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A systematic analysis of the parameters that control the crystal growth of the large
subunit of ribosomes from B stearothermophilus has been carried out. Several
parameters have been identified and classified according to their significance. It
was found that only biologically active particles can crystallize and that the critical
period for the crystallization process is the first few days, during which changes in
the volume and content of the crystallization drop are of importance for both nu-
cleation and crystal growth. Consequently, an experimental procedure for fine
control of these variables has been developed. As a result of these studies, the re-
producibility of crystal formation was increased, and larger and more stable crys-
tals have been obtained.
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Ribosomes play a central role in protein biosynthesis, Therefore numerous
studies have attempted to elucidate their structure (for recent reviews see [1-4]). All 53
proteins of the E coli ribosomes have been isolated and characterized, and their se-
quences [4], as well as those of the three rRNAs [S] are now known. Several techniques,
such as immune electron microscopy [6,7], neutron scattering |8}, chemical crosslink-
ing 19}, fluorecence spectroscopy [10], and reconstitution [11,12], give valuable but as
yet insufficient information about the shape and the inner structure of the ribosomal
particles. :

X-ray crystallography, which is the most powerful method for construction of
molecular models requires large crystals. Three-dimensional structure determination of
macromolecules has recently advanced rapidly, especially in the effectiveness in collect-
ing, processing, and analyzing crystallographic data. Consequently, the structures of
some large molecular assemblies [13-16] have been determined. Yet, the first step for
crystallographic studies, that of obtaining suitable crystals, is still unpredictable and
often very difficult, even for relatively small biological macromolecules. This stems
from the intricate nature of the crystallization process and the time and labor required
to carry out a systematic survey of all the parameters that are involved in crystallization.
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Large crystalline sheets have been obtained in vivo from ribosomes from various
sources, such as lizards [17], chick embryos [18], and the brain of senile humans [19].
Also, helical and two-dimensional arrays of the E coli ribosomal subunits have recently
been obtained [7]. However, in vitro crystallization of ribosomes and ribosomal sub-
units has proved to be most difficult, perhaps due to their enormous size and their
asymmetrical internal organization.

Initially, microcrystals of the large ribosomal subunit from B stearothermophilus
were obtained, using the vapour diffusion method in the hanging drop system with or-
ganic solvents as precipitants. The ribosomal particles in the crystalline form main-
tained their biological activity and comigrated with standard 50S particles in a sucrose
gradient [20]. The prospect for subsequent structural studies seemed promising, since
X-ray powder patterns of these crystals contained features between 30 nm and 0.35 nm,
and the crystals proved suitable for three-dimensional image reconstruction studies
[21]. To promote the feasibility of structural analysis, we analyzed the parameters that
led to crystal production and tried to deduce practical guidelines for both increasing the
reproducibility of crystal growth and obtaining larger and more stable crystals.

As will be described in this paper, several parameters of this system have been
identified and characterized according to their significance. It was shown that starting
from biologically active particles is essential, that one of the important factors for nu-
cleation and for subsequent crystal growth is related to the early period of crystalliza-
tion, and that there are specific geometrical and kinetic requirements that should be
met during crystallization. Consequently, we developed an experimental procedure for
fine monitoring of the content of the crystallization medium. In view of the effective-
ness and the simplicity of this procedure, we hope that it will be useful for crystalliza-
tion of other complicated biological assemblies.

MATERIALS

Ribosomal subunits of B stearothermophilus (strain 799) were obtained as de-
scribed [20]. The isolated ribosomal subunits were stored at a concentration higher
than 200 A, units per milliliter in TMA-I buffer (10 mM Tris-HCl (pH 7.6 at 25°C),
30 mM NH.CI, 10 mM MgCl, 6 mM B-mercaptoethanol) at —80°C. Shortly before the
crystallization experiment the stored subunits were further dialysed against either
TMA-I or H-I (10 mM Hepes (pH = 7.6 at 25°C), 60 mM NH,CI, 10 mM MgCl,, 6
mM (-mercaptoethanol) buffers and centrifuged in a Sorvall SS-34 rotor at 10,000 rpm
for 20 min.

Chemicals

The reagents used were the purest commercially available. All the solutions
(including the buffers) were ultrafiltered (Millipore) prior to crystallization. Stock solu-
tions were kept at —20°C for no longer than two months. The following organic sol-
vents (or a combination of them) were used as crystallization agents: methanol, etha-
nol, iso-propanol, ter-butanol, n-butanol, 2-methyl-2,4-pentadiol(MPD), which was
further purified by distillation, 2-ethyl-1,3-hexanediol (EHD), 2-ethyl-1-butanol (EB)
redistilled, ethan-diol (ED), glycerol, toluene; acetone, 1,4-dioxan, and chloroform.
Control experiments were carried out with inorganic salts (eg, potassium nitrate) and
proteins (eg, soybean agglutinin (SBA), which was kindly supplied by Dr. N. Sharon,
Weizmann Institute, Rehovot).
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METHODS
Crystallization

The “conventional” vapor-diffusion technique [22-24] was employed with some
modifications. Three different systems were assembled: (1) hanging drops on glass
plates (Fig. 1); (2) liquid column in X-ray capillaries (Fig. 2); (3) multiple depression
plates (Fig. 3). All the crystallizing media contained the ribosomal subunits and a buf-
fer for controlling the pH. No organic solvent was added to the solution of the subunits
prior to the crystallization. The contents of the different reservoirs are given below.
Glass, rather than plastic, was used to avoid interactions with the organic solvents. All
the glassware that was to be in touch with the crystallizing subunits was cleaned, dipped
in silicon solution (Serva, Heidelberg), and heated for 1 hour at 100°C. Air-tight seal-
ing was achieved by evenly spreading high vacuum grease (N.V. Dow Corning S.A.,
Belgium) on the previously ground rims of the containers.

The variables for the crystallization survey were the precipitant, the pH
(4.5-10.0), reservoir content (see below), subunit concentration (8-24 mg/ml), the buf-
fers in which the subunits were stored (TMA-I or H-1), the addition of several compo-
nents (Mg?*, spermidine) to the crystallizing mixture, and the particular system used for
crystallizing. The concentration of the precipitant in the reservoir was increased if no
crystals appeared within the first three weeks, and was decreased only if an unordered
precipitate had formed. All crystallization experiments were carried out at 3-7°C.

6-9 ul
Hanging drop

<+———— Glass plate

Petri dish

= 10 cm ~I10 ml reservoir

Fig. 1. The crystallization sys(em'used' for the hanging drop on glass plates.
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15-25ul
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Fig. 2. The crystallization system used for vapor diffusion in capillaries.

Depression plate

Hole

Cover glass

Petri dish

30-50 ul
Crystallizing drop

Fig. 3. The crystallization system used for vapor diffusion in depression plates.
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Measurement of the Shape and the Volume of the Crystallizing Droplet

We concentrated only on drops that had the overall shape of a spherical segment.
The radius of the segment (a) was measured directly from the scale on the microscope
eyepiece. For measuring the depth of the droplet (h) the microscope was focused on the
top and on the bottom of the droplet. The vertical distance between these two points
was measured by the number of turns needed for this translation. The volume of the
droplet was computed according to the formula Vol = =h (h* + 3a%/6.

The accuracy of these measurements was determined from a comparison of the
known volumes of freshly prepared droplets and those calculated from their measured
radii and heights (Table I).

X-ray Studies

X-ray patterns were recorded at 4-6°C, using a Supper camera on a Philips
generator, equipped with a fine focus copper tube, operating at 1500 watts.

RESULTS AND DISCUSSION
Analysis of Crystal Growth

For the initial survey we employed the vapor-diffusion technique in Petri dishes
(Fig. 1). This method is convenient for a multiparameter investigation since it requires
little space. As many as 36 droplets could be placed on one glass plate, and the appro-
priate controls could be studied simultaneously with the actual crystallizing droplets.
The system also permits continuous monitoring of crystal growth, as it is possible to
change the content of the reservoir without disturbing the droplet or its geometry.

A strong correlation was found between the biological activity of the subunits
and the production of crystals. Those preparations that had a low activity did not pro-
duce crystals at all. In contrast, more than 90% of the experiments with active prepar-
ations were successful to varying degrees. However, there is some variation in the exact
conditions of the crystallization, and they need to be redefined for each preparation of
subunits. Thus, although the overall tendency to crystallize is similar for most prepara-
tions, the growth rate, the size, and the quality of the crystals are somewhat different
for still unknown reasons. These may be due to slight differences in bacterial growth,
the isolation of the ribosomal subunits and/or their storage.

In almost every experiment that led to crystal growth, a fine precipitate was also
formed. In the hanging drops the crystals were found close to the interface between the
air and the droplet whereas the precipitate concentrated in its center. Most of the pre-

TABLE 1. Calculated Volume of Fresh Droplets

Initial volume 7 ul Initial volume 9 pl
a (mm) h (mm) vol (ul) a (mm) h (mm) vol (ul)
2.00 1.04 7.12 . 224 1.10 9.37
2.04 1.00 7.06 ' 2.20 1.10 9.06
1.96 1.04 6.87 2.34 1.00 9.12
1.92 1.08 6.91 2.30 1.02 9.03

1.98 1.04 6.99 2.18 1.10 8.91
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cipitate formed in capillaries sedimented to the bottom of the crystallizing column but a
small amount was evenly distributed throughout the solution, together with the
crystals.

The organic solvents are classified in two main groups: those whose vapor pres-
sure is higher than that of water (volatile), and those whose vapor pressure is lower (less
volatile). The first crystals were grown, using a less volatile solvent (ED). It was found
that for both groups there was no significant difference between the water-soluble and
the insoluble solvents. The shape and volume of some crystallizing and control droplets
have been measured. Several representative results are given in Table II. The spreading
of all droplets that contained subunits was observed, accompanied by an increase in the
volumes of the droplets, which were equilibrated with organic solvents. The expansion
was larger when volatile solvents were used. In principle, volatile organic solvents
should lead to an increase of the volume of the droplet, whereas the opposite effect is

TABLE II. Some Geometric Properties of Hanging Drops

After 12 weeks

Initial
volume Radius Height Volume
Reservoir? Drop® (pl)© (mm) (mm) (ul)
(a) No salt in the reservoir
12.5% dioxane s.u. 7 3.24 0.54 8.99
m.l. 7 1.90 1.20 7.71
12.2% EB s.u. 9 3.45 0.54 10.24
m.l 9 1.00 0.80 1.53
9% ter-butanol s.u. 9 3.45 0.57 11.01
SBA 9 2.54 0.38 3.88
14% ED s.u. 7 3.70 0.40 8.64
m.lL. 7 1.50 0.68 2.57
(b) With salt in the reservoir
12.5% dioxane + s.u. 7 2.90 0.42 5.59
0.9M NaCl m.l. 7 1.18 0.68 1.65
12% EB + s.u. 9 3.15 0.42 6.63
0.8 M NaCl m.l. 7 1.00 0.64 1.14
12% ter-butanol s.u. 9 3.09 0.50 7.61
+0.6 M NaCl SBA 9 1.20 0.66 1.54
14% ED + s.u. 7 2.60 0.56 6.04
0.8 M NaCl SBA 9 2.62 0.38 4.13
(c) Inorganic salts
1 M KNO, s.u. 7 2.54 0.36 3.67
. m.lL 7 1.12 0.66 1.45
SBA 7 1.12 0.70 1.56

In all experiments the composition of the droplet was as follows: 15-20 mg/ml protein or ribosomal sub-
units in H-I buffer and 100 mM Mes buffer (pH = 6.3-7.2). Control experiments were carried out with
either only H-I and Mes buffers (mother liquor), or with a protein dissolved in the same mother liquor. In
the experiments with inorganic salts, the droplet also contained 0.15 M salt. The reservoirs contained the
same mother liquor as the droplet, organic solvent, 6mM S-mercaptoethanol, and, if mentioned, NaCl.
aPrecipitants: dioxane, b.p. 101°C; ethyl-butanol (EB), b.p. 142°C; ter-butanol, b.p. 83°C; ethan-diol
(ED), b.p. 192°C.

bAbbreviations: s.u. = ribosomal subunits, m.l. = mother liquor, SBA = soybean agglutinin.
¢Examples of typical initial radii and heights are given in Table I.
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expected with less volatile solvents. The expansion of the volume of droplets containing
ribosomal subunits, in both volatile and less volatile solvent systems, as well as the mild
contraction in salt-containing systems (Table IIc), indicate that there is an extra flux of
liquid into the droplets. This can be explained by specific interactions of the subunits
with water and/or organic solvents. Results of hydrodynamic measurements [25] in-
dicate that the ribosomal subunits of E coli are highly hydrated. From direct deter-
mination of the amount of water bound by ribosomes (by successive drying of the
subunits), evidence has been obtained that the hydration shell is made up of two com-
ponents, one of which is bound extremely tightly (Y. Eilam, D. Elson, and D. Danon,
unpublished data). Part of the organic solvent may be specifically bound to the sub-
units rather than being only a solute [26]. The fact that crystals also grow from water-
insoluble organic solvents supports this view. As mentioned above, most of the crystals
were found on the surface of the drop, where the subunits can interact with the vaporiz-
ed solvent. This interaction is probably strong enough for the subunits to “emulsify”
the insoluble organic solvent, so that more of it can be absorbed into the droplet, again
through interactions with subunits on the surface. Structurally this interaction is of
much importance as it might even be powerful enough to introduce nucleation centers.

Control of the Drop Size

Initial indications for crystallization were obtained when less volatile solvents
were used. This was correlated with the mild expansion of droplet volume produced by
these materials, as compared with that produced by the volatile solvents (Table I1a).
We therefore searched for conditions that would reduce the amount of expansion, or
preferably, cause a decrease in the droplet volume. A method for fine control of the
volume of the droplet was thus developed, aimed at reaching the right conditions for
crystallization in the early stages of the experiment, before the ribosomal subunits
become inactive and lose their ability to crystallize. The method is based on addition of
an inert inorganic salt to the reservoir. A typical crystallization experiment (with meth-
anol) was repeated with different amounts of NaCl in the reservoir. The radii and
heights of the droplets were measured at intervals of three days. The results of these ex-
periments are shown in Figure 4. Similar behaviour was observed for the other organic
solvents (Table IIb).

Sodium chloride (0.5-0.8 M) NaCl is now routinely added to each reservoir upon
preparation. A contraction of 6-10% (from the original volume of the droplet) is usu-
ally achieved within the first few days, and then the volume remains almost constant
for weeks. The total difference between the volume obtained in the presence of salt and
in its absence is about 25%. An early addition of salt to the reservoir facilitates crystal
growth, for both volatile, and less volatile solvents. Furthermore, the crystals grown
with salt present in the reservoir are larger than those grown without salt, and their for-
mation is much more reproducible. However, the presence of salt has no effect if it is
added to the reservoir several days after the beginning of the experiment.

Associating lack of crystallization simply with dilution of the subunits due to the
droplet expansion is unjustified, since the initial concentration of the subunits could
vary over a wide range. It seems that the ability to crystallize is connected with the dis-
tribution of the subunits within the droplet during the first days of the experiment. If
nucleation is not achieved during this critical period, the subunits in the droplet might
lose the right properties for crystallization, since ribosomes kept at 4-6°C gradually
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Fig. 4. The volume of the droplet as a function of the concentration of NaCl in the reservoir, observed at
the third day (O) and the thirtieth day (®) of the experiment. The contents of the droplet were: 14 mg/ml
subunits in H-I buffer, adjusted to pH 6.6 with 100 mM Mes. The reservoir also contained 15% methanol.

lose their biological activity. A direct visualization of both nucleation and prenuclea-
tion stages shows that nucleation occurs within aggregates that are formed within the
first few days of the experiment [27].

Crystallization in Capillaries

We were able to improve the quality of the crystals further by employing the same
procedure (ie, addition of salt to the reservoir) in X-ray capillaries (Fig. 2). Capillaries
have previously been used for growing crystals, although in a different method [28].
Growing crystals directly in X-ray capillaries has the advantage that the crystals need
not be transferred for crystallographic studies. It is extremely important to avoid
handling the crystals, since even slight changes in the solvent concentration are harmful
to the crystals of the ribosomal subunits. The largest and most stable crystals obtained
so far were grown in capillaries (Fig. 5a). They reach maximum length of 0.1-0.2 mm
and are stable in the X-ray beam for 80-100 hr at 4-6°C. These crystals are still some-
what fragile and not large enough for efficient crystallographic data collection; how-
ever, precession patterns of glutaraldehyde cross-linked crystals, although weak, con-
tain data to about 1.0 nm resolution (Fig. 5b).

It is clear that the special geometry of this system helps the production of better
crystals. It is not linked to the quantities of the crystallizing material since the volumes
used in depression plates (Fig. 3) are larger than in the capillaries, but the quality of
crystals produced by the depression plate method is poorer. Evidence has been found
for a correlation between the availability of surface area and the degree of nucleation.
It was observed both in the hanging drop and in the depression plate techniques that
crystals tend to appear on the surface of the drop. It is very probable that this is the lo-
cation for nucleation. Thus, decreasing the size of the available area for nucleation re-
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Fig. 5. (a) Crystals grown in capillaries, in 30% methanol, pH 8.7, with 0.5M NacCl in the reservoir (bar
length = 0.2mm). (b) 70’ precession diffraction pattern (62 hours at 4°C), of a few cross-linked (with 0.2%
glutaraldehyde) crystals. One of these crystals was partially oriented, and a small part of its reciprocal lat-
tice, with periodic spacings of 15.4 nm and 26.0 nm, is indicated by an arrow.

sults in production of fewer nuclei, and therefore fewer and larger crystals are ob-
tained. The production of larger crystals can also be linked to the kinetics of diffusion
of the organic solvent into the droplet. The relatively large volume of the crystallization
chamber (Fig. 2) and the long distance between the reservoir and the crystallization
medium cause the initial interaction of the subunits with the organic solvents to occur
later than in the other systems. In addition, the time needed to reach equilibrium
throughout the column is longer than it takes within a droplet.

As mentioned above, during the process of crystallization a precipitate forms and
accumulates in the bottom of the column. Nucleation and precipitation are considered
to be competitive processes [29], but the conditions for nucleation and precipitation
may be so similar that it is difficult to differentiate between them. Since the formed pre-
cipitate may inhibit crystal growth, the spatial separation between the precipitate (bot-
tom of the column) and the site of nucleation and crystal growth (top) is advantageous.
In contrast, all the components in the hanging drop are in close proximity to each
other, and the precipitate may physically inhibit the growth of the crystals.

CONCLUSIONS

The parameters that control the nucleation and crystal growth are classified into
three categories (1) the essential, (2) the important, and (3) the less influential para-
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TABLE III. Classification of the Parameters Controlling Crystal Growth*

(a) Essential parameters

(1) The use of very pure and active subunits.

(2) Use of organic solvents as crystallization agents.

(3) Crystallization at low temperature (4-6°C).

(4) pH range of 4.8-9.5 (best crystals were obtained at pH 6.6-8.8).

(b) Important parameters

For nucleation For crystal growth
(1) The dynamics of the initial ++++ +++
equilibration (a kinetic factor)
(2) The volume and the shape of the ++++ ++++
droplet or the column (a geometrical
factor)
(3) The type* and the concentration of the + +++
organic solvent and the exact pH. These ’
parameters vary slightly for each subunit
preparation
(4) The type of storage buffer and of the + ++

mother liquor

(c) Less influential

(1) The initial subunit concentration (within the
limits of 8-24 mg/ml)

(2) The age of the subunits (up to 10 years)

(3) The type of buffer that controls the pH in the droplet
(excluding phosphate)

(4) The presence of spermidine (0.005 M) in the droplet

(5) Variations in the Mg?* concentration within the
droplet (between 10-30 mM)

*Suitable organic solvents were: methanol, ethyl-butanol, ethan-diol, EHD, and to a lesser extent:
acetone, toluene and MPD.

No crystals have yet been obtained from ethanol, n-butanol, i-propanol, n-pentanol, chloroform, ter-
butanol, and glycerol.

meters. The borders between the groups are not well defined. Furthermore, there
should be a distinction between “important for nucleation” and “important for growth
and production of improved crystals.” A list of these parameters is given in Table III.

In this contribution we have tried to understand the effects of different parame-
ters on crystallization of ribosomal subunits. Although we cannot explain all the
observations in a logical fashion, the experimental results have led to a systematic op-
timization of the growth of crystals of the large ribosomal subunits.
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