










protein will be accommodated into a protein-detergent
micelle and those effects on the hydrodynamic radius.
Although static light scattering measurements are often
used to assess oligomeric stoichiometry, the presence of
detergent micelles creates high background noise and must
be accounted for in the mass of the protein-detergent com-
plex. Thus, the fusion protein was sent to the Yale Keck
Biophysics Lab, which is specially equipped for these meas-
urements, with combined SEC and light scattering instru-
mentation. Three peaks were analyzed. The smallest protein
molecules detected (Fig. 3A) had a mass within 2% of that
predicted for a monomer, whereas the largest molecular
weight protein (Fig. 3B) was polydisperse, with molecular
weights corresponding to oligomerization states of 6 – 8.
Light scattering also showed that the intermediate oligomer
marked with * in Fig. 2A was monodisperse with a molecular
weight corresponding to a tetramer (Fig. 3C).

Analysis by SDS-PAGE after cross-linking gave further
insight into the light scattering results. Fig. 4A shows the mon-
omer was unchanged in SDS-PAGE either without cross-linker
(lanes 1 and 2) or with cross-linker (lanes 3 and 4), suggesting
no intermolecular interactions capable of being captured by the
cross-linking reagent. In contrast, Fig. 4B shows that the poly-
disperse oligomer cross-linked to a size greater than 300 kDa.

Furthermore, Fig. 4C shows that the intermediate oligomer,
assigned to be a tetramer by light scattering measurements, was
cross-linked to a molecule with molecular weight again consis-
tent with a tetramer.

Ligand Binding—Pentazocine is a well studied ligand for
S1R (56, 57). Fig. 5 shows that only the oligomeric states of
MBP-4A-S1R and S1R exhibited specific pentazocine bind-
ing activity. For example, peak 1 from Fig. 2 (oligomer of the
MBP fusion) bound pentazocine with �20� higher specific
activity than peak 2 (monomer of the MBP fusion). Likewise,
the specific binding activity for peak 2 from Fig. 3 (S1R oli-
gomer) was �15� higher than for peak 4 (S1R monomer).
Because some S1R ligands were delivered in the DMSO car-
rier, a sample containing a final concentration of 2% DMSO
but no other ligand was tested independently and shown to
have no effect on the oligomeric state. With these assign-
ments of the active form of the receptor, peak deconvolution
of the original samples indicated that active MBP-4A-S1R
(solid line, Fig. 2, A and B) was �75% of the original protein
sample, although active S1R (dotted line, Fig. 2, A and B)
represented �50%.

Ligand binding was also tested using the fluorescent ligand
BODIPYTM-sphingosine in analytical SEC experiments. Con-
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FIGURE 2. Evidence from size exclusion chromatography for oligomeric
states of S1R. A, elution profiles for MBP-4A-S1R (solid line) and S1R (dashed
line). Peaks corresponding to different oligomerization states are marked as
1– 4. B, repeat chromatography of peaks 1 (solid line) and 3 (dashed line) from
A. C, repeat chromatography of peaks 2 (solid line) and 4 (dashed line) from A.
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FIGURE 3. Oligomeric molecular weight of MBP-4A-S1R determined by
light scattering. Elution profiles detected by 652-nm laser light scattering
are shown by dashed lines. Oligomeric stoichiometry across each peak is
marked with a solid line. Peaks have the same labeling as in Fig. 1 and 2. A,
apparent monomer is confirmed to be a monomer. B, largest molecular
weight oligomer is polydisperse, with stoichiometry ranging from a hexamer
to octamer. C, intermediate oligomer is a tetramer.
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sistent with the specific pentazocine binding results (Fig. 5), the
oligomeric forms of the protein migrated with haloperidol-
masked BODIPY fluorescence, but the monomer did not (data
not shown). The fluorescent ligand was a gift from Mary L.
Kraft Ph.D. (University of Illinois, Urbana-Champaign).

Stability of Oligomers—The oligomeric forms of S1R were
observed to decay upon incubation in buffer. Thus, after �18 h
at 37 °C, the amount of protein in peak 1 decreased by �40%,
and the amount in peak 2 increased by a corresponding amount
(Fig. 6A). Similar instability of the S1R oligomers was also
observed at 25 and 4 °C in the absence of ligand but to a lesser
extent. In all chromatograms, the total integrated area
remained constant within 5%, supporting the conclusion that
interconversion between oligomer and monomer states was
occurring. Disulfide bonds are apparently not involved in olig-

omer formation because inclusion of 100 mM 2-mercaptoetha-
nol in the buffer used for S1R purification and repeat analytical
size exclusion chromatography did not change the elution
profile.

Fig. 6B shows that in the presence of 0.45 �M BD-1047, a
known tight-binding ligand of S1R, the relative proportions of
peaks 1 and 2 were essentially unchanged after the �18-h incu-
bation; similar behavior was observed at each of the three tem-
peratures tested. Several other known S1R ligands, including
the natural membrane constituent sphingosine, also gave sta-
bilizing interactions. Fig. 7 shows the percentage increase in the
monomer form after incubation with these ligands relative to a
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FIGURE 4. Analysis of oligomeric states of MBP-4A-S1R by chemical cross-linking agent DSS. DSS-free controls are shown by lanes 1 and 2, containing 0
and 10 �M high affinity ligand BD-1047, respectively. Lanes 3 and 4 mirror the control with the addition of DSS. A, addition of cross-linking agent to the
monomer (Fig. 2A, peak 2). The bands show slight smearing with no shift in size, signifying only intramolecular cross-linking. B, addition of cross-linking agent
to the oligomer (Fig. 2A, peak 1). The bands show a mass greater than 300 kDa, and oligomeric stoichiometry cannot be accurately determined. However, an
oligomeric state greater than tetramer is clearly visible. C, addition of cross-linking agent to the intermediate oligomer (Fig. 2A, peak *). The bands show an
approximate 4-fold increase in size to a mass between 250 and 300 kDa, suggesting a tetrameric state.
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FIGURE 5. Comparison of specific pentazocine binding activity of S1R
oligomers before and after repeat chromatography of peaks from Fig. 2,
B and C. The black bars are for assays of MBP-4A-S1R; white bars are for assays
of S1R. Binding assays were performed in triplicate, and the error bars repre-
sent 1� deviation.
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FIGURE 6. Stabilization of oligomeric S1R by ligand binding. A, size exclu-
sion chromatogram of MBP-4A-S1R before (dashed line) and after incubation
for 1 day at 37 °C (solid line) without added ligand. Peaks have the same label-
ing as in Fig. 1 and 2. B, chromatogram of MBP-4A-S1R before (dashed line)
and after (solid line) incubation for 1 day at 37 °C in the presence of the tight
binding ligand BD-1047 (0.45 �M).
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control containing no ligand, where a larger increase in mono-
mer corresponds to less effective stabilization of the active olig-
omer. Overall, the tightest binding synthetic ligands (e.g.
BD-1047 and 4-PPBP) gave the largest stabilizing effect (i.e.
least conversion to the monomer). Interestingly, the natural
membrane lipid sphingosine gave a stabilizing interaction that
was close to that of many of the synthetic ligands. In contrast,
another natural membrane lipid, sphingosine 1-phosphate, did
not stabilize the receptor even when present at greater than
20� higher concentration than BD-1047 (10 �M versus 0.45
�M).

Fig. 8 shows an analysis of stoichiometry of binding for
BD-1047, a tight-binding ligand, as assessed by stabilization of
the peak 1 oligomer. In the experiment with receptor-detergent
micelles carried out here, the best fit KD (r2 � 0.998, solid black
line) was �7 nM, which is comparable the value reported else-
where (58). The best unconstrained fit stoichiometry of ligand
bound per receptor, n, was determined to be 0.43, i.e. corre-
sponding to �1 mol of ligand per 2 mol of receptor. Fits with n
held constant at 1 were not compatible with the binding data
(Fig. 8, dashed line), as acceptable fits could not be obtained at
any KD value. Moreover, when n was held constant at 0.25,
approximate fits using the best-fit KD values gave systematic
overestimation of the fraction bound at a low ligand/protein
ratio (Fig. 8, dotted line). An analysis assuming n was 0.33, i.e.
ligand binds to a trimer, also gave a similar overestimation;
increasing the KD value gave a better fit at low ligand/protein
ratios but gave under-estimation of complex formation at high
ligand/protein ratios. An identical experiment was conducted
on the intermediate oligomer (Fig. 2A, peak labeled *) yielding
the same results.

Role of GXXXG Motif in Oligomerization—The GXXXG
motif is often involved in helix-helix association in integral
membrane proteins (49, 59). In S1R, TM2 contains this motif in
the primary sequence Gly-87–Gly-88 –Trp-89 –Met-90 –Gly-
91. Mutations of the Gly residues in this motif and an adjacent
His residue in MBP-4A-S1R were prepared to test their roles in
oligomerization. All mutations within the motif (substitutions
of either Ile or Leu at Gly-87, Gly-88, and Gly-91) resulted in
lower expression and significantly decreased yield for the puri-
fied fusion protein. For example, MBP-4A-S1R gave a purified
yield of �3.5 mg per liter of culture medium, whereas G91I
MBP-4A-S1R (�0.4 mg/liter) and G91L MBP-4A-S1R (�0.6
mg/liter) were the best yields for the proteins with mutations in
the GXXXG motif. With all of the purified receptor variants, all
mutations in the GXXXG motif eliminated the largest oligomer
(e.g. peak 1 in Fig. 2) from size exclusion chromatographs. Fig. 9
shows representative behavior for mutation of Gly-91 to either
Ile (Fig. 9A) or Leu (Fig. 9B). Both mutations strongly shifted
the distribution of receptor states to the monomer form (Fig. 9,
A and B, solid lines). With the G91I mutation (Fig. 9A), a smaller
oligomeric state (retention time �8.2 min, marked with †) with
an apparent molecular mass of �180 kDa was observed. All
Gly-88 and Gly-89 mutants had similar chromatograms. This
peak plausibly represents a dimeric state of the S1R. Fig. 9C
shows that the mutation H97A, which is not in the GXXXG
motif, yielded a chromatograph almost identical to MBP-4A-
S1R, suggesting this residue does not play an important role in
oligomerization.

Fig. 10 shows that mutations within the GXXXG motif had
a profound effect on specific ligand binding. Among the set
of all GXXXG mutations, G91L MBP-4A-S1R exhibited
�20% of specific pentazocine binding activity of the nonmu-
tated receptor, although all other mutations in the GXXXG

FIGURE 7. Comparison of the ability of various S1R ligands to prevent
conversion to the inactive monomer state. The amount of MBP-4A-S1R
converted to the monomer (peak 2 from Fig. 2) in the absence of ligands
served as the control (white bar). Gray and black bars indicate ligand doses of
0.45 and 10 �M, respectively, whereas the concentration of MBP-4A-S1R was
always 0.23 �M. Tight-binding ligands 4-PPBP, BD-1047 and others stabilized
the oligomeric states, whereas sphingosine 1-phosphate allowed conversion
to the monomeric state.
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FIGURE 8. Ligand binding stoichiometry determined by titration of
BD-1047 into a 300 nM sample of peak 1 (see Fig. 2B). Experimental mea-
surements (solid circles) were made in the concentration range from 0 to 3000
nM, with results shown up to 600 nM ligand. Binding curves were calculated as
described under “Experimental Procedures” with best fit values of KD � 7 nM

and n � 0.43 (solid line), fixed KD � 7 nM and n � 0.25 (dotted line), or fixed
KD � 7 nM and n � 1 (dashed line).
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motif yielded purified receptor variants that had less than 5%
specific binding. Corresponding to the modest level of spe-
cific binding activity observed, G91L MBP-4A-S1R uniquely
stabilized a significant fraction of the purified protein as the
intermediate oligomer (Fig. 9B), likely tetramer (Fig. 3C).
These results further implicate the role of an oligomer in
ligand binding. Although H97A MBP-4A-S1R had a distri-
bution of large, intermediate, and monomer states that was
nearly identical with the nonmutated fusion protein (Fig.
9C), it exhibited only �50% ligand binding activity (Fig. 10).
This result suggests a role for His-97 in ligand binding inde-
pendent of oligomerization.

Oligomerization of TM2—To further assess the propensity of
TM2 for self-association, TOXCAT reporter assays were per-
formed by inserting the sequence of TM2 (WVFVNAGGW-

MGAMCLLHASL) between MBP and the ToxR receptor (Fig.
11A). With this construct, oligomerization of the TM2 region
can be assessed by catalytic assay of the ToxR-mediated expres-
sion of CAT, as ToxR only functions as a transcriptional
enhancer when it is present as an oligomer. Fig. 11B shows
results from the TOXCAT experiment. All variants were
expressed to a comparable level as assessed by Western blot-
ting, and nonmutated TM2 from S1R gave rise to a strong pos-
itive CAT assay response, corroborating the propensity of the
TM2 sequence to self-associate. Interestingly, among the single
mutations of the GXXXG motif, only G91I eliminated the pos-
itive response in the CAT assay, indicating this mutation
strongly destabilized oligomerization of the TM2. Surprising,
the G91L mutation gave a positive assay response, albeit atten-
uated to only 60% of that observed from the nonmutated TM2.
Individually, mutations at either Gly-87 or Gly-88 did not affect
the assay response. Although this result is apparently contra-
dictory to the results of Fig. 10 obtained with the full-length
receptor, the adjacent positions of Gly-87 and Gly-88 in the
primary sequence of the TM2 peptide presumably allowed
alternative modes for association of the TM2 peptide that could
not be achieved with the TM2 present in the MBP-4A-S1R
fusion. The double mutation G87L/G88L eliminated the
TOXCAT assay response, perhaps corresponding to more
effective disruption of alternative TM2 interactions leading to
oligomerization.

DISCUSSION

In this work, we provide biochemical evidence for the impor-
tance of an oligomeric state in the ligand binding function of
guinea pig S1R and the essential role of the GXXXG motif from
TM2 in this oligomerization. Because amino acid sequences
and pharmacological profiles are highly conserved among
mammalian S1R, these results are likely broadly relevant to
many studies of this protein family (60).

Mutational analysis of putative TM2 in both the full-
length receptor and as a transmembrane domain in the

FIGURE 9. Size exclusion chromatography of MBP-4A-S1R with mutations
in the GXXXG motif. The control chromatogram of MBP-4A-S1R lacking
mutations is shown as a dotted line. A, G91I MBP-4A-S1R with defined peaks as
in Fig. 2. A significant shift toward the monomeric state is seen, as is a new
�180 kDa peak labeled with †. B, G91L MBP-4A-S1R showing conversion to
intermediate oligomeric (*) and monomer (2nd peak) states. C, H97A MBP-4A-
S1R showed little change in the oligomerization states relative to the nonmu-
tated receptor.
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FIGURE 10. [3H]Pentazocine-specific binding for MBP-4A-S1R and the
variants with mutations in the GXXXG motif. Binding activity is shown
relative to MBP-4A-S1R (black bar); n � 3; error bars represent 1� deviation.
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TOXCAT studies have identified key residues involved in
oligomerization (Gly-87, Gly-88, and Gly-91) and in ligand
binding independent of oligomerization (His-97). This work
adds to the list of other residues in TM2 (Ser-99, Tyr-103,
and Leu-105–Leu-106) that are important for ligand binding
(61), which this work suggests is intimately related to the
ability to form one or more oligomeric states. Although the
GXXXG motif within TM2 has an important role in oligomer
formation, other studies have implicated additional residues
of the S1R receptor sequence in dimerization/oligomeriza-
tion (17), which could explain the appearance of the 180-kDa
peak (Fig. 9A, peak †). The S1R ligand-binding site in the
intact receptor, as identified by photoaffinity labeling, has
been localized to a region that juxtaposes a steroid binding
domain-like motif (SBDLI) in TM2 (which encompasses the
oligomerization sequences identified in this work) and a
C-terminal SBDLII hydrophobic sequence (42– 44). Al-
though the C terminus alone does not bind S1R ligands,
some of the chaperone functions of S1R have been localized
to this region (62). It has been proposed that S1R agonists
alter the structure of the receptor in such a fashion that the
C-terminal chaperone region becomes accessible to its client
proteins. NMR-derived structures of the C terminus have
been recently reported (63). Perhaps the oligomeric states of
the S1R receptor dictate the availability of the C terminus for
these interactions (64).

Several previous experiments support the conclusion that
S1R functions as an oligomer in ligand binding. For example,
different molecular weights have been observed by gel filtra-
tion chromatography for S1R purified from natural sources
(65). Moreover, high molecular weight bands of S1R pro-
tected from photoaffinity labeling by (�)-pentazocine were
detected by denaturing gel electrophoresis of rat liver micro-
somes (44, 64). Furthermore, gel filtration of ligand-bound
S1R purified from human leukemia cells showed that ligand
binding activity was associated with a protein of �100 kDa
(2). Many other membrane receptors adopt an oligomeric
state (66 – 68), and recombinant expression often leads to a
distribution of these states (69). For example, when human
serotonin receptor 3A was overexpressed in E. coli, the pro-
tein was detected as a mixture of oligomers, and the biolog-
ically active pentamer represented only 7% of the total pro-
tein (70). The percentage of active S1R protein determined
in the study reported here was between 50 and 75%.

S1R interacts with a large number of synthetic and natural
ligands, and it has also been documented to interact with a
large number of different proteins within the cell (5, 30). We
found that interactions with the tightest binding synthetic
ligands strongly stabilize the oligomeric state (Figs. 6 and 7).
The stabilizing effects of ligands on many other membrane
proteins, including G-protein-coupled receptors, are recog-
nized (71, 72). Our studies with purified S1R indicate a min-
imal binding stoichiometry of one ligand per two polypep-
tide chains (Fig. 8), although reconciliation of gel filtration,
light scattering, and denaturing gel electrophoresis results
obtained with purified S1R suggests the octamer, hexamer,
and tetramer are the predominant ligand-binding forms. A
stoichiometry of one ligand bound/dimer is further sup-
ported by the work of Chu et al. (64), who showed that a C12
alkyl containing photoprobe selectively and quantitatively
derivatized His-145 at a proposed S1R dimer interface. Fur-
thermore, dimerization of S1R, as assessed by SDS-PAGE,
occurred via intermolecular disulfide bond formation when
an M170C mutant form of the receptor was expressed.

The oligomer can decay to an intermediate tetramer and
monomer in the absence of ligands (Fig. 6), although muta-
tions of the GXXXG motif change the distribution of these
species. Preliminary efforts to reassemble the monomer into
functional oligomers were not successful. However, it is
intriguing to consider that protein-protein interactions may
be involved in the reassembly of the functional receptor. In
this regard, monomeric S1R has been reported to interact
with ion channels such as Nav 1.5 voltage-gated Na� chan-
nel, acid-sensing channels, and the dopamine D1 receptor
(16, 23, 73). Interestingly, these interactions were disrupted
in the presence of ligands such as haloperidol and/or (�)-
pentazocine, so one may speculate that a ligand-gated S1R
oligomer/monomer equilibrium defines the availability of
monomer S1R for interaction with client ion channels or
G-protein-coupled receptors. An additional unusual feature
of binding of the agonist, (�)-pentazocine, to S1R is the time
(�90 min at 30 °C) needed to reach equilibrium (41, 74). It is
possible that formation of stable interactions between olig-
omeric states of S1R in situ regulate the rate of (�)-penta-
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FIGURE 11. TOXCAT measurements for mutations of the TM2 domain
of S1R. A, schematic of the TOXCAT experiment, where periplasmic secre-
tion of MBP is used to place a TM domain into the cytoplasmic membrane,
whereas ToxR resides in the cytoplasm. Dimerization of the TM promotes
dimerization of ToxR, which then binds to the ctx promoter acting as a
transcriptional activator, in this case for CAT. B, TOXCAT response is
reported as a percentage relative to the strong transmembrane oligomer-
ization control, glycophorin A (GpA). Immunoblot results obtained from
anti-MBP-HRP are shown below the histogram bars and indicate equiva-
lent expression of all TM2 domain variants.
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zocine binding to S1R (perhaps also affected by interactions
with accessory protein partners). Fig. 12 provides a sche-
matic of these possibilities.
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