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Decomposition of Protein Tryptophan Fluorescence Spectra into
Log-Normal Components. Il. The Statistical Proof of Discreteness of
Tryptophan Classes in Proteins

Yana K. Reshetnyak and Edward A. Burstein

Institute of Theoretical and Experimental Biophysics, Russia Academy of Sciences, Pushchino, Moscow Region, Russia 142290

ABSTRACT The physical causes for wide variation of Stokes shift values in emission spectra of tryptophan fluorophores in
proteins have been proposed in the model of discrete states (Burstein, E. A., N. S. Vedenkina, and M. N. Ivkova. 1973.
Photochem. Photobiol. 18:263-279; Burstein, E. A. 1977a. Intrinsic Protein Luminescence (The Nature and Application). In
Advances in Science and Technology (ltogi Nauki i Tekhniki), Biophysics Vol. 7. VINITI, Moscow [In Russian]; Burstein, E. A.
1983. Molecular Biology (Moscow) 17:455-467 [In Russian; English translation]). It was assumed that the existence of the five
most probable spectral classes of emitting tryptophan residues and differences among the classes were analyzed in terms
of various combinations of specific and universal interactions of excited fluorophores with their environment. The develop-
ment of stable algorithms of decomposition of tryptophan fluorescence spectra into log-normal components gave us an
opportunity to apply two mathematically different algorithms, Simple fitting with Mean-Square criterion (SIMS) and PHase-
plot-based REsolving with Quenchers (PHREQ) for the decomposition of a representative set of emission spectra of proteins.
Here we present the results of decomposition of tryptophan emission spectra of >100 different proteins, some in various
structural states (native and denatured, in complexes with ions or organic ligands, in various pH-induced conformations, etc.).
Analysis of the histograms of occurrence of >300 spectral log-normal components with various maximum positions
confirmed the statistical discreteness of several states of emitting tryptophan fluorophores in proteins.

INTRODUCTION

Tryptophan fluorescence is widely used to study the locanaturation by urea, and toward 330-332 nm upon addition
tion, physical and dynamic properties of microenvironmentof anionic detergents in acidic solutions. However, this
of indole fluorophores, and the structural features and bemodel could not explain the existence of proteins with a
havior of the protein molecule as a whole (Burstein, 1976 high quantum yield (for example, 0.20-0.27 for serum
1977a, 1983; Lakowicz, 1983; Demchenko, 1986). Dependalbumins (Longworth, 1971)) and intermediate spectral
ing on the environment of tryptophan residues in proteinsmaximum positions (341.5 nm) for some single-tryptophan-
the maximum positionX,,) and quantum vyieldd) of tryp-  containing proteins, such as human serum albumin (Ilvkova
tophan fluorescence could vary widely, from 308 to 353 nmet al., 1971).
and from 0.4 to immeasurably low, respectively. In 1973 one of us, with co-workers, revised and extended
In 1967 Konev put forward the hypothesis of the exis-Konev's hypothesis of discrete classes of tryptophan resi-
tence of two main classes of tryptophan residues in proteinglues in proteins and suggested a new model using some
which possess discrete values of fluorescent paramgters additional spectral parameters and approaches (Burstein et
andq (Konev, 1967; Volotovski and Konev, 1967). One of al., 1973). The spectral bandwidth at the half-maximal am-
the classes included tryptophan fluorophores inside the prgslitude AX was taken as an additional parameter. The linear
tein in a low-polar hydrophobic environment with a shorter-relationship was found between values\of and maximum
wavelength position of fluorescent maximum,(of ~330  positionA,, for tryptophan and other C-3-substituted indole
nm) and rather low quantum yield (0.04 to 0.07). Thederivatives in solvents of various polarities. These spectra
second class consisted of exposed tryptophan residues incauld be regarded as a series of “elementary” components
high-polar aqueous environment with long-wavelength porepresenting the emission bands of individual tryptophan
sition of spectraX,,, of ~350 nm) and quantum yield equal residues in proteins. Existence of a spectral shift accompa-
or higher than that of free aqueous tryptopharO(13—  nying the quenching of protein fluorescence by ionic solutes
0.17). This hypothesis had been based on the observatigqno,, |-, Cs") indicated the multicomponent character of
that protein spectrum shifts toward 350-353 nm upon dea protein emission spectrum. It was demonstrated that the
spectra of proteins, which are shifted upon quenching, pos-
sessAM values exceeding those of “elementary” compo-
Received for publication 12 January 2001 and in final form 7 June 2001.nants. The analysis of the differences between initial spectra
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These results allowed us to develop an extended model af/” log-normal components (Abornev and Burstein, 1992;
discrete states (classes) of tryptophan residues in proteinBurstein et al., 2001).
which assumed the existence of five statistically most prob- Here we present the results of such decomposition of
able classes (Burstein et al., 1973; Burstein, 1977a, 1983)ryptophan emission spectra 6f100 different proteins,
According to the model, the following discrete classes ofsome in various structural states (native and denatured, in
tryptophan residues were predicted to be most probable inomplexes with ions or organic ligands, in various pH-
proteins (Burstein, 1977b, 1983): induced conformations, etc.). The database of obtained log-
normal components allowed us to check the hypothesis of
1. Class A A, = 308 nm, structured spectra); the fluero the discrete classes of tryptophan residues on the basis of a
phores, which do not form hydrogen-bound complexesepresentative set of proteins. Analysis of the histograms of
in the excited state (exciplexes) (Hershberger et al.occurrence of spectral components with various maximum
1981) with solvent or neighboring protein groups; positions confirmed the statistical discreteness of several
2. Class SX,, = 316 nm, structured spectra) includes the states of emitting tryptophan fluorophores in proteins. The
buried tryptophan residues that can form the exciplexesliscrete classes observed here are similar to those proposed
with 1:1 stoichiometry; in the model of discrete states in 1973-1977.
3. Class | §,, = 330—332 nmAAX = 48-50 nm) repre
sents the buried fluorophores that can form the exci-
4. Class Il {,, = 340-342 nmAA = 53-55 nm) repre
sents the fluorophores exposed to the bound wateFluorescence spectra
possessing very long dipole relaxation time, which Pré-rpe large majority of protein fluorescence spectra used in this work and
cludes completing the relaxation-induced spectral shiffisted in Table 1 were taken from the archive of experimental data of the
during the excited-state lifetime; Laboratory of Functional Biophysics of Proteins (Institute of Theoretical
5. Class Il Q\m = 350-353 nmAA = 59-61 nm) Con and Experimental Biophysics of the Russia Academy of Sciences). The

: pectra have been published and/or analyzed in various special publications
tains rather fu”y exposed fluorophores surrounded byZited in the column “References.” These publications also contain the data

hlghly mobile water completely relaxmg durlng the about protein preparations and techniques of fluorescence measurements. If

excitation lifetime, which makes their spectra almostthe spectra were measured elsewhere and given to us, they were recorrected

coinciding with those of free aqueous tryptophan. for instrument spectral sensitivity curves using the emission spectra of
aqueous tryptophan solution as a standard. Such a recorrection was nec-

. . sary because the component analysis algorithms were developed based
At that time, there was constructed and used the Ca“brategi the model spectra measured with our lab-made instrument (Burstein et

diagramAA versusA, for estimating the contributions of 5 1973; Bukolova-Orlova et al., 1974) with a carefully estimated spectral
three most frequent model classes (I, 1, and Ill) of trypto- sensitivity curve (Burstein and Emelyanenko, 1996).

phan residues in the fluorescence spectrum of a protein The preparations of wheat germ agglutinin, inorganic pyrophosphatase
(Burstein et al., 1973)_ The application of this hypothesis(pyrophosphate phosphohydrolase) from baker’s yeast, monellin iem

was rather effective in the interoretation of protein tr to_oscoreophyllum cummendiiuits, Escherichia colialkaline phosphatase,
P P yp and subtilisin BPN produced by Sigma (St. Louis, MO) were kindly given

phan fluorescenpe data in various piOphySical an(_j mC‘IeCL{b us by Dr. J. Borejdo (University of North Texas Health Science Center,
lar-biology studies. However, the idea of the existing of Fort Worth, TX). Human and bovine carbonic anhydrases |1, staphylococ-
discrete classes of tryptophans in proteins was based on tlsel serine protease, and subtilisin Carlsberg (Sigma) were a kind gift from

analysis of very limited numbers of proteins Now it seemsDr- S. S. Lehrer (Boston Biomedical Research Institute, Boston, MA). The
reparation of bovine carboxypeptidase A was from Reanal (Hungary).

reasonable to reappraise the hypOtheSIS of discrete Stat%?e yeast 3-phosphoglycerate kinase was from Sigma. Porcine pancreatic

applyi_ng more .recent analytic and cpmputing methods tGipase was from Serva. Hen egg white ovalbumin was from Reakhim
the wide statistical database of protein spectra. (Olaine, Latvia). Actin from dog heart was prepared by one of us (Ya.

Such a reappraisal is possible now due to progress iK- R.) according to Pardee and Spudich (1982).
protein preparation techniques and methods of component
analysis of protein emission spectra. It was shown that the
fluorescence spectra of tryptophan and its derivatives maFluorescence measurements

be accurately described analytically by a log-normal func- ) ) )
Fluorescence spectra of the several proteins marked in Table 1 (in the

tion (Burstein, 1976), proposed initially for the absorption “References” column) as “Present work” were measured by us during the

spectra by Siano and Metzler _(1969)- Thereupon, it Wasast six years. Acrylamide, KCI, KI, CsCl, Tris, and ATP preparations used

found that the shape of the emission spectra of tryptophain these experiments were ultra-pure grade of Russian or Soviet production

both in solutions and in a protein depends only on theor Sigma. o

spectral maximum pOSitiOIOm in a known manner (Burstein Stegdy-state emission spectra were recorded on the lab-made spec-
dE | ko. 1996). This fact all d to d | trofluorimeter (Burstein et al., 1973; Bukolova-Orlova et al., 1974) with

an _me yane_n 0, ) IS Tact a Owe us to deve OF%ollection of emitted light from the cell front face, that allowed application

effective algorithms of reliable decomposition of tryptophan o the strict correction function for screening and reabsorption inner filter

fluorescence spectra of proteins into individual “elementa-effects (Burstein, 1968). The fluorescence was excited with the mercury
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line 296.7 nm from an SVD-120A mercury lamp isolated with a mono- complexes with ions or organic ligands, and in various
chromator. The use of the mercury lamp with narrow spectral lines i”pH-induced states) obtained by the above-mentioned a|go_
emission provided the possibility of rather simple correction for the stray . f : :
light presented in the registered emission spectra. The spectral width orflthms’ SIMS and PH_REQ’ and dlfferem averaging schemes
slits for excitation and emission did not exceed 2 nm. After correction forOf the obtal_ned solutions, averaging and mean best f't'. The
the instrument spectral sensitivity (Burstein and Emelyanenko, 1996), th&IMS algorithm was used to the log-normal decomposition
intensities were proportional to the number of photons emitted per uniiof 163 sets of tryptophan emission spectra. The PHREQ
wavelength interval during a unit time interval. Spectra of almost everya|gorithm was applied to the 105 sets of fluorescence spec-
protein were measured in the presence of varying concentrations of exter- .
nal quenchers (acrylamide, Kl, CsCl, and/or Najj\ONVhen using ionic {ra because the other 58 spectra of p_rc_)telns were me_asured
quenchers (1, Cs*, or NO;™) the total ionic strength was kept constant without quenc_hers’ and only the modified SIMS algor'thm
(from 0.4 to 0.6 M in various experiments) by addition of KCI. In could be applied to decompose them. The results obtained
experiments with acrylamide the intensities in fluorescence spectra wergyith both SIMS and PHREQ methods for absolute majority
corrected for the screening inner filter effect of this quencher at thegf proteins differ less than errors of means presented in the
excitation wavelength (Burstein, 1968). Am(i) and S(i) columns. It allows presenting the unified
results of the component analysis independent of the de-
Analysis and representation of spectral data composition method. Besides the results of log-normal
component analysis, Table 2 contains the maximum posi-

The decomposition of tryptophan fluorescence spectra of proteins int ion values of whole. non-decomposed fluorescence spectra
log-normal components was performed for sets of spectra measured lt ! p P

varying concentrations of quenchers using two algorithms: SiSisiple ~ Of prgteins (‘?\m.tc-)tal,”.the third column). The denatured
fitting with MeanSquare criterion) (Abornev and Burstein, 1992; Burstein proteins are italicized in the tables.

et al., 2001) and PHREQPHase-plot-base&Esolving with Quenchers, The database of log-normal components of protein tryp-
for two-component decomposition) (Burstein et al., 2001). For the decommphan fluorescence spectra shown in Table 2 may be re-

position of a single spectrum (without quenchers) the modified SIMS ded lized tati datab f 1
algorithm was applied (Burstein et al., 2001). Using SIMS, the spectrag{jlr €d as a generalized representalive database ot fluores-

were independently fitted by one, two, or three components. The criterioff€NCe spectra of individual tryptophan residues in proteins.
of attaining the solution (a minimal sufficient number of components It allowed us to perform statistical testing of the hypothesis
describing the spectra) was the minimal root-mean-square differencegf discrete states, i.e., the existence of the set of several
(residuals) between theoretica_ll _and experimental sp(_ectra muItipIi_ed by Fhaasses of tryptophan residues in proteins discretely differ-
number of parameters under fitting. For several proteins two solutions with . . . . .
different numbers of components, which had the similar values of thismg in their fluorescence spectral maximum posmon.s, which
criterion, were selected as the best ones. was put forward as early as 1973-1977 (Burstein et al.,
The fact that the components of composite tryptophan emission spectrd973; Burstein, 1977a, b, 1983). Such a test is performed
of proteins are wide~{30—-60 nm at half-maximal level) compared with here by constructing and analyzing the histograms of oc-

the differences between the values of their maximum positions (from 5 toCurrence of Iog-normal components presented in the data-
~50 nm), might considerably reduce the reliability of decomposition. pase of Table 2

Therefore, we present in Table 2 the averaged results (values of th . . o
maximum positiona,(i) and the contribution into the area under spectrum, ~ Before examining histograms of occurrence of individual

(i) and the standard deviations of averaging) obtained separately with thiog-normal components, it seems reasonable to consider
mathematically different algorithms: PHREQ and SIMS. The good agreehgyy randomly are distributed spectral maximum positions

ment between the parameters that were obtained with these two methogﬁ whole non-decomposed emission spectra of proteins of
demonstrate the reliability of a result. We can note that for the absolute ’

majority of proteins the results obtained with these two methods differ lesPUr database. The h|stogra.1ms.of occurrencle,p\‘/a}lues of
than by errors of means. It allowed us to present unified results of thaVhole spectra are shown in Fig. A,andB for native and
component analysis for individual proteins independent of the decompoédenatured proteins, respectively, constructed using xhe “
sition method. total” values from Table 2. It is seen that the histogram of
Moreover, the majority of protein spectra were measured in the PreSH  for native proteins is rather well fitted by normal distri
ence of various quenchers, in most cases more than once, using prepaigi’-“. ith th K at 336.7 0 dr=60+09
tions from different sources or varying solvent conditions. To extract ution W't _t e peak at ) =4 .‘4 nm anar = 6.9 = U.
unified values of the parameters for any given protein or its conformer, twoM, Which is a good confirmation of random character of
averaging schemes were applied to the sets of decomposition resultthe excerpt of native proteins. A worse fitting by the normal
“Averaging” and “Mean Best Fit” (Table 2). According to the first scheme, distribution was obtained for the maximum positions of
the parameters of components were calculated as averages of all solutiomjorescence spectra of denatured proteins (the peak at

obtained for all individual experiments, independent of the quality of the N . .
decomposition. Within the second scheme, only the data obtained witr"r)"1'6'Si 0.6 nm;o = 4.1+ 1.3 nm); however, itis expected

minimal values of the decomposition functional for each experiment weredué to the small number of proteins and, mainly, due to
averaged. essentially different structural features of protein states

formed under various denaturing effectors used (urea, diox-
RESULTS ane, extreme_pH, e_tc.). _

The canonical histograms of occurrence of maximum
In Table 2 we present the results of decomposition ofposition values of log-normal components (with the 2-nm
tryptophan fluorescence spectra>e100 different proteins, steps) of emission spectra of native proteins are presented in
some in various structural states (native and denatured, iRig. 2. PanelsA and B represent the distributions,(i)
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Mean Best Fit

Am (i) (nm)
347.6+ 4.2
324.1+ 2.1
333.7= 6.4

Average

Am (i) (nm)
344.6+ 5.6
324.1x 2.1
333.7- 6.4
350.8+ 3.6
329.5+ 1.7
353.3+ 3.2
329.7+ 1.6

SIMS

Am (1) (nm)
345.9+ 4.4
324.1+ 2.1
333.7+ 6.4

PHREQ

Am (i) (nm)
341.9-7.3

i) (%)
36.0= 10.6

No.

(i) (%)
454+ 16.5

No.

(i) (%)
40.5+ 10.7

No.

(i) (%)
54.9+ 16.6

A, total (nm)  No.

Protein Code

No.

2
1
2
3
1
2
1
2
3
1
2

2
1
2
3
1
2
1
2
3
1
2

2

2

(2-comp.)

43.2+21.4

43.2+21.4

43.2+21.4

1

2
3

(3-comp.)

34.8+ 15.2
22.0x 7.6

34.8+ 15.2

22.0+ 7.6

34.8+ 15.2
22.0+ 7.6

350.8+ 3.6
328.2+ 2.3
350.7+ 0.5

350.8+ 3.6

314+ 7.8 25.7 6.9

322+ 6.1

330.1+ 1.2
355.1+ 2.9
329.7£ 1.6

1
2
1

25.7+ 6.9

328.2+ 2.3
350.% 0.5

1

341.7# 0.2

162a VSC.MOD

67.8+x 6.1 68.6+ 7.8 74.3£ 6.9

74.3+ 6.9

2

(2-comp.)
162b VSC.MOD

27.3= 3.0

329.7£ 1.6

27.3= 3.0

27.3+ 3.0

421+ 5.2

344.7+ 1.3

42.1+ 5.2

344.7+= 1.3

42.1+ 5.2

3447 1.3
361.1+ 4.0

2
3

(3-comp.)

30.6x 2.2

361.1+ 4.0
331.2£ 3.2
353.5+ 3.4

30.6x= 2.2

361.1+ 4.0
336.1+ 4.4
354.3+ 0.7

30.6x 2.2

9.6+ 0.1
90.4+ 0.1

16.2+ 9.2

19.6+ 4.5

338.6+ 0.9
354.8+ 0.1

1
2

9.6+ 0.1
90.4+ 0.1

331.2£ 32
353.5+ 3.4

1

2

349.5 0.5

VSC.UR

163

83.8+ 9.2

80.4* 4.5

Information on denatured proteins appears in italics.

*Fluorescence was excited at 280 nm.
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obtained with two decomposition algorithms, SIMS (375
components) and PHREQ (249 components), respectively.
PanelsC and D reflect the results obtained using two
schemes of averaging (“Average” and “Mean Best Fit” in
Table 2), respectively. All four histograms have the well-
expressed deep minimum at 335-337 nm as a common
feature. This feature seems to clearly demonstrate the exis-
tence of a statistical discreteness of at least two large spec-
tral classes of tryptophan residues in native proteins. More-
over, panel#A-D demonstrate reproducible dips at 3291
and 347+ 1 nm, which may also mark the frontiers between
overlapping discrete classes of tryptophans in proteins.
However, the canonical form of histogram, constructed
from columns, cannot reflect the accuracy of calculated
maximum position values and of relative contributions of
components in the whole emission spectrum. Therefore, we
constructed a new kind of histogram accounting for these
factors (Figs. 3-5). In such histograms, each element (the
individual ith spectral component) is represented by the
little Gauss distributiony(A,(i)) with maximum atA, (i),
o(i) equal to the standard (root-mean-square one) error of
the mean\, (i) value (see Table 2), and the maximal-am
plitude of Gauss curves proportional to the relative contri-
bution (i) of the ith component to the total protein emis-
sion. Such a histogram is a sum of these elements:

e
Y(h) = a(i)iz{f('i; exp[a(i)(')] }

Here, §i) is expressed in decimal fractions ang) is a
multiplier equal to 1 if only one decomposition result is
selected for a protein spectrum, or to 0.5 in the cases when
two solutions with similar functional values are taken.

In such a representation, the histograms of Fig. 2 acquire
the view seen in Fig. 3 (curves N). In this case, &9
values are taken to be 1, amd= 1.0 for every spectral
component. One can see that the main features of the
canonical histograms are retained in the new, Gauss-curve-
based representation. Besides the histograms for compo-
nents of spectra of native proteins, Fig. 3 also contains the
curves obtained for proteins denatured under various influ-
ences (see Table 2). The shorter-wavelength “continua”
reflect the fact that denaturation is not completed in some
cases and the emission spectra possess components belong-
ing to the retained populations of native and/or partly un-
folded molecules. However, the highest peak-@&50 nm
and peaks or shoulders at 340-347 nm are due to the
components belonging to tryptophans in proteins denatured
by urea or guanidinium chloride and by dioxane, pH and
other less unfolding denaturing factors. It is interesting that
the histograms for denatured proteins also have the minima
at 335-340 nm, which position coincides with the deep
minima of histograms for native proteins.

We constructed two more Gauss-curve-based histo-
grams with values otr(i) and (i) varying according to
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N 4
204 Native proteins A 5. Denatured proteins

18
16—-
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— 1 — T T T v -
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A total nm A total, nm
m m

FIGURE 1 Canonical distribution of occurrence of maximum positions of total, non-decomposed emission spectra foAnhatidedenaturedB)
proteins with 2-nm step. Solid lines represent the fitting by Gauss function.

the calculation data for native (N) and denatured (D)sion of tryptophan residues in proteins in the same man-
proteins. The histograms accounting only for the differ-ner as Figs. 3 and 4. There are seen the global minimum
ences in contributions of individual components in wholeat ~337 nm and four maxima at326, 333, 344, and 350
spectra are presented in Fig. (i) = 1.0 nm; (i) = nm for native proteins. The PHREQ algorithm well-
var). The resulting reduction in contributions of “small” resolves only two classes, because it was applied only to
components i) < 0.01) in the histogram essentially the limited number of protein spectra, possessing one or
improved the resolution of individual peaks in it. The two components. For denatured proteins, accounting for
“small” components may not only have worse determinedo(i) made peaks even more expressive. The main maxima
A, values, but also may be erroneous in principle in thefor denatured proteins are 346 and 350 nm; however,
cases of bad quality of a spectrum under decompositiorthe peak at~334 nm also exists.
The fact that the improved resolution of peaks in such
histograms at-326, 331, 345, and 350 nm allowed us to
assume that they reflect the existence of discrete classg¢fiscusSION
of tryptophan emitters in native proteins. The reduction
of contributions of minor components essentially de-In 1973-1977 Burstein and co-workers postulated the hy-
creased the relative amplitude of a shorter-wavelengtipothesis of the existence of discrete classes of tryptophan
wing in the denatured-proteins’ histogram. The remain-residues in proteins (Burstein et al., 1973; Burstein, 1977a,
ing shorter-wavelength peaks (instead of a “continuum”)1983). Later, algorithms of stable and reliable decomposi-
roughly correspond to the peaks in the native-proteinstion of composite tryptophan fluorescence spectra into log-
histogram. However, the 350-nm peak and the shoulder atormal components were developed (Abornev and Burstein,
340-347 nm became much better-expressed. 1992; Burstein and Emelyanenko, 1996; Burstein et al.,
To demonstrate that the resolution of peaks obtained ir2001) that allowed us to verify and revise the hypothesis.
previous histograms (and, thus, the observed spectrdere, we used mathematically different algorithms of de-
discrete classes) are beyond the error of the estimation afomposition of emission spectra to examine the stability of
the maximum position of spectral components, we consolutions. The fitting algorithm (SIMS) and the analytical
structed the histograms (Fig. 5) accounting for the pre-ones (PHREQ) gave, in general, very similar results: ob-
cision of A,(i) estimation &(i) = var) and the relative tained maximum positions, (i) differed within an error of
contributions of componentsS(i) = var). These histo- *=2.8 nm, and contribution§(i) of components differed
grams demonstrate the presence of discreteness of emisithin the range of+8.6%.
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58_ SIMS A 2]:_' PHREQ B
24 24 4
20 4 20 4
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- i )
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- Average 28
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04 sl mnl ] ? 0 E§§ \ 1 15 5
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FIGURE 2 Canonical distribution of occurrence of maximum positions of log-normal components obtained by applying A3INPSIREQ B)
algorithms, and different schemes of averaging of the results: “Averdjear{d “Mean Best Fit’ D) for native proteins with 2-nm step.

First of all, we showed that the distribution of maximum ation the experimental deviations of maximum position and
positions of total, nondecomposed spectra,(‘total” in  the contributions of components to spectra of native and
Table 2) for native proteins is rather well-fitted by a Gaussdenatured proteins (Figs. 2-5). All obtained data confirmed
equation with the maximum at337 nm and dispersion of the existence of several statistically discrete classes of emit-
~12 nm (Fig. 1A), which demonstrated the randomnessting tryptophan fluorophores in proteins. The discrete
and, thus, representativeness of the set of the proteins undelasses observed here are in approximate agreement with
study. Then, we analyzed the distributions of the maximunthose proposed in 1973—-1977 in the model of discrete states.
position of log-normal components taking into consider-A very important point is that there was no a priori assump-
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N[ N[
1 SIMS 1PHREQ

284 284

24 4 24

20 4 20 +

16 4 16

12 12 4

8 - 8 1

4 - 4 4

O I I 1 ) T I 0 I ] 1 T T I

300 310 320 330 340 350 360 370 300 310 320 330 340 350 360 370
A ,nm A ,nm
m m
v N
| Average 1 Mean Best Fit:

28 4 L : 28 T
24 24 -
20 20 +

16 16

12 4 12 4

8 8 1

4 4 4

0 1 T T T T 0 T T I I T T

300 310 320 330 340 350 360 370 300 310 320 330 340 350 360 370
A, nm A ,nm
m m

FIGURE 3 Distribution of occurrence of maximum positions of log-normal components obtained by applying SIMSHREQ B) algorithms, and
different schemes of averaging of the results: “Average) énd “Mean Best Fit” D) with 1-nm step. Each curve is a sum of Gauss function (see
explanation in the text) for each spectral component of native (N) and denatured (D) proteirgijvith1.0 andS(i) = 1.0.

tion about the discreteness in any algorithm used for compahe fluorescent excited state. The physical causes for the
nent analysis of fluorescence spectra (Burstein et al., 2001).differences among the spectroscopic classes can be ana-
It is evident that to find the causes for so widely differing lyzed in terms of various combinations of Bakhsiev’s theory
and discrete Stokes shifts in the emission spectra of tryptosf specific and universal interactions of the excited fluoro-
phan fluorophores in proteins one has to look in a variety ofphores with their environment (Bakhshiev, 1972). Both
combinations of interactions of individual fluorophores with kinds of interactions are induced by essential redistribution
their environment, occurring mainly during the lifetime of of electronic density on the atoms and chemical bonds of

Biophysical Journal 81(3) 1710-1734
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Home

d T T T T T T T v T T T T T T y T T T T T T T T T T
300 310 320 330 340 350 360 370 300 310 320 330 340 350 360 370
Xm, nm ;\‘m’ nm

|Average € | ]MeanBestFit D

1 i 1 I 1 1 z T N l T T T l i '
300 310 320 330 340 350 360 370 300 310 320 330 340 350 360 370

A ,nm A ,nm
m m

FIGURE 4 Distribution of occurrence of maximum positions of log-normal components obtained by applying SIMHREQ B) algorithms, and
different schemes of averaging of the results: “Average) énd “Mean Best Fit” D) with 1-nm step. Each curve is a sum of Gauss function (see
explanation in the text) for each spectral component of native (N) and denatured (D) proteirgiyvith1.0 andS(i) equal the relative contribution of
the component in the total protein emission (see Table 2).

fluorophore after its electronic excitation. The specific in- surrounding dielectric continuum in response to the changes
teractions include changes in the nearest range interactioms direction and magnitude of fluorophore dipole moment at
with neighboring groups and/or solvent molecules, i.e., rethe excitation (Bakhshiev, 1972; Bilot and Kawski, 1962;
solvation, hydrogen bond formation, or other noncovalentippert, 1957; Liptay, 1965;. Mataga et al., 1956).
complexing (Bakhshiev, 1972; Mataga et al., 1955). The The formation of stoichiometric complexes (most proba-
universal interactions occur due to the dipole relaxation obly hydrogen-bonded ones) of excited indole fluorophore

Biophysical Journal 81(3) 1710-1734
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FIGURE 5 Distribution of occurrence of maximum positions of log-normal components obtained by applying SIMSHREQ B) algorithms, and
different schemes of averaging of the results: “Averagé) &4nd “Mean Best Fit” D) with 1-nm step. Each curve is a sum of Gauss function (see
explanation in the text) for each spectral component of native (N) and denatured (D) proteingiywtual to the standard (root-mean-square one) error
of the mean, (i) value andS(i) equal to the relative contribution of the component in the total protein emission (see Table 2).

with alcohols was demonstrated experimentally (Walker et~330 nm at the 2:1 ratio compared with the central peak at
al., 1967; Lumry and Hershberger, 1978; Hershberger et al307 nm in the structured spectrum obtained in the absence
1981). Such complexes with alcohols in apolar cyclohep-of any polar co-solvents. The authors interpreted these ex-
tane had discrete positions of fluorescence spectral maximeted-state complexes (exciplexes) as a result af-blend-
dependent on the stoichiometric ratios of alcohol/fluoro-ing of alcohol hydroxyls with indolic N- and §atoms as
phore: the maximum was at 316 nm for the 1:1 ratio and athose possessing maximal electronic density in the excited
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state. Such a location of H-bonds may be revised in the light Tryptophan residues of denatured proteins (italicized in
of recent quantum-mechanical calculations of electronicTables 1 and 2) have the main peak positions at 340-345
density distribution in the excited indole and tryptophanand 351 nm. The longest-wavelength peak corresponds to
fluorophores, which revealed that maximal densities aréhe completely unfolded proteins in urea or guanidinium
located at the €3, C{2, and G2 atoms in the main fluo- chloride solutions. However, the peak at 340-345 nm be-
rescent'L, state of the indolic ring (Callis, 1997). longs mainly to the fluorophores in proteins denatured by
In proteins, the structured fluorescence bands coincidingxtreme pH values (e.g., pepsin at pH 6-9; see Table 2) or
with those of nonexciplexed indole fluorophores occur inhigh dioxane concentrations (chymotrypsin, chymotrypsin-
azurin (Burstein et al., 1977) and in bacteriorhodopsin purogen, and trypsin; see Tablg. a4t is possible that such
ple membranes suspended 2 M CsCl (Permyakov and maximum positions of fluorescence spectra are characteris-
Shnyrov, 1983). Such tryptophan residues were attributed ttc of tryptophan residues in such intermediate unfolding
class A in the hypothesis of discrete states. The structurestates of proteins as molten globule (Ptitsyn, 1995). The
spectra similar to those of the exciplexes 1:1 occurring irshorter-wavelength peaks ( < 337 nm) in histograms for
several single-tryptophan-containing proteins were assignedenatured proteins belong, most probably, to the fluoro-
to class S (Burstein, 1977a, b, 1983). Emission spectra gfhores in molecules retained native or partly unfolded in
classes A and S do not undergo any spectral shift undedtenaturing conditions.
freezing the protein solutions down t6196°C, i.e., the The model of discrete states reflects the existence in
dipole moments of these fluorophores practically do notproteins of the five most manifested classes of tryptophan
change at the excitation. In the histograms obtained in thisesidues. The discreteness of fluorescence parameters has to
work, classes A and S are reflected by peaks and/or shoulkave a probabilistic nature. The histograms obtained in this
ders at 305-308 and 316-318 nm, respectively (see Figsork reflected all these classes and can be regarded as a
3-5). statistical confirmation of the hypothesis of discrete classes
In the model experiments (Walker et al., 1967; Lumry of tryptophan residues in proteins. It could be assumed that
and Hershberger, 1978; Hershberger et al., 1981), the masuch a situation might be realized because tryptophan resi-
imum position of the exciplex 2:1 spectrum was not con-dues are located in a few kinds of physically preferred
stant under increasing alcohol concentration, which reenvironments in protein structures that provide realization
flected the rise of Stokes shift induced by the solvent dipoleof different combinations of specific and universal interac-
relaxation in response to the change of fluorophore dipoldgions of excited fluorophore with its environment.
moment in the excited state of the exciplex. Therefore, the There were a lot of papers published during the last
florescence of protein tryptophan residues possessing thgeveral last years where it was demonstrated that tryptophan
spectra with maxima at330 nm and longer were assigned residues could have various fluorescence parameters de-
to the emission of exciplexes with stoichiometry ro2:1  pending on their environment in proteins (Callis, 1997;
in the model of discrete classes (Burstein, 1977a, b, 1983allis and Burgess, 1997; Reshetnyak and Burstein, 1997a,
The model provided three discrete classes (I-1l) for such; Chen and Barkley, 1998; Kuznetsova and Turoverov,
exciplexes with stoichiometrsz2:1, differed in their acces- 1998; Meagher et al., 1998). Because highly resolved x-ray
sibility to extrinsic quenchers (vanishing accessibility for and NMR structures of many proteins are now available, we
class I,A,, at ~330 nm, and the accessibility 0f30% of developed a system of describing physical and structural
that of free tryptophan for classes Il and Ill). The differencecharacteristics of the microenvironment of tryptophan resi-
between two accessible classes was assumedly interpretddes and examined the existence of discreteness of struc-
as a result of different dipole relaxation rates in their envi-tural parameters of the microenvironment of tryptophan
ronments. residues in proteins. Moreover, that work allowed us to
The histograms (Figs. 3-5) contain peaks reflecting allelucidate the main physical and structural factors determin-
three discrete classes. However, the class | band in th@g the class of an individual tryptophan residue. The next
histograms splits up into two peaks,-aB25 and 332 nm. paper of this series contains the results of that study.
Almost all histograms contain the global minimum at 336—
337 nm_and two evident maxima ?‘t _344_345 and 349_35]|'he authors are thankful to all colleagues from the Laboratory of Protein
nm, which correspond to the emission of exposed tryptorynctional Biophysics of the Institute of Theoretical and Experimental Bio-
phan residues of classes Il and lll, respectively. In thephysics (Pushchino) for everyday help and discussions. We thank Drs. K. K.
model of discrete classes, it was suggested that exposédroverov and R. V. Polozov for fruitful discussions. We are especially
tryptophan residues in native proteins should emit at 340 9rateful to Drs. V. M. Grishchenko, L. P. Kalinichenko, and T. G. Orlova for
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