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Cell culture and growth-arrest assays. Human foreskin keratinocytes,
fibroblasts and mammary epithelial cells were isolated as described9,13. HFKs
were grown in keratinocyte serum-free medium (K-SFM; Gibco-BRL), HMEC
were grown in DFCI-1 (ref. 13) and HFFs were grown in 10% FBS DMEM
(Gibco-BRL). Epithelial cells and fibroblasts were selected in 50–100 mg ml−1

and 1,000 mg ml−1 G418, respectively, or 40 mg ml−1 hygromycin B after retro-
viral infection. HFK and HMEC were infected by PD 4–10, whereas HFF were
infected at PD 30. Clones were isolated by cylinder isolation of colonies. HFKs
were split 1:4 at early passages, and 1:8 thereafter using trypsin/EDTA. HMEC
were fed every other day and passaged at a ratio of 1:5 or 1:10 before cultures
were confluent. Fibroblasts were split 1:16. Cells in crisis or senescence were fed
3 to 4 times weekly, split if necessary, and maintained until there was no visible
sign of proliferation (usually 2 months). Subconfluent cultures of retrovirally
infected HMEC expressing various E6 genes were treated with 2.5 nM actino-
mycin D and growth arrest assayed as described21.
TRAP and telomerase length assays. The telomere repeat amplification
protocol (TRAP) assay was performed with several modifications to the
original protocol28 in order to control for false positives and inhibitors of PCR
amplification. Cells were counted and lysed in CHAPS lysis buffer at a
concentration of 6,400 cells per ml buffer and 1 ml was used for the TRAP
assay. This number of cells was within the range of exponential amplification of
products in the TRAP assay using positive control cells that had high telomerase
activity. The TS primer was kinase-labelled with [g-32P]ATP and used at
25 3 106 c.p.m. mg−1. The CX-ext primer is a modification of the original
CX primer and was designed to prevent primer–dimer interactions and false
positives29. An internal ITAS fragment was included to control for the PCR
reaction30. PCR cycles were carried out as described and one-eighth of the
sample was run on a 7.2% non-denaturing polyacrylamide gel. Relative
telomerase signal intensity of the repeat bands was measured by phosphor
imaging analysis. Telomere length was assayed as described18.
Western and northern blot analyses. 20 mg protein from whole-cell extracts
was separated by SDS–PAGE and blots were prepared on Immobilon-P
membrane (Millipore). The following antibodies were used as probes: for p53
and p21, clones DO-1 and EA-10 (Oncogene Science); for Rb and p16, clones
G3-245 and G175-405 (PharMingen); and for p27, K25020 (Transduction
Laboratories). Blots were then probed with horseradish-peroxidase-conjugated
goat anti-mouse IgG (Jackson ImmunoResearch) and visualized by using the
chemiluminescence system (Renaissance; Du Pont NEN). For northern blots,
16 mg total RNA per lane was separated on formaldehyde–agarose gels,
transferred to Hybond N membranes (Amersham) and probed with a p16-exon
1b probe, specific for ARF. Blots were reprobed for acidic ribosomal protein-
PO (36B4) as a loading control.
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Bacteria live in capricious environments, in which they must
continuously sense external conditions in order to adjust their
shape, motility and physiology1. The histidine–aspartate phos-
phorelay signal-transduction system (also known as the two-
component system) is important in cellular adaptation to envir-
onmental changes in both prokaryotes and lower eukaryotes2,3. In
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this system, protein histidine kinases function as sensors and
signal transducers. The Escherichia coli osmosensor, EnvZ, is a
transmembrane protein with histidine kinase activity in its
cytoplasmic region2. The cytoplasmic region contains two func-
tional domains4: domain A (residues 223–289) contains the
conserved histidine residue (H243), a site of autophosphorylation
as well as transphosphorylation to the conserved D55 residue of
response regulator OmpR, whereas domain B (residues 290–450)
encloses several highly conserved regions (G1, G2, F and N boxes)
and is able to phosphorylate H243. Here we present the solution
structure of domain B, the catalytic core of EnvZ. This core has a
novel protein kinase structure, distinct from the serine/threonine/
tyrosine kinase fold, with unanticipated similarities to both heat-
shock protein 90 and DNA gyrase B.

The catalytic domain of EnvZ (Fig. 1a, b) assumes an a/b-

sandwich fold: one layer consists of a five-stranded b-sheet (strands
B, residues 319–323; D, 356–362; E, 367–373; F, 420–423; and G,
431–436), and the other layer comprises three a-helices (a1,
residues 301–311; a2, 334–343; and a4, 410–414). Two adjacent
parallel b-strands, B and D, which are connected by helix a2, exhibit
an unusual ‘left-handed’ connectivity5 (see below). The two layers
enclose an extensive hydrophobic core, augmented by a small
antiparallel b-sheet (strands A, residues 297–299; and C, 330–
332) that seals the sandwich at one end. A number of structurally
vital hydrophobic residues (Fig. 1c) are highly conserved in homo-
logous histidine kinase domains, as would be expected. A striking
feature in the EnvZ fold is the presence of a long polypeptide
segment that extends away from the rest of the molecule (Fig. 1b).
This segment consists of a short a-helix, a3 (residues 380–384),
followed by a long loop (residues 385–409), which we refer to as the
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Figure 1 Sequence and structure of the EnvZ catalytic domain. a, Stereoview of a

best-fit superposition of the backbone (N, C a and C9) atoms of the 25 NMR-

derived structures of the EnvZ catalytic domain, generated using Insight II

(Molecular Simulations). The main-chain atoms of the 25 structures are super-

imposed against the energy-minimized average structure using residues 297–

299, 301–311, 319–323, 330–332, 334–343, 356–362, 367–373, 420–423 and 431–436

(r.m.s.d. of 0:57 6 0:12 Å for backbone atoms and 0:94 6 0:08 Å for all heavy

atoms). The central loop region is less well-defined because of its flexibility.

The N-terminal five and C-terminal ten residues, which are also not well-defined

because of the lack of many experimental distance and dihedral angle restraints,

are omitted in the figure. b, Ribbon drawing of the energy-minimized average

structureof the EnvZ catalytic domain. The ATPanalogue (AMP-PNP) is shown as

a stick model, and the a-helices (in magenta) and b-strands (in yellow) are

labelled. The backbone heavy atoms of the glycines in the G1 and G2 boxes (in

blue), and the sidechain heavy atoms of N347 (in pink), D373 (in blue), and I378,

L386 and F387 (in green) are also shown as stick models. The N-terminal five and

C-terminal ten residues are omitted as in a. The N and C termini of the protein are

also indicated. The model was generated using QUANTA (Molecular

Simulations). c, Sequence alignment of the EnvZ catalytic domain with other

members of the histidine kinase family. The accession numbers of the SWISS-

PROT database for the sequences are P02933 (EnvZ), P08336 (CpxA), P08400

(PhoR), P23837 (PhoQ), P30844 (BasS), P21865 (KdpD), P14377 (HydH), P22763

(ArcB), P14376 (RcsC), and P10728 (SpoIIAB; labelled as SP22 in the figure).

Secondary structural elements are shown by boxes coloured as in b, with their

notation indicated below the boxes. Asterisksdenote the conservedhydrophobic

amino-acid residues. The residues that are important in the ATP binding are

shown in bold.
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Figure 2 Identification of the ATP-binding domain in EnvZ and the involvement of

N347 in ATP binding. a, b, Ultraviolet-crosslinked protein (see Methods) was

visualized through autoradiography (b) after 17.5% SDS–PAGE. An identical

amount of each protein was used as shown by the CMB-stained SDS–PAGE (a).

The crosslinked proteins are as follows: lane 1, EnvZ(223–450) (labelled as

EnvZ(C) in the figure) with 10 mCi [a-32P]ATP; lane 2, EnvZ(223–450) with 10 mCi

[a-32P]ATP and 500 mM non-radioactive ATP; lane 3, EnvZ-N347D(223–450) with

10 mCi [a-32P]ATP; lane 4, EnvZ(290–450) (labelled as domain B in the figure) with

50 mCi [g-32P]ATP; lane 5, EnvZ(290–450) with 50 mCi [g-32P]ATP and 1mM non-

radioactive ATP.

Figure 3 EnvZ and Hsp90 have a similar fold in their ATP-binding regions. a,

Ribbon representation of the EnvZ catalytic domain and the ATP-binding domain

of the molecular chaperoneHsp90 (Protein DataBank accession number 1amw)9.

For the EnvZ catalytic domain, strand B is shown in yellow, strand D in orange,

strand E in light blue, strands F and G in purple, helix a2 in pink, and the central

loop including helices a3 and a4 in green. Heavy atoms (except N, C and O) of

N347 (in blue), D373, G375, G377 and I378 (in yellow), and G403, L404, G405 and

L406 (in magenta) are shown as ball-and-stick models. The corresponding

secondary structural elements and specific residues of Hsp90 are coloured as

for EnvZ. AMP-PNP (ADP in Hsp90) is also shown as a ball-and-stick model, in

red. The model was generated using MOLSCRIPT20 and Raster3D21. b, Alignment

of the amino-acid sequences of the EnvZ catalytic domain and the ATP-binding

domains of Hsp90 and DNA gyrase B (GyrB)9,22, found by the SSAP program23. a-

Helices and b-strands of each structure are indicated as cylinders and arrows,

respectively. The colour coding for the secondary structure elements and high-

lighted residues is as in a.
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central loop. We detected almost no medium- or long-range nuclear
Overhauser effects (NOEs) for the residues in this loop, and the
chemical shifts and backbone coupling constants (3JNHa) were
nearly the same as those in a random coil (data not shown).
Moreover, 1H–15N heteronuclear NOE measurements showed
smaller NOE values (0:49 6 0:10) for the residues in this loop
than the values (0:75 6 0:12) for the structurally well-defined
region, further indicating that the region is mobile in solution.
The lack of domain A in our NMR structure may be responsible for
the high mobility of this central loop. The loop is near to the
nucleotide-binding site (see below) and probably interacts with the
H243 phosphorylation site and/or its neighbouring residues in
domain A.

Like eukaryotic protein kinases, histidine kinases require the
presence of ATP and Mg2+ for their activity6. Non-radioactive
ATP competes with [a-32P]ATP for binding to the whole cytoplas-
mic domain of EnvZ (residues 223–450) (Fig. 2, lanes 1, 2). This
ATP-binding function is retained in domain B (Fig. 2, lane 4); non-
radioactive ATP competes with [g-32P]ATP for binding to this
domain (Fig. 2, lane 5). Our domain B structure contains a non-
hydrolysable analogue of ATP, AMP-PNP (b,g-imidoadenosine-59-
triphosphate), whose location in the structure has been determined
on the basis of a dozen intermolecular NOEs observed between
sidechain protons of I378/L386/L422 and the adenosine H2, H8,
H19, H49 and H59 protons. The AMP-PNP molecule is surrounded
by helix a3 and part of the central loop, and makes extra contacts
with strands F and G. The AMP-PNP adenine ring is in close spatial
proximity to N347, D373, I378, L386 and F387 (Fig. 1b), which are
conserved in members of the histidine kinase family (Fig. 1c). The
triphosphate chain is exposed to the protein surface, consistent with
the potential for transferring the g-phosphate to H243 in domain A.
In addition, five glycines (G375, G377, G403, G405 and G429) and
an asparagine (N347) in the catalytic core are highly conserved and
strategically located in the structure (Fig. 1b), indicating their
structural and functional significance. Previous mutagenesis
studies7 showed that the glycine-rich regions, G1 (D373–G377)
and G2 (G403–G405), are essential for kinase activity. In addition
our structure shows that G375 and G429 are particularly important,

allowing sharp kinks (between strand E and helix a3 and between
strands F and G, respectively) that contour part of the AMP-PNP-
binding site.

High deviation of the central loop in the NMR-derived structure,
due to high mobility, precludes close examination of the residues
that could be involved in the catalysis. However, further informa-
tion can be obtained from several data base searches and structural
comparisons. While the structure of EnvZ domain B was being
determined, we noted that detailed W-BLAST searches8 indicated a
distant similarity of domain B with both heat-shock protein 90
(Hsp90) (ref. 9) and DNA gyrase B10. Although the W-BLASTscores
were low, this potential relationship was particularly interesting,
because first, all these proteins must bind ATP to fulfil their
functions, and second, the ATP-binding domains of Hsp90 and
DNA gyrase B were already known to have similar folds9. Upon
determination, close examination of these structures indicated that
the EnvZ fold is indeed similar to the fold found in the ATP-binding
regions of Hsp90 and the DNA gyrase B (Fig. 3). Common to all
three families are helix a2, four strands (D, E, F and G) and the
central loop (residues 385–409). Together they enclose N347, the
G1 (DxGxGf) motif (residues 373–378), and the G2 (GfGf)
motif (residues 403–406) (x represents any amino acid; f represents
a hydrophobic amino acid), which occur in all three families and are
close to the ATP-binding site of Hsp90 (Protein DataBank codes
1amw and 1am1).

In detail, residue N37 of the Hsp90-ADP complex (correspond-
ing to N347 in EnvZ) binds directly to b-phosphate and Mg2+ and
indirectly to the adenine base9. Expression of an EnvZ mutant
protein in which N347 is mutated to aspartate (N347D) results in a
phenotype in which ATP-dependent autokinase activity is lost;
however, the ability of the mutant protein to phosphorylate
OmpR is retained11. The importance of N347 is shown in Fig. 2
(lane 3): ATP binding to EnvZ residues 223–450 is abolished in the
N347D mutant. Decreased affinity of the N347D mutant for ATP is
evidence that this conserved asparagine is vital for the ATP-
dependent autophosphorylation activity of EnvZ. In the structures
of both Hsp90 and DNA gyrase, the only highly conserved charged
residue, aspartate in the DxGxGf motif (D79 and D73 in Hsp90
and DNA gyrase, respectively), interacts with the N6 atom in the
adenine base9,10. The corresponding residue in EnvZ, D373, is also
close to the N6 atom of AMP-PNP in our structure (Fig. 1b).

Despite the clear similarity between EnvZ, Hsp90 and DNA
gyrase B, EnvZ initially appears to be the outlier of the trio,
mainly because of the left-handed bab connection between strands
B and D. Cases of clear left-handed connectivity are quite rare
despite the present availability of more than 1,000 non-homologous
structures. It is, therefore, all the more surprising that one such case
is found in the carboxy-terminal, DNA-binding domain of E. coli
DNA gyrase B (Fig. 4). The similarity of the ATP-binding domain,
coupled with the presence of a left-handed bab connection in both
proteins, supports the possibility of a distant evolutionary link
between these two protein families.

In an analysis of 11 completed genomes using the EnvZ catalytic
domain we identified nearly 150 homologous sequences, using W-
BLAST search8 with an expectation (E) value of 0.01. In a similar
search of the non-redundant OWL database we identified over 400
such sequences. These included proteins such as anti-sigma factor12

(SpoIIAB). On the E. coli chromosome, genes encoding 32 histidine
kinases have been identified13, and 17 of these kinases have been
characterized biochemically2. The sequence of Sln1, an osmosensor
in yeast14, is conserved in all regions corresponding to secondary
structural elements in EnvZ, but contains a 120-residue insertion
between strands D and E of the EnvZ structure. This indicates that
the yeast histidine kinase contains the same fold as that of EnvZ,
with a modification between the two strands, presumably resulting
in additional functionality.

There are at least 100 examples of histidine–aspartate phosphorelays

Figure4The EnvZcatalytic domain andDNA gyraseB.a, Secondarystructure;b,

the linear arrangement of structural elements. This figure emphasizes the

recurrence of aligned structural elements involved in the ATP-binding sites

(coloured) and the position of the left-handed bab motif in each structure (EnvZ,

yellow–pink–orange; DNA gyrase B, hashed regions of the same colours). a-

Helices and b-strands of each structure are indicated as cylinders and arrows,

respectively. The colour coding for the secondary structure elements is the same

as in Fig. 3a except for the C-terminal domain of the DNA gyrase B subunit. The N

and C termini of each structure are indicated.
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in bacteria, and some are implicated in bacterial virulence2. For
example, a life-threatening bacterium, Salmonella typhimurium,
possesses the PhoP/PhoQ phosphorelay system which seems to be
essential for its virulence in host organisms15. As all of these phos-
phorelay systems contain a conserved histidine kinase domain,
which has not been found in mammalian cells, histidine kinases are
excellent targets for antimicrobial action16. Members of a family of
hydrophobic tyramines have already been identified as histidine kinase
inhibitors; the half-maximal inhibitory concentration of these
inhibitors is 2–600 mM (ref. 17). Our structure of the E. coli EnvZ
histidine kinase catalytic domain will provide a vital foundation for
the rational design of potent antibiotics that specifically inhibit
multiple histidine kinases in this and other microbial species. M
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Methods

Sample preparation. Recombinant uniformly 15N- and 13C-labelled EnvZ was
expressed in overproducing E. coli strain pET11a/BL21(DE3) grown in M9
minimal medium, and was purified as described4. NMR samples contained
1.0–1.5 mM uniformly 15N- or 13C/15N-labelled, or unlabelled, protein in either
95% H2O/5% 2H2O or 99.996% 2H2O containing 20 mM sodium phosphate,
50 mM KCl, 0.5 mM 4-(2-aminoethyl)-benzenesulphonyl fluoride, 50 mM
sodium azide and 5 mM MgCl2, pH 7.0, with 5 mM unlabelled or 15N/13C-
labelled AMP-PNP.
NMR spectroscopy. All NMR spectra were acquired at 25 8C on Varian
UNITY-plus 500, UNITY-600, and Bruker DMX750 spectrometers. 1H, 13C,
and 15N resonances of the backbone were assigned by analysing four triple-
resonance experiments, (HB)CBCA(CO)NNH, HNCACB, (HB)CBCACO(CA)HA,
and HNCO. Assignment of the sidechain resonances was done using the three-
dimensional HCCH-TOCSY and 13C-edited NOESY-HMQC spectra. 3JNHa

coupling constants were measured from 1H/15N HMQC-J spectrum, and slow-
exchanging amide proteins were identified by recording a series of gradient-
enhanced 1H-15N HSQC spectra at different time points immediately after the
H2O buffer was changed to a 2H2O buffer.
Structure calculation. Structure calculations were done using a restrained
molecular dynamics simulated annealing protocol18 within X-PLOR19. For
structure calculations we used 1,782 interproton distance restraints (compris-
ing 556 intraresidue, 440 sequential, 260 short-range, 507 long-range, 13
protein–ATP analogue, and 10 intra-analogue distances) obtained from
heteronuclear three-dimensional NOE spectra. In addition to the NOE-derived
distance restraints, 92 distance restraints for 46 hydrogen bonds and 122
dihedral angle restraints were included in the structure calculation. The
average root mean square deviation (r.m.s.d.) values from idealized
geometry for bonds, angles and impropers are 0.005 Å, 0.618 and 0.398,
respectively. The total and Lennard–Jones potential energies are 516 6 70
and 2 134 6 29 kcal mol 2 1, respectively (calculated with the use of square-
well potentials for the experimental distance empirical energy term with a force
constant of 50 kcal mol−1 Å−2). None of the structures has violations greater
than 0.40 Å (for distance restraints) and 3.08 (for dihedral angle restraints).
Ultraviolet-crosslinking assay. Purified proteins were each incubated in
crosslinking buffer (20 mM Tris, pH 7.8, 50 mM KCl and 5% glycerol)
containing [a-32P]ATP (800 Ci mmol−1, 10 mCi ml−1) or [g-32P]ATP
(3,000 Ci mmol−1, 10 mCi ml−1) in a final volume of 25 ml for 15 min at 4 8C.
Proteins were crosslinked by ultraviolet irradiation at 254 nm at a height of
4.5 cm for 5 min on ice using an ultraviolet lamp (Model UVG-45, 115 V, 60 Hz,
0.16 A, UVP Inc., California). Crosslinked protein was visualized by
autoradiography after analysis by 17.5% SDS–PAGE. For competition
experiments, non-radioactive ATP was added in the reaction mixture.
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The spike glycoproteins of the lipid-enveloped orthomyxoviruses
and paramyxoviruses have three functions: to recognize the receptor
on the cell surface, to mediate viral fusion with the cell membrane,
and to destroy the receptor. In influenza C virus, a single
glycoprotein, the haemagglutinin-esterase-fusion (HEF) protein,
possesses all three functions (reviewed in ref. 1). In influenza A
and B, the first two activities are mediated by haemagglutinin and
the third by a second glycoprotein, neuraminidase. Here we report
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