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ABSTRACT

An analysis of cavities present in protein-DNA and
protein-RNA complexes is presented. In terms of
the number of cavities and their total volume, the
interfaces formed in these complexes are akin to
those in transient protein-protein heterocomplexes.
With homodimeric proteins protein-DNA interfaces
may contain cavities involving both the protein sub-
units and DNA, and these are more than twice as
large as cavities involving a single protein subunit
and DNA. A parameter, cavity index, measuring the
degree of surface complementarity, indicates that
the packing of atoms in protein-protein/DNA/RNA
is very similar, but it is about two times less efficient
in the permanent interfaces formed between
subunits in homodimers. As within the tertiary struc-
ture and protein—-protein interfaces, protein-DNA
interfaces have a higher inclination to be lined by
p-sheet residues; from the DNA side, base atoms,
in particular those in minor grooves, have a higher
tendency to be located in cavities. The larger cav-
ities tend to be less spherical and solvated. A small
fraction of water molecules are found to mediate
hydrogen-bond interactions with both the compo-
nents, suggesting their primary role is to fill in the
void left due to the local non-complementary nature
of the surface patches.

INTRODUCTION

Cavities are defects in proteins (1,2), the interior of which
have tightly packed atoms (3-5). Often water molecules
occupy these cavities (6,7) and can compensate for the
destabilization of reduced hydrophobic and van der
Waals interactions (8). Similarly, imperfection in surface
complementarity during the complexation between the
protein subunits may lead to the location of cavities in
the interface (9). Recently the cavities in protein interiors
and protein—protein interfaces have been placed in the
same general footing in terms of their number, volume,

the nature of the cavity-lining atoms/residues and the
associated secondary structural features, solvation, etc.
(10). From these perspectives we analyze cavities in pro-
tein—-DNA and protein—RNA interfaces in this work.
Though there have been studies aimed at deciphering phy-
sicochemical features of these interfaces (11-27), and com-
parison have been made vis-a-vis those in protein—protein
interfaces (28), no detailed study has been undertaken to
understand features of cavities formed in protein nucleic-
acid interactions (29).

MATERIALS AND METHODS
Datasets

Atomic coordinates of the protein-DNA and protein—
RNA complexes were obtained from the Protein Data
Bank (PDB) (30). Out of 128 protein-DNA complexes
used in (18) and 50 protein-RNA complexes in (27), we
retained those determined at least to a resolution of 3 A to
create datasets of 115 and 42 cases, respectively for this
analysis. In two PDB files (1du3 and 1k78) the macromo-
lecular assembly consisted of two different monomers
interacting with DNA in spatially distinct regions—these
were split into two separate protein—-DNA complexes, but
involving the same DNA. Both monomeric and homodi-
meric proteins have been considered (59 and 56 cases,
respectively) in protein—-DNA complexes. However, due
to the paucity of data only the monomeric proteins were
included in protein-RNA complexes. The atoms that lose
at least 0.1 A% of the accessible surface area (ASA) in the
complex structure as compared to that in the isolated sub-
unit were considered as interface atoms (31,32). In PDB
files O-phosphotyrosine and selenomethionine atoms are
listed under the HETATM records. To avoid locating spu-
rious cavities we considered these atoms as part of protein
coordinates (rather than hetero atoms). Also cavities lined
by residues with missing atoms were excluded.

Identification and classification of cavities

To be compatible with our earlier analysis (10) cavities
were identified using the CASTp (Computed Atlas of
Surface Topography of proteins) server (33) located at
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http://sts.bioengr.uic.edu/castp/, with the default probe
radius of 1.4 A. Cavity classes considered in this analysis
are designated as (i) PD (in the interface formed by a
protein subunit and DNA), (ii)) PDP (located between
DNA and both the subunits of homodimeric proteins)
and (iii) PR (in monomeric protein—-RNA interface). The
first two are illustrated in Figure 1. To be considered as an
interface cavity it should have at least 20% of the cavity-
lining atoms from both DNA and the protein component.
For homodimeric proteins if both the subunits contribute
to the cavity it is identified as PDP. Only the cavities with
volume >11.5A” (the volume of the probe with radius
1.4 A) were included in the analysis. For the identification
of water molecules structures determined to a resolution
of 2.4 A or better were used (25) and the PD and PR
cavities were classified as solvated or empty based on the
presence or the absence of crystallographically determined
water molecules in them. Hydrogen bonds involving the
water molecule (to protein atoms, as well as to other water
molecules in the cavity) were determined using HBPLUS
(34). The molecular diagrams were made using MSMS
(35) and VMD (36).

Major groove and minor groove atoms

Atomic labels of the base components considered
as belonging to the major groove are C5, C6, C8, N6,
N7 (for adenine), C5, C6, C8, O6, N7 (guanine), C4, C5,
C6, N4 (cytosine), C4, C5, C6, C5M and O4 (thymine).
Atomic labels of minor groove atoms are C2, C4, N3, N9
(adenine), C2, C4, N2, N3, N9 (guanine), C2, 02, NI
(cytosine and thymine). Atoms N1 (adenine and guanine),
N3 (cytosine and thymine) are not considered in either
groove.

Propensity

The propensity of a residue to be a part of a cavity is given
as InP, where

P (Nx/ Y Nx)
= (Na/ L Na)'

Nx is the number of atoms of residue type X lining the
cavities and ) Nx is its total number in the interfaces;
Na and ) _Na are the corresponding numbers considering
all the residue types together. This method is based on
counting the atoms, rather than residues, as explained in
(10). Likewise, the propensity was also calculated for the
occurrence of secondary structural elements (helix, strand
and the rest, termed as ‘Others’) and major/minor groove
atoms lining the cavities. Secondary structure assignment
was made using the program DSSP (37).

Cavity shape

Rvs was used to ascertain if a cavity was spherical. It is the
ratio of volume to surface of a cavity relative to that for a
sphere with the same volume.

Rus — (Volume/Surface area),yity

~ (Volume/Surface area)gyp.,

Cavity index

The cavity index for a protein—nucleic acid or protein—
protein interface was calculated as,

Cavity Index( A):Total volume of interface cavities (A3)'

. <2
Average interface area (A)

The term in the denominator is the total interface area
(31,32) buried between the two components of the com-
plex divided by 2.

RESULTS

For 59 protein-DNA complexes involving monomeric
proteins a total of 991 cavities were detected, out of
which 149 belonged to the protein-DNA interface and
are termed PD cavities (Supplementary Table S1). For
56 structures where the protein component is homodi-
meric there are 1208 cavities, of which 229 are located in
the interface. However, when a contiguous stretch of
DNA is in contact with both the subunits (and there are
44 structures), two types of interface cavities are possible,
PD involving a single subunit of the protein and the DNA,
and PDP that encompasses DNA and both the protein
subunits (Figure 1). Only 28 among 229 are PDP cavities
(which are found in 15 structures only). Of the remaining
201 interface cavities, because of symmetry we considered
only 113 involving only one protein subunit as of type PD.
This makes a total 262 PD cavities. Protein-RNA com-
plexes had 971 cavities in total, of which 108 are PR.
Approximately 20% of both types of interfaces are
devoid of detectable cavities. The detailed information
on cavities in individual PDB entries is provided in
Supplementary Table S2.

Number and total volume of cavities in interfaces

The average number of PD and PR cavities in protein—
nucleic-acid interface is about the same as observed for
PP_C in transient protein—protein complexes, and these

Figure 1. Surface representation of the cavities present at protein—-DNA
interface. Two types of cavities possible at the interface involving a
homodimeric protein are shown using the structure of EBNA-I
Nuclear protein—-DNA complex (PDB file, 1b3t); protein and DNA
chains are displayed in cartoon.
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Table 1. Average values of the total number of cavities and the total cavity volume in different interfaces and protein tertiary structure

PD PDP PR PP C PP_H Ter str
Number of cavities 23 2.1 1.9 (1.2) 2.6 (2.6) 24 2.1 5.0 (4.5) 15.5 (13.9)
Normalized number® 20 (15) 16 (11) 19 (17) 24 (17) 25 (14) 15 (6)
Total cavity volume (A% 82 (114) 181 (212) 97 (211) 97 (127) 324 (498) 486 (517)
Normalized volume® 710 (674) 1505 (2278) 726 (762) 970 (1034) 1585 (1439) 473 (245)

The standard deviations are in parentheses. PD, PDP and PR cavities are defined in the text. PP_C and PP_H cavities belong to protein—protein
interfaces in heterocomplexes and homodimers, corresponding to Inter_C and Inter_H cavities, respectively, in ref. (10). Ter_str are cavities belonging
to protein tertiary structure. The data for the last three columns are from ref. (10). Using 101 monomeric proteins that bind DNA or RNA
we recalculated the values for the parameters given in the table for Ter_str cavities and obtained 17 (17), 14 (6), 511 (632) and 417 (207).
“Number or volume (given in the previous row) per 2000 interface atoms. The volume of a protein with 2000 atoms is about 49 000 A, Though the
PDP cavities contain atoms from the second protein subunit, for normalization we have assumed that both PDP and PD cavities are located in
the same number of interface atoms (between one subunit and DNA)—this way their normalized volumes can be compared directly.

are about a sixth compared to that found in protein ter-
tiary structures (Table 1). PP_H cavities found in the obli-
gate interfaces formed between subunits in homodimeric
molecules contain about twice the number of cavities as
compared to other interfaces. However, as homodimeric
interfaces are twice the size of those in heterocomplexes
(32) or protein—DNA complexes (11,18) and also the cav-
ities in tertiary structure are contained in a larger number
of atoms, we normalized the number to the value expected
for an ensemble of 2000 atoms. Compared to the tertiary
structure, protein—nucleic-acid interfaces contain about
1.3times the number of cavities, but the increase is
I.6times for both the protein—protein interfaces.
Considering the normalized volume, relative to the ter-
tiary structure the increase observed in protein—nucleic-
acid interfaces is ~1.5 times, whereas for protein—protein
complexes the values are 2.1 and 3.4 times for PP_C and
PP_H cavities, respectively. Thus the cavities in protein—
protein interfaces are larger (especially for homodimers)
as compared to those in protein—nucleic-acid interfaces.
When present, the PDP cavities occur to almost the
same extent as PD cavities, but are more than two times
as large.

We also studied if the features of PD cavities differ
based on the function of the protein-DNA complexes
(18). Results presented in Supplementary Table S3a indi-
cate that the interfaces belonging to excision and/or repair
class have the highest number and volume of cavities,
intermediate between what is seen in the two types of
protein—protein interfaces. Cavities belonging to the
enzyme class are similar to PP_C cavities, while those
belonging to transcription factors and ‘Others’ resemble
Ter_str cavitiecs. We also looked at the features of PD
cavities depending on whether the DNA is single-
stranded, double-stranded, or cleaved (Supplementary
Table S3b)—the values observed for the last category
seem to be slightly on the higher side.

Distribution of cavity volume and shape

The total volume of the cavities in individual interface
is poorly correlated with the interface size (defined by num-
ber of atoms present in the interface) (Supplementary
Figure S1), as was observed in protein—protein interfaces.
However, for individual cavities one can use power law or

—
Q
~
@
=3

Overall @PD

OPR
m PDP
Ter_str

% Cavities

1020 20-30 30—40 40-50 50—60 >60
Cavity volume (A%)
80
(b) 70 PD m Solvated
OEmpty

60 4
50 4
40
30 A

20 A

10 4

0 . i_‘ . -_| . .—\ . L
50—60 >60

10—-20 2030 30—40 40-50
Cavity volume (8%

% Cavities

(c) 80
70 4
60 4
50 4
40
30
20

Al b - B

10-20 20-30 3040 40-50 50-60 >60
Cavity volume (A%

PR m Solvated
DOEmpty

% Cavities

Figure 2. Histogram of cavity volumes. Different cavity types are
shown in (a). In (b) and (c¢) the distribution is shown for solvated
and empty cavities (only PD cavities are used for homodimeric pro-
teins); Ter_str cavities are defined in Table 1.

linear fit (Supplementary Table S4) to express the varia-
tion of the volume with the number of atoms or residues
lining the cavity (Supplementary Figure S2). Typical of
tertiary structure cavities (10), approximately five atoms
or four cavity-lining residues are needed to accommodate
one water molecule. The distribution of volumes of cav-
ities is shown in Figure 2a. Like the cavities in protein—
protein interfaces, protein—nucleic-acid interfaces also
contain higher percentage of cavities that are larger than
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100 A*>—7.2 and 6.5% for PD and PR cavities, relative to
2.6% in cavities in the tertiary structure. However, the
PDP cavities tend to be by far the largest and 46% of
them are larger than 60 A’. The ldrgest cavity observed
in a protein—nucleic-acid interface is of type PDP and
shown in Figure 3. The larger cavities are usually solvated
(Figure 2b and c). Totally 75% and 66% of PD and PR
cavities are solvated, respectively (considering the volume,
the percentages are 88% and 85%, respectively). As
was inferred from the data in Supplementary Table S3a,
when grouped in different functional classes the PD
cavities belonging to excision and/or repair enzymes

Figure 3. The largest PDP cavity located in 1mdy (volume 828 A3, Rvs
0.59 and 9 water molecules).

contain more number of larger cavities (>100 A%) followed
by enzymes, ‘Others’ and transcription factors (Supple-
mentary Figure S3).

The parameter Rvs—the surface:volume ratio of a
cavity as compared to that for a sphere having the same
volume as the cavity—indicates how spherical a cavity is;
a perfect sphere would have a value of 1.0, with a lower
value indicating deviation from a spherical shape. The dis-
tribution of Rvs (Supplementary Figure S4) indicates that
~75% PD and PR cavities have value >0.90, whereas
54% of PDP cavities have values <0.90. That the larger
cavities—and PDP cavities are mostly large—tend to be of
irregular shape can be seen from the hlstogram of Rvs
values for cavities with volume >100A> , having a peak
near 0.75.

Preferences of amino acids and nucleotides to be
located in cavities

The propensities of amino acids to line the cavities are
shown in Figure 4—a large, positive (or negative) value
indicates preference (or avoidance), and a value close to
zero suggest neutral behavior. Features in PD cavities are
quite distinct—hydrophobic residue are favored, hydro-
philic residues (and Cys) disfavored. PR cavities show
some differences. Among hydrophobic residues, Val,
Phe, Leu and Ile are preferred, along with hydroxyl-
containing groups (Ser, Thr and Tyr); positively-charged
residues (Lys, Arg and His), and Pro and Gly, in particu-
lar are disfavored. In general, the avoidance of charged
residues and the preference for hydrophobic residues have
also been noted for cavities in tertiary structures and pro-
tein—protein complexes (10).

Propensities of base, sugar and phosphate moieties to
be associated with the cavities (Figure 5) show that bases
are favored, whereas phosphate (in particular for PR) is
disfavored. If we differentiate the base atoms in protein—
DNA interfaces into those belonging to major and minor
grooves, it is observed that the latter are favored.
Supplementary Figure S7b shows an example of pro-
tein—-DNA interface with four cavities for which the con-
tribution of base atoms are mostly from minor groove.

Secondary structure preferences

The propensities of different secondary structural elements
to be associated with cavities are shown in Figure 6.

! mPD OPR
0.5 -
=0.5 -
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Figure 4. Propensities of residues to be associated with PD and PR cavities.
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The significance of the propensity values has been con-
firmed from the z-values (38), shown in Supplementary
Figure S6a. In PD cavities, strands are the most preferred
element, followed by helices, as has been observed in
protein—protein interfaces (10). However, in PR cavities,
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Figure 5. Propensities of nucleotide (a) components and (b) groove
atoms to be associated with cavities. Percentage compositions used
in the calculation of propensities for groove atoms are available in
Supplementary Figure S5a and b.
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Figure 6. Propensity of cavity-lining atoms to occur in different second-
ary structural elements. Percentage compositions used in the calculation
of propensities are available in Supplementary Figure S5c and d.
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the helices are the only preferred element. The involve-
ment of strand residues in PD cavities can be seen in
Supplementary Figure S7a.

Cavity index

The cavity index (described in ‘Materials and methods’
section) is a measure for interface complementarity. The
smaller the cavity index, the more complementary the
interface surfaces are. The plot for the distribution of
the parameter (Figure 7) indicates a higher average value
(0.15) and thus lesser surface complementarity of inter-
faces formed between the subunits in homodimeric pro-
teins as compared to those in protein—-DNA/RNA /protein
heterocomplexes. A larger percentage (8.2%) of homodi-
meric proteins have value >0.45, reflecting the larger size
of cavities in these interfaces. Analyzing the protein-DNA
complexes in different functional classes we find that those
involved in excision and/or repair have lesser interface
surface complementarity, having an average value of
0.12 (as compared to 0.09 for enzymes and 0.05 for tran-
scription factors).

Water molecules in cavities and their interactions

If the solvent molecules are disordered (which may happen
if there is no strong hydrogen bond interactions holding
them, and if the volume available is much larger than what
is needed to accommodate them) and/or the resolution
of diffraction pattern is not high enough, these are not
likely to be seen X-ray crystallographic analyses (10).
However, within this limit of structural studies, one finds
that 75% of PD cavities contain water molecules—Ilarger
than 61-66% observed in PR and PP_C cavities and 50%
observed for cavities in tertiary structure (10). A larger
proportion of cavities in protein—DNA interfaces were
also observed to be filled with water than in the protein
interior (29), though the exact proportions were different
from the values given here.

Though water molecules are generally believed to medi-
ate interaction between protein and DNA, the number
of such molecules was found to be only 6%, with the
majority (76%) being involved either to solvate the pro-
tein or the DNA atoms at the interface (39). From our
analysis of water molecules in the interface cavities
(Table 2) we observe that water molecules that have
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Figure 7. Distribution of cavity index in different types of interfaces. Cavity indices for individual protein—protein complexes are provided in

Supplementary Table S6.

€20z Atenuer /z uo 1senb Aq 2€01601/€L9¥/¥|/L€/aI01LE/EU/WOD dNO"OlWaPEDE//:SARY WO POPEO|UMOQ



4618 Nucleic Acids Research, 2009, Vol. 37, No. 14

Table 2. Water molecules in PD and PR cavities and their hydrogen-
bonding pattern

PD PR
Number of solvated cavities 119 38
Number of water molecules 259 73
Number with HB (both) 95 (231)* 12 (55)*
HB (single) 143 53
HB (none) 21 8

The labels—both, single and none—indicate the number of water
molecules that are hydrogen bonded to both the subunits across the
interface, or just to one, or neither of them.

“The numbers in parentheses are the water molecules having contacts
within 4.0 A (not necessarily hydrogen bonds) from both the sides.

direct hydrogen bonds to both protein and DNA are just
37%, while 55% water molecules form hydrogen bonds to
one component only. For protein—RNA complexes the
corresponding figures are 16% and 73%, respectively.
An example of water molecules in cavities is shown in
Figure 8. Though the water molecules considered here
are a subset of those used in the earlier study, the general
conclusion that the majority of water molecules are not
involved in bridging the two sides with hydrogen bonding
still holds true. (However, if we consider the water mole-
cules that are in contact with both the sides, though not
necessarily forming hydrogen bonds, 90% of them would
satisfy the condition). About 10% water molecules just fill
in the cavities without forming any specific hydrogen bond
to either side. This observation for protein-DNA com-
plexes matches with what was found in homodimeric
interfaces, though the interfaces formed in protein—protein
heterocomplexes showed a higher percentage (~50%) of
bridging solvent molecules (10).

For the bridging water molecules one can ask the ques-
tion if they can buffer the unfavorable electrostatic inter-
action between the negatively-charged phosphate group
and a carboxylate side chain, or close positioning of
pairs of hydrogen-bond acceptors or donors at the inter-
face. Results in Supplementary Table S5 indicate that the
extent of occurrence of water between phosphate and a
negative or a positive residue is in the ratio of about 1:2,
suggesting that the solvent molecules are present more to
fill in the void left in the interface, rather than to neutralize
the like charges coming close to each other. Water mole-
cules are found to occur in the ratio of ~1:6 between two
acceptors (or donors) and between a donor and an
acceptor.

DISCUSSION
Interfaces—general features of cavities and atomic packing

Overall protein—nucleic-acid interfaces resemble those in
protein—protein heterocomplexes; however, there can be
variation between different functional classes of proteins
interacting with DNA. Data presented in Supplementary
Table S3a and Supplementary Figure S3 indicate that the
category of excision and/or repair enzymes has the highest
number and volume of cavities in the interface and

Figure 8. Three interface cavities in the structure of a zinc finger pro-
tein (PDB file, laay), with three domains, assigned using SCOP (43),
shown in distinct colors. The cavity in red has a volume of 92 A® and
contains three water molecules, in blue (47 and 2), and in violet (180
and 7). Out of 12 interface water molecules only one forms hydrogen
bonds with protein and DNA both (bridging water), 9 forms HBs with
only one component (protein or DNA) and remaining two do not form
any HB with either component. If we consider contacts (instead of
HB), 11 out of 12 are within 4 A from both the sides.

transcription factor the least. The former tend to be inter-
mediate between the values for the homodimers and pro-
tein—protein heterocomplexes and the normalized values
for the latter are more like the cavities in tertiary struc-
tures (Table 1).

The atomic packing, as measured by gap volume index,
indicated a poorer packing of the protein-RNA com-
plexes as compared to the ones involving DNA (19).
However, when the quality of packing is evaluated by
measuring the fraction of buried atoms at the interface
the former seems to be better packed (25). The cavity
index indicates the total volume of cavities present per
unit size of the interface—based on its value (Figure 7),
or the normalized number (or volume) of cavities
(Table 1), there does not seem to be much difference
between the interfaces formed by a protein with another
protein, DNA or RNA; if at all, the protein—nucleic-acid
interfaces appear to be slightly more tightly packed.
Because a greater number of usually larger cavities are
found in the obligate interfaces formed between the
subunits in homodimers (10), the quality of packing as
indicated by any of the three features considered here is
the poorest for homodimers.

It is worth commenting on the gap volume index (40)
used by Jones et al. for protein—-DNA/RNA interfaces
(12,19) and cavity index used here. The former is the
ratio of the volume available between the solvent accessi-
ble surfaces of the two components of the complex,
divided by the interface area. No distinction is made
between the interior of the interface and the periphery,
where the shape complementarity is likely to be poorer
with water molecules getting in between the two interact-
ing surfaces (41). Consequently, the values of the gap
volume index tend to be larger, 3.3(%1.8) and 2.6(%0.87)
for protein-RNA and protein-dsDNA complexes,
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respectively (19). The cavity index, though based on a
similar ratio, is restricted to volume of the cavities located
inside the interface, should be indicative of the packing in
the more important interface interior. Nadassy et al. (29)
have observed poor correlation between gap volume index
and other parameters delineating shape complementarity
at interface and suggested that the former may be a more
proper representation of the surface complementarity at
the periphery of the interface.

Interface cavities in multi-subunit/domain proteins

Because of the involvement of different numbers of
protein subunits the interface cavities in homodimeric pro-
teins were segregated into PD and PDP classes (Figure 1).
But it turned out that the division was apt based on phys-
ical features also. When present, PDP cavities are larger
than the PD ones (Table 1), as can be seen in the structure
of leucine zipper (Figure 3). The presence of larger cavities
at the interface between DNA and the two subunits of
homodimeric proteins is also likely to be found in higher
oligomeric proteins and also at the domain—domain
boundary of multi-domain proteins. Indeed, in the case
of zinc-finger protein, one can see that the cavities located
between domains 1 and 2, and domains 2 and 3 are much
larger than those present between the individual domains
and DNA (Figure 8). Using gap volume index the mono-
meric proteins were found to have more tightly packed
protein—-DNA interfaces than dimeric proteins (12)—
the possibility of the occurrence of larger PDP cavities
involving dimeric proteins may be the reason for this.

Higher preference of minor groove atoms for cavities

Protein—-DNA interactions may entail a large confor-
mational change in the DNA molecule (12,13,15). The
minor groove atoms (Supplementary Figure S8) are
found to be involved to a greater extent relative to the
major groove atoms in the interface cavities (Figures 5b
and Supplementary Figure S6b). As found in protein—
protein interfaces and in protein tertiary structures, of
all the secondary structural elements the pB-sheets have a
higher inclination to be involved in interface cavities in
protein—-DNA complexes (Supplementary Figure S7a).
Only in protein—RNA interfaces the helices contribute
more to cavities (Figure 6). Helices are known to be dis-
favored in the RNA recognition sites (20,26), and here we
find that these elements in the protein—RNA interfaces are
also more likely to contain cavities, though the structural
reason behind this is not quite obvious.

Interface and cavity water molecules

The interfaces in protem—protem heterocomplexes contain
~10 water molecules per 1000 A2, the number being seven
for protein—-DNA interfaces (28) As a typical interface
contains one atom per 9. 9A2 (41), the above numbers of
water molecules can be assumed to belong to 100 interface
atoms. Considering only the solvated cavities if we find
out the number of water molecules per 100 cavity-lining
atoms, we obtain values of 18.0 and 20.7 for protein—
protein and protein—-DNA complexes, respectively. Thus
ordered water molecules can be identified more in solvated
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cavities than the overall interface. However, if we consider
the number of water molecules per 100 polar atoms
(all atom types excluding C), we obtain values of 41.5
(protein—protein) and 44.0 water molecules, which are
rather close to the value of 37 obtained for protein—pro-
tein complexes (42). Both the solvated and empty cavities
in protein—DNA interfaces are composed of 49% polar
atoms, but in protein—protein complexes the contribution
of polar atoms in these cavities are 45 and 29%, respec-
tively, indicating a role of polar atoms in immobilization
of solvent molecules.

As in protein—protein interfaces (10), some of the cav-
ities contain ligands, though the number is very meager.
Only seven interfaces have been found to contain ligands,
usually ions, along with water molecules (Supplementary
Table S7).

CONCLUSIONS

The packing of atoms in interfaces can be judged by the
occurrence of cavities—the normalized number (and
volume) of cavities and cavity index provide a perspective
different from the ones commonly used (28) to judge the
quality of interface formed by a protein with another
protein chain, DNA or RNA. Using these features the
interfaces resulting from the transient interactions
between macromolecules seem to be very similar. Except
for protein—RNA interfaces in which helical residues have
a higher propensity to harbor cavities, 3-sheet residues are
more prominent in the cavities in other interfaces, as well
as in tertiary structures. Likewise, minor grooves in DNA
are propitious for the location of cavities. Majority of the
water molecules located in cavities are hydrogen bonded
to one of the components only. Inter-domain or inter-
subunit space is likely to be associated with larger cavities
in protein-DNA complexes. With the availability of more
structures it may be possible to translate such information
on the size and nature of cavities to quantitative binding
energetics.
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Supplementary Data are available at NAR Online.
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