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Bacterial cell division requires formation of a septal
ring. A key step in septum formation is polymerization
of FtsZ. FtsA directly interacts with FtsZ and prob-
ably targets other proteins to the septum. We have
solved the crystal structure of FtsA from Thermotoga
maritima in the apo and ATP-bound form. FtsA con-
sists of two domains with the nucleotide-binding site
in the interdomain cleft. Both domains have a com-
mon core that is also found in the actin family of
proteins. Structurally, FtsA is most homologous to
actin and heat-shock cognate protein (Hsc70). An
important difference between FtsA and the actin
family of proteins is the insertion of a subdomain in
FtsA. Movement of this subdomain partially encloses
a groove, which could bind the C-terminus of FtsZ.
FtsZ is the bacterial homologue of tubulin, and the
FtsZ ring is functionally similar to the contractile ring
in dividing eukaryotic cells. Elucidation of the crystal
structure of FtsA shows that another bacterial
protein involved in cytokinesis is structurally related
to a eukaryotic cytoskeletal protein involved in
cytokinesis.
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Introduction

Prokaryotic cell division proceeds via formation of a
septum at midcell, circumferential invagination of the
cytoplasmic membrane and synthesis of a peptidoglycan
layer, for bacteria that possess a cell wall. The majority of
the proteins involved in cell division are encoded by the
fts family of genes, named after the most common pheno-
type of their mutants, filamentous temperature-sensitive
growth. At the non-permissive temperature, cells grow but
septation is blocked, leading to long, filamentous cells.
The proteins encoded by ftsA, ftsI (PBP3), ftsK, ftsL, ftsN,
J150, ftsW, ftsZ and zipA are thought to be directly involved
in septation (for reviews see Donachie, 1993; Lutkenhaus,
1997; Rothfield et al., 1999). The main division and cell
wall genes form a cluster (dew) (Ayala er al., 1994) at
2.5 min of the genetic map of Escherichia coli (Bachmann,
1983). One key component of septation is the FtsZ protein,
which is conserved in almost all bacteria (Erickson, 1997).
It is the first constitutional protein of the divisome, a
hypothetical polyprotein complex believed to carry out
prokaryotic cell division (Nanninga, 1991). In rapidly
growing cells, FtsZ forms a ring-like structure at midcell,
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shortly after the ‘birth’ of the cell, which contracts as the
cell divides. Before contraction, other components of the
divisome are sequentially recruited to the FtsZ ring.
Shortly after the FtsZ ring has formed, FtsA and ZipA are
located at midcell. The assembly of the other components
of the divisome is dependent on the presence of FtsA and
FtsZ. FtsA is, after FtsZ, the most highly conserved
protein of the divisome, although it is lacking in archaea
(Rothfield et al., 1999). At present, it is not known how
bacteria without FtsA complete septal invagination since,
for most bacteria in which the ffsA gene is inactivated, the
FtsZ ring will form but is unable to contract (Addinall
et al., 1996). There is strong evidence that FtsA and FtsZ
interact in vivo and that this interaction is essential for
bacterial cells to survive. The requirement of a stoichio-
metric balance of FtsA and FtsZ for proper cell division
was the first indication that these proteins might interact.
Septation is blocked by overexpression of either FtsA or
FtsZ, and this inhibitory effect can be suppressed by
concomitant overexpression of the other protein (Dai and
Lutkenhaus, 1992; Dewar et al., 1992; Begg et al., 1998).
Further evidence for this interaction came from fluores-
cence microscopy. The distribution of FtsA fused to green
fluorescent protein (GFP) follows the same pattern as the
spirals formed by some mutants of FtsZ (Ma et al., 1996).
Cell division is impaired if the localization of FtsA to the
FtsZ ring is prevented. Recently, 8-10 highly conserved
residues at the C-terminus of FtsZ have been shown to be
important for the interaction with FtsA (Din et al., 1998;
Ma and Margolin, 1999; Yan et al., 2000). The association
appears to have co-evolved, since the chimera GFP-FtsA
from Rhizobium meliloti is unable to localize to the
FtsZ ring formed by E.coli FtsZ, whereas a ring-like
structure is observed in the presence of R.meliloti FtsZ
(Ma et al., 1997). Once bound to the FtsZ ring, FtsA may
form a bridge between FtsZ molecules and membrane-
anchored proteins or integral membrane proteins of the
septum. Genetic evidence suggests that FtsA interacts with
FtsI (PBP3) (Tormo et al, 1986; Weiss et al., 1999) and
that the localization of FtsK, FtsL, FtsN and FtsQ to the
septum is dependent on FtsA (Addinall et al., 1997; Wang
and Lutkenhaus, 1998; Chen et al., 1999; Ghigo et al.,
1999).

Elucidation of the structure of FtsZ has shown that it
shares its fold and nucleotide-binding motif with tubulin
(Lowe and Amos, 1998). Like tubulin, FtsZ forms
polymers in a GTP-dependent manner (Mukherjee and
Lutkenhaus, 1998; Lu et al., 2000). The functional and
structural resemblance to tubulin strongly suggest that
FtsZ is the ancestral homologue of tubulin (Léwe and
Amos, 1998; Nogales er al., 1998a,b). Based on 3D-
structure prediction methods, it has been postulated that
FtsA belongs to the actin family of proteins (Bork et al.,
1992; Kabsch and Holmes, 1995), which includes actin
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Crystal structure of T.maritima FtsA

Table I. Crystallographic data

Crystal form A Resolution Ilol? Riy? Multiplicity® Completeness Occupancies® billi
(A) (A) (%) (%)

1 [space group P2 (4), a = 47.62, b = 53.52, ¢ = 78.31 A, B =93.44°]
NATI 0.9393 1.9 53 0.051 2.5 94.8
PMAL1 0.9393 24 72 0.056 3.0 99.0 0.457 (0.110)

2 [space group P2 (4), a = 50.45, b = 73.74, ¢ = 57.04 A B =113.46°]
PEAK 0.9787 2.6 43 0.057 6.0 (3.0) 94.3 3.164 (4.697) -5/6
INFL 0.9791 2.6 3.1 0.066 6.2 (3.1) 97.4 0.000 (2.617) -9/3
HREM 0.9393 2.6 3.3 0.063 63 (3.2) 97.6 3.291 (2.159) )

aSignal-to-noise ratio for the highest resolution shell of intensities.
bRt ZpZdl(h,i) — I(h)/Z,Z; I(h,i) where I(h,i) are symmetry-related intensities and /(%) is the mean intensity of the reflection with unique index h.
“Multiplicity for unique reflections (anomalous multiplicity in parentheses).
dCompleteness for unique reflections; the anomalous completeness is identical because inverse beam geometry was used for data collection.

¢Occupancies were refined in MLPHARE (Abrahams and Leslie, 1996). Occupancies for the MAD datasets are given in units of scattering electrons.
ff’/f” ratio as determined from the fluorescence scan of the crystal.

Table II. Refinement statistics

Crystal form

1 (empty)

2 (ATP)

Model
Diffraction data

7-320, 327-390, 186 H,0
NATI, 1.9 A, all data

6-319, 327-392, Mg, ATP, 71 H,0
INFL, 2.6 A, all data

R-factor, R-free* 0.221, 0.249 0.220, 0.282

B average/bonded (A)P 43.3,2.0 26.3, 2.0
Geometry bonds/angles® 0.005 A, 1.197° 0.008 A, 1.376°
Ramachandran? (%) 90.0/0.0 85.3/0.0

PDB ID¢ 1E4F/r1 E4FSF 1E4G/R1E4GSF

5% of reflections were randomly selected for determination of the free R-factor prior to any refinement.
"Temperature factor averaged for all atoms and r.m.s.d. of temperature factors between bonded atoms.

‘R.m.s.d. from ideal geometry for bond lengths and restraint angles.

dPercentage of residues in the ‘most favoured region’ of the Ramachandran plot and percentage of outliers (Laskowski et al., 1993).

¢PDB accession codes for coordinates and structure factors.

(Kabsch et al., 1990), heat-shock cognate (Hsc) protein
(Flaherty et al., 1990), hexokinase (Anderson et al., 1978)
and glycerol kinase (Faber et al., 1989). Here, we present
the crystal structure of FtsA from the thermophilic
eubacterium Thermotoga maritima, at 1.9 A resolution
(for the apo form) and 2.6 A resolution (for the ATP-bound
form).

Results

The T.maritima ftsA gene was cloned into the pHisl7
vector (B.Miroux, personal communication) and ex-
pressed as a C-terminal His-tagged protein in C41(DE3)
cells (Miroux and Walker, 1996). The protein was purified
over a NiZ*-NTA column, followed by size-exclusion
chromatography. The protein eluted as a single peak and
was concentrated to 80 mg/ml. This is in contrast to the
FtsA protein from E.coli, which forms aggregates at higher
protein concentrations (J.Mingorance and M.Vicente,
personal communication). Selenomethionine (SeMet)-
substituted protein was expressed in the same cells,
which are non-methionine auxotrophs. Methionine syn-
thesis was metabolically inhibited and SeMet incorpor-
ation was checked by electrospray mass spectrometry

(Materials and methods). Approximately 15 mg of SeMet-
containing protein were purified from a 1 1 culture.

Native crystals were grown from 300 mM KCI, 50 mM
MES pH 5.6, 5% polyethylene glycol (PEG) 6000. In order
to grow crystals from SeMet-substituted protein, Mg-ADP
was added and slightly different crystallization conditions
were used, as described in Materials and methods. The
crystals belonged to space group P2, and had variable cell
constants (Table I). The phase problem was solved by
multiple anomalous dispersion (MAD) methods, with
crystals grown from SeMet-substituted protein. As the
crystal form of the non-substituted protein (crystal form 1)
was different from that of the SeMet-containing protein
(crystal form 2), its structure was solved by molecular
replacement using a preliminary model. Phases were
improved with a mercury derivative of a crystal grown
from the non-substituted protein. A high quality electron-
density map based on crystal form 2 was obtained at 2.6 A
resolution. The model of crystal form 2 contains an Mg-
ATP molecule, residues 6319 and 327-392, and 71 water
molecules, and was refined to an R-factor of 0.220
(Table II). The structure of crystal form 1 was solved at
1.9 A resolution and refined to an R-factor of 0.221
(Table II). A representative portion of the final 2F, — F,
map of crystal form 1 is shown in Figure 1.
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Fig. 1. Stereo drawing of the 2F, — F. electron-density map of crystal form 1 at 1.9 A resolution. Residues 208-222 and 230-242 are shown.

The figure was prepared with the program MAIN (Turk, 1992).

Structure

The 3D structure of FtsA resembles that of the actin family
of proteins. Two domains with a common core form an
interdomain cleft that contains a nucleotide-binding site.
Each domain can be divided into two subdomains
(Figure 2). The two larger subdomains, 1A and 2A, are
similar to each other and consist of a five-stranded [3-sheet,
surrounded by three o-helices. The sheet is formed from
a P-meander and a right-handed PBofd unit, and has
strands in the order 8p4plp2a3p for subdomain 1A and
15p14p9p10allp for subdomain 2A. Both the topology
and the size of the subdomains (109 and 90 residues for
subdomain 1A and 2A, respectively) are similar, possibly
because of evolution from a common ancestral domain
(Bork et al., 1992; Kabsch and Holmes, 1995). The other
two, smaller subdomains are more variable among the
actin family and are composed of different combinations
of strands and helices. The second subdomain of FtsA is
located on the opposite side of the first domain from its
position in actin. The position of the second subdomain
was unexpected and was not recognized in the prediction
of a 3D model of FtsA (Sanchez et al., 1994), which was
based on a multiple sequence alignment of the actin family
of proteins. It is composed of a three-stranded antiparallel
[B-sheet adjacent to an o-helix, in the order S5 H2 S6 S7.
There is no clear homology between this subdomain
(which we call subdomain 1C) and any known structure in
the database. At the end of the insertion, strand 7 goes
into helix 3 of subdomain 1A, which aligns perfectly with
helix 5 of actin. Helix 3 is connected to strand 8 and,
via helix 4, reaches subdomain 2A. This subdomain is
again divided into two parts with regard to the primary
sequence (Figure 4), but this time the insertion of
subdomain 2B is in exactly the same position as in actin:
it is inserted after helix 5 and three antiparallel B-strands of
subdomain 2A. Helices 6 and 7 of subdomain 2B are both
involved in co-ordinating the nucleotide. Subdomain 2B is
completed with two additional, short antiparallel B-strands
and the N-terminal part of helix 8. Helix 8 contributes to
the structure of both subdomains 2A and 2B; its bound-
aries have been defined based on the homology to actin
and Hsc70. A partially disordered loop connects helix 8 to
strand 14, the latter being part of the five-stranded [B-sheet
of subdomain 2A. Strand 15 is connected by a long loop to
the C-terminal helix, which belongs to subdomain 1A. The
last 27 residues of the C-terminus of FtsA are disordered.
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Fig. 2. Ribbon plot of the crystal structure of FtsA. The structure is
divided into four domains, in analogy to the actin family of proteins,
which are designated 1A (blue), the FtsA-specific domain 1C (yellow),
subdomain 2A (red) and subdomain 2B. Secondary structure elements
are labelled according to their order of appearance in the primary
sequence of FtsA (Figure 4). Mg-ATP is depicted in purple. The figure
was prepared using the program MOLSCRIPT (Kraulis, 1991).

Active site

During model building, electron density for the nucleotide
was recognized in the interdomain cleft between the two
main domains of the SeMet-substituted protein. Since Mg-
ADP was added prior to the crystallization trials, an ADP
molecule was initially built into the electron density. After
refinement, however, difference density strongly sug-
gested the presence of a third phosphate. Since no ATP
was added after the cells were lysed, the nucleotide must
have bound to the protein during growth of the bacterial
cells.



Crystal structure of T.maritima FtsA

Fig. 3. Stereo view of the active site of FtsA. Residues within hydrogen-bonding distance of Mg-ATP are labelled. Colours of the residues correspond
to those of the subdomains as defined in Figure 2. The nucleotide is depicted in light green, within the 2F, — F. electron-density map. The figure was

prepared using MOLSCRIPT (Kraulis, 1991).

The nucleotide-binding pocket is located in a cleft
formed by subdomains 1A, 2A and 2B. The adenosine is
positioned in a hydrophobic pocket, composed of residues
that belong to a short 3g-helix (residues 337-341) of
subdomain 2A and part of a helix in subdomain 2B
(residues 257-261) (Figure 3). The pocket is closed at the
back by SeMet238 and Ile242 of subdomain 2B, which
form hydrogen bonds to O4" (by SeMet238) and O," and
05" (by I1e261). The other side of the pocket is open to the
outside.

The phosphate moiety of the nucleotide is bound by two
loops. Each loop connects the first and second strands of
subdomain 1A and 2A, respectively (residues 16—19 of
subdomain 1A and residues 212-216 of subdomain 2A). In
the first loop, Ser17 binds to O1 of the B-phosphate and its
main-chain nitrogen is at hydrogen-bonding distance from
O1 and O3 of the B-phosphate and O3 of the y-phosphate;
Lys21 makes hydrogen bonds with the O2 of both the
o-phosphate and the B-phosphate. Arg18 is in contact with
O1 and O3 of the B-phosphate. The main-chain nitrogen of
Tyrl9 is hydrogen-bonded to Ol of the B-phosphate. In
the second loop, Asn212 makes hydrogen bonds with the
v-phosphate and Gly214 with Ol of the a-phosphate;
the main-chain nitrogen of Tyr215 is close to O2 of the
v-phosphate, O3 of the B-phosphate and Ol and O3 of
the a-phosphate. Additional contributions to the binding
of the phosphate moiety come from the main-chain
nitrogens of Gly337 and Ser380 (both to the o-phosphate)
and from Ser84 (to O3 of the y-phosphate) and Gln47 (to
Ol of the y-phosphate). A magnesium ion is located in a
hydrophilic pocket formed by the 8- and y-phosphates and
by Aspl4, Lys21, Ser190 and Asn212. A water molecule
3.5 A from the 7y-phosphate is a putative attacking
nucleophile, positioned by hydrogen bonds with the
main-chain nitrogen of Gly219 and the main-chain oxygen
of Phe217. In actin, the structurally equivalent residues
(Vall59 and Hisl61) have also been presumed to be
involved in ATP hydrolysis (Flaherty et al., 1991).

Comparison of the FtsA structure with that of
other proteins

A similarity search, using the DALI web server [EBI,
Hinxton (Holm and Sander, 1993)], revealed that FtsA is
more closely related to actin and Hsc70 than to any of the
sugar kinases [actin: Z-score 21.3, with a root mean square
deviation (r.m.s.d.) of superimposed C, atoms of 3.2 A

over 262 equivalent residues (Protein Data Bank entry
1YAG-A); Hsc70: Z-score 17.3, r.m.s.d. of 3.0 A over 247
equivalent residues (Protein Data Bank entry 1BA1);
hexokinase: Z-score 15.3, rm.s.d. of 3.5 A over 259
equivalent residues (Protein Data Bank entry 1DGK-N);
glycerol kinase: Z-score 13.4, with 238 equivalent residues
(Protein Data Bank entry 1GLC-G)]. A closer look at the
superimposition shows that the active site of FtsA
(containing 25 amino acids) has more residues in common
with actin and Hsc70 (seven and eight identical residues,
respectively) than with hexokinase or glycerol kinase (six
and four residues, respectively). As mentioned previously,
FtsA, actin and Hsc70 are distinguished from sugar
kinases by the sequence of the loop in domain 2A that
binds the phosphate moiety (Bork ef al., 1992). In sugar
kinases, the residues of subdomain 2A that are in contact
with the phosphate moiety are limited to a conserved
Gly/Thr pair. In both FtsA and actin, this phosphate-
binding loop is more extended and does not include a
Gly/Thr pair (Figure 3). A structural sequence alignment
based on the optimal superimposition of the structures of
FtsA and actin is shown in Figure 4. It is immediately clear
that, despite the low overall sequence similarity between
actin and FtsA, the order of their secondary structure
elements is very similar (Figure 4). The only exception is
the second subdomain. As mentioned before, the length
and the structure of this domain are variable among
members of the actin family. In Hsc70 and actin, this
subdomain is inserted after the third B-strand, whereas the
third B-strand in FtsA is followed by a helix and the fourth
B-strand of subdomain 1A, before the second subdomain is
inserted. Interestingly, hexokinase also lacks the insertion
after the third B-strand, and has two short, antiparallel
[B-strands inserted at the same place as subdomain 1C of
FtsA. The fold and the topology of subdomain 1C in FtsA
are unusual for the actin family and suggest that
subdomain 1C has an important functional role, specific
to FtsA. Some other, more minor differences exist between
the structures of FtsA and actin or Hsc70. They probably
also reflect specific functional differences between the
proteins; examples are the fifth B-strand in subdomain 2A,
which is present in actin and FtsA but absent in Hsc70, or
the very long loop connecting subdomain 2A to the
C-terminal helix of FtsA. Since this loop is in close
proximity to subdomain 1C, it may be involved in a
FtsA-specific function.

5303



F.van den Ent and J.Lé6we

!

.......... CGLDE.GE I.];'D'\I’\E'FE.J\TJTI L.

oy el
54 H1

24 55

KELEEQLQKSLR. SDEVISE BSVSFEREDTVIERDE
SKRGILIL m’J.LJIIi TN . WDDMEK TWHHTE YNELK. . . .”J‘:PEEI[P-:LL'IL M. oenrnnsnnns

e — =S S

HZ S5 H3 Hi 96
H2 56 g7

—— - T 4 4 3 9 4 3 ~ + . -
GEEKRSITLDILSEMQSEALEKLKENGKTPLHIFSKRYLLDDERIVENPLOMEASKIATEYTSI -n-iu.é
................................................................. MNEES
—H

"YNFL QI.]'I ..'KS FEDL HE.

STGL IAYKNGVPT . . KISY!

FtzA V :‘1 J'
Aecin N{] K\'IJOJMH: |1Np'|:‘”h1 VSI VLS lH-\-'-'JJIY-"""l S] I."II-’\]l]iI
——— ‘— —— —
HS HE& SBE 59 H7 510

H& H7 51z

| ——— —~ —
P KE [\ m‘ WSAVIL l .......... SFEES (]_ l'!lCNf‘\'\." . . PNDLE . WRGLDGN

HE

Dl -" RDLTDY L I'~1KIJ,S ERCYSF Sl T "\.I {Ll‘u’
180 LU 20

HS

LCYVALDEEQEMY EL . FDG
220 0

.
H10 511

513 HH
T TR TAKKLSVI THARDRE [MSKSKKFFREVEAKIVEEGEIGTFD T}e
QVIILG. NERFRAPE. ALFHESVLGLES ;‘\CLDD'I TYNSIMECDVDVRKELY . . . .GHNI ;Ms THERD
—-—_ -, T | —-—
812 H11 H12 H13 H14 H15 513 Hl&
215 H11
Fr=A : FE....o... SPVRTGCYANSDRPST INADEVANDPRFAMAFTNVEAVE
Actin IAERMOKE ITALAPSSMKVKI TAR. Lot FEREYSVWIGGSILAS

H17

Jd L

H19

Fig. 4. Structure-based sequence alignment between FtsA and actin (Protein Data Bank entry 1YAG-A) [using the DALI web server (Holm and
Sander, 1993)]. Boundaries of the secondary structure elements were defined using the program DSSP (Kabsch and Sander, 1983). The colours of
the secondary structure elements correspond to those of the domains shown in Figure 2. Active site residues are coloured in purple. Conserved
residues are blocked. The figure was prepared using the program ALSCRIPT (Barton, 1993).

Discussion

Despite the absence of significant similarity in the amino
acid sequences, FtsA shows the same architecture of its
core domain and shares the nucleotide-binding site with
actin and Hsc70. The common fold comprises two o/
domains enclosing a nucleotide-binding pocket. Since
striking similarity has been found in proteins with entirely
different functions, it has previously been postulated that
these domains are the result of divergent evolution from a
common ancestor (Bork et al., 1992; Kabsch and Holmes,
1995). A single domain, resembling the RNase H fold,
could have improved its nucleotide-binding capacity by
forming a dimer via gene duplication and fusion. This
dimer could then have diverged into different proteins with
specific functions, like the sugar kinases, Hsc70, FtsA and
actin. These proteins would then have developed add-
itional structural features to carry out their specific
function, such as minor polymorphism in loops, strands
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and helices or insertions of entire domains. The divergence
of the ancestor into members of the actin family must have
occurred a long time ago, because of the low sequence
similarity between the members.

At present, little is known about the function of FtsA. It
is known that E.coli FtsA binds ATP and a few mutants
have been reported (Sanchez et al., 1994). Some of them
are impaired in ATP binding. For example, substitution of
Gly336 (which is located in the glycine loop of domain 2A)
with Asp reduces ATP binding, probably because the
newly introduced side chain precludes binding of the
nucleotide. Another mutant, Tyr215—Ala in E.coli FtsA,
is impaired in phosphate binding. At the equivalent
position in FtsA from T.maritima is Phe217. The main-
chain oxygen of Phe217 forms a hydrogen bond to a water
molecule, which may function as a nucleophile in ATP
hydrolysis. Two mutants were reported to inactivate E.coli
FtsA irreversibly at 42°C (Leu83—Phe and Gly205—Ser)
(Robinson et al., 1988). The corresponding residues in



Crystal structure of T.maritima FtsA

Fig. 5. Plot of the solvent-accessible surface of FtsA. Left and middle: electrostatic potential [-6 (red) to +6 KT (blue)] plotted on to the surface of
FtsA in a slightly tilted orientation around the y-axis compared with Figure 2. The left picture shows the structure derived from crystal form 2 (with
Mg-ATP bound); the middle picture shows the structure based on crystal form 1 (with an empty active site). The putative peptide-binding groove is
located perpendicular to the plane between subdomains 1A and 1C (left and middle). The right-hand hydrophobicity plot is rotated 90° around the
y-axis, with respect to the middle figure, to show the depth of the putative peptide-binding groove across the molecule. The colour code is as follows:
yellow for hydrophobic residues (Ala, Val, Leu, Ile, Met, Phe, Pro), blue for hydrophilic residues (Lys, Arg, Glu, Asp) and white for Ser, Thr, Tyr,
His, Cys, Asn, Gln, Trp and Gly. Domains are labelled as in Figure 2. This figure was prepared using GRASP (Nicholls, 1993).

T.maritima FtsA are Ile81 and Gly207. Ile81 is located in
strand S4, which precedes one of the loops binding the
Y-phosphate; Gly207 is located at the N-terminus of
strand S9. Strand S9 contains Asn212, which is involved in
chelating the Mg?* ion and binding to the y-phosphate.
Both temperature-sensitive mutants are therefore probably
structural mutants that indirectly affect the binding of the
nucleotide.

In the structure of the SeMet-containing FtsA, an ATP
molecule occupies the active site. The non-substituted
protein does not contain this nucleotide. The most likely
explanation for the presence of the ATP is that the
substitution of Met238 by SeMet (which forms a hydrogen
bond to the adenosine) stabilizes the nucleotide-binding
state or prevents ATP hydrolysis. An indication of the
absence of hydrolysis is that the position of the water
molecule that could be involved in ATP hydrolysis is not
exactly in line with the scissile bond of the nucleotide
(Figure 3). The ATP could have been moved slightly out of
the active site, because of substitution of Met238 by the
larger SeMet.

The structural similarity between FtsA and members
of the actin family may suggest that FtsA shares some of
their functional properties as well. Although the overall
similarity to the sugar kinases is not as high as that to
actin or Hsc70, FtsA has the second subdomain inserted
in the same place in the primary sequence as in
hexokinase. Nevertheless, it is unlikely that FtsA has a
kinase function, since there is no space adjacent to the
active site to insert a substrate. In addition, the Gly/Thr
pair that is characteristic of the active site of sugar kinases
is missing in FtsA. The structural similarity between FtsA
and Hsc70 lies in the ATPase domain of Hsc70. A
chaperone function for FtsA is questionable, since FtsA
does not have a substrate-binding domain like Hsc70.
Thus, the closest structural homology exists between FtsA
and actin. Analogous to this is the previously reported

homology between FtsZ and tubulin. Although there is no
biochemical evidence that FtsA forms actin-like filaments,
it is remarkable to find two conserved proteins involved in
the cytokinesis of bacteria that are structurally related to
components of the eukaryotic cytoskeleton and have
central roles in eukaryotic cytokinesis (Robinson and
Spudich, 2000).

The most important difference between FtsA and other
members of the actin family is the position and the
topology of the second subdomain. This domain has the
same topology as the antiparallel B-sheet comprising
strands 2-5 and helix 1 of the first subdomain, but with the
chain traced in the opposite direction. The connection of
subdomain 1C to the rest of the protein is flexible, as
reflected in the different crystal forms. The flexibility is
not necessarily related to ATP binding, since different
crystal forms were found of the empty form of the protein
too. However, we cannot exclude the possibility that
binding of the nucleotide may fix the second subdomain in
a specific position and that the flexibility of subdomain 1C
is functionally related to the nucleotide-binding state of
the protein. Interestingly, movement of the second domain
narrows the width of a cleft, located between subdomains
1A and 1C (demonstrated in the left and middle parts of
Figure 5). The angle of rotation of subdomain 1C is 13.5°,
with residue Glu89 acting as the mechanical hinge [as
determined with the program DYNDOM (Hayward et al.,
1998)]. The cleft is partially hydrophobic, as shown in the
hydrophobicity plot (Figure 5, right). As mentioned in the
Introduction, it has been reported that FtsA interacts with
the C-terminus of FtsZ (Din et al., 1998; Ma and Margolin,
1999; Yan et al., 2000). It might be possible that the
C-terminus of FtsZ binds to the groove that is partially
enclosed by the movement of the second subdomain of
FtsA (Figure 5). The binding to FtsZ may trigger a
conformational change in FtsA that is associated with ATP
conversion.
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Materials and methods

Bacterial expression and protein purification

The gene encoding the FtsA protein (SWALL accession No. QQWZUO)
from T.maritima (DSMZ No. 3109) was amplified by PCR using Pfu
polymerase (Stratagene). Genomic DNA was isolated from cells provided
by the DSMZ (Braunschweig, Germany). Two primers were used
(forward primer: 5-CGATTGGCATATGATTGACTTGTCAAAAAC-
TGTCTTTTA-3" and reverse primer: 5-GGCATAAGGATCCCT-
CCATCAATTCTTTGAAGAGTCTG-3') to produce a DNA fragment
of 1280 bp with unique restriction sites at the 5’-end (Ndel) and the 3’-end
(BamHI). After digestion, the fragment was cloned into Ndel-BamHI-
digested vector derived from pHis17 (B.Miroux, personal communi-
cation), resulting in plasmid pFE29. The protein was expressed under
control of the T7 promoter, adding eight residues to the C-terminus
(GSHHHHHH). The expressed protein contains 427 residues and has a
molecular weight of 47.9 kDa. Plasmid pFE29 was transformed into
C41(DE3) cells (Miroux and Walker, 1996) and expressed in early log
phase after the addition of 1 mM isopropyl-B-D-thiogalactopyranoside
(IPTG). For large-scale expression, 121 of 2X TY, containing 100 pg/ml
ampicillin, were inoculated with a 100-fold diluted overnight culture and
grown until an ODgq of 0.2-0.3 was reached at 37°C, before induction
with IPTG.

Cells were harvested and frozen in liquid nitrogen. The cells were lysed
by sonication after the addition of lysozyme in 50 mM Tris pH 8.0. After
centrifugation, the lysate was loaded on to a 12 ml Ni2*~NTA column.
After an extensive wash with 300 mM NaCl, 20 mM imidazole, 50 mM
Tris pH 6.0, the protein was eluted with 300 mM imidazole, 50 mM Tris
pH 6.0. Peak fractions were pooled and concentrated before loading on to
a Sepharose 6B gel filtration column (Amersham—Pharmacia), equili-
brated in 50 mM Tris, 1 mM EDTA, 1 mM sodium azide pH 7.5. The
protein eluted as a single peak. It can be stored for several months at 4°C.

SeMet-substituted FtsA

SeMet-substituted protein was expressed in the same strain, C41(DE3),
which is not auxotrophic for methionine. Methionine biosynthesis was
inhibited by growth conditions as described previously (Van Duyne et al.,
1993). A preculture, grown in 2X TY, was used at a 1000-fold dilution to
inoculate 200 ml of minimal medium containing 1X M9 supplemented
with 0.4% glucose, 2 mM MgSO,, 100 pg/ml ampicillin, 25 pg/ml
FeSO,, 10 ng/ml CaCl, and 1 pg/ml each of the vitamins riboflavin,
niacinamide, pyridoxine and thiamine. The overnight culture was diluted
50-fold into 10 I of prewarmed minimal medium and grown for 4 h to an
ODgp of 0.35. A mixture of L-amino acids was added as solids [per litre
of culture: 50 mg of SeMet (Sigma), 50 mg of leucine, isoleucine and
valine and 100 mg of lysine, threonine and phenylalanine (all from
Fluka)]. After 15 min, protein expression was induced by the addition of
1 mM IPTG and the culture was grown for an additional 6 h. Protein was
purified as described for the non-substituted protein, except that 5 mM
B-mercaptoethanol was added to the buffers for the Ni2*~NTA column
and 1 mM dithiothreitol was used in all other buffers. A typical yield was
15 mg of protein per litre of cells. Electrospray mass spectrometry
measurements of the non-substituted protein and the SeMet-containing
protein were used to check SeMet incorporation (FtsA: observed,
47 990.3 Da; calculated, 47 984.0 Da; SeMet FtsA: observed,
48 310.2 Da; calculated, 48 312.3 Da).

Crystallization and data collection

Crystals were grown by the sitting-drop vapour diffusion technique. The
crystallization solution for the non-substituted protein was 300 mM KCl,
50 mM MES pH 5.6, 5% PEG 6000. SeMet-substituted protein required a
slightly different crystallization solution: 200 mM ammonium acetate,
100 mM sodium acetate pH 5.5, 15% PEG 4000. Droplets were composed
of 2 pl of protein (13 mg/ml), 2 pl of crystallization solution and
0.1-0.3 pul of PEG 400 (Hampton Research). In order to crystallize the
SeMet-containing protein, | mM ADP and 2 mM MgCl, were added to
the protein before use in crystallization trials. The protein precipitated
slightly, probably because of a change in pH, after which the solution
cleared again. Crystals were grown at 18°C and were used when they
were between 1 week and 4 months old. Crystals were frozen in mother
liquor with 30% PEG 400. A single mercury derivative was obtained after
soaking a native crystal overnight in cryobuffer, containing 5 mM
phenylmercury acetate (pma). Crystals belong to space group P2;, with
variable cell constants. The structures of two crystal forms were
determined; the cell dimensions are given in Table I.
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Structure determination and refinement

All data were indexed and integrated with the MOSFLM package (Leslie,
1991) and further processed using the CCP4 suite of programs (CCP4,
1994). An initial MAD density map was obtained by locating five
selenium atoms in datasets PEAK, INFL and HREM of crystal form 2
using the program SOLVE (Terwilliger and Berendzen, 1999). Initial
phases were calculated using MLPHARE and SOLOMON (Abrahams
and Leslie, 1996). The first model was built manually using the program
MAIN (Turk, 1992). With this model, crystal form 1 was solved by
molecular replacement using AMoRe (Navaza, 1994). Crystal form 1 also
yielded a single site mercury derivative, PMAI. A difference Fourier map
against the molecular replacement solution aligned both sources of phase
information. Two-crystal averaging using DMMULTI (CCP4, 1994)
including experimental phases for the MAD data and experimental phases
from the SIR mercury data improved map quality dramatically. A final
run of SOLOMON with blurred phase probability distributions produced
a map of exceptional quality for crystal form 2 at 2.6 A resolution and the
model for crystal form 2 was completed. One molecule of Mg-ATP was
located. Crystallographic refinement was carried out using CNS (Brunger
et al., 1998) with Engh and Huber parameters (Engh and Huber, 1991).
All data to maximum resolution were used during refinement and water
molecules were picked automatically as implemented in CNS and
checked manually afterwards. Crystal form 1 was again solved by
molecular replacement using AMoRe; it immediately became clear that
domain 1C needed to be moved slightly in order to fit into the 2F, — F,
map. The active site in crystal form 1 contains only water molecules.
After moving subdomain 1C, the model for crystal form 1 was refined
using CNS against all available data to 1.9 A. Waters were picked as
implemented in CNS and checked. All manual model building was
carried out using MAIN. The parameters of the final models are
summarized in Table II.
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