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Domain organization and
oligomerization among H-NS-like
nucleoid-associated proteins in
bacteria

Charles J. Dorman, Jay C.D. Hinton and Andrew Free

he H-NS protein of Es-
cherichia coli is a major
component of the bac-
terial nucleoid and is a pleio-
tropic regulator of genome sta-
bility, recombination and gene
expression™2. The StpA protein
is 58% identical to H-NS at the
level of amino acid sequence.

The bacterial nucleoid-associated proteins
H-NS and StpA can form homomeric or
heteromeric complexes, a parallel with
protein HU. Thus, functional modulation
of H-NS and StpA by one another and by
other proteins with appropriate interaction
domains is possible. This has implications
for bacterial pathogenesis and adaptation
to environmental stress.

growth in minimal medium
and requires a different acti-
vator [the factor for inversion
stimulation (FIS)] for optimal
expression both in vivo and in
vitro’. DsrA, an antisense
RNA, blocks translation of
hns mRNA by hybridization.
Although DsrA RNA does not

Initially, StpA was identified as
a multicopy suppressor of a
splicing-defective td intron of
bacteriophage T4 (Refs 3,4) and
of adi gene expression in an hns
mutant’. These highly related
proteins, or paralogues (i.e.
intraspecies homologues), have
both common and distinct
properties. Each can constrain
DNA supercoils in vitro and
they can repress transcription in
vivo and in vitro from a synthetic gal promoter con-
taining an upstream curved sequence®. However, StpA
is tenfold more efficient than H-NS in promoting RNA
annealing and strand exchange during splicing of a
mutant td intron in vivo or the wild-type intron in
vitro*®.

Each protein can inhibit both its own gene promot-
er and that of the other (negative cross and autoregu-
lation)®. However, the patterns of expression differ (see
Table 1). The production of hns mRNA is confined
mainly to the logarithmic phase of growth’”, although
certain fusion constructs give conflicting results'®!!,
Overall, the cell seems to attempt to maintain a con-
stant ratio of H-NS to DNA (Ref. 8). Transcription of
the sipA gene is repressed by H-NS in rich growth
media; it is confined to a brief period in mid-logarith-
mic growth and can be induced strongly by osmotic
stress and, to a lesser extent, by an increase in growth
temperature!?. A more sustained induction of stpA is
observed in minimal medium and this is dependent on
the leucine-responsive regulatory protein (LRP)'3. This
stronger expression is abolished in an H-NS-independ-
ent manner if the culture undergoes carbon starv-
ation'?. Expression of the hns gene is not affected by
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interact with szpA directly, the
reduction in the intracellular
level of H-NS protein causes
StpA levels to increase'.

Two-domain structure of
H-NS and StpA
Initial indications that H-NS
consists of two functional
domains came from genetic
studies. Mutations within the
carboxy-terminal domain, be-
tween amino acid residues 90 and 120, reduce DNA-
binding activity, whereas mutations in the amino-
terminal domain, between residues 12 and 635, retain
DNA-binding activity but remove repressor function,
probably because of a loss of protein—protein interac-
tions'>~!8, Mutations at the extreme amino terminus
have been reported to affect repression without alter-
ing DNA-binding or oligomerization properties'’.
Confirmation that the carboxy-terminal domain of
H-NS contains the DNA-binding region comes from
studies with deletion derivatives' and biochemical
evidence that the environment of the W109 residue is
altered upon DNA binding®’. A core DNA-binding
motif (TWTG-GR-P) lies between residues 108 and
116 and is highly conserved among the proteobac-
terial clade of Gram-negative bacteria (Fig. 1). Fur-
thermore, the RNA-annealing activity and the ability
to promote trans-splicing in vitro are also functions
of the carboxy-terminal domain of StpA (Ref. 21).
Consequently, we refer to the carboxy-terminal re-
gion of H-NS as the nucleic-acid-binding domain.
The ability of the amino-terminal domain of H-NS
to mediate oligomerization has been confirmed by
protein cross-linking and gel filtration!”'8. The
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oligomerization domain lies within . . .
a region predicted to be predomi- Table 1. Differential expression of the hns and stpA genes®
nantly a-helical, which has broad Resulat dition® h . toA .
similarity to eukaryotic structural egulator/condition ns expression stpA expression
C().lled-c01l. proteins such as 1spec- H-NS Represses®i011 Repressest 1213
trin, myosm'and dystrophin'. We StpA Represses® Represses®
used the ‘Coils” program from the | |gp Not determined Activates'?13
Swiss Institute for Experimental FIS Activates’ No effect2
Cancer Research (ISREC) (ht t p: // DsrA Represses™ No effect™
www. i srec.i sbhsib.ch/ Logarithmic growth Activates™® Transiently activates!?
software/ CO LS form html) Minimal medium No effecte Activatest213
to analyse the sequences of mutant Temperature increase No effect® Activates??13

. . . . i 40 i
H_NS proteins defective in ohgo— Cold shock Actlvatescy9 Not_ deterlr;uned
merization. The program predicts Osmotic stress No effect Activates
that th re. ion ff rrig minp acids Carbon starvation No effecte Represses?!?
153 ¢ 670 g;) H 1(\315 a 1 ;) DNA relaxation No effect** Represses?®?

o o - will form a

coiled-coil with high probability, aTrans-acting factors and environmental conditions affecting expression of the Escherichia coli
but that a mutant protein (L30P)!” hns and stpA genes.
that no longer oligomerizes will °Abbreviations: LRP, leucine-responsive regulatory protein; FIS, factor for inversion stimulation.
not have a coiled-coil structure in °A. Free and C.J. Dorman, unpublished.

the first half of this region. Similar-
ly, mutating L30 to D affects both
oligomerization ability!” and the coiled-coil predic-
tion, whereas replacing this residue with A or K has a
much smaller effect on oligomerization and results in
mutant proteins that still have a high coiled-coil pre-
diction for the whole of the oligomerization domain.
Thus, there is a very good correlation between the
oligomerization ability and the potential of this re-
gion to form a coiled-coil.

The boundary between the amino- and carboxy-
terminal domains of H-NS and StpA is formed by a
protease-sensitive linker extending between residues
76 and 88 (Fig. 1)?!. This is the most divergent part of
the proteins and is composed of amino acids that
occur commonly in other linkers; no mutations af-
fecting H-NS or StpA function have been isolated in
this sequence!’1921,

MdbA, a microcin DNA-binding protein from
uropathogenic E. coli (UPEC), was suggested origi-
nally to have limited amino-terminal homology to H-
NS (Ref. 21). However, the insertion of a single base
pair at nucleotide 405 of the mdbA gene sequence
corrects a frame shift (possibly resulting from a se-
quencing error) to produce an open reading frame
with full-length homology to H-NS (Fig. 1). The
search for other H-NS homologues has revealed in-
teresting patterns of domain conservation. A single
example of a protein that consists simply of a
tandemly duplicated carboxy-terminal H-NS domain
without additional amino acid sequences has been re-
ported (the KorB protein of plasmid pKM101)?2.
More commonly, proteins have been identified that
have the carboxy-terminal nucleic-acid-binding do-
main fused to unrelated amino-terminal regions.
Seven proteins that contain the nucleic-acid-binding
domain of H-NS alone are shown in Fig. 1. The
amino-terminal regions are predicted to form coiled-
coils for all seven proteins, suggesting conservation at
the level of function rather than sequence. For in-
stance, the Orf4 protein encoded by the IncM plas-
mid R446, involved in the regulation of conjugation

pilus expression, possesses a carboxy-terminal H-NS
domain?®. Similarly, the LEE (locus of enterocyte
effacement) pathogenicity island of enteropathogenic
E. coli (EPEC) includes a gene coding for a protein
that contains the nucleic-acid-binding domain of H-
NS (Ref. 24). The existence of such hybrid proteins,
which contain amino-terminal coiled-coil regions
linked to the homologue of the carboxy-terminal do-
main of H-NS, shows that the H-NS nucleic-acid-
binding domain has been used to generate novel regu-
latory DNA-binding proteins that have properties
distinct from those of H-NS. The various amino-ter-
minal coiled-coil regions are thought to mediate
oligomerization of the H-NS-related DNA-binding
proteins in a fashion that is analogous to heteromer
formation between the fos and jun transcription fac-
tors. Heteromeric interactions among these eukary-
otic proteins have been reviewed elsewhere (see
Ref. 25).

Homomeric and heteromeric complexes

Protein cross-linking and genetic studies have shown
that H-NS and StpA form homomeric and hetero-
meric complexes iz vivo and that multimer formation
is mediated by the amino-terminal domains of the
proteins>!%21, The precise number of subunits in a
functional H-NS or StpA complex is unclear, but it is
probably at least tetrameric'®. Whether or not H-NS
forms even larger oligomeric structures remains an
open question, and this topic has been covered in a re-
cent review?. Evidence that the oligomeric state of H-
NS influences the ability of the protein to recognize
curved DNA and to bend DNA has been presented,
together with data showing that deletion of Pro116
or substituting it with alanine, appears to disrupt
oligomerization'®. Because Pro116 lies within the
DNA-binding and not the oligomerization domain of
H-NS (Fig. 1), its effect on oligomerization might be
indirect. Further work is required to resolve this
matter.
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Fig. 1. H-NS-related bacterial proteins. Multiple sequence alignment of H-NS homologues. Bold residues with dark shading indicate sequence
identity in >50% of all sequences, and boxed residues with light shading show conservative changes of residues in >50% of all sequences.
The consensus sequence is indicated below the aligned sequences, and the numbers refer to the residues from the Escherichia coli H-NS
amino acid sequence. The accession numbers for the sequences are: H-NS E. coli, Sw:P08936; H-NS Shigella flexneri, Sw:P09120; H-NS
Salmonella typhimurium, Sw:P17428; H-NS Erwinia chrysanthemi, EMBL:X89444; H-NS Serratia marcescens, Sw:P18955; H-NS Proteus vul-
garis, Sw:P18818; StpA E. coli, Sw:P30017; StpA S. typhimurium, GB:AFO09363; H-NS Haemophilus influenzae, Sw:P43831; MdbA E. coli,
GB:U47048 (the frame-shift at nucleotide 405 has been corrected, and residue 105 of MdbA has been designated ‘X’); KorB E. coli,
PIR:179262 [KorB N-term and KorB C-term represent the amino-terminal (residues 9-49) and carboxy-terminal (residues 58-101) regions of
the KorB protein, respectively]; BpH3 Bordetella pertussis, GB:U82566; Spb Rhodobacter sphaeroides, PIR:S82916; HvrA Rhodobacter cap-
sulatus, Sw:P42505; Orfl E. coli, GB:AF022236 [a protein virtually identical to Orf1 (LOO54) has recently been found in E. coli 0157:H7;
GB:AF071034]; Orf4 E. coli, PIR:S34257; XrvA Xanthomonas oryzae, EMBL:X97866. The bracketed numbers in the Orf1, XrvA and MdbA
sequences indicate amino acids that are not shown. The KorB, Orf1, Orf4 and XrvA proteins have no similarity to H-NS before residue 89.
Bracketed numbers before these incomplete sequences indicate the position within the whole sequence. See Ref. 21 for further references.
EMBL, GB, PIR and Sw refer to the EMBL, Genbank, Protein Information Resource and Swissprot databases, respectively. The oligomerization
domain, the linker region and the nucleic-acid-binding domain are indicated.
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The ability of H-NS and StpA to
form homomeric and heteromeric
complexes raises the issue of the
physiological roles of the different
complexes. Data from two-dimen-
sional gel analysis of total protein
in E. coli show that certain genes
require both H-NS and StpA for
normal regulation. Although these
proteins might act independently
in each case, the observation is
consistent with a specific role for
the heteromeric complexes®. Re-
cent work has shown that the bgl
operon of E. coli, a classic H-NS-

Table 2. Differential expression of the hupA and hupB genes?

Regulator/condition® hupA expression hupB expression

HU« Represses?® Represses?®
HUB Represses?®® Represses?®
CRP Activates30:3te Activates®°

FIS Activates®® Represses®
Logarithmic growth Active earlier®* Active later3t
Amino acid starvation No effect®® Represses®

aTrans-acting factors and environmental conditions affecting expression of the Escherichia coli
hupA and hupB genes.

bAbbreviations: CRP, cyclic AMP receptor protein; FIS, factor for inversion stimulation.

°CRP activates both hupA and hupB at the transcriptional level, but its positive effect on the
production of HUa protein is much less than that on HUB (Ref. 31).

regulated system, can be repressed
by the amino-terminal domain of
H-NS targeted to the promoter by the DNA-binding
domain of StpA (Ref. 15). By contrast, the proU
operon, another well-established example of an H-
NS-repressed promoter, is indifferent to physiologi-
cal levels of StpA. Thus, although many bacterial
genes are subject to repression by H-NS, only a subset
is also influenced by StpA. Currently, there are no
clear examples of promoters regulated by StpA alone.

The differential expression of H-NS and StpA is
likely to influence the abundance of the homomeric
and heteromeric complexes in the cell at any time.
H-NS seems to be present constantly at a level of
~100 000 molecules per genome (J.C.D. Hinton, un-
published), whereas StpA is expressed only transiently
in rich growth medium?'?, and the intracellular level is
thought to be much lower (J.C.D. Hinton, unpub-
lished). However, StpA expression is enhanced in
minimal medium and in response to environmental
changes, such as temperature or osmotic shock!>13.
Therefore, StpA might become an important cellular
protein under environmental conditions encountered
by the bacterium outside the laboratory, such as dur-
ing interaction with an animal or plant host.

HUa and HUB
A direct analogy can be drawn with protein HU in E.
coli. This is another highly abundant nucleoid-associ-
ated protein, being present at ~30 000 dimers per cell
in exponentially growing cultures®. Like eukaryotic
histones, HU is a basic protein and, in E. coli, it is a
heterodimer of o and B subunits of 9.5 kDa with an
amino acid sequence similarity of ~70%. Thus, as in
the case of H-NS and StpA, HUa and HUB can be re-
garded as paralogous. The subunits are encoded by
the genes hupA and hupB, respectively. Analogous to
H-NS and StpA (Refs 21,27), HU shows little se-
quence specificity in its binding sites for DNA, al-
though it displays a preference for bent or kinked
DNA (Ref. 28). HU contributes to transposition,
DNA replication initiation at 0riC and modulation of
the binding specificity of other DNA-binding proteins
and also affects the organization of the nucleoid and
the transcriptional control of several genes?.

Like hns and stpA, the hup genes in E. coli are sub-
ject to differential regulation (see Table 2). The hupA

and bupB promoters are both negatively autoregu-
lated®”” but have differential responses to growth
phase, amino acid starvation and the regulatory
proteins FIS and CRP (the factor for inversion stimu-
lation and the cyclic-AMP receptor protein, respec-
tively)3®31. As a result of this regulation, the composi-
tion of HU varies throughout the growth phase, with
a2 homodimers predominating in early log phase and
the af heterodimer predominating in stationary
phase. Therefore, it seems that E. coli has the ability
to vary the relative amounts of the HU subunits in re-
sponse to growth (via FIS and autoregulation), car-
bon source (via CRP) and amino acid availability (via
the stringent response). Indications of the significance
of homo- and heterodimer formation by HU subunits
come from genetic studies. Mutants deficient in hup A
expression are less fit than hupB mutants under lab-
oratory growth conditions, which is consistent with a
predominance of a2 homodimers in early log phase.
However, the aff form is required for long-term sur-
vival in stationary phase, indicating that it has func-
tions that cannot be provided by the a2 homodimer.
Moreover, although the a2 and o8 forms of HU can
constrain DNA supercoils, the B2 form, present in
small amounts in stationary phase, cannot do this®"-32,
Therefore, changes in the composition of HU seem to
have consequences for its ability to organize bacterial
chromatin and to influence gene expression.

Niche adaptation and homomer and heteromer
formation

The differential expression of StpA and H-NS, and of
HUa and HUB, provides the cell with the capacity to
vary the composition of its nucleoid-associated pro-
teins as a function of the environment and of growth
phase. Bacteria other than E. coli possess similar or
identical sets of such proteins. Shigella flexneri, Sal-
monella typhimurium and Erwinia chrysanthemi
have a similar H-NS and StpA complement to E. coli,
but Haemophilus influenzae has only one hns/stpA-
like gene, and Gram-positive bacteria seem to have
neither H-NS nor StpA (Refs 1,33; A. Free, unpub-
lished). In E. coli, E. chrysanthemi, S. flexneri and S.
typhimurium, HU is encoded by two hup genes®*. By
contrast, H. influenzae has just a single hupA gene,
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Questions for future research

e The ability of StpA and H-NS to form heteromers and their pat-
terns of expression might suggest that pure homomers of
either protein do not exist in vivo. By analogy with the o and B
subunits of HU, should H-NS and StpA be considered as func-
tional parts of a heteromer, rather than in isolation?

e StpA and H-NS homomers are significantly different in their
abilities to bind RNA and DNA and to repress transcription.
Will an understanding of the biochemical properties of H-
NS-StpA heteromers give us functional data that will relate to
the situation in vivo?

e Can any of the proteins bearing homology to H-NS at the car-
boxyl terminus interact with H-NS-StpA complexes to modify
further their properties when they are co-expressed in the
same cell?

® By which mechanism(s) do H-NS and StpA influence transcrip-
tion? Is direct contact with RNA polymerase involved?

whereas Pseudomonas aeruginosa has just an hupB-
like gene’*. The Gram-positive bacterium Bacillus
subtilis has a homodimeric HU-like protein, but, in
phylogenetic analysis, the gene that codes for it
groups separately from hupA and hupB (Ref. 34).

This capacity for homomer and heteromer forma-
tion in the H-NS/StpA and HU proteins, which is
characteristic of E. coli and its close relatives, might
reflect a need for greater flexibility of response to en-
vironmental change than is the case for other bac-
teria, or perhaps these bacteria achieve such flexi-
bility by other means. One intriguing possibility
relates to the MdbA protein, which is encoded by
plasmid p24-2 from UPEC (Ref. 35). MdbA possess-
es both the oligomerization and nucleic-acid-binding
domains of H-NS and, thus, has the potential to in-
teract with H-NS-StpA complexes and provide a fur-
ther level of modulation of their properties when ex-
pressed in E. coli. This could contribute to the ability
of these pathogenic strains to adapt gene regulation
to the variety of conditions encountered during the
infection process.

Conclusions

The host-pathogen interactions engaged in by bac-
teria are dynamic and require the pathogen to adapt
to a series of environments, many of which are hos-
tile. To succeed, the bacteria bring into play a sophis-
ticated network of gene-regulatory functions, most of
which are aimed at modulating the transcriptional
profile of the cell. H-NS is a negative regulator of
invasion-gene expression in S. flexneri and of adhesin
expression in pathogenic strains of E. coli and con-
tributes to the ability of S. #yphimurium to infect
mice®*3?. With their pleiotropic effects on transcrip-
tion (and other DNA-based transactions), and their
ability to form alternative protein—protein relation-
ships with different properties, the H-NS/StpA nu-
cleoid-associated proteins are well placed to assist the
pathogen in the subtleties of host adaptation. Further
studies on how the properties of these complexes vary
as a function of protein subunit composition should
establish to what extent this potential is utilized.
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