ag@z> Kio+-23

Reprinted frem

pilickimes o Bitlpas de TECHNICAL LIBRARY
Amsterdam L. 5. ARMY Ig
Printed in The Netherland
ripec i The Netherlands - NATICK LABORATORIE®
BBA 35000 NATICK, MASZ.

FLUORESCENCE STUDIES OF THE MOLECULAR CONFORMATION
OF «LACTALBUMIN

MARTIN J. KRONMAN
Pioneering Résearch Division, U.S. Army Natick Laboratovies, Natick, Mass. {U.5.4.)
(Received June 3rd, 1966)

SUMMARY ¢

The ultraviolet fluorescence of e-lactalbumin was shown to be markedly altered
during the 2 distinct conformational changes which this protein undergoes. The more
subtle of these, which occurs at pH 6 as the temperature is lowered from 25° to 1°,
involves contraction of the “crevices” housing the 2z ‘exposed’ tryptophan groups
and is accompanied by a short-wavelength shift of about 10 mp of the emission
spectrum. The more drastic process, denaturation below pH 4, results in a long-
wavelength shift of 10-18 mp and an increase in the apparent quantum yield of about
40 %. The molecular origins of these spectral shifts have been interpreted in terms
of a model derived from a recent theory which explains shifts in the emission spectrum
of tryptophan in terms of an excited state complex. According to this model, the
thermal transition which occurs at pH 6 for a-lactalbumin produces a short-wavelength
shift due to inhibition of complex formation resulting from hindered rotation of
tryptophans in the contracted “crevice”. The low pH denaturation of a-lactalbumin,
which we have shown earlier to involve molecular swelling but no enhanced exposure
of tryptophans, produces a long-wavelength shift of the emission spectrum due to
enhanced complex formation resulting from increased freedom of rotation of the 3
“buried” tryptophans.

INTRODUCTION

The fluorescence of the aromatic amino acids in proteins offers a particularly
sensitive probe in detecting molecular conformational changesi=®. Use of this tech-
nique, however, to define such change in terms of specific molecular processes has
been comparatively limited due primarily to the fact that changes in the
fluorescence characteristics of proteins potentially have such a wide variety of origins.
This is particularly true of tryptophan fuorescence where solvent effects are known
to have such a marked influence on the emission spectrum as compared fo the ab-
sorption spectrum.

For some time now, we have been studying the milk protein, «-lactalbumin,
and the several conformational changes that it undergoes?5, There appear to be
two rather distinct molecular changes for this protein, both of which involve alter-
ation of the environment of tryptophan residues but in strikingly different ways:
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{a) below pH 4 molecular swelling occurs®i%; a tryptophan difference spectrum is
generated®14; changes in optical rotation dispersion properties are observed!1® and
the protein becomes increasingly prone to aggregation and dissociation®. Although
a denaturation biue shift of the absorption spectrum is observed, solvent perturbation
measurements indicate that no change in exposure of tryptophan groups occurs during
the acid conformational change®, i.e. three groups are completely buried and two
are completely exposed. Comparable changes in physicochernical properties of «-lact-
albumin suggest that an identical process occurs above pH 10 (refs. 13-15). (b} A more
subtle conformational alteration is observed if the temperature of w-lactalbumin so-
lution is lowered from 25 to 0—2° at pH 6 (see refs. g, 10). Solvent perturbation
measurements indicate that at the lower temperature the two exposed groups are
no longer accessible to large perturbants such as sucrose molecules but remain fully
available for small perturbants such as heavy water'®. This process, which we have
called ““crevice contraction” is not accompanied by any change in absorption spec-
trum®.

In the present paper, we shall present some ohservations of the changes in the
wavelength distribution and yield of tryptophan fluorescence from e-lactalbumin
occurring during these two unique conformational alterations. Interpretation of these
changes with the aid of collateral physicochemical information provides some idea
of the kind of molecular processes which may lead to alteration of fluorescence proper-
ties of tryptophan-containing proteins.

EXPERIMENTAL

Materials and methods

Preparation No. R4g of a-lactatbumin was employed. N-acetyltryptophan ethyl
ester and tryptophan were Mann products. In a few instances Schwartz optical-grade
tryptophan was employed. Protein solutions were prepared from slurries of e-lact-
albumin as previously described”®. A series of dilute solutions for fluorescence measure-
ments at various pH values were prepared from the same stock solution. Concen-
trations of all fluorescent substances were chosen such that the absorbance of the-
final dilutions were less than o.r. For e-lactalbumin, this corresponds to concentrations
of the order of 5 mg per 100 ml. Methods for pH measurement and determination of
wlactalbumin concentrations have been described previously”®. A Cary Model-14
recording spectrophotometer was used for absorption measurements.

Fluorescence measurements

The fluorescence spectrometer employed has been previously described by
WINKLER™. It makes use of a 450-W xenon lamp, a 1P28 photomultiplier, a Bausch
and Lomb 500-mimn grating monochromator for excitation and a prism monochromator
derived from a Beckman DU spectrophotometer to disperse the emitted light. The
mondchromators were potentiometrically coupled to the x axis of an x-y recorder
to permit scanning of excitation and emission spectra.

Measurements were made in 1-cm path length cells fabricated of low fluor-
escence quartz (Pyrocell Corp.). Cells were thermostated in a two place sample com-
pariment maintained to 4-0.5°. In order to minimize the effect of instrument drift,
fluorescences of samples were compared at frequent intervals withthat from asolution
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of N-acetyltryptophan ethyl ester of comparable intensity. In experiments where
yields at various temperatures were obtained relative to those at 25°, the standard
tryptophan ester solution was maintained in an external cell holder maintained at
25 4 0.5° and quickly transferred to the cell compartment for comparisen with the
protein solution at the temperature in question,

Apparent relative quantum yields of a-lactalbumin at various pH values were
calculated using a pH-5.8 to pH-6 solution as unity. These were calculated for each
set of dilutions prepared from a single stock solution {see above) using the equation
given by PARXER aND REEs® for dilute solutions:

- ADH (D)pH L]
Ay e (Do

where Apg 1s the area under the emission curve at the pH in question, A pmg is the
area of the pH-6 emission curve and Dpge and Dy are the respective absorbances
determined in the fluorescence ceil. Since the protein concentrations within a dilution
series are identical, the absorbance differences between an acid and a pH-6 solution
were of the order of 10-15 9% (ref. 9). Thus the uncertainty inherent in the use of
the above approximate equation rather than the exact equation® is less than 59.
This is comparable to the experimental error.

" RESULTS

Emission spectra of a-lactalbumin at 25°

Fluorescence spectra obtained for e-lactaltbumin are typical of those generaily
observed for tryptophan-containing proteins, i.e. the spectra resemble that of trypto-
phan. Although eo-lactalbumin contains five tyrosine and five tryptophan residues
per molecule', there seems to be little if any contribution from the former amino acid.
As has been observed by TEALE? and others for tryptophan-containing proteins, the
emission spectra are shifted to lower wavelengths as compared to the free amino acid.
In the case of native x-lactalbumin (pH 6), the emission maximum occurs at about
34z mp, as compared with 360 mpy to 363 mu found for tryptophan and N-acetyl-
tryptophan ethyl ester {Table I)*.

Emission spectra of e-lactalbumin on acid denaturation are shifted toward the
red as compared to pH 6 and the yields are increased markedly. These effects occur
quite rapidly, such that by the time the solution is transferred to the instrument
(about 1 min) the changes in fluorescence are already complete. In no case were
there further changes up to periods of z h. The pH dependence of the apparent yield
and of the emission maximum at 25° are shown in Fig. 1 and Curve a of Fig. 2.

* The fact that the emission maximunt of tryptophan and N-acetyltryptophan ethyl ester
are higher than the literature values of 348-355 mpu (see refs, 1, 19, 20) seems to be due to the
fact that no correction was made for monochromator efficiency or photomultiplier response. A
comparable difference was also observed by us for emission maximum for bovine serum albamis,
ovalbumin, and indole in agucous media. After this study was completed, we were able to deter-
mine emission spectra of s-lactalbumin using the Turner absolute fluorescence spectrometer and
found Amax to be 1o-12 my lower than those reported here (see Table I). Nonetheless, the position,
of the emission maxima should probably be taken to have only semi-quantitative significance
as should the relative quantum vieids.
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Over the pH. range 6 to 3.5 the yield is essentially constant, whereupon an increase
of about 40 %, occurs over less than one pH unit (Fig. 1). The pH dependence of the
emission maximum is more complex (Curve a, Fig. 2). Amax increases with decreasing
pH, goes through a minimum at the isoelectric point {about pH 4.75)*° and then in-
creases above pH 4.5 to attain a final value of 350-352 mp above pH 3. '

TABLE I
EMISSION MAXIMA FOR ¢-LACTALBUMIN AND TRYPTGPHAN

All solutions in .15 M KCl, temperature 25°.

Substance Amaz (mﬂ)

Native a-lactalbumin (p¥ 6) 342
Acid-denatured a-lactalbumin (pIl 2) 350
Urea-denatured «-lactalbumin

(pH 2.7 to 6.5) 353, R
Tryptophan (neutral pH) 360", 36277
N-acetyltryptophan ethyl ester 363

* Mann preparation.
** Schwartz preparation.
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Fig. 1. pH dependence of apparent quantum yield (Qre.) of a-lactalbumin at 25°. Yields are taken
relative to value at pH 6. O, 0.15 M KCl; A, sali-free solutions. Protein conen. about 0.005 g
per 100 ml

Fig. 2. pH dependence of the emission maximurm, Amaz for tryptophan fiuorescence of -Jactalbumin.
00, 0.15 M KCi; A, salt-free. Other conditions as in Fig. 1. Curve a, 25°; Curve b, £°.

The changes in fluorescence illustrated in Figs. 1and 2 are completely revezsible.
Solutions of a-lactalbumin exposed to pH 2 for I to 2 h and readjusted to pH 6 gave
yields and emission spectra identical with the original pH-6 solution. No attempt

_was made to study the kinetics or a possible pH dependence of the reversal process.

These altefations of the fluorescence properties of a-lactalbumin correspend
only roughly to those observed in the tryptophan absorption spectrum although an
exact comparison is impossible since the latter measurements could not be extended
above pH 4 at 25° (see ref. g). About 75 % of the change in the difference extinction
coefficient, deygqmy, Occurs between pH 4 and 3.5, in contrast with the displacement
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to higher pH values of the transition as seen by increases in yield (Fig. 1). The increase
In Amax, on the other hand, begins above pH 4 {(Curve a, Fig. 2). Both yield and Ayax
are independent of ionic strength as seen from the data obtained with salt-free
solution adjusted to the appropriate pH with 1 M HCl (filled triangles, Fig. 1;
Curve a, Fig. 2). The insensitivity of the conformational change to ionic strength has
been previously noted by measurement of difference spectra? and by optical rotation
dispersion!®.

Emission spectra of «-lactalbumin at 4°

Changes in Amax With decreasing pI at 4° parallel those observed at 25° with
the low temperature curve being displaced, however, toward somewhat shorter wave-
lengths, particularly above pH 5 (compare Curves a and b, Fig. 2). This displacement
with decreasing temperature is clearly seen on comparison of the spectra themselves
(Fig. 3). These were obtained on successive scans of a single protein solution at the
two temperatures. In all cases the original spectrum could be regained by returning
the solution fo its original temperature.

At pH 6.08 {Iig. 3a), Amax shifted from about 345 mp to 332 mu as the tempera-
ture was lowered, while smaller blue shifts were observed at pH 4.7z (Fig. 3b) and
pH 3.65 (Fig. 3¢). The shift at pH 1.83 (Fig. 3d) although small, is probably real in
view of the general downward displacement of the 4° curve below pH 3.25 {(compare
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Fig. 3. Tryptophan emission spectra of a-lactalbumin as a function of temperature and pH. Con-
ditions as in Fig. 1. The intensities are in arbitrary units but have been nermalized such that the
areas at a given pH are proportional fo the relative yields at the two temperatnres { L 4°;
------- ,25%). a, pH 6.08; b, pH 4.72; ¢, pH 3.65; d, pH 1.83.
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Curves a and b, Fig. 2). Shifts in the emission spectra with decreasing temperature
were not observed for tryptophan or N-acetyltryptophan ethyl ester in agreement
with the observations of GALLY AND EDELMAN®.

pH dependence of apparent quantum yield at 4°

The yield zersus pH curve at 4° differs significantly from that observed at 25°
(compare Figs. 1 and 4). Between pI 5 and 6 the yield (relative to pH 6, 4° as unity)
decreased by about 15%, a minimum lying between pH 4 and 5. This minimum
appears to be associated with that observed in the Amax versus pH curve (Curve b,
Fig. 2). These minima are not due to association or aggregation of e-lactalbumin in
the isoelectric region, a possibility which suggested itself on the basis of the known
solubility and ‘aggregation behavior of this protein’®. Measurement of fluorescence
as a function of protein concentration over the range 0.002 to 0.01 g per 100 ml yielded
a constant intensity/concentration ratio. The minima in the curves of Iigs. 2 and 4,
therefore, must be a reflection of changes in the molecular environment of tryptophan
groups in the monomeric molecule. '

0.89
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Fig. 4. pH dependence of apparent quantum yield of a-lactalbumin at 4% Yiclds are taken relative
to that at pH 6. Conditions as in Fig. 1. ’

The increase in yield at 4° begins below pH 4 and is more than 60 % complete
by pH 3.5, whereas at 25° the relative yield was still unity at the latter pH. The pH
dependence of the yield at 4° more nearly resembles that of deye5my {ref. g) than did
the 25° data. The increase in yield on acid denaturation (pH 6 > pH 2) was about
40-45 %, comparable to that observed at 25° {compare Figs. 1 and 4}). In view of
the quenching occurring in the isoelectric region at 4°, however, this comparison
may not be valid.

Effect of temperature on intensity of fluorescence

Although the temperature dependencies of Amax (Figs. z and 3) are evidence
of conformational changes in «-lactalbumin, plots of fluorescent intensity vs. tempera-
ture at pH 6 and below were linear within experimental error in the range o to 2 5°
and showed no breaks comparable to those observed by STEINER AND EDELHOCH?*
and GALLy anp EpELMANS on thermal denaturation of a vardety of proteins. These
observations do not preclude the possibility, however, that the changes in fluorescence
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associated with thermally induced conformational changes occur over a sufficiently
wide range to be obscured by the normal thermal quenching.

Excitation spectra

Excitation spectra. for a-lactalbumin solutions did not reveal the conformational
changes at acid pH. Although emission spectra showed shifts of 10 to 18 my in
going from pH 6 to 2 {see Figs. 2 and 3), neither the position nor half band width
of the excitation spectrum showed a comparable change, the maximum occurring
at 286 4 1 mp. This was about 6 mp higher than the value observed for free trypto-
phan in neutral solution. The insensitivity of excitation spectra to environmental
changes has been also noted by Vax DUUREN? in his study of the effect of solvenis
on indele fluorescence.

Urea denaluration of o-lactalbumin

Treatment of «-lactalbumin with 8 M urea at 25° resulted in large increases
in yield and a red shift of the emission maximum (Table T) relative to the native
protein. As has been previously observed for difference spectra® and for optical rotation
dispersion!3, these fluorescence changes in urea were instantaneous and showed no
pH dependence, in contrast with the behavior of urea-free protein (Fig. 1; Curve a,
Yig. z). The apparent relative yield was about 2.4, considerably larger than the value
of 1.4 observed on acid denaturation (Fig. 1). The magnitude of the former increase
was comparable to those reported by TEALE? for a variety of proteins. The difference
in Amax between acid and urea-denatured a-lactalbumin, while only 3 mpy, is experi-
mentally significant, the entire spectrum being displaced toward higher wavelengths
in the latter case. The emission maximum, 353 mpu, obtained for urea-denatured
protein is significantly lower than the value of 360 mp to 363 mp found for tryptophan
{Table 1), in contrast with TEALE'S? observation that urea-denaturation of proteins
generally shifted emission maxima close to that of the free amino acid.

DISCUSSION

Trypiophan flucvescence tn proteins

While it is apparent that a variety of molecular parameters can influence the
yield and spectral distribution of tryptophan fluorescence in proteins, considerable
stmplification seems possible by interpretation in terms of a model derived from recent
fluorescence studies of tryptophan, indole and indole derivatives* and from solvent
perturbation studies of proteins®®**—2% The protein model inferred {rom the latter
type of studies is that chromophores such as tyrosine and tryptophan can be divided
into two classes: “buried” and “exposed”. Such a distinction is an operational one
and will depend upon the choice of perturbant, e.g. it may not be possibie to dis-
tinguish the partial burying of a large number of groups from complete burying of
some and complete exposure of others. This ambiguity can, however, often be removed
by comparing the results obtained with a variety of perturbants having different sizes
and “range effects” (see for example, tef. 10}, To a first approximation we may assume
a difference in polarity of the immediate surroundings of buried and exposed groups.

*R. LuMry, S, Yanar: aNp F. A. Bovgy, unpublished manuscript of paper presented at
the International Congress of Photobiology, Oxford, England, August 1964.
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The importance of distingunishing between buried and exposed groups is evident
from studies of VAN DUUREN?! and of Lumry, Yanar: anp Bovev* who have
observed that the wavelength distribution of fluorescence of indole and indole de-
rivatives is markedly dependent on the polarity of the medium. LumMry, YANARI
AND Bovey™ found, however, that when ethanol was added to a solution of N-acetyl-
tryptophan ethyl ester in dry cyclohexane, the fluorescence maximum shifted from
303 myp reaching a value of 335.8 mp in the range 2-8 % ethanol. About 809 of
this shift occurred after addition to concentrations of only 2 %. Above a concentration
of 89, a small decrease in emission maximum was noted such that in pure ethanol
the emission maximum had a value of 334.3 mu. The latter shift was interpreted as
being due to a non-specific solvent effect (see ref. 3 and subsequent discussion). They
further conclude that the larger red shift is due to a new fluorescent species—a
complex of a polar molecule and the excited indole nucleus. Uncomplexed indole
{non-polar medium) has an emission maximum of about 297 mp while that for water
compiexed indole lies at about 350 mu. Shifts in emission maxima observed on various
treatments of tryptophan-containing proteins, according to this mechanism, would
be due to changes in complexing of these chromophores™.

Tt is difficult to reconcile the above observations with any theory of non-specific
solvent effects such as the dipole relaxation mechanism of spectral shifts described
by LipPERT® and applied by MATAGA™ to tryptophan and indole. This theory predicts
that the magnitude of the spectral shift is dependent upon the dielectric constant
and refractive index of the medium. Clearly, the concentration dependence of the
spectral shifts cited above cannot be the result of alterations of refractive index or
dielectric constant of the medium. '

With the availability of information on the distribution of tryptophan groups
in z-factalbumin'® a tentative model can be formulated which will account for many
of the fluorescence properties of this protein. This model may not necessarily he
unique, however, in interpreting these observations. To provide a framework for
such a model, a brief digression concerning fluorescence properties of indole, trypto-
phan and tryptophan in protein seems in order. The wavelength distribution of
fluorescence from a tryptophan-containing protein will, according to the complexing
hypothesis described above, depend upon: (a) The relative number of exposed and
buried tryptophan groups. The exposed residues should readily complex with mole-
cules since the life time of the excited state (1078 to 107? sec) is large as compared to
the time for rotation or vibration (about 1o7'%% that might be required to yield
the requisite geometry for complex formation. Such tryptophans should have the
emission characteristics of tryptophan in water (Amax about 350 mp}. Buried trypto-
phans in non-polar regions of the molecule would be expected to have emission
characteristics comparable to that of indole in non-polar solvents {Amax about 300 my).
The emission characteristics of buried tryptophans in non-polar environments but
in close proximity to relatively polar groups, such as the peptide linkage, will depend
upon the freedom of rotation of such residues. If vibration or rotation is capable
of producing the geometry requisite for complex formation during the lifetime of the
excited state, the emission characteristic will be that of complexed indole {Anax >
300 my}. (b) The relative magnitudes of quantum yields of buried and exposed groups.

*R. Lumry, S. Yanar: anp F. A, Bovey, unpublished manuscript of paper presented at
the International Congress of Photobiology, Oxford, England, August 1964.

Biochiwm. Biophys. Acta, 133 (1567) 19-32




FLUORESCENCE OF &-LACTALBUMIN ’ 27

Little information is available as to the efficiency of quenching of tryptophan in-
corporated into a protein. Tt is therefore difficult to compare the relative intensities
of fluorescence anticipated for such groups. (c) The efficiency of transfer of energy
among the different tryptophan groups. The probability of such transfer is high since
Re (the characteristic distance between chromophores in which the probability of
transfer and emission are equal) is of the same order of magnitude as the dimensions
of the protein molecule?, Since the absorption band of complexed trypiophans over-
laps the emission band of uncomplexed tryptophans (Agax < 300 my), transfer from
uncomplexed to complexed residues would be anticipated®. Similarly, since the
absorption band of uncomplexed tryptophans and the emission band for complexed
tryptophans shows much less overlap, the probability of transfer of the excited state
from complexed to uncomplexed tryptophans is low¥. The net effect of transfer of
the excited state should be that the emission spectrum of the protein will reflect
complexed tryptophans to a greater degree than uncomplexed groups.

Molecular changes in a-lactalbumin at PHE6

In terms of the model outlined above, the shift of the emission maximum of
a-lactalbumin from 340-342 mp to 332 mpy as the temperature is decreased from
25° to 4° (Fig. 3a; Table I} would be the reflection of a structural change which
decreases the extent of tryptophan complex formation. The melecular alteration at
this pH must be rather limited in scope since it is not accompanied by a change in
the ultraviolet absorption spectrum® or in the rotatory dispersion parameters!s, Like-
wise, ultracentrifuge measurements at PH 6 (see ref. 7} did not detect any changes in
hydrodynamic properties in going from 25° to ro°. Solvent perturbation measure-
ments, on the other hand, do show a difference in the exposure of tryptophan groups!®,
Those observations are summarized in Table I1.

TABLE II

FXPOSURE OF TRYPTOPHAN GROUPS IN 0-LACTALBUMIN
-_— T

Protein Tryptophans™ exposed

Large H,0
perturbais
-_— T
1. Native {pH 6, 25°) i
2. Acid-denatured (pH 2-3, 25°
. Native (pH 6, 1°)
- Acid-denatured {pH 2-3, 1°)
- Urea-denatured (pH 2.6-6, 25°)
-
* Taken from ref. to, all solutions in 0,15 M K1, Exposure based on a total of five tryptophan
groups.
** Perturbants: 20 %, sucrose, glycerol, ethylene glycol,
"** Perturbants: 209 sucrose, glycerol.

**

ok

ek

;NNNN
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All pertﬁrbants employed in the latter study (sucrose, glycerol, ethylene glycol
and heavy water) revealed that of the five tryptophans in e-lactalbumin, three are

with tryptophan-containing proteins® showed significant depolarization of the fluorescence at
wavelengths at which transfer depolarization was observed with the free aming acid,
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buried and two are exposed at 25° near pH 6. As the temperature is lowered to 17
the latter two groups become completely buried with respect to sucrose and glycerol
but remain-exposed to heavy water. We suggested that the two groups exposed at
25° lie in crevices having as a critical dimension a distance greater than 6.4 A (the
effective diameter of the largest perturbant, sucrose) and that at low temperature the
crevice contractsi®, The size of this contracted crevice would be small enough to
exclude molecules as large as sucrose and glycerol (effective diameter, 5.4 A) but
large enough to admit water molecules (efiective diameter, 2 A). This model is il-
lustrated in Figs. 5a-c for a single tryptophan group. In accordance with the obser-
vations of YANARI AND BovEY®, we have depicted the water molecule as hydrogen-
bonded to the indole nitrogen (Fig. 5a). In order for the excited state-complex to form,
the latter hydrogen bond must be broken, a process favored by the increased electro-

R e

Fig. 5. Highly schematic view of a crevice housing an exposed tryptophan group. The crevice
has been cut away to permit the group to be seen. The distance, d, represents a critical dimension
estimated from solvent perturbation measurementst®. a. pH 0, 25°, ground state. Water maolecuie
hydrogen-bonded to indole hydrogen. d > 9.4 A, b. pH 6, 25°, excited state. The water molecule
has moved into close proximity with the indole nitrogen to form the excited state complex. The
dashed Donds lie below the plane of the indole ring. The dimensions of & are the same as in Fig. 5a.
c. pH 6, 4°, ground and excited states. The crevice has contracted, thereby preventing reorientation
of the water molecule to form the excited state complex. 5.4 A>d>z A

positive character of the nitrogen in the excited state, and the water molecule must
move to the appropriate complexing site on the indole nucleus. In Fig. 5b we have
depicted this as the indole nitrogen, although the position on the ring is not critical
for our argument. In this case complexation would occur through interaction of the
electronegative water oxygen atom and the electropositive nitrogen of the excited
indole nucleus.

At 25° the size of the crevice would permit rotation of the tryptophan side-chain
or reorientation of the water molecule during the lifetime of the excited state so
as to provide the requisite geometry for complex formation (Fig. 5b}. At 4°, on the
other hand, (Fig. 5¢}, rotation and reorientation would be impeded in the contracted
crevice making complex formation less probable. Such a decrease in complexing
at 4° according to the model outlined above, would account for the blue shift of
the emission spectrum (Figs. 2 and 3a). The absence of a shift of the absorption
spectrum is consistent with the above mechanism. The position of an absorption
band depends, at least in part, on the polarizability of the medium surrounding
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a chromophore in its ground state (see for example, YANART AND BoveySt). Since the
crevices housing the two exposed tryptophans are penetrable to water molecules
both before and after contraction, the polarizability should remain essentially constant
during this structural change.

Moleculay changes in a-lactalbumin af low pH

The acid denaturation of «-lactalbumin occurring below pH 4 involves a more
drastic conformational change than the thermally induced transition at pIl 6. An
increase in the frictional ratio from about 1.0 (neutral pH region) to 1.3 (pH 2)
mdicates a more swollen or elongated molecule®. Titration curve datals indicates that
this swelling occurs in the spectral transition region (pH 3-4)°. Although the absorption
spectrum of the denatured protein (below pH 3) is blue shifted relative to the native
state (pH 6) at 25° no additional groups become exposed {compare Lines 1 and 2z,
Table II)*™. For reasons discussed earlier®10 it seerns likely that the absorption
changes are the result of environmental changes involving the three buried groups.

These environmental changes appear to include increased freedom of rotation
of the buried tryptophans. In the native state side-chain Cotton efiects occur in
the tryptophan absorption region which are abolished on acid denaturation’l.!3, The
dependence of the change in optical rotation dispersion properties is comparable to
that observed for the tryptophan difference spectrum® and for the fluorescence proper-
ties {see Figs. 1 and 2). The abolition of the tryptophan Cotton effect is consistent
with increased freedom of rotation of residues which had formerly been “frozen”
into specific configurations (see refs. 11 and 13 for more complete discussion of this
point).

Thus, polar groups and buried tryptophans should be freer to rotate than in
the native state, such that the probability of complex formation between such groups
is enhanced. The long-wavelength shift at 25° of the emission maximum below pH. 4
{Curve a, Fig. 2) is consistent with this hypothesis. The shift of the emission maximuim
with decreasing pH at 4° (Fig. 2b) probably also involves the three buried ZTOupS.
This uncertainty is due to the exposure of a single group in going from pH 6 to pH 3
and below {compare Lines 3 and 4, Table IV). Unfortunately, for reasons discussed
earlier'®, significant solvent perturbation measurements cannot be made in the tran-
sition region (pH 3 to 4) and we cannot determine if this exposure occurs above or
below pH 4. The higher degree of exposure of tryptophans in the acid-denatured
protein at 25° (compare Lines 2 and 4, Table II) is consistent with the long-wavelength
displacement of the Amax versus pH curve below pH 3 (Curves a and b, Fig. 2).

PH dependence of the fluovescence changes

As we have considered above, a-lactalbumin is capable of undergoing two
distinct conformational changes, crevice contraction and the low-pH denaturation.
The overall pH dependencies of the yield (Figs. 1 and 4) and the emission maximum
(Fig. 3), might therefore, represent the superposition of these two processes. Since
solvent perturbation measurements cannot be made much above pH 3 or below
PH 6 (ref. 10), the degree of overlap of these two molecular events can only be sur-
mised. In any event, the complex character of the Amay versus PH curve (Fig. 2) and
the quenching of the fluorescence at low temperature in the isoelectric region (Fig. 4)
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indicate that these molecular alterations begin at much higher pH than would have
been anticipated on the basis of the changes in absorption spectra® or of rotatory
dispersion parameters'!.i3,

While direct verification is itnpossible, it seems reasonable to identify the minima
in the Amax versus pH curves with contraction of the tryptophan-containing crevices.
The fact that the pH dependencies of the yield are so different at 4° and 25° (compare
Figs. 1 and 4) makes it unlikely that the fluorescent changes in the isoelectric region
are of non-specific origin such as ionization of carboxyl groups, since the latter process
occurs with almost zero enthalpy?®. The ability of such crevices to contract as the
temperature is lowered (see Table IT and previous discussion) at pH 6 (protonic
charge — —6) makes it likely that even more restricted rotation of water molecules
and side chains will occur within these crevices at the isoelectric point {pH 4.75)'%.
The decreased value of Amax (Curve b, Fig. 2), therefore, could be a reflection of
a further decrease in probability of complex formation. Similarty, more intimate
contact between tryptophans and other side-chains within the crevice might be
expected to produce quenching in the isoelectric region relative to pH 6 (Fig. 4),
but its absence in the yield curve (Fig. 1) would indicate a more limited isoelectric
crevice contraction than at 4°. We raised the question earlier® as to whether the low
isoelectric solubility of a-lactalbumin might be due to a particularly favorable dis-
tribution of polar and non-polar side-chains at the surface of the native protein mole-
cule or whether this distribution might be the consequence of a subtle conformational
change occurring in this pH region. While the former aiternative cannot be excluded,
the pH dependence of Amax and of the yield at low temperature clearly indicates
a structural alteration in the isoelectric reglon

The pH dependencies of Amax at 4° and 25° (Fig. 2) appear to follow the same
course, although the former curve is shifted to shorter wavelengths. By contrast, the
yields at 4° and 25° have significantly different pH dependencies (Figs. 1 and 4), the
increase in apparent yield at the higher temperature occurring more than o.5 pH units
lower. We have pointed out earlier® that the transition in the pH region 3to 4 probably
involves simulianeous or closely consecutive alterations of the molecule in regions
adjacent to different buried tryptophan groups. The lack of correspondence of the
4° and 25° yield curves may thus be a reflection of this complex character of the
transition.

Urea denaturation of a-lactalbumin

The shift of Amax for urea-denatured «-lactalburmin relative to native protein
(Table 1) is in the direction anticipated if the three buried tryptophans become
“exposed”’ and are now free to complex with water molecules. Similar shifts have been
observed by TEaLE® on urea denaturation of a variety of proteins, but in contrast
with our observations, Amsx was generally comparable with the value found for free
tryptophan groups. This difference that we observed with x-lactalbumin may be
due to incomplete distuption of the molecule such that tryptophan residues continue
to be insulated from the medium. The observation of a near-zero value for the rotatory
dispersion parameter, &, indicates however, that the molecule is not actually re-
fractory toward urea denaturation'®, The 8¢ % exposure seen by solvent perturbation
could correspond to either: {a) four groups completely exposed (Line 5, Table II),
or {b) two groups completely exposed plus three groups exposed to the extent of

Biochim. Biophys. Acta, 133 (1967} 1932




FLUORESCENCE OF o-LACTALBUMIN 31

about 709%. The low value of Ay.x for urea-denatured a-lactalbumin suggests that
the first of these is probably true.

Spectral changes and protein conformation

The observations reported in this study are a compelling illustration of the
value of complete emission spectra in detecting structural changes in proteins, as
against the exclusive use of intensity measurements at a particular wavelength. This
is likely to be of particular importance in determining the effect of temperature on
a protein where normal non-specific thermal quenching is likely to obscure any change
in yield. This was apparently the case for the pH-6 thermal transition of a-lactalbumin
where a shift of nearly 10 mu occurred in the emission spectrum without any break in
a yield versus temperature curve being obvious.

It is quite apparent from our findings that comparatively large alterations in
fluorescence properties can occur without these necessarily being the result of drastic
- changes in the folding of the molecule. Indeed, a process as limited in scope as the
pH-6 crevice-contraction observed for a-lactalbumin can lead to significant changes.
It would appear that with our present state of knowledge, interpretation of changes
in emission properties of a protein in terms of any specific mechanisms is quite
hazardous in the absence of ancillary information of the type provided by solvent
perturbation. A similar conclusion has been reached concerning the interpretation
of changes in absorption spectra?, The observations made in this study, together with
those reported in previous papers®!®, illustrate the value of the simultaneous appli-
cation of absorption, emission and solvent perturbation spectral techniques in charac-
terizing conformational changes in proteins. It would appear that the tryptophan-
complexing mechanism proposed by Lumry, YANARI anp Bovey* may provide a
useful frame of reference in this regard.
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