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ABSTRACT: The folding and thermodynamic properties of metal free (apo) superoxide dismutases (SODs)
are systematically analyzed using equilibrium guanidinium chloride (GdmCl) curves and differential scan-
ning calorimetry (DSC). Chemically and structurally diverse amyotrophic lateral sclerosis (ALS)-associated
mutations (G85R, G93R, E100G, I113T) are introduced into a pseudo-wild-type background that has no
free cysteines, resulting in highly reversible unfolding. Analysis of the protein concentration dependence
of GdmCl curves reveals formation of a monomer intermediate in equilibrium with native dimer and
unfolded monomer. Global fitting of the data enables quantitative measurement of free energy changes
for both dimer dissociation and monomer intermediate stability. All the mutations decrease protein sta-
bility, mainly by destabilizing the monomer intermediate, but also by tending to weaken dimerization,
even for mutations far from the dimer interface. Thus, the effects of mutations seem to propagate through
the apo protein, and result in increased population of both intermediate and unfolded monomers. This
may underlie increased formation of toxic aggregates by mutants in ALS. Analysis of DSC data for apo
SODs is consistent with stability measurements from GdmCl curves and provides further evidence for
increased aggregation by mutant proteins through increased ratios of van’t Hoff to calorimetric enthalpies
of unfolding.

Amyotrophic lateral sclerosis (ALS1) is a devastating,
rapidly progressive, adult onset neurodegenerative disease.
Currently, there is little effective treatment and no cure for
ALS. The major known cause of the disease, representing
∼1-2% of all cases, is mutations in Cu,Zn superoxide
dismutase (SOD) (1, 2). SOD is a homodimeric enzyme that
catalyzes the dismutation of superoxide to produce hydrogen
peroxide and oxygen. Each monomer consists of 153 amino
acids which fold into a Greek keyâ-barrel and bind a
structurally important Zn ion and a catalytic Cu ion (3, 4)
(Figure 1). Over 110 SOD mutations, distributed throughout

the protein primary sequence and structure, have been
associated with ALS (http://www.alsod.org) (5). The mutant
SODs generally confer an autosomal dominant pattern of
disease inheritance and are considered to have a toxic gain
of function (6). Numerous proposals have been made
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Cu,Zn superoxide dismutase;∆G, change in Gibbs free energy of
unfolding;m, dependence of∆G unfolding on denaturant concentration;
GdmCl, guanidinium chloride; DSC, differential scanning calorimetry;
pseudoWT (PWT), pseudo-wild-type (C6A/C111S) SOD;Cp, excess
specific heat absorption;∆Cp, change in specific heat capacity upon
unfolding (kcal mol-1 °C-1); ∆h, specific enthalpy of unfolding (cal
g-1); ∆H, enthalpy of unfolding (kcal mol-1); ∆HvH, van’t Hoff enthalpy
of unfolding;∆Hcal, calorimetric enthalpy of unfolding;â, ∆HvH/∆Hcal

× molecular weight of the SOD homodimer;γ, ∆Hcal/∆HvH; ∆S,
entropy of unfolding (kcal mol-1 K-1); K, equilibrium constant;Tm

(tm), temperature in K (°C) where the fraction unfolded is 0.5;tav,
averagetm; HEPES, hydroxyethyl piperazineN′-2-ethane sulfonic acid;
P, protein concentration of dimer in M; pdb, protein data bank.

FIGURE 1: Ribbon diagram representing the crystal structure of
wild-type apo SOD (pdb code 1HL4 (43)). Each 153 amino acid
monomer of the homodimer contains 8 antiparallelâ-strands which
form a flattened Greek-keyâ-barrel. The heavy atoms of G93, G85,
E100, and I113 are shown in black lines and labeled according to
the corresponding ALS-associated mutations studied here (G93R,
G85R, E100G, and I113T). The mutations are chemically diverse
and located in different parts of the structure. E100G is located on
the protein surface at the end of strand 6 and disrupts a salt bridge
with K30. G85R is a located at the beginning of strand 5. G93R is
located at the protein surface, in a tight turn between strands 5 and
6. These three mutations are relatively far from the dimer interface,
which is formed primarily by the first and eighthâ-strands as well
as loops 4 and 6. I113T occurs between strands 6 and 7 in a
hydrophobic patch on the monomer surface at the edge of the dimer
interface. The figure was prepared using Viewer Lite Pro.
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concerning altered mutant SOD functions; however, despite
extensive study, the underlying molecular mechanisms
remain unclear (7). Recently, the hypothesis that SOD
mutations cause ALS by decreasing protein stability and
increasing toxic protein aggregation, as occurs in other
protein misfolding diseases, has received increased attention.
This hypothesis is supported by evidence from both in vivo
and in vitro studies (7-9).

This paper reports characterization of the in vitro equi-
librium folding mechanism and thermodynamic properties
of apo SODs. Chemically and structurally diverse ALS-
associated mutations (G85R, G93R, E100G, I113T, Figure
1) are introduced into a pseudo-wild-type (pseudoWT)
background in which the free cysteines at positions 6 and
111 have been replaced by alanine and serine, respectively.
PseudoWT has been characterized extensively in previous
studies; it has very similar activity, structure, and stability
to wild-type SOD, but is more amenable to in vitro analysis
because the formation of aberrant disulfide bonds by the free
cysteines is eliminated (10-14). Various investigations of
thermal and chemical denaturation of apo wild-type and
pseudoWT SOD, also incorporating ALS-associated muta-
tions, have been reported previously (15-18); however, these
did not include accurate equilibrium analysis of thermody-
namic parameters. Knowledge of thermodynamic parameters
is particularly important for elucidating and understanding
the still elusive relationships between mutant protein proper-
ties and disease characteristics. We have conducted thermo-
dynamic studies using guanidinium chloride (GdmCl) and
differential scanning calorimetry (DSC) for pseudoWT and
mutant holo SODs (19, 20), and DSC for pseudoWT and
G93 mutant apo SODs (20). Here, we extend these studies
to systematically analyze highly reversible, equilibrium
GdmCl denaturation curves of apo SODs, which are used
to determine the thermodynamic effects of mutations on
both dimer dissociation and monomer intermediate sta-
bility. The results obtained by GdmCl denaturation are
consistent with results obtained by reversible thermal dena-
turation using DSC, which also provides evidence for
increased aggregation by mutant proteins. These studies give
important information on the relative stability and equilibrium
populations of different states of this dimeric protein, and
give insights into possible mechanisms of SOD aggregation
in ALS.

MATERIALS AND METHODS

Preparation and Purification of Recombinant SOD.ALS-
associated mutations (G85R, G93R, E100G, I113T) were
introduced into the pseudoWT SOD gene using the plasmid
vector pPHSOD1ASLacIq, and expressed as previously
described (14, 21). The produced protein lacked the native
N-terminal acetylation; this is unlikely to have a significant
effect on folding owing to the unstructured nature of the SOD
N-terminus and its location on the surface of the molecule
away from the dimer interface. This is further supported by
close similarities in the stability of the acetylated and the
nonacetylated SOD (16, 22). The proteins were purified using
a modification of the procedure of Getzoff et al. (21) in which
the diethylaminoethyl column was replaced by a Poros HP2
hydrophobic interaction column. Metals were removed to
make the apo protein by dialyzing against ethylenediamine-
tetraacetic acid (23). Removal of metals was confirmed by

the presence of a single peak in the DSC unfolding
thermograms and by inductively coupled plasma atomic
emission spectroscopy (Solutions Analytical Laboratory,
University of Waterloo, Waterloo, Ontario, Canada). Protein
concentrations were determined by the Lowry method (24).

Differential Scanning Calorimetry.The methodology for
DSC measurements was as described (20). Measurements
were made using a MicroCal LLC VP-DSC (MicroCal Inc.,
Northampton, MA). All samples contained 0.1 to∼2 mg
mL-1 protein in 20 mM hydroxyethyl piperazineN′-2-ethane
sulfonic acid (HEPES), pH 7.8. The scan rate was 1°C
min-1.

Equilibrium Chemical Denaturation and Renaturation
CurVes.Equilibrium denaturation curves were obtained for
apo pseudoWT and mutants by diluting 10× concentrated
stock protein into solutions containing HEPES and different
concentrations of the denaturant GdmCl. The final concen-
tration of HEPES was 20 mM, pH 7.8. For curves obtained
in sodium sulfate, this was added to the mixture to a final
concentration of 0.75 M. Samples were equilibrated at 25
°C by incubating in a temperature-controlled water bath.
Renaturation curves were acquired using the same methodol-
ogy with the exception that the stock protein solution was
first denatured in 4 M GdmCl before dilution into the
appropriate solutions. Circular dichroism (CD) measurements
at 216 and 231 nm were carried out using a J715 CD
spectropolarimeter (Jasco) equipped with a Peltier temper-
ature-controlled cell holder. Steady state fluorescence mea-
surements were made using a Fluorolog3-22 (Instruments
SA, Edison, NJ) with a thermostated water-jacketed cuvette
holder, with excitation and emission wavelengths of 282 nm
and 360 nm, respectively.

DSC Data Analysis.DSC data were fit as described
previously (20, 25). Buffer/buffer scans were subtracted from
protein/buffer scans, which were then normalized for protein
concentration, and fit to a dimer 2-state model: N2 / 2U,
where N2 is the native dimer and 2U are unfolded monomers,
according to the equation

whereCp
tot(T) is the total specific heat absorption atT (in

K), fu is the fraction of unfolded protein atT, ∆h(T) is
the specific enthalpy of unfolding atT, A and B are the
intercept and slope of the native baseline, respectively,
while C is the intercept of the unfolded baseline andD is its
slope, andâ is a temperature-independent constant equal to
the molecular weight of the dimer multiplied by the ratio of
van’t Hoff to calorimetric enthalpies of unfolding (∆HvH/
∆Hcal). A ratio >1 indicates that the cooperative unfolding
unit is larger than the dimer (e.g. oligomer and/or aggregate),
while a ratio <1 indicates that unfolding occurs via the
formation of one or more intermediates (20, 26). For
comparison, data were also analyzed using a unimolecular
monomer 2-state model (N/ U) according to the following
equation:

Cp
tot(T) )

â∆h2(T)

RT2

fu(1 - fu)

2 - fu
+ (1 - fu)(A + BT) +

fu(C + DT) (1)

Cp
ex(T) )

γ∆H2(T)fu(1 - fu)

RT2
(2)
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where Cp
ex(T) and ∆H(T) are the excess specific heat

absorption and the enthalpy of unfolding, respectively, atT
andγ is (∆HvH/∆Hcal). All data analysis was performed using
Origin 5.0 SR2 (Microcal Inc.).

∆HvH, which had far less variability than∆Hcal and
corresponds to a molecularity of 2 (as expected for a dimer
unfolding transition (20)), determined from a plot of lnP
versus 1/Tm, was used to calculate the Gibbs free energy of
unfolding (∆G) according to

and

where ∆S(T) is the entropy of unfolding atT, Tm is
the temperature at which the fraction of unfolded mole-
cules fu ) 0.5, and∆Cp is the change in heat capacity.
A temperature-independent∆Cp of 3.30 kcal mol-1 °C-1

was used to calculate∆G; this value was obtained from
a previous calorimetric study on apo pseudoWT and mu-
tants under conditions identical to those of this study
(20).

GdmCl CurVe Analysis.Chemical denaturation data were
fit to equations for a dimer 2-state model and 3-state models
with monomer or dimer intermediate (19, 27).

Equations.The optical signal of each structural probeYo

is proportional to the intrinsic signal of each speciesi present
at equilibrium such that

whereXi is the mole fraction of each species andYi is its
spectroscopic signal. The signal of each species varies
linearly with [GdmCl] such that

whereYH2O,i is the signal of a particular speciesi at 0 M
GdmCl andsi describes the dependence of the signal on
[GdmCl]. From the mole fractions of each speciesi, the
equilibrium constant of unfolding,K, and hence∆G can be
determined at each [GdmCl]. The∆G at 0 M GdmCl can
then be determined based on extrapolation, assuming a linear
dependence of∆G with [GdmCl] such that

where∆GH2O is the Gibbs free energy at 0 M GdmCl, m
describes the magnitude of the dependence of∆G on
[GdmCl], R is the universal gas constant, andT is the
absolute temperature in K.

In a dimer 2-state model, only the native (N2) and the
unfolded (U) states of the protein are populated at equilibrium
(N2 / 2U). The equilibrium constantK for this process is
defined as

Equation 7 can be expressed with respect to equilibrium
constantK and total protein concentrationP (expressed as
concentration of dimer in M):

whereYn andYu are the spectroscopic signals for the native
(N2) and the unfolded (U) states, respectively.

In a 3-state model, either a monomer intermediate (I) or
a dimer intermediate (I2) is also populated at equilibrium.
For the 3-state monomer intermediate model (N2 / 2I /
2U), the two equilibrium constantsK1 and K2 that define
each unfolding step are given by

and

Equation 7 is defined in terms ofK1, K2, andP such that the
final equation used for fitting is

where the subscripts n, j, and u indicate native dimer,
intermediate, and unfolded monomer, respectively.

In the 3-state model with dimer intermediate (N2 /
I2 / 2U), the equilibrium constantsK1 and K2 are given
by

and

Data were fit to

K )
[U]2

[N2]
(10)

Yo ) Yn(1 - (xK2 + 16KP - K
8P )) +

Yu(xK2 + 16KP - K
8P ) (11)

K1 )
[I] 2

[N2]
(12)

K2 )
[U]

[I]
(13)

Yo ) (Yn + (Yj - Yn +

K2(Yu - Yn))(xK1
2(1 + K2)

2 + 16K1P - K1(1 + K2)

8P ))
(14)

K1 )
[I 2]

[N2]
(15)

K2 )
[U]2

[I 2]
(16)

∆G(T) ) ∆HvH(T) - T∆S(T) (3)

∆HvH(T) ) ∆HvH(Tm) + ∆Cp(T - Tm) (4)

∆S(T) ) ∆S(Tm) + ∆Cp ln
T
Tm

(5)

∆S(Tm) )
∆H(Tm) - ∆G(Tm)

Tm
(6)

Yo ) ∑XiYi (7)

Yi ) YH2O,i + si[GdmCl] (8)

∆G ) -RT ln K ) ∆GH2O
+ m[GdmCl] (9)
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Data Fitting. Fits to individual GdmCl curves were
performed using MATLAB software, version 7.0.4 (The
MathWorks Inc.), while global fits for multiple curves were
performed with Origin 5.0 SR2 (Microcal Inc.). Due to the
many parameters inherent to these models, the fitting
programs could not provide an accurate fit if all were allowed
to vary. The following steps were taken to address this. The
slope and intercept of the native and unfolded baselines were
first fit using linear regression analysis and fixed in
subsequent fitting. The native baseline was most pronounced
and least scattered for the highest concentration curves.
Hence, the slope and intercept for the native baseline of the
highest concentration curves of each dataset were used for
lower protein concentrations with appropriate scaling. Due
to the increased scatter of CD data, the native baseline used
for the fits was an average slope and intercept of all 30µM
curves.

Despite the above simplifications, fits of individual datasets
to 3-state models was precluded due to large errors reported
by the fitting programs. However, multiple datasets could
be accurately fit simultaneously with∆G andm values as
globally shared parameters. CD and fluorescence datasets
were considered separately for the global fits. In all 3-state
monomer intermediate fits, the slope of the intermediate was
set to 0. For fluorescence data acquired in sodium sulfate,
the signal of the intermediate was set to a value of 30% of
the total amplitude (unfolded signal- native signal) of the
transition. This value of 30% was determined by globally
fitting the 1, 5, 10, and 30µM fluorescence datasets of
pseudoWT in 0.75 M Na2SO4, and systematically changing
the magnitude of the intermediate signal from 10% to 80%
of the total amplitude of the transition. The value of 30%
corresponded to the lowestø2 value for fitting. Due to the
lower population of intermediate and the less pronounced
native baselines of denaturation curves acquired in the
absence of sodium sulfate, determination of the intermediate
fluorescence value was less accurate. This was compounded
by nonlinear native baseline effects resulting from GdmCl
(see Results). Hence, the better defined intermediate fluo-
rescence value of 30% obtained from data in sodium sulfate
was also used for data without sodium sulfate. For CD data,
the intermediate is ill-defined likely due to the increased
scatter of the data and the higher protein concentrations that
were required (owing to the lower sensitivity of the probe).
Varying the intermediate value from 20% to 80% pro-
duced little variation inm and ∆G (∼10%). The value of
30% was therefore used for all 3-state monomer intermediate
fits. It should be noted that the signal for the intermediate
will not in general be the same when measured by different
optical probes; however, the approach taken above is
experimentally reasonable and has little effect on the fitted
values.

For the determination of∆Gs (Table 1) for all probes using
a 3-state monomer intermediate model, data obtained in 0.75
M Na2SO4 were fit to a fixedm1 (the dependence of the
free energy of dimer dissociation,∆G1, on denaturant
concentration) value of 1.4 kcal (mol dimer)-1 M-1 and a
fixed m2 (the dependence of the free energy of intermediate
unfolding, ∆G2, on denaturant concentration) value of 3.5
kcal (mol monomer)-1 M-1. Thesemvalues were determined
by globally fitting each mutant and pseudoWT datasets from
all 3 probes (fluorescence, CD 216 nm and CD 231 nm)
and averaging the resultingm values. For the pseudoWT
datasets without sodium sulfate, them values were best
defined by the fluorescence results, thus the values ofm1 )
2.7 kcal (mol dimer)-1 M-1 and m2 ) 2.6 kcal (mol
monomer)-1 M-1 obtained from the fluorescence global fit
were also used for fitting CD datasets. Regardless of the
intermediate andm values used in fitting, the 3-state model
with dimer intermediate did not account well for the data
across all three probes in this study.

RESULTS

Denaturation of Apo PseudoWT and Mutant SODs Is
Highly ReVersible.Chemical denaturation of pseudoWT and
mutant apo SODs by GdmCl, monitored by fluorescence and
circular dichroism (CD) at 216 and 231 nm, is highly
reversible. This is evidenced by the congruence of denatur-
ation and renaturation curves, with equilibrium being reached
within ∼48 h of incubation for denaturation curves and∼72
h for renaturation curves (Figures 2 and 3). Chemical
denaturation of holo SODs has been found previously to also
be highly reversible under these conditions; however the holo
proteins take much longer (many days) to reach equilibrium
(19). The shape of the apo SOD curves is similar to curves
obtained for holo, but the former are shifted by>2 M to
lower GdmCl concentrations. There is a nonlinear decrease
in fluorescence at low denaturant concentrations (Figure 3),
which has been shown not to be associated with a significant
cooperative structural transition for holo (19). As expected
for a dimeric protein, the curves depend significantly on
protein concentration, with transition midpoints shifting to
higher GdmCl concentration with increasing protein con-
centration (Figures 2, 3, and 5).

Thermal denaturation of apo SODs is also highly revers-
ible, as determined by calculating the areas of unfolding
endotherms from successive DSC heating scans. Reversibility
was highest (>95%) when scans were conducted just to the
end of the unfolding endotherms (data not shown) as has
been observed also for other mutants (20). The mutants
showed greater reversibility than pseudoWT, probably
because they were scanned to lower temperatures owing to
their decreased melting points (20).

Sodium Sulfate Markedly Stabilizes PseudoWT and Mutant
Apo SODs.Owing to nonlinear effects of GdmCl on
fluorescence at low GdmCl (see above) and decreased
transition midpoints, GdmCl curves for apo mutants have
ill-defined native baselines (data not shown). In order to
facilitate chemical denaturation analysis of mutants, GdmCl
curves were also measured with the addition of the stabilizing
agent, sodium sulfate. The addition of 0.75 M sodium sulfate
increases the midpoint of chemical denaturation by∼1.9 M
GdmCl (Figures 2 and 3). This results in a much better

Yo ) (Yu + (Yn - Yu + K1(Yj - Yu))

(1 - (x(K1K2)
2 + 16(1+ K1)(K1K2)P - K1K2

8P(1 + K1)
)

1 + K1
)) (17)
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Table 1: Thermodynamic Parameters from GdmCl Curves of PseudoWT and Mutant Apo SODs

dimer 2-state model dimer 3-state with monomer intermediatea

protein [Na2SO4]
(M)

[protein]
(µM)

probe

mtotal
c

(kcal (mol
dimer)-1

M-1)

∆Gtotal
c

(N2 / 2U)
(kcal (mol
dimer)-1)

∆G1
c

(N2 / 2I)
(kcal (mol
dimer)-1)

∆G2
c

(I / U)
(kcal (mol

monomer)-1)

∆Gtotal
d,e

(N2 / 2I / 2U)
(kcal (mol
dimer)-1)

PWT 0 0.2 Fl 5.5( 0.8 13.4( 0.7
PWT 0 1 Fl 7.4( 0.5 15.6( 0.5
PWT 0 5 Fl 7.7( 0.6 15.9( 0.7
PWT 0 10 Fl 8.5( 0.7 16.7( 0.8
PWT 0 0.2, 1, 5, 10b Fl 7.3( 0.2 15.3( 0.2 12.4( 0.7 1.8( 0.4 16.0( 0.9
PWT 0 5 CD216 6.6( 0.9 15( 1
PWT 0 10 CD216 8.4( 0.9 17( 1
PWT 0 5, 10b CD216 7.7( 0.7 15.8( 0.8 12.7( 0.5 1.7( 0.2 16.1( 0.6
PWT 0 10 CD231 9 ( 1 17( 2 13.3( 0.6 1.3( 0.3 15.9( 0.7
PWT 0.75 1 Fl 4.4( 0.5 21( 1
PWT 0.75 5 Fl 6.9( 0.4 28( 1
PWT 0.75 10 Fl 6.4( 0.5 26( 1
PWT 0.75 30 Fl 6.9( 0.8 28( 3
PWT 0.75 1, 5, 10, 30b Fl 6.5( 0.2 26.7( 0.6 12.0( 0.1 10.33( 0.04 32.7( 0.1
PWT 0.75 5 CD216 6.1( 0.7 25( 2
PWT 0.75 10 CD216 7.8( 0.8 29( 2
PWT 0.75 30 CD216 6.3( 0.9 26( 3
PWT 0.75 5, 10, 30b CD216 6.3( 0.3 26( 1 11.9( 0.1 10.5( 0.1 32.9( 0.2
PWT 0.75 5 CD231 7 ( 1 30( 3
PWT 0.75 10 CD231 8 ( 1 30( 3
PWT 0.75 30 CD231 7.8( 0.5 31( 2
PWT 0.75 5, 10, 30b CD231 6.6( 0.4 27( 1 12.3( 0.3 10.2( 0.1 32.7( 0.3
G85R 0.75 1 Fl 5.3( 0.5 21( 1
G85R 0.75 5 Fl 7.5( 0.5 26( 1
G85R 0.75 30 Fl 7.3( 0.8 26( 2
G85R 0.75 1, 5, 30b Fl 6.6( 0.2 23.8( 0.4 11.7( 0.1 8.4( 0.1 28.5( 0.2
G85R 0.75 10 CD216 7.2( 0.6 26( 2
G85R 0.75 30 CD216 6.0( 0.6 22( 2
G85R 0.75 10, 30b CD216 7.0( 0.2 25.0( 0.5 11.5( 0.2 8.6( 0.1 28.7( 0.2
G85R 0.75 30 CD231 7.6( 0.6 27( 2 11.7( 0.3 8.6( 0.2 28.9( 0.4
E100G 0.75 1 Fl 5.2( 0.6 20( 1
E100G 0.75 3 Fl 5.8( 0.8 22( 2
E100G 0.75 10 Fl 6.5( 0.5 23( 1
E100G 0.75 30 Fl 7.4( 0.5 26( 1
E100G 0.75 1, 3, 10, 30b Fl 6.9( 0.2 24.4( 0.4 11.3( 0.1 8.47( 0.05 28.2( 0.1
E100G 0.75 5 CD216 6.2( 0.9 22( 2
E100G 0.75 10 CD216 7.7( 0.8 26( 1
E100G 0.75 30 CD216 6.5( 0.8 23( 2
E100G 0.75 5, 10, 30b CD216 6.8( 0.2 23.9( 0.5 11.4( 0.2 8.3( 0.1 28.0( 0.2
E100G 0.75 5 CD231 5 ( 1 20( 3
E100G 0.75 10 CD231 7.8( 0.8 27( 2
E100G 0.75 30 CD231 7.3( 0.6 25( 2
E100G 0.75 5, 10, 30b CD231 6.8( 0.3 24.2( 0.7 11.0( 0.2 8.6( 0.1 28.2( 0.2
G93R 0.75 1 Fl 5.5( 0.4 21( 1
G93R 0.75 3 Fl 7.5( 0.6 25( 1
G93R 0.75 10 Fl 7.5( 0.4 25( 1
G93R 0.75 1, 3, 10b Fl 7.9( 0.2 26.1( 0.5 11.7( 0.1 7.8( 0.1 27.3( 0.2
G93R 0.75 3 CD216 7 ( 1 23( 3
G93R 0.75 10 CD216 9.0( 0.9 29( 2
G93R 0.75 3, 10b CD216 7.5( 0.3 25.2( 0.8 12.0( 0.5 7.7( 0.2 27.4( 0.6
G93R 0.75 3 CD231 9 ( 2 28( 5
G93R 0.75 10 CD231 6.3( 0.7 22( 1
G93R 0.75 3, 10b CD231 9.4( 0.3 30.2( 0.7 11.8( 0.5 7.8( 0.3 27.4( 0.7
I113T 0.75 1 Fl 4.4( 0.3 17.1( 0.7
I113T 0.75 5 Fl 5.8( 0.2 19.8( 0.5
I113T 0.75 30 Fl 7.8( 0.8 24( 2
I113T 0.75 1, 5, 30b Fl 7.1( 0.3 22.7( 0.6 10.6( 0.1 7.56( 0.04 25.7( 0.1
I113T 0.75 5 CD216 5.9( 0.7 20( 2
I113T 0.75 30 CD216 7.2( 0.6 23( 2
I113T 0.75 5, 30b CD216 6.8( 0.3 22.3( 0.6 10.8( 0.2 7.6( 0.1 26.0( 0.2
I113T 0.75 5 CD231 6 ( 1 21( 3
I113T 0.75 30 CD231 7.1( 0.3 23.1( 0.8
I113T 0.75 5, 30b CD231 7.4( 0.3 23.8( 0.8 10.9( 0.3 7.7( 0.1 26.3( 0.3
a For data with 0 M Na2SO4, m1 andm2 were fixed to 2.7 kcal (mol dimer)-1 M-1 and 2.6 kcal (mol monomer)-1 M-1, respectively, while with

0.75 M Na2SO4, m1 andm2 were fixed to 1.4 kcal (mol dimer)-1 M-1 and 3.5 kcal (mol monomer)-1 M-1, respectively.b Data were fit globally with
ms and∆Gs as shared parameters.c Errors are from the fitting program.d ∆Gtotal ) ∆G1 + 2∆G2. e Errors were propagated according to standard
procedures (67).

7370 Biochemistry, Vol. 45, No. 23, 2006 Vassall et al.



defined native baseline, enabling a more accurate thermo-
dynamic analysis (see below). The CD spectra of both native
and unfolded apo SOD are very similar with and without
sodium sulfate (data not shown). This indicates that sodium
sulfate does not induce a major structural change in these
states.

GdmCl CurVe Fitting to 2-State and 3-State Models.Apo
pseudoWT equilibrium chemical denaturation curves moni-
tored by fluorescence as well as CD at 216 and 231 nm,
both with and without Na2SO4, were initially fit to a dimer
2-state model for a transition between folded dimer (N2) and
unfolded monomer (U): N2 / 2U (Figures 2, and 3 and
Table 1). Curves were fit (see Materials and Methods)
individually as well as globally with∆Gtotal (Gibbs free
energy of unfolding) andmtotal (dependence of∆Gtotal on
denaturant concentration) as shared parameters (Table 1).
Although the global 2-state fits for apo pseudoWT with 0
M Na2SO4 pass through the data points fairly well, there is
a systematic deviation for the lowest protein concentrations

and global fitmtotal and∆Gtotal values are somewhat lower
than expected (Figure 2, Table 1, and below). In addition,
inspection of∆Gtotal and mtotal values for fits to individual
curves reveals systematic increases with increasing protein
concentration (Table 1). Low and changingmand∆G values
are often indicative of population of an intermediate (28).
The changes in values are more pronounced at lower protein
concentrations and become smaller at higher protein con-
centrations. Similar results were also obtained for holo
SODs, where unfolding is close to 2-state at high protein
concentration but a folded monomer intermediate becomes
significantly populated at low protein concentration (19).
Deviation from a 2-state global fit at low protein concentra-
tion is more apparent for data acquired in 0.75 M Na2SO4

(Figure 3, Table 1).
Due to the deviations for the 2-state fits, the data were

also fit to 3-state models with monomer (I) or dimer
intermediate (I2). The data without and with sodium sulfate
are not well fit by the dimer intermediate model (N2 / I2

FIGURE 2: Protein concentration dependence of equilibrium denaturation curves for apo pseudoWT, in 20 mM HEPES, pH 7.8, 25°C.
Protein concentrations are 0.2µM (9), 1 µM (*), 5 µM (O), and 10µM (b). A 1 µM renaturation curve (0) is also shown to illustrate the
reversibility of unfolding. Data are normalized and offset for differences in protein concentration to facilitate comparison. Curves were
monitored by (A, B) fluorescence, (C, D) CD at 216 nm, and (E, F) CD at 231 nm. The lines correspond to fits (Table 1) for each optical
probe to a dimer 2-state model (A, C, E) and a 3-state model with monomer intermediate (B, D, F). Multiple datasets for each probe were
fit globally.
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/ 2U), but are well fit by the monomer intermediate model
(N2 / 2I / 2U) over the full protein concentration range
(Figures 2 and 3), enabling determination of both∆G1 (Gibbs
free energy of dimer dissociation) and∆G2 (Gibbs free
energy of monomer intermediate unfolding) (Table 1). The
resulting fitted values are consistent across all structural
probes (Table 1). The∆Gtotal (∆Gtotal ) ∆G1 + 2∆G2) in
the absence of sodium sulfate is 16.0 kcal (mol dimer)-1

(averaged across all three probes). This value is very similar
to the value determined by DSC (20) (see below).

Fits of the data obtained with sodium sulfate give a∆Gtotal

of 32.8 kcal (mol dimer)-1, indicating a significant stabi-

lizing effect of sodium sulfate, comparable to effects ob-
served for other proteins (29, 30); this stabilization may well
be biologically relevant (see Discussion). Interestingly, the
values of∆G1 without and with sodium sulfate are quite
similar at 12.1 and 12.8 kcal (mol dimer)-1, respectively. In
contrast,∆G2 increases from 1.6 kcal (mol monomer)-1 to
10.3 kcal (mol monomer)-1. Thus, the overall stabilizing
effect of sodium sulfate is dominated by the effect on the
monomer intermediate. As a consequence, there is a signifi-
cant increase in the population of the monomer intermediate
in sodium sulfate (Figure 4). The values ofmtotal (mtotal )
m1 + 2m2; wherem1 andm2 are the denaturant dependence

FIGURE 3: Protein concentration dependence of equilibrium denaturation curves of apo pseudoWT in 0.75 M sodium sulfate, 20 mM
HEPES, pH 7.8, 25°C. Protein concentrations are 1µM (*), 5 µM (O), 10 µM (b), and 30µM (4). A 1 µM renaturation curve (0) is also
shown. Data are normalized for protein concentration and offset to facilitate comparison. Lines corresponding to global dimer 2-state (A,
C, E) and 3-state monomer intermediate (B, D, F) fits for curves monitored by (A, B) fluorescence, (C, D) CD at 216 nm, and (E, F) CD
at 231 nm are also shown. Fluorescence data below 0.8 M GdmCl were not included in the fit due to nonlinear optical effects at low
denaturant (see Results). The fits demonstrate that data at high protein concentrations are well accounted for by the 2-state fits. At lower
protein concentrations a monomer intermediate becomes increasingly populated leading to deviations from 2-state fits. This is most apparent
for the 1µM curve. Parameters for fits to a global 3-state model with a monomer intermediate as well as to a dimer 2-state model are given
in Table 1.
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of ∆G1 and∆G2, respectively) are similar without and with
sodium sulfate, 7.9 kcal (mol dimer)-1 M-1 and 8.4 kcal (mol
dimer)-1 M-1, respectively. These values are very close to
the values calculated using empirical formulas and measured
for holo SODs (19). Despite these similarities,m1 decreases
from 2.7 to 1.4 kcal (mol dimer)-1 M-1 in sodium sulfate,
while m2 increases from 2.6 to 3.5 kcal (mol monomer)-1

M-1, suggesting that the intermediate becomes more compact
in sodium sulfate (see Discussion). Due to relatively high
uncertainties in fitting data without sodium sulfate (see
Materials and Methods), it is unclear whether this compaction
results in altered spectroscopic properties of the intermediate.

GdmCl Denaturation of Mutant Apo SODs.The effects
of mutations on folding mechanism and stability were
investigated by obtaining GdmCl denaturation curves moni-
tored by fluorescence and CD as a function of protein
concentration for apo G85R, E100G, G93R, and I113T
(Figure 5, Table 1). As for pseudoWT, the mutant data are
best fit by the monomer intermediate model. The changes
in total Gibbs free energy of unfolding from native dimer to
unfolded monomers,∆∆Gtotal (∆∆Gtotal ) ∆Gtotal

mutant -
∆Gtotal

pseudoWT), show that all the mutants are destabilized
relative to the wild-type protein (Table 3), as expected based
on the decreased midpoints of unfolding (Figures 3 and 5).
The order of stability, from most stable to least stable, is
G85R> E100G> G93R> I113T. Both dimer dissociation
(∆G1) and monomer stability (∆G2) are negatively affected
by the mutations, with the destabilization of the monomer
being the greater contributor to the decease in overall stability
(Table 3). Despite the smaller impact on∆G1, these
differences in stability significantly increase the relative
population of intermediate (Figure 6). For example, for
G93R, although∆G1 is decreased just 0.3 kcal (mol dimer)-1,

the ratio of monomer intermediate concentration of mutant
relative to pseudoWT is∼1.3 (i.e. 30% increase in inter-
mediate concentration). G85R, E100G, and I113T have larger
effects on∆G1 and the ratio of intermediate concentration
is increased to∼ 1.5, 2, and 3, respectively. The mutations
cause even larger effects on the populations of unfolded
monomers. For the G93R mutation the ratio of concentration
of unfolded monomers of mutant relative to pseudoWT is
85 (i.e. the concentration of unfolded monomers is increased
85-fold, or 8500%), while the ratios for G85R, E100G, and
I113T are∼30, 40, and 280, respectively.

Differential Scanning Calorimetry of Mutant Apo SODs.
Mutant stability was also assessed by differential scanning
calorimetry (Table 2). Good quality data were obtained
without sodium sulfate, with melting temperatures ranging
from ∼45 to 62°C. Thermal denaturation of pseudoWT and
mutants is well fit using a dimer 2-state unfolding scheme
between native dimer (N2) and unfolded monomers (2U),
allowing both∆HvH and∆Hcal to vary (Figure 7). Data were
also fit to a 2-state monomer unfolding model (N/ U),
which clearly accounted less well for the data (data not
shown). For dimer 2-state fitting, the∆HvH/∆Hcal ratio is
∼1 for pseudoWT, but is significantly larger than 1 for the
mutants. This has also been observed for other ALS-
associated mutant apo SODs (20) and appears to be a
common characteristic of these mutants.∆HvH/∆Hcal > 1 is
evidence for increased formation of aggregates by the
mutants (20, 25, 31). Note that formation of monomer or
unfolding via any intermediate would cause∆HvH/∆Hcal <
1 (26), which is not apparent in the DSC data. The evidence
for aggregation of mutant SODs during thermal unfolding
is in contrast to the GdmCl data where there is no indication
of protein aggregation; however, it should be noted that
GdmCl and sodium sulfate may inhibit aggregation.

The relative stability of the mutants in DSC experiments
is the same as measured by chemical denaturation (Table
3). The magnitudes of the destabilization (∆∆Gtotal) of the
mutants are slightly smaller, however, when measured by
DSC (Table 3); this is likely due to the effects of sodium
sulfate (see Discussion). Changes in∆H and∆Sdue to the
mutations relative to pseudoWT are reported in Table 2 as
∆∆H and∆∆S. For G85R, E100G, and G93R, destabiliza-
tion is entropically driven (i.e. positive∆∆S), while desta-
bilization of I113T is enthalpically driven (i.e. negative
∆∆H). It is difficult to rationalize the mechanism of
destabilization in terms of enthalpy and entropy for each
mutation since both changes in noncovalent interactions
within the polypeptide and the surrounding solvent contribute
to ∆∆Sand∆∆H in a complex manner with compensatory
effects (20, 32).

DISCUSSION

Stability Analysis.We report herein quantitative equilib-
rium analysis of thermodynamics for apo SODs using GdmCl
curves as well as DSC. We demonstrate that apo SODs
undergo reversible denaturation in GdmCl, which is well fit
by a 3-state model with monomer intermediate (Figures 2,
3, and 5). The intermediate is increasingly populated with
decreasing protein concentration, as evidenced by increas-
ingly biphasic character in GdmCl curves, whereas the
transition approaches a monophasic 2-state transition at

FIGURE 4: Fractions of the native dimer (- - -), monomer
intermediate (s), and denatured monomer (- - -) as a function of
GdmCl concentration for 1µM apo pseudoWT. Comparison of
the fractions of these various protein conformations in (A) 0 M
sodium sulfate and (B) 0.75 M sodium sulfate demonstrate that
the monomer intermediate is much more populated in sodium sulfate
as evidenced by the maximal fraction of intermediate increasing
from 0.07 without sodium sulfate to 0.35 in sodium sulfate.
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increased protein concentration (Figures 2 and 3). A 3-state
transition with a monomer intermediate was also reported
for GdmCl studies of holo SODs (19) and copper-depleted
SOD (33). The observation of the monomer intermediate for
apo SOD is physically reasonable, given that the dimer
interface is variable among SODs from different organisms,
andEscherichia coliSOD is a natural monomer (34-36).
Furthermore, an engineered monomeric variant of apo SOD
is folded (37) and a monomer intermediate is observed in
kinetic experiments (17). Monomer intermediate formation
for apo and holo SOD is not detected by DSC, likely related
to the relatively high protein concentrations for these
experiments, for which data can be fit using a dimer 2-state
transition (20). Thus, DSC can be used to analyze only
∆Gtotal, whereas global fitting of the GdmCl curves as a
function of protein concentration allows∆Gtotal to be
deconvoluted for simultaneous measurement of both dimer
dissociation (∆G1) and monomer intermediate stability
(∆G2).

There is very good agreement for∆Gtotal measured by
GdmCl denaturation and by DSC for apo pseudoWT (∼16.0
and 15.8 kcal (mol dimer)-1, respectively, Tables 1 and 3).

Oliveberg and co-workers have reported a similar value for
∆Gtotal determined by urea denaturation, but did not show
any equilibrium data in their primarily kinetic study (17).
The value of∆G1 measured here for apo pseudoWT (12.8
kcal (mol dimer)-1, Table 1) is consistent with analytical
ultracentrifugation data at pH 5.5 which estimatedKd <10-8

M for apo and holo wild-type SOD, corresponding to a∆G1

of >10.9 kcal (mol dimer)-1 (38). A very similar value for
∆G1 of ∼13 kcal (mol dimer)-1 was also obtained by GdmCl
denaturation curves for holo pseudoWT (19). These com-
parisons provide further evidence that pseudoWT is a good
model for wild-type, and that the free energy values obtained
from the GdmCl curves are reliable. Also, the GdmCl
experiments provide new quantitative data that metal binding
has little effect on dimer association.

Effects of Sodium Sulfate.Sodium sulfate is known to
stabilize proteins via a mechanism of preferential exclusion
of salt ions from the protein solvent sphere (39), and to
enhance the population of kinetic folding intermediates (30,
40, 41). There is, however, little quantitative data on the
effects of sodium sulfate on the stability of equilibrium
intermediates. The extent of sodium sulfate mediated protein

FIGURE 5: Concentration dependence of equilibrium unfolding of apo pseudoWT mutants: (A) E100G, (B) G85R, (C) I113T, and (D)
G93R, measured by fluorescence. Protein concentrations shown are 1µM (*), 3 µM (]), 5 µM (O), 10µM (b), and 30µM (4). Measurements
were performed at 25°C, 20 mM HEPES pH 7.8 with 0.75 M sodium sulfate. Data are normalized, and scaled for protein concentration
for ease of comparison. As was the case for pseudoWT, data points below 0.8 M GdmCl were not fit due to nonlinear effects and are
excluded for the sake of clarity. The lines represent global fits to a 3-state model with a monomer intermediate. Fitted values for∆Gs and
ms from fluorescence measurements agree well with values obtained from circular dichroism measurements at 216 and 231 nm (Table 1).
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stabilization is related to solvent accessible surface area.
Unfolding of the apo SOD monomer intermediate produces
a larger change in surface area than does dimer dissociation,
based on the highermvalue for the former (42) and structural
data (43). Consistent with these changes, sodium sulfate
causes a relatively large stabilization of the monomer

intermediate with little effect on dimerization. It is interesting
that sodium sulfate causes a decrease in them1 value while
increasingm2 (see Results). This suggests that sodium sulfate
also causes significant compaction of the apo monomer
intermediate; structural studies conducted on a monomeric
variant of apo SOD have shown it to be less compact and

Table 2: DSC Dimer 2-State Fitted Parameters for Apo SODs

protein [protein]
(mg mL-1)

tm
(°C)

∆HvH
b

(kcal (mol dimer)-1)
∆HvH/∆Hcal ∆Cp

c

(kcal (mol dimer)-1 °C-1)

PWTa 3.00 61.9( 0.0 183.3( 1.9 1.44 3.93
PWTa 2.99 61.3( 0.0 178.5( 1.4 1.00 5.11
PWTa 1.50 60.3( 0.0 164.3( 4.0 1.09 5.11
PWTa 1.42 60.0( 0.0 163.6( 2.4 0.96 4.38
PWTa 0.73 58.8( 0.0 144.4( 2.5 0.94 4.30
PWTa 0.44 59.1( 0.2 137.6( 9.4 0.96 4.25
PWTa 0.27 57.8( 0.2 115.4( 2.7 0.78 3.85
PWTa 0.21 58.4( 0.1 116.7( 9.1 0.84 3.74
PWTa 0.20 58.3( 0.1 112.8( 6.7 1.02 2.95
PWTa 0.05 57.8( 0.6 106.5( 18.9 0.97 3.71

mean( SDd: 1.00( 0.18 4.13( 0.65

G85R 0.50 55.1( 0.0 160.8( 3.6 1.54 4.32
G85R 0.43 54.9( 0.0 166.5( 2.1 1.90 3.56
G85R 0.17 54.0( 0.1 158.2( 6.0 1.37 4.12

E100G 1.20 53.1( 0.0 184.7( 2.0 1.83 1.82
E100G 0.50 51.0( 0.0 163.6( 2.3 1.51 2.18
E100G 0.20 49.5( 0.0 156.9( 3.5 1.79 2.40

G93Ra 0.40 48.5( 0.0 144.0( 2.4 1.20 4.30
G93Ra 0.21 47.1( 0.0 123.7( 2.7 1.22 5.73
G93Ra 0.21 46.8( 0.1 115.4( 3.7 1.22 6.14

I113T 0.75 46.3( 0.0 118.0( 2.0 1.25 4.80
I113T 0.50 47.1( 0.1 129.0( 4.1 1.37 2.78
I113T 0.40 46.0( 0.1 106.2( 4.0 0.87 4.62
I113T 0.10 45.3( 1.0 105.3( 18.1 1.19 1.85

mean( SDd: 1.40( 0.30 3.74( 1.45
a Data taken from ref20. b ∆HvH errors (() were propagated according to standard procedures (67) from fitted errors for∆h andâ. c ∆Cp errors

for individual fits could not be reliably calculated since they are based on uncertainties of five different variables.d SD, standard deviation.

Table 3: Summary of Thermodynamic Parameters of PseudoWT and Mutant Apo SODs by DSC and GdmCl Curve Analysis

protein
tma

(°C)
∆tmb

(°C)

∆Gtotal(tav)c

(kcal
(mol

dimer)-1)

∆Gtotal(25°C)d
(kcal
(mol

dimer)-1)

∆G1
e

(kcal
(mol

dimer)-1)

∆G2
e

(kcal
(mol

monomer)-1)

∆Gtotal
f

(kcal
(mol

dimer)-1)

∆∆Hg

(kcal
(mol

dimer)-1)

∆∆Sh

(kcal
(mol

dimer)-1

K-1)

∆∆G1
i

(kcal
(mol

dimer)-1)

∆∆G2
j

(kcal
(mol

monomer)-1)

∆∆Gtotal
k

(kcal
(mol

dimer)-1)

∆∆Gtotal(tav)l

(kcal
(mol

dimer)-1)

PWT 59.0 nam
10.2( 0.6 17.3( 2.4

12.1( 0.2 10.3( 0.2 32.8( 0.1 nam nam nam nam nam nam
10.1( 0.5 15.8( 2.4

G85R 55.2 -3.8
8.6( 0.1 16.9( 0.3

11.6( 0.1 8.5( 0.1 28.7( 0.2 +13.3 +0.046 -0.5 -1.8 -4.1
-1.6

8.5( 0.1 15.7( 0.3 -1.6

E100G 51.3 -7.7
6.6( 0.4 16.6( 1.0

11.2( 0.2 8.5( 0.2 28.2( 0.1 +31.3 +0.107 -0.9 -1.8 -4.6
-3.6

6.6( 0.4 15.6( 1.0 -3.5

G93R 48.9-10.1
5.7( 0.2 13.5( 1.0

11.8( 0.2 7.8( 0.1 27.4( 0.1 +4.4 +0.027 -0.3 -2.5 -5.4
-4.5

5.6( 0.2 12.7( 1.0 -4.5

I113T 46.8 -12.2
5.0( 0.5 12.0( 0.6

10.8( 0.2 7.6( 0.1 26.0( 0.3 -5.8 -0.002 -1.3 -2.7 -6.8
-5.2

5.0( 0.5 11.3( 0.6 -5.2

a tm was determined at 0.50 mg mL-1 using average stability plots (∆G vs temperature (20)) generated from the parameters listed in Table 2.
b Change in thetm of the mutant relative to pseudoWT at 0.50 mg mL-1, calculated astm

mutant - tm
pseudoWT. c ∆Gtotal(tav) obtained from DSC analysis.

tav ) 52.3°C is the average of thetm values for 0.50 mg mL-1 protein. Values were extrapolated to thetav using a temperature-independent∆Cp.
Italicized values were extrapolated using a temperature-dependent∆Cp as previously described (20). Errors (() are standard deviations from multiple
datasets listed in Table 2.d ∆Gtotal(25°C) obtained from DSC analysis. Values were extrapolated to 25°C using a temperature-independent∆Cp.
Italicized values were extrapolated using a temperature-dependent∆Cp as previously described (20). Errors (() are standard deviations from multiple
datasets listed in Table 2.e ∆G1 and∆G2 are derived from 3-state monomer intermediate global fitting of GdmCl curves in 0.75 M Na2SO4 (Table
1). Values are an average of fitted values from three probes (CD 216 nm, CD 231 nm, and fluorescence). Errors (() are standard deviations from
averaging the three probes.f ∆Gtotal ) ∆G1 + 2∆G2. Errors (() are standard deviations from averaging the three probes.g ∆∆H ) ∆Hmutant -
∆HpseudoWT. Values are obtained from DSC and calculated using the temperature-independent∆Cp. h ∆∆S ) ∆Smutant - ∆SpseudoWT. Values are
obtained from DSC and are calculated using the temperature-independent∆Cp. i ∆∆G1 ) ∆G1

mutant- ∆G1
pseudoWT. j ∆∆G2 ) ∆G2

mutant- ∆G2
pseudoWT.

k ∆∆Gtotal ) ∆Gmutant - ∆GpseudoWT. Values are derived from 3-state monomer intermediate fits of GdmCl denaturation curves; negative value
indicates that the mutant SOD is destabilized relative to the pseudoWT.l ∆∆Gtotal(tav) ) ∆Gtotal(tav)

mutant - ∆Gtotal(tav)
pseudoWT. The values are derived from

DSC analysis using∆Gs calculated at thetav which are more accurate than values obtained at 25°C due to a shorter extrapolation (20). m Not
applicable.
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more flexible than holo (37). Compaction of poorly structured
states by sodium sulfate has also been observed for other
proteins (40, 44, 45).

The experiments reported herein for apo SODs demon-
strate that sodium sulfate can be used to facilitate measure-
ments of the determinants of intermediate stability. The
similarity of the changes in overall stability measured by
chemical denaturation in sodium sulfate and by DSC in the
absence of sodium sulfate further validates the former
approach, which may be useful for the study of intermediates
in other systems. It is worth noting that the changes in
stability measured in sodium sulfate are slightly larger than
those measured by DSC (Table 3). Similarly, trehalose also
tended to increase the free energy changes caused by
mutations (46). This leads to the interesting observation that
small molecule stabilizers not only enhance net protein

stability but also enhance the effects of individual amino
acids on stability. It is also worth pointing out that the
measurements of stability and stability changes made in the
presence of stabilizing agents may actually be more biologi-
cally relevant than measurements made in dilute buffers,
since the cellular environment has high ionic strength and
high concentrations of molecules which may increase protein
stability (47-49).

Effects of Mutations.The SOD mutants studied here are
chemically and structurally diverse (Figure 1) and all have
decreased thermodynamic stability. This is not necessarily
expected, given the structural contexts of the mutations (see
below) and previous findings that not all ALS-associated apo
SODs are destabilizing. For example, the metal binding
mutants H46R and D124V have been shown to have apparent
tms that are actually slightly higher than apo wild-type, while
the non metal binding mutant D101N has virtually identical
apparenttm (16). The observations reported in this study are
similar to other measurements for these mutants, with some
significant differences. The apparenttms for the irreversible
thermal unfolding of all four mutants in a wild-type
background are∼4-11 °C lower (16) than values obtained
here (Table 2); although the rank order oftms is generally
similar, E100G is much more destabilized in the wild-type
background. The apparenttms may differ from the results
here due to effects of irreversible unfolding/aggregation, and
so may not consistently reflect differences in thermodynamic
stability (14, 50). Estimates of free energies based on kinetic
measurements in urea using pseudoWT and monomeric
variant backgrounds (18) are in the same range as values
reported here, although not generally in close agreement. On
the one hand, this may not be surprising, considering
experimental uncertainties in measurements. On the other
hand, the differences may be real due to the different
approaches used, e.g. effects of mutations may be different
in the monomeric variant than in pseudoWT, and there may
be errors in the assumptions made in the kinetic analysis.
Since we obtain consistent results using two equilibrium
approaches, changes in stability are likely measured more
accurately using the equilibrium methods.

It is instructive to consider the effects of the individual
mutations. Mutation of G85 to R substitutes a conserved
glycine, located near the edge of the active site in aâ-bulge
within strand 5, with a basic residue. This mutation occurs
at a fairly solvent exposed site and causes relatively small
localized structural changes in yeast SOD (Hart, P. J.,

FIGURE 6: Relative fractions and concentrations of the different
species present at equilibrium for 1µM apo pseudoWT and mutants
in 0.75 M sodium sulfate and 0 M GdmCl. Mutations in SOD result
in a decrease in the fraction and concentration of (A) the native
state with corresponding increases in (B) the folded monomer
intermediate and larger increases in (C) the unfolded monomer.

FIGURE 7: DSC data (excess specific heat absorption,Cp, versus
temperature) of apo pseudoWT and apo mutants. Typical thermo-
grams (s) with corresponding dimer 2-state (N2 / 2U) fits (- - -)
are shown. Protein concentrations are 1.50, 0.43, 1.20, 0.40, and
0.75 mg mL-1 for pseudoWT (PWT), G85R, E100G, G93R, and
I113T, respectively. Datasets are offset for clarity.
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Ogihara, N. L., Liu, H., Nersissian, A. M., Valentine, J. S.,
Eisenberg, D. (pdb code 1F18)). Altered metal binding may
be a significant factor in the decreased stability of holo G85R
(19). Considering also that other metal binding mutations
have been found to have relatively small effects on apo
stability (16), apo G85R may be expected to exhibit relatively
little change in stability. Consistent with this, G85R is the
least destabilized of the mutants studied here; however, it is
nevertheless significantly destabilized. Mutation of E100 to
G could be expected to be destabilizing due to the loss of a
favorable electrostatic interaction with K30 and increased
entropy of the unfolded state (19). G93 is highly conserved
at positioni+3 of a tight turn (51). This wild-type backbone
conformation is not readily accommodated by other residues;
consequently mutations to R and other residues are all
destabilizing (Table 3) (20). Unlike G85R, E100G, and
G93R, which are relatively far from the dimer interface, I113
is located in a hydrophobic patch on the monomer sur-
face, at the edge of the dimer interface. Mutation to T
substitutes a more hydrophilic residue, causing the largest
change in∆G1, as might be expected. Rather unexpectedly,
the mutation also markedly decreases monomer intermediate
stability, despite substituting a more polar residue at the
monomer surface. The destabilization may result from
decreased packing and hence increased exposure of the
hydrophobic residues surrounding position 113. Thus, over-
all, the mutations studied here destabilize SOD, largely by
decreasing monomer intermediate stability (∆G2), but also
tend to weaken dimer association (∆G1), even for mutations
that are relatively distant from the dimer interface.

A particularly interesting observation is that, in contrast
to the results obtained here for apo G85R and E100G, these
mutations do not clearly decrease∆G1 for the holo proteins
(19). This suggests that the effects of mutations may tend to
propagate more in apo than in holo. Compaction with
concomitant increase in stability resulting from SOD metal
binding may cause the effects of mutations to be more
localized. The DSC data reported here (Table 2) extend our
previous observation by DSC on other SOD mutants that
the apo proteins have an increased tendency to aggregate
(20), which are further corroborated by light scattering
measurements (14, 18, 20). The lower stability and enhanced
flexibility of apo SOD may be important for facilitating
aggregation.

Disease Implication.It is particularly striking that all
ALS-associated SOD mutations studied to date appear to
decrease the stability of holo SOD, and usually also of apo
SOD (14-16, 18-20). This implicates decreased stability
as a key factor in causing disease. Destabilizing mutations
have been proposed to cause increased toxic aggregation not
only in ALS but also in many other protein misfolding
diseases (7-9). Decreased stability of apo mutant SOD,
modulated by differences in protein net charge, has been
proposed to be correlated with shorter ALS disease duration
(18). Data from this study on G85R, E100G, and I113T
appear to fit this reported correlation (52, 53). G93R, which
has been shown in limited studies to have large variations
in disease duration (54), could not be evaluated due to
insufficient published patient data. It is noteworthy that there
is considerable scatter in the previously reported correlation,
and data for additional mutants do not necessarily follow
the trend (e.g. G37R (16, 55) and some G93 mutations (20,

52, 53, 56, 57)). Analysis of such correlations, and possible
additional modulating factors (58), may be hampered by
experimental uncertainties in protein stabilities assessed by
kinetics or apparenttms. This re-emphasizes the need for
accurate equilibrium stability measurements, not only for apo
but also for holo SODs, whose destabilization has also be
implicated in toxic aggregation (16, 19, 59, 60).

Stability data may also provide important information for
understanding disease mechanism, such as elucidating which
states of the protein may be aggregating. In general,
aggregation is thought to arise from the increased population
by mutant proteins of partially folded aggregation-prone
species (61). In the case of transthyretin, associated with
familial amyloid polyneuropathy, the native tetramer must
dissociate to monomers and then partially unfold to form
the aggregation-prone species (62, 63). Similar dissociation
and partial unfolding may also be required for aggregation
of either holo or apo SOD mutants (14, 18, 19, 59, 60, 64).
In this regard, it is noteworthy that the populations of the
monomer intermediate and the unfolded monomer are
increased for all the apo mutants (Figure 6). Either species
could promote SOD aggregation in ALS.

In conclusion, we have conducted systematic, quantitative
studies of the relative stabilities of different conformational
states for apo and previously for holo SODs (19), and the
effects of mutations on these states. These studies are of
fundamental interest for understanding folding and stability
of this complex dimeric metalloenzyme. Furthermore, we
have established methodology and obtained important data
for further investigation of aggregation mechanisms in ALS,
which may ultimately contribute to development of urgently
needed strategies to combat the disease, for example, using
drug binding to decrease the population of aggregation-prone
states (65, 66).
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