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Protein volumes and hydration effects

The calculations of partial specific volumes, neutron scattering matchpoints
and 280-nm absorption coefficients for proteins and glycoproteins from amino acid sequences

Stephen J. PERKINS
Kennedy Institute, London, and Laboratory of Molecular Biophysics, Oxford

(Received September 6, 1985/January 30, 1986) — EJB 85 0997

Amino acid sequences, carbohydrate compositions and residue volumes are used to compare critically
calculations of partial specific volumes ¥, neutron scattering matchpoints and 280-nm absorption coefficients with
experimental v values for proteins and glycoproteins. The v values that are obtained from amino acid densitometry
underestimate experimental ¥ values by 0.01 —0.02 ml/g while the ¥ values from crystallographic volumes
overestimate the experimental v values by 0.04 —0.05 ml/g. An intermediate consensus volume set of amino-acid-
residue volumes is proposed in order to predict experimental v values using sequence information. The method
is extended to carbohydrates and glycoproteins. Neutron scattering matchpoints can be calculated from
crystallographic residue volumes on the basis of the non-exchange of 10% of the main-chain NH protons.
Crystallographic results on protein-bound water are used to account for the experimental values of ¥ and

matchpoints. Finally, 280-nm absorption coefficients, 437%™, of 5—27 are found to be well predicted by the
Wetlaufer procedure based on the totals of Trp, Tyr and Cys residues. Average errors are +0.7, and the
experimental 434! °™ values can be larger than the predicted values by 3%.

A wealth of accurate amino acid compositions for proteins
and glycoproteins is presently available due to modern, rapid
means of sequencing proteins and nucleic acids. In principal,
macromolecular physical properties are more accurately and
easily determined from these compositions in comparison to
the use of classical biochemical techniques. The calculation of
partial relative molecular masses M, is an obvious example of
this. The calculation of macromolecular volumes ¥ and
partial specific volumes v is required in a range of applications:
scattering density, matchpoint and molecular mass control
measurements in X-ray and neutron solution scattering; mo-
lecular mass determinations by ultracentrifugation; con-
straints for use in low-resolution modelling of macromo-
lecular shapes; packing analyses of amino acid and carbo-
hydrate residues by solution or crystallographic studies.
Starting from the classical 1943 Cohn and Edsall publication,
several tabulations of residue volumes for amino acid and
carbohydrates have been reported [1 —7]. These volumes can
be summed on the basis of accurate amino acid and
carbohydrate compositions to give ¥ and v. In the present
study, new compilations of amino acids and carbohydrate
residue volumes are derived from small-molecule crystal stud-
ies. These are critically compared with previous compilations
[1—7]. The ability of these residue volumes to predict partial
specific volumes and neutron scattering densities for proteins
and glycoproteins is in turn critically compared with ex-
perimental data, bearing in mind that the partial volume is
the particle volume corrected for hydration, solute binding
and electrostriction effects. This clarifies the application of
these calculations at a phenomenological level with the use of
accurate composition data for not only solution scattering
studies, but also for more general biophysical and biochemical
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applications. It is to be noted that these calculated v values
are only valid for use in two-component solutions; in
multicomponent solutions, such as in the presence of high
concentrations of denaturants or electrolytes, considerable
changes due to interactions with the solvent or with ligands
will occur, and in such cases the calculations will generally fail
[8]. Finally, the calculations of ¥ and matchpoint data are
correlated with protein hydration concepts on the basis of
observed protein-bound water molecules from macromo-
lecular crystal studies. This enables the macromolecular
volume to be interpreted in molecular terms of (a) apparent
changes induced by protein-bound water in densitometric
studies and (b) the ‘dry’ molecular volume as visualised by
neutron scattering studies.

Macromolecular concentrations are conveniently deter-
mined in a wide range of applications by absorbance measure-
ments at 280 nm on the basis of the absorption coefficients
A% ™. The ability to calculate 41%; ! °™ from accurate amino
acid sequences would be more straightforward than the use
of biochemical procedures, especially in circumstances where
biochemical determinations are time-consuming or difficult.
In a further examination, experimental and calculated absorp-
tion coefficents are compared with reference to accurate
amino acid compositions to indicate the utility of this method.

METHODS
Densitometric theory

Volumes obtained from partial specific volumes ¥; by sum-
mation or multiplication are partial volumes. A partial vol-
ume is the volume change upon the addition of component i
at constant T'and P and composition of all other compounds.
Partial volumes thus include all volume changes derived from
hydration, solute binding in general and electrostriction.
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Amino-acid and carbohydrate-residue partial molecular
volumes V; are obtained from literature sources in units of
1073 nm? using the expressions:

where N, is Avogadro’s number, and for each residue i, v; is
the partial specific volume, M; is the molar mass, and V; is
the partial molar volume (ml/mol). The total macromolecular
volume ¥ is the sum of its components, i.e.

V = ZNiVi

where N; is the number of residue / that is present. The total
partial specific volume ¥ is given by:
7= Zf’iwi _ NAZN,'Vi _ ZN;V,-
B ZW,' - ZN,'Mi B EN,‘M,'

where w; is the weight fraction of each residue i.

Amino acid volumes from crystallography

Amino acid volumes were derived from literature sources,
except for those based on the unit cell dimensions of small-
molecule crystal structures. Data for these calculations were
taken from 105 reports found in the crystallographic series
Structure Reports between 1956 — 1978 which relate either to
the free amino acids, or to crystal forms containing only H,O,
HCI or HBr as additional co-crystallites, or to dipeptides
or tripeptides containing only additional Gly residues. The
volumes V; were determined from:

Vi= ABC(1 — cos?x — cos*f — cos?y + 2cosacosf} cosy)'/?

where A, B, C are the lengths of the unit cell axes and a, §, y
are the unit cell angles. The volumes of H,O, HCl, HBr
and Gly residues were first determined. Comparisons of
crystal volumes that differ only be the addition of H,O
gave the H,O volume of 25.8 + 3.8 x 10~ 2 nm? (five values).
This agrees well with volumes of 23:6 + 3.4 x 10~ nm? (seven
values) from carbohydrate .crystal structures [1],
24.5 + 2.3 x 10~ 3 nm? (46 values) from the comparison of 187
anhydrous and hydrated inorganic salts [2] and
26.3+4.5x 1073 nm® as the mean of data on nine crystal
forms of ice [2]. The value of 24.5 x 102 nm? is used in this
study since it is the best-determined. Similar calculations gave
an HC! volume of 46.4 + 4.7 x 1072 nm?3 (22 values), an HBr
volume of 58.3 4+ 3.1 x 10~ nm? (6 values) and a Gly residue
volume of 68.2 + 7.8 x 10~ 3 nm? (13 values). These data were
used to determine the volumes of the 20 free amino acids from
the 105 crystal structures. In the case of Gly, this procedure
gave a volume of 78.2 + 1.8 x 103 nm? (15 values). Compari-
son with the volume of the Gly residue above gives the volume
change on peptide formation as —10.0 x 103 nm?>, This is
comparable with other values of —12.3x 1073 nm? [3, 4],
—13.9%1073 nm3 [5] and —11.1 x 10~ 3 nm? [6]. It was used
to correct the amino acid crystal volumes before their presen-
tation in Table 1.

Carbohydrate volumes from crystallography

Monosaccharide carbohydrate volumes were derived from
the unit cell dimensions of monosaccharides and disaccharides
and are summarized in [1]. As above, crystal structures that
differed only by the addition of an Me (methyl) group or

the presence of H,0 were analysed for this present work by dif-
ferences using respectively volumes of 28.9 x 10~ 3 nm? [1] and
24.5x 1073 nm? [2]. Data for the  and  anomers of a mono-
saccharide were averaged since these were identical within
error [1]. From the appropriate differences, estimates of the
volume of condensation of two monosaccharides to a di-
saccharide range of 13—28 x 10~ 3 nm?>. The volume change
is larger than that for peptide formation, which is as expected
since electrostriction factors are not involved in polysac-
charide formation as they are in peptide formation [3—5]. A
mean value of 20.7 x 10~3 nm?> was used [1]. This was used to
correct the monosaccharide volumes before presentation in
Table 3.

Carbohydrate volumes from densitometry

Densitometry data on saccharides are reported in [7].
From these data, the average monosaccharide, disac-
charide and trisaccharide partial molecular volumes are cal-
culated as 184.9 (+1.4)x1073nm?® (five values), 346.2
(+5.4)x 1073 nm? (six values) and 507.7 (+4.2) x 10”3 nm?
(four values). The differences between these volumes show
that the volume of polysaccharide condensation is 23.5—
23.6x 1073 nm>. This difference was used to correct the
densitometric volumes of the free Glc, Gal and Man
carbohydrates to their residue form (Table 3). Since these
three volumes are on average 5.4 x 103 nm® smaller than
those derived from monosaccharide crystal structures
(Table 3), densitometric volumes for GleNAc, GalNAc, Fuc
and NeuNAc residues were estimated using this difference to
correct the crystal volumes of these residues.

Experimental protein ¥ values and sequences

Experimental 7 values for proteins and glycoproteins are
derived from the densities of the buffer gy and the solution
0501 of the macromolecule, and the macromolecular concentra-

tion ¢ [8]:
- 1 |: (Qsol - Qbuff)]
V= —|1-——"1.
Qouff c

As an illustration of errors, if v is 0.75 ml/g and the error in
c is arbitrarily taken as + 4%, the resulting error in ¥ is
+0.01 ml/g. An error in density measurement of +0.0001 g/
ml in either gy OF 0o for ¢ = 10 mg/ml also leads to an
error of +0.01 ml/g in ¥. In this context, the density of water
changes by +0.0001 g/m! if the temperature fluctuates by
0.5°C at 20°C. Experimental v values are thus sensitive to the
accuracy of concentration and density measurements, and to
the precision of temperature control during these measure-
ments. For this study, data on 12 protein v values were taken
from {9] where precautions were explicitly taken. It should be
noted that g, values should strictly be obtained, not from
dialysis into buffer solutions, but instead from solutions

containing only the protein in question. This is not

straightforward unless the solutions are in pure water. Amino
acid sequence data are available: ribonuclease A [10]; lima
bean trypsin inhibitor (composition only [11]); hen lysozyme
[12]; catalase [13); a-lactalbumin [14]; chymotrypsinogen A
and a-chymotrypsin [15]; bovine serum albumin [16]; tubulin
[17, 18]; lactate dehydrogenase [19]; carboxypeptidase A [20]
and f-lactoglobulin [21]).

Data on v of glycoproteins were taken from the following
sources: a, acid glycoprotein [22]; a,-macroglobulin [23, 24);
immunoglobulin IgM GAL [25]; component C3 of comple-



ment [26, 27]; and immunoglobulin IgG3 (human) [28]. Pro-
tein sequences and carbohydrate sequences or compositions
were taken from the following sources: oy acid glycoprotein
[29, 30]; a,-macroglobulin {31, 32]; IgM GAL [33-36],
component C3 of complement [27, 37]. Mouse 1gGl MOPC21
[38] and human IgGl KOL [39] were used with the carbo-
hydrate data of [40] as representatives of IgG macromolecules.

Neutron scattering matchpoints

The calculation of neutron scattering length densities re-
quires the summation of scattering lengths > b which is divided
by the partial volume ¥ of the macromolecule or the solvent
[41, 42]. Here, the volume of the macromolecule is not the
determining quantity, but rather the total volume and its
interaction terms as represented in the partial volume. The
matchpoint is that percentage 2H,O whose scattering length
density corresponds to that of the macromolecule. Match-
points for proteins and glycoproteins are readily calculated
from the 2 b/V terms for the macromolecule in H,O and
2H,0 solvents, where the X b terms allow for the solvent-
exchangeable contents [1, 41]. The determination of
matchpoints by contrast variation are typical experiments
in which multicomponent concepts apply, although in dilute
solutions the apparent value of ¥ will correspond to the actual
v value [8].

Experimental neutron scattering matchpoints are ob-

tained from interpolated plots of |/(0)/ctT, measured as a
function of the volume fraction of H,O and 2H,O in the
buffer. /(0) is the intensity of scattering at zero scattering
angle obtained from Guinier analyses, and the matchpoint
corresponds to that volume fraction of 2H,0 where 1(0) is
zero. For matchpoint determinations, relative and not
absolute concentration measurements ¢ are sufficient.
Neutron transmission measurements 7 are usually made
simultaneously or close in time to those of I0). Sample cell
thicknesses ¢ are well determined or are held constant in the
experiment. The volume fraction of H,0/?H,O in solutions
is accurately known from buffer preparation and dialysis pro-
cedures and can be verified by transmission measurements.
An error analysis based on a matchpoint determination of
40% 2H,0 using measurements in 0%, 70%, 80% and 100%
2H,0 buffers shows that as a worst case, errors of +4% or
+8% in X0), ¢ or T in the 0% 2H,O measurement leads to
errors of +0.5% or +1% 2H,0, respectively, in the
matchpoint determination. In practical terms, experimental
matchpoints are seen to be insensitive to errors, provided that
a sufficient number of intensities are recorded on each side of
the matchpoint.

Experimental matchpoint data were taken from the
following sources: lysozyme [43]; «; acid glycoprotein [44];
ribonuclease A [45]; fibrinogen [46]; components Clr,Cls,,
C1q, C1 of complement [47, 48]; components C3, C3c and
C3dg of complement [27]; myoglobin [49]. Additional
sequences or compositions were taken as follows: fibrinogen
[50], Cir,C1s, [47], Clq [51, 52] (and K. B. M. Reid,
unpublished results).

Calculation of absorption coefficients

Calculated absorption coefficients A3%'°™ or A, were
obtained from molar absorption coefficients & by [53]:
Acal = 10 8/ M
where
¢ = 5550 ZTrp + 1340 ZTyr + 150 ZCys
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where the summations refer to the total numbers of Trp,
Tyr and Cys residues in the macromolecule. Experimental
absorption coefficients A.,, (Fig.2) were taken from the
following sources. 13 values were taken from the Handbook
of Biochemistry [12]; where more than one A.,, value is cited,
the mean is taken after exclusion of unusually high or low
values (deviating by over one standard deviation from the
mean). The source of seven further A, values are given
in [54]. That for subtilsin Carlsberg is from [55]; those for
C-reactive protein and serum amyloid P component were from
[56, 57].

Additional sequences were taken as follows: aspartate
transcarbamylase, trypsin, insulin, subtilsin BPN, subtilsin
Carlsberg, bovine pancreatic trypsin inhibitor {12, 58];
tortoise lysozyme [59]; human lysozyme [60]; components C4
and factor B of complement [61 — 63]; C-reactive protein and
serum amyloid P component [64 —67].

RESULTS AND DISCUSSION

The purpose of this work is to determine the precision to
which partial specific volumes ¥, neutron scattering
matchpoints and 280-nm absorption coefficients can be
calculated from accurate amino acid compositions of known
complete sequences. Volume calculations for ¥ and match-
points depend on the use of accurate residue volumes for
amino acids and carbohydrates. Accordingly amino acid resi-
due volumes from four different methods of calculation are
compared with one another and with the classical 1943 Cohn-
Edsall volumes. The sets of volumes are next tested for their
ability to reproduce protein ¥ values, and from this a
consensus volume set is derived to calculate protein v values.
With the inclusion of carbohydrate residue volumes, similar
tests are carried out for glycoprotein v values. Finally,
comparisons are made between experimental neutron
scattering matchpoints and those predicted from residue
volumes, and further comparisons of matchpoints and v val-
ues are made with water hydration shells observed by protein
crystallography. In a similar vein, 280-nm absorption
coefficients require the knowledge of accurate molecular
masses and accurate contents of Trp, Tyr and Cys residues in
the macromolecule. The correlation between calculated and
experimental values could thus be examined.

Comparisons of amino acid residue volumes

Amino acid residue volumes are compared in Table 1. The
residues are arranged in order of decreasing hydrophobicity
to follow the consensus hydrophobicity scale of Eisenberg
[68]. The classical 1943 Cohn-Edsall compilation (Table 1)
was obtained from densitometric studies of eight free amino
acids and molar group summations for the other twelve amino
acids. The original value for Cys was 103.3x 10~ 3 nm? [3];
however, this was based on a calculation error and was cor-
rected later on [69, 70] to give 106.7 x 10~ nm? which is used
here (Table 1). Since that time, full residue compilations can
be derived by four independent approaches based on
densitometry, molar group summations, protein crystal
structures, and amino acid crystal structures. Five further
compilations from these are given in Table 1.

In the densitometric approach, Zamyatnin [4] summarized
data in 1972 for the 20 free amino acids. Of these, 13 were
revised further in 1984 [5]. It is necessary to correct the amino
acid volumes for peptide bond formation with the attendant
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Table 1. Amino acid residue volumes

Residue Cohn & Densitometry  Densitometry  Molar Protein Amino acid Consensus
Edsall (Zamyatnin, (Zamyatnin, group crystal crystal volume
3] 1972 [4]) 1984 [5] summations structures structures (average
(method B) [6] (Methods) of six sets)
[71]
x 1073 nm3
Hydrophobic Ile 168.9 166.1 164.6 173.8 168.8 +9.8 (69) 170.1 +2.1 (2) 166.1 + 3.4
Phe 1879 189.2 187.2 182.5 203.4 +10.3(29) 203.9+2.5@) 189.7+74
Val 1414 1394 136.8 147.3 141.7+84(91) 1423+29(9) 138.8 +3.6
Leu 168.9 166.1 164.6 173.8 167.9 +10.2(57) 1828 +7.5(6) 168.0 +4.3
Trp 228.5 226.9 225.1 236.6 237.6 +13.6(9) 2289+1.4(4) 2279438
Met  163.1 162.3 161.0 173.7 1708 £89(19) 1760 +1.5(2) 1652 +1.8
Ala 87.2 883 86.4 92.1 91.5+6.7(71) 97.1 +5.6 (6) 87.8+23
Gly 60.6 59.9 57.8 62.5 66.4 +4.7 (60) 68.2 + 1.8 (15) 59.9+22
Cys 106.7° 108.1 107.9 107.9 1056+ 6.0 (16) 112.4+2.6(5) 1054+ 5.0
Tyr  192.1 192.9 190.5 181.5 203.6 +9.6(13) 202.3+4.1(12) 191.2+8.0
Pro 1224 122.2 120.6 132.3 1293 +73(16) 129.0 £ 6.1(3) 123.3+1.8
Hydrophilic Thr 117.4 115.7 113.5 1279 1221 +6.7(32) 129.0+3.6(4) 118.3+23
Ser 91.0 88.6 86.2 97.8 99.1 +7.4(46) 103.3+0.7(5) 91.7+1.8
His 152.4 152.5 150.1 172.9 167.3+ 7.4 (8) 158.3+7.7(10) 156.3+6.1
Glu 1414 137.8 128.7 150.3 1551 +£11.4(13) 148.0+2.8(4) 1409+ 5.3
Asn 1174 117.3 1156 123.8 135.2+10.1 (12) 1274+0.5(2) 120.1 + 4.1
Gln 1424 1433 141.9 150.3 161.1 +13.0(5) 147.3+2.5(2) 1451 4+ 5.1
Asp 1146 110.6 108.5 123.8 1245+77(17) 1255+1.6(3) 1154+22
Lys 174.3 167.9 166.2 187.8 171.3 + 6.8 (5) 184.5 +1.2(3) 172.7+59
Arg 1813 172.7 197.3 198.8 2021 +£32(3)* 19291+136(4) 1882+96
Mean difference —0.001 —0.011 —0.019 0.036 0.036 0.047 0.000
between +0.005 +0.005 +0.005 +0.006 +0.005 +0.005 +0.005
calculated
and experimental
protein v
values (ml/g)
Correction 0.3 2.2 34 —6.5 —6.9 —8.5 =
constant
AV/ZN to be

added to the
above volumes
prior to cal-
culation of the
conscnsus volume
(x1073 nm?)

? From [74].
® See text.

loss of H,O and the zwitterionic charges. Volume corrections
of —12.3x107 3 nm?® (7.4 ml/mol [3,4]) or —13.9 x 1073 nm?
(8.4 ml/mol [5]) are used, which were derived from model
densitometry experiments. The 1984 volumes are accordingly
smaller than the 1972 volumes. One uncertainty of this
approach thus lies in the value of the volume change of peptide
formation to be used. Another lies in the experimental
uncertainties in measuring ¥ for the free amino acids
(Methods); Zamyatnin [5] has also observed that V; for the
charged amino acids are dependent on the measurement
conditions, unlike those for the uncharged amino acids.

In the approach based on summations of molar volumes,
those for up to 12 distinct chemical groups are tabulated
elsewhere [3—5]. More detailed analyses have been carried
out by Richards [71] and Finney [72] based directly on the
known crystal structures of ribonuclease S and lysozyme,
from where volumes are assigned to 16 or 17 distinct

groupings. In the present study, the 20 residue volumes of the
amino acids were summed from molar volumes derived using
methods A and B of Richards [71] and the radical plane and
Voronoi methods [72]. Comparisons of the four resulting sets
with densitometric and crystallographic-based data (Table 1)
showed that the Richards’ method B set gave volumes with
the smallest deviations of the differences from the other
compilations. The other three sets gave residue volumes that
decreased in the order as just given. The main uncertainty of
this method lies in the error ranges found in the crystal ana-
lyses; Richards [71] has pointed out that there are large since
uncertainties in the assumed van-der-Waals radii that are re-
quired in this method are translated into their cubes at the
level of volumes.

In the protein crystallography approach, Chothia [6]
analysed 588 amino acid residues that are burried by 95% or
more in the interior of proteins, using nine crystal structures



where the coordinates had at least been submitted to a prelimi-
nary energy refinement. Using the Voronoi procedure [71],
volumes were assigned directly to residue types. Less extensive
compilations are reported elsewhere [73, 74]. Table 1 shows
that the standard deviations are large, ranging over 4 —8%
of each volume. These variations might be reduced if the
coordinates are derived from the most recent techniques of
crystallographic refinement.

Finally, crystal structures of the free amino acids can be
used to determine volumes. The present availability of suffi-
cient crystal structure determinations, together with the use
of structures with Gly (residue), H,O, HCI and HBr moieties
permit all 20 amino acid volumes to be determined by this
means [1] (Methods). In Table 1, it is seen that the standard
deviations of most volumes are less than 3% of the volume;
in five cases, this ranges over 4—7%. The correction for
peptide bond formation of —10.0 x 10~ 3 nm? is determined
as the difference of the average of 13 and 15 volumes respec-
tively of Gly as the amino acid and as the residue; it should
be noted that the uncertainty in this correction can be as high
as (7.8 + 1.8) x 1073 nm® (Methods).

Cross comparisons of the six volume sets of Table 1 give
the following results. For a given residue volume, the values
vary in ranges of 9—29 x 10~ 3 nm?. The smallest volumes are
generally those of Zamyatnin in 1984 [5], followed by the 1972
Zamyatnin [4] and the Cohn and Edsall [3] sets. The largest
volumes are those from amino acid crystals (Methods), closely
followed by the protein crystal volumes [6] within error. Linear
regression analyses between pairs of compilations give similar
good correlation coefficients of 0.96—1.00. The 1972
Zamyatnin [4], Chothia [6] and Methods sets tend to be better
correlated with each other. The Richards [71] set is the least
successful in these correlations as expected from its sensitivity
to summation errors, These correlations show that the volume
differences between the six sets can be well approximated by
a constant difference applied equally to all 20 residues. For
the 1972 Zamyatnin— Chothia pair, the mean difference is
10 (+7) x 10~ 3 nm?; for the 1972 Zamyatnin — Methods pair,
this is 10 (+5) x 107 nm’.

Further comparisons in Table 1 are based on the sub-
division into hydrophobic and hydrophilic subgroups. A
slight dependence of the constant difference presumed
above between the six volume sets is observed with this sub-
division. For the 1972 Zamyatnin—Chothia and the 1984
Zamyatnin— Chothia pairs, the constant difference is 6 —8
(£5)x1073nm3 for the hydrophobic subgroup. This is
slightly greater at 12—15 (+5) x 10~ 3 nm? for the hydrophilic
subgroup. An explanation can be proposed from the observa-
tion that the densitometric data correspond to solution mea-
surements which include hydration effects, while the crystal
data correspond to dry volumes that are unaffected by hydra-
tion. That there is a difference for all the free amino acids is
consistent with the interaction of solvent with all 20 amino
acids in solution at the zwitterionic centre. That this is larger
for the hydrophilic subgroup corresponds to the additional
interaction of solvent water with the polar sidechains. This is
consistent with data on water hydration in protein crystal
structures (below). These differences can be compared with
a value of 22—33x 1073 nm? for the electrostriction of
solvent water at a fully charged group quoted by Cohn and
Edsall [3]. Volume differences that correspond to specific
electrostriction effects for the charged amino acids are not
observed in Table 1. More precise analyses of electrostriction
are, however, precluded by the errors inherent in each volume
set, the magnitudes of which can be judged from the
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differences between the Zamyatnin 1972 and 1984 volumes,
or the standard deviations of the crystallographic volumes
reported in Table 1.

Comparisons of protein v values

The v values of 12 proteins [9] can be compared with v
values calculated from the volume sets of Table 1 and the
known amino acid sequences. The three comparisons of Fig. 1
are typical of the ¥ values calculated from the six volume
compilations. It is significant that the predicted and ex-
perimental values show similar good correlations in all cases.
The six volume sets lead to correlation coefficients of 0.82—
0.88 by linear regression. The largest differences between ex-
periment and calculation are seen for ribonuclease A,
lysozyme and carboxypeptidase A (Fig. 1). Since v deter-
minations can be in error by +0.01 ml/g (Methods), the pos-
sibilities of errors were examined. For ribonuclease A, lyso-
zyme and carboxypeptidase A, other literature values of
0.691—0.707 ml/g, 0.703 —0.722 ml/g and 0.723 ml/g, respec-
tively, have been reported [12, 75), in comparison to the pre-
sent values of 0.696 ml/g, 0.702 ml/g and 0.748 ml/g [9]. The
v of lysozyme was redetermined using a Paar densitometer to
be 0.708 ml/g in 0.15 M NaCl, 0.02 M acetate buffer, pH 4.7
at 20°C. This shows that while some difference is seen, the
value of 0.702 ml/g is reproducible within error.

Improved correlation coefficients of 0.94—0.97 are
obtained if ribonuclease A, lysozyme and carboxypeptidase
A are excluded from the regression analyses. For the proteins
remaining, the mean differences between calculated and ex-
perimental protein v values are given in Table 1. The Cohn-
Edsall values gives surprisingly good agreement. The
densitometric volumes underestimate v by 0.01 —0.02 ml/g, in
agreement with the analyses of Zamyatnin [4, 5]. The
crystallographic volumes overestimate v by 0.04 —0.05 ml/g,
in agreement with other findings [71, 73, 75, 76]. The good and
similar correlation coefficients (Fig. 1) show that agreement
between the six compilations of Table1 can be well
approximated by applying (as above) a constant volume cor-
rection to the residue volumes of each set in Table 1.

A consensus set for amino acid residues is calculated in
order to predict protein v values in solution. An average of
the six compilations (Table 1), after correction by a term AV/
Z N to place the residue volumes on a common scale (Table 1),
is taken to minimize the effect of any large errors in any given
set where AV is the total volume difference in nm® between
the experimental and calculated volumes using the 9 or 12
proteins above and ZN is the total of amino acid residues
(3174 or 3733) in these proteins. Similar 4V/Z N values were
calculated from the use of 9 or 12 proteins. Since amino acid
residues in a protein are either in or out of contact with
solvent water, and since the densitometric and crystallo-
graphic volumes correspond to these two amino acid environ-
ments, the consensus volume set in effect takes an average
of these two situations. The mean difference between the
experimental and the consensus protein ¥ values is
0.000 + 0.005 ml/g as desired. The correlation coefficient for
nine proteins is 0.96, indicating that no further improvement
in the agreement between experiment and calculation can be
obtained. Nonetheless, as seen from the 4V/ZN values, the
consensus volumes can be used to reproduce protein v values
in solution from accurate amino acid compositions more pre-
cisely than the sets from densitometry or crystallography
sources. Table 1 shows furthermore than there is little
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Fig. 1. Comparison of experimental and calculated v values for 12 proteins. The experimental values are taken from Lee and Timasheff {9]. The
protein are: RA, ribonuclease A; LI, lima bean trypsin inhibitor; LY, hen lysozyme; CA, catalase; AL, a-lactalbumin; CG, chymotrypsino-
gen A; BSA, bovine serum albumin; TU, calf brain tubulin; AC, a-chymotrypsin; LD, beef heart lactate dehydrogenase; CP, carboxypep-
tidase A; BL, S-lactoglobulin. Slopes of unit are shown in the comparisons with data calculated from Zamyatnin {4}, Chothia [6] and this
work (Methods). The linear regression coefficients are 0.88, 0.85 and 0.87, respectively, for all 12 proteins, which become 0.96, 0.95 and 0.97
if RA, LY and CP are excluded from the regressions. Specific volumes for metal atoms or heme moieties are not included in the calculation

of v

difference between the Cohn and Edsall and the consensus
sets.

In order to complete the comparisons of amino acid
volumes with experimental data, a molecular explanation of
the difference between the densitometric and crystallographic
residue volumes is required. Residue volumes calculated from
densitometry are 2.2—3.4 x 1073 nm?3/residue smaller than
the average protein residue volume, while those from crystal-
lography are 6.9—8.5x 10~ 2 nm?/residue larger (Table 1).
Total protein volumes have been described as the sum of three
chief contributions, namely those from residue volumes as
above, together with the imperfect packing of residues and
solvation effects [4, 5]. Since similar volumes are found for
amino acid residues and the free amino acids from
crystallographic work (Table 1), it is concluded that the
packing density of residue within proteins is similar to that of
the free amino acid in crystals [6, 71, 73, 75—78]. Thus,
packing defects are not of consequence in determining protein
volumes. Protein solvation effects, however, can be used to
account for the different volumes determined by densitometry
and crystallography, where protein-water interactions have
been reviewed by several authors [79 —89].

It is shown that a volume difference exists between free
water molecules and protein-bound water molecules. At 4°C,
the volume of a free water molecule is readily calculated as
29.9 x 1072 nm?, and this volume is marginally decreased to
29.5x 1073 nm at 50°C. From this, the average distance be-
tween water molecules is calculated as 0.310 nm. The X-ray
(and neutron) radial distribution curves of bulk water and
their comparison with those of ice in its hexagonal or cubic
forms (types I, and I.) provides further insights into the
average separation between free water molecules. The
ordinary ice structure is very open for reason of the tetragonal
array of hydrogen-bonded oxygen atoms. Were it not for this
hydrogen bonding, the ice structure could in principle be
repacked to twice the density of ice I, [85]. The radial distribu-
tion curve of ice reflects the high concentration of neighbours

at 0.276 nm, 0.45—0.53 nm and 0.64—0.78 nm [81]. That
curve for water is similar, reflecting a largely tetrahedral and
open environment around each molecule as in ordinary ice ;.
Calculation of the difference radial distribution curve between
ice and water shows however a substantial contribution at
0.35 nm for water [81, 85]. Within 0.37 nm, the first minimum
of the radial distribution curve, there are about 5.5 neigh-
bouring water molecules around each molecule, rather than
4 asinice I,. One early analysis of the water radial distribution
curve [90] did so in terms of hydrogen-bonded framework
and non-hydrogen-bonded interstitial water molecules. This
framework water has one neighbour at a distance of 0.277 nm
and three at 0.294 nm,; interstitial water has three neighbours
at each of 0.294-nm, 0.330-nm, 0.340-nm and 0.392-nm sepa-
ration. Since the relative amounts of framework and in-
terstitial water in the model is 4:1, the mean separation be-
tween water molecules is again calculated as 0.311 nm. More
modern treatments based on Monte Carlo and molecular
dynamics simulations {84, 85, 91] confirm these types of
structures in the sense that they predict 5.3—5.7 nearest
neighbours, depending on the simulation and the in-
termolecular potential [87]. In conclusion, even though
hydrogen-bond distances are maintained at 0.29 nm in free
water, the average distance between the water molecules is
0.31 nm, corresponding to a volume of about 30 x 10~3 nm?/
molecule.

Protein-bound water molecules are now considered. Ana-
lyses of the volume of bound water in small-molecule crystal
structures of hydrated carbohydrates, amino acids and in-
organic salts shows that the average values lie in a range
of 23.6—25.8 x 10~ 2 nm?*/molecule [1, 2] (Methods). This is
lower than that for free water in reflection of the different
nature of the intermolecular interaction within the crystallo-
graphic unit cell. It is of interest that, while water in ordinary
ice I, and I, has a larger volume of 32.3 x 10~ 3 nm?>/molecule,
the average volume found in seven other forms of ice (stable
under high pressure) is also 24.6 x 10~ nm?/molecule [2, 81].
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Table 2. Crystallographically observed water molecules on protein surfaces
The number of water molecules observed on the protein surfaces are given, followed (in parentheses) by the mass ratio of water/protein

Protein Residues Observed ordered Total observed Predicted bound
water in water water
‘first shell’
Bovine pancreatic trypsin 58 43 63 (0.17) 76—93 (0.21—-0.26)
inhibitor [92, 93]
Rubredoxin [94] 54 80 123 (0.37) 68—83 (0.20—0.25)
Erythrocrurin [95] 136 111 = 171-223 (0.21-0.27)
Actinidin [96] 220 163 272 (0.20) 289 —326 (0.22—0.25)
Penicillopepsin [97] 323 264 319 (0.17) 440 — 528 (0.24—0.28)
Lysozyme (human) [98] 130 95 140 (0.17) 178 —188 (0.22—0.23)
Lysozyme (tortoise) [98] 130 90 128 (0.16) 162—195(0.20—0.24)

The average distance between water molecules is slightly less
at 0.290 nm than in free water. Relatively small average dis-
tance changes of 0.02 nm are thus involved in the volume
reduction of 5.4 x 1073 nm? since distance-cubed terms are
involved. Sufficiently detailed protein crystallographic studies
of protein-water interfaces show the existence of well-defined
water molecule positions [82, 92—98] (Table 2). Ordered
hydrogen-bonded waters are found at surface main-chain
peptide CO and NH groups (60—62% of the total in
lysozyme) and the remainder are hydrogen-bonded to the
side-chains of mostly polar residues. Histogram analyses of
protein-water distances in lysozyme and rubredoxin peak at
0.28 —0.30 nm [98] and 0.25 —0.30 nm [94]. For lysozyme, the
mean H,O —protein O distance is 0.282 + 0.015 nm and the
mean H,0 —protein N distance is 0.296 + 0.015 nm. These
distances are as expected for typical hydrogen-bonding inter-
actions and few cases are found where there are larger
separations of the order of 0.35 nm, as noted above [81, 85]
for free water. Thus, when water is hydrogen-bonded to a
protein surface or within a small-molecule crystal structure,
the apparent water molecule volume is reduced through
electrostriction and causes the protein volume to decrease.

The effect of the reduced water molecule volume on the
total protein volume can be estimated from the number of
ordered water molecules seen in the protein crystal analyses
(Table 2). The volume difference between the Chothia and
Methods compilations and the consensus compilation is
calculated for each protein. Using 29.9x 10”3 nm® and
24.5x 1073 nm?® for the volumes of free and bound water
molecules, these volume differences are expressed as the equiv-
alent total of bound water required for the decrease in the
crystallographic volume (Table 2). The ensuing comparison
in Table 2 shows that, with the exception of rubredoxin, the
amount of crystallographically observed ordered water in the
first hydration shell corresponds to 53 + 3% of the volume
difference between the consensus and the crystallographic
volumes of the proteins. Except for rubredoxin again, the
total of observed ordered water corresponds to about 74% of
the total difference between the consensus and crystallo-
graphic volumes. The discrepancy seen with rubredoxin is
attributed to the low water content of the crystal which in-
duces a higher ordering of the water molecules in the crystal.
Disordered surface polar sidechains and other residues cannot
be analysed in this way [9] and several water molecules internal
to the protein have been neglected. Thus, these summations
have underestimated the effect of the total bound water. Cor-
rections which allow for this using Table 3 of [95] lead to the
expected total of water molecules required for the volume
difference.

Since protein hydration shells involve specific water-pro-
tein hydrogen bonding in well-defined locations, as opposed
to the loose and strong hydrogen-bond interactions of bulk
water, this leads to the observation that the apparent hydrated
volume of a protein as measured by densitometry is less than
the crystallographic volume of the protein. Since different
proteins may be associated with different degrees of hydra-
tion, the prediction of ¥ from accurate composition data is
subject to this uncertainty. Interestingly, Bull [99], using
equilibrium dialysis with a sucrose hydration probe, has re-
ported larger experimental protein hydrations for ribonu-
clease A and lysozyme compared to myoglobin, -lactoglo-
bulin and bovine serum albumin. These larger hydrations are
compatible with the reduced experimental values of v for
ribonuclease A and lysozyme (Fig. 1) noted above. In general
however, even though the ¥ measurements are performed in
dilute buffers and correspond therefore to a two-component
system, the possibility of effects arising from the
multicomponent nature of protein solutions in mixed buffer
solvents cannot be completely ruled out. These might
contribute to the v discrepancies for ribonuclease A and
lysozyme noted above in addition to the volume change as-
sociated with protein-bound water.

Only crystallographic amino acid volumes have been
considered above. The densitometric amino acid volumes
(Table 1) can be interpreted by applying the above arguments
in reverse, where the burial of amino acid residues within the
folded protein eliminates water molecules bound to the free
amino acids and in turn causes the apparent calculated protein
volume to be increased relative to that of the experimental
value.

Comparisons of carbohydrate and glycoprotein volumes

Two full and two partial compilations of carbohydrate
residue volumes are available. A hypothetical set was
calculated by Gibbons [100] from the molar group volumes
of Cohn and Edsali [3] and these are given in Table3. Mono-
saccharide crystal structures lead to a second full compilation
(Methods). Comparison of these two volume sets (Table 3)
shows that they are consistent, apart from a lower volume for
sialic acid in the first set where a hypothetical electrostriction
correction of —22x 1073 nm> had been applied. A third,
partial, compilation based on polysaccharide crystal struc-
tures gave values for Glc and GlcNAc residues, which could
be extended to Gal, Man and GalNAc residues (Table 3) [1].
Densitometry experiments with the free Glc, Gal and Man
monosaccharides lead to a fourth, partial, set of volumes [7],
which for completion was extended to the other four residues
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Table 3. Carbohydrate residue volumes
Bracketted volumes are estimated (see text)

Source M, Molar volume Monosaccharide Polysaccharide Densitometry [7]
summations [3, 100] crystal structures crystal structures (Methods)
(Methods) [1]
%x 1073 nm3
Gle 162 164.9 171.9+2.0(9) 167.3 £ 2.7 (11) 162.7 £ 0.7
Gal 162 164.9 166.8 +2.5(9) (167.3) 162.2 +0.5
Man 162 164.9 170.8 + 0.4 (3) 163.3 €)) 1619408
GIcNAc 203 224.5 222.0+2.0(2) 2304 + 3.4 (4) (216.6)
GalNAc 203 224.5 2329 1) (230.4) (227.5)
Fuc? 146 164.3 160.8 +2.9 (2) = (155.4)
NeuNAc*? 290 281.2 326.3+8.8(2) = (320.9)

* Terminal positions only.

Table 4. Comparison of calculated and experimental V values for
glycoproteins

Glycoprotein Carbo- Consensus Experimental ¥
hydrate v calculation
% (w/w) ml/g
o, Acid glyco- 43.1 0.697 0.704 [22]
protein [29, 30]
ay-Macroglobulin 9.9 0.731 0.739 [23]
[31, 32} 0.720, 0.735 [24]
IgM GAL 7.8 0.724 0.724 [25]
{33—36]
C3 of complement 4.4 0.737 0.736 [26]
[27, 371 0.73 [27]
1gG3 (human) 1.7 0.728 (MOPC21) 0.725 [28]
[38—40] 0.735 (KOL)

by correction of the crystal volumes by —5.4x 1073 nm?
(Methods; Table 3).

Densitometric glycoprotein v values are summarized in
Table 4. These are compared with ¥ values that are calculated
from anino acid and carbohydrate compositions or sequences,
the consensus amino acid volumes (Table1) and the
carbohydrate volumes of Table 3. Use of the monosaccharide
crystal volumes (Table 3) gave the best agreement between
experiment and calculation as shown in Table 4. This result
shows that hydration effects do not influence apparent
carbohydrate volumes in solution as much as amino acid
residues are. This is consistent with the reduced number of
charged groups and NH - CO peptide moieties in bound
carbohydrate chains, since it is these that constitute the
principal water binding sites in proteins [98].

Comparisons of calculated and experimental matchpoints

Neutron scattering matchpoints are dependent on
scattering length densities, i.e. the total of scattering lengths
divided by the total partial volume (Methods). Experimental
data for 11 proteins and glycoproteins are compared in
Table 5 with predicted matchpoints calculated from volumes
based on densitometry, the consensus and crystallography
(Tables 1 and 3). These comparisons show that the crystallo-
graphic volumes give the best agreement with experiment,
where the average difference from the experimental values
is —0.2 + 0.7% 2H,0. Use of the densitometric volumes gives

matchpoints that are higher by 2.6 + 1.0% *H,0, while those
of the consensus volumes also gives matchpoints that are
higher by 1.8 + 1.0% 2H,0.

Matchpoint calculations are sensitive to assumptions on
the exchangeable proton content of the macremolecule since
neutron scattering properties are strongly dependent on the
'H nucleus and these are now explored. Hydrogen exchange
has been reviewed elsewhere [102, 102]. Exchangeable protons
on O and N atoms exchange freely with H,0/2H,O solvent
except for those buried within stable secondary structures
within the macromolecule. The latter are usefully considered
as peptide NH protons. If as hypothesis, the discrepancy
between the experimental and calculated matchpoint is
attributed in full to the nonexchange of main-chain peptide
NH protons, nonexchanged NH peptide levels of 60 + 15%,
45+ 15% and 5+ 10% are required to obtain agreement
between the experimental matchpoints and the densitometric,
consensus and crystallographic volumes, respectively. These
proton contents can be compared with determinations of non-
exchanged protons by solution 'H nuclear magnetic reso-
nance (NMR) studies and by neutron protein crystallography.
Typically after extensive dialysis or exchange, 'H NMR gives
8% of nonexchange for hyaluronate binding region of pro-
teoglycans, 10 + 2% for bovine trypsin, 12 + 4% for a, acid
glycoprotein, 20% for bovine pancreatic trypsin inhibitor,
24% for hen lysozyme [1, 44, 103, 104] (and my unpublished
result). Neutron protein crystallography gives higher extents
of non-exchange of 19% (bovine pancreatic ribonuclease A),
20% (bovine pancreatic trypsin inhibitor), 28% (bovine
trypsin), 29% (sperm whale oxymyoglobin) and 34% (hen
lysozyme) [10, 93, 105—107]. 'H-2H exchange is much slower
in the crystal state than in the solution state [93, 104]. Using
'H NMR, 5 of 17 NH proton signals that are assigned to
specific non-exchanged NH protons seen in the lysozyme
crystal were found to be exchangeable with solvent in solution
[107]. Thus, in solution the nonexchanged main-chain proton
contents of 19 —34% by neutron crystallography will be sig-
nificantly reduced to values in the range of 8—24% by 'H
NMR. The latter corresponds well to the neutron matchpoints
calculated using the crystallographic volumes of proteins and
glycoproteins and what is seen to be a reasonable estimate of
10% nonexchange of the main-chain peptide NH protons.
Arbitrary estimates of the nonexchange of 25% of all labile
hydrogens in proteins (which is equivalent to 55%
nonexchange of the main-chain NH protons) by other neutron
workers, such as [45], are too high, even though these permit
similar partial specific volumes to be used for both densi-
tometry and matchpoints. It thus follows from the present
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Table 5. Comparison of calculated and experimental neutron scattering matchpoints for proteins and glycoproteins
These are arranged in order of diminishing matchpoint calculated from the crystallographic volumes

Macromolecule Carbohydrate Predicted matchpoint (assuming 10% nonexchange Experimental matchpoint

of the main chain NH protons) [6] (Methods) value (no.
of intensities measured in
densitometric consensus crystallographic number of contrasts)
[4, 7] (Results) [6] (Table 3)
%

Lysozyme 0 48.0 47.0 44.4 44.7 (10 in 10) [43]

oy Acid glycoprotein 43 46.5 45.5 440 44.7 (21 in 6) [44]

Ribonuclease A 0 47.0 46.2 43.7 42.5 (4 in 4) [49]

Fibrinogen ~0 46.7 45.8 433 42.5 (12 in 12) [46]

C1r,Cls, 7 45.2 444 423 43 (3in3)[47]

cl 7 44.7 43.9 4138 43 (9in 5) [48]

Clq 7 44.2 434 414 41.5 (11 in 6) [48]

C3 4 429 42.1 40.3 40.4 (36 in 4) [27]

C3e 6 42.9 42.1 40.3 40.7 (11 in 4) 27

C3dg 0 423 41.6 39.7 39.3 (9 in 3) [27)

Myoglobin 0 41.7 411 39.4 40.2 (10 in 10) [49]

analyses that the volumetric and neutron techniques lead to 30

different views of partial specific volumes.

A complete analysis of neutron matchpoints requires a

molecular consideration of the hydration shell that surrounds i .

the macromolecule. The classical view of volumes as visualised

by neutron scattering is that these correspond to the dry 20}

volume, i.e. that volume which is inaccessible to solvent water . 1lcm

molecules [41, 42]. The results above indicate that this dry Asgh | °

volume corresponds well with the crystallographic volume {experimental)

and that the known existence of a hydration shell has been L °

negated by reason of the neutron technique. Calculations of 10

neutron scattering matchpoints based on an added hydration e

shell equivalent to the number of water molecules reflecting i

the difference between the consensus and Chothia volumes

(as above) are sensitive to assumptions relating to the two

water protons. It is of interest that consideration of this pro- i ’ m ‘ % . 2

tein-bound water in terms of OH moieties and not H,O . lem

moieties in the reduced water volume of 24.5x 103 nm? Aggy " fealculated)

(compared to 29.9 x 103 nm? as in free water) gives protein
and glycoprotein matchpoints close to those from the
crystallographic volumes. This concept is compatible with
the location of the bound water-oxygen by protein X-ray
crystallography (and, by inference, its hydrogen-bonded pro-
ton). In consequence the second water proton that is not in
contact with the protein is associated with a volume and
position uncertainty in as far as the neutron experiment is
concerned, and this means that the effective protein-bound
water volume is close to 29.9 x 10~ 3 nm® and is not readily
distinguishable from free water. In distinction, the den-
sitometric observations of protein v values are dominated by
the water oxygen atom, since this is 89% of the mass of water.
The different observations of volumes by neutron
matchpoints and densitometry might thus be accounted for by
the property of the two techniques to examine preferentially in
that order the hydrogen or the oxygen atom of the hydration
shell.

Comparisons of calculated
and experimental absorption coefficients

The calculation of absorption coefficients requires accu-
rate M, values together with accurate Trp, Tyr and Cys
contents and their molar absorption -coefficients [53]
(Methods). Experimental absorption coefficients A5%;! ™ or
A.,p are compared in Fig. 2 with the calculated values A4, for

Fig. 2. Comparison of experimental and calculated absorption
coefficients for 23 proteins and glycoproteins of known primary se-
quence. The data are compared with a line of slope equal to unity. In
order of increasing experimental absorption coefficients these are:
aspartate transcarbamylase (5.9), bovine serum albumin (6.8),
complement component Clq (6.8), ribonuclease A (7.1), bovine
pancreatic trypsin inhibitor (8.2), a;-macroglobulin (8.6), «; acid
glycoprotein (8.93), complement component C4 (9.2), subtilsin
Carlsberg (9.6), B-lactoglobulin (9.6), complement C3 (9.7), insulin
(10.3), subtilsin BPN (11.7), complement factor B (12.7), trypsin
(15.9), fibrinogen (16.8), serum amyloid P component (18.2),
carboxypeptidase A (19.0), C-reactive protein (19.5), chymotrypsi-
nogen A (20.2), a-lactalbumin (20.5), human lysozyme (24.2), hen
lysozyme (26.3)

23 proteins and glycoproteins. The Trp, Tyr and Cys contents
of these macromolecules provide a representative survey of
absorption coefficients. Thus, the values of A4, range over
5—27. Of the 23 macromolecules (which includes eight
glycoproteins), three have no Trp residues, two have no Cys
residues, two have very high relative Trp contents, and two
have very high relative Cys contents. The Tyr residues are
more evenly distributed. A good linear relationship between
Aexp and A, is observed, where linear regression analysis
gives a correlation coefficient of 0.994 and a best straight line
with a slope close to unity:

Aexp = 0.960 Ay + 0.740.
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The average difference (Acxp, — Acar) is 0.2 + 0.7, with the great-
est differences being seen for bovine pancreatic trypsin in-
hibitor (—1.5) and human fibrinogen (1.6) When 4., is less
than 10, which corresponds to relatively low Trp contents,
the difference (Aexp,— Acar) is slightly increased at 0.5 +0.3.
conclusion, 4, values from sequence data are able to repro-
duce A,,, values within errors of +0.7, and the precision of
the calculation is improved for macromolecules with high
Trp contents. Since the ratio of A, to A, is on average
1.03 + 0.07 (23 values), predicted A, values should be in-
creased by this factor. Earlier work using six glycoproteins
has suggested a factor of 1.06 1 0.03 [54].

The applicability of the calculations to other macro-
molecules whose sequences are unknown was found to be less
precise. For example, C1 inhibitor of complement has 4.,
values of 3.6 —4.5 [108, 109], while A4.,, on the basis of amino
acid analyses are 6.1 — 6.4; this difference can be attributed to
errors in the determination of Trp contents. In certain cases,
errors in A, can be large. The C4b binding protein of comple-
ment was inferred to have A4.,, of 9.3, but 4., was determined
to be 14.1 from the sequence, and use of the latter determina-
tion lead to a much improved molecular mass determination
by small-angle X-ray scattering [54, 110]. Finally it is noted
that 4.,, can depend on the conditions of measurement; that
for bovine serum albumin was reduced by 0.5 on addition of
3 M guanidine hydrochloride [111]. Large variation of pH can
sometimes cause changes in A4, of up to 0.3 [112].

CONCLUSIONS

Two distinct approaches have been employed to calculate
protein volumes starting from accurate amino acid composi-
tions. The first approach is based on densitometry of the free
amino acids in solution. This yields residue volumes that have
been reduced compared to the physical residue volume for
reason of bound water molecules of effective volumes
24.5 x 10~ 3 nm3/molecule (in comparision to the free water
molecule volume of 29.9 x 10~% nm?/molecule). The forma-
tion of a globular protein structure is concurrent with the
removal of part of this bound water from the individual amino
acids. Thus the Zamyatnin 1972 and 1984 volumes give pre-
dicted protein ¥ values that are too low. The second approach
is based on the use of directly observed crystallographic
volumes (using either crystallographic molar group
summations, protein crystal structures or amino acid crystal
structures). These correspond to the physical residue volume.
Since no allowance for bound water has been included, the
predicted protein ¥ values are too high. In order to predict v
values for typical dilute proteins surrounded by bound water
molecules in dilute buffer solutions as seen by densitometry,
a consensus volume set was derived from the six available
compilations. For this, the V; of each compilation was first
corrected by amounts 4 ¥/ N to correspond to the deviation
between the calculated v from each compilation and the ex-
perimental v for well-characterized standard proteins. The
ensuing consensus volume set is fortituously close to the classi-
cal 1943 Cohn-Edsall volumes (corrected for Cys; Table 1) in
its ability to calculate protein v in solution; in conclusion
either set can be used. In terms of molecular structures, where
specifically bound water molecules have been directly ob-
served in recent refined protein structures, the difference be-
tween the crystallographic and consensus volumes corre-
sponds well to the total number of observed bound water
molecules in the protein crystal structure. This is confirmatory

evidence of a general electrostrictive effect of the protein
hydration shell on the protein volume in solution as measured
by densitometry.

The calculation of protein and glycoprotein neutron
scattering matchpoints is sensitive to the main-chain NH pro-
tons that do not exchange as the H,0/*H,O ratio is varied.
Comparisons based on protein NMR and neutron protein
crystallography indicate that in solution 8 —-24% of these
NH protons do not exchange (depending on the protein).
Comparisons of the predicted matchpoints from the three
volume sets (densitometric, consensus, crystallographic)
shows that the use of the crystallographic volumes gives the
best match with both the estimated nonexchange of peptide
protons and the experimental matchpoints. In conclusion,
neutron matchpoints are well predicted from the Chothia
crystallographic volumes assuming 10% of mainchain NH
nonexchange (i.e. 5% of all exchangeable protons). In relation
to molecular structures, the hydration shell of the protein
apparently has the same effective volume as that of bulk water.
Consequently the so-called ‘dry’ volume of neutron scattering
corresponds empirically to the physical macromolecular
volume, even though a multicomponent system is under con-
sideration. That densitometry and matchpoints lead to dif-
ferent views of ¥ might be due to the different emphasis of
each method on the observation of the oxygen atom and the
hydrogen atom in hydration shells, respectively.

The above comparisons have been made using ex-
perimental densitometric and matchpoint data which, strictly
speaking, relate to multicomponent system. These are not
necessarily equivalent to very dilute protein or glycoprotein
solutions in dilute buffers, i.e. to the pure macromolecule at
infinite dilution in pure water. It is possible that a careful
reinvestigation of this aspect using a more detailed formulism
for multicomponent systems [8, 113] might resolve some of
the discrepancies noted in the course of this work.

The comparison of experimental and calculated 280-nm
absorption coefficients on the basis of accurate amino acid
compositions is shown to be a useful quantitative procedure
(Fig. 2). Predicted absorption coefficients should be increased
by a factor of 1.03 and the calculation, on average, reproduced
experimental values to +0.7 (1% solutions, 1-cm pathlength).
It is useful to calculate these as a control from sequences for
comparison with literature values.
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