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Abstract

The effect of ions on enzyme activity and stability usually follows the Hofmeister series (or the kosmotropicity order): kosmotropic anions and
chaotropic cations stabilize enzymes while chaotropic anions and kosmotropic cations destabilize them. The effect of ionic liquids (ILs) on the
enzyme activity/stability/enantioselectivity is complicated especially when there is no or little water presence in the IL media. However, when
aqueous solutions of hydrophilic ILs are employed as reaction media, the enzyme seems to follow the Hofmeister series since ILs dissociate into
individual ions in water.
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. Introduction

More than a century ago, Hofmeister[1,2] noticed that
ons exhibited various ability of precipitating the protein. The
equence of the ion ability in stabilizing proteins is well known
s the Hofmeister series (Fig. 1) although later this concept was
lso introduced into other areas such as physical, colloid, poly-
er and surface chemistry[3,4].
The effect of ions on protein stability may be caused by

chemical’ interactions (or chelation) between proteins and
ons to form complexes, such as ions being used as sub-

modify the water structure (‘physical’ effect), thus influen
the protein hydration environment[6,9,14–23]. The strongly
hydrated ions that increase the structure of water are called
motropes (‘structure-makers’), and those weakly hydrated
that decrease the structure of water are known as chao
(‘structure-breaker’). Kosmotropes are usually small and hi
charged, while chaotropes are large and low-charged. In fa
multivalent ions are highly hydrated, therefore, are kosmotr
[24]. Empirically, singly charged chaotropic ions are usu
those ions with radii larger than 1.06Å for cations and large

˚

trate, co-substrate or co-factors of enzymes[9–13]. However,
he ion specificity was mostly attributed to the ion ability to

E-mail address: zhaoh@savstate.edu.

than 1.78A for anions[16]. However, there are many excep-
tions to this simple rule, especially those organic ions[25].

Water may be described as a unique hydrogen-bonded poly-
meric structure of low entropy with two types of local structures:
low density water (LDW) and high density water (HDW)

381-1177/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcatb.2005.08.007



H. Zhao / Journal of Molecular Catalysis B: Enzymatic 37 (2005) 16–25 17

Fig. 1. The Hofmeister series as an order of the ion effect on protein stability[5–8].

[26–30]. There is an equilibrium between LDW and HDW as
illustrated in the following:

Low density water (LDW)� High density water (HDW)

Kosmotropes tend to accumulate in HDW and shift the equi-
librium to the left, while chaotropes selectively partition into
LDW and shift the equilibrium to the right[30,31]. Through
years of studies on proteins and other biological molecules
[5,14,16,31], it has been realized that strong kosmotropic anions
stabilize proteins and strong kosmotropic cations destabilize
them [5,17,21,22,32,33]. Therefore, an optimal stabilization
of biological macromolecules (including enzymes) could be
achieved through the use of salts with kosmotropic anions and
chaotropic cations[5,17,22], i.e., different biological molecules
may require different LDW/HDW equilibriums; the optimal sta-
bilization could be achieved through a selection of salts with
kosmotropic anions and chaotropic cations[5,17,22]. For differ-
ent biological macromolecules, however, ions do not necessarily
stabilize or destabilize them in the same kosmotropicity order
[5,29,34].

The kosmotropicity of ions can be quantified by the viscosity
B-coefficients and other parameters (such as hydration entropies,
hydration volumes, heat capacities, NMRB′-coefficients and
ion mobility, etc.)[25]. Kosmotropes usually have positiveB-
coefficients since strongly hydrated ions exhibit a larger change
i ative
B
a e
o n
i een
t
w

pro-
t sum
m one

review on the enzymatic catalysis and colloidal structures[9],
and another review on the anion selectivity in biological systems
[15]. Meanwhile, with the fast growing research of biocataly-
sis using ionic liquids (ILs)[36–48], there is an urgent need of
understanding the mechanism of enzymatic reactions in these
novel ‘green’ media. This paper is intended to provide such a
connection between the Hofmeister series and the enzymatic
activity in ILs.

2. Ion effect on the enzyme activity

Table 1 summarized some typical examples of the ion
effect on the enzyme activity and stability. These ions may
cause competitive or non-competitive inhibition of enzymes
[52,56]. Closely following the Hofmeister series, ions may
impose inhibition or activation on enzymes as illustrated in
Table 1. Halophilic enzymes, such as menadione reductase from
Halobacterium cutirubrum, require high concentrations of salts
to maintain their high activity and stability. In the case of mena-
dione reductase, the enzyme exhibited the optimal activity in
2–3 M NaCl solutions[57].

Many earlier studies of the ion specificity focused on the
activity of carbonic anhydrase, an enzyme discovered in the red
blood corpuscles mammals by Meldrum and Roughton[58].
Most of these results were in consistent with the Hofmeister
series and the order of ion kosmotropicity with a few exceptions.
M ns
a ropic
a other
e , kos-
m the
u
t der-
i led
t e
l os-

F (sho ge
B N− ar n Br
N

n viscosity with concentration, while chaotropes have neg
-coefficients due to the weak hydration[35]. TheB-coefficients
re usually available for many inorganic ions[35], therefore, th
rder of ion kosmotropicity based onB-coefficients was show

n Fig. 2. In conclusion, there is a general agreement betw
his kosmotropicity sequence and the Hofmeister series inFig. 1
ith a few exceptions (as described in the caption ofFig. 2).
Although numerous reviews on the Hofmeister series of

eins were reported as indicated above, there are limited
aries of the ion effect on the enzyme activity, including

ig. 2. The order of kosmotropicity solely based onB-coefficients[35] of ions
-coefficient (due to the hydrophobic hydration[22,33,49–51]). CN− and SC
O3
− and I− [21,52–55].
-

ost studies (Table 1) also concluded that kosmotropic anio
nd chaotropic cations stabilize enzymes, while chaot
nions and kosmotropic cations destabilize them. Many
xperiments also supported this conclusion. For example
otrope CF3COONa used as additives was able to refold
nfold 434 repressor in 7 M urea[59]. [CF3COO]− ions seem

o ‘drag’ water molecules away from the protein through or
ng, which allows the protein to refold. Another study revea
hat the degree of activation ofSubtilisin Carlsberg during th
yophilization is 2800-fold when using the solution of k

wn in parentheses next to each ion). (CH3)4N+ is a chaotrope despite its lar
e strong enzyme inhibitors and thus should be stronger chaotropes tha−,
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Table 1
Effect of ions on the activity and stability of enzymes

Nature of effect Order of effectiveness Ref.

←Stabilization/Activation Destabilization/Denaturation→
Effect of neutral salts on the activity of carbonic

anhydrase in 0.024 M phosphate, pH 7.5
Anions: [cacodylate]− > CH3COO− > SO4

2− > NO3
− > Cl− > Br− > I−

(Na+ or K+ salts)
[76]

Inhibition of enzyme D amino acid oxidase by salts Anions: F− > Cl− > NO3
− > Br− > I− [77]

Inhibition of bovine carbonic anhydrase by salts Anions: F− > Cl− > NO3
− (K+ or Na+ salts) [78]

Anions inhibition of xanthine oxidase by urea Anions: SO4
2− > F− > CH3COO− > Cl− > Br− > SCN− (K+ salts) [15,52]

Inhibition of acetoacetic decarboxylase by anions Anions: CCl3COO− > F−, IO3
− > BrO3

− > Cl−>
Br− > ClO3

− > NO3
− > I− > ClO4

− > SCN− > HSO3
−

[53]

Thermal stabilization of bovine pancreatic
ribonuclease by salts (0.5–3.0 M)

Cations: (CH3)4N+ > (C2H5)4N+ > (C3H7)4N+ > (C4H9)4
+ (Br− salts) [21]

Inhibiting the activity of myosin nucleoside
triphosphatase, trypsin, lactate dehydrogenase,
estradiol-17� dehydrogenase and fumarase by
salts (0.3–3.0 M)

Anions: CH3COO− > Cl− > NO3
− > Br− > I− > SCN− > ClO4

− (K+ or
Na+ salts)

[79]

Cations: (CH3)4N+ > Cs+ > K+ > Na+ > Li+ (Cl− salts)

Inhibiting the activity of trypsin,�-chymotrypsin,
renal acylase, wheat germ lipase, estradiol-17�

dehydrogenase,�-amylase and�-galactosidase
using uncharged substrates by salts (0.5–2.0 M)

Anions: CH3COO− > Cl− > Br−, NO3
− > I− > ClO4

−, SCN− (K+ or
Na+ salts)

[80]

Inhibition of esterase action of carbonic anhydrase B Anions: SO4
2− > Cl− > I− >SCN− [81]

Inhibition of esterase activity of bovine carbonic
anhydrase for the hydrolysis of
p-nitrophenylacetate

Anions: F− > Cl− > CH3COO− > Br− > NO3
− > HCO3

−, HSO3
− > I−,

ClO4
− > CNO−, SCN−, N3

− > HS− > CN−
[54,82,83]

Inhibition of Sipunculus and Solen arginine kinases Anions: CH3COO− > Cl− > Br− > SCN−,
CCl3COO− > ClO4

− > NO3
− (K+ salts)

[56]

Promoting the activity of menadione reductase by
salts

Anions: Cl−, H2PO4
− > Br− > NO3

− > ClO4
−, SCN− (Na+ or K+ salts) [57]

Anion inhibition of firefly luciferase Anions: Cl− > Br− > I−, NO3
− > SCN− (Na+, K+ or NH4

+ salts) [84]

Activation of succinate dehydrogenase by anions Anions: [85]
Membrane-bound: I− >HCOO− > Br− > Cl−, NO3

−,
ClO4

− > HPO4
−, CH3COO− (Na+ or K+ salts)

Soluble: SO4
2− > Cl− > CH3COO− (Na+ salts)

Effect of anions on hydration and dehydration of
CO2 catalyzed by human red cell carbonic
anhydrases B and C

Anions: [15,86]
Hydration:
F− > Cl− > Br− > HCO3

− > NO3
− > I− > ClO4

− > SCN− > CNO−
(carbonic anhydrase B);
F− > HCO3

− > NO3
− > Cl− > Br− > ClO4

− > I− > SCN− > CNO−
(carbonic anhydrase C)
Dehydration:
F− > Cl− > NO3

− > Br− > ClO4
− > I− > SCN− > OCN−

(carbonic anhydrase B);
Cl−, Br− > F− > I− > NO3

− > ClO4
− > SCN− > OCN−

(carbonic anhydrase C)
Cation- and anion-dependent reassociation of

formyltetrahydrofolate synthetase subunits
Anions: SO4

2− > Cl− > CH3COO− > NO3
− > Br− > I− > ClO4

−,
SCN−, CCl3COO− (NH4

+ salts)
[87]

Cations: NH4
+ > Tl+ > Rb+, K+ > Cs+ > Na+, Li+ (Cl− salts)

Effect of salts on the maximal velocity and activation
volume of the M4-lactate dehydrogenase reaction

Anions: F− > SO4
2− > Cl− > Br− > I− > SCN− (K+ or Na+ salts) [88]

Cations: K+ > Na+ > Li+ (Cl− salts)

Activation of pig liver phosphofructokinase Anions: S2O3
2− > SO4

2− > SO3
2− > MnO4

2− > NO3
− > Cl− > ClO3

−,
Br− > I− > SCN− (Na+ salts)

[65]

Effect of salt on the Michaelis-Menten constant of
HIV-1 protease

Anions: SO4
2− > CH3COO− > Cl− > Br− > I− [89]

Cations: NH4
+ > K+ > Na+

Activation of Herpes Simplex Virus type 1 (HSV-1)
protease by antichaeotropic salts (0.5–2.5 M)

Anions: PO4
3− > SO4

2− > CH3COO− � Cl− (Na+, K+, NH4
+ or

Mg2+)
[90]

Thermal stability and quaternary conformation of
pig heart mitochondrial malate dehydrogenase by
salts (0.05–2.0 M)

Anions: citrate3− > SO4
2−, tartrate2− > PO4

3− > F−,
CH3COO− > Cl− > Br− (Cs+, K+, Na+, NH4

+ and (CH3)4N+ salts)
[91]

Amino acids: NaGlutamate,
NaAspartate > NaGlycinate > lysine·HCl > arginine·HCl
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Table 1 (Continued )

Nature of effect Order of effectiveness Ref.

←Stabilization/Activation Destabilization/Denaturation→
Activation of Herpes Simplex Virus type 1 (HSV-1)

protease by kosmotropes (0.2–0.8 M)
Anions: citrate3− > [isocitrate]3− > HP2O7

3− > PO4
2−/3−

> [cis-aconitate]3− > SO4
2− > [D-malate]2−,

[L-malate]2− > [succinate]2− > [D-glutamate]2−
> [L-glutamate]2− > CH3COO− > Cl− > Br−, > I− > ClO4

−
(Na+ salts)

[62,92]

Thermoinactivation of glucose dehydrogenase Cations: K+ > Na+ > NH4
+ > Li+ (Cl− and Br− salts) [93]

Salt-induced activation of lyophilized subtilisin
Carlsberg in hexane

Anions: CH3COO− > SO4
2− > F− > Cl− > Br− > I− (Na+ salts) [60]

The effectiveness of monovalent cations in
stabilizing glucose oxidase against urea and
thermal denaturation

Cations: K+ > Na+ > Li+ (Cl− salts) [94]

Dependence of activity of NADH oxidase from
Thermus thermopilus on temperature and urea in
the presence of salts (0–3.0 M)

Anions: [55]
(on temperature) H2PO4

− > SO4
2− > I− > Cl− > CH3COO−,

Br− > ClO4
− > SCN− (Na+ or K+ salts)

(on urea) SO42− > H2PO4
− > Cl− > ClO4

− > I− > SCN−
(Na+ or K+ salts)
(catalytic activity in 1 M salt solution)

Cl− > Br− > I− > CH3COO− > SO4
2−, H2PO4

− > ClO4
−, SCN−

(Na+ or K+ salts)
Salt activation of prostate specific antigen (PSA) Anions: SO4

2−, citrate3− > CH3COO− > Cl− > Br− > I− (Na+ salts) [95]
Cations: Na+ > Li+ > NH4

+ > K+ > Mg2+ (SO4
2− salts)

The hydrolytic activity ofAspergillus niger lipase Anions: Br− > Cl−, NO3
− > ClO4

− (Na+ salts) [4]
Effect of salts on activity ofCandida rugosa lipase Cations: Li+ > Na+ > K+ (Cl− salts, water activity 0.33 and 0.84) [96]

Effect of salts on catalytic activity of alkaline
phytase from lily pollen

Anions: Cl− > SO4
2− (Na+, K+, NH4

+ and Mg2+ salts) [97]
Cations: K+ > NH4

+ > Na+ > Mg2+ (Cl− salts)

motropic CH3COONa than in the salt-free solution, and the
optimal activation was achieved through using binary mixtures
of different salts[60,61]. The kosmotropic anions (such as cit-
rate or phosphate) could increase the activity of a protease over
10-fold [62]. Even some simple salts (such as NaCl, KCl and
CsCl) were found to enhance the stability of dihydrofolate reduc-
tases[63] and HIV-1 protease[64]. However, the order of ions
in stabilizing various enzymes may be different depending on
the specific application (Table 1).

Multivalent anions are stronger kosmotropes, therefore, they
are better enzyme stabilizers or activators (Table 1). For instance,
a study conducted by Foe and Trujillo[65] showed that diva-
lent anions (such as S2O3

2−, SO4
2−, SO3

2− and MnO4
2−) are

activators for the pig liver phosphofructokinase, while mono-
valent anions are not. In fact, SO4

2− has been long known not
only as an enzyme stabilizer[66–68], but also an activator of
human platelet[69], rat erythrocyte[70], rat jejunum[71], pea
seed[72] and blood fluke enzymes[73]. A study by Ramos
and Baldwin[74] reported a higher thermal stability of native
ribonuclease A achieved when sulfate anions (0–1 M) were
used. Similarly, Fayos et al.[75] observed that sodium phos-
phate is capable of enhancing the thermal stability of the IGg
binding domain of protein L fromPeptostreptococcus magnus
(Prot L).

Most references inTable 1also indicated that cations have
less influence on the enzyme activity than anions do. For exam-
p ity o
p hile

cations (Li+, Na+, K+, NH4
+ and Mg2+) had a modest effect

[95]. However, it is not always the case: (1) when the enzyme
surface is negative charged, the cations may have considerable
interaction with the enzyme. Glucose oxidase fromAspergillus
niger is an acidic dimeric enzyme that has a negative charged
surface. The monovalent cations (K+, Na+ and Li+) influenced
the enzyme activity and tertiary structure, but not the secondary
structure[94]. This monovalent cation-stabilized enzyme was
less active than the native enzyme, but has a higher stability
against urea and thermal denaturation following the Hofmeister
series (Table 1). (2) When a cation is the co-factor to form ion-
enzyme complexes, the cation may be essential for the enzymatic
activity. For example, carbonic anhydrase is a Zn compound
where Zn is part of the active site of the enzyme[98]. A fur-
ther study also indicated that Zn(II) and Co(II) were efficient
reactivators in restoring esterase activity of bovine carbonic
anhydrase to the apoenzyme while other metal ions were not
effective in activating this enzyme[10]. As another example,
Tl(I) was reported being able to serve as the required mono-
valent cation in the activation of rabbit muscle pyruvate kinase
[11].

However, at high concentrations, it was believed that both
kosmotropic and chaotropic anions inhibit the enzyme by differ-
ent mechanisms[55]. Kosmotropic anions decrease the apparent
Michaelis constant and increase the activation barrier, while
c xibil-
i pic
a uce
le, sulfate, citrate and acetate could increase the activ
rostate specific antigen (PSA) several hundred folds, w
f
haotropic ones have the opposite effect. The active site fle
ty is important in the function of the enzyme. The kosmotro
nions induce high rigidity, while chaotropic anions ind
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high flexibility. Both situations lowered the enzyme activity
[55].

3. Effect of other compatible solutes on the enzyme
activity

Besides those net-charged ions discussed previously, there
are other types of ions (such as zwitterions) and solutes that
may also affect the enzyme activity. These substances are so
called compatible solutes. The compatible solutes were defined
by Brown and Simpson[99] as low molecular weight and
neutral compounds that cause little enzyme inhibition at high
concentrations. In general, they do not cause disturbance of
biological systems. Among compatible solutes, those who fur-
ther improve the stability of biological systems are called
compensatory solutes because they allow organisms to over-
come extreme conditions such as high ionic strength, high or
low temperature, drying and the presence of denaturants such
as urea, arginine and guanidine (including guanidinium ions)
[52,100–103]. Compensatory solutes usually have high solubil-
ity in water, have no net charge, and do not interact with pro-
teins. Some compensatory solutes are also known as osmolytes.
Osmolytes (or osmoregulatory solutes) refer to solutes in nature
that are used to maintain the intracellular osmotic pressure. All
known osmolytes are also compatible solutes by varying degrees
[104,105].

lute
(
( ates
( and
t obic
c
a tain
e rea-
s olut
w ds a
t (fo
e sem
b

d i
t e
h tes
e ca
b ino
a of
b kos-
m re
i eart
m -
t luta-
m
[ a
g dro-
g ssium
d ell
a able
e com

plex formation, catalytic velocity and protein structural stability
[107].

Secondly, various alcohols are also stabilizers of enzymes.
Polyols increased the thermo-stability of halophilic enzymes in
an increasing order of glycerol < erythritol < xylitol < sorbitol.
The overall hydroxyl group concentration was related to the
effectiveness of polyols on the stabilization[93]. The presence
(2–5%, v/v) of alcohols as co-solvents had a strong influence
on the activity of Herpes Simplex Virus type 1 (HSV-1) pro-
tease. An increasing enzyme activity was observed in alcohols
in the order of ethanol < methanol < trifluoroethanol and iso-
propyl alcohol < ethyl glycol < glycerol < sorbitol[92]. Diglyc-
erol phosphate possessed a strong ability in stabilizing enzymes
(rabbit muscle lactate dehydrogenase, baker’s yeast alcohol
dehydrogenase andThermococcus litoralis glutamate dehydro-
genase) against thermal inactivation[115].

Examples of other compensatory solutes in stabilizing the
enzyme include: malate dehydrogenase was not inhibited by
glycine betaine with concentrations up to 500 mM[116]; glycine
betaine and disaccharides (sucrose, trehalose and maltose)
exerted a remarkable effect in stabilizing lactic dehydrogenase
(LDH) and phosphofructokinase (PFK) against heating, freezing
and drying[117].

4. Effect of ILs on enzyme activity and the Hofmeister
series

as
c are
h -
i nts
c ause
t ater)
f ded
r there
a on-
t
s the
e par-
i on
b ore,
T rison
p

c or
a y
d
t
P clu-
s
T
c een
w le in
s a
l
o
o s-
t ILs
Generally, there are three types of compensatory so
some of them are called compensatory kosmotropes)[104,106]:
1) inorganic ions (discussed previously); (2) carbohydr
such as sugars), polyhydric alcohols or polyols (sorbitol
rehalose); (3) zwitterions containing a relatively hydroph
ationic region including amino acids (�-, �- or �-) [107–110],
nd quaternary ammonium compounds (such as glycine be
xtoine and trimethylamine oxide known as TAMO). The
on that these compounds can be used as compatible s
as explained as the resemblance between these compoun

hose cations and anions in the Hofmeister lyotropic series
xample, glycine resembles ammonium acetate; taurine re
les ammonium sulfate)[103].

Compensatory solutes have been extensively studie
he protein stabilization[102–106,111–114]. Meanwhile, ther
ave been some attempts of using compensatory solu
nhance the enzyme performance. Firstly, amino acids
e enzyme stabilizers. For example, the effect of two am
cids (glycine and�-alanine) on the esterase activity
ovine carbonic anhydrase was found similar to that of
otropic acetate anions[82]. Salts of amino acids we

nvestigated as effective solutes in stabilizing the pig h
itochondrial dehydrogenase (phm-MDH) against tempera

ure induced changes; the order of stabilization is NaG
ate, NaAspartate > NaGlycinate > lysine·HCl > arginine·HCl

91]. N�-Acetyldiaminobutyrate (NADA) was shown having
reater ability in protecting the rabbit muscle lactate dehy
enase against thermal inactivation than ectoine or pota
iaminobutyrate[108]. Glycine, alanine and proline (as w
s TAMO and betaine) displayed non-perturbing or favor
ffects on the enzyme–substrate and enzyme–co-factor
s

e,

es
nd

r
-

n

to
n

-

Most biocatalysis in ILs involved no or little water
o-solvent[36–47]. Most ILs used in these applications
ydrophobic types of PF6− and (CF3SO2)2N− salts (water

mmiscible or partially water-miscible). Hydrophobic solve
ould be superior to hydrophilic ones (water-miscible) bec
he latter might remove internally bound water (essential w
rom the enzyme[118]. The enzyme was practically suspen
ather than dissolved in the hydrophobic media. Currently,
re limited results of enzymatic reactions in hydrophilic ILs c

aining a considerable amount of water[38,119–124]. Table 2
ummarized the effect of cations and anions of ILs on
nzyme activity and stability. Instead of a systematic com

son of the effect of various ILs, many of current research
iocatalysis in ILs only studied some ‘isolated’ ILs. Theref
able 2was unable to include these examples for the compa
urpose.

When the biocatalysis was conducted in hydrophobi
nhydrous hydrophilic ILs (Table 2), the enzyme activit
oes not seem to follow the Hofmeister series[125] even

hough NO3
− (B-coefficient =−0.043), BF4− (−0.093) and

F6
− (−0.21) are all chaotropic anions. The same con

ion applies to the enantioselectivity of enzymes[126–128].
he hydrophobicity of ILs may be described by the logP, a
oncept derived from the partition coefficient of ILs betw
ater and octanol. Generally, enzymes are more stab
olvents with a larger logP (>3) (such as hexane has
ogP of 3.9) than lower logP (such as ethanol has a logP
f −0.24) [129]. Free lipase (Candida rugosa) was found
nly active in [BMIM][PF6] (log P =−2.39) for the transe

erification of methyl methacrylate, but inactive in other
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Table 2
Effect of ILs on the enzyme activity and stability

Nature of Effect Order of effectiveness Ref.

←Stabilization/Activation Destabilization/Denaturation→
Hydrophobic or anhydrous ILs

Stability of Novozym 435 in ILs at 30◦C Anions: CH3COO− > PF6
− > NO3

− ([BMIM] + or [MMEP]+

based ILs)
[130]

Cations: [MMEP]+ > [BMIM] + (CH3COO−, PF6
−, or NO3

−
salts)

Initial reaction rates of PEG-lipase catalyzed
alcoholysis in ILs

Cations: [OMIM] + > [HMIM] + > [BMIM] + (PF6
− based ILs) [165]

Enantioselective acylation of 1-phenylethanol by
lipase CaLB

Anions: [(CF3SO2)2N]−, [CF3SO3]− > BF4
− > PF6

−
([BMIM] + based ILs)

[166]

Cations: [OMIM] + > [HMIM] + > [BMIM] + (BF4
− based ILs)

Activity of PEG-lipase PS complex in ILs Cations: [OMIM] + > [HMIM] +, [BMIM] + (PF6
− based ILs) [167]

Stability of �-galactosidase at 50◦C in 100% ILs Cations: [MMIM] + > [BMIM] +, [MNEt3]+ (MeSO4
− based

ILs)
[120]

Enantioselectivity of the acetylation of
1-phenylethanol with vinyl acetate by lipase from
Pseudomonas cepacia in ILs (purification method
B, no additive)

Anions: BF4
− > PF6

− ([BMIM] + based ILs) [168]
Cations: [EMIM] + > [PrMIM] +, [BuPy]+ > [PrPy]+ > [BMIM] +

(BF4
− based ILs)

Enantioselectivity ofCandida rugosa lipase in the
esterification of 2-substituted-propanoic acids and
1-butanol in ILs

Anions: PF6
− > BF4

− ([BMIM] + based ILs) [131]
Cations: [BMIM] + > [OMIM] + (PF6

− based ILs)

Activity of Candida antarctica lipase B in
transesterification of ethyl butanoate and
1-butanol

Anions: BF4
− > PF6

− > [lactate]− > NO3
− ([BMIM] + based

ILs)
[125]

Hydrophilic ILs containing water
Specific activity of esterase fromBacillus
stearothermophilus in the kinetic resolution of
1-phenylethanol (10 mM) with vinyl acetate
(200 mM) at 40◦C, aw = 0.11

Anions: [(CF3SO2)2N]− > BF4
− > PF6

− ([BMIM] + based ILs) [169]

Stability of �-chymotrypsin in ILs (2% water,
v/v) at 50◦C

Anions: PF6
− > BF4

− ([BMIM] + based ILs) [123]

Stability of Candida antarctica lipase B in ILs
(2% water, v/v) exhibited by incubation without
substrates

Anions: BF4
− > PF6

− > [(CF3SO2)2N]− (([EMIM] + and
[BMIM] + based ILs)

[124,133]

Cations: [MMIM] + > [BMIM] + ([(CF3SO2)2N]− based ILs)

Activity of �-galactosidase and Subtilisin
protease SavinaseTM in 50% [BMIM][BF4]
aqueous solutions

In 50% [BMIM][BF4], the activity of�-galactosidase was only
5.70% of that in borate buffer (pH 9) and the activity of
SavinaseTM was 37.5% of that inborate buffer (pH 9).

[38]

Activity of cellulose from Trichoderma reesei in
salt solutions containing 20–100% water

Sodium citrate buffer > sodium
dodecylsulfate > NaCl > [BMIM]Cl

[154]

Activity of formate dehydrogenase and
�-galactosidase in 25–75% ILs

Anions: MeSO4
− > NO3

−, BF4
− ([MMIM] +, [BMIM] +,

[PrNH3]+ salts)
[120]

Stability of ‘Amano’ protease P6 in 15% (v/v) ILs Anions: CH3COO− > CF3COO− > OTs− > BF4
− ([EMIM] + or

[BuPy]+ based ILs)
[142,143]

Cations: [EMIM] +, [BuPy]+ > [BMIM] + > [EtPy]+ (CF3COO−
based ILs)

Note: BMIM, 1-ethyl-3-methylimidazolium; MMEP, 1-methyl-1-(2-methoxyethyl)pyrrolidinium; OMIM, 1-n-octyl-3-methylimidazolium; HMIM, 1-n-hexyl-3-
methylimidazolium; MMIM, 1,3-dimethylimidazolium; EMIM, 1-ethyl-3-methylimidazolium; PrMIM, 1-propyl-3-methylimidazolium; BuPy, 1-n-butylpyridinium;
PrPy, 1-propylpyridinium; EtPy, 1-ethylpyridinium.

including [BMIM][CH3COO] (logP =−2.77) [BMIM][NO3],
(logP =−2.90) and [BMIM][CF3COO] [130]. This example
illustrated that the high hydrophobicity (large logP) of ILs could
be beneficial to the enzyme activity. It was possible that the
enzyme was destabilized by the latter three ILs because they
are hydrophilic and could strip off the essential water from the
enzyme at high salt concentrations[118]. Fig. 3further revealed
the relationship of IL hydrophobicity and the enzyme hydra-
tion [131]. The more hydrophobic of an IL (less negative of

the logP value) is, the less water is required for maintaining
optimal enzyme activity and enantioselectivity. When the IL
is hydrophilic ([BMIM][BF4]), more water presence is needed
because high concentrations (high ionic strength) of hydrophilic
ILs tend to remove the essential water from the enzyme causing
the deactivation.

Other examples of the importance of water activity on
biocatalysis in hydrophobic ILs include: a number of studies
illustrated that water was required by�-chymotrypsin to main-
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Fig. 3. The relationship of logP values of three ILs and the optimal hydra-
tion of Candida rugosa lipase{cw (activity) is the water concentration for
optimal hydration of the lipase activity;cw (enantioselectivity) is the water
concentration for optimal hydration of lipase enantioselectivity; ONIM is 1-
octyl-3-nonylimidazolium} [131].

tain its enzymatic activity[123,132–134], and the bell-shaped
relationship between reaction rates and water contents is sim-
ilar to that in organic solvents;[132] Berberich et al.[135]
used salt hydrate pairs to control the water activity for enzyme
catalysis in ILs.Table 2also demonstrated that higher enzyme
activity might be observed in ILs with larger cations (such as
[OMIM] +) than those with smaller ones (such as [BMIM]+).
The longer hydrophobic alkyl chain in the cation has less ten-
dency to take away the essential water from the enzyme[45]. The
water-stripping ability of hydrophobic [BMIM][(CF3SO2)2N]
was found comparable to that in polar organic solvents
[134].

From the molecular level, the enzyme stabilization by water-
immiscible ILs (such as [(CF3SO2)2N]− types) was explained
as a more compact enzyme confirmation (higher catalytic activ
ity) formed from the evolution of�-helix to �-sheet secondary
structure of the enzyme[136]. In conclusion, hydrophobic ILs
(1) may strip off the essential water from the enzyme as organic
solvents do[137]; (2) may interact with the enzyme through
Coulombic (or electrostatic) interactions. (The Coulombic are
known important factors for the stability of receptor–ligand
complexes in aqueous environment[138–140]. The ion-pair for-
mation is considered to release immobilized ions and wate
molecules resulting higher entropy, and is less favorable in con
centrated solutions.) However, the inhibition mechanisms of
enzymes by ions could not be explained entirely by the electro
s es
o
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I the
H e
t t al.
[
t yzed

by Novozym 435, but a much lower conversion in the same
IL containing 10% (v/v) water. When water was involved, the
chaotropic BF4− and kosmotropic [BMIM]+ (explained later)
could deactivate the enzyme. Our recent investigation[142,143]
indicated that the protease stability in low concentrations of IL
solutions could be related to the Hofmeister series (Table 2):
kosmotropic anions (such as CH3COO− and CF3COO−) stabi-
lize the enzyme while chaotropic ones (such as OTs− and BF4−)
destabilize it.

In the presence of water, the cations in ILs impose a con-
siderable effect on the enzyme activity. Most data in the sec-
ond part ofTable 2seem to support that enzymes exhibited
higher activity and stability in ILs with smaller cations. The rea-
son is because organic cations experience hydrophobic hydra-
tion [22,33,49–51], and smaller organic cations are chaotropic
while larger ones are kosmotropic. It was well established
[34,35,144–149]that larger tetraalkylammonium cations, such
as [n-Pr4N]+ (B = 0.916), [n-Bu4N]+ (B = 1.275) and [n-Pe4N]+

(B unknown), are kosmotropes; smaller [Et4N]+ (B = 0.385)
is a borderline ion and [Me4N]+ (B = 0.123) is a chaotrope.
Based on Lowe and Rendall’s data[150], we computed the
B-coefficients of [MePy]+ and [EtPy]+ as 0.144 and 0.228,
respectively, usingB =−0.073 for I− [25,35]. Lowe and Rendall
also noticed that theB-coefficients of homologues are propor-
tional to the number of carbon atoms. Based on this empiri-
cal relationship, we calculated theB-coefficient of [BuPy]+ as
∼ y-
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tatic interactions[53,57,80,84]; (3) may interact with substrat
r products as organic solvents do[137].

On the other hand, with the presence of water in hydrop
Ls, the effect of ions on the enzyme activity is related to
ofmeister series (see the second part ofTable 2) becaus

hese ILs dissociate into individual ions in water. Lau e
141] reported a high conversion in pure [EMIM][BF4] for the
ransesterification of ethyl butanoate with 1-butanol catal
-

r
-

-

0.396[25]. Comparing theseB-values with those of tetraalk
ammonium ions, [MePy]+ and [EtPy]+ are chaotropes whi
BuPy]+ is a borderline ion. The order of increasing kosmot
city is [MePy]+ < [EtPy]+ < [BuPy]+. All three cations coul
otentially stabilize the enzyme depending on their cou
nions. TheB-coefficients of imidazolium cations are n
vailable, however, some preliminary thermodynamic re
151–153]seemed to indicate that [EMIM]+ is a chaotrope an
BMIM] + is a kosmotrope based on their interactions with w
olecules[25]. Larger imidazolium cations (such as [HMIM+

nd [OMIM]+) are expected to be kosmotropic. Our study c
rmed that the protease exhibited higher stabilities in [EMI+

ased ILs than in [BMIM]+ based ILs[142]. Turner et al.[154]
oticed that the high Cl− ion concentration did not seem
e the only reason for the inhibition of cellulase in [BMIM]
olution. Maybe the cation was relevant to the enz
ctivity.

Besides regularly seen quaternary alkyl-substituted am
ium, phosphonium, imidazolium and pyridinium ILs, it
oticeable that new ILs based on pyrrolidinium cations (as
s triazolium, pyrazinium, pyridazinium, pyrimidinium, py
olium, piperazinium, thiazolium, oxazolium, oxazolidiniu
nd morpholinium cations[155–157]) have recently been pr
ared, and their physical properties have been characte

158–163]. As shown inTable 2, the Russell’s group[130]
eported higher stabilities of Novozym 435 in pyrrolidiniu
[MMEP]+) ILs than in [BMIM]+ based ILs. Another example
sing pyrrolidinium ILs for biocatalysis is the lipase-cataly
ynthesis of polyesters[164]. Although theB-coefficients an
ther hydration information of pyrrolidinium cations are not
vailable, these new aliphatic ions are less toxic than aro
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species[160] and thus are worthy of a further investigation as
‘greener’ media for biocatalysis.

Since cations and anions in ILs play equally important
roles on the enzyme activity in aqueous environment, the cus-
tomized combination of cations and anions will be crucial to
the enzyme activity because a specific enzyme may require dif-
ferent LDW/HDW equilibrium as adjusted by the cation–anion
pair. Kaftzik et al.[127] observed a higher activity of mande-
late racemase fromPseudomonas putida in [MMIM][MeSO 4]
solution than in [BMIM][OctSO4] solution when the water
activity is greater than 0.8. With the same water content, the
water activity in [MMIM][MeSO4] solution is always lower
than that in [BMIM][OctSO4]. It was suspected that MeSO4

−
had stronger interactions with water molecules, and thus, is
a kosmotrope. Therefore, the dual action of chaotropic cation
and kosmotropic anion enabled a higher enzyme activity in the
[MMIM][MeSO 4] solution. However, although mandelate race-
mase exhibited a low activity in low water content, its enantiose-
lectivity was extremely high in various hydrophilic IL solutions
(e.g., [MMIM][MeSO4], [BMIM][BF 4], [BMIM][OctSO4] and
[PeMIM][BF4]) [127].

5. Conclusions

The influence of inorganic salts on the enzyme activity and
stability usually follows the Hofmeister series or the kosmotrop-
i ted
e ent
H ister
s use
a

eter-
m s on
t xam
p inhi
b yme
a s
p
n of
e r-
a nic
s

sing
t r the
e the
R and
1 the
e -
i ILs
[ t
y activ
i

y in
v r tha
i ents
M
a

Acknowledgements

This project was supported by the NIH EARDA grant (No. 5
G11 HD 32861-08) and the 2005 NSF MAGEC-STEM Summer
Research Program. The author is also very grateful for construc-
tive suggestions from the anonymous reviewer.

References

[1] F. Hofmeister, Arch. Exp. Pathol. Pharmakol. 24 (1888) 247.
[2] W. Kunz, J. Henle, B.W. Ninham, Curr. Opin. Coll. Interface Sci. 9

(2004) 19.
[3] W. Kunz, P. Lo Nostro, B.W. Ninham, Curr. Opin. Colloid Interface

Sci. 9 (2004) 1.
[4] M.C. Pinna, A. Salis, M. Monduzzi, B.W. Ninham, J. Phys. Chem. B

109 (2005) 5406.
[5] P.H. von Hippel, T. Schleich, Acc. Chem. Res. 2 (1969) 257.
[6] K.D. Collins, M.W. Washabaugh, Q. Rev. Biophys. 18 (1985) 323.
[7] R. Leberman, A.K. Soper, Nature 378 (1995) 364.
[8] P.W. Hochachka, G.N. Somero, Biochemical Adaption-Mechanism and

Process in Physiological Evolution, Oxford University Press, New
York, 2002.

[9] P. Bauduin, A. Renoncourt, D. Touraud, W. Kunz, B.W. Ninham, Curr.
Opin. Colloid Interface Sci. 9 (2004) 43.

[10] A. Thorslund, S. Lindskog, Eur. J. Biochem. 3 (1967) 117.
[11] F.J. Kayne, Arch. Biochem. Biophys. 143 (1971) 232.
[12] J.C. Kernohan, Biochim. Biophys. Acta Enzy. Biol. Oxid. 96 (1965)

the
8, p

id

tions

24

1997)

tion,
York,

s and

aylor

cro-

of

ds.),
ker
city order. The effect of ILs on the enzyme is more complica
specially when ILs are present as nearly anhydrous solv
owever, the enzyme stability seems to follow the Hofme
eries when the aqueous solutions of hydrophilic ILs are
s reaction media.

The enzyme activity in aqueous solutions is not solely d
ined by the ion kosmotropicity because the activity depend

he overall enzyme–medium–substrate relationship. For e
le, the substrate concentration might affect the enzyme
ition by ions since the substrate could protect the enz
gainst the inactivation[56]. Other factors of ILs (such a
olarity [36], hydrogen-bond basicity[170,171] and anion
ucleophilicity [130]), excipients (such as the support type
nzyme[132]), pH and impurities[37,45] also have conside
ble impact on the activity and stability of enzymes in io
olvents.

The polarity of ILs has been extensively investigated u
he solvatochromic analysis as a possible major factor fo
nzyme activity. Many ILs have polarities around 0.6 on
eichardt’s polarity scale (0 for non-polar tetramethylsilane
for polar water)[39,168]. Park and Kazlauskas correlated
nzyme (Pseudomonas cepacia lipase) activity with the IL polar

ty, indicating higher conversions achieved in more polar
168]. However, many other studies[45,130,142,166]have no
et established a simple relationship between the enzyme
ty and IL polarity.

More systematic studies of enzyme activity and stabilit
arious ILs are needed in order to analyze the major facto
nfluences the enzyme behavior in these new organic solv

ore data of the ion kosmotropicity (such asB-coefficients)[25]
re also needed for many organic cations.
s.

d

-
-

-

t
.

304.
[13] M. Calvin, in: W.D. McElroy, B. Glass (Eds.), A Symposium on

Mechanism of Enzyme Action, Greenwood Press, New York, 196
221.

[14] M. Bostr̈om, D.R.M. Williams, B.W. Ninham, Curr. Opin. Collo
Interface Sci. 9 (2004) 48.

[15] E.M. Wright, J.M. Dia, Physiol. Rev. 57 (1977) 109.
[16] K.D. Collins, Proc. Natl. Acad. Sci. U.S.A. 92 (1995) 5553.
[17] K.D. Collins, Methods 34 (2004) 300.
[18] F. Franks, Water, A Comprehensive Treatise, vol. 3, Aqueous Solu

of Simple Electrolytes, Plenum Press, New York, 1973.
[19] F. Franks, Biophys. Chem. 96 (2002) 117.
[20] B. Hribar, N.T. Southall, V. Vlachy, K.A. Dill, J. Am. Chem. Soc. 1

(2002) 12302.
[21] P.H. von Hippel, K.-Y. Wong, J. Biol. Chem. 240 (1965) 3909.
[22] P.M. Wiggins, Physica A 238 (1997) 113.
[23] M.G. Cacace, E.M. Landau, J.J. Ramsden, Q. Rev. Biophys. 30 (

241.
[24] G.A. Krestov, Thermodynamics of Solvation: Solution and Dissolu

Ions and Solvents, Structure and Energies, Ellis Horwood, New
1991.

[25] H. Zhao, J. Chem. Technol. Biotechnol., in press.
[26] F. Franks, Water, A Comprehensive Treatise, vol. 1, The Physic

Physical Chemistry of Water, Plenum Press, New York, 1972.
[27] A.K. Covingyton, P. Jones, Hydrogen-Bonded Solvent Systems, T

and Francis, London, 1968.
[28] H.F.J. Savage, in: E. Westhof (Ed.), Water and Biological Ma

molecules, CRC Press, Boca Raton, 1993, p. 3.
[29] P.M. Wiggins, Cell. Mol. Biol. 47 (2001) 735.
[30] P.M. Wiggins, US Patent 6638360 (2003).
[31] P.M. Wiggins, Microbiol. Rev. 54 (1990) 432.
[32] R.L. Baldwin, Biophys. J. 71 (1996) 2056.
[33] W.B. Dandliker, V.A. de Saussure, in: M.L. Hair (Ed.), Chemistry

Biosurfaces, vol. 1, Marcel Dekker Inc., New York, 1971.
[34] P.H. von Hippel, T. Schleich, in: S.N. Timasheff, G.D. Fasman (E

Structure and Stability of Biological Macromolecules, Marcel Dek
Inc., New York, 1969.

[35] H.D.B. Jenkins, Y. Marcus, Chem. Rev. 95 (1995) 2695.



24 H. Zhao / Journal of Molecular Catalysis B: Enzymatic 37 (2005) 16–25

[36] F. van Rantwijk, R. Madeira Lau, R.A. Sheldon, Trends in Biotech-
nology 21 (2003) 131.

[37] S. Park, R.J. Kazlauskas, Curr. Opin. Biotechnol. 14 (2003) 432.
[38] T.L. Husum, C.T. Jorgensen, M.W. Christensen, O. Kirk, Biocatal.

Biotransform. 19 (2001) 331.
[39] U. Kragl, M. Eckstein, N. Kaftzik, Curr. Opin. Biotechnol. 13 (2002)

565.
[40] R.A. Sheldon, R.M. Lau, M.J. Sorgedrager, F. van Rantwijk, K.R.

Seddon, Green Chem. 4 (2002) 147.
[41] S.V. Kamat, E.J. Beckman, A.J. Russell, Crit. Rev. Biotechnol. 15

(1995) 41.
[42] T.W. Randolph, H.W. Blanch, D.S. Clark, in: J.S. Dordick (Ed.), Bio-

catalysis Industry, Plenum, New York, 1991, p. 219.
[43] A.J. Mesiano, E.J. Beckman, A.J. Russell, Chem. Rev. 99 (1999) 623.
[44] N. Jain, A. Kumar, S. Chauhan, S.M.S. Chauhan, Tetrahedron 61

(2005) 1015.
[45] Z. Yang, W. Pan, Enzyme Microb. Technol. 37 (2005) 19.
[46] C.E. Song, Chem. Commun. (2004) 1033.
[47] H. Zhao, S.V. Malhotra, Aldrichim. Acta 35 (2002) 75.
[48] N.J. Turner, Curr. Opin. Chem. Biol. 8 (2004) 114.
[49] V.V. Yaminsky, E.A. Vogler, Curr. Opin. Colloid Interface Sci. 6 (2001)

342.
[50] B. Widom, P. Bhimalapuram, K. Koga, Phys. Chem. Chem. Phys. 5

(2003) 3085.
[51] G. Nemethy, Angew. Chem. Int. Ed. 6 (1967) 195.
[52] K.V. Rajagopalan, I. Fridovich, P. Handler, J. Biol. Chem. 236 (1961)

1059.
[53] I. Fridovich, J. Biol. Chem. 238 (1963) 592.
[54] Y. Pocker, J.T. Stone, J. Am. Chem. Soc. 87 (1965) 5497.
[55] G. Zoldak, M. Sprinzl, E. Sedlak, Eur. J. Biochem. 271 (2004) 48.
[56] N.V. Thiem, G. Lacombe, N.V. Thoai, Biochim. Biophys. Acta Enzy-

.S.

lark,

ss,

fine,

.
hys.

54.

90.

.
66)

em.

70)

[85] E.B. Kearney, B.A.C. Ackrell, M. Mayr, T.P. Singer, J. Biol. Chem.
249 (1974) 2016.

[86] T.H. Maren, C.S. Rayburn, N.E. Liddell, Science 191 (1976) 469.
[87] J.A.K. Harmony, P.J. Shaffer, R.H. Himes, J. Biol. Chem. 249 (1974)

394.
[88] G.N. Somero, M. Neubauer, P.S. Low, Arch. Biochem. Biophys. 181

(1977) 438.
[89] E.M. Wondrak, J.M. Louis, S. Oroszlan, FEBS Lett. 280 (1991) 344.
[90] G. Yamanaka, C.L. DiIanni, D.R. O’Boyle I.I., J. Stevens, S.P. Wein-

heimer, I.C. Deckman, L. Matusick-Kumar, R.J. Colonno, J. Biol.
Chem. 270 (1995) 30168.

[91] W.A. Jensen, J.M. Armstrong, J. De Giorgio, M.T.W. Hearn, Biochim.
Biophys. Acta 1296 (1996) 23.

[92] D.L. Hall, P.L. Darke, J. Biol. Chem. 270 (1995) 22697.
[93] J.M. Obon, A. Manjon, J.L. Iborra, Enzyme Microb. Technol. 19

(1996) 352.
[94] A. Ahmad, M.S. Akhtar, V. Bhakuni, Biochemistry 40 (2001) 1945.
[95] X. Huang, C.T. Knoell, G. Frey, M. Hazegh-Azam, A.H.J. Tashjian,

L. Hedstrom, R.H. Abeles, S.N. Timasheff, Biochemistry 40 (2001)
11734.

[96] H.W. Yu, H. Chen, Y.Y. Yang, C.B. Ching, J. Mol. Catal. B: Enzym.
35 (2005) 28.

[97] S.P. Jog, B.G. Garchow, B.D. Mehta, P.P.N. Murthy, Arch. Biochem.
Biophys. 440 (2005) 133.

[98] D. Keilin, T. Mann, Biochem. J. 34 (1940) 1163.
[99] A.D. Brown, J.R. Simpson, J. Gen. Microbiol. 72 (1972) 589.

[100] W. Kauzmann, in: W.D. McElroy, B. Glass (Eds.), Symposium on the
Mechanism of Enzyme Action, Johns Hopkins Press, Baltimore, 1954,
p. 70.

[101] K. Arakawa, S.N. Timasheff, Biochemistry 23 (1984) 5924.
[102] R.G.A.R. Maclagan, C. Malardier-Jugroot, M.A. Whitehead, M. Lever,

ro-
5, p.

ort
1985,

siol.

ntos,

382.
nsky,

. 39

m.

ress,

C.
iron.

1.

. 13

002)

016.
tech-
mol. 258 (1972) 422.
[57] J.K. Lanyi, J. Stevenson, J. Biol. Chem. 245 (1970) 4074.
[58] N.U. Meldrum, F.J.W. Roughton, J. Physiol. 80 (1933) 113.
[59] C.A. Schiffer, V. Dotsch, Curr. Opin. Biotechnol. 7 (1996) 428.
[60] M.T. Ru, S.Y. Hirokane, A.S. Lo, J.S. Dordick, J.A. Reimer, D

Clark, J. Am. Chem. Soc. 122 (2000) 1565.
[61] M.T. Ru, K.C. Wu, J.P. Lindsay, J.S. Dordick, J.A. Reimer, D.S. C

Biotechnol. Bioeng. 75 (2001) 187.
[62] P.L. Darke, D.L. Hall, L.C. Kuo, US Patent 5618685, 1997.
[63] D.B. Wright, D.D. Banks, J.R. Lohman, J.L. Hilsenbeck, L.M. Glo

J. Mol. Biol. 323 (2002) 327.
[64] D.J. Porter, M.H. Hanlon, L.H.I. Carter, D.P. Danger, E.S. Fur

Biochemistry 40 (2001) 11131.
[65] L.G. Foe, J.L. Trujilio, Arch. Biochem. Biophys. 199 (1980) 1.
[66] O.H. Lowry, J.V. Passonneau, J. Biol. Chem. 241 (1966) 2268.
[67] M.Y. Lorenson, T.E. Mansour, J. Biol. Chem. 244 (1969) 6420.
[68] N. Kono, K. Uyeda, R.M. Oliver, J. Biol. Chem. 248 (1973) 8592
[69] J.W. Akkerman, G. Gorter, J.J. Sixma, G.E. Staal, Biochim. Biop

Acta 370 (1974) 102.
[70] B. Kuhn, G. Jacobasch, S.M. Rapoport, FEBS Lett. 38 (1974) 3
[71] G.A. Tejwani, A. Ramaiah, Biochem. J. 125 (1971) 507.
[72] G.J. Kelly, J.F. Turner, Biochem. J. 115 (1969) 481.
[73] E. Bueding, J. Fisher, Biochem. Pharmacol. 15 (1966) 1197.
[74] C.H.I. Ramos, R.L. Baldwin, Protein Sci. 11 (2002) 1771.
[75] R. Fayos, M. Pons, O. Millet, J. Am. Chem. Soc. 127 (2005) 96
[76] F.J.W. Roughton, V.H. Booth, Biochem. J. 40 (1946) 319.
[77] E. Walaas, O. Walaas, Acta Chem. Scand. 10 (1956) 122.
[78] H. DeVoe, G.B. Kistiakowsky, J. Am. Chem. Soc. 83 (1961) 274
[79] J.C. Warren, L. Stowring, M.F. Morales, J. Biol. Chem. 241 (19

309.
[80] J.C. Warren, S.G. Cheatum, Biochemistry 5 (1966) 1702.
[81] J.M. Armstrong, D.V. Myers, J.A. Verpoorte, J.T. Edsall, J. Biol. Ch

241 (1966) 5137.
[82] Y. Pocker, J.T. Stone, Biochemistry 7 (1968) 2936.
[83] Y. Pocker, J.T. Stone, Biochemistry 6 (1967) 668.
[84] J.L. Denburg, W.D. McElroy, Arch. Biochem. Biophys. 141 (19

668.
J. Phys. Chem. A 108 (2004) 2514.
[103] M.E. Clark, in: R. Gilles, M. Gilles-Baillien (Eds.), Transport P

cesses, Iono- and Osmoregulation, Springer-Verlag, Berlin, 198
412.

[104] L.J. Borowitzka, in: R. Gilles, M. Gilles-Baillien (Eds.), Transp
Processes, Iono- and Osmoregulation, Springer-Verlag, Berlin,
p. 437.

[105] R. Gilles, Comp. Biochem. Physiol. A 117 (1997) 279.
[106] M. Lever, J.W. Blunt, R.G.A.R. Maclagan, Comp. Biochem. Phy

A 130 (2001) 471.
[107] R.D. Bowlus, G.N. Somero, J. Exp. Zool. 208 (1979) 137.
[108] D. Canovas, N. Borges, C. Vargas, A. Ventosa, J. Nieto, H. Sa

Appl. Environ. Microbiol. 65 (1999) 3774.
[109] K.R. Sowers, R.P. Gunsalus, Appl. Environ. Microbiol. 61 (1995) 4
[110] R. Schwacke, S. Grallath, K.E. Breitkreuz, E. Stransky, H. Stra

W.B. Frommer, D. Rentsch, Plant Cell 11 (1999) 377.
[111] M. Clark, E.E. Burnell, N.R. Chapman, J.A.M. Hinke, Biophys. J

(1982) 289.
[112] E.A. Galinski, M. Stein, B. Amendt, M. Kinder, Comp. Bioche

Physiol. A 117 (1997) 357.
[113] M. Lever, Biochim. Biophys. Acta 1425 (1998) 61.
[114] P.W. Hochachka, Biochemical Adaption, Princeton University P

Princeton, 1984.
[115] P. Lamosa, A. Burke, R. Peist, R. Huber, M.-Y. Liu, G. Silva,

Rodrigues-Pousada, J. LeGall, C. Maycock, H. Santos, Appl. Env
Microbiol. 66 (2000) 1974.

[116] A. Pollard, R.G. Wyn Jones, Planta 144 (1979) 291.
[117] K. Lippert, E.A. Galinski, Appl. Microbiol. Biotechol. 37 (1922) 6
[118] A. Zaks, A.M. Klibanov, J. Biol. Chem. 263 (1988) 3194.
[119] D.K. Magnusson, J.W. Bodley, D.F. Evans, J. Solution Chem

(1984) 583.
[120] N. Kaftzik, P. Wasserscheid, U. Kragl, Org. Proc. Res. Dev. 6 (2

553.
[121] H. Zhao, S.V. Malhotra, Biotechnol. Lett. 24 (2002) 1257.
[122] H. Zhao, R.G. Luo, S.V. Malhotra, Biotechnol. Prog. 19 (2003) 1
[123] P. Lozano, T. de Diego, J.-P. Guegan, M. Vaultier, J.L. Iborra, Bio

nol. Bioeng. 75 (2001) 563.



H. Zhao / Journal of Molecular Catalysis B: Enzymatic 37 (2005) 16–25 25

[124] P. Lozano, T. De Diego, D. Carrié, M. Vaultier, J.L. Iborra, Biotechnol.
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