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Opiate Analgesics’ Dual Role in Firefly Luciferase Activity

T. Sudhaharan and A. Ram Reddy*
Department of Chemistry, Nizam College, Hyderabad 500 001 AP, India
Receied August 25, 1997

ABSTRACT. The effects of three opiate analgesics, isolated from opium, on the firefly luciferase enzyme
have been studied. Morphine (MN), 6-acetylmorphine (MAM), and diacetylmorphine (DAM) inhibited
the enzyme activity at different levels. At lower concentrations, MN and MAM enhanced enzyme activity,
effecting inhibition at higher concentrations. However, DAM inhibited the enzyme activity at all
concentrations investigated. The stimulating activity of MN and MAM is attributed to the hydrophilic
interaction of the proton donefacceptor type with the polar regions of the luciferase located outside the
binding pocket of the active site. The inhibition at higher concentrations of MN and MAM and at all
concentrations of DAM is found to be competitive in nature, with the analgesics competing for the binding
of the enzyme’s natural substrate luciferin. The binding site of the luciferase could accommodate only
one analgesic molecule. Binding constants determined from bioluminescence studies showed that the
inhibitor binding site is hydrophobic in nature. The inhibition constants of analgesics are in the order
MN > MAM > DAM. The greater binding of DAM to luciferase is attributed to its ability to form a
ground state complex with ATP and greater hydrophobicity. At higher concentrations of ATP, the binding
constants increased. The results obtained are explained assuming that the firefly luciferase acts as a
subtypeu-opioid receptor model.

Opiates are known for their prototypical analgesic and led to the ultrasensitive assay for the determination of ATP
pharmacological importancé,(2). Itis observed that opiates present in a variety of biomolecules in biology and medicine
inhibit either the basal3) or neurostimulated increase inthe (18). Franks and Lieb19) exploited this efficient biolu-
adenylate cyclase activity in several mammals7) and minescent enzyme system and established that general
cause respiratory depressids) fue to their action on the  anesthetics act directly on proteins with amphiphilic target
brain stem respiratory centers. Owing to their immense sites. Moreover, the traditional view is that anesthetics
importance in biochemical studies, the concept of opioid relieve pain by rendering the person unconscious while the
receptor was first postulated by Beckett and Ca&y &nd narcotic analgesics deaden the pain by raising the threshold
subsequently, Portoghese and co-worket§) (proposed to pain and diminishing the alarm reaction to sustained pain
different opiate receptors for structurally different opioids. (20). In view of the structural similarities existing between
In more recent years, through extensive in vivo and in vitro luciferase and«-opioid receptor and also adhering to the
research, there is now considerable support for the existencestatement that at this time there is no gold standard for

of three major opioid receptors, i.e:;, 0-, and kx-opioid defining the opioid receptor selectivity2l), since most

receptors, all of which belongs to the G-protein familyt) tissues express several classes of receptors leading to one
Morphine and its alkaloid analogues are considered the type of ligand inhibiting the activities of other types of

prototypical u-receptor agonists1@, 13). The u-opioid receptorsZ2—25), we have investigated the protein analgesic

receptor and firefly luciferase enzyme have similar catalytic interaction by following bioluminescence (B). emission,
sites. N-Ethylmaleimide modification studies of luciferase a'nd eleg:tror)lc abso_rpt!on spectroscopy. The protein con-
(14) andu-opioid receptors¥5—17) revealed that there are sidered in fthls study is firefly Iumfer_ase, and the opiates used
two vicinal sulfhydryl groups present near or in the active are morphine (MN), 6-acetylmorphine (MAM), and diacetyl-
site of these proteins. The two sulfhydryl groups in both Morphine (DAM).

the proteins, located on a single polypeptide chain, yield

disulfide bonds and upon modification of these thiol groups MATERIALS AND METHODS
by reagents result in decreased enzymatic activity. Firefly Materials

luciferase is the best characterized among the bioluminescent

enzymes, and the light produced in this system is directly The opium sample was obtained from Government Opium
related to the ATP present in the cells; its high sensitivity and Alkaloid Factories (Ghazipur, India). Fireflyluciferin
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Table 1: Physical and Spectral Data of Opium Analgesics

morphine 6-acetylmorphine 3,6-diacetylmorphine
mp? (°C) 245-248 265-270 235-237
UV —vis (in C;HsOH) Amax(Nm) 288 299, 308 (weak) 240, 281, 311
IR (KBr, cm™) 3480, 3400, 3210, 2940, 3400, 2940, 1740, 1630, 2940, 1765, 1735, 1600,
2920, 2840, 1605, 1650, 1605, 1205 1250, 1180
1090, 1250, 760
NMRP (column 1, DMSO¢; 6.76 (d), 6.68 (d), 5.75 _ 2.37,2.11 (s), 2.90 (s), 3.35 (m),
CDCIly/DMSO-dg, column 3) (d), 5.40 (d), 5.06 (d), 3.80 (m), 5.55 (d), 5.40 (m),
4.37 (m), 4.20 (d), 3.0 (s), 5.80 (d), 6.90 (d), 6.70 (d)
2.16

aMelting points are uncorrectedls, singlet; d, doublet; m, multiplet.

and luciferase (LDR) were purchased from Amersham as
the RPN 1630 bioluminescent ATP assay kit. Stock solu-
tions were made in the buffer supplied with the kit and frozen
at —80 °C as aliquots. ATP was obtained from Pharmacia,
and the stock was made in 10 mM Tris-HCl at pH 7.5. The
working stock solutions were freshly prepared on the day
of use. The BL assay was performed at23 °C after the
rapid mixing of luciferase, luciferin, and AFRIg>" with or
without analgesic using an external mixer. For all the
experiments, the final concentration of luciferase was on the
order of 10 nM in glycylglycine buffer at pH 7.8. Variable
concentrations of luciferin, ATP, and analgesics were used.
The reaction was initiated by the injection of ATP, and the
final reaction volume was always kept at 40D.

ABSORBANCE

6 7 [

RETENTION TIME (MIN)

The bioluminescence light output was measured using theFicure 1: HPLC purity of analgesics:—) MN, (---) MAM, and
LKB 1250 luminometer connected to a recorder. All the (---) DAM.

readings were take5 s after mixing. The maximum activity . o
was taken as the peak of the light output. The absorption calculated amounts of HCI during recrystallizati@), The

spectra were obtained by using a Hitachi 150-20-ié m_eIting points of the compounds prepa_red were i.n agreement
spectrophotometer. Corrected fluorescence spectra were/ith the reported values. The electronic absorption maxima,
recorded on a Hitachi 4010 spectrofluorimeter by maintaining 'R. @nd NMR data of the three opiates are shown in Table
the excitation and emission bandwidths at 5 nm. The IR 1. The stocks of these opiates were prepared in quartz-
spectra were obtained using Perkin-Elmer 283B spectrometerdistilled water and stored at 280C. The purity of the
NMR data were obtained from the Bruker WH300 spec- analgesics was checked by HPLZ7\ and was above 95%
trometer. HPLC analysis was performed on a Waters 626Sin all cases (Figure 1).

pump system using a reverse phase C-18 Hewlett-Packard Inhibition Studies The reciprocals of the peak height
200 x 4.6 mm, 5um HPLC column. The elution buffer  divided by the enzyme concentration were plotted against
was 70% 15 mM phosphate buffer (pH 3.5) with 30% the reciprocals of luciferin concentrations in the absence or
acetonitrile. The flow rate was 1 mL/min. The eluate was presence of opiate analgesics to obtkin (or K29 and
monitored at 230 nm by employing a Linear 206 PHD V,,,, following a simple binding model28). The average
detector. peak heights for the above double-reciprocal plots were

Extraction and Preparation of Analgesicdlorphine was ~ obtained by performing the assay in triplicate. All the
extracted from opium powder in the presence of lime. The experiments were carried out in triplicate in order to fit the
filtrate was collected, and crude MN was precipitated by the data into a simple linear regression analysis, instead of a
addition of ammonium chloride. Pure MN sulfate was Wweighted least-squares analys29)( Inhibition constants,
obtained by dissolving the crude in dilute,$0, and Ki, and the number of opiate analgesic molectigdnvolved
precipitating with ammonium hydroxide. DAM was pre- in the inhibition were determined from the relationsi)
pared by refluxing MN (25 mmol) with distilled acetyl = (1+ [AJ/K;), where thef(A) is the factor by whichK,2PP
chloride (50 mmol, BDH) under an alkaline pH. The mixture for the competing luciferin changes with analgesic concen-
was then dissolved in water and neutralized with sodium tration. Plots of f(A) or +/f(A) against the analgesic
carbonate. Crude DAM that precipitated out was filtered concentration were obtained to determine the inhibition
and recrystalized twice in acetone. MAM was obtained by constants and the stoichiometries of the analgesic molecules
refluxing MN (20 mmol) with distilled acetic anhydride (25 (30). The analgesic E£ values are related to the dissocia-
mmol, E-Merck). Mono- and diacetylmorphine were con- tion constantK;, and were obtained using the relationship
verted into their respective chloride salts by the addition of ECso = 2K;.

Methods
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Ficure 2: Bioluminescence of the luciferase system: 10 nM
luciferase and®) 1.5 x 107> M, (O) 3 x 10> M, and (a) 7.5 x
1076 M luciferin. e
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Firefly Luciferase Inhibition by ATP 50 a B

The relative intensities of light produced against varied
concentrations of ATP at a fixed luciferin concentration are Time  §omts
shown in Figure 2. The concentrations of luciferin and ATP
employed throughout the investigation varied between-7.5
60 uM and 0.125-1.5 mM, respectively. We found that
the enzyme activity reached a maximum when the ATP
concentration was 0.25 mM, and with a further increase in
the concentration of ATP, the peak intensity decreased. The
mechanism of inhibition of enzyme activity over a range of
saturating levels of ATP concentrations was determined by
measuring luciferase activity with varying luciferin concen- k .
trations between 7.5 and M. We found thatK,, i.e.,

Km(luciferin) or Kn(ATP), remains constant while thénax t\ e
decreases with increasing ATP or luciferin concentration. It o r—
is observed that, with an increase in the ATP concentration °

in the range of 0.1251.5 mM, the value oKn(luciferin) Ficure 3: (A) Effect of MN on luciferase activity: luciferase (10

remai_ned constant with a value of 2.1 (SEi§.11) x 1075 nM), luciferin (7.54M), and ATP (0.25 mM) with (a) control, (b)
M while the Vinax decreased from 3.5 1076to 1.47x 1077 0.25 mM, (c) 0.50 mM, (d) 0.75 mM, and (e) 1.0 mM MN. (B)

25|

RELATIVE LIGHT OUTPUT (MV)

T T T

TIME (MIN)

per 108 M of enzyme concentration. Effect of DAM on luciferase activity: luciferase (10 nM), luciferin

(7.5uM), and ATP (0.25 mM) with (a) control, (b) 1.7% 10°*
Firefly Luciferase Inhibition and Stimulation by '\D"'Aﬁz) 2.2x 107%M, (d) 2.66x 107*M, and (e) 3.54x 107*M
Analgesics '

Bioluminescence StudiesThe maximum rate of light —analgesic concentration, a little increase in the time to reach
production is extremely sensitive to the presence of analge-the peak intensity together with a considerable decrease in
sics. The influence of MN on the activity of luciferase is the rate of decay of the luminescence following the peak
shown in Figure 3A. Under the conditions where the active height is also noticed. All the three analgesics investigated
site of luciferase is saturated with luciferin and ATP, the inhibit the luciferase activity by competing with luciferin
addition of MN has different effects at different concentra- for binding to the protein at all ATP concentrations. The
tions with respect to reaching peak height and rate of decay.mechanism of inhibition is determined by measuring lu-
A similar observation is also found with MAM regarding ciferase activity over a range of luciferin concentrations in
reaching the peak height but not with DAM. We observed the absence and presence of inhibitor. In Figure 4, the
a significant increase in the luciferase activity at relatively double-reciprocal primary plot, i.e., the reciprocal of the
low MN and MAM concentrations. This enhancement in maximum rate of light production (the peak height), is plotted
activity is accompanied by an altered rate of luminescent against the reciprocal of the luciferin concentration at various
decay following the increase in peak intensity. MN and concentrations of MN. Similar double-reciprocal plots are
MAM at higher concentrations and DAM at all concentra- also obtained with MAM and DAM at a constant concentra-
tions (Figure 3B) inhibited the activity of the enzyme. In tion of ATP. The series of lines shows that as the analgesic
addition to the decrease in the peak intensity with increasing concentration increases th&,2° increases without a sig-
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Ficure 4: Double-reciprocal plots of the luciferastuciferin, MN
system: luciferase (10 nM) and ATP (0.5 mM) with (data points
overlapping) @) control, ®) 0.5 x 103 M, (a) 1.0 x 103 M,

(O) 1.25x 103 M, and @) 5.0 x 103 M MN.

nificant change in the maximum activity/{.). Typical data
showing K.2¥K(luciferin) or +/f(A) against analgesic
concentrations yielded the inhibition consté&qt The EGq
values calculated theoretically from the equatiors&€ 2K;

are given in Table 2, along with the inhibition constants.
ATP occurs ubiquitously in living organisms and is the most
important central coupling agent between exergonic and

endergonic processes in all cells. It is either consumed or
Further, the

regenerated in every metabolic sequence.
physiological ATP concentration present in all cells is varied.
We considered worthwhileseeing the modulation of ATP on
the analgesieprotein interaction and obtained the double-

reciprocal plots interalia at different ATP concentrations. The
data obtained at various ATP concentrations are presente
in Table 2. Itis obvious from Table 2 that as the enzyme is
saturated with increasing amounts of ATP the binding

constants also increase, inferring that the binding constants
are ATP-dependent and at all ATP concentrations only one

analgesic binds to the enzyme.

Excited State StudiesTo infer a possible mechanism for
the stimulated luciferase activity at lower concentrations of
MN and MAM, electronically excited and ground state
interactions between analgesics and luciferin, analgesic an
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ground state or in the excited state. However, we found that
all the analgesics experienced an interaction with the excited
luciferin but not with ATP. Similarly, no interaction of
analgesic with the enzyme was observed in the excited state.
Given in Figure 5 is the evidence for the exciplex formation
between the excited luciferin and the ground state analgesics
(luciferin*—analgesic). The relative intensity of the luciferin
emission band at 530 nm is quenched with the addition of
analgesics having an isoemissive point at 485 nm without
any change in the emission wavelength. The St&olmer
guenching constankKg,, the slope derived from a linear plot
obtained from the relationship/F = 1 + Kg[Q]) for
luciferin*—DAM is found to be 250 M* and for luciferin*~

MN is 570 ML These largeKs, values and isoemissive
points are an indication of the efficient quenching of luciferin
emission by analgesics and are evidence of exciplex forma-
tion between luciferin and DAM and luciferin and MN.
Similar exciplex formation between the excited state anal-
gesics and ground state luciferin is also observed. The
absence of any significant change in fluorescence spectra of
analgesics with the addition of ATP or vice versa indicates
that there is no specific interaction between analgesic and
ATP in the excited state. The fluorescence spectra of
luciferase and luciferin with and without analgesics are
shown in Figure 6. The emission spectrum of the aqueous
mixture containing luciferaseluciferin and MN obtained by
irradiating at luciferin’s absorption maxima (335 nm) is
unique in exhibiting dual emission, a weak emission at 433
nm along with a 537 nm emission band, whereas the aqueous
solutions containing luciferasduciferin and DAM or lu-
ciferase and luciferin show an emission maximum only at
537 nm.

Ground State StudiesSimilarly, the electronic absorption
spectra of luciferirranalgesic, ATP-analgesic, and lu-
ciferase-analgesic systems are studied for a possible ground
state interactions between these systems. The electronic
spectral studies reveal that no perceptible interaction exists
between the luciferiranalgesic, ATP-MN, and ATP-
MAM systems. However, from Figure 7, we inferred that a
ground state interaction is present between ATP and DAM.
The aqueous solution of DAM displays three absorption

axima at 305 nm (broad) and 282 nm and a shoulder at

40 nm, while ATP absorbs strongly at 259 nm. With the
addition of increased amounts of ATP to DAM and also with
the equilibrium concentration of ATP being kept in the
reference path to cancel out the absorption of free ATP, the
282 nm transition of DAM experienced a blue shift,
ultimately stabilizing at 248 nm. The equilibrium constant
K, for the ground state complex formed between DAM and
ATP, is determined by following the Baba-Suzul32)

Jelationship, and it is found to be 6.26 1 dm®* M~ (log

ATP, and analgesic and Iuciferase are studied. Denburg andf — 4-2)- The larger values are indicative of a greater affinity

co-workers 81) observed that oxyluciferit,the product
formed during luminescence, is a competitive inhibitor of
the enzyme. If MN and MAM prevent the inhibition of
enzyme by oxyluciferin, then they must react with the
oxyluciferin or its structural analogue luciferin either in the

2 Oxyluciferin is the light-emitting molecule in the bioluminescence
reaction, and it is highly unstable. Hence, we have considered luciferin
a model of oxyluciferin as they are structurally similar.

of ATP toward the DAM but not the MN or MAM, though
they are structurally similar. The electronic absorption
spectral studies for the enzymanalgesic systems did not
provide any useful information as they displayed overlapping
electronic transitions. However, we noticed that, when either
MN or MAM was added to luciferase, there is a considerable
broadening of the absorption maxima of luciferase with the
peak shifting more toward longer wavelengths with hyper-
chromism.
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Table 2: Inhibition Constants and Theoretical Effective Concentrations at 50% Activity)(EC Analgesicd at Various ATP Concentrations

1.25x 10“M ATP 2.5x 10*M ATP

5.0x 10*M ATP 7.5x 10*M ATP

analgesic Kix 104(M) ECsox 104 Kix 104(M) ECsox 10¢ K;x 104(M) ECsx 10* K x104(M) ECso x 10
MN 13.8 275 10.9 21.8 9.38 18.76 8.12 16.2
MAM 3.56 7.12 1.35 2.69 1.98 3.96 - -~
DAM 2.39 4.77 1.52 3.05 1.07 2.15 - -

2 Only one analgesic molecule binds at the active site of the enzyme.
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Ficure 5: Emission spectra of luciferiranalgesics and various
MN concentrations in kD, with Aex at 335 nm: (a) 7.5< 1076 M
luciferin and (b-k) luciferin with 7.5 x 10 M and 7.4x 107°
M, 4.7 x 10°°M, 22.0 x 105 M, 29.0 x 105 M, 36.1 x 10>
M, 43.0x 10°°M, 50.9 x 10°5M, 56.6 x 1075 M, 63.2 x 107>
M, and 70x 10> M MN, respectively.
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Ficure 6: Emission spectra of luciferin and luciferase, with and
without analgesics in 0, with e at 335 nm: (---) 12.5< 1078

M luciferin, (--+) 2.2 x 1077 M luciferase, (-+) 12.5 x 10 M
luciferin and 2.2x 107 M luciferase, £) 12.5x 107% M luciferin,
2.2 x 1077 M luciferase, and 0.2% 103 M MN, and (——) 12.5

x 1078 M luciferin, 2.2 x 107 M luciferase, and 0.%x 103 M
DAM.

650

DISCUSSION

Lee and co-workers3@) observed that ATP is a competi-
tive inhibitor of luciferase. However, in our studies, it is

ABSORBANCE

325

WAVELENGTH (nm)

FIGURE 7: Absorption spectra of the AFFDAM system in water:
(a) 5.7x 10* M DAM, (b) 4.2 x 10°°M ATP, and (c-g) 5.7 x
104 M DAM and 4.2 x 1075 8.5 x 1075 13.0 x 1075, 17 x
1075 and 22x 105> M ATP, respectively (reference path containing
the equilibrium concentration of ATP).

is allosteric, i.e., excess ATP molecules not competing with
the luciferin substrate at the substrate binding site, but
noncompetitive inhibition via allosteric conformational change.
Further, the constancy in thk, values with reciprocal
affinities of luciferin and ATP for the enzyme explains the
random binding characteristics of these substrates in the order
of their mixing (34).

Opioid—protein interaction investigations would be useful
enough for developing therapeutic agents for the opioid
receptors 4). Firefly luciferase, a protein, combines with
its substrate luciferin in the presence of AMY?>" and Q
to give a photon of light. The maximum rate of light
production is extremely sensitive to the presence of analge-
sics at all concentrations of ATP that were employed. From
Figure 4, it could be seen that as the dose of analgesics
increases th& PP increased but has no significant effect

revealed that excess ATP decreases the turnover number obn the maximum activity. Further information on the

the enzyme while effecting no considerable chang.n
(luciferin). Constancy ik, and a decrease Myaxindicate
that the mechanism of ATP inhibition is noncompetitive. It

analgesie-protein interaction is obtained from the the linear
increase of(A) with an increase in analgesic and also fit a
guadratic equation accurately, suggesting that only one

is, therefore, suggested that the nature of inhibition at higher analgesic molecule is involved in the competition at the
and under ATP saturation conditions of the luciferase enzymeactive site of the enzyme. The enzyme inhibition abilities
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Scheme 1

@EX& Jessa-JenatIgesad

OXOFORM ENOLIC MONOANION DIANION
(AROMATIC) FORM

of the three analgesics studied are found in the order DAM  Further, the emission studies reveal that there is no
> MAM > MN. The trend in inhibition could be explained interaction present between the ATP and the three analgesics
by considering the hydrophobic (or nonpolar) nature of the at the excited state, but all the analgesics formed exciplexes
binding site in the luciferase8b, 36). Since DAM does not  with the luciferin. The largeKs, constants indicated that
possess any polar functional groups, it can be described astrong exciplexes formed between luciferin (or the oxylu-
being relatively more hydrophobic than MAM which in turn  ciferin) and the analgesics, leading to the decreased light
is more hydrophobic than MN. Therefore, it is reasonable output due to the increased nonradiative decay of the excited
to observe higher binding constants for a relatively more oxyluciferin. However, the magnitudes Kf, values suggest
hydrophobic analgesic compound. If analgesic and luciferin that MN should inhibit to a larger extent than DAM. 1t is
bind to the same site, one might envisage modulation by therefore now proposed that in case of MN and MAM the
ATP of the analgesic sensitivity of the luciferase. This is reduced light output could be attributed to the increased
in fact observed, though the variation is very little, a small nonradiative decay process of excited oxyluciferin due to
increase in the inhibition constant as the ATP concentration exciplex formation and their competition with luciferin for
decreased (Table 2). This sensitivity of firefly luciferase at binding to the protein. Whereas in the case of DAM in
high ATP concentrations may be attributed to the increased addition to the above two factors, its ability to form a ground
hydrophobicity of the analgesiduciferin binding pocket state complex with ATP also might effect the enzyme
with increasing ATP concentration§9). inhibition.

Inhibition by Analgesics When the ground state interac- Excitatory Effects of AnalgesicsAs mentioned earlier,
tions are studied using electronic absorption spectra, no directbAM at all concentrations inhibited the enzyme activity
interactions between luciferin and analgesic, ATP and MN, while MN and MAM have duel effects on luciferase. At
and ATP and MAM are observed, indicating that in the lower concentrations, MN and MAM stimulated the lu-
ground state no luciferinanalgesic interaction is responsible ciferase while at higher concentrations are involved in
for either stimulation or inhibition of the enzyme activity. competitive inhibition with luciferin for the active site.
However, a strong complex formed between ATP and DAM Similar observations were made by Curry and co-workers
with an equilibrium constant of 6.2% 10> dm® M~ is an (30) with ethanol, n-propanol, acetone, and chloroform
indication of the luciferase inhibition by DAM, which could producing excitation effects on luciferase and are attributed
now be attributed to the combined effect of two factors. First, to interactions of these molecules with the small and
because of the complex formation between each DAM and relatively polar sites on the protein. However, there are no
ATP, the availability of ATP at the active site is decreased detailed molecular interpretations offered for these excitatory
in the presence of DAM or the ATPDAM complex itself effects. Electronic spectral studies between luciferase and
might diminish the enzyme activity, and second, its competi- analgesics could not yield any quantitative estimations since
tion with luciferin for the binding site of the enzyme. both of them had overlapping absorption maxima. Never-
Probably any stimulation brought by DAM is counteracted theless, it is worth noting that the broadening of the band at
by its simultaneous inhibitory effects. the 300 nm transition of luciferase, when MN and MAM

Luciferase
+
Luciferin Mgz+
+ AMP +PPi °~ +CO2
M 2+
ATPMI + hY ,
(Morphine)
+ > N-CH3
Oz

Luciferase binding
pocket

(a) (b)

Ficure 8: Tentative model for the enhanced luciferase activity (a) in the absence of morphine and (b) in the presence of morphine.
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are mixed separately with luciferase in water shifting the while decreasing the electron density on sulfur by making a
absorption max toward red, indicates that the phenolic groupH bond with MN or MAM may activate the enzyme. The

in MN or MAM is forming H bonds with the polar sites, inhibition of the enzyme activity by DAM and at higher
including those near the surface of the binding pocket of concentrations of MN and MAM is due to the competition
the protein, resulting in the enhancement of the enzyme of these analgesic molecules with the luciferin substrate for
activity at lower concentrations of these two analgesléy.( binding to the protein and ground and excited state complex
However, the more interesting revelation from fluorescence formation between the analgesics and substrate. The protein
studies of enzyme and luciferin in the presence of analgesicsanalgesic interactions presented in this paper further underline
is derived from Figure 6. Thé., maxima observed at 433 the major difficulties encountered in investigating the
+ 1 nm for luciferase, luciferin, and MN solution, when pharmacological specificity of opioid receptors.

excited at 335 nm, could be attributed to the free phenolic
6-OH group of the luciferin or monoanionic oxyluciferia?
(Scheme 1). When MN or MAM enters the binding site, its
phenolic group forms H bonds with the polar sites at the  We thank the Director, Drug Control Administration, AP,
surface of luciferase, setting one polar group of the substratelndia, for special authorization for using analgesics. T.S. is
luciferin free. As the product is an enzyme-bound monoan- employed at Jonaki, Board of Radiation and Isotope Tech-
ion, its emission is shifted to lower wavelengths, i.e., 433 nology, DAE. This research work is a part of his Ph.D. thesis,
nm compared to the dianion emitting at 535 nm. This and he thanks Dr. S. Gangadharan, Chief Executive, BRIT,
phenomenon might lead to a mechanism of increased enzymdor granting permission to continue his research work and
activity at lower concentrations of MN and MAM. generous support.

ACKNOWLEDGMENT

Excitatory and Inhibitory Effects On the basis of the

above results, we explain the stimulatory effect of MN and REFERENCES

MAM on the luciferase with two vicinal sulfhydryl groups
located at the surface of the active site of the enzyme. The
product formed during BL is a bifunctional molecule with
one phenolic group; the other one is either oxo, or the oxo
group is in a tautomeric form with the phenolic group in the
thiazole moiety. This bifunctional molecule when present

1.

2.

3.

Johnson, M. R., and Milne, G. M. (1981) iBurger's
Medicinal Chemistry(Wolf, M., Ed.) 4th ed., Part 111, pp
699, Wiley, New York.

Casy, A. F., and Parfitt, R. T. (1986) @pioid Analgesics
Chapter 10, Plenum Press, New York.

Law, P. Y., Wu, J., Kohler, J. E., and Loh, H. H. (1981)
Neurochem. 361834-1846.

in the amphiphilic active site of the enzyme is held by two 4. Rees, D. C., and Hunter, J. C. (199)mpr. Med. Chem.,3

H bonds at different locations and also hydrophobic interac- _ 805-845. _
tions in the binding pocket as shown in Figure 8a. The H > ;Zin%bgézﬂan’ A.T., Henry, J. C., and Lal, S. (198&in
bond that can be seen in the well of the hydrophobic site is g walczak, S. A., Wilkening, D., and Mokman, M. H. (1979)
between the amino group of the lysine which is present in Brain Res. 160105.

the bottom of the active site’s well and the phenolic group 7. Schoffelmeer, A. N. M., Hansen, H. A., Stoof, J. C., and
of luciferin or oxyluciferin. The other hydrogen bond is Mulder, A. H. (1965)Eur. J. Pharmacol. 118363.

formed at the surface of the active site involving the thiol & Ic_:ogsitiglées,)]H.PJHérvavaeceoli Al.éé(307uegh, R. H., and Lambertsen,
groups of luciferase and the 6-OH group of the product o Beckett, A. H., and Casy, A. F. (1953)Pharm. Pharmacol.
formed. The rate of release of the product from the active 6, 986—-1001.

site is an important factor in an overall rate of enzymatic 10. Portoghese, P. S. (1965)Med. Chem. 8609.

reaction. The release of product, however, may be viewed 11.Eolgst§|r), ﬁ-’s'-zwr?l’v?'bi-ﬁgg Pal, B. K. (197%pc. Natl.
as the culmination of a series of steps taken_ in a regL_JIar 12. nga'gng,LL.,' and geecher, H. K. (1954)Am. Med. Assoc.
pattern or random order. When MN or MAM is added in 154, 230-236.

small amounts, the following may occur in series. The MN  13. James, E. Z., Laszlo, H., Lin-Jun, G., and Abba, J. K. (1997)
or MAM added may break H bonds present at the surface Nature 386 499-502. , ,

of the active site between sulfhydryl groups of the enzyme 14- 1Aét55r’ S. C., and Deluca, M. (1988jochemistry 251599~
and the_ 6-OH_group_o?c the product, and the next step would 15 Kanematsu, K. K. T., Shimoligashi, Y., Yagi, K., and
be the immediate seizing of the boundary region by MN and Ogasawara, T. (199Nled. Chem. Res. 3), 191-194.

MAM and forming H bonds with their acidic (phenolic OH)  16. Ofri, D., and Simon, E. J. (199Beceptor 2109-119.

group with sulfhydryl groups of luciferase, earlier involved ~ 17. Gerald, G., Regina, C,, Gilles, D., and Laurent, J. E. (1997)
in the_ H bqnding yvith the product. In the absence of 18.iﬁgfa!'ﬁftjé?fégg&%gﬁ'&ochem_ 17514-21.

associative interaction at the boundary, the product would 19 Franks, N. P., and Lieb, W. R. (1984jture 310 599-601.

be a hanging type and would dissociate itself from the active 20. Ferguson, L. N. (1965) ifiext Book of Organic Chemistry
site and be expelled from the binding pocket faster than in 2nd ed., pp 299301, East-West press, New Delhi.

the absence of MN or MAM, resulting in stimulation of ~ 21.Dennis, M. Z,, and David, L. J. (1990) Med. Chem. 33
luciferase as _shown in Figure 8b. It is worth noting that, 22.?\?2&?1%0. R. (1983Pharmacol. Re. 35, 283.

when the vicinal sulfhydryl groups at the surface of the 23 Rogers, H., and Henderson, G. (198@)J. Pharmacol. 101
binding pocket of the luciferase are modified by methylation 505-512.

or converted to disulfides, the activity of the enzyme is 24.5Tf(r)ry, R., and Graeme, I. B. (199B)ends Neurosci. 1606
decreasedlft, 16, 17). Whereas the same sulfhydryl groups 25. Traynor, J. R., and Elliott, J. (1993)yends Pharm. Sci. 14

increase the enzyme activity in the present case. This is

probably due to increased electron density on sulfur because 2¢.

of its attachment to an electron-donating group like methyl,

84—86.
Sue, E. H., Lee, T. G., and Alice, V. K. (197B)Pharm. Sci.
62, 1509-1513.



4458 Biochemistry, Vol. 37, No. 13, 1998

27. Poochikian, G. K., and Cradock, J. C. (1980Pharm. Sci.
69, 637.

28. Franks, N. P., and Lieb, W. R. (199@nviron. Health
Perspect. 87199-205.

29. George, E. P. B., William, G. H., and Stuart, J. H. (1978) in
Statistics for experimentpp 505-509, Wiley, New York.

30. Curry, S., Leib, W. R., and Franks, N. P. (198))chemistry
29, 4641-4652.

31. Denburg, J. L., Lee, R. T., and McElroy, W. D. (19@9%h.
Biochem. Biophys. 13881—-394.

32. Baba, H., and Suziki, S. (1961) Chem. Phys. 351118.

Sudhaharan and Reddy

33. Lee, R. T., Denberg, J. L., and McElroy, W. D. (1970%h.
Biochem. Biophys. 14B8—-52.

34. Kyte, J. (1995) irMechanism in Protein Chemistrarland
Publishing, New York.

35. Leach, F. R. (1981). Appl. Biochem. 3473-517.

36. Moss, G. W. J., Curry, S., Franks, N. P., and Lieb, W. R.
(1991)Biochemistry 301055110557.

37. Campbell, A. K. (1988Chemiluminescence Principles and
Applications in Biology and Medicing@p 278, Ellis Harwood,
Chichester, England.

BI972116M



