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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 ionization of their tyrosyl groups. In the 
latter pH zone all proteins showed significant quenching of fluorescence which pre- 
sumably resulted from the radiatiouless transfer of energy from tryptophanyl to 
ionized tyrosyl res idue.  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 MI 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 
tempe~.t:'~e de .r~e_ndence of fluorescence was old.erred 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 detec'.ing and monitoring changes in protein structure. 

INTRODUCTI ~Y 

The property of ultraviolet fluorescence, ~ifich is shared by ~rtual ly  all proteins. 
is eonferred by the prt~ence of t typtophan or tyr.~ine 1-3. The emission of the third 
~ t  amino acid, phenylalanine, has not been detected in native proteins. 
H o w e v e r ,  if both amino acids are present, even in dis!~port ionate numbers, it has 
been shown by W ~ E ~  = and by TEALR = that  the emissic~ spectrtan is pt~dominandy 
that  of tryptophan. Even in the case of htmma serum albumin, a~ich contains 
but  a ,fingl¢ tryptophan, a relatively sophisticated analysis is required to identify 
the contritmti~ ot tyrmine to the t l ~ .  

The basis for the suppresskm of t.,Irosine fluocescence in the. presence cf tr~)to-  

~ n :  DNK, I.di_~m,z,C.hylamimmaphthalet~$-Rlkmyl chlm'ide. 
° The  o p i t k z ~  at, d tmms- tm~  c c m t . , ~  begtia are throe  o~ the wr~tem and are not  to  be 

as e~lwessi~g the ~ of the Na~ T ~ t  o~ the Naval Ser~ice at  large. 
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phan is impeHectiy understt~d. I t  i~as been possible to rude out the hml~rtance of 
radiationlc~ ener~" tra~.sfer from tTrosine to tryptophan as a process competitive 
~;_~ r.-~)~ct to direct emission z. Since the proteins to be discussed in the present 
z~i~r all contain tyyptophan and as measurements of emitted intensity have been 
confined to the peak of the tryptophan fluorescence spectrum (34o-35o mp), the 
observations reported here will be essentially concerned with t t3vtophan fluorescence 
alone. 

TEALE = has fo'dnd wide variations in the apparent quantum yields of tryptophan 
fluorescence in different proteins. This and the further obserx, ation that the quantum 
3~e!ds were markedly altered in the presence of high concentrations of urea and 
propane-x,z-dio] 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 factor. Indeed, the rather similar spectral distributions and quantum 
yields of fluorescence for a number of proteins in 8 M urea s 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 moleo~h_r organization of the protein comes from the pronounced changes 
occurring in the presence of detergents s. Here also. part of the effect may be non- 
specific, arising from the binding of detergent s . 

The present paper will be confined to the effects of pH and temperature upon 
r~he tryptophan fluorescence of a series of proteins, with particnlar 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 racha~tton- 
less energy transfer is the ionized form of tyrosine (~mx = 295 mp). Quenching by 
this mechanism can obviously be of importance at alkaline pH. It  is not, however, 
the sole factor as WEBE# has found that tryptophan itself undergoes quenching at  
pH's above xx. The process has been attributed to the formation of a transient 
complex of hydroxyl ions with the excited tryptophan molecule. 

It  is not difficult to list the various factors which would be expected to be of 
significance in determining the pH dependence of the tryptophan f l u o ~ n c e  of 
proteins. } ;iey are as follows: (a) Th~ degree of shielding of the tryptophans from 
the solvent. This will depend upon the extent of emlmdding of these groups in the 
protein interior and upon the lXgosity of the protein. The extent of shielding from 
the solvent will also govern the degree o! l~-~otectio~ from collisiOllll 01" o th~  qoe l i ch~  
by H + or OH-  ions. Tza tz*  has observed t~ ~- a number of proteins an increase in 
the apparent quantum yield of tryptopJmn emission with d e t t e a s ~  dielectric eoa. 
stant of the solvent, which consisted of water and propmm-xa-dkd mixtures. This 
i~fieates tlmt at least some of the ~ groupe of the emmqd~  cited must 
be ~ b l e  to solvent and suQests that  a ~ envirtmnmat tends to  i n a z m e  
the qmntum ~ L  (b) The ~ of .o.-rmiisnt eaerzy m m k r  to imiad 
~ .  This vin depend =port tt= numbers and mutmd l~=itimm of the two uuq=~.=. 

n ,~ t t~ .  Aaa. 66 (sees) .tie-~ss 
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I t  can in general be expected to play a role only in the zone of t vrosine ionization. 
Radiationless transfer to iodotyrosine may also be ~mportant when this residue is 
present s. (c) The action of particular neighboring groups, whose influence may  depend 
upon their stage of ionization. 1"he ~ c e  of any transformation in structure 
would be expected to result in important modifications in some or all o* tn. ' 
Indeed, when due care is taken to allow for trivial effects, ultraviolet fluCrescence 
should provide a potential means of detecting such molecular events. 

EXPERIMENTAL 

M alu~ds 

Measurements of fluorescence intensity were made with an .%~;.nco spectro- 
fluorometer which had been modified so as to permit control of temperature. For 
this propose a hollow cell-holder, through which water could be circulated, was 
substituted for that  supplied with the instrtmaent. The cell-holder ~_~ equipped with 
entrance and exit slits of I mm width. The u ~  of either of two constant-temperature 
baths, set at  3 ° and 7 o~, pe.mfi. ;tted rapid variation of cell temperature from x5-6o °. 
Temperature was measured directly in the cell, using a thermistor probe of I mm dia., 
encased in a polyethylene sheath. This was supphed 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 hem 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 r ead in~  were made upon a solution of v~3ri'ng temperature and a control 
solution maintained at  25 °. The time required for a reading was insufficient to permit 
any  appreciable warming of the contr, L While the control was being read the other 
solution was kept in a second external cell-holder, through which water from the 
same bath  circulated. 

The concentration of the proteins was held low {o.x g/l) to avoid any compli- 
cations arising from attenuation of the beam. The absorbancy at 28o m# of the 
solutions measured was never greater than o.t5 in a Loo-cm t cell. 

With the Aminco instrument the monochromatization is dependent upon the 
slit width. The slits u t ~  by  us were ~ c i e n t  to reduce the background of scattered 
or reflected light to a negligible quantity.  Normally an excitation ~,tvelength of 
19o mp  was e m p i o ~ l  and observatiens were made at 340 mt~. With labelled proteins, 
the excitation wavelength was near the absorption peak of the label, i.e.. at  340 rnp 
for DNS conjugates. 

Measurements of ultraviolet absor "han~" were made ~ t h  a Beckman. DU slx~tro- 
photometer,  equipped with a thermostatted cell compartment.  Measurements of pH 
wet¢ made with a Leeds and Northrup pH meter, using miniature electrodes. Beckman 

at  pH 4~oo, 7.oo and zo.oo were used to calibrate the pH meter. 
Titrations were normally petqmmed in the s a ~  quartz cuvettes in which the 

liummcence ~ n t s  were made. Small amounts of HCI or KOH were added 
to  protein solutions at  neutral pH to obtain the desired pH. Corrections ~x~re made 

chan . 

B ~ l i m  B~t~rt  .4~. ~(1963J J4i-$55 
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Cry~..alline bo~ne serum albumin, lysozyme and bovine y-globulin were pur- 
chased m~n Armour Laboratories. The latter preparation contained about 9o % of 
about 7 S and the remainder was a faster component of about 9 $ which is usefully 
pr~ =at in alcohol-fractionated (Fraction II) ~ lobul in  preparations. Crystalline 
p~i~in, trypsin, and chymotrypsinogen were purchased from Worthington Bio- 
chcm~!  Corp. Crystalline ~-lactoglobulin (Form A) was a gift from Dr. P. PF~DEI~R. 
Thyroglobulin was prepared from calf-thyroid tissue by a differential centrifugation 
procedure s~. Iodination was performed in 8 M urea at pH 9.o. The preparation and 
properties of iodinated thyroglobulin derivatives are described in separate reports n. 
The i ~ a t e d  thyroglobulin preparation~ were dialyzed for several days to remove 
iodide and other salts and buffers. 

All reagents used were of analytical grade. Urea was recry~alli~ed from alcohol. 
Gla~s-redistilled water was used in the preparation of all solutions. DNS was pur- 
chased from the California Foundation fur Biochemical Research. Fluorescent conju- 
gates of DNS were prepared by the method described in earlier publications~S, u. The 
concentration of coupled dye was determined from ab~orbancy measurements at 
34 ° nap (ref. I2). 

RESULTS AND DISCUSSION 

I. F.gea of pn  
Lysozyme. This enzyme provides an example of a protein whose molecular con- 

formation is befieved to be invariant to pH, at least within the limits between z and Tz 
(see refs. x4-x6). 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 z (Fig. x). Changes in the ultraviolet difference 
spectrum of tryptophan (blue shift) in lysozyme have been reported in this pH zone a6. 
Both of these effects presumably result from 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. x7). The quenching is in approximate accord with the ioni- 
zation of tyrosine, as determined by spectrophotometric analysist~, m. The reversibility 
of the alkaline branch of the pH dependence of fluorescence indicates that the environ- 
ments of the tryptophans are unchanged by an alkaline cycle between neutrality 
ar~ pH z~. Sin~ilar re~.~rsibili~- was found in the titration curve of lysozyme and 
p~,.iu,_L ~ any i;leversible change in structure in this- res;oa~*. 

I'n~ da~a tot lysozyme iilu~trate three features, found to recur for many proteins, 
which depend Iwimarily em *.be state of ionization of the protein. (x) The quenchi~ 
in the earboxyl titration so~e. ~ appears to be non-specie; (z) the comstu,~ 
o[ iatemity in the oeutrai pH rm~whe,~ imidamles normalbyionize; (3) the alkaline 

which usually ~ the iooization of the tyrcsyl res~4u~. The b e ~ v ~  
d e ~ ' o e d  above h to be expected in cmf~mtt iomlly  stable ~ =  W h ~  traa- 
~tiem eceur additieaal ~ ia ~ will be ~ ea the 
above. 

~ T h e  alkaline br, m ~  of the pH pro~e of h o ~ e ~ e a ~  ~ for 
t h k ~  is mmewh~ dMiere~ from the c4her c~ses ~ ]In the ~ e u c e  of 
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added electrolyte the intensity is essent;.ally constant between pH 5 and pH Io. 5 
(Fig. 2). Alkaline quenching begins to be appreciable only above the latter pH. ThtL~ 
the quenching curve is displaced by several pH units to the ~LkMine as compared 
with that  of lysozyme. If back-titration to neutrality is made from pH zz.o, 9n!y 
a marginaldegree of hysteresis is observed (Fig. z). If the reversal is made from 
pH 12.6 the divergence between the forward and reverse branches ~ m~,~ , ~ , t ,  . 

Indeed recovery is incomplete under these conditions even at neutral pH. 

r i 

t -  1.0 a 

Z 
0 5 p  

pH 

Fig. x. The pH dependence of fluorescence in- 
tensity in the acid regien for three proteins in 
water whose structures axe independent of pH 
under tht~e conditions. O--O, ovalbumin: 
A- -A,  pepsin; D--D,  lysozyme. Unles~ 
otherwise specified the following conditions 
apply in vii figures: (1) The wavelengths of 
activation and emission are zgo and 34 ° mp, 
respectively. (2) The temperature is 25.o °. 
(3) The protein concentration is close to o.Io 
g/l. (4) No salts or buffers have been added 

to the water solution of the protein. 

pH 
8 IO 12 

t 

c~z 0 . 8 ~ - "  

I-- , A 

z__ I 
0.6~ 

8 I0 12 
pH 

Fig. z. The alkaline pH dependence of fluores- 
cence intensity, for ovalbumin in water (O, @) 
and in 8 M urea ( A, &). Filled points represent 

reversals. Intensities are not the same in water and urea solvents. Both have been normalized 
to I.OO 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 NEUBERC, ER m 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 hFsteresis effects 
on back-titration. The ionization of these latter groups is associated with the de- 
naturation of the protein. 

The p.-onouneed hysteresis between the forward and reverse branches of the 
alkaline cycle to pH 12.6 (Fig. 2) is consistent v.4th the occunence of a major and 
irreversible structural change at pH's above tz. If radiationless energy transfer to 
ionized .'ytosine is a domiahant factor in the alkaline quenching, it is probable that 
the hysteres_As arises in part from the normalization of tyrosine ioni,a_tion resulting 
from this structural transition. 

I t  is of interest that the hysteresis between the forward and revcr~e branches of 
an alkaline cyde per~i_sts in 8 M urea (Fig. 2). The failure of this denaturing solvent 
to  render the alkaline pH profile reversib~ suggests that  a f r~t ion o |  the original 
structure is refractory to its action at neutrality but becomes labile alma exposure 
to h~h pH ~ the,e ~ .  

I t  iS at  prmemt um:ectaia whether any structural change oocurs I x  ~ n  
at acid pH. Yam; , ~ v  F o s ' r ~  u.m have reported that only very m;nm" incomes  
in sceciBc visoosity amt optical rotation occur at  low pH. The intensity o[ flamesceaoe 
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of ovalbumin ~hows a sig ~mficant decrease between pH 5 and 2 (Fig. z). This is entirely 
reversible. If the difference spectrum at pH 2.55 in water is determined with respect 
to a reference solution at pH 5.I, a negative peak at  292 m~ is obe~lw', ed tl. This pe~qtk 
a t l a s  from the tryptophan residues and is indicative of an influ~-mee 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 
c, uenching with a non-specific pH effect must be left open for the present. 

08 

-- I 

I I 

% o ,o ;, 
pH 

FiB. 3. 'I~"¢ alt-:z!in~e ~H dependence of fluores- 
cence mtensi~-y for bovine serum albumin in 
water (O, 0 )  and in 8 M urea (&, A).  Filled 
points represent revers~ r*c.~ ~H x2 (HsO) and 

x2.5 (8 M urea). 

3 

g 

01 I i i 
2.0 'tO 6.0 80 

pH 

Fig. 4- The acid pH dependence of fluorescence 
intensity for DNS conjugates of bovine t~erum 
albumin (o.2o g/l) in ware,. A, un~ubstituted; 
~ ,  o.46 DNS groups per molecule, O, o.53 
DNS; 0 ,  ~.3 DNS; O, 4-4 DNS; 0 ,  4-4 DNS, 
zeversal frGm pH 2.L It.set: effect of degree of 

labetiing on relative fluoz~cenee intensity "~. pH 6.0 in water. The abscissa represents the number 
of DNS groups conjugated per molecule of protein. 

;~or,-conjugated bovine serum albumin The pH dependence of fluorescence in- 
tensity between pH 2 and x2 can be discu:~ed in terms of so~,eral distinguishable 
zones, as has already been reported zT. In the a~ence  of elect:olyte two essentiai~y 
constant regions, between pH 4.0 ~nd 7.5 and bet,,,  e,t pH 9 :rod zo.5, are separated 
by a zone in which the intensity changes by about .:o % {Fig. 3) ' .  The pH range of 
this quenching correspon~ to ~ ] ~  in w|dch major changes in the binding of dyes 
and calcium ions have been repor ted" , " .  On the basis of the binding studies, Ku~rz 

a / . "  suggested that a molecular transition o~nlrs in bovine serum albumin in this 
pH zone in spite of the fact that none was evident from th o ~  methods commonly 
employed to ~ t e c t  changes in the molecular structure of proteins. W n . u a ~ s  am) 
l ? ~ # a  have found a minor perturbation in the spectra of an anthracene conjugate 
to serum albumin in this pH region. I t  would P.ppear therefore tha t  fluorescence- 
intensity mo~-'~ements may b~ capable of detecting relatively minor conlormational 
changes where other methods are ;nsensitive. 

"11m imtmt/ty of ~ d two d~tet~nt mmOu of ~ hsma= .enm tnmml= 
wm abo mmmia~ as a/=mctimm d pH. liowtmw, s l=u,mmcd divmim~ fm hdmv/~ d the 
two in the pH mOou 4-~ was ~ One =,mde (msR#Id by L. mwmnr whi~ had bees 
tum,su ,~ ~ i o=ac~ ,qw  ¢c/=,,m) , l m ~  a , q u ~ u n t  (ao%) , m u a t m  in tub ,~e .  
XvaB ethsr {mlNdlml by D. Gaemtax, Imaff6ml by emmmtlem w/tb $ % #Kial smtlt sdd _ ~ 
. i , ) ,ya a . , h t f  (,o%) c ~ a s t ,  w l ~  t~U b a ~ r i ~  ~ t ~  ,.'Imh. mOm =at q . a k m / ~  
~ to thmt d txwb~ allNm~ ~m dhcumlam d human aammbm =da Im attmmlptd Imm, Ix,mine 
d e~, kuwoJ.~u~. 

awJ,,=. B,qUl,yL .4~ .  ~ (,q,6~) ~.-~,~. 
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Above pH about xx. 5 the fluorescence intensity shows a further dczreaz.c '~fith 
increasing alkalinity (Fig. 3)- This quenching occurs in the pH region of tyrc~yl 
ionization" and results, at least in part, from a non-radiative transfer. In 8 M urea, 
the fluorescent change associated with the transfer mechaaism is preserved, •lthough 
a considerable ~ u t i o n  results in the degree (Fig. 3)- The transition accurrin~ 
between pH 7-5 and 9 in water is presumably eliminated by the uniom.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 z2 are reversible. In the acid pH zone a notable 
fall in intensity occurs between pH about 4 and z (Fig. 4) t~, the degree of this 
quenching being much more pronounced than in the case of pepsin or lysoz3,-ne. 
An increase in ionic strength reduces the magnitude of the effecW. While the zone 
of acid quenching corresponds to that of the weLl-studied acid structural transition. 
it is not feasible to attribute it entirely to this factor, Jr, 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 res~tant  of the non-specific effect of carboxyl neutralization and the change 
in the environment of the tryptophans accompan~dng the acid structural change. 
I t  is presumably the latter component which is suppressed by an increase in ionic 
strength, in view of the SmdJler upti~al rGtatory, fiuorescence-pol~_dzation, viscosity" 
and sedimentation changes observed for high levels of electrolyte tt. 20,-. 

Conjugated bovine sorum albumin. Conjugation of bo~dne serum albumin with 
DNS produces a marked quenching of the tryptophan fl',mrescence when measured 
at neutral pH at 34o mp (inset, Fig. 4). However, concomitant ~ith the quenching 
observed at 340 mp, there appears a fluorescent band with a peak near 52o mp which 
corresponds to that of DNS fluorescence. As seen in Fig. 4, the tD'ptophan fluorescence 
of the conjugates is reD" dependent on the pH below about 5- The acid quenching 
of serum albmafin : . . . . . . . . . . . . . . . . .  ~^^.1 ~. . . . .  *~ e,"~":~-~' .~ '~v . . . . . .  : ,,.,, cxaltation whose magnitude in- 
crease.; w,u~ increasing degree of substitution. These effects may be understood in 
the following way. Since the absorption band of the DNS chromophore (A~x approx. 
34c m#) overlaF: the tryptophan emission band extensively, ener~" 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 molecular domain, which :vo~d .he expected to increase the average 
separation of the tryptophan and DNS groups N,u,~. The proportionality of the 
efficiency oi transfer to the reciprocal sixth power of the separation of absorbing 
and emitting groupsT, * renders this phenomenon very sens;.tive to structural modifi- 
cations. 

The quantum yields and pH profiles of the fluorescence of DNS itself will, of 
course, depend upon the speczfic en~hronmeats of the labels and hence upon the degree 
of substitution. Nevcrtheless. the alkaline pH pt~fffles of DNS conjugates spanning 
a wide range of levels of sul~titution show certain features in cmrmum. In all 
a zone of gmdmd incgea~e o[ fluore~ent intensity with pH is terminated by an abrupt 
drop at about pH x t.$. Fig. 5 illustrates this foe several conjugates with differed," 
dielpees d lal ~ .  Thi~ pH is ira:iced very close to the region of extensi~-~ str~.turm 
dm~ee, * * ~  by. ~ in neorescenee ~ and in the dectrostatic 

tact~ deduced tram pottmtiomet~ ~ t s ~ * ' .  
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Bov/~ r g / o ~ i s .  The fluorescence intensity does not change significantly be- 
tween pH 3.5 and 9- Above pH about 9 the usual alkaline quen(hing commences. 
However, beginning at about pH zx.5, time-dependent increases in intensity are 
observed (Fig. 6) wb;ch, upon back-titration to neutrality, increase even further. 
Similar time-depeudent 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 
?-globulin first begin to occur at apwoximately the same alkaline pH at which the 
natural fluorescence shows time effects m. The pH-stability zone of ?-globulin therefore 
wo~d not appear to be materially affected by the conjugation of dye. Polarization 
of fluorescence measurements indicotes that bovine y-globulin is stable between pH 

about 4 and 9 and shows minor, reversible 

1.0 

0.9 ).. 
I- 

Z 
w p- 
Z 0.8 

0.7 

i 
6 8 t'O 

oH 
12 

Fig. 5- The alkaline oH 4~ .nde~ce  of the 
visible fluorescence in~nsi ty  for DNS conju- 
gates of bovine serum albumin in H#O. The 
wavelengths of activ'a, Lion and m n  axe 340 
aed 5~o rap, respectively. O, 0.46 DNS groups 

per molecule; O, 2.3 DNS. 

changes between pH 9 and xx. By all 
criteria the transitions occurring in the 
acid and alkaline regions (below pH 3 and 
above pH If) show only partial reversi- 
bility. Reversal of pH to a neutral value 
leads to extensive aggregation which ob- 
vionsly precludes precise analysis of the 
degree of reformation of the native 
structure ~. 

0 . 5 ~  O's 
I0 ~0 8 tO 12 

TIkE(MIN) pH 

Fig. 6. Right: the pH dependence of f luores-  
c e n c e  intensity for bovine ~ in o.xo M 
KCI ( 0 )  and. in 8 M m'ea. ( A ,  A) .  The dart  in 
o.xo M KCI showed time e~ects at pH values 
allmline to H. lrdled poinm represent revenals. 
Left: effect of pH on the kinetics of auores- 

cemce-intenmity clmmq~m in o. xo M KCL 

~.,qor exaltation in fluorescence results also from an alkaline cycle in 8 M urea 
(Fig. 6). Consequently at ~ Dart of tbose__~ structural characteristics of native 
~g~mUn,  ~ resu~ ~n p m ~  ~ of tryptop~n emissm, nmst be re- 
fractory to this iev~ ot urea at m t r a l  ijH. The c0mbin~ action of ares and alkaline 
pll  is required to disrupt this nmidu#l structure u d  pmu~  a mm~r ~ in 
fluorescing. The ~ is ~ with o d ~  mmsm'~mu~ ~ ~ 
u imtmemm 10m in ~ucuwe ~mde~ t lm~ ¢ m l t i m ~  m . 

9.s w t ~  m cIpa.u~y v _ , ~  ~ r .  ~.  A u , l ~  u ~  turn ~ S ~  

IN=d~m. lt',kql6yr~ .4m~, 66 (196~d ~n-J~5 
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t~, ~ in this p H  zone, based on modifications in the optical rotation, sedL-'r,_~t:t'~on 
and proton-binding properties of ~-lactog!obulin m. The fluorescence change is rather 
marginM in this case. 

The fluorescence-intensity curve shows a continuous decline at pH ,:~ues g:¢ater 
than about to. Back-titration to neutral p H  values results in an exaltation in in- 
tensity. Irreversible denaturation is known to occur at alkaline pH v~luc~ I n. ~tz~ ~, 
of the structural changes wssodated with denaturation are obviously masked by the 
alkaline quenching due to transfer to 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)- 

P e p s i n .  In the absence of added electrolyte an irreversible denaturation of pepsin 
occurs it'. the p H  range 7.5-8.5. The pH dependence, of rate is ve~" steep, the velocity 
of denaturation changing from a negligibly slow to an extremely rapid yah,- " ,css 
than a p H  unit a~,aa. An increase in ionic strength serves to displace the t~enaturation 
zone to lower pH's .  

The molecular changes accompanying the denaturation process are unusually 
drastic in this case. Indeed the product has many qf the eha__r~efi~+]cg of unorganizx~d 
polyelectrolytes, including the contzaction of ~ke h,o:~-ut:a.- dc , a~a  by i~creasirqs 
ionic strength, as indicated by a marked drop in ;ntta~,sic vi~c~;it~ ~t:. 
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Fig. ;. t"ne pH d~pendenc- - ot fl~or.~'cence in- 
ter~itv for ~-lac+x~zlobulin m o.ox M KCI. The 
acid and a~ -k&ii~= Dr'a..nches were obt-~ined inde- 
pendently by titrating solutions from pH 6.o. 

]ata bc.*ween pH 6 and 9 were reverrdble. 
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T,~ 2M:rl; 
Fig. 8. The effect o! pH on the k.~.--ties of the 
alkaline transition of pepsin. Ah so!uti,.ms con- 

rained 2.5 mM Tris and 2. 5 taXI KC:. 

The fluorescence intensity c:  pepsin sho~-s a minor decrease at pH's  a. *o 4 
(Fig. z). Inasmuch a.~ no ex~idence exists for any structural change in this zone o" pVi, 
it is logical to at t r ibute the observed minor quenching to non-specific factors, as in 
the cases of ovalbumin and lysozyme. The acid ultratdolet difference spectrum is 
similar to that  observed in the latter two cases m. 

In the absence of added e_lectrolyte a major and tihk~lependent quenching is 
found m the p l  t,, ~:t~e 7.5-8.5 {Fig. oj.°' ~L'" mt;,,~,~:-~-- pH'~, bcgi~;mm~g =,-* =,,,,=,'~" . . . .  zv.5. 
a further quenching occurs, which is n~t ~ t  and which probably corre- 
sponds to  the usual alkaline qnenchirqg. Back-titration from a 2H above the tranrdt ion 
teem shows a major divergence between the formud and reverse branches z'. 

I t  teems clear that  the time-delm~t~mt ~ at  pH 7.5-8.5 is a consequence 
of the ~ denatmatm ~ i a g  in this u m e  r a ~  of pH. The &Vetaknce 
of q t m a c h i ~  rate  ~ p H  imralleh the pH ~ of inactivation under the same 

B ~ .  ~=..,,liar. ¢~, {tg63} Mt-3.L~ 



conditions sufficiently closely to leave little doubi ~ to the relatedn~ ~ 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 dependept upon the ionic strength. At an ionic strength of o.zo 
the denaturation quenching is almost abolished 17. Above pH about 9 a notable 8~- 
crease occurswhich reflects a quenching byenergytransfer to ionized tyro.--- : 7~idues tT. 

It does not seem likely that the denaturation quenching of pepsin is a direct 
consequence of the ionization of several anomalous carboxyl groups which accompa- 
nies the proc~ess z ,  inasmuch as the sign of the change is opposite to that  occurring 
upon ionization of carboxyls in other proteins (Fig. x). It  appears most likely- to he 
a direct result of the loss in molecular organization per se, which causes a major 
modification in the environment of the tr)~ptophans. The suppression of the quenching 
at higher ionic s tren~hs 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 quenchin~g occurs 
above pH about Io which parallels the ionization of tyrosine. The reverse branch of 
an alkaline cycle 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 allcaline denaturation. In addition, the disruption of molecular organization found 
at pH about xz is incompletely reversed on hack-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 thyrogtobulin has a profound effect upon its 
fluorescence (Fig. 9)- In addition to a major fall in emic~sion intensity which accompa- 
nies iodination, a ~rogressively larger fraction of the overall quenching is ,lisplaced 
to less alkaline values (Fij. 9)- These findings are explicable in terms of the ionizatioh 
and s p e ~ M  changes produced by the iodination of tyrosine. The ?K of the tyrosine 
phenolic hydroxyl group decreases from xo.x to 8.z for monoioaotyrosine ano to o.,  
for diiodotyrosine =. The absorption maxima of the unionized fo:~.s h ~ e ~  frnm 
275 to 283 and 0.87 m/~, respectively ==. The peaks of absorption of the ionized forms 
occur at z93, 3o5 and 3xI m/~ for tyrosine and its two iodinat~l derivatives, respec- 
tively=, N. The spectral overlap of the absorption bands of the iodot.~osines with 
the emission band of tryptophan leads to the prediction that radiationless ener~" 
transfer to iodotyrosines, as a process competitive with respect to emission 7-=, should 
increase in importance with increasing extents.of iodination and ~so that th~ ? ~  zone 
of variation of quenching should be shifted toward neutrality This is ;n accord with 
what is observed. 

/ / .  Therma/dependence 

There has been observed in all cases a monotonic decrease in fluorescence in- 
tensity with increasing te~aperature if no structural change occurs in the range of 
temperatures studied ~. In most 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. 

L s'sozy~¢. The thermal quenching curve for lysozyme is nearly linear betweev, 
I5 ° 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 i t  is 
possible that the thermal quenching resmts from enhanced collisional deactivatioa 
by the solvent of tryptophans in the excited state. If this is the correct mechanism, 
it follows that some fraction of the t r~ tophan  r~idues must be accessible to solvent. 

?-G/o/ndin. At pH 7 there is no evidence for any change in the molecular organi- 
zation of purified rabbit antibody at temperatures up to 60 ~. Thug it is not surprising 
to find that the quenching ot fluorescence is completely reversible and almost linear 
with respect to temperature v.  However, at pH H.z in o.x M KCI, the behavior of 
bovine ?-globulin is quite different. Beginning at about 35 ° the slope of intensity 
versgs temperature becomes increasingly less negative and becomes positive above 
5 o°. Upon cooling from 6o ° the reverse half cycle shows a ma~or exaltatioa e ~ :  
the forward curve. The behavior of rabbit ?-globulin at pH xx.= is similar to that of 
rabbit antibody at plI H.8 (ref. 37). 

PepYs. The characteristic denaturation of pepsin ~,ae can be brought about 
thernudly as well as by an .~lterat~n of pH. The effect of an inclease of t~nperature 
is to ~ the pH at which the rate of transfornmtion begins to be appreciable, 
and wice m r s .  

In 2.5 mM KCI. =.5 mH Tris buffer (pH 5.9) the iatensi~- falls linearly between 
zS" rnd  55 °. At pH 6,z the thermal profiJe o! intemity ~ a i n  shows a linear ~ 
Im ti l  about'5o °. At  ~ telllperstares a =o~ of ralMd ~ oi i u t e m ~  with t =,~Aer~- 
tare is reached. ~ t h  ~ pH the transition relp~oa moves to ~ y  



lower temperatures until, at pH 7-5 and above, denaturation is complete at  the 
lowest temperatures examined and linearity is reg, a/ned. 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 proteir, at pH 7.5. As in the 
case of the alkaline den tturation occurring at room tcmt~raturc, the quenching is 
suppressed by the presence of a high concentration of added electrolyte (i.e., z M 
K.~O,). 

Chymogrypsi~wgra. I t  has been known since the work of EISENBERG AND 
SCHWER.~: 4s that ~-chymotrypsinogen at pH 2 undergoes a re-Jersible 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 z M NaC1 (pH 3.o), 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.o, 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. xo). This is in harmony with the absence of any 
reported structural change below 6o ° tw4er these conditions. At pH z. 9, however, 
a small but definite anomaly appears in the quenching curve. Zones of roughly linear 
intensity-decreese at low and high temperatures are separated by an intermediate 
flat region where the intensity is almost invariant to temperature (Fig. IO). 
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Inasmuch as the intermediate ~ of t rans i t ion corresponds fa i r ly  closely to 
that  of the rever~ble dea~turation, a s . . ~ o r t e d  by  EISEIcDEI~ A.~D Scllwlglrr, i t  is 
reasonable to a t tn~ate  it to an exaltatkm of h o m a a m c e  accompanying the c ~ -  
t inuom coavers/ou of native to denatured protein. This exaltation is s u l c i e m  to 
o , m p e m a ~  for  the n(mmL] thennaJ q u e n c h i ~  a ~ l  r e s u ~  in the b t  ~ o# 
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CONCLUSIONS 

It  is clear from the lardted data wb2ch h~-ve been coltect~ that the qwntum ~eld of 
fluor~zenc: of the tryptophan residues depends in a complex way on the molecular 
structure and state of ionization of the protein. Amo,~g the genera}izatio~s wrath 
can be made is that proteins which contain tyrosyl residues show an impo~ant degree 
of quenching at alkaline pH. The zones of quenching appear to correspona app:ox~ 
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 W~Ex s 
that tryptophan itself is quenched by hydroxyl ion, a res,_At 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 ttmt 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 latter is accompanied by some degree 
of expansion of the molecule, the average sap,ration of tryptophans and tyrosines 
should be increased, result.;~g :u a reduced e~cieucy of transfer 7.s. On the other hand 
the more open structure of the unfolded molecule should result in greater accessibility 
to solvevt and hence in enhanced sus~ptibili~y to quenching by complexing or coi- 
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 9 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 t;:~ major 
degree ~,i ~"vergence between the iorward and reverse branches of the ~kaline pH 
profiles of ovalbumin, y-globulin, thyroglobulin, and pepsin are entirely consLgtent 
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 iatciisity resulting from an alkaline cycle. 

Non-specific quenching appears to occur in the zone of carboxvl ionization for 
several proteins, whose structures are believed to be invariant to pH in this regioa. 
This is most logically regarded as arising from a vicinal perturbation of the electronic 
state of particnlar tr)Ttophans by adjacent carboxyls. ~t is presumably analogous 
to the non-specific perturbation of the tryptophan absorption band of ses~eral proteins 
in this region. In the cases of pepsin, ovalbumin, and !~_-sozyme the non-specific 
quenching occurring in the pH zone z-5 is paralleled by the development of a charac- 
teristic difference s ~ r u . ' n  in the t ~ t o p h a n  band at z93-z95 m~. 

In the case of bovine serum albumin it is diffgaflt to resolve the effects of the 
non-specific querff.hing from those resulting from the acid structural tran-~ition 
However, the reduction in magnitude of the total quenching at high ionic strengths 
m~gestt that the structural tradition likewise results in quenching. Ultraviolet 
difference spectra have been ~ also with bovine serum albumin and have been 
¢m~hted  with structural naxlfftcatiom. 
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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 ",he er~ltation of fluorescence of bovine y-globulin parallels so closely 
those of sohibLiity, optical rotational, and molecular-kinetic changes that  there can 
be little ~oubt that  they reflect basically the same molecular events ' ,  •'. The question 
of precisely which moleodar fea tur~  r._~ult in the exaltation must remain open for 
the present. The enhancement observed in the case of ~lactoglobulin possibly is 
related to the dissociation of the molecule which occurs at acid pH values. 

It  is of considerable interest that the visible fluorescence of DNS conjugates of 
serum albumin displays an abrupt drop at a pH (about zz.6) c!ose to that  at which 
a major structural change, as indicated by hydrogen-ion titration ss and fluorescence- 
polarization xs 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 ~-globulin, in both respects n. 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 
protein'S, ~s, m. 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 tert iary structure. An obvious possibility is that  an 
envelopment of the r~idue  by  the protein occurs, as was suggested by  WrLLL~S 
AND FOSTER u for an anthracene label. In any event it is likely that  the fluorescence 
of protein conjugates may provide an additional index of conformational change.  

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 z5 ° and 6o °. A similar 
thermal quenching, presumably arising from collisional deactivation by  solvent, is 
known to occur ~n the case of t ryptophan itself n. 

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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