222 BIOCHIMICA ET BIOCPHYSICA ACTA

BBA 3827

THE DENATURATION OF PROTEINS

1. SEDIMENTATION, DIFFUSION, OPTICAL ROTATION,
VISCOSITY AND GELATION IN UREA SOLUTIONS OF OVALBUMIN
AND BOVINE SERUM ALBUMIN

H. A. McKENZIE, M. B. SMITH anp R. G. WAKE
Depariment of Physical Biochemistry, lustralian National University, Canberra, -4 .C. L. (4 ustralia)
and Physico-Chemical Uwnit (C ST RO, Division of Food Preservation) and
Biochemistryv Department, Universily of Svdney {Australia)
{Received July 1oth, 1962)

SUMMARY

A coinparative study is made of the effect of pH on the urea denaturation of bovine
serum albumin and ovalbumin. The denaturation process is followed by optical
rotation, viscosity, gelation, sedimentation and diffusion measurements. In the pH
range 3-10, bovine serum albumin shows a very rapid initial increase in laevorotaticu
and viscosity in concentrated urea solution at 25° Ovalbumin resembles bovine
serum albumin in its behaviour ia urea at low pH. Near neutrality and at alkaline pH
values, ovalbumin undergoes a much slower change in these properties. The kinetics
of the optical rotation change for ovalbumin generally resemble thase reported by
SimpPsON AND KAUZMAXNN, but there are some differences. Evidence is presented which
indicates that these proteins behave in urea solution as random-coil polvmers. The
“unfolded”’ proteins show a tendency to aggregate slowly in 7 M urea. This is much
more pronounced in neutral and alkaline solution and ovalbumin aggregates more
readily than bovine serum albumin. The aggregation of “unfolded” bovine serum
albumin appears to be due largely to a S-5-5H exchange reaction. This is only partly
the case for ovalbumin. The effect of p-chloromercuribenzoate on S-S bonis is con-
sidered. The value of the techniques used is assessed. The importance of studies of
the effect of pH in the classification of proteins with respect to thermodynamic and
‘«inetic stability and in the elucidation of the mechanism of denaturation is stressed.

INTRODUCTION

Although the phenomenon of denaturation has been sporadically studied over the
last sixty years its mechanism and the structural changes associated with it are still
not completely understood!.2. The present series of papers describes a study of the
denaturation of a variety of proteins by various agents under diverse conditions.

Abbreviation: PCMB, p-chloromercuribenzoate,
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OVALBUMIN AND EBHN i UREA 223

Since the structural changes accompanying dlgnsttimation: are probably complex, a
number of experimental methods have !been uwetl ti thiow. light on the denaturation
process. The usefulness of these methods iis dlso arsessad!.

Recent studies on the urea denaturationaiftiineserum .albumin and ovalbumin
(mainly in the pH range 7-9) show :that tthis pmwesss is- accompanied by changes in
optical rotation, indicating an extensive {isoxgariizetion: of the native protein struc-
ture®4. It has generally been considered tthatt sggmegation: does not take place as
a result of the urea denaturation of thesepratdins. @mthie other hand recent viscosity
and gelation experiments in neutral and d@laime unem solittions have indicated that
gradual aggregation of these proteins mnay «wuwon®®. Tlie present paper describes a
comparative study of the denaturation jprecess ewer a much wider pH range, using
the techniques of optical rotation, viscesity, gedidiom . sedimentation and diffusion
measurements. A prelithinary report on ithissiiljpatt Has- appeared’.

MATERIALS AND WATHIDS
Proteins

The ovalbumirn was prepared from tfredh hwm'’ eggs- and recrystallized at least
three times by the method of KERwiIcK. aND(Cvveriyes® TlHe moist crystals were stored
in the presence of toluene at 4°. Bovine wemum alliumin: was obtained from three
sources: a laboratory preparation from tfregh pilesmm By thie- method of CoHN ¢t al.®
and commercial preparations from Armour @amdl (@. andi from Sigma Chemical Co.
In our preparation decanol was not used iin unpsttlization: Stock solutions (approx.
10 g/r00 ml) of the proteins were madte tby dissalidng: in. water and dialyzing ex-
haustively against distilled water .in the wdll (fgpmoxe. 2:-3°). The prot :iin concen-
trations were determined either by drying sanpglbs to constant weight at 110°, by
the Kieldahl nitrogen method of MdKeaNzE wap Wannacgel®, or by uliraviolet ab-
sorption at 278 muu.

Urea

The urea (A.R. or C.P.} was recrystdlizetl onue bw dissolution in 709% (v/v)
aqueous ethanol at 50—70° and recovery @t —m™. THe crystals were filtered on a
Buchner funnel and carefully washed withadiflatbsilite-ethanol. In order to minimise
hydrolysis they were thoroughly dried at $0°. &hulk urea: solutions (10 M) were kept
at 27° to prevent crystallization. Owing tte tihw slbw Hydrolysis of urea in aqueous

solution they were usually freshly preparetl, hutt were never kept for more than three
days.

PpH measurements

pH measurements were carried :out s disanitied! By McCKENzIE AND WAKEMN.
No theoretical meaning is attached tothemmessisrmentidimeoncentrated urea systems.
The following mixtures were used :for 1o atijusttmemtt: pHEE 3.3—4.1. appropriate 1 M
HCl in 0.08 M NaCl; pH 5.6-6.4, appraptiate retfio sadiinm: acetate-acetic acid (total
0.05 M) in 0.05 M Na(Cl; pH 8.¢g—ro.0, apprapiitee 0 M NaOH-o0.05 M H;BO; in
0.05-0.07 M NaCl. The pH values refer tto tiheseiin 77 Ml urea; and the concentrations
refer to the final mixture (total ionicstrengthon) HHe piF in: the protein—urea buffer
was constant to 0.7-0.3 pH unit duringtthecausse ofl the reaction.
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224 H. A. MCKENZIE, M. 2. SMITH, R. G. WAKE

Preparation of reaction mixture

In earlier measurements the denaturation was brought about by adding the
required quantity of stock urea solution at 25° to a known amount of protein in
a salt—buffer solution at the same temperature. In later measurements tbe required
quantity of protein solution (in water) was added to the urea—buffer mixture at z5°.
After gently mixing, the reaction mixture could be transferred to either the viscometer
or the polarimeter cell within a few mirutcs of starting the reaction.

Viscosity measurements

Ostwald-type viscometers were used for viscosity determinations. The internal
diameter of the capiilaries was approx. 0.9 mm. The working volumes were 11-12 ml
and the flow times for water at 25° were 60-80 sec. The fﬂ-mpﬂr:hw‘- of the viscometrv
bath was constant to 4-0.02°. The viscosity procedure has been discussed by FRENS-
DORFF, WATSON AND KAuzMANN®. The correction of TANFORD!2 was applied where
required but was usually negligible. The results of the viscosity measurements are

expressed in terms of the reduced viscosity (dl/g).

. Rsp 1 (ﬂ — 770)
Nrea = =—{—
c ¢ 7o

where ¢ 5 the concentiation of nrnl-n‘h in n-lrnn. ml !A“ solution, s sp is the -..par'-:ﬁn

viscosity, n is the viscosity of the protem-urea salt mixture, 7, is the viscosity
of the “solvent” mixture. The intrinsic viscosity [#] (dl/g) is the limiting value of the
reduced viscosity as ¢ approaches zero. The intrinsic viscosities in Table IV have been
expressed in terms of ml solvent per ml protein ([] % 7/100).

Optical rotation measurements

These were made with a Schmidt and Haensch polarimeter. The angle of rotation
could be read to 0.01°. Water from a constant temperature bath was circulated
through the jacketed 1-dm polarimeter tube. Most of the measurements were made
with an instrument fitted with a monochromator and the temperature of the reaction
was constant to -4 0.05°. The remainder were made with an instrument using a
sodium lamp and the temperature was constant to 4 0.1°.

Sedimentation measuremenis

These were carried out as described by McKENzIE AND WAKE!2, Sedimentation
coefficients were corrected to water at 20° (s20,) using the following equation:

Nt,s (I —pleo,w
720,0 (I — Up)t.s

8§20, w0 = St,s

where the subscript ¢,s refers to ‘he solvent at ¢°, and 20, w refers to water at 20°,
#n is the viscosity, 7 the partial rpecific volume and p the density. The density data
of GUCKER, GAGE AND MOSER' were used. This correction was made to compare s
for the denatured protein with that of the native protein and the sz ., value obtained
does not refer to actual behaviour of the denatured protein in water. The latter
comment applies also to Dgj, 4.
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OVALBUMIN AND BSA IN UREA 225

IDYiftesson measirements

THe: apparatus was similar to that of MCKENZIE AND WAKE®, but a modified
Thésdlitss cell was used. In all cases a 0.5 g/100 ml protein solution was used above.
amtlan o g oo ml solution below the observed boundary. The two protein solutions
wegre dilised; ir separate cellophane bags, against 2 larger volume of solvent for
muttldsscttian 20 h at 25° while being rotated in the solvent at 60 rev./min. Precautions
weeee talder: while filling the cell to reduce evaporation, especially from the concen-
ttoateetlurea solutions. In some of the initial experiments it was found that a distortion
iin tiie diffusion pattern appeared after some time. This was thought to be due to
smirteraotion between the petroleum jelly, used to grease the cell and the urea solation.
e difficulty was overcome by using Dow Corning silicone stopcock grease as
librezartt Diffusion results are expressed in terms of D, ,,;, the reduced second moment
< thiee reftactive index gradient curve.

Hattad! sgyecific volume (0)

THese measurements were made by the pycnometer method and by a modified
mgmuetia float method.

Crélttom:

THe- stock protein solution was mixed with the relevant quantities of urea
<sdlutiom sodium chloride solution and acid or alkali to give the required concentration
«ff grntedn (3 %), urea (7 M), sodium chioride (0.1 M) and initial pH. No buffer was
aiiibet] to thiese solutions. Gelling was arbitrarily considered to have taken place if
tihe setution failed to flow on inverting the test tube (3 ml in a 1.0 x 7.5 cm tube).

RESULTS
(OHitiad! rotation

Binene serum albumin: For urea concentrations above 3 M, over the nH range
B=-ono the la:voratotion of bovine serum albumin increased immediately after
i (1ie. before a reading could be taken). All measurements refer to 25° unless
athlurmiise stated. There was no further change in rotation over 24 h (except in neutral
aaitl ailaline solution where there was sometimes a small change of approx. 3°
owermigtit). The extent of the increase in laevorotation was strongly dependent on
thee urez: concentration. In 7 M urea the specific rotation [a]p changed from —-60°
tfor tHe native protein to —100-110°. Typicai plots of [x]p against time are shown
iin Bigz. o (It should be noted that at pH 3 in the absence of urea at I o.1 there is
liitldr cHange in laevorotation from that of the native bovine serum albumin at pH 6,
seevredl. oqy for Part I1.)

ralbumin: The effect of urea on the laevorotation of ovalbumin was strongly
(iqeardémt on the urea concentration and the pH. At pH values near 3 in 7 M urea
diwre was- an: immediate increase in laevorotation with no further change with time
ms sdlowm in: Fig. 2. Under these pH conditions the behaviour of ovalbumin in urea
meermrilés. that of bovine serum albumin. However, under neutral and alkaline con-
dittéms:ovalbumin behaved differently, the reaction being much slower. Immediately
affear mixing: {x]p was similar to that of the native protein (—30.9°). This was
ffillbweetl by a. time-dependent increase in laevorotation as shown in Fig. 2. The final
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lnevoroiation and the half time of the change were strongly dependent. on rihe unes:
concentration. For details of the kinetics of the change at pH 6.1 and pH 7:8-seerd{. my;.

170
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Fig 1. Eff=ct of time {min} on specific rotation
ia"p of bovine serum albumin in 7 M urea at
25°. Note change of scale at zoo min and at
500 min in this and in Figs. 2, 3, 5, 7. Protein
concentration: I gf/tco ml. Curve 1, pH 3.5:
curve z, pH 6.2; curve 3, pH 9.3; curve 4,
pH 0.3, 0.0005 M PCME present; curve 3,

Sgo Q0Oon 300

5N nn

150 206 300 400

TEME imun 1
Fig. 2. Effect of time (min) on specific TrpTivm
"2’ p of ovalbumin (1 g/10o mi} in 73wz an
25° Curve 1, pH 3.3; curve 2, pH 6.1 rcarwn 35
PH 9.3; curve 4° pH 9.3, o.eo5 3 HOEH:
present; curve 35, pH 0.3, ooz owstine
present. Dashed peak on curve 3 ismaot:sdivass

reproducible.

pH 9.3, c.oo5 M PCMB present; curve 6,
pH 9.3, 0.02 M cysteine present. Experimental points not shown to avoid confusion. For e
planation of dashed line see text.

Viscosity

Bovine serum albwmin: The reduced viscosity (nrea) of bovine serum :elinmim;
(x g/1o0 ml) increased immediately in 7 M urea at pH 6.3 from o0.c4 for tthe mutfie:
protein to 0.17 for the denatured protein. During the following 1—2 h:it untenvesnit

a furiher slight increase and then remained constant, as shown in Fig. 3. The concer-
tration dependence of the reduced viscosity at various times is shown iin Fiz. 4m.

Fig. 3. Effect of time on reduced viscosity (ijreu)
of bovine serum albumin and ovalbumin in 7 M
urea solution at 25°, Curve 1, bovine serum albumin
{0.93 gf1o0 ml} at pH 3.3: curve 2, bovine serum
albumin (1.96 g/roo ml) at pH 3.3; curve 3, bovine ’ o
serum aibumin (1.87 gfioo mi) at pH 4.1; curve 4, s
bovine serum albumin (0.97 gf/1co ml} at pH 6.3;
curve 3, bovine serum albumin (1.90 g/ioo ml) at kR
pH 6.3; curve 6, ovalbumin (1.06 g/roo ml) at
pH 3.3: curve 7, ovalbumir (2.1z2 gfroo ml) at
pH 3.3; curve 83, ovalbumin (1.06 gf/ioo ml} at n./
pH 6.3; curve 9, ovalbumin (2.12 g/roo ml at

pH 6.3.

50 160 e 206 300 400 JO5 00

HaAf tmmn
At pH 3.2 there was an immediate increase in reduced viscosity. There wass me
appreciable change in viscosity with time at lower protein concentrations. here waas
a slow increase in viscosity with time at higher protein concenirations.
Near pH 4 there was an immediate increase in reduced viscosity (Fig. 3) follovesi].
at higher concentrations, by a much more marked change with time cormparet] witih
PH 3.3 (see DISCUSSION).
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OVALBUMIN AND BSA IN UREA 227

"At pH 9.3 there was an immediate inerease in reduced viscositv followed by a
slow change with time as shown in Fig. 5. The latter change is strongly concentration
dependent, as can be seen in Fig. 6a. _

Ouvalbumin: The reduced viscosity of ovalbumin in 7 M urea at pH 6.3 was close
to that of the native protein (0.04), immediately after mixing, but increused with time

as shown in Fig. 3. The marked concentration dependence of this increase is shown
in Figs. 3 and 4b.
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Fig. 4. Effect of protein concentration (g/ioco ml) on reduced viscosity (nreq) at various times

for bovine serum albumin and ovalbumin in 7 M urea at 25°. I'imes (min) shown at end of curves.

In order to &void confusion due to overlapping of curves only a limited number of curves is

shown. (a) Set 1, bovine serum albumin at pH 6.4; set 2, bovine serum albumm at pH 3.3: set 3,
ovalbumin at pH 3.3. (D) Ovalbumin at pH 6.4,
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Fig. 5. Effect of time {min) on reduced viscosity (srea) of bovine serum albumin (i.05 g/100 ml
in 7 M urea at 25”7, Cuorve 1, at pH 0.3: curve 2, at pH 9.3, o. ooo:, ‘\I PCMB present; curve 3,
at pH 9.z, o.o05 M PCMB present; curve 4, at pH 9.2, 0.0z XI (jstcinc present.

El

At pH 3.2 the reduced viscosity underwent an immediate increase similar to
that of bovine serum albumin. During the next 10 h there was no appreciable change.

Typical results are shown in Fig. 3. There is only a small concentration dependence
of reduced viscosity at various times (Fig. 4a).
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At pH 9.2 and 7 M urearbeeredissed i viseosity was initially similar to that of
the native protein. There wasa tismecdépendent increase in viscosity which was
strongly dependent at laterritimssosncomcemtration as shown in Figs. 7 and 8a.

8y b
0.6 as
Mred. MTres. 2
0.54 Qe
0.4 a3 2 1480
o—-—_—-_'_‘—_—_
i
0.34 o.z__/
T T T T T T =
0.2 oz
10 ape w0 20

N TRATION ]
c N . CONCENTRATION (g/tD0mI)

Fig. 6. Effect of protein concentzakian:ggreo mi} onm reduced viscosity (frea) of bovine serum

albumin at various times in 7-Mmrenat 35, Tlimes (mrin) shcwn at end of curves. To avoid confusion

only a limited number of curvesds:themn.(aa At:pH 9.3. (b} Set 1, at pH 9.3, o.c0o05 M PCMB
present; set 2, at pH 9.2, 0.0a5)MIPGR I present; set 3, at pH 9.2, 0.02 M cysteine present.

/S0 30C (SC 200 300 400 300 10CO 1500
Tidhge - (v )
Fig. 7. Effect of timme (min) en-rdduneddvissosity of ovalbumin in 7 M urea at z5°. Curve 1,
0.5 g[loo ml ovalbumin at pH 935 comree2; 57 giree ml at pH 9.5, c.cos M PCMB present;
curve 3, 0.5 gf/roo ml at pH 4,6, sovaz}Ei cysteie present; corve 4, 2.0 gfrooml at pH 9.7:
curve 5, 2.0 gfroo ml at pH 9: Q,W}’tlmmmsent curve 6, 2.0 gf/1ooc ml at pH 9.6, c.o2 M
cyubeine- present.

Effect of PCMEB and cysterse
The viscosity measmrems @ssribed: above indicated a strong tendency for
ovalbumin to aggregate- quxm azet alkaline urea solution and for bovine
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1

serum albumin to do so in alkaline urea solution. In view of this it was decided to
examine the effects of PCMB and cysteine on the urea denaturation.

The laevorotation of bovine serum albumin in # M urea at pH 9.3 still showed
an immediate increase in the presence of these reagents. The extent of the change
was little effected by the presence of PCMB. The laevorotation was enhanced in the
presence of 0.02 M cysteine (Fig. 1). It appeared to show a further increase of approx.
4° overnight. It was difficult to determine whether this small increase was real as
the cysteine blank did not change reproducibly with time.

In the presence of PCMB and 7 M urea at pH 9.3 there was an immediate increase
in viscosity of bovine serum albumin. The concentration dependence of the reduced
viscosity was small (Figs. 5 and 6b). When o.005 M PCMB was present the intrinsic
viscosity increased appreciably with time (Fig.6b). but not when only 0.005M PCMB
was present. .

The immediate increase in viscosity was much greater when o0.02 M cysteine was
present. There was some concentration dependence (Figs. 5 and 6b).

The rate and extent of change of the optical rotation of ovalbumin in alkaline
urea solution (approx. pH g-g9.5) both in the presence and absence of cysteine and
PCMB, were not strictly quantitatively reproducible (see DIsSCUsSION). In the presence
-of 0.005 M PCMB the optical rotation changed more rapidly with time than in its
absence (see Fig. 2), but the extent of the final change was little different from that
in the absence of PCMB. When 0.0z M cysteine was present the rate and extent of
the change were considerably greater (Fig. 2).

In the presence of 0.005 M PCMB the extent and rate of change of the reduced
viscosity were greater for ovalbumin than in the absence of PCMB (Fig. 7). The
concentration dependence was smaller than in the absence of PCMB but still appreci-
able at later times (Fig. 8b). When 0.0z M cysteine was added the rate and extent of
the change was greater at the lower protein concentrations (Fig. 7). The concentration
dependence of the reduced viscosity was less than in the absence of cysteine but was
still appreciable at later times (Fig. 8c).

10ee

5¢2

0.6 000 o.aw
e c 30
TUred. b 0 Ny 100
0.54 0.5 °
230 15
0.4 0.4+
10¢
100 0.3+ //so 0.31 //—ﬁ.\no
2] 0.24 23 0.24 /

$0
/—\ ~u

) 20 10 20 10 20
CONCENTRATION (g/100mt) CONCENTRATION {g/ 100m!) CONCENTRATION (g 100ml)

0.1

Fig. 8. Effect of protein concentration (g/100 ml} on reduced viscosity (#rea) of ovalbumin at various
times in 7 M urea at 25°. Times (min) shown at end of curves. (a) At pH g.5. (b) At pH9.5,0.005 M
PCMB present. (c) At pH 9.6, 0.02 M cysteine present.
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Gelation

Approximate gelling times for ovalbumin and bovine serum albumin in 7 M urea,
0.1 M NaCl and various pH values are shown in Table I. Also shown for comparison
are gelling times reported by FRENSDORFF ef al.3 for ovalbumin in 10 M wrea in
0.1 M NaCl at 30°.

TABLE 1

EFFECYT OF pH ON THE GELLING OF BOVINE SERUM ALBUMIN AND OVALBUMIN IN UREA

Protein concentration: 3 g/1co mi.

Time for geiling {days}

pH Bovine serum Ovalbumin in Ovalbumin®
albumin in 7 M urea 7 M urea in 10 M urea
at 257 at 25” at 30°

2.6 — No gel*” —

2.8 No gel — —

3.0 No ge! No gel No gel

3.6 No gel - No gel

3.8 — 4 —_—

4.2 No gel

4.7 — 0.5""" —

3.9 No gel — 6

5.5 No gel —— 5.5

5-7 — 6 5

6.3 No gel# 3 4

71 No gel - 2

8.0 No gel 0.6 I

9.1 0.6 — -—
9.6 Approx. 1 Approx. 0.6 0.5
10.5 — Approx. ¢.6 —
10.8 Approx. Approx. 0.6 No gel
1z,1 No gel No gel —

“ Results of FRENSDORFF ¢f al.>.
"* No gel means failed to gel in 14 days.
*** Slight flow in this gel up to 6 days.

§ Bovine serum albumin 22 6 g/1oo ml gelled.

Sedimesnitation and diffusion

The optical rotation and viscosity measurements indicated considerable dis-
organization of the native protein structure in urea. This change was rapid and, under
appropriate pH conditions, was followed by a slow aggregation. These features made
the reaction favourable to examination in the ultracentrifuge.

In Table IT values are shown for the sedimentation coeificient (s} and diffusion
coefficient (D, ;) for bovine serum albumin and ovalbumin under a variety of con-
ditions. Values of s and D, , for the native protein are shown at zero protein concen-
tration as well as at finite concentration. An indication of the number of peaks ob-
tained in the ultracentrifuge and of the dispersity is given. Approximate values of
the particle weights of the denatured protein at finite concentration in urea are given
in a number of cases. At the high protein concentration at the bottom of the ultra-
centrifuge cell gelation someiimes took place. A clear firm gel, about 0.1 mm thick
was then observed at the bottom of the cell at the end of the experiment. The presence
or zbsence of this gel is indicated in the table.
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OVALBUMIN AND BSA IN UREa 231

At pH 3.5 and a protein concentration of 1 g/100:ml,ibovinesenmiaibumin in
7 M urea showed a single peak in the ultracentrifuge {(Fig. ga). Uiniterthese conditions
the viscosity measurements indicated little aggregation. There was= a1 comsiderable
decrease in $,q, w and D,y,. Similar results are observed.at giH oy (Bigz. gb).

Viscosity measurements indicated a slow aggregation atihigizerpgiH values. There
was little aggregation seen in the ultracentrifuge pattern [Hig.qu0)atfeerdématuration
in 7 M urea (pH g-10) for 4 h, but after 26 h reaction consiiesiiié- Heterogeneity
was evident in the pattern (Fig. gd). Only a single peak: iz gpd) was: obiserved at
pH g in the presence of 0.02 M cysteine. The refractive imitex grmatient: carve for
diffusion in the absence of cysteine at pH 9 showed considerndiidedigimrture from the
normal curve; but, when cysteine was present, there was noevidemecoffieterogeneity
within the limitations of this test.

At pH 3.3 in 7 M urea at 25° ovalbumin (1 g/100mil)$hovert aasingle peak in
the ultracentrifuge. The pattern in Fig. 10a was obtainei sifter 4 lhreaction and a
similar pattern was obtained after 20 h reaction. Under direse coontitions viscosity
measurements indicated little or no aggregation. When ditiis reeatiom mikture was
adjusted to pH 5.7 and examined in the centrifuge extensivemgrregtioonwas evident
in the pattern.

The viscosity measurements for ovalbumin (1 g/zeomil)iin 77 ¥ urea (pH 6.2) at
25°indicated extensive aggregation. This was also evident intiwesellinoatation pattern
(Fig. 10b, c). These patterns are for 4 h and 27 h respectivély Mixecextensive aggre-
gation, accompanied by increased heterogeneity, was -evillerit iin gatterns- obtained
at 88 and 147 h. Similar aggregation occurred at pH352.

Extensive aggregation was also evident in sedimentation patterns- at pH 9.4
(Fig. 1od). There appeared to be more aggregation at pH gggy thizan féer pHE 9.4 and
PH 11 (see Table I). At pH g.1 in the presence of o.e05W UM aggregation was
still evident but there was considerable sharpening of theppaies(fiiz. me): The same
effects were observed in the presence of 0.0z M cysteine: {pHB®0) (B mf). At ‘ower
pH (6.7) 0.02 M cysteine had little effcct on the aggregation asseecgected from the
pH dependence of the S-S splitting reaction. An approximatecestinatecofi the particle

weight of the fast component in the presence of PCMB orwestéiee. neax pH 9, in-
dicated a value of 180000-270000.

Partial specific volume

The partial specific volume of bovine serum albumin andooelbumin:was found
not to be changed significantly in the presence of urea within thiee socucacy of the
pycnometer method used {(approx. 4- 0.01). KAUZMANN?S dhserestitHececcpected small
decrease in 7 for ovalbumin in 6-8 M urea, pH 7-8, at 30 nsingdifkttometers: Similar
small decreases (approx. 0.005) were observed for both pratéins Bw TBaRLWOOD®
using the magnetic float method. In the present work it wazs comsididred. to be suf-
ficiently accurate to use the values of the native proteiniinttveccdéuistion of approxi-
mate particle weights in urea solution. The value for bovinessenmmadbumin was taken
as 0.73, and that for ovalbumin as 0.744 at 20°.

DISCUSSION

The laevorotation and intrinsic viscosity of bovine -serum adlbumiin and! ovalbumin
increase considerably in concentrated urea solution, indicatingeecstessive ‘unfolding”’
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of the protein muddemide. THis-is- supported by sedimentation and diffusion measure-
ments. In rthe ccase off Howine serum albumin this change takes place very rapidly
over the; pH rraxgge 33100 @albumin resembles bovine serum albumin in this respect
at acid pH. ¥WthgdleerpHH valizes the change is much slower. Viscosity, gelation and
sedimentation meeasweenests: indicate a tendency for both proteins to aggregate
slowly “in ‘urea sedhitoon. [His- tendency is more pronounced in alkaline urea, and
ovalbumin rterBisttoageregate more readily than bovine serum albumin.

We mow cconssilder im more detail the various items of information which this
study has provittell aard] assess- the utility of the methods used.

Opticalrataitonzant] Wseosity measurements enable the process of denaturation
to be followell ssimpiiy, wittiout: disturbance. However the physical principles under-
lying opticdl mataioon aree complex? Y7, and it is not possible to interpret changes in
it in precise-strttundlterms. Increases in laevorotation on denaturation similar to
ours, have been mgpoteel férra: variety of proteins and enzymes??. These results to-
gether with measireenearts: (particularly rotatory dispersion!®) on synthetic poly-
peptides :may the imttrgreted! in terms of extensive disorganization of the protein
molecule (“‘trasscorfbrmation’’?s). This may not be the only interpretation of optical
rotation chargges. iuxilixittis-assumed that the laevorotation increase is due to the
“transcenfornation’ reastiomonly and not to aggregation (if present). On the other
hand opticdlrutstioenm=ay inerease or decrease appreciably during aggregation® and
gelation®!. Howswer, thiee m=in: laevorotation increase for bovine serum albumin and
ovalbuminiinurees, coorsidiéred ‘along with the increase in {7] is almost certain due
to unfolding.

The extent sl Ktitetics- of the optical rotation change for ovalbumin in urea
solution ferpiHbzantly; Sati25°, are generally similar to those observed by SimpsoN
AND Kavzmarnedforovaibnmin in 7.5 M urea at pil 7.9 and 30° (for details see ref. 14).
The strong:Be¢penidemee off thie half time on the urea concentration {(approx. a« 14th
power) is-diso-simiilar HurmoN. AND KAUZMANN noticed a mean deviation in the half
times for mums muatde fioem thie same protein stock solution of about +4- 39, though
for runs using differertt stook: solutions the variation was as great as 309,. A small
variation: in wma vwessaddanobiserved. We have noticed differences in the final rotation
and half rtimees ffor difféeenitt preparations but have also noticed differences in the ki-
netics. Thisladkod{iregpodieibility was greater at alkaline pH values. ATKINSON AND
McKeNzE2 thave fioumi] some' dependence of the half time on the protein concen-
tration. These offéetts ddo not: appear to be explicable in terms of the interesting
“ovalbumin:x"’ off Bsires AND Back?. They do not alter the general conclusions of
this paper, anllaxpeHeeipe fhrther investigated.

The rethweet] Wisosity: increases when the polypeptide chain becomes more
“loosely”’ caitell. [Tt iss alde semsitive to aggregation or disaggregation. These effects
may be sepandtell Byy thec plbts. of reduced viscosity against concentration at various

times. Husored*izsspresented an equation relating the reduced viscosity and concen-
tration: of pediymeess. nrea = (7] + R’[n}%

The ceecflicient /&' vaxiess ffora: system to sysiem, but is usually in the range 0.3-0.8.
This -equation iis alleseed] forr linear polymers in good solvents only over a limited
concentration rrangge (prox:. 0~1.5 %). HUGGINS has shown that the equation of

MARTIN l6g nrea = log [n] + #"[n)c

Biochtm. Biophys. Acta, 69 (1963) 222-239
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holds over a wider concentration range?* (o~5 %). The results of an examination of
the viscesity data of the present paper in terms of these equations are presented in
Table TV. It will be noted that under certain conditions there is appreciable departure
from the equations of HUGGINS AND MARTIN (0-2 % protein). Evidently in these
cases there is aun effect present which is greater than that due to the usual hydro-
dynamic interactions in normal polymer solutions. (Under the ionic strength con-
ditions of the present work the electrostatic protein-protein interaction is negligible?s.)
ultrecentrifuge pattcnsconfomthat s effect 1§ aggregation Which 15 also”
responsible for the gelling of the solutions at higher protein concentration and for
the gels found in the bottom of the ultracentrifuge cells at the completion of the
sedimentation experiments.

In Table IV values of the intrinsic viscosity of the denatured proteins in urea
{(along with the data of Kauzmann28) are given and may be compared with values
for random coil polymers in good solvents (see Table I of ref. 20). It is apparent that
there is a similarity in magnitude of the intrinsic viscosities of the two classes.

Changes in the hvdrodynamic properties may also be observed in the ultra-
centrifuge, although compared with viscosity measurements the method is slow and
there is a danger of disturbing the reaction. It has the advantage of distinguishing
monomer and aggregation products and giving an indication of the change in frictional
coefficient in those cases {as in the present measurements) where it can be assumed
that one peak represents the unfolded protein. Diffusion is much less sensitive to

TABLE IV

INTRINSIC VISCOSITIES OF DENATURED PROTEINS

Solrent* pH ’;:l';{" 7 Variation n,z versus concentration

Bovine serum atbumin {mol. wt. 67000, extended chain length 2200 A)

Native protein 5.3 5

7 M urea 3.3 38 Some departure MARTIN "
7 M urea 6.4 24 Huccins obeyed, 2’ = 1.4
7 M urea 9.4 25 Departure MARTIN

2 M urea, c.coo5 M PCMB 9.3 25 HucaGins obeyed, £/ = 0.6
7 M urea, o.voz M PCMB 9.2 36 HuGgcINs obeyed, &' = 0.3
7 M urea, o.02 M cysteine Q.2 35 Departure MARTIN ¢ 1.2

S M urea, 30°**" 10.0 29

8 M urea, 0.0z M cysteine, 30°*"" 10.0 I

Ovalbumin (1nol. wt. 45000 extended chain length 1500 X)

Native protein 5.3 6

7 M urea 3.3 45 MARTIN obeyed

7 M urea 6.4 27 Departure MARTIN

7 M urea 9.5 28 Departure MARTIN

7 M urea, o0.005 M PCMB 9.5 41 Departure MARTIN

7 M urea, 0.02 M cvsteine 9.6 51 Departure MARTIN

1o M urea, 30°°*" 1o.0 s1

10 M urea, 30°""" 7.6 45

7.5 M urea, 30°*** 7-3 33

* For details of added s.'ts see text.

** “‘Departure Martin’’ inuicates that MArRTIN AND HUGGINS equations not obeyed over protein
concentration range, -2 %. ‘HucGINs obeyed” indicates HuGGINs equation obeved. “MARTIN
obeyed” indicates MARTIN equation obeyed.

*** Data of KAuzMANN®S,

Biochim. Biophvs. dcta, 69 (1963) 222—239
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heterogeneity and can be applied usefully .omhtacthibse systems which are essentially
monodisperse.

The decreased values of s and D (comparddwithi the native proteins) shown in
Tables IT and IIT indicate proporticnate dinreeses-im:frictional coefficients for the
“slow’’ components, in agreement ‘with theggapeablinterpretation. The ratio of the
frictional coefficients to the solvent viscemifies(ifinthia-absence of aggregation) are

-of similar magnitnde to these.of comperablossddascon polyiisrs=,

Aggregation can be detected by viscesitvrmeassrements at varying protein
concentration, but the intrinsic viscesity gersseddes-not enable one to determine
whether the denatured protein at zero copesmtzginm has the same particle weight
as the native protein or is split into smiBersubbmits. [t is desirable to know the
particle weight at zero protein concemtratiomassweillas -at finite concentration. To
achieve this, sedimentation velocity measvrarestd sumst be combined with measure-
ments of low or zero resolving power withreeppettadisterogeneity. Accurate results
can be obtained only for single ‘homogeneen¥ sshites-im two component systems.
If the measurements are to be of value theymmssbbanade in the denaturing solvent
(to avoid reversible changes on dilution of-khessttrent) : This involves using a multi-
component selvent in which the C\']IILW‘U{HLOE{FDHBH‘ZS other than water
(e.g. urea) are relatively large. The errordrssublrmessssements may be high if there
is appreciable selective solvation orif thmea&wzb& dependence of sedimentation
rate on concentration?®.

In the present work apparent particlewsighls-im urea solution have been es-
timated where there was evidence from 1dsosiityand: sedimentation measurements
that aggregation was virtually absent . Fhe silcldsings have been made from s and D
at finite concentrations. The results éwu&hmaepp%ﬁ& exception, see below) along
with those of others (see refs. 1,:5, 26}k ihtat low protein concentration
the unfolded protein has the same parhde%ﬁ‘rastﬁ&naﬁve protein. Our results
are liable to error if there are appremh&e&e&w&mn and interaction efiecis
(concentration dependence) and if Dey, idliffessapppeciably from D) (see ref. 27).

In general it would appear from sedireattsimiarvelacity, equilibrium and Archi-
bald method studies, at present in -progress, thhatthe magnitude of concentration
dependence of sedimentation and. miwmmmm affect our conclusions
on particle weights?. It is not pessible to.assessacopately the flow interaction effects
(see EXPERIMENTAL). With regard-to- ealedwe eifation i urea, measurements of
Krorz, TRIwusH AND WALKER® indicate [dew bimaliing of urea by bovine serum
albumin (<<o0.01 gfg at neutral -pH). FReeatit meassvements® also indicate that
binding of urea by bovine serum .albunmnissveeyyvsmmill (Bovine serum albumin
generally binds small organic molecnles to1aggeatérestent than ovalbumin?.)

The present measurements at finite conestigztinm inglicate an apparent particle

* The measurements quoted in refs. I, j.and sGarcithssof Borx on the osmotic pressure of
ovalbumin in 6.66 M urea (pH 4.8} at o® and chhossswmuraiiiemin at 6.60 M urea lpn 5.5); the
viscosity a.nd diffusion measurements oi NEurRssterh/ f@s’tmm serum albumin in 8 M urea,
PH 5at 25° and s and D measurements of RozaeNdon im{ro details). It should be pointed
out that the method of extrapolation to:-zero: used: is not entirely satisfactory.
These measurements have usnally been qaotd evtitad sewnay albumin and ovaibumin in

urea bave the same particle weight as mmqu&@m to be true at zero or low
protein concentration, but the present.work showaitEgt 3 riate conditions of concen-
tration and pH, aggregation of thex =

BEssldivres: Biophys. Acta, 69 (1963) 222-239
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weight of bovine serum albumin in urea at pH 3.5 which is less than that for the
native protein. Studies to clarify this are in progress (ARMSTRONG AND McKENZIE).

The effect of PCMB and cysteine

Bovine serum albumin has 17 S-S bonds and 1 SH group per molecule? 3!,
These intramolecular disulphide linkages are ruptured rapidly by cysteine in alkaline
urea solution. Under these conditions there is an increase in the laevorotation and
intrinsic viscosity for bovine serum albumin which is greater than that when cysteine
is absent. (The interpretation cf laevorotation changes when S-S bonds are broken
is somewhat complex3,33) In this solvent the molecule probably resembles more
closely a random coil.

If the aggregation of bovine serum albumin in alkaline urea is due to the S-S-SH
exchange reaction of HucgiNs, TarLEY AND JENsgn3 it should be prevented by
blocking the SH groups by reagents such as PCMB. FRENSDORFF ¢t al.8 showed, by
viscosity measurements, that the aggregation was prevented in 8 M urea at 30° and
pH 10 when considerable excess PCMB was present, and they observed an increase
in viscosity with time. Our viscosity and sedimentation measurements show similar
results at pH g-10 in 7 M urea at 25° in the presence of 0.005 M PCMB (15-60 fold
excess, according to protein concentration, 0.5~2.0 g/100 mi). Reduction of the PCMB
concentration to 0.0005 M (1—5 fold excess) also eliminates aggregation but there is
no slow unfelding as with 0.005 M PCMB. The additional unfolding step in the presence
of 0.005 M PCMB is probably due to cleavage of S-S linkages in the bovine serum
albumin. Two mechanisms for the cleavage are possible: (a) The disulphide groups
are split according to the equation:

RSSR 4+ OH- = RS- 4+ RSOH,

the excess PCMB reacts with RS~ and drives the reaction to the right®; (b) PCMB
reacts directly with the disulphide groups, the reaction being greater when the PCMB
is present in considerable excess33,

The present work does not enable a distinction to be made between these mecha-
nisms. However, CEcIL AND MCPHEE® obtained gooed evidence for a direct reaction
of Ag+* with simple disulphides.

In the estimation of SH groups in proteins, containing S-S groups, those methods
using prolonged reaction time of mercurial, especially in the presence of denaturant,
may lead to erroneous results.

The work of LEAcH® indicates that ovalbumin has 4 or 5 SH groups of varying
reactivity and possibly 1 S-S group per molecule. The increase in the rate and extent
of the “unfolding” of ovalbumin in the presence of PCMB and cysteine may involve
rupture of intra-chain S-S bonds and/or intra-chain bonds involving SH groups3”.
Both types of links (if present) would appear to join widely separated parts of the
ovalbumin molecule. Oxidation of SH groups in alkaline urea in the absence of
cysteine or PCMB ard intramolecular disulphide exchange would further complicate
the position.

The sedimentation and viscosity measuremnents show that PCMB and cysteine
do not eliminate the aggregation of ovalbumin at pH g-10. The sharpening of the
sedimentation patterns in this pH range (compare lack of effect at pH 6) indicate that
there is some reduction in aggregation in their presence. The S-S-SH exchange

Biochim. Biophys. Acta, 69 (1963) 222—239
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pegction does not assume the importance for ovalbumin that it does for bovine serum
dbumin. and a considerable part of the aggregation would appear to be due to other
aqauses, e.g. intermolecular hyvdrophobic bonding or hvdrogen bonding.

From measurements of the solubilityv of unfolded bovine serum albumin in salt
soliions KACzZMANN AND DouGias® have concluded that in acid urea solution there
i little intra- or intermolecular exchange of the disulphide cross linkages. However,
GrTrER, PETERSON AND SOBER® found aggregation of bovine serum albumin in
25 M area at pH 4.5. Our present and unpublished work indicates a considerable
sbw aggregation of bovine serurn albumin in 7 M wrea near pH 4. If ihe conclusions
eff BvrZzMaNN AND DouGLas are correct, this aggregation must be due to seme other
canse such as hydrogen or hydrophobic bonding.

Ganaral

KarzMaNN?® has classified proteins broadly into four classes on the basis of
their thermodynamic and kinetic stabilitv. He classifies bovine serum albumin as
Hawing: low therrnodynamic and kinetic stability and ovalbumin as having low
tiiemmodynamic stability but high kinetic stabilitv. Such a classification seems to
Bee of limited value unless it takes into consideration behaviour over an extensive
range of pE and of temperature; thus bovine serum albumin and ovalbumin behave
weny similarly in 7 M urea ai iow pH.

Bt is of interest to note that we have found that 8-lactoglobulin resembles bovine
serun albumin in its ease of unfolding in urea at all pH values. On the other hand
itt stiows no tendency to aggregate in urea. Under no conditions was anyv gel found for
Bihctogiobulin at the bottom of an ultracentrifuge cell.

If, as seems likely, unfolding of proteins by urea involves fwo main stages, the
first being rupture of pH-dependent side-chain bonds {¢.g. hvdrogen bonds) followed
b transformation from a more or less helical structure to a random coil structure,
the investigation of these will require detailed kinetic measurements over a range of
pHl values. Such measurements are in progress.
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