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{11] Structural Interpretation of Hyd;'o&ynamic
Measurements of Proteins in Solution through Correlations
: with X-Ray Data ‘

Introduction

Analysis of protein structure by X-ray crystallography has revealed
irregular surfaces consisting of many clefts, grooves, and protuberances.
To understand the overall contribution of these features to protein proper-
ties, one must bear in mind that globular proteins generally carry out their
biological function in aqueous solution, where they are both fully solvated
and in a dynamic state, whereas crystallography observes a static struc-
ture, and one in which bound water is nearly undetectable. Significant
questions from a biochemical perspective are, therefore, whether the so-
lution structure differs from the crystallographic structure, what the pos-
sible differences are, and how they may affect biological activity. Hydro-
dynamic parameters, which are sensitive to surface characteristics, have
been calculated from X-ray crystallographic coordinates and compared
with solution values in attempts to answer such questions, but with only
marginal success. There appears to be a need for stnictural information
from other nonhydrodynamic sources for use in conjunction with hydro-
dynamic parameters, so that the combined results may be compared with
those from X-ray crystallography. Small-angle X-ray scattering (SAXS)
is a method particularly suited to meet that need. -

The calculation of hydrodynamic parameters from SAXS data can
afford various insights. Comparison with observed values can remove
ambiguities regarding the relative contributions of shape and hydration to
the frictional ratio. X-Ray data from either diffraction or SAXS can pro-
vide a measure of molecular surface roughness. Comparison of diffraction
results with those from SAXS can indicate differences between a tech-
nique that gives detailed structural information, albeit.without regard to
hydration, and one that gives less geometric detail, but furnishes informa-
tion on hydration as well as molecular shape and surface area. This chap-
ter will deal with each of these aspects in turn to show how they can be
used to advantage. ’ :

At other times it may be of value to have a means for deriving struc-

- tural parameters from available hydrodynamic data which would not per-

mit this unambiguously by traditional methods. It will be shown how from
sedimentation coefficients (the best suited among hydrodynamic parame-

ters for this purpose), in conjunction with general expressions and a

 knbwledge ‘only- of molecular weights and partial specific volumes, one

can ‘obtain reasonable estimates of a number of useful characteristics.

' Aniong these.are molecular surface areas, hydrated volumes, axial ratios,
~ and-radii. of gyration of globular proteins, both in the native state dod on

undergoing Structural changes.
Approaches to the Problem Area

.+ The fth'r’ee hydrodynamic parameters under consideration here are ob-
tained experimentally by the observation of flow under the influence of an
applied force. The proportionality factors relating the flow rates to the
respective forcés are the sedimentation coefficient, s, for a gravitational
fiéld; the diffifsion coefficient, D, for a concentration gradient; and the
viscosity, 7, for a shearing force: In solutions, these coefficients will vary
with.coricentration. In the cases of sedimentation (the major focus of this
chapter) and'diffusion, quantities more characteristic of the solute are the
respective parameters s” and D°, obtained by extrapolation to infinite
dilqtis’)h;'-ix)-t_ﬁé case of viscosity, similar extrapolation-of a derived quan-
tity, the reduced viscosity, gives the intrinsic viscosity; [n]. Each of the
first two coéfficients can be used individually i characterize a macromol-
eculé"with réspect to either its molecular weight or its frictional proper-

" ties, pi;ovidé_:‘c_l the other of these is already known from independent mea-
.surement-or’is held constant. Used jointly, sedimentation and diffusion

give, molecular weight and frictional information sim» jtaneously. The in-
trinsic viscosity is closely related to the frictional coefficient (i.e., the

‘ratio of frictional force to relative particle velocity) but, in contrast to

flexibie and ¢xtended molecules, for the globular proteins which are our
concern herg:it is not significantly related to molecular weight.

- " ":It.thus bétomes evident that an understanding of frictional coefficients

is: cefitral tg ‘an, interpretation of the three hydrodyiiamic parameters.

. Frictional coefficients, however, are not directly accessible by experi-
“ment.:The: experimentally accessible frictional ratio (the ratio of the fric-

tidhgl;iﬁéoéfﬁé_ient of the actual—hydrated and nonspherical—molecule to
that ofa corresponding theoretical—nonhydrated and spherical—mole-

-cule of -equal dry volume) by definition combines information on two

kirids of properties, not readily separated: hydration and shape (the latter

_ in terms of anisotropy, expressed for convenience as the .axial ratio of a

lijrijotheticalfellipsoid of revolution). Although neither may be obtained

. "expligitly, a range of reasonable assumptions for one will give a range of
.possible valiies. for the other. This procedure is feasible in the case of
_ globular proteins, for which both ranges are relatively limited, and has led

to thé practice of balancing the relative contributions .of hydration and



shape according to some particular criterion, or else of assuming an aver-
age hydration value, such as 0.2 or 0.25 g of water per gram of dry protein,
in order to arrive at approximate axial ratios."? Results have often ap-
peared dubious.** Such procedures have been criticized on the basis that
some of the hydration model assumptions are not appropriate and, in-
stead, simultaneous use of parameters from sedimentation, diffusion, and
viscosity measurements on the same solutions has beén advocated.*57
The improvements are still not altogether convincing. The problem may
be that frictional coefficients derived from the various hydrodynamic pro-
cesses are not, in principle, identical, because the different types of forces
involved require different hydrodynamic models.?

- A reason for less than satlsfactory results from both of the above
approaches, which is worth examining in some detail, is suggested by the

accumulated X-ray crystallographic evidence relating to the surface struc--

ture of the protein molecule. The assumption of smoothness inherent in
the models, like the use of ellipsoidal modeling in the first place, has been
no more than a convenience, adopted because these were the only geo-
metrical bodies for which a complete theory predicting frictional ratios
was available.®-!! However, the severe surface irregularities revealed by
X-ray diffraction data for globular proteins are certain to affect frictional
properties. Earlier calculations of structural frictional coefficients from
sedimentation coefficients, based simply on unit-cell parameters from
X-ray diffraction'? and leading to excessively high hydration values, have
been improved by rigorous calculations for a number of proteins based on
a shell model" to take into account the dependence of frictional coeffi-
cients on surface roughness, or ‘‘rugosity,"’ i.e., wrinkledness. (This con-
cept was introduced without explicit definition; it is quarititated elsewhere
in terms of a surface area in excess of the smooth surface of the model.'4)
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Usmg first an approximation due to Kirkwood'>-"? and later a more rigor-
ous theory, Téller et al."* calculated frictional coefficients from X-ray

. coordinates. They found that agreement with experimental values was
.reached only wlien a single-layer hydration shell was added to the crystal-
_logrdphxc model in the first case, and only to charged’ groups on the
-protein- surface in the second.

Thns |llustrates a further reason for disagreements: X-ray dlffractron
does not bbser"ve quite the same entities as do solution methods Proteins,

- as mentioned, function in an environment where they are expected to be

hydrated but X-ray structural analysis can show only a fraction of even -

. the most tightly, bound water. Model calculations to derive frictional ra-

tios' directly from data-bank X-ray coordinates, thereforé, can take no
account of bound water, although its presence must moderate the effects

" of the surfaceurregulantres In addition, X-ray diffractiott’ observes a
-static’ structure disregarding protein breathing'® in solution. Yet other
) dlﬂ'erences mdy be due to electrostriction in the crystal resulting from
‘charged groups in the protein.

To resolve .some of these ambiguities, an ideal complement to the
hydrodynamlc methods would be a method which (1)-is not hydrody-
narmc, and therefore not dependent on friction.. atios; (2) mdependently
gives. hydratlon ‘information, as well as structural informiatioi from which

'fncttonal ratios can be obtained; and (3) unlike X-ray diffraction, does
_ examine:- protems in solution. Small-angle X-ray scatteririg meéts all these
. reqmrcments." It has the additional qualification that it-allows the deter-
'mmatrbn of the surface-to-volume ratio, an exceedingi/ useful parame-
'ter in this context. A comparison of hydrodynamic ceefficients obtained

by SAXS with empirical values thus will provide an approach to interpret-

-ing the latter i in’ a meaningful way.

. ‘There are two different expressions that can be used asa startmg pomt :

for tﬁe calculatlon of axial ratios (and thus frictional ratiosi") of scattering-
'eqmvalent elhpsords from SAXS data®; they give drt‘ferent answers.

Method 1gives an estimate of the overall molecular shape Wwithout regard
to rugosity. Méthod 2 makes use of the surface-to-volume ratio obtained
from SAXS aid translates it into a hypothetical axial ratio descnptlve of

: the surface’ aréa instead of the overall geometry of the molecule In effect,
<t pt'ovrdes the molecular model of Method 1 with the requrred additional

surface by strétchmg or flattening it (depending on whether one deals with



a prolate or an oblate ellipsoid) and arrives at a frictional ratio refiecting et g
the extra surface presented by the rugosities. One can use either of these - 0 o o
axial ratios (denoted 1 and 2), by way of frictional ratios derived from £l B 5 & & 8 8 & g 5 8 % &
them, to estimate hydrodynamic coefficients, in particular sedimentation g ol & - - o & & ~ nl ¥ R &
coefficients.? It turns out that those predicted from the surface-sensitive : .7]! i
axial ratios (Method 2) are in excellent agreement with experimental sedi- NI
" mentation coefficients, whereas the more conventional (Method 1) axial Lohhnfea588888588328 8§88 2LRAYI] a9
ratios are poor predictors.?! S §~">3; R N-rf-d-dNadamdeba e davee | e
. 'gm : ! SR
Establishing Correlations between Hydrodynamic and X-Ray Data g,.g_ : !éé 888 Sg3g3c3I3sR 88 983823 | 59
" The approach described in the following is largely adapted from the e = SEmEss=s
work of the present authors.2! Its main thrust will be directed toward the 2l Pt o . PESTTEN
utilization of sedimentation coefficients because these are found to fur- P .55 ]589895800888 8Y 22888 %3
nish the best correlations; diffusion and viscosity correlations will be 3 SelToTassaaAadaT=n = fetns oo
discussed to the extent the requisite data were available. 8 § Lofe A
The criterion for selection of proteins for the present purpose was the é é % o e
availability of two kinds of data in the literature: (1) the ssedimentation N K dndad “ - 3 R
coefficient 53w, or data which allow it to be calculated, and (2) requisite § 4’ > :‘; g § g § % § E 3 § S ;"'3 2 § § § 5 §§ § § ggd
SAXS data. The latter refers to reported values of (a) the radius of gyra- <l < o RERSACET V® 8°§°Q°3°
tion, Rg, and (b) at least two others of the following three parameters: the @l RO
hydrated volume, V, the surface-to-volume ratio, S/V (required for all a 3 "‘.__ 22 2 2 7 2 9 o 8.8 B o«
ited _ e 23 S £ = £ £ g8 8 ¢ J.8 3 3
proteins in the lower molecular weight range), and the axial ratio or some S - -
other shape ratio, depending on the model. These SAXS data are referred § : IR ey
to hereafter as the primary parameters for the protein reported, as con- g A ';..“. £ R
trasted to secondary parameters in a particular case, namely, those that P 3 | Ladibeobebbhide &3 N TP
could be derived from the primary ones if not reported independently. In -] E‘-: §§ ? E § é & g & g‘ § g 5 % 8- 8:: 3 REgR
addition, the proteins considered here are roughly globular, with no flexi- .3 =osT s Ae/ex°Re §° -\ie gercg-
bility, as seen by SAXS. . S . E . v
An extensive search of the literature to date has produced a total of 19 E e v owow oo w Wrw wow
globular proteins and 2 spherical viruses that meet the stated criteria (for al N i & & & o &.'& O ‘O
references, see Table I; this differs from Table I of Ref. 21 by an addi- R B N oo
tional protein, 10a, and a number of corrections and recalculated values, B B SR
but the original sequence of numbers has been retained). In view of the ’ ok N
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signal from protein solutions as well as certain instrumental limitations. In §; |SggS3y geces £c5EcS 3 g% S %% g
fact, only 11 proteins in the data set actually have experimentally deter- = E 3 gg g § _:.E g § E & % 2é 233 §_§ s %3 §
mined surface areas. Fortunately for our purpos¢, 10 of these proteins I; ST 3 = i ‘g = .gv 5 é al £ §S ééé | 3 3.2 £
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TABLE | (continued)

Auxiliary Calculated
parameters SAXS parameters from SAXS From
- sedimentation
M¢ v. A @bl (fifh* 5.8
Macromolecule* Model® o, mifg?  Rs,A  SIVVA' (b)Y (I .S shwe S

12. Glyceraldehyde-3-phosphate HOC 142,870- 32.1 264,200 0.636 1.018 8.15
dehydrogenase, apo 0.737= 0.0995” 0.389 1.078 7.70 7.6%
(bakers' yeast)

13. Glyceraldehyde-3-phosphate HOC 145,520~ 3.7 250,000 0.614 1.024 8.46
dehydrogenase, holo 0.737° 0.1016” 0.384 1.080 71.97 8.08
(bakers' yeast)*

14. Malate synthase OE 170,000+ 39.6 338.000 0.363 1.089 8.40
(bakers® yeast)* 0.735 0.0843~ —_— —_ - 8.25%

1S. Pyruvate kinase, apo* OEC 190,800 43.5 406,000 0.321 1112 8.70
(brewers’ yeast)* . 0.7347 0.0879» 0.298 1.127 8.62 8.70%

16. Pyruvate kinase, holo® OEC 192,160+ 42.5, 406,000 0.349 1.096 8.92
(brewers’® yeast)® . 0.734 " 0.0855° 0.320 1.113 8.80 8.817

17. Caualase PC 248,000 39.8 420,000 1.91 1.038 12.20 )
(bovine liver)s B 0.73¢0* 0.0752~ 2.24 1.060 11.96 1.3

18. Glutamate dehydrogenase PC 312,000 47.0 668,000 1.98 1.043 12.18
(bovine liver)® 0.749% 0.0648~ 2.30 1.064 11.93 11.4%

19. Tumip yellow’ S 4.97 x 104 108»  11.49 x 10% 1.0 1.0 104 .

Tt shosaic virus®? - S 0.6668 o 0.0214» . - - 106%

20. Southern bean - . 8 6.63 x 104 Hir 7 1225 x [0~ 1.0 1.0 124 co-
mosaic virus* 0.696% 0.0210- - - - 1s*

¢ Superscript numerals following entries indicate references as listed below. Tabulated

in the first column, unless noted otherwise for a particualr parameter.
psoid; OE, oblate ellipsoid; PC, prolate (elongated) cylinder; OEC,

 Geometric model used to describe scattering particle: PE, prolate elli
oblate (flattened) elliptical cylinder; HOC, hollow oblate cylinder;
¢ Molecular weights, by preference,
the cited authers® values appeare

-4 Partial specific’ lehq‘lé; .ﬁverg.- the ci_ied authqrs}' values o, in some cases,
. temperature differences between 25 and 20° were not in genéral' made for

S, sphere.

data were taken from the references thus designated

were based on amino acid compositions and sequences wherever available, except in some cases where

: : affect comparisons between the different < values. .. . - :

. % From Eq. (3a). Prolate-or. qblat¢ cylinders were m

% From'Eq.- @3b).or.(3¢). Cylinder modeled s in Note e.-

- From.Eq. (2a) or'(2b), based on Eq.(Ga). .. - - .. . - L
* From Eq. (2a), based on Eq. (3b); of Eq. (2b), based on Eq. (3¢).

% Key to references:

' H. Pessen, T. F. Kumosinski, and-S. N. Timashe
2 M. O. Dayhoff, ed., ““Atlas of Protein Sequence and Structure,’*

** From Eqs. (1a) and (1b);based om Eq: (3a). > * -
/ From Eqs. (1a) and (1b), based on Eq. (3b) of (3c).

odeled as

3J. C. Lee and S. N. TimashefT, Biochemistry 13, 257 (1974).
*D. A. Yphantis, J. Phys. Chem. 63, 1742 (1959).

% A. J. Sophianopoulos, C. K. Rhodes,

¢ M. J. Kronman and R. E. Andreotti, Biochemistry 3, 1145 (1964).
7 W. R. Krigbaum and R. W. Godwin, Biochemistry 7, 3126 (1968).
$ G. W. Schwert, J. Biol."Chem. 179, 655 (1949).

ff, J. Agric. Food Chem. 19, 698 ( 1971).
Vol. 5. Natl. Biomed. Res. Found., Washington; D.C., 1972.

oo

gquivalent prolate or:oblate eilipsoids, respectively...

&

D. N. Holcomb, and K. E. Van Holde, J. Biol. Chem. 237, 1107 (1962).

* G. W. Schwert and S. Kaufman, J. Biol. Chem. 190, 807 (1951).
0 P. E. Wilcox, J. Kraut, R. D. Wade, and H. Neurath, Biochim. Biophys. Acta 24, T2 (1957).
A, A. Vazina, V. V. Lednev, and B. K. Lemazhikin, Biokhimiya (Moscow) 31, 629 (1966).
2 T. G. Rajagopalan, S. Moore, and W. H. Stein, J. Biol. Chem. 241, 740 (1966). .
B T. L. McMeekin, M. Wilensky, and M. L. Groves, Biochem. Bicphys. 2es. Commun. 1, 151 (1962).
“ R. C. Williams, Jr. and T. G. Rajagopalan, J. Biol. Chem. 241, 4951 (1966). :
% T. F. Kumosinski, H. Pessen, and H. M. Farrell, Jr., Arch. Biochem. Biophys. 214, 714 (1982).°
“J. Witz, S..N. Timasheff, and V. Luzzati, J. Am. Chen: Soc. 86,.168 (1963). -
- %-T.F. Kunjosinskl and S. NeTimashett, J:" Amé Chem. Soc."88; 5635 (1 966)."
- W V. Luzzati, J.:Witz,'and A. Nicolaieff, 1. Mol. Biol. 3, 379-(19%61). - < -
"®G. L. Miller and R. H. Golder, Arch. Biochént. Blophys. 36, 249 (1952).
3 A. Pesce, T. P. Fondy, F. Stolzenbach, F. Castillo, and N. O. Kaplan, J. Biol. Chem. 242, 2151 (1967).
* H. Durchschiag, G. Puchwein, O. Kratky, I. Schuster, and K. Kirschner, Eur. J. Biochem. 19, 9 (1971).
2 R. Jaenicke, D. Schmid, and S. Knof, Biochemistry 7, 919 (1968).
B R. Jaenicke and W. B. Gratzer, Eur. J. Biochem. 10, 158 (1969).
% D. Zipper and H. Durchschiag, Eur. J. Biochem. 87, 85 (1978).
B G. Schmid, H. Durchschlag, G. Biedermann, H. ‘Eggerer, and R. Jaenicke, Biochem. Biophys. Res. Commun. 58, 419 (

d more reliable or consistent with the other parameters under the conditions of measurement.

‘more accurate values-found in the literature. Corrections for
0 because resulting differences in s%.. are minimal and do not. |

1974).



» Washington, D.C.,

the amino acid sequence molecular weight was used, to-
= 142,000 with M = 66,300 would resultin s, = 4.43and

are used for brevity. They refer to **native’” and *‘fructose

l. Chem. 352, 1139 (1971).
** Suppl. 2, p. 267. Natl. Biomed. Res. Found.

** Suppl. 1, p. S-83. Natl. Biomed. Res. Found., Washington, D.C.,

and W. W. Beeman, Biochim. Biophys. Acta 12, 499 (1953).

L. Miller and W. C. Price, Arch. Biochem. Biophys. 10, 467 (1946).

! From Dayhoff (Ref. 2, this table), p. D-130.

*s Z, Physiol. Chem. 353, 803 (1972).

Bischofberger ei al. (Ref. 27, this table).

Biochim. Biophys. Acta 14, 1 (1954).

Markham, Discuss. Faraday Soc. 11, 221 (1951).
G. S. Fosmire, and S. N. Timasheff.

¥ Value for 9 (dimer) used, since & for octamer not available.
¢ From Dayhoff (Ref. 2, this table), pp. D-147, D-148.

e Calculated from value for apoenzyme.

5, and s, listed in the table,

ted model from values of primary parameters of cited authors (see under Selection of

or

Biochemistry 9, 3095 (1970).
this table .(S. N. Timasheff, personal communication).

**Atlas of Protein Sequence and Structure,
(his table). The value reported in Ref. 18, this table, is 4.1 at 0.75%. Allowing for the concentration.

, the two values are equivalent.

for holoenzyme not available.

value of molecular volume appears to be high, as was the molecular weight of 81,200 reported by the listed authors, pointing to

R. Leonard, Jr., J. W. Anderegg, S. Shulman, P. Kaesberg,

W. Schmidt, P. Kaesberg, and W. W. Beeman,

possible presence of aggregation products. F
... getherwitha proportionally adju;ted volumeof | l: .m. The inconsistent use o( V

Reisler, J. Pouyet, and H. Eisenberg,
" 8y = 4.06."

7 Y. Bischofberger, B. Hess, and P. Roschlau, Hoppe-Seyler's Z. Physio

»% K. Milller, O. Kratky, P. Réschlau, and B. Hess, Hoppe-Seyler
8 A. G. Malmon, Biochim. Biophys. Acta 26, 233 (1957).

» 5. B. Sumner and N. Gralén, J. Biol. Chem. 125, 33 (1938).
» 1. Pilz and H. Sund, Eur. J. Biochem. 20, 561 (1971).

References to TABLE 1 (continued)

diphosphate liganded," respectively.
« Molecular weight calculated from value for subunits reported by

dependence according to Ref. 19
* Unpublished data of H. Pessen, T. F. Kumosinski,

RE

»p

B R

“B

3G

Proteins). .

¢ Origin of preparation not stated.

1973.

¢ Unpublished data of authors of Ref. (16),
* From M. O. Dayhoff, ed.,

1976.
* This

the

% The designations **apo’’ and **holo,"" although not strictly correct in this case,

* From M. O. DayhofT, ed., **Atlas of Protein Sequence and Structure,

= From Dayhoff (Ref. 2, this table), p. D-136.
* Value reported by cited authors (see Note c).
» Secondary parameter, calculated with use of indica

= From Dayhoff (Ref. 2, this table), p. D-138.
* Value for apoenzyme used, since &

-» From Miller and Golder(Ref. 19,

, have molecular weights less than 100,000 and thus could bé expected to
show the effécts of rugosity. The remaining ones have moletular weights
greatcr ‘than 100 000, where it could be expected that the rugosity would
"make telatlve]y little contribution to the structural portion of the frictional
ratlo Shape irformation, however, is available for these protems from
SAXS results in the high-angle region. In fact, all the high-molecular-

: wenght protems have been found to be approximated best by cylinders

; (elthet prolate or oblate), with the exception of lactate dehydrogenase, B-
lactoglobulm octamer, and malate synthase; these resemble oblate ellip-
sonds éf reyolution.

Theory

FOr the fnctlonal ratio we make use of a decompOsuhon, due to On-
cley, o£ the total ratio, f/fy, into shape- and hydration-dépendent factors,
Lol f{,andf/f. , respectively. The form of Svedberg’s equatlon to be used to
cal¢ulate theoretlcal sedimentation coefficients Szow froin ‘SAXS struc-
tulnl parameter is2

0o _ MU -1up)
Sow = (iR 6mNG S (la)

- where. the. subscript **20,w™" denotes reference. lo watér-at 20°, M is the
anhyd:‘ohs molecular weight obtained from the amino acld. sequence or
, composmon ‘whenever possible, 0 is the partial spemﬁc ‘volume of the
.proteiiv (calculated or, preferably, expenmental) pistie densuy and 7 is
~the viscosity bt‘ water at 20°, and N is Avogadro’s number..It should be
‘ioted that for our calculations ry, the Stokes radius (in cni); will be related
10 ‘the: Scattenng volume V of the hydrated macromolécule (in cm?) in-
stead- of the ‘more customary 0, by the relationship -

ro = (3V/4m)"» ' . ~ (Ib)

Sirice the scattering volume, in contrast to 0, already reﬂecls the hydrated
molecule, the correspondmg frictional ratio is really f,/ ﬁ,, although it was
wntteg abové: (and for simplicity will continue to be writtert.in the follow-
ing) a& flfo. "

. The: fnctu)nal ratio f/fy, then, is here the structural’ factor of the total
fnctional rati for the hydrated particle. We model all nlolecules as pro-
late of: oblate ellipsoids of revolution'":

f!' (p2 - 12
Jo. pPhnlp + (p - D7)’ (p > 1, profate) . (22)

ar! Svgilh_erg dnd K. O. Pedersen, **The Ultracentrifuge,” p. 22.Oxford Univ. Press
* (Claregdon), London and New York, 1940. o



f_ (1 - py)w
fo p' tan”'((1 - p3)p]’

where p equals a/b, b is the equatorial radius, and a is the semi-axis of
revolution of the ellipsoid. (The usage of p = a/b is in agreement with that
of Luzzati and co-workers?; note that this p is the reciprocal of the p
defined by Teller et al.'®) The axial ratios p were determined from SAXS
parameters by the method of Luzzati,?® with the use of either of two
dimensionless ratios, r; and 7,, defined as follows (where V is the volume
of the macromolecule, Rg is the radius of gyratlon, and S is the external
surface area):

(p < 1, oblate) (2b)

2 42\ P
3", wzn . oew
and '
= -'S:--_3.. P2 ._(pz_”m P2+2"2 1
r R"v‘zp['*(pZ—l)'ﬂs"" > &), >
(3b)
or

r= Ro V= [l + 2),,2 tanh=! (1 - pﬁ"’](#}ﬁ (p<1

(3¢c)

These equations incorporate the geometric relationships V = (4/3)mab?,

= [(a? + 2b?)/5]'2, and the expressions for S in terms of a and b for
prolate and oblate ellipsoids of revolution, respectively. The ratios r; and
r, may be seen from the limiting case of a sphere to be subject to the
constraints r; < 2.152 and r, = 2.324.

Regarding the evaluation of p from Eq. (2), when f/ﬁ. is known, or
from Eq. (3), when r, or r; is known, it may be noted that no closed
expression for p is available. For this reason the earlier literature (p. 326
of Ref. 3; 12) made use of plots of these functions (readily calculated for p
as the independent variable), which then permitted graphical evaluation
to a limited precision. Greater precision could be obtained from compila-
tions of these values, involving somewhat voluminous tables or, if more
compact (cf. p. 41 of Ref. 22), requiring interpolation. With the availabil-
ity of computers, or even programmable desk calculators, it is a relatively
simple matter to program an iterative algorithm which can rapidly evalu-
ate p to the desired precision for any value of f/f&, ry, or r; within the
domains of these variables.

lt is to.be’ empbhasized that f/fy and ro are derived from solution struc-

'tural parameters without any assumption regardmg thé contribution of

hydratlon ‘o’ the frictional ratio; also, no assumption” is necessary con-
cermng the symmetric or asymmetric placement of the water molecules,

:or coricerning electrostriction effects, in contrast to the use. of three-

dimensional X-ray crystallographic structures for corrélatlon with sedi-

'.mentatlon data of globular proteins, where such assumpuons cannot be
~avotded L L

PLE

.Correlanons between Sedimentation and X-Ray Dlﬁi'acuon Data

To ensure that our special selection criteria have resulted in a set of

‘,data fiot very. different from those for globular protetns [ general, we first

test our set of 21 globular macromolecules against those of Squire and

:Hlmmel'z ‘and Teller et al." (selected for a different purpose and accord-
.ing‘to dlfferent criteria), as suggested by the Svedberg relattonshrp*2 for
-.spherical molecules in the form

= [M¥X(1 - vp)/v"’](31r’N’/4)‘"’(61|)' )

':where all parameters have been previour.: deﬁned; A plot of s Vs
..Mf”(l —-'6p)lv"’ is shown in Fig. 1 for all 21 macromolecules Fitting a

least-squares straight line with zero mtercept to all. pomts gnves a slope of

1000950 = 0.00002 S cm g~! mol?3. (The 19 protems alone give a line of
f'slope 0.00931- = 0.00009.) Also shown in Fig. 1 is the theorettcal line for

‘molecules considered as smooth spheres, which consututes an upper limit

‘of slape 0.0120 in the same units, obtained from Eq. (4) by evaluation of

the’ COIIectxon of constants.”? Squire and Himmel'2:and ‘Teller et al."

.‘dbtamed the-equivalents of slopes of 0.0108 and 0.010 for their respective
-sets of protelns These values are not greatly different l'l'om those above.
’One. may :assume, therefore, that our set has approxxmately the same

average ru&osnty as other globular proteins. This statistical correlation is

'purely ‘empirical and has no structural foundation; fncuonal coefficierits

are ot explicitly considered.
Fnctronal ratios may be introduced into this approach by means of the
relattdnshlps developed by Teller?* between accessible. surface area A,

'padkmg volume V,, radius R, from the packing voiume, and molecular

welght M; whlch were derived by calculations based on’ ‘the X-ray crystal-

,lographtc structures of a set of proteins first used by Chothla 3 The rela-
‘tlonshlps are .

” F M R;chaﬁis, Annu. Rev. Biophys. Bioeng. 6, 151 (l977)

"% D,C. Teller, Nature (London) 260, 729 (1976).

® C..Chothia, Nature (London) 254, 304 (1975).
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Fia. 1. Plot of sh Vs the function M?? (1 ~ dp)/9'" for the |9 proteins, as numbered in
Table 1. Solid line: linear least-squares fit, with slope 0.00931 = 0.00009. Dashed line:
theoretical upper limit line expected for proteins considered spherical, with slope 0.0120.
Inset: corresponding points and lines for 21 biopolymers, including two viruses in addition to
the 19 proteins of the main figure; scales in same units; u_o_.o 0. esue *+ 0.00002. (Adapted
from m_u _ of Ref. 21.)

A =1L12=0.16MP  (nAY) (5a)
and | , Ll ..
V,= 1273 £0006M  GnA) (5b)
(5b) is equivalent to . .
"Ry=0672x0001 M (d) - (50

by reason of V, = (4/3)mR3}. R, is related to the radius of gyration by Rg =
(3/5)'2R,, as may be verified from Eq. (3a), with p = 1.

From these expressions, axial ratios for prolate or oblate ellipsoids of
revolution can be calculated by means of Egs. (3a—c). (S and V here are
represented by A, and <.. , respectively, although it should be realized that
these are rough approximations only, and that V;; in particular, is not a
hydrated volume.) The molecular weight cancels out for both 3V/(4mR%)
(the smooth-surface model) and RgS/V (the rugose-surface model), as it

10 ML )

h...c. 2, 1_2 o.. Siow V8 :.o ?:o._o_. M¥ (1 - dp) for the 19 _...o.o_.ﬂ. au numbered in Tabl

- Salid ling; liriéar least-squares fit, with slope 0.01030 + 0.00010; dashed line: theoretico'
“for smooth-siirface models; dotted line: theoretical for Eucua.us.?nn models. Inset: corre
“ a_x.aa.:n v—g and line including two viruses; scales in uua.. ﬁiu as. main figure; slop:
c Q_Sw + o SSu (Adapted from Fig. 2 of Ref. N_ )

: B_..u. :_nan ‘expressions being dimensionless. Sincé m._ aov is based on :
mvrn:nw_ model,2* use of 3V/(4wR%) here will necessarily result in axia
:Eom of -1 for the smooth model. The information Contained in S, how

“ ever; is .:a_nuoaaoa of the assumption of such a Bo._a and will, there
mo_,a. peérmit calculation of equivalent axial ratios mdn. ‘RgSIV (prolate
3, om ‘oblate: 0.238), and thus frictional ratios from.Egs. AN& and ﬂw

v 68_39 1.180; oblate: 1.178). Equations (1a,b), §=_ V again used i’

. ﬂ_wno of 93 a measure of the Stokes radius r, :.2_ w_n_a

“.,“‘. . s%w = MP(1 - op)k X s-s : (3

i_.o_.o » Eo collection of constants in Eq. (4), voaca.au 0.01284 for a!

maoc:..m&...won models and about 0.0109 €3_w8. e Scmm oblate

Scwe far Euomo-m..qmwon models.

“Figure 2isa plot of 53w vs M23(1 — dp) for our Nm B»o_.oa.o_ooc_nm.
u:.EmE line with zero intercept fitted to the experimental data yields -

“valie of 0.01078 = 0.00003 for k in Eq. (6). (For the 19.proteins alone,

’




equals 0.01030 + 0.00010.) Comparison between these experimental val-
ues for k and those above, derived from the X-ray crystallographic struc-
tures, shows that a prolate or oblate ellipsoid of revolution with an equiv-
alent S/V ratio (rugose-surface model) describes the hydrodynamic
behavior of globular proteins to within about 1%, whereas the smooth
model is off by nearly 20%. This is in agreement with the conclusions
concerning the rugosity of the surface reached by Teller et al.,” who, as
mentioned in the Introduction, used a more exact calculation of the fric-
tional coefficient, with data from a different set of proteins.

Estimation of Sedimentation Coefficients from SAXS .

With these considerations in mind, we turn to using SAXS results in
an attempt to predict sedimentation coefficients. In Table I, the radius of
gyration, Rg, volume, V, and surface-to-volume ratio, S/V, are listed for
our set of 21 macromolecules. Also tabulated are the partial specific vol-
umes, 0, and the anhydrous molecular weights, M (obtained in most cases
from the amino acid sequence or composition), as well as indications of
the geometric model which best describes the scattering particle as deter-
mined by SAXS. It should be noted, however, that experimental values of
§/V are available only for proteins 1 through 11. Values for the other
macromolecules had to be calculated from their smiooth-surface model.
Axial ratios calculated for each protein from the SAXS results of Table 1
and Eq. (3a) for the 3V/(4wR}) relationship, and Egs. (3b) or (3c) (as the
case may be) for the RgS/V relationship, are given as (a/b), and (a/b),,
respectively. Lo

For each of the proteins for which both values are available, (a/b), is
larger than (a/b), when the model is prolate, the reverse if oblate. The
differences become somewhat less as the molecular weight of the protein
increases; this would be consistent with the notion that flow lines are
influenced by the rugae (which presumably remain of about constant aver-
age dimensions) to a lesser extent as the volume of the particle increases.
Frictional ratios for (a/b), and (a/b),, calculated from Egs. (2a) and (2b),
are listed as (f/£y), and (f/fy),, respectively. It should be recalled that the
assumption was made that all proteins can be approximated by spherical,
prolate, or oblate ellipsoidal models. This assumption is least exact for
proteins 12, 13, and 15-18, which are more nearly cylinders; however, it
is still a useful approximation and generally considered reasonable.'s
From the molecular weights, partial specific volumes, and frictional ra-
tios, one can obtain sedimentation coefficients for the smooth-surface (sy)
and rugose-surface (s;) models by means of Svedberg’s equation [Eq.
(1a)], with the Stokes radius in this equation calculated from the scatter-

_ ifig volume listed in the table. These values as well as the experimentally

determined $%. are given in Table I.

o

- ! Itis seen that, whereas s, values are consistently larger than Show, 2

generally is very close to s%,., in agreement with Tellgﬁs;donclusion that
thié hydrodynamic behavior of proteins is influenced by the rugose acces-

_sible’surface area.! The agreement between s, and ‘%o is particularly
‘remdrkable for the holo- and apo-forms of several profeins in this data set,
- viz..fiboflavin-binding protein and glyceraldehyde-3-phosphate dehydro-
’ ge'nis’el In these cases, 5% values change owing to some ‘configurational

change in the protein, and the calculated s, values ev’i'déqt,ly follow these

changes quite faithfully. ’ e
" “It:must-be noted that in cases 12-20 the differences, {f any, between

(a/b) and (a/b), [and consequently between (f/fy), and (f/fy),, and be-
tween-s; and s,] are not due to rugosity since, in the.absence of experi-
mental S/V .values, the rugosity could not be taken intt'account. Instead,
S/V.in cases:10a, 14, 19, and 20 was calculated from models of smooth
ellipsoids or spheres, so that the information content of RgS/V must be
identical to ‘that of 3V/(4wR}), and only one axial' ratio. and one s is
calculated:and listed (designated here as s,-.~s the désignation s, would

,iiicﬁffcctly imply that an independent S/’ was invplvgd-). In cases of
-other; smooth’ bodies, such as cylinders (Nos. 12, 13, 15~18), there wil! be

a difference bétween (a/b); and (a/b);, and thus between s, and s,, be-
‘caus¥'these:bodies have been represented by ellipsoids of equal volume,
forthie sole reason that frictional ratios for ellipsoids. .an be readily calcu-
latéd: by means of Perrin’s equations. These differences- will not, there-

fore; reflect rugosity but the excess surface due to the diffefence in model

(elséwhere!* termed Sp, the excess surface due to body shape-other than

‘ellipsoidal, as ‘distinguished from Sx, the additional contribstion to sur-

face.area due to rugose surface texture). To the extent thiat this additional
surface affects hydrodynamic properties, s, in the§af'cases ralso should

afford the better estimate of s%.. e

"', Ingfewinstances the agreement between s, and 5%, hile still very

‘satisfactory; is less striking than in the majority of the:cases. In 4 and 5,
the molecular weights reported by the authors were somewhat lower than
Vali:'e}'from known amino acid composition, so that ‘the . possibility of
‘partial autébi'oteolysis cannot be excluded, with unknown-consequences
forthe SAXS values. In 9, we are dealing with a kniown dimer, which
might bé- niore accurately represented by an elongated; rounded cylinder
than-by a-prolate ellipsoid. Altogether, however, when jt is considered
that these SAXS data were compiled from scattered and sometimes frag-
ﬁientary sources ranging over a period of nearly three decades—obtained
by a:variety; of observers, of varying familiarity with' the technique, and



TABLE II
ViscosiTy AND DIFFUSION

Protein 0, ml/g  Dhy x 107 (alb)y :(a/b)vac (a/b)as (alb),
1. Ribonuclease 3.30° 10.68/ 1.87 - 2.56 3.46 3.69
2. Lysozyme 2.5 10.4/ 142 15§ 3.41 2.92
3. a-Lactalbumin 3.0l 10.57¢ 1.43 1.82 121 2.81
5. Chymotrypsinogen A 2.5¢ 9.5% 20 A7 247 212
6. Pepsin 3.93¢ 9.0¢ 2.0 34 14 4.76
9. p-Lactoglobulin dimer - 3.4/ 7.82 213 27 3.1 2.92
0. Bovine serum albumin 3.69¢ 6.16°™ 255 38 3.97 4.18
7. Catalase 3.94 4.1» 191 3.1 3.08 2.24

¢ J. G. Buzzell and C. Tanford, J. Phys. Chem. 60, 1204 (1956). -

% J. Léonis, Arch. Biochem. Biophys. 65, 182 (1956).

¢ D. B. Wetlaufer, C. R. Trav. Lab. Carlsberg 32, 125 (1961).

¢ C. Tanford, K. Kawahara, S. Lapanje, T. M. Hooker, Jr., M. H. Zarlengo, A. Salahud-
din, K. C. Aune, and T. Tagahaki, J. Am. Chem. Soc. 89, 5023 (l967)

¢ A. Polson, Kolloid-Z. 88, 51 (1939).

/L. G. Bunville, Ph.D. Thesis, State University of lowa, Ames (1959).

¢ C. Tanford and J. G. Buzzell, J. Phys. Chem. 60, 225 (1956).

* R. E. Lovrien, Ph.D. Thesis, State University of lowa, Ames (I958)

1], M. Creeth, J. Phys. Chem. 62, 66 (1958).

1]. R. Colvin, Can. J. Chem. 30, 831 (1952).

t G. W. Schwert, J. Biol. Chem. 190, 799 (1951).

! R. Cecil and A. G. Ogston, Biochem. J. 44, 33 (1949). .

= R. L. Baldwin, L. J. Gosting, J. W. Williams, and R. A. Alberty. Dlscus: Faraday
Soc. 20, 13 (1955).

" J. B. Sumner and N. Gralén, J. Biol. Chem. 128, 33 (1938).

using different instruments of several different types and different meth-
ods of data evaluation—the agreement shown in Table I is all the more
remarkable. .

Correlation of Diffusion Coefficients and Intrinsic Vtscostttes wuh
SAXS Data

" The above method for calculation of sedimentatiun coefﬁcients from
SAXS results may be useful in the calculation of other hydrodynamic
quantities. Table II presents values of axial ratios (a/b)¢iq derived from
experimental diffusion coefficients and the use of SAXS volumes from
Table 1, along with the smooth-surface axial ratio, (a/b),, and rugose-
surface axial ratio, (a/b),, of Table I. Even though large errors frequently
exist in experimental diffusion coefficients, the axial ratios derived from
them are seen to be mostly closer in magnitude to the rugose-surface than

Strm:tnral Compansons of SAXS and X-Ray thfractndn "

to thefsr'nddth-,surface axial ratio. [In fact, some are larger than the ru-

gos'e-"s;urféce' axial ratio, most likely because of experimental error in the
dlffllSlon coefficient. The value for pepsin is very low, probably for the
samie reasoh: judging from its molecular weight relative to those of chy-
motrypsmogen A and B-lactoglobulin dimer (see Table l) ‘the single value
of the diffusion coefficient recorded for pepsin in the literature, 9.0, ap-
pears ‘much. too high; a value nearer 8.2 would be moré in accord with
those for the other two proteins. This would lead to 2.96 for (a/b)4q.] The
mdlcahon is that linear diffusion depends on the surface charactensucs of
a parttcle, as is the case with sedimentation. Determmauon of axial ratios

“from. scattenng volume and the intrinsic viscosity-are’ less straightfor-
-ward, as seen also in Table II. Here the expenmentally derived axial ratio

(@/b)yisc i is closer to the (a/b), of Table I for only ﬂ-lactoglobulm A (di-

.mer),’ bovine serum albumin, and catalase. The (a/b)yic for lysozyme, a-’

lactalbumm, and chymotrypsinogen A is closer to (a/b)y,. while ribonucle-
ase and .pepsin have (a/b).isc values approximately equldlstant between
the smoothvsurface and rugose-surface axial ratios. . =’

‘No clear-reason for these discrepancies is apparent. However, Kuntz
and Kauzmann5 (pp. 289-306) have also ob-~=ved that hydration values

,dem’ed from' intrinsic viscosity and sedimcitation coefficjents show in-

consmtent:tes beyond those expected from exp°r|mental error. They sug-
gest that dlscrepanC|es arise because the hydrodynamic volumes for diffu-

-sion and viscous flow are inherently different. While the results presented
: here do suggest such a difference, resolution of thes¢: matters will require

the mvestlgatlon of a larger number of proteins for which. SAXS, diffu-
snon, sedlmentatlon, and viscosity data may become.avanlable Mean-
Whllcl when attemptmg to use sedimentation coefficients i ‘n conjunction
wnth tntnnsnc viscosities to arrive at estimates of axial ratios, surface

_areas, or hydrated volumes for a particular protein, one should be aware
-of the pOSslblllty that the two methods do not actually qmeasure identical

geometnc parameters. The applications section of - llus chapter will

' present an alternative procedure for estimating the contnbution of hydra-

tion: to the total frictional coefficient in order to obtain’ the contnbutlon of
the axlal ratio by itself, and thus estimates of geometnc parameters from
Sedlmentattoh coefficients. .

RN

A companson of volumes from SAXS with theoreucal volumes de-
nved from thie X-ray diffraction structure according to’ Teller“ is shown in

.Flg 3 ‘"The SAXS solution volume is seen to be conSIstently higher than
the VOlume from the crystallographic structure. Flttmg a least- squares
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F1G. 3. Plot of scattering volume vs molecular weight for the 19 proteins in Table I. Solid
fine (SAXS): linear least-squares fit, with slope 1.964 = 0.045. Dashed line: from X-ray
crystallographic structure ._as [cf. Eq. (5b)], with slope 1.27. Saueﬁa from Fig. 3 of
Ref. 21.)

straight line with zero intercept to the SAXS volume vs molecular weight
plot gives a m_oun of 1.964 £ 0.045, while the oo:.ouvosamsm slope for the
diffraction data is 1.27.2¢

Further, the SAXS surface area (Fig. 4) can _un compared with the
accessible surface area according to Teller.? Here, the SAXS surface
area is slightly lower, and fitting a straight line with zero intercept to the
data as a function of M3 gives a slope of 9.49 = 0.25, while Teller's value
is 11.12. (It may be added that each of the above calculations can also be
attempted with a polynominal of degree 2, i.e., with'extra terms in M 2 for
the volume, and in M*3 for the surface area, but the extra terms are found
to result in no statistically significant differences.) The volume of a pro-
tein in solution from SAXS, therefore, is found to be larger than the
volume from the X-ray crystallographic results, whereas the surface area
in solution is slightly lower than the crystallographic accessible surface
area. The increase in volume can be expected owing to solvation effects
(see this volume [14])); other factors being equal, such an increase would
be expected also to yield a correspondingly increased surface area. The
contrary decrease in surface area actually observed appears to indicate
that the binding of solvent to the macromolecule results in less aniso-
tropy, less rugosity, or a combination of both these effects. In fact, the
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Cah -..3. 4. Plot’of surface area from small-angle X-ray scattering <m m voso_. of molecular
in_«__a now the"19 proteins in Table 1. Solid line (SAXS): linear _amw..uacw_.om fit, with slope
v% * 0.25. Dashed line (X-ray diffraction): accessib'. " irface aréa computed from three-
._w_..mo.u.a_o_.n_ x._dw structure [cf. Eq. (5a)], with u_ovn 11.12. QE»E& from Fig. 4 of

ef. 31.) o

'

c:_&:n mznm m_-c:E lie within some of the rugac - :_. m,noen_. clefts or
wnoo<om of’ a_a macromolecule. Calculation of (a/b), fromi the fitted SAXS
_.aus_.w (i.e.; Ay = 9.49 M3 and V = 1.964 M), along with the spherical
‘assumption -used for X-ray crystallographic data [i.e:,. Na = (3/5)'2(3V/
Aa,v_aw. So&u an average axial ratio for a prolate ellipsaid 6f revolution of
.2 wm novanna with 3.96 from the X-ray diffraction Rm:_nm. Although this
ow.oc_w:g cannot be entirely correct since it can bé-seen from Table 1
92 :ﬁ average smooth-surface axial ratio is 1.8 rather:than 1, this is the
o.__v~ aeo of: ‘comparison available in view of the lack of __8_.&:8 values
“for’ No caleulated from the X-ray crystallographic m:.._n::nm.
Eoioﬁ? the above results with respect to the increase in SAXS
<o===o o<n_. the X-ray crystallographic volume could be’ a:a also to elec-
:.8:..36: of the protein upon crystallization. In facf, the concept of a
&B&Eo »-83:0: of protein conformation in mo_::oi:cnom:::m:v has
‘been: ﬂqn<_o=m_< introduced.'® Whether the observed i annwmo in volume is
“dueto c.:&:w of solvent components or to the E.SS.:w of the macromol-
ecule .cannot be resolved without extensive additional mza.nm These
io:i includé -sedimentation in H,'"0 and H,"0 mo_. increased solvent
aaam_? and small-angle neutron scattering using EN_QO to avoid the in-
o_.ouu& :E..on—.oc.o interactions shown to occur in ONO




Further Applications: Calculation of Solution Geometric Parameters

Calculations from Sedimentation Coefficients without SAXS Data
(Table III)

In the absence of access to an SAXS instrument, structural parame-
ters of monomeric proteins in solution can be computed with reasonable
accuracy from their sedimentation coefficients, anhydrous molecular
weights, and partial specific volumes with the aid of the data shown in
Figs. 3 and 4. In these figures surface areas and volumes are shown as
functions of molecular weight to the § power and to the first power,
respectively. Although the statistics for the linear least-square fits to the
data appear to be good, the direct use of these functions to evaluate
geometric parameters from individual experiments is 52?_2&_0 because
it can lead to large errors. .

It has been pointed out?' that the increase in hydrodynamic volume
(which is equivalent to the SAXS <o_==_nv over the partial specific vol-
ume, 0, at moderate salt concentrations is attributable to the hydration of
the protein, and that monomeric proteins of molecular weight less than
100,000 have hydration values close to an average of 0.280 g H,O/g pro-
tein, while oligomeric proteins of molecular weight greater than 100,000
have values close to an average of 0.444 g H,O/g protein. (Recalculated
from emended data of Table I of Ref. 21 for Nos. 1-6, 8-10 and for Nos.
12, 14, 15, 17, and 18, respectively.) These average values, in conjunction
with the anhydrous molecular weight, yield a _.nmmcawc_o estimate of the
vm_.:o_n volume from the relationship

V=MING+AG) ™

where M is the anhydrous molecular weight, N is Avogadro’s number, v,
is the partial specific volume of the particle, A, is the hydration value, and
¥y, the partial specific volume of bulk water, here may be taken as 1 g/ml.

For the surface area calculation for proteins of molecular weight less
than 100,000 one can use the solution value from SAXS, § = 9.49 + 0.25
M3, However, on examination of Fig. 4 it is evident that for some of
these proteins the surface area might come closer to the accessible sur-
face area value, 11.12 M?3. This discrepancy must be taken into account
when shape factors are calculated from sedimentation values. For this
reason this analysis is divided into separate procedures: one for globular
monomeric proteins of molecular weight less than 100,000 (Table I1IA,
where both the accessible surface area and the solution surface area must
be included in the considerations), and one for oligomeric proteins of
molecular weight greater than 100,000 (where only the solution surface
area can be used).

:For Monomers. Since monomeric proteins of molecular weight less
thai 100, 000 generally can be represented by prolate ellipsoids of revolu-
-tion E_:.. an average smooth-surface axial ratio of 1.8 (see Table I), the
. criterion nm: be adopted that any calculated smooth-sirface axial ratio
w_.nm:w (e.g:, more than 25%) in excess of this value is prima facie not
meo_.wc_o and therefore not to be accepted. >mm====m the appropriate
w<oBmo of .0.280 g/g for the extent of hydration, one S: estimate the
_.vd::oa volume V from o, and M by Eq. (7). From :.o $%.w, a frictional
- coefficient { f1fo)2 can be estimated by use of Egs. (la) w.a {(1b), and from
. thisa Emomm axial ratio (a/b), x.p by Eq. (2a). Substitution 3. this ratio for
pin Eq: (3b) gives r, = RgS/V. S can be estimated eithet by Eq. (5a) from
“the uooomm_c_o surface area (S = 11.12 M?3) or from the-solution area (S =
9:49.M®), and corresponding values of Rg can be calciilated from Eq.
, Fable 11IA shows the results of such calculations performed on
_u..o.,o:_m I- 10 of Table I (with the exception of wvo-www at pH 3.0), Rg.p
&._n_ %a being the radii of gyration thus obtained froni -selution surface
areas E._m ormvﬁc and from accessible surface areas; .,omvno:<o_< To
%8_.5:6 ir.or radius of gyration is more :aw:w ooqaon. smooth-sur-
face 8&»_ ‘ratios [(a/b); k.p, derived from  “lution ‘surface area, and
AQ\S..... derived from accessible surface w_om_ are a<m_=u8a from V and
éach* za by mn (3a). Since values of 3V/(47X%) greater. ‘than 2.15 are
wao:_ﬁ:ow:w Sawz___m_omm for ellipsoids of revolution .(noted under the
respéttive axial ratios in Table III as NO, for “not’ .obtainable’’), one
nvoo.q.om the ‘Rg value for which (a/b), is not _Bvo«...&_o -or, if both are
vcmw&_o. thie lower value. If both (a/b), x.p and (a/b),..; have been desig-
- natéd: as NO; it is to be assumed that (a/b),k.p does not differ from
:&S..x._. because the molecule has a relatively smooth;surface and is best
no_u..ownaoa vg a radius of gyration R, calculated fromi :_a value of 3V/
iﬂkev. o_:w_:oa in this instance from the rugose axial qw:o p = (a/b)yk.p
g mn, (3a). .;_m is the case with chymotrypsinogen and a-chymotrypsin,
ir_n_- ‘both .F.w<o essentially the same (a/b), and Aa\Sw{wEom (Table D).
The ..auc—a ‘of - this vaooan_c_d can be verified in ._.sc_a I, where the
ow_oiﬁoa radii of gyration in italics are in good agreemérit with the exper-
imenjal values from SAXS. (An exception is pepsin, éromo surface area
mdB.m>Xm is also much larger than that from accessiblé Surface.) It is
seén b_uo that calculated rugose-surface :Q\SN k-p] as-well as smooth-
u.:.nmmo zn\s_ X-p Or (alb), ] values are in reasonable. »mqoo_:oa with
Em.w_ tatios determined experimentally by SAXS. -:-
toFor Oligomers. For oligomeric proteins of Bo_ooz_wn in.m:» greater
:5: _8 ,000, radii of gyration and smooth-surface axial ‘ratios can be
on_oa_»:& as ‘for monomers. Here, however, only the $olution surface
Ed» -w_w:o:m_._? S = 9.49 M3, can be used. cS_o:_Q. z.o particle is a




TABLE Il
STRUCTURAL CALCULATIONS FROM 5%

Ree, Ae (alb)x.et
Protein R, A* R, Ac Rep, A~ (alblrxs* (@/b)enp® (alb),* (/b)1.0xp*
_ A. Globular proteins, M < 100,000
1. Riboauclease 18.6 3.24
15.8 14.8 3.93 3.69 2.24 1.87
2. Lysozyme 150 1.83
12.7 14.3 2.90 2.90 NO*
3. a-Lactalbumin 138 1.1
1.7 : 14.5 2.66 2.81 NO 1.43
4. o-Chymotrypsin 13.2 NO
. 1.2 17.2 18.0 S B 4 . 2.02 . NO 20
_.S. Chymotrypsinogen A cKS . ST . - NO .
: St o 123 186 N T X REREUERERE X7 S 2,12 + NO 2.0
6. Pepsin 278 L i ' - ' 3.81
: ) 23.6 ' 20.5 425 4.76 2.74 2.0
‘8. RBP, holo and apo 24.7 g ’ 3.14 S
' at pH 7.0/ T 20.9 ) 19.8 3.78 .3.62 : 2.14 1.76
9. B-Lactoglobulin dimer 23.8 2.61
20.2 21.6 .3 2.93 1.69 2.13
10. Bovine serum albumin® 35.2 3.88
29.8 30.6 - 4.7 3.88 2.81 2.90
. D B clob-mmmu,u> |0&000t ol L.
floa. Lactate dehydfogenase M. ‘2976 "m . 347 0,514 - 0.409° NO 0.409.
N l»l.~ﬁal.ac(oglubulm A oétamer '33 ol Ve ‘-34.4. 0. 438 .0.258 . ._—0 650:. 0, 347°
1 clycemaeuyde-s-phosphate 338 e 321 006 -0.389 0.536 ‘0.636
. dehydrogenase, apo.s - ° T . ‘ e e .
“:14. Malate Synthase. - ., 24 " 4l10 39.6 0.31_4 L 0:363 : o._zsoe '-&3_63,:
_"15. Pyruvate kinase, apo’. 492 M 43.5. 0270 0.298" 0.19s/ -0.321 -
17. Catalase 404 39.8 2.39 2.24 1.72 1.91
18. Glutamate dehydrogenase 57.6 47.0 3.43 2.30 3.37 1.98
C. Spherical viruses )
Protein (a/b)* Ve, A3 Ve, A3 Rge, A R, A
19. Tumip yellow mosaic virus 1.0 10.91 x 108 11.49 x 108 106.5 108
20. Southern bean mosaic virus 1.0 15.30 x 10% 12.25 x 106 119 11

¢ Subscript “‘K-P'* refers to calculations as described under Applications.

* Subscript **as’* and corresponding figures refer to calculations based on accessible surface.

¢ Subscript *‘sm’" refers to calculations based on smooth-surface model.

4 Subscript *‘exp’’ refers to experimental values from Table 1. ]

¢ NO = **not obtainable,'* because corresponding r, > 2.15 (see discussii~. under Monomers).

/ The two forms have been found to have the same value of s%, at pI-L7 0 :2.:f. 14). The data under No. 7 of Table I refer to the apo form at

' pH 3.0, where the riboflavin is released.

¢ Hydration of 0.280 assumed since BSA is monomeric.
- % For. proteins in. Section C of tlus table. wmch are a.ll olngf-n.ers. an. avemge hydratlon is ;aken as 0\444 (see secuon on Calculauons from
. . Sedinientation Coefﬁcxcnts)

4 Native, as opposed to fnxctose dlphosphate liganded

J Value not usable because léss than (a/b), (see discussion under Ohgomers).

* From electron microscopy. .



prolate or oblate ellipsoid of revolution or a cylinder cannot be deter-
mined without SAXS experimental data, and therefore the radius of gyra-
tion Rk.p and smooth-surface axial ratio (a/b), x.p must be estimated for
both prolate and oblate ellipsoids of revolution. The volume again can be
calculated from the anhydrous molecular weight, now assuming the ap-
propriate average hydration of 0.444 g H,O/g protein. As before, from the
sedimentation coefficient, with a knowledge of the molecular weight, vol-
ume, and partial specific volume, the frictional coefficient and rugose
axial ratio can be obtained by Egs. (1) and (2). The solution surface areas
derived in this chapter can be used in the expressions relating surface
areas, volume, and radius of gyration to rugose axial ratio, Egs. (3b) or
(3¢), to calculate the radius of gyration for either prolate or oblate models.
Smooth-surface axial ratios can then be calculated from Eq. (3a). If the
parameter ry is greater than 2.15 (geometrically meaningless) the rugose-
surface axial ratio is assumed equal to the smooth-surface axial ratio, and
the radius of E:u:o: Rqm is now calculated from (a/b), k.p values with the
expression 3V/(4wRg) [Eq. (3a)]. (This is the case for No. 10a.)

Another constraint arises from the _.a_w:osmr.v ‘between r; and ry,
when it is remembered that the point in utilizing r, is that it, in contrast to
n, takes into account the excess surface area due to rugosity by translat-
ing it, for hydrodynamic purposes, into an axial ratio that is enhanced in
the sense of indicating increased anisotropy.' .;n:wmoa. (a/b), for a
prolate ellipsoid can never be smaller than (a/b),, and vice versa for an
oblate ellipsoid. If the calculated values violate one of these constraints
(as they do for Nos. 14 and 15), they are not usable (so_indicated in the
table), nor are the related Rk.p and R,,. Instead, ?a. calculated as under
Monomers, is utilized.

Table I111B shows the results of such calculations va_.moqana on Nos.
10a-18 of Table I, using only their shape, determined by SAXS, as listed
in that table. Dogfish lactate dehydrogenase, B-lactoglobulin A octamer,
and bakers’ <oww~ glyceraldehyde-3-phosphate dehydrogenase have val-
“ues of 3V/(4wR}) greater than 2.15, based on the calculated Rk.p. Hence,
the smooth-surface axial ratio (a/b), x.p must be assumed equal to the
rugose-surface axial ratio, from which the italicized xa is calculated.

These derived radii of gyration and axial ratios, shown in Table I111B, are _

in fair agreement with the experimental Rg and (a/b) from SAXS in all
cases except glutamate dehydrogenase. There, neither the calculated
smooth-surface and rugose-surface axial ratios nor the Rg agree with the
experimentally derived SAXS values. The sedimentation coefficient pre-
dicted from SAXS in Table I for glutamate dehydrogenase, however, is
quite close to the oxea_.::o:”w_ value. A value of hydration larger than
0.444 for this protein? is a likely cause for the .__uww_.ooaoa between

‘caiculated and oxvozinaﬁ_ values of the parameters. It is of interest that
this is the o=_< apoprotein in the data set of Tables I w:a :— for which such
w _B,mo a_mwm..oosaa exists.

.m.ow h.wa:&.?&:am& Shape Changes. Three v_d.n_:m _a.& in Table 1
?on counting the two virus particles, Nos. 19 and 20) _5<o not been used
.int Table-III. They are apo-RBP at pH 3.0 (No. 7),.the holo form of
w_v.on.‘w_no_:&a-u -phosphate dehydrogenase (No. 13), and the liganded
3:: of pyruvate kinase (No. 16). These proteins in each case have under-
gone. 'somg structural (either conformational or oo:mmzqm:o:wc change
-from their respective native form, as may be seen. from the structural
vw_.w:.as_.m listed in Table 1. Three types of structural change are conceiv-

“able; (1) a o:s:mo in volume, with essentially oosmsa axial ratio, as in the
‘holo- form-of glyceraldehyde-3- n__omv:ﬁm dehydrogeriase, (2) a change in
E:w_ ratio; with constant volume, as in the holo (ligasidéd) form of pyru-
. vate kinasé, and (3) changes in both volume and mx_u_ qw:o as in the apo
..o:: of RBP at pH 3.0.

- To determine from sedimentation velocity amS in’ the absence of
m>xm _E.o_.:,.w:c: which of these three categories would be appropriate
‘ fof - an "unknown protein undergoing a structural’ _,awz.u:moaoa some
oz_oq accessory information is required. I'v:ic this E_Go,..a .changes in the
vqo»o_,g:s_ hydration of the particle could be Bomm_:& under both condi-
:tiods. (for,.example by density gradient ::Bno:.:_.cmm:os in high salt

.uo_::o:m. ‘by u<o=oao:.<. or by another suitable Ea&o&. bearing in

;B:a that - osm:mom in such a quantity can usuall:. be determined with

- __.n—.o_. precision than the absolute value of the n_:m:”.:G dtself. Assuming
:aa:m:mna ‘'salt binding, changes in Eoma:u::m_ hydration are, by the
%m?:o: of this quantity, equal to changes in total. __«dazo:? the latter,
.cin E:.. are reflected in changes in hydrated particle <o_=_=n by Eq. (7).
.:Em. in the case of m_<n03_%3ao -3-phosphate %—.E_dwa:mma. Sloan

v w:m. Velick?” found a decrease in preferential :EB:o: ‘of 0.075 g/g con-
aE._,a_: with the binding of the. coenzyme :.no::w_:ao adenine dinu-

: o_nc:ao (NAD), as determined from sedimentation <a_on=< and relative

..<_moom=< ‘data. (The ready availability since : ‘then’ of advanced
aosm_q-aawmz.._:m instrumentation®®? has considerably simplified the

.u_.ao_ma determination of preferential hydrations.%): m..a:. Eq. (7), with

= ..u..o 737 E:m and A, = 0.444 g/g (the average value); a decrease in (0, +
I >_v g 0. cd oo_.nomvo_am to a decrease in V of 6. um&. .E:m compares with

uu. O _.uo.un Qawro. E.am N. Timasheff, this series, Vol. o- u Na

SPDL. ‘Sloan and S. F. Velick, J. Biol. Chem. 248, 5419 :33. s,

;u D: W. —nc—*«. *Physical Principles and ._.on__._:_:om of _v.d.o_._ Chemistry’* (S. L
ng_- ‘ed.), Part C, p. 1. Academic Press, New York, 1973. R

.13 Q. Kratky.H. Leopold, and H. Stabinger, this series,.Vol. 27, e '98.




a corresponding volume decrease of 5.37% reported by Durchschlag et
al.® for this same enzyme, although under slightly different conditions (at
vm 8.5, 40°7" vs pH 7.4, 25°%). This was accompanied by a 0.4 A decrease
in Rg, with almost no change in axial ratio. As can be seén from Egs. (1a)
and (1b) and Table I after allowing for the change in molecular weight, the
amount of volume contraction or decrease in hydration can account to
within about 1% for the change in sedimentation coefficient upon binding
of NAD. This treatment, therefore, may be useful in determining the
contribution of volume contraction (or decrease in hydration), as well as
of the change in axial ratio, to changes in sedimentation ooa-.mn_naw for
v_.o.o_au under altered environmental conditions.

If, as in the case of binding of pyruvate kinase, the hydrated volume
remains constant (indicated, for instance, by unchanged preferential hy-
dration), any change in sedimentation coefficient must be attributed to a
change in axial ratio alone. (Malate synthase, No. 14, behaves similarly
on binding to substrate or to an analog,? but it does not furnish a good
quantitative example because changes here are exceedingly subtle and
literature data do not appear to be sufficiently explicit to permit the
present kind of analysis.) For 3...:<w8 kinase, evaluating V and S as
indicated before, the increase in s% . from 8.70 to 8.81 corresponds to a
decrease in f/fy from 1.148 to 1.139 and an increase in axial ratio from
0.270 to0 0.281. The corresponding dimensionless ratio r, (=RgS/V) would
be required to go from 4.11 to 4.00 (r; being appropriate because axial
ratios derived from frictional coefficients relate to the rugose surface).
Assuming the surface area remains essentially constant, and with the
volume also constant, the change in sedimentation coefficient therefore
translates into an unambiguous change in radius of gyration as well. (The
assumption of approximate surface constancy for proteins in excess of M,
100,000, mentioned earlier, is verified by inspection of the pertinent data
of Table I, from which it may be seen that changes in § are of the order of
only 3% for both pyruvate kinase, M = 190,000, and glyceraldehyde-3-
phosphate dehydrogenase, M = 140,000.) It follows that Rg should
change in proportion, i.e., at a ratio of 4.11/4.00 = 1.028. This prediction,
made without SAXS, agrees well with the SAXS radii of gyration of Table
1, according to which this ratio is 43.5/42.25 = 1.024: To estimate Rg
values individually, following the procedure described under Oligomers
gives, from the above (a/b),x.p of 0.0270 and 0.281: Rk.p, 49.2 and 47.7;
r, 0.749 and 0.825; (a/b); x.p, 0.194 and 0.216. Inasmuch as for oblate

ellipsoids (a/b); may not be smaller than (a/b); (see .d:._w_._nm under Oligo-

» H. Durchschlag, G. Puchwein, O. Kratky, 1. Schuster, and K. _can_:_n... ms J. Bio-

chem. 19, 9 (1971).
3 D. Zipper and H. Durchschlag, Eur. J. Biochem. 81, 85 (1978).

mers), these:values of Rg.p are not usable. The use of 0.270 and 0.281 for p
~inEq.’(3a), however, gives r, values of 1.012 and 1.049, from: which R, of
'44.4 and 44.1.are obtained as best estimates, in error by less than 4% when
naavs:& to the SAXS values of 43.5 and 42.5, _dmnnn:..\a?

. Byrcontrast, for the apo form of riboflavin-binding protein, M =
uw 89 in going from pH 7 to pH 3 the change in S (seé.Table I) amounts
to:a aonno»mo of over 12%. This is so substantial that only the product of
Rg and'S can be evaluated from the rugose-surface axiaf ratio and the
om:_:wnan_ hydrated volume, but not Rg by itself. SAXS measurements
io:E fieed ‘to be made to find the separate oozq_ccao:m of radius of
wS‘w:o: m:n m:....woo area. e

-,
s,

nd?:?:.c:« “from U&.«w«:ﬁ« Sedimentation and .m;.m UnE and

Qnaé.e: E.nﬁanee. SR

‘;o surface areas of globular proteins may be ou_nc_m:& from sedi-
Bo.:wzo: coefficients in conjunction with SAXS volumeés and Rg values.
m_aon the So(lé-Porod plots from which SAXS values for.§/V are derived
.n:a 8 Ga ::uqno_mo (requiring, preferably the use of:a’symmetrically
mnmszam wgwn::m to determine the true ze. - ungle), whereas Rgand V
os: ¢a much more readily determined _uqmo_mo_f surface dreas are easier
‘10, n»_oc—.&o ;:.o:m: use of Egs. (1)-(3). Small changes in protein surface
areas- Sa:o& by biological processes or environmental:conditions can
:Em wo aﬁoo:& by means of difference sedimentatin- w:w:aa in con-
Enﬁa__ 55 Rg and V values from SAXS. For the most accurate results,
._.a Eo.oo:_wq weight used in Eq. (1) should be obtained from sequence
A_»E OF; at least, from sedimentation equilibrium, rather. :.w: from SAXS.

man:os C of Table III shows the predicted radius. of -gyration and
<o__==o from ‘sedimentation coefficients of two <_Em vuz_n_nm on the
gm_w ‘of mvro:nw_ shape as revealed by electron microscopy- These calcu-
_22_ vilues of the radius of gyration are in fair agreemeént - with the ones
aoaa_,:z:oa by SAXS. Hence, it is reasonable to aaﬁoqa_za the shape of a
Eno mw..:n_n with smooth surface by electron microscopy;’ assuming that
the fixétion technique used has not distorted the sample. significantly. The
Ba:_m cm gyration and volume can then be determined mnocqmﬁ_w from the
.mom::n::u:o: coefficient and the ux_m_ ratio from a_on:o: thicroscopy.

Zono ?uaoa

m:.no :.a uqaun_,w:o: of this manuscript, the authors have been made
»i»qo of _.nm:_a of work not previously available to“thém which bears
a_qao:v. on the subject of this chapter (Prof. G. Damaschun, East-Berlin,
voqmcsw_ communication). Parameters of 10 u&_:o:u_ n_ccc_m_‘ proteins



and 2 small RNA molecules have been examined with respect to the
relationships of Ref. 21 and, although differences between predicted and
experimental sedimentation coefficients were in several instances larger
than those above, the findings in general represent excellent confirmation
of the semiempirical procedure described here.’ The reader may further
find it of interest that Damaschun and co-workers have developed meth-
ods also of calculating hydrodynamic parameters from atomic coordinates
or from SAXS many-body models®3* and of estimating the thickness of
solvation layers from combined SAXS and quasi-elastic light scattering.
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[12] The Use of Ooco_ca_ﬁ in .&m. Mumamm,os of
Protein Axial Ratios .

By LAwRencE W. Nictot and DONALD J. WINZOR

For several decades attempts have been made to assess the overall
geometry of protein molecules in solution by visualizing them as ellip-
soids of revolution.'-S With the convention that a denotes the length of the
semimajor axis of the ellipse and b that of the semiminor axis, rotation of
the ellipse about these axes results, respectively, in-prolate and oblate
ellipsoids both with axial ratio a/b = 1, the limiting case where a equals b
being a sphere. The ultimate aim in this contéxt is to view the hydrated
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