
ABBREVIATIONS: 5-HT,5-hydroxytryptamine; LSD, d-lysergic acid diethylamide; DOl, (±)-1 -(2,5-dimethoxy-4-iodophenyl)-2-aminopropane;
TMH, transmembrane helix; 4-HT, 4-hydroxytryptamine.
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SUMMARY
An important determinant of the neurobehavioral responses
induced by a drug is its relative receptor selectivity. The mo-
lecular basis of ligand selectivity of hallucinogenic and nonhal-
lucinogenic compounds of varying structural classes for the
human 5-hydroxytryptamine (5-HT)2A and 5-HT2� receptors
was investigated with the use of reciprocal site-directed mu-
tagenesis. Because these two closely related receptor sub-
types differ in the amino acid present at position 5.46 (residues
242 and 222 in the sequences, respectively), the effects of
corresponding substitutions in the 5-HT2A [S5.46(242) -� A] and
5-HT2� [A5.46(222) -� S] receptors were studied in tandem. By
studying both receptors, the direct and indirect effects of mu-
tations on affinity and selectivity can be distinguished. The
ergolines studied, mesulergine (selective for the 5-HT2� recep-
tor) and d-lysergic acid diethylamide (selective for the 5-HT2A
receptor), reversed their relative affinity with mutations in each
receptor, supporting a direct role of this locus in the selectivity
of these ligands. However, interchange mutations in either re-
ceptor led to decreased or unchanged affinity for (±)-1-(2,5-
dimethoxy-4-iodophenyl)-2-aminopropane and ketanserin,

which have higher affinity for the 5-HT2A receptor, consistent
with little contribution of this locus to the selectivity of these
ligands. The indoleamines studied were affected differently by
mutations in each receptor, suggesting that they bind differ-
ently to the two receptor subtypes. Mutation of this locus in the
5-HT2A receptor decreased the affinity of all indoleamines,
whereas the interchange mutation of the 5-HT2� receptor did
not affect indoleamine affinity. These results are consistent withadirect interaction between this side chain and indoleamines
for the 5-HT2A receptor but not for the 5-HT2� receptor. Fur-
thermore, this analysis shows that the higher affinity of 5-HT
and tryptamine for the 5-HT2� receptor than for the 5-HT2A
receptor is not due to the difference at this locus. The halluci-
nogens studied [d-lysergic acid diethylamide, psilocin, bufote-
nm, and (±)-1 -(2,5-dimethoxy-4-iodophenyl)-2-aminopropane]
fell into different classes in this analysis. For the classes of
ligand studied, the side-chain difference at this position directly
determines relative ligand selectivity only for ergolines and may
contribute to the specific effects of hallucinogens in this class.

The molecular mechanisms by which hallucinogenic drugs
of abuse induce their unique neuropsychological effects have

not been elucidated. The initial actions of these chemicals

occur at the level of receptor interaction, and their receptor

selectivity in humans is likely to play an important role in

determining their effects. A series of studies, primarily in

rodents (1), implicated the pharmacologically defined
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S-HT2�2� receptors as potentially major loci for the action of

hallucinogens. The potency in humans of known hallucino-

gens correlates with their affinity for the rat brain S-HT2A

receptor (1, 2).

The recent cloning of the various S-HT receptor subtypes

(3) provides the opportunity to evaluate the selectivity of

hallucinogenic and nonhallucinogenic serotonergic ligands

for human receptor subtypes and to investigate the molecu-

lar basis of this selectivity. Significant differences in the

affinities of certain ligand classes for particular rat and hu-

man S-HT receptors have been identified, and the sequence

differences responsible for these pharmacological distinc-
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tions have been determined through the use of site-directed

mutagenesis (4-11). For example, a single amino acid change

in the TMH 7 domain determines the marked differences in

affinity of �3-adrenergic antagonists for the rat and human

5’�1BfD receptors (4-6). If a ligand has significantly differ-
ent affinities for the same receptor subtype in human and
animal species, it follows that the receptor subtype selectiv-

ity of particular ligands varies significantly between animal

model systems and humans. This situation exists for the rat

and human S-HT2A receptors, which show large differences
in the affinities of some ligands (7, 8). It is therefore impor-

tant to determine the molecular basis for the selectivity of

serotonergic ligands for human S-HT receptor subtypes to

achieve an understanding of the actions of hallucinogenic
drugs of abuse at the level of receptorfligand complexing.

A one-amino acid difference between the human and rat

5-HT2A receptors has been reported to account for many of
the pharmacological differences between the two homologues

(7-10). Alignment of the sequences of the putative TMH S

domain of the cloned rat and human S-HT2A and S-HT2�

receptors (Fig. 1) reveals that the two rat receptor subtypes

are identical at position 5.46 in TMH 5, but the two human

subtypes differ at this locus by having a serine in the S-HT2A

receptor and an alanine at the corresponding sequence in the
S-HT2� receptor. Thus, the sequence difference in this locus

between the rat and human S-HT2A receptor is echoed in the

difference between the S-HT� and S-HT2� receptors in hu-

mans. Based on the studies of the human and rat S-HT2A

receptors (7-10), we hypothesized that this single substitu-
tion may affect the relative affinities of a variety of ligands

for the two closely related human receptor subtypes and may

contribute to the selectivity of some hallucinogenic drugs of

abuse. This hypothesis was investigated by mutating the

cognate locus in both human receptor subtypes and by char-

acterizing the pharmacological profile of wild-type and mu-

tant receptors expressed in COS-1 cells. Four of the ligands

studied (bufotenin, psilocin, LSD, and DOI) are hallucino-

genic drugs.
Through exchange mutations in two related receptors, we

attempted to dissect the different effects of mutations on

affinity and selectivity. The results are discussed in the con-

text of the difference between direct effects of mutations on

ligand/receptor interaction as opposed to the indirect effects

that mutations may have on ligand affinity through rear-

rangements of receptor structure. Our findings suggest that

for different ligands and the same receptor mutations, differ-
ent mechanisms underlie the alterations in affinities that

were observed. For some ligands, interchange of the amino

5. 5.
46 50

HUM5HT2A NFVLIGSFVS FFIPLTIMVITYFLTIKSLQ

HUM5HT2C A C---YV-R

A
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Fig. 1. Alignment of the putative TMH 5 domain from the deduced
amino acid sequence of the human (HUM5HT2A and HUM5HT2C) and

rat (RAT5HT2A and RAT5HT2C) 5-HT2A and 5�HT2c receptors (1 3, 23,
24). Bold type, amino acids that were studied through mutagenesis:
Ser5.46(242) in the human 5-HT2A and A1a5.46(222) in the human
5HT2� receptors. Dashes, residues that are identical to those in the
human 5-HT2A receptor.

acids between the two receptor subtypes reverses the affini-

ties for the receptors, whereas for other ligands, the results of

the mutation in each receptor are inconsistent. These results

lead to inferences about the nature of the contribution of the
amino acid at this locus toward ligand selectivity for these

S-HT receptor subtypes.

Materials and Methods

Chemicals. LSD, bufotenin, and psilocin were obtained from the
National Institute on Drug Abuse, National Institutes of Health. All

other unlabeled ligands were obtained from Sigma Chemical Co. (St.
Louis, MO) or Research Biochemicals International (Natick, MA).

Receptor numbering scheme. To facilitate comparison of cog-
nate residues in different receptors, residues are numbered accord-
ing to a consensus numbering scheme described in detail previously

(12). 55.46(242) -� A indicates that 5er242 in helix 5 has been
mutated to alanine. The notation 5.46 indicates the position of this

residue relative to the most conserved amino acid within helix 5,
Pro246, which is designated residue 5.50. The residue number in

parentheses indicates the amino acid identity with the use of stan-

dard amino terminus-based numbering.
DNA constructs and transfection. The cDNA clones encoding

the human 5-HT� and 5-HT2� receptors were generously provided
by Dr. Alan Saltzman (13). Mutations in the human 5-HT� receptor
were introduced as described previously (14). The 5-HT2� receptor

clone was digested with BamHI, and the insert was ligated into
BamHI-digested pALTER (Promega, Madison, WI). Mutations were

introduced following the manufacturer’s protocol and confirmed
through sequencing. The insert was subcloned into the BamHI site of

pCDNAIJAmp for expression.
The presence of the desired mutations were reconfirmed through

sequencing of the mutation site in the expression vector. COS- 1 cells

(American Type Culture Collection, Rockville, MD) were maintained
in Dulbecco’s modified Eagle’s medium containing 10% fetal bovine
serum. Each 100-mm plate, seeded 24 hr earlier with 3 x 106 cells,

was transfected with 8 pg of DNA construct and 48 �il of Lipo-

fectamine (Life Technologies, Gaithersburg, MD).
Phosphastidylinositol hydrolysis assay. Hydrolysis of

[3H]phosphatidylinositol was assayed as described previously (14).
Briefly, transfected cells were seeded onto two 12-well plates. Thirty-

two hours later, the medium was replaced by serum-free medium
containing 0.5 pCi/mi myo-[3H]inositol (NEN, North Billerica, MA).
One day later, the cells were washed and incubated with the desired
concentrations of 5-HT in the presence of 20 mM LiCl for 30 mm at

37#{176}.Cell extracts, in 10 mM formic acid, were applied to the Dowex
ion-exchange column before elution with a buffer containing 1 M

ammonium formate and 0.1 M formic acid, and the eluate was
counted with a scintillation counter.

Ligand binding assays. Three days after transfection, cells were
harvested, and the cell pellets were stored at -70#{176}.All membrane

preparation procedures were carried out at 4#{176}.Pellets were thawed

and homogenized (Polytron, setting No. 6 for 8 sec) in 20 ml of5O mM

TrisHCl (pH 7.4 at 25#{176})buffer. An additional 20 ml of buffer was
added, and the homogenates were centrifuged at 35,000 x g for 15
mm. The membrane pellets were resuspended in buffer with a Te-

flon-and-glass homogenizer.
[3H]Ketanserin (DuPont-NEN) was used to label 5-HT2A recep-

tors. Saturation and competition assays were carried out as de-
scribed previously (14). Incubations were carried out for 1 hr at 37#{176}
in a total volume of 1 ml ofTrisHCl buffer. Nonspecific binding was

defined with the use of 10 ,.tM methysergide. For competition studies,
the concentration of[3H]ketanserin was 1.5-2.0 nM. 13H]Mesulergine

was used to label 5-HT2� receptors. Binding assays were carried out

as described above, except that nonspecific binding was defined with

the use of 10 ,tM mianserin. The concentration of [3H]mesulergine
used in competition studies with wild-type receptors was 0.5 nM.
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Fig. 2. rH]Ketansenn satura-
tion binding to the wild-type and
mutant 5-HT2A receptors (A and
B) and �H]mesulergine satura-
tion binding to the wild-type and
mutant 5HT2� receptors (C and
D). Total, total radioligand bind-
ing; NS, nonspecific binding.

5-HT2� A5.46(222)S
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Because mutation of the 5-HT2� receptor resulted in a reduced
affinity for [3Hjmesulergine, competition studies for the A222S mu-

tent were carried out with 5.0 nM [3H]mesulergine. For both radio-

ligands, assays were terminated by rapid filtration through What-
man GF/C filters that had been presoaked in 3% polyethyleneimine.

Protein content was determined according to the method of Lowry et

al. (15). Each binding assay tube contained 30-60 �.tg of membrane

protein.
Data analysis. All curve fitting was carried out with the graphics

software Kaleidagraph (Synergy Software, Reading, PA). For satu-
ration studies, Bmax and Kd values for [3H]ketanserin and [3HJme-
sulergine were obtained through a fit of the data to the following
equation: Total binding = l(Bmaxl[1 + (Kd/DY’]l + (m . D), where n is

the slope factor analogous to the Hill coefficient, m is the slope of a

linear regression of the nonspecific binding curve, and D is the

concentration of radioligand. Values are given as mean ± standard

error. For competition studies, specific binding was expressed as a

percentage ofthe specific binding in the absence ofcompeting ligands

and fit to the following equation: Percentage ofspeciflc binding = 100
- [100/(1 + (IC5�/L)#{176}],where IC50 is the concentration of competing
drug that produces 50% specific binding, n is the slope factor anal-

ogous to the Hill coefficient, and L is the concentration of unlabeled
competing ligand. IC50 values were converted to apparent K, values

according to the method ofCheng and Prusoff(16) with the Kd values

for the radioligands determined from saturation experiments. For
some ligands, the fit slope factors were less than unity, which could

indicate the existence of more than one site or of different affinity
states; however, in these cases, fit of the data to a two-site model did

not improve the fit. The addition of guanine nucleotides to the
incubation mixtures did not change the slope factors of those com-
petition curves with n < 1 (not shown), which suggests that the

presence of interconverting affinity states is not the reason for the

shallow slope factors. Therefore, “apparent” K, values are reported to
facilitate comparison of ligand affinities when different concentra-

tions of radioligand are used. K1 values were converted to pK,

( -logK1) to normalize values before analysis of variance followed by
Tukey’s post-hoc comparison was carried out (SuperANOVA, Abacus

Concepts, Berkeley, CA). The significance level was set at p < .05.

Molecular modeling. The models of the TMH bundle of the

5-HT2A and 5-HT2� receptors were constructed according to the
criteria and procedures described previously ( 12) based on sequence

conservation (17), degree of residue polarity (18), and incorporation

of a large number of experimental constraints reviewed elsewhere
(12). The criteria for predicting the TMH helix boundaries included

the arginineflysine motif at the cytoplasmic side (12). Sequences
were aligned with the use of Oxford Molecular Software, and energy

minimizations were performed with the Quanta/Charmm molecular
modeling package. The LSD conformation was derived from the
crystal structure (19). LSD was docked into the 5-HT� model in
proximity to the proposed TMH 3 and TMH 5 contact sites and

according to previous structure-activity data (20), and its position

was refined through energy minimization. The mesulergine/5-HT2�
receptor complex model was obtained by mapping the corresponding

molecular fragments from the LSD/5-HT2A receptor complex.

Results

Binding of rH]Ketanserin and (�]Mesulergine

The wild-type and mutant human S-HT� and S-HT2�

receptors were expressed and characterized in COS-1 cells.

All constructs were functional and mediated phosphoinositol

turnover when exposed to S-HT (not shown). Saturation
binding is shown in Fig. 2. For the S-HT2A receptor, the Bm�

1200 5-HT WT
�0 2A
C

fl800

to
�E 400
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for binding of [3H]ketanserin was 853 ± 98 fmol/mg protein

for the wild-type receptor and 746 ± 95 fmollmg protein for

the 55.46(242) -� A mutant (three experiments). For the

S-HT2� receptor, the Bm� for binding of [3Hlmesulergine

was 2939 ± 489 fmollmg protein for the wild-type receptor

and 6561 ± 174 fmol/mg protein for the AS.46(222) -� S

mutant (two experiments). The affinity of [3Hlketanserin for

the 55.46(242) -p A mutant 5-HT� receptor was unchanged

relative to the wild-type receptor (Table 1). In contrast, the

affinity of [3Hlmesulergine for the AS.46(222) -� S mutant

S-HT2� receptor was decreased 28-fold.

Competition Binding
Representative competition binding curves are shown in

Fig. 3, and ligand binding data for all constructs are summa-
rized in Tables 1 and 2. The compounds studied had varying

selectivities for either the S-HT2A or S-HT2� receptor sub-
types. The changes in affinity observed for the mutant recep-

tors varied; for some compounds, the interchange of amino

acids at position 5.46 resulted in reciprocal changes in the
affinity of the ligand for the receptor subtype, indicating that

this locus is the major determinant of selectivity. For other

compounds, the changes in affinity were not defined by the

amino acid at position 5.46, suggesting an indirect effect of

this locus on the selectivity of the ligand (see Discussion).

Based on the selectivity of the ligands for the wild-type

receptors and on the effects of mutations on affinity and
selectivity, the ligands studied can be classified into four

categories.

Group I. This group ofligands includes mesulergine, LSD,

lisunde, and ergonovine. All ergolines studied were selective

for one of the two receptor subtypes, and significant changes
in their affinities were observed with mutations at position

5.46. The introduction of the S-HT2� residue (alanine) into

position 5.46 of the S-HT2A receptor altered their affinities,

bringing them closer to those of the S-HT2� receptor. The

reverse was found with mutation of the S-HT2� receptor

(Tables 1 and 2). For example, the affinity of mesulergine for

the wild-type S-HT2� receptor (Kd = 0.74 nM) is -40-fold

higher than that for the wild-type S-HT2A receptor (K, = 28

nM). Mutation of the S-HT2� receptor (AS.46(222) -� S) de-

creased the affinity of mesulergine (Kd = 21 nM) to a value
similar to that for the wild-type S-HT2A receptor. Conversely,

the mutant 5-HT�, receptor (55.46(242) -� A) had an in-

creased affinity for mesulergine (K1 = 3.9 nM), a value closer

to that of this ligand for the S-HT2� receptor. These changes

in affinity suggest a relationship between the selectivity of

mesulergine for the S-HT20 receptor and the nature of the

side chain at position 5.46. The symmetrical nature of the

observed affinity changes suggests a direct interaction be-
tween mesulergine and the residue at this locus in both

receptor subtypes (see Discussion).

In contrast to mesulergine, the ergoline derivatives LSD,
lisuride, and ergonovine had higher affinity for the wild-type

S-HT2A receptor than for the wild-type S-HT2� receptor. The
reciprocal serine/alanine mutations in the two receptors

caused parallel and reciprocal changes in the affinities of

these ligands. All exhibited an increased affinity for the

mutant S-HT2� receptor and a decreased affinity for the

mutant S-HT2A receptor. The affinity ofergonovine was most

affected by the substitution of alanine for serine in the

S-HT2A receptor (-20-fold decrease in affinity). This is con-

sistent with the low affinity of ergonovine for the wild-type

S-HT2� receptor and suggests a relatively large contribution
of the serine at this locus to the receptor affinity of this

ligand.

Group II. Ligands in this group, including 4-HT, psilo-

cm (4-hydroxy-N,N-dimethyltryptamine), and bufotenin

(S-hydroxy-N,N-dimethyltryptamine), exhibited no signif-

icant differences in their affinities for the wild-type

S-HT2A and 5-HT2(� receptors. Mutation ofthe 5.46 locus in

the S-HT2� receptor had no significant effect on the affin-

ities of these drugs. However, all three drugs had a signif-

icant decrease in affinity with mutation of the serine at

5.46 to alanine in the 5-HT2A receptor. The asymmetry in

the effects of mutation in the two receptors, showing that

these ligands were sensitive to the side chain in this posi-

tion only in the 5-HT2A receptor, suggests that these com-

pounds bind differently to the S-HT2A and S-HT2� recep-

tors.

Group III. The ligands in this group, S-HT and

tryptamine, have higher affinity for the S-HT2� than for the

TABLE I

Affinities of the wild-type and mutant 5-HI� and 5-HI� receptors
Binding affinities (K� values) and slopes obtained from competition binding experiments with rHjketanserin for the 5-HT2A receptors and �H]mesulergine for the 5-HT2�
receptors. The values represent the means ± standard error from three to six experiments, except for �HJmesulergine for which there were two experiments. For the
wild-type 5-HT2A and 5-HT2c receptors, K� values (bold) were obtained from saturation binding experiments.

5-HT2A 5HT2�

Wild-type S5.46A Wild-type A5.46S

KII�Kd) Slope KII�Kd) Slope K,4Kd) Slope K,,�Kd) Slope

flM flM flM flM

Mesulergine 28 ± 2 0.96 ± 0.04 3.9 ± 0.2 1.00 ± 0.15 0.74 ± 0.26 1.0 ± 0.08 21 ± 3 1.15 ± 0.11

LSD 0.24 ± 0.05 1.12 ± 0.09 2.1 ± 0.4 1.06 ± 0.13 6.4 ± 0.7 1.14 ± 0.22 1.3 ± 0.3 0.9 ± .3
Ergonovine 0.46 ± 0.12 0.87 ± 0.08 9.9 ± 1.5 0.80 ± 0.01 19 ± 4 0.91 ± 0.09 3.1 ± 0.9 0.72 ± 0.07
Lisuride 0.33 ± 0.05 0.95 ± 0.04 2.0 ± 0.1 0.80 ± 0.04 6.1 ± 1 .2 1 .04 ± 0.06 1 .4 ± 0.4 0.83 ± 0.09

Bufotenin 182 ± 35 0.91 ± 0.07 473 ± 49 0.87 ± 0.07 234 ± 27 1.04 ± 0.08 176 ± 20 0.81 ± 0.11

Psilocin 81 ± 12 1.04 ± 0.09 259 ± 26 1.05 ± 0.14 140 ± 12 1.23 ± 0.07 73 ± 13 1.02 ± 0.14
4-HT 410 ± 74 1.16 ± 0.08 1023 ± 155 1.31 ± 0.17 695 ± 33 1.02 ± 0.07 330 ± 48 0.71 ± 0.08
Tryptamine 929 ± 285 0.89 ± 0.03 3493 ± 420 0.83 ± 0.02 284 ± 43 0.85 ± 0.08 174 ± 28 0.78 ± 0.07

5-HI 316 ± 33 0.81 ± 0.03 1 150 ± 149 0.75 ± 0.01 126 ± 20 0.92 ± 0.05 76 ± 16 0.74 ± 0.05

Ketanserin 0.75 ± 0.07 0.93 ± 0.06 0.49 ± 0.02 0.83 ± 0.04 28 ± 3 0.89 ± 0.08 94 ± 19 0.82 ± 0.06

DOl 15 ± 1 0.81 ± 0.01 51 ± 5 0.80 ± 0.03 41 ± 2 0.85 ± 0.04 120 ± 39 0.68 ± 0.03

 at Z
hejiang U

niversity on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


-S-5-HT WI
-#{176}--5-HT S5.46(242)A
�‘bufotenin WI
-�bufotenln S5.46(242)A

BA
120

C

�0
C

.0

U

14:

WI
-0-5-HI A5.46(222)S
��bufotenln WI

± � A �bufotenin A5..
1 20

C

V
C

.0
U

i�#{149}� . IO� � i6�� . � jo-i-i-
[Ilgand]

TABLE 2
Differences and changes in the affinities of ligands between the
wild-type and mutant receptors. In column I a significant
difference in affinfty between the wild-type receptors is
indicated. In columns 2 and 3, a significant effect of the mutation
on affinity (increasing or decreasing affinity) is indicated by
arrows.

10b0 � ��-8 � �#{243}6
[IIgand]

Ligand 2AWT:2CWT 2AMUT:2AWT 2CMUT:2CWT

Mesulergine < I
LSD > I

Ergonovine > I
Lisuride > I
4-HI NS NS
Psilocin NS NS
Bufotenin NS NS
Tryptamine < NS
5-HI < � NS
Ketanserin > NS
DOl > �

Fig. 3. Competition by 5-HI and
bufotenin for [�H]ketanserin binding
to the wild-type and mutant 5-HI2A
receptors (A) and competition by
5-HI and bufotenin for rH]mesul-
ergine binding to the wild-type and
mutant 5-HT2� receptors (B).

S-HT2A receptor did not change significantly (Kd = 0.49 nM),

whereas the affinity for the mutant S-HT2� receptor de-

creased slightly (K1 = 94 nr�O. Thus, the identity of the resi-

due at this position is not contributing to the relative affinity

of ketansenn for the two receptors. This pattern suggests

that the selectivity of DOl or ketanserin is not mediated by

the nature of the residue at this position in either receptor

subtype and that the affinities are altered indirectly by the

mutation of the residue at this locus.

Discussion

In an attempt to elucidate the molecular basis of the selec-

tivity of various hallucinogenic and nonhallucinogemc li-

gands for the human S-HT2A and S-HT2� receptors, we used

exchange mutations at homologous positions in both recep-

tors. The analysis of the effects of exchange mutations on

A. Mesulergine

Wild-type Mutant

Human 5HT2A S e r -,� A I a
Ki= 28nMJ KI=3.9nM

Human5HT2C Ala � Ser
Kd=O.74nM Kd=2lnM

B. DO!
Wild-type Mutant

Human 5}rr2A S e r �- A I a
Ki=l5nM Ki=5lnM

Human 5�2C A I a ‘�- S e r
Ki=4lnM Ki=l2OnM

Fig. 4. Schematic of the changes in affinity of mesulergine and DOl for
the wild-type and mutant receptors. Boxes, amino acid at position 5.46
for each receptor subtype; Arrows, significant increases in affinity.

NS, no significant difference observed; 2AWT, wild-type 5-HT2A receptor;
2AMUT, mutant 5�2A receptor, 2CWT, wild-type 5-HT2� receptor� 2CMUT,
mutant 5-HT2� receptor; I , increasing affinity; � , decreasing affinity.

S-HT2A receptor. However, the changes observed with muta-

tion oflocus 5.46 in the two receptors indicate that this locus

does not account for the selectivity of these ligands. Intro-

duction of alamne into position 5.46 of the S-HT2A receptor

decreased the affinity, thus increasing the difference in af-

finity from the S-HT2� receptor. Furthermore, the replace-

ment of alanine by serine in the corresponding position of the

S-HT2� receptor induced no significant change in the affinity

of these ligands. These results suggest that ligands in this

group may bind differently to the S-HT2A and S-HT2� recep-

tors and that other loci and/or interactions must be impor-

tant in determining the differences in the affinities of these

ligands for the two receptors. As found for ligands in group II,

these results are consistent with a direct interaction of this

locus of the S-HT2A receptor alone.

Group lv. The ligands in this group, DOI and ketanserin,

show differences in affinity between the wild-type receptor

subtypes. However, the affinities of these drugs were de-
creased or unaffected by corresponding mutations of the re-

ceptors. Thus, DOI had a higher affinity for the wild-type

S-HT2A receptor (K1 = 15 nM) than for the wild-type S-HT2�

receptor (K� = 41 nM). The affinity of DOI for the mutant

S-HT� receptor and the mutant S-HT2� receptor was de-

creased -3-fold. Ketanserin had a much higher affinity for
the wild-type S-HT2A receptor (Kd 0.75 nivt) than for the

S-HT2� receptor (K� = 28 nM), yet its affinity for the mutant
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ligand affinity in both receptors studied in tandem allows

more insight into the structural basis for the effect on affinity

than would a study of the effects of mutations in only one
receptor. The selectivity of a ligand for a particular receptor

subtype may result from a direct favorable or unfavorable

interaction between a functional moiety of the ligand and an

amino acid residue in the receptor that is absent in other
receptor subtypes. Alternatively, selectivity may arise from

more subtle differences in the overall conformation of the

binding pocket that are not obvious from sequence compari-
son of the two receptors.

If the selectivity for a receptor subtype is mediated by a
single amino acid that provides a favorable interaction, the
introduction of this functional group through mutagenesis
into a receptor subtype lacking this moiety would be pre-

dicted to increase the affinity of the ligand for the receptor.
Correspondingly, the removal of this group from the receptor
for which the ligand is selective would result in a decreased

affinity. More significant for selectivity is the realization that

if a single amino acid site can produce an unfavorable inter-
action (e.g., from steric clash), the introduction of such a

functional group through mutagenesis into a receptor sub-
type lacking this moiety will decrease the affinity of the
ligand for this construct.

When exchange mutations in two receptors are studied in

tandem, the changes in affinity are likely to be quantitatively

similar and opposite in direction ifthe affinity ofthe ligand is

largely mediated by the amino acid residue at this locus in
both receptor subtypes. Ifthe only effect ofan exchange of the
residue in this locus is to decrease affinity for the same ligand

in one or both receptors, a direct interaction between this
locus in the receptor and a ligand in both receptors is less

likely. Rather, this pattern suggests that the mutation may

affect affinity for this ligand through indirect perturbations

of the binding pocket. Thus, through examination of the
effect of interchange mutations in both receptors, the nature
ofthe contribution ofthe amino acid substitution at this locus

in each receptor may be inferred more readily than through

similar mutation in any one receptor.
Based on the differences in affinities of the ligands for the

wild-type receptors and the changes in affinity observed for
the mutant receptors, the ligands studied have been divided

into four categories. Two examples of this classification are

presented schematically in Fig. 4. Mesulergine (Fig. 4A;

group I ligand) shows a much higher affinity for the S-HT2�
receptor. Introduction of a serine at position 5.46 into the
S-HT2� receptor, which introduces the side chain found at

this position in the S-HT2A receptor, also reduces the affinity

to a value closer to that of the S-HT2A receptor. Importantly,

the results of the parallel experiment are consistent with a

direct effect of the residue at this position on the ligandl

receptor interaction. Thus, introduction of the residue found

at this position in the S-HT2� receptor into the same position

of the S-HT2A receptor increases the affinity, bringing the

affinity closer to that of the 5-HT2� receptor. These results
suggest that mesulergine binds similarly to the two receptors

and that the side chain at this position is the major determi-

nant of ligand selectivity between the two receptors. This
conclusion is consistent with the inference reached in a pre-

vious study (8) that mesulergine has a direct interaction at

this locus of the human and rat S-HT2A receptors, where the

indole methyl group has an unfavorable steric clash with

SerS.46 and a favorable Van der Waals interaction with the

smaller and hydrophobic AlaS.46 side chain (Fig. 5).

In contrast, the changes in affinity observed for the binding

of DOI to the mutant receptors (Fig 4B.; group IV) are not

consistent with this locus playing an important or a direct

role in DOI selectivity. The affinity of DOI for both mutant

receptors was decreased to the same extent. The findings

that serine is preferred in the S-HT2A receptor and alanine is

preferred in the S-HT2� receptor suggest that either this

ligand may bind quite differently to the two receptors or that

the side chain at this position is affecting DOI affinity mdi-
rectly via a perturbation of the binding cleft to which DOl is
sensitive. Analysis of the results with ketanserin, which has

a more marked selectivity, leads to similar conclusions. It is

thus unlikely that either DOI or ketanserin interacts directly

with the amino acid residue at this position. The changes in

their affinities for the mutant receptors most probably arise

from indirect effects on the binding pocket for these two
ligands. DOI and ketanserin are structurally different from

the indole ring-containing ligands, and it is not surprising

that they do not share binding determinants with the
tryptamines and the ergolines.

The molecular models of the interactions of LSD and me-

sulergine with the two wild-type receptors illustrate the pro-

posed simultaneous interactions with the TMH 3 aspartic

acid and with SerS.46 (Fig. SB). They are consistent with the
structural constraints suggested by double revertant mutant

experiments ( 14) as well as by experimental data on similar
receptors (12). In the energy-minimized model of the recep-

torfligand complex, the N1-unsubstituted nitrogen of LSD is

optimally located for hydrogen bond formation with the

SerS.46 side chain (Fig. SC). Fig. SD shows that in the

S-HT2� receptorfLSD complex model, the hydrogen bond at
position 5.46 is no longer feasible due to the presence of
alanine. Mesulergine is methyl substituted at the Ni position
(Fig. SA). When mesulergine is superimposed onto the LSD/
S-HT2A receptor complex, a significant steric clash appears
between the Ni methyl of mesulergine and the hydroxyl of

SerS.46 (Fig. SE). However, Fig. SF illustrates the favorable

Van der Waals interactions of the Ni methyl group of mesu-

lergine with the AlaS.46 side chain of the S-HT2� receptor.
It should be noted that the side chain at position 5.46

cannot be the sole determinant of the higher affinity of me-

sulergine for the human S-HT2� receptor, as demonstrated

by the lack of absolute identity of the affinities of mesul-

ergine for the 5-HT2� and for the mutant S-HT2A receptors.

Study of the ligand/receptor models should facilitate the

identification of the other sites in the receptors responsible

for differences in ligand affinities for each subtype. For the

other ergoline ligands in group I, the changes in affinity of

LSD, ergonovine, and lisuride for the mutant receptors are

consistent with the favorable hydrogen-bond interaction be-

tween the serine side chain at this locus and the indole N-H

group of the ligand (see Fig. 5).

Previous studies have demonstrated the importance of the

side chain at locus 5.46 in determining the pharmacological
differences between the rat and human S-HT2A receptors.

Kao et al. (7) reported that mutation ofSerS.46(242) -� Ala in

the human receptor caused the receptor to assume binding
properties of the rat receptor for mesulergine. In a series of
structure-activity studies, Johnson et al. (8) provided con-

vincing evidence that although the SerS.46 side chain in the
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S-HT2A receptor and the Ni hydrogen of Ni-unsubstituted

ergolines and indoleamines form a hydrogen-bonding inter-

action, the Ni-substituted ergolines would clash with

SerS.46 but have a favorable interaction with Ala in this

position.

Our results indicate that the role of this locus in determin-

ing subtype selectivity between the human S-HT2A and hu-
man 5-HT2� receptors is more complex than its contribution
to the S-HT2A rat and human pharmacological differences. In
the case of ergolines, the differences in pharmacology be-

tween the two human subtypes and the rat receptor are
predominantly attributable to the side chain at this locus. In
the case of the indoleamines, however, in no situation does

the side chain at position 5.46 represent a significant deter-

minant of ligand selectivity between the two human receptor

subtypes. Furthermore, the lack of reciprocal changes in

affinity with mutation for any of these ligands suggests that

different positioning of the Ni nitrogen with respect to this
locus is achieved through receptor/ligand complexes in the

two receptor subtypes. The indoleamine ligands in group II,

bufotenin, psilocin, and 4-HT, showed no significant receptor

selectivity. The pattern of change with mutation of this locus
was not consistent when the results obtained from the two
receptors are compared. The affinity decreased with the mu-

tation in the S-HT2A receptor, but there was no significant
change with the mutation in the S-HT2� receptor, suggesting

that these compounds bind differently to the S-HT2A and

S-HT2� receptors and therefore are affected differently by
alteration ofthis locus in the two receptors. A similar pattern
was seen for the group III indoleamines, S-HT and

tryptamine. These compounds were selective for the S-HT2�

receptor, but this selectivity could not be due to the side chain

at this position because the only significant changes in affin-
ity after the interconversion of residues at this locus increase

the differences in affinity between the two subtypes. Al-

though our results are consistent with the hypothesis devel-

oped by Nelson et al. (10) that the indole Ni nitrogen hydro-
gen-bonds with the side chain of SerS.46 in the human

S-HT� receptor, the role of this locus in determining the
affinity of indoleamines for the S-HT2� receptor seems to be

different. The current results may be useful for future studies

in identif�ying and designing ergolines that are selective for
either human S-HT2�2� subtype. The presence of an Ni

methyl group should confer S-HT2� selectivity, and its ab-
sence should confer S-HT2A selectivity.

The affinities of agonists determined through competi-
tion binding differ according to whether antagonist or ag-
onist radiolabel is used. The relative affinities of specific

compounds for the high and low affinity states may vary
considerably for different compounds and for different re-
ceptors. Leonhardt et al. (21) reported that S-HT has a

250-fold higher affinity for the rat S-HT2A receptor labeled
with the agonist DOl than labeled with the antagonist
ketanserin. However, the relative affinities of LSD for the

two S-HT2A receptor states were found to be nearly equiv-

alent. The differences in agonist affinity for agonist- and

antagonist-labeled rat S-HT2� receptors were, in general,
also smaller. In the current study, radiolabeled antagonist

competition assays were used for both receptors. We

showed based on analysis of the structural response of

molecular models of S-HT receptors to agonist binding that

the nature and extent of rearrangement corresponding to

receptor activation are ligand dependent (18). The mea-

sured affinity includes the effects of this rearrangement.

Consequently, any mutations, including those studied

here, could have different effects on the different confor-

mational states that the receptor adopts on ligand binding

(14, 18), as expressed in the measured affinity. Thus, the

possibility exists that the mutations studied have different

effects on the ability of some of the compounds studied to

stabilize the high affinity forms of these receptors, thus

producing ligand-dependent effects of the mutations.

To develop a complete structural understanding of the

interaction between these ligands and the binding pockets of

the two receptors, the direct and indirect roles of sequence

differences must be defined. The hypotheses developed re-

garding specific differences between positions of different
ligands with respect to this locus in the two receptors will

guide the testing and refinement of the molecular models of
the receptor binding pockets and activation mechanisms and

the manner in which they account for binding selectivity and

differential effects on coupling to effectors (14, 22)

One goal ofthis study was to explore the role ofthis locus
in determining the selectivity of serotonergic hallucino-

genic drugs of abuse. The hallucinogenic drugs studied,

bufotenin, psilocin, LSD, and DOI, fall into three different

categories with respect to the role of the locus studied in

ligand selectivity. Only for LSD, as for the nonhallucino-

genic ergolines, did the side chain at position 5.46 deter-

mine the ligand selectivity between the two receptors. This

locus may play an important role in determining the neu-

robehavioral effects of hallucinogens of the ergoline class.
Further studies will investigate whether other components

of the binding pocket of these receptors are particularly
important for the interaction with hallucinogens of various

structures.

Interestingly, rat S-HT2�2� receptors lack the serine/ala-

nine difference (see Fig. 1), and accordingly, the relative
receptor selectivity of some of the ligands studied may differ
in rodents and humans. The current results illustrate the

potential difficulties ofextrapolating those results to humans
for some ligands because of potential differences in the rela-

tive effect of agonists on these two receptors. In particular,

results obtained in the rat for relative actions of ergolines

with varying Ni substitutions may require reevaluation.
This is especially intriguing because the pharmacological

actions ofhallucinogens in this chemical class has been char-

acterized with rat models.

Fig. 5. Molecular modeling of ligand/receptor complexes. A, Chemical structures of LSD and mesulergine (MES). B, LSD/5-HI2A receptor
complex. Helical ribbons, protein backbone. Iwo receptor sites of interactions, Asp3.32 and Ser5.46, are shown as space-filling residues. C, Detail
of the LSD/SerS.46 interaction in the 5-HT2A receptor (5HT2AR); only the indole moiety of LSD is shown. LSD, SerS.46, and Pro5.50 are shown
as space-filling models. Note the favorable hydrogen-bonding contact between receptor and ligand. 0, Detail of LSD/Ala5.46 interaction in the
5-HT2� receptor (5HT2CR). E, Detail of the mesulergine (MES)/Ser5.46 interaction in the 5-HT2A receptor (5HT2AR); only the indole moiety of
mesulergine is shown. Note the steric clash between the Ni methyl carbon (yellow) of mesulergine and the oxygen (red) of the SerS.46 side chain,
as indicated by obliteration of the rounded surface of each atom. F, Detail of mesulergine (MES)/A1a5.46 interaction in the 5-HI2� receptor
(5HT2CR). Note the favorable Van der Waals surface contact between the Ni methyl group of mesulergine and the A1a5.46 side chain.
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