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“The important thing in science is not so much to obtain new facts
as fo discover new ways of thinking about them"

Sir William Lawrence Bragg

Crystallisation and Structural Biology

Crystal growth, which is a very old activity, has always intrigued mankind, and
many philosophers and scientists have compared it with the biological process of
reproduction, and it has even been speculated that the duplication of genetic material
would occur through crystallisation-like mechanisms. Through the years crystallisation of
macromolecutes has wandered in and out of the protein chemist's domain. Before the
advent of high technology - chromatography, electrophoresis, and especially, effective
methods for structure determination -crystallisation played an essential role in the study of
proteins because of its importance to purification. Thus, the first crystal growers were
protein chemists. The first reports on protein crystals were published more than a century
ago (1853) when Funke, Hunefeld, Lehman, Teichman, and others crystallised
haemoglobin from the blood of various invertebrates and vertebrates. This was followed
by the crystallisation of hen-egg albumin and a series of plant proteins. In 1926 Summer
reported the crystallisation of urease from jack beans, soon followed by Northrop who
crystallised pepsin and a series of other proteolytic enzymes. Another scientific
achievement arose in 1935 when Stanley crystallised Tobacco Mosaic Virus. This
situation has changed almost completely during the past 50 years because the analytical
tools necessary to verify the purity become much more generally applicable and easier to
use than crystallisation. As enzymologists and protein chemists grew independent of
crystallisation , structural molecular biologists and, in particular, protein crystallographers
became increasingly dependent on it.

The availability of cloned genes has established a powerful partnership between
protein chemistry and structural molecular biology. Once again, there are important
reasons for protein chemists and enzymologists to crystallise the macromolecules they
study: answering the questions posed by new proteins and nucleic acids depends
critically on knowledge of their three-dimensional structures; X-ray diffraction technology
is common place and structure determination is no longer necessarily a bottleneck: and
finally, important advances have been made in the area of protein and nucleic acid crystal
growth itself. In this new environment it is hoped that enzymologists, protein chemists,
and molecular biologists interested in the structure and function of a favourite gene
product will reassume the central position their forbears once enjoyed with respect to
crystallisation and will undertake the crystallisation themselves.
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As Branden & Tooze recently observed: ‘Recombinant DNA techniques have
provided toots for the rapid determination of DNA sequences and, by inference, the amino
acid sequences of proteins from structural genes. The number of such sequences is Now
increasing almost exponentially, but by themselves these sequences tell little more about
the biology of the system than a New York City telephone directory tells about the function
and marvels of that city” (Introduction to Protein Structure, Garland Publ., Inc., New York,
1691).

However, rapid developments in preparation of crystals of macromolecules and in
experimental techniques for structure analysis and refinement have led to a revolution in
Structural Biology. The accelerating growth of the Brookhaven Protein Databank and the
growing number of entries in the Biological Macromolecule Crystallisation Database are
two measures of the usefulness of these approaches.



Table I. Protein Data Bank entries loaded on February 25, 1998.

7163 released Atomic Co-ordinéte Entries

Molecule Type | Experimental technique
6339 proteins, peptides, and viruses 5850 X-ray diffraction
284 protein/nucleic acid complexes 1133 NMR

528 nucleic acids 180 Theoretical Modelling

12  carbohydrates

Count By Experiment

Diffraction NMR Model
proteins, peptides, and viruses 5261 922 156
protein/nucleic acid compiexes 233 42 9
nucleic acids 346 167 15

carbohydrates 10 2 0
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These factors have contributed signifibant!y to an enormous increase in the number of
laboratories performing structural studies of macromolecules to atomic resolution.
Advances include:

- Recombinant DNA techniques permit production of almost any protein or nucleic
acid in large amounts.

- Better X-ray detectors combined with interactive computer graphics and improved
structure determination and refinement methods have yielded better quality and
faster structure determinations.

- Synchrotron radiation, permit the use of extremely tiny crystals, Multiple
Wavelength Anomalous Dispersion (MAD) phasing, and time-resolved studies via
Laue techniques.

- NMR methods permit structure determination of macromolecules in solution.

- Electron microscopy (EM) techniques, for obtaining high-resolution structures.

Crystallisation of a macromolecule need not to be a tedious or fruitless exercise. In
fact, for many who attempt crystallisation the experience is quite the contrary. There is a
considerable evidence that a substantial majority of proteins will crystallise readily under
fairly standard conditions. Familiar recipes often do not work with new proteins, provided
that the protein is homogeneous, that it is sufficiently concentrated, and that scrupulous
attention is paid to the cleanliness of the surfaces used for crystal growth and to the purity
and concentration of all reagents. Unquestionably, the growth of macromolecular crystals
is an acquired knack, however, and nearly everyone who has tried to grow crystals has at
least one unhappy memory.

Until recently, crystallisation of macromolecules was rather empirical, and because
of its unpredictability and frequent irreproducibility, it has long been considered an ‘art’
rather than a ‘science’. It is only in the last decade that a real need has emerged to better
understand and to rationalise the crystailisation of biological macromolecules.

Crystallisation is the greatest challenge to massive protein structure determination.
Robotics permit systematic screening of solution conditions and survey of crystallisation
‘parameter space’. Fluid physics specialists are entering the field via space research
where microgravity eliminated convection and sedimentation. New ideas have led to
controlled convection and ‘containerless’ growth on earth. One goal of microgravity work
is to understand why bigger, lower mosaicity and/or better resolution crystals are obtained
with 20% of the proteins tested. In a recent small molecule crystal growth report, crystals
grown in microgravity have greatly reduced disorder and diffuse scattering and Bragg
peaks enhancement. Since many protein crystals exhibit diffuse scattering its reduction



could enhance diffraction quality. Crystals perfection achievable today seemed
inconceivable just ten years ago.

What characterises biological macromolecular crystals from small molecular
crystals? In terms of morphology, one finds with macromolecular crystais the same
diversity as for small molecular crystals. In terms of crystal size, however, biological
macromolecular crystals are rather small, with volumes rarely exceeding 10 mm®, and
thus they have to be examined under a binocular microscope. Except for special usage,
such as neutron diffraction, this is not too severe a limitation. Among the most striking
differences between the two families of crystals are the poor mechanigal properties and
the high content of solvent of macromolecular crystals. These crystals are always
extremely fragile and are very sensitive to external conditions. This fragility is a
consequence both of the weak interactions between macromolecules within the crystal
lattices and of the high solvent content (from 20% to more than 80%) in these crystals.
For that reason, macromolecular crystals have to be kept in a solvent-saturated
environment, otherwise dehydration will lead to crystal cracking and destruction. The high
solvent content, however, has useful consequences because solvent channels permit
diffusion of small molecules, a property used for the preparation of isomorphous heavy-
atom derivatives needed to solve the structures. Other characteristic properties of
macromotecutar crystals are their rather weak optical birefringence under polarised light:
colours may be intense for large crystals but iess bright than for salt crystals (isotropic
cubic crystals or amorphous material will not be birefringent). Also, because the building
biocks composing macromolecules are enantiomers (L-amino acids in proteins - except in
the case of some natural peptides- and D-sugars in nucleic acids) macromolecules will
not crystallise in space group with inversion symmetries. Accordingly, out of the 230
possible space groups, macromolecules only crystallise in the 65 space groups without
such inversion. Macromolecular crystals are also characterised by large unit cells with
dimensions that can reach up to 1000A for virus crystals. From a practical point of view, it
is important to remember that crystal morphaiogy is not synonymous with crystal quality.
Therefore the final diagnostic of the suitability of a crystal for structural studies wiil always
be the quality of the diffraction pattern which reveals its internal order, as is reflected at
first glance by the so-called ‘resolution’ parameter.

From Empirism to Rationalit

The first major breakthrough towards better and easier crystallisations was the
development, in the 1960s, of crystaliisation micromethods (e.g. dialysis and vapour
phase diffusion). It was promoted by structural projects on macromolecules reluctant to
crystallise easily and available in limited amounts. Further significant improvements came
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from the discovery of specific propertiés of additives to be included in the crystallisation
solvents, such as polyamines and non-ionic-detergents which gave the clue for
crystallising nucleic acids or membrane proteins. More recently, the perception of the
importance of purity for growing better crystals was an important achievement in the field
and the adequate choice of the biological material was an important determinant for the
success of many crystailisations. With the ribosome, for instance, the preparation of
homogeneous particles from halophilic or thermophilic bacteria, instead of from
mesophilic bacteria, considerably improved crystal quality. Also, the ease of synthesising
oligonucleotides with the automated methods, or the development of genetic engineering
technologies for over-expression of proteins, explains the increasing number of
crystallised DNA fragments or rare proteins.

Biocrystallisation, like any crystallisation, is a multiparametric process, involving

the three classical steps of nucleation, growth, and cessation of growth. What makes
crystal growth of biological macromotecules different is, firstly, the much larger number of
parameters than those involved in small molecute crystal growth and, secondly, the
peculiar physico-chemical properties of these compounds.
For instance, their optimal stability in aqueous media is restricted to a rather narrow
temperature and pH range. But the main difference from small molecules crystal growth is
the conformational flexibility and chemical versatility of macromolecules, and their
consequent greater sensitivity to external conditions. This complexity is the main reason,
why systematic investigations were not undertaken earlier.



Table . Parameters affecting the crystallisation of macromolecules.

Intrinsic physico-chemical parameters:

-supersaturation

-temperature

-time

-ionic strength and purity of the chemicals
-diffusion and convection

-volume and geometry of samples and set-ups
-solid particles, wall and interface effects
-density and viscosity effects

-pressure, electric filed, and magnetic fields
-vibration and sound

-sequence of events

Biochemical and biophysical parameters:

-sensitivity of conformations to physical parameters
-binding of ligands

-specific additives

-reiated with properties of macromolecules

-ageing of samples

Biological parameters:

-rarity of most biological macromolecules
-biological sources and physiological state of organisms or cells
-bacterial contaminants

Purity of macromolecules:

-macromolecular contaminants
-sequence heterogeneities
-conformational heterogeneities
-batch effects
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Furthermore, the importance of some bparameters, such as the geometry of crystallisation
vessels or the biological origin of macromolecules, had not been recognised. It is only in
the last few years that the hierarchy of parameters have been perceived. A practical
consequence of this new perception was the development of statistical methods to screen
crystallisation conditions. For a rational design of growth conditions, however, physical
and biological parameters have to be controlled.

Because macromolecules are extracted from complex biological mixtures,
purification plays an extremely important role in crystallogenesis. Purity, however, is not
an absolute requirement since crystals of macromolecules can sometimes be obtained
from mixtures, but such crystals are mostly- small or grow as polycrystalline masses, aré
not well shaped, and are of bad diffraction quality, and thus cannot be used for diffraction
studies. However, crystallisation of macromolecules from mixtures may be used as a tool
for purification. For the purpose of X-ray crystallography, high-quality monocrystals of
appreciable size (0.2mm at jeast for the dimension of a face) are needed. It is common
belief that poor purity is the most common cause of unsuccessful crystallisation, and for
crystallogenesis the purity requirements of macromolecules have to be higher than tn
other fields of molecular biology. Purity has to be of ‘crystallographic grade’ the
macromolecules not only have to be pure in terms of lack of contaminants, they have aiso
to be conformationally ‘pure’. Denaturated macromolecules, or macromolecules with
structural microheterogeneities, adversely affect crystal growth more than do unrelated
molecules, especially when structural heterogeneities concern domains involved in crystal
packing. On the other hand presence of microguantities of proteases (or nucleases) can
alter the structure of the macromolecules during storage or the rather long time needed
for crystallisation. As a conseguence, when starting a crystallisation project one has to be
primarily concerned with purification methodologies and to take all precautions against
protease and nuclease action. To have reproducibie results, the physiological state of
cells should be controlled, because protease or nuclease levels may vary as well as the
balance between cellular components. As a general rule, batches of macromolecules
should not be mixed and crystallisation experiments should be conducted on fresh
material so that ageing phenomena are limited.

To grow crystals of any compound, molecuies have to be brought in a
supersaturated, thermodynamically unstable state, which may develop in a crystalline or
amorphous phase when it returns to equilibrium. Supersaturation can be achieved by slow
evaporation of the solvent or by varying parameters. The recent use of pressure as a
parameter is of note. From this it follows that knowledge of macromolecular solubilities is
a prerequisite for controlling crystallisation conditions. However, the theoretical
background underlying solubility is still controversial, especially regarding salt effects, so
that solubility data almost always originates from experimental determinations. Recently,
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quantitative methods permitting such determinations on smali protein samples were
described. The main output was the experimental demonstration of the complexity of
solubility behaviours, emphasising the importance of phase-diagram determinations for a
rational design of crystal growth.

As to the nature of the salt used to reach supersaturation, one can wonder why
ammonium sulphate is so frequently chosen by crystal growers. This usage is in fact
incidental and results from the practice of biochemists for salting-out proteins. Indeed
many others saits can be employed, but their effectiveness for inducing crystallisation is
variable. The practical consequence is that protein supersaturation can be reached or
changed in a large concentration range of protein and salt, provided that adequate salts
are used.

Because proteins and nucleic acids require defined pH and ionic strength for
stability and function, biomacromolecule crystais have to be grown from chemically rather
complex aqueous solutions. Crystallisation starts by a nucleation phase (i.e. the formation
of the first ordered aggregates) which is followed by a growth phase. Nucleation
conditions are sometimes difficult to reproduce, and thus seeding procedures with pre-
formed crystalline material shouid not be overlooked as in many cases represent the only
method to obtain reproducible results. It should be noticed that nucleation requires a
greater supersaturation than growth, and that crystallisation rates increase when
supersaturation increases. Thus nucleation growth should be uncoupled, which is almost
never done consciously but which occurs sometimes under uncontrolled laboratory
conditions. From a practical point of view, interface or wall effects as well as shape and
volume of drops can affect nucleation or growth, and consequently the geometry of
crystallisation chambers or drops has to be defined.

Cessation of growth can have several causes. apart from trivial ones, like depletion
of the macromolecules from crystallising media, it can resuit from growth defects,
poisoning of the faces, or ageing of the molecules. Better control growth conditions, in
particular of the flow of the molecules around the crystals, may in some cases overcome
the drawbacks as was shown in microgravity experiments.

Only a few attempts have been pubiished describing the active control of
crystallisation experiments. In general, the history of experiments is not well known,
because crystal growers do not monitor parameters. This is especially the case for
temperature, which is almost never known with accuracy, even if experiments are
conducted in thermostated cabinets. Also the kinetics of events are practically never
monitored.

In conclusion, the rational approach for prompt crystallisations will demand a
synergy between biochemically- and physically-directed research and usage of
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automated methods for controi of nucleation and growth, as well as rapid preparation of
high-quality monocrystals.
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Web Sites of Interest

—-Protein Database

http://www.pdb_bnl.gov/

--Nucleic Acid Database

http://ndb-mirror-2.rutgers.edu/

--Biological Macromolecule Crystaliisation Database and the NASA Archive for Protein
Crystal Growth Data

http://ibm4.carb.nist.gov:4400/

—Crystallisation Research Tools

http://www.hamptonresearch.com/
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Crystallization of biological macromolecules for X-ray

diffraction studies

Gary L Gillland* and Jane E Ladner?

Advances in the crystallization of biological macromolecules
have come not only from the application of biochemical,
molecular biological and immunological principles and
techniques, but also from continued efforts to understand
the crystallization process. Developments in crystallization
methodologies, protocols, and reagents are also facilitating
crystallization efforts,
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Abbreviations
2D two-dimensional
3D three-dimensional

PEG polyethylene glyco!

introduction

The three-dimensional structure determination of a bi-
ological macromolecule by X-ray crystallographic tech-
niques requires the production of large single crystals.
Establishing the correct conditions for the crystallization
of a particular biological macromolecule is an empirical
process that rypically uses techniques and reagents that
have proven successful in other cases. The accelerating
growth of the Brookhaven Protein Data Bank (1) and
the growing number of entries in the Biological Macro-
molecule Crystallization Database [2) (sce Fig. 1) are two
measures of the usefulness of these approaches.

Despite the many successes of crysuallization studies,
however, our knowledge of macromolecular crystal-growth
processes remains rather limited. Recently, various ex-
perimental techniques have been newly applied to the
investigation of the crystallization process, furthering
our understanding of how biological macromolccules
cryseallize (for recent reviews, see [3%,4%]).

This artcle reviews reeent results from studies directed
towards obtaining crystals of biclogical macromolecules
for diffraction experiments, and from studies aimed at
understanding many aspects of the crystal-growth process.
Many recent advances in crystallization have come from
the application of biochemical, molecular biological, and
immunological principles and techniques. The importance
of macromolecular purity and solubility remains the focus
of crystal-growth studies, and the application of a variery

Figure 1
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The total number of publications in Version 3.0 of the Biological
Macromolecules Crystallization Database (2] for each year of
publication. The number of references is directly correlated with the
number of crystal entries contained in the database.

of techniques has advanced our understanding of crystal
nucleation and growth. Recent crystal-growth studies in
space have continued the wend towards investigating
the influcnce of gravity on crystal quality and the
crystallization process. In addition, modifications of stan-
dard methods and strategics for crystallization, together
with new crystallization techniques, offer novel ways
to approach the crystallization of a particular biological
macromolecule. Though the focus of this review is the
crystallization of soluble biological macromolecules, the
principles and techniques described here are applicable to
mcmbrane proteins also (for a recent review, see [5h.

Sample selection, purity, and solubility
properties

In the carly years of protein crystallography, it was
repeatedly discovered that changing the biological source
or limited proteolysis of a macromolecule used in the
crystallization experiments would often produce (or im-
prove) crystals suitable for diffraction studies. Thus, it
was discovered that small changes in the amino acid
scquence are often sufficient to influence favorably the
crystallization behavior of a protcin. Systematic proteasc
treatment of proteins still provides a route towards
improving the diffraction quality of crystals [6].

Site-directed mutagenesis
The powerful tools of recombinant DNA technology
provide the means to make specific changes in a
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protein scquence to improve its solubility and hence
crystallizability. Success in the crystallization and structure
determination of HIV integrase {7) provides perhaps
the best example. Attempts ar crystallizing this protein
in many laboratories were carried out before anyone
had cmployed a systematic approach of improving the
crystallizability by changing hydrophobic residues to
hydrophilic residues. This has been extended in studics of
a protein-nucleic acid complex by combining alterations of
the protein scquence with the variation of the nucleic acid
sequence of an RNA hairpin to optimize the production
and diffraction quality of crystals [8].

Site-dirccted mutagenesis also offers a mechanism of
investigating the role of specific residues in crystal
lattice contacts and of introducing new interactions at
lattice contact points. For cxample, a lattice contact
in crystals of glutathione reductasc from Escherichia coli
was strengthened by the addition of a new interaction
introduced by a double mutation, Ala86His and Ala90Tyr
[9]. The diffraction quality of the crystal was not improved
but the crystals of the variant grew 40 times faster
than the wild-type crystals. Another recent exampic is
the aiteration of the two-dimensional (2D) crystallization
behavior of horse apoferritin [10]. Two residues, Asp84
and GIn86, known to interact with Cd2* ions essential for
crystal-growth, were replaced with serine. Two new 2D
crystal fc-ms that grow in conditions independent of Cd2+
ions were observed.

Fusion proteins

Several investigators have proposed the use of fusion
protein systems to aid in difficult peptide or protein
crystallization problems [11-13). Privé and co-workers [11]
have proposed the fusion of carrier proteins that can be
introduced into an internal position of a target protein to
increase the solubility and hence its cryseallizability. The
carrier protein requirements include: solubility, a single
compact domain, crystallizability, N- and C-termini close
together on the surface of the structure, no disulfide
bonds, casily cloned and expressed, larger than the
target protcin, a measurable enzymatic activity or color,
and purification by affinity chromatography. Privé and
co-warkers [11] introduced the E. cofi cytochrome bsg:
into lactose perimease, a membrane protein: however, the
method should prove useful for other proteins with low
solubility or stability.

Two other studies involving crystallization and struc-
turc dctermination of fusion proteins used other carrier
proteins, chicken egg-white lysozyme [12] and Shisto-
sema japonicum ghutathione S-transferase [13]. The initial
phases in the crystal structures were obtained by the
molecular-replacement technique. Both peptides, the
human fibrinogen y-chain C-terminal segment (residues
398-411) and a hexapeptide conserved epitope of HIV-1
gp41, were fused to the C-terminus of the carrier protein,

lysozyme and glutathione S-transferase, respectively. In
both cases, the peptide conformations are stabilized not
only by interactions with the carrier protcin but also
by interactions with symmetry-related carricr molecules.
Although, in both cases, the question remains whether or
not the conformation of the peptide is similar to that found
in the natural protein, this technique holds the promisc
of providing structural information for chis class of small,
difficult-to-crystallize structures.

Complexes with antibody fragments

Since the report of the first high-resolution crystal struc-
ture of an antigen-antibody complex, an Fab bound to hen
cgg-white lysozyme [14], many complexes of antigens and
antibody fragments have followed, revealing the structural
principals that govern antibody-antigen inceractions. This
immunological strategy has also yiclded structures of
biological macromolccules that have otherwise proved
difficult to crystallize. The use of Fab and Fv in
the crystallization and the structure determination of
biological macromolecules and viruses has been reviewed
recently [15*). The combination of the immunoglobulin
fragment and the antigen will often drastically change the
solubility properties and stability of the antigen, making
it more amcnable to crystallization. A novel study that
successfully crystallized a complex of chicken cgg-white
cystatin and a recombinant Fab fragment was enhanced
by generating three variant Fabs with differing constant
domains [16]. The antibody fragment structure is often
casily determined by molecular-reptacement methods and
can provide the initial phases that leads dircctly to 2
complete structure solution of the complex.

Macromolecule purity

The effects of purity on the crystallization of chicken
cgg-white lysozyme continue to be investigated (17-19].
These studies support much earlier work that indicated
that the purer the biological macromolecule the better
the chance of producing suitable crystals for diffraction
studies and of reproducing the erystals from preparation
to preparation of the macromolecule.

Analysis of impurities in commercial preparations [17,19]
detected varying amounts of contamination by other
proteins present in chicken egg white. Dynamic light-scat-
tering measurements indicate aggregation of lysozyme and
contaminating proteins occurs, and it was speculated that
this may lead to heterogeneous nucleation leading to the
formation of ill-shaped microcrystals [17].

Ewing and co-workers [19] identified in commercial
preparations of lysozyme three classes of impurities
that influence the crystallization behavior: contaminating
proteins, small molecules, and hetcrogencous forms of the
protein. Of these, the heterogencous forms of lysozme
appeared to have the greatesc perturbing influence on
crystaliization behavior,
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A new study on the growth of chicken egg-white
tysozyme contaminated with turkey egg-white lysozyme,
2 protein with 95% sequence identity, shows crystal
nucleation inhibition and morphology changes [18). This
study contrasts growth studies in solution with those
in agarose and silica gels. A higher concenrration of
contaminant is tolerated in the gel experiments than
in the solution experiments. The findings show that
lower concentrations of contaminants affect nucleation
whereas higher concentrations influence crystal-growth
morphology.

Aggregation state and solubility

The crystallizability of a biological macromolecule is
dependent upon its solubility properties. Static and
dynamic light-scattering measurements have been used to
cxamine the aggregation state and solubility of biclogical
macromolecules [20). A correlation berween the presence
of a monodispersc species of biological macromolecules
in the crystallization solution and crystal-growth has been
observed. Recent studies of Ivsozvme solurions showing
that the hydrodynamic interactions of the protein decrease
significantly with increasing salt concentration agree with
carlier studies [21]. As the salt concentration is increased,
the interactions between protein molecules change from
repulsive to attractive. These new studics suggest thart salt
ions are binding to the surface of the protein, or that their
presence changes the dielectric constant of the medium,

The effects of different anions on rthe solubility of an
acidic protcin Hypoderma Fineatum collagenase, which has
a pl of 4.1, was measured at pH 7.2 [22*). The anions
of ammonium salts were ranked as HPOi"/HPO; >805”
>citrated~/citrate?->> Cl- in their ability to decrease the
solubility of this protein. This is in agrcement with
the ancient studies of Hofmeister [23], who found
similar results with the ability of anjons to precipitate
chicken egg-white proteins, bi + in complete contrast with
findings for basic proteins such as lysozyme {24]. If these
findings can be gencralized, the iosoelectric point of the
biological macromolecule may dictate the choice of salts
for crystallization trials.

A comparison of the solubility of chicken egg-white
lysozyme in solutions with either H;0 or 2H,0 has
produced interesting resules [25*). The studies show that
lysozyme is 1.3 times more soluble in 2H;0Q than in H,0.
The higher solubility, and thus the higher supersaturation,
may prove useful in crystal-growth studies if this observa-
tion holds true for other biclogical macromeolecules.

Fundamentals of crystai growth

The crystal-growth process for biological macromolecules
s no different from that for other substances. The
process can be divided into discrete stages, nucleation,
crystal-growth, and cessation of growth. Each of these
stages is dependent upon the solurion propertics of the
biological macromolecule and the statc of the system.

The study of aspects of the crystal-growth process has
become a focus of many laboratories throughout the world.
This work has established the general principle that the
conditions that favor nucleation are different from those
required to sustain crystal-growth.

Nucleation and epitaxial growth

Two common problems are associated with nucleation:
cither no nucleation occurs, and hence no crvstals are
produced; or too many nuclei form, producing a shower
of microcrystals that may never grow large enough for
diffraction studies. The use of heterogeneous nucieants
to initiate nucleation and the use of filtration to reduce
nucleation are two approaches to solving these problems,

Recent work has highlighted a promising method of
growing crystals by epitaxial nucleation on 2 charged
lipid laver [26]. In the original application of this
method, bietinated lipid layers were used to produce
2D crystals of streptavidin that nucleated the growth of
three-dimensional (3D) crystals of strepravidin [27]. The
approach was then broadened to show that charged lipids
could be used instead of lipids with a bound ligand (see
Fig. 2) [28e].

Figure 2

14,22

The morphology of four crystal forms of apostreptavidin grown in
hanging drops. The 14,22 crystal shown was grown on a coverslip
using biotinylated lipids to nucleate growth. The pictures were

all taken at the same magnification; the width of each picture is
equivalent to 2mm. Reproduced with permission from {28*],

This method is, in somec respects, an extension of the
growth of protein crystals by epitaxial nucleation on
the surfaces of minerals [29). In this case, non-specific
electrostatic interactions of the protein at the lipid surface
result in the concentration of the protein in that region
and thus an increase in the possibilicy of nuclearion.
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The crystals grow very rapidly and at lower protein
concentrations than those normally used. For the growth

of streptavidin crystals, the protein concentration can be
as low as 10uM [28*°].

In another experiment with sueptavidin, 2D crystals were

grown using a monolayer of an iminodiacetate-Cu(1I} lipid '

(30**). The surface HisB7 was shown to bind to the
Cu(Il) ion. Mutants His87Ala and His127Cys were used to
demonstrate the specificity of the binding. It was proposed
that the method would be general for proteins with
solvent-exposed histidine residues and could be expanded
to include proteins that were specifically mutated to
display surface histidines. The further expansion to
altering the conditions to allow 3D crystal-growth scems
imminent.

Several techniques for the control of nucleation have been
proposed [31,32]. In these studies, filtration of the protein
solution was found to reducc nucleation. By varying the
exclusion size of the filters, it was shown that the number
of nuclei decreases with decrease in pore size. Nucleation
was also controlled by placing the droplets under parafilm
oil, reducing the contact region of the supporting vessel,
and by changing the temperature once nucleation has
occurred to favor crystal-growth [31). The usc of gelled
media in nucleating studies reduced the nucleation events,
whereas the aging of a protein solution was shown to have
little or no effect on nucleation [32].

Crystal growth kinetics

Techniques for studying the kinctics of crystal-growth
have been reviewed recentdy by McPherson and co-
workers [3*]. Simple visual microscopy, Michelson and
Mach-Zehnder interferomerry, and atomic force mi-
croscopy are all being successfully employed to study
crystal-growth kinetics and other phenomena. Visual
microscopy has been employed to measure growth rates
of tetragonal chicken egg-white lysozyme [33,34] and jack
bean concanavalin A [35].

The use of Michelson interferomertry, which has also been
applied rto tetragonal lysozyme, is providing insight into
the crystal-growth process [36°,37-39]. In these studies,
the growth of a parcicular crystal face, such as the (101)
face of tetragonal lysozyme, is measured optically by
observing the changing interference pattern as a function
of time while varying a crystallization parameter. The
crystal-growth mechanism of tetragonal lysozyme was
shown to change at a critical saturation point [36°
These studies have led to recommendations for conditions
for growing larger and more perfect crystals by using
macromolecules of the highest purity, by growing crystals
at elevated temperatures, and by growing crystals at a
precipitant concentration at the low end of the range of
concentrations that maintain supersaturation.

Further cxperimental and modeling studies {37,38] have
shown that the crystal-growth interface attains a convex
shape that increases with crystal size and growth rate
with pure protein. In contrast, the crystal-growth interface
attains a concave shape when impurities are present. This
cffect is also dependent on crystal size, indicating its re-
Jationship to transport-induced impurity non-uniformities
at the crystal-growth interface. Further studies on the
influence of impurities on the crystal-growth process of
tetragonal lysozyme have shown that the presence of <1%
protein impurities perceptibly alters the growth kinctics
and compositional uniformity of the crystals [39].

Gravity

The presence of the gravitational ficld and its influence of
the movements of molecules in solution is a constant com-
poncnt of all laboratory crystallization attempts. Studics
carried out in space since the early 1980s on the US NASA
Space Shuttles, the Russian MR Space Station and other
unmanned platforms have been investigating the influence
of gravity in macromolecular crystal-growth (for a recent
review, sce [40]). In several instances, crystals grown in
the carly studics in space did diffract to mcasurably higher
resolution than those grown in the laboratory, bur in
other cases no improvement was cvident. New reports
document improvements in the diffraction quality for
both virus and protein crystals [41-43]. Even though the
crystals sometimes diffract to higher resolution than the
carth-grown counterparts [41], the crystallization process
remains subject to all of the other carth-bound variables,
including the choice of methed, i.e. the vapor diffusion
method versus liquid-liquid diffusion method {42), In ene
recent example, crystallization studics of apocrustacyanin
C! grown in space and in the laboratory indicate that the
crystals grown in microgravity diffract to higher resolution
than those grown in the laboratory contro! experiments in
rhe same reaction vessels [43]; however, the space-grown
crystals did not diffract as well as thosc obtained using
another technigue.

The diffraction quality or limiting resolution of the dara
from a crystal is an important parameter for assessing
the quality of a single crystal, but another measure of
perfection is the mosaicity. Snell and co-workers [44°]
have shown that the mosaicity of crystals of lysozyme
grown on two different space flights offered a four-fold
improvement over the mosaicity of crystals grown in
control laboratory experiments. This difference in mosaic
spread provides further evidence that the force of gravity
is influencing the crystal-growth process in the laboratory,
at least partly through graviry-induced convection and
altered solution-transport properties. :

Crystallization techniques and reagents

The methods used in macromolecular crystal-growth are
continually being refined. The most frequently used
method is vapor diffusion with cither hanging or sitting



Crystallization of biologicai macromolecules for X-ray diffraction studies Gillland and Ladner 599

drops. Here, we review reports of attempts to overcome
specific problems ranging from how to induce more
proteins to crystallize to how 1o prevenr crystals from
sticking to the coverslips used to support the drops.

Vapor diffusion and polyethylene giycol

Decuiled studies of the vapor-diffusion technique and
the effect of polvethvlene glycol (PEG) on water-vapor
equtlibration have vielded some quite surprising results
[45°]. Using PEG8000, for example, in a 24l droplet
at an initial concentration of 5.0<% (w/v) with twice the
concentration in the reservojr, 12 weeks are required
to reach equilibrium at 293 K. The addition of 200 mM]
sodium chloride to the droplet and reservoir decreases
the cquilibration time to 2 weeks (sce Fig. 3). The
results are a consequence of the non-ideality of aqueous
PEG solutions. Understanding these interactions can add
vet another set of options when planning and refining
crystallization experiments.

Figure 3
Concentration 11
of PEG
{% wiv) 104
9 .
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Equilibration of vapor-diffusion experiments containing PEG solutions
with NaCL The concentration of PEG in the droplet is plotted as a
function of time for equilibrations involving PEG salutions with varying
quantities of NaCl, The equilibrations were carried out at 293K using
24l sitting droplets with 1 ml reservoirs. Al reservoir concentrations
were 10%{w/v) PEGB00O, plus () 0 mM, (3 100 mM, (@) 200
mM, and (O} 400 mM NaCl. The initial droplet concentrations were
half that of the reservoir. Each paint is the mean of six observations,
Adapted with permission from [454].

Orther studies have focused on determining the con-
centration of salt that exhibits an equivalent vapor
Pressure as a given concentration of PEG. The lesson js
that relatively low salt concentrations are equivalent to
relatively high PEG concentrations [46°]. For example,
45mM ammonium sulfate, 60mM sodium chloride or
100 mM magnesium sulfate heptahydrate in the reservoir
all have the same vapor pressure of water as 15% (w/v)
PEG8000 in the droplet.

In vet another series of experiments, the residual air
pressure in the vapor chamber for PEG solutions was
studied [47]. It was found that a decrease in pressure
feads to an increase in the rate of equilibration, and it
was suggested that appropriate alteration of the pressure
in the vapor chamber might enable the time course of the
crystallization to be concrolled.

One problem encountered with sandwich drops or sitring
drops is that the crystals can sometimes adhere quite
strongly to the support surface. In response to this
problem, the plug drop has been suggested [48). A 1¢em
length of 4mm siliconized Blass tubing is epoxved 0 a
coverslip, and a macromolecule solution is then placed
in the tube, ferming a plug of iquid. This is then
equilibrated against a reservoir as usual burt the crystals fall
to the liquid-air interface as they grow instead of onto the
drop-support surface.

Shaped crystals

Crystallography can be applicd 1o the study of kinetics
of macromolecular reactions by conducting expertiments
where substrates are diffused through the crystal lactice.
Growing crystals that completely fill the cross-section of a
capillary has been Suggested as a way of simplifying these
cxperiments [49°]. Gel-acupuncrure under isothermal
conditions is used 10 limit the number of crystals to less
than three per capillary; then the crystals are allowed
to grow and assume the morphology of the inside of
the capillary. Using this technique, chicken egg-white
lysozyme crystals with circular cross-sections of 0.2 and
0.5mm diameter have been grown and shown to diffract
as well as crystals grown by other methods.

Crystallization reagents

The search continues for a magic crystallizing agent.
No one has claimed to have found it, but some new
compounds have been offered for consideration when
screening for crystals. Nine different commercially avail-
able soluble polymers have been tested with a series of
biolagically relevant molecules that includes 24 proteins,
three viruses and two small biologically relevant molecules
[50*]. With a coarse screen of crystallization conditions, all
three viruses, both small molecules and 14 of the proteins
crystallized. The success rate and compounds are shown
in Figure 4.

Glycerol is often used in crystallization mixzures, as an
addirive to the macromolecule solution, a crystallizing
agent, and a cryoprotectant. In a review of glycerol and
other polyols by Sousa [51], it is pointed out that glucose,
sorbitol, sucrose, glycerol and most other polyols increase
protein thermal-denarturation temperatures. Conscquently,
it is postulated that the inclusion of the agents in
the crystallization mix can help suppress conformational
flexibility and stabilize the protein against denacuration.
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Figure 4

Crystallization of proteins with novel
soluble polymers, The graph records

the number of proteins successtully
crystallized (out of a battery of 24
proteins) for each of nine different soluble
polymers. Reproduced with permission
from [50°°].

Number of observed
crystallizations

In another report of crystallization additives, short-chain
phospholipids were used to lower the sclubility of
crambin and retard crystal-growth in the normally fastest
growing direction [52°]. For crambin, the most effective
additive, phosphoutdylcholine, has a size comparable to
the proposed binding site. In this case, the inclusion of
phospholipids reduced the protein concentration needed
for crystallization by 30-60-feld.

Crystallization strategies

As mentioned in the inctroduction, the search for crys-
tallization conditions is an empirical process that relies
on our knowledge of what has worked in the past
for other biologicai macromolecules. Surprisingly, no
generally accepted strategy has emerged, even though
many suggestions have been put forth (53], with the
exception perhaps of the implementation of a fast screen
procedure [54] (see below). The search for solution
conditions that produce crystals suitable for diffraction
studies requires that parameters such as pH, protein
concentration, temperature, ionic strength, etc. be sampled
over a wide range of values. Once crystal-growth condi-
tions arc found, the parameters are optimized to produce
crystals of suitable size and quality for diffraction studies.
Recent suggestions for sampling and eptimizing conditions
found in this multidimensional space [55-57], along with
new fast screens [54,58], have been pur forth.

Sampling techniques

Carter and Carter [59] proposed the use of the incomplete
factorial method to reduce the number of experiments that
onc needed to carry out in the crystallization discovery
process. This method was subsequently refined to develop
a more systematic method [60]. Recenty, a similar
procedure that has had measurable success has been
reported {55]. The method starts with the tnitiation of
experiments based on random sampling of crystallization
parameters followed by a quantitative assessment of the
results. The parameters are then assigned weights based
on the resules. Further experiments are then based on
this weighted parameter sct. This is repeated until crystals
suitable for diffraction experiments are obtained.

In an interesting study, Carter and co-workers [56] em-
ployed quantitative analysis of full-factorial crystallization
experiments to analyze the perwrbation of a protein
structure, that of trvptophanyl-tRNA synthetase. The
study reveals that crystallization parameters including
ligands alter the protein conformation, resulting in changes
in crystallization behavior. Indeed, different stages of
catalysis are trapped in differenc crystal forms depending
on the environment and hence the conformation of the
protein.

After microcrystals of a biological macromolecule are
discovered, and the optimization of parameters such as
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precipitant, pH, temperature, e, does not produce
crvstals, the specific sampling of pH in small incremencs
has been found 1o produce crystals suitable for diffraction
studies [57]. This procedure samples pH at intervals of
0.05 units over the range of pH that microcrystals are
observed. Five different sets of experiments using five
different buffers over the PH range are recommended.

Fast screening

Many recent successes in the crystallization of biological
macromolecules are the results of implementing the
fast-screen technique firse popularized by Jancarik and
Kim [54]. Fast screens use premixed solutions that have
frequentdy produced crystals for setting up crvstallization
experiments. A new fast screen for RNA was devised and
used in combination with a second screen that varied che
RNA sequence in hammerhead RNA construces [58). The
RNA screen employs salrs, organic reagents and several
different molecular weight PEGs as precipitants, with a
varicty of salts as additives. One of six hammerhead RNA
constructs crystallized in a form suirable for diffraction
studies,

Conclusions

The continued demand for structural information of
biological macromolecules has maintained the necessiry
for obtaining suitable crystals for diffraction studies.
Indeed, the study of biological processes is offering up
new challenges to structural biologists. Crystals of not only
single components bur also of macromolecular assemblies
are required to discover the structural basis for function.
The complexes include those composed of only proteins,
and those composed of proteins and nucleic acids.

The fundamental problem of finding crystallization condi-
tions for a new macromolecule or macromolecular assem-
bly has not changed, but the tools for manipulating the
Systems that are under investigation to produce materials
that crystallize have improved. The many successes in
growing suitable crystals for diffraction studics coupled
with the application of novel techniques have increased
our understanding of the crystallization process. Yet further
ingenuiry (and luck) are often required to produce X-ray
quality crystals of a specific material, Additional studies
that will increase our understanding of the fundamental
processes of crystal-growth are needed uniil a coherent
picture of the processes of crystal-growth is obrained.
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Crystallization of membrane proteins
Christian Ostermeier* and Hartmut Michelt

Five new membrane protein structures have been
determined since 1995 using X-ray crystallography: bacterial
light-harvesting complex; bacterial and mitochondrial
cytochrome ¢ oxidases; mitochondrial bey complex; and
a-hemolysin, These successes are partly based on advances
in the crystallization procedures for integral membrane
proteins. Variation of the size of the detergent micelle and/or
increasing the size of the polar surface of the membrane
proteirt is the most important route to well-ordered membrane
protein crystals, The use of bicontinuous lipidic cubic phases
also appears to be promising.
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Introduction

Up until now, the 3D structures of about 8,000 biological
macromolecules, mainly soluble protcins, have been
determined using X-ray crystallography. During the past
few vears, the availability of recombinant DNA technology
to produce and to rtailor the protein of interest has
substanually contributed to the exponental growth in che
number of new protein structures published each year.
In contrast, the number of known membrane protein
structures is still below 20. This fact is remarkable
considering that close to 40% of the 6,000 gene products
encoded by the genome of baker’s yeast are expected to
be integral membrane proteins. These numbers not only
underscore the importance of membrane proteins, but also
emphasize the enormous biochemical and structural work
that remains to be done in the field of membrane proteins,

Membrane proteins are difficuir o handle; the difficuities
reside in the amphipathic nature of their surface. They
possess a hydrophobic surface where thev are in contact
with the alkyl chains of the lipids. and they possess a
polar surface where they are in conrtact with the aqueous
phases on both sides of the membrane or with the polar
headgroups of the lipids. In order to solubilize and to
punfy membrane proteins one has to add a vast excess
of detergents —amphiphilic molecules that form micelles
above their critical micellar concentration. The detergent
micelles take up the membrane proteins and cover the
hydrophobic surface of the membrane protein with their

alkyl chains in a belt-like manner. The polar headgroups
of the detergents face the aqucous environment,

Any crystallization strategy has to take into account the
amphipathic nature of the surface of membrane proteins,
Essentially, there are two possibilities for arranging
membrane proteins in the form of 3D crystals [1].

First, one can try to form 2D crystais in the plane of the
membrane, and then stack these membranes in an ordered
way. These crystals are called ‘type I'.

Second, one can uy to crystallize membrane proteins
within their detergent micelle. The crystal lattice will be
established via polar contacts of the polar surface parts
of the membrane protein extending out of the detergent
micelles. In this case, the crystallization procedures are
very similar to those for soluble proteins. For these
‘type II' crysuls, detergents with relatively small polar
headgroups should be used in order not to cover oo much
of the membrane proteins polar surface.

Both types of membrane protein crystals are schematically
represented in Figure 1. Mixed types of crystals appear
o be possible; however, the overwhelming majoricy of
membrane protein crystals belong to type 11

Since 1985, when the structure of the bacterial photosyn-
thetic reaction center was presented as the first membrane
protein, detailed structures from only seven families of
integral membrane proteins have been published (Table 1:
for reviews, see [2]). The past two vyears, however,
have seen an enormous increase in the number of
newly solved membrane protein structures, including twa
bacterial light-harvesting complexes {3,4], bacterial [5] and
mitochondrial [6,7] cytochrome ¢ oxidase, mitochondrial
écy complex [8], and a-hemolysin [9]. Al integral mem-
brane proteins crystallized so far are either pigmented or
cubacterial outer membrane proteins., The latter proteins
contain only f§ strands in their membrane-spanning section
and are of extraordinary stability.

We discuss the recent advances in membrane protein
crystallization. Clearly, obtaining well-ordered crystals s
the bortle-neck of membrane protein structure determi-
nation. The problem of crystallizing membrane proteins
cannot be reduced to the issue of which screening mechod
or crystallization set up is o be used. Rather, thorough
btochemical work and intensive protein characterization,
in combination with comprehensive screening for the most
suited detergent, may be the most efficicnt strategy to
cope with the difficulties of membrane protein crystailiza-
tion,
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Figure 1
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The two basic types of membrane protein crystals. (a) Type i: stacks
of membranes contain 20 crystalline membrane proteins, which are
then ordered in the third dimension. (b} Type Il: a membrane protein
is crystaliized with detergents bound to its hydrophobic surface. The
polar surface portion of the membrane protein is indicated by broken
lines; lipids are indicated by spheres with two alkyl chains attached;
detergents are indicated by squares with one alkyl chain attached.
Reproduced with permission from 1.

The first step on the way to the structure of a membrane
protein is to obtain a sufficient amount of pure and
homogeneous protein. The second step ts to find the
one detergent needed to obrain well-ordered crystals for
crystallization. In fact, this is the most critical step for
crystallization: unfortunately, it is also the most error-prone
step. Interestingly, finding the optimal crystallization
conditions does not scem to be a boutle-neck. With respect
to precipitating agents and pH. all membrane protein

Table 1

crystals obtained so far have been obtained under quite
standard crystallization conditions. If the biochemist and
the crystal-grower has done his/her job well, data collection
and structure determinacion of a membrane protein are as
straightforward as for nonmembrane proteins. Currencly,
flash cooling of membrane protein crystals is often used
to enhance crystal stability in the X-ray beam (10} or
for trapping reaction intermediates; however, establishing
cryoconditions for membrane protein crystals secems to
be much more difficute than for soluble proteins. This
problem may be due to the presence of detergent micelles
in membrane protein crystals.

Most important: the wet-lab biochemistry

For crystallization trials, up to 100mg of pure protein
must be isolated. Soluble proteins can often be obtained
by overexpression of the gene or c¢DNA, combined with
the use of affinity tags for detection and purification.
Refolding from inclusion bodies sometimes works well.
Enginecring membrane proteins for crystallization is
possible in principle [11] but less helpful, as a sufficient
level of overcxpression rarcly can be achieved. In all
published cases, membrane protein crystals have been
grown from protcins isolated from natural sources. In
nature, mainly photosynthctic membrane protcins and
those from bioenergetics are abundant, which explains
why these membrane proteins are the best characrerized
structuraily. The majority of membrane proteins in the
cell are present at only very low levels. Up until now,
there secms to be no general way co obrain large quantities
of functional membrane proteins using recombinant DNA
techniques [12].

Recently, however, a strategy for the overproduction of
membrane proteins, which are ysually lethal to their
host cells, has been published [13*°]. This strategy
involves usage of sclected Escherichia coli strains and
the bacteriophage T7 RNA polymerase system for the
the overproduction of a number of membrane proteins.
In these strains, membranc proteins are formed in
large amounts as inclusion bodies. Protein yields in the
range of 100 mg per liter of bacterial cell culture have
been reported. Unfortunately, the refolding of membrane
proteins from inclusion bodies is mostly an unsolved
problem and is one of the main challenges for the future.

Membrane protein familes for which crystal structures exist.

Membrane protein family Resolution (A} Pigmented B sheet
Photosynthetic reaction centers 2.3 Yes No
Porins 1.8 No Yes
Light harvesting complexes 2.4 Yes No
Cytochrome ¢ oxidases 2.7 Yes No
a-hemolysin 19 No Yes
Cytochrome bc, complex 3.0 Yes No
Prostaglandin Hy synthase 35 Yes No




Detergents: expensive soaps

Since the carly years of membrane protein crystallization,
choosing the right detergent has been the key to success.
Well-ordered crystals of the photosynthetic reaction center
from the purple bacterium Rhodopseudomonas virids could
only be grown using N,N-dimethyl dodecylamine-n-oxide
as detergent. Even use of the decyl homolog did not lead
to crystals. Recent experiences confirm this observation.
The cytochrome ¢ oxidases provide illustrative examples.
Crystallization attempts with the cytochrome ¢ oxi-
dase from bovine beef heart mitochondria continued in
Yoshikawa's laboratory for about twenty years, and crystals
have been obrained in a number of different detergents
fi4); however, only the use of n-decyl-f-D-maltoside
(Cip-maltoside) —a mild, well-known detergent— has
yielded well-ordered crystals.

Cytochrome ¢ oxidase from the soil bacterium Paracoccus
denitrificans is another cypical example. For the purifi-
cation and crystallization of the four-subunijc complex,
only detergents of the maltoside-type can be used. All
other detergents remove subunits 111 and IV leaving
an active complex consisting of subunits I and II.
Only n-dodecyl-B-D-maltoside (C,,-maltoside) leads to
the formation of well-ordered crystals of the four-subunir
oxidase as an complex with an Fv fragment [15].
Recently, the catalytically active two-subunit complex
could be crystallized, again with the help of an antibody
Fv fragment (see also below) in different detergents.
Originally, crystals were grown using the Cjz-malioside,
but these diffracted to only about 8A. Crystals grown
with hexaethylene glycol monododecyl ether (C);,Eg)
showed the same poor diffraction quality. With the
Cio-maltoside, no crystals could be obuined at all.
Recently, the C|;-maloside became also commercially
available. Crvstals grown in this detergent diffract to
better than 2.6 A resolution (C Ostermeier, A Harrenga,
U Ermler, H Michel, unpublished data). Similar crys-
tals can be grown with cyclahexyl-hexyl-B-1>-maltoside
{CYMAL-6), bur not with cvclohexvl-pentyl-B-D-maltoside
(CYMAL-3). Cyclohexyl-hepryl-B-D-maltoside (CYMAL-7)
is not vet commercially availabie.

These results show that even small chemical differences
in the detergent can cause essential differences in the
crystallization behaviour of these detergent-membrane
protein complexes. The conclusion has to be drawn
that more efforts should be put into screening various
detergents for crvstallization than into the variation of
other parameters. A major problem may be the high
costs of many detergents. The optimal way to cope
with this hindrance is to purify the protein using a
rather inexpensive detergent such as Triron X-100 or
N.N-dimethyldodecylamine-N-oxide and then to ex-
change the detergent prior to the crystallization arcempts.
One should keep in mind that it mav be difficulr to
control the completeness of the detergent exchange. In
our opinion, the simplest and most efficient method for
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a complete exchange is ion exchange chromatography,
or another method in which the membrane protein is
bound to column materials and can be washed with a large
amount of buffer contzining the new detergent withour
being eluted from the column. Gel filtration or exchange
by ultrafileration is not recommended if one requires a
complete exchange.

It would be helpful if a continuous set of alkyl chain
lengths were commercially available for many detergent
headgroups, for example, the CxEy-detergents are avail-
able only with an even number of C atoms. One should
also keep in mind that mixtures of detergents often may
be useful. Finally, a need still exists for new classes of
detergents,

An alternative to the classic detergents may be che
so-cailed “amphipols’ — polymers that can potentially keep
membrane proteins in aqueous solution [16°]). These
possess a strongly hydrophilic backbone that is decoraced
with hydrophabic sidechains, resulting in an amphiphilic
structure. So far, amphipols have not yet been used for
crystallization, but they might be useful in the future.

Crystallization: finding the needle
(detergent?) in the haystack

For the time being, most promise lies with trying to obtain
a type II erystal. This approach has the advantage that the
membrane protein surrounded by its belt-like detergent
micelle can be treated as an ordinary soluble protein, and
standard crystallization procedures can be used (for general
reviews, see [1,17-20]). Most membrane protein crystals
have been obtained using standard precipitants ke
polyethyleneglycols or salts (ammonium sulfate, potassium
phosphate). The vapour-diffusion method with sitting
drops is most frequencly applied to achieve supersaturation
of membrane proteins.

As outlined above, the choice of the detergent is the most
important factor apart from the stability and homogeneity
of the protein. This is understandable because the
detergent micelle has to fit optimally into the crystal lactice
of the protein. Artractive, polar interactions between
neighboring detergent micelles appear to be helpful
and to contribute to the stability of the crystal lattice.
Such contacts cannot occur when the detergents have
a rather short alkyl chain, thus explaining why crystals
are sometimes obtained only with longer homolog of the
same detergent type. Thart attractive interactions berween
detergent micelles play a role is also indjcated by the
fact that crystallization often occurs close to conditions
in which where phase separation into a detergent-rich
and a detergent-depleted phase occurs. This phase
separation is caused by attractive interactions berween
detergent micelles [21]. In the case of the bacterial
cytochrome ¢ oxidase crvseal, formation normally starts at
the physical boundary berween the detergenc-rich and the
detergent-depleted phase.
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Detergent micelles can be made smaller by adding
small amphiphilic molecules such as heptane-1,2,3-triol
{1,22,23). This approach has been successful in the
casc of bacterial photosynthetic reaction cenrers and
light-harvesting complexes [4], for which rather harsh
detergents wich small polar headgroups can be used. It
is unsuccessful when racher mild detergents, such as the
alkyl maltosides, are required.

The trick with the complex

Instead of erying to get a smaller detergent micelle, one
can try to increase the surface area of the hydrophilic
portion of the membrane protein. Binding a soluble
protein to the membrane protein under investigation
is onc possibility for extending the polar regions. This
strategy has been used successfully twice. The four- and
two-subunit bacterial cytochrome ¢ oxidases have been
crystallized as a cocomplex with an Fv fragment of a
monoclonal antibody ([5]; C Ostermeier, A Harrenga,
U Ermler, H Michel, unpublished data). The crystalliza-
uon conditions, the space group and the crystal packing of
both complexes are completely different. In both crystal
structures, the Fv fragment plays an essential role in
forming the well-ordered crysrat lattice. Another advantage
of using enginecred Fv fragments for cocrystallization
is the possibility of using an affinity tag engincered
to the antibody fragment for the rapid isolation of the
whole membrane protein-antibody complex [24]. Thus, an
affinity tag for purification of the membrane protein can be
used even if genetic engineering of the membrane protein
itseif is not possibie. In the case of the two-subunit oxi-
dase, isolation has been simplified by this strategy. Starting
with crude membranes, crystallization trials can be set up
within six hours after starting purification (C Ostermeier,
A Harrenga, U Ermler, H Michel, unpublished dara).
Producing the Fv fragments mav be a labour-intensive and
often cumbersome procedure; however, for many impor-
tant membrane proteins well-characterized hybridoma cell
lines are already available.

Use of bicontinuous lipidic cubic phases

When mixed with aqueous solvents, some lipids form a
bicontinuous cubic phase, in which the lipids are arranged
in a curved, continuous 3D bilaver. Landau and Rosen-
busch [25**] have succeeded to incorporate monomeric
bacteriorhodopsin prepared from purple membranes in
such a bilaver, and to use this as a matnx for crystallization.
The idea is char the protein can diffuse in the bilaver, but
it is also able to form 3D contacts. Landau and Rosenbusch
have been able o demonstrate that bacteriorhodopsin
forms small, but weil-ordered 3D crvstals. The X-ray data
obtained from the most well-ordered crvstal form indicate
that the same 2D cryseal lactice is formed that is observed
in the native purple membrane. These membranes appear
to be stacked and well ordered in the third dimension;
therefore, the cryvstals belong to type . It 1s to be hoped
that this method can also be used for membrane proteins
that do not have a strong tendency o form 2D crystalline

arrays spontancously. In particular, this method appears
to be the only chance for membrane protcins that are
unstable in detergent micelles or in the absence of added
lipids.

Conclusions

The picture that emerges is that the membrane proteins
tend to form the crystal lattice; the crystal lauwice that
forms is strongly influenced by the polar headgroup of
the detergent. Sometimes, for example in the case of the
photosynthetic reaction center from the purple bacterium
R. viridis, the headgroups are involved by forming criti-
cal protein/headgroup/protein contacts (CRD Lancaster,
H Michel, unpublished data). Often, the length of the
alkyl chain of the detergent has to be optimized in order to-
get 2 well-ordered crystal. A possible reason for this is that
polar interactions between neighboring detergent micelles
are needed to stabilize the protein crystal lattice.

The rccent advances in structural membrane protein
research raise some hope that crystallography of mem-
brane proteins will be no longer a wallflower in the
field of structural biology butr will become a powerful
tool for understanding essential functions of membrane
proteins, such as cell—cell communication via hormones or
neurotransmitters, transport across membranes or energy
conversion. The prercquisite for membrane protein crys-
tallography — membrane protein crystallization—is still
far away from being straightforward or routine. Two of the
most important problems to be solved in the near future
are the overproduction of functional membrane proteins
in their native membrane environments, and the refolding
of recombinant membrane proteins from inclusion bodies.
Patience and many long-term grants are necessary before
we can state that membrane protein crystallography is no
longer in its infancy.
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Recent advances in the

microgravity crystallization of
biological macromolecules

Microgravity experiments concern-

ing the crystallization of biological .

macromolecules (reviewed in detail

in Ref, 1} were initiated in the early -

to mid-1980s2-5. The hope was that
crystals of improved quality for
X-ray diffraction analyses might be
obtained, like those seen in Fig,. 1, as
a consequence of the elimination of
sedimentation and the convective
flow inherent in crystallization solu-
tions. Indeed, earlier experiments on
conventional crystals, both on the
ground and in space, had suggested
that this might be the outcome®™.
Experiments since then have been
dogged by persistent skepticism in a
substantial segment of the crystallo-

graphic research community!®!1.
Doubt was appropriate and justified

for several reasons for example, there .

was no persuasive explanation of
why the elimination of convection
and sedimentation should necessarily
produce more-ordered or larger
macromolecular crystals. Control
experiments were difficult to con-
ceive and execute on the ground.
There were, at least inidally, no
accepted quantitative criteda for
evaluating relative crystal quality, and
many of the early experiments were
impossible to reproduce and often
poorly documented,

The obvious difficulties of carrying
out sensitive, automated experiments

in a space-flight environment were
compounded by other factors -
infrequent flight opportunities, few
committed investigators, excessive
expectations and overly enthusiastic
appraisals based on qualitative data.
Chronic technical limitations were
imposed by the available instruments
all being large in mass and volume,
thereby limiting flight access, but at
the same time executing relatvely
few crystallizadon experiments.
While crystallization analyses in con-
ventional laboratories might entail
hundreds or even thousands of indi-
vidual trials, the Cryostati? allowed
only 14, and the most widely used
device, the VDA!?, allowed at most
60 per unit.

Several yeats ago, investigations of
macromolecular  crystallizadion in
microgravity split into two paths.
The objectve of the first was to
produce high-quality crystals for
biotechnology and research appli-
cations, such as X-ray diffraction
analysis. The goal of the second line

Workshop

Examples of macromolecular crystals grown in space using four different crystallization devices. {a) Alarge orthorhombic crystal of sateliite to

Figure 1

bacco mosaic

virus grown in the Cryostat!2 on the international Microgravity Laboratory-1. (b) Hexagonat crystals of the plant seed protein concanavain B, nearly 5 mm

in length, grown in the handheld diffusion test cell on the US Microgravity Laboratory—
the sweet protein thaumatin grown in the European-designed Advanced Protein Crysta

storage protein canavalin grown in a Dewar by the flagh-frozen, biphasic method on the Russian space station, Mir2?.

Copyright © 1997, Elsevier Science Ltd. All rights reserved. 0167 - 7799/97/517.00. Pit: 80167-779%(37)01041-X

2. () A single perfect crystal, about 1.5 mm from apex to apex, of
flization Facility26. (d) A mass of orthorhombic crystals of the seed

TIBTECH JUNE 1997 {VOL 15}



of investigation was a definition and

description, in a quantitative sense, of

the mechantsms by which the quality
of crystals was improved in nucro-
gravity. Understanding and, in the
end, controlling the physics of the
process was the objective. This sec-
ond interest was ably supported by
extensive  ground-based research
using a variety of sophisticated tech-
niques such as stauic and quasielastic
light scattering'*-'*, interferome-
try'", atomic force microscopy2!-3,
and X-ray diffraction analvses® 122027,

The superior quality of space-
grown macromolecular crystals
The confluence of results from
these two streams has significantly
altered the prevailing circurmstances
and attitudes. Persuasive explanations
for the observed improvements in
size and quality of macromolecular
crystals grown in microgravity have
emerged (Fig. 2), and a convincing
theoretical framework now exists
for understanding the phenomena
involved. Physical methods such as
interterometry and atomic force
microscopy have revealed the unsus-
pected variery, structure and number
of dislocations and defects inherent
in macromolecular crvstals. These
arrays of defects, which provide the
kev 1o the improvement attamed in
microgravity, have been shown to be
far more complex. extensive and
dense. by several orders of magm-
tude. than those commonly associated
with conventional small-molecule
crvstals?'->*. Thus macromaolecular
vrystals are more sensiive 1o the
unusually high degrees of wupenatu-
raton at which they are usaally
grown. and to the mass transport
mechanisms responsble for bringing
nutrient to their growny surtices.
The seit-regulating nature of protem
crysaallization  in microgravicy.
through the establishiment ot local
concentration gradients of reduced
supersaturation, explans why the
diffusive transport thar predominaces
1 space produces @ simmficant ditfer-
ence in ulumate envstal qualiny !
Another major devefopment o that
relable. quanutative analvses of cns-
tal qualicy based on X-rav ditfracnion
properties (Fig. 3) have augmented
and even replaced earlier subjectaive
catena for companng crvstals

The flash-frozen-samples—Dewar
approach for multiple
crystallizations

Orther developments of 1 more
practical nature are alvo begmning
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Depletion zone around
a growing crystal
in microgravity

Gradient of Gradient of monemers
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Figure 2

(a) The hypothesis underlying the improvement of macromolecular crystat growth in space.
As a crystal grows frem solution, recruitment of molecules from the surrounding medium
produces a concentration gradient that extends from the surfaces. Thus the concentration
of nutrient molecuies near the crystal is less than that of the bulk solution and the crystat
experiences an environment of reduced supersaturation. In microgravity, because there is
no convective mixing, the depletion zones are quasistable. The nutrient molecuies (on the
right) diffuse very slowly because of their large size, thus prolonging and extending the
effect. Large impurities. which include other proteins and aggregates of the nutrient
molecules {on the left). diffuse even more slowly than monemers; thus the depletion zones
serve as a kind of ‘diffusion filter’ to protect the growing crystal from incorporating some
harmtul impurites. (b) Twe mathematical models by Rosenberger and colleagues?s of the
concentration gradients predicted to form around growing crystals in a microgravity environ
ment. The plots show that there can be as much as a 40% reduction in macromolecule
concentration between the crystal surfaces and the butk sotution.

the explottation of space tor com-
mercially oriented macromolecular
crystal growth have been the limited

increase the atrracuveness of crvsal-
lization i space tor the biotechnol-
ogy community. Serious obstacles to
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Figure 3
Two types of X-ray diffraction analysis that provide evidence for the superior quality of macro-
molecular crystals grown in a microgravity environment. (a) Intensity/sigma (I/) ratios for
crystals of satellite tobacco mosaic wirus grown in space and 1n a conventional laboratory
on earth!2, Favorable ratios for the crystals grown in space extend to significantly higher
resolution and demanstrate a consistently higher value over the entire range, ultimately

_providing nearly 50% more X-ay diffraction intensties. Such comparisons have now been

obtained for a number of different protemn and wirus crystals. (b) A comparison of the rock-
ing curves for crystals of hen-egg-white fysozyme grown both on earth and in micrograv-
ity2?. The much sharper peak (half-height widths for each peak are given on the graph) for
the microgravity-grown crystal clearly indicates a substanbial reduction in the mosaic spread,

a highly desirable characteristic.

number of samples that could be
accommedated on a mission. -
tations on sample volumes and.
theretore, nutibers of crvstals. and
the expense involved. These immpedi-
ments have prevented the sereemng
of large matnices of conditions
applied to large numbers ot proteins
to establish growth optima in micro-

aravity. However, a novel approach
that largely overcomes many of the
problems of scale and economy has
recently been desenbed and shown
to be successtul. This relies on the use
of flash-trozen crystallization sanples
carried into space in a Dewar charged
with a small amount of liquid
nitrogen.

Details of this methodology. and
results of the expenments. have been
presented elsewhere’, but its sim-
plicity, convenience and thritt
deserve mention here. Samples of
virtually any volume, from a few
microtiters to several milliliters, can
be generated at any time before
flight. They are composed of two
phases, which were initially liquids ~
one the macromolecule solution and
the other a precipitant solution — that
have been sequentially injected or
poured into a tygon tube and flash-
frozen in liquid nitrogen so that a
direct interface exists between the
two frozen phases. In this form the
inert samples can be stored indefi-
nitely in a freezer until transferred to
the flight Dewar and subsequently
transported, still frozen, into space.
Upon thawing in the microgravity
environment. a direct liquid—liquid
interface is re-established butween
the two phases, diffusion of precipi-
tant into the protein solution occurs,
and crystallization proceeds by free
interface ditfusion.

The Dewar has no moving parts.
hence no electronic or mechanical
overhead, and its entire volume can
be used to hold samples. No astro-
naut intervention is required, and
the process is entirely passive. For
screening purposes, using 20— pl
samples in small-bore tygon tubes.
about 13 000 different crystallizanon
samples could be carried in the stand-
ard NASA Dewar (GN/2) now in
use. As described clsewhere™. the
method is amenable to a variety of
gradient or multiphase sample con-
figuracions w1 addition to the simple
biphasic mode,

The flash-frozen-samples—1Jewar
expenments have. to this poine. been
carried out only on the Russian space
station. Mir. Dewar units filled with
samples are carried to Mir on each
space-shuttle—Mir rendezvous nus-
sion and exchanged for one tfrom the
previous mission, Thus experiments
have lasted benween 3 and 5 months.
1 the future, however. Dewars with
thermal control will be flown, and
these can be employed on shorter (3
to 16 day) US shuttle missions.
Dewar-based svstems are also likely
to be available on the International
Space Station beginning in about
20412, [n the meantime, the principal
investigators invite any interested
scientists. from the public or private
sector, to provide samples. For at
teast the nmediate future these
can be flown at no cost to the co-
participants, following toxicological

TIBTECH JUNE 1997 (VOL 15)
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approval by NASA, whenever flight

Opportunities arise.

The future

The size of the research commu-
nity has increased. and wich it the
diversity of ideas. Opportunities for
thght experiments have expanded.
along with the vanery 6f instruments
with which to conduct crvstallization
experiments (also  reviewed in
Ref, 1).

There are currenty a number of
powerful  observational  systems
under development in the USA,
Europe and Japan. These will be
deployed on the International Space
Station, where they will form the
core facilities for the investigation
of macromolecular crystalhization
in space. Those studies will extend
and refine our understanding of
the physical principles governing
microgravity crystal growth and
will help idenufy the propertes
of macromolecules  likely
benefit most from crvsullization in
nucrograviey.
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The dawn of the post-genome era,
seen from the ocean front

The Humman Genome Project s 1n
the sixth of s projected 13 vears.
The large-scale production of DNA
sequence data from human. nema-
tode, microbial and plant genonies
s full swing. New  strategies
of whole-genome sequencmg are
emerging, and the challemges and
opportunities of the post-genome era
are untolding. The landscape of gene
expression and tuncronal studies s
betng rapidly changed by the newly
developed technologies. These are
the messages conveved from the
recent, and largest. annual genome-
sequencing-community  watherng,
the Eighth Internanonal Genome
Sequenang and Analvsis Conterence,
held at the picturesque ocean front
of Hilton Head Land. South
Carolina, USA dunng the stonuy
davs of 3-8 Ocrober (996!, One

TIBTECH JUNE 1997 (VOL 15)

mdication of the ever-expanding
ctfort and mterest 15 the size of the
conference. Thes vear there were
over 900 partcipants. over 30%
wore than dast vear, Heavy commer-
cul sponsorship and vendor presence
has been one of the distinet teatures
of this conterence, lustrating the
interest and involvement ot industry
i genome rescarch.

Production-sequencing progress
Atter the much-publicized advo-
cation of production  sequencing
by several key plavers in the gen-
onte community.  cluding Bob
Waterston and John Sulston, 1996
was the hrse vear that the Genome
Project went  mto Large-scale
sequencing-data production. Several
genome projeets have made signiti-
cant headwav. The Cacnorhabdits
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elegans genome project conducted by
the Sunger Centre (Hinxton, UK)
and the Wushington University
Genome Center (St. Louss, USA) is
sall Jeading in data production, with
38 Mb of che 190 Mb genome
sequenced. Nearly 2 Mb of sequence
from Dyosophila chromosome 2 have
been completed by the Lawrence
Berkelev Genome Center (Berkeley,
USA). However. most of these
sequenced regions still contain a sig-
nificant nunber of gaps, and com-
pletion remains a maor undertaking,

Certatnly. the main thrust s still in
the human genome, and there were
relevant presentations trom a num-
ber of groups. The Sanger Centre has
been sequencing regions on chro-
mosomes 22 (in collaboration with
the Washington Universiey Genome
Center). 6 and X (web site;
heep://wwwsanger.ac.uk), The

Washingron  University  Genome
Center has  produced 380 000
expressed  sequence  tags  (ESTs),

nearly 200 00t of them unique,
and 24 Mb of genoniic sequence
from chromosomes 22, 7, 3 and X
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