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SATAKE, N AND B MORTON Pineal hydroxytndole-O-methyltransferase Mechamsm, and mhtb:tton by scotophobtn 
A PHARMAC BIOCHEM BEHAV. 10(4) 457--462, 1979--We had shown that the behaviorally active peptlde, 
scotophobm A, a syntheUc analogue of naUve scotophobm, acted to ancrease dark avoidance m goldfish by mhlbmng pineal 
hydroxymdole-O-methyltransferase (HIOMT), the enzyme wluch converts N-acetylserotonm (NAS) to melatonm (MEL) 
Here we determine the reaction sequence of bovine pineal HIOMT and the mechamsm whereby scotophobln A inhibits this 
enzyme Inmal rate studies m wbach the substrates NAS and the methyl donor, S-adenosylmethlonlne (SAM), were 
independently vaned indicated the enzyme reacted by a sequential mechamsm With the product, S-adenosylhomocysteme 
(SAH), included m the reactton mixtures, data were obtmned consistent w~th the following order of substrate addmon and 

SAM NAS MEL SAH 

product discharge E EA EAB EQ E The turnover number was 5 7 moles melatonm formed/mole 

EeQ 
HIOMT/man The substrate KMs were 4 2x10 -4 M for NAS and 4 9×10 -~ M for SAM Further studies showed that 
scotophobm A is an inhibitor (Kt=7× 10 -r M) competmve with NAS, indicating that thzs peptlde combines with the 
enzyme-SAM complex The structural slmdanty of the tyrosmarmde end of scotophobm A to NAS and several other 
HIOMT lnlubltors, including two antlscluzophrenlc drugs, is conststent w~th these observattons 

Hydroxymdole-O-methyltransferase mechamsm Scotophobm mechamsm Pineal gland and scotophobln 
Scotophobm inhibition of melatomn formation Scotophobm inhibition of HIOMT 

IT HAS been reported that synthetic scotophobin A, a pep- 
tide closely related to native scotophobin originally isolated 
from the brmn of rats trained with shock to avoid the dark 
[30], causes dark avoidance behavior m several species [2, 8, 
10]. We showed that in goldfish, this, and other scotopho- 
bin-reduced phenomena, required the presence of  the pineal 
gland [27,28]. While studying the formation of  pineal 
melatonm from serotonin, via N-acetylserotonin,  we found 
that several conditions causing the elevation of pineal N- 
acetylserotonin m vtvo also produced dark avoidance behav- 
ior in goldfish [28] It was further observed that the scoto- 
phobm-induced dark avoidance in fish was associated with 
the inhibition of  N-acetylserotomn conversion to melatonm 
[28]. We then discovered that scotophobin directly inhibited 
pineal hydroxymdole-O-methyltransferase (HIOMT), the 
enzyme which catalyzes the conversion of N-acetylserotonm 
to melatonm [28] 

Not long after the discovery of  melatonm, reported m 
1958 [24], HIOMT was identified and purified 25-fold from 
bovine pineal glands by Axelrod and Welssbach [1]. About  a 
decade later bovine pineal HIOMT was purified m a different 
manner and partially characterized by Jackson and Loven- 
berg [20]. They found that their preparations of  HIOMT 
reached apparent  homogeneity after only 25-fold purification 

and had no higher specific actwity than the Axelrod- 
Weissbach preparation [1]. Th~s was apparently because 
HIOMT constituted four percent  of  the cytosoi proteins of 
the bovine pineal. They also reported that HIOMT was a 
79,000 dalton dimer with identical subunlts which had a 
tendency to form larger aggregates [20]. Both HIOMT prep- 
arations exhibited the very low turnover number of about 0 4 
moles melatonin formed/mole enzyme/rmnute 

Shortly thereafter Karahasanoglu and Ozand presented a 
third quite divergent study of  bovine pineal HIOMT [21]. 
Utilizing a new assay based upon the observations that the 
reaction product,  S-adenosylhomocysteme (SAH), was a po- 
tent product  inhibitor and that oxaloacetate and bicarbonate 
acUvated the enzyme, they purtfied the enzyme an apparent 
2800-fold They too reported the presence of HIOMT 
polymers beginning at 83,000 daltons, however some activity 
was associated with a 21,800 dalton fraction [21]. It is dif- 
ficult to compare this latter study of  HIOMT to the earher 
studies because of  several major differences in the assay 
condmons which resulted m qmte divergent kinetic con- 
stants It may be possible that due to these differences, the 
purity of  their final preparation was similar to that of  the 
earlier workers 

Regarding the inhibition of  HIOMT, both p-ohio- 
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romercurlbenzoate [1] and GSH [21] totally reactivated the 
enzyme, indicating the involvement of  a sulfhydryl group at 
the active site. In additaon a number of reports have appeared 
describing the inhibitory effect of a large series of  synthetic 
orgamc compounds [13-18] The most potent of  those syn- 
thesized [15] was not more inhibitory (I~,,=5× 10 -6 M) than 
SAH (Kt=2.1×10 -6) [7] 

HIOMT has been shown capable of  methylatmg several 
substrates other than N-acetylserotonin, including m- 
doleammes and catecholammes, to produce psychoactive 
compounds lmphcated m mental Illnesses [12] In keeping 
with this finding, two drugs used in the treatment of schizo- 
phrenm, haloperidol and oxypertine, were also found to in- 
hibit HIOMT with I~o values of  4 6× 10 -4 M and 7 8× 10 -~ M, 
respectively [19] 

HIOMT has long been recognized as an Important control 
enzyme about which information regarding kinetic proper- 
ties and inhibition sensitivity is needed [25]. In view of our 
observation [28] that the Ungar et al [29] synthetic analogue 
of scotophobin ~s one of  the most potent mhib~tors for the 
enzyme yet found (I~o=6x 10 -7 M), we decided to begin a 
series of studies designed to further characterize the 
enzymatxc and inhibitory properUes of  pineal HIOMT Here 
we define the reaction sequence of the enzyme, and deter- 
mine the molecular basis of scotophobm inhibition 

METHOD 

Bmchemtcals 

Scotophobin A [29] was generously supplied by the late 
Georges Ungar, who indicated it to be a pure synthetic 
analogue possessing 25% of  the activity of native scotopho- 
bm For  another view on the structure of the scotophobins, 
see Guttman et al [11] N-Acetylserotonin (NAS), 
S-adenosylmethlonme (SAM) and S-adenosylhomocysteine 
(SAH) were purchased from Sigma Chemical Company 
Bovine pineal glands were from Pel Freeze Inc 

HIOMT A ~say 

The enzyme was assayed  by measuring the format ion 
of  melatonin from N-ace ty lsero tonIn  and S-adenosyl-  
methmnlne The t r ipl icate  1 ml incubat ion mixtures  within 
15 ml Corex tubes contained 0.1 M potassium phosphate,  pH 
7 9, vanous indicated concentrations of  NAS,  SAM, SAH 
and scotophobin in water and 1.36/xg of  the above HIOMT 
preparation After 30 minutes incubation at 37°C, the reac- 
tmns were stopped by the addition of  4 ml chloroform. Mela- 
tonin was extracted into the chloroform by 30 seconds of 
shaking and the aqueous phase discarded by aspiration 
After the chloroform was washed twice with 3 ml delomzed 
water,  it was removed by drying The residue remaining was 
dissolved in 1 ml of water and the chloroform extraction 
repeated. About 100% of added melatonIn was recovered by 
this procedure,  compared to less than 0.001% of  NAS and 
SAM The extracted melatonin In 1 5 ml of  deiomzed water 
was measured fluorometrlcally with an Ammco-Bowman 
spectrofluorometer (excitation, 290 nm, emission, 360 nm) 
The fluorescence reading was proportional to melatomn 
concentration over the 0-100 ng range employed. 

HIOMT Purification 

The procedure used was that of  Axelrod and Weissbach 

[1] which has been reported to result in essentially homoge- 
nous HIOMT [9] Bovine pineal glands (16 g) were 
homogenized by three passes with a large motor driven 
Potter-Elvejhem homogenizer in 80 ml of 0 154 M KCI The 
homogenate was centrifuged (78,000 G for one hour) and 52 
ml of  the supernatant solution was adjusted to pH 6.5 with 1 
N KOH and centrifuged for I0 min at 8,000 G. Saturated 
ammonium sulfate solution (pH 8 0) was added to the 50 ml 
supernatant solution to produce a 45% saturation After cen- 
tnfugaUon (10 min at 8,000 G), the supernatant solution was 
removed and brought to 68% saturation The precipitate 
from a further similar centnfugation was dissolved in 12 ml 
delonxzed water and adjusted to pH 5.3 with acetic acid. Two 
ml of alumina gel Cy (35 mg) was added to this solution 
which was then stirred gently for one minute and centrifuged 
(8,000 G for 5 min). After centrifugation the gel was washed 
with 5 ml water and the HIOMT eluted by washing the gel 
with three 5 ml portions of 0.1 M potassium phosphate,  pH 
6 5 The last two eluates were used for the enzyme assay 
The protein concentration of  this preparation was 136/zg/ml 
The specific activity was 1 2 nmoles melatonin formed/mg 
protein/ml at 37°C In standard assay mixtures contmnIng 
1 15x10 -~ M SAM and 10 -3 M NAS. 

RESULTS 

Bovine pineal hydroxylndole-O-methyltransferase 
catalyzes the reaction of two substrates, the methyl donor, 
S-adenosylmethlonine, and the favored indoleamine, 
N-acetylserotonln,  to form S-adenosylhomocysteine and 
melatonin We first wished to determine which of the several 
possible blsubstrate catalytic mechanisms this enzyme em- 
ployed [3] The initial velocity patterns presented in Fig 1 
indicated a reacUon mechanism of the sequential type [3] in 
which the two substrates must be bound before the products 
are released The double reciprocal plots, each representing 
a different concentration of  the nonvaried substrate, con- 
verge to the left of the ordinate axis indicating the changes In 
both slope and intercept values Such is not the case m dou- 
ble &splacement (ping pong) mechanisms which give rise to 
parallel patterns showing changes In intercept values only 
[3] 

Computer-assisted multiple regression analyses of  the 
data points generating the plots of Fig 1 were performed to 
evaluate them both in terms of slope and intercept There 
were no systematic changes in the distribution of the data 
which would influence the validity of the usage of  this type of 
data treatment The analysis showed a significant difference 
among slopes, t(71)=6 29, p < 0  01, and among the intercepts 
on the vertical axis, t(71)=4 00, p < 0  01. 

A replotting of the apparent maximum velocity data of 
Fig 1, according to the method of Florlnl and Vestlmg [9], is 
shown in Fig 2. From the reciprocal of  the ordinate and 
abscissal intercepts, respectively, we were able to evaluate 
Vm~ (71 nmoles  melatonin formed/mg/mm),  KM for NAS 
(4 2×10 -4 M) and KM for SAM (4.9×10 -~ M). The turnover 
number was 5.7 moles melatonin formed/mole of 
HIOMT/mlnute 

We next sought to determine the order of substrate addi- 
tion and product release for HIOMT. Tm do this we meas- 
ured lmtml rates m the presence of  the product,  
S-adenosylhomocysteme At nearly saturating levels of 
SAM (4 6× 10 -~ M) with NAS as the vaned substrate, the 
addition of 1 04× 10 -6 M of  SAH had no inhibitory effect 
(Fig. 3A) An analysis of  rate measurements in the presence 
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FIG 1 Double remprocal plots of the effect of substrat¢ concentra- 
tion upon HIOMT activity Plots were computer generated by the 
method of least squares, The fit of the plots to the data points was 
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FIG 3 The effect of the product, 1 /zM SAH, upon the acnvlty of 
HIOMT in the presence of vaned substrate levels ©=control, 

e=plus SAH, l/V= l/melatonmx 10 -h 

and absence of SAH showed no slgmficant difference be- 
tween the two ( t<l .0)  However, SAH at the same concen- 
tratton was an inhibitor competatwe with SAM in the pres- 
ence of saturating levels of NAS (I 83 x 10 -4 M) (Fig. 3B). An 
analysis indicated these SAH data were significantly differ- 
ent (slope effect: t(29)=3.61, p<0.01; intercept effect: 
t(29)= 1 95, p>0.1) These product mhibitaon patterns were 
consistent w~th an Ordered Bi Bi mechanism [3, 4, 5] where 
SAM Is bound before NAS and SAH is released last after 
melatonm Th~s reaction mechamsm can be depicted as fol- 
lows 

SAM NAS MEL SAH 
~ T 1' 

E E-SAM E-SAM-NAS E-SAH E 
E-SAH-MEL 

We next investigated the kinetics of the scotophobln A 
mhibmon of HIOMT. In Fig 4A it may be seen that the 
addition of scotophobm A (2.8 and 5.6x 10 -7 M) produced 
competmve inhibition when SAM was held constant at a 
saturating level (2x10 -4 M) and NAS varied. Analyses 
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FIG 4 The effect of scotophobm upon HIOMT actwlty m the pres- 
ence of various concentrattons of substrates and products 
A=2×10 -4 M SAM, B = 2 x l 0  -4 M NAS, •=control ,  (3=plus 
28×10 -7 M scotophobm, [~=plus 56x10 -r M scotophobm, 

1/V = 1/melatomn x 10 -4 

showed a slgmficant slope effect,  t(25)= 13.6 ,p<0.01,  but no 
intercept  effect ,  t < l . 0  When N A S  was held constant  at 
2× 10 -4 M and S A M  v a n e d  (Fig. 4B) the addit ion o f  2.8 and 
5 6 x  10 -r  M scotophobin A produced  no enzyme  inhlbltmn, 
t < 1 0 for both slope and intercept  The  d~ssociatmn constant  
(KL) for scotophobin A under  these  condit ions was calculated 
[4] f rom the horizontal  axis intercepts  of  the control  curve  
and the scotophobin curves  o f  Fig 4A to be about  7x  10 .7 M 

In Table 1, der ived f rom Cleland [5,6], it may be seen that 
the data  presented =n Fig. 4 are most  conssstent with binding 
by scotophobln  to the E - S A M  form of  H I O M T .  To further  
clarify which form of  the enzyme  was being poisoned by 
scotophobin  A, Table  1 suggested that inhibition studies of  
the enzyme  at nonsaturat ing concentra t ions  of  N A S  with 
S A M  variable would be appropriate.  U n d e r  these  condit ions 
(NAS was 2 3× 10 -~ M), an uncompe t l twe  mhlbltlOn by sco- 
tophobm A resulted (Fig 5), confirmang that  indeed this 
pepude  inhibitor combined with the E - S A M  form of  H I O M T  
(s lope e f fec t  t(29 < 1 0; i n t e rcep t  effect" t (29)=2 62, 
p<0.02)  
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FIG 5 The effect of scotophobm upon the activity of HIOMT in the 
presence of nonsaturatmg levels ofsubstrates ©=control (2 3 x I0 -~ 
M NAS), • =plus 2 8x 10 -4 M scotophobm, 1N = 1/melatonln x 10 -6 
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Melaton,n 

FIG 6 

Scotophobm 

Diagram of the reacUon mechamsm for the enzyme, 
HIOMT, and its inhibition by scotophobm 

The steps o f  the react ion cata lyzed by H I O M T  and the 
point  of  scotophobin inhibition, as de termined here,  are 
shown in Fig 6 Free  H I O M T  first brads w~th S- 
adenosy lmeth lonme to form an E - S A M  complex.  Both the 
second substrate,  N-ace ty lsero tonm,  and sco tophobm A 
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compete for the E-SAM complex Successful binding of 
NAS to the EA complex leads to methyl group transfer, 
followed by the release of the first product, melatonin 
S-Adenosylhomocysteme dissociates last to regenerate free 
HIOMT 

DISCUSSION 

As a result of these studies, bovine pineal hydroxy 
indole-O-methyltransferase was found to function via a re- 
action sequence of the Ordered Bi Bi type The Ping Pong Bi 
Bi reaction type where the enzyme forms a covalently inter- 
mediate was eliminated as a possibility because initial veloc- 
ity measurements did not produce double reciprocal plots of 
constant slope, but rather generated plots with varying 
slope. That the sequential mechanism was ordered and not 
random with respect to substrate addition was confirmed by 
the observation that the product, SAH, did not compete with 
both substrates, but only with SAM. 

Some variations are present in the kinetic constants gen- 
erated by the four major studies, including this one, of highly 
purified HIOMT [1, 19, 20] Values for Vma~ were deter- 
mined only by ourselves and by Karahasanoglu and Ozand 
[21] They were 71 and 200 nmoles melatonin/mg 
HIOMT/nun ,  respectively From these values the turnover 
number was computed to be 5 7 and 16 moles melato- 
nin/mole HIOMT/min, respectively, assuming a molecular 
weight of 80,000 Although these values are very low, they 
are not as low as the 0.44 moles melatonin/mole HIOMT/mln 
value approximated by Jackson and Lovenberg [20] from 
their own and Axelrod and Weissbach's [1] specific actiwty 
data In view of such catalytic inefficiency it is not a surprise 
that four percent of all pineal cytosol proteins should be 
HIOMT [20] The reported KM values for the substrates of 
HIOMT are also quite variable This is in part because they 
are KMaop values except for those determined here. Thus, for 
NAS the K~ varies from 5 9×10 -6 M [21] through 4 6×10 -~ 
M [1] to 4 2x 10 -4 M, reported here Similarly the K~ for 
SAM vanes from 2 3x10 -7 [21] to 54×10  -~ M [1] and 
4 9× 10 -5 M, also reported here. The addmon of activators 
and the partial avoidance of product inhibition in the assay 
may account for the lowest of the reported K~t values [21]. 

Regarding the order of substrate addition and product re- 
lease for HIOMT, the product inhibition studies with one 

substrate vaned and the other at saturation produced defini- 
tive data The presence of SAH was not inhibitory when 
SAM was saturating and NAS was vaned However when 
NAS was saturating, SAH was a competitive inhibitor to 
vaned SAM This not only mdicated that SAM and SAH 
competed for the same form of HIOMT but also, according 
to the analysis by Cleland [3-6], SAM was the first substrate 
on HIOMT and SAH the last product off If NAS had been 
the first substrate and melatonin the last product, the SAH 
inhibition patterns would have been uncompetitlve against 
vaned NAS and noncompetitive agamst vaned SAM [3-6] 

Regarding the mechanism of scotophobm A inhibition of 
HIOMT this behaviorally active peptide effectively mhlb- 
ited the enzyme (Kj=7x 10 -7 M) except under conditions 
where SAM was limiting and SAH levels were elevated This 
evidence indicates scotophobin A and NAS compete for the 
E-SAM form of the enzyme Such a conclusion is reinforced 
by the observation that the COOH end of scotophobin A 
terminates m -glycine-tyroslneamide, a peptlde which can be 
visualized to have the same configuration as NAS The most 
effective of lnhibltors synthesized by Ho and coworkers 
[13-19] also are structurally related to NAS, as are the anti- 
schizophrenic agents, halopertdol and oxypertine which also 
inhibit HIOMT [19] 

The discovery that HIOMT can be effect,vely inhibited 
by a peptide has opened several interesting avenues of re- 
search involving the effect of natural and synthetic peptldes 
upon this ~mportant enzyme Regarding the control of the 
diurnal variation m the activity of HIOMT [26], it appears 
that although biosynthesis-degradation [26], aggregation- 
disaggregation [20] or substrate-product level [9] mech- 
anisms may play a role, endogenous peptldes may also sig- 
nificantly alter the activity of this enzyme. Inappropriate ac- 
tivity of HIOMT or enzymes of nearby reaction pathways 
might lead to elevations in the production of endogenous 
hallucinogens such as harmme-hke compounds [22,23] or 
methylated catecholamlnes [12] TMs could conceivably re- 
sult in altered mental states such as those present in schizo- 
phrenia [12] or possibly those causing scotophobin-lnduced 
dark avoidance 
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