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ABSTRACT: As in most other seven-transmembrane receptors, the central disulfide bridge from the
extracellular end of TM-III to the middle of the second extracellular loop was essential for ligand binding
in the NK1 receptor. However, introduction of “extra”, single Cys residues in the second extracellular
loop, at positions where disease-associated Cys substitutions impair receptor function in the vasopressin
V2 receptor and in rhodopsin, did not cause mispairing with the Cys residues involved in this central
disulfide bridge. Cys residues were introduced in the N-terminal extension and in the third extracellular
loop, respectively, in such a way that disulfide bridge formation could be monitored by loss of substance
P binding and breakage of the bridge could be monitored by gain of ligand binding. This disulfide bridge
formed spontaneously in the whole population of receptors and could be titrated with low concentrations
of reducing agent, dithiothreitol. Another putative disulfide bridge “switch” was constructed at the
extracellular ends of TM-V and -VI, i.e., at positions where a high-affinity zinc site previously had been
constructed with His substitutions. Disulfide bridge formation at this position, monitored by loss of binding
of the nonpeptide antagonist [3H]LY303.870, occurred spontaneously only in a small fraction of the
receptors. It is concluded that disulfide bridges form readily between Cys residues introduced appropriately
in the N-terminal extension and the third extracellular loop, whereas they form with more difficulty between
Cys residues placed at the extracellular ends of the transmembrane segments even at positions where
high-affinity metal ion sites can be constructed with His residues.

Cysteine residues are found quite frequently in G protein-
coupled or seven-transmembrane segment receptors (7TM
receptors).1 Depending on the receptor domain in which they
occur, they obviously play different structural and functional
roles. In the transmembrane segments, Cys residues are
usually just used as small hydrophobic residues mostly facing
the lipid bilayer. In the C-terminal intracellular extension,
one or several Cys residues are frequently located 15-20
residues after TM-VII and are here involved in a dynamic,
reversible palmitoylation process which is regulated by
receptor usage (1). In the extracellular domains, Cys residues
are believed most often to be involved in intramolecular
disulfide bridge formation. Recently, it has also been
demonstrated that intermolecular disulfide bridges can be
formed as part of dimerization events, for example, in some
of the metabotropic glutamate receptors and the Ca2+-sensing
receptor (2-4). However, many receptors appear to form
dimers and oligomers without intermolecular disulfide

bridges (5). In contrast, one of the most well-conserved
structural features of 7TM receptors is a putative disulfide
bridge from the extracellular end of TM-III to the middle of
extracellular loop 2. This disulfide bridge transforms extra-
cellular loop 2 into two short loops connecting the extra-
cellular end of TM-III to TM-IV and -V, respectively. TM-
III is located very much in the center of the seven-helix
bundle (6-11), and the fact that it is connected to the rest
of the helical bundle by four small loops and not only by
the two protein backbone loops underlines the crucial
structural and possible functional role of this helix. Muta-
tional analysis of the Cys residues involved in this presumed
central disulfide bridge in, for example, rhodopsin, theâ2-
adrenergic receptor, and the angiotensin AT1 receptor has
demonstrated the importance of this bridge for the structural
and functional integrity of the receptors (12-16).

In a number of 7TM receptors, two additional Cys residues
are found in the N-terminal extension and in the third
extracellular loop. Although they are located far from each
other in the primary structure, these residues are likely to
be in spatial proximity in the folded seven-helix bundle (7,
11), and hence, they are likely to form a second structurally
constraining disulfide bridge. Such a bridge would create
an extra loop between TM-I and -VII and thereby “close
up” the circle of the seven-helix bundle. However, whether
such a bridge is in fact formed is difficult to probe.
Substitutions of these Cys residues in some cases such as
the chemokine CXCR-1 and CCR-2 receptors seriously
impair agonist binding (17, 18), whereas in other cases, such
as the bradykinin B2 receptor (19) and the NPY Y1 receptor,
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it has a negligible effect on ligand binding (unpublished
observations).

Certain diseases associated with receptor malfunction are
caused by the introduction of a single, extra Cys residue in
extracellular loop 2. Hereditary, nephrogenic diabetes in-
sipidus in which the kidneys are insensitive to the antidiuretic
hormone vasopressin is associated with a number of different
mutations in the vasopressin V2 receptor (20-27). Interest-
ingly, a disproportionate number of these mutations, which
are located in extracellular loop 2, are Cys substitutions (27).
Similarly, one of the rhodopsin mutations causing retinitis
pigmentosa is an introduction of a single Cys in extracellular
loop 2 (28-31). Thus, apparently an extra, single Cys residue
is not allowed in these receptors in extracellular loop 2.

In the study presented here, we have performed a number
of substitutions and introductions of Cys residues in the
tachykinin NK1 receptor. The aim was to probe the impor-
tance of the presumed central disulfide bridge, and the effect
of introduction of single “free” Cys residues in extracellular
loop 2 to test if a malfunctioning receptor phenotype could
be induced and characterized, and to try to introduce
functional disulfide bridge “switches”. Rather extensive
mutational analysis has previously been performed on this
receptor with respect to characterizing especially ligand-
receptor interactions (32-42) and metal ion site engineering
(43-46). Residues that are important for the binding of the
peptide agonist, substance P, have been identified in the
N-terminal extension and at the exterior ends of TM-III and
-VII ( 32, 40). Interestingly, affinity cross-linking studies
using chemically modified substance P analogues have
identified an additional major interaction site as a methionine
residue, Met181, apparently located in the middle of extra-
cellular loop 2 but, importantly, close to the conserved Cys
residue in this loop (47). Thus, because this Cys residue
makes a disulfide bridge to the Cys residue at the extracel-
lular end of TM-III in the folded receptor structure, Met181

is in fact not found far out in an extracellular loop but more
likely just one helical turn above a His residue in TM-III,
His108 (HisIII:04), which through mutational analysis has
been implicated in peptide binding (32). Thus, the agonist
binding site is composed of many residues scattered in the
primary structure even far out in the extracellular loop, but
in fact making a binding pocket around the extracellular ends
of TM-III, -VI, and -VII. Mutations which affect the binding
of nonpeptide antagonists have been located more deeply in
the receptor between the helices, especially among TM-III-
VI (34-39, 48, 49). These differences in binding sites for
peptide agonists and nonpeptide antagonists are exploited
in the study presented here, where, for example, the Cys
substitutions and disulfide bridge engineering affect peptide
binding, but where a radioactive nonpeptide antagonist still
binds normally and therefore can serve as a control ligand.

EXPERIMENTAL PROCEDURES

Peptide and Reagents.The nonpeptide NK1 receptor
antagonist LY303.870 [(R)-1-[N-(2-methoxybenzyl)acetyl-
amino]-3-(1H-indol-3-yl)-2-[N-(2-(4-(piperidin-1-yl)piperi-
din-1-yl)acetyl)amino]propane] (50) was generously provided
by P. A. Hipskind (Lilly Research Laboratories, Indianapolis,
IN). Substance P was obtained from Peninsula. Dithiothreitol
(DTT) was from Boehringer Mannheim. Restriction endo-

nucleases were from New England Biolabs and Life Tech-
nologies. T4 DNA polymerase was from Life Technologies.
Pfu polymerase was from Stratagene. [125I]Bolton-Hunter
reagent was from Amersham.

Construction of Receptor Mutants.The cDNA encoding
the human NK1 receptor, generously provided by N. P.
Gerard (Boston, MA), was cloned into the pTEJ-8 expression
vector (51). Mutations were introduced either by combined
extension of mutated internal primers by T4 DNA poly-
merase followed by selective amplification of the mutated
DNA strand by the polymerase chain reaction (PCR) from
added-on external primers according to methods described
in ref 52 or by recombinant PCR (53, 54) on a single-
stranded M13 bacteriophage template of the NK1 receptor
(35). All PCRs were performed usingPfu polymerase
according to the manufacturer’s instructions. The PCR
fragments were digested with restriction endonucleases,
purified by agarose gel electrophoresis, and ligated into the
pTEJ-8-NK1 receptor. All mutations were verified by restric-
tion endonuclease mapping and by DNA sequence analysis
(ALFexpress DNA sequencer, Amersham-Pharmacia Bio-
tech).

Transfections and Tissue Culture.Cloned receptors were
transiently expressed in COS-7 cells transfected by calcium
phosphate precipitation according to previously reported
methods (55). COS-7 cells were grown in Dulbecco’s
Modified Eagle’s Medium 1885 supplemented with 10% fetal
calf serum, 2 mM glutamine, and 0.01 mg/mL gentamicin
in 10% CO2 and 90% air.

Binding Experiments.Monoiodinated [125I]Bolton-Hunter-
labeled substance P ([125I]BH-SP) was prepared and purified
by high-performance liquid chromatography (55). [3H]-
LY303.870 was generously provided by P. A. Hipskind. The
transfected COS-7 cells were transferred to culture plates 1
day after transfection and assayed 2 days after transfection.
Competition binding and titration experiments were per-
formed on whole cells at 4°C for 3 h using 40 pM [125I]-
BH-SP with variable amounts of unlabeled peptide or DTT
in 0.5 mL of 50 mM Tris-HCl buffer (pH 7.4) containing
150 mM NaCl, 5 mM MnCl2, 0.1% (w/v) BSA (Sigma),
and 100µg/mL bacitracin. All determinations were carried
out in triplicate, and the level of nonspecific binding was
determined as the level of binding in the presence of 1µM
substance P. Competition binding data were analyzed and
IC50 values determined by nonlinear regression analysis using
Prizm (GraphPad Software, San Diego, CA). Values of the
dissociation constants (Kd) and the number of binding sites
(Bmax) were estimated from competition binding data using
the equationsKd ) IC50 - L andBmax ) (B0IC50)/L, where
L is the concentration of radioligand andB0 is the amount
of specific bound radioligand.

Cu2+(phenanthroline)3 Disulfide Cross-Linking.Cells were
washed in 50 mM Tris-HCl buffer (pH 7.4) containing 150
mM NaCl and 5 mM MnCl2 and incubated with 1 mM Cu2+-
(phenanthroline)3 in 10 mM sodium phosphate buffer
containing 3.3% (v/v) glycerol (pH 7.0) for 30 min at 37
°C. Cells were washed, and binding was performed as
described above.
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RESULTS

Probing the Obligatory Disulfide Bridge.The two cysteine
residues presumed to be linked in a disulfide bridge between
the extracellular end of TM-III, Cys105, and the middle of
the second extracellular loop, Cys180, were substituted for
serine residues (Figure 1). Substitution of either Cys105 or
Cys180 separately in both instances eliminated detectable
binding of the radiolabeled substance P (Table 1). To test
whether it was the lack of the putative disulfide bridge or
the presence of the free thiol group of the remaining Cys
residue that impaired substance P binding, the double mutant
Cys105Ser/Cys180Ser was also constructed. Again, this double
mutant did not exhibit any detectable radioligand binding,
suggesting that the putative disulfide bond is essential either
for receptor binding of the endogenous ligand substance P

or for the general expression of the mutant receptors or both
in accordance with previous studies (12-15, 19) (Table 1).

Introduction of Cys Residues in Extracellular Loop 2.Two
residues in the NK1 receptor, Thr173 and Ile191 located just
outside TM-IV and -V, respectively, were selected for Cys
substitutions since they correspond to positions in the
vasopressin V2 receptor and rhodopsin where Cys substitution
is associated with impaired receptor function in the hereditary
diseases nephrogenic diabetes insipidus (vasopressin V2

receptor) and retinitis pigmentosa (rhodopsin) (20-31).
Introduction of a single cysteine at position Ile191 did not
impair substance P binding with an affinity of 0.14 nM,
virtually identical to the value of 0.22 nM for the wild-type
(Table 1). Introduction of cysteines at both positions Thr173

and Ile191 again did not decrease but in fact increased the
affinity for substance P to 0.11 nM (Table 1). Similarly,
combining cysteines at position Ile191 in extracellular loop 2
and position Leu279 in extracellular loop 3 (see below) did
not impair binding of substance P (Table 1). Hence, the
introduction of novel cysteines in extracellular loop 2 is
tolerated in the NK1 receptor at least at these positions in
contrast to the vasopressin V2 receptor and rhodopsin.

Attempt To Establish a Disulfide Bridge Switch between
the N-Terminal Extension and Extracellular Loop 3.A
disulfide bridge is presumed to be present in certain receptors
on the basis of the concomitant occurrence of single Cys
residues both in the N-terminal extension close to TM-I and
in the middle of the third extracellular loop. However, it has
as yet only been possible to address the presence of such a
disulfide bridge by conventional mutational analysis using
loss of function as a monitor (16-18, 56, 57) with all the
well-known uncertainties that implies. Instead, we here try
to construct a disulfide bridge, which in its oxidized,

FIGURE 1: Serpentine diagram of the human NK1 receptor. Black letters on yellow circles represent residues substituted with cysteine or
serine probing existing and engineering of new disulfide bridges. White letters on orange circles represent endogenous cysteines substituted
withr Val, Ser, Ala, or Phe aimed at constructing a∆Cys-NK1 receptor devoid of free cysteines. White letters on red circles represent
residues previously implicated in binding or cross-linking of substance P to the NK1 receptor. The putative disulfide bridge between the
extracellular end of TM-III and the second extracellular loop is indicated. Helices have been extended on the intracellular side according
to Hubbell and co-workers (70, 71).

Table 1: Binding of Substance P to Wild-Type and Cysteine
Mutants of the NK1 Receptor

substance P

Kd ( SEM (nM) n
Bmax (fmol/

100000 cells)

substituted cysteines
NK1 0.22( 0.04 (0.90( 0.05)c 7 86( 11
[C105S] NB 2 -
[C180S] NB 2 -
[C105S/C180S] NB 2 -

introduced cysteines
[P22C] 0.12( 0.02 (1.04( 0.06) 7 6.0( 0.8
[L279C] 0.19( 0.04 (0.95( 0.07) 6 59( 16
[P22C/L279C] state Ia NBb 5 -
[P22C/L279C] state IIa 0.13( 0.02 (0.98( 0.09) 5 3.0( 1.2
[I191C] 0.14( 0.05 (1.06( 0.04) 3 8.0( 2.9
[T173C/I191C] 0.11( 0.02 (1.10( 0.08) 7 16( 5
[I191C/L279C] 0.08( 0.01 (0.89( 0.02) 3 17( 3

a Ses Figure 5 for the definition of states I and II.b NB, no detectable
radioligand binding.c Hill coefficients.
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connected form should constrain the conformation of the
extracellular extension and loops of the receptor in a way
which should prevent the binding of the peptide agonist;
however, in its reduced, disconnected form, it should behave
like the wild-type receptor. Pro22, located approximately 10
residues before the start of TM-I, was selected for Cys
substitution in the N-terminal extension because the neigh-
boring residues (Asn23-Gln24-Phe25) by Ala substitution have
been strongly implicated in substance P binding (32). Leu279,
located in the middle of the third extracellular loop, was
selected for Cys substitution as a possible disulfide bridge
partner for Cys22 on the basis of the fact that a Cys residue
is found at the corresponding position in extracellular loop
3 of the homologous human NK2 receptor and is suspected
to be involved in a disulfide bridge to the N-terminal
extension in that receptor. Introduction of Cys residues
corresponding to position Pro22 or Leu279 in the NK1 receptor
did not impair substance P binding when performed indi-
vidually with an affinity for the peptide of 0.12 and 0.19
nM, respectively (Figure 2A and Table 1), indicating that
cysteines at these positions are allowed and do not induce,
for example, mispairing with any of the conserved Cys105

or Cys180 residues. However, when the Cys substitutions of
Pro22 and Leu279 were combined in a double mutant, the
binding of the radioactive substance P tracer was eliminated,
suggesting that a constraining disulfide bridge had been
formed between Cys22 and Cys279 (Figure 2A). In contrast,
the nonpeptide antagonist LY303.870 bound to the [P22C/
L279C]NK1 receptor construct with an affinity similar to that
observed in the wild-type receptor (Figure 2C), indicating

that the loss of substance P binding was not due to the lack
of expression of the receptor mutant.

Titration with the reducing agent DTT was performed to
probe whether the artificially constructed and conceivably
more solvent-exposed disulfide bridge located several resi-
dues removed from the extracellular end of the transmem-
brane segments could be opened without breaking the
structurally important, central disulfide from the extracellular
end of TM-III. In the wild-type NK1 receptor, the binding
of substance P was impaired by DTT only at high concentra-
tions, i.e., above 10 mM (Figure 3A). In contrast, in the
double mutant [P22C/L279C]NK1, which could not bind
radioactive substance P under normal conditions, treatment
with low DTT concentrations, i.e., 0.03-0.5 mM, restored
substance P binding (Figure 3B). This indicates that the lack
of binding of radioactive substance P to the [P22C/L279C]-
NK1 receptor is caused by the spontaneous2 formation of a
disulfide bond between the two Cys residues and not by the
combined introduction of these residues. Like in the wild-
type receptor, concentrations of reducing agent greater than
10 mM impaired substance P binding also in the [P22C/
L279C]NK1 receptor construct (Figure 3B). In both receptors,
this loss of substance P binding at high DTT concentrations
is presumably caused by reduction of the central disulfide
bond between the extracellular end of TM-III and the second
extracellular loop, which according to the [C105S/C180S]-
NK1 receptor construct is essential for receptor integrity. To

2 The word spontaneous is here used to describe the fact that the
disulfide bridge is formed without addition of any additional oxidizing
agent or catalyst besides oxygen in the air.

FIGURE 2: Engineering of a disulfide bridge switch between the N-terminal extension and extracellular loop 3. (A) Cysteine substitution
of either Pro22 (4) or Leu279 (]) did not impair agonist binding; however, combination of these in the double mutant [P22C/L27C] (O)
eliminated agonist binding. (0) Wild-type NK1 receptor. (B) Selective reduction of the engineered disulfide bridge between Cys22 and
Cys279 with 1 mM DTT (black symbols) salvages the binding of the agonist. White symbols depict data for the treatment with buffer only:
(0 and9) wild-type NK1 receptor and (O andb) [P22C/L27C]. (C) Binding of the nonpeptide antagonist LY303.870 is unaffected by the
engineered disulfide bond.Kd values were as follows: [P22C/L279C], 0.37( 0.12 nM (with 1 mM DTT) and 0.19( 0.06 nM (with
buffer); wild-type NK1 receptor, 0.34( 0.17 nM (with 1 mM DTT) and 0.33( 0.05 nM (with buffer). Symbols as in panel B. (D)
High-affinity substance P competition for [3H]LY303.870 binding only occurs with the [P22C/L279C]NK1 receptor construct in the reduced
form. Symbols as in panel B.
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verify that the reduced form of the [P22C/L279C]NK1

receptor had a phenotype comparable to those of the [P22C]-
NK1 and [L279C]NK1 receptor constructs, competition
binding experiments were performed in the presence of 1
mM DTT (Figure 2B). Under these conditions, the [P22C/
L279C]NK1 receptor construct exhibited an affinity for
substance P of 0.13 nM, i.e., virtually similar to those of the
receptor constructs with single Cys substitutions and to that
of the wild-type receptor. The competition binding curve of
the wild-type receptor was unchanged under these conditions
(Figure 2B). Also, the binding of LY303.870 was virtually
identical with and without reduction by DTT, i.e., 0.37(
0.12 and 0.19( 0.06 nM, respectively, and importantly
similar to the affinity observed in the wild-type NK1 receptor,
0.34 ( 0.17 and 0.33( 0.05 nM with and without DTT,
respectively (Figure 2C), whereas high-affinity substance P
competition for [3H]LY303.870 binding only occurred with
the [P22C/L279C]NK1 receptor construct in the reduced form
(Figure 2D).

Attempt To Build a Disulfide Bridge Switch between TM-V
and -VI.Previously, we have by introduction of His residues
constructed a high-affinity metal ion site between TM-V and
-VI (43). At this location, we here try to build a disulfide
bridge switch, which should affect especially the binding of
nonpeptide antagonists (34, 36). This site is located at the

very ends of the transmembrane helices as such and could
therefore be expected to be more conformationally con-
strained than the site used for the other artificial disulfide
bridge described above, which was located relatively far out
in the extracellular loops (Figure 1).

To work with a cleaner system, we initially engineered a
series of constructs where free Cys residues were substituted
in groups in the NK1 receptor, which also would make the
receptor more suitable for future biophysical studies using
Cys labeling, for example, with spin-labels and flourescent
labels. Four Cys residues were not substituted, viz., the two
involved in the naturally occurring central disulfide bridge
from TM-III to extracellular loop 2 and the two residues,
Cys322 and Cys323, in the C-terminal intracellular extension
and presumably involved in palmitoylation events. The
remaining Cys residues were substituted in groups with either
Val, Ser, Ala, or Phe to preserve high-affinity ligand binding
and the high expression level as shown in Table 2. Initially,
a construct in which Cys residues in transmembrane helices
IV-VI were substituted (dubbed∆CysIV-VI-NK1, which
corresponds to [C152V/C199V/C255V/C260S]NK1) was
created. This construct bound LY303.870 with an affinity
identical to that of wild-type NK1 (Table 2). Finally, a
construct suited for biophysical studies called∆Cys-NK1,
which corresponds to [C152V/C199V/C255V/C260S/C306A/
C307F/C386S]NK1, was created. This construct bound
substance P with an affinity of 0.27 nM, compared to 0.13
nM in the wild-type NK1 receptor, and bound the nonpeptide
antagonist LY303.870 with an affinity of 0.16 nM, compared
to 0.11 nM in wild-type NK1 (Table 2).

Of the residues constituting the original tridentate metal
ion site, residues His197 in TM-V and His272 (originally
Tyr272) in TM-VI were considered to be most optimally
located for disulfide bridge construction between these two
helices (43). Whereas the disulfide bridge formed spontane-
ously in the [P22C/L279C]NK1 receptor construct and totally
eliminated ligand binding, in that case substance P binding,
substitution of both Tyr272and His197with Cys only decreased
the affinity of the nonpeptide antagonist LY303.870 from
0.11 to 1.34 nM. Importantly, the Hill coefficient was
decreased from just above unity in the∆CysIV-VI-NK1

construct to 0.76 in the [H197C/Y272C]∆CysIV-VI-NK1

construct (Table 2 and Figure 4B). Two-component analysis
of the binding curve revealed that 75% of the construct was
in a high-affinity state (0.98 nM) corresponding to the
nonsubstituted∆CysIV-VI-NK1 construct and 25% in a
low-affinity state (39 nM). It was assumed that the low-
affinity state could correspond to a state in which the intended
disulfide bridge had formed spontaneously between the two
introduced Cys residues. This notion was supported by the
observation that treatment of the [H197C/Y272C]∆CysIV-
VI-NK1 with the reducing agent DDT (10 mM) resulted in
a monocomponent binding curve for LY303.870 with a Hill
coefficient of 0.95 and with an affinity of 0.66 nM, more
closely resembling that observed for the∆CysIV-VI-NK1

construct (Table 2 and Figure 4B). In contrast, treatment of
the [H197C/Y272C]∆CysIV-VI-NK1 construct with the
redox catalyst Cu2+(phenanthroline)3 (1 mM) (58) strongly
impaired ligand binding (Figure 4B), an effect which could
at least partly be reversed by subsequent treatment with 10
mM DTT (Figure 4B). Importantly, neither treatment with
1 mM Cu2+(phenanthroline)3 nor treatment with 10 mM DTT

FIGURE 3: Titration of the engineered disulfide bridge between
Cys22 and Cys279 in the extracellular domain of the NK1 receptor
using the reducing agent dithiothreitol. (A) Titration of the wild-
type NK1 receptor (9) with the reducing agent DTT inhibited the
binding of substance P at high DTT concentrations, presumably
due to reduction of the obligatory disulfide bridge between the
extracellular end of TM-III and extracellular loop 2. (B) Titration
of the double mutant [P22C/L279C] (b) with DTT salvaged the
binding of the agonist with half-maximal binding of substance P
at DTT concentrations of 0.15 mM (reduction of the [P22C/L279C]
disulfide bridge) and 39 mM (presumably reduction of the obliga-
tory disulfide bridge between the extracellular end of TM-III and
extracellular loop 2). States I-III refer to the various reduction
states of the receptors as depicted in Figure 5.
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affected ligand binding in the [Y272C]∆CysIV-VI-NK1

construct or in the∆Cys-NK1 construct (Figure 4A,C). Thus,
a putative disulfide switch has been constructed between
Cys197 in TM-V and Cys272 in TM-VI. However, this bridge
only forms spontaneously in a fraction of the receptor
molecules conceivably due to the fact that these Cys residues
are more constrained due to their location in the transmem-
brane helices as such.

DISCUSSION

ConserVed, Central Disulfide Bridge from TM-III to
Extracellular Loop 2.The Cys residue found in the middle
of the second extracellular loop is the only highly conserved
residue in rhodopsin-like 7TM receptors located outside the
transmembrane segments. This issue is usually not picked
up by conventional sequence alignment programs. In fact, a
Cys residue located at the start of the third hydrophobic
segment and another located somewhere in the connecting
“loop” between the fourth and fifth hydrophobic segments
are often the only “sequence identity” between distantly
related families of 7TM receptors. For example, this pair of
Cys residues is found in the receptors of apical neurons in
the mammalian vomeronasal organ (59) and in the smooth-
ened receptor inDrosophila (60).

As expected on the basis of this high degree of structural
conservation, we here find that this disulfide bridge from
TM-III to extracellular loop 2 is of major functional
importance in the substance P NK1 receptor as has previously
been shown for rhodopsin and subsequently many other 7TM
receptors (12-17, 19, 56, 61, 62).

Originally, we suspected that the reason introduction of
Cys residues in the second extracellular loop was not
tolerated in 7TM receptors was that these “extra” Cys
residues were involved in mispairing with the cysteines
involved in the central, well-conserved disulfide bridge from
TM-III ( 63). However, surprisingly, we found that extra, free
Cys residues were in fact well tolerated in extracellular loop
2 in the NK1 receptor. Accordingly, there must be some other
reason these substitutions are not tolerated, particularly in
the vasopressin V2 receptor and in rhodopsin. Interestingly,
in both of these receptors, there are in fact not one but two
Cys residues in extracellular loop 2, and no obvious disulfide
bridge partner can be found for this naturally occurring extra
Cys residue in the wild-type receptors (20, 64). Thus, in the
nonfunctional mutant version of both the V2 receptor and of
rhodopsin, there are actually three Cys residues in extracel-
lular loop 2. One of these is expected to form the important
disulfide bridge to the extracellular end of TM-III. This

Table 2: Binding of the Nonpeptide Antagonist LY303.870 to Wild-Type and Cysteine Mutants of the NK1 Receptor

LY303.870

helical segment Kd ( SEM (nM) n Fmut

Bmax

(fmol/100000 cells)

hNK1 0.11( 0.038 (0.97( 0.05)b 3 1.0 49.7( 4.93
hNK1

a 0.13( 0.06 (0.9( 0.1) 2 1.0 27.8( 7.7
[Y272C]∆CysIV-VI TM-IV -VI 0.22 ( 0.040 (1.07( 0.06) 6 2.0 10.2( 3.80
[H197C/Y272C]∆CysIV-VI TM-IV -VI 1.34 ( 0.140 (0.76( 0.04) 13 12.2 7.2( 2.00
[C152V/C199V/C255V/C260S]∆CysIV-VI TM-IV -VI 0.10 ( 0.040 (1.05( 0.09) 4 0.9 23.1( 4.20
[C152V/C199V/C255V/C260S/C306S/C307S]∆CysIV-VI TM-IV -VII 0.01 ( 0.005 (1.16( 0.13) 3 0.1 4.2( 0.80
[C152V/C199V/C255V/C260S/C306A/C307F]∆CysIV-VI TM-IV -VII 0.04 ( 0.010 (1.24( 0.04) 3 0.4 4.0( 0.80
[C152V/C199V/C255V/C260S/C306A]∆CysIV-VI TM-IV -VII 0.06 ( 0.007 (0.96( 0.06) 2 0.6 11.8( 1.60
[C152V/C199V/C255V/C260S/C307F]∆CysIV-VI TM-IV -VII 0.09 ( 0.020 (1.36( 0.11) 3 0.8 12.4( 0.78
[C152V/C199V/C255V/C260S/C306A/C307F/C386S]∆Cys TM-IV-VII

and C-terminus
0.16( 0.030 (1.11( 0.05) 7 1.5 12.9( 1.60

[C152V/C199V/C255V/C260S/C306A/C307F/C386S]∆Cysa TM-IV -VII
and C-terminus

0.27( 0.04 (1.06( 0.2) 4 1.5 34.0( 3.8

a Binding performed using substance P and [125I]Bolton-Hunter-labeled substance P.b Hill coefficients.

FIGURE 4: Engineering of a disulfide bridge switch between TM-V and -VI of the NK1 receptor. Binding of LY303.870 to (A)
[Y272C]∆CysIV-VI-NK1, (B) [H197C/Y272C]∆CysIV-VI-NK1, and (C)∆Cys-NK1. (0) Oxidation of receptor constructs by Cu2+-
(phenanthroline)3 followed by reduction (9) with 10 mM DTT. (b) Reduction using 10 mM DTTwithout prior treatment with oxidizing
agent. (O) Addition of buffer alone.
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leaves two Cys residues in extracellular loop 2, which could
form a disulfide bridge within the loop. Although such an
intraloop disulfide bridge may be functionally disabling in
some receptors (the V2 receptor and rhodopsin), it may be
well tolerated in other receptors, for example, theâ2-
adrenergic receptor in which three cysteines are located in
the second extracellular loop (15).

Formation of a Disulfide Bridge between the N-Terminal
Segment and the Third Extracellular Loop.On the basis of
the knowledge of the binding site for substance P in the NK1

receptor (32, 40, 47, 65), a receptor could here be constructed
where we by loss of function could monitor the formation
and by gain of function (substance P binding) could monitor
the breakage of a disulfide bridge from the extracellular
N-terminal extension and the third extracellular loop. Thus,
in the [P22C/L279C]NK1 receptor construct, a disulfide
bridge is formed between the N-terminal extension and third
extracellular loop which prevents the binding of substance
P but does not affect nonpeptide antagonist binding (Figure
5, state I). UponselectiVe reduction of the engineered
disulfide bridge in the [P22C/L279C]NK1 receptor construct
with low concentrations of DTT, the mutant receptor is
apparently allowed to adopt a conformation that is able to

bind substance P in a manner similar to that of the wild-
type receptor (Figure 5, state II). It has previously been
demonstrated that residues Asn23, Gln24, and Phe25 in the
N-terminal extension of the NK1 receptor are crucial for
binding of the endogenous agonist substance P and the related
tachykinin peptides, whereas these residues do not seem to
be involved in binding nonpeptide antagonists (32). The
engineered disulfide bridge involves Cys22, located im-
mediately preceding these residues. Hence, one model for
the lack of binding of substance P in the oxidized form of
the [P22C/L279C]NK1 receptor construct could be that the
disulfide bridge prevents the proper interaction of these
residues with the peptide agonist. More extensive reduction
in response to high concentrations of DTT conceivably leads
to reduction also of the central, conserved disulfide bridge
between the extracellular end of TM-III and the second
extracellular loop, eliminating binding of substance P in both
the [P22C/L279C]NK1 receptor construct and in the wild-
type receptor (Figure 5, state III). Interestingly, despite the
fact that the location of the introduced Cys residues in both
the N-terminal extension and in the third extracellular loop
was chosen rather arbitrarily, the disulfide bond formed
spontaneously, i.e., without the aid of added oxidative agent
and apparently in the whole population of receptors. In this
context, it may be noted that disulfide bridges can form
betweenR-helices in soluble, globular proteins between Cys
residues introduced even up to 20 Å apart due to thermal
motions (66, 67). However, the extent of disulfide formation
seems most strongly correlated with the spatial separation
of the cysteines with the formation rate dropping sharply
beyond a separation of approximately 8 Å (66, 67). On the
basis of the observations in this study, we conclude that in
7TM receptors where a Cys residue is located in the
N-terminal extension close to TM-I and another Cys residue
is located in extracellular loop 3, they most likely do form
a disulfide bridge which closes the seven-helix bundle
connecting TM-I and -VII. This is found, for example, in
chemokine receptors and in some neuropeptide and peptide
hormone receptors.

Disulfide Bridge Engineering between the Extracellular
Ends of TM-V and -VI.As discussed above, the disulfide
bridge constructed between the N-terminal extension and
extracellular loop 3 formed spontaneously in basically the
whole population of receptors. In contrast, the putative bridge
between the Cys residues introduced in the most extracellular
turns of transmembrane helices V and VI formed spontane-
ously only in a small fraction of the receptors. This disulfide
bridge was like the other one designed to function as a
switch, i.e., in such a way that the formation and breakage
of the bridge could be monitored as loss of function and
gain of function, respectively, in this case with respect to
binding of the nonpeptide antagonist [3H]LY303.870. In
principle, the disulfide bridge switch between TM-V and -VI
also worked; i.e., oxidation with Cu2+(phenanthroline)3
impaired LY303.870 binding conceivably through formation
of the disulfide bridge between the two introduced Cys
residues, and subsequent reduction with DTT improved
ligand binding conceivably through breakage of the disulfide
bridge. However, the signal was not as easy to monitor as
in the disulfide bridge switch constructed between the
N-terminus and extracellular loop 3, where a total loss of
ligand binding (in that case substance P) was observed upon

FIGURE 5: Schematic drawing of the different “redox states” of
the [P22C/L279C] cysteine-engineered NK1 receptor. Color coding
as in Figure 1. In state I, two disulfide bridges are present in the
native [P22C/L279C]NK1 receptor construct: one linking the
extracellular end of TM-III with the second extracellular loop (“the
obligatory bridge”) as also found in the wild-type receptor and the
engineered bridge between the N-terminal extension and the third
extracellular loop. This form of the receptor isunableto bind the
agonist substance P but can bind the nonpeptide antagonist
LY303.870 with wild-type affinity. In state II, by selective reduction
of the engineered bridge, the receptor is able to adopt a conforma-
tion comparable to the wild-type receptor that is able to bind both
the agonist and antagonist. In state III, further reduction of the
obligatory disulfide bridge eliminates the binding of the agonist
[compare with that of the [C105S/C180S]NK1 receptor mutant
(Table 1)].
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bridge formation and a complete reversion to full, high-
affinity binding could be obtained upon breakage of the
bridge. Previously, Oprian and co-workers have used the
corresponding positions in rhodopsin for construction of an
interhelical disulfide bridge also based upon the previously
constructed high-affinity zinc binding site (68, 69). As in
the NK1 receptor, spontaneous disulfide formation was only
observed in a relatively small fraction of the rhodopsin
molecules and treatment with Cu2+(phenanthroline)3 was
required to produce quantitative disulfide formation (68). The
fact that two His residues are able to form a high-affinity
zinc site but two Cys residues only to a limited degree are
able to spontaneously form a disulfide bridge indicates that
a surprising degree of conformational constraint is present
in this part of the receptor structure, conceivably due to the
relatively rigid helical structure. The binding site of LY303.870
appears to be rather elusive in contrast to a number of other
nonpeptide NK1 receptor antagonists that seem to bind in
the transmembrane domain between TM-III, -V, -VI, and
-VII ( 49). Presumably, the binding site for LY303.870 is
also located in the transmembrane domain, and the inhibition
of binding of LY303.870 could speculatively be attributed
to, for example, fixation of the helical structure of the
receptor which thereby restricts the binding of the nonpeptide
antagonist.

Establishing a∆Cys-NK1 Receptor for Biophysical Studies.
The ∆CysIV-VI-NK1 receptor was here used as a clean
“background” to construct and monitor the disulfide bridge
switch between TM-V and -VI. However, the∆Cys-NK1

receptor was mainly constructed with future biophysical,
structural studies in mind. Several of these techniques rely
on the possibility of incorporating cysteine reactive probes
into the molecule of interest at selective positions by genetic
engineering. A prerequisite for such a technique is often that
the site of probe incorporation be known and that selective
incorporation at one site be realized. The free cysteines in
the NK1 receptor were all located in the transmembrane
segments of the receptor (Cys152, Cys199, Cys255, Cys260,
Cys306, and Cys307) except for a single cysteine (Cys386)
located in the C-terminus of the cytoplasmic tail. The four
remaining cysteines in the∆Cys-NK1 receptor construct are
conceivably all subject to post-translational modifications and
hence unavailable for labeling. This∆Cys-NK1 receptor had
an affinity for substance P and LY303.870 which was similar
to that observed in the wild-type receptor. An important issue
when performing biophysical studies on any membrane
protein is the level of expression as the amounts needed are
substantial and require robust expression levels of the protein
of interest. The∆Cys-NK1 receptor had an expression level
of 25% of that of the wild type with respect to LY303.870
antagonist binding, whereas itsBmax for substance P agonist
binding was slightly higher compared to that of the wild type.
Thus, the∆Cys-NK1 receptor construct appears to be suited
for further studies using, for example, bacculovirus expres-
sion.
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