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Appendix A

Explicit Evaluation of Uyg/

Ugi' =
0 T, 7, w(r,'7,+7,'7,)
$,’ m(SM), v &+7,8, w(SM),(m7,+r1,")
E $'r,+ &7, m(SM), w(SM),(mr,+r,")
$'8,+ 8,8, (SM),(8,'+m8,) (SM),(8,+mé&,) 2m(SM),(SM),

(A1)
The index { has been dropped for convenience. The sub-
scripts 1 and 2 label chains 1 and 2, respectively. &/ and
7;/ are defined in eq 31c and 31a, respectively.

If both chains 1 and 2 contain blocks composed at m
identical residues (the residues need not be the same in
both chains), then

ds

=35 N = (G(m,s) (A-2)
7 = gs& + asG(m,s) (A-3)
SM = g™ (A-4)
where
Glm.s) = (m-1)s™*! —ms™ +s (A-5)
m,s) = D -

Note that
Gls) =0 (A-6)
G(m,1) = m(m-1)/2 (A-7)
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Shape and Surface Features of Globular Proteins
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ABSTRACT: By constructing best-fitting ellipsoidal shapes and computing surface areas from volume packing
considerations, we investigate shape anisotropy in globular proteins. The spatial positions from the centroids
of the fitted ellipsoids and the water contact areas of the amino acid residues in a set of protein molecules
are used to obtain information about the demarcation between buried and exposed spatial levels of the residues,
the local surface roughness of the protein, and the intrinsic residue contribution to the molecular shape. Crystal

data form the basis for this study.

Introduction

Size and shape are two exceedingly important charac-
teristics of globular proteins in assessing the specificity of
their interactions with other molecular entities and con-
sequently, their biological functions. Studies have been

made to investigate these subtle features from various
points of view. The size and shape characters were studied
by analyzing amino acid composition,! surface roughness,3
solvent exclusion,* surface symmetry,® and topological
considerations.® Spherical representation was found to be
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Table I
Parameters Pertaining to the Shape and Surface Features in Globular Proteins
surface shape
molecular solvent best-fitting roughness anisotropy
surface contact ellipsoidal index index
protein? area Ag area A, area A, R.= A /Aq Re = A /Ag
pancreatic trypsin 1980.68 1181.98 2257.00 0.597 1.139
inhibitor
high-potential 2443.08 1433.64 3157.00 0.589 1.292
iron protein :
carp myogen 2889.29 1679.70 3681.23 0.588 1.274
cytochrome ¢, 3047.88 1812.22 4215.00 0.595 1.383
ribonuclease S 3245.57 2168.21 5417.00 0.668 1.669
lysozyme 3352.60 2108.75 5228.00 0.629 1.560
flavodoxin 3508.89 2050.26 4263.00 0.584 1.215
staphylococcal 3632.26 2460.96 6857.00 0.678 1.888
nuclease
myoglobin 3622.99 2407.12 5203.00 0.664 1.436
concanavalin A 4815.93 2968.67 6431.00 0.616 1.335
a-chymotrypsin 4832.26 3156.64 7473.00 0.653 1.547
elastase 4973.66 3300.35 8558.00 0.664 1.721
subtilisin BPN’ 5183.70 3067.43 7808.00 0.592 1.506
thermolysin 5721.77 3554.29 10824.00 0.616 1.875

@ See Levitt and Greer'! for the original references of the crystal studies.

an inadequate model for protein shape.” In the ellipsoidal
model?® the estimated surface areas were found to be lower
than the solvent-accessible areas. These preliminary
studies stress the need for further investigations. In a
previous report, we reported the spatial behavior of amino
acid residues in protein globules in terms of their observed
positions and amounts of exposure to solvent by treating
the protein as an ellipsoidal matrix. In this paper we try
to relate the spatial positions of the residues with their
degrees of exposure by way of a linear regression analysis.
The amount of anisotropy in the shape is then brought out
by the calculated deviations from the assumed linear
connection between the spatial positions and the degrees
of exposure to solvent by the constituent residues. The
contributions of the 20 kinds of amino acid residues to the
anisotropic character of the protein are quantitatively
evaluated and discussed. The surface roughness in the
proteins is studied by computing the exposed contact areas
of the residues and the geometrical surface area of the
protein.

Methods

Construction of Best-Fitting Shape for a Protein.
The best-fitting shape for a protein was constructed by
using atomic coordinates taken from crystal structure
studies: To begin, the largest and the smallest values in
each of the coordinates x, y, and z of the centroids of the
residues in the protein molecule and their respective mean
values %, 7, and Z were determined. Keeping %, 7, and 2
as the center, we first constructed an approximate ellipsoid
with semiaxes a, b, and ¢, respectively, parallel to x, v, and
2, each having an initial length equal to the distance of the
farthest residue from the center. This ellipsoid was then
iteratively reduced to a size just sufficient to enclose all
the residues in the protein molecule. To achieve this result
the following steps were followed: (1) The length of each
semiaxis was decreased in steps of 0.1 A until the size of
the ellipsoid and the product abc were reduced to a min-
imum. (2) At each step of the above translational process,
the ellipsoid was independently rotated about two of its
axes (b and c) up to 90° in steps of 10°, each time checking
the abc product and the state of residue accommodation;
by this process, the smallest size possible for the ellipsoid
just sufficient to accommodate all the residues of the
protein corresponding to the possible minimum of the
product abc was determined. (3) A further refinement of

the size was carried out by repeating the rotational pro-
cedure at 1° intervals (up to 10°) and the best ellipsoidal
shape for the protein corresponding to the global minimum
value of abc was determined.
The spatial position d; of a residue ¢ with respect to the
centroid of the protein is taken to be
o yE 2t
d; = ; + ;2- + ;2-
where x;, y;, and z; are the Cartesian coordinates of the
centroid of residue i, the origin coinciding with the protein
centroid: d; varies from 0 to 1 and these extreme values
correspond to the most interior and the most exterior
residues, respectively. The value 1 - d; then indicates the
depth of residue i in the protein matrix from the surface.
Calculation of Molecular Areas. The contact surface
area of atoms is a set of disconnected patches representing
those portions of the atomic van der Waals surface which
are in contact with the surface of a probing agent.? These
contact areas were calculated with the algorithm of Lee
and Richards.® The molecular surface area was calculated
by using the following equation given by Richards:?

A, = 5.67TM?/3 @

The surface area of an ellipsoid with semiaxes a, b, and
¢ was calculated from the formula

1)

S = 2nc? + iinaZ [(sin? Q)E(k) + (cos® 9)F(p,k)]  (3)

where k = a%(b% - ¢?)/b%(a® - ¢?), cos ¢ = c¢/a, Flek) =
So#dv/(1 - k2 sin? v)/2, and E(gk) = fo*dv (1 - k2 sin? )V/2,
Elliptic integral values E and F were taken from Byrd and
Friedman.!0

Results and Discussion

Shape Anisotropy in Proteins. The surface areas
computed by the use of eq 2, the ellipsoidal areas com-
puted by the use of eq 3, and the solvent contact areas
computed with a probe radius of 1.4 A are compiled in
Table I for 14 proteins. The computed ellipsoidal volume
for a protein inevitably contains voids arising from the
anisotropic character of the protein shape. The surface
area of a protein, on the other hand, is derived from vol-
ume packing considerations and therefore it could expand
through unoccupied space to assume the ellipsoidal shape
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Figure 1. Mollweide projection!? of amino acid residues in the protein PTI. The amino acid residues are represented by six symbols
depending on their spatial positions (circles for residues with d = 0.83-1.0, squares for d = 0.66-0.83, upward pointing triangles for
d = 0.5-0.66, downward pointing triangles for d = 0.33-0.5, right-pointing triangles for d = 0.16—0.33, and left-pointing triangles for
d = 0.0-0.16); the area of the symbol is taken to be proportional to the extent of the solvent contact area of the residue. Residues
with solvent contact areas less than 10 A2 have been omitted. The minor axis of the projection represents the z direction of the protein
and the major axis represents the angular orientation of the amino acids in the xy plane. The spatial positions of amino acids in the
protein are taken as the mean of their atomic coordinates weighted by their accessible contact areas.

with minimum volume enclosing all the residues. The ratio
of the ellipsoidal area to the surface area (R,) thus mea-
sures the shape anisotropy in the protein. The computed
values of this ratio for the 14 proteins are given in Table
I. This anisotropic index varies between 1.14 (PTI) and
1.89 (staphylococcal nuclease and thermolysin), the average
value being 1.53. It should be noted that this index in-
creases with molecular weight, although not uniformly. A
comparison of the indices for the three proteins elastase,
chymotrypsin, and concanavalin A, which are of nearly
equal molecular weight, establishes the characteristic
shapes of these proteins. Concanavalin A, roughly
spherical, has the lowest R, value among them. The two
homologous family proteins elastase and chymotrypsin
have different R, values. Subtilisin BPN’, having a higher
molecular weight than elastase and chymotrypsin, has a
lower R, index due to its nearly spherical shape. The
largest unoccupied volume, found in the globule of sta-
phylococcal nuclease, a protein of moderate size, is re-
flected by its higher R, index. These specific points re-
inforce the fact that the shape of a globular protein is its
characteristic feature, and a general relation between an
ellipsoidal area and the real packing volume of the protein
could not be realized.?

Surface Roughness in Proteins. As already stated,
the contact areas are the discontinuous patches which are
in contact with the probe molecule. With a plain and
smooth surface, the contact area of a protein would be
equivalent to its surface area calculated from packing
volume, and the contact area would decrease as the surface
roughness increases. Therefore the ratio of the contact
area to the surface area (R.) will be a measure of the
molecular surface roughness in the respective protein. The
values of R, given in Table I for the 14 proteins (for a probe
radius of 1.4 A) are uniformly smaller than the corre-
sponding anisotropic R, indices, and the value does not
vary significantly from protein to protein. The invariance
of this surface roughness index indicates that at the atomic

level the surface roughness prevalent is more or less similar
in all the proteins and hence it could be taken to be gov-
erned mostly by the geometries of the residues and the
local interactions. A comparison with the molecular area
computed by Finney?® for the protein ribonuclease S shows
that there is a decrease of about 70% in the molecular area
for contact with the probe molecule due to its surface
roughness, and this result could be taken to be approxi-
mately true for other proteins also.

Solvent Contact Areas and Spatial Positions of
Residues. In this section, we study the anisotropy in the
shapes of globular proteins by computing the relationship
between the solvent contact surface areas of residues and
their spatial positions in the protein ellipsoids As an il-
lustrative example, we first describe the solvent contact
areas of the amino acid residues in the protein PTI and
bring out the shape and surface features of this protein.
The spatial positions of the residues were computed by the
use of eq 1, and the solvent contact areas for the residues
were computed by use of a program kindly supplied by
Richards. The residues were classified into six groups
depending upon their spatial positions and were placed in
the ellipsoid following the principles of Mollweide pro-
jection:!? the residues in each group were represented by
a specific symbol, the area of the symbol being proportional
to the solvent contact area of the respective residue in the
group. Such a projection for PTI is shown in Figure 1.
For the sake of clarity, the residues with solvent contact
areas less than 10 A2 were omitted in this figure. We note
from this figure a few interesting points as to the shape
and surface features of PTI: The residues in the outer
zones (the sixth and fifth) invariably possess larger contact
areas, except the two smaller members Ala and Gly. Ab-
sence of residues in the innermost zone is due to the res-
idues’ inaccessibility to solvent. Thr-10, Arg-42, and Lys-46
of interior zones possess relatively larger contact areas,
contributing to the irregular shape of the protein. Residues
with different exposure and spatial positions (Pro-13,
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Figure 2. Estimated spatial positions (—--) from regression analysis and the observed spatial positions (—) for the residues in the

proteins (A) PTI and (B) ribonuclease S.

Arg-17, lle-19, Thr-32, Val-34, Cys-38, and Arg-39) are also
noted; the two interlinked hydrophobic domains!® around
the amino acid residues 20 and 43 are absent: the unoc-
cupied portions in a regular spherical shape could also be
noted in this kind of projection.

A calculation of the deviations in the positions of outer
residues from the ellipsoidal surface throws light on the
role of these residues in the development of irregular
surface features in a protein. From the computation of
correlations between the various powers of contact areas
and spatial positions of residues, i.e., (4,)" vs. d,, in the
constructed regular-shaped ellipsoid, it is found that the
linear relationship is the best fit between the calculated
contact area of a residue and its spatial position. Hence
using the solvent contact areas and observed spatial pos-
itions for the residues, we carried out a linear regression
analysis for each of the 14 proteins. In Figure 2, the es-
timated spatial positions derived from this regression
analysis and the observed spatial positions in the con-
structed ellipsoid are plotted for the two proteins PTI and
ribonuclease S. The similarity between the two profiles
for each protein demonstrates the linear relationship be-
tween the two parameters. Deviations are also noted at
a few residue sites where the estimated exposure is greater
in comparison with the noted spatial position. Residue
segments 7-11, 20-23, and 43-46 in the plot of PTI and
residue segments 7-13, 41-48, 81-84, and 117-122 in the
plot of ribonuclease S indicate a continuous difference,
pointing out the high deviations from the regular shape
in these regions.

Table II
Results of Linear Regression Analysis on the Data of
Solvent Contact Areas and Spatial Positions of Residues in
Various Globular Proteins

inter- standard corr
protein cept slope dev coeff
pancreatic trypsin  0.306 0.0099 0.0246 0.671
inhibitor
high-potential 0.274 0.0161 0.0216 0.712
iron protein
carp myogen 0.358 0.012 0.0196 0.612
cytochrome ¢, 0.336 0.0112 0.0176 0.645
ribonuclease S 0.273 0.0112 0.0182 0.632
lysozyme 0.307 0.0097 0.0169 0.6200
flavodoxin 0.352 0.013 0.0151 0.705
staphylococcal 0.246 0.0091 0.0162 0.608
nuclease
myoglobin 0.341 0.0114 0.0145 0.683
concanavalin A 0.310 0.0088 0.0138 0.501
a-chymotrypsin 0.320 0.0097 0.0122 0.595
elastase 0.333 0.0093 0.0152 0.320
subtilisin BPN’ 0.298 0.0136 0.0105 0.682
thermolysin 0.321 0.0113 0.0111 0.574

The regression lines for the 14 proteins are displayed
in Figure 3 and the slopes and intercepts of these lines
together with the corresponding standard deviations and
the correlation coefficients are given in Table II. An
analysis of the data of Table II and a look at Figure 3
provide valuable information as to the shapes of the var-
ious proteins. The intercept of the regression line for a
protein in effect indicates that the residues having depth
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Figure 3. Linear regression lines for the 14 proteins (displayed in two sets for the sake of clarity) obtained from the data of contact

areas and spatial positions of amino acid residues.

up to this value are completely buried, and exposure to
solvent starts from this demarcation level. The slope in-
dicates the rate at which the exposure increases the pos-
itional coordinate. A comparison of the regression lines
of the two smallest proteins, PTI and high-potential iron
protein, interestingly points out that the inhibitor protein
is tightly packed compared to the iron protein, whereas
the latter exposes its residues to a larger extent than the
former for the same depth. Lysozyme and ribonuclease
S, two proteins of nearly equal number of residues, again
exhibit characteristic differences in their shapes. The
proteins concanavalin A, chymotrypsin, and elastase have
similar features, but elastase has a low correlation coef-
ficient and a high standard deviation due to its greater
anisotropy. Subtilisin BPN’, a high molecular weight
protein, has a low intercept and a high slope. The protein
staphylococcal nuclease, with appreciable unoccupied
volume, has comparatively lower values for both its in-
tercept and slope. Using the contact area and depth pa-
rameters for all the residues in the 14 proteins, we com-
puted a general regression line. This line has an intercept
of 0.33 and a slope of 0.0095. These two parametrical
values correspond, respectively, to the starting spatial
position for solvent exposure, i.e., the demarcation point
between the interior and exterior parts of the protein
globule and the factor to relate solvent contact area to
spatial position. This demarcation point agrees fairly well
with the demarcation level predicted for a spherical protein
by Janin.!* The correlation coefficient between the two
parameters (contact area and depth) for the residues in
the 14 proteins was found to be 0.58. The average par-
ametrical values of the slope and intercept of the regression
line could be used to obtain information as to the com-
pletely buried zone and the exposure pattern of residues
in any theoretical protein model geometry, provided the

probable axial values of the ellipsoid are known from
preliminary experimental studies (such as hydrodynamic
and light scattering) on the protein.

Residue Contributions to Protein Anisotropy. In
order to bring out the role of individual amino acid residues
in the development of the shapes of the proteins, a linear
regression analysis was performed on the spatial positions
and contact areas of individual residues in the 14 proteins
put together. The computed regression lines for the 20
amino acid residues are displayed in Figure 4, and the
corresponding values of intercepts, slopes, standard de-
viations, and correlation coefficients are given in Table II1.
A study of Figure 4 and Table III provides valuable in-
formation: Among the polar residues, His, Arg, Thr, and
Gln have lower intercept values, indicating their ability
to be accessible to solvent even at highly interior positions,
while Asp, Asn, and Lys have relatively higher intercept
values, showing their inability to be interior-cum-accessible
members; Lys has the lowest slope and highest intercept,
indicating that this residue is always exposed to solvent
to the maximum extent. Of the nonpolar residues, Cys and
Met have small slope values, indicating their buriedness
at all times; Ile, Leu, and Val are more or less similar in
their spatial to exposure behavior; Pro has an intercept
value to demonstrate its surface-preferring character; Trp
and Tyr are more or less comparable with the behavior of
Glu in terms of exposure demarcation in spatial position,
but the values of their slopes show that their exposure is
high at lower spatial position in comparison with Glu. The
values of the standard deviations and correlation coeffi-
cients further confirm that Lys and Asn are always loosely
packed with greater exposure, and Cys and Met are always
tightly packed with lower exposure. The smaller sized
residues Gly, Ala, and Ser show the best correlation be-
tween their spatial positions and solvent contact areas,
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of contact areas and spatial positions of the residues in 14 proteins put together.

Solvent Contact Area and Spatial Positions of Amino Acid

Table III
Average Parameters from the Regression Analysis on

Residues in Globular Proteins

Solvent Contact
Figure 4. Linear regression lines for the 20 amino acid residues (displayed in two sets for the sake of clarity) obtained from the data

92,
Araa (A7) ——~

of residues, two statistical test quantities, the square of
the deviation and the average of the sum of algebraic de-
viations of each amino acid in the individual protein study,
were computed and are given in Table III. These param-
eters provide additional information with regard to the

contributions of residues to the protein shapes.

The

performances of Val, Ser, and Leu are uniformly good, both
as individuals (as revealed from the individual standard

av of

sum of avof
resi- inter- stand corr square sum of
due cept slope dev  coeff of dev dev
Ala 0.305 0.0175 0.0123 0.687 0.0439 -0.0525
Asp 0.335 0.0140 0.0173 0.632 0.043 -0.0627
Cys 0.339 0.0074 0.0276 0.263 0.0517 0.008
Glu 0.282 0.0135 0.0177 0.669 0.0355 -0.0047
Phe 0.195 0.0104 0.0182 0.577 0.0514 0.143
Gly 0.352 0.0201 0.0144 0.670 0.0638 -0.106
His 0.215 0.0125 0.0285 0.594 0.0642 0.094
Ille 0.278 0.0100 0.0166 0.564 0.0449 0.0581
Lys 0.391 0.0058 0.0142 0.407 0.0474 0.0944
Leu 0.262 0.0104 0.0137 0.541 0.0349 0.0541
Met 0.280 0.0054 0.0260 0.328 0.0676 0.108
Asn 0.322 0.0090 0.0189 0.489 0.0588 0.023
Pro 0.346 0.0136 0.0227 0.600 0.056 -0.063
Gin 0.306 0.0093 0.0207 0.527 0.042 0.04
Arg 0.227 0.0083 0.0239 0.590 0.039 0.112
Ser 0.326 0.0155 0.0127 0.692 0.038 -0.077
Thr 0.251 0.0152 0.0143 0.713 0.031 -0.014
Val 0.291 0.0096 0.0218 0.529 0.028 0.0466
Trp 0.291 0.0092 0.0236 0.632 0.021 0.053
Tyr 0.293 0.0081 0.0206 0.495 0.037 0.053

meaning that they could appear anywhere within the
protein matrix with corresponding exposure. The slope
and intercept values of the residues are found to be unique
in their own respects and unrelated to any individual

physicochemical property of the residues.

Statistical Significance of the Results. To evaluate
the possible deviations from the assumed linear relation-
ship between spatial positions and contact surface areas

deviations) and in their behavior with other residues (as
shown by the average of the sum of the squares of the
deviations) in the proteins. But high deviations are found
for His and Met in both these aspects. While the per-
formance of Gly by itself is good, it shows high deviations
in connection with other residues, whereas a reverse per-
formance is found with Trp. The average of the algebraic
sum of the deviations of estimated values from their spatial
positions in ellipsoids consists of both negative and positive
values. The negative values of Ala, Asp, Glu, Gly, Pro, Ser,
and Thr show that their spatial positions are outside their
estimated positions from the exposure measurement. The
size could be attributed as the reason for the residues Ala,
Gly, Ser, and Thr, whereas the acidic residues, due to their
charged atoms, place themselves well in the exterior,
burying the other atoms inside. The bend-forming residue
Pro prefers exterior positions in spite of its relatively low
accessibility. It is found that these residues invariably

possess high values for the slope in comparison to the
reported average slope value for the proteins. The high
positive values for Phe and Met indicate that these two
residues could themselves prefer to be more buried than

the extent revealed by their solvent contact areas. The

positive value for His is due to the difference in the in-
tercept values of this residue and that of the general re-
gression line and the positive value for Lys is due to the
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difference in the corresponding slope values.

Conclusion

The present investigation confirms the fact that it is not
possible to describe the shape of the globular protein by
means of a well-defined geometry. Construction of best-
fitting ellipsoids and the calculation of solvent contact
areas for the residues in a set of globular proteins dem-
onstrate a definite relationship between the contact areas
of residues and their spatial positions from the centroids
of the ellipsoids. The presence of clefts and crevices in the
protein globule is due to the peculiar placement of certain
residues against their intrinsic spatial preferences. The
varying exposure behavior of residues determines the
prevailing surface shape. We note, more or less, a uniform
atomic level surface roughness and a differential macro-
scopic shape in the proteins, which means that the local
short-range interactions influence the surface roughness
whereas the long-range interactions influence the shape.
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Crystallinity in Perfluorosulfonic Acid Ionomers and Related
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ABSTRACT: In spite of a large number of bulky side groups, perfluorosulfonic acid ionomers and their
precursors have significant levels of crystallinity. The crystal structure appears to be similar to that of
poly(tetrafluoroethylene) at elevated temperatures. The size of the crystallites is greater than the average
separation between side groups. A model is suggested which is consistent with these observations. The polymer
is thought to be arranged in bilayers with ionizable side groups extending on either side. An optical diffraction
pattern based on this model is similar to the X-ray diffraction patterns. In earlier work it was concluded
that ionic domains are separated by walls 10 A thick, the correct magnitude for two layers of fluorocarbon.
The model is also consistent with the results of recently published small-angle X-ray experiments.

Perfluorosulfonic acid ionomers are derived from co-
polymers of tetrafluoroethylene (TFE) and a perfluorovinyl
ether terminating in a sulfonyl fluoride group and having
the structure

—(CF 5CF 5}, CF ,CF —
O—CF »CF—0—CF ,CF,—S0,F
CFs

Since the molecular weights of TFE and the comonomer
are 100 and 446, respectively, the equivalent weight (EW)
per sulfonyl fluoride group is

EW = 100n + 446

The copolymers of greatest interest have about 6-13 TFE
units per comonomer unit.

The sulfonyl fluoride groups can be hydrolyzed to give
sulfonic acid groups or various metal sulfonates. The acid
and salt forms are hydrophilic. Gierke! concluded that the
ionic domains are about 40 A in diameter and are sepa-
rated by walls of fluorocarbon about 10 A thick.

The samples discussed here were prepared in the same
max;rzler as those in earlier work by Gierke and co-work-
ers.

Table I
DSC Data
T, °C
EW peak/end AHjg, cal/g
SO,F Form
10560 236/254 1.16
1100 231/257 1.48
1350 251/278 3.34
1500 256/283 4,13
1790 266/286 6.92
SO,H Form
1100 207/235 1.06
1350 231/253 1.68
1500 249/265 4.98

Degree of Crystallinity

Data from DSC scans at 20 °C/min on a series of co-
polymers in the sulfonyl fluoride form are summarized in
Table I. As shown in Figure 1, the heat of fusion (AHy)
is a linear function of equivalent weight and extrapolates
to zero at EW = 910 or a TFE/comonomer mole ratio of
about 5. Thus, some crystallinity remains at a very high
concentration of bulky side groups. The melting point also
increases with increasing equivalent weight. The data are
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