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SY!THESIS OF A PHOTOSENSITIVE DI-(p-AZIDOPHENJYL)CIILOROPIiOSPIIATE
AND THE KINETICS OF THE LIGHT-DEPENDENT INHIBITION OF HORSE SERUNI

CHOLINESTERASE

1. INTRODUCTION

Diisopropyifluorophosphate (DFP), an organophosphate, has been
extensively used for affinity labeling of the serine-containin§ esterases,
such as cholinesterases. There are well over 20 serine residues in these
enzyme molecules, but only the one at the active center is reactive. 1-5
Since some of the anticholinesterases may have inhibitory constant (Ki) in
the order of 10- 9 H,C they are too toxic for routine laboratory use in inves-
tigation of these -physiologically important enzymes and other related neuro-
receptors. Therefore, one of the major goals of this study was to search for
analogs of less toxicity. The final results may have other therapeutic and
toxicological significance.

Aromatic azides are reasonably stable and can be easily synthesized
without drastic reaction conditions. Upon irradiation, both the photochemically
generated singlet and triplet nitrene-free radicals are highly reactive and show
electrophilic character.7-9  Singlet nitrene is especially reactive with hydroxyl
amino groups by insertion into oxygen-hydrogen or nitrogen-hydroyen bonds.
Thus, it appears that aryl azides are ideal reagents for photoaffinity labeliny
in the study of the structural and functional relationships of these enzymes
and neuroreceptors.

As a result of our present efforts, an azido derivative, namely:
di-(p-azidophenyl)chlorophosphate (DAPP) was synthesized in our laboratory and
obtained in pure crystalline form. The results of uur investigation on the
synthesis of this photosensitive compound and its kinetics of the light-
dependent inhibition of horse serum cholinesterase are reported here.

2. IATERIALS AND r:ETHODS

2.1 Chemicals.

p-Aminophenol was obtained fron; the iICC Chemical Co., Inc., Cincinnati,
OH. Triethylamine and phosphorus oxychloride were purchased from Aldrich Chemical
Co., Inc., l1ilwaukee, WI. Acetylthiocholine (ATCH), dithiobisnitrobenzoate
(DTNB), diisopropylfluorophosphate (DFP), and horse serum cholinesterase were
obtained from Sigma Chemical Co., St. Louis, 1i0. All other chemicals and re-
agents were reagent grade or the highest purity and were used without further
purification.

p-Azidophenol and p-azidophenylphosphate were prepared from p-amino-
phenol according to the methods described by Forster and Fierz.1 0 ,l Di-azido-
phenyl)chlorophosphate was synthesized in our laboratory according to the fol-
lowing procedure. To a closed flask protected from light, fitted with a mag-
netic stirrer, and containing a solution of triethylamine (2.0 ml) in 100 ml of
dry ether cooled to -5 'C, 500 mg of p-azidophenol was added, followed by the
addition of 0.19 ml of phosphorus oxychloride. The mixture was stirred con-
tinuously in the cold for 3-4 hours and then allowed to warm up radually to
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room temperature while stirring continued overnight. After the mixture was
evaporated to dryness, the residue was dissolved in 200 ml of dry ether and
filtered to remove any insoluble substances. The clear ether solution was
washed twice with 100 ml of 0.1 N of sodium hydroxide and then washed several
times with a sufficient amount of deionized water to remove alkali and any

unreacted phenolic compounds. After drying the ether layer over anhydrous
sodium sulfate, the solvent was removed under reduced pressure to give about
400 mg of the crude product. This was then recrystallized from peroxide-free
dry ether and yielded about 300 mg of light-brown crystals of a melting point
of 89.4 °C. Yield: 40 percent.

2.2 Photolysis.

Photolysis was conducted with a short UV lamp, UVS-11 (Ultra-Violet
Products, Inc., San Gabriel, CA). All enzyme solutions, in the presence or
absence of the inhibitor, were irradiated in the cold at 4 °C for 3 minutes in
a quartz cuvette of 1-cm pathlength, kept 2 cm from the window of the UV lamp.
Immediately following this photolysis procedure, cholinesterase activity was
determined by mixing the irradiated enzyme solutions with the substrate solu-

tions.

2.3 -Enzyme Kinetics.

For studies of the DAPP concentration effect, the irradiated enzyme
solutions contained 3 Ug of cholinesterase and from 1.78 x 10-10 to 1.78 x
10-6 M of DAPP in 1.06 ml of 0.1 M of sodium phosphate buffer, pH 7.4. The sub-
strate solutions consisted of 1.0-x 10-3 M of ATCH in 1.0 ml of the phosphate
buffer. DAPP was added in 20 ul ethanol ,-and the same amount of the solvent
was also added to all controls to compensate for the solvent effect. After mix-
ing the enzyme and the substrate solutions, the final DAPP concentrations of the

reaction mixtures varied from 9.0 x 10-11 to 9.0 x 10-7 M, while the substrate
concentration was fixed at 4.8 x 10-4 M. To investigate-the effect of substrate
concentrations, the reaction mixtures contained 50 pg the enzyme, 1.1 x 10-8
M, 1.1 x 10-7 M, and 1.1 x 10-6 M fixed levels of DAPP, and substrate varied from
4.8 x 10-7 to 3.6 x 10-6 M, in a-total volume of 2.1 ml per cuvette. Immediately
after mixing of the substrate (1.08 ml) and the enzyme (1.0 ml) solutions,
cholinesterase activity was monitored by the addition of 20 pl of 5.9 x 10-2
M of thiol reagent DTNB in phosphate buffer, and the rate of formation of the
yellow product was followed at 420 nm in a Cary 210 spectrophotometer maintained
at 25 °C.

3. RESULTS

3.1 Identification of the Chemical Structure of DAPP.

Silica gel thin-layer chromatography (TLC), developed in chloroform,
gave a single spot for both the starting material, p-azidophenol (AP), and the
product, DAPP. Rf of AP = 0.19; Rf of DAPP = 0.60. Analysis: MS: m/e 351;
UV : t Ha 250 (molar extinction coefficient 3.46 x 104). I.rMax 4.76,
6.65, 7.70, 8.34, 8.55, 10.25, and 11.8 um. The broad phenolic peaks shown
by AP at 2.95 and 8.0 um were not observed for DAPP. The IR spectra of AP and
DAPP are shown in Figure 1. The chemical structure of DAPP was further con-
firmed by elementary analysis and NMR spectroscopy.

8
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3.2 Kinetics of DAPP Inhibition of Cholinesterase.

3.2.1 Effect of DAPP Photolysis on Cholinesterase Activity.

The effect of UV light and DAPP on the rate of ATCH hydrolysis by
cholinesterase is shown in Figure 2. Curves 1, 2, and 3 represent the cho-
linesterase activity of the control experiments obtained: (a) by irradiation
of the enzyme in the absence of DAPP; (b) with added DAPP but in the absence of
irradiation; and (c) by mixing irradiated DAPP with cholinesterase that was not
irradiated. Curve 4 of Figure 4 was obtained by irradiation of the enzyme in
the presence of DAPP. These results clearly indicate that neither DAPP nor its
irradiated products had any significant effect on the activity of the enzyme
system. However, when irradiation took place with the simultaneous presence of
the enzyme and DAPP in the reaction mixtures, the enzyme activity was strongly
inhibited (Curve 4). These observations suggest that DAPP inhibition of the
cholinesterase was light-dependent and the light-generated reactive groups had
extremely transient half-lives, which was consistent with those chemical charac-
teristics of nitrene-free radicals.

3.2.2 Effect of DAPP Concentrations on the Light-Dependent Inhibition of
Cho] inesterase.

The effect of DAPP concentrations on the light-dependent inhibition
of horse serum cholinesterase is shown in Figures 3 and 4. Figure 3 shows the
velocity curves of cholinesterase hydrolysis of the substrate (ATCH) in the
presence and absence of varying amounts of DAPP. The results indicate that the
inhibition of ATCH hydrolysis by DAPP increases with increasing concentrations
of DAPP. The plot of the percentage of inhibition vs DAPP concentrations gave a
linear curve (Figure 4). Under the reaction conditions employed, the concentra-
tion required to reduce the reaction to half its maximal velocity was in the
ranye of 9.0 x 10-10 M. The presence of 9.0 x 10-7 M of DAPP almost completely
inhibited the enzymatTc hydrolysis of the substrate.

3.2.3 Effect of DAPP onjK nd Va x of the Light-Dependent Inhibition of
Chol inesterase.

The effect of DAPP on Km and Vmax values of the enzyme reaction is
shown in Figure 5. The Lineweaver-Burk plots of the kinetic data were obtained
in the presence and absence of irradiation. Curves 1 and 2 were control curves.
Curves 3, 4, and 5 were obtained in the presence of 1.1 x 10-8 M, 1.1. x 10- 7

M, and 1.1 x 10-6 M of DAPP, respectively. The Km values, calculated by the
Teast-square method, were found to be 3.0 x I0-8i, 2.2 x 10-8 M, and 1.3 x 10-8
M, respectively. The corresponding Vmax values were estimated to be 0.87, 0.56,
and 0.29 absorbance/minute, respectively. The light-dependent DAPP inhibition
of the enzyme reaction resulted in reduction of both the Km and Vmax values of
the system. The results may indicate either an uncompetitive or a mixed type
inhibitory mechanism. The replots of the slopes vs [I], or intercepts vs [I],
yielded a nonlinear curve, indicating a mixed type inhibitory mechanism. Thus,
Ki DAPP was calculated from secondary plots of i/Aslope vs 1/[DAPP] and
iPntercept vs [DAPP]. The secondary replots gave linear lines. Accord-
ingly, Ki DAPP was estimated to be in the range of 1.3 x 10- 7 M. The Ki value
does not Aecessarily reflect the concentration of DAPP required- to reduce the
reaction rate to half of its maximal value. The concentrations of DAPP re-
quired to reduce the reaction to half of its maximal velocity varied with the

10
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1.0 2.0 3.0 4.0

TIME (MINUTES)

Figure 2. Effect of DAPP Photolysis on the Activity of llorse
Serum Cholinesterase (ChE)

Photolysis was carried out in a mixture containing 3 Pg of ChE in 1.06 ml
of 1.0 '1 of Na2PO4 buffer, pH 7.4, in the presence or absence of 0.02 nil of
9.5 x i0-5 II of DAPP. Enzyme reaction was initiated by mixing irradiated
solutions wTth substrate solutions that contained 1.0 ml of 10-3 Il, of ACTi
and 0.02 ml of 1.2 x 10-2 r1 of DTNB. The final reaction mixture contained
3 ug of ChE, 4.8 x 10-4 Il 1f ATCH, and 5.6 x 10-4 1' of DTNB, in the pre-
sence or absence of DAPPF Total volune of the reac-tion mixture was 2.1 ml.
Enzyme activity was monitored at 420 nm in a Cary 210 spectrophotoneter.
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i9.0 X 10 - 9 M

V
S0.2-
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Figure 3. Effect of DAPP Concentrations on the Light-Dependent Inhibition
of Cholinesterase

Photolysis was carried out in a reaction mixture that contained 50 Pg of
cholinesterase in 1.06 ml of 1.0 r1 of sodium phosphate buffer, pH 7.4, in the
presence or absence of DAPP. Con~entrations of DAPP were fixed at levels

* of 2.3 x 10-8 r' (Curve 3), 2.3 x 10-7 11 (Curve 4), and 2.3 x 10-6 1. (Curve 5).
Enzyme reaction was initiated by mixing of the substrate and the enzyme solu-
tions. The final reaction mixtures contained 1.1 x 10-' f, 1.1 x 1-7 L, and
1.1 x 10-6 1, respectively, of the fixed levels of DAPP, 5.6 x 10-4 r: oT DTf.',
and from 4.T x 10-7 to 3.6 x 10-7 i of ATCH. Curve 1 was a control -btained
in the absence of both irradiation and DAPP. Curve 2 was a control obtained
in the presence of irradiation, but in the absence of DAPP. Total volume of
the reaction mixture was 2.1 ml per cuvette. Enzyme activity was monitored at
420 nm in a Cary 210 spectrophotometer.
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Figure 4. Percentage of Inhibition vs DAPP Concentration Plot
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Figure 5. Effect of DAPP Concentrations on Kf and Vnax Values of ATCH
Hydrolysis by Cholinesterase

Photolysis was carried out in a reaction mixture that contained 50 Og of
cholinesterase in 1.06 ml of 1.0 11 of sodium phosphate buffer, pH 7.4, in
the presence or absence of DAPP. Concentrations of GAPP were fixed at levels

* of 2.3 x 10 - 8  1' (Curve 3), 2.3 x 10- 7  11 (Curve 4), and 2.3 x 10-6 j; (Curve 5).
" Enzyme reactio7 was initiated by mixing of the substrate and the eTzyme solu-

tions. The final reaction mixtures contained 1.1 x 10-B 1:, 1.1 x 10-7 f;,
and 1.1 x 10-6 i, respectively, of the fixed levels of DAPP, 5.6 x i0- 4-i: of
DTr41, and from 4.8 x 10-7 to 3.6 x 10-7 f of ATCH. Curve 1 was a controT ub-
tained in the absence of both irradiatio-n and DAPP. Curve 2 was a control
obtained in the presence of irradiation, but in the absence of DAPP. Total

4. volume of the reaction mixures was 2.1 ml per cuvette. Enzyme activity was
monitored at 420 nm in a Cary 210 spectrophotometer.
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enzyme concentrations present. At this point, it may be worthwhile to note
that, as the fixed inhibitor concentration was increased, all the plus inhi-
bitor and control plots did not intersect at a common point. The effects of
DAPP photolysis on the Km and Vmax values of the enzyme systems are listed in
Table 1.

4. DISCUSSION

The general reaction scheme for the equilibrium type inhibition is
shown below.

E + S ; Ks  ES ,p-- E + P

+ +

a KI% aKi aK k
El + S = ESI v-- El + S

The mechanism of the mixed type reaction depends greatly on the rela-
tive values of a and 8 of the equilibrium scheme. 12 Since the replots of
the slopes vs [DAPP] and intercepts vs [DAPP] both gave nonlinear curves, the
relative values of a and 8 can not be estimated directly from these re-
plots. These values were then calculated from the secondary plots of 1/A
slope vs I/[DAPP] and I/Aintercept vs 1/[DAPP]. Accordingly, a and o values
were found to be in the range of 1.4 and 0.34, respectively. The relative mag-
nitude of a and B suggests that both free cholinesterase and E-DAPP can bind
with the substrate, but with different affinities. And both ES and E-CAPP-S 1
can forrml product, but at different rates. If this is correct, the inhibition of
cholinesterase by photolysis of DAPP may result from a mixture of partial non-
ccmpetitive and partial competitive inhibition of the enz r,-ie. Thus the kinetic
data may implicate the presence of more than one distinct inhibitor-binding
site on the enzyme molecules. The binding of one site may affect the binding
of the other; however, they are not mutually exclusive. This possibility ;ay
be supported by the observation that the double reciprocal plots of the plus
inhibitor and control experiments did not intersect at a common point. Alter-
natively, the binding of the enzyme with DAPP may result in the change of the
enzyme conformation, and more than one conformational form exists with slightly
modified binding and catalytic behavior.

Two distinct kinds of affinity-labelin(j reagents, endo and exo, have
been reported.1 3  Endo affinity-labeling reagents are those that covalcntly
bind to amino acids within the active center. Exo reagents usually are sub-
strate or inhibitor analogs having the ability to bind with both active or

15
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receptor sites and secondary sites on the protein molecules. DFP is an exclu-
sive endo affinity-labeling agent. 14 However, unlike DFP, DAPP may be classi-
fied as an exo affinity-labeling agent, similar to 4-azido-(2-nitrobenzyl)tri-
ethylammonium15 and benzamidine sulfonyl fluorides. 16 The effect of DAPP on
neuroreceptors and the sodium and potassium pump of nerve fibers will be further
investigated.

Under similar reaction conditions, DFP inhibition of the horse serum
cholinesterase followed a partial competitive inhibition distinct from that
observed for DAPP. The kinetic data of DFP inhibition of the cholinesterase
is shown in Figure 6 and Table 2.

1,

U

17



Vi

I
14

12

0 10

0

E 8

'6 -

4-

-2

Figure 6. Effect of DFP Concentrations on Km and Vmdx Values of
Cholinesterase Activity

Reaction mixtures contained 0 (Curve 0), 9.3 x 10-8 11 (Curve 1), 1.8 x 10.-C 1:(Curve 2), and 2.79 x 107 (Curve 3) of the fixed Tevels of UOFP. Substrateconcentrations were varied -from 1.0 x 10-4 11 to 7.5 x 10-4 11 Reaction wasinitiated by the addition of 10 ,g of the enzyvae in 20 i. oT the phos-
phate buffer. The velocity of the enzyme reaction was monitored by addition
of 20 ul of 5.6 x 10-4 of H~ DTt.'B and followed at 420 ni in a Cary 210C spectro-
photometer at 25 AC.
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