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1. Introduction

While the pronounced conformational changes
which occur in serum albumin at 4 > pH >10 have
been intensively studied [1], relatively little informa-
tion is available about structural changes between pH
5 and pH 9. While hydrodynamic studies [2] show
that the bovine serum albumin (BSA) molecule re-
mains compact in this pH range, the binding of ions
and non-ionic compounds [3, 4] is markedly pH-de-
pendent. ORD studies [5—7] indicate that while the
a-helical content does not change appreciably be-
tween pH 4 and pH 10 there may be subtle conforma-
tional changes between pH 6 and pH 9.

In order to obtain more detailed information about
pH-dependent conformational changes in BSA, we
have determined: i) circular dichroism (CD) spectra of
the protein in the near-UV range as a function of pH,
and ii) extrinsic CD spectra, induced in a covalently-
bound chromophore by the dissymmetric protein mol-
ecule as a function of pH. Kagan and Vallee [8] have
shown that the extrinsic CD of azo-chromophores in-
troduced into various proteins depends on the confor-
mation of the proteins and may be used to monitor
minor changes of conformation. Dowben and Orkin
[9] and Schechter [10] have described the optical ac-
tivity of mercurifluorescein derivatives bound to the
single — SH group of BSA and have shown that its
magnitude depends on pH. In this study we have used
a different mercurial reagent to introduce a CD report-
er group in the same position in the protein molecule
and present a more detailed study of the pH-depen-
dence of its optical activity.
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2. Materials and methods

Crystalline BSA was obtained from Sigma U.K.
Ltd. Its —SH content (determined with Ellman’s re-
agent [11]) was 0.64 moles per mole of protein (as-
sumed mol. wt. 69 000). Mercaptalbumin-rich frac-
tions of BSA (0.90—0.94 moles —SH per mole of pro-
tein) were prepared by chromatography on SP-
Sephadex C-50 using a procedure based on that of
Hagenmaier and Foster [12].

4{p-Dimethylaminobenzeneazo) phenylmercuric
acetate was prepared according to Jacobs and
Heidelberger [13]. To prepare modified BSA a solu-
tion of the protein (50 ml, $ X 10~5 M or 5§ X 10—4
M in 0.067 M sodium phosphate buffer, pH 7.5) was
cautiously stirred with excess of the water-insoluble
reagent for 24 hr at 4°C. The solution then contained
approx. 1.5 moles mercurial per mole of protein. In
order to remove non-covalently bound dye the solu-
tion was stirred gently with charcoal (Darco M, 0.75
g per g protein) for 1 hr and centrifuged (20 000 g,
0.5 hr). In some experiments the solution was di-
alysed against distilled water or KCl solution at 4°C.
Modified BSA contained 0.65—0.70 moles dye per
mole of protein. When BSA in which the —SH groups
had been blocked by treatment with N-ethylmalei-
mide was subjected to the same treatment the prod-
uct contained 0.035 moles dye per mole of protein.
Thus more than 95% of the dye molecules in modi-
fied BSA were located at the —SH group. Modified
mercaptalbumin contained 0.85—0.88 moles dye per
mole protein.

CD spectra were determined at 27°C using a Cary
Model 60 recording spectropolarimeter with a 6003
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Fig. 1. Cucular dichroism spectra of bovine serum albumin in 0.1 M KCl; (a) 8 X 10 M, (—) pH 5.40,(— — —) pH 9.50;
(b)4x10” M (~—-) pH 5.30, (- — —) pH 9.35. Ordinate — mean residue ellipticity, [0], deg. em? dmol ™.

CD attachment, calibrated with D-10-camphorsulphon-
ic acid. Each CD spectrum was the average of at least
two successive scans. To investigate the pH-depen-
dence of CD spectra, protein solution (2.8 ml) was
placed in a polarimeter cell and CD spectra deter-
mined after adding successive volumes of 0.5 N HCl or
0.5 N NaOH required to bring the solution to prede-
termined pH values.
The dye content of protein solutions was esti-
mated from their mercury contents, determined by a
cold vapour method [14] using an EEL Model 140

atomic absorption spectrophotometer, Protein concen-

trations were determined by a modification of the
method of Miller [15].

3. Results and discussion

Apart from the large change below pH 4.5, the CD

spectrum of BSA in the region of peptide bond absorp-
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tion (e.g., 220 nm) changed little with pH (figs. 1 and
2). More pronounced pH-dependence was observed in
the near-UV region, particularly in the region of tryp-
tophan absorption (295 nm) where the relative change
was largest. The CD spectrum of modified BSA be-
tween 200 nm and 300 nm did not differ significantly
from that of the unmodified protein.

The absorption spectrum at pH 7.5 of the dye co-
valently bound to BSA contained two unresolved ab-
sorption bonds (fig. 3). Both were rendered optically
active by association with the protein, giving rise to
two CD peaks of approximately equal magnitude but
opposite sign at 390 nm and 450 nm (fig. 3). Molecu-
lar CD spectra were independent of protein concentra-

tion between 5 X 10~ M and 5 X 10~4 M. CD spec-
tra of modified mercaptalbumin were identical with
those of modified BSA. Since cysteine modified with
the mercurial showed no CD in this region the optical
activity of the protein-bound dye arises from interac-
tion of the chromophore with regions of the BSA
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Fig. 2. Variation of the circular dichroism of bovine serum albumin with pH. Conditions as for fig. 1. Ordinate — mean residue el-

lipticity, {8], deg. em? dmol™?,

molecule near the cysteine residue to which it is at-
tached. Comparison of the CD spectra of modified
protein before and after charcoal treatment enables
one to calculate tha approximate CD spectrum of dye
bound non-covalently to covalently-labelled BSA or
mercaptalbumin. This differed from the CD spectrum
of the covalently bound dye both in magnitude and in
the location of the peaks (fig. 3), indicating that the
environments of the covalently and non-covalently
bound chromophores are different. Presumably the
non-covalently bound dye has access to binding sites
which is denied to the dye which is tethered to the
cysteine residue. Subsequent work was concerned only
with the covalently-labelled protein.

When the CD spectrum of a solution of modified
BSA (2.5 X10—3 M) was determined in the presence
of 6 M urea marked changes in CD at A < 290 nm

were observed, as expected in view of the disruption
of the organised protein structure that 6 M urea
causes. In addition, the 390 nm CD peak of the cova-
lently bound dye was abolished and the magnitude of
the 450 nm peak reduced by 27%. When dithiothreitol
(1.8 X 10—2 M) was present in addition to the urea

the 450 nm peak too was reduced by 90%. Similar re-
sults were obtained with modified mercaptalbumin.
Low concentrations of sodium dodecyl sulphate (<10
moles per mole of protein) are believed to cause minor
changes in the tertiary structure of BSA [16]. When
the CD spectrum of modified BSA (2.5 X 105 M)
was determined in the presence of sodium dodecyl sul-
phate (8 moles/mole BSA) the 390 nm peak was ab-
sent and the 450 nm peak reduced to about 20% of
its value in the absence of detergent. It appears there-
fore that the induced optical activity of the dye may
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Fig. 3. Absorption and circular dichroism spectra of 4-(p-dimethylaminobenzeneazo)-phenylmercuric acetate bound to bovine se-
rum albumin. a) Absorption spectrum of covalently bound dye. b) CD spectrum of covalently bound dye. ¢) CD spectrum of non-
covalently bound dye, 0.45 moles/mole albumin. Protein concn. § X 1075 M in 0.067 M sodium phosphate buffer, pH 7.5. Molecu-
lar ellipticity {6] expressed with respect to the dye, deg. cm? dmol™.

be affected by minor as well as major protein confor-
mational changes.

The absorption spectrum of covalently bound dye
varied little with pH. The absorbance at 430 nm
(A430) was constant between pH 5 and pH 10 but
A450/A390 increased from 1.22 at pH 10 to 1.45 at
pH 4.5. With modified albumin in water the general
shape of the CD spectrum was as shown in fig. 3, be-
tween pH 4.5 and pH 10. Below pH 4.5 the shape of
the CD spectrum changed somewhat, partly due to
conformational changes in the protein and partly due
to ionisation of the dimethylamino group of the dye
(rK, = 1.8, [17]). Above pH 4.5, where the dye
chromophore is uncharged and the protein molecule
remains compact, the magnitude of the CD peaks was
markedly pH-dependent (fig. 4). The shapes of the
[0]max vs PH curves indicate two transitions; one be-
tween pH 6 and pH 7.5 with a mid-point at about pH
6.7 and one between pH 7.5 and pH 9 with a mid-
point at about pH 8.2. The low-pH transition was com-
pletely reversible between pH 7.5 and pH 5.5. The
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high-pH transition was 95% reversible between pH 7.5
and pH 9.3. In the presence of 0.15 M KCl similar re-
versible transitions were observed, but the high-pH
transition was shifted to higher pH. Similar transitions
were observed with modified mercaptalbumin. Com-
parison of fig. 2 with fig. 4 suggests that changes cor-
responding to those in the CD of the bound dye are
observed in the CD spectrum of native BSA at 257.5
nm and at 295 nm, although their magnitudes are
very much smaller. This indicates that the transitions
revealed by the bound dye are not peculiar to the
modified protein but are probably a property of the
native protein itself.

Dowben and Orkin [9] and Schechter [10] both
studied the pH-dependence of the induced optical ac-
tivity of mercurifluorescein derivatives covalently
bound to BSA at the same site as our reporter group.
Both observed marked variation of rotational strength
at pH > 6 which is probably related to the low-pH
transition which we observed. No evidence for more
than one transition above pH 6 was presented but
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Fig. 4. Variation of extrinsic CD of dye, covalently bound to bovine serum albumin, with pH; (0 —0-—0) in water; (+ ---+---+)
in 0.15 M KCL. Protein concn. 5 X 10~° M, Ordinate, molecular ellipticity of dye, [8], deg. cm> dmol .

their limited data do not preclude this. Schechter re-
ported a second transition between pH 4.2 and pH 5.5
which finds no equivalent in our observations; it
seems likely that his data in this pH range are due to
alteration of the mode of interaction of the fluores-
cein derivative with the protein, resulting from ionisa-
tion of its carboxyl groups, rather than to any confor-

Table 1
Molecular ellipticities (deg. cm? dmol_l) of dye covalently
bound to bovine serum albumin (5 X 107° M) in KCl or CaCl,.

(01390 X107 (6] as0 X 1073

pH

KCl CaCly KCl CaClp
5.0 + 9.3 + 6.9 -19.2 -19.0
6.2 - +20.2 -~ -32.2
7.5 +31.4 +16.2 -50.0 —-26.6
8.5 - +13.6 - -21.9

Ionic strength 0.06.

mational change in the protein itself.

The pH-dependent conformational transitions
which have been suggested for native BSA on the ba-
sis of measurement of binding of butane [4], fluores-
cence [18] and optical rotation at 313 nm [6,7] oc-
cur between pH 7 and pH 9 and may therefore be as-
sociated with the high-pH transition we have ob-
served. In hydrogen—deuterium exchange studies also
[19,20], pH-dependence is most marked in this
range.

The low-pH transition (mid-point about pH 6.7) is
probably connected with dissociation (pK, 6.9) of at
least some of the histidine residues of BSA. Accord-
ing to Harmsen et al. [7] a transition involving a small
(~ 4%) change in [a]3;3 (mid-point at pH 8.1) which
they observed in solutions of BSA in 0.06 M KCl, is
associated with dissociation of histidine residues with
abnormally high pK,,. They also observed that when
the solvent was CaCl,, ionic strength 0.06, the transi-
tion was shifted to lower pH (mid-point pH 7.25), an
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effect which they associate with the reversion of the
pK, of the abnormal histidine residues to normai val-
ues. If our high-pH transition is the same as theirs and
if we are correct in interpreting our data in terms of
two transitions, then the peak near pH 7.5 in our [8]
vs pH curves should be very much reduced in magni-
tude in the presence of CaCl,. Table 1 shows that this
is in fact the case, providing strong evidence for the
identity of our high-pH transition with that of
Harmsen et al. These data suggest that the low-pH
transition also may be shifted slightly to lower pH in
the presence of CaCl,.

Reporter group CD may thus be a powerful tool in
monitoring minor pH-dependent conformational
changes, not readily detectable by other means, in
BSA and possibly other proteins. The results with so-
dium dodecy! sulphate also suggest that it may be use-
ful in detecting changes induced by the binding of
small molecules to BSA.
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