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The surface fit of residues buried in protein interiors
has been estimated using a surface complementarity
function (S,). For a perfect match between two sur-
faces, Sm gives a value of 1.0. When all dot surface
points were considered irrespective of having been
contributed by main-chain or side-chain atoms, buried
residues gave an average S, of 0.60, ranging from 0.57
to 0.63 for the 20 amino acids. This indicated the abi-
lity of all residues, i.e. polar, apolar, or charged to
pack with the same measure of complementarity in
protein interiors. Further, the same calculation per-
formed with surface points from side-chain atoms
alone gave a lower global average of 0.47, implying the
importance of main-chain atoms in internal packing.
The Iower value of surface complementarity obtained
in this case also showed that the side-chains of buried
residues need not invariably be involved in a ¢jigsaw
puzzle’-like complementarity with other side-chains of
the polypeptide chain and can occasionally show seri-
ous packing defects, though they play a predominant
role in packing compared to the main-chain atoms.
However, the combination of both side- and main-
chain atoms ensures a high average §,, of 0.60 (calcu-
lated with all atoms), indicating high steric fit for all
residues upon burial.

THE prediction of a protein’s physiologically active three-
dimensional structure starting from its amino acid
sequence constitutes one aspect of the protein folding
problem. Although the complete solution to this problem
1s still elusive, 1t has become evident that correctly folded
proteins invariably exhibit common structural patterns.
One of these is the absence of unbalanced charges, by
satisfaction of most ot the main-chain hydrogen bonding
(N-H ... 0=C) potential’, Another is the packing of
apolar amino acids in the protein interior to form hydro-
phobic cores. The collapse of the polypeptide chain due to
the hydrophobic effect’, thereby segregating the apolar
amino acids from the surrounding aqueous environment
and the concomitant exposure of polar or charged side-
chains to solvent has been found to occur early in the
protein folding pathway. It is now generally accepted that
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hydrophobicity does indeed play a dominant role in pro-
tein folding.

There 1s considerable redundancy in the amino acid
sequence of a protein coding for a particular three-
dimensional fold (sequence identity of about 40% gives
homologous structures). In this context, the apolar resi-
dues constituting hydrophobic cores carry high informa-
tional content’. This is borne out by the fact that site-
directed mutagenesis of these residues are generally de-
stabilizing®> for the protein. Further sequence and struc-
ture comparison studies between naturally occurring
homologous proteins show buried residues to mutate only
among apolar amino acids’. In contrast, individual resi-
dues exposed to the solvent do not show such strong
mutational constraints, though the protein surface as a
whole remains by and large polar. Nor do they contribute
as significantly to protein stability.

Several investigations, both experimental and compu-
tational have been pertormed to determine which property
of a buried core residue, (1) hydrophobicity, (2) volume or
(3) steric complementarity serves as the principal infor-
mation carrier linking sequence to structure. Of the three,
hydrophobicity and volume are properties intrinsic to the
amino acids whereas steric complementarity has to do with
the packing of buried residues with other amino acids
non-local to it in sequence. The ‘jigsaw puzzle’ model
first proposed by Crick® gave primary importance to
internal packing as directing the three-dimensional protein
fold. The °‘knobs into holes’ arrangement of residues
involved 1n inter-helical association coupled with the fact
that mutation of these residues led to the relative re-
arrangement of the helices was cited in favour of the
hypothesis’. The packing density inside proteins was also
found to be high comparable to crystals of small organic
molecules than oil®’, and was attributed to the exquisite
surface complementarity between side-chains 1inter-
digitating in the interior of the molecule, rather like pieces
of a three-dimensional jigsaw puzzle. In a recent experi-
ment, Dahiyat and Mayo'’ redesigned the core of the B1
domain ot protein G and demonstrated the stability of
the protein as a function of packing efficiency. The
assessment of steric complementarity using the method of
small probe contact dots'', reconfirmed the excellent
packing interactions within proteins, with side-chains fit-
ting neatly into their surrounding environment.
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Other calculations however failed to reveal any prefe-
rence for pairwise Interactions amongst buried apolar
residues (except cysteine—cysteine due to the disulphide
bridge) or any form of specificity within the core'’.
Experiments designed to probe the relative importance of
hydrophobicity versus steric fit of a buried residue dem-
onstrated that both for T4 lysozyme'> and A repressor'* it
was possible to generate physiologically viable protein
tolds with alternative core sequences, selected from the
set of apolar residues. This was remarkable for T4 lyso-
zyme'> where mutation of 7 core residues to methionine
yielded a structure with 50% activity of the wild type,
implying specific packing interactions to be less critical in
determining the overall fold. However, it was noted that
although the overall fold of these mutant proteins were
similar, they differed widely in enzymatic activity and
thermal stability. Stmilar results were also obtained in the
de novo design attempts of ubiquitin”, where although
alternative core arrangements gave a wide range of ther-
mal stabilities, all mutants achieved a unique overall fold.
These experiments thus indicated that the initial acquisi-
tion of the global fold by the protein depended to a large
extent on the pattern of hydrophobicity down the poly-
peptide chain. Final optimization of the resulting structure
for stability and activity was critically determined by
packing details within the protein. Lattice calculations'®'’
in two and three dimensions confirmed that residue strings
composed of only two residue types (hydrophobic, H and
polar, P) gave compact shapes with well-defined cores.
Design of a four-helix bundle on the basis of the H-P
binary code alone with no reference to packing consi-
derations was also experimentally successful'®. Thus
there 1s increasing consensus that the pattern of hydro-
phobic and hydrophilic residues down the polypeptide
chain gives the initial impetus, to collapse the protein into
1ts unique fold, with packing interactions being critical for
the final optimization of the structure in terms of thermal
stability and catalytic efficiency. However, more detailed
data 1n the future will shed more light on the continuing
controversy,

In the present context it would be of interest to calcu-
late the average surtace complementarity of the 20 amino
acids buried in the interior of proteins thereby estimating
the informational value of steric fit. The jigsaw puzzle
model proposes high surface complementarity between
the inter-digitating sitde-chains of interior residues. How-
ever, a quantitative analysis of the relative contributions
of the side-chain and main-chain atoms to the steric fit has
not been performed. Such a calculation would also shed
light on the authenticity of the ‘jigsaw puzzle’ model.
Removal of a buried residue would leave a cavity in the
protein interior, The inner wall of this cavity would be
composed of atoms contributed by the rest of the poly-
peptide chain. The present calculation estimates the steric
fit of buried residues with the inner wall of their corres-
ponding cavities. To this end a modified version of the
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function proposed by Lawrence and Colman'’® has been
used.

Methods

A set of 50 protein crystal structures was selected from
the SCOP” database and downloaded from the Brook-
haven Protein Data Bank®'. All the structures had a reso-
lution better than or equal to 2.5 A (with the exception of
1fps, res. 2.60 A). The structures along with their respec-
tive resolutions and Protein Data Bank (PDB) codes are
shown 1n Table 1. Care was taken to represent every
class —all alpha, all beta, alpha and beta, alpha plus beta
and multidomain, and to select structures with no irregu-
larities or discontinuities in the polypeptide chain.

The surface complementarity calculation of the buried
protein residues was performed in the following steps:

Determination of buried residues

Initially the solvent accessible area’ of all the 20 amino
acids 1n the Gly-Xaa-Gly fragment with extended con-
formation was calculated with a probe radius of 1.4 A.
The side-chain torsion angles (y) were adjusted to their
probable and extended values using the side-chain rota-
mer library””. The ratio of the solvent accessible area of a
residue 1n the sample protein to that of the same residue in
the tripeptide fragment was used to determine burial. A
residue was taken to be completely buried if the value of
the above ratio was less than or equal to 0.01. The surface
complementarity of these buried residues has only been
calculated. The need for such a stringent criterion to
decide burial will be made clear when the surface
complementarity function used in the calculation is
discussed.

Surface generation

The objective of this study was to calculate the surface
complementarity between the surface of a buried residue
and the inner wall of the cavity enclosing it. Surface gen-
eration was performed using Connolly’s algorithm™
which samples any protein surface as a discrete set of dot
surface points or area elements (Figure 1). Each area ele-
ment has associated with it a coordinate defining its posi-
tion and its normal. The dot surface points for every
restdue of the polypeptide chain of the sample protein
were calculated along with its sequentially adjacent resi-
dues. As the N and C atomis of every restdue (barring ter-
minal residues) are covalently bonded to the adjacent
residue additional surface points would be generated if the
dot surface points for every residue are calculated i 130+
fation. Atfter surfuace calculation of the uipeptide, the sur-
face points of the central target residue were stored and
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Table 1. PDB codes for S0 protein structurcs used in §;, calculation along with their respective resclutions
and crystallographic R-factors

PDRB code Resolution {A) R value PDB code Resolution (13\) R value
2end( o) 1.45 0.161 lenh( o) 2.10 0.197
1Imb{ ) 1.80 0.189 2asr{Q) 2.30 0.203
2gst( o) 1.80 0.160 2pgd( ) 2.00 0.198
lgin(o) 2.50 0.185 |l axn(©) 1.78 0.177
1dsb{ o) 2.00 0.169 lytf(o) 2.50 0.235
1 fps(a) 2.60 0.194 Ltta([) 1.70 0.168
2bbk(f) 1.75 0.167 4dgcr(fd) 1.47 0.181
2sil( f3) 1.60 0.166 2pec(f5) 2.20 0.180
1dyn({ 2.20 0.200 1thw(f3) 1.75 0.181
1dif( ) 1.70 0.198 leur(f3) 1.82 0.173
1htp() 2.20 0.185 2rma(f3) 2.10 0.170
Faml(o) 1.80 0.184 lesc(od ) 2.10 0.166
6xia(a|f 1.65 0.14] 1xyz(]f) 1.40 0.183
Hau{fD) 1.80 0.174 1dea(d|f3) 2.10 0.174
Iphr(cd ) 2.10 0.167 Ivhr{¢df3) 2.10 0.176
Irva{c|f3) 2.00 0.162 3eca(df) 2.40 0.149
2dri(a|f) 1.60 0.194 itph(aif}) 1.80 0.185
lmb(ff) 1.90 0.214 6lyz(o+ 3) 2.00 -
6rat{cx + 5 1.50 0.152 3sic(a + 5 1.80 0.178
2emd{ox + ) 1.87 0.188 lubi(c + ) .80 0.165
Ikpa(a+ ) 2.00 0.192 2aak(a+ f5) 2.40 0.22]
2chs{(a + ) 1.90 0.194 Isry(a+ [5) 2.50 0.184
lpne(ax+ f3) 2.00 0.165 1lit(x+ B) 1.55 0.180
Imkb(ex+ 8 2.00 0.183 1rpl(md) 2.30 0.220
jud(md) 2.50 0.193 1Hfin{md) 2.30 0.208

The class to which the protein belongs is enclosed in parenthesis (all alpha. o all beta, 3. alpha and beta, of: alpha
plus beta, o + 3; multidemain, md).

Figure 1. Dot surface points of a residue (Phe 112) buried in the
interior of a protein (PDB code 2rma, ref. 34) displayed in FRODOY,

those of the adjacent residues rejected. The entire dot sur-
face for the polypeptide was thus generated in triplets
(doublets for terminal residues) moving down the chain,
with the protein surface being sampled at 10 dots/A”.
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Calculation of surface complementarity for buried
residues

The surface complementarity statistic S,,, used in this cal-
culation 1s a modified version of the function S, proposed
by Lawrence and Colman'”. Consider P, to be the set of
dot surface points of a residue buried according to the
criterion given earlier. Let x5, be the coordinates of a
dot surface point selected from P, (Figure 2). The surface
point nearest in distance to x5 was searched from the set
of points belonging to the rest of the polypeptide chain
excluding the residue in question. For residues adjacent 1n
sequence to the buried residue corresponding to P, only
surface points of the side-chain atoms were considered
provided x, was itself a side-chain atom surface point.
Otherwise dot surface points of sequentially adjacent resi-
dues were excluded in a search to find the surface point
nearest in distance to x,. Thus for every buried residue,
the surface of its immediate neighbourhood enclosing 1t is
defined by the set of points nearest in distance to all the
surface points in P,, contributed by the rest of the poly-
peptide chain. Then following Lawrence and Colman"’,

S(xa) = nanp exp(— wixy — X'AF), (b

where x4 is the surface point nearest in distance to x, and
na, na are the surface normals at x, and x, respectively.
The scalar function (1) can then be defined for every dot
surface point in P4. S, was then defined as S, = {S},
where the curly brackets denote the median of the distri-

CURRENT SCIENCE, VOL. 78§, NO. 3, 10 FEBRUARY 2000



RESEARCH ARTICLE

bution of § over P,. S, is thus a truncated form of the
functon proposed by Lawrence and Colman'’. Here w was
set to 0.5. In the calculation of S, (the original form of the
function proposed by Lawrence and Coiman) a 1.5 A
band of surface points located at the periphery of the two
interacting surfaces was removed from the calculation. In
the present case no surface point has been removed from
the calculation as complete burial of the residue has been
ensured with a stringent criterion.

Explicit hydrogen atoms and atomic van der
Waal's radii

Lawrence and Colman have noted that the value of S, is
relatively insensitive to the van der Waal’s radii of the
atoms. Calculation for the set of 50 proteins was per-
formed without explicitly fixing hydrogens and the atomic
van der Waal’s radir used were from the general molecu-
lar mechanics force field™. For a select subset of 20
highly resolved structures the calculations were repeated
after fixing all the hydrogen atom positions using
X-PLOR®. Consequently, the atomic radii were also
changed in accordance with the new force field®. Barring
minor details, the results of both sets of calculations with
and without explicit hydrogens were similar. However,
the average S, values for the 20 amino acids showed a
maximum rise of about 5% when compared with the non-
hydrogen set of calculations, due to denser packing on
including additional hydrogen atoms.

Side-chain and main-chain atoms

For every buried residue the S, calculation was performed
thrice, each time with a difterent set of points. For Case |,

Figure 2. The surface complementarity function'” defined as the
median of the distribution S(xa) = na ni exp(~ wixa=x'al%), over all the
points of the buried residue (Pa), where x4 18 a dot surface poinmt of
the buried residue corresponding o Pa and xi is ity nearest neigh-
bour contributed by the rest of the prolcin. Their normals are aa,
narespectively,
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Sm was calculated between the surface points of the side-
chain atoms of the buried residue with respect to its corres-
ponding set of nearest neighbour points contributed by the
side-chain atoms alone. For Case 2, S, was calculated
between the surface points of the side-chain atoms alone
of the buried residue and its corresponding set of nearest
neighbour points irrespective of having been contributed
by side-chain or main-chain atoms. Lastly for Case 3, all
the dot surface points both for the buried residue and its
set of nearest neighbour area elements were considered in
the S, calculation with no discrimination between side-
chain or main-chain atoms. In summary, Case 1 estimates
side-chain versus side-chain steric fit, Case 2 side-chain
versus all atoms and Case 3 all atoms of the buried resi-
due versus all atoms of its environment,

The propensity P (ref. 27), for a residue to get buried
was calculated as the proportion of a particular amino
acid buried divided by the proportion of all amino acids
buried. |

P = (Nb/Th)/(Np/Tp)s

where N, is the number of residues of a particular amino
acid, b, buried in the interior, T} is the total number of
residues of that specific amino acid in the data base, N, is
the total number of residues which are buried and 7, is the
total number of residues in the database. P thus gives a
value of 1 if there is no preference, whereas values greater
than 1 favour the amino acid in the buried environment
and those lesser than 1 do not.

Results and discussion

Analysis of the 50 proteins yielded 2457 buried residues
out of a total of 11,312 amino acids. All the hydrophobic
residues alanine, valine, leucine, isoleucine, phenylalanine
and methionine show burial propensity (Table 2) higher
than 1.00. Cysteine exhibits the highest propensity of
2.21. Tryptophan, by virtue of its large size and unusual
shape, recorded a comparatively low count, thereby indi-
cating its limited acceptability in cores. Tyrosine, serine
and threonine have the highest propensities of 0.88, 0.90
and 0.82, respectively amongst the polar amino acids. The
relatively high incidence of serine and threonine in pro-
tein interiors is perhaps due to their ability to form a
hydrogen bond back to the main-chain®®., The burial of
fully charged residues aspartic acid, glutamic acid, histi-
dine, arginine and lysine occurs 116 times in terms of
numbers. The lowest frequency is for lysine which occurs
thrice. Cysteine was treated as an outlier in the entire
analysis as it forms disulphide bridges, Comparison of the
distribution patterns of the 20 amino acids burwed 1n the
intertor of the protein on one hand, and those. found
in subunit interfaces reveal significant Jifterences™
Although the interface is more hydrophobic thun the rest
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of the surface it is not as pronounced as protein interiors,
with a higher proportion of charged or polar amino acids

being buried at the interface’”. Notable among them is

arginine which occurs with high frequency in interfaces’’

contrary to interiors where it has the lowest propensity
greater than only lysine, Again, amongst the buried
hydrophobic residues 1n subunit interfaces aromatic resi-
dues are favoured over aliphatic amino acids with the case
being the reverse for protein interiors. Methionine main-
tains high frequency of occurrence in both cases™.
Mathematically, the highest value obtainable by the
presently used surface complementarity function S, is
1.00 which enjoins an absolute matching of two surfaces.
Previous discussions of steric complementarity in the lit-
erature involved terms like ‘exquisite’ which gave the
qualitative impression of extremely high surface fit. How-
ever, in the present case the initial task would be to asso-
citate the numerical range of the function §,, with a more
physically meaningful description. There is always an
arbitrary element associated in correlating qualitative
terms with numerical values of a function, in this case S,,.
The highest possible value (Table 3) of S, obtainable by
any residue saturates to about 0.75 for those residues with
side chains and to 0.80 for glycine. The value of S.
obtained by Lawrence and Colman'’ between the surfaces
of interacting subunits of an oligomeric protein was 0.72.
However, differences in the definitions of S. and S, do
not warrant a direct comparison. Minimum S, falls to
(.36 for Case 3 (with all atoms considered) but Is much
lower for Case 1. Comparison with another measure of
packing density proposed by Gregoret and Cohen™ shows
Sm to be greater than 0.60 for most residues with dense

Table 2. Propensity for amino acid burial

o i o A — -

packing (according to the statistics proposed by Gregoret
and Cohen). |

Thus it may be reasonable to assume that residues with
Sn greater than 0.60 have excellent fit (jigsaw puzzle
class) with their surrounding surface, approaching the best
possible complementarity of surfaces in the protein inte-
riors. Residues with §, in the range 0.50-0.60 would
have good complementarity, those in the range 0.40-0.50
mediocre and less than 0.40 would definitely be classified
as poor.

The distribution of S, values for the twenty residues
appears quite uniform (Tables 3 and 4 a-c). For Case 3
(Tables 3 and 4 ¢, Figure 3 ¢) when all surface points
were considered irrespective of having been contributed
by side- or main-chain atoms, the frequency of occurrence
of most of the residues of the 20 amino acids fell in the
range 0.50-0.70, with a relatively smaller fraction less
than 0.40 on one hand, and greater than 0.70 on the other.
Almost all the buried residues exhibit high complemen-
tarity with roughly half in the jigsaw puzzle class (> 0.60)
and the rest lytng between 0.50 and 0.60.

Global average of all the residues in Case 3 is 0.60
indicative of the high goodness-of-fit upon burial, Com-
parison of the average S, values of the 20 amino acids
shows good agreement within the limits of error (Figure 4).
The highest (S,) is maintained by tryptophan in all the
three cases. This may be due to the fact that the large vol-

Table 3. Average and standard deviation of Sy, for buried
amino acid residues for Cases 1--3

Average Sn(0)

Burned — -— — _

residues Case 1 Case?2 Case3

GLY - ~ 0.60 (0.08)
ALA 0.44 (0.12) 0.58 (0.07) 0.60 (0.07)
VAL 0.50 (0.09) 0.58 (0.05) 0.59 (0.05)
LEU 0.49 (0.08) 0.57 (0.06) 0.58 (0.05)
ILE 0.50 (0.08) 0.58 (0.06) 0.59 (0.05)
MET 0.49 (0.10) 0.59 (0.06) 0.60 {0.05)
PHE 0.52 (0.07) 0.60 (0.05) 0.61 (0.05)
TYR 0.49 {(0.07) 0.59 (0.05) .61 (0.05)
TRP 0.50 (0.05) 0.62 (0.05) 0.63 (0.05)
SER 0.38 (0.13) 0.58 (0.08) 0.61 (0.07)
THR 0.44(0.11) 0.58 {0.06) 0.60 (0.06)
ASN 0.42(0.11) 0.59 (0.06) 0.60 (C.07)
GLN 0.43 (0.09) 0.59 (0.06) 0.59 (0.06)
ASP 0.44 (0.11) 0.57 (0.07) (.59 (0.06)
GLU 0.43(0.11) 0.59 (0.06) 0.59 (0.05)
HIS 0.45 (0.09) 0.58 (0.05) 0.592 (0.05)
LYS 0.27 (0.12) 0.55 (0.02) 0.57 (0.02)
ARG 0.40 (0.08) 0.55 (0.06) 0.56 (0.06)
PRO 0.45 (0.12) 0.59 (0.06) 0.59 (0.06)
CYS 0.42 (0.15) 0.53(0.12) 0.56 (0.10)

Residue Total {T}) Buried (Ny) P
GLY 927 201 1.00
ALA 854 317 1.53
VAL 778 327 1.94
LEU 968 402 1.91
ILE 604 284 2.16
MET 223 91 1.88
PHE 454 149 1.51
TYR 417 80 (.88
TRP 165 35 0.98
SER 667 131 0.90
THR 635 113 0.82
ASN 512 55 0.49
GLLN 427 22 0.24
ASP 700 41 0.27
GLU 666 17 0.12
HIS 230 33 0.66
LYS 674 3 0.02
ARG 617 22 0.16
PRO 527 54 0.47
CYS 167 80 2.21

*For a particular residue, Ny ts the number buried and T,
is the total number of this residue in the database.
P = (No/To)/(NW/Tp), where N, is the total number of
amino acid residues found buried and 7T, is the total
number of residues in the database.
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Case 1, Surface complementarity S, between buried residues and
their corresponding inner cavities. Here the surface points
contributed by the side-chain atoms alone have been considered,
Case 2, Sm has been calculated between dot points of buned
residues contributed by side-chain atoms alone and all the dot
points of the inner cavity wall; Case 3, 5., between buried residue
and cavity with all points included irrespective of whether
contributed by side- or main-chain atoms.

CURRENT SCIENCE, VOL. 78, NO. 3, 10 FEBRUARY 2000



RESEARCH ARTICLE

ume of tryptophan would have a singularly disruptive
influence on the molecule unless its compact and efficient
packing was ensured. The charged residues with extended
side-chains lysine and arginine showed the lowest com-
plementarity. The uniformity in (S,) for every type of
residue indicates that upon burial all residues regardless
ot shape, size or charge exhibit the same measure of com-
plementarity with their immediate neighbourhood. Case 2
(Figure 3 b) resembles Case 3 in the pattern of S, distri-
bution. However, in Case 2 residues occur with double
the frequency in the range 0.50-0.60 than in the range

0.6-0.7, in contrast to Case 3 where both the ranges are
more or less evenly populated. The global average of S,
in Case 2 also falls marginally to 0.58 compared to Case 3.
Examination of Case 1 (Tables 3 and 4 a and Figure
3 a) where surface points contributed by side-chain atoms
alone have been considered exhibits an altered distribu-
tion of 3y,. The standard deviation in S,, for most of the 20
amino acids in Case 1 is approximately double that in
Cases 2 and 3. The bulk of the residues fall between 0.5
and 0.6, though a significant fraction of residues appear in
the range 0.40-0.50. This is in contrast to Case 3 where

Table da. Frequency of occurrence of the buried residues with respect to S, for Case 1*
—_—_—m———— e ———
Sin— 0.0--0.1 0.i-0.2 0.2-0.3 (0.3-0.4 (0.4-0.5 .5-0.6 0.6-0.7 3.7-0.8 "
GLY - - — — - — —~ -
ALA 5 6 31 65 102 87 21 0
VAL 0 ] 10 28 121 142 25 0
LEU 2 1 4 32 170 171 22 0
ILE 0 0 7 25 85 149 17 l
MET g I 3 9 32 34 12 Q
PHE 0 0 2 3 35 92 12 0
TYR 0 0 2 8 28 39 3 0
TRP 0 0 0 2 15 18 0 0 ’
ASN L. 2 7 9 25 0 ] 0
GLN 0 0 l 7 {0 3 1 0
SER 5 10 20 32 39 23 2 0
THR ! 2 13 14 42 39 ] I
ASP 0 1 5 7 13 14 1 0
GLU 0 I 2 2 8 4 0 0
HIS 0 i 2 2 20 8 0 0
LYS 0 1 0 2 0 0 0 0
ARG 0 0 3 4 13 2 0 0
PRO 0 2 4 8 2] 16 3 0
CYS l 8 10 12 19 26 4 0

—————-—-————-———_—-—_—_._-__,‘______.._—_—_._-___-___—
*Surface points contributed by side-chain atoms alone have been considered both for the residue and its inner
cavity. Ranges of Smnot included in the tables are not populated by any residue.

Table 4b. Frequency of occurrence of the buried residues with respect to S, for Case 2*
M

Sm— 0.2-0.3 0.3-0.4 0.4-0.5 0.5-0.6 0.6-0.7 0.7-0.8
GLY - — - — — —
ALA 0 3 46 130 130 6
VAL ¢ 0 30 172 124 |
LEU 9, 2 46 236 118 0
ILE 0 0 26 162 93 3
MET 0 0 8 42 39 2
PHE 0 0 5 73 70 l
TYR O 0 3 43 34 0
TRP G 0 0 10 23 2
ASN 0 0 5 28 20 2
GLN 0 0 l 12 9 0
SER 0 3 23 49 49 7
THR 0 l 10 67 32 3
ASP 4, 0 8 16 [7 0
GLU 0 0 ] 9 7 (
HIS 0 0 l 21 I 0
LYS () 0 0 3 0 0
ARG 0 0 3 13 6 4
PRO 0 0 4 28 21 I
CYS 4 13 8 24 30 i

e e e e e e s ey e P gt PPy ikl e ey el
*$Saw has been calculated between dot points of buried residues contributed by stde-chain atoms
alone and all the dot poinis of the inner cavity wall, Ranges of S, not included in the tables are not

populated by any residue,
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the overwhelming number of residues are greater than
0.50. The global average of S, for all the 200 amino acids
in Case 1 is 0.47. Average S, values for each of the 20
amino acids rarely cross 0.50. There is a drop in (S, from
(.49 for apolar to about 0.43 for polar and charged amino
acids (Case 1). The lowest value of 0.27 was recorded for
lysine (although the statistics for it are bad due to the low
count of lysine as buried). The differences in (S,) between
apolar, polar and charged residues in Case 1 are levelled
out in Cases 2 and 3 (Table 3). Presence of buried resi-
dues with S, less than 0.40 in Case 1 shows that packing
among side-chain atoms alone can at times be attended
with serious detects.

Therefore all residues irrespective of shape, size and
charge bury with the same measure of complementarity

(within the limits of error) in protein interiors, which is
indeed high when all the atoms have been considered in
the calculation (Case 3). The differences in the global
averages between Cases | and 3 indicate the non-trivial
role played by the main-chain atoms in internal packing
over and above side-chain interactions. Even lysine which
recorded the lowest count in Case 1 rises to about 0.57 in
Case 3. Further, the packing between side-chains may not
be invariably high (jigsaw puzzle category), and can occa-
stonally be attended with considerable packing defects.
Identical calculations performed with explicit hydrogen
atoms {Table 5) on a subset of 20 highly resolved (equal
to or better than 2.00 A) structures, gave an identical pat-
tern of results, though with an increase in average Sy, val-
ues by a maximum of about 5%. The present calculations

Table 4c. Frequency of occurrence of the buried residues with respect to S, for Case 3

Sm—> 0.3-0.4 0.4-0.5
GLY 3 20
ALA 3 24
VAL 0 13
LEU 0 22
ILE G 10
MET 0 2
PHE 0 3
TYR 0 0
TRP 0 |
ASN 0 b
GLN 0 2
SER 0 9
THR 1 4
ASP 0 3
GLU 0 0
HIS 0 3
LYS 0 0
ARG 0 3
PRO 0 3
CYS 3 12

0.5-0.6 0.6-0.7 0.7-0.8

64 95 19
115 163 12
155 156 3
227 153 0
141 130 3
38 48 3
51 92 3
36 44 0
8 24 2
18 29 3
10 10 0
50 62 10
57 49 2
19 18 1
9 8 0
15 14 I
3 0 0
13 6 0
27 23 1
23 36 1

*All surface points irrespective of whether contributed by side- or main-chain atoms
have been included in the Sn calculation. Ranges of Sn not included in the tables are

not populated by any residue.
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Figure 3. Frequency distribution of residue Ile with respect to Sm. @, Case 1, where only the side-chain dot surface points have been considered for
Sm; b, Case 2, with Sn calculated between dot points of buried residues contributed by side-chain atoms alone and all the dot points of the inner
cavity wall, ¢, Case 3, Sy calculated with all points included irrespective of whether contributed by side- or main-chain atoms.
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Table 5. Calculation of average Si, for the 20 amino
acids with explicit hydrogens for Cases 1-3

(Sww)

Burnied —

residues Case 1 Case 2 Case 3
GLY — - 0.615
ALA 0.437 0.565 0.609
VAL 0.508 0.600 0.616
LEU 0.518 0.601 0.616
ILE 0.525 0.602 0618
MET 0.533 0.640 0.640
PHE 0.554 0.644 0.656
TYR 0.491 0.616 0.633
TRP 0.527 0.652 0.656
ASN 0.435 0.598 0.613
GLN 0.479 0.622 0.603
SER 0.381 0.597 0.627
THR 0.459 0.592 0.619
ASP 0.431 0.604 0.622
GLU G.505 0.616 0.630
HIS 0.493 0.629 0.620
LYS 0.130 0.557 0.569
ARG 0.441 0.571 0.572
PRO 0.479G 0.637 0.645
CYS 0.454 0.562 0.579

06

05

0.4

03

<Sm>

0.2

.1

0.0

I MFYWSTNQDEMWIKRPC

PDB codes of the structures used are: 1dif, 1dsb, lkpa,
[1au, 1lit, 1Imb, Ipne, Irva, ithw, I1tml, Itta, 2chs, Zcmd,
2dri, 2end, 2gst, 3sic, 4gcr, 6lyz, 6rat.

Residues

Figure 4. Average Sy, for Case 3 for the 20 amino acids with value
given in Table 3. '

Table 6. Maximum and minimum S, for buried amino acids for Case 1 {for structures in Table 1). For the
same residue S\, has been calculated with the side-chain atoms of the buried residue against the main-chain
atoms alone of its enclosing cavity (side-chain vs main-chain). The corresponding S, for Case 2 for each

residue (Case 2* for minimum and Case 2 ~ for maximum S,, in Case 1) is also tabulated

Buried Case 1
restdue (minimuin)
ALA 0.01
VAL 0.19
LUE 0.03
ILE 0.22
MET 0.15
PHE (.29
TYR 0.24
TRP 0.36
SER 0.04
THR 0.09
ASN 0.09
GLN 0.26
ASP 0.16
GLU 0.17
HIS 0.17
LYS 0.11
ARG 0.24
PRO 0.18
CYS (.08

0.51
0.42
0.57
0.34
0.16
0.24
0.16
0.25
0.55
0.41
0.38
0.34
0.23
0.15
0.38
Q.37
0.11
0.21
0.12

in full agreement with another estimation of goodness-
it by the method of small probe contact dots'', in that
1 complementarity has been found for buried residues,
1gh 1n the other algorithm inclusion of explicit hydro-
s has been considered essential for calculation. In the
ent case, calculation of average S, for the 20 amino
ls did not yield any additional insight with the inclu-
\ of explicit hydrogen atoms. However, in order to

'RENT SCIENCE, VOL 78, NO. 3, 10 FEBRUARY 2000

M
Side-chain vs
main-chain

Case | Side-chain vs
Case 2% (maximum) main-chain Case 2 ~
0.61 0.67 0.00 0.68
0.62 0.67 0.00 0.68
0.63 0.66 0.00 0.66
0.58 0.71 0.00 0.72
0.49 0.69 0.08 0.74
0.56 0.66 0.01 0.69
0.52 0.64 0.01 0.65
0.69 0.59 0.G0 0.60
0.69 0.61 0.01 0.65
0.56 0.70 0.01 0.71
0.43 0.6} 0.03 (.66
0.59 0.62 0.00 0.70
0.47 0.61 0.10 0.65
0.51 0.60 0.04 0.63
0.58 0.60 0.00 0.61
0.58 0.36 0.04 0.53
0.54 0.55 0.05 0.67
0.55 (.64 0.01 0.68
0.29 (.65 0.00 0.67

judge alternative conformations within the core of a singl
protein, hydrogen atoms should be included for greate
sensitivity to torsional rotations of the side-chain.

Conclusion

Although information regarding the three-dimensions
structure of a protein is contained within ity sequence ©

=6.
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amino acid residues, not all the regions of the molecule
have the same informational content. The information
(‘the difference which makes a dilference’) could he
either in the pattern of hydrophobic/hydrophylic residues
down the chain or in the shapes of amino acids which
enable them to pack efficiently to torm compact molecu-
lar interiors. There have been attempts to find conforma-
tional specificity within the core'?, perhaps in the hope of
finding two amino acids with complementary surfaces
rather like adjacent pieces of a jigsaw puzzle which would
then occur with increased pairwise frequency within the
cores. To date this hope has however been belied. Simple
rules have yet to emerge, elucidating the complex
arrangement of atoms distributed over the whole poly-
peptide chain by which a protein achieves the high tnner
complementarity of surtaces.

The jigsaw puzzle model of protein folding states that
the acquisition of the overall fold by the protein 18 gov-
erned predominantly by internal packing considerations
primartly due to the exquisite surface complementarity
between the side-chains. That 1s, the packing directs the
fold. In view of the present calculations, the very high
overall ‘goodness of fit’ of buried residues is indeed
borne out. It 15 also true that this fit is primarily mediated
by the amino acid side chains. Global average in §y for
the 20 highly resolved structures in Table 5 1s 0.48 for
Case 1 (calculated without hydrogen). For the same set of
structures S, calculated between the side-chain atoms of
the buried residues against the main-chain atoms alone of
the surrounding cavity averages to only 0.09. The global
average for Case 2 i1s 0.59. Although the steric fit is
dominated by side-chain atoms, main-chain atoms do
make a non-trivial contribution. This is dramatically dem-
onstrated where the fit between side-chain atoms shows
serious packing defects which are then adequately com-
pensated by main-chain atoms (Table 6). On the other
hand, where the side-chains show excellent ‘goodness of
fi’, the S, for side-chains (of buried residues) against
surrounding main-chain atoms collapses almost to zero
(Table 6). Thus, it is the combination of main and side-
chain atoms in protein interiors that makes packing
remarkably tight and uniform, with side-chain atoms
playing the pre-eminent role. So the empirical foundations
of the jigsaw puzzle model of protein folding are by and
large vahd.

It is however still controversial whether the tight pack-
ing found in proteins determines its overall fold. Most
experimental approaches'*"* in deciding this issue make a
distinction between acquisition of the gross overall native
fold on one hand, and subsequent optimization of the
structure in terms of thermal stability and catalytic effi-
ciency on the other. There is absolutely no doubt that the
stability of protein molecules is critically dependent on
detailed packing interactions in the core of the molecule.
However, alternative core sequences can support a unique
fold though with different thermal stabilities'*. The pres-
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ent calculation indicates that no amino acid seems to be
preferred by virtue of its shape given the fact that all resi-
dues pack with the same measure of complementarity
upon burial (Case 3). Although the global average for the
hydrophobic residues (ala, val, ile, leu, phe) in Case 1 is
0.49 and thus relatively higher than polar and charged
residues (0.43), the burial of apolar residues in the interior
has more to do with their hydrophobicities rather than
their intrinsic ability to pack better than other amino
acids. The difference in hydrophobicities between ala, val,
leu, ile, phe and other polar or charged amino acids
appears to be more significant in accounting for their
increased tendency to bury in the protein interiors, than
their packing ability. The partitioning of hydrophobic
amino acids in the intertor of the protein molecule is a
step which occurs early in the protein folding pathway. It
is 1n this context that perhaps the primary initiating step in
protein folding may be due to hydrophobicities rather than
specific packing interactions. However, given that all
residues exhibit high steric fit within a narrow range
(Case 3) complementarity should act as a powerful filter
in rejecting all structures which do not satisfy the rather
stringent packing recquirements within the core of a
protein.
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