtsZ (dotted line) or binding
of sZipA only to monomeric FtsZ (dashed line) are also plotted
in Figure 5.

The fractional contribution of each species to total scattering
in the absence of Mg**, calculated according to eq 3, and the
corresponding mass fractional distributions are plotted as a func-
tion of solution composition in Figures S3 and S4 of the Sup-
porting Information, respectively. The fractional distribution
plots in the presence of 5 mM Mg*" are shown in Figures S5
and S6 of the Supporting Information. From these results, we
concluded that the scattering data obtained in the presence of
Mg*" are fit by an equilibrium model that takes into account
significant scattering contributions not only of the species that
can be observed in the EDTA (B, A, A, Az, AB, and A,B) but
also of A4, As, Ag, A3B, and A4B.

We confirmed the interaction between sZipA and GDP-FtsZ
by low-speed sedimentation equilibrium. Figure 6 shows the
equilibrium gradients of the mixture of sZipA (0.5 g/L, 14 uM)

and FtsZ (0.5 g/L, 12.5 uM) obtained in Tris-S00KCI buffer with
either S mM Mg>" (panel A) or | mM EDTA (panel B) together
with the calculated best-fit gradients assuming a single-species
model. The data are described well by species with single average
buoyant M,, values of 19000 + 800 (Mg>") and 15700 + 1000
(EDTA), values that in both cases are significantly higher than
the signal average buoyant M,, of the noninteracting mixtures
(14200 + 1000 with Mg>" and 10500 + 1000 with EDTA),
calculated from the buoyant M, measured in parallel for isolated
sZipA and FtsZ at the same concentration, in the presence and
absence of Mg”". These results demonstrated the presence of
heterocomplexes under the two experimental conditions studied.
The analysis of the dependence of the average molecular weight
as a function of the sZipA and FtsZ concentrations in the
mixtures, calculated using model 2 as described in Materials
and Methods, is in qualitative agreement with the results
obtained from composition gradient—light scattering (Figure
7). The model fits the data reasonably well, and both Kx 4 and
Kap appear to increase in the presence of Mg*" (Table 1).
However, the values of log Kx 4 and log K p, with one exception
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FIGURE 7: Analysis of the dependence of the signal average molecular weight of sZipA—FtsZ mixtures on sZipA (B) and FtsZ (A) concentrations
as measured by sedimentation equilibrium: (A) 5mM Mg " and (B) I mM EDTA. The grid lines represent the best fits of model 2 with the following
values: M = 40000, My = 35000, log Kaa = 3.8 (without Mg>") or 4.6 (with Mg>"), and log Kap = 5.1 (without Mg”>") or 5.4 (with Mg>*").

(log Kagin EDTA), are lower than the values obtained from the
analysis of light scattering data.

CONCLUDING REMARKS

Our composition gradient—static light scattering study of
ZipA—FtsZ mixtures of known composition has allowed us to
determine that sZipA is monomeric and that one molecule sZipA
can bind to a GDP-FtsZ monomer or oligomer (up to hexamers
under our buffer conditions) with moderate affinity (Figure 7).
These results are compatible with results of parallel measure-
ments of composition-dependent sedimentation equilibrium.
Moreover, they are in good agreement with earlier studies indi-
cating that the C-terminal FtsZ-binding domain of ZipA binds
with micromolar affinity to a C-terminal fragment of FtsZ (26).
The observed dependence of the values of Kxa and Kap upon
Mg*" concentration is probably more biologically relevant than
the absolute values of these constants. Over the range of con-
centrations explored in our experiments, the largest FtsZ oligo-
mer present at significant abundance is the hexameric species.
Our data do not permit us to determine whether additional sZipA
molecules can bind to larger GDP-FtsZ oligomers, but they
establish that formation of the ZipA—FtsZ complex does not
alter the self-association equilibrium between FtsZ molecules.

This work provides an additional example of the ability of the
recently developed CG—SLS method to quantitatively character-
ize complex systems of self-association and/or heteroassociation
equilibria in solutions containing one or two macromolecular
components. Our conclusions are reinforced by parallel results
obtained via measurements of sedimentation equilibrium. These
results suggest a possible mechanism for anchoring of FtsZ fibers to
the E. coliinner membrane via binding to membrane-localized ZipA.
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SUPPORTING INFORMATION AVAILABLE

Fractional distributions of individual species to the total scat-
tering intensity and weight fractional distribution of individual
species plotted as a function of total concentration of GDP-FtsZ,
in the absence and in the presence of Mg*" (Figures S1 and S2,
respectively) and fractional distributions of individual species to
the total scattering intensity and weight fractional distributions
of individual species in GDP-FtsZ—sZipA mixtures as a function
of solution composition, in the absence and presence of Mg>"
(Figures S3—S6). This material is available free of charge via the
Internet at http://pubs.acs.org.
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