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The effect of a hydrolyzable cationic surfactant, tetradecyl betainate (tetradecyloxycar- 
bonyl-N,N,N-trimethylmethanaminium chloride), on the arylesterase-like activity of bovine 
serum albumin (BSA) was investigated. The rate of hydrolysis of p-nitrophenyl hexanoate 
in the presence of BSA and varying concentrations of the surfactant was followed. The rate 
was found to be dependent on the concentration of the cationic surfactant and a maximum 
was found in the curve at ca. 3 mM. The Michaelis-Menten constants (K,,,ln, where n is the 
number of active sites) and the “catalytic” rate constants (kJ were determined for the 
reactions, and were found to be 11 and 40 times larger, respectively, in the presence of the 
surfactant. The hydrolysis of radiolabeled tetradecyl betainate in the presence and absence 
of BSA was also followed. This study, together with a binding study based on gel permeation 
chromatography, showed that the surfactant binds to the protein, but that no hydrolysis of 
the betaine ester takes place while bound to BSA. It was thus concluded that the increased 
value of k2 in the presence of a cationic surfactant was not, as has been previously suggested, 
due to an increased local hydroxide concentration resulting from the formation of a new 
pseudophase. 0 1992 Academic Press. Inc. 

INTRODUCTION 

It has been shown that both human serum albumin (HSA) and bovine serum 
albumin (BSA) show esterase-like activity toward arylesters (Z-4). The reactions 
are biphasic, consisting of a burst phase followed by a slower stationary phase. 
Studies of the burst phase, using p-nitrophenyl acetate as the substrate, showed 
that the reaction is the result of a rapid and stable acetylation of a tyrosine residue 
in the albumin (1, 2). A rapid reversible binding of the substrate to the protein is 
the major contributor to the fast reaction rate, in both the burst (2) and the 
stationary phase (4). 

Means and Bender (2) have shown that the reactions found in the stationary 
phase are the result of multiple reactive sites and that when an excess of substrate 
is used the equivalent of five acetate moieties are incorporated into the protein. 
The same type of mechanism has also been shown with p-nitrophenyl glycinate 
(5) andp-nitrophenyl4-guanidinobenzoate (6). The observed reaction rate (Eq. [l]) 
is thus the result of the sum of a number of reactions taking place simultaneously at 
different sites on the protein, S, , S, , S, , . . . , S,, plus a spontaneous reaction 
taking place independent of the protein (k,) (2). 
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k obs = k,[S,] + k2[SZ] + k&3,1 + . * - + k,i[%l + ko Ul 

The effect of serum albumin on the hydrolysis of arylesters has been shown 
to be greatly influenced by the presence of surfactants. Anionic surfactants 
decrease the hydrolysis rates (2, 3, 7), whereas cationic surfactants increase 
the rates (3, 8, 9). Koga et al. have shown that the effect of cationic surfactants 
is concentration dependent and shows a maximum (8). They have suggested 
that the increased hydrolysis rate is due to the formation of a new pseudophase 
as a result of the protein-surfactant complex. The pseudophase was suggested 
to increase the substrate concentration in the complex and/or increase the 
cationic charge around the complex surface leading to an increased hydroxide 
ion concentration. 

We have been working for a number of years with hydrolyzable surfactants. 
Our primary interest in this field is the development of what, in analogy with 
the soft drug concept, can be called soft antimicrobial agents. These are 
compounds that have antimicrobial activity, but which, due to deliberately 
introduced structural weaknesses, degrade at a controllable rate and in a 
predictable manner (IO). Our efforts have been concentrated in the area of 
cationic surfactants. The traditional “hard” cationic surfactants have good 
antimicrobial activity due to their membrane disruptive nature (II), but can be 
damaging to mammalian cells upon long exposure. We have shown that long- 
chain alkyl betainates (alkoxycarbonyl-N,N,N-trimethylmethanaminium chlo- 
rides: type I compounds, Scheme 1) have good antimicrobial activity and can 
be degraded by alkaline hydrolysis to nontoxic compounds, betaine and a fatty 
alcohol (12). Kinetic studies of the hydrolysis rates of these esters showed that 
the rate is concentration dependent and is subject to micellar catalysis 2s a 
result of self aggregation (13, 14). 

It was felt that this type of hydrolyzable amphiphile would be suitable for 
the study of the possible formation of a pseudophase on the surface of albumin. 
The purpose of the present study is twofold. First, we quantify the effect of 
BSA on the rate of hydrolysis of the long-cflain alkyl betainates. Second, we 
use these substances as model compounds to study the mechanisms behind the 
effects of cationic surfactants on the arylesterase-like activity of BSA. 

Me 
+I +Y” 

Me- N-CH,-$-OR OH Me-N-CH,-t-0‘ + ROH 

Me 0 Me 0 

la: R=C,,H,, lb: R=C,P25 Ic: R = C,,H*, 

SCHEME 1 
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MATERIALS AND METHODS 

Materials 

Synthesis of the dual-labeled tetradecyl betainate was described earlier (Z5), and 
3H-labeled tetradecyl betainate (Ia) was synthesized using this procedure. 

The synthesis of 3H-hexadecyltrimethylammonium bromide (CTAB) was per- 
formed in two steps. The first was a reductive methylation of hexadecylamine in 
the presence of formaldehyde and formic acid (Eschweiler-Clarke procedure) and 
the second step was a methylation of the product with 3H-methyl iodide and methyl 
bromide. 

The BSA was from Serva (11930) and was used without further treatment. The 
p-nitrophenyl hexanoate was from Sigma (St. Louis, MO). 

Hydrolysis Studies 

The hydrolysis procedure and radiochromatographic method for the determina- 
tion of the reaction rate of Ia were as described earlier (15). The hydrolysis studies 
were performed in 10 mM phosphate buffer, pH 7.0, at 35°C. The BSA studies 
were done with a protein concentration of 1 mg/ml (15.1 ,uM). 

The hydrolysis ofp-nitrophenyl hexanoate (II) was followed spectrophotometri- 
tally by monitoring the formation of p-nitrophenolate ion at 400 nm. The measure- 
ments were made by the use of a Perkin-Elmer Lambda 2 spectrophotometer 
equipped with a thermostated cell holder. The reaction temperature was 35°C. To 
2.225 ml of BSA solution (10 mM phosphate buffer, pH 7.0) was added 250 ~1 of 
either water or Ia dissolved in water. The reaction was started by the addition 
25 ~1 of II in acetonitrile, giving 1% acetonitrile in the final solution. 

In the first experimental series, in which the concentration of Ia was varied, the 
final concentrations of BSA and II were 12.8 and of II 25 PM, respectively. The 
observed first-order rate constants (kobs) were obtained by subtracting the rate 
constant for the spontaneous hydrolysis (k,,) from the detected rate constant, kdet 
0%. LA). 

k obs = ket - 4, PI 

The second experimental series, in which the concentration of II was varied, was 
performed with [II] s [BSAI (the ratio was between 8 : 1 and 24 : I). In the final 
solution, the concentration of BSA and Ia were 2.66 and 340 PM, respectively. 
The initial velocities were obtained by plotting the concentration of II against time. 
The concentrations were obtained from the measured absorbance at a given time 
(A& minus the absorbance from the p-nitrophenolate produced by the spontane- 
ous hydrolysis, as shown by 

4 = &et - E [IIl,(1 - exp(-k,t)), [31 

where E is the molar absorptivity of p-nitrophenol in the presence of BSA (8.8 x 
IO3 M-I cm-‘) and [II], is the initial concentration of p-nitrophenyl hexanoate. 
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Binding Studies 

Binding studies of Ia to BSA were performed by gel permeation chromatography. 
The validity of the method was checked by comparing results of binding studies 
with both gel permeation chromatography and equilibrium dialysis for a stable 
cationic surfactant (CTAB). 

The gel permeation measurements were made on a 10 x loo-mm desalting 
column packed with Sephadex G-25 Superfine (Pharmacia LKB Biotechnology, 
Uppsala, Sweden). The column was equilibrated with the surfactant solution at a 
flow rate of 1.5 ml/min and 500 ~1 of a 1 mg/ml BSA solution was injected. The 
separation was followed by the use of a uv-absorbance detector (276-nm filter: 
Uvicord SII, Pharmacia LKB Biotechnology) in series with the radioactivity flow 
detector (Radiomatic A-250, Tampa, FL). The scintillation medium was Flo-Stint 
V (National Diagnostics, Manville, NJ) which had a flow rate of 6 ml/min. 

For the equilibrium dialysis studies, 5 ml of 1 mg/ml BSA solutions in dialysis 
bags (SPECTRA/POR, Spectrum Medical Industries) was equilibrated with 15 ml 
[3H]CTAB solution. The experiments were performed at pH 5 (100 mM sodium 
acetate buffer) and pH 7 (100 mM phosphate buffer). The samples were shaken for 
200 h at 35°C. The free surfactant concentration was followed by taking loo-p.1 
aliquots. Measurements were performed on a LKB 1217 (LKB Wallac, Finland) 
liquid scintillation counter. At equilibrium, surfactant concentrations were deter- 
mined on both sides of the membrane and protein leakage was checked by absorb- 
ance measurements (260 and 280 nm). 

RESULTS AND DISCUSSION 

The effect of the concentration of the long-chain alkyl betainate (Ia) on the 
observed first-order rate constant (kobs) of a-nitrophenyl hexanoate (II) in the 
presence respective absence of BSA is shown in Fig. 1. The results are in general 
agreement with those found earlier with tetradecyltrimethylammonium bromide 
(8). The bottom curve shows the hydrolysis rate in the absence of BSA. The 
rate constant increases approximately 40 times from 0.014 x 10m3 s-’ for the 
spontaneous reaction (k,) in the absence of the surfactant, to 0.57 x lO-3 ss’ at 
a surfactant concentration of 1 mM. The increase in the rate of hydrolysis of II in 
the presence of the amphiphile is a result of micellar catalysis (16-19). The cationic 
surfactant (Ia) forms micelles, and the positive charge on the micelles is partially 
neutralized by an increased hydroxide concentration in the Stern layer. The sub- 
strate (II) is solubilized into the micelles and exposed to a more alkaline environ- 
ment (20), thus leading to an increased rate of hydrolysis. Since Ia is also subject 
to micellar catalysis (14), there will be competition between the two reactions for 
the hydroxide ions. 

The upper curve shows the hydrolysis rate of II in the presence of BSA and Ia. 
It can be seen that the rate in the absence of the surfactant, 0.58 x lO-3 s-l, is 
about 40 times higher than that of the spontaneous hydrolysis. The hydrolysis rate 
increases as the betaine ester concentration is increased, reaching a maximum at 
a surfactant concentration of ca. 3 mM. 
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Concentration of la (mM) 

FIG. I. Effect of Ia on the hydrolysis of II. Observed first-order rate constants in the presence (0) 
and absence (A) of BSA. 

The rate increase in the presence of a cationic surfactant and serum albumin has 
been suggested to be due to the formation of a new pseudophase, resulting from 
the protein-surfactant complex (3, 8). It was suggested that this pseudophase was 
a result of a micelle-like aggregation of the surfactant on the protein. The organized 
medium thus formed would lead to an increased hydroxide ion concentration, 
which could at least partially explain the increased rate of hydrolysis of 
p-nitrophenyl hexanoate. Further, the new pseudophase could lead to an increased 
substrate concentration in the protein-surfactant complex (8). 

The hydrolysis of p-nitrophenyl hexanoate in the presence of BSA can be 
represented as shown in Scheme 2a. II * BSA is the Michaelis-Menten complex 
between II and BSA. III is the reaction product p-nitrophenol, and acyl-BSA is 

kl kz 

II + BSA + II*BSA -> Ill + acyl-BSA 
k -1 

ko 

Ill + hexanoic acid 

SCHEME 2a 

K = k-r +h 
RI 

k, 
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FIG. 2. Hanes plot of initial velocities of the hydrolysis of 11 in the presence of BSA with (0) and 
without (m) la added. 

the acylated protein. A similar representation, but for the reaction of II in the 
presence of both BSA and Ia, is shown in Scheme 2b. 

To determine the values of K,,, , k, , Kk , and k; a new series of experiments was 
performed. The reaction of 11 in the presence of BSA and in the absence and 
presence of Ia, respectively, was followed at various concentrations of II where 
[II] + [BSA]. In the experiments with Ia present, the ratio of Ia to BSA was kept 
at the maximum in Fig. 1, i.e., 250 : 1. Due to the low concentrations of Ia it was 
assumed, for the purpose of these experiments, that k; = /q,. The results of the 
experiments are shown in a Hanes plot in Fig. 2, where u is the initial velocity and 
S is the initial concentration of II. 

Values for K,a and k, can be calculated from the Hanes plot. However, since 

4’ kz 
la + II + BSA*la e II-BSA*la -3 Ill + acyl-BSA- la 

k.,’ 

Ill + hexanolc acid 
K’ -k:,+k; 

nl 
k, 

SCHEME 2b 
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TABLE 1 

Kinetic Parameters for the Hydrolysis of II in the Presence of BSA 

Added k2 x lo3 
surfactant (s-9 

k; x lo3 
(s-9 

K&l 
h-M 

KA/n 
b-f) 

nk,lK, 
(S-I M-l) 

nk;lKA 
(S-I M-‘) 

None 5.2 0.040 130 
Ia 202 0.425 475 

there is more than one active site (Eq. [l]), the value obtained for K,,, will be a 
combined value for all such sites. It has been shown that the active sites in the 
stationary phase show similar reactivity (5), thus the value obtained will be equal 
to Km/n, where it is the number of sites. 

The kinetic parameters for the hydrolysis of II are shown in Table 1. As shown 
earlier for p-nitrophenylacetate, the parameters in the absence of Ia indicate that 
the major contribution to the fast reaction rate is the rapid reversible binding of 
the substrate to the protein (4). The Km/n value of 0.040 mM indicates a strong 
binding, whereas k, is only 5.2 x lop3 s-i. 

It can be seen from Table 1 that Khln is almost 11 times larger than K,,,ln. It 
would appear that the addition of Ia to the system has a large negative effect on 
the binding of the substrate to the protein. On the other hand, k; is almost 40 times 
larger than k2. The cationic surfactant has such a large positive effect on the rate 
constant in the acylation step that this more than compensates for the poorer 
binding. The results of k; > k2 fit well with the concept of the formation of an 
organized medium through a new pseudophase. In the case of p-nitrophenyl glyci- 
nate, it has been postulated that the predominant reaction in the last step is not a 
nucleophilic catalysis, but a general acid or base catalysis (5). An increased hydrox- 
ide ion concentration resulting from an organized medium would thus have a large 
effect on the value of k;. 

If this type of pseudophase is formed, then one would expect to see an increased 
rate of hydrolysis of Ia in the presence of BSA since the catalytic-like mechanism 
would be similar to the earlier observed effect of micelle formation on the rates of 
hydrolysis of the long-chain alkyl betainates (2.3, 14). Using a dual-labeled com- 
pound, we have shown that the hydrolysis of Ia can be followed in the presence 
of BSA (15). The results from that study, however, indicate that the rate of 
hydrolysis of the ester decreases in the presence of BSA. Since the study was 
performed at only one betaine ester concentration, a wider concentration range 
was now examined. The hydrolysis rates of Ia were followed in both the presence 
and the absence of BSA. The results are shown in Fig. 3. The catalytic effect on 
the hydrolysis rate of long-chain alkyl betainates in the absence of BSA is due to 
micellar catalysis resulting from the self aggregation of the amphiphiles, and has 
been discussed earlier (23, 24). As can be seen in Fig. 3, the observed first-order 
rate constants decrease in the presence of BSA. This is contrary to what would 
be expected if an organized medium had been formed on the surface of the protein. 

It is known that cationic surfactants bind to BSA through noncooperative binding 
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FIG. 3. Hydrolysis of Ia in the presence (A) and absence (0) of BSA. 

to specific sites at low surfactant concentrations and through cooperative binding 
at higher concentrations (21,22). This binding would decrease the free concentra- 
tion of Ia, and thus one would expect to see a slower rate of hydrolysis if the bound 
ester is not hydrolyzed. The decrease in kobs as seen in Fig. 3 could, however, 
be masking a small positive contribution due to a catalytic-like effect from the 
surfactant-protein complex. To ascertain whether or not this was the case, we 
made the following assumption. We assumed that no, or insignificant, hydrolysis 
of betaine ester takes place while bound to BSA. Making this assumption allows 
us to use Fig. 3 to make a binding isotherm for Ia to BSA. By taking the pseudo- 
first-order rate constant in the presence of BSA at a given surfactant concentration 
(total ester concentration) and extrapolating this rate back onto the curve in the 
absence of BSA, the free ester concentration can be obtained. The number of 
bound moles of Ia per mole BSA can then be calculated. 

It was desirable to compare the binding isotherm obtained by the hydrolysis 
studies with that obtained by another method. The commonly used equilibrium 
dialysis technique, however, has equilibrium times too long to be used with the 
betaine esters (21). The technique that was found to be the most appropriate for 
this study was gel permeation chromatography. A comparison of the two tech- 
niques was performed with 3H-CTAB and the results were found to be in good 
agreement. However, due to the limited capacity of the gel permeation column, 
free surfactant concentrations of only up to 0.3-0.4 mM were studied. The binding 
isotherm obtained for CTAB with gel permeation chromatography was in agree- 
ment, within the range studied, with that obtained by equilibrium dialysis (23). 

The binding isotherms for Ia as obtained by the hydrolysis studies and gel 
permeation chromatography are shown in Fig. 4. The agreement between the two 
is exceptionally good, indicating that betaine ester bound to BSA is not hydrolyzed. 
This would suggest that no new organized pseudophase is formed. Thus, the 
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FIG. 4. Binding isotherm of Ia to BSA, as determined by hydrolysis studies (0) and gel permeation 
chromatography (0). 

increase of k2 in the presence of the cationic surfactant is not due to an increased 
hydroxide ion or substrate concentration. 

What type of mechanism could be envisioned which would lead to k; > k2 ? This 
type of effect could be the result of either a stabilization of the transition state or 
a destabilization of the ground state of one of the reactants by the surfactant. It 
has been noted earlier that the reaction is considered to be an acetylation of a 
tyrosine residue in the protein (2). A binding of the cationic surfactants in the 
active sites on albumin would lead to an increased hydrophobicity and an expulsion 
of water from the sites. The resulting desolvation of the tyrosine environment 
would lead to an increased nucleophilic reactivity and thus to a larger k, value. 
This same binding of surfactants in and around the active site, could possibly also 
obstruct the binding of the substrate to the protein leading to a larger K,,, value. 

In conclusion, the increased rate of hydrolysis of p-nitrophenyl hexanoate by 
BSA in the presence of cationic surfactants is due to a positive effect of the 
surfactants on k2. This effect, however, is not a result of an increased hydroxide 
ion concentration following the formation of a new pseudophase, since the rate of 
hydrolysis of Ia is decreased in the presence of BSA. 

ACKNOWLEDGMENTS 

The authors gratefully acknowledge financial support by The Swedish Research Council for Engineer- 
ing Sciences (Grant 91-458) and by Berol Nobel AB. 



ARYLESTERASE-LIKE ACTIVITY OF BOVINE SERUM ALBUMIN 365 

REFERENCES 

1. TILDON, J. T., AND OGILVIE, J. W. (1972). J. Biol. Chem. 247, 1265-1271. 
2. MEANS, G. E., AND BENDER, M. L. (1975) Biochemistry 14, 4989-4994. 
3. WOLFBEIS, 0. S., AND G~RAKAR, A. (1987) C/in. Chim. Acta 164, 329-337. 
4. KOKUBO, T., UCHIDA, T., TANIMOTO, S., OKANO, M., AND SUGIMOTO, T. (1982) Tetrahedron 

Left. 23, 1593-1596. 
5. KURONO, Y., FURUKAWA, A., TSUJI, T., AND IKEDA, K. (1988) Chem. Pharm. Bull. 36,4068-4070. 
6. KURONO, Y., MIYAJIMA, M., TSUJI, T., YANO, T., TAKEUCHI, T., AND IKEDA, K. (1991) Chem. 

Pharm. Bull. 39, 1292-1294. 
7. KOH, S.-H. M., AND MEANS, G. E. (1979) Arch. Biochem. Biophys. 192, 73-79. 
8. KOGA, J.. CHEN, K-M., NAWATA, M., YAMAZAKI, Y., AND KUROKI, N. (1982) Chem. Lett. 

663-666. 
9. CHEN, R. C., AND SCOTT, C. H. (1984) Anal. Lett. 17, 857-871. 

10. BODOR, N., KAMINSKI, J. J., AND SELK, S. (1980) J. Med. Chem. 23, 469-474. 
11. HUGO, W. B., AND RUSSEL, A. D. (1982) in Principles and Practice of Disinfection, Preservation 

and Sterilisation (Russel, A. D., Hugo, W. B., and Ayliffe. G. A. J., Eds.), pp. 42-46, Blackwell, 
Oxford. 

12. LINDSTEDT, M., ALLENMARK, S., THOMPSON, R. A., AND EDEBO, L. (1990) Antimicrob. Agents 
Chemother. 34, 1949-1954. 

13. THOMPSON, R. A., AND ALLENMARK, S. (1989) Acta Chem. Stand. 43, 690-693. 
14. THOMPSON, R. A., AND ALLENMARK, S. (1992) J. Colloid Interface Sci. 148, 241-246. 
15. THOMPSON, R. A., LINDSTEDT, M., AND ALLENMARK, S. (1990) Anal. Lett. 23,787-798. 
16. ROMSTED, L. S. (1977) in Micellization, Solubilization, and Microemulsions (K. L. Mittal, Ed.), 

Vol. 2, pp. 509-530, Plenum, New York. 
17. ROMSTED, L. S. (1984) in Surfactants in Solution (K. L. Mittal. and B. Lindman, Eds.), Vol. 2, 

pp. 1015-1068, Plenum, New York. 
18. BUNTON, C. A. (1991) in Kinetics and Catalysis in Microheterogeneous Systems (Grgtzel, M., and 

Kalyanasundaram, K., Eds.), pp. 13-47, Dekker, New York. 
19. BUNTON, C. A. (1991) in Cationic Surfactants: Physical Chemistry (Rubingh, D. N., and Holland, 

P. M.. Eds.), pp. 323-405, Dekker, New York. 
20. FUNASAKI, N. (1978) J. Colloid Interface Sci. 64, 461-469. 
21. NOZAKI, Y., REYNOLDS, J. A., AND TANFORD, C. (1974) J. Biol. Chem. 249,4452-4459. 
22. HAYAKAWA, K., AND KWAK, J. C. T. (1991) in Cationic Surfactants: Physical Chemistry (Rubingh, 

D. N., and Holland, P. M., Eds.), pp. 189-248, Dekker, New York. 
23. KOGA, J., CHEN, K-M., NAWATA, M., YAMAZAKI. Y., AND KUROKI, N. (1983)J. Coitoidlnterface 

Sci. 91, 283-285. 


