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The D4Valine194Glycine receptor is a variant of the 
dopamine D4 receptor and is found in 12.5% 
of the Afro-Caribbean population. Glycine 
replaces valine at a position one amino acid 
away from a serine which is critical for 
the attachment of dopamine. To determine 
whether this mutation had an effect on the 
properties of the dopamine D4 receptor, 
we constructed this variant and tested the 
sensitivity of the expressed protein with 
various drugs. We found that the variant re- 
ceptor was two orders of magnitude less 
sensitive to dopamine, clozapine and olan- 
zapine. The variant receptor was insensitive 
to guanine nucleotide, indicating the ab- 
sence of a high-affinity state or functional 
state. The one 15-year-old individual found 
homozygous for this variant also had sickle 
cell disease. The patient revealed an overall 
pattern of low weight and no axillary or 
pubic hair. o 1996 Wiley-Liss, Inc. 
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INTRODUCTION 
In searching for an abnormality in the genes for dif- 

ferent dopamine receptors, we found a variant of the 
dopamine D4 receptor, D4Vallne194Glyc1ne, in 12.5% of 186 
Afro-Caribbeans but not in any of 147 Caucasians 
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tested [Seeman et al., 19941. This variant, present in 
heterozygous individuals, was not associated with 
schizophrenia or  any obvious dopamine-based disease. 
Recently, however, Nothen et al. [19941 found a homo- 
zygous individual with a nonfunctional dopamine D4 
receptor of only 98 amino acids [D4 normally has 387 to 
515 amino acids; Van To1 et al., 19921. This individual 
was obese, had an acoustic neuroma, excessive sweat- 
ing, low body temperature, and intermittent sinus 
tachycardia. 

The dopamine D4"allnelg4~]yc1ne receptor variant has a 
change in one nucleotide wherein T is replaced by G, 
predicting a substitution of valine by glycine a t  amino 
acid position 194 [Seeman et al., 19941. This amino acid 
replacement occurs one amino acid away from a serine 
which is critical for the attachment of dopamine in the 
dopamine D2 receptor [Cox et al., 19921. Therefore, in 
order to examine whether such a major mutation had 
an  effect on the properties of the dopamine D4 receptor, 
we constructed this variant and tested the sensitivity of 
the expressed protein with various drugs. 

We here report that the dopamine D4Vallne194~~yc,ne re- 
ceptor variant is insensitive to dopamine, as well as to 
clozapine and olanzapine. In addition, we report on an  
individual who was homozygous for the nonfunctional 
dopamine D4Vallne194Glyc,ne receptor variant. 

METHODS 
The dopamine D4 receptor variant, D ~ v ~ ~ ~ ~ ~ ~ s ~ G I ~ ~ ~ ~ ~ ,  

was constructed by means of polymerase chain reaction 
(PCR)-mediated mutagenesis. The cDNA for the dopa- 
mine D4.4 receptor was available from earlier work 
[Van To1 et al., 19911. As indicated elsewhere [Van To1 
et  al., 19921, the dopamine D4 receptor has many vari- 
ants as  a result of a variable repeat unit of 16 amino 
acids. The D4.2 receptor has 2 repeats, the D4.4 recep- 
tor has 4 repeats, the D4.7 receptor has 7 repeats, etc. 

The first part of exon 3 of the dopamine D4 receptor 
variant contains the T-to-G variation. The 5' portion of 
the D4.4 cDNA (-600 bp) was amplified by PCR, using 
a primer which flanked the 5' cloning site of pRciRSV 
(5'-CATTGGTGTGCACCTCC-3') and a dopamine D4 
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receptor oligonucleotide containing the introduced 
mutation (5'-CGGACGAGTAGcCCACGTAGTCGC-3'). 
The 3' portion of the D4.4 cDNA (-850 bp) was ampli- 
fied separately by PCR using a dopamine D4 receptor 
oligonucleotide containing the introduced mutation (5'- 
GCGACTACGTGGgCTACTCGTCCG-3') and a primer 
flanking the 3' cloning site of pRc/RSV (5'-AGGCT- 
GATCAGCGAGCT-3'). The two dopamine D4 receptor 
oligonucleotides described above were complementary 
to each other. The complete dopamine D4.4 receptor 
cDNA containing the introduced mutation was then 
created by a third PCR reaction, using the primers 
flanking the 5' and 3' cloning sites of pRc/RSV, as  de- 
scribed above, to combine the two fragments. 

The PCR was carried out in a volume of 50 pl contain- 
ing 1 x Invitrogen PCR buffer B (Invitrogen Corp., San 
Diego, CA), 10% DMSO, 0.5 mM of dNTP, 100 ng of each 
primer, 10-20 ng of plasmid DNA or PCR products and 
2.5 units of Tag polymerase (Perkin-Elmer Cetus Corp., 
Foster City, CA). The PCR conditions were as follows: 30 
sec denaturation at  95"C, 30 sec annealing at 48"C, 60 
sec extension a t  72"C, using a GeneAmp PCR System 
9600 (Perkin-Elmer Cetus Instruments, Norwalk, CT). 
Following 20 cycles, the samples were subjected to an 
additional elongation period of 7 min at 72°C. 

The resulting PCR product was digested with Hind 
I11 and Eco47 I11 to produce a unique Hind 111-Eco47 I11 
fragment (670 bp) containing the D4Val,ne194Glyc,ne muta- 
tion. The wild-type Hind 111-Eco47 I11 fragment in the 
pRc/RSV D4.4 construct was then replaced by the mu- 
tated fragment, thus producing a full-length dopamine 
D4.4 receptor variant cDNA in pRc/RSV. The Hind III- 
Eco47 I11 fragment of this construct was then sequenced 
[Van To1 et al., 19911. The DNA sequence (method of 
Sanger et al., 1977) of D4Val,ne194Glyc,ne was confirmed as 
containing only a single change in the nucleotide se- 
quence, namely a T-to-G mutation in codon 194. The 
DNA was transiently transfected into COS cells for ex- 
pression of the receptor. A stable cell line expressing the 
dopamine D4Val,ne194Glyc,ne receptor variant was produced 
in Chinese hamster ovary cells using gentamycin. 

The tissue culture cells were pooled and added to 
buffer (50 mM Tris-HC1, pH 7.4 a t  20"C, 1 mM EDTA, 
5 mM KC1, 1.5 mM CaC12, 4 mM MgC12 and 120 mM 
NaCl), resulting in a suspension of approximately 200 
pg proteidml. The cells were not washed or cen- 
trifuged, because these procedures result in a loss of re- 
ceptors [Seeman et al., 19841. The cell suspension was 
homogenized with a Polytron (PT-10 probe, Brinkmann 
Instruments, Inc., Westbury, Ny; setting 5 out of a max- 
imum of 10) for 5 sec. 

The competition between the various drugs and 
["Hlspiperone for binding to the receptors was done as 
follows. Each incubation tube (12 X 75 mm glass) re- 
ceived, in the following order, 0.5 ml buffer (with or 
without an excess of dopamine the final concentration 
of which was 30 pM), 0.5 ml [SHIspiperone (final con- 
centration of approximately 250 pM; -100 Cilmmol; 
2.2-3.7 TBq/mmol, from Amersham Life Sciences, 
Oakville, Ontario, Canada), and 0.5 ml membrane sus- 
pension. The tubes were incubated for 2 h a t  room tem- 
perature (20°C), after which the incubates were fil- 

tered, using a 12-well cell harvester (Titertek, Skatron, 
Lier, Norway) and buffer-presoaked glass fiber filter 
mats (No. 7034, Skatron, Sterling, VA). After filtering 
the incubate, the filter mat was rinsed with buffer for 
15 sec (7.5 ml buffer). The filters were pushed out and 
placed in scintillation minivials (Packard Instruments, 
Chicago, IL). The minivials received 4 ml each of 
scintillant (Ready Solve, Beckman Co., CA), and were 
monitored 6 h later for tritium in a Packard 4660 scin- 
tillation spectrometer a t  55% efficiency. Nonspecific 
binding to dopamine D4 receptors was defined as that 
which occurred in the presence of 30 p M  dopamine [Van 
To1 et al., 19911. The K, values for the drugs were de- 
rived by the Cheng-Prusoff formula [1973], using the 
appropriate KD value for C3H]spiperone a t  the receptor. 

The Kn value (dissociation constant) of ['Hlspiperone 
for the dopamine D4 receptors was measured sepa- 
rately. This was done using final concentrations of 10 
pM t o  2,000 pM for [3Hlspiperone and using the same 
procedure outlined above for the competition-type ex- 
periments. The dissociation constants were derived by 
Scatchard analysis. 

Cyclic AMP was measured as  follows. CHO (Chinese 
hamster ovary) cells were plated in 6-well, 35 mm 
dishes 1-2 days prior to the experiment and grown to  
80-100% confluency (-1.2 X lo6 cells/dish). The cells 
were washed with 1-2 ml HBBS buffer (188 mM NaC1, 
4.6 mM KC1, 1 mM CaC12, 1 mM MgC12, 10 mM D- 
glucose, 20 mM Hepes and 0.3 mM IBMX [3-isobutyl-l- 
methylxanthine], pH 7.2). The cells were incubated in 
HBBS buffer with and without dopamine (0.1 nM-3 
p M )  in the presence or absence of 10 pM forskolin. The 
cells were incubated for 30 min a t  37°C in a final vol- 
ume of 1 ml. At the end of the incubation period the 
medium was removed by aspiration and the cells were 
harvested in 1 ml permeabilization buffer (1 ml of 2% 
Triton X-100 in 39 ml HBBS buffer). The samples were 
vortexed, and centrifuged for 5 min a t  13,000 rpm in a 
microcentrifuge. The supernatant was collected and 
frozen a t  -80°C for cyclic AMP measurement by radio- 
immunoassay, described in the procedure recommended 
for using the cyclic AMP antiserum (Sigma product 
A-0670, Sigma Chemical Co., St. Louis, MO). Briefly, 
the lysates of the permeabilized cells were diluted 20- 
fold with ice-cold 0.05 M sodium acetate buffer, pH 6.2. 
The diluted samples (100 pl) were transferred in dupli- 
cate to polypropylene test tubes and succinylated by ad- 
dition of 20 pl succinylation reagent (200 mg succinic 
anhydride dissolved in 1 ml dry acetone to which tri- 
ethylamine was added a t  a ratio of 25:9 [vol:vol; suc- 
cinic anhydride:triethylamine]). Ice-cold 0.05 M sodium 
acetate buffer (1.9 ml) was added and mixed with the 
sample. Each succinylated sample of 100 pl received 
100 pl of CAMP antiserum. The antiserum was pre- 
pared by dissolving 5 mg of lyophilized powder in 1 ml 
0.01% bovine serum albumin (BSA) and diluted 10-fold 
with 0.01% BSA. After adding the antiserum, the sam- 
ples were vortexed and incubated for 4 h a t  0°C. Each 
sample then received 100 pl of adenosine 3',5'-cycline 
phosphoric acid 2'-O-succinyl [12511iodotyrosine methyl 
ester (4.5 nCi/sample, diluted in acetate buffer). The 
tubes were vortexed and incubated for 18-20 h a t  4°C. 
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Each tube then received 100 p1 of 10% BSA, followed by 
the addition of 2 ml of ice-cold ethanol. The tubes were 
vortexed and centrifuged a t  3,500 X g for 15 min a t  4°C. 
The supernatant was removed by aspiration. The 
amount of radioactivity retained in the pellet was de- 
termined and converted to a corresponding amount of 
cyclic AMP from a standard curve with a range of 
0-5,000 fmol cyclic AMP per 100 p1 sample volume 
measured in parallel. 

The restriction enzyme, Acc I, was used to  determine 
the genotype of patient DF. The DNA sequence of the 
common form of the dopamine D4 receptor contains a 
site (corresponding to valine-194) which is sensitive to 
the cutting action of Acc I [Van To1 et  al., 19911. Thus, 
the DNA sequence of the 259 bases (the first part of 
exon 3, including the oligonucleotide primer) was cut by 
Ace I into two lengths of 193 and 66 bases. The 
dopamine D ~ v ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  receptor variant, however, has 
a change in one nucleotide wherein T is replaced by G, 
resulting in the variant being insensitive to the cutting 
action of Ace I [Seeman et al., 19941. Hence, the en- 
zyme, Ace I was used to genotype patient DF by deter- 
mining whether the action of Ace I (acting on the PCR 
product of exon 3) revealed sequences of 193 or 259 
bases on the agarose gel. Thus, a sequence length of 193 
bases indicated a homozygous person having the com- 
mon form of the dopamine D4 receptor, while a sequence 
length of 259 bases revealed a homozygous individual 
having the D4 variant, while a pattern of bands a t  both 
193 and 259 indicated a heterozygote having both the 
common D4 and the D4Val,ne194Glyc,ne receptor variant. 

RESULTS 
Compared to the dopamine D4 receptor, the dissocia- 

tion constants for dopamine, clozapine and olanzapine 
for the D4vallne194~lyclne receptor were markedly increased 
by at least two orders of magnitude (Fig. I; Table I). The 
density of the stably expressed D 4 ~ ~ l ~ ~ ~ l 9 4 ~ l ~ ~ ~ ~ ~  receptor 
averaged 12.6 ? 2.2 fmoVmg protein (n = 7), compared 
to 54 5 8 fmoVmg protein (n = 5) for that of the stably 
expressed dopamine D4 receptor. The dissociation con- 
stant of [3Hlspiperone, KD, for the D 4 ~ ~ l ~ ~ ~ l 9 ~ G l ~ ~ , ~ ~  recep- 
tor  variant was 136 2 24 pM (n = 5), compared to 89 t 
8 pM (n = 88) for the dopamine D4 receptor (Fig. 2 and 
Table I). The inhibition constant for spiperone, K,, was 
127 pM on the variant, compared to 160 pM for the D4 
receptor (Table I). 

The inhibition by dopamine of [3H]spiperone binding 
to the dopamine D 4 ~ ~ l ~ ~ ~ l g 4 ~ l ~ ~ ~ ~ ~  receptor variant was rel- 
atively insensitive to 200 p M  guanilylimidodiphos- 
phate (or Gpp[NH]p) when compared to the common D4 
receptor. For example, dopamine inhibited the binding 
of [3H]spiperone at D4 with a K, of 148 nM (Table I). Us- 
ing a curve-fitting procedure [George et al., 19851, this 
K, could be resolved into a high-affinity component a t  
25 nM dopamine and a low-affinity component at 1,000 
nM dopamine, each component consisting of 50% of 
the total sites (Table I). Guanine nucleotide (i.e., 
Gpp[NH]p) converted all the high-affinity sites (having 
a dopamine K, of 25 nM) to low-affinity sites having a 
dopamine K, of 413 nM (Table I), a shift of 16-fold. As 
indicated in Figure 1 and Table I, however, dopamine 
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Fig. 1. Representative experiments for various drugs competing 
against 250 pM ['Hlspiperone for binding to the common form of the 
dopamine D4 receptor and to the dopamine D4v,l,,,l,,cly,,,, receptor 
variant. The total amount of specific binding was 600 DPWfilter. The 
K, values for the dopamine D4 receptor and the D4Val,ne194Glyi,ne recep- 
tor, respectively, were 0.11 nM and 0.13 nM for spiperone, 70 nM and 
457 nM for dopamine, and 22 nM and 886 nM for clozapine. Nonspe- 
cific binding defined by 30 to 100 pM dopamine. 

inhibited the binding of [3Hlspiperone to the D 4 ~ ~ ~ ~ ~ ~ ~ ~ ~ l ~ ~ ~ ~ ~  
receptor variant a t  only the low-affinity site, as indi- 
cated by the high K, of 3,700 nM dopamine, comprising 
100% of the sites. Because all the sites were in their 
low-affinity state for dopamine, the effect of guanine 
nucleotide was relatively small, the dopamine K, going 
from 3,700 nM to 7,100 nM (Table I), a shift of only 

The data in Figure 3 illustrate that the dopamine 
D4Vallnel94GlycIne receptor was insensitive to dopamine 
when tested for the inhibition of adenylate cyclase. 

Patient DF was found when screening DNA samples 
for the dopamine D4Va1111e194G1yclne receptor variant [Seeman 
et  al., 19941. The PCR product of exon 3 [280 base pairs] 
of this patient's dopamine D4Va~lne194~lyclne receptor was 
not sensitive to the cutting action of the restriction 
enzyme Acc I, a s  shown in Figure 4. This enzyme did, 
however, cut the PCR product of exon 3 of the regular 
dopamine D4 receptor (Fig. 4). Figure 4 illustrates 
that patient DF was homozygous for the dopamine 
D4Vallne194Glyclne receptor variant because there was only 
a single uncut band upon exposure to Acc I. 

Patient DF is a 15-year-old boy who lives in Jamaica. 
He weighs 81 lbs (36.6 kg) and his height is 5 ft, 2" 
(157 em). He was first seen clinically when he was one 
year old because of anemia. At two years of age, he was 
diagnosed with homozygous sickle cell disease. Because 
of this, he has been followed at the Sickle Cell clinic at 
the University of the West Indies. The patient's height 
and weight were both below the 3rd percentile for his 
age. His height had been in the 25th percentile between 

1.9-fold. 
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TABLE I. Drug dissociation constants 

D4b D 4 ~ ~ 1 , ~ ~ ~ 9 4 ~ 1 ~ ~ ~ ~ ~  
K, nM (n) K, nM (n) 

[3H]spiperone''d ['Hl~piperone"'~ 

Chlorpromazine 
Clozapine 
Dopamine, at 50% inhibition 

a t  high-affinity state 
a t  low-affinity state 

Dopamine + GppNHp" 
a t  50% inhibition 
a t  high-affinity state 
a t  low-affinity state 

Haloperidol 
Noradrenaline 
Olanzapine 
Raclopride 
Serotonin 
Spiperone 
r3H]Spiperone 

9.6 (3) 
22.4 t 1.8 (19) 
148 (6) 
25 (50% sites) 
1,000 (50% sites) 

413 (7) 
no high-affinity state 
413 (100% sites) 
2.2 t- 0.3 (24) 
2,200 (3) 
21 (4) 
2,300 i 290 (13) 
4,400 
0.16 (6) 
0.089 i 0.008 (88) 

19 (2) 
4,500 (3) 
3,700 (4) 
no high-affinity state 
3,700 (100% sites) 

7,100 (2) 
no high-affinity state 
7,100 (100% sites) 
47 ( 3 )  
8,000 (2) 
>10,000 
4,300 (2) 
12,000 (2) 
0.127 (3) 
0.136 i 0.024 (5) 

"200 pM guanilylimidodiphosphate. 
'Cloned dopamine D4.4 or D4.2 receptors were used, with identical results 
'Final concentration of ['Hlspiperone was 250 pM. 
dNonspecific binding defined by 30 pM dopamine. 

ages 8 and 12 years. His weight has always been below 
the 10th percentile and had recently changed to below 
the 3rd percentile. His current height is in the 3rd per- 
centile. He attends a regular school, and his grade level 
is average for his years. He is good at mathematics but 
is not keen on reading. He sometimes has transient 
dark spots in his eye fields. At other times he cannot see 
from the corners of his eyes and has to turn his head to 
see objects. This complaint has never persisted and he 
did not seek medical attention for this. He has no other 
complaints but admits to intermittent joint pains and 
shortness of breath on running long distances. There 
were no symptoms of muscle weakness, excessive 
sweating, episodes of tachycardia, or sensory or cere- 
bellar disturbances. 

Neurological development was normal. He lives a life 
described as "normal" but, because of his slight build, 
he avoids playing with bigger boys. He is one of two 
children by the same father, and his sister who is 13 
years old is presently asymptomatic. Examination 
showed him to be of slight build. There was no axillary 

D4 variant 
B,,, 11 fmOl 

mg pro 
K, = 65 pM 

8, fmol/filter 

Fig. 2. Representative results (Scatchard analysis) for the dissoci- 
ation constant of [3Hlspiperone, K,, for the D4v.ilne,e4ciyc,nf. receptor 
variant (right) and for the dopamine D4 receptor (left, where D4.4 in- 
dicates a D4 receptor containing 4 repeat units, as explained in the 
text). The D4 variant expressed a lower density of receptors compared 
to the D4.4 receptor (in fmol per mg protein). 

or pubic hair. There was no lymphadenopathy. His pulse 
rate was 80lmin with sinus arrythmia. There was a soft 
systolic murmur at the apex and a loud pulmonary 
component to the second heart sound (P2) a t  the base. 
The liver was soft and palpable. He had a palpable and 
moderately enlarged spleen from 2 to 5 cm below the 
left costal margin; this splenomegaly has been sustained. 

He was examined by a neurologist who conducted a 
formal mental status exam. The clinical findings were 
not remarkable. He has had no mood swings, depres- 
sive episodes, or indications of psychiatric disturbance. 
He showed no cognitive or personality defects; he was 
pleasant and cooperative with a good sense of humour. 

The neurological examination was normal. The skull, 
cranial nerves, fundoscopy and visual fields were nor- 
mal. Posture, power, tone, coordination, sensation, and 
tendon reflexes were all normal. Abdominal reflexes 
were equal, and plantars were flexor. The current he- 
moglobin was 5.4 gldl with no evidence of iron or folate 
deficiency. The reticulocyte count was 15%. 

DISCUSSION 
The insensitivity of this variant receptor to dopamine 

and to guanine nucleotide suggests that this receptor 
does not exist in a high-affinity state. Based on these 
in vitro data, it may be speculated that the dopamine 
D4Vallne194Glycine receptor variant may also not be func- 
tional in vivo, because the high-affinity state of 
dopamine receptors is generally considered to be the 
functional state [George et al., 19851. Such speculation 
suggests that the homozygous patient DF may not have 
any functional dopamine D4 receptors in his tissues. In 
addition, this aberrant receptor may affect the clinical 
action of anti-dopamine drugs. For example, if the 
dopamine D4 receptor is a primary target in the clini- 
cal action of clozapine [Van To1 et al., 1991; Seeman, 
19921, it is possible that such homozygous individuals 
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Fig. 3. Dopamine and quinpirole inhibited the production of cyclic 
AMP (adenosine monophosphate) in the dopamine D4.4 receptor but 
not in the D4Vdl,nell)4(,lyLlne receptor. The value of 100% represents the 
amount of cyclic AMP produced by 10 pM forskolin alone. The number 
offmoles of the D4Vnl,nelq4Glyc~ne receptor per tube was between 10% and 
20% of the number of fmoles in the tubes containing the dopamine 
D4.4 receptors. 

who happen to become psychotic may also be resistant 
to the action of clozapine. 

Most or  all of his clinical symptoms and signs can be 
attributed to his sickle cell disease. These include the 
heart sounds, the very low hemoglobin (ranging from 
4.5 to 6.3 g/dl), and the dyspnea on exertion. The clini- 
cal picture, however, is not typical of hypersplenism. 

The patient’s slow growth appears greater than usu- 
ally found in homozygous sickle cell disease. The over- 
all pattern of low weight and no axillary or pubic hair 
appears more than can be accounted for by the sickle 
cell disease. However, before determining the clinical 
relevance of the dopamine D4Val,nc194Glycine receptor vari- 
ant, it will be essential to locate a homozygous individ- 
ual who has no other major genetic illness. 
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