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a b s t r a c t

Most of the esterase properties of human serum albumin (HSA) are the result of multiple irreversible
chemical modifications rather than turnover. The HSA-catalyzed hydrolysis of 4-nitrophenyl myristate
(NphOMy) is consistent with the minimum three-step mechanism involving the acyl-enzyme intermedi-
ate HSA-OMy:
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Under all the experimental conditions, values of Ks (= k�1/k+1), k+2, and k+2/Ks determined under conditions
where [HSA] P 5 � [NphOMy] and [NphOMy] P 5 � [HSA] match very well each other. The deacylation
process is rate limiting in catalysis (i.e., k+3� k+2) and k�2 � k�3 � 0 s�1. The pH dependence of k+2/Ks,
k+2, and Ks reflects the acidic pKa-shift of one ionizing group from 8.9 ± 0.2 in NphOMy-free HSA to
6.8 ± 0.3 in the HSA:NphOMy adduct. The HSA-catalyzed hydrolysis of NphOMy is inhibited competitively
by diazepam, indicating that Tyr411 is the active-site nucleophile.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Human serum albumin (HSA), the most abundant protein in
plasma (ca. 7 � 10�4 M) represents the main determinant of plas-
ma oncotic pressure and the main modulator of fluid distribution
within the body compartments. Moreover, HSA displays an
extraordinary ligand-binding capacity, providing a depot and car-
rier for many endogenous and exogenous compounds, affecting
pharmacokinetics of many drugs, inducing the metabolic modifica-
tion(s) of some ligands, rendering potential toxins harmless,
accounting for most of the anti-oxidant capacity of human plasma,
and displaying (pseudo-)enzymatic properties [1–5].

HSA is an all a-helical protein arranged in a globular heart-
shaped conformation containing three homologous domains
(named I, II, and III); each domain consists of two separate subdo-
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mains (named A and B) [2,4,5]. The multidomain organization of
HSA is at the root of its capability to bind not only endogenous
and exogenous low molecular weight compounds but also peptides
and proteins at multiple sites [1–5]. Moreover, HSA displays (pseu-
do-)enzymatic properties, most of which (e.g., the esterase activity)
being the result of multiple irreversible chemical modifications
rather than of the catalytic activity occurring at a single reactive
site [5,6]. Remarkably, the apparent HSA-catalyzed hydrolysis of
the acylating agent 4-nitrophenyl acetate is the result of the irre-
versible acetylation of 82 residues (i.e., 59 Lys, 10 Ser, 8 Thr, 4
Tyr, and Asp1) rather than of turnover [6].

Here, kinetics of the HSA-catalyzed hydrolysis of 4-nitrophenyl
myristate (NphOMy), obtained under conditions where
[HSA] P 5 � [NphOMy] and [NphOMy] P 5 � [HSA] (between pH
6.9 and 9.5, at 22.0 �C), are reported. The Tyr411 residue, located
at the FA3-FA4 cleft, represents the catalytic center of HSA. More-
over, the acid–base equilibrium of Tyr411 modulates the HSA
pseudo-enzymatic activity.
2. Materials and methods

HSA, NphOMy, diazepam, 4-nitrophenol (NphOH), bis(2-
hydroxyethyl)amino–tris(hydroxymethyl)methane (Bis–Tris),
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (Hepes),
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3-[(1,1-dimethyl-2-hydroxyethyl)amino]-2-hydroxypropanesulfic
acid (AMPSO), and 2-amino-2-methyl-1-propanol were obtained
from Sigma–Aldrich (St. Louis, MO, USA). All chemicals were of
analytical or reagent grade and were used without further
purification.

HSA (from Sigma–Aldrich, St. Louis, MO, USA) was essentially
fatty acid free, according to the charcoal delipidation protocol
[7–9], and was used without further purification. The HSA stock
solution ([HSA] = 5.0 � 10�3 M) was prepared by dissolving HSA
in 1.0 � 10�2 M phosphate buffer pH 7.0, at 22.0 �C. The HSA con-
centration was determined spectrophotometrically at 279 nm
(e = 3.6 � 104 M�1 cm�1) [1]. Then, the HSA stock solution was di-
luted in the desired buffer (Bis–Tris buffer, pH 6.9–7.2; Hepes buf-
fer, pH 6.9–8.2; AMPSO buffer, pH 8.3–9.5; all 0.1 M); the final pH
ranged between 6.9 and 9.5. The final HSA concentration ranged
between 2.0 � 10�6 and 2.0 � 10�4 M.

The NphOMy solution was prepared by dissolving the substrate
in a 3.0 � 10�3 M Bis–Tris buffer solution (pH 6.9) in the presence
of 10% acetonitrile. The NphOMy concentration was determined
spectrophotometrically at 400 nm (e = 1.8 � 104 M�1 cm�1; pH >
8.5 and 22.0 �C) quantitating NphOH released from the substrate
[10]. The final NphOMy concentration ranged between 2.0 � 10�6

and 2.0 � 10�4 M. The final acetonitrile concentration was 1% (v/
v) [11].

Kinetics of the HSA-catalyzed hydrolysis of NphOMy was fol-
lowed spectrophotometrically between 350 nm and 450 nm by ra-
pid-mixing the HSA and NphOMy solutions [10,11].

Values of kinetic parameters obtained under conditions where
[NphOMy] P 5 � [HSA] and [HSA] P 5 � [NphOMy], between pH
6.9 and 9.5 at 22.0 �C, were analyzed in the framework of the min-
imum three step-mechanism reported in Scheme 1 (see [6,10–13]).

In Scheme 1, HSA-OMy could be an ester formed between the
acyl moiety of the substrate and the phenoxyl oxygen atom of
Tyr411 (see [6]), NphOH is 4-nitrophenol, MyOH is myristic acid,
k+l is the second-order rate constant for the formation of the
HSA:NphOMy complex starting from HSA and NphOMy, k�1 is
the first-order rate constant for the dissociation of the HSA:Nph-
OMy complex to HSA and NphOMy, Ks (= k�1/k+1) is the pre-equi-
librium constant, k+2 is the first-order acylation rate constant, k�2

is the first-order rate constant for the conversion of the HSA-
OMy adduct to the HSA:NphOMy complex, k+3 is the first-order
deacylation rate constant, and k�3 is the second-order rate con-
stant for the formation of the HSA-OMy adduct starting from
HSA and MyOH.

Kinetics of the HSA-catalyzed hydrolysis of NphOMy were ana-
lyzed using the GraphPad Prism program (GraphPad Software Inc.,
La Jolla, CA, USA). The results are given as mean values of at least
four experiments plus or minus the corresponding standard
deviation.

3. Results and discussion

The determination of the kinetic parameters of Scheme 1 is sim-
plified by the fact that the formation of the HSA:NphOMy complex
can be treated as a rapid equilibrium process (i.e., k�1 � k+2),
under all the experimental conditions. In fact: (i) no lag phase
occurs in the release of NphOH from NphOMy in the presence of
HSA (see Fig. 1), and (ii) the equilibration of HSA:NphOMy
with HSA and NphOMy is complete within 1.1 � 10�3 s (i.e., the
Scheme 1.
‘‘dead-time’’ of the rapid-mixing stopped-flow apparatus;
kexp = k+l � [HSA] = k+l � [NphOMy] P 4 � 103 s�1). Therefore, gi-
ven that values of Ks (=k�l/k+l) for NphOMy binding to HSA range
between (7.2 ± 0.7) � 10�5 M and (1.6 ± 0.1) � 10�6 M (see Table 1),
it follows that k+l = kexp/[HSA] = kexp/[NphOMy] P 2 � 108 M�1 s�1

and k�1 P 1 � 104 s�1. Remarkably, values of k+2 range between
(1.3 ± 0.1) � 10�4 s�l and (2.6 ± 0.3) � 10�4 s�l (see Table 1). More-
over, the rate of NphOH release from NphOMy catalyzed by HSA is
unaffected by the addition of NphOH (up to 1.0 � 10�4 M) in the
reaction mixtures, indicating that k�2 and k�3 approximate to 0 s�1.

When [HSA] P 5 � [NphOMy], with k�l� k+2, the rate of
NphOH release from NphOMy is a first-order process (Fig. 1, panel
A) with a pseudo-first order rate constant (i.e., kapp), according to
Eq. (1) [10–13]:

kapp ¼ ðkþ2 � ½HSA�Þ=ðKs þ ½HSA�Þ ð1Þ

The reaction of HSA with NphOMy is a first-order process for
more than 90% of its course (Fig. 1, panel A) and values of kapp

are independent of the observation wavelength over the whole
range explored (i.e., between 350 and 450 nm) at fixed NphOMy
concentration. Moreover, values of kapp are independent of the
NphOMy concentration when [HSA] P 5 � [NphOMy]. Values of
k+2 and Ks (see Table 1) were determined by Eq. (1) from hyperbolic
plots of kapp versus [HSA], as shown in Fig. 1 (panel B).

When [NphOMy] P 5 � [HSA], a mono-exponential time course
is observed (Fig. 1, panel C). Under conditions where k+2 P 5 � k+3,
the differential equations arising from Scheme 1 may be solved
[12,13] to describe the NphOH release in the early stages of the
reaction. The resulting expression is given in Eqs. (2)–(4) [12,13]:

½P1� ¼ fðkcat � ½HSA� � ½NphOMy� � tÞ=ðKm þ ½NphOMy�Þg þ a

� ½HSA� � ð1� e�kobs�tÞ ð2Þ

where

a ¼ fðkþ2 � ½NphOMy�Þ=ððkþ2 þ kþ3Þ � ðKm þ ½NphOMy�ÞÞg2 ð3Þ

and

kobs ¼ ðkþ2 � ½NphOMy�Þ=ðKs þ ½NphOMy�Þ þ kþ3 ð4Þ

As predicted from Eqs. (2)–(4), a ‘‘burst’’ phase of NphOH re-
lease of amplitude a � [HSA] with the first order rate constant kobs

occurs at all pH values explored. Values of the relative amplitude of
the ‘‘burst’’ phase, obtained at [NphOMy] P 5 � [HSA], range be-
tween 0.96 and 1.04, the average amplitude of the ‘‘burst’’ phase
is 1.00 ± 0.04. This indicates that the HSA:NphOMy:NphOH stoichi-
ometry is 1:1:1. Moreover, the time course of the ‘‘burst’’ phase of
NphOH release is a first-order process for more than 90% of its
course (Fig. 1, panel C) and values of kobs are independent of the
observation wavelength over the whole range explored (i.e., be-
tween 350 and 450 nm) at fixed HSA concentration. Values of kobs

are independent of the HSA concentration when [Nph-
OMy] P 5 � [HSA]. Values of k+2 and Ks (see Table 1) were deter-
mined by Eq. (4) from hyperbolic plots of kobs versus [NphOMy],
as shown in Fig. 1 (panel D). Under all the experimental conditions,
the value of k+3 is at least 10-fold smaller than the kobs value ob-
tained at the lowest NphOMy concentration (i.e., k+3 < 10–6 s�1).
Thus, the deacylation process (i.e., k+3) is rate limiting in the
HSA-catalyzed hydrolysis of NphOMy.

As predicted by Scheme 1, values of Ks and k+2 obtained under
conditions where [HSA] P 5 � [NphOMy] from Eq. (1) are in excel-
lent agreement with those obtained under conditions where [Nph-
OMy] P 5 � [HSA] from Eq. (4) (see Table 1). Moreover, no
evidence of a steady-state process was observed, NphOMy acting
as a ‘‘suicide substrate’’.

Although the Tyr411 residue, located at the FA3-FA4 cleft, is the
primary catalytic center for the HSA-catalyzed hydrolysis of 4-
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Fig. 1. HSA-catalyzed hydrolysis of NphOMy, at pH 7.5 and 22.0 �C. (Panel A) Time course of the reaction of 2.0 � 10�4 M HSA with 2.0 � 10�6 M NphOMy, i.e.
[HSA] P 5 � [NphOMy]. The continuous line was calculated according to the following equation:
[NphOMy]t = [NphOMy]i � (1 – e–kapp�t)
with kapp = 1.4 � 10�4 s�1. (Panel B) Dependence of kapp on the HSA concentration at [HSA] P 5 � [NphOMy]. The continuous line was obtained according to Eq. (1) with the
following parameters k+2 = (1.6 ± 0.2) � 10�4 s�1 and Ks = (2.6 ± 0.3) � 10�5 M. [NphOMy] was 2.0 � 10�6 M and [HSA] ranged between 1.0 � 10�5 and 2.0 � 10�4 M. (Panel C)
Time course of the reaction of 2.0 � 10�4 M NphOMy with 2.0 � 10�6 M HSA, i.e. [NphOMy] P 5 � [HSA]. The continuous line was calculated according to the following
equation:
½NphOMy�t ¼ ½NphOMy�i � ð1� e�kobs�tÞ
with kobs = 1.3 � 10�4 s�1. (Panel D) Dependence of kobs on the NphOMy concentration at [NphOMy] P 5 � [HSA]. The continuous line was obtained according to Eq.

(4) with the following parameters k+2 = (1.5 ± 0.2) � 10�4 s�1 and Ks = (2.5 ± 0.3) � 10�5 M. The value of k+3 approximates to 0 s�1. [HSA] was 2.0 � 10�6 M, and [Nph-

OMy] ranged between 1.0 � 10�5 and 2.0 � 10�4 M. For details, see text.
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nitrophenyl acetate [6,11], no evidences are available concerning
the primary esterase site for the HSA-catalyzed hydrolysis Nph-
OMy. In fact, myristate binds to several HSA sites including the
FA3-FA4 cleft [14,15]. Therefore, the inhibitory effect of diazepam,
binding selectively to the FA3-FA4 cleft [16], on the HSA-catalyzed
hydrolysis of NphOMy has been investigated.

As expected for the pure competitive inhibition mechanism
[17], values of the Ks

app/Ks ratio (Ks
app indicates Ks values obtained

in the presence of diazepam) for the HSA-catalyzed hydrolysis of
NphOMy, obtained at [HSA] P 5 � [NphOMy], increase with the
diazepam concentration (i.e., [diazepam]; Fig. 2), whereas values
of k+2 are unaffected by the drug (data not shown). The analysis
of data according to Eq. (5) [17]:

Kapp
s =Ks ¼ ð1=KIÞ � ½diazepam� þ 1 ð5Þ

allowed to determine the value of the equilibrium constant for diaz-
epam binding to HSA (i.e., KI = 1.0 � 10�5 M, at pH 7.5 and 22.0 �C).
The value of KI here determined agrees with that reported in the lit-
Table 1
Values of catalytic parameters for the HSA-catalyzed hydrolysis of NphOMy, at 22.0 �C.

pH [HSA] P 5 � [NphOMy]

Ks (M) k+2 (s�1) k+2/Ks (M�1 s�1)

6.9 (7.2 ± 0.7)�10�5 (1.3 ± 0.1)�10�4 1.8 ± 0.2
7.5 (2.6 ± 0.3)�10�5 (1.6 ± 0.2)�10�4 6.2 ± 0.6
8.1 (6.3 ± 0.5)�10�6 (2.3 ± 0.2)�10�4 (3.6 ± 0.4)�101

8.6 (3.1 ± 0.3)�10�6 (2.2 ± 0.2)�10�4 (7.1 ± 0.7)�101

8.9 (1.8 ± 0.2)�10�6 (2.3 ± 0.2)�10�4 (1.3 ± 0.1)�102

9.5 (1.6 ± 0.1)�10�6 (2.5 ± 0.3)�10�4 (1.6 ± 0.2)�102
erature (KI = 1.1 � 10�5 M, at pH 7.2 and 25.0 �C) [18]. These data
indicate that the FA3-FA4 cleft is not only the primary esterase site
for the HSA-catalyzed hydrolysis of 4-nitrophenyl acetate [6,11],
but also for the cleavage of NphOMy.

Fig. 3 shows the pH dependence of k+2/Ks, k+2, and Ks values for
the HSA-catalyzed hydrolysis of NphOMy. Values of kinetic param-
eters obtained using different buffers at overlapping pH values
match very well each other. Values of pKa modulating the pH
dependence of k+2/Ks, k+2, and Ks were determined by data analysis
according to Eqs. (6)–(8) [12,13,19]:

LogKs ¼ �LogK lim
s þ Log ðð10�pH þ 10�pKunlÞ=ð10�pH þ 10�pKligÞÞ ð6Þ

kþ2 ¼ klim
þ2 =ð1þ ð10�pH=10�pKligÞÞ ð7Þ

kþ2=Ks ¼ ðkþ2=KsÞlim=ð1þ ð10�pH=10�pKunlÞÞ ð8Þ

where Ks
lim, k+2

lim, and (k+2/Ks)lim are the alkaline asymptotes of Ks,
k+2, and k+2/Ks, respectively. According to linked functions
[12,13,19], the pH dependence of k+2/Ks and k+2 reflects the
[NphOMy] P 5 � [HSA]

Ks (M) k+2 (s�1) k+2/Ks (M�1 s�1)

(8.8 ± 0.8)�10�5 (1.4 ± 0.1)�10�4 1.6 ± 0.2
(2.5 ± 0.3)�10�5 (1.5 ± 0.2)�10�4 5.9 ± 0.6
(6.0 ± 0.6)�10�6 (2.1 ± 0.2)�10�4 (3.5 ± 0.4)�101

(3.2 ± 0.3)�10�6 (2.4 ± 0.2)�10�4 (7.4 ± 0.7)�101

(1.6 ± 0.2)�10�6 (2.2 ± 0.2)�10�4 (1.4 ± 0.1)�102

(1.5 ± 0.2)�10�6 (2.6 ± 0.3)�10�4 (1.7 ± 0.2)�102
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acid–base equilibrium of a single amino-acid residue in NphOMy-
free HSA (i.e., pKunl = 8.9 ± 0.1) and in the HSA:NphOMy complex
(i.e., pKlig = 6.9 ± 0.2), respectively. Moreover, the pH dependence
of Ks reflects the acidic pKa-shift of a single amino-acid residue from
pKunl = 8.8 ± 0.1 in the NphOMy-free HSA to pKlig = 6.7 ± 0.2 in the
HSA:NphOMy complex.

The analysis of the three-dimensional structures of HSA
[4,5,15,16,20] and of the chemical modifications by 4-nitrophenyl
acetate [5,6,10,11] allows the following considerations. (i) The ami-
no acid residue catalyzing the hydrolysis of NphOMy (i.e., undergo-
ing to myristylation) could be Tyr411 located in the FA3-FA4 cleft
[16]. In fact, diazepam, inhibiting competitively the HSA-catalyzed
hydrolysis of NphOMy (Fig. 2), binds at the center of the FA3-FA4
cleft interacting with the phenoxyl oxygen atom of Tyr411 [16].
It should be noticed that FA3-FA4 is large enough to accommodate
two myristate anions, or alternatively larger molecules such as
diazepam, ibuprofen or NphOMy (see [5]). (ii) Although transient
structural changes leading to differences in pKa values of ionizing
group(s) involved in the NphOMy-free HSA and in the HSA cata-
lytic intermediate(s) cannot be directly interpreted on the basis
of stereochemical models (see [5]), the acidic pKa-shift of one
apparent ionizing group upon NphOMy binding (Fig. 3) could re-
flect the interaction between the Tyr411 residue of HSA and Nph-
OMy. Remarkably, the phenoxyl oxygen atom of Tyr411 appears to
form a hydrogen bond with the carbonyl oxygen atom of the acyl-
ating agent 4-nitrophenyl propionate [11].

As a whole, (ir)reversible chemical modifications affect HSA li-
gand binding properties (see [5]). Among others, HSA acetylation
by aspirin [21] reduces prostaglandin affinity, accelerating the
clearance of prostaglandins and serving as an additional mecha-
nism of the aspirin anti-inflammatory effect, increases the affinity
of phenylbutazone, and inhibits bilirubin binding [22].
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