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SUMMARY

The neurokinin-1 tachykinin receptor is a member of the G
protein-coupled receptor superfamily. An unusual feature of the
neurokinin-1 receptor is the presence of glutamic acid (residue
78) in the second putative transmembrane domain, at the lo-
cation of a highly conserved aspartate residue in the G protein-
coupled receptor superfamily. The rat neurokinin-1 receptor
cDNA was mutated to lysine, aspartate, and glutamine at this
site and functionally expressed in Chinese hamster ovary cells,
and clonal cell lines were isolated and characterized. Radioli-
gand binding demonstrated that the Asp”® and Lys”® receptors
have substance P binding affinities indistinguishable from those
of the wild-type receptor and are expressed at roughly the
same number of receptors per cell. The GIn’® receptor variant,

on the other hand, exhibited no detectable agonist binding.
Although wild-type and Asp’® receptors have essentially the
same ability to stimulate inositol phospholipid tumover, CAMP
production, and arachidonic acid release, the Lys’® variant is
markedly attenuated in its ability to activate any of these path-
ways. These data indicate that residue 78 plays a role in the
coupling of the rat neurokinin-1 receptor to cellular effectors. In
addition, both Asp”® and Lys”® receptors show a greater per-
centage of high affinity binding that is resistant to guanosine-
5'-0-(3-thiojtriphosphate than does the wild-type receptor, in-
dicating a potential difference in G protein coupling between
wild-type and mutated receptors.

The SP-activated NK-1 tachykinin receptor is involved in
diverse biological functions, including pain transmission,
smooth muscle contraction, and neuronal excitation (1-3),
and has been linked to several disease states, such as
asthma, arthritis, inflammatory bowel disease, and migraine
(4, 5). The NK-1 receptor activates intracellular effector pro-
teins typically via coupling to pertussis toxin-insensitive G
proteins. Primary sequence analysis has revealed that the
GPCR family shares a high degree of structural similarity,
with the areas of greatest homology occurring in the seven
putative TMs (see Ref. 6 for review). It therefore seems
reasonable that the TM residues conserved in virtually all
members of this pharmacologically diverse group of receptors
may dictate the tertiary structure required for receptor fold-
ing, structural integrity, and/or signal transduction.

Of particular interest in recent years, with regard to re-
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ceptor structure-function considerations, has been an aspar-
tate residue located in TMII, which is 98% conserved within
the GPCR family. Family members not sharing this high
degree of aspartate residue conservation (see Ref. 6 for re-
view) are the NK-1, odorant F6, and odorant 17 receptors,
which contain a glutamate at this position, the cytomegalo-
virus US33 and GnRH receptors, which have asparagine, the
Dictyostelium cAMP receptor, which has phenylalanine, and
the blue opsin receptor, which has glycine. Many GPCRs
have been utilized to elucidate the structure-activity rela-
tionship of the highly conserved TMII aspartate. These re-
ceptors and the primary sequences of their putative TMII
regions are illustrated in Table 1. The TMII aspartate was
mutated to an asparagine residue in the AT,, receptor (7),
LH/CG receptor (8), a,-AR (9-11), B,-AR (12), muscarinic
cholinergic subtype 1 receptor (13), and 5-HT, receptor (14),
which were then functionally expressed. When ligand bind-
ing affinities of mutant receptors and their wild-type coun-
terparts were compared, the mutant LH/CG receptor and

ABBREVIATIONS: SP, substance P; NK, neurokinin; GPCR, G protein-coupled receptor; TM, transmembrane domain; GnRH, gonadotropin-
releasing hormone; AT,,, angiotensin Il subtype 1a; LH, luteinizing hormone; CG, chorionic gonadotropin; AR, adrenergic receptor; 5-HT,
5-hydroxytryptamine; IP, inositol phosphate; CHO, Chinese hamster ovary; Y~ '-SP, Tyr~'-substance P; Y~ '-SPFA, Tyr~'-substance P free acid;
Y~1-SPOMe, Tyr~'-substance P methyl ester; Y~ '-SPOEt, Tyr~'-substance P ethyl ester; HPLC, high performance liquid chromatography;
Gpp(NH)p, guanyl-5'~(8,y-imido)diphosphate; BSA, bovine serum albumin; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; GTPyS,

guanosine-5'-O-(3-thiojtriphosphate; PCR, polymerase chain reaction.
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TABLE 1

Sequence comparison of TMIl within various GPCRs

The predicted TMII region of the rat NK-1 receptor is compared with correspond-
ing sequences of other members of the GPCR family (35). The highlighted residue
represents the position at which aspartic acid is highly conserved in this receptor
superfamily with notable exceptions shown.

Receptor Predicted TMII Sequence
Rat NK-1 FLVNLAFAEACMAAFNTVVNF
Human NK-1 FLVNLAFAEASMAAFNTVVNF
Human NK-2 FIVNLALADLCMAAFNAAFNTF
Human NK-3 FLVNLAFSDASMAAFNTLVNEF
Human GnRH LLKHLTLANLLETLIVMPLDG
Rat AT, FLLNLALADLCFLLTLPLWAY
Rat LH/CG LMCNLSFADFCMGLYLLLTIAS
Humana,,-AR FLVSLASADILVATLVIPFSL
HumanB,,-AR F I TSLACADLVMGLAVVPFGA
Rat M,* FLLSLACADLIIGTFSMNLYT
Rat 5-HT, FLMSLAIADMLLGFLVMPVSM

# M,, muscarinic cholinergic type 1.

B2-AR exhibited a significant decrease in binding affinity for
their respective agonists, whereas all other mutant receptors
had comparable binding affinities, with only subtle varia-
tions being noted when multiple agonists and antagonists
were tested. These studies indicate that variations in ligand
binding affinity produced by the TMII aspartate to aspara-
gine mutation are likely due to an indirect conformational
change, rather than an alteration at the ligand binding site
itself. With respect to signal transduction, all of the afore-
mentioned mutant receptors, with the exception of the a,-
AR, lacked the ability to respond along the tested signal
pathway(s). The Asn” a,-AR mutant exhibited coupling to
both inhibition of cAMP production and suppression of cal-
cium currents via a pertussis toxin-sensitive pathway but
could not increase inwardly rectifying potassium currents.
The receptor systems in which the mutants were tested for
the ability of GTP to cause a rightward shift in binding
affinity (B,-AR and 5-HT, receptor) illustrated that the as-
partate to asparagine mutants lost the GTP-induced right-
ward affinity shift seen with their wild-type counterparts. A
previous study on the AT,, receptor mutated the conserved
aspartate not only to asparagine but also to glutamate (7).
Although the resulting mutant AT),, receptor exhibited nor-
mal binding, compared with the wild-type receptor, it dem-
onstrated a lack of both phosphoinositide hydrolysis and
calcium influx, a result identical to that for the aspartate to
asparagine mutant. A similar structure-activity relationship
study was conducted with the NK-1 receptor (15). As noted
above, the wild-type NK-1 receptor has a glutamate instead
of an aspartate in TMII (specifically, residue 78 in the NK-1
receptor). In this study, Glu” was mutated to both glutamine
and alanine, and both mutant receptors were transiently
expressed in COS cells. Although wild-type and mutant re-
ceptors exhibited comparable binding of the nonpeptide an-
tagonist L-703,606, the binding affinity of SP was reduced
28- and 379-fold with the Ala’® and GIn?® mutants, respec-
tively. With respect to phosphoinositide hydrolysis, the NK-1
receptor TMII mutants yielded essentially no response, sim-
ilarly to TMII mutagenesis studies performed with other
GPCR family members. Of interest is whether all second
messenger pathways activated by a single receptor (16) are
affected by this mutation or whether transduction is altered
only for certain pathways, as has been shown for the a,-AR
(11).

Glu’® in the NK-1 receptor is conserved among all cur-
rently cloned NK-1 receptors (17), including a recently char-
acterized bullfrog NK-1 receptor,! whereas the NK-2 and
NK-3 tachykinin receptors contain an aspartate. This strik-
ing conservation may be important for NK-1 receptor struc-
ture-function relationships; consequently, we replaced the
wild-type glutamate residue with an aspartate, lysine, or
glutamine. Stable transfection into CHO cells was performed
and clonally selected cell lines were subjected to saturation
and displacement binding analysis. Signaling studies were
performed for total IP accumulation, cAMP production, and
arachidonic acid release. Also, the effects of nonhydrolyzable
GTP analogs on agonist binding to wild-type and residue 78
mutant NK-1 receptors were studied.

Experimental Procedures

Materials. myo-[*H]Inositol (specific activity, 20 Ci/mmol) and
[®*Hlarachidonic acid (specific activity, 200 Ci/mmol) were from
American Radiolabeled Chemicals, and the RIANEN '2°I-cAMP ra-
dioimmunoassay kit was from DuPont. Oligonucleotides, Y~!-SP,
SP, and Y~ '-SPFA were synthesized by the Protein and Nucleic Acid
Chemistry Laboratory, Washington University School of Medicine,
and peptides were purified by HPLC as described previously (18).
Briefly, HPLC was performed on a Vydac C, column using an elution
gradient of 15% to 40% acetonitrile, over 50 min, in 0.2 M sodium
phosphate, pH 2.5. The retention time for Y~!-SPFA was ~31 min.
Other materials were the highest purity available from Sigma Chem-
ical Co. or Fisher Scientific and have been described previously
(19, 20).

Y 1-SP ester derivatives. Y !-SPOMe and Y !-SPOEt were
synthesized from 2.1 mg of Y !-SPFA by esterification with the
appropriate alcohol (21). The products were purified by HPLC to
=96% purity, as described above for Y~ !-SPFA. The retention times
for Y-1-SPOMe and Y !-SPOEt were ~36 min and ~39 min, respec-
tively. For Y~!-SPOMe, the yield was 1.1 mg (52%) of purified pep-
tide. For Y 1-SPOE, the yield was 1.4 mg (67%).

Radioligand preparation, binding assays, and data analy-
sis. Radioiodination of Y~ !-SP was performed using the chloramine
T oxidative iodination procedure, and '#*I-Y~'-SP was isolated by
reverse phase HPLC, with >98% purity (specific activity, 2176 Ci/
mmol). Ligand binding was performed as described previously (22).
Briefly, for displacement binding, incubation of stably transfected
CHO cells with 0.07 nM '*°].Y~1-SP was performed at 4° for 2 hr (to
equilibrium), in the presence of 1 mg/ml BSA, 20 ug/ml chymostatin,
20 pg/ml leupeptin, 0.2 mg/ml bacitracin, and increasing amounts of
unlabeled competitor. Total binding was determined by rapid filtra-
tion over no. 32 glass filters (Schleicher and Scheull). Nonspecific
binding was defined as the counts bound in the presence of 1 uM SP
and was <10% of total binding. ICg, values were determined by the
equation log [B/(B,, — B))] = ny-log (1] + ny-log IC,, where B, is the
amount (cpm) of 25I-Y~!-SP specifically bound in the presence of
unlabeled ligand, B, is the amount specifically bound in the absence
of unlabeled ligand, [I] is the the concentration of unlabeled ligand,
and ng is the indirect Hill coefficient. For saturation binding, stably
transfected CHO cells were incubated for 2 hr at 4°. Nonspecific
binding was determined for each concentration of 12°I-Y~*-SP in the
presence of 1 uM SP. Nonlinear regression analysis of the data was
performed using the program LIGAND (23). Displacement binding
assays on membrane preparations (24) were performed essentially
as described above, using 20 ug of total protein/assay tube in 50 mM
Tris-HCI, pH 7.4, 3.0 mM MnCl,. The effect of GTPyS or Gpp(NH)p
on ligand binding was assessed by preincubation of membranes for
30 min at 37° in buffer containing increasing amounts of GTPyS/

! M. A. Simmons and J. E. Krause, unpublished observations.
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Gpp(NH)p. After preincubation, membrane homogenates were incu-
bated for 2 hr at 4° with 0.07 nM '25I-Y~1-SP plus proteinase inhib-
itors (described above), followed by rapid filtration as described
previously. Displacement binding studies assessing the effect of Na*
were performed as described above but in an isotonic buffer (25) of
the following composition: 121 mM NaCl or 121 mM N-methyl-D-
glucamine chloride, 0.82 muM CaCl,, 1.18 mm MgCl,, 0.81 mm MgSO,,
5.2 mM KC], 11 mM glucose, 1 mg/ml BSA, 20 pg/ml chymostatin, 20
pg/ml leupeptin, and 0.2 mg/ml bacitracin.

Construction and expression of point-mutated NK-1 recep-
tors. Glu’ in the rat NK-1 receptor was mutated to aspartate,
lysine, or glutamine using PCR. Two sequential reactions were per-
formed. In the first PCR, two “half” receptors were generated, which
contained the desired mutation in each half. The following oligonu-
cleotides were used: for 5' receptor halves, 5' NK-1 (6'-CCAAGCT-
TGCGCCACCATGGATAACGTCCTTCC-3'), D" (5'-GCAGGCGT-
CAGCGAAGGCCA-3'), K™ (5'-GCAGGCCTTAGCGAAGGCCA-3"),
and Q™ (5'-GCAGGCCTGAGCGAAGGCCA-3') (the latter three
were used for mutation to aspartate, lysine, and glutamine, respec-
tively); for 3’ receptor halves, 3' NK-1 (5'-CGCGGATCCTAGGC-
CAGCATGTTAGAGT-3’) and the complementary oligonucleotides
for D8, K™, and Q. Twelve cycles were performed for amplifica-
tion. For the second reaction, the two halves of each mutant were
combined by strand separation and reannealing of the halves in the
reaction, followed by extension and 15 cycles of amplification. The
full length cDNAs for each mutant were isolated from low-melting
point agarose after electrophoresis and were subcloned into pBLUE-
SCRIPT using HindIll and BamHI. The nucleotide sequence of the
c¢DNAs was verified (20), and the cDNAs were subcloned into the
expression vector pM2. CHO cells, grown in minimal essential me-
dium-a containing 10% fetal bovine serum, were stably transfected
with the appropriate pM? construct using a calcium phosphate pro-
cedure described previously (22). After 6-10 days of selective growth
in the presence of 0.8 mg/ml active G418, cell clones were isolated,
propagated, and screened by ligand binding.

IP, cAMP, and arachidonic acid release assays. The accumu-
lation of total [*H]IPs was measured in the presence of LiCl, as
described previously (20). Briefly, cells that had been prelabeled with
myo-[*Hlinositol (10 xCi/ml) for 16-20 hr were washed with phos-
phate-buffered saline, harvested by scraping, and resuspended in
phosphate-buffered saline containing 0.9 mM CaCl,, 11 mM glucose,
20 mM LiCl, and 20 mM HEPES, pH 7.4, at a density of 4.0 X 10°
cells/ml. After preincubation for 15 min at 37°, the cell aliquots were
stimulated for 456 min at 37° with SP. Total IPs were purified and
quantified from cell lysates using ion exchange methods.

cAMP assays were performed as described previously (20). Cells
were washed, scraped, and resuspended in serum-free minimal es-
sential medium-a plus 1.0 mM 8-isobutyl-1-methylxanthine, at a
density of 1.0 X 10° cells/ml. After a 20-min preincubation at 37°, the
cells were incubated for 15 min at 37° with SP plus 1.0 mg/ml BSA,
20 ug/ml chymostatin, 20 ug/ml leupeptin, and 0.2 mg/ml bacitracin.
The reaction was terminated with the addition of 0.5 volume of 3.0 M
trichloroacetic acid. After centrifugation and six extractions with
diethyl ether, the cell lysates were subjected to a standardized
RIANEN !25I.cAMP radicimmunoassay.

Arachidonic acid release assays were performed using similar
procedures previously established for muscarinic cholinergic subtype
1 receptor-expressing cells (26). Subconfluent cells plated in a 12-
well format were labeled for 16-20 hr with [*Hlarachidonic acid (1
uCi/ml). The labeled cells were washed in the plate four times, for 10
min at 37°, with minimal essential medium-a plus 20 mm HEPES,
pH 7.4, and 0.2% fatty acid-free BSA, to remove unincorporated
[®*H)arachidonic acid. The cells were stimulated with SP in minimal
essential medium-a plus 20 mM HEPES, pH 7.4, 0.2% fatty acid-free
BSA, 20 pg/ml chymostatin, 20 ug/ml leupeptin, and 0.2 mg/ml
bacitracin. At the indicated time the medium, which contained re-
leased [*H]arachidonic acid that comigrated with authentic arachi-
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donic acid in thin layer chromatography, was collected, centrifuged
to remove cell debris, and counted in a scintillation counter.

Glu™ and Signal Transduction of NK-1 Receptors

Results
Radioligand Binding

Saturation binding. To determine the effect that rat
NK-1 receptor mutations at residue 78 have on ligand bind-
ing, wild-type (i.e., Glu’®) (R-NK1), Asp’® (R-E78D), Lys™
(R-E78K), and GIn’® (R-E78Q) receptors were analyzed by
saturation binding. 2°I-Y~'-SP was used to determine the
dissociation constants (K;) and numbers of receptors/cell
(B nay) for the wild-type and mutant receptors. The R-NK1,
R-E78D, and R-E78K receptors bound 2°I-Y~*-SP with sim-
ilar affinities (Table 2). The B,,,, values for R-NK1, R-E78D,
and R-E78K indicate that, in spite of subtle variations in the
numbers of sites/cell (Table 2), the two mutant receptors are
processed and appropriately expressed at the cell surface. On
the other hand, although the R-E78Q mutant transcribed a
comparable amount of mRNA (as determined by solution
hybridization) and translated a protein with an appropriate
apparent molecular weight in an in vitro translation assay,
binding of '2°I-Y~1-SP at concentrations as high as 0.7 nM
was not detected (data not shown).

Displacement binding. To assess the ligand binding
characteristics of the residue 78 mutant NK-1 receptors,
displacement binding studies were performed. Displacement
of 125I-Y~1.SP by SP, Y~ 1-SPFA, Y 1-SPOMe, Y~ '-SPOE,
and the nonpeptide antagonist CP-96,345 was performed.
The IC,, values derived from the whole-cell binding assays
indicate that the binding affinities of the mutant NK-1 re-
ceptors are either indistinguishable or minimally different
from those of the wild-type receptor (Table 3). To demon-
strate agonist binding to the R-E78Q mutant receptor, a
displacement binding study was performed on membrane
homogenates prepared from wild-type and mutant receptors,
including R-E78Q. Displacement of 0.07 nM *25I-Y~!.SP with
SP yielded IC4, values comparable to those determined in
whole-cell binding studies, with the exception of R-E78Q,
which demonstrated no detectable binding under these con-
ditions (data not shown).

Regulation of ligand binding affinity by monovalent cat-
ions has been observed with members of the GPCR family
such as the a,-AR, dopamine D, receptor, and muscarinic
acetylcholine receptor. It has been suggested that the carbox-
ylate ion of the TMII aspartate residue pairs with Na* and
allosterically modulates binding affinity. Displacement of
1251.Y~1.SP by SP was performed with both wild-type (Glu’®)
NK-1 receptors and residue 78 mutants, with particular at-
tention to the effect of Na* versus the Na* substitute N-

TABLE 2
Saturation binding of wild-type and residue 78 mutant NK-1
receptors

All experiments were performed in duplicate on whole cells, and data are ex-
pressed as the average *+ standard error of eight independent experiments.

] 10° sites/cell
R-NK1 0.211 *= 0.043 240.2 = 45.7
R-E78D 0.354 * 0.064 318.3 + 66.4
R-E78K 0.257 *+ 0.024 205.6 + 24.4
R-E78Q ND* ND

* ND, binding not detected.
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TABLE 3

Displacement of '2%1-Y~'-SP binding to wild-type and residue 78 mutant NK-1 receptors
Results were derived from displacement studies utilizing the indicated agonist or antagonist. Displacement studies were performed in duplicate on whole cells, as
described in Experimental Procedures, and data are expressed as the average * standard error. All experiments yielded a Hill coefficient of ~1. The numbers in

parentheses represent the numbers of independent experiments performed.

ICso
Receptor
SP Y~1-SPOMe Y~1-SPOEt Y~ 1-SPFA CP-96,345
M
R-NK1 1.1+02@) 51+2(3) 32+4(4) 400 * 47 (2) 2743
R-E78D 0.6 = 0.08 (3) 13+x1(2) 32+x1() 390 +10(2) 25+7@)
R-E78K 0.6 = 0.13 (3) 19+2@Q) 59 + 14 (4) 340 + 20 (2) 84 + 17 (3)

methyl-pD-glucamine chloride (as described in Experimental
Procedures). IC;, values derived for R-NK1, R-E78D, and
R-E78K with and without Na* (0.43/0.40 nM, 1.18/1.19 nM,
and 0.55/0.42 nM, respectively) suggest that no such effect is
observed with the NK-1 receptor regardless of the residue 78
identity. A similar result was reported for the AT,, receptor
(7), where Na* had no major effect on K, values for either
wild-type (Asp”*) or mutated (Asn”* and Glu”*) receptors. In
addition, saturation binding experiments were performed to
study the effect of Na* on the binding of [*HJSP to rat
submaxillary-sublingual membranes (24). These data also
showed no Na* effect on agonist binding. The ability of Na*
to allosterically regulate ligand binding to GPCRs varies
regardless of the identity of the conserved TMII residue (7). It
is likely that additional unidentified receptor regions play a
role in the allosteric regulation of agonist binding by Na™*.
The displacement binding data coupled with the saturation
binding data demonstrate that agonist binding to the residue
78 mutant NK-1 receptors R-E78D and R-E78K is virtually
identical to that to the wild-type rat NK-1 receptor (Tables 2
and 3).

Second Messenger Response Characteristics

IP accumulation. The effects of the residue 78 NK-1
receptor mutations on SP-induced IP accumulation were ex-

amined as described in Experimental Procedures. Fig. 1A
shows that, whereas the wild-type and R-E78D receptors
yielded nearly identical dose-response curves, the R-E78K
mutant produced no detectable IPs in paired experiments.
Further analysis illustrated that even at SP concentrations
as high as 10 uM the R-E78K mutant was unresponsive (data
not shown). Dose-response studies performed with wild-type
and R-E78D receptors yielded comparable EC,, values (0.69
nM and 0.30 nM, respectively) (Fig. 1B), suggesting that these
two receptors possess similar abilities to activate phospho-
lipase C. The levels of IP accumulation (4.4-fold above basal
levels) and ECg, values are comparable to our previous data
on wild-type rat NK-1 receptors (20) and provide sufficient
levels of signal for us to conclude that the Lys’® mutation
markedly attenuates SP-induced phosphoinositide hydroly-
gis. Additional assays were performed with particular atten-
tion to the SP-induced accumulation of IPs from the R-E78Q
mutant. At SP concentrations as high as 10 uM, no [*H]IPs
were detected with the R-E78Q mutant (data not shown).
cAMP production. We and others previously demon-
strated that wild-type rat NK-1 receptors stably expressed in
CHO cells are able to mediate SP stimulation of adenylate
cyclase, leading to measurable cAMP production (20, 22, 27).
SP-stimulated cAMP production assays were performed with
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Fig. 1. SP stimulation of wild-type and residue 78 mutant NK-1 receptors. CHO cells stably transfected with the wild-type rat NK-1 receptor (O)
or the residue 78 receptor mutant R-E78D ([J) or R-E78K (A) were stimulated with increasing amounts of SP and assayed with respect to total
IP accumulation (A and B), cAMP production (C and D), and arachidonic acid release (E and F), as described in Experimental Procedures. Upper
panels A and E show % total label, which is defined as the amount of [*H] IPs or [*H] arachidonic acid produced or released, divided by the total
cellular radioactivity incorporated. Upper panel C represents the total amount of CAMP produced. Lower paneis B, D, and F the extent
of response at the indicated agonist concentration divided by the maximum response. All experiments were performed in duplicate, with all three
receptor forms being assayed concurrently, and each data point represents the average + standard error of three independent experiments.
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wild-type rat NK-1, R-E78D, and R-E78K receptors as de-
scribed in Experimental Procedures. As illustrated in Fig.
1C, both wild-type and R-E78D receptors yielded a dose-
dependent cAMP response, resulting in comparable levels of
cAMP production. The R-E78K mutant produced no detect-
able cAMP increase at SP concentrations as high as 1 um.
Whereas the wild-type receptor yielded an ECg, for cAMP
production of 6.4 nM, comparable to our previous results (20),
the R-E78D mutant had a somewhat reduced ECg, of 1.8 nM
(Fig. 1D). Using the cAMP production assay system described
above, we detected a maximal production above basal levels
of 11.4, 14.8, and 0.3 pmol of cAMP for wild-type, R-E78D,
and R-E78K receptors, respectively. These data demonstrate
a marked reduction in the ability of the R-E78K mutant
receptor to activate adenylate cyclase.

Arachidonic acid release. Phospholipase A, activity
leads to the direct release of arachidonic acid from a variety
of phospholipids that, along with products of further oxida-
tive metabolism, are involved in a variety of physiological
responses. Agonist-stimulated arachidonic acid release has
recently been demonstrated for the NK-2 receptor expressed
in CHO cells (28). To determine whether the R-E78K mutant
can stimulate the release of arachidonic acid, wild-type and
residue 78 mutant NK-1 receptors were subjected to an
[®Hlarachidonic acid labeling procedure and examined for
agonist-stimulated arachidonic acid release as described in
Experimental Procedures. As illustrated in Fig. 1, E and F,
both wild-type and R-E78D mutant NK-1 receptors exhibited
a dose-dependent and saturable arachidonic acid release re-
sponse to SP stimulation (Fig. 1E). The R-E78K mutant
remained largely unresponsive to stimulation by SP. The
arachidonate release assay provided 29- and 40-fold stimu-
lation over basal levels for R-NK1 and R-E78D, respectively.
This sensitive assay illustrated two points not seen in the
previous response assays, i.e., 1) the basal and maximal
responses from the R-E78D mutant were reproducibly
greater than those from the wild-type receptor and 2) the
R-E78K mutant demonstrated a limited but detectable re-
sponse, culminating in a maximal stimulation of 3.3-fold over
basal levels. No detectable arachidonic acid release was ob-
served in untransfected CHO cells stimulated with up to 1.0
uM SP, demonstrating that the detectable arachidonic acid
release observed in the R-E78K cell line was not due to
endogenous NK-1 receptor expression. The R-E78D mutant
possessed a somewhat lower ECy,, compared with that of
wild-type NK-1 receptors (0.5 nM and 1.2 nM, respectively).
The enhanced sensitivity of the assay resulted in determina-
tion of an EC;, for R-E78K of 4.3 nm.

Regulation of ligand binding by G proteins. With
respect to GPCRs, GTP and nonhydrolyzable analogs cause a
shift in the receptor from a higher to a lower affinity state.
This shift is generally considered to indicate an effective
interaction with one or more G proteins. Because the ability
of the R-E78K receptor to transduce signals to various effec-
tor proteins was severely attenuated (Fig. 1), an experiment
designed to assess coupling to G proteins was performed.
Membrane preparations derived from CHO cells stably
transfected with wild-type, R-E78D, or R-E78K receptors
were preincubated with increasing amounts of the nonhydro-
lyzable GTP analog GTP+S before a 2-hr incubation with 0.07
nM 1251.Y~1.SP (see Experimental Procedures). The amount
of bound ligand was determined and expressed as a percent-
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age of the maximal binding in the absence of GTP+S (Fig. 2).
The results demonstrated a 68% decrease in high affinity
binding with the wild-type receptor, whereas the R-E78D
and R-E78K mutant receptors showed 43% and 34% de-
creases, respectively. Comparable data were obtained when
Gpp(NH)p was used as the GTP analog (data not shown).

Discussion

The results presented in this study further document the
importance of the highly conserved acidic residue in TMII of
GPCRs. The NK-1 receptor is unique, in that it possesses a
glutamate at position 78, compared with the aspartate in
most other GPCRs, as described in the introduction. In con-
trast to the AT,, receptor, in which glutamate was unable to
replace aspartate at this position with regard to maintenance
of intracellular signaling, the R-E78D receptor, stably trans-
fected into CHO cells, responds similarly to the wild-type
receptor with respect to agonist activation of IP turnover,
cAMP accumulation, and arachidonic acid release. This re-
ceptor mutant, as well as the R-E78K mutant, shows normal
agonist and antagonist binding, in contrast to the B,-AR (12)
and LH/CG receptor (8), where mutation of the conserved
aspartate residue leads to dramatic binding affinity changes.
Although alteration of the charge characteristics of this res-
idue with a glutamate to lysine conversion results in a NK-1
receptor that is folded and assembled on the cell surface, the
receptor is unable to activate IP and cAMP responses and
only weakly activates arachidonic acid release. Recently,
Huang et al. (15) mutated residue 78 in the human NK-1
receptor to alanine and glutamine; the former mutant dis-
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Fig. 2. Effect of GTP¥S on SP binding to wild-type and residue 78
mutant NK-1 receptors. CHO cells stably transfected with the wild-type
rat NK-1 receptor (O) or the residue 78 receptor mutant R-E78D ((J) or
R-E78K (A) were harvested and used to prepare membrane prepara-
tions. Membrane preparations were preincubated with increasing
amounts of GTP9S, incubated with 0.07 nm 25]-Y~'-SP, and subjected
to rapid filtration as described in Experimental Procedures. Data are
plotted as the percentage of maximal binding that occumred in the
absence of GTP+S. Each data point the average of two
independent experiments performed in duplicate, with the standard
error being <12% of the mean value reported.
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played a 28-fold decrease in agonist displacement of antago-
nist binding, while lacking IP responsiveness, and the latter
displayed a 379-fold decrease in agonist displacement of an-
tagonist binding, with IP responsiveness being reduced by
80%. Because these binding studies were performed on mem-
brane preparations, it was not clear that the mutant recep-
tors were properly assembled on the cell surface. Taken to-
gether, these results document the importance of the TMII
acidic residue in receptor-effector coupling processes and
highlight the differences in the effects of mutations at this
site among several members of the GPCR superfamily.

The NK-1 receptor has been shown previously to directly
activate IP metabolism and cAMP production in transfected
cell systems (20, 27). As cited in these references, IP metab-
olism is a typical NK-1 receptor-mediated response, whereas
cAMP production may be relevant in only a limited number
of cellular situations. Activation of arachidonic acid release
has not been an extensively studied property of the NK-1
receptor, although astrocytes and some other cells have been
shown to release arachidonic acid or its metabolic products in
response to SP stimulation (29, 30). NKA activation of
arachidonic acid release has recently been reported in an
NK-2 receptor-transfected CHO cell line (28), and it has been
concluded that this effector system requires the activation of
a G protein complex distinct from G,/1,, in conjunction with
activation of protein kinase C and stimulation of extracellu-
lar Ca®* entry. The ECg, for SP stimulation of arachidonic
acid release in rat NK-1 receptor-transfected CHO cells is
similar to that for the stimulation of IP metabolism (1.2 nM
and 0.7 nM, respectively). In our studies, the mechanism by
which SP activates arachidonic acid release is not completely
understood and is currently under investigation. Based on
our finding that the arachidonic acid release assay is more
sensitive than the IP or cAMP assays, the detection of an
arachidonate release response with the R-E78K mutant may
be due to this increased assay sensitivity. Consequently, this
NK-1 receptor mutant, although severely compromised, is
not completely dysfunctional. To date, the clearest example
of a TMII aspartate mutation that results in a separation of
effector system activity is that of the a,-AR, in which an
aspartate to Asn’® mutation results in blockade of K* cur-
rent coupling but retention of Ca%* current and adenylate
cyclase coupling (11). Our mutational studies with the rat
NK-1 receptor residue 78 mutants have not clearly demon-
strated a separation of multiple effector system activities.

Although the agonist and antagonist binding pockets of
R-NK1, R-E78D, and R-E78K appear to be similar, the
R-E78K mutant receptor displays a marked attenuation of its
coupling to phosphoinositide turnover, cAMP production, and
arachidonic acid release, indicating that linkage to effector
systems requires more than high affinity binding of agonist.
Structure-activity relationship studies with both GnRH and
AT,, receptors (31, 32) suggest that a hydrogen-bonding net-
work involving the highly conserved TMII residue (Asn®’ and
Asp™ in the GnRH and AT,, receptors, respectively) and a
conserved residue in TMVII may be important for this link-
age. Similar interhelical interactions may take place in the
NK-1 receptor.

In the presence of high concentrations of GTPyS, 2°I-
Y ~1-SP binding to the wild-type NK-1 receptor is reduced to
32% of its original value (Fig. 2), a reduction somewhat less
than, but consistent with, results from other studies of the

NK-1 receptor in tissue preparations (22, 33). Because the
concentration of 12°I-Y~1-SP used in this study is such that it
binds only to the high affinity state of the receptor, the data
show that ~30% of high affinity binding is GTPyS insensi-
tive. This may be the result of a population of receptors in a
state that exhibits high affinity for the receptor but is not
coupled to G proteins. A receptor in such a state has been
proposed to exist based on mutational analysis of ARs and is
represented as R* in the extended or allosteric ternary com-
plex model proposed by Samama et al. (34).

The mutant receptors R-E78D and R-D78K show a greater
percentage of binding that is resistant to GTP¥S than does
the wild-type receptor (Fig. 2). This suggests that for both
mutant receptors, compared with wild-type receptor, a
greater percentage of high affinity binding interactions may
occur with uncoupled receptors (as HR*), rather than with
coupled receptors (as HR*G). This may be the result of de-
creased affinity of the G protein complex for the receptor
and/or decreased ability of SP to stabilize the R*G interaction
[which corresponds to a decrease in the constants M and/or a,
as defined by Samama et al. (34)]. There are several possible
explanations as to why binding to R-E78K displays some
GTP+S sensitivity but exhibits little or no second messenger
response. One potential mechanism involves the association
of G proteins with R-E78K receptors that do not activate
effector pathways or activate second messenger pathways
that have not yet been identified. An alternative explanation
is that, although G proteins can associate with R-E78K, the
interaction is altered from the native situation in such a way
as to impair the release and activation of the G proteins.
Although regulation of binding by guanine nucleotides may
be a gross measure of receptor-G protein coupling, this study
demonstrates that this is not necessarily predictive of effi-
cient second messenger production.

In summary, whereas the identity of the highly conserved
TMII residue in NK-1 receptors (Glu’®) appears to play a
minimal role in high affinity agonist binding, its role in
signal transduction is critical. Although it is not mechanisti-
cally clear how this residue is involved, it may play a role in
maintaining receptor conformation, as a result of its charge
or hydrogen-bonding properties, in concert with other con-
served TM residues. To probe further the functional nature of
these conserved regions, studies designed to assess the pos-
sible involvement of hydrogen bonding in the signal trans-
duction process of the NK-1 receptor are currently underway.
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