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Abstract

The dynamic equilibrium unfolding pathway of human tumor necrosis factor-oo (TNF-a) during denaturation at different
guanidine hydrochloride (GdnHCI) concentrations (0—4.2 M) was investigated by steady-state fluorescence spectroscopy,
potassium iodide (KI) fluorescence quenching, far-UV circular dichroism (CD), picosecond time-resolved fluorescence
lifetime, and anisotropy decay measurements. We utilized the intrinsic fluorescence of Trp-28 and Trp-114 to characterize the
conformational changes involved in the equilibrium unfolding pathway. The detailed unfolding pathway under equilibrium
conditions was discussed with respect to motional dynamics and partially folded structures. At 0-0.9 M [GdnHCI], the
rotational correlation times of 22-25 ns were obtained from fluorescence anisotropy decay measurements and assigned to
those of trimeric states by hydrodynamic calculation. In this range, the solvent accessibility of Trp residues increased with
increasing [GdnHCI], suggesting the slight expansion of the trimeric structure. At 1.2-2.1 M [GdnHCI], the enhanced solvent
accessibility and the rotational degree of freedom of Trp residues were observed, implying the loosening of the internal
structure. In this [GdnHCI] region, TNF-a was thought to be in soluble aggregates having distinct conformational
characteristics from a native (N) or fully unfolded state (U). At 4.2 M [GdnHCI], TNF-a unfolded to a U-state. From these
results, the equilibrium unfolding pathway of TNF-q, trimeric and all B-sheet protein, could not be viewed from the simple
two state model (N—U). © 1999 Elsevier Science B.V. All rights reserved.

Keywords: Human tumor necrosis factor-o; Equilibrium unfolding; Tryptophan; Fluorescence spectroscopy; Motional dynamics

1. Introduction of the interesting fields in physical chemistry when
intact proteins are used in the laboratory since fold-
Understanding the protein folding pathway is one ing is a self-assembly process that occurs spontane-

ously under the appropriate conditions, directed by
physical interactions with the solvent and between
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tumor necrosis factor-o (TNF-o) is a cytokine which
is believed to play an important role in a wide range
of cell regulatory, immune, and inflammatory prop-
erties [5-7]. In addition, it is ideal for folding studies
because of its interesting trimeric native structure
and all B-sheet property [8-10]. For these reasons,
TNF-o has been extensively investigated with regard
to its structure, thermodynamics, and Kkinetics of
folding [11-14].

Many relevant studies of protein folding used gua-
nidine hydrochloride (GdnHCI) and urea as the most
common denaturants for studies of protein stability,
unfolding, and refolding [3,4]. The unfolded states of
proteins such as carbonic anhydrase staphylococcal
nuclease, pGSTP1-1, barstar, PGK, and IGPS were
monitored under the equilibrium conditions using
different guanidine hydrochloride concentrations
[15-21], while there exists only a little information
about the conformation of TNF-o which is induced
by GdnHCI rather than by acid or temperature.

The fluorescence technique that we adapted in this
work has been extensively used in characterizing the
structural and dynamic aspects of many proteins [22—
24]. Steady-state fluorescence spectra of optically iso-
lated tryptophans can reflect the polarities of their
surrounding environments. In addition, the quench-
ing of tryptophan fluorescence by several chemical
species has also become a powerful tool for studying
the location of Trp residues in the protein matrix,
particularly their dynamic exposure to the solvent.
Ionic quenchers, due to their charges and strongly
hydrated characteristics, can extinguish only the fluo-
rescence emitted by fluorophores located at or near
the surface of the protein [22,25]. In particular, since
the time-resolved fluorescence anisotropy decay gives
valuable insights into the local structure around the
tryptophan residues as well as the tumbling motion
for the whole protein, many studies have been per-
formed on picosecond or nanosecond time scales that
include the motional dynamics of the proteins [22—
24].

In the present work, we have studied the confor-
mation of human TNF-a in various GdnHCI con-
centrations by steady-state fluorescence, picosecond
time-resolved fluorescence lifetimes, and anisotropy
decays. In this paper, we report the first picosecond
time-resolved measurements for the internal motion
during the GdnHCl-induced unfolding of human

TNF-o. In addition, we suggest the presence of the
loosely packed and aggregated intermediates with
very different spectroscopic and hydrodynamic prop-
erties from those of native and fully unfolded forms.

2. Materials and methods
2.1. Materials

Protein solutions were incubated for 24 h at am-
bient temperature in a 50 mM sodium phosphate
buffer (pH 7.6) containing the desired concentration
(0-4.2 M) of GdnHCI to ensure that equilibrium had
been reached. Protein concentrations were about
0.125 mg/ml (2.40 uM as trimer) for steady-state,
time-resolved fluorescence measurements. Human
TNF-o was supplied by the Hanhyo Institute of
Technology, and all the chemicals used in the experi-
ments were of analytical grade.

2.2. Steady-state fluorescence and far-UV CD
measurements

Tryptophan fluorescence spectra in both the ab-
sence and the presence of the quencher were mea-
sured using a fluorescence spectrophotometer (Hitachi
F-4500). Emission spectra were recorded over 250-
550 nm using an excitation wavelength of 295 nm in
order to avoid the complications arising from multi-
ple emitters. The excitation and emission bandwidths
were both 10 nm. Far-UV CD measurements were
carried out using a Jasco J-710 spectropolarimeter.
All spectra were collected at ambient temperature.

2.3. Picosecond time-resolved fluorescence lifetime
and anisotropy decay measurements

Time-resolved fluorescence decays of human TNF-
o were measured by employing a picosecond time-
correlated single photon counting (TCSPC) system.
TCSPC laser system utilized in this study consisted
of a cavity-dumped dye laser which was synchro-
nously pumped by a mode-locked argon ion laser.
The laser output from the cavity dumped dye laser
was frequency-doubled by BBO crystal to obtain the
excitation wavelength of 295 nm. The 310- nm cut-
off filter was used in order to prevent the scattered
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light from entering the monochromator. The tempo-
ral pulse width of the excitation beam and the
FWHM of the instrumental response function were
2-3 ps and about 60 ps, respectively. More detailed
information on this TCSPC system was reported in
the previous publication [26]. The data collection
time was minimized to 200 s in order to avoid any
thermal denaturation by irradiation. Detection wave-
lengths were 330 or 350 nm. The vertical and the
horizontal components of fluorescence emission
were simultaneously fitted to extract the anisotropy
decay functions using the LIFETIME program with
an iterative nonlinear least-squares deconvolution
procedure developed at the University of Pennsylva-
nia. The fluorescence intensity decay curves were all
fitted by triple exponentials, and the anisotropy de-
cay curves were fitted by single or double exponen-
tials. The fitted results of the fluorescence lifetime
measurements were used to evaluate the mean life-
times (T, = XoyTi/(Zoy)), which were incorporated
into the KI fluorescence quenching results. The pro-
tein concentrations and solution conditions were the
same as for the steady-state measurements.

3. Results and discussion

3.1. Steady-state fluorescence and lifetime
measurements

As shown in Fig. 1, the steady-state fluorescence
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Fig. 1. Steady-state fluorescence emission spectra of human
TNF-o were in aqueous phosphate buffer solutions of pH 7.6
at various GdnHCI concentrations. Excitation wavelength was
295 nm. Each protein concentration was 0.125 mg/ml.

spectra of human TNF-o with different GdnHCI
concentrations appeared in the wavelength range of
310460 nm. Analysis of the spectra showed that
tryptophanyl environments were strongly dependent
upon the concentration of GdnHCI. Overall, the
fluorescence spectral maximum shift from 328 to
352 nm is due to the changes in solvent accessibility
of the hydrophobic tryptophan residues, and these
phenomena were demonstrated in the previous
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Fig. 2. GdnHCl-induced unfolding transitions were monitored by (A) the fluorescence intensity at the emission wavelength of 328 nm
by 295 nm excitation and (B) the far-UV circular dichroism at 220 nm as a function of GdnHCI concentration in 50 mM sodium
phosphate buffer of pH 7.6. Other experimental conditions are described in Section 2.2.
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publication for the GdnHCI (6 M)-induced dena-
tured equilibrium state of TNF-o [11].

In Fig. 2A, the unfolding transition curve moni-
tored by Trp fluorescence excited at 295 nm shows
that there is a large increase in fluorescence intensity
by about 50% of native fluorescence up to 0.6 M
[GdnHCI] and then a gradual decrease to about
40% of the native fluorescence at 4.2 M [GdnHCI].
Considering the intensities and shifts of fluorescence
spectra, we found a midpoint around 1.5 M in the
transition region whose value was similar to 1.47 M
[GdnHCI], the transition midpoint obtained by Hlo-
dan and Pain [12]. In addition, in order to normalize
the fluorescence intensity data, we measured the fluo-
rescence intensities of N-acetyl tryptophan amide
(NATA) as an internal standard at the same concen-
trations with hTNF-a concentrations under various
[GdnHCI] (0-4.2 M). As a result, the area and the
peak intensity of each NATA fluorescence spectrum
did not show any dependence on [GdnHCI] and,
therefore, no normalization of the fluorescence spec-
tra was needed (data not shown). From this result,
we could confirm that the intensity changes in this
[GdnHCI] range definitely originated from the con-
formational change in hTNF-a rather than the ionic
effect conferred by the guanidium ions.

In the detailed analysis, first, fluorescence intensity
increased with the increasing concentration of
GdnHCI from its native state to 0.6 M and then
slightly decreased to 0.9 M, whereas the position of
the spectral maximum did not change; the maximum
wavelength was about 328 nm at these GdnHCI con-
centrations. These phenomena may be due to fluo-
rescence quenching induced by the energy transfers
among the tryptophans and ultrafast motional dy-
namics. Second, at above 1.2 M [GdnHCI], a signifi-
cant change in the spectral maximum was shown.
The bands were located at somewhat lower energies
compared to those in the low GdnHCI concentration
solutions and showed the spectral broadening, imply-
ing there were more various couplings between each
tryptophan residue and its environment than those in
the native state. Finally, in the fully unfolded-state
(U) at 4.2 M [GdnHCI], the fluorescence spectrum
resembled the typical tryptophan spectrum for the
global unfolding of a protein in aqueous solution
[22]. Since a fluorescence spectrum of tryptophan
residues can reflect the polarity of their surrounding
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Fig. 3. (A) Stern—Volmer plots for the quenching of steady-state
fluorescence intensities of human TNF-o by KI at various
GdnHCI concentrations. Fy and F are the fluorescence inten-
sities in the absence and presence of the quencher, respectively.
Na,S;05; (100 uM) as a reductant is also contained to avoid
the possible undesired formation of 3. (B) Quenching rate
constants (kq) and the Stern—Volmer quenching constants (K)

are also plotted to [GdnHCI]. O, native solution; , native
fitted; O, 0.6 M GdnHCI solution; —+ -+ —, 0.6 M fitted; A,
0.9 M GdnHCI solution; — = —+=— 09 M fitted; v, 1.2 M

GdnHCI solution; -, 1.2 M fitted; @, 1.5 M GdnHCI solution;
, 1.5 M fitted; m, 1.8 M GdnHCI solution, -----, 1.8 M
fitted; a, 2.1 M GdnHCI solution, - = -+ - 2.1 M fitted; v,
4.2 M GdnHCI solution; ..... , 4.2 M fitted.

environments, it is clear that the tryptophan residues
are fully exposed to the solvent in this U-state.

On the other hand, when monitored by the sec-
ondary structure probe, far-UV CD at various
[GdnHCI] (Fig. 2B), very interesting unfolding tran-
sition behaviors of TNF-o are shown: the molar
ellipticities in the range of 1.2-1.8 M are pronounced
by up to 200% of the native molar ellipticity. In
addition, the reversed bell-like shape of this transi-
tion curve, which is very different from a typical
sigmoidal one, is very unusual. The minimal elliptic-
ity in this [GdnHCI] range is comparable to that of
the previous acid- or thermal-induced case of human
TNF-oo that was investigated by Nahri et al.
[11,13,14]. According to their results, the conforma-
tional property that TNF-o assumes in its molten
globule state is regarded as a very interesting one
in that while most proteins have native-like second-
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ary structures in their molten globule state, TNF-o,
all B-sheet protein, is subject to the formation of
a-helices in its molten globule or partially denatured
state. In the GdnHCl-induced unfolding transition
curve monitored by far-UV CD at 220 nm, elliptic-
ities in the transition region (1.2-2.1 M) were nega-
tively pronounced with the turning point of around
1.5 M. This may imply that GdnHCl-induced con-
formational change can lead to a stable intermediate
state, which is very similar in its secondary structure
to the molten globule state. When compared to the
unfolding transition curve monitored by intrinsic
fluorescence, the fundamental difference in the shape
indicates that the unfolding transition of TNF-a can-
not be viewed from the simple two-state model.

These results about the solvent accessibility were
supported, in terms of the fluorescence quenching
experiments, by the steady-state spectra in the pres-
ence of the quenchers and the lifetime studies in the
absence of the quenchers. The fitted lifetime param-
eters associated with the time resolved fluorescence
lifetime experiments are tabulated in Table 1. These
results were utilized in deriving the quenching rate
constant (kq) in the fluorescence quenching by KI
(refer to Section 3.2) and the anisotropy decay pa-
rameters (refer to Section 3.3).

3.2. Fluorescence quenching by potassium iodide (KI)

To check the ionic effects by GdnHCI or KI on
this parameter, we measured the fluorescence spectra
for TNF-o solutions of several GdnHCI concentra-
tions at a fixed [KI] varying [KCI] in the range of 0-
400 mM. No distinguishable change in the shapes
and the intensities of the steady-state fluorescence
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spectra was observed, indicating that the ionic effect
offered by GdnHCI or KI was not significant (data
not shown). Fig. 3A shows the Stern—Volmer plots
which were measured with the different concentra-
tions of GdnHCI at various quencher (KI) concen-
trations (0400 mM) and fitted to the Stern—Volmer
equation. The mean fluorescence lifetime at each
[GdnHCI] in Table 1 was utilized to derive the
quenching rate constants (kq) from Stern—Volmer
quenching constants (Ks,). Compared with the
steady-state spectra in the absence of the quencher,
it is confirmed that the presence of the quencher
caused no change in the shape of the emission spec-
tra. However, at higher concentrations of iodide
(200 mM), the peaks of the emission spectra were
blue-shifted to shorter wavelengths (data not shown).
These blue-shifted emission spectra upon quenching
were due to the remaining unquenched fluorescence
of partly buried tryptophan residues [22]. From the
quenching studies, no significant quenching was ob-
served in the native state. According to many studies
using ionic quenchers like an iodide ion, it is well
known that the emission of exposed tryptophan res-
idues are quenched selectively [22,25]. Therefore, the
tryptophan residues in the native state are considered
to be inaccessible to solvent. In addition, we deduced
the effective collisional quenching rate constant (kg)
0f 2.33x 108 M~! S! with the mean lifetime of 3.1 ns
in the native state. On the other hand, the quenching
rate constants, which increased from 10x10%8 M~!
S7! to 18.7x 108 M~! S™! with increasing GdnHCI
concentration up to 0.9 M, indicated more efficient
quenching than that in the native state. In these
GdnHCI concentrations (~0.9 M), compared with
the results of native-like solvent exposures from the

Table 1

Fitted parameters associated with the time-resolved fluorescence lifetime measurements under magic angle (54.7°) detection
[Gdl’lHCl] A1 (%)) T1 (I’IS) Az (U 0) T (I’IS) A3 (U 0) T3 (HS) Tm (I’IS) X2
0.0 M 46.7 4.2 29.8 1.8 23.5 0.13 2.8 1.3
0.6 M 63.9 4.0 19.1 1.6 17.0 0.16 2.9 1.3
09M 48.9 4.0 25.8 1.5 253 0.13 2.9 1.2
12 M 50.5 4.1 26.7 1.5 22.8 0.15 25 1.3
I.5M 324 4.9 434 1.8 24.1 0.35 2.5 1.2
1.8 M 29.4 5.0 46.3 1.9 24.3 0.43 2.5 1.1
21 M 21.5 5.1 49.8 22 28.7 0.50 2.3 1.3
42 M 322 3.9 44.2 1.8 23.6 0.42 22 0.96

The non-linear least-square deconvolution fittings were performed using the LIFETIME program. The mean lifetimes were calculated

according to the equation, Ty, = ZoyTi/(Z0;).
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Fig. 4. Fluorescence anisotropy decays of human TNF-o in aqueous phosphate buffer solutions of pH 7.6 at the various GdnHCI
concentrations in the 16-ns window (A) and the 2-ns window (B). n(¢) =[I(t)—g I.(OV[I;(H)+2g 1. ()], where g is a geometric factor
and 7, (?) is the fluorescence intensity which has the same polarization component as that of excitation radiation and /7, (¢) is the or-
thogonally polarized fluorescence intensity to that of the excitation field.

steady-state spectra in the absence of the quencher, it
is suggested that the increased quenching rate con-
stants were due to the less dense surface at which an
iodide ion can quench tryptophan fluorescence sub-
stantially. At above 1.2 M [GdnHCI], the level of the
quenching was significantly higher than that in the
native state, and the deduced quenching rate con-
stants using available lifetime data were in the range
of 25-29x 108 M~! S™!'. These efficient quenching
results indicate that the tryptophan residues in this
concentration range are more exposed to the solvent.
Since the charged quenchers do not readily penetrate
the hydrophobic interior of proteins, the iodide
quenching behavior demonstrates that the loosely
packed intermediates, which have largely exposed
tryptophan residues above 1.2 M [GdnHCI], are
present. Overall, the transition from the steep to
the slow slope in the quenching rate constants exists
around 1.2 M [GdnHCI], indicating that it can be the
beginning region of structural change. When we con-
sider all of the transition curves monitored by vari-
ous spectroscopic methods including the steady-state
fluorescence, far-UV CD, and fluorescence quench-
ing by KI, the results related to the conformational

changes at the range of 1.2-2.1 M [GdnHCI] can be
summarized as follows. In this [GdnHCI] region, the
local structures around Trp residues were immersed
into polar environments where Trp residues became
largely solvent-accessible. This conformational tran-
sition also concurrently occurred with the large
changes in the secondary structure as shown from
the negatively pronounced molar ellipticity in this
[GdnHC] region at 222 nm.

3.3. Picosecond time-resolved fluorescence anisotropy
decay measurements

The unfolding pathway of this protein was also
investigated by picosecond time-resolved fluorescence
anisotropy experiments. The measured anisotropy
decay curves are shown in Figs. 4 and 5. The fitted
parameters including the rotational correlation times
(11, 12) and the corresponding amplitudes (ro1, r¢2),
anisotropic plateau values (r»), and the chi-square
values (%) of the fits are listed in Table 2. Such
time-resolved fluorescence anisotropy decay was
measured in order to obtain specific information on
the rotational dynamics which could be related not
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only to local tryptophan mobility, but also to the
entire protein motion, which occur from nanosecond
to picosecond time scale [22-24].

In order to help in assigning the experimental rota-
tional correlation times of the native and the un-
folded states to their dominant multimeric states,
the modified Debye-Stokes—Einstein hydrodynamic
theory was used [27,28]. The rotational correlation
times of the native trimer, dimer, and monomer
were calculated with a generalization toward the
asymmetric ellipsoid. When this theory is applied,
the stick boundary condition is relevant for proteins
in an aqueous solution [29]. The general solution of
this model with three different molecular axial
lengths assuming the absorption and emission tran-
sition dipoles along the longest molecular axis is as
follows [27,28].

r(t) = 0.3(2/3 4+ G)exp[—(6D—2A)1]+
0.3(2/3—G)exp[—(6D + 2A){] (1)

where

D= (D,+Dy,+D.)/3
A = (D? + D} + D>—D,Dy—DyD.—D.D,)"? (2)
G = (D,—D)/A.

Here the rotational diffusion constant D; is given
by

Di = kT/f.. (3)

The frictional coefficients f; for the stick boundary
condition can be obtained from the evaluation of
elliptical integrals pertinent to the dimensions of
the asymmetric ellipsoid and the corresponding
boundary condition. To get the information on the
dimensions of each multimeric state, we referred to
van der Waals’ dimensions modeled from the atomic
coordinates of an X-ray crystallographic structure of
hTNF-o which was processed with the computer
program, QUANTA [10]. In the trimeric case, the
ellipsoid has the dimensions of 65X 52X 52 A. The
calculated overall rotational correlation time is
24.5 ns. For the dimeric and the monomeric cases,
van der Waals’ dimensions are 65X44x30 A and
65X30%29 A, respectively. For these two asymmet-
ric cases, two rotational correlation times were de-
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Fig. 5. (A) The fluorescence intensity decays and the fitted lines
of TNF-a at 0 M [GdnHCI] for the horizontal (a) and the ver-
tical (b) polarization components are in time-resolved fluores-
cence anisotropy measurements using the TCSPC detection sys-
tem. The excitation wavelength and the emission wavelength
were 295 and 330 nm, respectively. The protein concentration
was about 0.125 mg/ml in a 50 mM sodium phosphate buffer
of pH 7.6 at 20°C. A typical half-width of the laser pulse was
about 2-3 ps. The FWHM of the instrumental response func-
tion (c) was about 60 ps. The observed vertical and horizontal
fluorescence intensity decay curves were analyzed simultane-
ously through the iterative non-linear least-squares deconvolu-
tion fitting routine of the LIFETIME program. The anisotropy
decay data at the other GdnHCI concentrations were fitted in
the same manner. The time-per-channel in the multi-channel an-
alyzer (MCA) was about 31.3 ps/channel. (B) The residuals of
the lifetime fittings are shown (top, vertical components; bot-
tom, horizontal components).

rived. The values were 15.6 and 11.3 ns for the di-
meric case, and those in the monomeric case were
both the same as 8.9 ns.

In the native state, we observed the single-expo-
nential decay with the rotational correlation time of
22 ns. This value is consistent with an earlier exper-
imental study [11] and similar to that of the trimeric
case in our hydrodynamic calculations. Therefore we
could characterize it as the overall tumbling time for
the whole protein, not the polypeptide segmental mo-
bility. These observations imply that the environment
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Table 2
(A) Fitted parameters for fluorescence anisotropy decays in
16 ns window and (B) fitted parameters in 2 ns window

[GdnHCl] ro ro1 o2 T1 T Feo X2
(ns) (ns)
(A) 16-ns window
0.0M 0.30 0.30 22 0 1.4
0.6 M 0.31 0.31 24 0 1.2
09M 0.28 0.28 25 0 1.2

I.5M 025 003 0.05 032 20 0.17 1.0
21 M 024 007 003 0.8 6.0 0.14 1.1
42M 025 0.07 0.10 039 23 008 13

(B) 2-ns window
I.5M 028 0.08 1.7 0.19 0.98
21M 039 0.12 0.13 003 28 0.15 1.1
42M 039 0.18 0.12 003 1.5 0.10 1.0

For more precise data at the GdnHCI concentrations (1.5, 2.1
and 4.2 M), the fitted anisotropy values should be referred by
the data which were collected with the 2-ns window. The aniso-
tropy decay function is set to r(z)=ro; exp(—t/t;)+rox exp(—t/
T2)+r» and ry (initial anisotropy) =ro; +rpz+re.

of tryptophan residues is very rigid in this state.
From the fitted values in Table 2, as the concentra-
tion of GdnHCI increases up to 0.9 M, the rotational
correlation times become slower than that of the na-
tive state by about 20% with a good single exponen-
tial fitting. These results imply that the protein is
slightly swelling as a trimer, and the local mobility
of tryptophan residues does not exist in our time
scale. In contrast to this behavior, the anisotropy
decays between 1.5 and 2.1 M [GdnHCI] could not
be fitted with a single exponential. We have obtained
two anisotropy correlation times of hundreds of pi-
coseconds and 2-6 ns. Since these time constants are
much faster than the overall tumbling time of the
monomer from the hydrodynamic calculations, it is
plausible to say that they represent the motions of
the tryptophan side chains and polypeptide segments.
And the very large anisotropic plateau values (r-) in
the anisotropy measurements between 1.5 and 2.1 M
[GdAnHCI] raise the possibility that human TNF-o
unfolds through the formation of aggregates whose
correlation time is too long to be detected. These
interpretations of the aggregated state were also re-
cently reported for the GdnHCl-induced proteins
[20,21,30]. Therefore, we suggest that the anisotropic
plateau values (r«) in these states may represent both

the extent of aggregation and restricted motions. Fi-
nally, we have obtained two correlation times also in
the U-state, and it is clear that these values are with-
in the range typically found for a peptide chain in
random coil conformation and the relatively free ro-
tation time of tryptophan obtained from other dena-
tured proteins in the earlier studies [11,20,22,30-32].
In particular, it is interesting to note that the aniso-
tropy did not decay back to zero in the U-state as
well as 1.5-2.1 M [GdnHCI]. This phenomenon is
likely due to the hindrance of the anisotropic motion,
which comes from aggregated, long polypeptide
chains [30].

By the time-resolved fluorescence anisotropy, we
could observe the motional dynamics of the internal
side chains. Therefore, combining the fluorescence
anisotropy results with the solvent accessibility
known by the steady-state fluorescence and the io-
dide quenching experiments, we observed the aggre-
gated and loosely packed structures showing the high
level solvent accessibility of tryptophan residues in
this GdnHCI concentration region.

However, the previously mentioned initial aniso-
tropy values (rp) between 1.5 and 4.2 M [GdnHCI]
in a 16-ns window were in the range of 0.24-0.25,
which were smaller than the values (0.27-0.35) ob-
served in the case of tryptophan in rigid environ-
ments [20,33]. Therefore, in order to obtain more
precise information on the fast, unresolved motion
and also to confirm the two exponential decay be-
haviors in the 16-ns window, we performed picosec-
ond time-resolved fluorescence anisotropy measure-
ments in the 2-ns window. Also, the values listed in
Table 2 are fitted parameters of anisotropy decays in
the 2-ns window. A detailed analysis of the fitted
data is as follows. In 1.5 M [GdnHCI], a 1.7 ns
correlation time with the anisotropic plateau value
(r«) was observed instead of two correlation times
in the previous 16-ns window. Therefore, we can
consider that the lack of internal motion of buried
tryptophans still exists due to the densely packed
structure. This is unlike the other concentrations of
2.1-4.2 M [GdnHCI] which showed two fast correla-
tion times representing the free rotations of the Trp
side chains and segmental mobility for the fast decay
of 30 ps and the slow decay of 1.5-2.8 ns, respec-
tively, with the anisotropic plateau values corre-
sponding to the very slow rotation of aggregates or
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unresolved restricted anisotropic motions. In addi-
tion, since the initial anisotropy (ro) in the 1.5 M
GdnHCI solution is smaller than those in the other
concentrations (2.1-4.2 M [GdnHCI)), it is likely that
unresolved fast motion or energy transfer among the
tryptophans may exist at 1.5 M [GdnHCI].

In recent years, it has been suggested that both
short- and long-range interactions in the conforma-
tion of this protein are important [13,14]. Therefore,
we could say that the environmental variation of the
tryptophans was due to the change in both the short
and the long range interactions followed by a larger
disruption of the tertiary structure between 1.5 and
2.1 M [GdnHCI]. Comprehensively, this study re-
veals that the tryptophan side chains do not have
any rotational degree of freedom from a native state
to 0.9 M [GdnHCI], whereas from 1.5 to 4.2 M
[GdnHCI], the protein unfolds with the existence of
the hydrated free rotations of tryptophans and the
segmental mobility as well as the aggregated states
inducing the large anisotropic plateau values (rs).

4. Conclusions

In this study, we have shown the nature of the
GdnHCl-induced dynamic equilibrium unfolding
pathway of human TNF-o with the steady-state fluo-
rescence spectroscopy and the picosecond time-re-
solved fluorescence anisotropy decay measurements.
From the native state to 0.9 M [GdnHCI], we have
obtained one rotational correlation time correspond-
ing to the overall tumbling time of a whole trimeric
protein which showed a rigid environment for all the
tryptophan residues and the absence of any polypep-
tide segmental mobility near the tryptophan residues.
At about 1.2-1.5 M [GdnHCI], tryptophans which
were inaccessible to the iodide in the native state
became highly accessiblee. Human TNF-o had a
high degree of internal motion and appeared to ag-
gregate to a great extent due to its increased hydro-
phobicity similar to the case of the thermal-induced
unfolding study [13]. In particular, the very short
rotational correlation times (30 ps) which appeared
in 2.1 and 4.2 M [GdnHCI] represented more hy-
drated tryptophan environments than those in
1.5 M [GdnHCI], with more increased exposure to
the solvent.

In conclusion, we suggest the elucidative unfolding
pathway as follows. (1) The native trimer unfolds as
a slightly swelled trimer maintaining its internal
structure up to 0.9 M [GdnHCI]. (2) It then associ-
ates into aggregates containing partially folded
structures which begin to show the internal degree
of freedoms, such as the mobility of polypeptide seg-
ments or tryptophan side chains around 1.5 M
[GdnHCI]. (3) At 2.1 M [GdnHCI], the tryptophan
residues become more highly accessible to the
solvent environment while maintaining the partially
folded structures as those in 1.5 M [GdnHCI]. (4)
Finally, a fully unfolded structure like an extended
random coil conformation is formed in 42 M
[GdnHC].

Since at present very little information exists about
the possible transient species which undergo the un-
folding pathway, an interesting question that re-
quires further study is how the conformation of hu-
man TNF-a in each state precisely influences kinetic
photophysics and mobility of tryptophan residues.
However, since tryptophan residues in wild type hu-
man TNF-o are located at two positions (Trp-28,
Trp-114), these observations could not be explained
in terms of each tryptophan residue. Therefore, an
investigation of human TNF-o which has only one
(Trp-114) of two tryptophan residues which has re-
placed to Phe-114 may be needed to avoid the com-
plexity of the interpretation. Thus, dynamic or ki-
netic fluorescence studies of the mutant (WI114F)
human TNF-o protein as well as the contribution
of this substituted Trp residue to the thermodynamic
stability of the protein are in progress.
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