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captoethanol. The crystals belong to the space group P21212 with unit
cell dimensions a = 88.5 Å, b = 111.5 Å, and c = 52.9 Å, and there are
two yCCS monomers in the asymmetric unit.

DND-CAT Synchrotron Research Center at the Advanced Photon Sourceis supported
by the E.I. Dupont de Nemours & Co., The Dow Chemical Company, the NSF and the
State of Illinois.

Data collection, structural determination and refinement.
Crystals were transferred either to precipitant solution containing
20% glycerol or to paratone N oil (Exxon), and flash cooled at -160 °C.
Diffraction data were collected at the Dupont-Northwestern-Dow
Collaborative Access Team (DND-CAT) beamline at the Advanced
Photon Source using a 2k ´ 2k Mar CCD detector. Data for MAD phasing were collected at three different wavelengths using the reverse
beam technique. All data were processed with DENZO and
SCALEPACK27. The selenium atoms were located by difference
Patterson methods and initially refined with the program MLPHARE28.
The selenium positions were further refined with the CNS program
package29, and an initial electron density map was calculated at 2.5 Å
resolution. This map allowed the unambiguous tracing of residues
5–94, 101–199, and 207–218 using the program O (ref. 30). The highresolution data set (1.8 Å) was then used for further cycles of model
building and refinement with CNS. The higher resolution maps
allowed the modeling of residues 2–4, 95–100, 200–206, and 219–222
as well as the addition of two sulfate ions and 352 water molecules.
The C-terminal 27 residues are disordered and were not modeled. A
Ramachandran plot generated with PROCHECK31 shows that
the current model exhibits good geometry with 92.5% of the residues
in the most favored regions and 7.5% of the residues in
additional allowed regions. Figures were generated using
MOLSCRIPT32 and RASTER3D33. The yCCS and ySOD1 dimer interfaces
were analyzed using the Protein–Protein Interaction Server
(http://www.biochem.ucl.ac.uk/bsm/PP/server).

Correspondence should be addressed to A.C.R. email: amyr@nwu.edu

Coordinates. The coordinates of yCCS have been deposited in the
Brookhaven Protein Data Bank (accession code 1qup).
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Escherichia coli osmosensor EnvZ is a protein histidine
kinase that plays a central role in osmoregulation, a cellular
adaptation process involving the His-Asp phosphorelay signal transduction system. Dimerization of the transmembrane protein is essential for its autophosphorylation and
phosphorelay signal transduction functions. Here we present the NMR-derived structure of the homodimeric core
domain (residues 223–289) of EnvZ that includes His 243,
the site of autophosphorylation and phosphate transfer
reactions. The structure comprises a four-helix bundle
formed by two identical helix-turn-helix subunits, revealing
the molecular assembly of two active sites within the dimeric
kinase.
Histidine kinases play a major role in signal transduction that
is essential for bacterial stress adaptation1. Escherichia coli has 32
histidine kinases 2, many of which function as transmembrane
signal sensors/transducers in response to specific external sig729
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Fig. 1 Three-dimensional structure of EnvZ domain A. a, Stereoview showing a best-fit superposition of the selected 30 NMR-derived structures of EnvZ
domain A (residues 223–289). The main chain atoms of the 30 structures are superimposed against the structure with the lowest NOE violations involving
residues 235–255 and 265–286. The two identical subunits A and B are colored in pink and yellow, respectively. b, Ribbon diagram of EnvZ domain A. The conserved His 243 is shown as a ball and stick model in green. The residues at the start and end of helices, as well as the N- and C-termini of the protein, are
labeled. The color schemes are the same as in Fig. 1a.

nals. Some eukaryotes such as yeast and lower plants also possess histidine kinases in addition to serine/threonine and tyrosine kinases3. Histidine kinases can be classified into two types
based on the location of their substrate His and surrounding
residues (H box) with respect to the ATP binding domain,
which contains four regions of sequence similarity (G1, G2, F,
and N boxes). In type I histidine kinases, the H box is immediately followed by the ATP binding domain, whereas in the type
II enzymes, the H box is typically located in the P1 domain at
the N-terminus. The regions containing the H box in the two
subfamilies have distinct sequences3.
EnvZ is a transmembrane osmosensor consisting of 450
amino acid residues that encompass all conserved motifs common to the type I histidine kinase subfamily. The kinase/phosphatase domain (residues 223–450) is in the C-terminal
cytoplasmic segment and is attached to the transmembrane
region through the linker domain (residue 180–222)4. The
kinase/phosphatase domain of EnvZ exists as a soluble fragment
when over-expressed either with or without the linker region 5.
This domain can be further dissected into two functional fragments, domain A (residues 223–289) and domain B (residues
290–450)6. Domain A forms a stable homodimer (Ka ~105 M-1)7
and contains His 243 in the H box, the autophosphorylation
site. Domain B, on the other hand, exists as a monomer in solution and retains ATP binding activity. Neither domain A nor
domain B exhibits autophosphorylation activity in isolation.
However, His 243 in domain A can be phosphorylated by
domain B in the presence of ATP, and this phosphate moiety is
transferable to Asp 55 on OmpR6.
The structural independence and functional complementarity of domains A and B have greatly facilitated the structure
determination of EnvZ. Here we report the NMR-derived solution structure of EnvZ domain A, which is essential for dimerization and hence a key structural element in the His-Asp
730

phosphorelay system. The structure reveals that the dimerization core domain comprises a four-helix bundle. We have also
investigated the interaction of EnvZ with OmpR using NMR
spectroscopy, providing insights into the basis of the specificity
of EnvZ–OmpR interaction.
Structure determination
Previous biochemical studies6,7 demonstrated that domain A of
EnvZ forms a stable homodimer with an apparent molecular
weight of 19 kDa, as estimated by gel filtration experiments. The
1H-15N heteronuclear single quantum coherence (HSQC) spectrum of this domain displays ~80 highly dispersed peaks in the
fingerprint region. This corresponds approximately to the total
number of amide protons from the backbone (NH), and from
Asn and Gln side chains (NH2) (domain A contains 67 backbone NHs and 7 side chain NH2 groups). This observation is
consistent with a dimer consisting of two identical subunits
exhibiting two-fold symmetry. The linewidth of HSQC peaks
indicated that the overall rotational correlation time of this
domain (12–14 ns) corresponds to that of a 16–18 kDa globular
protein.
The structure of domain A of EnvZ has been determined
using multidimensional NMR spectroscopy. To distinguish
intra- and inter-subunit NOEs, we used three-dimensional
13C-edited, 13C-filtered NOESY spectra (see ref. 8 for review)
using a sample containing a 1:1 mixture of 15N/13C-labeled and
unlabeled proteins. Structure calculations employed simulated
annealing protocols with a total of 1,797 experimental NMR
restraints, including 27 inter-subunit NOEs. The average pairwise root mean square (r.m.s.) deviation of the NMR-derived
structure is 1.10 Å for the backbone atoms and 1.90 Å for all
heavy atoms (the N-terminal residues 223–234, the turn
between two helices 256–264, and the C-terminal residues
287–289 were unstructured and were not included in this calcunature structural biology • volume 6 number 8 • august 1999
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Fig. 2 Hydrophobic core and sequence alignment of EnvZ
domain A. a, Helical wheel representation of domain A in
projection down the bundle axis. N or C at the center of each
wheel indicates which terminus is closer to the reader.
Subunits A and B are labeled in the same color scheme as
Fig. 1. The hydrophobic residues are shown in yellow, and
His 243 (the site of autophosphorylation) in green.
b, Sequence alignment of 11 selected histidine kinases for
the region corresponding to EnvZ domain A using
Y-BLAST31. The name of each protein is given, followed by
the relevant organism: Ec, E. coli; Sl, Salmonella typhimurium; Ye, Saccharomyces cerevisiae; Ps, Pseudomonas
syringae (pv. tomato); Po, Porphyra purpurea (plant). The
accession numbers of the SWISS-PROT protein sequence
database are as follows: P02933 (EnvZ_Ec), P08982 (EnvZ_Sl),
P18392 (RstB_Ec), P08336 (CpxA_Ec), P39928 (SLN1_Ye),
Q02541 (COPS_Ps), P51392 (YC26_Po), P08400 (PhoR_Ec),
P06712 (NTRB_Ec), Q06067 (ATOS_Ec) and P22763 (ArcB_Ec).
Secondary structure elements determined in the present
study are indicated with pink cylinders for a-helices.
Conserved hydrophobic residues among histidine kinase
family members are marked with an asterisk. A consensus
sequence found in helix I is shown at the top of the
alignment, and the highly conserved residues are highlighted in cyan.

b

lation). A summary of the structural statistics is given in Table 1. antiparallel manner (interhelical angles are 175° ± 2° and
The superimposed 30 final structures are shown in stereo in Fig. 1a. 172° ± 3°, respectively). Consequently, helix I of subunit A and
helix I of subunit B are parallel to each other and lie at diagoStructure description
nally opposite corners of the projection down the bundle axis
The EnvZ domain A homodimer is a four-helix bundle with a (Fig. 2a). The relative arrangement is the same for the two
two-fold symmetry along the helical axis. Each subunit folds helices II of subunit A and B. The interhelical angles are 12° ±
into a compact structure consisting of antiparallel helices (helix 4° for helix I–helix I, and 5° ± 3° for helix II–helix II in the
I, residues 235–255; helix II, 265–286) connected by a nine- dimer, respectively. The hydrophobic core consists of numerresidue turn (Fig. 1a,b). The packing of the two identical sub- ous methyl-containing residues (Leu 237, Met 238, Val 241, Leu
units is schematically illustrated in Fig. 2a. The overall 245, Ile 252, and Ala 255 in helix I; Leu 266, Ile 270, Ile 274, Ile
dimensions are ~13 Å ´ 13 Å ´ 36 Å (when the flexible N-ter- 280, Ile 281, and Ile 285 in helix II from each subunit) and one
minal residues 223–234 are omitted). Within the four-helix phenylalanine residue (Phe 284) in helix II. The total surface
bundle, residues 242–248 of helix I are somewhat poorly area buried in the dimer interface is 1,200 ± 120 Å2 per subunit,
defined (r.m.s. deviation 1.14 Å for the backbone atoms and which corresponds to 21% of the entire accessible surface area
1.99 Å for all heavy atoms when calculated with only these of each subunit (5,700 ± 110 Å2). A total of 90% of the surface
residues). Interestingly, this region contains His 243, the site of area buried at the dimer interface is hydrophobic in nature.
The structures of two histidine kinase family members, the
autophosphorylation and that of phosphorelay to OmpR. This
histidine-containing phosphotransfer domains of CheA
active site is exposed to solvent (Fig. 1b).
The four amphipathic helices pack against each other to (residues 1–134) and ArcB (residues 654–777) have been deterform a hydrophobic core aligned along their long axes (Fig. 2a). mined9,10. In these structures, both phosphotransfer domains
Helix I of subunit A interacts intimately with helix II of the of CheA and ArcB contain multiple helices forming a bundlesame subunit, and with helix II of subunit B, both in an like structure with the active His residue (His 48 in CheA and
nature structural biology • volume 6 number 8 • august 1999
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Fig. 3 Interaction between EnvZ and OmpR. a, Two views of the molecular
surface are colored according to electrostatic potential. Negative potential
is colored in red and positive potential in blue. To highlight the inter-subunit surface, residue numbers of one subunit are shown in blue and those
of the other subunit in black. In the vicinity of His 243 and Thr 247, an acidic
patch is formed by Asp 244 from one subunit and by Asp 273 and Glu 276
from the other subunit (left hand panel). An additional acidic cluster,
involving Asp 232 and Asp 233 from one subunit and Asp 286 from the
other subunit, is at the same molecular face as the other acidic cluster, but is
distant from His 243. Arg 246 is also close to His 243 (right hand panel). The
image in the left panel is related to that in the right panel by a 90° rotation
along the vertical axis. b, OmpR-induced changes in intensity of the backbone peaks in 1H-15N HSQC spectra of EnvZ domain A. A series of 1H-15N
HSQC spectra were recorded at each of the following ratios:
[OmpR(1–134)]/[EnvZ] = 0.0, 0.2, 0.4, 0.6, 0.8, and 1.0. Only the spectra at
ratios 0.0 (left) and 0.2 (right) are shown. Peak intensities were analyzed
with nmrDraw and PIPP software. Peaks that displayed very large changes
are boxed. c, The changes in cross peak intensities in the HSQC spectra in
the titration experiment are classified into four groups (very large, large,
medium, and small) and shown in red, orange, yellow, and green, respectively, on the ribbon diagram of EnvZ domain A. The conserved His 243 as
well as the N- and C- termini are marked.

b

c

His 717 in ArcB) located in the middle of helix, analogous to the
four-helix bundle of EnvZ. However, it should be noted that both
CheA and ArcB phosphotransfer domains exist as asymmetric
monomers providing one active His per structural unit, whereas
the EnvZ domain A forms a symmetric homodimer providing two
active His residues per structural unit. More recently, the crystal
structures of two dimeric proteins involved in the His-Asp phosphotransfer systems have been solved. The structure of Spo0B, a
Bacillus subtilis phosphotransferase, is a unique four-helix bundle
that contains a histidine (His 30) at the active site11. This His
receives a phosphate from Spo0F and transfers it to Spo0A. The
structure of the catalytic core of the type II histidine kinase CheA
also contains a homodimeric region but lacks the autophosphorylation site12. In this case, the substrate His is in the phosphotransfer domain mentioned above. Obviously, His-Asp phosphorelay
reactions are diverse in molecular mechanisms, involving a range
of different partnerships for their catalysis.

tains many amino acid residues that are highly conserved among
members of the histidine kinase family, whereas helix II exhibits
significantly lower homology in amino acid sequence (Fig. 2b).
Second, helix I contains a segment (residues 242–248) that displays structural flexibility, whereas helix II is well-defined and
therefore probably more rigid. Interestingly, the flexible segment
of helix I contains the most conserved residues: His 243, Thr 247,
and Pro 248.
The molecular surface of the four-helix bundle comprises two
intra-subunit surfaces, each on the opposite sides of the bundle,
and two inter-subunit surfaces, also each on the opposite sides of
the bundle (Figs 2a, 3a). Interestingly, the inter-subunit surface
contains two acidic clusters, the first one consisting of Asp 244
from subunit A, Asp 273 and Glu 276 from subunit B, and the second one of Asp 232 and Asp 233 from subunit A, and Asp 286
from subunit B. The first cluster is located in close proximity to
His 243, and the second cluster is located near the termini of the
molecules. In contrast to the inter-subunit surface, the intra-subIntra-subunit and inter-subunit surfaces
unit surface does not possess any major charge characteristics,
Despite architectural similarity, helices I and II differ from each except for the presence of Arg 246, the only basic residue near the
other with respect to their structural properties. First, helix I con- phosphorylation site.
732
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phosphatase activity (see ref. 14 for review). Similarly, mutations involving Asp 273 and Gln 283 in helix II; Tyr 287 and
Leu 288 in the linker between domains A and B resulted in the
same pattern of change as that of the mutations in helix I15.
In the solution structure, many of the mutations that disrupt function are localized at the inter-subunit surface (Fig.
4), underlining the functional importance of dimer formation
by domain A. Furthermore, most of the mutations studied so
far involve residues on the top half of the four-helix bundle in the
view shown in Fig. 4. However, the NMR titration experiment
(Fig. 3c) strongly suggests that OmpR approaches from the bottom part of the four-helix bundle. Similar titration experiments
with successive additions of a domain B construct (residues
290–450) yielded no apparent effects on the NMR spectra of
domain A (data not shown), indicating a weak affinity
(Ka < 103 M) between the two isolated domains. Taken together,
positioning the ATP binding site of domain B in close proximity
to His 243 may involve a relatively small area of the four-helix
bundle, centered at the active His.
Fig. 4 Summary of mutations in EnvZ domain A. Mutations in domain A
that affect EnvZ functions14,15 are summarized in the space filling model.
Mutations that resulted in kinase-/phosphatase+ are colored in green,
and kinase+/phosphatase- in light blue. The two subunits are colored in
pink and yellow as in Fig. 1. The inter-subunit interface is shown in the
left hand panel and the intra-subunit interface in the right hand panel.

His 243 is located in the middle of helix I (Fig. 1b); its side
chain protrudes from the four-helix bundle and is accessible to
the EnvZ catalytic domain and the response regulator OmpR.
His 243 is situated at the edge of the intra- and inter-subunit
surfaces (Figs 2a, 3a). In addition to the acidic clusters
described above, the inter-subunit surface contains a
hydrophobic cluster consisting of Met 238, Ala 239, Leu 236,
Phe 284, Ile 280, and Ala 279. These charged and hydrophobic
clusters in the vicinity of His 243 are probably involved in
interactions with the ATP binding domain of EnvZ (domain
B)13 and the N-terminal domain of OmpR.
To gain insight into which region of EnvZ would interact
with OmpR, we performed an NMR titration experiment, in
which the 1H-15N HSQC spectra of EnvZ domain A were
recorded with successive additions of the regulatory domain of
OmpR (residues 1–134). During titration, many backbone NH
peaks underwent broadening and eventually disappeared
below the noise level (Fig. 3b). Interestingly, the NH signals
experiencing the most significant broadening effect mapped to
the base of the four-helix bundle, as in the view shown in Fig.
3c. This region contains not only His 243, but also the acidic
patch and two conserved residues, Thr 247 and Pro 248.
Correlation with mutagenesis studies
Numerous genetic and site-directed mutagenesis studies on
the autophosphorylation domain of EnvZ have been reported14,15. The mutations in domain A that affect EnvZ functions
are mapped onto the structure and summarized in Fig. 4. Not
surprisingly, mutation of the active histidine (His 243) completely abolished the kinase activity and largely eliminated the
phosphatase activity (ref. 14 and references therein). A mutation involving Ala 239, located near the active His, also abolished the kinase activity but retained most of the phosphatase
activity16. Interestingly, many other mutations involving
residues in helix I (Gly 240, Val 241, Ser 242, Thr 247, and
Pro 248) produced an opposite effect on the activities of EnvZ:
full retention of the kinase activity but a drastically reduced
nature structural biology • volume 6 number 8 • august 1999

Conclusions
The present work provides the structural details of the dimer of
the EnvZ cytoplasmic signaling region. The four-helix bundle
architecture formed by the domain A homodimer constitutes an
essential platform for the reactions involving autophosphorylation, phosphate transfer to OmpR, and phospho-OmpR dephosphorylation. This structure establishes that functionally
deleterious mutations in domain A are localized largely to the
inter-subunit surface, confirming the importance of dimerization for EnvZ function.
Methods
Sample Preparation. Over expression in E. coli strain BL21(DE3)
(F-ompT rBmB) and purification of EnvZ domain A (223–289) were
performed as described6. The N-terminal domain (residues 1–134) of
OmpR was over expressed and purified as described 17. Uniformly
15N- and 15N/13C-labeled protein samples were obtained by bacterial
expression in M9 minimal medium containing 15N-ammonium
chloride and/or 13C6-D-glucose. The protein was dissolved in 95%
1H O/5% 2H O to a protein concentration of 1 mM in 20 mM sodium
2
2
phosphate buffer (pH 7.2) with 50 mM KCl, 5 mM MgCl 2, 0.5 mM
4-(2-aminoethyl)-benzenesulfonylfluoride hydrochloride (AEBSF),
5 mM perdeuterated dithiothreitol (DTT), and 50 mM sodium azide.
NMR spectroscopy. All NMR experiments were performed at
25 °C on a Varian four-channel UNITY-plus 500 or a UNITY-600
spectrometer equipped with an actively z gradient shielded
triple-resonance probe. 1H, 15N and 13C resonance assignments
were achieved from the following three-dimensional throughbond heteronuclear correlation experiments (reviewed in ref. 8):
HNCO, HNCACB, HCCH-TOCSY (HB)CBCA(CO)NNH, 15N-edited
TOCSY-HMQC and H(CCO)NH, C(CO)NH. Signals from N-terminal
residues (Met 223, Ala 224, and Ala 225) were not observed in the
two-dimensional 1H-15N HSQC and other 15N-edited spectra, suggesting that they have been cleaved off during bacterial expression. The exchange rate of amide protons was estimated from the
difference in intensity of 1H-15N HSQC cross peaks in spectra
recorded with and without water presaturation18. Heteronuclear
3J
NHa coupling constants were obtained from a three-dimensional
HNHA experiment and 3JNHb coupling constants from HNHB
(reviewed in ref. 19). Stereospecific assignments of b-methylene
groups were carried out by analyzing NOE patterns between
amide and b protons in a three-dimensional 15N-edited NOESYHMQC spectrum8. Stereospecific assignments of Val and Leu
methyl groups were obtained by analyzing a two-dimensional
1H-13C CT-HSQC spectrum on a 10% 13C-labeled sample19. All data
were processed with nmrPipe and nmrDraw programs20, and analyzed with PIPP and STAPP21.
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Structure calculations. NOE-based distance
constraints were obtained from three-dimensional 15N-edited NOESY-HSQC, 1H-15N HMQC-NOESY15N/13C-edited
HMQC,
and
simultaneous
NOESY-HSQC spectra (reviewed in ref. 8). Intersubunit distance constraints were mainly
obtained from a three-dimensional [13C/F1]-edited [13C/F3]-filtered HMQC-NOESY spectrum8
recorded with a sample containing a 1:1 mixture
of uniformly 15N/13C-labeled and unlabeled protein samples. All NOEs were grouped into four
distance ranges: strong (1.8–2.9 Å), medium
(1.8–3.5 Å), weak (1.8–5.0 Å), and very weak
(1.8–6.0 Å). Standard pseudo-atom distance corrections22 were incorporated to account for center averaging. An additional 0.5 Å was added to
the upper distance limits for NOEs involving
methyl protons.
Backbone f angle constraints were deduced
from the values of 3JNHa (ref. 19). For residues with
3J
NHa <5 Hz, f was restrained to -50° ± 40° and for
residues with 3JNHa >7 Hz, f was restrained to
-120° ± 40°. Backbone j angle constraints (-50° ±
50°) were included only for those residues within
regular a-helical conformation, which was confirmed by 13Ca and 13Cb chemical shift indices23.
Structure calculations were performed using a
simulated annealing protocol24 with non-crystallographic symmetry restraints25 within X-PLOR
V3.1 (ref. 26). Hydrogen bonds were added only
for residues with slowly exchanging amide protons. The distance restraints are summarized in
Table 1. Thirty structures with the lowest total
energy were selected out of the 60 calculated
structures.
Structure figures were generated using MOLMOL27 (Fig. 1a), Quanta (Fig. 3c) from Molecular
Simulations Inc., GRASP28 (Fig. 3a), or Molscript29
and Raster3D30 (Figs 1b and 4). Electrostatic calculations were performed with GRASP28. Helical
wheel representation was generated using PROTEAN from DNASTAR Inc. (Fig. 2a).
Coordinates. Atomic coordinates have been
deposited in the Protein Data Bank (accession
code 1JOY).

Table 1 Structural statistics of the 30 structures of EnvZ domain A (223–289)1
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Frepel3
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One subunit: Residues in helix I (235–255) and helix II (268–280)
Residues in helix I (235–255)
Residues in helix II (268–280)
PROCHECK Ramachandran map analysis
Most favored regions
Additional allowed regions
Generously allowed regions
Disallowed regions
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