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What can we learn by studying enzymes in
non-aqueous media?

Peter J. Halling
Department of Pure and Applied Chemistry, University of Strathclyde, Glasgow G1 1XL, UK (p.j.halling@strath.ac.uk)

What is the role of water in enzyme structure and function? One approach to answers should come from
studies in which the amount of water present is a variable. In the absence of bulk liquid water, effective
monitoring of enzyme action requires an alternative fluid medium through which substrates and products
may be transported. The past 20 years have seen quite extensive study of enzyme behaviour when reactants
are transferred via a bulk phase that is an organic liquid, a supercritical fluid or a gas. Some lipases, at
least, remain highly active with only a few, if any, residual water molecules. Many enzymes seem to require
larger amounts of water, but still not a liquid water phase. There are hysteresis effects on both the amount
of bound water and the observed catalytic activity. Increasing hydration promotes mobility of the enzyme
molecule, as revealed by various techniques, and there are correlations with catalytic activity. There are
other plausible roles for hydration, such as opening up proton conduction pathways.
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1. INTRODUCTION

What is the role of water in enzyme structure and func-
tion? The literature offers many attempts at answers to
this question, which is obviously of considerable interest.
In tackling such a question about almost any other factor,
we think first about the effects of varying it experimentally.
Such evidence is much less sought in the case of water, in
the past probably because of the belief that enzyme action
required dilute aqueous solution. However, water levels
can be made a variable in studies on enzymes, and this
should surely be a source of useful information about the
role of water.

One approach is to examine the effects of reducing the
availability of water in aqueous solution by addition of
osmotically active but otherwise inert solutes. This
‘osmotic stress’ method has been particularly exploited by
Rand and co-workers, and is reviewed in the
accompanying paper by Rand (2004). Even high osmotic
pressures correspond to fairly small reductions in the
mass-action effects of water (e.g. 1 osmolar gives ca.
25 atm, but the thermodynamic water activity is only
reduced from 1 to 0.98). Hence the osmotic stress method
gives information about the large number of relatively
weakly associated water molecules. Tightly bound waters
remain in place whether or not the osmotic stress is
applied.

A complementary approach is to move away from aque-
ous solution completely, and study systems where even
the strongly bound waters can be removed. This requires
experiments on protein molecules with, at most, a few
hundred surrounding water molecules. Such a protein–
water system will normally be in the solid state. A wide
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variety of physical measurements have been made on such
solid-state proteins with adsorbed water. These have led to
many conclusions about their behaviour (Rupley & Careri
1991; Gregory 1994). However, one critical measure-
ment, that of enzymatic activity itself, is extremely hard in
such systems (containing only protein and water). Simple
and reliable measurements of catalytic activity require a
suitable fluid phase for the transport of substrates and pro-
ducts. Over the past 20 years or so, there has been quite
extensive study of enzyme action in systems where such
an alternative to liquid water is used for reactant transfer.
The most work has been on systems with a fluid phase
based on organic liquids, but it is also possible to use
supercritical fluids, ionic liquids or volatile reactants in the
gas phase. The main focus of this article is on the systems
with organic liquids, but much of the behaviour is similar
whichever of these non-aqueous phases is employed. The
accompanying paper by Dunn & Daniel (2004) concen-
trates on systems with gas phase transfer, while that by
Clark (2004) offers another perspective on organic media.
For some recent reviews of enzyme action in organic sol-
vents see Halling (2000), Carrea & Riva (2000), Klibanov
(2001) and Lee & Dordick (2002).

The last paragraph may have given the impression of a
protein molecule with some adsorbed water, surrounded
by the non-aqueous fluid. However, this simple picture is
not strictly correct. There will always be other things in
the immediate molecular environment of the protein.
These may be other molecules of the enzyme in a solid
particle. Often a more uniform environment for all the
protein molecules may be achieved by dispersing them
over the surface of another solid particle, at the expense
of introducing this additional component. Alternatively,
the protein may be molecularly dispersed in solution in an
organic liquid, but only by introducing solubilizing agents
such as surfactants or polymers. Figure 1 shows some
schematic diagrams of the types of system used. Note that
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Figure 1. Some typical systems for low-water biocatalysis. In all of these there is no residual liquid aqueous phase. Note that
the top two diagrams show structures on a microscopic scale, whereas the lower one is at a molecular scale.

the two upper panels show a microscopic scale view,
whereas the lower one is magnified to a molecular scale.
More information about all these systems can be found in
the reviews cited above and references therein.

Most biologists and chemists are now aware that we can
abandon the former dogma that enzymes are not active in
organic solvents. However, there is a tendency to replace
it with a principle that their catalytic activity in organic
media is always much lower than in water. This idea is
equally wrong. Anyone who works with enzymes will be
aware that by using the wrong conditions it is possible to
get very low catalytic activity. This remains true for
organic media, with the added complication that the rules
for identifying the right conditions are less well under-
stood. However, if the best methods for preparing the bio-
catalyst and medium are used, it is quite possible to get
catalytic activities that are within an order of magnitude
or less of those in optimal aqueous conditions. It is not
easy to make an exact comparison because the reactions
catalysed tend to be different in the two media, because
of thermodynamic effects on the equilibrium position. In
a review in 1987, I pointed out that comparable rates were
possible in organic media (Halling 1987). With increased
understanding since then, it is easier to select the right
conditions. Here is one example from our own work of a
respectable (but not record) specific activity: an immobil-
ized lipase catalysed esterification in organic media at
0.9 �mol min�1 (mg protein)�1 (Janssen et al. 1999). This
is ca. 100 times slower than a typical specific activity for
this lipase in an aqueous emulsion. However, note that we
are comparing opposite directions of reaction, and at least
part of this difference reflects the general kinetic problems
of activating the free carboxyl group. Even in organic
media, transesterification is typically about 10-fold faster
than an esterification such as this.

Those who state that enzymes in organic solvents have
low activity will commonly cite a classic paper from Klib-
anov’s laboratory (Schmitke et al. 1996). However, this is
to misinterpret completely the key message of this paper.
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It certainly gives an example of enzyme activity seven
orders of magnitude lower in an organic solvent than in
water. But the paper proceeds to dissect in detail the
reasons for this difference in activity. It turns out that most
of the differences can be substantially reduced or elimin-
ated by correctly adjusting the conditions in the organic
medium.

Perhaps the best evidence that quite acceptable rates
can be found for enzyme reactions in organic media is that
there are now over 10 commercially operating processes
(Straathof et al. 2002). As usual, precise details of com-
mercial operations are hard to come by, but we can
assume that a catalytic activity many orders of magnitude
less than normal would be uneconomic.

2. HOW MUCH WATER IS REQUIRED FOR
CATALYTIC ACTIVITY?

This is an obvious question to ask. More generally, we
would like to know the relationship between the quantity
of residual water and the enzymatic activity. The first issue
that must be considered is how to quantify the amount of
water present. For mechanistic interpretation we would
ideally like to know the amount of water bound to the
enzyme molecules, and indeed the location of the individ-
ual water molecules. Even the former is not so easy to
measure or control experimentally, while the latter is
known for only a few cases where diffracting crystals show
activity while suspended in organic solvents. The most
obvious measure, total water content of the reaction sys-
tem, is of rather limited value. Some fraction of this water,
often most of it, will not be associated with the enzyme.
Instead it will be dissolved in the bulk fluid phase, or
bound to other species present such as a solid support
material.

In general, a useful parameter is the thermodynamic
activity of water in the system. If water equilibrates
between the various phases present, they will all come to
the same water activity (provided all are referred to the
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Figure 2. Water adsorption by proteins suspended in organic
solvents. Water adsorption by �-lactoglobulin (open
symbols) and bovine serum albumin (closed symbols) in air
(circles), ethanol (squares), benzene (upright triangles) and
ethylacetate (inverted triangles). (Data for organic media
from Yamane et al. (1988), replotted on water activity basis
(Halling 1990).)

same standard state, which conventionally is taken as pure
liquid water at the same temperature). The enzyme mol-
ecules will tend to equilibrate in this way, so the quantity
of water adsorbed to them will reflect the system water
activity, however much water is also present in other
phases. There are some fairly good methods available to
fix or control the water activity of a mainly organic reac-
tion mixture, for example by equilibrating with saturated
salt solutions or salt hydrate pairs. Water activity may also
be measured as the relative humidity of an equilibrated
vapour phase, for example. It can also be calculated from
a measured water concentration dissolved in the organic
liquid, using the appropriate activity coefficient. (Such
measurements are, however, rather inaccurate for the very
low water concentrations dissolved in non-polar solvents.)
The water activity of any water-saturated non-polar sol-
vent will be very close to one. For a full description of the
use of water activity, see Halling (1994).

An early example of the value of using water activity as
a parameter in these systems came from measured water
adsorption isotherms. Measurements had been made of
the quantity of protein-bound water as a function of the
concentrations dissolved in the organic phase (Yamane et
al. 1988; Zaks & Klibanov 1988). To obtain the same
amount of water associated with the protein required very
different water concentrations in different solvents. How-
ever, when these water concentrations were converted to
water activity (using known relationships), very similar
isotherms were obtained for all the solvents. Figure 2
shows an example. Furthermore, the isotherms produced
were essentially the same as that determined for adsorp-
tion of water by protein powders from the gas phase (the
line in figure 2), at least in the lower water-activity range.
Subsequently, this general picture has been confirmed by
new experimental measurements of adsorbed water levels
(although they are limited in number as the measurements
are technically challenging (McMinn et al. 1993; Borisover
et al. 1995; Lee & Kim 1995; Parker et al. 1995; Condoret
et al. 1997)). There remains some disagreement about
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Figure 3. The effect of water activity on lipase catalytic
activity. Lipases from Rhizomucor miehei (circles), Rhizopus
niveus (diamonds), Humicola lanuginosa (squares), Candida
rugosa (inverted triangles), and Pseudomonas cepacia (plus
symbols). (Valivety et al. (1992a).)

whether at higher water activities there are deviations
above or below the gas-phase isotherm.

When we come to enzyme behaviour, it is found exper-
imentally that analysis in terms of water activity often does
simplify the picture. Thus, very similar profiles of catalytic
activity as a function of water activity will be found for
different solvents, despite large variations in total water
contents and concentrations dissolved in the organic
phase. In the same way, the use of water activity can dis-
count many of the apparent effects on water dependence
of changing the support and other factors (e.g. Halling
1994).

The dependence of catalytic activity on water activity
has been determined for a variety of enzymes. The most
obvious approach has been to dry the enzyme preparation
and then add back water to the desired level. To obtain
the required water activity in the test reaction system, it
is necessary to make sure that all phases are pre-equilib-
rated at the desired value. Most of the earlier studies were
made with lipases and revealed a wide range of profiles of
catalytic activity as a function of water activity. An
example is shown in figure 3. Some lipases retain good
catalytic activity even at very low water activity, with
optima well below 0.5. Others, however, show little or no
activity at the lowest water activities, with a steep rise at
higher values, to an optimum not too far below 1.

Subsequent studies with a variety of enzymes other than
lipases have usually shown the pattern of higher water
requirements. Thus, they show the steep rise in activity
around water activities somewhere between 0.5 and 0.9.
The most comprehensive studies have come from
Adlercreutz’s laboratory, and some examples (Adlercreutz
1991; Hansson et al. 2001) are shown in figure 4.

Figure 3 shows an example of one lipase that retained
good activity at a water activity plotted as zero. This raises
the issue of exactly how low is the level of hydration, a
question that is very relevant to the theme of this meeting.
To give a clearer answer, samples of the lipase biocatalyst
were dried exhaustively over a variety of agents for two
months, and then assayed in a dry-box with thoroughly
dried reaction mixture components. The activity was
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Figure 4. The effect of water activity on the catalytic activity
of some enzymes other than lipases. Activity in hexanol of
�-galactosidase from S. solfataricus (closed circles), �-
glucosidase from C. saccharolyticum (closed squares) or
almond (closed triangles), Hansson et al. (2001). Activity in
di-isopropyl ether of horse liver alcohol dehydrogenase (open
circles) or chymotrypsin (open squares). (Adlercreutz
(1991).)

found to be still ca. 30% of that at the optimal water
activity (Valivety et al. 1992b). But how much water is left
after this drying treatment? Measurement of trace
amounts of water is remarkably difficult, because of the
problems of avoiding interference from environmental
water. The best standard method, coulometric Karl–
Fischer analysis, can detect ca. 1 �mol of water: for most
other analytes this would be considered poor sensitivity.
To estimate the amount of residual water on the dried
lipase, we used an 18O labelling method previously applied
to several dried protein powders (Dolman et al. 1997).
This method gave an answer of 2 ± 3 waters per lipase
molecule (M. Dolman, S. Waldron, B. D. Moore and
P. J. Halling, unpublished data). Thus we can say confi-
dently that there were very few residual water molecules in
this reasonably active enzyme preparation. The previous
studies had suggested an agreement between the number
of residual waters after extensive drying and the number
found buried in the three-dimensional structure of the
protein (Dolman et al. 1997).

Although behaviour as a function of water activity may
remain similar when some features of the system are
changed, this is not always true. Figure 5 shows how cata-
lytic activity for a single enzyme (laccase) is affected by
water activity in various miscible solvents. It is clear that
the critical water activity for high activity differs markedly
between solvents. In water-miscible solvents, variation of
water concentration or activity necessarily involves signifi-
cant changes in the concentration or thermodynamic
activity of the organic solvent itself, as well as substantial
changes in the nature and polarity of the medium as a
whole. It is not surprising if these have their own impact
on enzyme behaviour.

Hysteresis effects are also important in preventing a
unique relationship between water activity and enzyme
behaviour. It is well known that water adsorption iso-
therms of proteins show significant hysteresis, with more
bound water retained at a given water activity during
desorption (Rupley & Careri 1991). Hence it is not too
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Figure 5. The relationship of laccase activity with water
activity in miscible organic solvents. (Data from van Erp et
al. (1991) for methanol (open diamonds), 2-propanol
(inverted triangles), 2-butanol (closed diamonds), ethanol
(open squares), 1-butanol (closed squares), dioxane (closed
circles), acetonitrile (closed triangles), tetrahydrofuran (open
circles) and acetone (upright triangles). Converted to water
activity basis by Bell et al. (1997).)

Table 1. Hysteresis effects on the catalytic activity of subtilisin
cross-linked crystals.
(Water-wet cross-linked subtilisin crystals were washed three
times in dry 1-propanol, then further treatment as shown,
before assay in acetonitrile (1% water, aw 0.22). (Partridge et
al. (1996).))

activity
additional treatment (nmol min�1 mg�1)

1. none 575
2. acetonitrile, aw 0.22, 3 days 187
3. air, aw 0.22, 3 days 14
4. as 3, then aqueous and

1-propanol washes 505

surprising that catalytic activity and other properties may
show dependence on the history of water activity as well
as on the final value reached. Furthermore, besides direct
effects of hydration, it is clear that conformational changes
of proteins become slow under low-water conditions. This
has been shown to lead to a variety of effects of history
(e.g. Ke & Klibanov 1998; Lee & Dordick 2002). There
may be links between hysteresis in conformational changes
and in hydration. The conformation may not remain in
its lowest energy state throughout hydration and dehy-
dration. Instead it may require forcing conditions to close
the loop and return the protein to its original confor-
mation, which may itself be the direct cause of hysteresis
in enzyme behaviour. Such conformational changes have
also been suggested as one of the possible reasons for hys-
teresis in the amount of bound water.

Whatever the precise mechanism, substantial effects of
hysteresis on catalytic activity can be demonstrated. Table
1 shows a pronounced example, where subtilisin catalysts
have been taken through different hydration pretreatments
before final assay, all at the same water activity (0.22).
Good activity is obtained after drying by quick rinsing with
the water-miscible solvent 1-propanol, but is some 40-fold
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Figure 6. The effect of water activity and enzyme pre-
treatment on catalytic activity of immobilized subtilisin
Carlsberg in tetrahydrofuran. Rates in tetrahydrofuran were
measured for immobilized biocatalyst which had been
treated by: dry 1-propanol washing (closed squares): 1-
propanol washing at the same water activity as the reaction
(open squares) and no 1-propanol washing (closed triangles).
Each reaction was carried out at least in triplicate with errors
of less than 10%. The rate was determined as the sum of
the initial rates of transesterification and hydrolysis. ( J.
Partridge, B. D. Moore and P. J. Halling, unpublished data.)
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Figure 7. Water activity dependence of silica-papain activity
after dehydration by rapid propanol rinse. (Theppakorn et al.
(2004).)

smaller after holding at the same water activity in air. If,
however, the air-dried catalyst is rehydrated in an aqueous
medium, then re-dried, it can be seen that most of the
activity is recovered again.

Here are two more examples of how hysteresis effects
can dramatically influence the water activity dependence
of catalysis. Figure 6 shows the behaviour of subtilisin
(this time in a silica-adsorbed form) when dried by rinsing
with a water-miscible solvent, as in the last example.
When prolonged exposure to the lowest water activity is
avoided before assay, the enzyme clearly retains good cata-
lytic activity down to low water activities in the reaction
mixture. Figure 7 shows similar data for the same type of
preparation and treatment on papain. Both these proteases
would show good catalytic activity only at higher water
activity values when prepared in the traditional manner.

Phil. Trans. R. Soc. Lond. B (2004)

(An example of the profile with lyophilized subtilisin pow-
ders re-hydrated from the dry state can be seen in figure
11, shown below for a different main purpose.) With these
and other enzymes, hydration hysteresis can be exploited
to get good catalytic activity at low water activity. This
offers the benefits of low water activity in suppressing
hydrolytic side reactions or maximizing equilibrium yields
in synthesis by reversal of hydrolysis.

Relying on hysteresis effects for a desired behaviour
always carries a risk, however. By definition, on at least
one arm of the hysteresis loop, proteins are not in
hydration equilibrium. Hydration may slowly change
towards the other arm, with the resulting effects on
enzyme behaviour. The consequence might be rather poor
operational stability of any catalyst that has exploited hys-
teresis to obtain high initial activity. Just such poor oper-
ational stability has been observed for two types of
protease catalyst that most strongly exploit this hysteresis
(figure 8). However, this poor stability does not represent
hydration changes alone, because the lost enzyme activity
was not recovered, even on transfer of the enzyme back
to an aqueous medium (Fernandes & Halling 2002). If
dehydration is the first stage, it must be followed by a
further irreversible effect.

3. HOW DOES HYDRATION PROMOTE CATALYTIC
ACTIVITY?

One role of hydration is almost certainly to promote
increased mobility or flexibility in the enzyme molecules.
Several physical measurements have demonstrated that
mobility of parts of the protein increases with increasing
hydration, in the range that accelerates catalysis. Table 2
lists a number of methods that have led to this conclusion.

As an example of what can be done, I will present a
method we have used, based on solid-state 1H-NMR
relaxation (Partridge et al. 1998). This method does not
require pre-labelled protein, but uses treatment with D2O
to replace all protons in water and in the exchangeable
hydrogens of the protein molecule. NMR measurements
of both spin–lattice and spin–spin relaxation of the
remaining protons (in the protein) probe the mobility of
their environment. Easiest to interpret is the apparent T2

(or peak width) of the solid-state signal. As shown in fig-
ure 9, at low water activity the signal consists of a broad
hump characteristic of protons in an essentially solid
immobile environment. As the hydration is increased
(with D2O, we are still looking at the protein protons), a
much sharper line grows in the centre of the broad signal.
This indicates that the mobility of the environment of a
fraction of the protons is substantially increased. By inte-
gration of the signal it is possible to estimate the fractions
of protons that experience the high and low mobility
environments, with the result shown in figure 10. There
is a steep rise in the fraction in the mobile environment
between water activity 0.45 and 0.75. The catalytic
activity of this enzyme preparation (hydrated in the same
way) shows a steep rise in the same range of water activity
(figure 11). However, we should note that the number of
points is not enough to be sure that this quantitative link
is much more than coincidence.

While hydration and increasing flexibility are usually
associated with increased catalytic activity, their effects on
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Figure 8. Poor operational stability of subtilisin dehydrated
by rapid propanol rinse. Continuous reactors with
acetonitrile and tetrahydrofuran. (a) Propanol-rinsed enzyme
preparations (PREPs) at water activity of 0.22 (closed
circles) and 0.76 (open circles); (b) and (c) cross-linked
enzyme crystals (CLECs) at water activity of 0.22 (closed
squares) and 0.76 (open squares); (b) with acetonitrile; (c)
with tetrahydrofuran. (Fernandes & Halling (2002).)

enzyme specificity are not so predictable. Broos (2002)
has set out an interesting analysis that may account for
the opposite dependences observed in different cases.

Increased mobility is not the only mechanism by which
hydration could stimulate activity. It might promote struc-
tural changes in the protein. The relatively limited study
here suggests that any changes are quite small over the
lower water activity range, consistent with the idea that
the structure is quite rigid (Griebenow & Klibanov 1997).
Larger changes may sometimes occur at higher water

Phil. Trans. R. Soc. Lond. B (2004)

aw < 0.01

aw = 0.22

aw = 0.44

aw = 0.76

Figure 9. 1H-NMR spectrum of subtilisin powder suspended
in dichloromethane. (Partridge et al. (1998).)
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Figure 10. The effect of hydration on population of high-
mobility protons in subtilisin. Fraction of narrower solid-
state NMR component (longer T2). The medium was air
(open squares), cyclohexane (closed circles),
dichloromethane (triangles) or acetonitrile (plus symbols).
The dashed line shows the effect on catalytic activity.
(Partridge et al. (1998).)

activities, particularly in lyophilized powders, where they
can reverse some of the (partial) denaturation that occurs
during freezing and/or drying (Griebenow et al. 2001). Of
course, even a very small conformational change, unde-
tectable by the usual physical methods applied to solid-
state proteins, could have a major effect on activity.

A second possibility has been advocated on the basis
of dielectric measurements on hydrated protein powders.
These indicate the appearance of proton conduction path-
ways through the hydration water as its amount increases
(Rupley & Careri 1991). Proton movements close to the
active site are part of the catalytic cycle for those enzymes
(most of them) that use acid–base catalysis as part of their
mechanism. It is very plausible that proton conduction
around the active site may become limiting to turnover in
dehydrated enzymes.

One group of findings is very relevant to the general
topic of this meeting. It is clear that some other molecules
can substitute for the role of water in activating low-water
enzymes, at least in part. Their addition has been shown
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Table 2. Methods indicating that hydration increases the mobility of protein structures in organic solvents.
(For more recent references on these techniques see Ueji et al. (2003) (electron paramagnetic resonance) and Soares et al. (2003)
(molecular dynamics).)

electron paramagnetic resonance of active site label Guinn et al. (1991); Affleck et al. (1992)
NMR lineshape of D-labelled Trp Burke et al. (1993)
amide NH exchange by NMR Wu & Gorenstein (1993)
molecular dynamics simulation Hartsough & Merz (1992, 1993)
fluorescence depolarization Broos et al. (1995)

Table 3. Water as a competitive inhibitor of lipase-catalysed esterification.
(Esterification of decanoic acid and dodecanol catalysed by immobilized lipases, analysed by full Ping–Pong model, to give
Michaelis constants for the acid (Kac) and alcohol (Kal). Note that the effect of water activity on the apparent Km for the alcohol
will reflect competition for the acyl-enzyme intermediate, essentially product inhibition under the Ping–Pong mechanism. In the
case of Km for the acid, however, there should be no effect from water as a reactant, so a probable explanation is competition
with other (non-reactant) water molecules at the acid binding site. (Valivety et al. (1993).))

enzyme source water activity Vm (mmol s�1 kg�1) Kac (M) Kal (M)

Rhizomucor miehei 0.12 3.0 0.37 0.089
0.76 5.5 0.55 0.31

Candida rugosa 0.32 0.59 0.13 0.027
0.76 5.9 0.57 0.28
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Figure 11. The effect of hydration on activity of lyophilized
subtilisin powder suspended in organic solvents. N-acetyl-
tyrosine ethyl ester transesterification with propanol.
Maximal rates (100%) were 413, 3.52 and
18.6 nmol min�1 mg�1 in cyclohexane (circles),
dichloromethane (triangles) and acetonitrile (plus symbols).
(Partridge et al. (1998).)

to stimulate activity, often quite substantially. Usually the
experiment involves an addition of the ‘water mimic’ with-
out a change in water content. Thus water activity will be
reduced if anything, as the additive interacts with what
residual water there is. Such activating effects have been
demonstrated for various glycols (Tanaka et al. 1981), for-
mamide (Kitaguchi & Klibanov 1989; Kitaguchi et al.
1990), dimethyl sulphoxide (Almarsson & Klibanov 1996)
and methanol (Hutcheon et al. 1997), but appear absent
for compounds such as ethanol.

For some low-water enzymes, full kinetic studies have
been made, allowing separate identification of water
effects on Vmax (or kcat) and Km values. In most cases it has
been noted that Km values increase with increasing water
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activity, so the enzyme shows less affinity for the sub-
strates. An example taken from our own work is shown in
table 3. If increasing quantities of any other component
caused an increase in apparent Km, we would describe it
as a competitive inhibitor, and there seems no reason why
we should not see water in this way. The usual mechan-
istic deduction would be that the inhibitor must be dis-
placed from the active site on binding the substrate, and
again it seems quite reasonable to apply this picture to
water. This is exactly analogous to the treatment of water
activity effects in aqueous solution studies, as presented
in the accompanying article by Rand (2004). As in these
studies, the quantitative dependence of apparent binding
constants on water activity can be used to count the num-
bers of water molecules displaced. The apparent dis-
sociation constant will increase with water activity raised
to the power of the number of waters displaced on bind-
ing. In low-water systems the only data so far are for Km

values, rather than true dissociation constants, and there
are few different water activities used (just two in table 3).
Hence it is dangerous to suggest precise numbers of
waters, although it is clear that these are much smaller
than in aqueous solution. This is naturally expected when
all but fairly tightly bound waters have already been
removed from the protein.

It could be of interest to extend these studies to generate
more precise counts of waters displaced. Measurement of
true dissociation constants would be wise in such studies.
This would not be easy in a simple binding experiment,
as the fraction of bound sites would probably have to be
estimated by an error-prone difference method. An
attractive option may be to use kinetic measurements to
estimate Ki values for a second known competitive inhibi-
tor, as these are true dissociation constants. There may
also be value in estimating elementary rate constants by
competing substrate methods, as exploited by Wangikar
et al. (1993).
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4. HOW USEFUL IS UNDERSTANDING OF
LOW-WATER ENZYMOLOGY, AND HOW COULD

IT BE IMPROVED?

It is now clear that the use of organic and other low-
water media allows convenient studies of the action of
enzymes while varying the amount of tightly bound water.
Thus we can explore directly the role of these water mol-
ecules, by examining the effects of removing them.

How relevant are these studies to biology? We know
that the minimum water activity at which cell growth has
been observed is ca. 0.6 (see Grant 2004). Hence it is
arguable that studies at lower water activity do not tell us
about crucial life processes. Essentially the proteins in
these growing cells will still retain most of their tightly
bound water, so the effects of its removal will be of rather
academic interest. However, many living organisms have
dormant states with much lower water activity, in which
continued enzymatic activity may play important roles.
Furthermore, low-water enzymology can potentially show
which (if any) of the tightly bound waters are essential
for catalytic activity. This may help us to understand and
predict the effects of other changes, such as mutations in
the amino acid sequence of the enzyme, and in this way
be relevant to growing cells. Of course, further studies
should help us get closer to an answer for the overall ques-
tion of this meeting, by defining the essential roles of water
in enzymatic catalysis.

So what do we need for better fundamental understand-
ing of low-water enzymology? A first requirement is appar-
ently rather trivial, but remains an unsolved problem. We
need a simple method for accurate monitoring of the
amount of water bound to proteins in an organic environ-
ment. Karl–Fischer analysis is available, but its restricted
sensitivity means that errors rise at low levels of protein-
bound water. With the usual solid-state protein samples,
sensitivity is limited by entry of environmental water into
the analysis chamber along with the sample. At the lowest
levels there is also the need for a completely dry protein
to check for interference in the Karl–Fischer reaction,
which of course, requires a method to show that it is com-
pletely dry. Various studies have used water labelled with
3H or 2H, but these fail at lower levels because of the large
correction required for the exchangeable hydrogens in the
protein structure itself. Exchange problems are eliminated
by the use of 18O, but very accurate mass spectrometry is
needed to quantitate the small enrichments after label is
recovered in an aqueous medium.

True understanding needs more than just the numbers
of bound waters: it needs molecular-scale structural infor-
mation about the protein and bound waters. It would be
useful to relate the location of waters and associated struc-
tural changes to enzyme behaviour (activity, specificity
and stability).

A number of crystal structures have been published for
protein crystals transferred to an organic environment
(Yennawar et al. 1995; Schmitke et al. 1998; Gag et al.
1999; Zhu et al. 2001; and references cited therein). Crys-
tals grown in aqueous media have been rinsed thoroughly
with organic solvents, sometimes after mild cross-linking.
In many cases non-polar solvents have been used, but this
probably does not produce a low water activity: the very
low solubility of water in these solvents means that even
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extensive washing will not remove most of the water from
the crystal. However, in some instances polar solvents
such as acetonitrile have been used, giving an eventual
organic phase of undoubtedly low water activity. The
reported structures show a substantial number of water
molecules still associated with the protein, many in similar
locations to those found in the original aqueous crystals.
All of these crystallographic studies have shown only lim-
ited changes in protein structure from that previously
determined in an aqueous environment. However, it
seems to me that the approach used could hardly give any
other answer. If there were to be a major change in confor-
mation, it seems unlikely that the existing crystal packing
arrangement could be maintained. Changes in this would
normally result in a loss of order and of high-resolution
diffraction. There have been reports that some attempts
to transfer crystals to organic media did indeed lead to
loss of diffraction or even fracture of the crystals.

NMR methods can give structural information without
needing crystalline order. However, as noted, most
enzyme forms usable in organic media are solid. High-
resolution NMR in the solid state is much more difficult
than in solution. There is active research on examining
the structures of membrane proteins by solid-state NMR:
when embedded in membrane fragments, they behave as
essentially solid state in an NMR experiment (Luca et al.
2003). As these methods become established, they may
also be applicable to low-water biocatalysts. Solid-state
NMR can of course provide useful structural information
even when full detail is not possible (e.g. Lee et al. 1998).
It should be rather easier to carry out high-resolution
NMR experiments on the systems where protein mol-
ecules are individually dispersed in organic solvents. How-
ever, even here the solubilizing agents necessary may
further restrict the rotation of the already large protein
molecules, making acquisition of high-resolution data
harder.

Several methods can give some structural information
about enzymes in these systems, although not full atomic-
scale detail. Infrared spectroscopy has been applied quite
extensively and can quantify the contributions of different
secondary structural elements (Griebenow & Klibanov
1997). Raman measurements have also been shown to be
possible, and offer complementary vibrational signals
(Guo & Mabrouk 2002). In solution, circular dichroism
is the most trusted method for determining secondary
structure contributions. We have recently been finding
that with the latest generation of circular dichroism instru-
mentation, it is possible to get useful spectra even from
solid-state biocatalysts suspended in organic media. Fluor-
escence measurements have also been shown to be poss-
ible on enzyme suspensions in organic solvents (Broos et
al. 1995), and the energy transfer method (fluorescence
resonance energy transfer) can provide distance measure-
ments within the structure.

In closing, I should note what has been a major obstacle
to gaining better fundamental understanding of the role
of water during enzyme action in low-water media. Nearly
all the funding for research in this area has been driven
by the applications of low-water biocatalysis in industrial
and laboratory synthesis. Hence fundamental questions
have tended to be addressed only where they are clearly
relevant to improving these practical applications. If it is
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believed that studies in low-water systems do have
important messages for enzymology as a whole, basic
science funding for such work will generate improved
understanding more quickly.

I thank Dr Geeta Fuglevand for redrawing or replotting all the
figures in this article.
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Discussion
J. L. Finney (Department of Physics and Astronomy,

University College London, London, UK). Two points. First,
can you expand on the ‘partly’ when you say that some
other molecules can (partly) substitute for water? Second,
would you comment on what you think might be relevant
common aspects or properties of the molecules that can
(partly) substitute?

P. J. Halling. First, I include ‘partly’ to indicate that we
cannot be sure that water was totally absent in any of the
systems reported. It is very hard to remove the last traces
of water from enzyme preparations, and perhaps even
harder to measure how much remains (at the level of a
few molecules per protein molecule). So we cannot
exclude the possibility that a few water molecules are
absolutely irreplaceable. Second, when the first of these
‘water mimics’ were identified, glycols and formamide, it
seemed that the formation of multiple hydrogen-bonded
networks could be relevant: these are the compounds that
are said to show in bulk a ‘solvophobic effect’ that parallels
the hydrophobic effect in water. However, subsequent
studies showed that methanol and dimethyl sulphoxide
could be effective in systems where, for example, ethanol
had no effect. That makes it much harder to me to see a
clear dividing line in molecular properties.

M. W. Ho (Institute of Science in Society, London, UK). I
have two questions. First, you mention that water provides
flexibility and mobility for enzymes. Are you aware of the
old mobile-defect theory that not all the bonds in the pro-
tein can be satisfied all at once and so the protein has to
move around and satisfy the bonds on average over a cer-
tain time? Second (this has been asked already), does the
ability of molecules to substitute for water depend on their
hydrogen-bonding capability?

P. J. Halling. First, I have not seen the term ‘mobile
defect’ applied to proteins, but I do know of its analogous
application to bulk water structure. It does give a reason-
able picture of the model that is generally believed to
underlie water effects on protein flexibility. Significant
changes in conformation require changes in hydrogen
bonding networks, with a transition state in which some
bonds are broken before the new ones can form. Water
molecules can catalyse such exchanges by acting as a tem-
porary hydrogen-bond partner, perhaps using the bifur-
cated bonds we heard about in the context of bulk water
structure. Second, most of them are good hydrogen bond
donors and acceptors, of course, but dimethyl sulphoxide
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has at most, weak donor ability. Of course, we cannot be
sure that all these ‘water mimics’ act by the same mech-
anism to stimulate activity.

F. Franks (BioUpdate Foundation, London, UK). How
do you arrive at the suggested ‘hydration’ levels of less
than 300 mol mol�1 protein? What counts as ‘hydration
water’? Nearest neighbours, second shell? Do you know
their spatial coordinates, interaction energies or exchange
rates? If not, then how are ‘hydration’ water molecules
tagged? Are these water molecules essential for a structural
or kinetic role, e.g. proton transfer? It is my understanding
that there are no water molecules or amino acid residues
in a protein that will not exchange H for D more or less
rapidly. Thermodynamics provides no information about
molecules; so how can we distinguish ‘hydration’ water
from any other water molecules? In drying technology, the
removal of water, even from labile systems, is usually quite
crude, with little attention being paid to possible inacti-
vation processes. Would you agree that more information
is needed about the location and function of specific water
molecules integral to a protein structure? Given that such
almost dry systems cannot be crystallized, what methods
can be used to provide spatial coordinates, always on the
assumption that unique locations do in fact exist?

P. J. Halling. I think you are referring to the problems
of defining hydration water in aqueous solution, and I
fully agree that this is very ambiguous. However, in most
of the systems I am discussing, ‘hydration water’ can be
defined simply as all the water associated with the protein
in the solid phase. These water molecules must be inter-
acting quite strongly with the protein, otherwise they
would not be there. Apart from these relatively few waters,
the protein will be surrounded by different molecules:
other proteins, a bulk organic solvent or similar, other
solid-state species. The associated water can be defined
rigorously on an excess basis, analogous to the Gibbs sur-
face excess. With a relatively non-polar bulk phase, a
reasonably reliable measurement is possible as well: the
correction for the low concentration of water dissolved in
the bulk phase will not be too big. If we are not dealing
with a pure solid protein, of course, we cannot exclude
the possibility that water may be bound to the other
components that are in turn bound to the protein. How-
ever, reasonable assumptions may often exclude a major
contribution here: for example, we have used a hydro-
phobic polypropylene support that itself binds almost no
water in the absence of protein. As for the role of water
molecules in stimulating catalysis, I think we can rule out
major structural changes as a general explanation. A num-
ber of studies, mainly using Fourier-transform infrared,
have shown no large structural changes. Increased flexi-
bility of the structure is a commonly suggested mech-
anism, as I described. Other kinetic roles might include
proton transfer. Certainly, plenty of protein groups are
also able to transfer protons, but a chain of water mol-
ecules might be required for essential long-distance trans-
fers. It is also not possible to rule out an essential
structural role for a few water molecules that are never
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removed even in the most exhaustively dried enzymes.
Better understanding of the role of these remaining water
molecules would, of course, be greatly aided if we knew
exactly where they were. As I noted, although no one has
crystallized proteins from non-aqueous systems, there are
a number of structures known from crystals prepared in
aqueous and then transferred to largely organic environ-
ments (and also at least one from crystals dried in a gas
phase). These structures show substantial numbers of
residual waters, necessarily at defined locations. However,
as I argued, such crystal treatment approaches are only
ever likely to show structures that do not differ much from
the initial aqueous ones. So we should be cautious about
drawing general conclusions from them. Perhaps the typi-
cal behaviour is that shown by the crystals that lose order
or fracture when attempts are made to transfer them to
another medium. As I mentioned, NMR is the only other
method that might give coordinates. However, we need to
wait for the further development of high-resolution solid-
state NMR of proteins.

J. A. Littlechild (School of Biological Sciences and Chemis-
try, University of Exeter, Exeter, UK). I am interested in Ki

values that increase in the absence of water. Systems
where this has been measured are restricted to proteins
that require a hydrophobic environment for their activity.
For example, with lipases and with a hexokinase where
there is a need to carry out the reaction in a hydrophobic
environment in order to eliminate water so that a phos-
phate group from ATP is not transferred to water. When
measuring protease/esterase reactions in the reverse direc-
tion in organic solvents, the mechanism is pushed to the
synthetic side as a result of the enzymatic mechanism that
requires water to regenerate the enzyme for hydrolysis.
Have the Ki measurements you describe only been restric-
ted to these enzymes? Is the result of Ki values increasing
a general effect seen with other types of enzyme?

P. J. Halling. Sorry, I was not very clear here. I do not
think there have been any measurements reported of Ki

values as a function of water activity: I was suggesting that
this would be a good approach to measure true binding
constants by (easier) kinetic measurements. What have
been reported are various measurements of Km values as
a function of water activity or concentration. Even these
are too few, with too few water levels, to make reliable
estimates of numbers of water molecules displaced, and
hence to comment on how these depend on the type of
enzyme. Even in enzymes with relatively hydrophobic
binding sites, I think crystal structures will show some
waters in the binding site of the free enzyme. If these are
bound strongly enough to remain in place in the low-water
medium, they will need to be displaced on substrate bind-
ing. But when we do have more data, it could well prove
you right, with systematic differences in numbers of water
displaced on binding in different categories of enzymes.

GLOSSARY

NMR: nuclear magnetic resonance
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