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The stability and structural properties of the metalloprotein superoxide dismutase 1 (SOD1) are
found to depend critically on metal ions. Native SOD1 monomers coordinate one structural Zn*
and one redox-active Cu?*/* to the active site. To do this, the Zn>* ions need to interact with the
SOD1 protein on the denatured side of the folding barrier, prior to the formation of the folding
nucleus. In this study, we have examined at residue level the nature of this early Zn?* binding by
NMR studies on the urea denatured-state of SOD1. Nearly complete backbone chemical shift assign-
ments were obtained in 9 M urea at physiological pH, conditions at which NMR studies are scarce.
Keywords: . A A .
NMR Our results demonstrate that SOD1 is predominantly unstructured under these conditions. Chemi-
soD1 cal-shift changes upon Zn** titration show that denatured SOD1 retains a significant affinity to Zn**
ions, even in 9 M urea. However, the Zn?* interactions are not limited to the native metal-binding
ligands in the two binding sites, but are seen for all His residues. Moreover, the native Cu?*/'* ligand
H46 seems not to bind as well as the other His residues, while the nearby non-native H43 does bind,
indicating that the binding geometry is relaxed. The result suggests that the Zn?*-binding observed
to catalyze folding of SOD1 in physiological buffer is initiated by diffuse, non-specific coordination
to the coil, which subsequently funnels by ligand exchange into the native coordination geometry of
the folded monomer. Altogether, this diffuse binding is a result with fundamental implications for
folding of metalloproteins in general.
© 2015 The Authors. Published by Elsevier B.V. on behalf of the Federation of European Biochemical Societies. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Superoxide dismutases are ubiquitous enzymes that neutralize
reactive oxygen species in the cells. Human Cu/Zn superoxide dis-
mutase (SOD1) is a 153 amino acid residue homo-dimeric protein
with two cofactors per subunit; one copper and one zinc (Fig. 1).
The copper ion is, in its oxidized form, bound by four histidines
(H46, H48, H63 and H120). All these histidines are essential for
enzyme activity [1]. The zinc ion is bound by three histidines
(H63, H71 and H80) and one aspartate (D83), all part of what is
commonly called “the zinc binding loop” (loop 1V, residues
48-84). This loop and its zinc ion stabilize the protein structure,

Abbreviations: SOD1, superoxide dismutase 1; HSQC, heteronuclear single-
quantum coherence; TOCSY, total correlation spectroscopy; NOESY, nuclear Over-
hauser enhancement spectroscopy; IDP, intrinsically disordered protein
Database: The backbone chemical shift assignments for urea-denatured human
SOD1 have been deposited with the Biological Magnetic Resonance Bank (BMRB)
under the accession code 18968.
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including both metal centers [2-5] but Cu?" is necessary for catal-
ysis and native structure (Fig. 1). Both metals, as well as many
other divalent cations, are able to bind to both metal sites in
natively folded SOD1 in vitro [1].

Zn?" binds to both the zinc and copper sites, and this observa-
tion has been used to elucidate how metals affect folding of
SOD1 [5-7]. These studies showed that Zn?* catalyses protein fold-
ing by binding transiently to the SOD1 Cu®*/!* ligands. Once folding
is completed, the zinc ion is transferred to the thermodynamically
favorable position in the Zn?* site [7]. A question then arises con-
cerning the nature of this Zn?* coordination. There are many poten-
tial competing ligands (e.g. His residues, charged residues) in the
protein and furthermore there is no tertiary structural context that
would favor the native ligands. To investigate the nature of the
early Zn?* binding we have in this work focused on the metal-bind-
ing properties of unfolded SOD1. We have examined possible
structures that may arise due to specific metal interaction of the
urea-denatured state of the monomeric SOD1, F50E/G51E, C6A/
C111A variant (SOD18/111/50/51) The first two substitutions hinder
dimer formation [8], whereas the latter two abolish erroneous
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disulfide bond formation [9], which provides a way to study the
folding and metal-binding properties of the monomeric protein.
Our aim with the study was to examine the early folding events
as introduced by Zn?* coordination. For doing this, we need rela-
tively high Zn?* concentrations in order to capture what may be
relevant Zn?*-interactions for the unfolded state even at physiolog-
ical conditions. Urea-denatured SOD1 may be a simple model for
the unfolded state, but nevertheless presents a way to capture pos-
sible ways for the protein to interact with metal ions. In this way
we are able to capture the effect of metalation at the very start
of the folding reaction, prior to the formation of a folding nucleus.
We have furthermore characterized the residual structure in the
denatured protein and examined the effect of urea at several urea
concentrations. The results presented here demonstrate that Zn?*-
binding to unfolded SOD1 occurs through diffuse and non-native
coordination. This suggests that the ligands are shuffled towards
the native coordination during the course of the folding reaction
providing a favorable funnel-like restriction of the conformational
entropy of the coil.

2. Results
2.1. SOD1 is unstructured in 9 M urea

The overall appearance of the '>N-HSQC is indicative of a pro-
tein with no or very little secondary structure (Fig. 2). We have
assigned the resonances of backbone atoms (N", C* C’ and H*) in
apo-SOD1%/111/59/51 jn 9 M urea and pH 6.3 to a completeness of
97%. The N-terminal residues A1 and T2 lack assignment since
there were no detectable peaks in any of the spectra that could
be assigned to them. C' of H63, F64 and P66 were not assigned
whereas the rest of the assignment for the backbone is complete.

To evaluate the extent of remaining structure of urea-denatured
SOD16/111/50/51 '\we compared the backbone carbon atom chemical
shifts to those previously measured for short peptides [10] using
the chemical shift index method [11]. This simple analysis verified
that only little structure existed in the protein (Fig. 3). Most of the
very small deviations in the chemical shifts, which were only
observed for C*, were slightly positive, corresponding to «-helical
structure. The analysis of A3(C') supported this observation, indi-
cating a random variation along the sequence. Since the deviations
were so small (on average less than 0.4 ppm) and did not indicate
f-sheet structure we concluded that neither the A§(C*) nor the
AS3(C') analyses support the presence of any significant degree of

structure in SOD18/111/5%/51 Additionally, and as expected for ran-
dom coil conformations, no long-range NOEs were found. This fur-
ther underlines that there are no secondary structure elements in
SOD1 under the conditions studied. Therefore, we conclude that
there is no residual p-sheet structure in the protein.

Since we assigned urea-denatured SOD1, we also compared the
chemical shifts with data obtained for denatured GGXGG peptides
by Schwarzinger et al. [12,13], which were measured at much
lower pH (pH 2.3) than in the present study. No significant differ-
ences between this analysis and the one using the dataset by Wis-
hart et al. were observed, except that all aspartic and glutamic
acids in the amino acid sequence of SOD1 showed extreme values
(data not shown), as expected for pH-dependent residues. Also,
AS(C*) for N65 displayed a large deviation from what is expected
for an unfolded protein, most likely due to the proline situated sub-
sequent to it [10,13]. This effect was also seen for all glycines fol-
lowed by prolines (G12, G27, G61 and G73). Similar deviations in
the AS(C*) for proline-neighboring residues was seen when using
the Wishart dataset but was compensated for, as described [10].

To determine the effect of the denaturant on the protein struc-
ture the urea concentration was lowered in steps of 0.5 M. Fig. 4
shows the effect on the chemical shifts of HY and N" when diluting
the urea from 9 to 4 M. The changes (A,.,g0) were generally very
small, on the order of 0.01-0.08 ppm. It is noteworthy that the
region that displayed the largest shifts when lowering the urea
concentration comprises amino acid residues H63-H71, which in
turn is part of the zinc-binding loop. Especially residues S68 and
R69 clearly shifted towards the expected chemical shifts in the
natively folded protein, as seen in a previous assignment of apo-
SOD1 [14]. Two other regions displayed small but consistent chem-
ical shift differences that may be significant, [117-K23 and R143-
1149. These regions correspond to g-strands 2 and 8 in the folded
protein.

2.2. Zn?* binds to all His residues in SOD1

To monitor Zn?*-binding of urea-denatured SOD16/111/50/51 e
performed a series of '>N-HSQC experiments (Fig. 5A). The protein
was exposed to 9 M urea and increasing Zn?* concentrations and
the resulting chemical shift changes, A,,¢ were plotted as a func-
tion of relative Zn?* concentration (Fig. 5B). When zinc ions were
added at lower ratio than 1:1 molar concentration there were no
noticeable changes in the spectra (A, < 0.01 ppm, Fig. 5B). At
equivalent concentrations of Zn?>* and protein (1:1 Zn2*:SOD1)

Fig. 1. Metal binding sites in folded, dimeric, holo-SOD1. The zinc ion (gray) is bound by three histidines (cyan) and one aspartate (red). The copper ion (orange) is bound by
four histidines. H63 is bridging both metals in the oxidized form. Loop IV (the so-called zinc-binding loop) is depicted in pink, loop VII (the “electrostatic loop”) in blue. The
figure was made in VMD with the coordinates taken from the PDB (accession code 2GBT, www.pdb.org). (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)
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Fig. 2. A 'N-HSQC indicating the backbone assignment of SOD1%/111/5%/51 jn 9 M
urea. Basically all residues have typical random coil chemical shifts, giving the
spectrum the typical clustering appearance one normally see for unfolded proteins
without residual elements.

the peaks of all eight His residues shifted slightly to higher values
for HY and lower for N™ (A0 ~ 0.01 ppm for all His residues,
Fig. 5B), and this became even more pronounced at a 2:1 Zn?*:-
SOD1 ratio. No consistent line-broadening for the shifting His
peaks and no additional peaks were observed. We therefore con-
clude that the interaction is most likely characterized by a fast
exchange event. At higher concentrations, certain differences
between the His residues could be discerned. The chemical shifts
of H46 were significantly less affected than what was seen for
the other residues; the maximum change was around 0.06 ppm,
which can be compared to H71 for which the maximum was
0.16 ppm (Fig. 5B). Fig. 6A shows the chemical shift changes at a
Zn?*:SOD1 ratio of 12:1, and from this plot it is evident that all
His peaks but one, His46, has shifted their position significantly.
At this concentration, also peaks neighboring the His residues
(i.e. V47, E49, F64 and E121) display shifts that are larger than
what is observed for the bulk of the protein (Fig. 6), supporting

the observation that the effect is specific for His residues. At a very
high concentration of Zn?*, corresponding to more than a 30:1
ratio, the resonances of most peaks shifted in a more uniform
way and the specificity of the interaction was less pronounced.
To ascertain that this effect at a high zinc concentration was purely
ionic, measurement with a “charge equivalent” of NaCl corre-
sponding to a 30:1 Zn**:SOD1 ratio was performed. No shifts were,
however, observed in the spectrum by adding NaCl. Hence, a high
ZnSO4 concentration induces a general effect in the protein that
was not observed using NaCl. Adding NaCl also demonstrated that
the effect observed for the His residues is specific for Zn?>* and not a
consequence of altering the sample conditions.

Next, the patterns of the shifts were analyzed (Fig. 5B). All of the
His resonances were initially shifted in a linear manner with
increasing concentrations of Zn?*. However, at the same ratio
where we also observed more general shifts in the protein, there
was a change in this linear pattern for several residues (H43,
H46, H48 and H80), and the HN resonances were now shifted to
lower values, indicating a possibility for one or several intermedi-
ate species along the titration series. This effect continued until a
concentration around 60:1 Zn?":SOD1. Here saturation was
achieved, with no further changes. None of the other residues,
including the native Zn?*-ligand D83 display large shifts even at
these high Zn?" concentrations (data not shown). In conclusion,
we find that all His residues display chemical shift changes, but
that for H46 the change is much smaller than for the others, indi-
cating that this residue is less involved in metal coordination.

3. Discussion

NMR studies of intrinsically disordered proteins (IDPs) have
provided a wealth of information about how to best describe the
properties of them [15-19]. It has been established that there often
is residual structure present and that there is variation in the
dynamic behavior along the backbone [20,21]. There are, however,
not that many examples of NMR studies of proteins in high concen-
trations of urea at physiological pH. Suggestions have been made
that residual structure remains also in high amounts of urea, but
these studies were conducted at low pH [22]. There have been
arguments both for and against residual structure in urea-unfolded
proteins, as reviewed by McCarney et al. [23]. The urea-unfolded
barstar was demonstrated to contain little native structure [24],
while studies in lower amounts of urea revealed residual helical
structure [25]. For the tRNA methyltransferase YibK it was on the
other hand suggested that residual structure remained in 8 M urea
at pH 7.5, although the protein was mostly described as random
coil [26]. Therefore, to understand the molecular properties related
to folding of proteins, studies of unfolded states are necessary.
Here we report on the backbone assignment of monomeric urea-
denatured SOD18/111/50/51 Qur analysis of the backbone chemical
shifts shows that SOD1 in 9 M urea is unstructured, and remains
largely unstructured to a urea concentration of less than 4 M. At
low urea concentration evidence for slight structure induction in
two of the B-strands (strands 2 and 8) and in the zinc-loop is
observed. This is in agreement with an earlier study by Assfalg
et al. that demonstrated that monomeric SOD1 is largely unstruc-
tured in guanidinium chloride (Gdmcl) [27].

Although we needed high concentrations of Zn>* to map out the
binding sites in the urea-denatured state of SOD1, the results dem-
onstrate the possible interaction sites also in unfolded SOD1 under
more physiological conditions. Theoretically, the insertion of metal
ions and the folding of a polypeptide chain may take place in any
order. Either the metal ion is bound to the completely or partially
folded structure, or to the unfolded polypeptide chain. In the case
of active (holo) azurin, a blue-copper protein, the complete folding
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Fig. 3. Secondary chemical shifts for SOD16/111/50/51 in 9 M urea. The position of the secondary structure elements as seen in the X-ray structure of monomeric SOD1
(accession code 3HFF, www.pdb.org) are shown under the sequence. In panel A C,, is shown, in panel B C’' secondary shifts according to Zhang et al. [8].

pathway has been shown to be 4000 times faster if copper is
allowed to bind before the rest of the polypeptide folds [28,29].
A few years later it was shown that the metal ions could bind in
several ways, but with one major population [30]. Here we have
shown that in unfolded SOD1 most of the His residues, and not
only the ligands in the two metal-binding sites, are sensitive to
addition of Zn?* ions. We also noted that high concentrations of
Zn?" were needed to induce significant changes in the NMR spec-
trum of urea-denatured SOD1. The relatively high concentration
needed may indicate that all of the His residues are transiently
involved in binding of several ions, but it should also be noted that
urea is known to chelate Zn?*, and that the effective concentration
present for interaction with the His residues may be much lower
[31]. Under the conditions used in this study, with high Zn?*
concentrations, the effects that may very well be common to most
proteins that are abundant in His residues, and not specific for
SOD1. Another general observation is that the Zn?'-binding
appears to proceed via one or several intermediate states. This is
evidenced by the non-linear change in both HN and N chemical
shifts with increasing concentration. This has recently been
explored in detail in a study of the ultrafast folding of the minipro-

tein Trp-cage [32]. Our data, however, point toward a more distinct
change in the chemical shift pattern. The data indicates an onset of
a different Zn?* interaction at very high ion concentrations rather
than an exchange between Zn?**-free unstructured SOD1, fully
Zn?*-bound, and one or several intermediate states.

Zn?" seems to coordinate, to some extent, to all the His residues
in the unfolded protein, including the two non-native metal
ligands H110 and H43. Our data reveal that there is no selectivity
for any of the two native metal centers (Fig. 6). We can also con-
clude that only His residues, and no other common ligands such
as negatively charged amino acid residues, bind the cationic Zn?*
ions in urea-denatured SOD1. Even D83, the only non-His metal
binding ligand in the native protein, is largely unaffected by Zn?*,
and no large shifts are observed (Fig. 6). This finding indicates a
His-specific binding and not only an ionic effect. H120, one of the
copper ligands, is affected to the greatest extent by the presence
of zinc ions. We also note that binding to the non-native copper
ligand H43 seems to be preferred over H46. This implies that it
may not be favorable for Zn?* to bind to both H46 and H48 simul-
taneously in unfolded SOD1, since these residues may be situated
too close in the sequence. Therefore it appears that in the unfolded
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protein, zinc coordination to H43 and H48 is more favorable than
to H46 and H48, i.e. in an extended structure this relaxes the bind-
ing geometry of the protein [33,34]. Together these results demon-
strate that the initial binding of zinc to the protein occurs via a
diffuse coordination, which in turn suggests that the ligands have
to be rearranged during the course of the folding process to reach
the native metal-bound state. This is in agreement with a study of
SOD1 in GdmCl, which demonstrated structural rearrangements of
the both native metal-binding sites [27]. The study in GdmCI fur-
ther showed that the presence of metals induced a somewhat more
compact protein, indicating (transient) metal interactions.

A recent study demonstrated that Zn?* appears to be coordi-
nated to the copper site in the protein in the early folding process,
and that the zinc site forms late in the folding process [7]. Contrary
to these results, it has been argued that the Zn?* site is preformed
in the presence of Zn?*, and that this stabilizes the folding nucleus
[35]. Here we see that the diffuse binding of zinc, where the metal
is coordinated to residues in both metal-binding sites, provides a
means for SOD1 to explore several structural states at the very
start of the folding reaction. Clearly, early zinc binding does not
induce a pre-organized metal-binding site. This is consistent with
the result that the zinc-binding site forms late in the folding
process.

The region known as the zinc-binding loop in the folded protein
(loop IV) appears to be the one that undergoes the most significant
changes when slowly lowering the urea concentration. Small, but
significant changes in chemical shifts for e.g. residues S68 and
R69 in the zinc-binding loop are observed (Fig. 6), indicating that
this region changes its structural characteristics. This implies that
some sort of rearrangement of the loop takes place in the early
stages of folding. NMR relaxation data for the apo protein has
shown that loop IV is highly dynamic [36], and it has been demon-
strated that the structural integrity of the protein relies on metal
coordination [5]. The present finding indicating that the zinc-bind-
ing loop undergoes dynamic rearrangements, together with the
unspecific metal-binding in the unfolded protein provides an indi-
cation that transient structural rearrangements in the zinc-binding
loop may be important in the folding of human SOD1. For the
protein to fold, several structural states are explored, which may
provide a means for the protein to initiate folding. Finally, most
proteins that contain His residues will most likely coordinate to

Zn?" in a diffuse and non-specific way, providing a means for
metal-bound proteins to explore several conformational states.
The diffuse metal binding in the early folding pathway observed
here may well be a general mechanism by how metalloproteins
initiate the folding process.

4. Materials and methods
4.1. Materials

EDTA was purchased from Merck (Whitehouse station, U.S.A.),
guanidine hydrochloride (ultrapure) from AppliChem (Darmstadt,
Germany) and bis-tris hydrochloride from Sigma (St. Louis, U.S.A.).
Urea (ultra pure) was bought from MP Biomedicals (Illkirch, France).
15N-NH,CI, '3C-glucose and D,0 was purchased from Cambridge
[sotope Laboratories (Andover, MA, USA). ZnSO4 was from Fluka
(Buchs, Switzerland). Spectra/Por dialysis membranes were from
Spectrum Laboratories (Rancho Dominguez, U.S.A.)

4.2. Expression and purification

The construct used, SOD18/111/50/51  \as over-expressed in
Escherichia coli grown in M9 minimal medium, containing '’N-
labeled ammonium chloride and/or '3C-labeled p-glucose as sole
nitrogen and carbon sources. The expression and purification of
SOD1 were conducted as described in [37], but with no CuSO,4
addition upon induction.

4.3. Metal depletion and unfolding of SOD1

Apo-SOD1 was prepared by dialysis against 500 mL 50 mM
EDTA and 4 M guanidine hydrochloride, buffered by 10 mM bis-
Tris (pH 6.3). The dialysis membranes had a pore size of 6-8000
MW(CO and the dialysis continued in this solution for at least four
hours in room temperature with stirring. The tubing and its con-
tent was then moved into a solution containing 250 mL 10 M urea
and 10 mM bis-Tris (pH 6.3) and dialyzed again for 2 x 2 h in room
temperature. This was done to keep the protein completely
unfolded, remove EDTA and reduce the salt content in the sample.
Addition of 10% D,0 (for the field frequency lock stabilization in
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NMR experiments) resulted in a final urea concentration of 9 M
and protein concentrations ranging between 0.2 and 0.5 mM for
the different samples. The samples were handled at a maximum
of 25 °C, since urea degrades more rapidly at higher temperature.
The sample was always used within two weeks from preparation
(unfolding and metal depletion) to avoid carbamylation of lysines
and arginines or other effects due to urea breakdown and produc-
tion of cyanate/isocyanic acid.

4.4. NMR experiments

All triple-resonance and titration experiments were done using
a Bruker Avance 700 spectrometer equipped with cryoprobe, oper-

ating at 16.4 T. >’N-TOCSY-HSQC was measured with a Bruker
Avance 600 spectrometer, operating at 14.1 T. The temperature
was set to 25 °C for all NMR experiments.

To assign the backbone resonances of urea-denatured SOD1 a
series of NMR experiments were measured on an uniformly °N,
13C-labeled sample. HNCO, HNCA, HN(CO)CA, CANCO and CACO
experiments were measured to achieve inter- and intra-residual
connections. The '>C-detected experiments, CANCO and CACO,
were conducted to attain greater dispersion of the peaks and also
to assign amide '°N resonances for proline amino acid residues.
Side-chain resonances obtained from HNCACB, '>N-TOCSY-HSQC
and >N-NOESY-HSQC spectra were also helpful in the assignment
process. >’N-TOCSY-HSQC experiments were measured with mix-
ing times of 60 and 90 ms, and a '>N-NOESY-HSQC with a mixing
time of 120 ms. Finally, a total of eight multidimensional spectra
were used to correlate the backbone nuclei, and to obtain sequen-
tial resonance assignments. The spectra were processed with
TopSpin 2.1 (Bruker BioSpin), including, amongst other, linear pre-
diction and zero-filling. The spectral analysis was performed using
Sparky 3 [38].

Chemical shift difference analysis of C* and €, A5(C*) and AS(C)
respectively, was done to evaluate the extent of residual structure
in the protein. The differences in chemical shifts as compared to
the data by Wishart et al, based on GGXAGG and GGXPGG
peptides [10] were determined for this purpose. This dataset was
chosen since it represents truly unstructured sequences, and not
coil regions in otherwise folded proteins [39] or intrinsically disor-
dered proteins [40].

4.5. Zinc titration

A series of >’N-HSQC spectra were measured with an increasing
amount of metal ions present. A solution of ZnSO, was titrated
directly into the NMR tube. The added volumes were kept minimal
(typically 2-7 pL into a volume of 600 pL) to abolish dilution
effects and therefore stock solutions of different concentration (5,
10, 50 or 100 mM) were used. The pH of the sample and the ZnSO4
solutions was kept at pH 6.3. After zinc addition the tube was care-
fully shaken to allow for a homogenous mixing and then put back
into the NMR spectrometer and incubated for at least 15 minutes
before any new measurement was made. If measurements were
continued after an over-night recess, a new spectrum was recorded
with the same sample and compared to the last one measured the
day before to make sure the longer incubation time did not change
the sample in any way. The ZnSO, concentration varied between
15 uM and 15mM and the protein concentration was 260 pM.
The weighted average difference in amide proton (AHV) and amide
nitrogen (AN") chemical shifts upon Zn®* addition, A,.d, was
calculated from [41,42]:

H o2 N\2
Aavgé\/(AN /5)2+ (AH™) (1)

which takes into consideration the different gyromagnetic ratios
and spectral widths of >N and 'H.

4.6. Urea dilution experiments

The urea dilution was made by addition of 10 mM bis-tris buffer
(pH 6.3) with 10% (v/v) D;0 to a sample of SOD1 in 9 M urea. The
dilution was made in 0.5 M steps, starting at 9 M and ending at
3.5 M. No correction was made for the protein concentration that
was lowered from 380 to 148 uM during the measurements. In
all other practical aspects the samples were treated as the samples
in the zinc experiments during measurements.
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Fig. 6. Zn**-induced changes in SOD1%/!11/50/51 chemical shifts. Correlation between the chemical shift changes in SOD1 due to the addition of 3 mM Zn?*-260 uM SOD1 for
H" and N" (A). The Zn?*:SOD1 ratios were obtained by taking into account the (small) differences in sample volumes as a consequence of adding Zn?*. The Zn*'"-induced
weighted average difference in 'HN and '°N chemical shifts as a function of amino acid sequence (B).
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