methods. Peptides AENK or AEQK were dissolved in water, made isotonic with
NaCl and diluted into RPMI growth medium. T-cell-proliferation assays were
done essentially as described®?'. Briefly, after antigen pulsing (30 wgml™
TTCF) with tetrapeptides (1-2mgml™), PBMCs or EBV-B cells were
washed in PBS and fixed for 45 in 0.05% glutaraldehyde. Glycine was added
to a final concentration of 0.1M and the cells were washed five times in RPMI
1640 medium containing 1% FCS before co-culture with T-cell clones in
round-bottom 96-well microtitre plates. After 48 h, the cultures were pulsed
with 1 wCi of *H-thymidine and harvested for scintillation counting 16 h later.
Predigestion of native TTCF was done by incubating 200 pg TTCF with 0.25 pg
pig kidney legumain in 500 wl 50 mM citrate buffer, pH 5.5, for 1h at 37 °C.
Glycopeptide digestions. The peptides HIDNEEDI, HIDN(N-glucosamine)
EEDI and HIDNESDI, which are based on the TTCF sequence, and
QQQHLFGSNVTDCSGNFCLFR(KKK), which is based on human transferrin,
were obtained by custom synthesis. The three C-terminal lysine residues were
added to the natural sequence to aid solubility. The transferrin glycopeptide
QQQHLFGSNVTDCSGNECLER was prepared by tryptic (Promega) digestion
of 5mg reduced, carboxy-methylated human transferrin followed by
concanavalin A chromatography''. Glycopeptides corresponding to residues
622-642 and 421-452 were isolated by reverse-phase HPLC and identified by
mass spectrometry and N-terminal sequencing. The lyophilized transferrin-
derived peptides were redissolved in 50 mM sodium acetate, pH 5.5, 10 mM
dithiothreitol, 20% methanol. Digestions were performed for 3 h at 30 °C with
5-50mUml ™" pig kidney legumain or B-cell AEP. Products were analysed by
HPLC or MALDI-TOF mass spectrometry using a matrix of 10mgml™ -
cyanocinnamic acid in 50% acetonitrile/0.1% TFA and a PerSeptive Biosystems
Elite STR mass spectrometer set to linear or reflector mode. Internal standar-
dization was obtained with a matrix ion of 568.13 mass units.
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Fas ligand (FasL) is produced by activated T cells and natural
killer cells and it induces apoptosis (programmed cell death) in
target cells through the death receptor Fas/Apol/CD95 (ref. 1).
One important role of FasL and Fas is to mediate immune-
cytotoxic killing of cells that are potentially harmful to the
organism, such as virus-infected or tumour cells'. Here we
report the discovery of a soluble decoy receptor, termed decoy
receptor 3 (DcR3), that binds to FasL and inhibits FasL-induced
apoptosis. The DcR3 gene was amplified in about half of 35
primary lung and colon tumours studied, and DcR3 messenger
RNA was expressed in malignant tissue. Thus, certain tumours
may escape FasL-dependent immune-cytotoxic attack by expres-
sing a decoy receptor that blocks FasL.

By searching expressed sequence tag (EST) databases, we identi-
fied a set of related ESTs that showed homology to the tumour
necrosis factor (TNF) receptor (TNFR) gene superfamily”. Using
the overlapping sequence, we isolated a previously unknown full-
length complementary DNA from human fetal lung. We named the
protein encoded by this cDNA decoy receptor 3 (DcR3). The cDNA
encodes a 300-amino-acid polypeptide that resembles members of
the TNFR family (Fig. 1a): the amino terminus contains a leader
sequence, which is followed by four tandem cysteine-rich domains
(CRDs). Like one other TNFR homologue, osteoprotegerin (OPG)?,
DcR3 lacks an apparent transmembrane sequence, which indicates
that it may be a secreted, rather than a membrane-asscociated,
molecule. We expressed a recombinant, histidine-tagged form of
DcR3 in mammalian cells; DcR3 was secreted into the cell culture
medium, and migrated on polyacrylamide gels as a protein of
relative molecular mass 35,000 (data not shown). DcR3 shares
sequence identity in particular with OPG (31%) and TNFR2
(29%), and has relatively less homology with Fas (17%). All of
the cysteines in the four CRDs of DcR3 and OPG are conserved;
however, the carboxy-terminal portion of DcR3 is 101 residues
shorter.

We analysed expression of DcR3 mRNA in human tissues by
northern blotting (Fig. 1b). We detected a predominant 1.2-kilobase
transcript in fetal lung, brain, and liver, and in adult spleen, colon
and lung. In addition, we observed relatively high DcR3 mRNA
expression in the human colon carcinoma cell line SW480.

To investigate potential ligand interactions of DcR3, we generated
a recombinant, Fc-tagged DcR3 protein. We tested binding of
DcR3-Fc to human 293 cells transfected with individual TNE-
family ligands, which are expressed as type 2 transmembrane
proteins (these transmembrane proteins have their N termini in
the cytosol). DcR3—Fc showed a significant increase in binding to
cells transfected with FasL* (Fig. 2a), but not to cells transfected with
TNF°, Apo2L/TRAIL*, Apo3L/TWEAK®, or OPGL/TRANCE/
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RANKL'""" (data not shown). DcR3—Fc immunoprecipitated shed
FasL from FasL-transfected 293 cells (Fig. 2b) and purified soluble
FasL (Fig. 2c), as did the Fc-tagged ectodomain of Fas but not
TNFR1. Gel-filtration chromatography showed that DcR3-Fc and
soluble FasL formed a stable complex (Fig. 2d). Equilibrium
analysis indicated that DcR3—Fc and Fas—Fc bound to soluble
FasL with a comparable affinity (K;=0.8*02 and
1.1 = 0.1nM, respectively; Fig. 2e), and that DcR3-Fc could
block nearly all of the binding of soluble FasL to Fas—Fc (Fig. 2e,
inset). Thus, DcR3 competes with Fas for binding to FasL.

To determine whether binding of DcR3 inhibits FasL activity, we
tested the effect of DcR3—Fc on apoptosis induction by soluble
FasL in Jurkat T leukaemia cells, which express Fas (Fig. 3a). DcR3—
Fc and Fas—Fc blocked soluble-FasL-induced apoptosis in a
similar dose-dependent manner, with half-maximal inhibition at
~0.1 pgml™". Time-course analysis showed that the inhibition did
not merely delay cell death, but rather persisted for at least 24 hours
(Fig. 3b). We also tested the effect of DcR3—Fc on activation-
induced cell death (AICD) of mature T lymphocytes, a FasL-
dependent process'. Consistent with previous results', activation
of interleukin-2-stimulated CD4-positive T cells with anti-CD3
antibody increased the level of apoptosis twofold, and Fas—Fc
blocked this effect substantially (Fig. 3c); DcR3—Fc blocked the
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Figure 1 Primary structure and expression of human DcR3. a, Alignment of the
amino-acid sequences of DcR3 and of osteoprotegerin (OPG); the C-terminal 101
residues of OPG are not shown. The putative signal cleavage site (arrow), the
cysteine-rich domains (CRD 1-4), and the N-linked glycosylation site (asterisk) are
shown. b, Expression of DcR3 mRNA. Northern hybridization analysis was done
using the DcR3 cDNA as a probe and blots of poly(A)" RNA (Clontech) from
human fetal and adult tissues or cancer cell lines. PBL, peripheral blood
lymphocyte.
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induction of apoptosis to a similar extent. Thus, DcR3 binding
blocks apoptosis induction by FasL.

FasL-induced apoptosis is important in elimination of virus-
infected cells and cancer cells by natural killer cells and cytotoxic T
lymphocytes; an alternative mechanism involves perforin and
granzymes"'*~'®. Peripheral blood natural killer cells triggered
marked cell death in Jurkat T leukaemia cells (Fig. 3d); DcR3-Fc
and Fas—Fc each reduced killing of target cells from ~65% to
~30%, with half-maximal inhibition at ~1 pg ml™Y; the residual
killing was probably mediated by the perforin/granzyme pathway.
Thus, DcR3 binding blocks FasL-dependent natural killer cell
activity. Higher DcR3—Fc and Fas—Fc concentrations were required
to block natural killer cell activity compared with those required to
block soluble FasL activity, which is consistent with the greater
potency of membrane-associated FasL compared with soluble
FasL".

Given the role of immune-cytotoxic cells in elimination of
tumour cells and the fact that DcR3 can act as an inhibitor of
FasL, we proposed that DcR3 expression might contribute to the
ability of some tumours to escape immune-cytotoxic attack. As
genomic amplification frequently contributes to tumorigenesis, we
investigated whether the DcR3 gene is amplified in cancer. We
analysed DcR3 gene-copy number by quantitative polymerase chain
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Figure 2 Interaction of DcR3 with FaslL. a, 293 cells were transfected with pRK5
vector (top) or with pRK5 encoding full-length FasL (bottom), incubated with
DcR3-Fc (solid line, shaded area), TNFR1-Fc (dotted line) or buffer control
(dashed line) (the dashed and dotted lines overlap), and analysed for binding by
FACS. Statistical analysis showed a significant difference (P < 0.001) between the
binding of DcR3-Fc to cells transfected with FasL or pRK5. PE, phycoerythrin-
labelled cells. b, 293 cells were transfected as in a and metabolically labelled, and
cell supernatants were immunoprecipitated with Fc-tagged TNFR1, DcR3 or Fas.
¢, Purified soluble FasL (sFasL) was immunoprecipitated with TNFR1-Fc, DcR3-
Fc or Fas-Fc and visualized by immunoblot with anti-FasL antibody. sFasL was
loaded directly for comparison in the right-hand lane. d, Flag-tagged sFasL was
incubated with DcR3-Fc or with buffer and resolved by gel filtration; column
fractions were analysed in an assay that detects complexes containing DcR3-Fc
and sFasL-Flag. e, Equilibrium binding of DcR3-Fc or Fas-Fc to sFaslL-Flag.
Inset, competition of DcR3-Fc with Fas-Fc for binding to sFasL-Flag.
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reaction (PCR)" in genomic DNA from 35 primary lung and colon
tumours, relative to pooled genomic DNA from peripheral blood
leukocytes (PBLs) of 10 healthy donors. Eight of 18 lung tumours
and 9 of 17 colon tumours showed DcR3 gene amplification,
ranging from 2- to 18-fold (Fig. 4a, b). To confirm this result, we
analysed the colon tumour DNAs with three more, independent sets
of DcR3-based PCR primers and probes; we observed nearly the
same amplification (data not shown).

We then analysed DcR3 mRNA expression in primary tumour
tissue sections by in situ hybridization. We detected DcR3 expres-
sionin 6 out of 15 lung tumours, 2 out of 2 colon tumours, 2 out of 5
breast tumours, and 1 out of 1 gastric tumour (data not shown). A
section through a squamous-cell carcinoma of the lung is shown in
Fig. 4c. DcR3 mRNA was localized to infiltrating malignant epithe-
lium, but was essentially absent from adjacent stroma, indicating
tumour-specific expression. Although the individual tumour speci-
mens that we analysed for mRNA expression and gene amplification
were different, the in situ hybridization results are consistent with
the finding that the DcR3 gene is amplified frequently in tumours.
SW480 colon carcinoma cells, which showed abundant DcR3
mRNA expression (Fig. 1b), also had marked DcR3 gene amplifica-
tion, as shown by quantitative PCR (fourfold) and by Southern blot
hybridization (fivefold) (data not shown).

If DcR3 amplification in cancer is functionally relevant, then
DcR3 should be amplified more than neighbouring genomic
regions that are not important for tumour survival. To test this,
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Figure 3 Inhibition of FasL activity by DcR3. a, Human Jurkat T leukaemia cells
were incubated with Flag-tagged soluble FasL (sFasL; 5 ngml™") oligomerized
with anti-Flag antibody (0.1 pgml™) in the presence of the proposed inhibitors
DcR3-Fc, Fas-Fc or human IgG1 and assayed for apoptosis (mean * s.e.m. of
triplicates). b, Jurkat cells were incubated with sFasL-Flag plus anti-Flag antibody
asin a, in presence of 1 ug ml~' DcR3-Fc (filled circles), Fas-Fc (open circles) or
human IgG1 (triangles), and apoptosis was determined at the indicated time
points. ¢, Peripheral blood T cells were stimulated with PHA and interleukin-2,
followed by control (white bars) or anti-CD3 antibody (filled bars), together with
phosphate-buffered saline (PBS), human IgG1, Fas-Fc, or DcR3-Fc (10 pgml™).
After 16 h, apoptosis of CD4" cells was determined (mean = s.e.m. of results from
five donors). d, Peripheral blood natural killer cells were incubated with 'Cr-
labelled Jurkat cells in the presence of DcR3-Fc (filled circles), Fas-Fc (open
circles) or human IgG1 (triangles), and target-cell death was determined by
release of %'Cr (mean = s.d. for two donors, each in triplicate).
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we mapped the human DcR3 gene by radiation-hybrid analysis;
DcR3 showed linkage to marker AFM218xe7 (T160), which maps to
chromosome position 20q13. Next, we isolated from a bacterial
artificial chromosome (BAC) library a human genomic clone that
carries DcR3, and sequenced the ends of the clone’s insert. We then
determined, from the nine colon tumours that showed twofold or
greater amplification of DcR3, the copy number of the DcR3-
flanking sequences (reverse and forward) from the BAC, and of
seven genomic markers that span chromosome 20 (Fig. 4d). The
DcR3-linked reverse marker showed an average amplification of
roughly threefold, slightly less than the approximately fourfold
amplification of DcR3; the other markers showed little or no
amplification. These data indicate that DcR3 may be at the ‘epi-
centre’ of a distal chromosome 20 region that is amplified in colon
cancer, consistent with the possibility that DcR3 amplification
promotes tumour survival.

Our results show that DcR3 binds specifically to FasL and inhibits
FasL activity. We did not detect DcR3 binding to several other TNF-
ligand-family members; however, this does not rule out the possi-
bility that DcR3 interacts with other ligands, as do some other
TNFR family members, including OPG*".

FasL is important in regulating the immune response; however,
little is known about how FasL function is controlled. One mechan-
ism involves the molecule cFLIP, which modulates apoptosis signal-
ling downstream of Fas™. A second mechanism involves proteolytic
shedding of FasL from the cell surface'”. DcR3 competes with Fas for
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Figure 4 Genomic amplification of DcR3 in tumours. a, Lung cancers, comprising
eightadenocarcinomas (c, d, f, g, h, j, k, r), seven squamous-cell carcinomas (a, e,
m, n, 0, p, q), one non-small-cell carcinoma (b), one small-cell carcinoma (i), and
one bronchial adenocarcinoma (l). The data are means = s.d. of 2 experiments
done in duplicate. b, Colon tumours, comprising 17 adenocarcinomas. Data are
means * s.e.m. of five experiments done in duplicate. ¢, /n situ hybridization
analysis of DcR3 mRNA expression in a squamous-cell carcinoma of the lung. A
representative bright-field image (left) and the corresponding dark-field image
(right) show DcR3 mRNA over infiltrating malignant epithelium (arrowheads).
Adjacent non-malignant stroma (S), blood vessel (V) and necrotic tumour tissue
(N) are also shown. d, Average amplification of DcR3 compared with amplifica-
tion of neighbouring genomic regions (reverse and forward, Rev and Fwd), the
DcR3-linked marker T160, and other chromosome-20 markers, in the nine colon
tumours showing DcR3 amplification of twofold or more (b). Data are from two
experiments done in duplicate. Asterisk indicates P < 0.01 for a Student’s t-test
comparing each marker with DcR3.
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FasL binding; hence, it may represent a third mechanism of
extracellular regulation of FasL activity. A decoy receptor that
modulates the function of the cytokine interleukin-1 has been
described”. In addition, two decoy receptors that belong to the
TNER family, DcR1 and DcR2, regulate the FasL-related apoptosis-
inducing molecule Apo2L*”. Unlike DcR1 and DcR2, which are
membrane-associated proteins, DcR3 is directly secreted into the
extracellular space. One other secreted TNFR-family member is
OPG?’, which shares greater sequence homology with DcR3 (31%)
than do DcR1 (17%) or DcR2 (19%); OPG functions as a third
decoy for Apo2L"”. Thus, DcR3 and OPG define a new subset of
TNFR-family members that function as secreted decoys to mod-
ulate ligands that induce apoptosis. Pox viruses produce soluble
TNFR homologues that neutralize specific TNF-family ligands,
thereby modulating the antiviral immune response’. Our results
indicate that a similar mechanism, namely, production of a soluble
decoy receptor for FasL, may contribute to immune evasion by
certain tumours. O
Methods

Isolation of DcR3 cDNA. Several overlapping ESTs in GenBank (accession
numbers AA025672, AA025673 and W67560) and in Lifeseq™ (Incyte
Pharmaceuticals; accession numbers 1339238, 1533571, 1533650, 1542861,
1789372 and 2207027) showed similarity to members of the TNFR family. We
screened human cDNA libraries by PCR with primers based on the region of
EST consensus; fetal lung was positive for a product of the expected size. By
hybridization to a PCR-generated probe based on the ESTs, one positive clone
(DNA30942) was identified. When searching for potential alternatively spliced
forms of DcR3 that might encode a transmembrane protein, we isolated 50
more clones; the coding regions of these clones were identical in size to that of
the initial clone (data not shown).

Fc-fusion proteins (immunoadhesins). The entire DcR3 sequence, or the
ectodomain of Fas or TNFR1, was fused to the hinge and Fc region of human
IgG1, expressed in insect SF9 cells or in human 293 cells, and purified as
described”.

Fluorescence-activated cell sorting (FACS) analysis. We transfected 293
cells using calcium phosphate or Effectene (Qiagen) with pRK5 vector or pRK5
encoding full-length human FasL* (2 j.g), together with pRK5 encoding CrmA
(2pg) to prevent cell death. After 16h, the cells were incubated with
biotinylated DcR3—Fc or TNFR1-Fc and then with phycoerythrin-conjugated
streptavidin (GibcoBRL), and were assayed by FACS. The data were analysed by
Kolmogorov—Smirnov statistical analysis. There was some detectable staining
of vector-transfected cells by DcR3—Fc; as these cells express little FasL (data
not shown), it is possible that DcR3 recognized some other factor that is
expressed constitutively on 293 cells.

Immunoprecipitation. Human 293 cells were transfected as above, and
metabolically labelled with [SSS]cysteine and [*S]methionine (0.5 mCi;
Amersham). After 16h of culture in the presence of z-VAD-fmk (10 uM),
the medium was immunoprecipitated with DcR3—Fc, Fas—Fc or TNFR1-Fc
(5 ng), followed by protein A—Sepharose (Repligen). The precipitates were
resolved by SDS—PAGE and visualized on a phosphorimager (Fuji BAS2000).
Alternatively, purified, Flag-tagged soluble FasL (1 g) (Alexis) was incubated
with each Fc-fusion protein (1 pug), precipitated with protein A—Sepharose,
resolved by SDS—PAGE and visualized by immunoblotting with rabbit anti-
FasL antibody (Oncogene Research).

Analysis of complex formation. Flag-tagged soluble FasL (25pug) was
incubated with buffer or with DcR3—Fc (40 pg) for 1.5h at 24 °C. The reaction
was loaded onto a Superdex 200 HR 10/30 column (Pharmacia) and developed
with PBS; 0.6-ml fractions were collected. The presence of DcR3—Fc—FasL
complex in each fraction was analysed by placing 100 pl aliquots into microtitre
wells precoated with anti-human IgG (Boehringer) to capture DcR3-Fc,
followed by detection with biotinylated anti-Flag antibody Bio M2 (Kodak) and
streptavidin—horseradish peroxidase (Amersham). Calibration of the column
indicated an apparent relative molecular mass of the complex of 420K (data not
shown), which is consistent with a stoichiometry of two DcR3—Fc homodimers
to two soluble FasL homotrimers.

Equilibrium binding analysis. Microtitre wells were coated with anti-human
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IgG, blocked with 2% BSA in PBS. DcR3—Fc or Fas—Fc was added, followed by
serially diluted Flag-tagged soluble FasL. Bound ligand was detected with anti-
Flag antibody as above. In the competition assay, Fas—Fc was immobilized as
above, and the wells were blocked with excess IgG1 before addition of Flag-
tagged soluble FasL plus DcR3—Fc.

T-cell AICD. CD3" lymphocytes were isolated from peripheral blood of
individual donors using anti-CD3 magnetic beads (Miltenyi Biotech),
stimulated with phytohaemagglutinin (PHA; 2 wg ml™") for 24 h, and cultured
in the presence of interleukin-2 (100 U mlI™) for 5 days. The cells were plated in
wells coated with anti-CD3 antibody (Pharmingen) and analysed for apoptosis
16 h later by FACS analysis of annexin-V-binding of CD4" cells*.

Natural killer cell activity. Natural killer cells were isolated from peripheral
blood of individual donors using anti-CD56 magnetic beads (Miltenyi
Biotech), and incubated for 16 h with *'Cr-loaded Jurkat cells at an effector-
to-target ratio of 1:1 in the presence of DcR3-Fc, Fas—Fc or human IgGlI.
Target-cell death was determined by release of *'Cr in effector—target co-
cultures relative to release of °'Cr by detergent lysis of equal numbers of Jurkat
cells.

Gene-amplification analysis. Surgical specimens were provided by J. Kern
(lung tumours) and P. Quirke (colon tumours). Genomic DNA was extracted
(Qiagen) and the concentration was determined using Hoechst dye 33258
intercalation fluorometry. Amplification was determined by quantitative PCR'®
using a TagMan instrument (ABI). The method was validated by comparison of
PCR and Southern hybridization data for the Myc and HER-2 oncogenes (data
not shown). Gene-specific primers and fluorogenic probes were designed on
the basis of the sequence of DcR3 or of nearby regions identified on a BAC
carrying the human DcR3 gene; alternatively, primers and probes were based
on Stanford Human Genome Center marker AFM218xe7 (T160), which is
linked to DcR3 (likelihood score = 5.4), SHGC-36268 (T159), the nearest
available marker which maps to ~500 kilobases from T160, and five extra
markers that span chromosome 20. The DcR3-specific primer sequences were
5"-CTTCTTCGCGCACGCTG-3" and 5'-ATCACGCCGGCACCAG-3' and the
fluorogenic probe sequence was 5'-(FAM-ACACGATGCGTGCTCCAAGCAG
AAp-(TAMARA), where FAM is 5'-fluorescein phosphoramidite. Relative
gene-copy numbers were derived using the formula 2“7, where ACT is the
difference in amplification cycles required to detect DcR3 in peripheral blood
lymphocyte DNA compared to test DNA.
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ABC transporters (also known as traffic ATPases) form a large
family of proteins responsible for the translocation of a variety
of compounds across membranes of both prokaryotes and
eukaryotes'. The recently completed Escherichia coli genome
sequence revealed that the largest family of paralogous E. coli
proteins is composed of ABC transporters’. Many eukaryotic
proteins of medical significance belong to this family, such as
the cystic fibrosis transmembrane conductance regulator (CFTR),
the P-glycoprotein (or multidrug-resistance protein) and the
heterodimeric transporter associated with antigen processing
(Tap1-Tap2). Here we report the crystal structure at 1.5 A resolu-
tion of HisP, the ATP-binding subunit of the histidine permease,
which is an ABC transporter from Salmonella typhimurium. We
correlate the details of this structure with the biochemical, genetic
and biophysical properties of the wild-type and several mutant
HisP proteins. The structure provides a basis for understanding
properties of ABC transporters and of defective CFTR proteins.

ABC transporters contain four structural domains: two nucleo-
tide-binding domains (NBDs), which are highly conserved
throughout the family, and two transmembrane domains'. In
prokaryotes these domains are often separate subunits which are
assembled into a membrane-bound complex; in eukaryotes the
domains are generally fused into a single polypeptide chain. The
periplasmic histidine permease of S. typhimurium and E. coli"**® is a
well-characterized ABC transporter that is a good model for this
superfamily. It consists of a membrane-bound complex, HisQMP,,
which comprises integral membrane subunits, HisQ and HisM, and
two copies of HisP, the ATP-binding subunit. HisP, which has
properties intermediate between those of integral and peripheral
membrane proteins’, is accessible from both sides of the membrane,
presumably by its interaction with HisQ and HisM°®. The two HisP
subunits form a dimer, as shown by their cooperativity in ATP
hydrolysis®, the requirement for both subunits to be present for
activity®, and the formation of a HisP dimer upon chemical cross-
linking. Soluble HisP also forms a dimer’. HisP has been purified
and characterized in an active soluble form® which can be recon-
stituted into a fully active membrane-bound complex®.

The overall shape of the crystal structure of the HisP monomer is
that of an ‘L’ with two thick arms (arm I and arm II); the ATP-
binding pocket is near the end of arm I (Fig. 1). A six-stranded 3-
sheet (B3 and B8—P12) spans both arms of the L, with a domain of a
a- plus B-type structure (B1, B2, f4—B7, al and a2) on one side
(within arm I) and a domain of mostly a-helices (a3—a9) on the
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Figure 1 Crystal structure of HisP. a, View of the dimer along an axis
perpendicular to its two-fold axis. The top and bottom of the dimer are suggested
to face towards the periplasmic and cytoplasmic sides, respectively (see text).
The thickness of arm Il is about 25A, comparable to that of membrane. a-Helices
are shown in orange and B-sheets in green. b, View along the two-fold axis of the
HisP dimer, showing the relative displacement of the monomers not apparent in
a. The B-strands at the dimer interface are labelled. ¢, View of one monomer from
the bottom of arm |, as shown in a, towards arm II, showing the ATP-binding
pocket. a-¢, The protein and the bound ATP are in ‘ribbon’ and ‘ball-and-stick’
representations, respectively. Key residues discussed in the text are indicated in
c. These figures were prepared with MOLSCRIPT?. N, amino terminus; C, C
terminus.
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