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ABSTRACT: A fast algorithm that detects internal cavities in proteins and predicts the positions of buried 
water molecules is described. The cavities are characterized in terms of volume, surface area, polarity, and 
the presence of bound waters. The algorithm is applied to 12 proteins whose structures are known to high 
resolution and successfully predicts the locations of over 80% of internal water molecules. Most proteins 
are found to have a number of internal cavities ranging in volume from 10 to 180 A3. Some of these cavities 
contain water and some do not, with the probability of containing a buried water increasing with cavity 
size. However, many large cavities are found to be empty (Le., they do not contain a crystallographically 
determined water). For multidomain proteins over half of the total cavity volume is a t  the interdomain 
interface. Possible implications for the energetics of cavity formation and for the functional role of internal 
cavities are discussed. 

I t  has been shown in a number of studies that the packing 
density in globular proteins is similar to that found in crystals 
of small organic molecules (Richards, 1974; Finney, 1975; 
Schultz & Schirmer, 1979). Since a random sequence of 
amino acids would not be expected to generate a tightly packed 
structure, close packing has been suggested as a criterion to 
be used in protein folding studies (Schulz & Schirmer, 1979; 
Rashin, 1980). On the other hand, internal cavities large 
enough to accommodate xenon atoms have been found to exist 
in proteins (Schoenborn, 1969; Richards, 1974; Tilton et al., 
1984). Internal cavities have been associated with confor- 
mational flexibility (Lumry & Rosenberg, 1975), the mech- 
anism of hydrogen exchange (Richards, 1979), and, more 
recently, the existence of multiple side chain conformations 
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of a single protein (Smith et al., 1986). Despite their apparent 
importance there is little information available as to the de- 
tailed properties of cavities in proteins. 

It would be of interest, for example, to determine the size 
of cavities that are permissible in a particular structure and 
to have a means of determining whether a particular cavity 
is likely to be filled with water molecules. These questions 
are likely to assume considerable importance in prediction 
algorithms for protein conformation. The type of problem that 
can be encountered in model building has been illuminated 
by the study of Novotny et al. (1984), who succeeded in 
generating apparently reasonable but nevertheless incorrectly 
folded structure for two proteins (for example, by using the 
C" coordinates of hemerythrin, which is a-helical, to generate 
a hemerythrin-like structure with a sequence of an immuno- 
globulin domain, which is known to be primarily @-sheet). An 
analysis of cavity size in the incorrectly folded structures might, 
for example, show them to be unrealistic and thus provide 
criteria for their evaluation. 

0006-2960/86/0425-3619$01.50/0 0 1986 American Chemical Society 
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Another area where the presence of cavities is likely to be 
important concerns the assignment of specific atoms, or res- 
idues, as being on the surface or inside of proteins [see, e.g., 
Chothia (1 976) and Rashin and Honig (1984)l. Without a 
clear definition of cavities, a group deep inside of a protein 
might be assigned to the external surface on the basis of 
standard accessibility criteria (Lee & Richards, 197 l) ,  even 
though it was only adjacent to an internal cavity. 

Finally, it is possible that in certain proteins a predesigned 
cavity might play an important functional role. One example 
where this question arises concerns visual pigments and bac- 
teriorhodopsin whose retinal chromophores exhibit subpicos- 
econd isomerization times [see, e.g., Dinur et al. (1981) and 
Doukas et al. (1984)l. How a cis-trans isomerization within 
a protein can occur so rapidly is unclear; conceivably, the 
presence of an internal cavity facilitates the motion. In order 
to evaluate this type of hypothesis, it is necessary to determine 
the size of a cavity that a particular protein can tolerate. 

The first computational study of internal cavities in proteins 
was included as part of the pioneering surface accessibility 
paper of Lee and Richards (1971). Lysozyme, ribonuclease, 
and myoglobin were considered in that work. A recent paper 
by Tilton et al. (1984) reports a study of cavities in met- 
myoglobin-xenon complexes using an algorithm developed by 
Connolly. The goal of this paper is to report the results of a 
survey of cavities and to infer characteristic structural patterns 
that may be of general applicability. 

METHODS 
Our method for location of 

cavities and of possible sites of water binding is based on the 
modified algorithm of Shrake and Rupley (1973), (Rashin, 
1984). The algorithm represents the surface of a solvated atom 
by a uniform distribution of points on a sphere of radius r, 
+ rp, where r, is the van der Waals radius of the atom and 
rp is a probe radius. Specifically, the van der Waals radii used 
are as follows: tetrahedral carbon, tetrahedral nitrogen, or 
sulfur with hydrogens attached, 2.0 A; trigonal carbon and 
trigonal NH, 1.7 A; trigonal CH, CH2, and sulfur, 1.85 A; 
hydroxyl and trigonal nitrogen, 1.5 A; trigonal NH2, 1.8 A; 
oxygen and water, 1.4 A (Rashin, 1984). The points on the 
surface of a solvated atom that are inside the solvated spheres 
of other atoms are treated as being buried, with the remainder 
being accessible to the probe. We represent the spherical 
surface of each atom by a set of 500 points almost uniformly 
distributed on the surface (an exactly uniform distribution is 
impossible because regular polyhedra with high numbers of 
vertices do not exist). We have found that no significant 
improvement is obtained by using a larger number of points. 
A further increase in the number of points does in some cases 
detect a few additional small cavities or channels to the surface 
which lead to the disappearance of small cavities. However, 
the total cavity volume and the number of cavities remain 
constant to within a few percent. 

Surfaces as Sets of Connected Points. Two accessible points 
on the same sphere are considered as being connected by an 
edge if the distance between them is less than 1.5 times the 
smallest distance between any two points on the sphere. Two 
accessible points are regarded as connected if there exists a 
sequence of edges connecting them. A set of accessible points 
connected to one another constitutes a connected surface. For 
example, all the points on the surface of an isolated sphere 
are connected. However, only accessible points form surfaces. 
Therefore, if some of the points turn out to be buried due to 
overlaps with neighboring atoms, these points and the edges 
connected to them do not contribute to the connectivity. As 

Surface Area Algorithm. 
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a result, in some cases there may be accessible points on a 
single sphere with no sequence of edges connecting them. Thus 
there will be two or more connected surfaces on the sphere 
that are not connected to one another. 

Connectivity Algorithm. In order to determine the number 
of connected surfaces on each sphere and to assign accessible 
points to each of these surfaces, the following algorithm is used. 
An accessible point is chosen and used to initiate a list. All 
accessible points on the sphere that are connected to it by an 
edge are then added to the list. This procedure is repeated 
for each of these newly added points. (Only points not yet 
in the list are added.) A description of a connected surface 
is complete when no new accessible points connected by an 
edge to accessible points already in the list can be found. 
Additional connected surfaces are defined by repeating the 
procedure, beginning with another point on the sphere not 
included in the previous lists. The process is completed when 
all accessible points are included. During the process every 
accessible point is assigned the index of the surface to which 
it belongs. This routine is applied to the surface of each 
accessible atom. 

Now, two points belonging to accessible surfaces of two 
different atoms can be at a distance of less than the connec- 
tivity distance described above, and therefore these points are 
connected by an edge. If there exists one such edge, all the 
points of the two surfaces are connected and form a larger 
connected surface. Thus the problem of connecting two 
surfaces is reduced to the search for one connectivity distance 
(edge) between two points belonging to different surfaces. To 
accelerate the search, neighbor lists for each atom are created 
in the course of accessibility calculations. If each connected 
surface on an individual atom is considered as a generalized 
"point" and connectivity between neighboring surfaces as an 
"edge", then the algorithm for the connectivity of different 
atomic surfaces is essentially identical with that for the con- 
nectivity of the points on the surface of a single atom. The 
largest connected surface obtained is the outer surface of the 
protein, and all other connected surfaces belong to cavities. 

Prediction of Water Positions in Cavities. The following 
algorithm is used to predict internal waters. For each ac- 
cessible point in a cavity a line is constructed through this point 
and the center of the atom to which it belongs. The center 
of a test water molecule is placed on this line at a distance of 
the sum of the radii of the atom and the water molecule from 
the atomic center. All atoms with which this test water 
molecule can form hydrogen bonds are then found, and angles 
between the possible hydrogen bonds formed by the water 
molecule are calculated. A tentative position for a water 
molecule is defined if the hydrogen bonds it forms satisfy 
assigned criteria for acceptable bond lengths and bond angles. 
The range of the allowable bond lengths was set between 2.2 
and 3.5 A; for bond angles, a "soft" range was defined as 
between 60" and 150°, and a "hard" range was defined as 
between 80" and 130". These somewhat arbitrary criteria are 
intended to allow for the inaccuracy of our method, for errors 
in crystallographic coordinates, and for deviations of hydrogen 
bonding angles from the expected tetrahedral angle of about 
110" (Finney, 1979; Edsall & McKenzie, 1983). 

For each tentative position of a water molecule, this pro- 
cedure generates a matrix with dimensions of the number of 
polar atoms within the allowed hydrogen bonding distance. 
A matrix element is assigned a value of unity for any pair of 
potentially hydrogen bonding atoms if the angle between the 
lines connecting their centers with the center of the water 
oxygen is within the allowed limits. Otherwise, an element 
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is assigned a value of zero. The number of hydrogen bonds 
that can be simultaneously formed is then equal to the di- 
mension of the largest submatrix that contains only nonzero 
off-diagonal elements. A simple algorithm finds this sub- 
matrix. As a probe radius smaller than that of water is often 
used in defining the cavity surfaces (in order to account for 
the inaccuracy of the point representation), the full-sized water 
molecules used in the present algorithm are tested for severe 
overlaps with protein atoms. Those with overlaps of more than 
0.25 A are rejected. 

Buried water molecules in proteins almost invariably form 
hydrogen bonds with polar atoms of the protein (Finney, 1979; 
Edsall & McKenzie, 1983). It is assumed that a water 
molecule can be buried within a protein only when it can 
simultaneously form at least three hydrogen bonds with protein 
atoms to compensate for the loss of hydrogen bonds with bulk 
water. Since the cavity surface often has many points at 
distances of a few tenths of an angstrom from one another, 
overlapping water molecules are often predicted. Two pre- 
dicted water molecules are regarded as overlapping if the 
distance between their centers is less than 2.2 A. To select 
a nonoverlapping set in each cavity, two criteria are used. For 
two overlapping water molecules the one that conforms to the 
hard tetrahedrality criterion is selected. If both conform to 
the same tetrahedrality criterion, the one with a lower value 
for the sum of the lengths of its three hydrogen bonds is 
selected. Predicted waters with the value of this sum below 
8.4 A are rejected to eliminate the geometrically improbable 
case where water forms simultaneous hydrogen bonds with N H  
and C O  groups of the same peptide unit. 

Comparison with Experimentally Observed Waters. Pre- 
dicted waters are compared to the crystallographic positions 
of bound waters. To check whether all experimentally de- 
termined internal waters have been identified, these have to 
be selected in a consistent way from the entire list of waters 
in the crystallographic data set. It is impossible to determine 
whether an experimentally observed water is internal by ac- 
cessibility measurements alone because waters in large cavities 
may appear accessible. To avoid this problem, protein atoms 
in close proximity to an experimentally observed water are 
compared with lists of atoms that form different connected 
surfaces. A water is assigned to the cavity (or the surface) 
that contains the maximum number of the water’s neighbors. 
Waters that cannot be associated with any calculated surface 
are also identified. These are generally found to be crystal- 
lographic waters bound in the second solvation shell, or in rare 
cases, they correspond to waters in very small cavities that are 
not detectable with a particular probe radius. 

Cavity Size and Probe Radius. Cavity size is characterized 
by accessible area and volume. However, neither of these 
properties describes the shape of a cavity nor predicts whether 
it can accommodate a probe of a given size. The maximum 
radius of the probe a given cavity can contain is determined 
by increasing the probe radius in increments of 0.2 A until 
the cavity disappears. The final probe radius is a measure of 
the cavity’s shape. Due to the assumption of spherical atoms, 
each cavity becomes connected to the outer protein surface 
at some small probe radius. The radius at which this occurs 
is taken as the radius of the channel connecting the cavity to 
the protein surface. Cavities found at one probe radius are 
identified with cavities found at another probe radius by 
counting numbers of identical atoms forming their surfaces. 
Due to the point representation of the surface and to the 
Occurrence of short hydrogen bonds, cavities containing water 
are better identified with a probe radius of 1.2 8, rather than 
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1.4 A, and therefore results using the former value are re- 
ported. We list cavities located with a probe radius of 1.2 A 
in terms of the atoms forming them, their volumes and areas, 
limiting probe radii at which they disappear, and waters they 
contain. 

Volume Calculations. To calculate volumes, a rectangular 
box surrounding each cavity is defined and is filled with a fine 
cubic grid of points. In order to identify those grid points that 
are inside the cavity, each grid point inside of a probe sphere 
centered at each accessible point is marked. The cavity volume 
is then calculated by counting the number of marked points. 
The smallest cavity detectable corresponds to the case of a 
single accessible point, and thus the minimum cavity volume 
is that of the probe sphere centered at this accessible point. 
A rapid algorithm was devised that avoids the time-consuming 
calculation of the distances between grid points and centers 
of probe spheres. For very small probe radii and larger cavities 
the probe spheres form a shell near the accessible points of 
the surface of the cavity while the center of the cavity is left 
empty. This will underestimate the cavity volume. However, 
because no cavity we found could be detected with a probe 
radius of >2 A, we concluded that all cavities are completely 
filled if probes of radius >1 A are used. Our method outlined 
here is quite similar to that of Pavlov and Fedorov (1983), 
which in turn yields volumes identical to within a few percent 
with those produced by the Connolly algorithm (Connolly, 
1985). 

RESULTS AND DISCUSSION 
General Description of Cauities. Table I shows that all but 

one of the dozen well-refined proteins for which coordinates 
were available from the 1983 edition of the Protein Data Bank 
(Bernstein et al., 1977) contain cavities. The total cavity 
volume of a given protein varies from 0 to about 600 A3 and 
with a few deviations shows a tendency to increase with mo- 
lecular weight and to constitute less than 2% of the total 
protein volume (Pavlov & Fedorov, 1983; Connolly, 1985). 
It is found that no single cavity can host a probe of radius 2 
A or more and that all cavities become connected to the protein 
surface by channels of 0.4-A radius [see also Tilton et al. 
(1984)]. A comparison of the volume of the largest probe a 
cavity can accommodate to cavity volume reveals that many 
cavities and almost all large ones are, highly nonspherical. 

Most of the cavities are found to contain water although 
some are empty in the sense that they do not contain any 
crystallographically determined waters [it should be noted, 
however, that most crystallographers do not identify water 
molecules with occupancies below 0.3 (Finney, 1979)l. Total 
cavity volume, in particular that of empty cavities, does not 
exhibit any simple dependence on molecular weight. The total 
accessible area of protein cavities is negligible (less than a few 
tenths of 1% of the total accessible or buried area of a cor- 
responding protein) and thus is unlikely to be an important 
factor in protein stability (Rashin, 1984). 

The volume of a particular cavity (or its existence, for that 
matter) is a sensitive function both of the probe size and of 
the radii assigned to the individual atoms in the protein. The 
radii used in this work (see above) were taken from a recent 
version of the Lee and Richards (1971) algorithm (as provided 
by J. Matthew, private communication). These radii are 
almost identical with those given by Pauling (1960), which 
were adopted by Shrake and Rupley (1973). Using somewhat 
larger atomic radii, Tilton et al. (1984) obtain an internal 
cavity volume for myoglobin ranging between 489 and 141 AS, 
depending on probe radius. For the probe radius of 1.2 8, used 
in this work, Tilton and co-workers find a volume of 241 A3 
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Table I: Summary of Cavities and Internal Waters in 12 Proteins 
no. of internal waters 

proteins" 
4PTI 
1 NXB 
1SN3 
3CYT 
1 RN3 
2LYZ 
lECA 
2MBN 
2ACT 
2PTN 
2CHA 
3TLN 

Mr 
6 000 
7 000 
7 000 

11 000 
13 000 
14 000 
14 000 
17 000 
23 000 
23 000 
25 000 
34 000 

no. of cavitiesb 
2 (0) 
0 
2 (1) 
5 (3) 
5 (3) 
8 (4) 
9 (9) 

21 (11) 
13 (4) 

23 (22) 

26 (18) 
30 (17) 

total voP (A3) 
70 (0) 
0 

32 (14) 

41 (27) 
190 (94) 
401 (401) 
391 (326) 
449 (127) 
494 (40) 
571 (247) 
528 (188) 

34 (21) 

total areab (A2) 

20 (0) 
0 
6 (3)  
2 (1) 
3 (1) 

53 (26) 
69 (69) 
85 (60) 

130 (18) 
168 (5) 
120 (50) 
117 (27) 

exptl 
4 
0 
1 
2 
1 
5 
0 
1 

15 
17 
10 
16 

predictedC 

414 

111 
212 
2f1 
515 

5/1 

0 

0 

15/12 
19/17 
1119 

20/16 

mean deviation (A) 
0.37 

0.24 
0.60 
0.78 
0.82 

0.72 
0.56 
0.57 
0.89 
0.79 

"The protein abbreviations are from the Protein Data Bank (Bernstein et al., 1977): 4PT1, pancreatic trypsin inhibitor; INXB, neurotoxin B; 
1SN3, scorpion toxin; 3CYT, cytochrome c; 1RN3, pancreatic ribonuclease; ZLYZ, egg lysozyme; IECA, erythrocruorin; ZMBN, myoglobin; ZACT, 
actinidin; 2PTN, pancreatic trypsin; ZCHA, a-chymotrypsin; 3TLN, thermolysin. Values in parentheses correspond to cavities that do not contain 
crystallographically determined waters. 'The value after the slash indicates the number of predicted waters that correspond to crystallographically 
determined waters. 

as compared to the value of 391 A3 given in Table 11. How- 
ever, since their radii are larger than ours by about 0. l A, a 
more appropriate comparison should be based on the volumes 
they obtain by using a probe radius that is smaller than ours 
by 0.1 A, i.e., 1.1 A. In this case, the calculated cavity volumes 
for myoglobin agree quite well: 369 A3 in Tilton et al. (1984) 
as compared to the 391-A3 value calculated in this work. 

The great sensitivity of cavity volume to atomic and probe 
radii would appear to raise serious uncertainties as to the 
validity of the analysis presented in this work. However, the 
detection of internal bound waters provides an important test 
of both the volume algorithms and the combination of atomic 
and probe radii that are used. As shown in the next section, 
we successfully predict the location of most bound waters. In 
contrast, we have found that many of the smaller water-filled 
cavities are missed if a l.2-A3 probe and the atomic radii given 
in Tilton et al. (1984) are used [whereas the radii of Tilton 
et al. (1 984) and a I .]-A probe yield results similar to those 
presented here]. It thus appears that the combination of probe 
and atomic radii used in this work is a reasonable one and that 
the total internal cavity volume cannot be much smaller than 
we have calculated. 

Another question concerning the analysis of cavity volumes 
is the influence of the extent of refinement of a particular 
structure on the quality of the results. However, we found few 
differences between thermolysin at  2.3-A resolution refined 
with Diamond's real space procedure (Matthews et al., 1974) 
and the 1.6-A structure refined with the restricted least-squares 
method (Holmes & Matthews, 1982). There was an ap- 
proximately 10% decrease in cavity volume in the better refined 
structure as well as a small decrease in the number of cavities. 
Since we have restricted our analysis to refined structures, it 
does not appear that coordinate inaccuracies are affecting our 
general conclusions. 

Bound Waters. As is evident from the last three columns 
of Table I, at least 80% of the experimentally observed internal 
water molecules are successfully predicted with an average 
accuracy of about 0.8 A. However, for some proteins a few 
water molecules that are not experimentally observed are 
predicted. Further details about the volumes of individual 
cavities and the experimentally observed water molecules they 
contain are given in Table 11. It appears that for larger 
cavities the volume per internal water molecule is often near 
30 A3, the value of the partial specific volume of water in the 
bulk phase. In smaller cavities, the volume per water molecule 
is close to the van der Waals volume of a single water molecule 
of 11 .5  A3. It is of interest that some cavities which appear 

t 
100 

90 
80 

70 H :: 
40 

30 
20 
10 

Volume H3 
FIGURE 1: Percentage of water-filled cavities as a function of cavity 
volume. 

t 
100 

L 80 

0 60 
40 

20 

P 

0 1 2 3 4 5 6 7 8 9 1 -  
polarity 

FIGURE 2: Percentage of water-filled cavities as a function of polarity. 
Polarity is defined as the ratio of the accessible area of all nitrogens 
and oxygens in a cavity (except for nitrogens in proline and in 
tryptophan side chain) to the total accessible area of the cavity. 

to be completely nonpolar can contain a water molecule 
forming three hydrogen bonds. This is due to the fact that 
a hydrogen bond can be longer than the sum of the van der 
Waals radii of a polar atom and a probe, and thus some polar 
atoms with which water forms hydrogen bonds may not con- 
tribute to the accessible surface. 

Figure 1 demonstrates another feature hidden in Table 11, 
Le., that the percentage of cavities filled with water (according 
to crystallographic data) increases with cavity size. This, for 
example, would result if larger cavities were more polar or if 
large empty cavities are energetically more unfavorable than 
small ones. Our results suggest that the first factor is probably 
not the most important one. Figure 2 shows that, for cavities 
with polarities above 0.3 (polarity is defined in the figure 
caption), the percentage of water-filled cavities is essentially 
constant. However, about half of the cavities have polarities 
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Table 11: Number of Cavities and Internal Waters as a Function of Cavity Volume in 12 Proteins‘ 
vol (A’) 

protein 8 15 20 25 30 35 40 45 50 55 60 65 70 75 100 105 155 160 180 185 
4PTI 1 1 

1 3 
lNXB 0 

0 
1SN3 0 1 1 

0 0 1  
3CYT 5 

2 
1RN3 4 1 

1 1  
2LYZ 2 2 2 1 1  

2 0 1  0 1  
lECA 5 1 3 1 1  1 1 1  1 

0 0 0  0 0  0 0 0  0 
2MBN 6 9 2 2 1 1 1 1 

0 0 0 0 0 0  0 1 
2ACT 7 5 5 2 1 1 

1 2 4 0  3 5 
ZPTN 4 2 2 1 1  1 1 1 

3 0 1  1 1  2 3 6 
2CHA 12 3 1 1 1 2 3  1 1 1  

0 1 0 1 0  1 3  0 2 2  
3TLN 7 13 4 2 1  1 1 1  

2 4 1  1 1  1 1 3  
total 53 37 20 5 5 4 3 5 2 2 1 5 3 1 2 1 1 
filled 12 8 8 1  1 2  2 4 0 0 0 5 3 1 1 1 1 

“The first row for each protein indicates the number of cavities within the volume interval defined by the number at the top of each column and 
the top of the preceding column. For example, column 3 contains the number of cavities of volume between 8 and 15 A’. The second row indicates 
the number of the crystallographically determined waters in the cavities in a given volume interval. 

Table 111: Description of Two Largest Cavities and the Waters They Contain“ 
waters 

vol polar- X-ray predicted devia- 
protein (A3) ity atomsb no: H bondsb no.c H bondsb tiond 
ZPTN 180 0.56 G230, N25N, CA, OD1; T26N; V27N, 0; 604 N25N; E700; D710D1; 1 N25N;E700; 0.12 

P28CA, C, 0; Y29CA, C; 4300, CB, HOH7 17 D710D1 
CG; V31CA, CG2; S32N; L46CB, 708 4300; R660; G69N; E70N; 2 4300; R660; 0.35 
CD2; R660; L67CA, CB, CD2; G69N, HOH709 E70N 

715 P280,Q300; G69N 3 P280;Q300; 0.61 
G69N 

CA; E70N, 0, CB; D7lCA, OD1; 
R1170; V118CGl; W141CH2; 
L155CD1 516 N250D1; R1170; HOH709; 4* P280; G69N; 1.50 

709 V270; 4300; 4700, HOH516; 5* N250D1; 1.98 
HOH7 17 R1170 

HOH708, HOH717 E700; 
HOH 1 

HOH15 
6* Q300; HOH5; 0.81 

717 N25N; T26N; V27N; V270; 7* G230, V27N; 1.42 
HOH5 16; HOH604; T26N 
HOH709 

lECA 103 0.0 I23CG2, CD1; L24CA, CD1; V27CG2; none none 
I62CG2; V63CA, CGI, CG2; F66CB, 
CG, CD2, CE2; F100CE1, CE2, C Z  
F104CD2, CE2 

“The largest-water filled and largest empty cavity detected in our sample. These can contain probes with radii less than 2 and 1.8 A, respectively. 
bProtein atoms and crystallographically determined waters are listed in the format of the Protein Data Bank. The one-letter code is used for amino 
acids. Thus, for example, G230 denotes the carbonyl oxygen of Gly-23. cArbitrary numbers are assigned to predicted waters. The predicted waters 
are listed next to the closest crystallogra hically determined waters. An asterisk denotes waters that were predicted only when waters 1-3 were 
included as protein atoms. dDistance in 1 between the oxygens of the predicted and experimental waters. 

above 0.3 whether they are large or small (where a 30-8L3 
volume is used to differentiate large and small cavities). Since 
the percentage of the water-filled cavities is about twice as 
large for cavities with volumes above 30 A3 (Figure l), a 
difference in polarity cannot explain this large effect. 

Table I11 contains a description of the largest water-filled 
and empty cavities. (A detailed description of any of the other 
cavities is available upon request.) In agreement with the 
experimental observation, the largest empty cavity in eryth- 
rocruorin (as well as in other globins) is predicted to contain 

no waters. Some successes as well as possible sources of failure 
of the water prediction algorithm are illustrated with the ex- 
ample of the trypsin cavity. Three experimentally determined 
water molecules (604,708, 716), each bound to at least three 
polar protein atoms, are accurately predicted. In contrast, the 
presence of waters 516, 709, and 717 is predicted only after 
the algorithm is applied with the first three waters included 
as protein atoms. Even in this case, the coordinates of the 
second group are not as accurately predicted as those of the 
first. The complication associated with the second group 



3624 B I o c H E M I S T R  Y 

55 
50 

45  

40 
35 

n 30- 
25 
20 

15 
10 

5 -  

R A S H I N  E T  A L .  

as highly approximate. However, it does compare rather well 
with the values obtained with scaled particle theory. These 
values are of about a factor of 2 larger than would be predicted 
on the basis of our analysis, but given the approximations, the 
agreement is not bad. Regardless of which of the two numbers 
is used, they both suggest that an energetic cost of forming 
a cavity the size of water molecule is on the order of (1-2)kT. 

Assuming a value of k T  per 10 A3, the energetic cost of the 
large unfilled cavity in erythrocruorin (Table 111) is about 6 
kcal/mol while the cost of total unfilled volume in erythro- 
cruorin exceeds 24 kcal/mol. This number for the entire 
protein is probably not very meaningful and is subject to a 
number of uncertainties in addition to those resulting from 
inaccuracies in the coordinates. First, it is conceivable that 
the cavities are not really empty and that they contain dis- 
ordered waters that cannot be detected crystallographically. 
Second, the energetics of forming asymmetric cavities may 
be very different than for the formation of symmetric spherical 
cavities. At the present time it is impossible to approach these 
issues in more than a qualitative way. Nevertheless, our results 
show that the existence of fairly large empty cavities in proteins 
is not uncommon and thus the energy required to form them, 
while significant, is not unacceptably large for a single cavity. 

Functional Significance. It is of interest that the largest 
empty cavity in our sample (Table 111) is located between 
helices B, E, and G, i.e., between the two domains of the globin 
molecule [as identified in Rashin (198 l)]. Empty cavities at 
approximately the same location and ranging in size between 
50 and 180 A3 are also present between domains in all six 
myoglobin-like structures in the Protein Data Bank (myo- 
globin, erythrocruorin, lamprey hemoglobin, leghemoglobin, 
and two subunits of human hemoglobin). In some cases these 
cavities extend to the heme, suggesting that the heme might 
in some way play a role in their formation. This might account 
for the appearance of interdomain motions in hemoglobin 
which are absent in apohemoglobin [Sassaroli et al., 1982; 
Oton et al., 1981). The presence of this empty cavity in all 
globins suggests that it may serve some purpose, for example, 
facilitating the relative motions of helices or domains. It is 
interesting in this regard that the structural differences between 
the deoxy and carbonmonoxy forms of human hemoglobin 
involve the backbone motions of helices A and E relative to 
helices G and H (Baldwin & Chothia, 1979). 

Cavities occur between domains in a number of other cases 
although these cavities are not always empty. Over 2/3 of the 
total cavity volume in trypsin is between its two domains, a 
pattern that is repeated in chymotrypsin. In thermolysin only 
about 40 A3 of cavities is found in the stable C-terminal do- 
main 235-316 (Vita et al., 1984) with the rest of 490 A3 of 
total cavity volume being either at its interface with the rest 
of the structure or within the domain known to undergo a 
significant conformational change upon ion binding (Titani 
et al., 1972; Vita et al., 1979). Table I shows that the ratio 
of the total cavity volume to molecular weight is much smaller 
for single-domain proteins (4PT1, lNXB, 1SN3, 2CTY, 
1RN3) than for multidomain proteins [see, e.g., Rashin (198 1) 
for location of domains]. For example, hen lysozyme which 
possesses domain structure has more than 4 times the cavity 
volume of the single-domain ribonuclease having approxi- 
mately the same molecular weight. These observations suggest 
that cavities may serve to facilitate interdomain or other 
motions. 

For the case of the retinal-containing pigments mentioned 
above, consideration of models suggests that an empty cavity 
with a volume of approximately 100 A3 would allow a cis-trans 
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FIGURE 3: Number of cavities as a function of their volume: 
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results from the fact that they form hydrogen bonds with one 
another, rather than primarily to protein atoms. In general, 
the largest deviations from experimentally observed locations 
are for waters that appear to bind cooperatively as a cluster. 
However, the overall success of our predictions (see Table I) 
suggests that most internal waters in proteins bind noncoop- 
eratively and that the factors that determine their binding have 
been defined in our algorithm. 

Energetics of Cavity Formation. An estimate for the free 
energy required for the formation of a spherical cavity can be 
obtained from scaled particle theory (Reiss, 1966), which 
assumes a liquid consisting of hard spheres. The energy of 
cavity formation is found to increase linearly with cavity 
surface for cavities larger than the solvent molecule and to 
become nonlinear for smaller sizes. The free energies of 
formation of a methane-sized cavity in cyclohexane, benzene, 
or carbon tetrachloride calculated with scaled particle methods 
are 3.8-4.1 kcal/mol (Lee, 1985a,b). However, proteins are 
not hard-sphere liquids, and cavities are often nonspherical 
and smaller than amino acid side chains. Thus it is of interest 
to find a more direct estimate for the free energy of cavity 
formation in proteins. 

Figure 3 plots the distribution of cavity size for all cavities 
(Figure 3a) and for empty cavities (Figure 3b). While Figure 
3a indicates a general tendency toward a decrease in the 
number of cavities with increasing size, this decrease does not 
follow any simple function. The distribution of empty cavities 
in Figure 3b is, in contrast, well described by a single expo- 
nential function b exp(0.1 V), where b is a constant and Vis 
a cavity volume. If it is assumed that this function corresponds 
to a Boltzaann distribution, the cost of forming an empty 
cavity is found to be 60 cal/(mol-A3), which corresponds to 
only slightly more than k T  for an empty cavity of the size of 
a water molecule (1 1.5 A3). Given the small sample size and 
inaccuracy in the method, this number can at best be viewed 
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isomerization of the chromophore to take place without a 
significant displacement of atoms in the protein. This may 
account, in part, for the fact that isomerization in the protein 
is both more efficient and faster than it is in solution, where 
large cavities would not be expected to exist. 

SUMMARY 
We have described an algorithm that detects internal cavities 

in proteins and predicts the locations of buried water molecules. 
The application of the algorithm to 12 proteins leads to the 
following conclusions. (1) Proteins may contain a significant 
number of cavities of sufficient size to hold one or more water 
molecules. The cavities range in volume from about 10 to 180 
A3 and, together, may account for approximately 2% of the 
total volume of a given protein. A predicted structure, obtained 
in a protein folding scheme, is probably unreasonable if its 
cavity volume exceeds these limits. (2) The cavities may or 
may not contain one or more crystallographically determined 
water molecule(s). The tendency to contain internal waters 
increases somewhat with cavity size, but large empty cavities 
may also be present. (3) Internal waters tend to be located 
in positions where they can form at least three hydrogen bonds. 
Most buried waters hydrogen bond primarily to polar atoms 
of the protein, but some form clusters and hydrogen bond to 
one another. (4) As a crude estimate, empty cavities can be 
formed at an energetic cost of kT per 10 A3. (5) The frequent 
occurrence of cavities near interdomain boundaries suggests 
that cavities may be present in some proteins to enhance in- 
ternal flexibility or interdomain motion. 
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