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The reaction of 2,4-dinitrophenyl diethyl phosphate (DDP) with human serum albumin (HSA)
was investigated kinetically at various pHs and 25°C. The pH profile of the catalytic rate constant
indicated the involvement of an ionizable group with pK, 7.5 in the reaction. Ethoxycarbonylation
of about two histidine residues (imidazole groups) per mol of HSA by diethylpyrocarbonate
inactivated the reaction of DDP with HSA by about 709/, suggesting the existence of more than two
reactive histidine residues towards DDP. Among these residues, one has higher activity than the
others and it appears to be located near the tyrosine-411 residue (R site), because the reaction with
DDP was inhibited most strongly by drugs which bind to the R site of HSA.
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In our previous papers' ~* it was reported that human serum albumin (HSA) has
esterase-like activity towards esters' ™® and amides.” The reactive site towards phenyl
acetates® and cinnamoylimidazoles* was found to be located close to the tyrosine-411 residue
(named the R site),> while the reactive site towards substituted aspirins!*® was close to the
lysine-199 residue (the U site)'**> in the HSA amino acid sequence.®’ These reactive sites were
found to correspond to the specific and important drug binding sites on HSA reported
elsewhere.! =

As a part of our continuing studies on the esterase-like activity of HSA, the reaction of
phosphate ester with HSA was investigated kinetically. As a model substrate 2,4-dinit-
rophenyl diethyl phosphate (DDP, see Chart 1) was selected, because the release of the
product, 2,4-dinitrophenol (DNP), can be easily followed spectrophotometrically. Although
something is known regarding the reversible binding of organophosphates to serum al-
bumin,” ~® little attention has been paid to the phosphorylation of serum albumin by them.!®
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Chart 1

Experimental

Materials——HSA (Sigma Chem. Co., Fraction V, lot 12F-0051) was used after purification by Chen’s
method.'" The concentration of HSA was determined by use of its molar absorptivity (6=3.66 x 10*M~!cm™!) at
278 nm, assuming a molecular weight of 69000.12:*® According to the method of Gulick and Geske,'*) DDP was
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“synthesized from DNP and diethylchlorophosphate in ether solution in the presence of triethylamine. DDP was
recrystallized from ether—petroleum ether mixture. The melting point was 34—35°C and the result of elemental
analysis was within +0.39/ of the calculated value. Diethylpyrocarbonate (DEP) was purchased from Aldrich Chem.
Co. (lot 8320 TJ) and was used without further purification. Phenylbutazone, oxyphenbutazone, azapropazone,
clofibric acid, and flufenamic acid were the same as those used in the previous studies.>> All other chemicals obtained
commercially were of reagent grade.

Kinetic Procedure——The buffer systems used were as follows: pH 5.0, 0.2 M acetate; pH 6.0—8.0, 0.067M
phosphate; pH 9.0, 0.1 M phosphate—0.05 M borate; pH 9.5—10.5, 0.05M borate. Ionic strength was adjusted to 0.2
with NaCl. The reaction temperature was 25 °C.

The reactions of DDP (1.00 x 10”3Mm) with HSA in the presence and absence of drug were followed
spectrophotometrically by monitoring the release of DNP at 360 nm. Since the HSA concentration used is more than
5-fold in excess of that of DDP, DDP preferentially reacts with the primary reactive site and the reaction follows the
pseudo first-order kinetics.! “3'? The concentration of drug was varied as required. For experimental convenience,
the stock solution of DDP was prepared in dioxane so that the reaction solution for rate measurements always
contained 0.5% (v/v) dioxane.

Ethoxycarbonylation of N-Acetyl-L-histidine and HSA——FEthoxycarbonylation of N-acetyl-L-histidine (NAH)
and HSA with DEP was carried out by a modification of Roosemont’s method.!® Fifteen ul of 1.0M DEP in ethanol
was added to 3 ml of various concentrations (3.0 x 107> M—2.5 x 10~* M) of NAH in the pH 7.4 buffer: in the reference
cell, 15 ul of ethanol without DEP was used. The difference absorbances at 242 nm were continuously recorded at
25°C on a Hitachi UV-228 spectrophotometer and the maximum absorbance readings were obtained after about
10min. By using a calibration line based on the maximum absorbances, the molar absorptivity of ethoxy-
carbonyl-N-acetyl-L-histidine (EAH) was estimated as 3.33x 10°M ™ 'em ™"

To 3ml of 5.0x1075m HSA in pH 7.4 buffer was added 15ul of various concentrations (1.0 x 1072 M—
5.0 x 1072 M) of DEP in ethanol. As in the case of the ethoxycarbonylation of NAH, the maximum absorbances at
242 nm were measured after about 10min. The number of ethoxycarbonylated histidine residues of HSA was
calculated by using the maximum absorbances and the molar absorptivity of EAH (assumed to be equal to the molar
absorptivity of the modified histidine residue).

The effects of the ethoxycarbonylation of HSA on the reaction rate with DDP were investigated as follows. After
attainment of the maximum absorbances at 242 nm based on the reaction of DEP (5.0 x 1075 M—2.5 x 10~ * M) with
HSA (5.0x107°Mm), 15 ul of 2.0 x 10~ M DDP in dioxane was added to 3 ml of the reaction solution containing the
DEP-treated HSA and DEP. The rate of 2,4-dinitrophenol (DNP) release was followed at 360 nm and the pseudo
first-order rate constant (k5,.) was calculated.

Results and Discussion

Reaction of DDP with HSA

Figure 1(a) shows the effects of the HSA concentration on the pseudo first-order rate
constant (k) for the reaction with DDP. The k,, value increases hyperbolically with the
concentration of HSA, suggesting saturation kinetics for the reaction.>® The reaction of
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Fig. 1. (a) Effect of HSA Concentration on the Fig. 1. (b)Plot of 1/(k,,;— ko) against 1/[HSA],

Rate of DNP Release at pH 7.4 and 25°C Data from Fig. 1(a).

[DDP},=1.00 x 10~5 (m).
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K k
DDP +HSA < DDP-HSA —2» DNP + phosphorylated-HSA

;

DNP +diethylphosphate

Chart 2

DDP with HSA can thus be expressed as shown in Chart 2. In Chart 2, DDP-HSA is the
Michaelis-Menten type complex between DDP and HSA, and K is the dissociation constant
of DDP-HSA. The catalytic rate constant and the hydrolysis rate constant of DDP are
represented by k, and k, respectively. The K and k, values are calculated from the slope and
intercept of the plot (Fig. 1 (b)) based on Eq. 1.>

1 K 1 1
= . -+
Kobs=ko  (ky—ko) [HSATy ky—ko

Figure 2 shows the pH profiles of k, and K for the reaction of DDP with HSA, and of k|,
for comparison with k,. Since the pH-rate profile for hydrolysis of phosphate esters has been
reported in the literature,®~*® the profile of k, is not discussed here. The K values are
slightly dependent on pH. The larger the pH value, the smaller the K¢ value (the higher the
binding affinity of DDP to HSA). This may be related to the neutral-base (N-B) transition of
HSA,'~2% that is, the conformational change of HSA caused by the pH change.

Up to pH 7.0, the log k, values increase linearly with pH, giving a slope of about 1. At
higher pH values the log k, values increase more slowly. This pH profile indicates the
involvement of an ionizable catalytic group of HSA in the reaction. An estimation of pK,
from the region between pH 6 and 9 gave a value of about 7.5, suggesting the imidazole group
of histidine residue to be the catalytic group towards DDP. The effect of ethoxycarbonylation
of HSA by DEP on the reaction rate with DDP (see the next section) also supports the view
that the catalytic group is imidazole. When the imidazole group is the catalytic group, the
reaction with DDP may be represented as shown in Chart 3.** In Chart 3, K, and K,  are the

1)

H* H*
+ +
A
HNONH g, HNSN , ~
. X NAN
(albumin )'-—J——J —_— (‘albumin) S — (albumin)
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DNP + phosphorylated-HS A DNP+ phosphorylated-HS A

Chart 3

dissociation constants of cationic imidazole and the neutral imidazole group, respectively.
The intrinsic rate constants based on the neutral and anionic imidazole groups are expressed
by ky and k ,, respectively. According to Chart 3, k, can be represented by Eq. 2.

knK,[H *] +k, KK,
C[H'P+K[H']+K,K,

@

2
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Reaction of DDP with HSA at 25°C
Q.5 A Ky B K

The solid curve for k, was simulated on the basis of
Eq. 2 employing the parameters determined (see the

No. of histidine modified per HSA molecule
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Fig. 2. The pH Profiles of k,, k,, and K for the Fig. 3. Effects of Ethoxycarbonylation on the

Reaction Rate of DDP with HSA

pH 7.4 phosphate buffer containing 0.5% (v/v)
ethanol and 0.5% (v/v) dioxane and 25°C; [DDP], =
1.00 x 1075 (M); [HSA], = 5.00 x 10™3 (mM); lower scale

on abscissa, [DEP},/[HSA]y; upper scale on abscissa,
number of histidine residues modified per HSA
molecule.

text).

When K. is assumed to be 1x 107'3m,2*?% the other parameters ky, K,, and k, can be
estimated respectively as 6.80 x 1072s7*, 2.88 x 10 8™ (pK,=7.54), and 1.66=10s"" from
the pH profile of k, shown in Fig. 2. Although the estimation of the k, value depended on the
K value employed for the calculation, the anionic imidazole moiety was about 240-fold more
reactive than the neutral imidazole moiety. For the determination of a more reliable k, value
the k, value in a more alkaline region is necessary. Such an experiment could not be carried
out, however, since HSA would be denatured above pH 11.2%

Effects of Ethoxycarbonylation of HSA on the Reaction Rate with DDP

Since DEP has been used commonly as a histidine-modifying (ethoxycarbonylation)
reagent for proteins,'>*7?® we examined the effects of the ethoxycarbonylation on the
reaction rate of DDP with HSA (Fig. 3). The abscissa shows the ratio of the initial
concentration of DEP used to that of HSA (lower scale), and also the number of histidine
residues modified per HSA molecule (upper scale). The residual activity on the ordinate was
calculated by means of equation (3), where k%, is the pseudo first-order rate constant for the

obs

reaction of DDP with the DEP-treated HSA as described in the experimental section.
—km

obs obs

residual activity = ———— x 100 3)
obs_kO
When 1 and 2 mol of histidine residues per mol of HSA were modified by DEP, the residual
activities were about 50% and 309, respectively. These results support the view that the
catalytic group towards DDP is imidazole of histidine residues in HSA. There should be more
than two (three or more) reactive histidine residues towards DDP, because about 309]
residual activity still exists after the modification of about 2 mol of histidines per mol of HSA.

Effects of Drug Binding on the Reaction Rate of DDP with HSA

To localize the reactive sites towards DDP, the effects of several drugs, whose binding
sites on HSA are already known, on k,,, were examined. Figure 4 shows the results for
phenylbutazone, oxyphenbutazone, and azapropazone, which bind primarily to the U
site.1:3:0:29:39) I this figure k[, on the ordinate is the rate constant in the presence of drug, and
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Fig. 4. Effects of Drugs on the Reaction Rate Fig. 5. Effects of Drugs on the Reaction Rate
of DDP with HSA at pH 7.4 and 25°C of DDP with HSA at pH 7.4 and 25°C
[DDP],=1.00 x 10~5 (m); [HSA], = 5.00 x 10~ (m); [DDP], =1.00 x 105 (M); [HSA], =5.00 x 10~ (m);
A, phenylbutazone; @, oxyphenbutazone; M, aza- A, clofibric acid; @, flufenamic acid.

propazone.

the concentrations with subscript 0 on the abscissa represent the initial concentrations of drug
and HSA. When [Drug],/[HSA], is unity, for example, the per cent of the inhibition caused by
these drugs is about 209 to 309, (the value of k. /k ., in Fig. 4 is about 0.8 to 0.7). The
binding constants of the drugs to HSA (K =[Drug- HSA]/([Drug] [HSA]) were reported to be
1x10°m~ ! to 1 x10°m~! 3122 The following estimation of unbound U site concentration
([HSA]) of HSA leads to the inference that the U site is the secondary (not primary) reactive
site towards DDP. Assuming K=1 x 10° M™!, the lowest affinity of a drug to the U site of
HSA, and [Drug],=[HSAy],=5x 107" M,

K=[Drug-HSA]/([Drug] [HSA])
=(5x 1075 —[HSA])/[HSA =1 x10"° @)

From Eq. 4 [HSA_], the free (non-inhibited) U site concentration, can be calculated as
1.79 x 1073 m. If the U site is the primary reactive site, the remaining activity (k/,./k ., in Fig.
4) at the [Drug]y-to-[HSA], ratio of unity should be 0.358 ([HSA(]/[HSA],=1.79 x 1075/
5x107°=0.358). However, the remaining activity in Fig. 4 was 0.7 to 0.8. The U site of HSA
is, hence, concluded to be the secondary reactive site towards DDP and the primary reactive
site may be located elsewhere. .

Figure 5 shows the results for clofibric acid and flufenamic acid, which are classified as R
type drug.’>-*29732 At the drug-to-HSA concentration ratio of 1 the reaction of DDP with
HSA is inhibited about 509, to 609 (k ju./k ops =0.5—0.4) by the drugs. The drug-unbound R
site concentration calculated similarly to the case of the U site indicates that the primary
reactive site towards DDP is the R site of HSA. The remaining activities may arise mainly
from the secondary reactive site(s) including the U site and partly from the free (drug-
unbound) R site.

There are 16 histidine residues in HSA.®>® Similarly to the case of bovine serum
albumin, a three domain model for HSA has been considered, that is, Domains 1, 2, and 3,
which consist of the amino acid sequences 1—198, 199—390, and 391—585, respectively.®3%
Domains 1, 2, and 3 contain 7, 5, and 4 histidine residues, respectively. The R and U sites
belong to Domains 3 and 2, respectively. It is, thus, reasonable that at least one histidine
residue in the R and U sites (in Domains 3 and 2) participates in the reaction with DDP.

Recently, it has been shown that the N-B transition occurring around neutral pH affects
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the drug binding on the specific binding sites of HSA,'® "2% and the transition is probably
related to the histidine residues of HSA .?%** The difference in binding affinity between the N
and B forms of HSA, however, seems to be small. For instance, in the case of the warfarin-
binding site®**> (corresponding to the U site and Site 1*?), the B form of HSA binds warfarin
three times more strongly than the N form,'® ~2") while in the case of the diazepam-binding
site323%) (corresponding to the R site and Site 11?*’), the B from binds diazepam only 1.4 times
more strongly than the N form.?*?* As described in the section on the log K¢—pH profile, the
binding affinity for DDP (reflected by the K value) was affected slightly by pH change, in
agreement with the diazepam binding data in the literature.??*® On the other hand, the k,
value at pH 9.0 is about 30-fold larger than that at pH 6.0, as shown in Fig. 2. In connection
with the k, value, therefore, DDP may be a good probe for studying the N-B transition of the
R site (diazepam site and Site II).

It is noticeable that in the R site of HSA there are two kinds of catalytic groups
dependent upon the substrates used, that is, the imidazole group of the histidine residue is
reactive towards DDP and the hydroxyl group of tyrosine-411 residue is reactive towards
phenyl acetates? and cinnamoylimidazoles.*) Further characterization of the R site seems to
be required.

Acknowledgements We are deeply indebted to Mrs. Naoko Ohta and Mr. Kinya Kamiya for discussions on
the results of the ethoxycarbonylation and for writing a computer program for the simulation of the log k,—pH
profile, respectively. We are also grateful to the manufacturers for the gifts of the drugs. This work was supported in
part by a Grant-in-Aid for Scientific Research from the Ministry of Education, Science and Culture of Japan.

References and Notes

1) PartIV:Y.Kurono, H. Yamada, H. Hata, Y. Okada, T. Takeuchi, and K. Ikeda, Chem. Pharm. Bull., 32, 3715
(1984).

2) Y. Kurono, T. Maki, T. Yotsuyanagi, and K. Ikeda, Chem. Pharm. Bull., 27, 2781 (1979).

3) Y. Kurono, H. Yamada, and K. Ikeda, Chem. Pharm. Buil., 30, 296 (1982).

4) N. Ohta, Y. Kurono, and K. Ikeda, J. Pharm. Sci., 72, 385 (1983).

5) Y. Ozeki, Y. Kurono, T. Yotsuyanagi, and K. Ikeda, Chem. Pharm. Bull., 28, 535 (1980).

6) J. R. Brown, “Albumin Structure, Function and Uses,” ed. by V. M. Rosenoer, M. Oratz, and M. A.
Rothschild, Pergamon Press, Oxford, London, 1977, p. 27.

7) J. Mourik and L. P. A. de Jong, Arch. Toxicol., 41, 43 (1978).

8) B. P. Maliwal and F. E. Guthrie, Mol. Pharmacol., 20, 138 (1981).

9) L. G. Sultatos, K. M. Basker, M. Shao, and S. D. Murphy, Mol. Pharmacol., 26, 99 (1984).

10) R. Sinijarv and A. Aaviksaar, Org. React. (Tartu), 15, 169 (1978).

11) R. F. Chen, J. Biol. Chem., 242, 173 (1967).

12) G. E. Means and M. L. Bender, Biochemistry, 14, 4989 (1975).

13) Y. Kurono, K. Ichioka, and K. Ikeda, J. Pharm. Sci., 72, 432 (1983).

14) W. M. Gulick, Jr. and D. H. Geske, J. Am. Chem. Soc., 88, 2928 (1966).

15) J. L. Roosemont, Anal. Biochem., 88, 314 (1978).

16) J. R. Cox and O. B. Rawsay, Chem. Rev., 64, 317 (1964) and references cited therein.

17) C. A. Bunton, S. J. Farber, and E. J. Fendler, J. Org. Chem., 33, 29 (1968).

18) C. A. Bunton and S. J. Farber, J. Org. Chem., 34, 767 (1969).

19) J. Wilting, M. M. Weideman, A. C. J. Roomer and J. H. Perrin, Biochim. Biophys. Acta, 579, 469 (1979).

20) J. Wilting, W. F. van der Giesen, L. H. M. Janssen, M. M. Weideman, M. Otagiri, and J. H. Perrin, J. Biol.
Chem., 255, 3032 (1980).

21) J. Fleitman and J. H. Perrin, Int. J. Pharmaceut., 11, 227 (1982).

22) J. Wilting, B. J. Thart, and J. J. De Gier, Biochim. Biophys. Acta, 626, 291 (1980).

23) S. Wanwimolruk and D. J. Birkett, Biochim. Biophys. Acta, 709, 247 (1982).

24) J. M. Brown, C. A. Bunton, S. Diaz, and Y. Ihara, J. Org. Chem., 45, 4169 (1980).

25) T. Hisano and M. Ichikawa, Chem. Pharm. Bull., 22, 1923 (1974).

26) Above pH 11, the rate constants for reactions of HSA with other substrates so far studied by the authors, p-
nitrophenyl acetate” and N—trans-cmnamoyllmldazole 4 varied from system to system (having very slightly
different experimental conditions). These variations were considered to be due to the denaturation of HSA. This

NII-Electronic Library Service



No. 11 5001

is the reason why no experiment was carried out above pH 11.

27) K. Horiike, H. Tsuge, and D. B. McCormick, J. Biol. Chem., 254, 6638 (1979).

28) G.E. Means and R. F. Feeney, “Chemical Modification of Proteins,” Holden-Day, San Francisco, Calif., 1971.
29) G. Sudlow, D. J. Birkett, and D. N. Wade, Mol. Pharmacol., 12, 1052 (1976).

30) K.J. Fehske, W. E. Muller, and U. Wollert, Biochem. Pharmacol., 30, 687 (1981) and references cited therein.
31) U. Kragh-Hansen, Pharmacological Reviews, 33, 17 (1981) and references cited therein.

32) Y. Kurono and K. Ikeda, Chem. Pharm. Bull., 29, 2993 (1981) and references cited therein.

33) K. Aoki, “Serum Albumin,” ed. by K. Aoki, T. Takagi, and H. Terada, Kodansha, Tokyo, 1984, p. 1.

34) L. H. M. Janssen, M. T. Van Wilgenburg, and J. Wilting, Biochim. Biophys. Acta, 669, 244 (1981).

35) L Sjoholm, B. Ekman, A. Kober, I. Ljungstedt-Padhlman, B. Seiving, and T. Sjodin, Mol. Pharmacol., 16, 767
(1979).

NII-Electronic Library Service





