J. Mol. Biol. (1968) 33, 491-497

Solvent Content of Protein Crystals
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An analysis has been made, from the data which are currently available, of the
solvent content of 116 different crystal forms of globular proteins. The fraction
of the crystal volume occupied by solvent is most commonly near 439, but has been
observed to have values from about 27 to 659,. In many cases this range will be
sufficiently restrictive to enable the probable number of molecules in the crystallo-
graphic asymmetric unit to be determined directly from the molecular weight
of the protein and the space group and unit cell dimensions of the crystal.

For protein crystals the determination of #, the number of molecules in the crystallo-
graphic asymmetric unit, is complicated by the presence in the crystals of a variable
amount of solvent. It is therefore common to supplement the measurement of the
unit cell dimensions of the “wet” crystals with measurements of the cell parameters
of the ‘““air-dried” crystals, or with various density measurements in order to obtain
an unequivocal value for n. However, in some cases cell dimensions cannot be obtained
from air-dried crystals, and if only small crystals are available an accurate determina-
tion of the density of the wet crystals is difficult. On the other hand it is well known
that for most protein crystals the number of molecules per asymmetric unit is one,
although crystals are also found with n = 1/4, 1/2, 2,.. . ete. (e.g. see Crick &
Kendrew, 1957). In any event, to decide between possible alternatives, it is usually
necessary only to know the solvent content of the crystals between rather coarse
limits. Crick & Kendrew (1957) point out that for most protein crystals the solvent
content is between 40 and 609, but there are exceptions to this general rule. An
analysis has been made of all the data currently available in order to find to what
extent the over-all range of values observed is sufficiently restrictive to be of use in
determining » in further studies. The relevant data from 116 distinct crystal forms
which have been reported for a variety of globular proteins are summarized in Figure 1
by plotting the volume of the asymmetric unit, as obtained directly from the X-ray
diffraction measurements, against the molecular weight of protein contained in the
asymmetric unit. It is convenient to define ¥V as the ratio of these two quantities,
i.e. Vy is the crystal volume per unit of protein molecular weight. It will be shown
that V', bears a simple relationship to the fractional volume of solvent in the crystal.
From Figure 1 it is seen that the range of values assumed by V), is essentially indvc-pen-
dent of the volume of the asymmetric unit. The over-all distribution of values observed
for V), is shown in Figure 2, with lowest extremes being 1-68 A%/dalton for high potential
iron protein (Kraut, Strahs & Freer, 4.C.4. Abstr. Meeting, August 1967) and 1-72 A3/
dalton for excelsin (Drenth & Wiebenga, 1955), and highest 3-53 A3/dalton and
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3-43 A3/dalton, respectively, for cubic ox haemoglobin (North, 1959) and tetragonal
chymotrypsinogen B, type B (Matthews, 1968). It will be noted that although
relatively few examples are found toward the limits of the range, the frequency
distribution within the range is not a symmetric one. The most commonly observed
values of Vy are near 2-15 A%/dalton, whereas the median is at Vy =2-61 A3/dalton.
The rather sharp cut-off at the lower end of the range can presumably be considered
as corresponding to the closest packing possible for the roughly spherical protein
molecules, while the tail of the distribution toward higher Vy; values must correspond
to progressively looser packing of the molecules, but still with sufficient intermolecular
contacts to stabilize the crystal lattice.
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F1c. 2. Frequency distribution of values observed for Vy.
In addition to the data from Fig. 1, the following observations are included: ferritin A, Vy =
2-08 A3/dalton; chicken lactic dehydrogenase, Vy = 2:84 A3/dalton (Rossmann et al., 1967);
tobacco seed globulin, Vi = 1:76 A3/dalton; edestin, Vy = 1-75 A3,

Although the extreme values of V) vary by a factor of approximately two, the
range is still narrow enough to be useful in preliminary studies of most protein
crystals. From the knowledge of the unit cell of the crystal, and of the molecular
weight of the protein, the values of ¥ corresponding to potential values of » may be
obtained. In the majority of cases only one V) value will lie within the acceptable
range, so that n is obtained directly. In the event that there are two or more alter-
natives for n, it will be necessary to resolve this by some other method. While it must
also be anticipated that as more protein crystals are studied, examples will be found
with ¥V lying outside the range quoted above, there is no reason to believe that the
limits quoted will need substantial modification, at least in the molecular weight
region below about 70,000 for which a reasonably large number of observations have
been made. Nevertheless, borderline cases should be regarded with caution.
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To express the range of values of ¥y in terms of the percentage of solvent contained
in the crystals, it may readily be shown that V prot.» the fraction of the crystal volume

occupied by protein, is given by 1-66 5

prot. — Vi
where # is the partial specific volume of the protein in the crystal, and Vy (as defined
above) is the crystal volume in A3 per unit of protein molecular weight. For most
proteins @ is approximately 0-74 cc/g, so that unless there is reason to believe that the
protein in question has an abnormally low or high partial specific volume, or that the
partial specific volume has a different value in the crystal from that in dilute solution, we
have the simple approximation that

123
prot. — VM .
By diﬁ'efence, the fractional volume occupied by the solvent is given by
: 1-669 1-23
Vsolv.zl'_'—y_m;—§ _'17;°

On the basis of this approximation, the protein crystals already examined have a
solvent content ranging from about 27 to 65%, with values near 439, occurring most
frequently.

Plots similar to Figures 1 and 2 were also made using cell dimensions from air-dried
crystals. In this case, as has been noted before (e.g. see Crick, 1957) there is a smaller
range of values of Vy—from 1-26 A3/dalton and 1-28 A3/dalton for edestin and
excelsin (Drenth & Wiebenga, 1955), to 1-77 A3/dalton and 2-03 A3/dalton for
orthorhombic insulin R (Einstein & Low, 1962) and hexagonal pepsin (Perutz, 1949).
Tt should be borne in mind that in this case the range of values is based on only 34
sets of cell dimensions, some of which are unavoidably of low accuracy, so that the
limits of the range should be regarded with caution.

It must be emphasized that the results quoted here are intended only as a guide in
preliminary investigations of protein crystals, and are not intended to be a substitute
for measurements of crystal density or solvent content where these can be made. In
particular, from the few data which are available, there appears to be a tendency for
molecules of higher molecular weight to form crystals containing a relatively higher
fractional volume of solvent. Further data will be needed in order to determine the
range of values for Vy which might be expected for such proteins. Very recently
Rossmann & Labaw (1967) and Longley (1967) have studied by electron microscopy-
and X-ray diffraction a trigonal modification of crystalline catalase (mol. wt about
250,000). They conclude that there are six catalase molecules in a trigonal cell of
dimensions @ = 178 + 3, ¢ =241 + 4 A. This very open arrangement corresponds
to V, = 4-42 A3/dalton, ie. about 729, solvent, a value higher than has been
observed for any smaller crystalline protein. Two other recent studies of different
modifications of crystalline catalase (Glauser & Rossmann, 1966; Burgner & McGandy,
A.C.A. Abstr. Meeting, January 1967) lead to Vy values of 2-52 and 2-86 A®/dalton,
both of which are above average, although within normal limits for smaller proteins.
It must be emphasized strongly, however, that the results quoted here cannot be
expected to apply in all other cases. For example, the muscle protein tropomyosin can
be crystallized in a three-dimensional lattice, but these crystals have the remarkably
high content of about 95%, solvent (C. Cohen & D. L. D. Caspar, personal communica-
tion).



