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Catalysis in organic solvents and the mapping of protein surfaces
using multiple solvent crystal structures are two rapidly developing
areas of research. Recent advances include the study of protein
folding and stability in different solvents, and the demonstration
that it is possible to qualitatively rank the affinities of protein
binding sites for a given organic solvent using the multiple solvent
crystal structures method.
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Abbreviations
DMF dimethylformamide
DMSO dimethyl sulfoxide
MSCS multiple solvent crystal structures

Introduction
The concept that proteins should remain folded and active
in organic solvents is counterintuitive. After all, proteins
evolved in an aqueous milieu and have ubiquitously incor-
porated water in their folding, three-dimensional structure,
function and dynamics. Structural studies have implicated
water molecules in protein architecture and catalysis, and
in the specificity, cooperativity and thermodynamics of
ligand binding [1•]. Structural work has gained insight
from the study of water–protein interactions through a
variety of different methods that stress the uniqueness of
water in its properties as a solvent and a key player in
biological processes [2]. Yet, it is well known that proteins
are stable in some organic solvents and even multicomponent
enzymes have been shown to retain catalytic activity,
albeit at significantly lower levels than in water [3]. Work
on enzymes in organic solvents began in the first part of
the twentieth century, but only in the past two decades has
the field developed into a robust and powerful area of
research [4]. It currently spans the fields of enzymology,
synthetic organic chemistry and, most recently, structural
biology. This review focuses on the latest advances con-
tributing to the understanding of the structure of proteins
in organic solvents. For a focus on the chemistry that can
be catalyzed by enzymes in aqueous and nonaqueous
media, the reader is referred to a series of review articles
that appeared recently in the journal Nature [5–7,8•,9–11].

Protein catalysis in organic solvents:
structural aspects
It is well known that the catalytic activity of enzymes in
organic solvents is far lower than in water [12]. Many of the

advances in the past few years have contributed to both
the elucidation of the underlying reasons for this difference
in activity and the discovery of remedies to overcome the
resulting limitations [8•]. From a biochemist’s viewpoint,
there is such a large divide between the behavior of proteins
in aqueous solution and that in organic solvents that the
distinctions between the different types of solvents are of
no relevance. For the organic chemist using enzymes as
biocatalysts, the differences are indeed significant. Clearly,
not all organic solvents are equivalent and properties such
as solvent hydrophobicity, hydrogen-bonding capacity and
miscibility in water have profound influence on the
structural integrity and catalytic activity of enzymes.

Proteins in hydrophobic solvents are thought to retain their
native structure as a result of kinetic trapping, which
results from stronger hydrogen bonding between the
protein atoms and a more rigid structure in the absence of
water. In hydrophobic water-immiscible solvents, any
water that might be present will tend to stay at the protein
surface because of the solvophobic and hydrophilic nature
of the protein surface [13]. In fact, the addition of even a
minute amount of water (1% v/v) is sufficient to drastically
increase catalytic activity in these unnatural solvents; this
observation is linked to the role that water plays in the
structure and dynamics of the protein [14]. Conversely,
polar solvents that can easily strip water from the surface of
the protein and compete strongly for hydrogen bonds
between protein atoms (e.g. dimethyl sulfoxide [DMSO],
dimethylformamide [DMF], formamide) usually denature
the structure to a largely unfolded state [15•]. Alcohols
have some hydrophilic component, but are only moderate
competitors for amide hydrogen bonds. They tend to disrupt
tertiary structure and leave secondary structure interactions
largely undisturbed [16]. Indeed, methanol has gained
some attention as a denaturant that increases the concen-
tration of possible folding intermediates and has therefore
been used in protein folding studies [16,17] and to study
conformational transitions in synthetic peptides [18,19].
These folding studies are conducted over a wide range of
water/organic solvent mixtures and take advantage of the
fact that proteins in solvents containing different proportions
of water and organic solvent exhibit very different behavior
from that observed in either water alone or neat organic
solvent [20]. Recent protein folding studies in a variety of
solvents have shown that the native structure can represent
the global minimum in some nonaqueous solvents, such as
glycerol, in which the unfolded protein does fold to the
native state and the resultant structure is at least as
thermodynamically stable as that in water [21,22]. Much of
the work on protein structural integrity in organic solvents
is motivated by an established correlation between
structure and function. In this light, it is noteworthy that,
although there is no doubt that there exists a minimum
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structural requirement for catalytic activity, the idea that
all proteins must be intact relative to the native state for
catalysis to occur is not completely general, as partially
unfolded subtilisin Carlsburg was recently found to be
catalytically active in organic solvents [23].

Efforts to enhance the structural integrity of proteins in
organic solvents have resulted in an increased understanding
of the factors that favor the native state. Typically, a protein
is first lyophilized to remove water before it is transferred
to organic solvents for catalysis. In the process of dehy-
dration, some protein denaturation may occur, which is
normally reversible upon rehydration. In most organic
solvents, refolding is not trivial and the catalytic activity of
the enzyme is highly sensitive to its previous history in
aqueous solution [24]. It is optimized when the pH of the
aqueous solution before lyophilization is at the optimum
for enzyme catalysis [13], when salts or other lyoprotectants
are present to prevent protein aggregation in the organic
solvent [25•] or when the protein is bound to ligands that
might help preserve the integrity of the structure during
lyophilization [14]. In the presence of salts, the duration of
lyophilization and the final water content of the sample are
also of importance [13]. Finally, there is a significant
dependence of the catalytic activity of enzymes on the
steps followed to reach the final organic solution [14,24].
Not surprisingly, the factors shown to be important in
preventing protein denaturation during the lyophilization
process are coincident with those that optimize protein
structure and activity in aqueous solution. These factors also
play an important role in maximizing structural integrity
in nonaqueous solvents.

Other factors contributing to the decreased activity of
proteins in organic solvents are less related to the protein
structure and dynamics, and have a thermodynamic basis
dominated by the solvent. These include the stabilization
of the substrate ground state in the organic solvent and the
destabilization of polar transition states. It has long been
known that these factors can be controlled by solvent
engineering or by mutations in the enzyme that compensate
for the deleterious effects of the solvent [26]. Recent
studies have been aimed at understanding these effects
more thoroughly and have shown that the intrinsic activation
of subtilisin Carlsberg is indeed lowest in polar solvents,
presumably due to greater transition state stabilization of
the transesterification reaction [27••]. There clearly must
be a balance between the choice of a hydrophobic solvent
for structural integrity, and a polar solvent for transition
state stabilization and substrate desolvation effects for
catalysis to occur optimally in organic solvents. When
possible, this balance can be achieved by adding water to
the reaction mixture, but in synthetic pathways, in which
water may compete to result in an undesired product, the
methodologies need to be continuously improved [28]. In
spite of difficulties, the possibilities for the chemical and
pharmaceutical industry to use enzymes as catalysts in
reactions that have high stereoselectivity and regioselectivity

for natural and non-natural substrates, and that are difficult
in the absence of the enzyme have driven the scientific
community to continuously stretch the possibilities.
Progress is constantly being made both in the area of
increasing control of enzymatic reactions, for example,
enantioselectivity [29], and in expanding the types of
biocatalysts and corresponding chemistries available in
organic solvents [30–33]. Furthermore, the observation that
the stability of DNA in organic solvents appears to follow
the same trends observed for proteins opens up new terri-
tory with tremendous possibilities [34].

Multiple solvent crystal structures
The question of whether the different chemical reactions
and selectivity of enzymes in organic solvents resulted
from a modified active site geometry provided the initial
motivation for solving the crystal structure of an enzyme in
organic solvents. The first structure resulted from an
interest in observing the features of catalytically active
subtilisin Carlsburg in neat acetonitrile [35]. This structure
and others that followed established that proteins in
several different organic solvents, such as acetonitrile [36],
dioxane [37] and hexane [38], are virtually identical to
those in aqueous solution. Furthermore, the structure of
the acyl enzyme intermediate of subtilisin Carlsburg is the
same whether in water or in acetonitrile, establishing that
the mechanism of the transesterification reaction in organic
solvents must be the same as that of hydrolysis in water [39].

From the seminal work on protein crystal structures in
organic solvents arose the idea that organic solvents can be
used not only to manipulate the chemistry of enzymes, but
also to map binding surfaces of proteins [40]. The features
that pointed to this possibility were that the protein
structures are unchanged in the organic solvents, with
about the same number of water molecules as present in
aqueous solution, and that the organic solvents bind only at
a few positions, primarily at the active site and in crystal
contacts. Elastase was used as a model system to develop
the multiple solvent crystal structures (MSCS) method
[41]. The full application of the MSCS method to elastase
has resulted in the extensive mapping of the protein
surface (C Mattos et al., unpublished data). The power of
the method consists in superimposing at least five or six
structures of a given protein solved in different organic
solvents. Elastase was solved in neat acetonitrile and in
water mixtures of 95% acetone, 55% DMF, 80% ethanol, 80%
isopropanol, 80% 1,2-hexenediol and 40% trifluoroethanol.
The superimposed structures after the deletion of water
molecules are shown in Figure 1, with the protein repre-
sented as a ribbon diagram. The organic solvent molecules
are seen to cluster in the active site, delineating the
binding pockets for this enzyme at both the P and P′
positions. With one or two exceptions, all other sites found
to bind organic solvent molecules are in crystal contacts,
where the solvent molecules do not show nearly the same
degree of clustering as in the active site. A recent study
using isopropanol, acetone and acetonitrile in the MSCS of
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thermolysin found these same trends, with greater clustering
of solvent molecules in the active site than in the crystal
contacts [42]. Sites of protein–protein or protein–peptide
interactions are often characterized by small areas of
hydrophobic exposed surfaces throughout the binding sites
and the organic solvents bind primarily in these areas. Within
the sites, each type of molecule binds in a characteristic
fashion according to the chemical and steric properties of
the particular solvent probe, providing clues to the types of
functional groups that might be included in a larger ligand.
The use of MSCS has also been expanded to obtain a
qualitative assessment of the relative binding affinities of
a particular solvent for the various sites it can occupy on
the surface of a protein [43••]. To this end, the structure
of thermolysin was solved in increasing concentrations
of isopropanol: 2%, 5%, 10%, 25%, 60%, 80%, 90% and
100%. Isopropanol molecules appeared at the various
binding sites in a way that was additive from one structure
to the next, ranking the affinities of the sites for the
isopropanol molecule [43••].

MSCS has been developed into a robust method that can
be used to locate and characterize protein binding sites. It
does not rely on prior knowledge of the biochemical
characteristics of the protein or the chemical properties of
substrates and inhibitors, and therefore is able to locate
binding sites that cannot be identified through kinetic
experiments. With the increase in the number of high-
quality X-ray protein structures resulting from structural
genomics efforts, three major areas have become the focus
for structural biologists: the determination of protein
function; the identification of the locations and specificities
of the sites of protein–protein and/or protein–ligand
interactions; and the problem of ligand design aimed at the
control of disease. The main focus in using the MSCS
method has been in the area of ligand design [41,42,43••].
It is also important to recognize the potential of the MSCS
method in more diverse areas of structural biology.

Conclusions
Much of the work done in the past three years to understand
and enhance enzyme catalysis in organic solvents has also
elucidated the effects of solvents on protein structure. For
instance, the study of protein folding in organic solvents,
the use of ligands and lyoprotectants to avoid protein
denaturation during lyophilization, and the demonstration
that the structure of proteins in organic solvents can be
controlled by previous history all contribute to understanding
structure in organic solvents. Some of these factors are
not directly relevant for application in the MSCS method.
Other factors, such as the addition of salts or aqueous
buffers to the organic solvents into which crystals are
transferred for data collection, might aid the stabilization
of the protein molecules in the crystals and possibly lead to
diffraction at higher resolution.

Although catalysis in organic solvents and MSCS have
developed into distinct fields of research, the fundamental

principles learned in each are applicable to both fields and
ultimately address questions related to structure, dynamics
and ligand binding.
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