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SUMMARY

The effect of acid and urea on bovine serum albumin and ovalbumin has been in-
vestigated by ultraviolet spectrophotometry. Acid and urea bring about very similar
shifts in the ultraviolet spectrum of bovine serum albumin. These changes are very
rapid. The difference spectrum of bovine serum albumin at 287 myu was investigated as
a function of pH over the range 0.5-4.2. The effect of pH on 44,4, was found to be
closely similar to the effect of pH in this region on the sedimentation coefficient,
viscosity and optical rotation. The effect of acid on the ultraviolet spectrum of oval-
bumin is variable. The spectrum of ovalbumin in urea solution changes immediately at
low pH. In urea solution at higher pH values the spectrum of ovalbumin changes
with time. The change in 1,4, follows apparent first-order kinetics at both 25° and 30°
at pH 6.1 and 7.8. The apparent order of the reaction with respect to urea at pH 7.8
and 30° is 7.8 4 0.z, and at pH 6.1 and 25°, 7.6 + 0.5. The change with time in the
optical rotation of ovalbumin in 7 M urea at pH 6 and 25° is not simple first order.
The half-time is inversely proportional to the 13.5 power of the urea concentration.
These results are discussed in relation to current concepts of the mechanism of
denaturation of bovine serum albumin and ovalbumin.

INTRODUCTION

In the region 250-310 my, the ultraviolet absorption of proteins arises essentially

phenylalanine residues with very small contributions from cystine and cysteine
residues!. The protein spectra are usually shifted towards longer wavelengths (batho-
chromic effect) when compared with the corresponding spectra of their constituent
amino acids mixed in the correct proportions®-3. When proteins are titrated with
alkali to high pH, the tyrosyl residues become ionized and the absorption maximum
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ULTRAVEOLET SPECTRA OF BSA AND OVALBUMIN 241

shifts from about 279 mu to approximately 295 mu. This effect was first observed by
CRAMMER AND NEUBERGER® im studies om ovalbumin and insulin and advantage has
been taken of it to distinguish mormal from abnormal tyrosyl residues3. 4.6,

Since the urea denaturatzom of bovime serum albumin and ovalbumin is usually
associated with the production of more loosely coiled structures we investigated the
effect of urea on the ultraviclet absorption spectra of these proteins. We observed a
shift of the specira to shorter wavelemgths on denaturation. In a preliminary com-
munication’ we indicated that chamges im the difference spectra broadly paralleled
molecular expansion. Lasgowskl @ al¥ observed a similar shift in the ultraviolet
absorption spectrum of insulim om titratiom with acid and on tryptic hydrolysis and
interpreted this change in tenms of ruptare of tyrosine—carboxylate hydrogen bonds.
In the present paper we report im more detail the changes in the ultraviolet spectrum
of bovine serum albumin amd ovafimmmiz on denat: ration, compare this change to the
rate of change of certain other properties and discuss the earlier interpretation in the
light of more recent publications om the wltraviolet spectra of proteins.

EXPERIMENTAL
Materials

The ovalbumin, bovine serum albwmmin and urea were obtained as in Part T
(see ref. g). Stock solutions were prepared by dissolving the required protein in water
and exhaustively dialysing im the cold against several changes of distilled water.
The protein concentration of the stock solution was determined by the Kjeldahl
nitrogen method of McKEexzie axp WaLLace, taking the values 15.7 gf100 g and
16.0 g/100 g for the nitrogem comtemts of ovalbumin and bovine serum albumin
respectively, and by light absorption at 280 mu of an appropriately diluted solution.
The value of A!83%°l for hovime serum albumin was taken as 6.60 and for oval-
bumin as 7.12. (The latter experimental value of ATRINsON AND McKENZIER, differs
from that of 6.6 obtained by CrawwEr axD NEUBERGER3.)

Methods

The technique of pH measunement was that of Part I. For work in the pH range
5.8-8.0 the buffers were prepared by mixing stock solutions of Na,HPO, and KH,PO,
in correct proportiens. For pH valwes below 5, NaCl-HC] mixtures were used to give
the desired pH and ionic strength (F)-

Cptical rotation measuremments were carried out as in Part 1. Most of the ab-
sorption measurements wene carmied ouwt with a Beckman DU spectrophotometer
(Beckman Instruments Imc., Fullertom, Calif. (U.S.A.)). Some later measurements
were made with a Cary Model 14 recording spectrophotometer (Applied Physics Corp.,
Monrovia, Calif. (U.S.A))) in the Department of Physical Biochemistry, Australian
National University. Both ro- and 2-mm cells were used. Each cell was calibrated
with water and tyrosine solutiom. The temperature of the spectrophotometer cell
compartment was maintained within -+ 0.1° of the desired value by circulation of
water around the cell compartment from an external temperature-controlled water
bath. Difference spectra were obtained by two methods: (a) subtraction of separately
determined spectra and {b) direct measurement.

Corrections were made for the absorption of the solvents used: these corrections
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were small. In all cases the adherence to Beer’s law was checked. The difference
spectra results are reported as changes in molar absorptivity (4¢). A positive value of
Ae¢ indicates that the solute has a higher absorbancy in the experimental environment
than in the reference solvent. If the change in environment causes a bathochromic
{“‘red’’; shift, then de is positive at those wavelengths where the spectrum has a
negative slope and negative where the slope is positive. The difference spectrum shows
maxima at those wavelengths where the spectra have maximum negative slopes.
For a hypsochromic (“blue’”) shift the difference spectrum shows minima at those
wavelengths where the spectra have maximum negative slopes.

The reaction mixtures were prepared in the following way: the protein solutions
and the appropriate solvent mixture were brought to the reaction temperature and
then aliquots were mixed. A sample was transferred to the spectrophotometer or the
polarimeter tube and the first reading taken within approx. 2 min of mixing.

RESULTS

Effcct of acid on the wltraviolet absorplion spectriom of bovine sevum albumin

In the pH range 4.4-7.6 the ultraviolet spectrum of bovine serum albumin was
found to be virtually independent of pH. Below pH 4.4 a hypsochromic shift of the
absorption maximum from 279 mu was observed. At pH 3.z the peak had moved
to 277 mu. This spectral change appeared to be immediate (z.e. it was complete before
a reading could be taken). No further change with time in the difference spectrum was
observed even after 24 h at pH 2.0. Below pH 1 there was a small shift back to higher
wavelengths, the peak having moved to 277.5 mu at pH 0.8,
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Fig. 1. Difference spectra (molar absorptivity
difference, Ae, versus wavelength in mu) of
bovine serum albumin (0.47 g/1oo ml). 2-mm
cells, at 25° (a) Protein at pH 2.1 versus
protein at pH 5.1, both o0.15 M in NaClL
{b) Protein at pH 5.1 in 7 M urea versus protein
at pH 5.1, both o.15 M in NaCL

Fig. 2. Eflect of acid on difference spectra,
optical rotation, viscosity, sedimentation and
diffusion of bovine serum albumin. (a) Ay,
versus pH (I 0.15, NaCl) at 25°, present work;
(b) [a}p versus pH (I o.10, NaCl) at 25°, data
from ref. 12; (c) [n] versus pH (I o.10, NaCl) at
25°, data from ref. 12; (d) Ssz00 in Svedbergs
versus pH (I o.1, 0.0z-0.1), data from ref. 13;
(e} D,q in Fick Units versus pH (7 0.15, 0.33),
data from ref. 13, 14.
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Difference spectra for the protein in acid versus the native protein near neutral
pH showed a minimum near 287-288 mgu with a shouider near 280 mpu, as shown in
Fig. 1. It was found that Beer's law was obeyed for d¢ at 287 mp over the protein
¢oncentration range examined, namely 0.08-0.50 g/100 ml.

The effect of pH, in the acid region, on the absorbancy difference at 287 mu was
then examined. A plot of ‘de versus pH is given in Fig. 2. Also shown in the same
figure for comparison are plots of optical rotation, [o«]p, intrinsic viscosity [g],

sedimentation coefficient (s) and diffusion coefficient (D) versus pH (data from
refs. 12-14).

E ffect of urex on the ultraviolet absorption spectrum of bovine serum albumin.

On exposure of native bovine serum albumin to urea concentrations above 2 M
over the pH range 4—9, an immediate hypsochromic shift in the absorption maximum
at 279 mu occurred. The extent of this shift was dependent on the urea concentration.
The spectrum of the protein in urea solutions resembled that of the protein in acid
solution below pH 3. Likewise difference spectra of the protein in urea versus the
native protein at neutral pH resembled those of the protein in acid versus the native
protein at neutral pH. A minimum in 4¢ was also observed at 287—288 mu with a
shiculder at 280 myu. The similarity of the changes is apparent from Fig. 1. A strong
dependency of dée,,, on urea concentration is shown in Fig. 3.

E ffect of acid on the ultraviolet specirum of ovalbumin

In our original note? we reported the effect of acid on the spectrum of ovalbumin
at a concentration of 0.097 g/100 ml. There was virtually no shift (< 5 A) in the wave-
length of maximum absorption over the pH range 1.7-5.2, but there was a small
diminution of the absorbancy at pH values below 3. The difference spectrum of
0.097 g/100 ml ovalbumin at pH 1.7 versus ovalbumin at pH 5.2 showed no minimum
but a general small depression of absorbancy, there being no change with time over a
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Fig. 3. Effect of urea concentration on le.q, for )
bovine serum albumir. at 25°. Protein con-
centration: o0.47 g/ioo ml (pH 7.8) (0.035 M
phosphate; 9 Na,HPO,: 1 KH,PO,)
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Fig. 4. Difference spectrum for ovalbumin in 7 M urea (pH 6.1) (0.012 M phosphate) versus ovalbumm
atpH 5.9 (0.0t2 M phesphate). Protein concentration: 0.10 gf100 ml in 1-cm cells. After 3h at25°.
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period of several hours. In a subsequent study in this laborataw., 3. B. SsaTH!®
observed the effect of acid (pH 3.0) at 25" and 60° on the difference gpactmem of both I
and 2 g/1oo m! ovalbumin zersis ovalbumin at pH €.5 and foond @ oeimmem iy 4
at 205 mu. We have reexamined the effect of acid on ovalbumin difference spectra
at 25°, for several protein concentrations. At 0.1 g/700 ml we confimmed] our earlier
observations. At 0.33, 0.40, 0.66 and 1.00 g/100 m! we obtained mmimms @ the dif-
ference spectra. The results at each of the latter concentrations were waniable: some
spectra exhibited minima at 293.5 mpu, whereas others exifhited wimimx: both at
287 and 263.5 myu. It is obvious that our earlier results at low concemtruttinms are valid
for those concentrations but that at higher ovalbumin concentratioms: add mayw cause
more profound changes in the spectrum. This effect is being fmrther mwestigated.

Effect of urea on the uliraviolet spectrum o) ovalbumin

The effect of 7 M urea on the absorption spectra of ovalbuemim utt pH walues of
3.1, 6.1, 7.8 and 9.3 was examined. It was found that at pH 3.1 theae was an im-
mediate hypsochromic shift in the ultraviolet absorption spectrmmm. At ke other pH
values there was a time-dependent L. vpsochromic shift. The shift wassmuillest at pE 7.8.
Difference spectra (when reaction wus complete) showed a premommced at
287 mp with a numerically smaller minimum at 292.5 my and a shemlfer att 280.7 mu.
A typical difference spectrum, that of ovalbumin in 7 M urea (pH ©.0) (monz M PO,)
versus ovalbumin at pH 5.9 {0.012 M PO, *s shown in Fig. 4.

The time rate of change of the absorbancy Aiffcrence at 287 myp (U.4,,.) for oval-
bumin in urea (pH 7.8) at 30° was determined. The reaction was cemsidlered] o be over
when there was no further change in absorbancy over a perniod «of 45 mim. o a few
experiments readings were taken for a further 6 h and no mare dhamge ook place.
The final value of de,g, was independent of the concentration ower tlhe ramge studied
(0.077—0.154 g/100 ml). The rate of change of 44,4, at 8.0 and 8.5 M arean i> shown in
Fig. 5. The change is apparent first order”.

When the logarithms of the first order velocity constants far e natte of change
of 44 54, are plotted against the logarithms of the urea concemtratioms, & straight line
piot is obtained and the slope, obtained by the method of least wquunes,. gives an
apparent reaction order with respect to urea of 7.8 + 0.2 (see Fig. ).

A similar plot for pH 6.1 gives an apparent order with respect o mmea off 7.6. — 0.5.

The rate of change of 44 ,,, for ovalbumin (0.5 g/T00 ml) in 7 M wrex at 30-
(pH 6.1) was examined at ionic strengths of 0.01 {added Na(l) .amd « 20 {udded NaCl).
There was no significant effect of variation of 7 with added Na(l. T matte: of change
in the presence ot 0.01 M Na(l was compared with that in the pmresemce of ortho-
phosphate. It was found that orthophosphate (0.0014 M Na ,HPQ,, @oxz 3 KH,PO,)
inhibited the reaction: the first order velocitv constant failimg from @ue6o/tcin to

“ The term “order with respect to time’' is used by LAIDLER! to describe the appavent order
obtained by plotting values of log (—des/df) against log ¢ at various times dhaimg thie course of
a reaction, it is distinguished from “‘order with respect to concemwration” @ihtmmedi Ba plotting
initial values of log —dc¢/d?) against corresponding varying initial values @f log o The distinction
is a useful one since, in a complex reaction, the orders obtained by the two metiods may De
different, owing to changes occurring in quantities other than the sanuemtrmtions of reactants,
such as the accumulation of inhibitors.

However, the term “‘order with respect to time’ is not verv safisfarterny Siwe it seems to
imply (— de¢/d?) = ks,
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5.028/min. (Similar effects were observed by SiMpsoN AND KauzMANNY on the
optical rotation change at pH 7.8.)

The effect of temperature on the reaction rate of ovalbumin (0.4 g/ro0 ml) in
8 M urea (pH 7.8) (0.04 M PO,) was examined. The first order rate constant.at 30°
was 0.052/min compared with 0.032/min at 25°.

A comparison was made of the rate of change of 44 ., with that of [«]; for
ovalbumin in 7 M urea at 25° (pH 6.1). A plot of log (44 w—dA4¢) versus tft, ; (wheret
is the half time) gave a straight line (see Fig. 7).

As discussed in Part I the rate of change of {«] was not simple first order at each
urea concentration studied (6—9 M). A final specific rotation («s) and half time, 24,

10g(AA,,- AA,)

e, ;_4,\
e 20 30 M

40 50 0.86 0.88 0.90 092 0.94
TIME (MIN) (060U
Fig. 5. Rate of change of :14,4; with time for Fig. 6. Dependence of rate of change of /14,4,
ovalbumin (c.096 gf1oo ml, 1-cm cells) in 8.0  for ovalbumin, (0.4 gf100 1nl, 2-mm cells) on the
and 8.5 M urea (pH 7.8) (0 04 M PO,} at 30°. urea concentration at pH 6.1 (o.o12 M phos-
Plot of log (A4 x—A4,) versus time (min) for phate). Plot of log & (the velocity constant)
each urea concentration. A4, is the value of versus log U (the urea concentration),
A4 497 at a time ‘2" from the commencement of
the reaction and 44 is the final value of

AA 5ga.
-10
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= Fig. 7. Comparison of change of optical rotation
g and absorbancy with time for ovalbumin in
N 7M urea. Curve A, optical rotation {alp
1 2 (o.o12 M phospirate buffer). Curve B, absorb-
TIME/HALF TIME .

ancy difference at 287 mp (1.1 5g;) (0.2 M NaCh.
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for the ‘'primary"” reaction were obtained for each urea concentration according to the
method of Smapsox axw KavrzyaxN?. When log («f ~— «) was plotted against ¢/¢;.;
(x being the specific rotatiom at a time ) for each urea concentration, straight lines
were not obtained inm agreemment with SiMpPsoN AXND KauzmaxN’s observations (pH 7.9).
A typical plot for 7 M awea (pH 6.1} at 25° is shown in Fig. 7 for comparison with the
absorbancy plot. The half time for the primary [«]p change was 40 min compared with
32 min for the 44 chamge (both in phosphate). As discussed in Part I these half times
vary somewhat from preparation to preparation.

A plot of log #y 5 for the ‘2’ change versus loglurea concentration’ gave a slope
of 13.5 & 1.0 compared with 7.6 — 0.5 for the equivalent A plot.

DISCUSSION

There is an immediate chamnge of the ultraviolet spectrum of bovine serum albumin
in acid and in urea (fior the katter at all pH values in the range 4-9). The difference
spectrum (versus the mative protein) shows a minimum in 4¢ at 287 mu. At low protein
concentration the wltraviolet spectrurn of ovalbumin undergoes little change in dilute
acid. At higher protein comeentrations more profound changes in the spectrum occur.
At pH 3.1 in the presemce of 7 M urea, there is an immediate change in the ultra-
violet spectrum. The differemce spectrum shows minima at 287, 2g2.5 mu. At other pH
values in urea solmtiom thers s a time-dependent change in the ovalbumin ultraviolet
spectra with similir chamges in the difierence spectra. These observations enable
certain conclusions to be drawmn regarding the mechanisms of the denaturation of these
proteins, their stability amd their structure.

Minima at 287 myu (also the 280 mpy shoulder) in difference spectra similar to those
we have observed for bovime serum albumin in acid and urea have been obtained by
LaskowsK: ¢ 4l.® for imsmian I acid solution and on limited tryptic digestion and by
ScHERAGA for RNAase im acid solution. The additional minimum we observe at
293 my in urea solutioms of ovalbumin is also present in acid and urea solutions of
conalbumin {see Part IV, ref. 19), and in difference spectra of lysozyme?®. Insulin and
RNAase contain tymesime but no tryptophan. Lysozyme contains 7 tryptophan and
3 tyrosine residwes. Bovime serwm albumin contains 19 tyrosine and 2 tryptophan
residues per mole. Ovallbumin contains g tyrosine and 3 tryptophan residues, while
conalbumin contaims 1821 tvrosine and 13 tryptophan residues. These observations
on difference spectra for proteins and others on model compounds show that the
287-mu mintmum {incledimg the 280-mu shoulder) is due to differences in the environ-
ment of the tyrosime residues while that at 293-295 mp is due to environmental
differences for tryptophan residues®. 21,

In our first commumication” we considered the possibility of spectral changes due
to tyrosine residmes amisimg from changes in tyrosine hydrogen bonds. LASKOWSKI
et al® interpretad spectrall shifts for insuiin in terms of rupture of tyrosyl-carboxylate
hydrogen bonds. This comclusion 1.as been questioned subsequently by a number of
workers. WETLATUFER 2 &/ *® examined the effect of sodium acetate and urea in the
spectra of tyresime amd phemol Bathochromic shifts were observed in both media.
Similar, but comaller, shifts were observed for O-methyl tvrosine. BIGELOW AND
GESCHWIN D €3 d the effect of media of high refractive index on the spectra of

3 is tryptophan, tyrosine, phenylalanine, indole, phenol and O-
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methyl tyrosine. In nearly all cases there was a bathochromic spectral shift. The
bathochromic shift was explained in terms of increase in refractive index of the solvent
(see also BavrLiss AND McRAE2!). The two exceptions were explained in terms of
specific interactions. Und2r non-denaturing conditions, salts and urea sometimes
produce bathochromic shifts for normal tyrosine and tryptophan residues in proteins;
except LiBr, NaBr and NaCl which produce hypsochromic shifts for normal tyrosine
residues. Under denaturing concentrations of salts and urea hypsochromic shifts,
both for tyrosine and tryptophan residues, are invariably produced. While this hypso-
chromic shift (the ‘“denaturation blue shift’’) for abnormal tyrosyl residues may be
due to changes in hydrogen bonding of tyrosine hydroxyl groups this explanation
cannot be valid in the case of shifts for tryptophane residues. A number of workers$. 23,26
have suggested that some of the aromatic residues in proteins are involved in hydro-
phobic bonding, and are in an environment of high refractive index. On denaturation
these chromophores are exposed to media of lower refractive index and hypsochromic
shifts may be expected®,23,

The hypscchromic spectral changes we have observed for bovine serum albumin
in acid solution closely paralleled changes in other properties reflecting the molecular
expansion of bovine serum albumin. The results are consistent with changes in the
degree of hydrogen bonding. While these changes occur in the carboxyl titration region
they do not parallel protonation of carboxylate groups. 1t is not possible to identify
the acceptor groups. As WILLIAMS AND FOSTER®* have pointed out the bovine serum
albumin results are also consistent with changes in hydrophobic bonding. The ad-
ditional change in dé,4, for bovine serum albumin in acid below pH 1 is similar to that
of [a]p. The latter has been discussed by YANG AND FosTER?!2.

The spectral changes for bovine serum albumin in urea solution at all pH values
are similar to those for bovine serum albumin in acid solution. The similaiity of the
changes in other properties for bovine serum albumin in urea and in acid are striking
e.g. the laevorotation and viscosity increases, the decrease in sedimentation coefficient
and volume. These observations point to the essentially similar nature of the con-
formation changes taking place in urea and in acid (see ref. 27). The immediate and
generally reversible nature of all of these changes indicates the considerable con-
figurational adaptability of bovine serum albumin.

For low concentrations of ovalbumin under moderately iow pH conditicns,
there are no pronounced effects on the uliraviolet spectrum. This is in accord with the
observations of YANG AND FosTER'? and Kauzmann?? that ovalbumin does not expand
significantly in acid solution under these conditions (see also the titration curve®
and absence of change of polarization of fluorescence!3).

The time-dependent hypsochromic shifts we have observed for ovalbumin in urea
solution, may reflect changes in tyrosine hydrogen bonding or hydrophcbic bonding.
If the type of mechanism for urea denaturation of ovalbumin propused by Simpsox
AND XAUzZMANNY? is valid then the order of reaction with respect to urea should reflect
the number of sites participating in the process being followed. The apparent order of
the spectral change with respect to urea is approx. 8. This is of significance in view
of CRAMMER AND NEUBERGER's® finding that there are 7-8 noa-ionizing tyrosine
residues in ovalbumin. Furthermore HARRINGTON® has shown, by pH studies, that
there are 8 acid and 8 base binding groups liberated during the guanidine hydrochloride
denaturation of ovalbumin. These considerations suggest that tyrosine hydrogen

Riochim. Biophvs. Acta, 69 (1963) 240248
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bonds are being broken in the urea denaturation and the difference spectra reflect
these changes. However, the alternative of changes in hydrophobic bonding cannot
be eliminated at present.

The kinetics of the spectral changes assume special significance in view of the fact
that this property chunges at a different rate from other properties so far studied
(e.g. optical rotativn and viscosity). The spectral change is simple first order with
respect to time. The ofptical rotation change is not simple first order and is apparent
v4th order with respect to urea concentration. The optical rotation criterion is not
specific for a particular conformation change but reflects overall conformation changes.
When ovalbumin has few, if any, S-S bonds the abnormal tyrosine residues may well
impose some constraint on the molecule. The activation process may involve the
rupture of a critical number of these side-chain bonds.

Clearly ultraviolet spectral measurements are useful in following environmental
changes in proteins. However, caution is necessary in their interpretation and the
results obtained should be judged only in conjunction with other criteria®®.
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