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A Study of Subtilisin Types Novo and Carlsberg by Circular 
Polarization of Fluorescence? 

J. Schlessinger, R.  S. Roche,x and I. Z .  Steinberg* 

A B S T R A C T :  The circular polarization of the luminescence 
of a chromophore, in addition to its circular dichroism and 
optical rotatory dispersion, is a manifestation of its asym- 
metry. In the study of proteins, the circular polarization of 
luminescence yields more specific information than circular 
dichroism or optical rotatory dispersion since nonfluo- 
rescent chromophores do not contribute, and the spectra of 
the tyrosine and the tryptophan residues are much better 
resolved in emission than in absorption. The circular polar- 
ization of the fluorescence of the tyrosine and tryptophan 
residues in derivatives of subtilisin Carlsberg and subtilisin 
Novo were indeed resolved in this study. The tyrosine resi- 
dues in the Carlsberg protein, and both tyrosine and trypto- 

A wide variety of spectroscopic techniques have contrib- 
uted to our growing understanding of the role played by 
macromolecular conformation in the molecular biology of 
proteins. Among these techniques, circular dichroism, CD, 
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phan residues in the Novo protein, were found to be hetero- 
geneous with respect to their optical activity and emission 
spectra. Changes in the environment of the emitting tyro- 
sine residues in both proteins and in the tryptophan residues 
in  the Novo protein were found on changing the pH from 
5.0 to 8.3. The pH dependence of the enzymatic activity of 
these proteins may thus be due, at least in part, to confor- 
mational changes in the molecules. Fluorescence circular 
polarization also revealed that covalently bound inhibitors 
a t  the active site of subtilisin Novo affect the environment 
of the emitting aromatic side chains, presumably via 
changes in conformation. 

has helped to elucidate some of the details of the secondary 
and tertiary structure of proteins. C D  is an absorption phe- 
nomenon arising from the preferential absorption of right- 
or left-handed circularly polarized light by an optically ac- 
tive chromophore which may be either intrinsically asym- 
metric or perturbed by an asymmetric environment. I n  the 
case of proteins several chromophores, each involving one or 
more electronic transitions in the experimentally accessible 
spectral range, can contribute to the observed C D  spectrum. 
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These include the peptide bonds, S-S cross-links, and aro- 
matic side chains. All of these chromophores derive their 
C D  properties from the asymmetric perturbations arising 
from the L configution of the a-carbon atom of the primary 
covalent chain structure, the 0 helical and other secondary 
structures, and the folding of the polypeptide chain into a 
variety of asymmetric tertiary structures. The spectral over- 
laps among the absorption bands of the various chromo- 
phores in proteins and the complex contributions to the ob- 
served C D  arising from the asymmetric perturbations of the 
chromophores by the primary, secondary, and tertiary 
structures, have made it very difficult to recover all the 
structural information contained in the C D  spectra of pro- 
teins. 

Recently, it has been shown that the optical activity of an 
asymmetric molecule is manifested in an additional spectro- 
scopic property if the molecule is luminescent. The light 
emitted by asymmetric luminescent molecules may be par- 
tially circularly polarized (Emeis and Oosterhoff, 197 1 : 
Gafni and Steinberg, 1972; Schlessinger and Steinberg, 
1972; Steinberg, 1974; Steinberg et al . ,  1974). Circular po- 
larization of luminescence, CPL, '  is the emission analog of 
C D  and is related to the molecular conformation in the 
electronically excited state in the same way that C D  is re- 
lated to the molecular conformation in the ground state 
(Steinberg, 1974; Steinberg et al., 1974). The spectral 
characteristics of C P L  make this spectroscopic method a 
very useful tool for the exploration, in more subtle detail, of 
the conformational behavior of peptides, polypeptides, pro- 
teins, and protein-ligand complexes (Schlessinger and 
Steinberg, 1972; Gafni et al., 1973; Schlessinger et al . ,  
1974; Steinberg et al . ,  1974; Veinberg et al . .  1974; 
Schlessinger and Levitzki, 1974; Gafni and Steinberg. 
1974). While there is an analogy between C D  and CPL.  it 
should be pointed out that the additional information ob- 
tained from the measurement of CPL is not redundant and 
in some cases may indeed be unique. This point is illus- 
trated for the case of proteins i n  the following. 

Since only luminescent molecules contribute to the CPL 
spectrum, the information obtained has more specificity 
than that yielded by C D .  For proteins this means that the 
conformation of the molecule is probed by C P L  only in the 
region of those Trp and Tyr residues which are both fluo- 
rescent and are situated in an asymmetric environment 
when they are  in their electronically excited states 
(Steinberg et al., 1974). The spectral resolution between 
tyrosine and tryptophan, and among different residues of 
each type, is significantly greater in emission than in ab- 
sorption. I n  condensed media, and hence also i n  proteins. 
C P L  is usually associated with a single electronic transition 
(SI - SO) whereas. for example, the tryptophan chromo- 
phore is associated with two transitions (from the ground 
state to the excited states 'La  and 'Lb) in its last absorption 
band (Weber, 1960; Yeargers, 1968; Strickland and Bil- 
lups. 1973). It is thus clear that the C P L  of proteins may 
provide specific information which may be difficult to de- 
duce from their C D  spectra. 

The analysis of C P L  spectra is greatly facilitated by ap- 
plication of a theorem formulated originally by Moscowitz 
for C D  (Moscowitz, 1965) and which is equally applicable 
to C P L  (Steinberg, 1974; Steinberg et al., 1974). For a C D  
band due to a single electronic transition the magnitude of 

' Abbreviations used are:  PhCHlS02 ,  PhenylmethanesuifonLi: nisql. 
p -  nitrobenzenesulfon!l: CPL,  circular polarization of luminescence. 

A t / t  is expected to be approximately constant across the 
band, provided the transition is an allowed one (Ac being 
the difference between the absorption coefficients for circu- 
larly polarized light of opposite sense and t being the aver- 
age absorption coefficient). Analogously, the extent of cir- 
cular polarization of the luminescence, AfjJ for a single al- 
lowed transition is expected to be approximately constant 
across the corresponding band. As mentioned above, the 
fluorescence emitted from a pure compound in condensed 
phases involves as a rule a single electronic transition, and 
should thus exhibit an approximately constant value for 
AI' across the whole of its emission band. Marked devia- 
tion from such behavior may therefore serve as a strong in- 
dication of heterogeneity of emitting chromophores in the 
system studied; the different chromophores having different 
emission spectra and different optical activity, thus causing 
Afr to assume different values across the observed compos- 
ite emission spectrum. The heterogeneity in the emitting 
chromophores may stem from the presence of different 
kinds of emitting species, such as tyrosine and tryptophan 
residues in a protein, or differences in the environment of 
chromophores of the same kind, such as the various trypto- 
phan residues in a protein molecule. As will be seen below. 
this aspect of C P L  renders this technique a rather pokerful 
tool for the discrimination among various fluorescing 
groups in protein molecules. 

Most proteins which contain both Tyr and Trp  residues 
show predominantly tryptophan fluorescence as a result of 
the relatively low quantum yield of Tyr in the macromole- 
cule and efficient long range transfer of electronic cxcita- 
tion energy from electronically excited tyrosine to trypto- 
phan. The case of subtilisin types h o v o  and Carlsberg is an 
exception to this rule (Longworth, 197 I ,  1972) and the f lu-  
orescence of both tyrosine and tryptophan residues is ob- 
servable when the molecule is excited in the tyrosine ab- 
sorption band, presumably because the usual mechanisms 
leading to the quenching of tyrosine fluorescence are less ef- 
ficient than usual ( R .  S. Roche and M. Shinitzky, i n  prepa- 
ration). These proteins therefore provide a unique opportu- 
nity for the study of tyrosine and tryptophan fluorescence, 
and particularly their CPL,  in the same molecule. 

The subtilisins are sequence-homologous serine proteases 
of bacterial origin (Ottesen and Svendsen, 1970). They are  
single polypeptide chains without disulfide bonds. The 
three-dimensional structure of subtilisin Novo. which has 
275 amino acid residues in the molecule, is known at  a reso- 
lution of 2.5 A (Wright et al . ,  1969). Subtilisin Carlsberg 
differs from subtilisin Novo at  85 positions, including one 
deletion. The sequence homology suggests that there may 
be extensive conformational homology although there is 
some evidence to suggest that there are differences in con- 
formation in  the region of Trp-1 13 ( R .  s. Roche and M. 
Shinitzky, in preparation). The subtilisins are  autolytic. Al- 
though autolysis is not rapid, we have worked exclusively 
with inactive derivatives of these enzymes. I n  order to ex- 
plore the question of whether the formation of active site 
derivatives significantly perturbs those parts of the mole- 
cule probed by the C P L  technique, namely the regions 
where Tyr and Trp residues are located, we prepared thiol- 
subtilisin h o v o  which is not autolytic and which has a terti- 
ary structure identical with the naturally occurring enzyme 
(Kraut et al., 1969). The fluorescence properties of thiol- 
subtilisin are  similar to those of subtilisin Novo (Neet et al., 
1968). 

The results of this study show that in the case of the sub- 
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tilisins the separation of tyrosine and tryptophan emission 
observed in their fluorescence can be further resolved by the 
C P L  technique, .and that useful insights can be gained 
about the effect of p H  and protein denaturants on the local 
and gross conformational structure of these molecules. 

Materials and Methods 
Materials. Subtilisin Novo and subtilisin Carlsberg 

(Novo Industries, Copenhagen, Batch No.  120-2 and 70-3, 
respectively) were purified according to  Ottesen and Svend- 
sen (1970). Sephadex (3-25 chromatography, 0.01 M phos- 
phate buffer a t  p H  7.0 a t  5”, was followed by separation 
from the esterase impurity on a carboxymethyl-cellulose 
column (CMC-23) applying a linear salt concentration gra- 
dient, starting with 0.01 M phosphate and ending with 0.1 
M phosphate, both at  p H  7.0. The second and larger of the 
two peaks, monitored a t  280 nm, emerging from the latter 
column was isolated, dialyzed exhaustively against distilled 
water a t  5O, and lyophilized. The  PhCH2S02 derivative of 
each enzyme was prepared by reaction with phenylmeth- 
anesulfonyl fluoride using procedures previously described 
(Polgar’and Bender, 1966). This procedure was also fol- 
lowed for the synthesis of the thiol derivative of subtilisin 
Novo (thiolsubtilisin-Novo). 

The  nisyl derivative of both enzymes was prepared by 
procedures previously described (Kallos and Avatis, 1966). 
The purity of each enzyme preparation and the completion 
of the derivatization reactions were evaluated in each case 
by titration with N-trans-cinnamoylimidazole according to  
the method of Bender (Bender et al., 1966). Protein concen- 
trations were determined using E280 ,,,( 1 mg/ml) 0.96 and 
1.17 for subtilisin Carlsberg-PhCHzSO2 and subtilisin 
Novo-PhCH2SO2, respectively (Ottesen and Svendsen, 
1970). 

Fluorescence and CPL Measurements. The  instrument 
for the C P L  measurements was built in our laboratory and 
has been described elsewhere (Steinberg and Gafni, 1972; 
Gafni et al., 1973; Steinberg et a!., 1974). The light source 
is a 100-W high-pressure mercury lamp (Osram H B O  
100W/2). The wavelength of the excitation light was se- 
lected by a Bausch and Lomb high intensity monochroma- 
tor which was set a t  254 or 275 nm with a band pass of 30 
nm. Stray light was removed by a chemical filter composed 
of two solutions: ( I )  60 g of NiS04 in 100 ml of water; 2- 
cm light path, and (2) 5 mg of cyanine (2,7-dimethyl-3,6- 
diazacyclohepta- 1,6-diene perchlorate, K and K Laborato- 
ries, Inc. production) dissolved in 100 ml of water; I-cm 
light path. These solutions were contained in a special tan- 
dem cell with quartz windows which was built in our labo- 
ratory. This chemical filter transmits uv radiation with high 
efficiency in the spectral region 250-295 nm but absorbs 
the light in the 300-400-nm region. Use of excitation light 
of narrower band width, though sometimes desirable, was 
not practical due to loss in light intensity and concomitant 
increase in noise in the detected signals. 

The wavelength of the fluorescent light was selected with 
a Jarell Ash double monochromator (Model 82-410) a t  a 
spectral resolution of 15 nm. Excitation light was removed 
by a cut-off filter composed of 0.1 M sodium biphthalate in 
water, I-cm light path, which effectively absorbs all light 
below 300 nm. An elasto-optical light modulator (Morvue 
Model PEM-3) is used to modulate selectively the circular- 
ly polarized component of the fluorescence. The original PO-. 
larizer which is attached to the exit side of the modulator 
was replaced by a polarizer which is suitable for uv light 

(Polacoat, formula UV-105). The  C P L  instrument was cali- 
brated as  described previously (Steinberg and Gafni, 1972). 
The circular polarization of luminescence is expressed by 
the emission anisotropy factor, gem,  defined as gem = 2Afl’ 
where Af is the intensity of the circularly polarized part of 
the fluorescence, defined positive for left-handed circular 
polarization, and f is the total intensity of the fluorescence 
light. The absorption anisotropy factor, gab, is defined in an 
analogous manner to the emission anisotropy factor and is 
given by g a b  = 2(q - cr) / ( t i  4- cr) = At/ t  (Kuhn, 1958), 
where € 1  and t, are  the molar extinction coefficients for left- 
handed and right-handed circularly polarized light, respec- 
tively, and t is the average molar extinction coefficient. 

Absorption spectra were measured on a Zeiss Model 
P M Q  I1 spectrophotometer. Circular dichroism spectra 
were measured on a Cary 60 spectropolarimeter equipped 
with a 6002 C D  accessory. Corrected fluorescence spectra 
were obtained on a Turner 210 spectrofluorimeter or on a 
Hitachi-Perkin-Elmer fluorimeter (Model MPF-3). For so- 
lutions with optical density higher than O.l / l -cm optical 
path, a special cell of 1.5-mm light path (Aminco) was 
used. 

Results 
Subtilisin Carlsberg-PhCHpYO2. The absorption and 

emission spectra, as  well as  the spectral behavior of the ab- 
sorption and emission anisotropy factors, g a b  and gem,  re- 
spectively, of subtilisin Carlsberg-PhCH2SO2, a re  present- 
ed in Figure 1 for a variety of experimental conditions. The  
marked dependence of the emission spectrum on the excita- 
tion wavelength is noteworthy. On excitation a t  280 nm the 
fluorescence exhibits a peak a t  308 nm, with a shoulder a t  
about 360 nm appearing a t  the higher pH studied (pH 8.3). 
In contrast, on excitation a t  300 nm, the fluorescence peak 
appears in the range of 350-360 nm, shifting to  the longer 
wavelength range with increase in pH.  It may be recalled 
that this protein contains 13 tyrosine residues and only a 
single tryptophan residue. Thus, excitation light a t  280 nm 
is predominantly absorbed by the tyrosine residues, which 
emit in the shorter wavelength region near 308 nm. On ex- 
citation a t  300 nm, light absorption by the tyrosine residues 
is low, and the tryptophan emission predominates. This is 
clearly demonstrated by the excitation spectra for light 
emitted a t  310 and 400 nm (see Figure 2), the species emit- 
ting a t  these two wavelengths obviously having significantly 
different absorption spectra. 

Inspection of the fluorescence spectrum excited a t  280 
nm (see Figure 1) shows that the quantum yield of the Trp  
is enhanced relative to  that of Tyr on raising the pH from 
5.0 to 8.3. This point is not obvious from the spectrum ex- 
cited a t  300 nm presented in the same figure, since all emis- 
sion spectra have been normalized to equal light intensity a t  
their peaks in order to better detect the p H  dependent A,,,. 
The shape of the emission spectrum excited a t  280 nm does 
not depend on p H  in the spectral range below 335 nm, indi- 
cating that Trp  emission in this range is negligible and that 
Tyr emission probably predominates well above 335 nm. At 
wavelengths longer than where the shoulder appears, i.e., 
above 360 nm, the fluorescence is probably due mostly or 
entirely to Trp  emission. In  view of the fact that  there are  
13 tyrosines present, it is quite possible that even upon exci- 
tation a t  300 nm the emission contains some contribution 
from Tyr emission. The shift in the emission spectrum upon 
varying the p H  may thus be due to  the change in relative 
quantum yields of the T r p  and Tyr  residues rather than to a 
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f I G U R t  I :  Spectroscopic data  for subtilisin Carlsberg-PhCHlSOl.  Absorption, 1.3 mg/ml of protein in 0.1 M phosphate buffer (pH 6.8).  Absorp- 
tion anisotropy factor, gab.  1.3 mg/ml of protein in 0.1 M phosphate buffer (pH 6.8) (-) and in  8 M guanidine hydrochloride ( - .  - .  -1.  Fluores- 
cence spectra, 0.12 mg/ml of protein in 0.1 M acetate buffer ( p H  5 )  (-); in 0.1 M phosphate buffer (pH 6.8) (- - -); and i n  0.1 bl Tris buffer (pH 
8.3) ( a .  e ) .  The excitation wavelengths were 280 or 300 nm h i th  band pass of 10 nm. as  indicated. The resolution of the fluorescence spectra is 2.5 
n m .  The various fluorescence spectra were normalized to equal height a t  their respective peaks, i . r . .  for excitation a t  280 nm a t  the tyrosine peak at  
308 nm and for excitation a t  300 nm at  the tryptophan peak a t  350-360 nm. Emission anisotropy factor, g,,, protein I .5 mg/ml in 0.1 M acetate 
buffer ( p H  5) (A); in 0.1 M phosphate buffer ( p H  6.8) (0): i n  0.1 M Tris buffer (pH 8.3) (0 ) ;  and i n  8 M guanidine hydrochloride ( -  . - .  -) .  The  ex- 
citation light for the C P L  spectra was filtered by a broad band chemical filter (see Materials and Methods). Temperature.  -22’. 

change in the emission spectrum of the single Trp  residue in 
the protein. 

Let us now turn to the spectra of the absorption and 
emission anisotropy factors. The magnitude of g a b  varies 
across the spectral range studied, which is only to be expect- 
ed in view of the large number of chromophores involved 
( 1  3 Tyr  + 1 Trp). It is, however, hopeless to assign to any 
specific chromophore its contribution to gab a t  any point in 
the spectrum in view of the extensive overlap of the spectra 
of the various chromophores involved. On the whole, the ab- 
solute magnitude of gab is smaller than gem, which is possi- 
bly due to more extensive cancellation of contributions of 
opposite sign in the former case. The C D  spectrum does not 
show a. strong dependence on pH (James, Chen, and Roche, 
to be published). 

In marked contrast to the spectrum of gab, much more 
definitive and interesting conclusions can be drawn from 
the spectrum of g,,,. It should first be noted that due to ex- 
perimental limitations the excitation in this case is per- 
formed by light with a broad spectral range (see Materials 
and Methods). The excitation light in this case is, however, 
as effective as light of 280 nm in the relative excitation of 
Tyr and Trp  residues, since the filter used in the excitation 
beam passes predominantly the 275-nm band of the high- 
pressure mercury arc. The spectrum of g,, shown in Figure 
1 is thus related to the emission spectrum shown in the same 
figure for excitation by light of 280 nm. Therefore, g,, 

below 335 nm characterizes the fluorescence of Tyr resi- 
dues, while g,, above 360 nm predominantly characterizes 
the fluorescence of the single T r p  residue in the molecule. 
Indeed, in the wavelength region above 360 nm g,, as- 
sumes a constant value, as  expected for a homogeneous pop- 
ulation of chromophores. Such behavior was found before 
for g,, of other proteins which contain a single Trp  residue 
(Steinberg et ai., 1974). It may be noted that g,, assumes 
the same sign and magnitude a t  the three pH values studied 
(5.0, 6.8, and 8.3). The asymmetric perturbation, and hence 
the environment, of the Trp  residue thus seems to be un-  
changed in this pH range. This result supports the sugges- 
tion proposed above that the shift in the emission spectrum 
of the Trp  residue with pH observed upon excitation a t  300 
nm is due rather to an interplay between the relative inten- 
sities between the Tyr and Trp  emission than to a genuine 
shift in  the Trp  emission which would imply a change in its 
environment. 

An entirely different, and more varied, behavior is ob- 
served for g,,, in the spectral range of 300-360 nm, due to 
the Tyr emission. At none of the pH’s studied is the Tyr g,,, 
constant, which no doubt reflects the fact that there are  13 
Tyr residues which most probably possess different optical 
activities and somewhat different emission spectra. The de- 
pendence of the Tyr g,, on pH is rather interesting. It is 
quite pronounced and reflects definite changes in the envi- 
ronment of a t  least some of the Tyr residues. The change 
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taking place between p H  5.0 and 6.8 extends throughout 
the pertinent spectral range, many Tyr residues apparently 
being affected. A finer and more specific change in gem is 
observed on changing the p H  from 6.8 to 8.3; gem is af- 
fected only above 325 nm, probably indicating that only a 
limited subgroup of the Tyr population experiences a 
change in environment in this process. 

Both the C D  and C P L  of subtilisin Carlsberg- 
PhCH2S02 vanish within experimental accuracy in 8 M 
guanidinium hydrochloride (see Figure 1). This behavior of 
subtilisin Carlsberg-PhCH2SO2 is similar to that found for 
many other proteins under similar denaturing conditions, 
the macromolecular conformation being disrupted to such 
an extent that asymmetric perturbations of the chromo- 
phores involved become undetectable (Steinberg et al.,  
1974). 

Subtilisin Novo-PhCH2SO2. The absorption and emis- 
sion spectra, as well as the spectral behavior of g a b  and g,,, 
of subtilisin Novo-PhCH2S02 are  presented in Figure 3. As 
can be seen from this figure, the emission spectrum depends 
markedly on the excitation wavelength, though to a less 
dramatic extent than in the case of subtilisin Carlsberg- 
PhCH2S02. On excitation at  280 nm the fluorescence peak 
appears a t  about 337 nm and is no doubt due to the three 
tryptophan residues in the molecule. A pronounced shoul- 
der appears, however, in the fluorescence spectrum below 
320 nm and may be attributed to the emission of the ten ty- 
rosine residues in the molecule. The fluorescence spectrum 
obtained upon excitation a t  300 nm, where the Trp  residues 
a re  preferentially excited, supports this assignment. The 
emission peak a t  337 nrn is affected only to a minor extent, 
while the shoulder below 320 nm disappears. The excitation 
spectrum for light emitted from subtilisin Novo-PhCH2S02 
a t  310 and 400 nm is shown in Figure 2. It may be noted 
that while the two excitation spectra are  distinct, their sepa- 
ration is appreciably smaller than in the case of subtilisin 
Carlsberg-PhCH2SOz. This is probably due to appreciable 
transfer of excitation energy from Tyr to Trp  residues in 
subtilisin Novo-PhCH2SOr; the excitation spectrum for 
light emitted a t  400 nm thus indicates light absorption by 
Tyr residues with a resulting shift of the spectrum to the 
blue relative to a pure Trp  absorption spectrum. It is of in- 
terest to note that the emission spectra above 340 nm are  
very similar when excited a t  280 and 300 nm and thus do 
not seem to contain any contribution from Tyr emission. At  
330 nm the Tyr contribution is just a few per cent of the 
total emission a t  this wavelength. The tyrosine contribution 
to the fluorescence starts to be dominant below 3 I5 nm. 

As in the case of subtilisin Carlsberg-PhCH2S02, the C D  
spectrum of subtilisin Novo-PhCHzSO2 shown in Figure 3 
is difficult to resolve into contributions from the different 
chromophores involved. The C P L  spectrum is much more 
informative. Obviously, only Tyr and T r p  residues a re  in- 
volved, the former dominating the region below 3 15 nm and 
the latter the region above 330 nm. As explained above, the 
C P L  spectrum was obtained under conditions in which both 
tyrosine and tryptophan residues are  excited. In marked 
contrast to the case of subtilisin Carlsberg-PhCHrS02, the 
gem attributable to Trp  emission of subtilisin Novo- 
PhCH2S02, in the spectral range above 330 nm, is highly 
variable, even changing sign a t  345-350 nm. It may thus be 
concluded that the three tryptophan residues in subtilisin 
Novo have different optical activity and different emission 
spectra. Moreover, the environment of the one or two tryp- 
tophan residues which show positive optical activity seems 
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F I G U R E  2: Excitation spectra of subtilisin Carlsberg-PhCH2SOz (0.12 
mg/ml)  and subtilisin Novo-PhCH2S02 ' (0.1 mg/ml)  in  0.1 M 
phosphate buffer (pH 6.8) .  Emission wavelengths are  310 nm, a t  which 
tyrosine emission dominates; and 400 nm, a t  which tryptophan emis- 
sion dominates. The  resolution of the excitation and emission mono- 
chromators was 6 and 10 nm, respectively. Temperature,  - 2 2 O .  

to vary detectably with pH,  since gem in the range of 330- 
345 nm is significantly pH dependent. The heterogeneity of 
the tyrosine residues with respect to optical activity and 
emission spectra is disclosed by the marked variation of g,, 
in the region 300-3 15 nm. Also in this case the asymmetric 
perturbations due to the environment of a t  least some of the 
Tyr residues seems to  change with pH,  especially in the pH 
range 5.0-6.8. 

As seen in Figure 3, both C D  and C P L  vanish within the 
limits of detection in 8 M guanidinium hydrochloride, a be- 
havior common to all other proteins studied which contain 
no internal cross-links (Steinberg et al., 1974). 

Fluorescence and CPL of Other Subtilisin Novo Deriva- 
tives. It has been shown that subtilisin Novo can be chemi- 
cally modified by conversion of the active site Ser221 into a 
thiol derivative (Polgar and Bender, 1966; Neet and Kosh- 
land, 1966) which shows hydrolase activity and is structur- 
ally identical with the native enzyme (Kraut et al.,  1969) 
except for the replacement of the oxygen atom of SerZ2'  by 
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FI< ;LR~ 3: Spectroscopic data  for subtilisin Novo-PhCHzSOz. Absorption, 1.45 rng/ml of protein in 0.1 M phosphate buffer (pH 6.8). Absorption 
anisotropy factor, g a b ,  1.45 mg/ml of protein i n  0.1 M phosphate buffer (pH 6.8) (-) and in 8 M guanidine hydrochloride (- . - .  -). Fluorescence 
spectra, 0. I mg/ml  of protein in 0.1 M phosphate buffer (pH 6.8) .  The excitation wavelengths are  280 or 3G0 nm as  indicated, with a spectral reso- 
lution of I O  nm. The spectral resolution of the fluorescence is 2.5 nm. Emission anisotropy factor. gun,, I .5 rng/ml of protein in 0. I M acetate buffer 
(pH 5) (A): i n  0.1 M phosphate buffer (pH 6.8) ( A ) ;  in 0.1 M Tris buffer ( p H  8.3) (0 ) ;  and in  8 M guanidine hydrochloride (- . - .  - ) ,  The excitation 
light for the CPL spectra was filtered through a broad band chemical filter (sce Materials and Methods).  Temperature,  -22'. 

a sulfur atom. The synthetic enzyme thus produced is not 
autolytic. Since its fluorescence properties are  identical 
with those of native subtilisin Novo (Neet et al., 1968) 
thiolsubtilisin-Novo is a good substitute for subtilisin Novo 
for physical measurements where autolysis may be trouble- 
some. In order to explore the effects of active-site directed 
reagents on the conformation of the protein, which can be 
reasonably assumed to mimic the binding of substrates and 
the formation of enzyme-substrate complexes, we have ex- 
amined i n  a comparative manner the C P L  of thiolsubtilisin- 
Novo, subtilisin Novo-PhCHzSOz, and subtilisin Novo- 
nisyl. The relevant spectroscopic data are  summarized in 
Figure 4.  The fluorescence spectra indicate that, relative to 
PhCH2S02,  nisyl quenches the tryptophan fluorescence. 
The difference in molar absorbance between the two deriva- 
tives is small and therefore the observed quenching is not 
due to an inner filter effect. The spectra of g,,, are  obvious- 
l y  different for the three derivatives of subtilisin Novo, and 
demonstrate that introduction of the PhCH2S02 or nisyl 
groups at the active site of this enzyme produces significant 
and different conformational changes in the environment of 
a t  least a few of the tyrosine and tryptophan residues in the 
protein molecule. 

Discussion 
Longworth ( 1  97 1 .  1972) first noted that the subtilisins 

are  exceptions to the general rule that, i n  proteins contain- 
ing both tyrosine and tryptophan residues, low quantum 
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yield of tyrosine residues and efficient transfer of electronic 
excitation energy from tyrosine to tryptophan lead to a pre- 
dominance of tryptophan emission even when the fluores- 
cence is excited i n  the absorption band of tyrosine. This ob- 
servation of pronounced Tyr emission in the subtilisins has 
been discussed in terms of the available energy transfer 
routes calculated on the basis of the X-ray crystallographic 
coordinates which have been published for subtilisin Novo 
(R. S. Roche and M. Shinitzky, in preparation) and is con- 
firmed by our results. The emission and excitation spectra 
for subtilisin Carlsberg-PhCH2SO2 and subtilisin Novo- 
PhCH2S02 (Figures 1-3) demonstrate rather strikingly the 
separation between tyrosine and tryptophan emission spec- 
tra in these molecules. The  separation between the excita- 
tion spectra for light emitted at  310 and 400 nm is not com- 
plete and it is seen that some energy transfer from tyrosine 
to tryptophan does in fact occur (Longworth, 1972) though, 
clearly, it is not completely efficient. I t  is also seen in Fig- 
ure 2 that the separation of tyrosine and tryptophan emis- 
sions in subtilisin CarIsberg-PhCH?SO:! is more pro- 
nounced than i n  subtilisin Novo-PhCHzSOz, which indi- 
cates that energy transfer in the subtilisin Carlsberg- 
PhCHzS02 molecule is less efficient than it is in subtilisin 
Novo-PhCH2S02. The explanation for this observation 
most probabiy lies in the fact that in subtilisin Carlsberg 
there is only one tryptophan (Trp- 1 13) whereas in subtilisin 
\ovo there are three (Trp-106, - 1  13. and -241), hence more 
possibilities for energy transfer ( R .  S. Roche and M .  Shin- 
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itzky, in preparation). W e  have found that the separations 
seen in the excitation spectra shown in Figure 2 are  only 
slightly sensitive to pH in the range of 5.0-8.3. From this 
we can concludc that the energy transfer routes are  not per- 
turbed by changes in pH and hence the molecules d o  not 
undergo gross conformational changes in this pH range. 
This observation is consistent with the fact that the C D  
spectra of subtilisin Novo-PhCHzSO2 and subtilisin 
Carlsberg-PhCH2SO2 are  not very sensitive to pH,  both in 
the peptide and aromatic regions (James, Chen, and Roche, 
to be published). 

For a specific chromophore, gab a t  the longest wavelength 
absorption band and gem should assume equal sign and 
magnitude if the conformation and environment of the 
chromophore d o  not change upon electronic excitation 
(Steinberg, 1974; Steinberg et al., 1974). A comparison be- 
tween g& and gem is, however, not feasible in the protein de- 
rivatives studied, since only a small number of the chromo- 
phores contributing to the C D  are  represented in the CPL.  
Only Tyr and Trp  residues show up in the CPL,  and even 
then not all of these residues are  necessarily fluorescent 
(Yashinsky, 1972). Furthermore, the different Tyr  and Trp  
residues do not have the same quantum yield, and their rel- 
ative contributions to the C P L  and C D  are  therefore differ- 
ent. All of these factors probably account for the observa- 
tion that the C D  of subtilisin CarIsberg-PhCH2SO2 and 
subtilisin Novo-PhCHzSOz are  not very sensitive to pH in 
the range studied (5.0-8.3) (James, Chen, and Roche, to be 
published) while the C P L  shows pronounced variation with 
pH.  The gross molecular conformation, as reflected by the 
multitude of chromophores involved in the CD,  is apparent- 
ly not sensitive to pH,  while local changes around some of 
the chromophores contributing to the CPL,  which are  much 
fewer in number, do occur. In this context, a discussion of 
the C P L  results obtained for the various derivatives of sub- 
tilisin Novo and the available structural X-ray data is ap- 
propriate. Only minor differences were found a t  2.5-A reso- 
lution between the structures determined in the crystals of 
space group Cz obtained a t  p H  5.9 and those of space group 
P21, crystallized at  p H  9.1 (Drenth et al., 1971). As shown 
in Figure 3, the C P L  spectrum of subtilisin Novo- 
PhCH2S02 changes markedly with pH in the range 5.0- 
8.3. As concluded above, the changes in C P L  reflect local 
changes around the fluorescing chromophores, and these 
seem to be smaller than the limit of resolution of the avail- 
able X-ray results. Similarly, electron density difference 
maps a t  2.5-A resolution between subtilisin Novo and subti- 
lisin Novo-PhCH2SOz (Wright et al., 1969) show only per- 
turbations in the region of H i P .  which moves 4.0 A on for- 
mation of the derivative, and Met222. The pronounced dif- 
ference in the C P L  spectra of thiolsubtilisin-Novo and sub- 
tilisin Novo-PhCH2SO2 shown in Figure 4 thus reflects 
changes in the vicinity of the fluorescing chromophores 
which the X-ray data  a t  the available resolution cannot dis- 
close. 

In previous studies of proteins which contain a single 
tryptophan residue it was found that gab a t  the red edge of 
the absorption band was comparable in magnitude and 
equal in sign to g e m  (Steinberg et al., 1974) (human serum 
albumin is an exception due to the heterogeneous. popula- 
tion of molecules that make up this protein). Though it is 
very difficult to resolve the C D  spectrum of subtilisin 
Carlsberg-PhCHzSO2, it is tempting to assign the positive 
peak in the spectrum of gab a t  295 nm to the single Trp  res- 
idue in the molecule in view of the positive value of the g,, 
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FIGURE 4: Fluorescence and C P L  spectra of subtilisin Novo deriva- 
tives. Fluorescence, 0.1 mg/ml of subtilisin Novo-PhCHzSO2 in 0.1 M 
phosphate buffer (pH 6.8), and 0.1 mg/ml of subtilisin Novo-nisyl in 
the same buffer. The  excitation wavelengths a re  280 or 300 nm. as  in- 
dicated, with spectral resolution of IO nm. The resolution of the fluo- 
rescence spectra is 6 nm. Emission anisotropy factor, gem: subtilisin 
Novo-PhCH2SOz (A), subtilisin Novo-nisyl (O), and thiolsubtilisin 
Novo ( 0 )  i n  0.1 M phosphate buffer (pH 6.8). Protein concentration, 
I .2 mg/ml.  Temperature,  -22'. 

of this Trp  residue (see Figure 1). It may be recalled that 
one or two of the tryptophan residues in subtilisin Novo- 
PhCHzS02 exhibit a positive gem. Zf conformational homo- 
logy exists between subtilisin Carlsberg and subtilisin Novo, 
it is again tempting to assume that Trp-1 13 is involved in 
the positive g e m  of S. Novo in the range 330-345 nm, in 
analogy to Trp- 1 13 of subtilisin Carlsberg. 

The C P L  of subtilisin C a r l ~ b e r g - P h C H ~ S O z  clearly dem- 
onstrates that there are  changes in the environment of a t  
least some of the tyrosine residues in the pH range 5.0-8.3. 
Between pH 6.8 and 8.3 the changes seem to be more re- 
stricted to those Tyr residues which emit predominantly 
around 335 nm. Similarly, changes in the environment of 
both the fluorescent Tyr and Trp residues is indicated in 
subtilisin Novo-PhCHzSOz on changing the p H  from 5.0 to 
8.3. Thus, variations i n  the enzymatic activity of these pro- 
teins in the above pH range a re  not necessarily due exclu- 
sively to ionization of side chains; conformational changes, 
though local, may play an important role in this respect. 
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Iron-Donating Properties of Transferrin' 

Daniel C. Harris and Philip Aisen* 

ABSTRACT: The transferrin molecule has two specific 
metal-binding sites, each of which may provide iron for the 
biosynthesis of hemoglobin by reticulocytes. Diferric human 
transferrin was shown to be a better iron donor, per iron 
atom. for rabbit reticulocytes, than was monoferric trans- 
ferrin obtained by isoelectric focussing. The difference in 
binding of 1251-labeled monoferric and diferric transferrin 
to reticulocytes may be sufficient to account for the differ- 
ence in iron uptake. I n  contrast. diferric and monoferric 
rabbit transferrin both donated iron to reticulocytes a t  thc 

T h e  major physiologic role of the plasma iron-transport 
protein, transferrin, is the delivery of iron to hemoglobin- 
s> nthesizing immature red blood cells. This glycoprotein 
niolecule consists of a single polypeptide chain of molecular 
\$eight near 80,000 (Greene and Feeney, 1968; Mann et nl. ,  
1970) on which are disposed two specific iron-binding sites 

~ h i c h  are very similar, i f  not identical, by a varietj of ther- 
modynamic and spectroscopic criteria (Aasa at a / . .  1963: 
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same rate, per iron atom. In an experiment using iiFe/5"Fc 
doubly labeled transferrin, one iron binding site of human 
transferrin was a better iron donor than the other. In rabbit 
transferrin, the two sites appeared to function equivalently. 
Care was taken in these experiments to demonstrate that la- 
beled iron added to dilute solutions of transferrin was in-  
deed specifically bound to the protein. A liquid scintillation 
counting procedure, simpler than existing methods. was de- 
veloped to quantitate '5Fe and !'Fe in blood. 

Aisen er a / . ,  1966; Binford and Foster, 1974). Fletcher and 
Huehns ( 1967: Fletcher, 1969) have presented evidence 
which suggests that the two sites are functionally hcteroge- 
iieous: one site appears to be a better iron donor for rcticu- 
locytes than the other. They also observed that iron-saturat- 
ed transferrin is a better source of iron for rcticuloqtcs 
than partially saturated transferrin. A similar saturation ef- 
fect was observed in the delivery of iron to the livcr (Flctch- 
cr. I97 I ) and a reverse effect was postulated to be inipor- 
tant i n  iron transport to the placenta (Fletcher and Huehns. 
1968). Other studies failed to confirm these findings and a 
myriad of conflicting reports concerning these effects no\$ 
exists (Lane. 1973; Hahn. 1973. 1974; Ganmni et u / . .  
1972; Chernelch and Brown. 1970: Lane and Finch. 1970: 
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