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The fluorescence emission spectrum of A -̂acetyl tryptophan amide (NATA) in 20 mM K-
phosphate buffer, pH 7.5, with excitation at 295 nm, when subjected to second derivati-
zation, showed two troughs at 340 ± 1.0 nm (A) and 358.5 ± 1.0 nm (B). Linear depen-
dence of derivative intensities at A and B was observed with increasing NATA con-
centration between 0-30 nM but the intensity ratio (B/A), termed R, was found to be
invariant at 0.70 ± 0.05. R remained unaffected with variation of the pH (4-10), tempera-
ture (15-70*C), salt concentration (0-2 M NaCl), and excitation wavelength between 280-
300 nm. A 50-fold molar excess of N-acetyl tyrosine over 10 nM NATA and inclusion of a
quencher like 0.8 M acrylamide, 0.4 M potassium iodide or trichloroethanol had no
effect on R. It was, however, linearly dependent on the polarity of the solvent-in 1,4-
dioxane it became 0.07 ± 0.05. Derivative spectra of tryptophans of proteins largely
resembled that of NATA. Low R values of between 0.02-0.34 were observed for proteins
under native conditions, which is consistent with the general buried character of tryp-
tophan residues. R increased to 0.6-0.9 after unfolding with denaturants or extensive
proteolysis and decreased to close to the original value after refolding. The equilibrium
unfolding transitions of proteins expressed as R largely resembled the transitions mea-
sured using other physical parameters. R appears to be a more sensitive index for moni-
toring the hydrophobic environment of tryptophans in protein compared to parameters
like emission mairinin or intensity of underivatised spectra.

Key words: fluorescence spectra, NATA, protein conformation, second derivative, sol-
vent polarity.

The resolution of a spectrum goes on increasing as it is
derivatized against one of its parameters, usually the wave-
length (i). The use of second derivative absorbtion spectros-
copy for proteins in the ultra-violet region (260-320 nm) is
well known. It has been used in the structural analysis of a
number of proteins in terms of comparison of different mu-
tants, ligand binding, unfolding, etc {2-6, reviewed in Ref
7). In addition it has been used for the quantitatdon of tyro-
sine, tryptophan, and phenylalanine residues of proteins,
as the absorption maxima of these residues are different
(8). Fourth and higher derivative UV absorption spectros-
copy was reviewed in Ref 1. In contrast, there has been a
limited number of reports on derivatized fluorescence emis-
sion spectra. Neglecting the weak emission of phenylala-
nine, quantitative estimation of tyrosine and tryptophan
residues of a protein can be performed by spectral derivati-
zation (9). This procedure has been used to compare the flu-
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orescence properties of human plasma lipo-proteins (20),
and in the quantitation of some drugs and their metabolic
products (11-15).

Here it has been investigated whether the derivatization
of fluorescence emission can yield additional information
over underivatized spectra about the environment of indole
derivatives in solution or in a macromolecular structure
like those of proteins, particularly during a change of con-
formation.

MATERIALS AND METHODS

Materials—iV-Acetyl tryptophan amide (NATA, £jso enm
 =

5,690 M"1 cm"1), iV-acetyl tyrosine (Wsnm = 1,490 M"1 cnr1)
(9), tryptophan, 2-mercaptoethanol (2-MCE), SDS, stan-
dard proteins, and proteases were from Sigma, USA. Sol-
vents (AR or GR) were purchased locally. Dehydrated ethyl
alcohol was from Bengal Chemical and Pharmaceuticals,
Calcutta. HPLC/spectral grade methanol, acetonitrile and
sequential grade 8 M guanidine hydrochloride (Gdm, HC1)
were from Pierce Urea (E. Merck, India) was recrystallized
from hot ethanol.

Purity of NATA—The chemical homogeneity of the com-
pound was verified by the appearance of a single spot on
TLC on silica gel plates (2.5 x 8 cm) with three different
solvents, isopropanolrwater = 70:30; 95% ethanol:water =
70:30, and butanol:acetic acid:water = 80:20:20 after devel-
opment in an iodine chamber. Homogeneity was further
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tested using a Waters ji-Bondapak C18 reverse phase HPLC
column equilibrated with 0.1% trifluoroacetic acid (TFA) in
water. After application of the sample, the equilibrating
buffer was run for 20 min, followed by a linear water-meth-
anol gradient containing 0.1% TFA set for 60 min at a flow
rate of 0.5 ml/min. In the chromatogram, only one sharp
and symmetrical peak was observed at the retention time
of 48.5 min. The fluorophoric homogeneity of the compound
was verified after altering the excitation wavelength be-
tween 280-300 nm and observing the normalised overlap-
ping emission spectrum between 310-500 nm.

Purification of Proteins—UDP-galactose 4-epimerase
(hereafter called epimerase) from Escherichia coli was puri-
fied after (16). The procured proteins (listed in Table II)
were further purified by passage through a precalibrated
Water's Protein Pak 300 size-exclusion (SE)-HPLC column
equilibrated with 50 mM Na-phosphate buffer, pH 7.5, con-
taining 0.1 M NaCl. Elution was followed at 280 nm. The
major peak, which corresponded to the native molecular
weight of the respective protein, was pooled and used
directly. Protein concentrations were determined either
from extinction coefficients (17) or after Lowry with BSA as
a reference (18), where the concentration was too low or the
spectral data were not available.

Second Derivative Fluorescence Spectrum—All fluores-
cence measurements were performed with a Hitachi F4020
spectrofluorimeter using a 700 \A square-headed quartz
cuvette after excitation at 295 nm unless otherwise stated.
For each recording, two spectra were scanned between
300-500 nm, where the sample in buffer and the buffer as
a control were termed [X] and [Y]. Corrected emission spec-
tra were generated after subtraction of the spectral data,
KI-fY], using the arithmetic program of the in built soft-
ware. This is an obligatory requirement because no matter
how small the emission peaks of the control spectra are,
they may induce significant error in the derivatized sample
spectra. Derivatization of the corrected spectrum was per-
formed using the derivative mode of the data processor. The
derivative data scale was properly adjusted for spectral
intensity measurements.

Changing of the excitation and emission band passes
between 0.2-20 nm did not alter the spectral characters to
any significant extent except the intensity. Therefore a
band pass of 5 nm was maintained throughout. A delta
derivative of 5 or 50 nm either yielded a spectrum too noisy
to be interpreted or failed to resolve troughs in the negative
ordinates—a delta derivative of 10 nm was found to be opti-
mum. However, the "curve smooth" function applied to the
corrected spectrum before or after derivatization did not
appropriately improve the spectral quality.

Precision of Derivatization—A fluorescence emission
spectrum having a single peak has the following charac-
ters: an emission maximum ( e m j , point O, where the
gradient of the curve is zero, and two points, A and B, on
either sides of emmai having the maximum positive and
negative gradients, respectively. On the first derivatization,
points A and B appear as a peak and a trough, respectively,
and point O will touch the abscissa. On the second derivati-
zation, points A and B touch the abscissa, and point O
appears in the negative ordinate, which is sometimes diffi-
cult to identify experimentally. Three samples, bovine
serum albumin (BSA) and lysozyme in 20 mM K-phosphate
buffer, pH 7.4, and lysozyme in the same buffer containing

4 M urea equilibrated for 16 h, were arbitrarily selected for
spectral measurements (ex; 280 nm). Identification of
points A, B, and O for the three samples are shown in Table
I. It shows that the precision of measurements was within
± 4 nm. The inaccuracy originated mainly from the failure
of the instrument to register the zero-ordinate of the deriv-
ative profile, which had stiff gradients at these points. It
was also observed that in every case the derivatized value
near the end of the emission zone, say at 500 nm, con-
verged to ± 0.001.

Distinguishing the Raman Peak from Water—Excitation
of an aqueous buffer at 295 nm gives rise to a small Raman
contribution between 323-333 nm having a maximum at
328 nm. In cases where the quantum yield of tryptophan
residues is weak, for example, in the case of some proteins,
it is necessary to increase the sample concentration to in-
crease the fluorescence intensity. Thus, once the optical
density of the sample begins to increase, the Raman peak
due to the sample is inherently less than that due to the
solvent as a control-a phenomenon comparable to the inner
filter effect (19, 20). In such a case subtraction of a solvent
blank leads to over correction of the Raman peak. This phe-
nomenon apparently did not affect the present study be-
cause the intensity of the Raman peak at 333 nm, a posi-
tion 5.5 nm ahead of the first trough concerned in this
study (338.5 nm), is essentially zero; the optical densities of
the proteins used were around 0.1 at 295 nm and 0.001 at
320 nm onward making the inner filter effect insignificant,
and finally the inner filter effect cannot change the emis-
sion pattern of a fluorophore, except the intensity, where
the sample exhibits no absorption at the emission zone, and
hence the derivative pattern too, except the intensity.

Unfolding, Refolding, and Extensive Proteolysis of Pro-
teins—The proteins (0.5-2 mg/ml) were incubated with 0-8
M urea or 6 M Gdm, HC1 in 20 mM Na-phosphate buffer,
pH 7.5, for 16 h at 25°C to allow unfolding at equilibrium.
In the case of reduction of cysteine bridges, samples were
incubated with denaturants in the presence of 10 mM 2-
MCE at 80°C for 4 h, followed by equilibration as stated.
Refolding of proteins was initiated by 20-50-fold dilution
with buffer, followed by standing 8 h for equilibration (£1,
22). The native proteins were subjected to trypsin digestion
(1:25, w/w) in 50 mM Tris, HC1 buffer, pH 8.5, at 37°C with
a booster dose added after 4 h, followed by overnight incu-
bation with chymotrypsin (1:20, w/w). The degraded pro-
teins were analyzed fluorimetrically, blank protease solu-

TABLE I. Calibration of the spectrofluorimeter with spectral
profiles.

Sample

BSA

Lysozyme

Lysozyme (4M urea)

State of
derivatization

0
1
2
0
1
2
0
1
2

A
(nm)

_
320.6
321.4

_
316.4
316.0

_
316.0
316.2

O
(nm)
341.4
341.8

_
339.6
342.0

—
338.8
340.0

-

B
(nm)

_
366.6
364.8

_
376.0
372.0

_
364.4
364.2

Position in emission spectra having maximum positive gradient
(A); zero gradient, i.e. X^,, em. (O); maximum negative gradient
(B). - indicates determination was not possible.
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tions serving as controls.
Other Methods—All samples were centrifuged and

passed through Spartan 3 Nylon filters (pore size, 0.45 mji;
Schleicher & Schull) to remove particulate matter, al-
though scattering does not interfere with fluorescence
emission to any significant extent (I). Dispensing of liquids
was performed with a Hamilton syringe (Australia), the
precision being ± 2%.

RESULTS

Characters of the Second Derivative Spectra of NATA—
Analysis of the second derivative emission spectra of
NATA, with excitation at 295 nm, was performed because
of its structural similarity with tryptophans as they occur
in proteins. NATA (10 nM) in 20 mM K-phosphate buffer,
pH 7.5, shows emission effectively between 303-450 nm,
emmta being 338.5 ± 0.6 nm. The second derivative spec-
trum showed two distinct troughs in the negative ordinate,
at 340 ± 1.0 nm (A) and 358.5 ± 1.0 nm (B), the former
being of higher intensity (Fig. 1). The ratio of the intensities
at B and A as measured from zero ordinate to the trough
valley has been termed R, and was found to be 0.70 ± 0.05.
10 nM tryptophan in the same buffer yields a similar sec-
ond derivative spectrum. For tryptophan analogues and
proteins, the changes of spectral patterns with different sol-
vent compositions were most prominent in the negative
ordinate (discussed later). The positive ordinate was appar-
ently featureless and is not considered here.

The intensities at A and B were found to be linearly
dependent on the concentration of NATA in the range of 0-
30 nM. Moreover, R as well as the spectral positions of both
A and B were found to be invariable. Higher concentrations
of NATA could not be checked because the spectrofluorime-
ter readings were less accurate at that stage. R, being inde-
pendent of the fluorophore concentration, is free from
dispensing error too. The two troughs observed might be

i or

300 350 400 450
WavtlengthO.)

500

Fig. 1. Second derivative fluorescence emission spectra of 10
nM NATA- Excitation was performed at 295 nm and emission was
followed between 300-500 nm in 20 mM potassium-phosphate
buffer, pH 7.5. d2F/dA2 indicates derivative intensity. The two arrows
indicate spectral troughs at wavelengths of 338.5 nm (A) and 358.5
nm(B).

the characters of a chemically and environmentally homo-
geneous fluorophore or may originate from a heterogeneous
population of fluorophores of a similar chemical nature. To
distinguish this, the excitation wavelength for NATA (10
nM) was varied between 280-300 nm, where most of the
aromatic residues exhibit absorption maxima. The intensi-
ties at A and B varied depending on the wavelength of exci-
tation but R was found to be invariable within the limits of
error (0.70 ± 0.05). The results are presented in Fig. 2. Vari-
ation of the temperature (15-70°C), pH (4-10), and ionic
strength (0-2 M NaCl) had no effect on R. Under various
conditions in aqueous buffer, NATA produced superimpos-
able underivatised emission spectra after normalization,
although minor or insignificant differences were evident at
the emerging and trailing ends of the spectra. Variability of
spectral data to that extent could not change R, indicating
the reliability of this index (Fig. 2).

Wavelength dependence of monochromator transmission
efficiency, which is a limitation for some spectrofluorime-
ters, results in anomalous shoulders in the emission spec-
trum. This could then appear as troughs and extrema in
first and second derivative spectra. The emission spectrum
of iV-acetyl tyrosine after excitation at 280 nm shows an
emnmi at 321.2 nm and is well extended up to 360 nm in
aqueous buffer at pH 7.0. Under various conditions, e.g.
variation of the excitation wavelength between 260—280
nm, concentration of the fluorophore between 0-100 nM,
and ionic strength of the buffer between 0-1 M, second
derivative spectra were generated. These derivative spectra
were distinctly different from that of NATA, indicating that
the data reported for NATA, e.g. existence of two troughs at
the negative ordinate, are not associated with any instru-
mental artifact. The success of the experiment is due to the
quality (smoothness) of the zero-order emission spectra
generated with an instrument. On the other hand, when B
does not appear as a distinct peak, for example, where R
appears to be lower than 0.1, uncertainty arises as to
proper assignment of the numerical value of B. In such
cases, repeated scans were performed and derivative values
at 358.5 nm were considered.

Effects of Tyrosine and Quenchers—Tyrosine exhibits
very low but finite absorption at 295 nm. With excitation at
that wavelength, iV-acetyl tyrosine (10 mM) in 20 mM K-
phosphate buffer, pH 7.5, does not show any significant
emission and hence no derivative intensity between 315-
500 nm (Fig. 3). Variation of the molar concentration ofN-
acetyl tyrosine up to a 40-fold molar excess over 10 nM
NATA failed to change R (Fig. 3, inset). Quenchers like
acrylamide (0-0.8 M), potassium iodide (0-0.4 M), and
trichloroethanol (0-0.4 M) were included separately with
10 nM NATA. The quenchers decreased the emission inten-
sities in a concentration-dependent manner without alter-
ing the emission maxima. Derivatization of the quenched
spectrum showed gradual decreases of the intensities at A
and B, but R was found to be invariable.

Effect of Solvent Polarity—It is well known that tryp-
tophan fluorescence is dependent on solvent polarity (19,
20, 23). Variation of the solvent dielectric constant (DEC)
from 78 to 2.21 at 25°C, using various organic solvents in
place of aqueous buffer, showed that the height of the
trough at B relative to A decreased, and as a result R
changed from 0.70 ± 0.05 to 0.07 ± 0.05. This was accompa-
nied by a 2-5 nm blue shift of the positions of A and B. Nor-
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Fig. 2. Dependence of derivative char-
acters of NAIA on external conditions.
(Upper left) Derivative intensities of 0-30
nM NATA at 338.5 nm (A) (•) and 358.5 nm
(B) (o). (Upper right) Wavelength of the
trough position at (A) (•) and (B) (o) in Fig.
1 on variation of the concentration of
NATA. (Lower left) R, ratio of derivative
values of B versus A with the concentration
of NATA, and (lower right) R with the exci-
tation wavelength between 280-300 nm.
The excitation and emission band passes
were 10 nm each, as compared to 5 nm in
Fig. 1, resulting in higher derivative inten-
sities at A and B, but the spectral charac-
ters remained unaltered.

o: 075
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CTyrl/CTrpJ

-1.0
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Fig. 3. Derivative spectrum of iV-acetyl tyrosine (10 nM) at pH
7J5 after excitation at 295 nm. (Inset) Dependence of R (as de-
scribed in the text) on 10 nM NATA in presence of a 0-40 fold molar
excess of iV-acetyl tyrosine. d2F/dA2 indicates derivative intensity.

malized second derivative spectra of NATA in low ionic
strength aqueous buflFer, methanol, ethanol and acetonitrile
are presented in Fig. 4A, illustrating the change of spectral
characters. The dependence of R on solvent DEC ranging
from 78.54 to 2.21 exhibited a linear relation with a regres-
sion coefficient of 0.961 (Fig. 4B).

Theoretical considerations have indicated that differ-
ences in dielectric constant might be the major but not the
only criteria responsible for the changes of the emission
spectra of a fluorophore in different solvents (19, 20). The
chemical structures of the solvent and solute, for example,
polar and non-polar segments, also play roles in stabilizing
Frank-Cordon states (23, 24). This factor could largely be
removed by using two solvent systems, like water-metha-
nol, etc., while preparing solvents of predetermined DEC
(25). The relation of R to increasing concentrations of meth-
anol, ethanol and acetonitrile in water was followed in
detail (Fig. 5). In all cases, linear negative dependency of R
with increasing organic solvent concentration was ob-
served, the regression coefficients being 0.994, 0.993, and
0.992, respectively. The better fit of linearity in Fig. 5, as
compared to in Fig. 4B, possibly arises from the spectral
quality of the three solvents as well as the advantage of a
two-solvent system stated above. Among all the solvents
tested so far only acetonitrile yields relatively low R com-
pared to its DEC. The reason for this has not been investi-
gated yet.

Second Derivative Spectra of Proteins—Ten well charac-
terized proteins, e.g. ribonuclease, peroxidase, ovalbumin,
pyruvate kinase, hexokinase, epimerase (E. coli), lysozyme,
phospholipase C, galactose-1-phosphate uridyl transferase,
galactose oxidase, and BSA, were studied. Their concentra-
tions were kept between 0.5-1.0 \xM in 20 mM K-phos-
phate buffer, pH 7.5. With excitation at 295 nm, the de-
rivatised emission spectra were found to be similar to that
of NATA in solvents of considerably low polarity. Two
troughs in the negative ordinate were apparent at 340 ±
2.0 and 358.5 ± 2.0 nm, the former being prominent. R var-
ied between 0.02-0.34. In cases where the value was less
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Fig. 4. Dependence of R of
NATA on solvent dielectric
constants. (A) Normalized deriv-
ative spectra of NATA in the pres-
ence of water (1); methanol (2);
ethanol (3); and acetonitrile (4).
(B) Linear dependency of R on the
solvent dielectric constants. The
solvents used were as follows
(DEC in parenthesis): 1,4-dioxane
(2.21); ethyl acetate (6.0); tetrahy-
drofuran (7.4); 1-butanol (17.8); 2-
propanol (18.3); ethanol (24.3);
methanol (32.63); dimethyl sul-
phoxide (45); and water/aqueous
buffer (78.54). The regression co-
efficient was 0.961. The original
stock of NATA was maintained in
dehydrated ethanol.
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Fig. 5. Dependence of R of NATA on a change of the solvent
composition from aqueous to organic. The solvents used were
methanol (A); ethanol (o), and acetonitrile (a).

than 0.05, there was some uncertainty as to its evaluation
because of the not so smooth nature of the derivative pro-
files. The derivative values at 358.0 nm were considered to
deduce R after repeated scans. Low values of R illustrate
the general buried nature of tryptophan residues of pro-
teins in a hydrophobic environment (19, 26, 27). A repre-
sentative picture with epimerase is presented in Pig. 6
(tracing A). Although not concerned in the present study,
derivative spectra of proteins, unlike NATA, sometimes
show a shoulder or notch to the left of A. The discrepancy
possibly arises from the presence of stable and complex ter-
tiary structures of proteins leading to different arrays of
energy states. The manifestation might be insignificant in
zero-order emission spectra but is amplified after derivati-
zation.

All proteins mentioned earlier yielded R between 0.003-
0.005 in the presence of 0.1% SDS in the phosphate buffer.
This is consistent with the fact that SDS form a a very
strong hydrophobic layer on a protein surface inducing
denaturation (28). Unfolding of proteins in the presence of

-0.290
300 500350 400 450

Wov«length(X)

Fig. 6. The second derivative emission spectra of native (A)
and unfolded (B) epimerase between 300-600 nm after exci-
tation at 295 nm. The refolded protein has spectra overlapping
those of the native conformer. The protein concentration was 40 \ig/
ml.

strong denaturants like 8 M urea or 6 M Gdm, HC1 led to
destabilization of the structure, whereby buried tryptophan
residues are exposed to aqueous solvents (29, 30). To check
whether this is reflected in the derivative spectrum, four
proteins with or without cysteine bridges, e.g. BSA, lyso-
zyme, ovalbumin and epimerase, were selected. The unfold-
ing buffer was supplemented with 2-MCE to reduce disul-
phide bonds. An increase of R compared with in the native
state was evident, 0.222-0.572 with urea and 0.458-0.622
with Gdm, HC1/2-MCE. The unfolded states sometimes
withstand a strong hydrophobic core that acts as a nucle-
ation site during refolding (30). This might prevent the
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unfolded protein from attaining the R value reached by
NATA in aqueous buffer. Eight of the above ten proteins
were also extensively proteolysed with trypsin and chymot-
rypsin, with the aim to generate small unstructured pep-
tides, where tryptophan residues were expected to be
solvated. R of the proteolysed products varied between
0.60-0.93. Why the higher limit exceeded that of NATA, i.e.
whether or not this originates from the effects of neighbor-
ing amino acids of small peptides is not clear. As an alter-
nate consideration, six of the previously unfolded proteins
were refolded by dilution with buffer. R of the refolded
states varied between 0.066-0.48, suggesting an approach
to their native conformations. In the case of epimerase, nor-
malized derivative spectra of the native and refolded states
show indistinguishable profiles, which were distinctly dif-
ferent from that of the unfolded state (Fig. 6, tracing A ver-
sus B). This illustrates that in the case of epimerase, en-
vironment of the tryptophan residues of the refolded state
largely resembles that of the native state. For other pro-
teins, deviation of R from that of the native state most
probably arose from incomplete or improper recovery of the
structure of the refolded state (31, 32). The results of the
protein unfolding-folding studies are summarized in Table

n.
Furthermore, it was examined whether or not R could be

used as a parameter to follow the unfolding transitions of
proteins with denaturants like 0-8/10 M urea and 0-6/8 M
Gdm, HC1 in the presence or absence of a reducing agent to
break disulphide linkages. Four systems were selected: (a)
chicken egg white lysozyme (50 jig/ml) (14.3 kDa with 4
cystine bridges) was treated with 0-8 M Gdm, HC1 in the
presence of 10 mM 2-MCE at 30°C for 16 h to generate par-
tial and total equilibrium unfolded states. For each set, the
same solvent was incubated similarly as a control. The
derived R was 0.221-0.222 and 0.666-0.667 between 0-2 M
and Ar-% M Gdm, HC1, respectively. This was associated
with a cooperative transition having a midpoint at approxi-
mately 3.0 M Gdm, HC1. The derivative profiles of the pre-
and post-transition zones are shown in Fig. 7 A. The latter
clearly shows a significant change of the derivative inten-
sity at B. The position of A in the post-transition profiles
exhibited a red shift of about 5 run, which was similar to
that of NATA, with a change from lower to higher solvent
dielectric constants. The transition profile is shown in Fig.
7B (upper tracing). This may be compared with the sharp
cooperative transition of the same protein under identical
conditions observed from optical rotatory dispersion at 234
nm (33, 34). The mid-point of the ORD experiment was
around 3.6 M. While ORD data represent the secondary
structures of a protein, R is associated with the tertiary

TABLE II. Proteins and their R values in the native, proteolysed, denatured, and refolded states.

Protein PDB Code" Native state Proteolysed state In 8 M Urea/6 M Gdm,
HC1 + 10 mM MCE Refolded state

BSA
Lysozyme
Ov albumin
UDP-galactose 4-epimerase
Peroxidase
Hexokinase
Phospholipase C
Galactose 1-phosphate uridyl transferase
Pyruvate kdnase
Ribonuclease Tl
Galactose oxidase

—
6LYT
1OVA
2UDP
3ATJ
1GLK
1AH7
1GUP
1PKN
1BVI
1GOF

0.24
0.19
0.05
0.066
0.07
0.16
0.34
0.11
0.095
0.15
0.025

0.69
0.75
0.62
0.60
0.93
0.64
0.89
0.65
N.D.
N.D.
N.D.

0.47/0.62
0.22/0.59
0.57/0.62
0.355/0.46

N.D.b

N.D.
N.D.
N.D.
N.D.
N.D.
N.D.

0.15
0.17
0.07
0.072
N.D.
0.21
N.D.
N.D.
N.D.
N.D.
N.D.

•Protein data bank. bN.D., not determined.
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Fig. 7. Derivative profiles of
equilibrium unfolding inter-
mediates of proteins. (A) Nor-
malized derivative spectra of
lysozyme in 50 mM sodium
phosphate buffer, pH 7.5, in
presence of (1) 8 M; (2) 6 M; (3)
4 M; (4) 2 M; and (5) 0 M Gdm,
HC1 containing 10 mM 2-MCE.
These spectra essentially repre-
sent post- and pre-transition
zones. Other spectra have not
been included to ensure clarity.
(B) Unfolding transition profiles
of lysozyme by Gdm, HC1 in the
presence of 2-MCE (•), and liver
alcohol dehydrogenase in the
presence of urea (•) as moni-
tored against R.
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structure, which is more sensitive to solvent perturbation
resulting in a minor difference in the two transition mid-
points. When the same transition was followed with 0-10
M urea in the absence of 2-MCE, R remained almost
unchanged between 0.222-0.225, indicating the stability of
the native structure due to the disulphide bridges, (b) Equi-
librium unfolded states of liver alcohol dehydrogenase
(LAD) (0.25 mg/ml), a tetrameric molecule devoid of disul-
phide bridges, were generated with 0-10 M urea at 30'C
for 16 h. The unfolding, as observed as R, showed a transi-
tion essentially between 7-8 M urea, the mid-point being
7.2 M (Fig. 7B, lower tracing). Such stability of the mole-
cule against denaturation, dissociation of subunits and
change of the tertiary structure have also been reported
earlier, for example, between 7-8 M urea or 5-6 M Gdm,
HC1 with fluorescence polarization (35, 36). (c) Similarly,
the transition midpoint of BSA with 0-8 M urea was found
to be at around 6.0 M (result not shown) (37). This is com-
parable to 5.8 M observed on 0-8 M urea gradient trans-
verse polyacrylamide gel electrophoresis (38), and finally
(d) unfolding transitions of epimerase with R between 0-8
M urea showed unfolding was essentially complete with 6
M urea, a similar conclusion being arrived at on circular
dichroism spectroscopy. The transition midpoint at 3.1 M
urea was very close to 3.0 M derived from fluorescence
emission spectra (ex: 295 run; em: 335 nm) of the unfolding
intermediates, which was associated with both quenching
and red shift of emission. The details of the results have
been communicated elsewhere (37, 39). Thus R could faith-
fully represent the unfolding transitions of proteins, which
are supported by other physical techniques.

DISCUSSION

The second derivative emission spectra of NATA, presented
in Fig. 1, are similar but not identical to as previously
reported (9). Earlier, a Perkin-Elmer instrument (Model
MPF-44B) equipped with a differential corrected spectra
unit, Hitachi Perkin-Elmer DSCU-2, inserted between the
signal output and the recorder output was used. That sys-
tem apparently failed to resolve troughs in the negative
ordinate of the spectrum, which is at present possible with
instruments of later versions. An index, R, based on the
intensities at the two trough positions was found to be
related with the hydrophobicity of the medium. For an
underivatized spectrum of NATA, a change of the solvent
from 1,4-dioxane (DEC = 2.21) to aqueous buffer (DEC =
78) is associated with a shift of emmsi from 335.0 -> 350.0
nm. In comparison to 1-2 nm variation in recording em^^,
this parameter is not too sensitive to the solvent polarity.
However, a corresponding change of emission intensity
from 184 to 71 (arbitrary units) provides sufficiently accu-
rate a parameter for monitoring, the numerical difference
being large. Therefore, for NATA, derivatization per se does
not have any additional advantage. However, the results
presented here indicate that R is independent of the pres-
ence of tyrosine and quenchers, and also remains invariant
with changes of the concentration of the fluorophore, pH,
temperature, ionic strength of the buffer, wavelength of
excitation, etc. in the range of biological significance (Figs. 2
and 3, also see the text). With this background, the obser-
vation was extrapolated to proteins.

It is worthwhile to consider how similar the tryptophan

emission spectra of proteins are to that of NATA in aque-
ous buffers to justify comparisons. Two differences are obvi-
ous; tryptophans in proteins are largely in a hydrophobic
environment causing spectral shifts, and secondly protein
emissions are polarized due to rotational restrictions aris-
ing from far heavier molecular weights than that of NATA.
In addition to a general wavelength response, emission
monochromators sometimes exhibit a bias for one plane of
polarization over the other, and this bias is wavelength-
dependent. Furthermore, in addition to a gradual change in
this bias with wavelength, there are several wavelengths
where the so-called "Woods anomaly" occurs (40). At that
point one will observe dramatic bumps in the "corrected"
emission spectrum, which is due to the fact that at the
Wood's anomaly wavelength, all perpendicularly polarized
components are lost. Whether such a discrepancy occurs in
the protein emission leading to notches in the derivative
spectrum requires verification.

Experiments with NATA were performed to generate
three sets of emission spectra (ex: 295 nm); one without
any polarizer at excitation and emission windows as a con-
trol, and two others having no polarizer at the excitation
window but with one at either 0° and 90°, respectively, at
the emission window. The intensity of emission of these
spectra differed as expected because of the change of emis-
sion windows, but when normalized they were nearly over-
lapping. emmBI for these sets were 353.4, 356.0, and 355.4
nm, respectively. Moreover, in none of these spectra was a
notch, hump or shoulder observed, indicating that the
emission monochromator does not show any wavelength-
dependent response for either perpendicularly or horizon-
tally polarized light (result not shown). Identical experi-
ments were performed with BSA. Three sets of emission
spectra, together with one for NATA without any polarizer
as a reference, were normalized (Fig. 8). The BSA emis-
sions were not identical, possibly suggestive of wavelength-
dependence of emission monochromators, but the differ-
ences were not significant in terms of normal variation of
spectral parameters, for example e m ^ of these spectra
were 343.8, 344.8, and 344.2 nm, respectively. Similar
results showing variation of spectral data were observed
with lysozyme (338.6, 340.0, and 340.2 nm) and ovalbumin
(336.0, 339.0, and 338.0 nm). Therefore a minor qualitative
difference between the derivative spectra of NATA and a
protein is expected. But in all cases the polarized emission

IOO

3OO 350 400
(EM)

450 500

Fig. 8. Fluorescence emission spectra of BSA and NATA. Exci-
tation was performed at 295 nm. The tracings were as follows:
NATA (unpolarized) (a); BSA (unpolarized) (b); BSA (polarizer at 0"
only at the emission window) (c); and BSA (polarizer at 90' only at
the emission window) (d). Emission intensities were normalized at
the respective emission maxima.
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spectra were smooth and free from any notch, asymmetry
or hump. The derivative spectra of these polarized emis-
sion, except for a minor shift of trough positions (±2 nm),
also did not demonstrate any unusual peak, trough, notch,
or hump other than as observed in the cases of unpolarized
emission (Fig. 3). These findings indicate the absence of
Wood's anomaly, at least in the wavelength zone studied.

hi an ideal situation, all spectrofluorimeters should yield
identical spectra for a protein provided proper solvent cor-
rections including instrumental calibrations, if any, have
been performed. In reality the emission spectra of proteins
sometimes differ depending on the instrument, which in
turn is related to the wavelength dependence of emission
monochromators. Thus, the characters of the derivative
spectra also change. To check this, different spectrofluorim-
eters available in our locality were used, as follows: Hitachi
F 4020 (this institute), Hitachi F 4020 (Department of life
Science, Jadavpur University, Calcutta), Hitachi F 4020
(Biochemistry Department, University of Calcutta), and
Hitachi F 4500 (this institute). While most of the experi-
ments presented here were performed with the Hitachi F
4020 of our institute, overlapping data were found when
some of the experiments described in Figs. 1-4 were per-
formed with the same instrument of Jadavpur University.
Derivative spectra of NATA and BSA (native and dena-
tured states) were also generated with all other instru-
ments. No significant difference leading to anomalies was
detected. Thus the observations presented here are not
dependent on the instrument make or model.

For proteins, exposure of tryptophans from the interior
hydrophobic environment to aqueous media, eg. during
unfolding or extensive proteolysis, is usually associated
with changes of emission maxima. The numerical differ-
ence is often smaller than in the case of NATA. On the
other hand, due to quenching effects of neighboring amino
acids, unfolding or other change of conformations might be
associated with enhancement, quenching or non-alteration
of emission intensity (41). This may be compared with the
large difference in R during such processes, say from 0.07
to 0.70. Thus, derivatization offers a more reliable and sen-
sitive spectral parameter for following the tryptophan envi-
ronments of protein molecules.

In an attempt to correlate the average hydrophobicity of
tryptophan residues of proteins listed in Table II with
derived R, their X-ray crystallographic structures were
analyzed. The structures were downloaded from a Protein
Data Bank file using the four letter codes, as mentioned in
Table II. The average hydrophobocity of tryptophan resi-
dues of a protein was calculated as follows: using an In-
sight-11 software program with each tryptophan residue as
the center, cubes of different arm length were constructed.
All the amino acids within these cubes were listed and
their hydrophobicity was taken from the index provided in
(42). hi cases where a tryptophan residue was not com-
pletely surrounded by other amino acids, i.e. had contact
with the solvent, the respective surface accessibility (a
numerical fraction) was obtained with the same software
program. The arithmetic mean of the hydrophobocity of all
amino acids in a cube multiplied by the fraction buried (1—
surface accessibility) was considered as the contribution of
a particular tryptophan residue towards the hydrophobicity
of a protein. For multitryptophan proteins, further averag-
ing of the hydrophobicity of tryptophans was performed for

final evaluation. The whole procedures were repeated for
cubes of arm lengths 2.5, 3, 3.5, and 4 A since interaction of
an amino acid at a distance more than 4 A becomes insig-
nificant (43). Unfortunately no correlation between hydro-
phobicity, as derived with different cube lengths, and R was
apparent for the proteins mentioned here.

It is thus apparent that although parameter "R" senses
major conformational changes of proteins, its accurate cor-
relation with the native state is not possible at this mo-
ment. There seem to be three reasons. The method adopted
for determination of hydrophobicity of proteins may need
further refinement. Experimental determination of R for
proteins in the native state is usually inaccurate as the
intensity of the trough at 358.5 nm is very low and the fluo-
rescence emission patterns of proteins may be associated
with such phenomena as 'charge transfer complex,' eta
making the derivative spectrum dissimilar to that of NATA
(19, 20, 44). Further studies may resolve these shortcom-
ings.

Prof. R. Doolittle, University of California at San Diego, and Dr.
Samrajnee Dutta, Chemistry Department, Presidency College,
Calcutta, helped in the crystallographic analysis. We also thank an
anonymous reviewer for pointing out the polarization effect of pro-
tein fluorescence emission in the consideration of a derivative
spectrum.
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