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Abstract 

The time-resolved fluorescence decay and anisotropy of Cu/Zn human superoxide dismutase (HSOD) were 
studied as a function of temperature and denaturant concentration. In addition, circular dichroism (CD) 
measurements were performed on HSOD as a function of denaturant concentration in the amide and 
aromatic regions. The time-resolved fluorescence decay results reveal the existence of structural microhetero- 
geneity in HSOD. Furthermore, CD measurements and a global analysis decomposition of the time-resolved 
fluorescence decay over denaturant concentration shows the presence of an intermediate in the unfolding of 
HSOD by guanidinium hydrochloride. Considering our previous measurements of partially denatured HSOD 
as a function of protein concentration (Mei et al., Biochemistry 31 (1992) 72X-7230), our results strongly 
suggest that the unfolding intermediate is a monomer that displays a molten globule state. 

Keywords: Human superoxide dismutase; Time-resolved fluorescence; Global analysis; Conformational substates; Molten 
globule state 

1. Introduction 

Protein folding is biologically important for 
many reasons. For instance, folding is necessary 
to initiate the function of various precursor en- 
zymes [ll. Furthermore, protein folding interme- 

* Corresponding author. Fax (507) 284-9349. 
’ Abbreviations: Circular dichroism (CD), human superoxide 
dismutase (HSOD), guanidine hydrochloride (GdHCIJ, trypto- 
phan (Trp). 

diates may be necessary for protein translocation 
across cell membranes [3]. Finally, knowledge of 
protein folding could provide avenues toward de- 
signing novel enzymes ‘. 

Current research has established that some 
proteins exhibit an intermediate state during the 
folding/ unfolding process [4-71. Experimental 
methods confirming the existence of intermedi- 
ates include circular dichroism (CD), nuclear 
magnetic resonance, infrared spectroscopy and 
intrinsic viscosity measurements [8-111. In addi- 
tion, another powerful method for investigating 
protein folding intermediates is through the fluo- 
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rescence decay of extrinsic and intrinsic probes 
(6, 11, 121. 

Steady-state and time-resolved fluorescence 
studies have illuminated many differences be- 
tween native and denatured proteins [12, 13-151. 
One general result from time-resolved fluores- 
cence studies of denatured proteins is the in- 
creased heterogeneity in conformation as com- 
pared to the native state [15-171. This result has 
been confirmed by our studies on the single tryp- 
tophan fluorescence decay of human superoxide 
dismutase (HSOD). HSOD is an ideal system to 
study protein denaturation because: (1) it con- 
tains a single Trp residue per monomer unit 
(HSOD is a dimer with identical subunits [18]), 
which simplifies interpretive analysis, and (2) Trp 
is environmentally sensitive making it an ideal 
reporter of microheterogeneity. Our results have 
shown that the time-resolved fluorescence decay 
of denatured HSOD in 6.5 M guanidine hydro- 
chloride (GdHCI) displays more heterogeneity 
than that of native HSOD [l]. These studies also 
showed that the native form of HSOD displays 
structural microheterogeneity. This is in agree- 
ment with the concept of protein conformational 
substates in systems such as myoglobin [19-211. 
Finally, our HSOD studies suggest that the 
monomerization stage of HSOD displays a molten 
globule state. The molten globule state is a pro- 
tein folding intermediate of considerable interest 
which is characterized as having native-like sec- 
ondary structure and fluctuating tertiary structure 
[ll, 221. There is also theoretical evidence for the 
existence of a molten globule state in proteins 
WI. 

However, our previous evidence for a HSOD 
molten globule state were limited to experiments 
at a single temperature (20°C). Furthermore, a 
full decomposition of the time-resolved fluores- 
cence decay was not done with an intermediate in 
mind. This decomposition is crucial if we are to 
suspect that the intermediate displays properties 
which are characteristic of a molten globule state. 
In addition, previous time-resolved fluorescence 
measurements were only correlated to the amide 
CD signal of HSOD. In this article we have 
extended the CD measurements to the aromatic 
region which is a key test for the existence of a 

molten globule state in HSOD. In addition, a 
two-dimensional experiment has been performed 
to rigorously test the hypothesis of structural mi- 
croheterogeneity and the existence of a molten 
globule state. This involves time-resolved fluores- 
cence decay experiments of HSOD over denatu- 
rant concentration and temperature. The tem- 
perature and denaturant range covered is rela- 
tively broad (1O’C to 50°C and 0.0 M to 6.5 M 
GdHCl) and the interval between experiments is 
relatively small (5°C and OS-l.0 M GdHCl). For 
this work we plan to perform a global analysis of 
the time-resolved fluorescence decay of HSOD 
over denaturant concentration to test the exis- 
tence of an intermediate. Time-resolved fluores- 
cence anisotropy decay measurements were also 
performed as a function of temperature and de- 
naturant concentration. The time-resolved fluo- 
rescence anisotropy measurements monitor the 
“fluidity” of the environment of the Trp residue 
in HSOD as a function of GdHCl concentration. 

2. Experimental 

2.1. Sample preparation 

Holo-HSOD was purified from human ery- 
throcytes [24]. Samples were dissolved in 0.01 M 
potassium phosphate buffer at pH 7.6. Denatura- 
tion was accomplished by mixing an appropriate 
amount of HSOD stock solution with ultra-pure 
guanidine hydrochloride (from ICN Biomedical, 
Inc., Cleveland, OH, USA). The final protein 
concentration was around 30 FM giving an ap- 
proximate optical density of 0.1 at 295 nm. The 
following concentrations of GdHCl were used: 
0.0, 1.0, 2.0, 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0 and 6.5 
M (time-resolved fluorescence anisotropy mea- 
surements were not done at 5.5 M GdHCl). At 
each denaturant concentration temperature de- 
pendent experiments were performed from 10°C 
to 50°C in steps of 5°C. The temperature was 
monitored continuously during measurements by 
attaching a thermocouple to the sample cuvette. 
The readings of the thermocouple were moni- 
tored by an Omega Digicator (from Omega Engi- 
neering, Stamford, CT, USA) with an accuracy of 
f O.l”C. 
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2.2. Time-resolved fluorescence and anisotropy 
measurements 

All time-resolved fluorescence and anisotropy 
measurements were performed at the Laboratory 
for Fluorescence Dynamics of the University of 
Illinois at Urbana-Champaign, Urbana, IL, USA. 
Frequency domain techniques were used to mea- 
sure the fluorescence decay of all samples in the 
range of 10 to 240 MHz [25]. The light source was 
a high repetition mode-locked Nd-YAG laser 
used to pump a rhodamine dye laser yielding a 10 
ps pulse output of about 50 mW at 590 nm with a 
2 MHz repetition rate. This output was then 
frequency doubled to 295 nm and its harmonic 
content was used to excited the sample [26]. The 
excitation was polarized at the “magic angle” to 
eliminate rotational effects on the fluorescence 
lifetime measurements [27]. The emission was 
observed using an optical filter combination of 
UV34 and U340 (from Oriel Corp., Stratford, 
CT, USA). 

2.3. Circular dichroism measurements 

Circular dichroism measurements were carried 
out using a Jobin- Yvon CD VI spectropolarime- 
ter (from SPEX Industries, Inc., Edison, NJ, 
USA). The sample holder was thermostated at 
20°C using an external bath circulator. Measure- 
ments of the amide CD of HSOD were per- 
formed as a function of GdHCl concentrations in 
our previous study 111. These samples were in the 
concentration range 0.1-1.0 mg/ml and the sam- 
ples were placed in 1.0 cm quartz cuvettes. Aro- 
matic CD measurements of HSOD were per- 
formed as a function of GdHCl concentration in 
this study. Samples for measuring the aromatic 
CD were in the concentration range of 2-3 mg/ 
ml since this signal is weak at lower concentra- 
tions. 

2.4. Analysis and graphical presentation of data 

Data analysis was performed by minimizing 
the reduced x2 with a routine based on the 
Marquardt algorithm using the Globals Unlim- 
ited software [28]. The results of some of these 

fits are shown in three-dimensional graphs with 
the x- and y-axes corresponding to temperature 
and denaturant concentration, respectively. The 
temperature axis of these graphs correctly por- 
trays the intervals between experiments (5°C). 
However, the GdHCl axis division does not com- 
pletely reflect the experiments conducted on 
HSOD. In particular, no data was taken for 0.5, 
1.5 and 2.5 M GdHCl for Figs. 2, 3, 4-6 and 
11-13. In addition, no data was taken for 5.5 M 
GdHCl in Figs. 4-6. In addition, some of the 
data, being high in laser noise or having large 
systematic error, were discarded. A total of 10 
experiments were removed from the time-re- 
solved fluorescence decay data set (Figs. 2,3 and 
11-13) and a total of 12 experiments were re- 
moved from the time-resolved fluorescence an- 
isotropy decay data set (Figs. 4-6). As a result, an 
interpolation was performed to fill in the missing 
data points in all three dimensional graphs. The 
corresponding interpolation points, (x,y>, for the 
rejected data sets are listed as follow for Figs. 2,3 
and 11-13 where x is the temperature (in de- 
grees Celsius) and y is the denaturant concentra- 
tion (in m/l): (15,4.5), (20,4.5), (20,5-O), (25,5.0), 
(30,5.0), (45,5.0), (15,5.5), (20,5.5), (25,5.5) and 
(25,6.0). For Figs. 4-6 the rejected data sets are: 
(45,3.5), (15,4.5), (20,4.5), (20,5.0), (25,5.0), 
(30,5.0), (45,5.0), (50,5.0) (25,6.0), (35,6.0), (40,6.0), 
(50,6.0). Considering that the remaining number 
of time-resolved fluorescence decay experiments 
is 89 and the remaining number of time-resolved 
fluorescence anisotropy experiments is 78, this 
still leaves a high density of experimental points 
on the three dimensional graphs. 

Correlated error analysis were also performed 
using the Globals Unlimited rigorous error analy- 
sis routine. The errors on the fluorescence decay 
parameters characterized by the center and width 
of the lifetime distribution are kO.03 ns and 
f0.05 ns, respectively (Figs. 2 and 3). The errors 
on the fluorescence anisotropy decay parameters 
(Figs. 4-6) characterized by the rotational diffu- 
sion coefficient of the protein, DprO, the wobbling 
diffusion coefficient of the Trp residue, DTrp, 
and the semi-cone angle, 0, are on the order of 
f O.OOS/ ns, + 0.02/ ns, and k 3”, respectively 
(using propagation of errors>. The errors on the 
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fractional intensities of Figs. 11-13 are on the 
order of f 12%. 

3. Results 

3.1. Circular dichroism measurements 

The CD spectrum of holo-HSOD has been 
previously reported and its general features agrees 
with the fact that native HSOD is predominantly 
a P-sheet structure [l]. It was also shown that the 
CD spectra progressively decreases in magnitude 
as GdHCl concentration increases. Figure 1 shows 
the decrease of the relative amide and aromatic 
CD signal of holo-HSOD, 8,, and Q,, moni- 
tored at 220 nm and 257 nm, respectively. As 
shown in Fig. 1, beyond l-2 M GdHCl both 
signals progressively decrease in magnitude as 
GdHCl concentration increases. As a result, 
holo-HSOD is progressively denaturing with in- 
creasing GdHCl concentration. However, beyond 
3.0 M GdHCl the tertiary structure signal (8,,) 
decreases more quickly than the secondary struc- 
ture signal (e,,). In fact, beyond 4.5 M GdHCl 

Fig. 1. Relative circular dichroism of holo-HSOD as a func- 
tion of GdHCl concentration at 220 nm (0) and 257 nm (0). 
At 0.0 M GWCI, 0z2” = - 1.053 mdegxm2~dmole-’ and 
B 257 = 0.0183 mdeg.cm*.dmole-‘. Relative CD was used to 

compare the GdHCl dependence of the two signals. 

the tertiary structure signal fluctuates about a 
small negative value while the secondary struc- 
ture signal still continues to decrease. This non- 
parallel change in the tertiary structure CD rela- 
tive to the secondary structure CD suggests the 
presence of an intermediate in holo-HSOD be- 
yond 3.0 M GdHCl. 

3.2. Time-resolved fluorescence decay measure- 
ments 

Previous studies on native HSOD have shown 
that its time-resolved fluorescence decay is best 
described by a distribution of fluorescence life- 
times where the reasons for such a description 
have been previously discussed [l, 29, 301. Of 
importance is the fact that the behavior of the 
lifetime distribution of HSOD as a function of 
temperature or denaturant is consistent with the 
hypothesis of conformational substates [21]. In 
particular, when the temperature of aqueous 
HSOD is decreased the width of its fluorescence 
lifetime distribution increases [30]. This behavior 
results from the reduced Trp interconversion rate 
between conformational substates as temperature 
is decreased. Consequently, at lower tempera- 
tures the Trp residue experiences each substate 
for a longer time than at higher temperatures. 
With respect to denaturant studies, it has been 
shown that the width of the fluorescence lifetime 
distribution of denatured HSOD is greater than 
that of native HSOD [l]. This is consistent with 
the expectation that more conformational sub- 
states are created upon denaturation of HSOD. 
On the basis of the above physical picture, we 
have analyzed, for this study, the time-resolved 
fluorescence decay of holo-HSOD using a 
Lorentzian lifetime distribution. 

Figure 2 shows the resulting dependence of 
the lifetime distribution center as a function of 
GdHCl concentration and temperature using a 
single distributional component_ Generally, the 
center of the lifetime distribution increases with 
decreasing temperature and increasing GdHCI 
concentration. The initial decrease of the center 
from 0.0 M to 1.0-2.0 M is due to a slight 
quenching effect of GdHCl on Trp. This effect 
has been confirmed by steady-state fluorescence 
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Fig. 2. Temperature and denaturant dependence of the center 
of the lifetime distribution of holo-HSOD. 

intensity measurements on HSOD as a function 
of GdHCl concentration which shows an initial 
decrease from 0.0 M to 1.0-2.0 M GdHCl [l]. 
Preliminary experiments show that the unfolding 
of HSOD is partially reversible. 

Figure 3 shows the temperature and denatu- 
rant dependence of the width of the fluorescence 

Fig. 3. Temperature and denaturant dependence of the width 
of the lifetime distribution of holo-HSOD. 

lifetime distribution of HSOD for the analysis of 
Fig. 2. For all temperatures the denaturant de- 
pendence of the width agrees with our previous 
results at 20°C: (1) the width of denatured HSOD 
at 6.5 M GdHCl is greater than that of native 
HSOD, and (2) the width displays a maximum 
around 4.5-5.5 M GdHCl [l]. We have inter- 
preted that the maximum of the distribution width 
observed between 4.5 and 5.5 M GdHCl as due 
to the presence of a monomer-dimer equilibrium 
in partially denatured HSOD [l]. A more de- 
tailed analysis of this equilibrium will be consid- 
ered in the discussion. It should be noted, though, 
that HSOD in 0.0 or 6.5 M GdHCl does not 
display a monomer-dimer equilibrium (as moni- 
tored by its steady-state fluorescence anisotropy 
[l]). Thus, at 0.0 M GdHCl HSOD is a native 
dirner while at 6.5 M GdHCl HSOD is a dena- 
tured monomer. 

3.3. Time-resolved fluorescence anisotropy mea- 
surements 

The time-resolved anisotropy decay of HSOD, 
r(t), for all temperatures and denaturant concen- 
trations can be adequately described by two rota- 
tional correlation times, 

r(t) = ro[ A, exp( -f&i) + (1 -A) 

xexp(-+&S#G~))]~ (1) 

where r0 is the initial anisotropy, 4pro is the 
rotational correlation time of the protein, &, is 
the rotational correlation time of the Trp residue 
and A, is the square root of the order parameter 
of the Trp residue [311. The y0 value used for our 
analysis is the literature value of 0.278 for Trp 
excited at 295 nm 1321. Our results agree with 
previous results for the time-resolved anisotropy 
of aqueous HSOD as a function of GdHCl con- 
centration at 20°C [l]. The use of two rotational 
correlation times (of which one is relatively short) 
can be interpreted as a Trp residue confined to 
free diffusion within a cone semi-angle B while 
the whole protein molecule undergoes isotropic 
rotational diffusion [31]. This free diffusional ap- 
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Fig. 4. Temperature and denaturant dependence of the rota- 
tional diffusion coefficient, DPrO, of holo-HSOD. 

preach is approximate considering that the Trp 
residue interconverts between conformational 
substates over a complex energy landscape. 

Figure 4 shows the rotational diffusion coeffi- 
cient, DPrO, of HSOD as a -function of GdHCl 
concentration and temperature T. D,, is calcu- 
lated using the equation 

At 0.0 M GdHCl, the volume of HSOD, V, can 
be estimated using the the Einstein-Stokes rela- 
tion [331 

V = W6qD,,,, (3) 
where R is the gas constant, T is the temperature 
and r is the solvent viscosity. The obtained val- 
ues of V range from 6.0 X lo4 cm3/mol at 10°C 
to 4.3 X lo4 cm3/mol at 50°C. Such values are 
compatible with the dry volume of HSOD (42,403 
cm3/mol [34]). As GdHCl concentration in- 
creases the values obtained for V becomes signif- 
icantly lower than the dry volume of HSOD. 
Thus, the increase of Dpra with increasing GdHCl 
concentration is probably reflective of segmental 
motion. 

Fig. 5. Temperature and denaturant dependence of the tryp- 
tophan wobbling diffusion coefficient, D,,, of halo-HSOD. 

Figures 5 and 6 show the temperature and 
denaturant dependence of the Trp wobbling dif- 
fusion coefficient, D,, and the cone semi-angle 
8, respectively. 0 is obtained from 

8 = arccos((/w-1)/2). (4) 

Fig. 6. Temperature and denaturant dependence of the cone 
semi-angle, 0, of holo-HSOD. 
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D, is obtained from 

DrrpeTrp(l -AJ 

= -x2(1+X)2{log((l +x)/2) 

+((l -X)/2))/2(1 -X) + (1 -x) 

x(6+8x -x2 - 12x3 -7x4)/24, (5) 

where x = cos(0) [30,35]. The general trend from 
both figures is that from 3.0 M to 4.5 M GdHCl 
both parameters increase significantly. Beyond 
4.5 M GdHCI, both parameters do not increase 
as much as below 4.5 M GdHCl. 

4. Discussion 

4.1. Evidence for structural microheterogeneity 

The indication for structural microheterogene- 
ity came about from our previous study of HSOD 
[l]. Structural heterogeneity here indicates a rela- 
tively stable conformational difference between 
protein molecules in the ensemble. The micro- 
heterogeneity can be observed for periods longer 
than the experimental time (which is in hours). A 
summary of the observations leading to this con- 
clusion is now in order: (1) at 3.5 GdHCl the 
steady-state anisotropy, (r >, of HSOD varies with 
protein concentration, (2) in contrast to the 
steady-state anistropy, the amide CD signal is 
constant over a wide range of HSOD concentra- 
tion at all GdHCl concentrations, (3) the center 
of the lifetime distribution is relatively constant 
over the same range of HSOD concentration in 
3.5 M GdHCl and (4) the width of the lifetime 
distribution increases as HSOD concentration de- 
creases in 3.5 M GdHCl. One final note is that 
the time-resolved fluorescence decay of HSOD, 
when all denaturant concentrations are consid- 
ered, cannot be due to a sum contribution from 
native and denatured species only [l]. These ob- 
servations lead to the model which is schemati- 
cally shown in Fig. 7 . Figure 7 shows the experi- 
mental directions one can take the HSOD sys- 
tem: (1) along the denaturant axis, and (2) along 
the protein concentration axis (referred to as the 
dilution axis). The native HSOD system consists 

L I 

[GdHCl] 

Fig. 7. Schematic portrayal of the holo-HSOD population 
subject to various degrees of GdHCl concentration, [GdHCI], 
and dilution. L, I and H denotes low, intermediate and high, 
respectively. The paired filled circles are strong proteins re- 
ferred to as species S. The paired circles cut by a line are 
weak proteins referred to as species W. The paired empty 
circles are protein molecules easily denatured at intermediate 
[GdHCl]. The denatured monomer is portrayed as a random 
coil and referred to as species U. The single circles cut by a 
line are monomers originating from species W and referred to 
as species M. The single filled circles are monomers originat- 

ing from species S. 

of dimers at the origin of Fig. 7. However, if the 
system is subject to an intermediate denaturant 
concentration then, due to population micro- 
heterogeneity, some proteins are more stable and 
resist complete denaturation while other 
molecules denature. However, at this denaturant 
concentration, there are protein molecules that 
are stable enough to remain native yet at the 
same time they are susceptible to monomeriza- 
tion. This equilibrium can be explored by moving 
along the dilution axis of Fig. 7. The situation 
portrayed in Fig. 7 explains why the amide CD 
signal does not change upon dilution, since the 
population of unfolded proteins remains the same 
at all values along the dilution axis. Dilution also 
gives rise to a decrease in (r}. However, the 
width of the lifetime distribution increases with 
increasing dilution and this suggests that the 
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monomers do not have the same structural in- 
tegrity as the dimers. 

Each of the species in Fig. 7 has a characteris- 
tic fluorescence lifetime distribution and it is 
possible to decompose the time- resolved fluores- 
cence of HSOD as a sum of three species while 
satisfying previous fluorescence observations as a 
function of HSOD concentration. We assumed 
that the fluorescence lifetime distribution of 
species S and U can be obtained from lifetime 
measurements at 0.0 M and 6.5 M GdHCl, re- 
spectively. It has been shown that at very high 
protein concentration the width of the lifetime 
distribution of holo-HSOD in 3.5 M GdHCl is 
close to that of native holo-HSOD. This suggests 
that the width of species W is similar to that of 
species S. Since species W is a dimer it is reason- 
able to assume that the center of the lifetime 
distribution of W is the same as S. The task now 
remains to obtain the lifetime parameters of 
species M as well as the fractional intensity con- 
tribution of each species to the time- resolved 
fluorescence decay of HSOD at a given denatu- 
rant concentration. 

For this goal, the time-resolved fluorescence 
decay of HSOD at a given GdHCl concentration 
is described as a sum of three Lorentzian distri- 
butions: (1) strong dimers plus weak dimers with 
a lifetime distribution center, cN, and a lifetime 
distribution width wN, (2) monomers with a life- 
time distribution center, c~, and a lifetime distri- 
bution width We, and (3) denatured monomers 
with a lifetime distribution center, cu, and a 
lifetime distribution width wu. We denote species 
N as the sum combination of species S and W. 
Thus, N represents native protein molecules. 
Species M denotes the monomer and species U 
denotes the unfolded monomers. A global fit over 
GdHCl concentration was performed for a partic- 
ular temperature T with the parameters wN, CM, 
We, c,, and wu linked. The only free parameters 
in the fit are c~, We and the percentage of 
fractional intensity, fN, fM and fu for species N, 
M, and U, respectively. 

Due to a quenching effect of GdHCl on HSOD 
cN decreases roughly 0.2-O-4 ns from 0.0 to l.O- 
3.0 M GdHCl. Beyond this range of GdHCl 
concentration species N becomes relatively un- 
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Y 
0 

ii.0 2.0 

[GdHCl] 4&I) 
6.0 

Fig, 8, Denaturant dependence of the center of the lifetime 
distribution of native (a), monomer (empty circles) and un- 

folded (A ) species of HSOD at 15°C. 

populated and cN can be set to essentially a 
constant which is roughly the least value attained 
during the quenching process. The resulting fit 
shows that C~ has a value close to cN. Using this 
model we obtained a GdHCl dependence of the 
center of the lifetime distribution of species N, M 
and U at 15°C in Fig. 8. The starting and ending 
of these curves (from left to right along the GdHCl 
axis) signifies the appearance and disappearance, 
respectively, of a particular species. The unfolded 
species U has a large value for cu probably due 
to the distancing of the Trp residue from quench- 
ing gr6ups in the native configuration. The recov- 
ered value of WM obtained at 15°C was 1.4 ns 
with an error of about f0.2 ns. For all tempera- 
tures, the denaturant behavior of cN, CM and cu 
are simiIar to that of Fig. 8. Figure 9 shows the 
resulting fractional intensity, fN, fM and fu for 
HSOD at 15°C as a function of GdHCl concen- 
tration. As shown in Fig. 9, species N decreases 
with increasing denaturant concentration, species 
U increases with increasing denaturant concen- 
tration and species M increases from 2.0 to 5.0 M 
GdHCl and then decreases to 0 beyond 5.0 M 
GdHCl. Figure 10 shows the thermal behavior of 
the width of the three species. Generally, We is 
greater than wN and wu. Though wlvI has a more 
complex temperature behavior than WN and wu, 
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0.0 
U.0 2.0 

[GdHCl] 
;i’I) 6.0 

a 

Fig. 9. Denaturant dependence of fractional intensity of na- 
tive (@), monomer (0) and unfolded (A) species of HSOD at 

15°C. 

it generally decreases with increasing tempera- 
ture. Figure 11, 12 and 13 shows the three-di- 
mensional graphs of fN, fM and f,, respectively, 
as a function of GdHCl concentration and tem- 
perature. At all temperatures, the denaturant be- 
havior of fN, fM and fv are similar to that of 
Fig. 9. 

1.0 2’0 

T3k) 4o So ’ 
60 

Fig. 10. Temperature dependence of the width of the lifetime 
distribution of native (o), monomer (0) and unfolded (A) 

species for HSOD. 

Fig. 11. Denaturant and temperature dependence of the per- 
centage fractional intensity of the native species of HSOD. 

The decomposition shows that wM is greater 
than wN which agrees with the fact that the width 
of the lifetime distribution of HSOD in 3.5 M 
GdHCl increases with dilution. Furthermore, cM 
=C N which agrees with the relatively constant 
behavior of the center of the lifetime distribution 
of HSOD in 3.5 M GdHCl for all protein concen- 
trations. Figure 12 shows that the occurrence of a 
maximum in the width of the lifetime distribution 

Fig. 12. Denaturant and temperature dependence of the per- 
centage fractional intensity of the monomer species of HSOD. 



Fig. 13. Denaturant and temperature dependence of the per- 
centage fractional intensity of the unfolded species of HSOD. 

in Fig. 3 is due to the occurrence of a maximum 
in the concentration of species M. The above 
decomposition provides independent verification 
of an intermediate state in the unfolding of HSOD 
which is in agreement with the fluorescence char- 
acteristics features of species M inferred from the 
protein concentration dependent experiments [ 11. 
It is interesting to note that the sharp drop in the 
aromatic CD of HSOD (around 3.0-3.5 M 
GdHCI) roughly coincides with the sharp changes 
in (1) the width of Fig. 3, (2) segmental motion 
portrayed in Fig. 5 by Dpro, and (3) DTrp and 8 of 
Figs. 6 and 7, respectively. This suggests that the 
time-resolved parameters of holo-HSOD indicate 
increased structural microheterogeneity in the 
protein population about 3-O-3.5 M GdHCl. Fur- 
thermore, since the width of the lifetime distribu- 
tion increases with dilution (at intermediate 
GdHCl concentrations) while the amide CD is 
constant this further suggests that the monomer 
designated as M displays this molten globule state, 
i.e. it retains its native secondary structure while 
displaying fluid- like tertiary structure. From our 
decomposition as well as our time-resolved 
anisotropy measurements we list the following 
native and fluid like characteristics of partially 
denatured HSOD which support species M as 
being a molten globule state. 

N Silva, Jr et al. /Biophys. Chem. 48 (1993) 171-182 

4.1.1. Native-like environment about the Trp 
residue 

The resulting global decomposition of the 
time-resolved fluorescence of HSOD as a func- 
tion of GdHCl which showed that the center of 
the lifetime distribution of species M is similar to 
that of the native state (Fig. 8). As a result the 
average environment of the Trp residue for 
species M is similar to that of the native state. 

4.1.2. Segmental motion increases from 0.0 to 6.0 
M GdHCl 

As shown in Fig. 4 the increase of D,, with 
GdHCl concentration is indicative of segmental 
motion. Clearly Dpro has its contribution froni U 
and probably the decrease of D,, from 6.0 M to 
6.5 M GdHCl is due to the elimination of M 
species. However, the fact that D,, does con- 
tinue to increase from 0.0 to 6.0 M GdHCl is 
suggestive that species M also has fluid-like seg- 
mental motion. 

4.1.3. Large fluidity of the environment about Trp 
As shown in Figs. 5 and 6 major increases in 

DTrp and 8 occur between 3.0 and 4.5 M GdHCl. 
After 4.5 M GdHCl both parameters do not 
change as much. Considering, from Figs. 11-13, 
that only species W and U probably exist beyond 
4.0-5.0 M GdHCl, Figs. 5 and 6 suggest that the 
fluidity of the Trp environment of species W is 
similar to that of species U. In particular, the 
high value of 19 after 4.5 M GdHCl provides the 
Trp residue with large freedom to diffuse. At the 
same time, the large value of DTrp suggests that 
there are less barriers to impede the diffusion of 
TV 

4.1.4. Increased heterogeneity of the system upon 
monomeriza tion 

The global decomposition of the time-resolved 
fluorescence of HSOD shows that the width of 
the lifetime distribution of species M is generally 
greater than that of the unfolded and native 
species (Fig. 10). The reason why the width for 
species M is greater than that of the native species 
is due to the greater number of conformational 
substates in M. This would be compatible with 
the suggestion that M displays fluctuating tertiary 
structure. 
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In terms of the potential surface of HSOD (as 
a function of conformational coordinate) more 
substates are created at intermediate GdHCl 
concentrations while a majority of the energy 
barriers separating these substates remains rela- 
tively high. This physical situation yields a very 
heterogeneous time-resolved fluorescence decay 
for HSOD about 4.5-5.5 M GdHCl. We believe 
this stage is characteristic of species M. However, 
increasing denaturant concentration promotes in- 
creased segmental motion that likely arises from 
decreasing the energy barriers between confor- 
mational substates. As a result, the Trp-protein 
system can interconvert quickly between sub- 
states yielding a less heterogeneous fluorescence 
decay at 6.5 M GdHCl. 

5. Conclusions 

In summary, it can be seen that structural 
microheterogeneity can explain the time-resolved 
fluorescence decay of holo-HSOD as a function 
of denaturant concentration and temperature. 
Furthermore, CD, fluorescence measurements 
and global analysis reveals an HSOD unfolding 
intermediate. In particular, it can be reasoned 
that species M has native-like characteristics in 
its secondary structure and average quenching 
environment while at the same time its molten 
characteristics take the form of increased fluidity 
and increased heterogeneity in its time-resolved 
fluorescence decay. Such observations strongly 
suggest that the monomerization stage of HSOD 
displays a molten globule state. 
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