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INTRODUCTION

Species o f the bacterial genus Acinetobacter are becoming in­
creasingly im portant as a source of hospital-acquired infections 
(31, 185, 204). Acinetobacter spp. are ubiquitous nonmotile gam- 
m aproteobacteria, typified by metabolic versatility and a capacity 
for natural transform ation (172, 204). The species o f most clinical 
relevance is A  baumannii; however, pathogenic strains oL4. Iwoffi 
and A  baylyi have also been described (38, 185, 215).

A . baumannii is most commonly associated with pneum onia or 
bacteremia, although the incidence of soft tissue infections and 
meningitis appears to be increasing (204). Mortality rates associ­
ated with A  baumannii infection are a m atter o f some contention, 
as there is a tendency for A  baumannii to infect patients who are 
critically ill and already have a poor prognosis (204). I t is clear, 
however, that patients with A . baumannii infections stay signifi­
cantly longer in hospitals than uninfected patients and represent 
a significant burden on health care systems worldwide (204). Ex­
acerbating this, A . baumannii can be highly persistent within the 
hospital setting, due in part to its resistance to disinfectants (262) 
and rem arkable insensitivity to desiccation (122). O f greatest con­
cern, however, is the rapid emergence of multidrug resistance 
(65). A. baumannii strains that are resistant to  every antibiotic 
com pound in clinical use, including recently approved drugs such 
as tigecyclin, have now been reported  (65,187,203). In the face of 
the growing threat posed by these and o ther intractable Gram-

* Corresponding author. Mailing address: School of Chemistry, Uni­
versity of Wollongong, Wollongong, NSW 2522, Australia. Phone: 
61-2-42214346. Fax: 61-2-42214287. E-mail: nickd@uow.edu.au.

negative pathogens, there is an urgent need for new classes of 
antibiotic compounds with novel mechanisms of action (245).

A ntibiotics act by inhibiting the essential working parts  o f 
bacterial cells, w ith the m ost com m on targets being ribosom al 
p ro tein  synthesis, cell wall biosynthesis, and prim ary m etabolic 
pathways. The processes o f chrom osom al D N A  replication, 
transcription and cell division are relatively unexplored  as drug 
ta rge ts. T hey  could , how ever, be considered  a ttrac tive  ta r ­
gets fo r ra tio n a l design o f novel an tim icrob ia l com pounds, 
as they  are (i) essen tia l fo r the p ro p ag a tio n  o f bac te ria l cells 
and  therefo re  infection, (ii) conserved across all bacterial spe­
cies, and (iii) in many ways distinct from  the equivalent p ro ­
cesses in eukaryotic cells (150). Acinetobacter represen ts an 
appealing system for studying these processes. In  addition to  
their direct clinical relevance, Acinetobacter spp. show some 
sim ilarities to  o th er problem atic pathogens, such as Pseudo­
m onas aeruginosa, th a t are no t shared by the m ore thoroughly 
studied m odel bacterium  Escherichia coli (15). A t the same 
tim e, the Acinetobacter genus has diverged significantly from 
o th er gam m aproteobacteria, as highlighted by a phylogenetic 
tree based on the highly conserved sequences o f 16S rR N A  
genes (Fig. 1) (116, 188, 213, 222, 265, 266). As such, A cineto­
bacter sp. proteins generally show considerable sequence di­
vergence from  equivalent proteins in o ther organisms and can 
therefore be used to highlight the most conserved aspects of 
essential biological systems. O f course, these are the most attrac­
tive targets for the discovery or rational design of broad-spectrum 
antibiotics.

C urren tly , com plete  genom e sequences are available for
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FIG. 1. Subbranch of a phylogenetic tree based on 16S rR N A  sequences. 16S rR N A  sequences encoded by the rrsA gene were from 
gammaproteobacteria with completely sequenced genomes and were filtered to remove identical sequences prior to tree construction. The tree was 
constructed using the neighborhood-joining tree m ethod in Geneious (Biomatters, Auckland, New Zealand), using the Jukes-Cantor genetic 
distance model and employing the bootstrap method with 10,000 replicates. The sequence of rrsA from the betaproteobacterium  Nitrosospira 
multiformis was included as an outgroup. Colored segments indicate the phylogenetic distribution of particular genetic characteristics: (i) dnaC, 
holE, tus, amiC, and envC genes present on chromosome; (ii) long Pseudomonas-type i|i subunit of DNA polymerase III; (iii) short E. coli-type i|i 
subunit of DNA polymerase III, m hA  and dnaQ  genes adjacent and transcribed in opposite directions, vacE gene present; (iv) mhA-dnaQ  fusion 
gene present and no homologs o iftsE ,ftsX , sulA, or lexA on chromosome (includes Acinetobacter spp.); (v) m hA  and dnaQ  genes adjacent and 
transcribed in same direction and amiC  gene present.

seven A cinetobacter  stra ins: the highly tran sfo rm ab le  lab o ­
ra to ry  stra in  A . baylyi A D P1 (15); a hum an  body louse 
sym biont, A . baum annii SD F (248); and  th e  hum an  p a th o ­
gens A . baum annii s tra ins A T C C  17978 (233), A Y E  (248), 
A C IC U  (115), A B0057 (4), and  A B307-0294 (4). A t least 
e igh t ad d itiona l genom e sequence  p ro jec ts are cu rren tly  in 
p rogress o r a t d ra ft assem bly stage a t th e  tim e o f  w riting  o f 
this review. In  add ition , the G enoscope group  has p ro d u ced  
a com plete  single-gene de le tion  lib rary  fo r A. baylyi A D P1, 
allow ing the essen tia lity  o f ind iv idual genes to  be assessed 
(61). T hese  resources provide a firm sta rtin g  p o in t fo r the 
investigation  o f essen tia l b io logical p rocesses in these o r ­

ganism s. T he goal o f  th is review  is to  exam ine th is recen tly  
available in fo rm ation , p rim arily  by ex trapo la ting  know ledge 
from  w ell-stud ied  m odel organism s, in th e  con tex t o f D N A  
rep lica tion , tran scrip tion , and  cell division, w ith a view to ­
w ard  h ighlighting  u n u su a l aspects and  iden tification  o f can ­
d idate  enzym es and  com plexes m ost su itab le  fo r fu tu re  drug 
discovery and  design.

DNA REPLICATION

O ur knowledge of bacterial D N A  replication draws exten­
sively from  studies o f the m odel organism  E. coli (16, 209, 226,
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242). O ver the last 5 decades, each o f the individual D N A  
replication pro teins have been identified, for m ost the ir three- 
dim ensional structures (or those of the ir dom ains) have been 
determ ined, and m any p ro tein -pro tein  and p ro tein-D N A  in ­
teractions have been m apped  (Table 1).

In  E. coli and m any o th er bacteria, D N A  replication is ini­
tia ted  a t a single site on the circular chrom osom e, the origin o f 
replication o r oiiC , which contains a series o f 9-bp sequence 
repeats known as D naA  boxes (180). Binding of m ultiple 
D naA  m olecules to  oiiC  leads to  separation  o f the two tem ­
plate D N A  strands at a nearby A T-rich region. O ne molecule 
o f the rep licative helicase D naB  is lo ad ed  o n to  each  o f the 
resu lting  single D N A  strands, and  each  p ro ceed s to  unw ind 
the p a re n ta l D N A  duplex to  c rea te  rep lica tion  forks th a t 
move away from  the orig in  in opposite  d irections. D N A  
prim ase  associates w ith D naB  and constructs short R N A  prim ­
ers, onto  which the m ultisubunit D N A  polym erase III holoen- 
zyme (Pol III H E ) builds each new D N A  strand. D N A  synthe­
sis by Pol III is carried  ou t only in the 5 '-to -3 ' direction; thus, 
synthesis o f one strand  (the leading strand) is continuous while 
synthesis o f the o th er strand  (the lagging strand) is discontin­
uous. T he D naB  helicase translocates on the lagging strand  at 
each fork. D N A  replication continues bidirectionally around  
the circular chrom osom e until the two replication forks m eet 
in the term inus region, located  approxim ately opposite the 
origin (182, 189). This eventually yields two copies o f the bac­
teria l chrom osom e, each containing one strand  from  the p a ­
ren ta l chrom osom e and one nascent strand.

W ith the availability o f com plete genom e sequences for 
m ore than  900 bacterial strains, we can now extrapolate our 
solid understanding o f E. coli D N A  replication in to  genera 
outside the Enterobacteriaceae, such as Acinetobacter. W hile 
both are m em bers o f the gam m aproteobacteria, the A cineto­
bacter genus is relatively rem ote from  E. coli (see the phylo­
genetic tree  in Fig. 1). The sequences o f Acinetobacter D N A  
replication pro teins have diverged significantly from  those o f 
o th er organism s, in som e cases beyond the detection level o f 
standard  hom ology searches. W hile this in som e ways restricts 
the level o f inform ation th a t can be extrapolated  from  the E. 
coli system, it also provides strong indications o f which aspects 
of D N A  replication are conserved and which are not. A cineto­
bacter spp. display several peculiarities am ong their replication 
com ponents, som e o f which are discussed in detail below. 
Some of these, such as the fusion of m h A  and dnaQ  genes in 
a single cistron as previously no ted  by Barbe and colleagues 
(15), are unique to m em bers o f Acinetobacter and the re la ted  
genus Psychrobacter. O thers highlight the previously identified 
relationship betw een the Acinetobacter and Pseudomonas gen­
era  (15), w ith the two groups often displaying com m on p ro tein  
features despite significant divergence a t the D N A  sequence 
level.

Initiation of Replication in Acinetobacter

A ll Acinetobacter spp. for which genom e sequences have 
been com pleted contain a single circular chrom osom e, w ith the 
origin of replication (oriC) located betw een the rpm H  and 
dnaA  loci (15). This arrangem ent is also seen in Pseudomonas 
spp. (270) and contrasts w ith the case fo rE . coli, whose origin 
m aps betw een the gidA  (m n m G ) and m ioC  genes, some 40 kb

from  rpm H  and dnaA. F o r each Acinetobacter sp., the replica­
tion in itia to r p ro tein  D naA  is relatively well conserved (46% 
identity with E. coli D naA  [Table 1]), particularly  w ithin the 
N -term inal D naB -interacting dom ain (dom ain I), the C-term i- 
nal A A A +  A TPase dom ain (dom ain III), and the D N A -bind- 
ing dom ain (dom ain IV ) (134). D om ain II, identified as a 
flexible linker in the E. coli p ro tein , has diverged beyond rec­
ognition in Acinetobacter D naA  proteins.

In itiation  of D N A  replication in E. coli is regulated  by a 
paralog o f D naA  known as H da (138, 180). W hen bound  to  a 
D N A -associated (3 sliding clam p, H da causes the active A TP- 
bound form  o f D naA  to hydrolyze its substrate and  thus b e ­
come inactive, preventing unscheduled rein itiation  of replica­
tion (142). G enes encoding pro teins w ith m oderate  homology 
to  E. coli H da (30% sequence identity) are found within the 
Acinetobacter sp. genom es. A lthough they are frequently  an ­
n o ta ted  as “putative chrom osom al replication initiator, D naA  
type,” these pro teins likely perform  a role analogous to th a t o f 
H da, i.e., suppression of untim ely initiation o f D N A  replica­
tion.

H istorically, the study of D N A  replication has focused on 
two m odel organisms: the G ram -negative E. coli (a gamm a- 
pro teobacterium ) and the G ram -positive Bacillus subtilis (a 
firmicute). B oth these organism s utilize A A A +  A TPase family 
helicase loader proteins to  load the replicative D N A  helicase 
(D naB  in E. coli and D naC  in B. subtilis) onto  the tem plate 
D N A  a t origins o f replication o r during replication res ta rt after 
fork blockage (59). In  E. coli, helicase loading is carried  ou t by 
D naC , which complexes and thereby inactivates D naB  until its 
activity is requ ired  and dissociates upon  helicase loading (226). 
In B. subtilis, three p roteins, D naB , D naD , and D nal, are used; 
the last is a hom olog of E. coli D naC  (26, 117). N o hom ologs 
o f E. coli D naC  or B. subtilis D naB , -D, o r -I are identifiable 
w ithin the Acinetobacter sp. genom es, w ith the exception o f 
prophage-associated D naC  hom ologs in A . baum annii strains 
A Y E  and A C IC U . H om ology searches across those bacteria 
w ith com pleted  genom e sequences show the phylogenetic dis­
tribution  o f D naC  to be restricted  to  the Enterobacteriaceae 
(Fig. 1). The D naB , -D, and -I helicase-loading proteins are 
similarly restric ted  to  the Fimiicutes, which include the genera 
Bacillus, Staphylococcus, and M ycoplasma. This implies tha t 
Acinetobacter spp., and for th a t m atte r all o ther bacteria o u t­
side the Enterobacteriaceae and the Fimiicutes, e ither are ca­
pable o f loading the replicative helicase w ithout additional 
loader pro teins o r have helicase loaders whose sequences are 
no t re la ted  to  the E. coli and  B. subtilis proteins. In  support o f 
the form er scenario, the dnaB  (helicase) gene from  the epsi- 
lonproteobacterium  Helicobacter pylori has been found to  suc­
cessfully com plem ent tem perature-sensitive dnaC  m utations in 
E. coli (236). This suggests th a tH . pylori D naB  no t only can be 
loaded w ithout the activity o f D naC  in vivo bu t also can be 
assem bled successfully into an E. coli replisom e. F u rther evi­
dence comes from  the observation th a t D naB  pro teins from 
Pseudomonas spp. can be loaded onto  the origin o f a broad- 
host-range plasm id in vitro, using only D naA , i.e., w ithout 
assistance from  a loader p ro tein  (35). Since the E. coli D naA  
and D naC  pro teins are structurally re la ted  (58, 77,181, 226), it 
is possible th a t D naA  (or a D naA  hom olog) loads D naB  in 
o th er organisms, no t just at oriC  bu t also during replication 
restart. F u rth e r w ork is clearly requ ired  to  b e tte r understand
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the process o f helicase loading in organism s outside the Entero- 
bacteriaceae and Firmicutes.

A Highly Diverged Pseudomonas-Type iji Subunit

M ost of the 10 com ponents o f the Pol III H E  com plex are 
readily identifiable in Acinetobacter spp. based on homology 
searches w ith the E. coli pro teins (Table 1). N evertheless, such 
searches could no t locate a hom olog o f the holD  gene, which 
encodes the iji subunit o f the clam p loader com plex in E. coli 
(7). A  heterod im er form ed betw een the x and iji subunits binds 
to  the clamp loader com plex [(T/y)388'] o f D N A  polym erase 
III through a region at the N  term inus o f iji (96, 231). The ijiy 
com plex m ediates the handoff o f the p rim ed  tem plate m ole­
cule from  the D naG  prim ase via single-stranded D N A -binding 
p ro tein  (SSB) to  the clam p loader com plex ( t 3 8 8 ' ) ,  thus re p ­
resenting a functional link betw een the prim osom e complex 
(D naB -D naG ) and Pol III H E  within the replisom e (275). 
Originally thought to rep resen t a simple “bridge” betw een the 
clam p loader com plex and the x subunit, the iji subunit has now 
been shown to  play a significant role in loading o f the (3 clamp 
onto  its D N A  tem plate in E. coli (7).

D uring their w ork on the Pseudomonas replisom e, M c­
H enry’s group no ted  th a t Pseudomonas spp. also lacked an 
identifiable hom olog of th e E . coli holD  gene (120). This group 
found, however, th a t addition o f purified ijiy com plex from  E. 
coli dram atically stim ulated the activity o f a m inim al Pseudo­
m onas replication com plex (ae-T88'-(3) in vitro. As this stim u­
lation was no t observed following the addition of Pseudomonas 
X subunit alone, this strongly suggested the existence o f a 
cryptic iji su bun it in Pseudom onas, w hich the group  la te r  
iden tified  and  ch arac te rized  (121). T he P seudom onas-type  iji 
subun it w as found  to  be considerab ly  longer th an  its E. coli 
c o u n te rp a rt (282 versus 137 residues). D esp ite  this, m ulti- 
p le-sequence alignm ents revealed th ree distinct conserved re ­
gions corresponding to  helices a l  and a 4  o f the E. coli iji and 
a region at the N  term inus known to in teract w ith dom ain III 
o f t h  (7, 96).

W e have used  h idden M arkov m odel (H M M )-based hom ol­
ogy searches o f the A. baylyi A DP1 genom e with the program  
H H search (234, 235) to  reveal a poorly conserved hom olog o f 
P. aeruginosa iji (hypothetical p ro tein  A CIA D 1326, 17% se­
quence identity). H om ologs o f this putative iji p ro te in  are 
found w ithin each of the available A. baum annii genom e se­
quences (62% sequence identity  w ith A. baylyi iji [Table 1]). 
F rom  m ultiple-sequence alignm ents, it appears th a t the open 
reading fram e within the A. baylyi gene should begin 11 resi­
dues earlie r than  in the published genom e annotation . U sing 
these newly identified hom ologs as inpu t for H H search, it was 
fu rther possible to  detec t extrem ely weak, bu t significant, h o ­
mology betw een these proteins and the E. coli iji subunit (for 
the A. baylyi p ro tein , E  value =  1.8 X  I I P 4; 13% overall 
sequence identity). These newly identified Acinetobacter iji p ro ­
teins m aintain the th ree conserved regions (Fig. 2A) th a t were 
previously identified w ithin the E. coli and Pseudomonas iji 
subunits (121). W hen the conserved residues are m apped  onto  
the E. coli clam p loader (y388'i|d  and ijiy structures (96, 231), 
they fall w ithin the N -term inal clam p loader-in teracting  region 
and the x-contacting helices a l  and a 4  (Fig. 2B). W hen these 
iji types are m apped  to a phylogenetic tree for the gam m apro-

teobacteria (Fig. 1), a decisive split is seen, in which Pseudo­
m onas, Acinetobacter, and the ir relatives use the longer 
Pseudom onas-type iji subunit, while m em bers o f the Enterobac- 
teriaceae, Vibrio,Haem ophilus, and  Shewanella have the shorter 
E. coli-type protein . Interestingly, gene knockout studies show 
th a t the holD  gene is dispensable in E . coli (11) bu t is essential 
in both  A. baylyi ADP1 (61) and P. aeruginosa PA01 (118) 
(Table 1). This m ight suggest th a t the longer, Pseudomonas- 
type iji subunits have an additional, as-yet-unidentified function 
in vivo.

An Unusual Primosome Complex: Unique Features of 
Acinetobacter DNA Primase

D N A  polym erase III cannot synthesize new D N A  strands de 
novo and first requires the construction of a short R N A  prim er 
by the D naG  prim ase (226); this occurs every second o r two 
during O kazaki fragm ent synthesis on the lagging strands (67). 
D uring this step, D naG  binds to  the replicative helicase D naB, 
form ing a complex known as the prim osom e. This interaction 
form ed by D naB  and D naG  has been shown to  m odulate the 
activities o f both enzymes (39).

D naB  consists o f two domains: a prim ase-binding dom ain at 
the N  term inus and an A TP-utilizing D N A  helicase dom ain at 
the C term inus (12). B acterial prim ases contain three distinct 
domains: a zinc-binding dom ain a t the N  term inus, a central 
R N A  polym erase (R N A P) dom ain, and a C -term inal helicase - 
binding dom ain th a t is structurally re la ted  to  the N -term inal 
dom ain of D naB  (51, 78, 191, 237, 241, 258). T he structural 
basis for the prim osom e interaction was revealed recently  in 
crystal structures o f the complex betw een D naB  and the C- 
term inal dom ain of D naG  from  Geobacillus stearothermophilus 
(12). D naB  was seen to  form  a 3-fold sym metric hexam er, 
m ediated  by the form ation o f a ring o f N -term inal prim ase - 
binding domains. The C -term inal helicase-binding dom ains o f 
th ree D naG  m olecules w ere found to associate w ith this ring, 
w ith D naG  residues form ing a netw ork o f hydrogen bonds, 
which w ere la te r shown to  play a role in m odulating D naB 
activity (12, 39).

In  Acinetobacter spp., the enzymatic sites o f D naB  and 
D naG  are well conserved. T he dom ains responsible for form ­
ing the prim osom e complex, however, have diverged signifi­
cantly. In  fact, the D naG  helicase-binding dom ain has diverged 
so greatly th a t it bears no resem blance to  any o th er p ro te in  in 
the cu rren t sequence databases, including D naG  proteins from 
m em bers o f the closely re la ted  genus Psychrobacter. T herefore , 
it is no t currently  possible to  m odel the Acinetobacter p rim o­
some com plex based on the G. stearothermophilus structure. In 
contrast, the D naG  helicase-binding dom ains o f o th er G ram - 
negative organism s, namely, E. coli and P. aeruginosa, do show 
detectable sequence hom ology w ith the G. stearothermophilus 
dom ain. As such, prim osom e complexes could conceivably be 
m odeled  for these organism s using the G. stearothermophilus 
structure as a tem plate.

T he D naG  pro teins o f Acinetobacter spp. and  Psychrobacter 
spp. are fu rther com plicated by a large insertion (50 to  100 
residues) betw een the N -term inal zinc-binding dom ain and the 
central R N A  polym erase dom ain. B ased on secondary struc­
ture and disorder predictions (155, 221), this insertion appears 
to  be d isordered and thus probably acts as a linker region.
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FIG. 2. Sequence conservation within the i]i subunit of DN A  polymerase III. (A) Multiple alignment of i|i amino acid sequences. Numbers 
indicate the sequence position of the first residue in each alignment block; pairs of vertical lines denote discontinuities in the sequences. White 
characters with blue shading indicate positions with homology across all sequences. W hite characters with orange shading indicate residues 
conserved in 80% of sequences, while black characters with yellow shading indicate 60% conservation. The sequence alignment was produced using 
the MUSCLE algorithm (72) within the Geneious software package (Biomatters). (B) Crystal structures of the E. coli -y3SS'vfi and complexes. 
Residues conserved in the A. baylyi i]i subunit are colored red and have side chains shown. (Produced with PyMOL [64] using data from Protein 
D ata Bank entries 3GLI [231] and 1EM8 [96].)

Increased flexibility betw een the zinc-binding and R N A  poly­
m erase dom ains m ay have significant im plications for prim ase 
activity, as (i) the zinc-binding dom ain is believed to  act as an 
anchor th a t recognizes prim ing sites in D N A  and regulates 
R N A  prim er length and (ii) prim ase zinc-binding dom ains 
have been dem onstrated  to function in trans with o ther p ri­
mase molecules in E. coli (50). A  thorough biochem ical and 
structural investigation o f these unusual D naG  pro teins is re ­
quired  to  fully elucidate the sim ilarities to and differences from 
the better-stud ied  E. coli enzyme.

Highly Conserved Protein Interaction Modules within the p 
Sliding Clamp and SSB

In  addition to  binding the Pol III 8 subunit during clamp 
loading/unloading (127) and the a  polym erase subunit (261), 
greatly increasing its processivity, the E. coli p sliding clamp 
also binds to  D N A  polym erases I, II, IV , and V; D N A  ligase; 
H da; and the m ism atch repa ir pro teins MutS and M utL  (55, 
159, 260). E ach of these pro teins binds to  a hydrophobic 
groove (127) on the p sliding clam p by way o f a pentam eric o r
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FIG. 3. Highly conserved protein interaction modules in the Acinetobacter replisome. (A) Structure of the E. coli fiS complex (127). The 
solvent-accessible surface of p is shown in gray and red. Red indicates residues that are conserved in A. baylyi. The 8 subunit is colored teal, and 
side chains are shown for the p-binding consensus residues. (B) Portions of sequence alignments for DN A  replication proteins containing p-binding 
motifs. Boxes indicate p-binding motifs. Residues are highlighted as in Fig. 2. (C) Structure of E. coli exonuclease I bound to the C-terminal peptide 
of SSB (162). The solvent-accessible surface of exonuclease I is shown in gray. The C-terminal peptide of SSB is shown in teal. (D) Portion of a 
sequence alignment for SSB proteins. In panels B and D, white characters with blue shading indicate positions with homology across all sequences, 
white characters with orange shading indicate residues conserved in 80% of sequences, and black characters with yellow shading indicate 60% 
conservation. Sequence alignments were produced using the MUSCLE algorithm (72) within the Geneious software package (Biomatters). (Panels 
A  and C were produced with PyMOL [64] using data from Protein D ata Bank entries IJQ L [127] and 3C94 [162], respectively.)

hexam eric pep tide m otif, which is often located  close to the N  
or C term inus (55). In  Acinetobacter spp., the residues com ­
prising the protein-binding groove of the (3 sliding clam p are 
highly conserved (Fig. 3A). V ariants o f the (3-binding motifs 
(QxD/sLF or QLxLxL) are also conserved within severalH c/u- 
etobacter p ro teins, including the a  subunits o f Pol III (IM D LF) 
and H da (Q L Q L D I) (Fig. 3B). In E. coli, a (3-binding m otif 
within the Pol III 8 subunit (Q A M SLF) is utilized in the 
loading of the (3 sliding clam p by the clam p loader complex 
(Fig. 3B) (127). D espite sharing only w eak overall sequence 
hom ology w ith the E. coli 8 (26% identity for the A . baylyi 
p ro tein ), this m otif is also m ain tained  in Acinetobacter sp. 8 
subunits (NSLSLF). This suggests th a t despite significant se­
quence divergence in 8 and o ther com ponents o f the clamp

loader com plex in Acinetobacter spp. (Table 1), loading o f the 
(3 sliding clam p onto  D N A  is likely to  utilize a m echanism  
sim ilar to th a t o f the E. coli system.

T he hydrophobic groove on the (3 sliding clam p and its 
binding m otifs in o ther pro teins are strongly conserved across 
bacterial species (27, 260). A n analogous m echanism  is also 
shared by the PC N A  sliding clam p o f archaea and eukaryotes 
(209), although the consensus sequence recognized by PC N A  
(QxxLxxFF) is different from  th a t o f the bacterial (3-binding 
motifs (55). The strong conservation o f this protein-binding 
m echanism  across bacteria, together w ith the essentiality o f the 
in te rac tions fo rm ed , m akes the p ro te in -b ind ing  groove o f 
the (3 sliding clam p (Fig. 3B) an a ttrac tive  ta rg e t fo r the 
ra tio n a l design o f novel an tib io tic  com pounds. Prom isingly,

[3-sliding clamp
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the  O ’D onnell group has recently described a sm all molecule 
th a t binds w ithin the (3 clam p binding groove and is capable o f 
disrupting key pro tein -pro tein  interactions in diverse bacteria 
w ithout inhibiting analogous in teractions in the eukaryotic 
PC N A  system (87).

A  second replication p ro tein , the single-stranded D NA - 
binding p ro tein  (SSB), also interacts w ith m any o th er proteins 
by way of a conserved pep tide m otif (229). In  addition to  
interacting w ith the D naG  prim ase and the x subunit o f Pol III 
H E  during D N A  replication, SSB also binds to  a range of D N A  
repair enzymes (9, 30, 86 ,100 ,135 ,148 ,162 , 225, 229, 243, 263, 
275). These in teractions are m ediated  by the final six to  nine 
residues a t the SSB C term inus, which in E. coli has the se­
quence M D F D D D IP F  (229, 275). T he crystal structure of the 
term inal SSB peptide in com plex w ith exonuclease I (Fig. 3C) 
was recently determ ined  by K eck’s group (162). The structure 
and additional biochem ical studies (163) revealed a key role 
for the final two residues o f SSB in binding to  a hydrophobic 
pocket in exonuclease I. W hile no high-resolution structures 
have been repo rted  for any o ther pro teins in com plex with the 
SSB peptide (230), it is anticipated  th a t its binding to o ther 
pro teins occurs in a sim ilar fashion; i.e., the term inal residues 
o f SSB will be inserted  into specific pockets on the p ro tein  
surfaces.

T he SSB C -term inal pep tide represen ts a universal system 
for tying together processes transacted  on single-stranded 
D N A  (229). Even in genetically rem ote organism s, such as 
Acinetobacter spp., the final six residues of SSB are strongly 
conserved (Fig. 3D). This conservation extends, in fact, to SSB 
pro teins from  a wide range of bacterial species, indicating tha t 
this system is probably used  universally across all o f the bac­
teria (Fig. 3D ) (229).

T he (3 clam p and SSB constitute m ajor p ro tein  interaction 
hubs in bacteria. E ach is known to  in terac t w ith at least 10 
o th er p roteins, form ing in teractions w ith different partners at 
different times. In doing so, the (3 clam p and SSB tie together 
functional processes requ ired  for genom e m aintenance by re ­
cruiting o ther pro teins to  their sites o f action on double- and 
single-stranded D N A , respectively. M any of these interacting 
partners are essential across a wide range o f bacteria (277). A t 
the h ea rt o f these functional linkages are short, highly con­
served pep tide motifs th a t could be exploited as the basis for 
the design of novel antibiotics. A t the individual level, inhibi­
tors o f (3 clam p and SSB in teractions should be capable o f 
sim ultaneously disrupting several functions critical to  the sur­
vival o f a bacterial cell. Furtherm ore , as these m odules show 
strong sequence conservation across diverse bacterial genera, 
inhibitors should also have broad-spectrum  activity. Finally, 
and perhaps m ost crucially, the fact th a t num erous proteins 
in teract at a single site on each of these hubs m ight help to  
preclude the opportunity  for resistance to  such inhibitors. The 
accum ulation o f po in t m utations th a t decrease the affinity o f 
inhibitory com pounds for the ir ta rget is a com m on them e in 
antibiotic resistance (168). Presum ably, in the case o f protein- 
p ro tein  in teraction  sites, any m utation  occurring on one in te r­
acting p a rtn e r w ould need  to be com pensated  for w ith a com ­
plem entary  m utation  on the o th er p a rtn e r to  m aintain the 
integrity o f the in teraction  site. F o r this to  occur in the (3-clamp 
and SSB protein-binding sites, it w ould necessitate the unlikely 
acquisition o f sim ultaneous com pensatory m utations in the

binding sites o f every one of the m any pro teins th a t bind at 
these sites. These p ro tein  in teraction  hubs thus rep resen t an 
unutilized and relatively unexplored resource for the future 
discovery of novel antibiotic drugs.

CELL DIVISION

Cell division is an appealing target for the design of antibac­
teria l drugs, as it is also essential for the viability o f bacterial 
populations and, as m any of the pro teins involved are external 
to  the cytoplasm , it is a ta rget relatively accessible to  attack  
with sm all-m olecule inhibitors. In addition, the m ajority o f 
pro teins have little o r no hom ology to  hum an proteins. In 
contrast to the case for the processes o f D N A  replication and 
transcription, the m ajority o f ou r knowledge on cell division 
has em erged only over the past 10 to  15 years. M ost studies so 
far have focused on two rod-shaped organism s, B. subtilis and 
E. coli, both o f which divide precisely at the cell center. C ur­
rently, a t least 12 pro teins are known to  be involved in the cell 
division process, and these are d istributed betw een the cyto­
plasm , cell m em branes, and periplasm ic space (76, 89, 103, 
156, 259). F o r the m ajority o f these proteins, the ir exact b io­
chem ical functions rem ain unknow n. Three-dim ensional struc­
tures o f the entire pro teins o r parts  o f them  have been solved 
for many, however, and p ro te in -pro tein  interactions are now 
being determ ined  and characterized (Table 2).

T he process o f cell division involves the ingrowth o f the cell 
envelope layers to form  a septum  a t the cell cen te r betw een 
two newly replicated  chrom osom es. This septum  then  splits to  
form  two new  daughter cells. The first step in cell division is the 
assembly o f the tubulin-like p ro tein  F tsZ  into a structure 
known as the Z  ring, precisely at m idcell (103). This assembly 
involves Z ipA  in E. coli (98) and the m em brane-attaching 
p ro tein  F tsA  in both  E. coli and B. subtilis (54, 103, 255). The 
Z  ring m arks the fu ture site o f cell division and acts as a 
“landing p ad ” for the o th er proteins involved in the division 
process. Once in place, the rem aining cell division pro teins are 
recru ited  to  the Z  ring, form ing a com plex collectively known 
as the divisome (103). In E. coli these later-assem bling proteins 
include F tsE , -X, -K, -Q, -L, -B, -W, -I, and -N; AmiC; and 
EnvC (255, 259). H om ologs of all o f these pro teins except FtsN  
are found in B. subtilis.

H om ologs o f m ost o f these pro teins can also be found within 
the genom es o f Acinetobacter spp., although in m ost cases their 
sequences have diverged substantially from  those o f their E. 
coli counterparts (Table 2). Interestingly however, no h o ­
mologs could be found for F tsE , FtsX , o r SulA, which are 
conserved in alm ost all o ther gam m aproteobacteria. F tsE  and 
-X together form  a m em brane-associated ABC transpo rte r o f 
unknow n cellular function th a t is essential for the survival o f E. 
coli only u nder low -ionic-strength conditions (218). In  B. sub­
tilis this p ro tein  com plex has recently been linked to the in iti­
ation o f sporulation (85). SulA is an inhibitor o f F tsZ  poly­
m erization th a t is induced as p a rt o f the SOS response in E. 
coli, w here it serves to  tem porarily  halt cell division in the 
event o f D N A  dam age (49, 112). As discussed in a la ter sec­
tion, the lack o f SulA  in Acinetobacter spp. has strong im pli­
cations for the m echanism s underlying global stress responses 
in these organisms.
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Assembly of FtsZ at Midcell

F tsZ  is the m ost conserved bacterial cell division p ro tein  and 
is an essential player in the cell division process (103). H o- 
mologs o f F tsZ  have been identified in alm ost all prokaryotes 
as well as in p lan t chloroplasts and the m itochondria o f lower 
eukaryotes (165, 253). In E. coli, the f ts Z  gene resides in the 
dew  cluster, from  which ftsQ , -A, and -Z  are cotranscribed (63, 
84, 271). Analysis o f the available Acinetobacter sp. genom es 
suggests the sam e to  be true for this genus, w ith ftsQ , A ,  and 
-Z  being adjacent to  each o th er in the chrom osom e. The se­
quences o f F tsZ  from  Acinetobacter spp. are relatively well 
conserved (Table 2), particularly  w ithin the core dom ain, 
which contains the G TP-binding m otif and is im portan t for the 
polym erization o f F tsZ  into the Z  ring. A m ino acid residues 
involved in G TP hydrolysis and form ation of the active site 
(190, 257) are also conserved.

Assem bly o f F tsZ  into the Z  ring at precisely midcell re ­
quires a balance am ong several pro teins th a t in teract directly 
w ith F tsZ  to  regulate its assembly (3, 54, 156). These proteins 
e ither p rom ote o r inhibit F tsZ  polym erization and are thought 
to  act together to  support Z -ring  assembly at the right place 
and tim e. In E. coli, F tsZ  assembly is p rom oted  by FtsA , Z ipA , 
and Z apA  and -B and is inhibited by M inC, ClpX, SulA, and 
SlmA (3, 54, 156).

A t the C term inus o f F tsZ  is a nine-am ino-acid consensus 
sequence, often  referred  to  as the C -term inal core dom ain, 
which has been shown to  be involved in in teractions w ith both 
Z ipA  and  F tsA  (101, 165, 179, 267). In E. coli and m ost o ther 
gam m aproteobacteria, the sequence of this region is D IPA FL - 
R K Q . The Somers group has determ ined  the crystal structure 
o f the C -term inal core dom ain in com plex w ith Z ipA  (Fig. 4A). 
The nonapeptide protein-binding m otif o f F tsZ  was shown to 
form  an am phipathic helical structure in which residues 1374, 
F377, and L378 form  the prim ary contacts w ith Z ipA . E arlier 
studies using alanine-scanning m utagenesis showed th a t these 
same th ree residues provide nearly all o f the binding strength 
in the in teraction  with Z ipA  in E. coli (179). R esidues D373 
and P375 o f E. coli F tsZ  are also im portan t in the interaction 
w ith Z ipA , however, presum ably setting the C -term inal region 
in the correct conform ation for binding (101).

By projecting  the nonapeptide motifs from  the F tsZ  proteins 
o f diverse bacteria on to  a helical wheel, it can be seen tha t 
m ost m aintain an am phipathic helix structure with hydropho­
bic residues at positions 2, 5, and 6; A sp a t position 1; and Pro 
at position 3 (Fig. 4B). The fact th a t this m otif is conserved in 
G ram -positive organism s (which lack Z ipA ) supports the idea 
th a t the in teraction  of F tsZ  with o th er p roteins, m ost notably 
FtsA , also involves the C -term inal am phipathic helix. In te rest­
ingly, while hydrophobic residues are m aintained at positions 
2, 5, and 6 o f the F tsZ  C -term inal peptides in Acinetobacter 
spp. (SIQ D Y L K N Q ), the conserved A sp and Pro  residues 
found in o th er organism s at positions 1 and 3 have been re ­
placed w ith Ser and Gin. I t has previously been shown tha t 
site-specific m utation  of these positions (D373 and P375) in E. 
coli F tsZ  results in d isrupted  binding to  Z ipA  (101). Im por­
tantly, P375 m utants also show reduced  binding to  F tsA  (165). 
The unusual rep lacem ent o f this residue w ith Gin in A cineto­
bacter spp. m ight suggest a som ew hat different binding m ode 
for F tsZ  to  both Z ipA  and F tsA  in these organisms.

C om plexation of F tsZ  with FtsA , Z ipA , Z apA , and ZapB  
represen ts the starting po in t o f the cell division pathw ay in E. 
coli. As such, these interactions m ediated  by the F tsZ  C-ter- 
m inal helix have been viewed as attractive targets for the de­
sign o f novel antibiotics. W yeth, in particular, has invested 
considerable effort in the developm ent o f antagonists o f the 
F tsZ -Z ipA  in teraction  and has discovered several com pounds 
th a t bind to  Z ipA  a t the F tsZ  interaction site (123, 124, 179, 
223, 244, 247). Im portantly  however, none o f these have led to  
a useful antagonist o f the F tsZ -Z ipA  in teraction , despite the 
opportunities for structure-guided design afforded by crystal 
structures o f Z ipA  in com plex w ith these ligands (123,124,223, 
244, 247). The difficulty in expanding these lead  com pounds 
lies with the fact th a t F tsZ  binds into a shallow, and relatively 
featureless, hydrophobic groove on the Z ipA  surface (179). 
The broad  interacting surface provides few opportunities to  
incorporate po lar contacts betw een Z ipA  and the designed 
ligands. T he few attem pts to  do so have yielded little o r no 
increase in binding strength (247). W yeth has since abandoned  
its efforts to  develop an F tsZ -Z ipA  antagonist.

W yeth’s inability to  successfully extend apparently  prom ising 
lead  com pounds into useful inhibitors o f this in teraction  high­
lights the difficulty associated with targeting  pro tein -pro tein  
interactions using structure-aided design. The broad  and re la ­
tively shallow in teraction  surface of Z ipA  ultim ately decreases 
the utility o f this in teraction  as a target. F urtherm ore , analysis 
of the C -term inal helices o f F tsZ  pro teins from  diverse bacte­
ria suggests only a vague requ irem en t for hydrophobic residues 
on the in teracting  face of the helix (Fig. 4B). This im plies tha t 
there  is significant variation in the shape o f FtsZ-binding sites 
in pro teins from  different bacteria, fu rther com plicating drug 
design efforts. Im portantly , as the binding site for F tsA  within 
F tsZ  overlaps significantly with the binding site for Z ipA , this 
m ight imply th a t the F tsZ -F tsA  in teraction , also viewed as a 
po ten tia l drug target, could be equally difficult to  target.

Recruitment of Membrane-Associated Proteins

Following form ation o f the Z  ring, the later-assem bling 
m em brane-associated cell division pro teins are recru ited  to  the 
midcell site and drive the process o f septum  form ation (89, 
254). These proteins rep resen t appealing targets for the devel­
opm ent o f novel antibacterials, as regions essential for their 
function are largely located  outside the (inner) cell m em brane, 
making them  m ore accessible to inhibitors. T heir po ten tia l as 
antibacterial targets is also increased because m ost o f these 
pro teins are essential and the m ajority lack hom ologs in eu ­
karyotes (156). The core set o f essential m em brane-associated 
cell division proteins have now been identified (103). However, 
few biochem ical data are yet available for these proteins, and 
m any are still to be structurally defined owing to  the inheren t 
difficulties associated with in vitro analyses o f m em brane p ro ­
teins. A ll o f the core m em brane cell division pro teins are 
identifiable in Acinetobacter spp. on the basis o f H M M -based 
hom ology searches w ith E. coli p ro teins (Table 2).

O f the m em brane-associated cell division pro teins in E. coli, 
F tsQ  interacts w ith the g reatest num ber o f o ther p roteins, with 
two-hybrid studies and coim m unoprecipitation experim ents re ­
vealing in teractions w ith FtsA , -K, -X, -I, -W, -B, -L, and -N 
(28, 66, 69, 136). Separate regions within the periplasm ic por-
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A

FIG. 4. The FtsZ-ZipA interaction. (A) Diagram of the FtsZ C-terminal peptide in contact with the ZipA surface (179). The solvent-accessible 
surface of ZipA is colored according to atom type: C, white; N, blue; O, red; S, yellow. Numbering indicates positions within the conserved 
nine-residue motif. (Produced with PyMOL [64] using data from Protein D ata Bank entry 1F47 [179].) (B) Helical projection of the FtsZ 
C-terminal peptide. Letters at each position indicate the residue occupying that position in different bacterial species.

tion o f FtsQ  are requ ired  for localization o f the p ro tein  to  the 
division site and recru itm ent o f dow nstream  pro teins (37, 250). 
The periplasm ic region form s a m odular tw o-dom ain structure 
th a t crystallizes as a dim er yet is m onom eric in solution (250). 
Localization to the Z  ring requires in teraction  w ith upstream  
pro teins such as F tsK  and is m ediated  largely by the a  dom ain 
(residues 58 to  125) (250 ). Acinetobacter FtsQ  proteins are only 
m oderately  conserved, sharing 26%  overall sequence identity 
w ith E. coli F tsQ  (Table 2). R esidues previously shown to be 
requ ired  for localization o f E. coli F tsQ  (V92, Q108, V l l l ,  and

K113) (37, 90, 250) m ap to  the ou term ost tip  o f the a  dom ain 
and are conserved within Acinetobacter F tsQ  proteins (equiv­
alen t positions are L95, R110, V113, and R115).

Im m unoprecipitation  experim ents have dem onstrated  tha t 
in E. coli the th ree proteins FtsL, -B, and -Q assemble away 
from  the m idcell site and arrive as a com plex (28). R ecru itm ent 
o f these pro teins by F tsQ  involves the (3 dom ain (residues 128 
to  260), also w ithin the periplasm ic portion  (250). R esidues 
requ ired  for these in teractions m ap to  the final two strands o f 
a cen tral (3 sheet, at the interface of the crystallographic dim er.
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The corresponding positions in Acinetobacter FtsQ  proteins 
are relatively well conserved, suggesting the recru itm ent o f 
FtsB and -L to share a m echanism  w ith E. coli. F u rther studies 
of the structural basis o f F tsQ  interactions are requ ired  to 
identify po ten tia l targets for the ra tional design of novel anti- 
bacterials. In  the fu ture, it m ight then  be possible to  design 
com pounds th a t d isrupt the localization of FtsQ  to the Z  ring 
or its recru itm ent o f dow nstream  pro teins such as FtsB and -L.

Peptidoglycan Recycling and Response to 
p-Lactam Antibiotics

R ecen t studies have revealed th a t A  baylyi strains carrying 
m utations in the peptidoglycan-recycling enzyme UDP-1V- 
acetylm uram ateiL-alanyl-y-D -glutam yl-m eso-diam inopim elate 
ligase (m urein pep tide ligase; M pl) are hypersensitive to  (3-lac - 
tam  antibiotics (91). In  contrast, m pl-deficient strains o f E. coli 
are no m ore sensitive to  p-lactam  com pounds than  wild-type 
strains (91). D eletion  of the entire m pl gene results in nonvi­
ability in A  baylyi A DP1 u nder the growth conditions used  in 
the high-throughput gene knockout study (61). The equivalent 
gene is dispensable for growth u nder sim ilar conditions in E. 
coli (11, 170). Interestingly, an A  baylyi strain  carrying an m pl 
m utation  is also sensitive to  U V -induced D N A  dam age (36). 
Aside from  transpo rt p ro teins, no proteins involved in cell 
envelope synthesis have been linked w ith the D N A  dam age 
response in E. coli (36).

B oth U V  dam age and p-lactam  com pounds trigger the 
LexA -m ediated SOS response in E. coli (80,173). This leads to  
upregulation  o f the cell division inhibitor SulA, leading to  
tem porary  arrest o f cell division, allowing tim e for D N A  repair 
processes to  occur (143). As discussed below, Acinetobacter 
spp. lack no t only SulA bu t also the SOS regulator p ro tein  
LexA. T he sensitivity o f ;u/>/-deficient A . baylyi to  both  (3-lac - 
tam s and U V  irradia tion  m ight therefore  reflect an inability to 
arrest cell division in response to D N A  dam age in A cineto­
bacter spp. I t has previously been shown tha t Acinetobacter spp. 
undergo reductive division following nu trien t starvation; i.e., a 
large bacilliform cell divides to  yield sm aller coccoid cells 
(119). I t  is tem pting to  speculate th a t reductive division re p ­
resents a general stress response in Acinetobacter and th a t the 
observed p-lactam /U V  sensitivity o f ;u/>/-deficient strains 
m ight reflect a defect in rem odeling peptidoglycan in the tra n ­
sition to  a coccoid morphology. This is supported  by the iden­
tification o f m utations in o th er peptidoglycan-recycling en ­
zymes th a t lead  to  p-lactam  sensitivity in Acinetobacter spp. 
(91), although one cannot rule ou t m ore direct inhibition o f 
each o f these enzymes by p-lactam  com pounds.

I t  has been suggested th a t if suitable inhibitors o f M pl can be 
found, this m ight lead  to  novel antibiotics th a t are selective for 
Acinetobacter spp. and act to  increase the efficacy o f p-lactam  
com pounds (91). T he Jo in t C en ter for S tructural G enom ics 
has recently determ ined  the crystal structure of Psychrobacter 
arcticum  M pl (P rotein  D ata  B ank accession no. 3H N 7), high­
lighting the previously no ted  relationship  w ith M urC enzymes 
(177). P. arcticum  M pl shows relatively high sequence conser­
vation w ith Acinetobacter M pl pro teins (56% sequence iden­
tity). I t m ight now be possible to  rationally design inhibitors o f 
Acinetobacter M pl pro teins based on the P. arcticum  structure.

RNA TRANSCRIPTION

B acterial transcrip tion  and transcrip tional regulation have 
been the subjects o f intense analysis since the concurren t iso­
lation o f D N A -dependent R N A  polym erase (R N A P) from  E. 
coli by four separate laboratories during the early 1960s (114). 
The process can be divided into th ree distinct phases: in itia­
tion, elongation, and term ination  (25). F irst, R N A P in complex 
with a p rom o ter specificity com ponent, o r a  factor, recognizes 
and unwinds the tem plate D N A  a t a specific p rom o ter se­
quence upstream  of the gene to  be transcribed (25). R N A P 
then  begins synthesizing m R N A , a t first producing a series o f 
short abortive transcripts before clearing the p rom o ter and 
entering  a highly processive elongation stage. T ranscrip tion  is 
com pleted  e ither by intrinsic term ination  at a specific sequence 
in the tem plate D N A  or by R ho factor-dependent term ination , 
which occurs at poorly conserved R ho utilization sites (43). 
E ach stage of transcription is highly regulated, e ither by 
R N A P-associated transcrip tion  factor proteins o r by specific 
R N A  o r D N A  sequences th a t in teract w ith the R N A P tra n ­
scription com plex (74). By specifically regulating the transcrip ­
tion of individual genes (or groups of genes), the cellular levels 
o f each gene p roduct can be regulated  and  adjusted in re ­
sponse to a variety o f cellular and environm ental stimuli.

T he Acinetobacter sp. genom es sequenced to  date originate 
from  strains th a t occupy th ree distinct environm ental niches: a 
free-living soil organism , a hum an body louse symbiont, and a 
series o f m ultidrug-resistant and drug-susceptible clinical iso­
lates (4 ,1 5 ,1 1 5 , 233, 248). Thus, as well as being able to  assess 
the overall conservation o f transcription com ponents in A c in ­
etobacter spp. (Table 3), we are now in a position to  identify 
accessory factors likely to  be involved w ith gene regulation 
during pathogenesis and antibiotic-induced stress.

Architecture of Transcription Complexes and 
Suitability for Drug Design

T he R N A P core contains five p ro tein  subunits, assem bled in 
the o rder a  —* a 2 —* a 2(3 —* a 2(3(3' —* a 2(3(3'co (24). T o initiate 
transcription (152), the ~ 400-kD a core m ust first associate 
w ith a a  factor to  form  the R N A P holoenzym e (a 2(3(3'coo-). The 
architecture o f the R N A P com plex has been elucidated 
through extensive biochem ical and biophysical analyses in E. 
coli (reviewed in reference 24) and crystal structures o f the 
Thermus aquaticus R N A P core (276) and Thermits thennophi- 
lus holoenzym e (251). The overall topology of R N A P resem ­
bles a “crab claw,” in which the large (3 and (3' subunits com ­
prise the “p incers” o f the claw (276) (Fig. 5A). In addition to  
providing a structural brace for R N A P, the (3 and (3' subunits 
in teract to  create a cleft th a t opens into the m ain channel o f 
the enzyme. D eep  inside the base o f this cleft resides the 
catalytically active center, which is m arked  by a stably bound 
Mg2+ ion.

G enes encoding R N A P subunits are readily identifiable in 
Acinetobacter spp. and m aintain a relatively high level o f se­
quence conservation (54 to  71% identify a t the am ino acid 
level) w ith equivalent E. coli subunits (Table 3). W ithin the 
identified a ,  (3, (3', co, and a  subunits, key functional regions 
(e.g., sequence motifs A  to  H  o f the (3' subunit [132]) are highly 
conserved. The relatively high conservation of R N A P subunits
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FIG. 5. A rchitecture of R N A  polymerase and its interaction with a 70. (A) Structure of the Thermus thermophilus RNAP holoenzyme 
(251). The solvent-accessible surface is shown for RNAP core subunits (a jP P 'w ), and a 10 is shown in ribbon representation . (B) Prim ary 
interaction surface between the coiled-coil region within the (!' subunit and conserved regions 2.1 and 2.2 of a 70. Dashed lines indicate hydrogen 
bonds. (C) Sequence alignments for the coiled-coil region of the (!' subunit and conserved regions 2.1 and 2.2 of ct70. W hite characters with blue 
shading indicate positions with homology across all sequences, while black characters with yellow shading indicate 60% conservation. Sequence 
alignments were produced using the MUSCLE algorithm (72) within the Geneious software package (Biomatters). (Panels A  and B were produced 
with PyMOL [64] using data from Protein D ata Bank entry 1IW7 [251].)

despite the relative genetic rem oteness o f the Acinetobacter 
genus within the gam m aproteobacteria (Fig. 1) highlights the 
po ten tia l utility o f R N A P as a ta rget for broad-spectrum  an ti­
bacterial com pounds.

R N A P has been identified as the target for several classes o f 
transcription inhibitors, including the clinically im portan t rifa- 
mycin family (256). F ligh-resolution crystal structures o f 
R N A P in com plex with m em bers o f the rifamycin, streptolydi- 
gin, sorangicin, and lipiarmycin inhibitor families have shed 
light on the ir m odes o f action (256). E ach of these com pounds 
was found to bind at distinct locations w ithin the D N A -binding 
and secondary channels o f R N A P, away from  the active site. 
This suggests th a t they bind and in terfere  with regulatory sites 
w ithin the enzyme, acting either to  sterically block nucleoside 
triphosphates (N TPs) from  entering  the active site o r by allo- 
steric effects. M ost com pounds th a t inhibit R N A P activity ex­
hibit a broad-spectrum  bactericidal effect. I t has been sug­
gested th a t R N A P is an underutilized  resource and rem ains a 
prom ising target for the discovery of new antibiotics (for re ­
views, see references 42 and 256).

W hile several antim icrobial com pounds have been found to  
target R N A P directly, very few target the highly conserved 
pro tein -pro tein  interactions th a t govern the form ation o f 
higher transcrip tion  complexes. In  vivo , the R N A P core forms

a series o f transien t complexes with o ther p ro tein  cofactors: 
a 70 and o ther a  factors, antiterm ination  factors (NusA, -B, -E, 
and -G ), transcrip t cleavage factors (G reA  and -B), and regu­
latory factors (e.g., D ksA ) (152). U ltim ately, these interactions 
underp in  the regulation o f gene expression and the transcrip ­
tion o f rR N A  and thus play im portan t roles in cell p ro lifera­
tion.

T he prim ary in teraction  surface betw een a 70 and the R N A P 
core has been m apped  to  the coiled-coil m otif o f the (3' subunit 
and the conserved region 2.2 o f a 70 (272). The structural basis 
for the RNA P-ct70 in teraction  was dem onstrated  by the crystal 
structure o f the T. them iophilus holoenzym e (251). The in te r­
action surface (130) is relatively po lar and is form ed prim arily 
through a netw ork o f side chain-side chain and side chain-m ain 
chain hydrogen bonds (Fig. 5B). I f  novel antagonists o f this site 
could be found, they should in terfere w ith assembly o f the 
functional R N A P holoenzym e and thus inhibit transcription in 
vivo. The (3' and a 70 residues th a t m ediate this in teraction  in ft. 
coli are identical in the Acinetobacter sp. proteins (Fig. 5C) and 
are strongly conserved am ong all o th er bacteria (130).

U sing an enzym e-linked im m unosorbent assay (ELISA )- 
based approach, the L eonetti group has screened a library o f 
sm all molecules for inhibitors o f the assembly of a 70 onto  the 
R N A P core (8). Several inhibitors o f holoenzym e assembly
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w ere identified, w ith som e dem onstrating  bactericidal activity, 
particularly  against G ram -positive organisms. Interestingly, 
while E. coli pro teins w ere used for the initial screen and were 
inhibited in vitro, no antim icrobial activity was observed for E. 
coli o r its fellow G ram -negative bacterium  P. aemginosa. A c­
tivity was seen, however, against an E. coli m u tan t strain  with 
increased o u te r m em brane perm eability, suggesting th a t the 
lack o f activity against the wild-type bacterium  stem s from 
lim ited cellular uptake o f the com pounds. N onetheless, this 
w ork dem onstrates the po ten tia l for p ro te in-pro tein  in terac­
tions w ithin transcription complexes as targets for antim icro­
bial com pounds.

H igh-throughput screening approaches could be similarly 
used  to  identify antagonists o f o ther R N A P-interacting  p ro ­
teins such as N usA  and -G, both o f which are essential in E. 
coli, P. aeruginosa, and A  baylyi (Table 3). T raditionally  these 
interactions w ould no t be considered good targets, as the in ­
teraction  surfaces lack clear grooves, w ithin which an inhibitor 
m ight form  m ore extensive p ro te in  con tac ts. H ow ever, r e ­
cen t developm ents in an ticancer th e rap ies  w ith stap led  p e p ­
tide an tagon ists o f N O T C H  com plex fo rm ation  ind ica te  th a t 
(i) in te rac tio n  surfaces lacking deep  clefts o r grooves can be 
ta rg e ted  and  (ii) p reven tion  o f the fo rm ation  o f active tra n ­
scription complexes represen ts a potentially  valuable th e rap eu ­
tic approach (176).

Transcrip tion  complexes involved in rR N A  synthesis, often 
called antiterm ination  complexes, require recru itm ent o f many 
p ro tein  transcrip tion  factors, such as N usA , -B, -E, and -G, and 
also require nucleic acid elem ents o f the R N A  leader o f rR N A  
genes called boxB, -A, and -C (202). A n antiterm ination  com ­
plex cannot correctly form  w ithout the full com plem ent o f 
p ro tein  and R N A  elem ents. The boxA  sequences are highly 
conserved across the eubacteria  (consensus, 5 '-G C U C U U U [A  
/G ][A/G]A ; Acinetobacter consensus, 5 '-G A U C A U U A A G ) 
and are in tegral to  the form ation of the N usB -N usE  h e t­
erod im er th a t binds R N A  polym erase (93). M ore recently it 
has been shown th a t N usA  binds boxC  (consensus, 5 '-U G U G  
U [U /G ][U /G ]; Acinetobacter consensus, 5 '-U G U G U G G ), 
which is involved in antiterm ination  com plex form ation (10, 
23). T argeting these protein-nucleic acid in teractions m ay also 
be a valid approach for the developm ent o f new antibiotics, as 
preventing antiterm ination  com plex form ation w ould severely 
disrupt cell proliferation. Indeed  rR N A  gene dosage is closely 
re la te d  to  the ra te  o f cell p ro life ra tio n , w ith fast-grow ing 
species such as B. subtilis, E. coli, and  Vibrio natriegens 
con ta in ing  7 to  13 rR N A  op ero n s p e r  ch rom osom e, w hile 
the slow-growing organism  M ycobacterium  tuberculosis co n ­
tains a single rR N A  gene (152). A cinetobacter  species co n ­
ta in  five to  seven rR N A  operons and are known to grow 
rapidly, suggesting th a t rR N A  synthesis may be a valid target 
for bacteriostatic o r bactericidal agent developm ent. I t may, 
for exam ple, be possible to  design nucleic acid m im etic drugs, 
such as peptide nucleic acid (PN A ) o r locked nucleic acid 
(LN A) (217) to  com petitively inhibit antiterm ination  complex 
form ation through in teraction  w ith boxA  o r C sequences. A l­
though cell perm eability  rem ains a significant hurdle to  the 
effective use of PNAs and LNAs as drugs, they can neverthe­
less be used to  discover pharm acophores for the design o f 
m ore cell-perm eant com pounds (217).

Alternative Sigma Factors and Their Regulation

B acteria respond  to  changing environm ental conditions by 
(often dram atically) altering the expression o f stress response 
genes. This regulation is effected prim arily at the level o f tra n ­
scription, in particu lar through the differential use o f a  factors 
w ithin the R N A P holoenzym e (167). D uring exponential 
growth in rich m edia, a 70, the housekeeping a  factor, directs 
transcription of m ost essential genes. Following application o f 
a particu lar cellular stress, an alternative a  factor w ith specific 
affinity for a certain  p rom o ter sequence can replace a 70 and 
thus direct transcrip tion  tow ard the specific set o f genes re ­
quired  u nder the stressed conditions. U nder norm al condi­
tions, these alternative a  factors are repressed, e ither by rapid  
degradation  or by the ir sequestration  by an ti-a  factors.

A  wide disparity is observed in the num ber o f a  factors 
encoded by bacteria; e.g., E. coli has 7 different a  factors, B. 
subtilis has 17, and Streptomyces coelicolor has 63 (152). A lte r­
native a  factors identified in E. coli include a 28, a 38, a 32, a 54, 
and the extracytoplasmic function a  factors (EC Fs) cte  and 
a FecI (80, 175). O f these, only hom ologs of a 32 and a 54 are 
identifiable in Acinetobacter spp., along with one to  five E C F  a  
factors (Table 4).

a 32 (R poH ) is the prim ary regulator o f the hea t shock re ­
sponse in bacteria. In E. coli, a tem peratu re  shift to  >42°C  
results in the induction of a subset o f m ore than  20 <r32-regu- 
la ted  hea t shock genes, including the m olecular chaperones 
D naJ and  -K and G roE L  and -ES. These pro teins serve to  
stabilize expressed pro teins in the cell cytoplasm, preventing 
m isfolding and aggregation, which are especially com m on d u r­
ing periods o f hea t stress. I t  has been shown th a t the strain  A . 
calcoaceticus 69-V responds to  hea t shock by upregulating  a 
sim ilar set o f p roteins, including D naK , G roE L, and H tpG
(18). This suggests th a t the a 32 regulon in Acinetobacter spp. is 
probably sim ilar to  th a t in E. coli.

T he a 54 family is unusual in tha t, unlike all o ther a  factors, 
its m em bers display no sequence hom ology with the house­
keeping factor a 70. In E. coli, a 54 was originally im plicated in 
the regulation o f nitrogen metabolism . H owever, m any addi­
tional regulatory roles have since been attribu ted  to  this p ro ­
tein  (211,219). W hile no systematic a ttem pt has yet been m ade 
to  characterize the a 54 regulon in Acinetobacter spp., a 54 has 
been shown to be required  for the utilization o f phenol and 
benzyl alkanoates as m etabolic substrates in A  baylyi (73,133). 
The expression of Com P, a pilin-like p ro tein  essential for 
transform ational com petence in A . baylyi A D P1, is p resen t at 
the highest levels during late stationary phase and also is likely 
to  be regu lated  by a 54 (210). I t was recently  found th a t genes 
u nder the contro l o f the <r54-regulated  Pu p rom o ter from 
Pseudomonas putida  could be expressed exogenously in A  bay­
lyi A DP1 (111). Expression patterns m irrored  those seen in its 
n a tu ra l host, suggesting th a t there is a t least som e com patibil­
ity betw een the a 54 regulatory systems of Acinetobacter spp. 
and Pseudomonas spp.

E C F  sigma factors are extrem ely divergent, and  in general 
sequence analysis alone is insufficient to  enable prediction  o f 
their function (106). E. coli contains two a  factors which group 
w ithin the E C F  subclass: cte  and a FecI. Analysis o f the genom e 
sequence o f A . baylyi A DP1 reveals th a t this organism  contains 
th ree genes w ith som e similarity to  E. coli a FecI, which is
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involved in a signaling cascade leading to  the cellular uptake o f 
iron, in the form  o f ferric citrate (Table 4). In  the A . baylyi 
A DP1 chrom osom e, all th ree o f these sequences reside u p ­
stream  of a gene th a t encodes a FecR -like an ti-a  factor and a 
m em brane recep to r protein . In contrast, A . baum annii strains 
contain e ither none or only one o f these proteins, suggesting 
th a t alternative iron  uptake pathways are im portan t in its 
pathogenesis (279).

In  E. coli, cte  is induced following hea t shock and during the 
early stationary phase and regulates the expression of around  
200 genes, overseeing the cell envelope stress response (57). It 
is essential in E. coli, even u nder apparently  nonstressed con­
ditions, and loss o f cte  activity has been shown to result in loss 
o f cell envelope integrity (105). R em arkably, Salmonella en- 
terica serovar Typhim urium  cte , which shares 99% sequence 
identity w ith E. coli cte , is nonessential bu t plays a critical role 
in virulence (113). The equivalent p ro tein  in P. aeruginosa, 
A lgU , regulates genes involved w ith the m ucoid phenotype 
associated w ith cystic fibrosis (211). Clearly, there  is much 
variation in the cellular functions regulated  by cte  regulons in 
different bacterial species, although all are linked by the ir site 
of action at the cell envelope.

T he scope of the cte  regulon in Acinetobacter spp. has yet to  
be exam ined. Interestingly, however, it has been no ted  th a t the 
A deA B C  m ultidrug efflux pum p, which is associated with re ­
sistance to  several classes o f antibiotics in A . baum annii, is 
likely to  be transcribed from  an E C F -regulated  p rom o ter 
(166). Given th a t some strains o f A . baum annii do no t contain 
any d iscernible a FecI hom ologs, it is highly likely th a t the 
adeABC  operon is transcribed by RNAP-cte  in Acinetobacter spp. 
N o hom ologs o f the an ti-a  factor R seA /M ucA  or the periplas- 
mic p ro te in  RseB/M ucB, which negatively regulate the activity 
o f a E (273), w ere found in the published Acinetobacter sp. 
genom es. The genom e o f A . baylyi A DP1 contains a second 
hom olog of a E (A CIAD 0935); the function o f this p ro tein  is 
no t yet clear (Table 4).

T he absence o f a 28 (or R poF ) from  the genom es o f A c in ­
etobacter spp. comes as no surprise. The a 28 factor is a regu­
lato r o f flagellar biosynthesis (200), and as m em bers o f a non- 
motile genus, Acinetobacter spp. do no t carry genes for 
flagellum assembly. Intriguingly, the a 38 (or R poS) sigma fac­
tor, which is thought to be the m aster stress response regulator 
in gam m aproteobacteria (107), is also missing from  A cineto­
bacter spp. This a  factor controls the induction o f a subset o f 
m ore than  100 genes involved in stress resistance in E. coli, 
including those whose products resist oxidative stress, acidic 
pH , ethanol, and hyperosm olarity (107). A lthough a 38 is u n ­
detectable in exponential-phase cultures, its levels reach 30% 
of th a t o f a 70 in stationary  phase, allowing it to  m ore effectively 
com pete w ith a 70 for binding to  core R N A P (129). This is 
fu rther enhanced  by the concurren t induction of R sd, an an ti-a  
factor th a t binds to  a 70, preventing it from  in teracting  w ith the 
R N A P core (274). The gene encoding R sd is similarly absent 
from  the genom es o f Acinetobacter spp. The apparen t lack o f a 
a 38 system in Acinetobacter (and the re la ted  genus Psy­
chrobacter) is unique within gam m aproteobacteria (excluding 
symbiotic organism s w ith reduced  genom es). T he po ten tia l 
im plications o f a lack of a 38 in the global stress response and 
adap ta tion  to  antibiotics in these organism s are discussed 
below.

Pathogenic Acinetobacter spp. Are Enriched in 
Transcription Factors

A  recen t com parative genomics study of Acinetobacter 
strains has revealed a set o f 475 genes th a t are found in the 
genom es o f all com pletely sequenced pathogen  strains bu t no t 
in the nonpathogenic A . baylyi A DP1 genom e (4). This set, 
term ed  the pan  -A. baum annii accessory genes, includes 59 tha t 
encode pro teins p red ic ted  to  be transcrip tion  factors based on 
sequence homology. T he LuxR, T etR , M erR , A raC , M arR , 
G ntR , A crR , A rsR , B adM /R rf2, X R E , and H xlR  families o f 
transcription factors are rep resen ted , suggesting th a t A cineto­
bacter pathogenesis involves a com plex transcrip tional netw ork 
th a t regulates the expression o f pro teins w ith diverse b iochem ­
ical functions. F u rther investigation is requ ired  to  examine the 
precise roles o f these transcrip tion  factors in pathogenesis.

AN UNUSUAL DNA DAMAGE RESPONSE

Several genes associated w ith D N A  replication, transcrip­
tion, and cell division are no t found within the genom es o f 
Acinetobacter spp., despite being conserved in virtually all 
o th er gam m aproteobacteria. In  particular, the error-prone 
polym erase D inB (D N A  polym erase II), the stress response 
factor a 38, and the cell division proteins SulA, FtsE , and FtsX  
appear to  be uniquely missing in Acinetobacter and Psy­
chrobacter spp. (Table 5).

W hile a 38 is best known for its roles in stationary phase and 
global stress response regulation, its role in the response to  
D N A  dam age in E. coli was recently described (171). In  the 
same organism , dinB  and sulA  are both  induced as p a rt o f the 
SOS D N A  dam age response m ediated  by the transcrip tional 
regu lator LexA. T ogether w ith the fact th a t acinetobacters also 
lack LexA, these missing genes indicate an unusual D N A  dam ­
age response in Acinetobacter spp.

T he SOS response has been well characterized in E. coli 
(143). The response is triggered by D N A  dam age, som e classes 
of antibiotics, o r the disruption or overexpression of certain  
genes (14 ,143 ,195). D etection  o f one o f these triggers leads to  
R ecA -dependent autoproteolysis o f LexA, a repressor tha t 
governs the transcrip tion  o f around  30 genes in E. coli (29). 
W hile some variation is seen am ong the m em bers o f the LexA 
regulon in different species, secondary D N A  polym erases (e.g., 
D inB and U m uD ) and cell division inhibitors, such as SulA, 
are alm ost always upregu la ted  (2, 44, 45, 56, 128, 143). P ro ­
m oters governing the expression o f these pro teins are d ere ­
pressed, and therefore upregulated , upon  cleavage o f LexA 
(143). As a result, cell division is tem porarily  arrested  and 
D N A  dam age is repaired  w ith the aid o f repair and recom bi­
nation  systems.

T hus far, only two D N A  dam age-inducible loci have been 
identified in Acinetobacter spp. (Table 5). N o t surprisingly, 
D N A  dam age in A  baylyi A DP1 (then known as A. calcoace- 
ticus) was found to  result in upregulation  of the recA  gene, 
which is associated w ith D N A  repair and recom bination in 
bacteria (216). U nlike in m ost o th er organism s, however, this 
regulation was independen t o f the R ecA  pro tein , suggesting a 
novel m echanism  for the D N A  dam age response in this o rgan­
ism. The second gene found to  be upregulated  following D N A  
dam age in A . baylyi A DP1 is ddrR, which has no identifiable
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TABLE 5. DN A  damage response proteins in Acinetobacter spp.

Protein Function and comment

E. coli DN A  damage proteins not found in
Acinetobacter spp.

D in B ................................................................................................................ DN A  polymerase II; error-prone polymerase involved in SOS mutagenesis
ct38.................................................................................................................... Stationary phase/stress response ct factor
SulA................................................................................................................. Cell division inhibitor; induced during SOS response
F tsE X ..............................................................................................................Transporter of unknown function; induced during SOS response
LexA ................................................................................................................ Transcriptional regulator; primary regulator of SOS response

Recognized DNA damage response proteins 
in Acinetobacter spp.

U m uC ..............................................................................................................DN A  polymerase V subunit; truncated to UmuC* (first 64 residues of
UmuC) in A. baylyi ADP1

U m uD A b........................................................................................................D N A  polymerase V subunit; 50% longer than E. coli UmuD protein,
contains LexA-like protease recognition site, regulates expression of 
D drR  in response to DNA damage

D d rR ...............................................................................................................Unknown function; upregulated following induction of DNA damage in A.
baylyi ADP1, found only in Acinetobacter spp.

RecA.................................................................................................................Recombination protein A; upregulated following induction of DNA
damage in A. baylyi ADP1, required for DNA damage-inducible 
regulation of D drR

sequence hom ologs in the cu rren t sequence databases and is o f 
unknow n function (102). R egulation  of ddrR  was found to  be 
R ecA  dependen t and appears to  involve an unusual U m uD  
(D N A  polym erase V) pro tein , U m uD A b, th a t contains a 
LexA-like dom ain at the N  term inus. D isruption  o f this novel 
regu lator led to  a decrease in the expression o f ddrR, suggest­
ing th a t it acts as an activator ra th er than  a repressor, in 
con trast to  LexA. In  A . baylyi A D P1, the um uD A b  gene forms 
p a rt o f an unusual um uD C  operon  in which the um uC  gene has 
been truncated , apparently  as a result o f transposon activity 
(102). um uD A b  and the truncated  um uC  gene are constitu- 
tively expressed from  this operon. A . baum annii strains each 
appear to  contain an um uD A b-hke  gene in an operon  with a 
full-length um uC  gene.

T he <T38-m ediated  stress and LexA -m ediated SOS responses 
are activated no t only by D N A  dam age bu t also by com m on 
drug classes: (3-lactams, quinolones, and folate biosynthesis 
inhibitors (143, 184). A ctivation o f these responses leads to  
upregulation  o f m utation-inducing error-prone D N A  poly­
m erases and increased  rates o f la teral gene transfer (80). The 
a 38 and SOS responses are now thought to  play a significant 
role in the evolution of antibiotic resistance in bacteria by 
increasing the scope for adaptive evolution through increased 
rates o f m utation  and gene transfer (75, 80, 81, 143). This sets 
up an apparen t paradox for som e Acinetobacter spp.: they lack 
the a 38 and LexA  stress responses yet have acquired resistance 
to  all antibiotics in clinical use. In fact, it has been shown tha t 
unlike m ost o th er bacteria, A . baylyi A DP1 does no t show an 
induction o f m utagenesis following irrad ia tion  w ith U V  light
(19). This suggests e ither th a t alternate  uncharacterized  stress 
response m echanism s support the acquisition of drug resis­
tance determ inants in Acinetobacter spp. o r th a t the pathways 
leading to  m utation  and/or la teral gene transfer are constitu- 
tively enabled. The high level o f transform ability associated 
w ith the laboratory  strain  A . baylyi A DP1 could be taken as 
evidence for the la tte r scenario; however, high-level natu ral 
com petence has no t yet been dem onstrated  for any o ther A c in ­
etobacter strain. Given the rap id  em ergence o f drug resistance

in Acinetobacter spp. and the ir increasing significance as p a th o ­
gens, it is im portan t to  develop an understanding  of antibiotic- 
induced stress responses in these organism s, as they are clearly 
different from  those th a t have been studied  to  date.

PERSPECTIVES

This review exam ines three essential biological systems 
within Acinetobacter spp., i.e., D N A  replication, cell division, 
and R N A  transcription, w ith a view to fu ture exploitation o f 
these systems as targets for ra tional design of novel antim icro­
bial com pounds. O f course, these are no t the only po ten tial 
targets for drug design in Acinetobacter spp. R ibosom al p ro tein  
synthesis, for example, has no t been covered here, yet it is one 
o f the m ost com m on targets for an tibacterial com pounds. 
C om pared with replication, cell division, and transcription p ro ­
teins, ribosom al proteins and rR N A  m olecules are very highly 
conserved across the bacteria and in fact even within the eu ­
karyotes and archaea. Acinetobacter spp. show little variation 
w ithin these com ponents relative to  o ther, be tter-stud ied  bac­
teria. Prim ary m etabolism  and cell wall structures, which are 
also com m on drug targets, are no t covered here , as inform a­
tion about these systems is difficult to  extract from  genom e 
sequence inform ation. O ur analysis has, however, dem on­
stra ted  the m erits o f using genom e sequence data to  extrapo­
late inform ation about fundam ental biological processes from 
m odel organism s to  clinically relevant, bu t m ore poorly u n d e r­
stood, bacteria. This analysis has allowed us to  identify highly 
conserved aspects o f D N A  replication, cell division, and tra n ­
scription in these organism s, which could have po ten tia l as 
targets for the ra tional design of novel antim icrobials. We 
recognize, o f course, th a t a g rea t deal m ore w ork is requ ired  to  
assess the actual drug susceptibilities o f these systems, even 
before the challenges o f developing inhibitors th a t are no n ­
toxic to  hum ans, are available at the site o f infection, are 
capable of being taken up  by bacterial pathogens, and then  
exhibit a bacteriostatic effect can be addressed.

W hile research  into the fundam ental aspects o f A cineto-
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bacter biology is still in its infancy, it is already clear tha t these 
bacteria have many unusual attributes. H ere  we have brought 
to the surface som e peculiar characteristics o f their D N A  rep ­
lication m achinery. T hese observations imply tha t chrom o­
som al replication in these organisms might involve subtle 
m echanistic differences from E. coli and o ther bacteria. W ithin 
the cell division proteins, in terrup tion  of the gene encoding the 
peptidoglycan-recycling enzyme M pl has been shown to p ro ­
duce a |3-lactam-sensitive phenotype in A . baylyi A D P1. Such 
readily observable phenotypes are rare  for knockouts o f p ep ­
tidoglycan-recycling genes (199). A lthough the reason for this 
is currently unknow n, it does suggest tha t A  baylyi ADP1 might 
prove to  be a useful m odel organism  for studying peptidogly­
can recycling in G ram -negative bacteria.

R N A P and o ther com ponents o f the basic transcription m a­
chinery in Acinetobacter spp. are sim ilar to those found in o ther 
bacteria. Som e variation is seen, however, in the use of tran ­
scriptional regulators. Acinetobacter spp. appear to contain a 
som ew hat minim ized set o f alternative a  factors, with som e 
strains containing only a E, a 32, a 54, and one EC F-type a  fac­
tor. Interestingly, Acinetobacter spp. also lack many o ther ca­
nonical stress response proteins, including the D N A  dam age 
response regulator LexA. They do, however, contain a large 
num ber o f putative D NA -binding repressors and activators, 
many of which are of unknow n function. T he num bers and 
types o f these transcriptional regulators vary am ong A cineto­
bacter species, suggesting th a t they play specific roles in adap­
tation  of each species to  its environm ent. T his is evident in the 
fact tha t the genom es of pathogenic Acinetobacter spp. are 
highly enriched for genes encoding transcriptional regulators. 
F u rther research into transcrip tional stress responses in indi- 
v id u A  Acinetobacter species is vital, as such responses are likely 
to play a central role in the developm ent of antibiotic resis­
tance in these organisms, which is perhaps the forem ost p rob ­
lem associated with trea ting  Acinetobacter sp. infections in the 
clinical setting.

A lready it is clear tha t Acinetobacter spp. have diverged 
significantly from o ther gam m aproteobacteria over tim e and 
have developed un ique solutions for coping with evolutionary 
pressures. W hile this presents challenges for conducting A c in ­
etobacter research, the trem endous utility o f A  baylyi ADP1 as 
a laboratory organism  provides an exciting opportunity  to un ­
derstand many processes and pathways in these organisms, 
thereby increasing our understanding of bacterial evolution in 
the context o f a group of bacteria  tha t are still em erging as 
hum an pathogens.
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