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ABSTRACT. The backbone assignment of the copganc superoxide dismutase amyotrophic lateral sclerosis
G93A mutant was performed on &N-enriched protein sampléN Ry, R;, andR;, and*N—H NOE
experiments were then carried out at 600 MHz on G93AZ0r50D and the values compared to the
dynamics data for the “wild-type” protein. In additiof’N and'H chemical shift comparisons between
wild-type CupZn,SOD and its G93A mutant were also made. G93A exhibits a higher mobility than wild-
type CuZn,SOD, particularly in loops Il and V, on a time scale faster than the rate of protein tumbling.
There are also distinct chemical shift and NOE differences in residue4B&nd 92-95, which comprise
these loops. These two regions of Zm,SOD form the end of th@-barrel termed thef-barrel plug”
[Tainer, J. A, Getzoff, E. D., Beem, K. M., Richardson, J. S., and Richardson, D. C. (198®). Biol.

160, 181—-217]. The increased mobility and reduction of the number of observed NOEs in this region
indicate an opening of the-barrel that may lead to amyloid fibrillogenesis. Alternatively, a motor neuron-
specific substrate may bind this region of the protein, leading to deleterious modifications and/or reactions.

Amyotrophic lateral sclerosis (ALS)is a progressive  are unknown. A major insight into the role of €n,SOD
neurodegenerative disease that results in a gradual degradan FALS was gained when Gurney et al. found that transgenic
tion of motor neurons in the motor cortex, brain stem, and mice expressing the FALS mutant G93A £n,SOD
spinal cord {). A genetic link has been found in roughly developed progressive motor neuron disease despite having
10% of all reported cases of the disease, which are col- high levels of SOD activity). In addition, transgenic mice
lectively termed familial ALS (FALS). Of these cases, with no endogenous GrAn,SOD were found not to develop
approximately one in five has been directly attributed to motor neuron disease, suggesting that SOD-associated FALS
autosomal dominant mutations in the gene that encodesis caused by a toxic gain of function induced by the ALS
copper-zinc superoxide dismutase (&in,SOD) 2—5). An mutant CyuZn,SOD protein §).

intriguing aspect of these mut_ations is.that they occur CwZn,SOD is a 32 kDa homodimer containing two copper
throgfghoult The ger?e and yeF n T%St msti’:\pces do not and two zinc ions per dimeB). Reduction and oxidation of
Ségn' icantly lower the SOD activity of the resulting enzyme the copper ion mediates the disproportionation of superoxide
6). anion to hydrogen peroxide and dioxygen §2G- 2H" —

At present, the mechanism or mechanisms wherebyO + H,0) (10). Th . .
! ) ) X . The tertiary structure of the enzyme is a
mutations in the gene encoding&Zn,SOD cause the disease Gieek kze);;-k()ar)rel containing an internal disulfide byontﬂ(
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just 2—3 days after purification. These results are indicative on a Bruker Avance spectrometer operating at 600 MHz.
of the inherent instability of the Gdn,SOD FALS mutants This spectrometer contained a triple-resonance (TXI) 5 mm
at room temperature. Fortunately, G93A was stable enoughprobe equipped with pulsed field gradients (PFG) along the
that all the needed experiments in this study could be z-axis. In this study, all the relaxation measurements were
performed. collected with the same procedures used for the wild-type

In the study presented here, the dynamic properties of theClZn,SOD (17) to ensure meaningful comparison between
most prevalent of the G93X FALS mutants, G93A, are the two sets of data and avoid systematic erfBisR,, and
investigated by nuclear magnetic resonance spectroscopy anfieteronuclear NOEs were measured with the gradient-
compared to those of the wild-type protein. As the aim of €nhanced, sensitivity-enhanced pulse sequences as described
this study is to characterize the spectral and dynamical by Farrow et al. 23). Constant temperature throughout the
differences between the G93A mutant and wild-type acquisition of data was maintained by the application of
CwZn,SOD, we have performed the measurements with the temperature compensation method®)( possible shift
same setup that was used for the already reported wild-typevariations were minimized by interleaving experiments with
characterization(7). This is the first study of the dynamic ~ different delays 25). The *N longitudinal relaxation rates
properties of a CiZn,SOD-related FALS mutant in which ~ (Ri) were measured with delays of 2.5, 35, 75, 270, 400,
variations in mobility are characterized in distinct residues 650, 750, 1000, 1750, 2500, and 3000 ms. Phetransverse

of the protein. relaxation ratesR;) were measured using a CPMG sequence
(26) with delays of 9.8, 19.5, 29.3, 39.0, 48.4, 58.6, 68.3,
EXPERIMENTAL PROCEDURES 78.1, 87.8, 97.7, 107.4, and 117.1 ms and a refocusing time

_ (tcpmo) Of 225us. In bothR; andR, measurements, the first

Sample Preparation The human G93A Gn,SOD  gelay was duplicated. A recycle delaf®s was used for
plasmid construct was created by PCR mutagenesis Usingr, R, and heteronuclear NOEs without proton saturation
the pPCuZnSOD¥plasmid @0) as a template. The template  measurements. In the heteronuclear NOE experiment with
plasmid also contains the C6A and C111S mutations, which proton saturation, the latter was achieved with a train of 120
increase the thermostability of the sample and do not haveiy pyises at 5 ms intervals applied for 3 s. All experiments
discernible effects on the activity or the structure of jlized the “water flipback” suppression scheme to minimize
CwpZn,SOD (13, 21) (recombinant C4Zn,SOD with these  the saturation of water by orienting it along thez-axis
two mutations is termed “wild type” in this paper). This is  quring acquisition 7). All 2D data consisted of 2K data
the same plasmid that was used for the earlier dynamicspoints in the acquisition dimension and of 256 experiments
studies of wild-type CsZn,SOD (17). After PCR mutagen-  jn the indirect dimension with eight scans and spectral widths
esis, the resulting plasmid was sequenced and then expressegk ggog {H) and 2553 Hz EN).
in the Escherichia coliTOPP1 (Stratagene) strai2d) to To monitor contributions to transverse relaxation from
obtain the uniformly**N-labeled dimeric protein. Th&N- exchange processes, tRe values of the’N nuclei were
enriched sample, termed G93A in this paper, was then 50 measured as a function ofewc (26, 28). Sets of
isolated and purified according to a published proced2@ ( experiments were carried out at Siwc values: 225, 350,

Protein purity was verified by ESI-mass spectrometry. The 450, 575, 700, and 100@s. Relaxation delays varied from
G93A CwpZn,SOD mutant was found to have 2.03 Cu and 9 to 120 ms, with the exact values dependingresvc.
2.3 Zn equivalents per dimer by inductively coupled plasma  The 5N off-resonance rotating-frame relaxation rates
emission spectroscopy, which is consistent with &ZG480D (R,°FF) were measured as a function of the effective
holoenzyme. Differential scanning calorimetry was also magnetic field amplitudeder) using a previously reported
performed as previously described to ensure sample homo-pulse sequence29). wer was modulated by changing
geneity (L5). Protein concentrations were determined by UV both thew; frequency and amplitude which has an offset
spectroscopy using a molar extinction coefficient of 108  (Aw) with respect to the center of the amide nitrogen
10* M~ cmt at 280 nm for the purified enzyme. The final  resonances. This determines the effective magnetic field
protein sample, at a concentration of 2.5 mM in 20 mM amplitudewes [=(Aw? + w1?)Y3, which makes an angle of
phosphate (pH 5.0), was reduced withBmM isoascorbate 9 [=arctan{p/Aw)] with the y-axis of the!>N magnetization.
and loaded into an NMR tube in a VacAtmosphere chamber The w; amplitude was increased and decreased gradually in
under nitrogen at 12C. a trapezoidal fashion to achieve adiabatic rotation of the

NMR Spectroscopyrhe NMR experiments for the back- magnetization to the effective magnetic field axdg)( For
bone assignment were carried out at 298 K on a Bruker eachw; amplitude value, a series of 2D experiments were
Avance spectrometer operating at 700 MHz. Two-dimen- performed in which the relaxation delays were set to range
sional (2D)**N-HSQC, 2D NOESY, three-dimensional (3D) from 10 to 200 ms.
15N-NOESY-HSQC, and HNHA experiments were per-  Data Analysis Relaxation rate;, R;,°"F, andR, were
formed to obtain the backbone assignments. The two- determined by fitting the cross-peak intensitigsfieasured
dimensional NOESY spectrum was recorded with a spectralas a function of the delayr} within the pulse sequence, to
width of (*H) 18 250 Hzx (*H) 18 250 Hz, using'{) 2048 a single-exponential decay curve using the Levenburg
x (*H) 896 data points. The three-dimensiof-NOESY- Marquardt algorithm 31, 32) according to the following
HSQC and HNHA spectra were both collected withiY equation:
10504 Hzx (*>N) 2980 Hzx (*H) 10 504 Hz as the spectral
window. There werelf) 1024 x (13N) 56 x (*H) 400 and I(T) = l[exp(=RT)] 1)
(*H) 1024 x (**N) 36 x (*H) 200 data points, respectively.
All mobility NMR experiments were carried out at 298 K wherel, and R are the adjustable fitting parameters. The
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use of a two-parameter fitting reflects the setup of the where& = (Ko — 4pppd QY2 Kex = /ey, andT, is the
experiments (the properties of the pulse sequences) wheraluration of a 180N CPMG pulse. When is longer than
the magnetization tends to O at infinite delay. Examples of tcpue, NO effect due to conformational exchange processes
15N R; and R, data recorded for G93A GHn,SOD are is observed. Experimental limits on the spin-echo delay
reported in Figure 1 of the Supporting Information. The length are determined by the duty cycle of the transmitter
errors on the relaxation parameters were estimated throughor short delays and the evolution %1—°N coupling during
a Monte Carlo approach by fitting 500 simulated data sets long delays. In this study;.s ranges between 400 and 1600
(33) generated from the optimized parameters with the s! which sets the limits for the detection of the frequency
addition of a Gaussian noise of standard deviation equal todependence dR, to 2.5x 10°to 1 x 10*s™%.
either 5% of the largest peak intensity or the semidispersion Model-Free AnalysisThe experimental longitudinal and
of the intensities in replicated experiments. transverse relaxation rates and the heteronuclear NOEs have
The heteronuclealH—°N NOE values were measured been analyzed with the Model-Free approach, proposed by
by considering the ratio of the peak volumes in spectra Lipari and Szabo37), and its subsequently extended version
recorded with and withoutH saturation. Two duplicate  proposed by Clore et al38).
spectra were analyzed in a similar way to derive the The equations for the relaxation rates, in terms of spectral
uncertainty of the measurements. density functions J(w)], are well-known 89). Within the
Rotating Frame Relaxation RateRateR;, of a >N spin, Model-Free analysis, the relaxation rates are expressed as a
measured applying an off-resonanegs (R,,°), is related function of the overall rotational correlation timg, the
to relaxation and exchange parameters by the following generalized order paramet®; and the correlation time for
expression 34, 35): internal motions, which can be considered to arise from two
components, one describing fastef) @nd one slowerzf)
RlpOFFz R, cos 6 + RlpON’m sint 6 + motions (collectively calledt), but always faster than,.
- To ensure proper fitting dR,, the Model-Free program also
Ksit g——= (2) takes into account a contribution from exchange processes
1+ Texzweﬁz (Rex) When necessary.

The generalized order paramet8t characterizes the
whereR; is the longitudinal relaxation raté,,°N= is the amplitude of internal motions of thiéd—1°N vector in each
on-resonance rotating frame relaxation rate with an infinitely residue. A value of 1 indicates complete internal restriction
large effective field amplitude, andyis the correlation time  of the 'H—'5N bond, whereas a value of 0 represents no
for the exchange process for the spin under observation. internal restriction.
is a constant equal tp,p,0L22, wherep, and p, are the Following a well-established procedur@gd] initially, the
relative populations of the two states, a and b, between whichrelaxation rates are analyzed in terms of spectral densities,
the exchange process occurs aifd is the chemical shift ~ which, in the simplest case and for isotropic tumbling, is
difference of the resonating nucleus between these two states.

Equation 2 is valid wherdQr.x < 1 and off-resonance 2 g T
effects are neglecte®§). Jw) =15 m

To compare thdry, values measured with differentes @lm
values,R,,°FF should be corrected to take into account the
different & angles 29):

(6)

where the only variable parameterd5 7, being the overall
rotational correlation time (model 1).
An F-statistic test 40) can be applied to evaluate the

R OFFcor_ R, " — R, cos 6 _ R ONe quality of the fitting with respect to the model used for data
1p sSirk 6 1p analysis. When the fitting using eq 6 is poor, a second term
T is added to the spectral density function, according to the
K—=— (3) following equation:
1+ rexzweﬁz
2 S2Tm (1- SZ)T'
In the measurements presented herg, varied between Jw) =71 + (7)

5 2 "2
880 x 27 and 2200x 27 s%, thus setting the range of the 1+ (7)1 (07)

exchange process ratas,(*) from 7 x 10°t0 2 x 10°s™,  \yherer L = 1, + 7oL ande is the correlation time for
the dependence of which can be detected in these experiinternal motions faster thar, (model 2).

ments. When internal motions of significant amplitude occur on

CPMG Spin-Echo Pulse Trairin the R, measurements 1,4 gifferent time scales, but still faster thag, the Model-
with the CPMG sequence, the contributions to transverse praa spectral density function extends to

relaxation due to exchange processes are related teghe
length by the following equations: §rm (32 _ Sz)r's (1- &2)1;
+ +

Jw)=7
(@) ="s 1+ (wr,)? 1+ () 1+ (wr)?

K K
Ry, = 7 — ey sinhl(—exsinhdfi) 4)
§ Ve, where the slow and fast motions have different correlation

—1 _

times @sandz), 7ot =t + s tandry T =Tt + Y

off = 1 (5) S (=S%S?) is the square of the generalized order parameter
2(T, + Tempd) characterizing the amplitude of the internal motions, &Ad
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andS? are the squares of the order parameters for the internal
motions on the fast and slow time scales, respectively.

Since the number of parameters usually exceeds the
number of experimentally accessible data, it is commonly
assumed that; < 20 ps. The third term of eq 8 is then
sufficiently small that it makes a negligible contribution to
the relaxation parameter8§, 41) and simplifies eq 8 to

Sy . (§*— S

Jw) =17,
(@) i+ (0r,)? 1+ (1)’

)

to fit the data (model 5).

When the overall motion is axially symmetridd), 7., *
assumes the following valuegim;* = 6Dg, Tm2 * = 5Dg
+ Dy, tm3* = 2Dg + 4D,. Consequently, the spectral
densities of eqs 69 become a summation over three
components of the diffusion tensor. The three terms of the
summation are multiplied b; [=(3 cog 6 — 1)%4], A,

(=3 sirt 6 cog 0), andAs (=%, sin* 6), respectively, where
0 is the angle between the-HN bond vector and the unique
axis of the principal frame of the diffusion tensat3j.

The rotational diffusion tensoBb() and the initialry, values
were estimated from th&/R; ratio with the program Quadric
Diffusion (43, 44). Once the best model for the molecular
motions was selected on the basis offagtatistic test40)
of the Model-Free analysis, the overal|, the D /Dy, ratio,
and the internal motion parameters for each spin were
optimized by fitting the experimental relaxation daia, Rz,
and NOE) using the Powell minimization algorith8g]. In
this analysis, an axially symmetric model was used to account
for the global rotational motion of the protein.

Estimation of Conformational Entropy from NMR Relax-
ation Data.Order parameterss{) are related to conforma-
tional entropy &on) because they indicate the range of
structural states accessible to a bond veet8). (t has been
previously shown that, in the assumption that the motions
of the individual bond vectors are independent, an upper limit
(in magnitude) of the entropy changes occurring between
two states of a protein can be calculated from order
parameters46):

ASk, = In[3 — (1+ 8S,,) /3 — (1 + 85,)"0 (10)

where S is the conformational entropy, is Boltzmann’s
constant, andg, are the order parameters of thth H—N
vectors in the two states. In this specific case, the initial state
(state 1) is the wild-type Gi4n,SOD and the final state (state
2) is the G93A CpZn,SOD mutant.

RESULTS

Resonance Assignment of G93A.ZyuSOD. The G93A
CwZn,SOD mutant exhibits a well-dispersed and well-
resolved®N-HSQC spectrum indicative of a folded protein.
However, this mutant, particularly at the concentrations
needed for NMR characterization (around 1 mM), is unstable
and after~2 weeks at room temperature starts to denature
and eventually becomes completely unfolded. This prevents
us from performing a more extensive spectral characteriza-
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Ficure 1: HN chemical shift differences between wild-type and
G93A CwZn,SOD. The weighted average differences,gHN)
in chemical shift are determined #§AH)? + (AN/5)4/2} 12, where
AH and AN are chemical shift differences folH and 5N,
respectively §1). The inset reports thA,HN values for the HN
groups of the histidine ring.

GARANT (47) run on a Linux processor cluster. The peak
lists of 1SN-NOESY-HSQC and®N-HSQC experiments, as
well as the solution structure of the &n,SOD dimeric
protein @8), were used as input for the program. Of the 147
expected cross-peaks in thbl-HSQC spectrum, only Phe64
and Lys70 could not be assigned. ThN-HSQC spectrum

of G93A CuwzZn,SOD was nearly identical to that of the wild-
type protein 48), indicating structural similarity between the
two, with the exception of a few areas of localized variations
in chemical shift (Figure 1). These areas are very well-
defined, being limited to segments of residues-18, 35—

41, and 89-95. Furthermore, the NOE patterns observed
from the ®N-NOESY-HSQC spectra were virtually equal
for all residues except for those experiencing variations in
chemical shift with respect to the wild type. A number of
residues located in the segments of residues48band 96-

95 show a sizable reduction in the number and intensities of
NOE cross-peaks.

Relaxation Measurement$he backbone NH dynamics
of G93A CuyZn,SOD were investigated on both the milli-
second to microsecond and nanosecond to picosecond time
scales. The G93A Gidn,SOD relaxation measurements were
carried out under the same sample and experimental condi-
tions that were used for the wild-type &im,SOD (17) to
avoid systematic errors between the two sets of data. We
obtained reliabldR;, R,, and NOE data for 138 of the possible
145 residues that contain backbone NH groups. Glu40,
Asnb53, Ser59, Ser68, Valll8, His120, and Asn131 could
not be analyzed due to peak overlap or an inadequate peak
signal/noise ratio.

The averagdr;, R,, and NOE values for G93A Gdn,-
SOD were 0.62+ 0.06 s%, 30.1+ 3.4 s, and 0.83+ 0.12,
respectively. The experimental data are reported in Figure 2
of the Supporting Information. The averagg R,, and NOE
values for wild-type CgZn,SOD are 0.60G+ 0.11 s%, 33.9
+ 4.1 s%, and 0.81% 0.10, respectivelyl(7).

The residues that exhibit conformational exchange proc-
esses from CPMG anBy, analysis in G93A C¥Zn,SOD
are Val7, Asnl19, GIn22, Lys30, Gly37, Phe45, His48, Cys57,
Val81, Ala9s, Leull?7, Lys122, Thr137, and Gly147. Fur-

tion. Nevertheless, we have been able to assign its spectrunthermore, residues Phe20, Asp52, and Ser107 Ravalues

and to study its dynamical properties. The backbone assign-|

higher than the average, indicating the presence of exchange

ment was aided by using the automatic assignment programprocesses occurring in less than 23. In wild-type
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FiIGURE 2: Model-Free parameters of G93A £im,SOD. Shown are backbone amide order param&eg(@), the effective correlation time
for these fast motionsr§) (b), the order parameters for the fast motio88)((c), and the conformational exchange contributiorRicas
determined from CPMG anB, analysis as a function of residue number. The secondary structure elements are reported at the top.

CwZn,SOD, the residues that exhibit conformational ex-
change processes frdra, analysis are Asn19, Phe20, Thr54,

Cys57, Thr58, Serl07, Leull7, Lys122, Leul26, Alal45,

and llel51 16). Residue Glyl127 has aR, value that is
higher than the average.

Analysis of the Relaxation Dat&Vithin the Model-Free

analysis, the crystal structure of the G37R mutant of human

Conformational exchange contributionsRefrom Model-
Free analysisR.,) were found for Phe20, Asp52, Serl07,
and Thr137, consistent with thé® values being higher than
the average. The relaxation parameters of residues Thr54,
Ser68, and Glu78 cannot be fitted within the Model-Free
analysis.

CwZn,SOD (16) was used to calculate the inertia tensor as DISCUSSION

was done for the wild-type Gdn,SOD (17). The relaxation
data are best fit by an axial diffusion tensor with gDy
ratio equal to 1.26- 0.06. The same value is also found if
the solution structure of wild-type Grin,SOD (48) is used.
For wild-type CuZn,SOD, theD, /Dy ratio was found to be
1.244+ 0.02, which is essentially equal to that of the mutant
described here. The, value obtained from the fitting of
the relaxation data for G93A GZIn,SOD is 22.9+ 1.6 ns
which compares well with a value of 25432.1 ns for wild-
type CuZn,SOD (17).

The averageé® value is 0.8%- 0.04 (Figure 2a) which is
comparable to the avera@® value obtained for wild-type
CwZn,SOD of 0.92+ 0.04 (L7). Most of the residues are
fitted using$ as the only variable parameter (model 1).
Values for the effective internal correlation timgcan be

The structure of G93A GZn,SOD is very similar to that
of wild-type C,pZn,SOD since thé®N-HSQC spectra and
NOE patterns of the two proteins are nearly identical with
the exception of two distinct segments (residues &% and
92-95) shown in Figure 1. These two areas showifig
and 'H chemical shift differences between wild-type and
G93A CwZn,SOD involve loops Il and V. The shift
differences are appreciable enough to indicate local structural
variations in these two regions of the protein. It is clear that
the disruption of local interactions between these two
conserved areas induced by the mutation alters the local
structure as well as enhances the backbone mobility in these
loops. The differences in chemical shifts found in these
regions correlate well with the observation that electrostatic

determined for 18 residues (Figure 2b), all located in the and hydrophobic interactions between these two regions sig-
loop regions. Some of the latter residues are better describedificantly contribute to the stability of thg-barrel structure
with two classes of internal motions (model 5), and the order of CuZn,SOD (11, 12, 16, 48). There is also a slight

parameter %&?) for the fast internal motions can be deter-

chemical shift difference for GIn15 in G93A &n,SOD

mined (Figure 2c). The latter residues are mainly located atwhen compared to the wild type, indicating a structural

the N-terminus of the protein and are all clustered in two
loop regions experiencing collective motions, with some

rearrangement in the area near Vall4 which stabilizes loop
Il by interacting with Leu38 16). Moreover, His43 H,

scattered residues throughout the length of the proteinwhich is involved in hydrogen bonding to the carbonyl

(residues 116 and 138).

oxygen of residues 39 and 48§, is shifted considerably
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Asp 92

Gly 93 -
Gly 37—, m_:: Glu 40

Leu 38 —>

Val lf%

Leu 144

Ficure 3: Hydrogen bond network in the-barrel plug of CyZn,SOD. The hydrogen bond network is taken from the solution structure

of CwZn,SOD (@8). The residues that comprise thebarrel plug 8, 12) are depicted in panel A. Carbon is shown in blue, oxygen in red,
nitrogen in black, and hydrogen in gray. The hydrogen bonds are represented as orange dashed lines. (B) The ribbon diagram highlights the
protein structure of the region shown in panel A. The green segment indicates Gly93.

in G93A CwZn,SOD relative to the wild type (Figure 1, to the mutation. The hydrogen bond network around Gly93
inset). found in the solution structure of human £Zuw,SOD is
The average backbor® value for the G93A CyZn,SOD shown in Figure 3 48). Hydrogen bonds between the
mutant is 0.89+ 0.04, indicating an essentially rigid protein. Asp92-Asp90, Asp96-Val94, and Gly93-Asp90 pairs aid
S values in this range are typically seen in proteins such asin stabilizing the turn in loop V X1, 16, 48, 52). This
Cw,Zn,SOD that contain a large amount/trands in their ~ decrease in rigidity may play a role in the in vivo instability
secondary structured 7, 49, 50). Most of the residues of  previously found in G93C, another ALS mutant with a
G93A CyZn,SOD located in thg8-strands, with the excep- ~ substitution at residue 9%
tion of strands6 which follows the G93A mutation (residues Contrary to the behavior gf-strands, residues located
94—101), have higl® values indicating high rigidity of the  in loops are characterized b$ values that are lower
protein (Figure 2a). than the average (Figure 2a). Particularly striking is the very
The G93A mutation occurs in loop V of GZn,SOD and low & value of Gly12 (0.394+ 0.04) which is located in
is in an area of the protein in which hydrogen bonding loop I. Interestingly, the residues around the electrostatic
interactions are thought to facilitate the “plug” end of the channel (loop VII) in G93A CeZn,SOD do not exhibit
B-barrel B, 48). In addition, there is evidence to suggest that internal mobility. This area is instead characterized by large
the presence of the left-handed Gly93 residue is critical in & values.
maintaining packing interactions in this area of the protein  Values for the internal correlation internal timeg)(and
(51). Therefore, it is not surprising that residues around the fast order parameteiS() are found for residues clustered
mutation experience sizable internal mobility. Stratlis in two loop regions, and these regions experience collective
also significantly more mobile in the mutant than in wild- motions (Figure 2b,c). This is expected since loop regions
type CypZn,SOD (averagé of 0.934 0.04 in the wild type normally display greater mobility than residues involved in
vs 0.84+ 0.03 in the mutant). This may be also a result of secondary structural elements. Conformational exchange
the disruption of the hydrogen bond network in loop V due processes are involving residues scattered along the protein
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studied here was found to be fully metalated with two copper
and two zinc ions per protein dimer (see Experimental
Procedures). Moreover, to our knowledge, there is no
evidence that indicates a zinc deficiency in vivo in the
majority of FALS mutant CyZn,SOD proteins 14, 55).
Nevertheless, previous studies on the zinc binding properties
of isolated CyZn,SOD-related FALS mutants do suggest
that the zinc sites of these proteins are altered in some fashion
(56, 57). The enhanced mobility in this region may be related
to these altered binding properties of the zinc site in the
FALS mutant proteins.

Surprisingly, there are a number of residues in the wild-
type protein withS values lower than those observed in
G93A CwZn,SOD (Figure 5). The residues also display
conformational exchange processes in the wild type with the
FIGURE4: CZn,SOD secondary structurg-strands, as found in ~ €xception of Gly108%7), whereas they do not in the mutant.
the solution structure of wild-type Gan,SOD @8), are numbered ~ Two of these residues, Ala89 and Val94 which are spatially
beginning from the N-terminus of the protein and loop regions are close to each other, may be stabilized in the mutant via
designated by Roman numerals. hydrophobic interactions. Since Asp90, Lys91, Asp92, and

) . Ala93 are more flexible due to the mutation, it is reasonable
backbone that are present both in the long loop IV and in j assume that Alag89 and Valo4 might be closer in space
severalf-strands. _ and thereby positioned within the van der Waals radius of

Comparison of the Backbone Dynamics and NMR Pa- jnteraction. Perhaps long-range effects induced by the
rameters of G93A and Wild-Type &n,SOD To compare  increased mobility around th@barrel plug 8) create steric
the backbone mobilities of the G93A €An,SOD mutant  constraints around these residues, consequently rendering
and wild-type CuwZn,SOD, the differences i& values for them less mobile.
both proteins are displayed in Figure 5. A positive value  The differences in mobility (in terms &) between two
indicates that the HN vector is more rigid in wild-type  species are related to their differences in entrop$)(via
CuZn,SOD than in G93A CZn,SOD, whereas a negative  gq 10. The validity of this equation is limited to residues
value indicates the opposite. Interestingly, the G93A \yith S values of<0.95 @6). If residues with a value of?
CupZn;SOD protein appears to be more mobile than the wild higher than this limit are excluded, the entropy difference
type, which is characterized by an overall aver&jealue between G93A and wild-type GZn,SOD is estimated to
of 0.92 + 0.04, at many residues located throughout the pe 404 13 J mot! K-1. This value indicates a global higher
pro_tein. The most notable differencesShare observed for  gisorder in G93A CsZn,SOD. However, entropy variations
residues 1617, 35-37, 76-84, 92-103, 117, 127, 144,  cajculated from order parameters should not be taken as the
148, and the final two C-terminal residues, which are tqta) entropic difference since the former contribution reflects
depicted in Figure 6. Interestingly, the residues in the only differences in rapid motions detected by NMR. Of
electrostatic channel (loop VII) do not experience an ap- course, additional factors are expected to contribute to the
preciable difference in mobility relative to the wild type. This  gtg] entropy difference.
result seemingly rules out the possibility that a large molecule  The medium- and long-range NOESs observed in the wild-
binds nonspecifically to the copper site as a consequence Oftype protein between residues in loops I, lll, and V and in
increased flexibility around the electrostatic channel. How- strandg6 are either not present or dramatically decreased in
ever, the increased overall dynamics of the mutant protein intensity in G93A CuéZn,SOD. This observation directly
may still provide increased access of small molecules, suchcorrelates with the increased internal mobility in the mutant.
as RO, or peroxynitrite, to the copper site, resulting in  Bjglogical Implications of the G93A MutationMice
potentially toxic free radical chemistrg, 54). expressing C&Zn,SOD mutants have been seen to contain

The packing interactions found between Vall4, residues intracellular plaques or inclusions in their motor neurons,
35—38, and Leul44 also contribute to the formation of the most of which occur before the onset of the phenotypic
B-barrel plug 8, 48) (Figure 3). These residues were also observations associated with AL58j. In particular, spinal
found to exhibit more mobility than the wild type. These cords of mice expressing G93A were found to contain
findings strengthen the idea that the substitution of glycine insoluble high-molecular weight complexes composed of
with alanine at position 93 disrupts the normal hydrogen bond G93A (59). These data suggest a tendency osZLSOD
network and renders G93A ¢1n,SOD more mobile than  mutants to aggregate due to the decreased stability of the
the wild type in a global as well as local sense. protein. Although G93A was found to be similar in terms

Another region of G93A C#Zn,SOD that hass values of thermal stability to the wild type (data not shown), over
significantly lower than those reported for the wild-type time it shows a slow denaturation which might be linked to
protein is the segment between residues 76 and 84, withthe increased mobility in many areas of the protein.
averages values of 0.86+ 0.03 in the mutant and 0.95 Moreover, recent structural analysis suggests fhaarrel
0.03 in the wild type. These residues comprise roughly half folds have continuous hydrogen bond networks around the
of the zinc subloop and contain two of the zinc binding ends of the3-cylinder to protect proteins from aggregation
ligands. This enhanced flexibility at the zinc site is not due arising from edge-to-edge contacts between neighboring
to the absence of zinc since the G93AZpSOD sample  3-sheet proteinsg(). The loss of hydrogen bonding around
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Ficure 5: Differences in order parameters between wild-type and G93&1&80D. A positive value indicates that the- vector is
more rigid in wild-type CyZn,SOD than in G93A CxZn,SOD, whereas a negative value indicates the opposite. The two thin lines represent
the sum of the average errors from fitting. The secondary structure elements are reported at the top.

CwZn,SOD mutation may also aid in the creation of such a
binding site. It is conceivable that the creation of an aberrant
binding site in G93A CyZn,SOD may aid in bringing about
the toxic properties associated with £0,SOD FALS
mutants.

In this study, we have found that G93A £m,SOD
displays enhanced backbone mobility relative to wild-type
CwZn,SOD on the nanosecond to picosecond time scale
stemming from the loss of important interactions between
residues that comprise thebarrel plug 8, 48). Chemical
shift analysis and NOE analysis have also revealed structural
differences between the residues involved in this region.
There are also a number of other£Zn,SOD-related FALS
mutations located in this critical area such as G37R, L38V,
L38R, H43R, A89V, D90A, and D90V (up to date list of
) o - ) ALS mutations available at www.alsod.org). The G37R
Ficure 6: Differences in internal mobility between wild-type and CwZn,SOD mutant is also thought to be flexible in this

G93A CypZn,SOD inS. The solution structure of GAN,SOD @48 . L ) L
was used to illustrate the areas with markedly diffezr@mzal(ue)s region as indicated by the presence of high atomic displace-

between the two systems. Only residues v@tfvalues differing ment parameters in the crystal structuté)( Because of the
by more thant0.09 (sum of the error) are colored. Red depicts high level of conserved residues in this region and the

residues in G93A GiZn,SOD with a lower and blue with a higher  number of FALS-related Gn,SOD mutants found within,
Ogi?tﬁoﬂag?rpheéeéégi”ny.ﬂ'ti}?éﬁe £4n,SOD. Green indicates the i is readily apparent that the disruption of this critical region
P ' of the protein plays a significant role in the creation of the
_ _ N pathological properties associated with,@pSOD mutants.
the ﬁ-barr_el plug as _WeII as the increase in NH mop|l|ty, The pathological mechanism of FALS-associatedZBut
observed in G93A, might favor edge-to-edge aggregation andsop mutants remains an elusive target. However, it is
p-sheet amyloid fibrillogenesissQ). _ becoming clearer that discrete structural instability and
The large number of GiZn,SOD-related FALS mutations  qynamic properties of these mutants are likely to play an
at residue 93 indicates that the loss of the glycine and not ogsential role in the etiology of the disease. In this study,
the addition of an alanine is an important factor in the \ye have presented convincing evidence that G934764
pathology arising from G93A Gidn,SOD. The loss of  gop displays dynamic and structural characteristics not
rotational degrees of freedom brought about by replacing present in the wild-type protein, which undoubtedly con-
the glycine increases the mobility of the residues surrounding yipute to the pathology of FALS-related gin,SOD. Further
the mutation. This resulting increase in mobility may create ¢y,dies are being carried out to gain more insight into how

a dynamic transient opening in tifebarrel plug of G93A  hese distinct characteristics of G93AZu,SOD selectively
CwZn,SOD that contains dissimilar electrostatic character- g¢tect motor neurons at advanced stages of life.

istics with respect to the active site channel, subsequently
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SUPPORTING INFORMATION AVAILABLE

Examples ofN R; andR; relaxation data (Figure 1) and
Ri, Ry, and NOE values of G93A Gudn,SOD (Figure 2).
This material is available free of charge via the Internet at
http://pubs.acs.org.
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