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A fusion between lacZ andftsZ of Escherichia coli was constructed to obtain a 0-galactosidase-FtsZ fusion
protein. This fusion protein was used to raise antibodies against cell division protein FtsZ. Six monoclonal
antibodies were obtained, and they reacted with FtsZ from cytoplasm and membrane fractions. The epitopes
in FtsZ were localized by studying the reactions of the monoclonal antibodies with fusion proteins truncated
at the carboxy terminus and with fragments that were obtained by CNBr cleavage of purified FtsZ. Five
different epitopes were defined. Epitopes I and III reacted with the same monoclonal antibody, without showing
apparent amino acid homology. Epitope II was defined by monoclonal antibodies that cross-reacted with an

unknown cytoplasmic 50-kDa protein not related to FtsZ. Epitopes IV and V were recognized by different
monoclonal antibodies. All monoclonal antibodies reacted strongly under native conditions, so it is likely that
the five epitopes are situated on the surface of native FtsZ. By using these data and computer analysis, a

provisional model of FtsZ is proposed. The FtsZ protein is considered to be globular, with a hydrophobic
pocket containing GTP-binding elements. Epitopes I and II are situated on each side of the hydrophobic
pocket. Because the carboxy terminus contains epitope V, the carboxy terminus of FtsZ is likely oriented toward
the protein's surface.

Once the chromosomal DNA has doubled and the two
nucleoids are separating in Escherichia coli, the cell undergoes
a constriction in between the two nucleoids. During this
process, there is a local increase in peptidoglycan synthesis,
partially at the cost of lateral peptidoglycan synthesis else-
where (41). Cell division proteins, such as FtsZ, FtsQ, FtsA,
and penicillin-binding protein 3 (PBP3 encoded by ftsI), par-
ticipate in the constriction process (5). The ftsQ(Ts), ftsA(Ts),
and ftsl(Ts) mutants fail to continue the constriction process,
while the ftsZ84(Ts) mutant does not start new constrictions at
restrictive temperatures (33). In these mutants, nucleoid sep-
aration is not impaired (2, 42). These observations have led to
the conclusions that the FtsZ protein is involved in the
initiation of the constriction process and that the FtsQ, FtsA,
and PBP3 proteins are involved in its continuation (5).
At the initiation of the constriction process, FtsZ forms a

ring-like structure at the cytoplasmic side of the invaginating
inner membrane (4). The location of this ring is complemented
by a ring-like peptidoglycan-synthesizing activity in the
periplasm (41). The GTPase activity of FtsZ might be involved
in the assembly of the FtsZ ring (11, 24, 28). The partitioning
of the nucleoids is also likely to be related to this process: when
the expression of ftsZ is decreased artificially, nucleoid sepa-
ration is impaired (34). Although there is evidence that the
expression of ftsZ is regulated (1, 23, 31, 37, 39) and two
studies demonstrated its dependency on the cell cycle (13, 15),
division does not require a fixed number of FtsZ molecules
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(35). On the other hand, overexpression of ftsZ leads to
divisions at the cell poles, and either overexpression offtsZ to
still higher levels (40) or depletion of ftsZ (9, 27) causes

complete inhibition of the constriction process anywhere in the
cell. The ratio of the levels of FtsA to FtsZ is essential for
proper regulation of the constriction process, and not the
levels of these proteins individually (10, 12).
We would like to distinguish the different domains in FtsZ

that participate in the interaction with other cell division
proteins, including the ones mentioned above. To obtain data
about the different domains of FtsZ, including the GTP-
binding site, we decided to produce monoclonal antibodies
(MAbs) against FtsZ. We report the localization of five
different antigenic determinants (epitopes), which might be
available for interactions with other (cell division) proteins. A
tentative model of FtsZ is presented.

MATERIALS AND METHODS

Bacterial strains and growth conditions. E. coli strains
(Table 1) were grown at 37°C in Luria broth (LB), unless
mentioned otherwise. Strains LMC1102 and LMC1104 were

induced for 90 min, starting at an optical density (at 600 nm) of
0.2 by adding isopropyl-,B-thiogalactoside (IPTG) to a final
concentration of 2 mM. Strain VIP2 (27) was grown in minimal
salts medium (33) at 30°C in the presence of 0.1% Casamino
Acids.

Cell fractionation. Exponentially growing cells were har-
vested at an optical density at 600 nm of 0.9 and washed with
1 mM phenylmethylsulfonyl fluoride (PMSF) in phosphate-
buffered saline (PBS). The cell pellet was resuspended in 4 ml
of PBS-PMSF, and cells were disrupted at 0°C by sonication.
The cells were sonicated for 30 s, and then cooled for 30 s. This
process was continued until the suspension was transparent.
Crude material was removed by centrifugation in a microcen-
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TABLE 1. Bacterial strains and plasmids

Strain or Genotype or description Source or reference
plasmid

E. coli strains
MC4100 F- araD139 A(argF-lac)U169 7

deoCi flbB5301 ptsF25 rbsR
reLA1 rpsLS50

LMC500 MC4100 lysA Our collection
LMC824 POP2136 harboring pEX2
LMC1000 LMC500 F' lacIqL8
LMC1101 POP2136 harboring JV100
LMC1102 MC1061 harboring pJPB100
LMC1104 LMC1000 harboring pJPB100
MC1061 araDJ39 A(ara-leu)7697 A(lac)X74

galU galK strA
VIP2 A(lacX174) araD139 A(ara-leu) 27

7697 galU galK hsr hsm+
rpsL(str), harboring pLAR10

POP2136 F- araD139 A(lac)U169 thiA rpsL 38
relA flaB cI857(Ts)

Plasmids
pZAQ TetrftsQ ftsA ftsZ 40
pJPB100 Ampr p(lacZ)-ftsZ E. Mulder and

T. P. Bouche
pLAR10 CamrftsZ' rep(Ts) 27
pEX2 Ampr PR promoter of phage 32

lambda and cro-lacZ gene
fusion

pJV100 EcoRI-NaeI fragment offtsZ, This work
subcloned into pEX2

pJV106L pJV100 derivative
pJV109E pJV100 derivative
pJV124D pJV100 derivative
pJV127B pJV100 derivative

trifuge at 18,000 x g for 5 min at 4°C. The supernatant was

spun at 120,000 x g for 30 min at 4°C. The membrane pellet
was washed once with water to remove remaining cytoplasm
elements and resuspended in 1 ml of PBS-PMSF. Membrane
fractions and cytoplasm fractions were stored at - 20°C.

Construction and expression of the fusion gene lacZ-ftsZ. A
DNA fragment containing ftsZ was obtained by digestion of
pZAQ (40) with EcoRI and NaeI. This 1,235-bp fragment was
subcloned into an EcoRI-Smal-digested pEX2 vector (32).
The resulting construct pJV100 was transformed into strain
POP2136 (38) by the method of Chung and Miller (8). The
transformant was grown at 30°C, and expression of the lacZ-
ftsZ fusion gene was induced by incubation at 42°C for 30 min
and then at 37°C for 1 h. To isolate the 150-kDa fusion protein,
a 100-ml LB culture of the induced transformant was centri-
fuged and the pellet was resuspended in Laemmli sample
buffer (21). The cells were then lysed by exposure to 100°C in
a water bath for 5 min. Debris was removed by centrifugation
at 18,000 x g, and the lysate was loaded onto a preparative
sodium dodecyl sulfate-5.8% polyacrylamide gel. After elec-
trophoresis, the 150-kDa band was electroeluted overnight at 3
W and dialyzed against PBS for 6 h at 4°C.

Immunization. At day 0, BALB/c mouse AA1 was immu-
nized by injection with 62.5 tLg of the 150-kDa fusion protein
mixed with an equal volume of incomplete Freund's adjuvant.
On day 13, the mouse was injected with 125 jig of fusion
protein without adjuvant. Half of the material was injected
subcutaneously, and the other half was injected intraperitone-
ally. On day 24, a blood sample was taken from the mouse to
monitor the presence of FtsZ-specific antibodies. After 2

months (day 60), the mouse was injected intraperitoneally with
16.2 mg of cytoplasm fraction of the IPTG-induced LMC1104
to activate B lymphocytes that produce FtsZ-specific antibod-
ies. Three days later, antiserum was obtained, and lymphocytes
were isolated from the spleen for fusion with NS1 myeloma
cells by standard techniques (19). The resulting hybridomas
were grown in microtiter plates as described before (19).

For a second immunization, FtsZ protein was purified from
IPTG-induced LMC1102 as previously described (11, 28). The
40-kDa protein was isolated by electroelution and injected
together with incomplete Freund's adjuvant into rabbit
KAS287 every week. Half of the material was injected subcu-
taneously, and the other half was injected intermuscularly.
Nine days after the fourth injection, KAS287 antiserum was
obtained.

Enzyme-linked immunosorbent assay (ELISA). Polystyrene
microtiter plates with high binding capacity (Greiner, Nurtin-
gen, Germany) were coated with 0.50 ,ug of protein per well of
the cytoplasm fraction from IPTG-induced LMC1104 and
incubated overnight at 4°C. Nonspecific binding sites were
blocked by incubation with 1% skim milk powder at 150 ,ul per
well for 1 h at 37°C. After the plates had been washed three
times with 0.05% Tween 20 in PBS, incubations with the
hybridoma culture supematants were performed in the pres-
ence or absence of ND buffer (1% Nonidet P-40 and 0.5%
sodium desoxycholate) for 1 h at 37°C. A third set of microtiter
plates was coated with purified 0.25 ,ug per well of ,B-galacto-
sidase (Sigma Chemical Co., St. Louis, Mo.) and similarly
incubated without ND buffer. Subsequent labeling was per-
formed with anti-mouse peroxidase conjugate (Pasteur,
Marnes-Lacoquette, France). Tetramethylbenzidine (Merck,
Darmstadt, Germany) was used as a substrate for colorimetric
analysis (36).

Selection of MAbs. Hybridomas were selected on the basis of
a strong positive reaction in ELISA with the cytoplasm fraction
of IPTG-induced LMC1104 and a negative reaction with
,3-galactosidase. A second selection was carried out on the
basis of a positive reaction with the 40-kDa band and no
reaction with ,-galactosidase in Western blot (immunoblot)
analysis as described previously (18).
Hybridomas showing positive reactions of the desired spec-

ificity were cloned by the limiting dilution technique at a
density of 1 cell per well and were recloned twice at a density
of 0.3 cell per well. Selected cultures were grown in bulk and
injected intraperitoneally into pristane-primed BALB/c mice
in order to obtain ascitic fluid. The culture supernatants of the
selected hybridomas were used for characterization of the
MAbs.

Class and subclass determination of MAbs. Ascitic fluid
samples were diluted 1:1,000 in PBS. The immunoglobulin (Ig)
subclasses of the MAbs were determined by ELISA with
subclass-specific antisera (Serotec, Bicester, England).

Epitope mapping. Carboxy-terminal truncations of the ,B-ga-
lactosidase-FtsZ fusion protein were generated with exonucle-
ase III and S1 nuclease (Double Stranded Nested Deletion Kit;
Pharmacia, Uppsala, Sweden). The plasmid pJV100 was di-
gested with BamHI and PstI. Incubations with exonuclease III
at 30°C at various time intervals and subsequent incubation
with S1 nuclease at 30°C for 30 min resulted in truncated
versions of this DNA construct. Since the 3' overhang of the
PstI site is resistant to exonuclease III, we assumed that the
enzyme digested only into the ftsZ gene. The truncated plas-
mids were ligated and transformed into POP2136. After
induction, we obtained transformants producing fusion pro-
teins truncated at the carboxy terminus. To determine the
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FIG. 1. Detection of 3-galactosidase, 3-galactosidase-FtsZ fusion
protein, and FtsZ. (A) Sodium dodecyl sulfate-5.8% polyacrylamide
gel stained with Coomassie brilliant blue. Lane 1, total cell lysate of
LMC824 induced to overexpress 1-galactosidase; lane 2, total cell
lysate of LMC1101 induced to overexpress the lacZ-ftsZ fusion con-
struct (pJV100). a Gal, 1-galactosidase. (B) Western blot of
LMC1104, induced to overexpress ftsZ. Lane 1, 16 p.g of protein of
cytoplasm; lane 2, 18 jig of protein of membrane fraction. FtsZ was
labeled with antiserum obtained from mouse AA1 after injections with
the ,B-galactosidase-FtsZ fusion protein. To the left of the gels are the
positions of molecular size markers (in kilodaltons).

position of each truncation, sequence analysis was performed
by the method of Sanger et al. (29). A set of six transformants
was selected for epitope mapping.

In addition to the procedure described above, FtsZ protein
was purified as previously described (11, 28) and cleaved by
CNBr (26). The truncated fusion proteins were separated as
described by Laemmli (21), and the CNBr fragments were
separated as described by Schagger and Von Jagow (30). The
fragments and the truncated fusion proteins were analyzed for
reaction with the MAbs in Western blots.

Chemicals. Restriction enzymes and buffers were obtained
from Promega (Madison, Wis.) and Boehringer GmbH
(Mannheim, Germany). The components of LB were obtained
from Difco (Detroit, Mich.) and peroxidase conjugates and
detection chemicals for Western blot analysis were obtained
from Sigma. All other chemicals were obtained from BDH
(Poole, England) or Serva (Heidelberg, Germany).

RESULTS
Polyclonal antibodies against a 13-galactosidase-FtsZ fusion

protein. We studied the migration of the ,B-galactosidase-FtsZ
fusion protein on a 5.8% polyacrylamide denaturing gel system
(Fig. 1A). The ,B-galactosidase protein migrated as a 116-kDa
protein (lane 1). The fusion protein migrated as a 150-kDa
protein (lane 2), which proved to be large enough to separate
it from most other E. coli proteins. The 150-kDa band was
isolated by electroelution and used for immunization of a
mouse (AA1). Antibodies thus raised against the fusion pro-
tein reacted with a 40-kDa band in both cytoplasm and
membrane preparations from IPTG-induced LMC1104 that
overexpressed FtsZ (Fig. 1B). When the same amount of
proteins from wild-type cells was analyzed, a 40-kDa protein
was just visible (data not shown). This result implies that the
40-kDa protein shown in Fig. lB is overexpressed and repre-
sents FtsZ.

Selection of MAbs. The selection of hybridomas resulted in
MAbs F168-4, F168-8, F168-11, F168-12, F168-13, and F168-
18, which in ELISA showed strong positive reactions with
IPTG-induced LMC1104 in the presence or absence of ND
buffer (extinction values of 2.0 and higher) and showed no
reaction with 1-galactosidase. In Western blots, the six MAbs
reacted with a 40-kDa band, which corresponds to the size of
FtsZ, and no reaction with 3-galactosidase was found (results
not shown).

Epitope mapping. Reactivity of MAbs with the ,3-galactosi-
dase-FtsZ fusion protein and the four fusion proteins trun-
cated at the carboxy terminus was determined by Western blot
analysis (Fig. 2). All MAbs reacted with the total fusion protein
JV. MAb F168-4 reacted with nearly all truncated fusion
proteins, except for protein 27B. MAbs F168-8, F168-13, and
F168-18 reacted with the truncated proteins 6L and 9E, but not
with the truncated proteins 24D and 27B. MAb F168-11

5,

Fts Z

EcoRI

- COOH
Fusion proteins
(last amino acid)

Reactivity with
monoclonal antibodies F168-

4 8 13 18 11 12

3,

JV(Asp 383)

6L(Gln 332)

9E(Asn 158)

24D(Gly 103)

27B(Ala 80)

13-Gal

+ + + + + +

+ + + + + _

+ + + + _-

+__

FIG. 2. Truncated versions of the lacZ-ftsZ fusion and recognition of its gene products by the MAbs in Western blots. ,B-Gal, 13-galactosidase.
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TABLE 2. Reactivities of CNBr fragments of purified FtsZa

Reactivity of fragment with:
Fragment MOL wt

MJV8 KAS287 F168-4 F168-8 F168-11 F168-12 F168-13 F168-18

A 7,065 + + + - - - -
B 6,595 - - - + - - + +
C 6,291 + + + - - - -
D 4,318 + - - - - + -
E 3,885 - - - - - - -

a Five fragments of FtsZ were detected (+) or not detected (-) by antisera and MAbs in Western blots.

reacted only with the truncated protein 6L, whereas MAb
F168-12 did not react with any of the truncated fusion proteins
(Fig. 2).

In addition, the reactivities of the MAbs with CNBr frag-
ments from purified FtsZ were determined in Western blots
(Table 2). MAb F168-4 reacted with fragment A as well as with
fragment C. These fragments are situated at different positions
in the FtsZ protein. MAbs F168-8, F168-13, and F168-18
recognized fragment B. MAb F168-11 did not react with any of
the analyzed fragments. MAb F168-12 reacted with the car-
boxy-terminal fragment D, which was consistent with the
results from the truncated fusion proteins (Fig. 2).
The last amino acids of the truncated fusion proteins were

determined by DNA sequence analysis of the corresponding
plasmids. The results of reactions of the MAbs with the
truncated fusion proteins and with the CNBr-cleaved FtsZ
fragments were combined, and five different epitopes were
defined (Table 3 and Fig. 3). Epitope I, which was recognized
by MAb F168-4, is situated in an area between amino acids 80
and 97 on the left flank of the GTP-binding sequence (G box
[Fig. 3]). Epitope II reacted with MAbs F168-8, F168-13, and
F168-18 and is situated on the right flank of the G box between
amino acids 144 and 158. Epitope III was the second epitope
that reacted with MAb F168-4 and is situated in CNBr
fragment C. Comparison of the amino acid sequences of
epitopes I and III by computer analysis (FastP program) did
not reveal any homology. Comparison of these epitopes by
Hydrophobic Cluster Analysis (DNAid+ program) also did
not reveal any homology, indicating that the epitopes are
different in amino acid composition and structural conforma-
tion. Epitope IV is defined by MAb F168-11 and was still
present on fusion protein 6L. Since CNBr fragment C did not
react with this antibody, the epitope reacting with MAb
F168-11 must be situated between amino acids 303 and 332.
Epitope V reacted with MAb F168-12 and is situated in CNBr
fragment D between amino acids 337 and 383.

Class and subclass determination ofMAbs. The types of the
different MAbs were determined by ELISA (Table 3). Five

TABLE 3. Characterization of MAbs against FtsZ

MAb Subclass Amino acid EpitoperesidueseEioe

F168-4 IgG2b 79-97, 243-302 I, III
F168-8 IgGl 144-158 II
F168-11 IgGI 303-332 IV
F168-12 IgGI 337-383 V
F168-13 IgGl 144-158 II
F168-18 IgGl 144-158 II

a The summarized results of epitope mapping (Fig. 2 and Table 2).
b Designated epitope numbers of FtsZ.

MAbs belong to the IgGl subclass; only Mab F168-4 belongs
to the IgG2b subclass.

Detection of FtsZ in a wild-type strain. Cytoplasm and
membranes were separated from wild-type strain LMC500 and
were used to test the specificity of the MAbs. In Western blots,
all six MAbs reacted with a 40-kDa band in both fractions (Fig.
4). In addition, MAbs F168-8, F168-13, and F168-18 reacted
with an unknown cytoplasmic 50-kDa protein (Fig. 4B, lanes 2,
5, and 6). MAb F168-8, eluted from the 40-kDa band in
Western blot, reacted with the 40-kDa band and the 50-kDa
band de novo (data not shown). MAb F168-8, eluted from the
50-kDa band, reacted in the same way, indicating that the
40-kDa protein and the 50-kDa protein share a common
epitope.
The 50-kDa protein was detected exclusively in the cyto-

plasm fractions of different wild-type strains. This result indi-
cates that the presence of FtsZ in the membranes cannot be
explained by trapping of cytoplasmic proteins in membrane
vesicles. Therefore, a certain amount of FtsZ molecules must
be associated with the membrane fraction.

Analysis of VIP2 and derivation of the 50-kDa protein from
a gene other thanftsZ. To investigate a possible relationship
between FtsZ and the 50-kDa protein, we performed a tem-
perature-shift experiment with wild-type strain LMC500 and
strain VIP2, which harbors a kanamycin cassette in the chro-
mosomal gene ftsZ (27). For complementation of this gene
disruption, the wild-type gene was cloned on a plasmid with a
temperature-sensitive replicon. After a temperature shift to
42°C, the plasmid cannot replicate and will be diluted over the
daughter cells. Cells lacking FtsZ are formed and start to make
filaments (9, 27). Samples were taken from such an experi-
ment, before and after the temperature shift, and analyzed in
Western blots (Fig. 5). Using MAb F168-8, three bands were
visible, i.e., a 30-kDa band, a 40-kDa band, and a 50-kDa band.
The 30-kDa band was recognized by the sheep anti-mouse
peroxidase conjugate (data not shown). The intensity of this
protein band was similar in all lanes, indicating that each lane
contained about the same amount of proteins. Figure 5 shows
LMC500 (lanes 1 to 6). The intensities of the 40-kDa band and
the 50-kDa band were about equal (cells grown in steady-state
cultures at 30°C) (lane 1). After a temperature shift to 42°C,
the 50-kDa band became fainter, whereas the 40-kDa band
remained unchanged (lane 2). The 50-kDa band became
gradually more intense in the 2 h after shifting back to 30°C
(lanes 3, 4, 5, and 6).

Figure 5, lanes 7 to 12, show strain VIP2 analyzed in the
same way as LMC500 was. Lane 7 shows the presence of FtsZ
and the 50-kDa band of strain VIP2 grown in steady-state
cultures at 30°C. After the shift to 42°C, both bands became
fainter (lane 8). The 50-kDa band restored gradually in the 2 h
after shifting back to 30°C, and the 40-kDa FtsZ band disap-
peared (lanes 9 to 12). Apparently, the VIP2 strain lost the

VOL. 176, 1994
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FIG. 3. Hydrophobicity plot of FtsZ by the method of Kyte and Doolittle (20). The grey area represents the hydrophobic domain containing
the GTP-binding sequence (G box). Below the plot is a schematic representation of FtsZ in which the positions of the methionine residues are

indicated as vertical lines. The epitopes (I to V) defined by the MAbs are indicated by the shaded boxes. The letters (A to E) refer to the CNBr
fragments analyzed (see Table 2).

plasmid with its wild-type ftsZ gene and could not synthesize
FtsZ de novo in the 2 h after shifting back to 30°C. This result
demonstrates that the gene which codes for the 50-kDa protein
is different and that its expression is independent offtsZ. This
was confirmed by the observation that the 50-kDa protein did
not become more intense after overexpressing the ftsZ gene

(data not shown).

DISCUSSION

Our data characterize five surface sites accessible to differ-
ent MAbs. We believe that some of these epitopes are

B 67-
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potential sites for interaction with other proteins (see below),
for interaction with the cellular membrane, and perhaps for
interaction with other FtsZ molecules to form a polymer ring
at the site of division (4).

For mapping the epitopes of FtsZ, the exonuclease III
method was complemented by chemical cleavage of the puri-
fied protein with CNBr. Using the conditions for gel electro-
phoresis of small proteins (30), we were able to separate the
five larger CNBr fragments (Table 2). The combination of
methods enabled us to localize epitopes in areas as small as 15
to 18 amino acids with less effort than would have been
necessary with one of the methods alone. Besides, the CNBr
analysis revealed the existence of two distinct epitopes that
were recognized by the same MAb (see below). The exonucle-
ase III truncations would indicate a second epitope only if
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FIG. 4. Detection of FtsZ in cytoplasm and membrane fractions.
Western blot of E. coli LMC500. Purified membranes (A) and
cytoplasm (B) were loaded on preparative slots (both panels show one

sample each). Proteins (50 ,ig per lane on average) were loaded on the
gel. Small strips of the Western blots were exposed to the different
culture supernatants, each of them containing MAbs. Lane 1, F168-4;
lane 2, F168-8; lane 3, F168-11; lane 4, F168-12; lane 5, F168-13; lane
6, F168-18. To the left of the gels are the positions of molecular size
markers (in kilodaltons).
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FIG. 5. Temperature-shift experiment with E. coli LMC500 and
VIP2 in minimal salts medium containing 0.05% Casamino Acids.
Steady-state cultures of LMC500 (lanes 1 to 6) and VIP2 (lanes 7 to
12) were grown at 30°C (lanes 1 and 7), shifted to 42°C for 80 min
(lanes 2 and 8), and then shifted back to 30°C. After the shift back,
samples were withdrawn from the cultures at 30 (lanes 3 and 9), 60
(lanes 4 and 10), 90 (lanes 5 and 11), and 120 (lanes 6 and 12) min.
Temperature-shift experiments were performed by diluting the cul-
tures 5- to 10-fold in prewarmed medium. To the left of the gel are the
positions of molecular size markers (in kilodaltons).

2

-1

-2
-3

YuI.I
II
II
II

III IV V

A 67 - iZ ;'4
;.0.'DD:

:0-0-0,
-:

::
.;

43-
':

0: ;;:: X, <.

A_M
.:_ 's_

dk

,,,,'S. " g

-11. . -11-

J. BACTERIOL.

--fto



EPITOPE MAPPING OF FtsZ 1891

truncations were constructed from the amino and carboxy
termini. However, constructions of amino-terminal truncations
were not available.

Epitopes I and III reacted with the same MAb. MAb F168-4
reacted with two different epitopes in FtsZ. No identical amino
acid sequences were found. The existence of two epitopes that
bind to MAb F168-4 would indicate that MAb F168-4 contains
a mixture of two different MAbs. Remarkably though, if that
were the case, both MAbs would belong to the same Ig class
(IgG2b), which is different from all otherMAbs (Table 3). In
our opinion, the method used to isolate these MAbs should
exclude the possibility of a mixture, since hybridoma cloning
was performed in three steps: once with one cell per well and
then twice with 0.3 cell per well. Competition experiments with
MAb F168-4 revealed that purified fusion protein 24D pre-
vented labeling of both 24D and the entire fusion protein in
Western blots (data not shown). Fusion protein 24D contains
only epitope I (Fig. 2 and 3). Apparently, all antibodies formed
a complex with fusion protein 24D, leaving no antibodies
behind to react with epitope III. Besides, hybridoma cells were
recloned at 0.75 cell per well. After growth, all supernatants
from the wells that contained cells reacted with 24D in
Western blots. Thus, there were no supernatants containing
epitope III-specific antibodies that did not react with protein
24D. These observations again indicate that this hybridoma
cell line was derived from one cell only (i.e., a monoclonal cell
line). Because F168-4 belongs to the IgG2b subclass, this MAb
might be a hybrid molecule (17). This could explain the
reaction with two apparently different epitopes.

Epitope location and surface model of FtsZ. Our analysis
demonstrates that epitope I, which is recognized by F168-4,
and epitope II, which is recognized by F168-8, F168-13 and
F168-18, are located on each side of a hydrophobic domain
(Fig. 3). Presumably, this domain is situated deeper in the
protein as a hydrophobic pocket. Thus, the hydrophilic
epitopes I and II seem to be located on the edges of this
pocket. The glycine-rich sequence from amino acids 103 to 111
is likely to be involved in its interaction with GTP (11, 24, 28).
It is located in the hydrophobic region (Fig. 3), suggesting that
the hydrolase activity is located in or near this region. There-
fore, epitopes I and II may play a role in this hydrolase activity.
Other GTP-binding elements may be present, like the regions
from aspartic acid 158 to leucine 172 and from glycine 204 to
methionine 217 that were aligned with conserved regions in
tubulins (22). However, consensus sequences as found in other
G proteins (6) have not been clearly found in FtsZ. Apart from
the region between epitope I and epitope II, other hydropho-
bic parts may be involved in the formation of the pocket, such
as a glycine-rich area between isoleucine 16 and asparagine 24
(43). Since FtsZ is a cytoplasmic protein, the hydrophilic parts,
like the described epitopes, are likely to be situated on its
surface. This is consistent with the strong reactivity of the
MAbs in ELISA under conditions that were considered to be
native (Materials and Methods). The recognition of epitopes I,
III, and V by rabbit antiserum MJV8 against FtsZ (27) and the
recognition of epitopes I and III by rabbit antiserum KAS287
(this study) indicate the strong antigenicity of these epitopes,
confirming the positions of these epitopes on the surface of the
native protein. All these considerations have led us to propose
a provisional model of FtsZ (Fig. 6).
Our computer analysis, done with the algorithms of Eisen-

berg et al. (14), revealed that FtsZ is mainly a globular protein
(PlotA/TMH program). The positions of the epitopes I and II
suggest that they constitute the borderline between the hydro-
phobic pocket and the surface of FtsZ. Epitope III is not well
characterized yet, but it is likely to be located in a hydrophilic

FIG. 6. Clay model of FtsZ. The black spots (Ito V) represent the
epitopes defined by the MAbs. The putative hydrophobic pocket with
the G box inside, is seen on top of the model, with epitopes I and II on
each side of the opening.

domain within CNBr fragment C. Its position on the surface of
the protein may be proximal to epitope I, since in the ftsZJOO
(Rsa) strain (originally designated sfiB* [16]), two mutations
were responsible for higher resistance to SfiA than other Rsa
strains (3, 16). The mutated amino acids were valine 81 (3),
which is situated in epitope I, and cysteine 268 (3), which is
situated in CNBr fragment C that contains epitope III (Fig. 4).
If these mutated amino acids were folded together to form a
domain that interacts with SfiA, that would explain the higher
resistance. This notion then favors epitopes I and III to form a
structural domain. Alternatively, the interaction between FtsZ
and SfiA might involve different domains, which would indi-
cate that epitopes I and III are situated in different positions
on the surface of FtsZ. Hence, the distance between epitopes
I and III on the protein's surface remains to be elucidated. In
our model, epitopes IV and V may be located anywhere on the
outside of the protein. Consequently, the positions of the
epitopes III, IV, and V on the model are arbitrary (Fig. 6). Our
prediction that these epitopes are located on the surface of
FtsZ implies that they are available for interactions with other
cell division proteins.

Cross-reaction of MAbs with a 50-kDa protein. The 50-kDa
protein, which was recognized by MAbs F168-8, F168-13, and
F168-18, is encoded by a gene other thanftsZ, since in VIP2 its
presence was independent offtsZ and its gene product (Fig. 5).
This 50-kDa protein was never detected with various published
polyclonal antisera against FtsZ (3, 27, 28; this study), hence
there is no relation between FtsZ and the 50-kDa protein. So
far, we have no indications that the cytoplasmic 50-kDa protein
has any regulatory function with respect to the cell cycle, and
it may be a coincidence that this protein shares an epitope with
FtsZ. Since its gene expression seems to be repressed by
elevated temperature, the 50-kDa protein may possess a
physiological function in E. coli.

Interactions between FtsZ and other proteins. Our cell
fractionation analysis indicated that FtsZ was present in the
cytoplasm and in a membrane-containing fraction (Fig. 4). This
result is in agreement with observations by immunogold label-
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ing on thin sections (4). Other investigators suggest a strong
dependence of detection of FtsZ in the membranes on the
duration of the ultrasonication used to disrupt the cells (27).
Both the immunogold labeling studies (4) and our cell frac-
tionation experiments demonstrated the association of FtsZ
with the membrane. Therefore, we consider this association
not to be related to the method of cell disruption.

It is likely that positioning of FtsZ at the membrane triggers
division-specific peptidoglycan synthesis (25). Thus, one do-
main might interact with a membrane component that is
directly or indirectly involved in peptidoglycan synthesis. The
resistance of MAbs to ND buffer will contribute to the search
for such membrane components. Other domains might be
involved in the formation of the FtsZ ring structure or its
GTPase activity. Since cell division is only useful if the
nucleoids have separated, FtsZ might (through other proteins)
sense decatenation following termination of DNA replication.
Therefore, it is likely that there are domains on FtsZ which are
available for interactions with such proteins. Considering the
five MAb-defined epitopes on the surface of FtsZ, our ongoing
research is directed to deduce the physiological significance of
these epitopes.
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