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SUMMARY

«-Crystallin was isolated from ox lenses and purified by repeated precipitatiom at fts
isoelectric point. Electrophoretic analyses in acid and alkaline solutions at warkoms
ionic strengths indicate a-crystallin to be a single component. Sedimentation studies
above pH 3.0 at various ionic strengths also indicate that «-crystallin is a simgle
component. At pH 3.0 and below, depending upon the ionic strength, two or thres
components appear during sedimentation. Sedimentation and viscosity stwmdies
suggest that this dissociation is reversible. Sedimentation, viscosity, amd Ight-
scattering data at pH 2.0 at various ionic strengths indicate an unfolding of the proteinm
molecule ultimately leading to dissociation. Sedimentation and light-scattering data
at pH g.1 at six ionic strengths (0.1-0.6} indicate nearly a two-fold aggregatiom of the
protein at the higher ionic strengths, possibly accompanied by a change in the shape
of the molecule. Molecular weights and dimensions have been calculated fnom sedi-
mentation, viscosity, and partial-specific-volume data obtained at pH 9.1 and at six
ionic strengths.

* The data presented in this paper are taken from a dissertation submitted by S. K. Navocz
to the Faculty of Northwestern University in partial fulfillment for the degree, Doctor of Philos-
ophy, in 1961.

** Requests for reprints should be addressed to Dr. V. L. KoENIG, J. F. Bell Research Gemter,
General Mills, Inc., gooo Plymouth Avenue North, Minneapolis 27, Minn. (U.S.A.).
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INTRODUCTION

Although a considerable amount of work has been done on the lens proteins in general,

comparatively few studies have been made on the individual lens proicins. Recent

studies!~1* on «-crystallin indicate disagreement among the investigators especially

with regard to its physico-chemical properties. The present investigation was, there--
fore, undertaken to elucidate some of the physico-chemical properties of «-crystallin.

A thorough knowledge of the physico-chemical characteristics of a-crystallin could

conceivably contribute to the understanding of its physiological function. Prelimiinary
reports on these studies have appeared!?. 13,

METHODS
Preparation of pure a-crvstallin

Fresh ox eyes were obtained immediately after slaughter from local abattoirs.
The eyes arrived packed in dry ice and were immediately transferred to a freezer
maintained at —15°. The lenses were removed in a cold room at 5° while the eyes
were frozen. «-Crystailin was isoiated as needed from the Ienses by a method similar to
that used by FrRaNcO1s et al.14. Extraction of the soluble proteins was accomplished by
slow (to prevent foaming) stirring of the lenses in cold distilled water. Four successive
2-h extractions were employved. About 125 ml distilled water were used with each 2o g
lenses for each extraction. Only the periphery of the lenses dissolved while the nuclei
remained intact, especially if the extracts were gentle. After each extraction, the
supernatant was decanted as completely as possible and centrifuged for 0.5 hin a
Servall centrifuge at 10000 rev./min to remove the insoluble material. The extracts
thus obtained were pooled to serve as the starting material. The insolubie residue aid
unbroken nuclei were discarded. The pH of the pooled extract was curefully adjusted
from 7.5 to 5.2 by slow addition of 0.1 M HCI until the «-crystallin precipitated at
its isoelectric point. The precipitate was recovered in a Servall centrifuge at 10000
rev./min for 2o min. The supernatant was discarded. The precipitate was washed with
cold distilled water adjusted to pH 5.2. The washings were discarded. The precipitate
was re-suspended in distilled water and brought into solution by adding small amounts
of cold 0.1 M NaOH, taking care that the pH did nct go above g.0. From this alkaline
solution, the a-crystallin was again precipitated as described above. The process was
repeated until the protein on precipitation left a clear supernatant. The homogeneity
of the preparation was tested both ultracentrifugally and electrophoretically. The
appearance of a single boundary in the proper solvent indicated homogeneity.

Determination of protein concentration

The protein concentration of the initial solution was determined by evaporating
aliquots of the dialyzed solution and the dialysate at 115° until constant weight was
obtained. From the weights of the dried residues from the two solutions, the con-
centrations were calculated. The protein concentrations of diluted solutions were

determined refractometrically using a Brice-Phoenix differential refractometer with
light of wavelength of 436 mu.

Moving-boundary electrophoresis

A Spinco Model H Electrophoresis diffusion apparatus was used. Mobilities
were determined according to the methoed of KoENIG AND HOGNESS13,
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Sedimentation

All sedimentation experiments wene pm:ﬁnnmed at 59780 rev./min and at 20°
The Spinco Model E analytical wiltracemttnifinge provided with automatic temperatur-.
control within 0.1° was used. A compamtior mHcnoscope was used to measure the dis-
tances moved by the boundaries im e Sclidierem pictures. The formula of SVEDBERG
AND PEDERSEN!® was used to-cemraot ke sedimentation coefficients to water as solvent

at 20°. The equations of the lines «f regmessiom for sag,,, on ¢ were calculated bv the
method of least squares.

Viscosity
The flow times were measnoredl im stamdbrd] Ostwald viscometers at 25° in a bath

thermostated to within o.0x°. Tihe Jiensittins: of the solutions were determined by
pycnometry. The data were ﬁmﬁhvﬁﬁxemmﬁimd} of least squares to the equation,

[l;'ﬁ]h= n — Kg,

where #; is relative viscosity, K s weightt imtinimsic viscosity, and ¢ is concentration in
g/100 ml. Volume intrinsic visgesdity is K{{oes))/partial specific volume.

Partial specific volume

The method of DRUCKERY was mandl to detterroine the apparent partial specific

volume. Ostwald-type pycrnameaters wene used.. The methods of procedure and cal-
culation were similar to those maporttead by KoENDGS,

Lighi-scattering

The Aminco Microphotometar™ was usedl for the light-scattering measurements.
The procedure followed was tihatt dtesmitbed] By Sowmnski, OHARENKO AND KOENIG®.
The dissymmetry method:-desoribead by SracEw*" was used for the determination of the
molecular weight. Dust-free sdlutioms wene: otittained by filtration under air pressure
through coarse membrane filters of pome sizae,, a1 44 . The refractive index increment was
determined in a Brice-Phoenix difforemttinll refractometer at 436 mu. The light-

scattering measurements were zllso myedle st 436 mu. The data were fitted to the follow-
ing equation bv the method of least sgpmmes::

Bzt = 0¥ + 2B,

where ¢ is protein concentratiom im g@/ll, = is tuwbidity, M is weight-average molecular
weight,

B — B2 o™t Ahyje) 3 NAY

#n is refractive index of solvent, b/t is tike vefimctive index increment for the protein,
N is Avogadro’s number, and 4 s wawe lhugtih imem: (436 mp). The slope of the above
line is the interaction constamt, 28, wikicih iis 2 measure of the departure of the solution
from ideal behavior. The imtercapt «f tie K is the reciprocal of the weight-average
molecular weight.

Estimates of the mcleoular welightts anmdl dimensions were made from the sedimen-
tation, viscosity, and partial gpedific wellsmpe dieti<. The method of calculation was that

Biockim. Biophys. Acta, 69 (1963) 283-295
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used by PERRY AxXD KoexiGl. In the present study, calculations were made assuming
the molecules to be both unhvdrated prolate and oblate ellipsoids of revolution.
Molecular weights were also calculated according to the equation of SCHERAGA AND
MaxDELKERN2? which has been recommended by ScHacHMANZ. A value of 2.16- 108
was assumed for an average 8 in the SCHERAGA AND MANDELKERN equation.

Phosphorus determination

The phosphorus content of x-crvstallin was determined according to the method
of GOMORIZ2.

RESULTS

When «-crystallin obtained by a single precipitation at pH 5.2 was dissolved in 0.1 M
Na,HPO, (pH 9.1) a slowly sedimenting impurity appeared upon examination in the
ultracentrifuge. Reprecipitation of this «-crystallin at pH 5.2 removed the impurityv
so that a single houndary was observed upon re-examination in the ultracentrifuge.
«-Crystailin, homogeneous on the ultracentrifuge when dissolved in 0.1 M Na,HPO,
(pH 9.1), produced two or thrce boundaries on the ultracentrifuge when dissolved in
NaCl-HCl (pH 3.0) and below. The dissociatior of the a-crystallin begins betwecen

DESCENDING ASCENDING

VERONAL pH 86, uQl

NacCt - HCL pH 20, u O

Fig. 1. Electrophoretic patterns of ox-lens x-crystallin in basic and acidic buffers.

TABLE 1
ELECTROPHORETIC MOBILITIES OF %-CRYSTALLIN IN VARIOUS SOLVENTS

Solvent

Ionic Mobiity
Composition pH strength fp1) (em/V v sechro®
Na,HPO; 9.1 o.10 —~5.23
Na,HPQ, 9.1 0.20 —5.79
Na,HPO, 9.1 0.30 —4.74
Na,HPO, 0.1 0.40 —~4.70
Veronal buffer 3.6 0.10 -~ 5.60
Phosphate buffer 77 0.20 —4.36
NaCl-HCI 2.0 0.05 7.39
NXa(i-HC! 2.0 o.10 6.62
NaCl--HC(I 2.0 o.15 3.34
NaCl-HCI z.0 o.zo 6.03

Biochim. Riophys. H.ila, 09 (1963) 283-295
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pH 3.0-3.5 and continues below pH 3.0. This dissociation is apparently reversible,
because x-crystallin appearing as two components in NaCl-HCl (pH z.0, u = 0.05)
sedimented as a single boundary when the pH was increased to 4.0 and above. Re-
adjustment of the solution to pH 2.0 caused the a-crystallin to sediment as two
houndaries.

e-Crystallin existed as single boundaries electrophoreticaily when examined either
att acid pH or at alkaline pH. Electrophoretic patterns in veronal buffer (pH 8.6,

w = 0.10) and NaCl-HCI (pH 2.0, p = 0.10) are shown in Fig. 1. The mobilities are
listed in Table 1.

Studies in solutions of Na,HPO, (pH 9.1) at various tonic strenghts

A singie boundary was obtained when «-crystallin was analyzed electrophoreti-
cally at p = 0.1, 0.2, 0.3 and 0.4. The mobilities are given in Table I.
Single boundaries were obtained when «-crystallin was examined on the ultra-

TABLE 11

PHYSICAL DATA FOR ®-CRYSTALLIN IN SOLUTIONS OF Na,HPO, (pH 9.1)

Sedimentation
o 7 . o T T T N 7 Number Of - e
Tonic P Gy, Correlaton i, Concentration range
strength Line of regression cocfficient dcf;;t:::na (alls
0.i0 Sag. w = 11.08 - 0.022¢ 0.125 9 0.42-2.15
0.20 Sag w = 12.12 4 0.510¢ 0.874 8 0.93-3.05
0.30 Sag, w = 18.82 — o0.506c 0.917 1o 0.84-8.35
0.30 S30, w = 17.61 — 0.300¢ 0,909 10 2.34-11.73
Q.50 S99, w = 22.16 — 0.293¢ 0.975 8 3.02-13.57
.60 Ssg. w = 18.91 — 0.380¢ 0.822 10 $.16-8.30
Viscosity
P Partial Tl Number of  Concentrution
. ,” :’::;‘t " specific Line of regression C";:;;;::f;‘ determing- range
o volume tions {glroo ml)
o.fo 0.742 1fyr = 1 — 0.083¢ 0.971 8 0.066—0.656
0.20 0.757 /9, =1 — o0.085¢ 0.920 8 0.026—~0.262
0.30 0.742 iy = 1 - 0.084¢ 0.986 3 0.048-0.477
0.40 0.742 EHyr = 1 — 0.084¢ 0.971 8 0.035-0.317
0.50 0,728 1/{pr = 1 — 0,084¢ 0.97 8 0.059-0.527
0.60 0.748 t/ijp = 1 — 0.081¢ 0.976 8 0.090-0.627
Light-Scattering
Tonic . rrcc ) Correlation Molecular . ’ - )
stremoth Line of regression “octficient weight Dissymmelry njfe

o.10 "Hclr = 0.399 — 0.026¢  0.873
0.20 Hcelr
0.30 Helr

2 505 000 1.726  ©0.00182
0.400 — 0.010¢ ©.398 2 499 000 1.931 0.00188
0.419 — 0.007¢ 0.954 2 384 000 1.678 0.001835

LA
=]
e
~)
|
=]

0.40 Hcjr .163¢  0.970 5 082 ooo 1.789 0.00196
0.50 Helr 0.163 — 0.1835¢ o0.9:7 6 089 ooo 1.865 0.00182
0.60 Helr G.i90 — 0.212¢  0.951 5 114 000 1.763 0.00209

* He!r is multiplied by 108,

Biochim. Biophys. -cia, 69 (1903) 283295
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centrifuge at p = 0.1, 0.2, 0.3, 2.4, 0.5 and 0.6. The boundaries were svmmetrical at
u = 0.I and 0.2. At p = 0.3 and above, the boundaries were less svmmetrical with a
curved base-line which is characteristic of phosphate buffers. When ssp .. was plotted
versus concentration, a straight line was obtained. The regression lines for sz .~ on
concentration are given in Table II. In addition to the equations for the lines, the
correlation coefficients, number of determinations, and the range of concentrations ar«
listed. The intercepts of the lines are the sedimentation constants at infinite dilution.

The regression lines for 1/y; on concentration at each ionic strength studied by
sedimentation are given in Table II. The correlation coefficients, number of deter-
minations, range of concentrations, and the partial specific volumes (<} are also listed.

The results of the light-scattering studies at various ionic strengths are tabulated
in Table II. The equations for the regression lines of Hefr on protein concentration,
weight-average molecular weights, the dissvinmetry values, correlation coefficients,
and the values for refractive index increment are also listed. Each line represents
turbidity measurements on at least eight different concentrations and in some cases
ten concentrations.

TABLE 111
MOLECULAR WEIGHTS AND DIMENSTONS OF X-CRYSTALLIN IN SOLUTIONS oF Na,HPO, (pH 9.1
CALCULATED FROM SEDIMENTATION AND VISCOSITY DATA
n . Volume intrinsic viscosity; fifs, frictional ratic: a4 and & minor and major axes respectively:
mol. wt. (S.M.), molecular weight from SCHERAGA-MANDELKERN cquation.

Prolate ellipsoid Oblatr clipsoid

. B RTINS N
o if Mol wt.  afA) b 1if. Mol.wt.  atd; A4 Ve
0.10 11.09 1.466 338 100 22.68 193.37 1.622 393600 S.21 110903 39t 300
.20 rr.zo 1.469 417 400 24.38 210.64 1.625 485 7 8.78 287w $935 100
©.30 11.31 1.473 729 8oo 2010 253.17 1.62G R48 300 10.34 133.35°% 881 000
.40 11.51 1.478 631000 27.51 24218 1.640 737500 980 137.9% 770 400
.50 I1.54 1.478 86b2gon  30.347 268.14 1.630 10080c0 1082 163.8% 5073 700
0,60 10.83 1.456 756 00D 209.88  2350.99 1.606 875 300 10.93 Es§.1% 953 200

The molecular weights and dimensions calculated from sedimentation, viscosity,
and partial specific volume data are listed in Table IIL.

Studies in solutions of NaCl—HCL (pH 2.0) at various tonic strengths

Single boundaries were obtained whenr a-cryst.llin was anaivzed electrophoreti-
callv at p = 0.05, 0.10, 0.15 and o.20 (Fig. 1). The mobilities are listed in Table I.

Three components appeared when sedimentation was performed at g = 0.035
while two components were evident at p = 0.I. Values of spp o plotted against values
of concentration gave straight lines. The equations of the regression lines for sze .,
on concentration for each component at each ionic strength are listed in Table IV.
The correlation coefficients, number of determinations and the concentration ranges
are also given.

The equations for the lines of regression of I/yr on concentration at g = 0.03,
0.10, 0.15 and o0.20 are given in Table IV. The correlation coefficients, number of

determinations, and concentration ranges, and the partial specific volumes {7} are
also listed.

Biochim. Biophys. Acts, 69 (1963} 283-295
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The light-scattering data at g = 0.05 and o.10 are listed in Table IV. The equa-
tions for the regression lines of Hc/r on concentration, correlation coefficients, weight-
average molecular weights, values of dissymmetry, and the values for refractive index
increment are listed. The determinations at u = 0.05 were made at nine different
concentrations of protein, while at u = 0.10, ten different concentrations of protein
were studied.

TABLE [V

PHYSICAL. DATA FOR &-CRYSTALLIN IN NaCl -HCI (pH 2.0)

Sedimentation

. Concentration
. . | AY oy ¢
Component Line of regression iz:g{_‘}i;o‘" dete ::;':z‘ a'£ :ﬁx s r{:n;lg)e
1 = 0.05
I $20, w = 7.10 — 0.155¢ 0.976 10 1.67-19.73
11 san, 1w = 3.85 — o.020¢ 0.983 3 7.05-19.73
It s2p, w = 1.22 — 0.004¢C 0.227 10 1.67-19.73
FIREE G 2]
| $20, w = 8.28 — 0.043¢ 0.174 1o 0.42-3.95
13 520, w = 1.45 — 0.018¢ 0.296 v [.50-3.95
Viscosity
. Partial , Number of Concentration
Vig:;‘[ " specific Line of regression c:(’;%’f:::‘ determina- range
) volume tions (g/roo mi}
0.05 0.740 I/ny = 1 — 0.144¢C 0.988 8 0.089-0.794
o.10 0.754 tyr = 1 — 0.133¢ 0.998 S 0.072-0.504
0.15 0.756 I/yr = 1 — 0.154¢ 0.994 3 0.049-0.443
0.20 0.748 If5y = 1 — 0.219¢ 0.994 7 0.041-0.277
Light-Scatlering
fonic . ect Coarrclation . Dis-
strength Line of regression cocfficient Mol w:. symmetry Anfe
0.05 “Hejr = 1.246 + 0,010 0.746 802 goo 2,860 0.00188
o.io Helr = o0.505 — 0.006c  0.876 1 g8o 300 2,226 0.00195

* Helr is multiplied by 108.

Studies in phosphate buffer (pH 7.7)

One boundary was observed when a-crystailin was analvzed electrophoretically
at u = 0.2. The mobility value is given in Table 1.

The equation of the regression line for 1/ on concentration at g = 0.2 is given
iii 3 abie v. The correlation coefficient, number of determinations, concentration range,
and the partial specific volume are also listed.

The light-scattering data at p = 0.2 and u = 0.3 are listed in Table V. The
equations for the regressior lines of Héfr on concentration, correlation coefficients,
molecular weights, values of dissymmetry, and the values for refractive index

Biockim. Biophys. Acta, 69 (1963} 283-295
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increment are incluzded. Light-scattering determinations at p = 0.2 were made on six
concentrations ranging from 1.5g'l to 5.4g/1, while at g = 0.3, on eight concentrations
ranging from o.25 to z.x g i

Quantitative evidence for the reversibility of the dissociation of x-cvvstallin at pH 2.0
Ox-lens a-crystallim mamifested two boundaries in the ultracentrifuge in: NaCl--

HC1 (pH z.0. p = o.10). The same solution when adjusted to pH 9.1, and dialvzed
against Nu ,HPO, (pH 9.1. g = @ 30) formed a single boundary in the ultracentrifuge.

TABLE V
PHYSICAL DATSR FOR Z-CRYSTALLIN IN PHOSPHATE BUFFER f‘PH 7.7
Liscnsity
2 . N o N ;
Tonic fm'w Forsre of mesepc Correlation ‘;:_‘,'."b", of tmu“”"{""’!
tremgth spr Enre of regrossion corflic vt terntisa- rance
b Ve & fions faiares ml}
0.20 .72z T #e = I — 0.0%GC 0.910 T 0.0/3 0.564%
Light->cattering
Tonic - Carrelation Malecular .
T onr off noaruss A Hissy “rry g
strength Loonr off megression etficient weight Dissymmetry 1,
-
0.20 Hre o = 0.30F — 0.003¢ 0.762 3 306 10O 1.433 0.0010y
0.30 Hew = axvg —o0o020¢ 0,305 3553500 1.63% 0.00134

* Moo is moltipled by rof,

TABLE VI

PHYSICAL DATA DESNMONSTRATING QUANTITATIVELY THE REVERSIRLE
DISSOCISTION OF X-CRYSTALLIN

Sedimentation
N ) . Concentration
. : o e (Correlation Numbor of i
Componcut Fuomse g migpoy it chrefitient determinations 7’;"5
NaCl-HOC i pH 2.0) 0 o0
I 580, = LFF — 0.030C o0.861 o 2.82-14.13
11 iap.ar = 01.3™ — 0.003¢ 0.260 1o 2.82-14.13
NaFIPO, (pH g.x) g6 030
1 Sg0,r = 07.%% — ©.133¢C 0.955 8 2.54~11.43
L iscosity
Correlation Number of Conceniration
Lisae -of megresen e : rang:

coefficient determinations fgj oo mi

0 NaCl-HC! (pH 2.0) pp = 000
gy = 1 — @033 0.998 8 0.072-0.504
T Nu.HPO, (pH g.1jp —= ogn _— T
gy = 1 — QoG 0.977 8 o 083-0.533

Biockim. Biopkys. Acta, 69 (ig63) 283-205
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The sedimentation patterns are shown in Fig. 2. The equations of the lines of regression
for s,, ., on concentration are shown in Table VI. At pH 2.0, the components have
S0, Values of 8.58S and1.38 S, whereas at pH 9.1, the single component has a s, .
value of 17.83 S. The reversibility of the dissociation is indicated.

The solution of a-crystallin at pH 2.0, p == 0.10, having a weight intrinsic
viscosity of 0.133, was adjusted to pH 9.1, and allowed to dialyzc against Na,HPO,
(pH 9.1, u == 0.30) with frequent changes of dialysate. The weight intrinsic viscosity
at pH 9.1 was 0.094. The viscosity data further indicate the apparent reversible
transformation of a-crystallin with pH. The viscosity data are shown in Table VL

The phosphorus content of «-crystallin was found to be 0.08 %,.

A =} C

Fig. 2. Sedimentation houndaries of ox-lens «-crystallin showing reversible dissociation. {A) Before
acid treatment, in c.033 M Na,HPO, (pH 8.9) 4 = 0.1, 2.15 g protein/l, after 25 min, bar angle 30°.
(B) In NaCl-HC! (pH 2.0) ¢ = o.1, 9.8g g protein/l, after 46 min, bar angle 25°. (C) After acid
treatment, in o.1 M Na,HPO, (pH 9.0) t+ = 0.3, 7.62 g protein/l, after 16 min, bar angie 25°.

DISCUSSION

Sedimentation and electrophoretic studies indicate the efficiency of isoelectric pre-
cipitation as a method of purification of a-crystallin. These results are different from
those of BLOEMENDAL AND TEN CATES, who found a-crystallin gave two boundaries in
the ultracentrifuge nsing 1.6 M sodium acetate (pH 7.4) and during electrophoresis
using barbiturate baffer (pH 7.7, » = 0.025). Two boundaries during sedimentation in
sodium acetate —glycine buffer (pH 7.8) were also observed by Bon® with «-crystallin.
For the isoelectric precipitation of a-crystallin, these investigators used dilute acetic
acid which gives incompiete precipitation.

The dissociation of ox-lens a-crystallin starts below pH 3.5; the protein remains
stable at pH 3.5 and above. Similar stability ranges have been reported for several
other proteins, for example, tobacco-seed globulin, exelsin and edestin?®, bovine-serum

bumin?®®, and B-lactoglobulin®. The dissociation of ox-lens a-crystallin at pH 2.0
was also found to be a function of ionic strength. Two components appeared in the
ultracentrifuge at u = 0.10, 0.I5 and 0.20, whereas at an ionic strength of 0.05, a
third component appeared at the higher protein concentrations. At pH 2.0, ¢ = o.10
the sedimentation constants at infinite dilution of the two components are 8.28 S and
1.45 S. At p = 0.05, the three components have sedimentation constants at infinite
dilution of 7.10 S, 3.85 S and 1.22 S. Apparently, the heavier component at u = o.10
splits into two components when the ionic strength is lowered to o0.05.

Biochim. Biophys. Acta, 60 (1963) 283—295
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Electrophoretic analyses at pH z.0, @ = 0.05, 0.10, 0.15 and 0.20 showed a single
boundary. These results indicate that the components at pH z.0 possess the same
charge properties. The appearance of a hypersharp ascending boundary as comparad
to the broad descending boundary can be partly explained on the basis of Donnan
equilibrium which gives the protein solution less conductivity than the bufier solution.
Superimposed on the conductivity is also a pH effe-t which can be appreciable when
removed from the isoelectric point. This behavior is especially evident at high protein
concentrations and low ionic strength. As the ionic strength increases, the boundaries
become more enantiographic. The non-enantiographic character of the electrophoretic
patterns may also be explained on the basis of mobility variation due to a continual
readjustment of ionic equilibria across the moving boundaries of the components
present at a given pH. Similar systems have been discussed DY LONGWORTH aND
JACOBSENZS,

REsNI&? reported the dissociation of calf lens a-crystallin below pH 3.5 at low
ionic strength, and showed that this could be reversed at higher ionic strengths for
example 0.1 M NaCl. The present investigations show that the dissociation of ox-lens
a-crystallin at pH 2.0 persists even when the ionic strength is raised to 0.20 with NaCl.
The dissociation was readily reversed by increasing the pH te 3.5, 4.0, 7.7 and 9.z and
maintaining the ionic strength at 0.05 or 0.10. The reappearance of two boundaries in
the ultracentrifuge when the pH was readjusted to 2.0, and the quantitative results
from the sedimentation and viscosity experiments provide additional evidence for the
reversible nature of the dissociation. It should be emphasized, however, that the
sedimentation constant at infinite dilution, the concentration dependence, and the
weight intrinsic viscosity of the pH-readjusted solutions were 17.8 S, 0.183 S/g/l, and
0.094 dl/g respectively, as compared to the values of 28.8 S, 0.506 S/g/l and 0.084 dl/g
when the protein was dissolved originally in Na,HHPO, (pH 9.1, » = 0.3) without
undergoing the pH adjustment. The differences between the two sets of values mayv
indicate a slight irreversible change that has occurred within the molecule.

It was thought that suitablyv placed phosphate groups might be partly responsible
for the reversible dissociation of ox-lens a-crystallin at low pH inasmuch as an ap-
preciable amount of phosphorus was detected in a-crystallin. The phosphorus seems
to be tightly bound to the protein and could not be removed even after prolonged
dialysis in several solvents. Since carbohydrates and nucleic acids were found to be
absent, the phosphorus is probably attached to amino acids in the protein chain,
possibly serine. Further work is needed to explain the nature and role of phosphorus in
this protein.

At pH g.1, the weight intrinsic viscosity remains fairly constant in spite of a
change in the intensity of the electrostatic interaction. At first sight, this might in-
dicate that the size and shape of the «-crystzallin at pH g.x remain unchanged with a
change in the intensity of the electrostatic interaction. Sedimentation and light-
scattering studies at pH 9.1, however, indicate a two-fold aggregation at the higher
ionic strengths. The viscosity data, therefore, lead to the possibility that the shape
of the protein may also change during the process of aggregation, but in such a way
as to compensate for the increase in viscesity due to an increase in size and volume.
The change in the hydration of the protein due to a change in ionic strength of the
solvent may also be a factor in' maintaining the constancy of the viscosity.

The concentration dependence of the sedimentation constants at pH g.1, at
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g = 0.3, 6.4, 0.5 and 0.6 (Table II) are of the usual type showimg megative slopes.
The slope at ¢ == 0.1 is slightly positive, that at 4 = .2 is mvore posilive, showing that
an association-dissociation reaction is apparently takimg place between the macro-
molecules in solution. The standard errors of the slopes (n.o27-©.218) indicate signifi-
cant differences between the slopes at p = 0.1 and ©.2, at p— @2 and 0.3. and at
p == 0.3 and 0.4. The standard errors of the intercepts (o.09-o.40) indicate significant
differences between the intercepts at x = 0.1 and 0.2, att g = @z and 0.3, at » = 0.3
and 0.4, at p = 0.4 and 0.5, and at p = 0.5 and 0.6. On the baesis of the formation of
aggregates, two or more boundaries could be expected at pH g 1. A single boundary,
though somewhat broad, was obtained at each of these iomic stremgths. This behavior
suggests that the rate of association is sufficiently rapid so thet equilibriom: is main-
tained during sedimentation%.?30, The single boundary apparemtly moves with
the weight-mean velocity of its components. Similar associating-disseciating systems
have been described by GILBERT3 -,

The viscosity studies at pH 2.0 show a significamt imcremse im weight intrinsic
viscosities at pH 2.0 over those at pH 9.1. The weight awerage molecular weights at
pH 2.0, however, are significantly lower than those at pil g.o. The shape of the mole-
cules at pH 2.0 is probably contributing to the increase im wiscosity. Sedimentation
studies, as mentioned earlier, actually show that the proteim breasks wp into two or
more components at pH 2.0. Apparently there seems to be am opeming-ap of the com-
pact structure of the molecule thereby giving it a mare asymmmetric form. This inter- -
pretation is supported by light-scattering studies. The dissymmmetry walues at pH z.0
(average value is 2.5) are significantly higher tham those at pH g.x (average value is
1.7). Increased acid binding at pH 2.0 could lead to maore hydanion with a consequent
swelling of the particle. At pH 2.0, the swelling may accommt panttls for the increase in
viscosity. The increase in partial specific volumes at pH 2z o fumtiser s@ggests a swelling
of the molecule. This swelling may be the result of two oppasing factors®®: the increase
in volume due to increased acid binding, and the dooease inm wolume due to the
destruction of the native configuration of x-crystallin at pH z.o. The opening-up of
the compact structure of the a-crystallin molecule, mlitimmately leadimg to a splitting
of the polypeptide chain, is apparently due to electrostatic forces amd a manifestation
of reversible denaturation that occurs at pH 3.0 and below. Sawrawmsres et af.!! report
somewhat higher intrinsic viscosities at pH 2.65 and x8°. :

The weight intrinsic viscosity at pH 2.0 increased witth the Bormic strength of the
solvent, seemingly going against thc electroviscous effect. The wiscosity determinations
were, however, carried out presumably at ionic strengths high emough to yueuch the
electroviscous cffect. Sedimentation studies at pH 2.0 indiicatte that at 4 == o.10 there
are two components having sedimentation constamts at imfmitte dilfaiiom of about 8.3 S
and 1.4 S. As p is increased to 0.15 and 0.20, the relative comoemtration (from compo-
sition analysis of the patterns) of the heavier compomemt Mmcreases at the
expense of the smaller one, leading to an increase im wisossity. Om the other hand,
at u = 0.05, the heavier component breaks up into two smaller compenents thus
leading to a decrease in the viscosity.

Molecular weights and dimensions calculated frem sedimentation, viscosity, and
partial specific volume data obtained at pH 9.1 indicate meaufy a two-fold aggregation
of the protein at higher ionic strengths. The molecular wieightt att s — 0.3 was about
730000 for a prolate ellipsoid and 848000 for an oblate «lipsoid of revolution. These

Biothisn. Biogpins. Hativ, 69 {1963) 283—295



2094 5. K. NIYOG1, V. L. KOENIG

values are slightly lower than those reported by PERRY AND KOENIG! for ox lens
=-crystallin and lower than that reported for calf lens x-crystallin by ResNik2 The
closeness of the present values of the molecular weight obtained for the two models
indicates that ox lens a-crystallin at pH 9.1 apparently possesses a globular form.
The dissymmetry values obtained by light-scattering are also within the range for
hydrated globular particles. The molecular weights calculated by the method of
SCHERAGA AND MAXDELKERN® are consistently closer to the corresponding values
obtained by assuming an oblate ellipsoid of revolution. These findings tend to suggest
that at pH 9.1 ox lens a-crystallin behaves as an oblate ellipsoid of revolution.

The molecular weights obtained by the dissymmetry method from light-scattering
data at pH 9.1 are much higher than those calculated from sedimentation, viscosity,
and partial specific volume data. This discrepancy can be partly explained by con-
sidering the conditions under which these measurements are made. The static con-
ditions during light-scattering are conductive to the formation of aggregates, espe-
cially in the case of strongly interacting macromolecules such as a-crystallin. RESNIKS,
for example, reported that at alkaline pH, «-crystallin showed filamentous aggrega-
tes under the electron microscope. The dvnamic conditions that prevail during sedi-
mentation and viscosity studies may be sufficient to prevent extensive aggregation
from occurring. The light-scattering studies were undertaken net so much to determine
the absolute value of the molecular weight, but the relative changes in the molecunlar
weight as a function of the pH and ionic strength.

The viscosity at pH 7.7, p = ¢ * is not much different from that at pH g.1,
p = 0.2. From light-scattering studies, the molecular weight at pH 7.9, p = 0.2,
is somewhat greater than that at pH g.1, u = 0.2. The increase in viscosity that could
resuit irom ihis increase in size is possibly compensated for by a change in the shape
of the molecule as indicated by the fact that the dissymmetry vaiue at pH 7.7,
p = 0.2 is lower than that at pH 9.1, ¢ = o.2. The static conditions of lighi-scattering
determinations at pH 7.7 which is closer to the isoelectric point may also favor aggre-
gate formation which might not be detected by the viscosity measurements.
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