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Connectivity and orientation of the seven helical
bundle in the tachykinin NK-1 receptor probed by
zinc site engineering
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A high affinity, tridentate metal ion site has been
constructed previously by His substitutions in an antag-
onist binding site located between transmembrane
segment (TM)-V and TM-VI in the substance P NK-1
receptor. Here, an attempt is made to probe helix-
helix interactions systematically in the NK-1 receptor
by engineering of bis-His Zn(II) sites. His residues
were introduced at selected positions individually and
in combinations in the exterior segments of TM-Il, III
and V in both the wild-type background and after Ala
substitution of naturally occurring His residues, and
the increase in the affinity for Zn(II) was monitored
in competition binding experiments with iodinated
substance P or a tritiated non-peptide antagonist. In
this way, two high affinity bis-His sites were constructed
between position 193 in TM-V (Glu193, GluV:01) and
position 109 in TM-III (AsnlO9, AsnIII:05) as well as
between the neighboring, naturally occurring His108
in TM-Ill (HisIII:04) and position 92 in TM-II (Tyr92,
TyrII:24), respectively. Functionally, the coordination
of zinc ions at these two sites blocked the receptor as
it antagonized the substance P-induced increase in
phosphatidylinositol turnover. It is concluded that the
bis-His zinc sites from the central TM-III helix to TM-
II and -V, respectively, together with the interconnected,
previously constructed tridentate site between TM-
V and -VI, constitute a basic network of distance
constraints for the molecular models of receptors with
seven transmembrane segments which, for example,
strongly support an anti-clockwise orientation of the
seven helical bundle as viewed from the extracellular
space.
Keywords: G-protein-coupled receptors/membrane
protein structure/metal ion site/substance P/7TM
receptor

Introduction
G-protein-coupled receptors with their seven transmem-
brane segments (7TM) constitute the largest superfamily
of proteins in our organism. Several hundreds of distinct
and specific 7TM receptors are receivers for hormones,
transmitters and other kinds of intercellular chemical
messengers of a surprisingly broad chemical variety:
monoamines, purines, amino acids, lipids, peptides and
proteins (Watson and Arkinstall, 1994). 7TM molecules
are also the key chemical and physical sensors in the
nervous system. For example, rhodopsin and opsins func-
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tion as light sensors in the eye, and -1000 different
receptors act as receptors for odors and pheromones in
our olfactory system (Shepherd, 1994). Recently, 7TM
receptors have been demonstrated also to be the crucial
cellular entry factors for infectious agents such as malaria
parasites and the HIV-1 virus (Deng et al., 1996; Dragic
et al., 1996; Feng et al., 1996).

Surprisingly little experimentally based information is
yet available concerning the three-dimensional structure
of any member of this important superfamily of proteins.
Although meticulous cryoelectron microscopy studies of
rhodopsin have indicated that these proteins may fold into
a seven helical bundle, the resolution of the structures
does not yet allow the identification of individual helices
(Schertler et al., 1993; Schertler and Hargrave, 1995;
Unger and Schertler, 1995). In fact we do not even know
for certain whether the helical bundle is arranged in
a clockwise or anti-clockwise manner, although much
evidence does point in favor of an anti-clockwise arrange-
ment as viewed from the outside of the cell (Baldwin,
1993). Thus, current molecular models of 7TM receptors
are, to a large extent based on speculations and assump-
tions, however sound these may be (Baldwin, 1993;
Schwartz, 1994; Ballesteros and Weinstein, 1995).
Information concerning helix-helix interactions are
inferred mainly from mutational studies where a particular
substitution can revert the deleterious effect caused by
another mutation (Zhou et al., 1994; Liu et al., 1995;
Sealfon et al., 1995; Mizobe et al., 1996). Based on
experience from classical protein engineering, such
'double revertant' experiments are generally taken as
strong evidence indicating that the two original residues
are facing each other in the three-dimensional structure
of the receptor (Rao et al., 1994; Zhou et al., 1994; Liu
et al., 1995; Sealfon et al., 1995; Sieving et al., 1995;
Mizobe et -al., 1996). In most cases, this is a reasonable
assumption; however, it is difficult to exclude possible
indirect effects in experiments performed in 7TM receptors
without any real structural basis.

In the tachykinin NK-1 receptor, a mutationally identi-
fied, presumed binding site for a non-peptide antagonist
(Fong-et al., 1993, 1994; Gether et al., 1993, 1994)
recently was both structurally and functionally exchanged
by a metal ion site through systematic substitutions with
His residues (Elling et al., 1995). The tridentate zinc site
was composed of two His residues located in an i and
i+4 position at the exterior end of TM-V and a single
His residue located in TM-VI (Figure 1). This metal ion
site has been transferred to the distantly related K-opioid
receptor without loss of metal ion affinity, indicating that
the interface between at least TM-V and -VI is similar in
rhodopsin-like receptors (Thirstrup et al., 1996). Due to

the small size of the metal ion and the well characterized
geometry of imidazole-Zn(II) interactions in proteins
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Fig. 1. Serpentine and helical-wheel diagram of the tachykinin NK-1
receptor. The helical wheels of the NK- 1 receptor are placed in
accordance with the classical Baldwin interpretation of the electron
density map of bovine rhodopsin obtained by cryo-electron
microscopy by Schertler and co-workers (Baldwin, 1993; Schertler
et al., 1993). The helical wheels here have been rotated slightly in
comparison with similar figures from previous reports (Schwartz,
1994; Elling et al., 1995) in accordance with the results from the bis-
His zinc site constructions of the present investigation (Table I and
Figure 2) and are presented in an anti-clockwise orientation as viewed
from the extracellular space. The generic numbering and nomenclature
system for residues in the transmembrane segments of 7TM receptors
is indicated (Baldwin, 1993; Schwartz, 1994). This is based on
alignment of multiple 7TM sequences according to the highly
conserved 'fingerprint' residues of each transmembrane segment,
which here are indicated with a bold circle. Indicated in white on
black are residues probed by histidine or alanine substitution in the
present study (generic nomenclature of residue followed by specific
numbering in brackets): TyrII:24 (Tyr92); HisII:27 (His95); HisIII:04
(His108); AsnIII:05 (AsnlO9); ProIII:08 (Proll2); GluV:0l (Glu193);
HisV:05 (Hisl97); TyrVI:24 (Tyr272).

with known 3D structure (Chakrabarti, 1990; Arnold
and Haymore, 1991; Christianson, 1991; Regan, 1995),
artificially constructed metal ion sites could provide valu-
able information about the relative rotation and 'vertical'
position of helices in 7TM receptors in general. In the
present study, we try to construct bis-His Zn(II) sites
reaching out from TM-Ill both towards the neighboring
TM-Il and across the presumed main ligand binding
crevice towards TM-V at the location where a metal ion
site previously was constructed (Elling et al., 1995). This
strategy is based on the assumption that TM-Ill is the
'central column' in the seven helical bundle and that the
helices are arranged in a sequential manner in the bundle
(Baldwin, 1993; Schwartz, 1994; Ballesteros and
Weinstein, 1995).

Results
The generic numbering and nomenclature system for
residues in the transmembrane helices of 7TM receptors
(Baldwin, 1993; Schwartz, 1994) is recapitulated in
Figure 1.

Zinc site construction between TM-Ill and TM-V
The first residue to be probed by His substitutions in TM-
III was Pro 112 (ProIII:08) as it corresponds to the notorious
Asp (AspIII:08) which is the contact point for the amine
function of the ligands in monoamine receptors (Strader
et al., 1989, 1991). It is assumed that, for example,
catecholamines bind between this position in TM-Ill and
two Ser residues in TM-V (Strader et al., 1989, 1991).
Four different constructs were tested where the [P112H]
substitution was combined with various His residues
positioned in the exterior part of TM-V and -VI. However,
in all cases the zinc affinity, as determined by the ability
of Zn(II) to inhibit substance P binding, was unaltered or
even lower than in the corresponding constructs without
a His residue at position 112 in TM-Ill (Table I). Thus,
either the helical rotation or the relatively deep location
of His112 (HisIII:08) in relation to His193 (HisV:01) and
His197 (HisV:05) prevents His112 from forming a high
affinity, bis-His zinc site with either of these residues in
TM-V.

Introduction of a His residue one helical turn above
Prol12 in TM-Ill at position 109 (Figure 1) gave more
positive results. In this series, the construct with only a
single His residue present in this region of the receptor,
[N109H,H197A]NK-1, i.e. with the naturally occurring
His residue at position 197 substituted with an Ala residue,
gave an apparent Zn(II) affinity of 176 ± 16 RM.
Importantly, this affinity was increased to 28 ± 1 ,uM
when a second His residue was introduced at position
193, i.e. the [N109H,E193H,H197A]NK-1 construct of
Table I and Figure 2. Thus, apparently a bis-His site can
be formed between position 109 in TM-Ill and position
193 in TM-V. In contrast, there was no evidence that a
similar connection could be established between HislO9
and His 197 in TM-V as the affinity in the construct with
a His residue located at both of these positions, i.e.
[N109H]NK-1, was only marginally increased to 140 ±
6 jiM. Although a presumed bis-His Zn(II) site could be
established between residues located at positions 109
and 193, the geometry of this interaction was, however,
apparently not optimal for a tridentate or a full tetrahedral
coordination of the metal ion with additional His residues
located at positions 197 and 272. In fact, the measured
apparent zinc affinity was -2-fold lower when HislO9
was introduced into constructs with two or three His
residues located at these positions (Table I).

Zinc site construction between TM-Ill and TM-Il
Above, a possible spatial connection has been established
between residue 109 (111:05) in TM-Ill and residue 193
(V:01) in TM-V. In order to obtain an additional, structural
constraint in the receptor structure, the neighboring residue
in TM-Ill, His 108, was chosen as the basis for further
engineering of bis-His sites. This residue corresponds
to Glu 113 of rhodopsin, which forms the Schiff-base
connection to the retinal ligand (Khorana, 1992) and, in
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Table I. Binding of Zn(II) and substance P to the wild-type and mutant NK-1 receptors

His residuesa Helical segment ZnCl2 (ii) Fold Substance P (n) Fold Bmax fmol/
K, + SEM increase Kd ± SEM decrease 100 000 cells
(4M) (nM)

hNK-1 384 + 29 (17) 1 0.11 ± 0.01 (25) 1 88.0 ± 9.5
[E193H;H197A] 1 His (193) TM-V 85 + 6 (3) 5 0.07 ± 0.01 (3) 1 13.2 ± 1.9
[E193H]b 2 His (193; 197) TM-V 11 2 (5) 35 0.12 + 0.01 (8) 1 26.0 + 3.6
[E193H;Y272H]b 3 His (193; 197; 272) TM-V and VI 0.62 + 0.10 (7) 619 0.34 + 0.04 (14) 3 23.5 1 3.7
[PI12H] 2 His (112; 197) TM-Ill and -V 271 + 54 (4) 1 0.07 + 0.02 (4) 1 39.7 + 4.5
[P112H;E193H; 2 His (112; 193) TM-Ill and -V 94 + 6 (4) 4 0.32 + 0.05 (4) 3 22.6 + 4.9
H 197A]
[Pl12H;E193H] 3 His (112; 193; 197) TM-Ill and -V 76 + 39 (4) 5 0.40 + 0.07 (4) 4 32.3 + 7.5
[P1l2H;El93H; 4 His (112; 193; 197; TM-Ill, -V and VI 1.1 ± 0.1 (4) 349 1.12 + 0.13 (4) 10 23.0 + 5.2
Y272H] 272)
[N109H;H197A] 1 His (109) TM-Ill and -V 176 ± 16 (4) 2 0.21 1 0.06 (3) 2 15.7 + 4.4
[N109H] 2 His (109; 197) TM-Ill and -V 140 ± 6 (3) 3 0.12 + 0.03 (3) 1 21.0 + 2.7
[N109H;E193H; 2 His (109; 193) TM-III and -V 28 + 1 (3) 14 3.7 + 0.6 (9) 34 17.7 1 6.0
H 197A]
[N109H;E193H] 3 His (109; 193; 197) TM-Ill and -V 20 ± 3 (3) 19 9.8 + 0.6 (3) 89 46.6 1 9.8
[N109H;E193H; 4 His (109; 193; 197; TM-Ill, -V and VI 1.5 + 0.6 (3) 256 31 1 7 (3) 282 52.1 + 15.6
Y272H] 272)
[H9SA] 1 His (108) TM-Il and -III 211 ± 37 (4) 2 0.02 ± 0.01 (4) 0.2 23.8 ± 6.2
[Y92H;H95A] 2 His (92; 108) TM-Il and -III 16 + 1 (3) 24 1.5 + 0.4 (3) 14 3.9 + 2.2
[Y92H] 3 His (92; 95; 108) TM-Il and -III 14 + 1 (5) 27 0.28 + 0.06 (8) 3 10.3 1 4.0
hNK-lc 376 ± 29 (10) 1 1.8 + 0.1 (12) 1 130 ± 17
[Y92H]C 3 His (92; 95; 108) TM-Il and -III 30 + 1 (5) 13 182 + 49 (6) 101 58.5 + 12.0
[Y92H;H9SA]c 2 His (92; 108) TM-Il and -III 32 + 4 (4) 12 >1000 (4) - 70.0 1 15.0
[Y92H;H108A]c 2 His (92; 95) TM-Il and -III 269 + 25 (3) 1 >1000 (3) - 86.2 1 12.3

aOnly His residues located in the specific exterior region which is subject to mutational analysis are indicated.
bResults concerning [E193H] and [E193H,Y272H] have been published previously (Elling et al., 1995) and are included here for direct comparison
only.
cThe important control construct where His108 was substituted with Ala could not be analyzed with radiolabeled substance P; thus, this construct as

well as a number of the related constructs were analyzed using the radiolabeled non-peptide antagonists, [3H]LY303,870.

the NK- 1 receptor, His 108 previously has been implicated
in the binding of the agonist, substance P (Fong et al.,
1992). In our molecular model, His108 would appear to
be in relatively close contact with residues in TM-VII and
TM-II (Figure 1). Mutational interference with the binding
of the radioactive probes prevented further characterization
of the relevant positions in TM-VII in the present study.
However, a possible spatial connection between His 108
and Tyr92 located on a hydrophilic, presumably inner face
of TM-II was established through the construction of a
bis-His zinc site. First, the possible interference from the
naturally occurring His95 located either in extracellular
loop 1 or in a putative helical extension of TM-1I (as
indicated in Figure 1) was eliminated through Ala substitu-
tion (Table I). The introduction of a His residue at position
92 in TM-II increased the zinc affinity 13-fold (from 211
± 37 to 16 ± 1 jiM), as determined in competition
binding experiments using radiolabeled substance P, and
increased the zinc affinity 12-fold (from 376 + 29 to 32
+ 4 ,uM) in competition with the radiolabeled antagonist,
[3H]LY-303,870 (Table I, [H95A] versus [Y92H,H95A]).
The notion that the increase in zinc affinity was in fact
caused by a coordination of the metal ion between the
introduced His residue at position 92 and the natural His
residue at position 108 was confirmed through a reversal
of the effect of the introduction of His92 following Ala
substitution of Hisl08 ([Y92H] versus [Y92H,H108A] in
Table I and Figure 2). This latter experiment could only
be performed with the radiolabeled antagonist as a probe
since Ala substitution of His 108 as expected (Fong et al.,
1992) eliminated the binding of the substance P tracer.

Substitution of Tyr92 with His impaired the ability of
substance P to compete with binding of the radiolabeled
antagonist 100-fold, 1.8 ± 0.1 nM versus 182 ± 49 nM
(Table I). However, in analogy with results obtained in a

series of Ala substitutions of residues on this hydrophilic,
presumed inner face of TM-II, including position 92, the
actual affinity for substance P was in fact only minimally
affected by the His92 substitution (0.28 ± 0.06 versus

0.11 ± 0.01 nM) as determined in homologous binding
assays with radiolabeled substance P itself (Rosenkilde
et al., 1994).

Functional consequences of zinc binding
In the receptors with artificially constructed metal ion
sites, Zn(II) functioned as an antagonist of the substance
P-induced increase in phosphatidylinositol turnover, with
IC50 values of 31 + 7 X 10- M for the [Y92H]NK- 1 and
42 + 9X104 M for the [Nl09H,E193H,H197A]NK-1
constructs (Figure 3). For both of the inter-helical bis-His
sites of the present study, i.e. the one between TM-II
and -III, [Y92H], and the one between TM-Ill and -V,
[NlO9H,E193H,H197A], there was a close correlation
between the ability of Zn(II) to inhibit substance P binding
and its ability to block the substance P-induced signal
transduction events (Figures 2 and 3).

Discussion
In the present study, two bis-His metal ion sites have been
constructed from TM-Ill to positions in TM-II and TM-
V, respectively. These sites are located close to the
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Fig. 2. Construction of bis-His Zn(II) sites between residues located at
the exterior end of TM-III and residues in TM-II and -V respectively.
For the bis-His zinc site between the naturally occurring HisIII:04
(His1O8) in TM-III and the substituted HisII:24 (His92) in TM-II the
competition curves using [3H]LY-303,870 are shown since Ala
substitution of His108 affects substance P binding (Fong et al., 1992).
Top panel: competition binding experiments for ZnCl2 using [1251I]BH-
substance P in the [Nl09H;H197A]NK-1 (0), [E193H;H197A]NK-1
(l), [NI09H;E193H]NK-1 (A) and [Nl09H;E193H;H197A]NK-1 (<)
constructs. Lower panel: competition binding experiments for ZnCl2
using [3H]LY303.870 in wild-type human NK-1 (A), [Y92H;
H108A]NK-1 (*) and [Y92H]NK-1 (A).

extracellular side of the receptor and it is therefore still
uncertain whether these positions are located in the actual
transmembrane helices or in the connecting loops. How-
ever, the high affinity of the previously generated bis-His
site between residues at position V:01 and V:05 in the
presumed TM-V (Elling et al., 1995) does indicate that
the residues are in fact located in the optimal i and
i+4 position of a helix (Chakrabarti, 1990; Arnold and
Haymore, 1991; Regan, 1995). The most exteriorly located
of these residues, V:01, is part of one of the interhelical
bis-His sites of the present study. Furtheremore, electron
paramagnetic resonance (EPR) studies with spin-labeled
rhodopsin (Altenbach et al., 1996) show that the transmem-
brane helices may continue several helical turns outside
the membrane, at least on the intracellular side.
Due to the small size of the zinc ion and the inherent

geometry of the imidazole metal. ion coordination (Chakra-
barti, 1990; Arnold and Haymore, 1991; Christianson,
1991; Regan, 1995), the bis-His sites of the present study
impose important distance constraints on the a-carbons
of the involved residues in molecular models of 7TM
receptors. Thus, both the relative helical rotation and the
vertical translocation of the involved helices have in this
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Fig. 3. Functional analysis of Zn(II) antagonism of substance
P-induced phosphatidylinositol turnover in the constructs with
engineered bis-His Zn(II) sites. [N109H,E193H,H197A]NK-1
presumably forms a bidentate site between TM-III and TM-V
involving residues HisIII:05 (HislO9) and HisV:01 (Hisl93). [Y92H]
presumably forms a bidentate site between TM-II and TM-Ill
involving residues HisII:24 (His92) and the naturally occurring His at
position 108, HisIII:04, as shown in Figure 2. Data are expressed as
mean ± SEM, n = 3-6. IC50 values for ZnCl2: NK-1 (1 and 10 nM),
>1 mM; [Y92H]NK-1, 31 ± 7 ,uM; [N109H;E193H;H197A]NK-1,
42 9 ,uM.

way been restricted. Each of these bis-His sites can
obviously be satisfied in many different possible models
and, therefore, are not of much value individually. How-
ever, it takes relatively few distance constraints to fix the
overall, general structure of the molecule and its helical
components. Importantly, the two bis-His sites of the
present study are connected since they originate from
neighboring residues on the TM-III helix. Moreover, one
of the bis-His sites reaches over to a residue on TM-V
which previously has been implicated in a tridentate zinc
site connecting the outer segment of TM-V and TM-VI
(Elling et al., 1995). Thus, a 'network' of interconnected
metal ion sites is emerging which could possibly serve as
a constraining scaffold in the molecular models of 7TM
receptors in general.
One of the very basic structural questions concerning

7TM receptors is whether the helical bundle is arranged
in a clockwise or an anti-clockwise manner (Baldwin,
1993; Schwartz, 1994). It is generally assumed that the
seven helical bundle is arranged with the transmembrane
segments placed sequentially after each other in analogy
with, for example, bacteriorhodopsin, i.e. that TM-I is
followed by TM-Il followed by TM-III, etc. until TM-
VII closes the 'circle' (Baldwin, 1993; Schwartz, 1994;
Ballesteros and Weinstein, 1995). One argument in favor
of a sequential arrangement is that the loops are too short
to allow for a pass over of intervening helices or to
cross over each other (Baldwin, 1993). Furthermore, in
rhodopsin, the loops can be shortened without loss of
retinal binding or function (Franke et al., 1992). However,
a sequentially arranged helical bundle can be formed
either clockwise or anti-clockwise. As shown in Figure 4,
the four residues which in the present study have been
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"Anti-clockwise"

Fig. 4. The bis-His Zn(II) sites support an anti-clockwise arrangement
of the transmembrane helices of the NK-1 receptor. Helical-wheel
diagram of the NK-1 receptor shown in an anti-clockwise and in a
clockwise arrangement as viewed from the extracellular space. The
His residues presumed to be involved in the bis-His metal ion sites
presented here are indicated. Both models are built according to the
same general principles (Schwartz, 1994). The dark gray arc in TM-Ill
indicates the face which, according to results from substituted Cys
accessability studies, should be facing inwards in the dopamine D2
receptor (Javitch et al., 1995).

shown to be pair-wise able to form bis-His metal ion sites
are only in close spatial proximity in an anti-clockwise
model, as viewed from the extracellular space. It would
obviously be possible to bring one of the pairs into
reasonably close proximity even in the clockwise model,
for example through rotation of TM-Ill. However, it is
not possible to satisfy both of the pairs at the same time,
even with such manipulations, without violating the basic
assumption, that the connectivity of the helices is sequen-
tial (Baldwin, 1993; Schwartz, 1994; Ballesteros and
Weinstein, 1995). Importantly, the structural constraint
imposed by the bis-His site between positions 92 and 108
in TM-II and -III, respectively, is almost impossible to
satisfy in a clockwise model, as any (in)appropriate
rotation of TM-Ill inevitably will place both residue 109
('HislO9') and importantly residue 112 (corresponding to
the notorious Asp in the monoamine receptors) facing
towards the membrane. These residues are both located
on a presumed water-exposed, inner face of TM-Ill, which
recently was probed extensively by Javitch and co-workers
in the dopamine D2 receptor by a substituted-cysteine
accessibility method (Javitch et al., 1995). An anti-clock-
wise orientation of the helices in 7TM receptors is also
supported by different kinds of mutational exchanges of
supposedly interfacing residues on TM-I, TM-Il and TM-
VII in the muscarinic and adrenergic receptors (Liu et al.,
1995; Mizobe et al., 1996). Activating mutations in
rhodopsin also suggest a close interaction between TM-Il
and TM-VII (Rao et al., 1994; Sieving et al., 1995).

Moreover, the seven helices of the bacterial proton pump,
bacteriorhodopsin, are arranged in an anti-clockwise man-
ner (Engelman et al., 1980; Henderson et al., 1990),
although this protein is unrelated to G-protein-coupled
receptors with regard both to sequence and function.

The present study indicates that engineering of metal
ion sites can be employed to probe helix-helix interactions
in 7TM receptors and conceivably also other membrane
proteins where biophysical, 'real' structural information
is still almost absent. In the Escherichia coli lactose
permease, artificial Mn(II) sites were built recently; how-
ever, this was based on information of spatial proximity
of specific residues from site-directed excimer fluorescence
experiments (He et al., 1995a,b; Jung et al., 1995), and
in the NK- 1 receptor the previous tridentate metal ion site
was built on the basis of mutational mapping of an
antagonist binding site (Elling et al., 1995). Another
method for probing spatial proximity of residues in mem-
brane helices is to construct artificial disulfide bridges,
which has been used extensively in, for example, the
bacterial chemotaxis receptors (Lynch and Koshland, 1991;
Pakula and Simon, 1992; Chervitz and Falke, 1995). This
method recently has been applied to rhodopsin, where a
disulfide bridge was built successfully between two of the
positions in TM-V and -VI (V:05 and VI:24) (Yu et al.,
1995), which previously had been probed by metal ion
site construction (Elling et al., 1995).
An interesting possibility is to use the constructed intra-

and inter-helical metal ion sites of the present study to
measure distances in 7TM receptors by EPR determina-
tions of metal-nitroxyl interactions after introduction of
spin labels at other positions in the receptor (He et al.,
1995a,b; Jung et al., 1995) or in the ligand.

Materials and methods
Materials
Substance P was purchased from Peninsula (St Helens, Merseyside,
UK). ZnCl2 (minimum 98% pure) was from Merck. Pfu. polymerase was
from Stratagene (La Jolla, CA). Thermo Sequenase fluorescent-labeled
primer cycle sequencing kit with 7-deaza-dGTP was from Amersham
(Little Chalfont, UK). AG I-X8 anion-exchange resin was from Bio-
Rad Laboratories (Hercules, CA). [3H]niyo-inositol (PT6-271) was from
Amersham (Little Chalfont, UK). Bolton-Hunter reagent, sp. act. 2000
Ci/mmol, was from Amersham.

Construction of mutant receptors
The cDNA encoding the wild-type NK-1 receptor (Gerard et al., 1991)
was cloned into the eukaryotic expression vector pTEJ-8 (Johansen
et al., 1990). Mutant receptors were constructed using PCR methods
(Ho et al., 1989; Horton et al., 1989). The PCR products were digested
with appropriate restriction endonucleases, purified and cloned into the
pTEJ8-NK-1. All PCRs were performed using Pfui polymerase according
to the manufacturer's instructions. All mutations were verified by
restriction endonuclease mapping and subsequent DNA sequence analysis
using a Thermo Sequenase fluorescent-labeled primer cycle sequencing
kit with 7-deaza-dGTP on an AlfexpressTMf DNA sequencer according
to the manufacturer's instructions (Pharmacia Biotech, Uppsala, Sweden).

Transfections and tissue culture
COS-7 cells were grown in Dulbecco's modified Eagle's medium
(DMEM) 1885 supplemented with 10% fetal calf serum (FCS), 2
mM glutamine and 0.01 mg/ml gentamicin. The expression plasmids
containing the cDNAs encoding the wild-type or mutant receptors were

transiently expressed in COS-7 cells transfected by the calcium phosphate
precipitation method according to previously described methods
(Johansen et al., 1990; Gether et al., 1992).
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Binding experiments
Monoiodinated [125I]Bolton-Hunter-labeled substance P ([125I]BH-SP)
was prepared and purified by high performance liquid chromatography
(Gether et al., 1992). [3H]LY303.870, sp. act. 31.4 Ci/mmol, was a
generous gift from Dr Philip Hipskinds, Eli Lilly, Indiana, USA.
Transfected COS-7 cells were transferred to culture plates 1 day after
transfection. The number of cells per well was determined by the
apparent expression efficiency of the individual clones aiming at 5-10%
binding of the added radioligand. Two days after transfection, cells were
assayed by competition binding for 3 h at 4°C using 40 pM [1251]BH-
SP or 75 pM [3H]LY303.870 plus variable amounts of unlabeled ligand
in 0.5 ml of a 50 mM Tris-HCl buffer, pH 7.4, supplemented with 150
mM NaCl, 5 mM MnCl2, 0.1% (w/v) bovine serum albumin, 40 .tg/ml
bacitracin. Non-specific binding was determined as the binding in the
presence of either 1 ,uM SP or 1 tM LY303.870. Determinations were
made in triplicate (SP) or duplicate (ZnCl2).

Phosphatidylinositol assay
To assay phosphatidylinositol turnover, transfected COS-7 cells (0.1-
1.6X 106 cells/well) were incubated for 24 h with 5 ,uCi of [3H]niyo-
inositol in 1 ml of inositol-free DMEM 1885 supplemented with 10%
FCS, 2 mM glutamine and 0.01 mg/ml gentamicin per well. Cells were
washed twice in PI buffer: 20 mM HEPES, pH 7.4, supplemented with
140 mM NaCl, 5 mM KCI, 1 mM MgSO4, 1 mM CaC12, 10 mM
glucose, 0.05% (w/v) bovine serum albumin; and were incubated in
0.5 ml PI buffer supplemented with 10 mM LiCl at 37°C for 30 min.
Phosphatidylinositol turnover was stimulated by submaximal concentra-
tions of substance P, i.e. 1 nM for 20 min in the [Y92H] construct and
10 nM for 45 min in the [NI09H;E193H;H197A] construct in the
presence of increasing Zn(II) concentrations. Cells were extracted with
10% ice-cold perchloric acid, neutralized with KOH in HEPES buffer,
and the generated [3H]inositol phosphates were purified on Bio-Rad
AG I-X8 anion-exchange resin as described (Zoffmann et al., 1993).
Determinations were made in duplicate.

Calculations
Binding data were analyzed and IC50 values determined by non-linear
regression using the Inplot 4.0 software (GraphPad Software, San Diego).
Values of the dissociation and inhibition constants (Kd and Kj) were
estimated from competition binding using the equations Kd = IC50-L
and Ki = IC5(/( 1 + LlKd), where L is the concentration of radioligand.
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