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SUMMARY

The intensity of the ultraviolet fluorescence of a group of extensively studied, highly
purified proteins has been investigated as a function of pH and temperature. In those
proteins whose structures are believed to be invariant to pH, the effects of pH were
generally small at pH values acid to the icnization of their tyrosyl groups. In the
latter pH zone all proteins showed significant quenching of fluorescence which pre-
sumably resulted from the radiationless transfer of energy from tryptophanyl to
jonized tyrosyl residues. In the pH zones where configurational transitions (reversible
or irreversible) have been demonstrated by other procedures, these structural changes
resulted in modifications in fluorescent intensity in all of the proteins studied. The
influence of temperature on protein fluorescence in pH zones of thermal stability has
been delineated in the case of several proteins. Deviations from a characteristic
temperrtrre dependence of fluorescence was observed in those pH zones in which
the protein was known to undergo thermal denaturation. It would appear therefore
that the observation of fluorescence intensity of protein solutions should provide a
rapid and sensitive means of detecting and monitoring changes in protein structure.

INTRODUCTION

The property of ultraviolet fluorescence, wiich is shared by virtvally all proteins,
is conferred by the presence of tryptophan or tyrosine!~3. Thke emission of the third
fluorescent amin» acid, phenylalanine, has not been detected in native proteins.
However, if both amino acids are present, even in disproportionate numbers, it has
been shown by WEBER? and by TEALE? that the emission spectrum is predominantly
that of tryptophan. Even in the case of buman serum albumin, which contains
but a single tryptophan, a relatively sophisticated analysis is required to identify
the contribution of tyrosine to the fluorescencet.

The basis for the suppression of tyrosine fluorescence in the presence cf trypto-

Abbreviaticn: DNS, 1-dimethylaminonaphthalene-s-sulfonyl chloride.

* The opiniots and assertions coatained hevein are those oi the writers and are ot to be

constructed as expressing the views of the Navy Department or the Naval Service at large.
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342 R. F. STEINER, H. EDELHOCH

phan is imperfectiy understood. It has been possible to rule out the importance of
radiationless energy transfer from tyrosine to tryptophan as a process competitive
with rrspect to direct emission®. Since the proteins to be discussed in the present
naper all contain tryptophan and as measurements of emitted intensity have been
confined to the peak of the tryptophan fluorescence spectrum (340-350 mg), the
observations reported here will be essentially concerned with tryptophan fluorescence
alone.

TEALE?® has found wide variations in the apparent quantum yields of tryptophan
fluorescence in different proteins. This and the further observation that the quantum
vields were markedly altered in the presence of high concentrations of urea and
propane-1,2-diol leave little doubt that the intensity of fluorescence of the tryptophan
residues of proteins is a sensitive function of their environment. To be sure, the
importance of solvent effects remains to be assessed. However, the wide variation
in both sign and magnitude of the change in quantum yield for different proteins
suggests that the nature of the tryptophan environments in the original intact protein
is the controlling faccor. Indeed, the rather similar spectral distributions and quantum
yields of fluorescence for a number of proteins in 8 M urea? is understandable in terms
of the transition to a more open structure occurring in this solvent, with a resultant
loss of those specific features of the tertiary structure which influence the tryptophan
fluorescence in the intact protein.

Further evidence for the dependence of the tryptophan fluorescence upon the
detailed molecular organization of the protein comes from the pronounced changes
occurring in the presence of detergents®. Here also, part of the effect may be non-
specific, arising from the binding of detergent?.

The present paper will be confined to the effects of pH and temperature upon
the tryptophan fluorescence of a series of proteins, with particular attention to
structural transitions which are known to occur from other procedures. The only
group present in unconjugated proteins whose absorption spectrum overlaps the
emission band of tryptophan to a sufficient extent to permit quenching by a radiation-
less energy transfer is the ionized form of tyrosine (Amax = 295 mpu). Quenching by
this mechanism can obviously be of importance at alkaline pH. It is not, however,
the sole factor as WEBER® has found that tryptophan itself undergoes quenching at
pH's above 11. The process has been attributed t2 the formation of a transient
complex of hydroxyl ions with the excited tryptophan molecule.

It is not difficuit to list the various factors which would be expected to be of
significance in determining the pH dependence of the tryptophan fluorescence of
protemns. ) aey are as follows: (a) The degree of shielding of the tryptophans from
the solvent. This will depend upon the extent of embedding of these groups in the
protein interior and upon the porosity of the protein. The extent of shielding from
the solvent will also govern the degree ot rrotection from collisional or other quenching
by H* or OH- ions. TEALE?® has obssrved ic a number of proteins an increase in
the apparent quantum yield of tryptophan emission with decreasing dielectric con-
stant of the solvent, which consisted of water and propane-1,2-diol mixtures. This
indicates that at least some of the tryptophan groups of the exumples cited must
be accessible to solvent and suggests that a non-polar environment tends to increase
the quantum yield. (b) The importance of non-radiant energy transfer to jonized
tyrosine. This will depend upon the numbers and mutual positions of the two groups”:®,
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THE ULTRAVIOLET FLUORESCENCE OF PROTEINS 343

It can in general be expected to play a role only in the zone of tyrosine ionization.
Radiationless transfer to iodotyrosine may also be .mportant when tnis residue is
present?®. (c) The action of particular neighboring groups, whose influence may depend
upon their stace of ionization. The occurrence of any transformation in structure
would be expected to result in important modifications in some or all cf tn. * -
Indeed, when due care is taken to allow for trivial effects, ultraviolet fluscrescence
should provide a potential means of detecting such molecular events.

EXPERIMENTAL
Methods

Measurements of fluorescence intensity were made with an *minco spectro-
fluorometer which had been modified so as to permit control of temperature. For
this purpose a hollow cell-holder, through which water could be circulated, was
substituted for that supplied with the instrumnent. The cell-holder wns equipped with
entrance and exit slits of 1 mm width. The use of either of two constant-temperature
baths, set at 3° and 70°, permitted rapid variation of cell temperature from 15-60°.
Temperature was measured directly in the cell, using a thermistor probe of 1 mm dia.,
encased in a polyethylene sheath. This was supplied by the Yellow Springs Instru-
ment Co.

The existence of considerable unsteadiness in the instrument necessitated a
careful attention to controls. In measurements of pH dependence the temperature
was normally held at z5°. Alternate readings were made apon a solution at a given
pH and upon a reference solution at constant pH. In the case of thermal profiles
alternate readings were made upon a solution of varying temperature and a control
solution maintained at 25°. The time required for a reading was insufficient to permit
any appreciable warming of the contr«-i. While the control was being read the other
solution was kept in a second external cell-nolder, through which water from the
same bath circulated.

The concentration of the proteins was held low (0.1 g/l) to avoid any compli-
cations arising from attenuation cof the beam. The absorbancy at 280 mu of the
solutions measured was never greater than 0.15 in a 1.00-cm? cell.

With the Aminco instrument the monochromatization is dependent upon the
slit width. The slits utilized by us were sufficient to reduce the background of scattered
or reflected light to a negligible quantity. Normally an excitation wavelength of
290 mu was empioved and observations were made at 340 mu. With labelled proteins,
the excitation wavelength was near the absorption peak of tlie iabel, i.e., at 340 mu
for DNS conjugates.

Measurements of ultraviolet absorbancy were made with a Beckman DU spectro-
photometer, equipped with a thermostatted cell compartment. Measurements of pH
were made with a Leeds and Northrup pH meter, using miniature electrodes. Beckman
bufiers at pH 4.00, 7.00 and 10.00 were used to calibrate the pH meter.

Titrations were normally performed in the same quartz cuvettes in which the
fiuorescence measurements were made. Small amounts of HCl or KOH were added
to protein solutions at neutral pH to obtain the desired pH. Corrections were made
for volume changes.

Biockim. Biophys Acts. 66 (1963) 141-385
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Materials

Cryr .alline bovine serum albumin, lysozyme and bovine y-globulin were pur-
chased mom Armour Laboratories. The latter preparation contained about 9o %, of
about 7S and the remainder was a faster component of about 9 S which is usually
pres :at in alcohol-fractionated (Fraction II) y-globulin preparations. Crystalline
pepsin, trypsin, and chymotrypsinogen were purchased from Worthington Bio-
chemical Corp. Crystalline p-lactoglobulin (Form A) was a gift from Dr. P. PFUDERER.
Thyroglobulin was prepared from calf-thyroid tissue by a differential centrifugation
procedure®. Iodination was performed in 8 M urea at pH 9.0. The preparation and
properties of iodinated thyroglobulin derivatives are described in separate re; u,
The iodinated thyroglobulin preparation: were dialyzed for several days to remove
iodide and other salts and buffers.

All reagents used were of analytical grade. Urea was recrystallized from alcohol.
Glass-redistilled water was used in the preparation of all solutions. DNS was pur-
chased from the California Foundation for Biochemical Research. Fluorescent conju-
gates of DNS were prepared by the method described in earlier publications!*.13, The
concentration of coupled dye was determined from absorbancy measurements at
340 mp (ref. 12).

RESULTS AND DISCUSSION
1. Effect of pH

Lysozyme. This enzyme provides an example of a protein whose molecular con-
formation is believed to be invariant to pH, at least within the limits between 2 and 12
(see refs. 14-16). Consequently the dependence of tryptophan fluorescence on the
state of ionization of lysozyme can therefore be evaluated. The intensity of lysozyme
fluorescence does not depend on pH between about pH 6.0 and 8.5. A uniform minor
decrease occurs between pH 5 and 2 (Fig. 1). Changes in the ultraviolet difference
spectrum of tryptophan (blue shift) in lysozyme have been reported in this pH zone?s.
Both of these effects presumably result fromn the influence of the state of ionization
of the carboxyl groups of lysozyme.

At pH values alkaline to about 8.5, a major quenching of fluorescence occurs
with increasing pH (ref. 17). The quenching is in approximate accord with the ioni-
zation of tyrosine, as determined by spectrophotometric analysis'4. . The reversibility
of the alkaline branci of the pH dependence of fluorescence indicates that the environ-
ments of the tryptophans are unchanged by an alkaline cycle between neutrality
and pH rz. Similar reversibility was found in the titration curve of lysozyme and
prociuch s any diveversible change in structure in this region!.

Tie daia for lysozyme illustrate three features, found to recur for many proteins,
which depend primarily on the state of ionization of the protein. (1) The quenching
in the carboxyl titration zone, which appears to be non-specific; (2) the constancy
of intensity in the neutral pH range whe: : imidazoles normally ionize; (3) the alkaline
quenching which usually paraliels the ionization of the tyrosyl residucs. The behavior
described above is to be expected in configurationally stable proteins. Where tran-
sitions occur additional modifications in fiuorescence will be superimposed on the
above,

Ovalbumin. The alkaline brench of the pH profile of fluorescence intensity for
this protein is somnewhat difierent from the other cases considered. In the absence of

Bicchim. Biephys. Acts. 66 (1963) 341-35>



TBE ULTRAVIOLET FLUORESCENCE OF PROTEINS 345

added electrolyte the intensity is essentially constant between pH 5 and pH 10.5
(Fig. 2). Alkaline quenching begins to be appreciable only above the latter pH. Thus
the quenching curve is displaced by several pH units to the alkaline as compared
with that of lysozyme. If back-titration to neutrality is made from pH r1z.0, only
a marginal degree of hysteresis is observed (Fig.2). If the reversal is made from
pH 12.6 the divergence between the forward and reverse branches .> muc 1 g ate .
Indeed recovery is incomplete under these conditions even at neutral pH.
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Fig. 1. The pH dependence of fluorescence in- 1.0 ? =<
tensity in the acid region for three proteins in IA !
water whose structures are independent of pH r X g
under these conditions. O—O, ovalbumin: 7 lea aes o4
A—A, pepsin; O—0D, lysozyme. Unless Z o.8f v 2
otherwise specified the following conditions = Q z
apply in ¢l figures: (1) The wavelengths of =
activation and emission are 290 and 340 myu, 06 s
respectively. (2) The temperature is 25.0°. 8 10 2
(3) The protein concentration is close to 0.10 pH
gll. (4) No salts or buffers have been added  Fig. 2. The alkaline pH dependence of fluores-
to the water solution of the protein. cence intensity for ovalbumin in water (O, @)

and in 8 M urca (A, A). Filled points represent
reversals. Intensities are not the same in water and urea solvents. Both have been normalized
to 1.00 at neutral pH values.

To some degree these results are predictable in terms of the ionization of the
tyrosyl groups in ovalbumin. In this protein CRAMMER AND NEUBERGER™ showed
that only about two of the tyrosyl groups have normal pK values. The rest of the
groups ionizes at pH values greater than about 12 and shows major hysteresis effects
on back-titration. The ionization of these latter groups is associated with the de-
naturation of the protein.

The pronounced hysteresis between the forward and reverse branches of the
alkaline cycle to pH 12.6 (Fig. 2) is consistent vith the occurrence of a major and
irreversible structural change at pH's above 12. If radiationless energy transfer
jonizexi *»10sine is a dominant factor in the alkaline gu=nching, it is probable that
the hysteresis arises in part from the normalization of tyrosine ionization resulting
from this structural transition.

It is of interest that the hysteresis between the forward and reverse branches of
an alkaline cycle nersists in 8 M urea (Fig. 2). The failure of this denaturing solvent
to render the alkaline pH profile reversible suggests that a fraction of the original
structere is refractory to its action at neutrality but becomes labile upon exposure
to high pH under these conditions.

It is at present uncertain whether any structural change occurs for ovalbumin
at acid pH. YANG anp FosTER®.® have reported that only very minor increases
in specific viscosity and optical rotation occur at low pH. The intensity of fluorescence

Biochim Biophy:. Acte, 66 (19633 345-355



346 R. F. STEINER, H. EDELEOCH

of ovalbumin shows a significant decrease between pH 5 and 2 (Fig. 1). This is entirely
reversible. If the difference spectrum at pH 2.55 in water is determined with respect
to a referznce solution at pH 5.1, a negative peak at 292 mg is cbsurved®, This peak
arises from the trvptophan residues and is indicative of an influence of the state of
ionization of the protein upon the electronic structure of these groups. The question
of whether some subtle structural change shares the responsibility for the acid
quenching with a non-specific pH effect must be left open for the present
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Fig. 3. The alkaline pH dependence of fluores-  Fig. 4. The acid pH dependence of fluorescence
cence intensity for bovine serum albumin in  intensity for DNS conjugates of bovine serum
water (O, @) and in 8 M urea (A, A). Filled albumin (0.20 g/l) in water. A, unsubstituted;
points represent reversa: froju pH 12 (H,O)and  ©, 0.46 DNS gronps per molecule; @, 0.53
12.5 (8 M urea). DNS; 0, 2.3 DNS; C, 4.4 DNS; @, 4.4 DNS,

reversal from pH 2.1. Inset effect of degree of

labeiiing on relative fluorescence intensity .t pH 6.0 in water. The abscissa represents the number

of DNS groups conjugai>d per molecule of protein.

~Non-conjugated bovine serum albumin. Th2 pH dependence of fluorescence in-
tensity between pH 2 and 12 can be discussed in terms of several distinguishahle
zones, as has already been reported?. In *he atcence of electrolyte two essentiaily
constant regions, between pH 4.0 and 7.5 and betw.en pH 9 and 10.5, are separated
by a zone in which the intensity changes by about 0% (Fig. 3)*. The pH range of
this quenching corresponds {0 that in which major changes in the binding of dyes
and calcium ions have been reported?.33, On the basis of the binding studies, KLotz
et al.® suggested that a molecular transition occurs in bovine serum albumin in this
PH zone in spite of the fact that none was evident from those methods commonly
employed to dutect changes in the molecular structure of proteins. WILLIANS AND
Fo7eR™ have found a minor perturbation in the spectra of an anthracene conjugate
to serum albumin in this pH region. It would 2ppear therefore that fluorescence-
intensity measurements may b capable of detecting relatively minor conformational
changes where other methods are insensitive.

'mwdlmdmmutupluo!wﬁdhmnmdm
was also examined as a function of pH. However, a prosounced divergence im hehavior of the
two in the pH region 4-2 was observed. One sample (supplied by L. Rooxsy which had been
through » Dintzis-type ico-exchange column) showed a significant (20%) exaltation in this sone.

The other (supplied by D. Gooostax, by extraction with 5% glacial acetic acid —iscoctane)
showsd a minor (10%) quenching. their bebavior ia the 2'kaline region was qualitatively
similar to that of bovime albumin, 5o discession of human albumin will be attempted hore becanse
of this irreproducibility.

Biachim. Biophys. Acta, 66 (1963) 34.~33 .,
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Above pH about 11.5 the fluorescence intensity shows a further decrease with
increasing alkalinity (Fig. 3). This quenching occurs in the pH region of tyrosyl
ionizaiion?®® z2nd results, at least in part, from a non-radiative transfer. In 8 M urea,
the fluorescent change associated with the transfer mechanism is preserved, although
a considerable dimninution results in the degree (Fig. 3). The transition accurring
between pH 7.5 and g in water is presumably eliminated by the vnfoia.ng .hat (. ~s
place in 8 M urea.

As has been found in the case of other parameters, the fluorescence-intensity
changes occurring between pH 2 and 12 are reversible. In the acid pH zone a notable
fall in intensity occurs between pH about 4 and 2 (Fig. 4}V, the degree of this
quenching being much more pronounced than in the case of pepsin or lysozyme.
An increase in ionic strength reduces the magnitude of the effect’”. While the zone
of acid quenching corresponds to that of the weil-studied acid structural transition,
it is not feasible to attribute it entirelv to this factor, in. view of the similar (although
smaller) quenchings which occur in other proteins whose structures are believed to
be invariant to pH, or almost so, in this region. In all probability what is observed
is the resultant of the non-specific effect of carboxyl neutralization and the change
in the environment of the tryptophans accompanying the acid structural change.
It is presumably the latter component which is suppressed by an increase in ionic
strength, in view of the saialler upiical rotatory, fiuorescence-polarization, viscosity
and sedimentation changes observed for high levels of ciectrolyte!?. 0. %,

Conjugated bovine serum albumin. Conjugation of bovine serum albumin with
DNS produces a marked quenching of the tryptophan fluorescence wnen measured
at neutral pH at 340 myu (inset, Fig. 4). However, concomitant with the quenching
observed at 340 my, there appears a fluorescent band with a peak near 520 mu which
corresponds to that of DNS fluorescence. As seen in Fig. 4, the tryptophan iluorescence
of the conjugates is very dependent on the pH below about 5. The acid quenchmg
of serum albumin is progicsaively replaced by an cxaltation whose magnitude in-
creases with increasing degree of substitution. These effects may be understcod in
the following way. Since the absorption band of the DNS chromophore {imax approx.
34¢ mpu) overlaps the tryptophan emission band extensively, energy transfer must
be an important factor in the quenching observed at neutral pH (ref. 7). The partial
repression of this transfer in acid solutions is probably a consequence of the inflation
of the albumin moiecular domain, which weuid be expected to increase the averag:
separation of the tryptophan and DNS groups®.®.¥. The proportionality of the
efficiency of transfer to the reciprocal sixth power of the separation of absorbing
and emitting groups”-® renders this phenomenon very sensitive to structural modifi-
cations.

The quantum yields and pH profiles of the fluorescence of DNS itself will, of
course, depend upon the speafic environmeats of the labels and hence upon the degree
of substitution. Nevcrtheless, the alkaline pH profiles of DNS conjugates spanning
a wide range of levels of substitution show certain features in common. In all cases
a zone of gradual increase of fluorescent intensity with pH is terminated by an abrupt
drop at about pH 11.5. Fig. 5 illustrates this for several conjugates with differer.*
degrees of labelling. This pH is indeed very close to the region of extensive structura)
change, as reflected by changes in fluorescence polarization and in the electrostatic
free-energy factor deduced from potentiometric experiments!s. .

Biockism_ Biophys. Acta 66 (3430 5,1 382
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Bovine y-globulin. The fluorescence intensity does not change significantly be-
tween pH 3.5 and 9. Above pH about g the usual alkaline quenching commences.
However, beginning 2t about pH 11.5, time-dependent increases in intensity are
observed (Fig. 6) which, upon back-titration to neutrality, increase even further.
Similar time-dependent changes are found at pH’s below 3.5, which are also irre-
versible (Fig. 6). The pH dependence of fluorescence exaltation parallels those of loss
in solubility (denaturation) and increase in specific levorotation®. It is of interest
that time-dependent changes in the intensity of fluorescence of a DNS conjugate of
y-globulin first begin to occur at approximately the same alkaline pH at which the
natural fluorescence shows time effects®. The pH-stability zone of y-globulin therefore
would not appear to be materially affected by the conjugation of dye. Polarization
of fluorescence measurements indicates that bovine y-globulin is stable between pH
about 4 and g and shows minor, reversible

i ‘ i ! changes between ph y and 11. By all
. : criteria the transitions occurring in the
acid and alkaline regions (below pH 3 and
Hop% i above pH 11) show only partial reversi-
bility. Reversal of pH to a neutral value
leads to extensive aggregation which ob-
, O9F & viously precludes precise analysis of the
£ degree of reformation of the native
Z structure®,
z osf .
> z
ort s z ul r'zn'
& @
LB :
H : 08
) 8 10 12 10 20 ] 10 12
oH TIME (MIN} pH
Fig. 5. The alkaline pH dependence of the Fig. 6. Right: the pH dependence of fiuores-
visible fluorescence intensity for DNS conju-  cence intensity for bovine in in 0.10 M

gates of bovine serum albumin in H 0. The

wavelengths of activation and emission are 340

ard 520 my, respectively. O, 0.46 DNS groups
per molecule; @, 2.3 DNS.

KCl (O) and in 8 M urea (A, A). The data in
o.10 M KCl showed time effects at pH values
alkaline to 11. Filled points t reversals.
Left: cflect of pH on the kinetics of fluores-

cence-intensity changes in 0.10 M KCl.

#ajor exaltation in fluorescence results also from an alkaline cycle in 8 M urea
(Fig. 6). Consequently at least part of those structural characteristics of native
y-glebalin, which result in partial suppression of tryptophan emission, must be re-
fractory to this levei of urea at neutrai yH. The combined action of urea and alkaline
pH is required to disrupt this residual structure and permit a major exaltation in
fluorescence. The observation is consistent with other measurements which indicate
an important loss in structure mder these conditions®.®,

P-Lactogiobulé=  In contrast to the proteins discusssd above, f-lactoglobulin in
water shows a mincr variation in tryptophan emisticn intensity between pH's 7 and
9.5 which is completely reversible (Fig. 7). A molecular transition has been postulated

Bischiom. Biophys. Acts, 66 (1963) 341-353



THE ULTRAVIOLET FLUORESCENCE OF PROTEINS 345
tc wccur in this pH zone, based on modifications in the cptical rotation, sedimentation
and proton-binding properties of f-lactoglobulin®. The flucrescence change is rather
margina! in this case.

The fluorescence-intensity curve shows a continuous decline at pH vziues goeater
than about 10. Back-titration to neutral pH values results in an exaltation in in-
tensity. Irreversible denaturation is known to occur at alkaline pH vilues 11 eficoe
of the structural changes associated with denaturation are obviously masked by the
alkaline quenching due to transfer tc ionized tyrosine in this pH region.

The acid branch of the pH profile of intensity shows a major exaltation at pH's
below about 6 (Fig. 7).

Pepsin. In the absence of added electrolyte an irreversible denaturation of pepsin
occurs ir. the pH range 7.5-8.5. The pH dependence of rate is veryv steep, the velocity
of denaturation changing from a negligibly slow to an extremely rapid val»~ ". ,ess
than a pH unit3.3 An increase in ionic strength serves to displace the uenaturation
zone to lower pH's.

The molecular changes accompanying the denaturation process are unusually
drastic in this case. Indeed the product has many ~f the characteristi~< of unorganized
polyelectrolytes, including the contraction of ihe wwicwar domais by increasing
ionic strength, as indicated by a marked drop in *ntninsic viscosity®.

INTENSIT Y
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Fig. ;. {ne pH dependenc: of Avorscence in-
tersity for -lactoglobulin in 0.o1 M KCl. The
acid and alkulin. pranches were obtained inde-

Fig. 8. The eflect of pH on the Liretics of the
alkaline transition of pepsin. All solutions con-
tained 2.5 mM Tris and 2.5 in}M KCi.

pendently by titrating solutions from pH 6.0.
The lata between pH 6 and g were reversible.

The fluorescence intensity <f pepsin shows a minor decrease at pH's a.  to 4
(Fig. 1). Inasmuch as no evidence exists for any structural change in this zone o’ phi,
it is logical to attribute the observed minor quenching to non-specific factors, as in
the cases of ovalbumin and lysozyme. The acid ultraviolet difference spectrum is
similar to that observed in the latter two cases™.

In the absence of added electrolyte a majur and titae-dependent quenching is
found in the pI! zone 7.5-8.5 (Fig. 8). At higher pli's, beginuing at about 105,
a further quenching occurs, which is not time-dependent anc which probably corre-
sponds to the usual alkaline quenching. Back-titration from a pH above the transition
zone shows a major divergence between the forward and reverse branches™.

It seems clear that the time-dependent quenching st pH 7.5-8.5 is a consequence
of the irreversible denaturation occurring in this same range of pH. The dependence
of quenching rate upm pH parallels the pH profile of inactivation under the same

Buackim. Brophys. Acts. 65 (1963) 341335
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conditions sufficiently closely to leave little doubi as to the relatednes: of the two
processes.

In contrast to the case of many of the other structural transitions dealt with
in this paper, the degree of fluorescence quenching shown by pepsin in the denatu-
ration zone is very dependent upon the ionic strength. At an ionic strength of 0.20
the denaturation quenching is almost abolished!”. Above pH about g a notable le-
crease occurswhich reflects a quenching by energy transfer to ionized tyro:: . residues?.

It does not seem likely that the denaturation quenching of pepsin is a direct
consequence of the ionization of several anomalous carboxy! groups which accompa-
nies the process®, inasmuch as the sign of the change is opposite to that occurring
upen ionization of carboxyls in other proteins (Fig. 1). It appears most likely to be
a direct result of the loss in molecular organization per se, which causes a major
raodification in the environment of the tryptophans. The suppression of the quenching
at higher ionic strengths is almost certainly a consequence of the shrinkage of the
molecular domain occurring under these conditions. The return to a more compact
state apparently restores to some degree an environment resembling the original.

Thyroglobulin. The fluorescence intensity of unmodified native thyroglobulin, of
low iodine content, does not vary in the neutral pH zone (Fig. 9). A quenching occurs
above pH about 10 which parallels the ionization of tyrosine. The reverse branch of
an alkaline cycic is displaced below the forward branch (inset, Fig. 9). Some degree
of hysteresis can be accounted for by the shift in pK of the tyrosines accompanying
the alkaline denaturation. In addition, the disruption of molecular organization found
at pH about 12 is incompletely reversed on back-titration to neutrality®, Conse-
quently the failure to recover the initial intensity after neutralization presumably
reflects the altered environment of the tryptophans.
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Iodination of the tyrosines in thyroglobulin has a profound effect upon its
fluorescence (Fig. 9). In addition to a major fall in emission intensity which accompa-
nies iodination, a progressively larger fraction of the overall quenching is ‘lisplaced
to less alkaline values (¥i ;. g). These findings are explicable in terms of the jonization
and spectral changes produced by the iodination of tyrosine. The pK of the tytosine
phenolic hydroxyl group decreases from r10.1 to 8.2 for monoiouotyrosine ana to b..,
for diiodotyrosine®®. The absorption maxima of the unionized forms increase from
255 to 283 and 287 my, respectively®. The peaks of absorption of the ionized forms
occur at 293, 305 and 311 my for tyrosine and its two iodinated derivatives, respec-
tively3.%. The spectral overlap of the absorption bands of the iodotyrosines with
the emission band of tryptophan leads to the prediction that radiationless energy
transfer to iodotyrosines, as a process competitive with respect to emission’-?, should
increase in importance with increasing extents.of iodination and also that the nH zone
of variation of quenching should be shifted toward neutrality This is in accord with
what is observed.

I1. Thermal dependence

There has been observed in all cases 2 monotonic decrease in fluorescerce in-
tensity with increasing temperature if no structural change occurs in the range of
temperatures studied®. In inost cases the variation is almost linear. If the structure
is invariant to temperature, the curve is completely reversible. In general, a thermally
induced transition can be reflected by (a) a change in slope of the quenching curve,
(b) the appearance of irreversibility, (c) time-dependent intensity changes.

Lysozyme. The thermal quenching curve for lysozyme is nearly linear between
15° and 55° at both pH 2.3 and pH 6.4. This is in harmony with the absence of any
reported change in the structure of lysozyme in this pH zone and temperature
range$.%., Thus uncomplicated fluorescent behavior would be expected. It is
possible that the thermal quenching resuits from enhanced collisional deactivation
by the solvent of tryptophans in the excited state. If this is the correct mechanism,
it follows that some fraction of the tryptophan residues must be accessible to solvent.

y-Globslin. At pH 7 there is no evidence for any change in the molecular organi-
zation of purified rabbit antibody at temperatures up to 60°. Thus it is not surprising
to find that the quenching of fluorescence is completely reversible and almost linear
with respect to temperature’’. However, at pH 11.2 in 0.1 M KCl, the behavior of
bovine y-globulin is quite different. Beginning at about 35° the slope of intensity
versus temperature becomes increasingly less negative and becomes positive above
50°. Upon cooling from 60° the reverse half cycle shows 2 major exaltation ¢+ >
the forward curve. The behavior of rabbit y-globulin at pH 11.2 is similar to that of
rabbit antibody at pi x1.8 (ref. 37).

Pepsin. The characteristic denaturation of pepsin®.® can be brought about
thermally as well as by an alteration of pH. The effect of an inciease of temperature
is to lower the pH at which the rate of transformation begins to be appreciable,
and vice versa.

In 2.5 mM KCl, 2.5 mM Tris buffer (pH 5.9) the intensity falls linearly between
15° rnd 55°. At pH 6.1 the thermal profile of intensity again shows a linear decrease
until about §0°. At higher temperatares a zone of rapid fall of intensity with tempera-
ture is reached. With increasing pH the transition region moves to progressively
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lower temperatures until, at pH 7.5 and above, denaturation is complete at the
lowest temperatures examined and linearity is regained. The data closely resemble
that reported previously at somewhat lower ionic strength®.

Upon cooling from a temperature above the transition zone the initial thermal
profile is not retraced. Instead the reverse curves are in fact essentially superimposable
upon the thermal profile for the completely denatured proteirn. at pH 7.5. As in the
case of the alkaline denaturation occurring at room tcmperature, the quenching is
suppressed by the presence of a high concentration of added electrolyte (s.., 1 M
KNO,).

Chymotrypsinogen. It has been known since the work of EISENBERG AND
ScHWERT® that «-chymotrypsinogen at pH 2 undergoes a reversible thermal de-
naturation beginning at about 35°. The criterion employed to study the kinetics and
equilibria of the transformation was the loss in solubility in 1 M NaCl (pH 3.0), upon
rapid cooling to room temperature. The above authors failed to find a change in any
other molecular parameter that they investigated as a result of this transition.

At pH 7.0, the thermal-quenching profile of a-chymotrypsinogen shows only a
continuous, nearly linear decrease in intensity with temperature, with no sign of
a significant change in slope (Fig. 10). This is in harmony with the absence of any
reported structural change below 60° ur-er these conditions. At pH 1.9, however,
a smali but definite anomaly appears in the quenching curve. Zones of roughly linear
intensity-decrease at low and high temperatures are separated by an intermediate
flat region where the intensity is almost invariant to temperature (Fig. 10).

INTENSITY

0501 l ! 1 I
20 30 40 50 60
TEMPERATURE (*C)

Fig. 10. ¥ wormal dependence of flucrescence intensity for achymotrypsinogen in water at pH 7.0
{0) and pH 1.9 (O).

Inasmuch as the intermediate «one of transition corresponds fairly closely to
that of the reversibie denaturation, as .enorted by EISENBERG AND SCHWERT, it is
reasonable to attribute it to an exaltation of fluorescence accompanying the con-
tinuous conversion of native to denatured protein. This exaltation is sufficient to
compensate for the normal thermal quenching and results in the flat appearance of
the transition zone. The linear decrease of intensity with tcmperature at higher and
lower teperatures must represent the thermal quenching of native and denatured
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CONCLUSIONS

It is clear from the Limited data which have been collected that the quantum yield of
fluorescenc: of the tryptophan residues depends in a complex way on the molecular
structure and state of ionization of the protein. Amorg the generalizations which
can be made is that proteins which contain tyrosyl residues show an impertant degree
of quenching at 2lkaline pH. The zones of quer.ching appear to correspona app:uxi-

mately to those of tyrosyl ionization, thereby strengthening the idea that non-
radiative energy exchange with the latter groups is an important factor in this process.
However, this is not likely to be the sole factor in view of the observation of WEBER®
that tryptophan itself is quenched by hydroxyl ion, a result which he has attributed
to the formation of a transient complex with the excited state.

At present it is not possible to sort out completely the quenching due to transfer
to ionized tyrosine from that arising from complex formation of hydroxyl with
tryptophan since considerable overlap exists in their pH dependence. It is worthy
of mention that they should be affected in opposite ways by any major loss of struc-
tural organization. If, as is usually the case, the laiter is accompanied by some degree
of expansion of the molecule, the average sepuration of tryptophans and tyrosines
shouid be increased, resulting *n a reduced eficiency of transfer”.$. On the other hand
the more open structure of the unfolded molecule should result in greater accessibility
to solvert and hence in enhanced susceptibility to quenching by complexing or col-
lision with hydroxyl ion, barring of course some compensating solvent effect. The
observation that the overall degree of alkali quenching is usually reduced in the
presence of g M urea suggests that quenching through transfer may be the more
important mechanism.

In spite of the complications described above which arise in alkaline solutions
it is possible, in many cases, to resolve these from the effect of a true structural
transition, especially if the latter is irreversible or time-dependent. Thus 1;:> major
degree u: Z'vergence between the forward and reverse branches of the alkaline pH
profiles of ovalbumin, y-globulin, thyroglobulin, and pepsin are entirely consistent
with the irreversible structural changes known to occur in these cases. The highly
specific influence of the tryptophan environments is demonstrated by the dramatic
difference- in the above examples as to both the magnitude and sign of the irreversible
changes in intensity resulting from an alkaline cycle.

Non-specific quenching appears to occur in the zone of carboxyl ionization for
several proteins, whose structures are believed tc be invariant to pH in this region.
This is most logically regarded as arising from a vicinal perturbation of the electronic
state of particular tryptophans by adjacent carboxyls. 't is presumably analogous
to the non-specific perturbation of the tryptophan abscrption band of several proteins
in this region. In the cases of pepsin, ovalbumin, and Iysozyme the non-specific
quenching occurring in the pH zone 2-5 is paralicled by the development of a charac-
teristic difference spectrum in the tryptophan band at 293-265 mpu.

In the case of bovine serum albumin it is difficult to resolve the effects of the
non-specific quenching from those resulting from the acid structural transition
However, the reduction in magnitude of the total quenching at high ionic strengths
suggests that the structural transition likewise results in quenching. Ultraviolet
difference spectra have been reported also with bovine serum albumin and have been
correlated with structural modifications.

Brockim. Brophys. Acta. 66 {1963) 341338
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Three instances have been observed in which a definite enhancement of fluores-
cence occurs in the acid pH region. In each case it appears likely that a definite
conformational change is responsible for the changes observed in intensity. The acid
pH profile of the exaltation of fluorescence of bovine y-globulin parallels so closely
those of solubility, optical rotational, and molecular-kinetic changes that there can
be little Foubt that they reflect basically the same molecular events®.®. The question
of precisely which molecular features result in the exaltation must remain open for
the present. The enhancement observed in the case of S-lactoglobulin possibly is
related to the dissociation of the molecule which occurs at acid pH values.

It is of considerable interest that the visible fiuorescence of DNS conjugates of
serum albumin displays an abrupt drop at a pH (about 11.6) close to that at which
a major structural ciange, as indicated by hydrogen-ion titration?® and fluorescence-
polarization? data, occurs. It is known that the ionization behavior of DNS may
be drastically modified when it is conjugated to serum albumin®. Similar behavior
has been reported for y-globulin, in both respects®. In addition, polarization of
fluorescence data obtained on a considerable number of conjugated proteins indicate
that the rotational freedom of the dye is largely, if not completely, that of the
proteini3. 13,2 To explain this sensitivity of the fluorescence of the label to the molec-
ular state of the protein itself, it is necessary to postulate a definite involvement of
the DNS group in the protein tertiary structure. An obvious possibility is that an
envelopment of the residue by the protein occurs, as was suggested by WILLIAMS
AND FosTER™ for an anthracene label. In any event it is likely that the fluorescence
of protein conjugates may provide an additional index of conformational changes.

In the absence of any structural transition, all of the proteins examined show
a continuous drop in intensity with increasing temperature, the curve of relative
intensity versus temperature being linear, or nearly so, between 15° and 60°. A similar
thermal quenching, presumably arising from collisional deactivation by solvent, is
known to occur in the case of tryptophan itself®.

As in the case of the molecular events occurring at extremes of pH, thermally
induced structural changes are readily recognizable from the character of the thermal-
quenching curve. The transition is reflected by a marked change in slope in the critical
temperature range.
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