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Abstract The hns gene is a member of the cold-shock 
regulon, indicating that the nucleoid-associated, DNA- 
binding protein H-NS plays an important role in the 
adaptation of Escherichia coli to low temperatures. We 
show here that the ability to cope efficiently with a cold 
environment (12°C and 25°C) is strongly impaired in E. 
coli strains carrying hns mutations. Growth inhibition is 
much more pronounced in strains carrying the hns-206 
allele (an ampicillin resistance cassette inserted after 
codon 37) than in those carrying the hns-205 mutation 
(a Tnl0 insertion located in codon 93). A protein frag- 
ment (H-NS*) is synthesized in strains carrying the hns- 
205::Tn10 mutation, suggesting that this truncated 
polypeptide is partially functional in the cold adapta- 
tion process. Analysis of the growth properties of strains 
harbouring four different low-copy-number plasmid-en- 
coded hns' genes that result in the production of C-ter- 
minally truncated H-NS proteins supports this pro- 
posal. H-NS* proteins composed of 133, 117 or 94 
amino-terminal amino acids partially complemented 
the severe cold-sensitive growth phenotype of the hns- 
206 mutant. In contrast, synthesis of a truncated H-NS 
protein with only 75 amino-terminal amino acids was 
insufficient to restore growth at low temperature. 
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In Escherichia coli, an abrupt switch in the growth tem- 
perature from 37°C to 10°C arrests growth for 4 to 5 h. 
During this lag time most protein synthesis is inhibited, 
but the production of at least 13 proteins is transiently 
increased (for an overview see Jones and Inouye 1994). 
One of these cold shock proteins, CspA (CS 7,4), ap- 
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pears to play a central role in coordinating the cellular 
response to a low-temperature environment. CspA is a 
DNA-binding protein whose nucleic acid-binding do- 
main shares high sequence identity with eukaryotic gene 
regulatory transcription factors that recognize a 
CCAAT (Y-box) DNA sequence motif (Wistow 1990; 
Schindelin et al. 1993). The CspA protein acts as a tran- 
scriptional activator for at least two members of the E. 
coli cold-shock response network: gyrA and hns (La 
Teana et al. 1991; Jones et al. 1992). 

The hns gene encodes an abundant protein (H-NS) 
which is associated with the bacterial nucleoid (Spurio 
et al. 1992). H-NS is a high-affinity, DNA-binding 
protein that binds relatively nonspecifically to double- 
stranded DNA but displays a certain preference for 
curved and highly AT-rich DNA segments (Yamada et 
al. 1990; Lucht et al. 1994). The H-NS protein not only 
serves a role in structuring the chromosomal DNA, but 
is also actively involved in a variety of specific cellular 
functions (for an overview see Higgins et al. 1990). Sev- 
eral environmental factors and regulatory circuits 
provide the cell with a finely tuned control over the 
intracellular amount of H-NS. Expression of the hns 
gene is growth-phase controlled and and is subjected to 
negative autoregulation (Dersch et al. 1993; Ueguchi et 
al. 1993). An important environmental determinant reg- 
ulating the expression of hns is the growth temperature. 
Transcription of hns is enhanced (3- to 4-fold) following 
a severe cold shock. In addition, the hns regulatory re- 
gion contains a Y-box sequence motif and binding of 
the central cold shock regulatory protein CspA to the 
hns promoter region has been demonstrated in vitro (La 
Teana et al. 1991). The enhanced expression of hns after 
cold shock and its positive control by CspA suggest an 
important role for H-NS in the adaptation of E. coli to 
a cold environment. One would therefore expect that 
hns mutants would exhibit defects in their ability to 
cope efficiently with low temperature. We show here 
that mutations in hns confer a marked cold-sensitive 
growth phenotype. The degree of cold sensitivity is de- 
pendent on the particular hns allele employed and cor- 
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Fig. 1A, B Genetic and physical organization of the hns + gene, 
its mutant derivatives and immunological detection of H-NS re- 
lated proteins. A The structure of hns and the beginning of the 
divergently described tdk gene, together with the position of the 
promoters and the transcription initiation sites of both hns and 
tdk, are shown. The location of the Apr cassette insertion and the 
position of the Tnl0 element within the hns coding region in the 
hns-206::Ap r and hns-205::TnlO mutations is indicated. The ex- 
tent of hns material present in the truncated hns' genes on plas- 
mids pPD102, pPD104, pPD105 and pPD106 is indicated. The 
number shown at the end of each hns' gene refers to the number 
of hns codons present in the truncated hns' construct, and the box 
drawn at the 3' end of these genes indicates that a few codons 
contributed by material from the insertion element IS 1 are present 
in the hns' reading frame. B Cultures were grown overnight at 
37°C in LB medium. Whole cell protein extracts were prepared 
from the hns + strain MC4100 (lane 1), the hns-206::Ap r strain 
PD32 (lane 2), the hns-205::TnlO strain PD145 (lane 3), PD32 
(pPD106) (lane4), PD32 (pPD105) (lane 5), PD32 (pPD102) 
(lane 6) and PD32 (pPD104) (lane 7). The proteins were elec- 
trophoretically separated on a 15% SDS-polyacrylamide gel, and 
H-NS related proteins were immunologically detected as de- 
scribed by Dersch et al. (1993). The positions of molecular mass 
standards are indicated 

relates with the synthesis of H-NS proteins truncated at 
their carboxy-terminal end. 

temperature. The cultures were grown in LB medium 
(Sambrook et al. 1989) in a shaking waterbath (200 rpm) 
for several days and the density of the cultures was mon- 
itored spectrophotometrically. Strain PD 145 carries the 
hns-205::TnlO allele (originally designated as osmZ- 
205::Tn10; Higgins et al. 1988; Dersch et al. 1993), in 

. which a copy of the transposable element Tnl0 is insert- 
ed into codon 93 of the 137 codons comprising the hns 
structural gene (Hulton et al. 1990; May et al. 1990). 
Strain PD145 was constructed by transducing the hns- 
205::Tn10 allele from strain GM230 (Higgins et al. 
1988) into strain MC4100 using phage Plvir and select- 
ing for tetracycline-resistant colonies. The hns-206::Ap ~ 
mutation present in strain PD32 carries an ampicillin 
resistance cassette engineered into the hns gene down- 
stream of codon 37 (Dersch et al. 1993) (Fig. 1A). Both 
hns mutations caused a cold-sensitive growth pheno- 
type, but the cold sensitivity of strain PD32 was much 
more pronounced than that of strain PD145 (Fig. 2A). 
Both mutants also exhibited sensitivity to the less ex- 
treme growth temperature of 25°C (Fig. 2B) but were 
not strongly retarded in growth at 37°C (Fig. 2B) and at 
42°C (data not shown). Hence, both mutations impair 
the ability of E. coli to cope efficiently with a cold envi- 
ronment. 

A severe cold shock results in a rapid killing of 70- 
90% of the cells of a hupA hupB strain lacking the major 
nucleoid-associated DNA-binding protein HU (Wada 
et al. 1988). To determine whether such a treatment af- 
fects the viability of hns mutants, we grew strains 
MC4100, PD145 and PD32 to mid-log phase in LB 
medium at 37°C, shifted the cultures to 4°C, withdrew 
samples at various times (1 h, 2 h, 3 h and 4 h) and plat- 
ed appropriate dilutions on LB plates (incubated at 
37°C overnight). There was no significant reduction in 
the number of colony-forming units obtained from the 
two hns mutants relative to the wild-type parental strain 
(data not shown). We also rapidly froze log-phase cells 
at - 80°C, stored them for 48 h at this low temperature, 
and then determined the number of the surviving cells 
by plating on LB agar plates. This procedure drastically 
reduces cell viability of a B. subtilis mutant deficient in 
the production of the major cold shock protein CspB 
(Willimsky et al. 1992), but again, there was no differ- 
ence in viability between the hns and the hns + E. coli 
strains in this test (data not shown). Hence, although hns 
mutations strongly affect growth of E. coli at low tem- 
perature, our data show that the H-NS protein is not 
absolutely essential for survival in a cold environment. 

Insertion mutations in hns cause a growth defect 
at low temperature 

We followed the growth of two hns mutants, strains 
PD145 and PD32, and their hns + parent, strain 
MC4100 (Casadaban 1976), at 12°C to test whether al- 
terations in the hns gene cause any growth defect at low 

The hns-205::TnlO insertion results in the synthesis 
of a truncated H-NS protein 

The otherwise isogenic hns mutants PD145 (hns- 
205::Tn10) and PD32 (hns-206::Ap r) differ significantly 
in cold sensitivity (Fig. 2). Since the Tnl0 insertion is 
located in the 3' segment of the hns gene (Fig. 1A), we 
reasoned that a truncated H-NS protein might be syn- 
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Fig. 2A, B Growth curves of the hns + strain and its mutant hns- 
205::Tn10 and hns-206::Ap r derivatives. A Overnight cultures of 
strain MC4100 (hns+, circles), PD145 (hns-2OS::TnlO, triangles) 
and PD32 (hns-206::Ap r, diamonds), grown in LB medium at 37°C, 
were inoculated at a 1 : 1000 dilution into 100 ml of fresh LB medi- 
um in a 500-ml Erlenmeyer flask and incubated in a shaking 
waterbath (200 rpm) at 12°C. Samples of the cultures were with- 
drawn at the indicated times and their absorbance at 578 nm was 
determined in a spectrophotometer. One absorbance unit at 
578 nm corresponds to 1 x 109 cells per ml culture (Sambrook et 
al. 1989). B Growth curves of strains MC4100 (circles), PD145 
(triangles) and PD32 (diamonds) were determined under the 
growth conditions described in A at 25°C (open symbols) and 
37°C (closed symbols), respectively 

thesized in strain PD145 and that this protein fragment 
might retain function partially. To detect such a truncat- 
ed H-NS polypeptide, we probed total cellular protein 
extracts prepared from the hns + strain MC4100 and the 
two hns mutant strains with a polyclonal rabbit anti- 
serum raised against the E. coli H-NS protein using 
Western blotting (Dersch et al. 1993). The antiserum 
specifically recognized the H-NS protein produced in 
strain MC4100 (Fig. 1B). In strain PD32, the position of 
the ampicillin resistance cassette in hns permits maxi- 
mally the synthesis of only the first 37 amino acids of 
H-NS (Fig. 1A); predictably, H-NS was absent in whole 
cell extracts of this strain (Fig. 1B). In strain PD145, we 

257 

detected a truncated form of H-NS (H-NS*) (Fig. 1B). Its 
apparent molecular mass (9 kDa) is in good agreement 
with the molecular mass of the amino-terminal H-NS 
fragment (10.6 kDa) predicted from the position of the 
Tnl0 insertion in codon 93 of the hns gene (Fig. 1A). 
Thus, it is very likely that the synthesis of the 93-amino 
acid, truncated H-NS* protein is responsible for the re- 
duced cold sensitivity observed for strain PD145 in 
comparison with strain PD32 (Fig. 2). Hulton et al. 
(1990) did not detect a truncated protein in a strain car- 
rying the hns-205::TnlO allele, possibly owing to differ- 
ences in their antiserum or detection method. Since a 
major antigenic determinant of H-NS is located close to 
its carboxy-terminus (Hulton et al. 1990), the visualiza- 
tion of the H-NS* fragment required an extended detec- 
tion reaction time. Under these conditions several 
proteins cross-react unspecifically with the H-NS anti- 
serum (Fig. 1B). One of these proteins migrates at the 
position of the H-NS protein (15.5 kDa) (Fig. 1B). We 
speculate that this cross-reacting band in the hns- 
206::Ap r strain PD32 corresponds to the E. coli StpA 
protein (15.3 kDa), which shows extensive identity (58% 
identical residues) to H-NS (Zhang and Belford 1992). 

Amino-terminal fragments of H-NS partially rescue 
the cold-sensitive growth phenotype of the 
hns-206 ::Ap r mutant 

To determine whether truncated derivatives of the H- 
NS protein might possess partial function, we investi- 
gated the influence of alterations at the carboxy-termi- 
nal end of H-NS on the adaptation of E. coli to low 
temperatures. For this purpose we used four mutant hns 
genes (hns') that encode truncated H-NS proteins with 
133, 117, 94 and 75 amino-terminal amino acids 
(Fig. 1A). These shortened hns' genes were initially iso- 
lated during a project unrelated to this study and their 
detailed characterization will be described elsewhere (P. 
Dersch and E. Bremer, manuscript in preparation). 
Each of these hns' genes resulted from the insertion of a 
copy of the transposable element IS1 into hns; DNA 
sequence analysis of their hns::lS1 junctions revealed 
that 8, 1, 6 and 1 codons, respectively, derived from the 
IS 1 material are fused to the hns reading frame before a 
stop codon is encountered (Fig. 1A). The hns' genes were 
cloned into the low-copy-number T7 expression plas- 
mid pPD100 (Dersch et al., submitted for publication) in 
such a way that most of the IS1 insertion element was 
removed but the hns' genes could still be expressed un- 
der the control of the hns promoter (Fig. 1A). We found 
that the presence of each of these hns' genes in strain 
PD32 resulted in the synthesis of a polypeptide that 
cross-reacted with the H-NS antiserum (Fig. 1B). Cells 
carrying three of the mutant hns' genes (plasmids 
pPD102, pPD105 and pPD106) synthesized truncated 
H-NS polypeptides with a lower apparent molecular 
mass than the wild-type protein. In contrast, the 133- 
codon mutant hns' gene (plasmid pPDI04), which is 
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Fig. 3A, B Growth curves of hns-206::Ap r mutant strains in the 
presence of plasmid-encoded hns' genes. A Growth curves of cul- 
tures of the hns + strain MC4100 and its hns mutant derivative 
PD32 and B the recA derivatives PDl l7  (MC4100 recA56 
srl::TnlO cb[proU-lacZ] hyb2) and PD119 (PD32 recA56 srh :Tnl0 
O0[proU-lacZ] hyb2) were determined at 25°C under the condi- 
tions described in the legend to Fig. 2A. (filled diamonds) PD32 or 
PDl l9  with pPD100, (open triangles) PD32 or PDl l9  with 
pPD102, (open circles) PD32 or PDl l9  with pPD104, (open 
squares) PD32 or PDl l9  with pPD105, (crossed circles) PD32 or 
PDl l9  with pPD106, ~lled squares) PD32 or PDl l9  with pGM7, 
~lled circles) MC4100 or PDl l7  with pPD100, (filled triangles) 
MC4100 or PDl l7  with pGM7 

fused to 8 ISl-encoded codons, directed the synthesis of 
an H-NS protein with a larger molecular mass than the 
wild-type protein (Fig. 1B; lane 7). 

We monitored the growth of strain PD32 carrying 
the various hns' plasmids in LB medium at 25°C. Under 
these conditions, strain PD32 harbouring the vector 
pPD100 showed a strong growth defect that was cor- 
rected when the low-copy-number hns ÷ plasmid pGM7 
(May et al. 1990) was introduced into the mutant strain. 
Growth of strain PD32 (pGMT) was similar to that of 
the hns ÷ parent strain MC4100 carrying either pGM7 
or the vector pPD100 (Fig. 3A). Synthesis of truncated 
H-NS proteins with either 133 (pPD104), 117 (pPD102) 

or 94 (pPD105) hns-encoded amino-terminal amino 
acids partially rescued the cold-sensitive growth pheno- 
type of strain PD32 (Fig. 3A). These hns' plasmid-carry- 
ing strains thus show growth characteristics similar to 
those of strain PD145 (hns-205::TnlO) in which the 
chromosome-encoded H-NS* protein with 93 amino- 
terminal amino acids is produced (Fig. 2B). In contrast, 
the truncated H-NS protein with only 75 amino-termi- 
nal amino acids synthesized by strain PD32 (pPD106) 
(Fig. 1A) was incapable of restoring growth at low tem- 
perature (Fig. 3A). We repeated the growth experiments 
with recA derivatives of strains MC4100 and PD32. The 
growth pattern of the recA strains at 25°C (Fig. 3B) in 
each case resembled that of the corresponding recA + 
parents strains (Fig. 3A), thus excluding the possiblity 
that the growth characteristics of strains carrying the 
various hns' p!asmids resulted from homologous recom- 
bination between the plasmid-encoded, truncated hns' 
sequences and the hns-206 ::Ap ~ mutation present in the 
bacterial chromosome. 

Truncated H-NS proteins differentially influence 
the manifestation of hns-associated effects on bgl 
and proU expression 

The data presented above show that a substantial car- 
boxy-terminal part of the H-NS protein can be removed 
without abolishing the function of H-NS in the adapta- 
tion process of E. coli to low growth temperatures. We 
therefore tested whether any of the plasmid-encoded 
hns' genes (Fig. 1A) could partially correct two pheno- 
types characteristic of many hns mutants: derepression 
of the otherwise cryptic bgl operon and increased ex- 
pression of the osmoregulated pro U operon of E. coli 
(May et al. 1990; G6ransson et al. 1990; Hulton et al. 
1990). The Bgl phenotype of strain PD32 harbouring 
the various hns' plasmids was scored on agar indicator 
plates containing bromothymol blue and salicin (BS) 
(May et al. 1990). Strain PD32 shows a strong Bgl ÷ 
phenotype (orange-yellow colonies) on these BS plates, 
which changes to a Bgl character (blue-green colonies) 
when the hns + plasmid pGM7 is introduced into this 
strain, whereas the pPD100 vector has no influence on 
the derepressed expression of the bgI genes. The synthe- 
sis of the various truncated H-NS proteins modulated 
the Bgl phenotype of strain PD32 to different extents. 
The shortest H-NS fragment (75 aa; pPD106) had no 
influence on bgl expression, while the larger fragments 
(133 aa; pPD104 and 117 aa; pPD102) repressed bgl 
expression significantly. The 94-aa H-NS fragment 
(pPD105) resulted in an intermediate Bgl ÷ phenotype, 
which is very similar to the Bgl phenotype exhibited by 
the chromosomal hns-205 ::Tnl0 insertion strain. We al- 
so scored the influence of the truncated H-NS protein 
fragments on the expression of the osmoregulated chro- 
mosomal proU-lacZ gene fusion present in strain 
PDl l4  (MC4100 hns-206::Ap r O[proU-lacZ] hyb2 
[kplacMul5]) by assaying the Lac phenotype on lactose 



MacConkey plates. None of the hns' genes caused signif- 
icant repression of the deregulated transcription of the 
q~(proU-lacZ) hyb2 fusion, whereas the presence of the 
hns + plasmid pGM7 resulted in a strong repression of 
the proU-lacZ fusion. 

The data presented here show that certain H-NS 
proteins truncated at their carboxy-terminus not only 
partially restore growth at low temperatures (Fig. 3) but 
also exhibit partial function in the control of bgl expres- 
sion. For both phenotypes, a 94-aa amino-terminal seg- 
ment of H-NS is sufficient, whereas the 75-aa fragment 
appears to be nonfunctional (Fig. 1A). The difference 
between the properties of these truncated H-NS 
proteins might lie in their ability to dimerize and/or to 
bind to double-stranded DNA. The hns-205::Tn10 mu- 
tation, originally identified in our laboratory (Higgins et 
al. 1988), has been used in a number of studies to assess 
the function of the H-NS* protein on a variety of cellular 
processes. Our finding that a 93-aa truncated H-NS 
protein, synthesized in strains carrying this hns allele, is 
partially functional in cold adaptation and bgl control 
emphasizes that this hns-205::TnlO insertion cannot be 
regarded as a true null mutant. 
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