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Abstract: This article utilized “protein charge ladders”—chemical derivatives of proteins with simi-
lar structure, but systematically altered net charge—to quantify how missense mutations that

cause amyotrophic lateral sclerosis (ALS) affect the net negative charge (Z) of superoxide

dismutase-1 (SOD1) as a function of subcellular pH and Zn21 stoichiometry. Capillary electrophore-
sis revealed that the net charge of ALS-variant SOD1 can be different in sign and in magnitude—by

up to 7.4 units per dimer at lysosomal pH—than values predicted from standard pKa values of

amino acids and formal oxidation states of metal ions. At pH 7.4, the G85R, D90A, and G93R substi-
tutions diminished the net negative charge of dimeric SOD1 by up to 12.29 units more than pre-

dicted; E100K lowered net charge by less than predicted. The binding of a single Zn21 to mutant

SOD1 lowered its net charge by an additional 12.33 6 0.01 to 13.18 6 0.02 units, however, each pro-
tein regulated net charge when binding a second, third, or fourth Zn21 (DZ < 0.44 6 0.07 per additional

Zn21). Both metalated and apo-SOD1 regulated net charge across subcellular pH, without inverting

from negative to positive at the theoretical pI. Differential scanning calorimetry, hydrogen-deuterium
exchange, and inductively coupled plasma mass spectrometry confirmed that the structure, stability,

and metal content of mutant proteins were not significantly affected by lysine acetylation. Measured

values of net charge should be used when correlating the biophysical properties of a specific ALS-
variant SOD1 protein with its observed aggregation propensity or clinical phenotype.

Keywords: Cu,Zn superoxide dismutase; amyotrophic lateral sclerosis; SOD1; amyloid; protein

aggregation; motor neuron disease

Introduction
A fraction of the �160 mutations in the gene encod-

ing Cu, Zn superoxide dismutase (SOD1) that are

linked to amyotrophic lateral sclerosis (ALS) appear

to accelerate the fibrillization of the SOD1 protein

(in vivo) without significantly altering its native

state structure, free energy of folding (DGfold), or the

coordination of Cu21 and Zn21.1–5 These “cryptic”

substitutions—which so far include D90A, E100K,

D101N, and N139K2,6 —do, however, lower the neg-

ative surface potential of SOD1. Although “cryptic”

mutations (some of which are used to construct

transgenic mouse models of ALS7) comprise a small

fraction of SOD1-ALS mutations, they suggest that

perturbations in the biophysical parameters of

SOD1, other than DGfold, can accelerate its self-

assembly and result in selective death of motor

neurons.
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One hypothesis contends that “cryptic” substitu-

tions accelerate self-assembly by lowering the elec-

trostatic repulsion of negatively charged SOD1

polypeptides.1,3 This hypothesis is supported by: (i)

the absence of “cryptic” mutations that increase net

negative charge, and (ii) the widespread scattering

of “cryptic” substitutions across 264 Å2 of the SOD1

surface.2,6 For example, less than 10% of ALS-SOD1

mutations increase formal net negative charge3,4

and those that do (such as V7E or N139D) also

reduce the thermostability of holo-SOD1 and/or apo-

SOD1.8 More general support for the electrostatic

repulsion hypothesis can be found throughout pro-

tein science,9–11 from the century-old observation

that proteins precipitate rapidly at their isoelectric

point,12,13 to the measured rates of amyloid forma-

tion among non-isoelectric variants,11,14 to the engi-

neering of “supercharged” proteins that are

impervious to self-assembly.15

Because intermolecular electrostatic interactions

persist through physiological buffer across long dis-

tances (the Debye radius, j21 510 Å at e 5 80,

I 5 0.1 M, T 5 310 K), it is not immediately clear

whether “cryptic” mutations would accelerate self-

assembly by minimizing long-range electrostatic

repulsions—that depend upon the protein’s net

charge, as reported for other proteins9–11,16—or by

minimizing specific, shorter-range repulsions that

depend upon local patterns of charge (e.g., in-register

or out-of-register patterns, per structure of the

fibril17,18). Regardless of which (or whether) one sce-

nario predominates, quantifying how ALS mutations

affect the electrostatic surface potential of SOD1 in

its native state will answer several important ques-

tions. Do “cryptic” amino acid substitutions diminish

net charge by a single unit, or more or less than

expected because of “charge regulation”?19,20 Do ALS-

variant SOD1 proteins follow the same nonlinear

electrostatic pathway during metal loading as the

WT protein and do they regulate net charge across

subcellular pH?21 Charge regulation is a process by

which the pKa of a protein’s functional groups

undergo cooperative increases or decreases to com-

pensate for electrostatic perturbations within the

interdependent network of ionizable residues.22

Measuring such a seemingly trivial, coarse met-

ric as the net charge of a protein might seem unfit-

ting for an entire research study, however, the net

charge of a folded protein remains one of its most

enigmatic properties to experimentally determine

because few tools exist to make such a measurement

(accurately).22,23 We estimate that the net charge of

<0.1% of unique polypeptides in the Protein Data

Bank have been accurately measured in the native

state (at pH 6¼pI), including any mutant variants of

these proteins. In cases where accurate measure-

ments have been made, the measured values

(denoted ZCE in this article) can differ in magnitude

by up to seven-fold from predicted values that are

calculated from the standard pKa of side-chains

(denoted Zseq), presumably because of anomalous

pKa.24,25

The isoelectric points of a few ALS-variants

have been measured,26–30 however, pI is not an

expression of—and does not scale with—net charge

at pH 6¼pI.24 Experimentally measuring the net

charge of ALS-variant SOD1 instead of predicting it

is especially important because SOD1 is an electro-

statically peculiar metalloenzyme. The dimeric

SOD1 protein contains at least two aberrantly

charged residues: each His63 residue is negatively

charged when bridging Cu21 and Zn21 at the binu-

clear active site.31,32 The ionization state of His63 is

dubious when bridging two Zn21 ions at the active

site (i.e., Cu0Zn4-SOD1).33 Four intrinsically disor-

dered loops in each SOD1 dimer—spanning � 120

residues in total length, including the highly

charged “electrostatic loop”31–35—also undergo

decreases in solvent accessibility upon metal bind-

ing. These types of metal-induced reductions in sol-

vent accessibility could alter the pKa of ionizable

residues by multiple units.36,37 The SOD1 protein is

also localized at multiple subcellular sites with local

pH that are above and below the theoretical pI of

SOD1 (theoretical pI 5 5.9 for apo-SOD1; pI 5 5.3 for

Cu2Zn2SOD1).21 An ALS missense mutation such as

E100K might, therefore, diminish the net (negative)

charge of Cu2Zn2SOD1 at cytosolic pH, but increase

net (positive) charge at lysosomal pH.

In our previous study of WT SOD1, we used pro-

tein charge ladders and capillary electrophoresis (CE)

(Fig. 1) to demonstrate that the actual net charge of

apo-SOD1 and Cu2Zn2-SOD1 deviates from predicted

values by between �0.5 and 11 units—and even oppo-

site in sign—across its range of subcellular pH (this

deviation accounts for the charge imparted by bound

metal ions and the fixed charge associated with non-

titratable metal ligands).21 In this article, we use pro-

tein charge ladders and CE to measure the net

charge of four ALS-linked variants of SOD1 (includ-

ing two cryptic variants), both as a function of Zn21

stoichiometry and pH.

A protein charge ladder is a set of non-

isoelectric chemical derivatives of a protein gener-

ated by the acetylation of its surface Lys-e-NH3
1

(e.g., with acetic anhydride). Each Lys-acetyl deriva-

tive or “rung” differs in net charge from the next by

DZAc � 0.9 units (instead of DZAc 5 1.0) because of

charge regulation,38 but has similar shape and

hydrodynamic drag. When analyzed by CE, a protein

charge ladder is an internally consistent, self-

calibrating electrophoretic array that can be used to

determine the net charge of the zeroth rung (i.e., the

unmodified protein, Fig. 1). A protein charge ladder

is the only convenient tool available for accurately

measuring the net charge of a folded protein.22,24
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The results of our measurements demonstrate

that the effective magnitude and sign of net charge

of ALS-variant SOD1 proteins cannot be accurately

predicted at all values of subcellular pH, even when

taking into account the previously measured net

charge of WT SOD1. Accurately measuring the effect

of ALS mutations on the net charge of the SOD1

protein will establish a more rigorous understanding

of why ALS mutations accelerate the self-assembly

of SOD1 and why some mutations result in more

severe clinical phenotypes than others.4,39,40

Results and Discussion
Throughout this article, and in all of our previous

papers, we refer to changes in the net of proteins—

changes that occur upon amino acid substitution,

fluctuation in pH, or metal binding—in terms of the

change in the absolute magnitude of net charge,

whether it be positive or negative. For example, if

metal binding changed the net charge of a protein

from Z 5 214 to Z 5 212, we would say that metal

binding reduced or diminished the net charge of the

protein, that is, reduced the magnitude of net nega-

tive charge. Likewise, if increasing pH changed the

net charge of a protein from Z 5 212 to Z 5 214, we

would say that increasing pH increased the net

charge of the protein. Furthermore, we would say

that a protein with a net charge of Z 5 23, and a

separate protein with a net charge of Z 5 13, each

have the same magnitude of net charge. Finally, if

any process abolished the net charge of either of

these triply charged proteins, from Z 5 23 and

Z 5 13, to Z 5 0, we would say that both processes

reduced the net charge of both proteins, that is,

reduced the magnitude of charge. We use this con-

vention because the sign of charge is intrinsically

arbitrary and does not express magnitude, and the

word “net” refers to magnitude, not sign.

The location of each amino acid substitution that

we studied (G85R, D90A, G93R, and E100K) is shown

in Supporting Information Figure S1. Although these

substitutions are expected to diminish the net nega-

tive charge of SOD1 by 12 or 14 formal units (per

dimer), each amino acid substitution has different

effects on the structure, folding, metal affinity, and

conformational stability of SOD1.2 The “cryptic” D90A

and E100K substitutions occur at the surface of

SOD1.6 The G85R substitution (a non-cryptic substi-

tution within the H-bonding network that surrounds

metal ligands41) weakens the affinity of SOD1 for

both Cu21 and Zn21.30,42 The G85R substitution also

reduces the thermostability of the SOD1 protein and

alters its three-dimensional structure.1,41,43 The

fourth protein, G93R apo-SOD1, another noncryptic

variant, can coordinate metals properly but exhibits a

destabilized conformation and altered structure com-

pared to the WT apo-SOD1 protein.43,44

In this study, we only examined the electrostatic

effects of Zn21 coordination to ALS-variant SOD1.

Although the dimeric SOD1 protein binds two equiv-

alents of Cu11/21 and two equivalents of Zn21 in its

holo state, the protein is often isolated with more

Zn21 bound to the active site than Cu11/21 (e.g.,

Cu1Zn3-SOD1).45,46 Alterations in Zn21 binding

might modulate neurotoxicity.47,48 We also only stud-

ied SOD1 in its disulfide intact state.

Figure 1. Using “protein charge ladders” and capillary electrophoresis to measure the net charge of native ALS-variant SOD1.

Left plot: a capillary electropherogram of recombinant D90A apo-SOD1 at pH 7.4. Center plot: a capillary electropherogram of

a “protein charge ladder” of D90A apo-SOD1 prepared by acetylating its surface Lys-e-NH3
1 (to electrostatically neutral Lys-

NHCOCH3) with acetic anhydride. Right plot: a plot of the electrophoretic mobility (m) of each rung of the ladder versus the

number of acetylated lysines (N) of each rung. The x-intercept of this plot is equal to ZSOD1-Ac0/DZAc, that is, the net charge of

unmodified protein (ZSOD1-Ac0) divided by the change in net charge imparted by each lysine acetylation (DZAc); feff 5 hydrody-

namic drag; e 5 approximate charge of an electron. The x-intercept can be considered to represent, per se, the approximate

number of Lys-NH3
1 groups that would need to be added to the negatively charged protein in order to cause the protein to

have an electrophoretic mobility of zero, and thus a net charge of zero.
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Monitoring the binding of zinc ions to ALS-

variant SOD1 with capillary electrophoresis
Capillary electropherograms of Zn21 derivatives of

ALS-variant SOD1 proteins are shown in Figure

2(A–D), from which lysine-acetyl “protein charge

ladders” were synthesized via acetylation of each

Zn21-derivative with acetic anhydride [Fig. 2(E–H)].

Because CE separates proteins based upon their net

charge and their hydrodynamic drag, each peak in

the electropherograms of Figure 2(A–D) represent

an SOD1 protein with a unique charge and/or a

unique structure or state of oligomerization.

At intermediate states of metalation, that is, 1–

2 Zn21, the electropherograms of each ALS-variant

Figure 2. Capillary electrophoresis of Zn21 derivatives of ALS-variant SOD1 and Lys-acetyl protein charge ladders. (A–D) Capil-

lary electropherograms of ALS-variant SOD1 with increasing stoichiometries of bound Zn21. Each electropherogram is an over-

lay of 3 separate electropherograms from replicate experiments. Electrophoretically unique species are labeled with lower case

letters and subscript numbers (a-m). The concentration of each SOD1 derivative at the time of injection is listed per dimer. The

red line and “X” indicates that the G85R protein did not coordinate>2 Zn21/dimer. E-H) Protein charge ladders of each Zn21

derivative of each ALS-variant SOD1 protein from panels A–D, prepared by acetylation of lysine-e-NH3
1 with acetic anhydride.

Each electropherogram is an overlay of three separate electropherograms from repeated experiments. Labels such as “a0, a1,

b0, b1” denote acetylation number of each electrophoretically unique species from parts A–D (i.e., “a0” 5 unacetylated or zeroth

rung of species “a”; “b1” 5 singly acetylated or first rung of species “b”). Acetylation of minor species in panels A–D such as

“d” in G93R were not detectable and are not labeled. Note: the E100K charge ladder of Zn3- and Zn4-SOD1 exhibited two over-

lapping ladders that might reflect differing reactivity of Lys residues (including K100).

1420 PROTEINSCIENCE.ORG Net Charge of ALS-linked SOD1



SOD1 protein contained more peaks (albeit minor

ones) than electropherograms previously published

for the WT SOD1 protein at intermediate metalation

states21 [Fig. 2(A–D)]. This heterogeneity suggested

that ALS-variant SOD1 proteins populated more

unique structural or metalation states than WT

SOD1. The most intense peak in each electrophero-

gram was assigned to be equal to the average metal

stoichiometry that was determined by ICP-MS. The

heterogeneity observed in the intermediate metala-

tion states (1Zn21 or 2Zn21) is interpreted in terms

of subunit exchange and is discussed (along with

peak assignments) in Supporting Information (Fig.

S2). The terminal metalation states (e.g., 0Zn21, or

4Zn21) resulted in simpler electropherograms with a

predominantly unimodal distribution of species.

Unimodal electropherograms are expected for termi-

nal metalation states because only one state of met-

alation is statistically possible.

With the exception of G85R SOD1, the binding

of one to four Zn21 to each ALS-variant SOD1

resulted in a non-linear shift in mobility. For exam-

ple, the binding of a single Zn21 to D90A, G93R and

E100K apo-SOD1 caused a large reduction in mobil-

ity whereas the successive binding of the second and

third stoichiometric equivalents of Zn21 gradually

increased mobility of D90A, G93R, and E100K apo-

SOD1. The binding of the fourth Zn21 cation to

these three proteins did not significantly affect elec-

trophoretic mobility. This nonlinear trend was

observed previously for the WT SOD1 protein.21

The nonlinear correlation between Zn21 stoichi-

ometry and electrophoretic mobility reflects the fact

that metal binding simultaneously alters net charge

and/or decreases hydrodynamic drag nonlinearly

with respect to metal stoichiometry. This nonlinear

correlation between metal stoichiometry and net

charge, or metal stoichiometry and hydrodynamic

drag is expected in SOD1 for two reasons. First, the

binding of a single Zn21 ion affects structure more

than subsequent metal ions (i.e., the so-called “one

zinc effect,”35 wherein the binding of one Zn21 to

dimeric SOD1 results in the ordering of disordered

loops in both subunits). Second, the binding of

higher equivalents of Zn21 (3Zn21 and 4Zn21) is

expected to affect charge by less than the binding of

1Zn21 or 2Zn21 because the deprotonation of His63

will only occur—if it occurs at all—upon binding the

3rd and 4th Zn21. Thus, two derivatives such as

G85R Zn1-SOD1 and G85R Zn2-SOD1 [Fig. 2(D)] can

have values of net charge that differ by multiple

units, despite having nearly identical electrophoretic

mobilities (that differ by <0.5 cm2/kV/min). This

point is verified below by electrophoresis of protein

charge ladders of each derivative.

Unlike D90A, G93R, or E100K SOD1, the G85R

SOD1 protein could not coordinate>2Zn21 per

dimer (according to ICP-MS, Supporting Information

Table SI) and did not follow a semi-parabolic trend

in mobility versus Zn21 stoichiometry. Moreover, the

binding of one or two Zn21 cations to G85R did not

diminish its mobility as much as observed for the

other mutants [Fig. 2(D)]. An analysis of Zn21-deriv-

atives of G85R with ICP-MS confirmed, however,

the stoichiometry of the Zn1- and Zn2-SOD1 proteins

and demonstrated that the protein did coordinate up

to two Zn21 cations per dimer (Supporting Informa-

tion Table SI). Analysis of Co21 derivatives of G85R

(Co1- and Co2-SOD1) with UV–vis also demonstrated

that metal ions are bound at the active site of G85R

SOD1 (described below).

The net electrostatic charge of ALS-variant

Apo-SOD1 at pH 7.4 is lower than predicted
Protein charge ladders of each ALS-variant SOD1

protein are shown in Figure 2(E–H). The number of

acetylated lysine residues was confirmed with mass

spectrometry (see Supporting Information, Fig. S3).

In cases where the electropherogram of the unacety-

lated metal derivative was characterized by a single

predominant peak (e.g., apo-SOD1 or Zn4-SOD1) the

acetylation of lysine residues resulted in a single

charge ladder that was easily interpretable. In cases

where the electropherogram of the unacetylated

derivative consisted of multiple peaks, the acetyla-

tion of lysine residues resulted in multiple charge

ladders (of each species) that could still be partially

resolved by capillary electrophoresis and deconvo-

luted [Fig. 2(E–H)].

The plots of electrophoretic mobility of each

rung versus its number of acetylated lysines are

shown for each protein in Figure 3(A–D). The values

of net charge that are derived from these plots are

listed for each protein in Table I and are also sum-

marized in Figure 3(E,F). At pH 7.4, each of the four

ALS-variant apo-SOD1 proteins were less negatively

charged (i.e., closer to electrostatic neutrality) than

predicted from its amino acid sequence by a range of

DZCE:seq 5 0.64–2.29 units per dimer (Table I).

With the exception of E100K, the measured val-

ues of net negative charge of ALS-variant apo-SOD1

proteins were lower (closer to neutrality) than pre-

dicted at pH 7.4, even when considering the previ-

ously measured net charge of WT apo-SOD1 (which

is also lower than predicted from its sequence, i.e.,

ZCE 5 212.13 per WT SOD1 dimer at pH 5 7.4, com-

pared to Zseq 5 213.0).21 These data demonstrate

that the nonlinear network of ionizable residues in

the SOD1 protein cannot regulate its net charge in

response to the G85R, D90A, and G93R amino acid

substitutions. For example, the expected difference in

the formal net negative charge of WT and G85R,

D90A, and G93R SOD1 is DZWT:ALS 5 12.0 units,

however, the G85R substitution caused a 70% greater

decrease in the net negative charge of apo-SOD1

Shi et al. PROTEIN SCIENCE VOL 23:1417—1433 1421



than expected that is, DZWT:G85R 5 13.42 6 0.08

(Table II).

The G93R substitution diminished the magni-

tude of net negative charge of apo-SOD1 by

DZWT:G93R 5 13.22 6 0.09 (Table II). The D90A sub-

stitution diminished net negative charge of apo-

SOD1 by DZWT:D90A 5 12.82 6 0.08 (Table II). A sig-

nificant amount of charge regulation was exhibited

by apo-SOD1 in response to the E100K substitution,

which lowered net negative charge by less than the

4 units predicted: DZWT:E100K 5 13.77 6 0.08 (Table

II). These results are, to our knowledge, the first

direct, accurate measurement of the effect of an

amino acid substitution on the net charge of a folded

protein at physiological pH (i.e., at pH 6¼pI). Thus,

the exact cause of the deviations between predicted

and measured DZ—which are significant and

greater than experimental error—are not understood

and must be the subject of a future study.

Nevertheless, we do note that a correlation

existed between: (i) the difference in the predicted

and measured change in net charge of apo-SOD1

upon amino acid substitution (denoted DDZ, i.e.,

DZCE 2 DZseq) and (ii) the number of anionic versus

cationic residues at the substitution’s locus, within a

spherical radius of 10 Å from the locus (Supporting

Information Fig. S4). A detailed discussion of these

points can be found in Supporting Information.

We point out that in this study we only quanti-

fied the net charge of ALS-variant SOD1 proteins at

relatively low ionic strength (10 mM phosphate

buffer). The values of net charge that we determined

might change slightly at higher ionic strength, as

inferred from previous studies into the effect of ionic

strength on residue pKa.49 Previous studies have

shown, for example, that the pKa values of 14 differ-

ent histidine residues in horse and whale myoglobin

increased from an average of pKa 5 6.41 at � 0.2 M

NaCl to pKa 5 6.61 at 200 mM NaCl.49

The binding of one Zn21 diminishes the “charge

gap” between WT and ALS-variant SOD1

Upon binding a single Zn21 cation, all four ALS-

variant apo-SOD1 proteins underwent a decrease in

the magnitude of net negative charge that ranged

between 12.33 6 0.01 units per dimer (for G85R) to

13.18 6 0.02 units per dimer (for D90A). The value

of net charge of metalated proteins are listed in

Figure 3. Electrostatic pathway of ALS-variant SOD1 (at pH 7.4) as a function of coordinated Zn21. (A–D) Plot of electropho-

retic mobility of each rung of each ALS-variant charge ladder [derived from the protein charge ladders shown in Fig. 2(E–H)]

versus the number of acetylated lysines in that rung. (E) Summary of the changes in the net charge of ALS-variant SOD1 as a

function of Zn21 stoichiometry (per dimer). The electrostatic pathway of WT SOD1 is shown for reference and was determined

in our previous study.21 Values of net charge are expressed per dimer. Error bars represent standard deviation from three to

five replicate experiments. (F) The effect of Zn21 binding on the WT-variant “charge gap” (i.e., the difference in the net charge

of WT and ALS-variant SOD1).

1422 PROTEINSCIENCE.ORG Net Charge of ALS-linked SOD1



Table I and shown schematically in Figure 3(E). The

values of DZCE associated with the binding of each

Zn21 ion to each protein are shown in Table III.

These values of DZ0Zn!1Zn are lower for each ALS

variant than the previously reported value of

DZ0Zn!1Zn 5 14.01 6 0.20 units for WT SOD1.21

The different magnitude of DZ upon binding one

Zn21 to WT apo-SOD1 compared to that of ALS-

variant apo-SOD1 are outside experimental error for

all four ALS variants and are considered significant.

The binding of one equivalent of Zn21 to ALS-

variant apo-SOD1 protein actually diminished its

“charge gap” relative to WT SOD1 [Fig. 3(F)]. The

charge gap for WT and G85R apo-SOD1 is

DZCE 5 13.42 6 0.08, and the binding of one Zn21

ion diminished this charge gap to DZCE 5 11.74 6

0.23 [Fig. 3(E); Table II]. Thus, the binding of Zn21

partially abolishes the electrostatic differences

between WT and ALS-linked SOD1, as measured by

protein charge ladders and CE.

All four ALS-variant proteins also underwent a

significant degree of charge regulation when bind-

ing>1 Zn21 per dimer [Fig. 3(E)], and therefore, the

binding of 2–4 Zn21 did not lead to continued reduc-

tions in the net negative charge of SOD1 or contin-

ued reductions in the “charge gap” (Fig. 3, Tables I

and II). In fact, for all of the variants except for

E100K, the binding of>1 Zn21 slightly increased

the “charge gap” [Fig. 3(F), Table II]. Therefore, the

difference in the net charge between each ALS-

variant protein and WT SOD1 is maximized in the

apo state, minimized in the Zn1 state, and is inter-

mediate in the Zn2–4 states (with the exception of

E100K SOD1, wherein the charge gap of the Zn1

and Zn>1 states are similar). We hypothesize that

the ability of SOD1 to resist reductions in its nega-

tive charge when binding multiple Zn21 ions might

be a functionally relevant property that maximizes

protein solubility and maintains proper protein-

protein interactions.

We point out that the linear plots of electropho-

retic mobility versus the number of acetylated

lysines for each metal derivative of each variant are

Table I. Comparison of Measured (ZCE) and Predicted (Zseq) Values of Net Charge of WT and ALS-variant D90A,
G85R, G93R, and E100K SOD1 at pH 7.4, 20�C

Net charge (ZCE and Zseq)a

SOD1b WTc D90A G85R G93R E100K

apo(a) ZCE 212.13 6 0.08 29.30 6 0.02 28.71 6 0.01 28.91 6 0.04 28.36 6 0.02
Zseq 213.0 211.0 211.0 211.0 29.0

apo(a1) ZCE N/A N/A N/A 25.04 6 0.02 N/A
Zseq 213.0 211.0 211.0 211.0 29.0

Zn1(b) ZCE 28.12 6 0.23 26.12 6 0.01 26.38 6 0.01 26.25 6 0.02 25.42 6 0.01
Zseq 210.3 28.3 28.3 28.3 26.3

Zn1(c) ZCE N/A 27.22 6 0.03 N/A N/A N/A
Zseq 210.3 28.3 28.3 28.3 26.3

Zn2(e) ZCE 28.62 6 0.30 26.46 6 0.08 26.45 6 0.10 26.09 6 0.01 25.81 6 0.11
Zseq 27.6 25.6 25.6 25.6 23.6

Zn2(f) ZCE 28.45 6 0.27 26.23 6 0.10 N/A 26.08 6 0.03 25.85 6 0.07
Zseq 27.6 25.6 25.6 25.6 23.6

Zn3(j) ZCE N/A N/A N/A N/A 25.48 6 0.01
Zseq 27.9 25.9 25.9 25.9 23.9

Zn3(i) ZCE 28.55 6 0.11 26.02 6 0.02 N/A 26.20 6 0.01 25.83 6 0.01
Zseq 27.9 25.9 25.9 25.9 23.9

Zn4(m) ZCE N/A N/A N/A N/A 25.44 6 0.01
Zseq 28.2 26.2 26.2 26.2 24.2

Zn4(k) ZCE 28.54 6 0.12 26.12 6 0.01 N/A 26.14 6 0.01 25.72 6 0.03
Zseq 28.2 26.2 26.2 26.2 24.2

a All values of net charge are listed per SOD1 dimer.
b The labels “a”, “a1”, “b”, etc., correspond to labels of electrophoretically unique states in Figure 2 of main text and are dis-
cussed in Supporting Information.
c Values for WT SOD1 are from a previous study.21

Table II. “Charge Gap” Values (DZALS:WT) between WT
and ALS-variant SOD1 at Different Metalation States
as Measured by Capillary Electrophoresis at pH 7.4,
20�C

DZALS:WT

SODa D90A G85R G93R E100K

apoS-S 2.82 6 0.08 3.42 6 0.08 3.22 6 0.09 3.77 6 0.08
Zn1(b) 2.00 6 0.23 1.74 6 0.23 1.87 6 0.23 2.70 6 0.23
Zn2(e) 2.16 6 0.31 2.17 6 0.32 2.53 6 0.30 2.81 6 0.32
Zn3(i) 2.53 6 0.11 N/A 2.35 6 0.11 2.72 6 0.11
Zn4(k) 2.42 6 0.12 N/A 2.40 6 0.12 2.82 6 0.12

a The labels “a”, “e”, etc., correspond to labels of electro-
phoretically unique states in Figure 2.
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not (and should not be) necessarily parallel or super-

imposable, or have identical y-intercepts, because

the slope and y-intercept is a function of the hydro-

dynamic drag and net charge of each derivative. It

is possible for two different Zn21 derivatives of the

same variant (or the same Zn21 derivatives from

two different ALS variants) to have different slopes

or y-intercepts (of m versus Ac(N)) but have similar

values of net charge (i.e., similar x-intercepts)

because two different proteins can have equal

charge but different hydrodynamic drag. Thus, the

slopes of plots of m versus Ac(N) can provide infor-

mation about the structure of the protein in ques-

tion. For example, the binding of multiple Zn21 to

E100K SOD1 generally increased the slope (slo-

pe 5 DZAc / feff, feff 5 hydrodynamic drag) and the y-

intercept (y-intercept 5mAc(0) 5 eZAc(0) / feff). This

simultaneous increase in y-intercept and slope

resulted in similar x-intercepts or values of net

charge between Zn2, Zn3, and Zn4 E100K (Fig. 3). We

attribute this increase in slope (upon metal binding)

to be caused by the decrease in hydrodynamic drag

in SOD1 that likely resulted from the metal-induced

ordering and tightening of the large disordered loops

in SOD1 (residues �48–83 and 120–143).

Metal ions are bound at the active site of SOD1

and remain bound after acetylation

It is not unreasonable to suspect that the ability of

SOD1 to resist continued reductions in net negative

charge upon binding two, three or four Zn21 ions is

some type of experimental artifact and not, as we

conclude, a “Bohr-like” effect wherein the pKa of

multiple amino acid residues (or tightly bound sol-

vent) is coupled to the binding of metal ions via con-

formational change (or direct deprotonation of a

metal ligand). Such an artifact could be conceivably

caused by the lack of metal binding (or loss of metal

ions) in Zn2-SOD1, Zn3-SOD1, or Zn4-SOD1 (e.g., a

charge ladder of Zn3-SOD1 is in fact a charge ladder

of Zn1-SOD1). The ICP-MS analysis of metalated

protein charge ladders (after removal of unbound

metal ions with excessive centrifugal filtration) dem-

onstrated, however, that Zn21 ions remained bound

to SOD1 proteins after formation of the charge lad-

der (Supporting Information Table SI).

Although ICP-MS provided accurate measure-

ments of metal content, and confirmed that Zn21 ions

were bound to SOD1 before and after acetylation

(Supporting Information Table SI), we wanted to

ensure that Zn21 ions were coordinating at the active

site of each mutant (not somewhere on the surface,

such as Cys11150). We also wanted to verify that

Zn21 remained bound to the active site after acetyla-

tion of multiple lysines. To do so, we added four

equivalents of Co21 ions to dimeric apo-SOD1 pro-

teins in the same manner as we added Zn21 ions and

analyzed the proteins with UV–vis spectroscopy. We

also acetylated these Co21 derivatives to generate

protein charge ladders. Cobalt (II) is a spectroscopi-

cally active coordination analog of the spectroscopi-

cally silent Zn21 (d10) cation.

The UV–vis spectra of the d-d electronic excita-

tion band (spanning 450–550 nm) in G85R Co2-

SOD1 (acetylated and non-acetylated) demonstrated

that a maximum of only two Co21 ions bound to the

active site, even after the addition of four Co21

equivalents [Fig. 4(A)]. This result is consistent with

ICP-MS data of Zn21-SOD1 derivatives that showed

a maximum of only two Zn21 ions bound to G85R-

SOD1 (Supporting Information Table S1).

The intensity of the d-d electronic excitation

band confirmed that all four Co21 ions are coordi-

nated at the active sites in the D90A, G93R, and

E100K SOD1 dimers (and subsequent charge lad-

ders). For example, the extinction coefficient for the

Co21 d-d absorption band (ed-d) in each protein (per

equivalent of Co21 ion) were: ed-d 5 213 M21 cm21

(for G85R Co2-SOD1); 217 M21 cm21 (for E100K

Co4-SOD1); 234 M21 cm21 (for G93R Co4-SOD1);

and 254 M21 cm21 (for D90A Co4-SOD1). These ed-d

values are calculated from the Co21-replete deriva-

tives, and do not reflect the possible differences in

ed-d of Co21 in the copper site versus Co21 in the

zinc binding site of SOD1, but are nevertheless sim-

ilar to ed-d values of Co21-replete derivatives of WT

SOD1 from previous studies (e.g., 235 and 289 M21

cm21).21,50 Thus, the Co21 ions—and by extrapola-

tion, Zn21 ions—that we detected with ICP-MS to

be bound to ALS-variant SOD1 are bound at the

active site and remain bound after acetylation of

lysine.

Table III. Charge Difference (DZ) Among Various Metalation States of WT and ALS-Variant SOD1 as Measured by
Capillary Electrophoresis at pH 7.4, 20�C

DZa WTb G85R D90A G93R E100K

DZ 0(a)!1(b) Zn 4.01 6 0.20 2.33 6 0.01 3.18 6 0.02 2.66 6 0.03 2.94 6 0.02
DZ 1(b)!2(e) Zn 20.50 6 0.27 20.07 6 0.10 20.34 6 0.08 0.16 6 0.02 20.39 6 0.11
DZ 2(e)!3(i) Zn 0.07 6 0.26 N/A 0.44 6 0.07 20.11 6 0.01 20.02 6 0.11
DZ 3(i)!4(k) Zn 0.01 6 0.12 N/A 20.10 6 0.02 0.06 6 0.01 0.11 6 0.03

a The labels “a”, “b”, “e”, etc., correspond to labels of electrophoretically unique states in Figure 2 and their values of net
charge are obtained from Table II.
b Values for WT SOD1 are from a previous study.21
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Acetylated and unacetylated ALS-linked SOD1

proteins have similar thermostability and rates
of amide H/D exchange

The validity of the “protein charge ladder” method

rests upon the assumption that the acetylation of a

few surface lysine residues on each SOD1 subunit

does not significantly alter the globular structure of

SOD1 (i.e., that each rung has a similar shape and

hydrodynamic drag). If this assumption is wrong,

then our measurements of net charge will be inaccu-

rate. To determine if the acetylation of 2–4 lysines

in each ALS-variant SOD1 subunit affected the

structure of SOD1 proteins, we measured the rate of

amide H/D exchange of acetylated and unacetylated

apo-SOD1 with MS [Fig. 5(A)] and measured the

thermostabilities with DSC (Fig. 6). Mass spectrome-

try allowed us to simultaneously measure the rate of

amide H/D exchange of each rung under identical

solution conditions and abolished the artifactual var-

iations in measured rates that can occur in parallel

experiments (because of variations in D/H back-

exchange51).

All four ALS-variant apo-SOD1 proteins exhib-

ited between �20 and 28 unexchanged protons per

monomer, after 60 min in deuterated buffer [Fig.

5(A)]. The D90A and E100K apo-SOD1 proteins

retained more unexchanged hydrogens than G93R

or G85R, which is qualitatively consistent with pre-

vious measurements of H/D exchange (at 37�C)1 and

correlates with the known effects of each substitu-

tion on the structure and stability of SOD1.1 The

similar rates of amide H/D exchange of rungs in the

charge ladder—which are resolvable with ESI-MS

before deuteration [Fig. 5(B)] and after deuteration

[Fig. 5(C)]—demonstrated that the acetylation of a

few surface lysines in each subunit of SOD1 does

not abolish the globular structure of apo-SOD1, or

significantly alter its secondary or tertiary

structure.

It is important to realize that the number of

acetylated lysines measured by mass spectrometry

[listed for each SOD1 protein in Fig. 5(A–C)] refers

to the number of acetylated lysine per monomer. In

contrast, the number of acetylated lysines listed for

Figure 4. UV–vis spectra of Co21-loaded, Lys-acetyl protein charge ladders of ALS-variant SOD1. UV–vis spectra of the Co21

d-d electronic excitation band of (A) G85R, (B) D90A, (C) G93R, and (D) E100K SOD1 after four stoichiometric equivalents of

Co21 are added to each protein and proteins are centrifugally washed with 10 mM phosphate (pH 7.4) to remove unbound

Co21 ions. The actual stoichiometry of bound Co21 for each derivative (as determined by ICP-MS) is listed (per dimer) next to

each spectra. The acetylation number (denoted Ac(�N)) represents the most predominant rung of the ladder according to CE

(i.e., the average number of acetylated lysines in each dimer).
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all SOD1 proteins in all other figures (i.e., electro-

pherograms, optical spectra, thermograms, etc.) are

listed per dimer and are therefore two-fold greater

than the numbers of acetylated lysines shown in

Figure 5. This twofold difference is due to the mono-

merization of dimeric SOD1 during electrospray

ionization-MS, whereas the SOD1 protein was ana-

lyzed in the dimeric state during DSC, UV–vis, and

CE experiments.

Differential scanning calorimetry also demon-

strated that each ALS-variant SOD1 protein is prop-

erly folded, before and after lysine acetylation, and

that acetylation resulted in only modest reductions

in the melting transition temperature (Tm), for

example, between 4 and 5�C for ALS-variant apo-

SOD1 proteins and 3–5�C for Zn4-SOD1 proteins

(Fig. 6). The analysis of acetylated and non-

acetylated ALS-variant apo-SOD1 and Zn4-SOD1

with DSC also confirmed the presence of a large

increase in Tm upon Zn21 binding (DTm 5� 25�C).

The large increase in Tm is similar to previously

observed measurements for WT apo-SOD1 and Zn4-

Figure 5. Amide H/D exchange of Lys-acetyl protein charge ladders of ALS-variant apo-SOD1 measured with ESI-MS. (A)

Number of unexchanged amide hydrogens in ALS-variant apo-SOD1 (G85R, D90A, G93R, and E100K) after 60 min in D2O plot-

ted as a function of number of acetylated lysine residues. The number of acetylated lysines measured by mass spectrometry is

one-half the number observed with CE because the SOD1 dimer dissociates during ESI-MS (but not during CE). Error bars rep-

resent standard deviation of seven separate measurements. (B) Representative deconvoluted ESI-MS spectra of ALS-variant

apo-SOD1 in H2O and (C) after incubation in D2O (10 mM potassium phosphate, pD 7.4) for 60 min.
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SOD1,35 and adds additional support to the conten-

tion that Zn21 ions are bound to the active site of

ALS-variant SOD1 proteins examined in this study,

both before and after acetylation.

How do ALS-variant SOD1 proteins regulate net
charge when binding multiple Zn21 ions?

We hypothesize that the binding of the first Zn21

ion to ALS-variant of SOD1 resulted in the associa-

tion of an additional proton (net) and that the bind-

ing of each subsequent Zn21 ion resulted in the

dissociation of approximately two protons (net).

Hence, from Zn1- to Zn4-SOD1, the SOD1 protein is

expected to dissociate six protons (per dimer) in

order to maintain its net negative charge. Two of

these six net protons could originate from the depro-

tonation of two His63 to imidazolate.32 It is not

known if His63 is deprotonated when it is bridging

two Zn21 at the same active site.33 Because the

measured values of ALS-variant Zn4-SOD1 at pH

7.4 are similar—or more anionic in the case of

E100K—than predicted values that assume each

His63 to be negatively charged (Table I), our results

suggest that His63 is fully deprotonated in ALS-

variant Zn4-SOD1 at pH 7.4. Nevertheless, His63

cannot account for all six released protons that are

presumably dissociated from dimeric SOD1 when

binding the 2nd, 3rd, and 4th Zn21. Identifying

these possible residues is beyond the scope of this

article and will likely require high resolution tools

such as neutron diffraction crystallography.52

It is unlikely (but nevertheless still possible)

that some of these six purported protons are dissoci-

ated from positively charged histidine residues, that

is, it is not likely that active-site histidines are posi-

tively charged prior to metalation and undergo

deprotonation upon coordinating metals. The meas-

ured values of net charge for all four apo-SOD1 pro-

teins suggest that the metal binding histidines in

apo-SOD1 are electrostatically neutral (imidazole)

prior to metal binding. For example, the calculation

of Zseq for each apo-SOD1 protein at pH 7.4 assumed

that all histidines are electrostatically neutral and

only small, nonuniform deviations were observed

between ZCE and Zseq for all four ALS-variant apo-

SOD1 proteins at pH 7.4, that is, DZCE/seq ranged

from 10.64 to 22.29 (Table I).

ALS-linked mutations do not impair the ability

of Apo-SOD1 to regulate net charge across sub-
cellular pH

With regard to ALS, we do not know which locus or

loci—cytosol, lysosome, mitochondria, or nucleus—is

the primary site of SOD1 self-assembly in motor

neurons and so we analyzed protein charge ladders

across pH 5–8 (Supporting Information Fig. S5) and

determined the net charge of ALS-variant SOD1

across pH 5–8 (Fig. 7). We could not study the

Figure 6. Differential scanning calorimetry of Lys-acetyl protein charge ladders of ALS-variant apo-SOD1 and Zn21-loaded

SOD1. (A) Endothermic transitions of acetylated and non-acetylated G85R apo-SOD1 and G85R Zn2-SOD1. The Tm value for

each protein is listed next to each endothermic peak. The metal content was confirmed with ICP-MS. The average number of

acetylated lysines in each ladder (Ac(�N)) are listed per dimer. (B–D) Same experiments as in part A, but for D90A, G93R, and

E100K apo-SOD1 and Zn4-SOD1 proteins.
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unstable G93R apo-SOD1 across this entire range of

pH because the charge ladders could not be resolved

at low pH, presumably because the protein was

absorbing onto the capillary or undergoing aggrega-

tion (charge ladders of metalated G93R SOD1 were,

however, resolvable across pH 5–8). The ALS-

variant D90A, G85R, and E100K apo-SOD1 proteins

generally yielded resolvable protein charge ladders

from pH 6.51–8.11 [Fig. S5(A–D)], from which plots

of mobility versus Ac(N) were generated [Fig. 7(A–

D)]. The G85R apo-SOD1 protein did not yield a

resolvable charge ladder—and its net charge could

not be determined—at or below pH 6.51 [Fig. S5(B)].

In general, the net negative charge of all ALS-

variant apo-SOD1 proteins that we studied did not

approach electrostatic neutrality by the expected

magnitude as pH was lowered from cytosolic to lyso-

somal pH [Fig. 7(E)]. This ability for all ALS-variant

apo-SOD1 proteins to regulate net charge across pH

was also observed previously for WT apo-SOD1.21

For example, the net negative charge of D90A apo-

SOD1 was diminished from ZCE 5 29.80 6 0.08 at

pH 8.11 to ZCE 5 26.20 6 0.01 at pH 6.05, which is

smaller than the decrease that would be predicted

from its sequence, that is, from Zseq 5 214.2 to

Zseq 5 10.7 [Fig. 7(E)].

The E100K apo-SOD1 protein was, unexpect-

edly, more negatively charged than D90A and G85R

at most values of pH across pH � 6.5–8 (with the

exception of pH 7.4). The E100K substitution did not

generally diminish the net charge of apo-SOD1 as

much as the D90A and G85R substitutions, which is

a surprising result and would be impossible to pre-

dict from formal pKa values of amino acids.

All four ALS-variant apo-SOD1 proteins regu-

lated their net charge to the point that each protein

remained negatively charged at values of pH as low

as pH 6, even though each protein is expected to

have a positive charge at pH< 6.5 [Fig. 7(E)]. For

example, D90A apo-SOD1 is predicted to have a net

charge of Zseq � 21 at pH 6.0, however, protein

charge ladders demonstrated that the net charge

was ZCE 5 26.20 6 0.01 at pH 6.05. In the case of

E100K apo-SOD1, a net charge of Zseq 5 0 is pre-

dicted at pH 6.50, however, charge ladders revealed

that ZCE 5 27.88 6 0.10 at pH 6.51. These data sug-

gest that missense mutations such as E100K will

diminish the net negative charge of SOD1 at all

Figure 7. Effect of solvent pH on net electrostatic charge of ALS-variant apo-SOD1. (A–D). Plot of electrophoretic mobility of

rungs of charge ladders of ALS-variant apo-SOD1 (from Supporting Information Fig. S5) versus the number of acetylated lysines

of each rung at each value of pH. (E) The measured and predicted (formal) net charge of WT and ALS-variant apo-SOD1 from

pH 5.5 to 8.5. The formal values of net charge are indicated by solid and dashed lines and were calculated with the Hender-

son–Hasselbalch equation (see Experimental Methods). The measured values of net charge were derived from plots in part A–

D. (F) Plot of the “charge gap” (i.e., the difference in net negative charge of variant and WT apo-SOD1) across pH 5.5–8.5.

1428 PROTEINSCIENCE.ORG Net Charge of ALS-linked SOD1



subcellular loci instead of increasing the protein’s

net positive charge at lysosomal pH (pH 5) as would

be predicted from their formal values of net charge.

This point—which is important for rationalizing how

ALS mutations electrostatically accelerate SOD1

self-assembly at different subcellular loci—would be

impossible to predict from standard values of molec-

ular charge.

The set of linear plots of mobility versus Ac(N)

at different pH were not parallel for each protein, as

expected and previously observed for the WT SOD1

protein [Fig. 7(A–D)].21 For example, the plots of

mobility versus Ac(N) for D90A apo-SOD1 exhibited

a general decrease in slope as pH was decreased

from pH 8.1 to pH 6.0 [Fig. 7(C)]. This decrease sug-

gests that the hydrodynamic drag of the D90A apo-

SOD1 protein steadily increased as pH was

decreased.

The “charge gap” between WT and ALS-variant

Apo-SOD1 is greatest at cytosolic pH

The “charge gap” between WT and ALS-variant apo-

SOD1 was not constant across pH. Generally, the

gap increased from DZCE � 2.0 at pH 6.0–6.5, to

DZCE � 3.0 at pH 7.0–7.5 [Fig. 7(F)]. The G85R and

E100K apoproteins, however, exhibited decreases in

the charge gap at pH>7.5 (whereas the D90A apo-

protein continued to undergo increases in the charge

gap at pH> 7.5).

We do not have any definitive explanation for

why the charge gap in D90A apo-SOD1 generally

increased with pH. Aspartate-90 is located in the

most negatively charged region of SOD1.6 It is

therefore possible that Asp90 (or another nearby

Asp or Glu residue) might have an abnormally high

pKa that deprotonates at pH> 5 in WT SOD1 but,

upon substitution of Asp90 with Ala90 might exhibit

a lower, more standard pKa value. Regardless of the

explanation, the electrostatic effects of ALS-linked

mutations are not constant across the range of intra-

cellular pH encountered by the SOD1 protein. The

E100K and G85R substitutions will cause the larg-

est reductions in net charge at cytosolic pH—and

impart the greatest minimization of intermolecular

electrostatic repulsion between apo-SOD1 proteins—

and will thus maximally increase the electrostatic

component of apo-SOD1’s aggregation propensity at

cytosolic pH.

Charge regulation of ALS-variant Zn4-SOD1

across subcellular pH

To investigate the effect of Zn21 binding on the abil-

ity of ALS-variant SOD1 to regulate its net negative

charge across subcellular pH, we analyzed protein

charge ladders of D90A, G93R and E100K Zn4-SOD1

from pH 5.5 to 8.0 with capillary electrophoresis. We

were able to measure the net charge of ALS-variant

Zn4-SOD1 at a lower pH than metal-free ALS-vari-

ant SOD1 because the metalated proteins yielded

resolvable charge ladders at lower pH than the apo-

SOD1 proteins. Protein charge ladders of Zn4-SOD1

are shown in Supporting Information Figure S6, and

plots of electrophoretic mobility versus Ac(N) are

shown in Figure 8(A–D). We also prepared protein

charge ladders (and measured the net charge) of the

WT Zn4-SOD1 protein across pH because the WT

Figure 8. Effect of solvent pH on net electrostatic charge of WT and ALS-variant Zn4-SOD1. A–D). Plot of electrophoretic

mobility of rungs of charge ladders of WT and ALS-variant Zn4-SOD1 (at different pH) against the number of acetylated lysines

of each rung; plots are derived from charge ladders shown in Supporting Information Figure S6. (E) The measured and pre-

dicted (formal) net charge of WT and ALS-variant Zn4-SOD1 from pH 5 5.5 to 8.0. The formal values of net charge (solid or

dashed lines) were calculated as described in Materials and Methods. The measured values of net charge were derived from

plots in part A–D. (F) Plot of the “charge gap” (i.e., the difference in net negative charge of variant and WT Zn4-SOD1) across

pH 5.5–8.0.
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Zn4-SOD1 derivative was not included in our previ-

ous analysis (that only included analyses of WT apo-

SOD1 and WT Cu2Zn2-SOD1 across subcellular

pH).21

The ALS-variant Zn4-SOD1 proteins regulated

their net charge across pH 5.5–8.0 by a magnitude

that was similar to that of the WT Zn4-SOD1 pro-

tein. The Zn21-loaded ALS-variant proteins do not

therefore undergo charge inversion from net nega-

tive to net positive as would be predicted at pH val-

ues that are below the theoretical pI (pI 5 6.0 for

E100K Zn4-SOD1; pI 5 5.6 for G93R and D90A Zn4-

SOD1). Thus, Zn21-loaded ALS-variant SOD1 is

likely to remain anionic across all of its subcellular

loci. For example, the net negative charge of E100K

Zn4-SOD1 was diminished from ZCE 5 25.98 6 0.04

to 23.27 6 0.04 as pH was lowered from pH 8.02 to

pH 5.56. This measured decrease in the magnitude

of net negative charge is smaller than predicted

across this pH range (i.e., DZCE 5 12.71 vs.

DZseq 5 18.6). This degree of charge regulation pre-

vented the net charge of the E100K Zn4-SOD1 pro-

tein from inverting from the predicted values of

Zseq 5 26 to Zseq 5 12.6.

Similar degrees of charge regulation were

observed for WT, G93R and D90A Zn4-SOD1 across

a similar range of pH. For example, G93R Zn4-SOD1

exhibited a net charge of ZCE 5 27.15 6 0.03 at pH

8.02, which diminished in magnitude to

ZCE 5 25.56 6 0.04 at pH 5.94 [Fig. 8(E)]. This fluc-

tuation in charge of DZCE 5 11.59 6 0.05 is smaller

than the predicted fluctuation of DZseq 5 16.4 that is

expected to occur from pH 8.0–5.9.

The “charge gap” between WT and ALS-variant
Zn4-SOD1 is minimized at high (cytosolic) pH

and is maximized at low (lysosomal) pH

In contrast to the “charge gap” between WT and

ALS-variant apo-SOD1, which generally increased

as pH was raised from pH 6–8, the “charge gap”

between WT and ALS-variant Zn4-SOD1 proteins

generally decreased for all three variants from pH

6–8 [Fig. 8(F)]. As pH was increased from pH 6.0–

8.1, the “charge gap” of D90A Zn4-SOD1 was dimin-

ished from 2.33 6 0.02 to 1.26 6 0.01 and the “charge

gap” of G93R Zn4-SOD1 diminished from 1.67 6 0.01

to 1.09 6 0.02 [Fig. 8(F)]. The “charge gap” for the

E100K Zn4-SOD1 protein diminished from

3.23 6 0.10 to 2.19 6 0.01 across pH 5.6–8.1. The

E100K Zn4-SOD1 protein possessed the smallest

magnitude of net negative charge of all ALS-variant

Zn4-SOD1 proteins across pH [Fig. 8(E)], whereas

E100K apo-SOD1 was more similarly charged to the

other ALS-variant apo-SOD1 proteins [Fig. 7(E)].

Thus, all three ALS-linked missense mutations

lower the net charge of Zn4-SOD1 by a greater mag-

nitude at lysosomal pH than at cytosolic pH. We

hypothesize that the coordination of metal ions to

SOD1 inhibits the protonation of residues in SOD1

and inhibits the minimization of the “charge gap”

between WT and ALS-variant SOD1 at low pH.

Conclusion
This study represents the first use of protein charge

ladders and capillary electrophoresis to measure

how a missense mutation affects the net charge of a

folded protein across physiological pH. This study

represents, therefore, one of the few—to our knowl-

edge the only—direct, accurate measurement of how

a missense mutation affects the net charge of its

gene product at physiological pH. The differences

that we found between the predicted and effective

net charge of ALS-variant SOD1 demonstrate that

the combined effects of missense mutation, Zn21

coordination, and fluctuation in pH, on the net

charge of a protein must be measured and never

assumed or approximated from standard pKa values

of amino acid side chains and formal oxidation

states of metal ions.39,40

It is almost physically impossible for our mea-

surement of the polarity of any metal derivative of

any protein in this study to be wrong (i.e., to

be 1 instead of –). Every solution of SOD1 that we

analyzed with CE contained an electrostatically neu-

tral marker of electroosmotic flow (dimethylforma-

mide) that functioned as a demarcation of polarity.

Peaks that appear to the right of the DMF peak

have a net negative charge, and peaks on the left

have a net positive charge.22 All rungs of

each charge ladder in this study appeared to the far

right of the DMF peak (Supporting Information

Fig. S6).

The deviation between the predicted and effec-

tive net charge of ALS-variant SOD1 will complicate

ongoing and future attempts to rationally correlate

the biophysical properties of each ALS-variant of

SOD1 with its aggregation propensity and clinical

phenotype (e.g., correlating net charge or DGfold

with age of disease onset or disease duration).4,39,40

For example, researchers have found a weak linear

correlation (r 5 0.78) between the DGfold of ALS-

variant apo-SOD1 proteins that are formally isoelec-

tric to WT SOD1, and the patient survivability asso-

ciated with that mutation.4 Many variants that are

non-isoelectric to WT SOD1, however, lie outside

this linear grouping. In most of these cases, variants

with a lower magnitude of formal net charge (at pH

7.4) are associated with lower survivability (by up to

10 years) than variants with similar DGfold that are

formally isoelectric to WT SOD1. The few ALS var-

iants that have higher magnitudes of formal net

charge (compared to WT SOD1) are associated with

higher survivability (by up to 10 years) than simi-

larly destabilized variants that are isoelectric to WT

SOD1.4 Additional patient data will be required to

render these correlations statistically significant
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because only a few ALS-linked SOD1 mutations in

the current sets of data have survivability data from

more than 50 patients (e.g., A4V and E100G).4 Fur-

thermore, it is also not clear if all patients in these

data sets made similar choices for palliative care

(e.g., elected to have a percutaneous endoscopic gas-

trostomy, which can prolong life in dysphagic ALS

patients by 6–8 months53).

In the current study, we only examined the elec-

trostatic effects of formally non-isoelectric ALS-

linked amino acid substitutions. When considering

the strong correlation between the structural envi-

ronment of an ionizable amino acid residue and its

pKa (a point that has been recognized for over 50

years54) it is reasonable to hypothesize that a desta-

bilizing isoelectric ALS-linked mutation such as

A4V—which alters the structural environment of at

least 20 residues in the apo-SOD1 dimer55,56 and

raises pI values during native isoelectric focusing28

by up to DpI 5 10.25—might lower the net charge of

SOD1 by a degree that will increase its propensity

to self-assemble into toxic oligomers.

Materials and Methods

Purification of ALS-variant SOD1

Recombinant ALS-variant SOD1 proteins (D90A,

G85R, G93R, and E100K) were expressed in Saccha-

romyces cerevisiae and purified as previously

described.21 Protein concentrations were determined

by UV–vis spectroscopy using kmax 5 280 nm and

e 5 10,800 cm21 M21. Mass spectrometry was used

to confirm the absence of tryptophan oxidation or

any other post-translational modification that might

alter the optical absorbance of SOD1 at 280 nm.

Demetalation and remetalation of ALS-variant
SOD1

Metal ions (Cu21, Zn21) were removed from recombi-

nant ALS-variant SOD1 by dialysis as previously

described.21 All glassware and plastic utensils were

soaked in 20 mM EDTA and rinsed with ultra-pure,

metal-free MilliQ water before any contact with

SOD1 proteins. Zinc (II) ions and Co21 ions were

then titrated back into demetalated SOD1 proteins

by the slow and stepwise addition of micro-liter ali-

quots of ZnSO4 (5 mM) or CoCl2 (5 mM) into solu-

tions of apo-SOD1 protein (�100 mM SOD1) in

100 mM sodium acetate buffer, pH 5.5, as previously

described.21 To remove any metal ions that remained

unbound after each metal titration was completed,

SOD1 protein solutions underwent at least three

cycles of centrifugal filtration (i.e., a 10–20 fold dilu-

tion into 10 mM potassium phosphate, pH 7.4, fol-

lowed by a 10–20 fold centrifugal concentration).

The stoichiometry of Zn21 and Co21 bound to SOD1

was determined with an Elan 9000 Inductively-

Coupled Plasma Mass Spectrometer (ICP-MS) before

and after acetylation, as previously described.21

Preparation of Lys-NHCOCH3 charge ladders of

ALS-variant SOD1
Lysine-e-NH3

1 protein charge ladders of ALS-

variant apo-SOD1 and charge ladders of Zn21 deriv-

atives and Co21 derivatives of ALS-variant SOD1

were synthesized with acetic anhydride as previ-

ously described for the WT SOD1 protein.21 Capil-

lary electrophoresis and electrospray ionization

mass spectrometry (ESI-MS) were used to determine

the degree of acetylation after solutions of protein

were washed (via centrifugal filtration) and trans-

ferred into a potassium phosphate buffer (10 mM,

pH 7.4). Only the lowest rungs of each ladder (i.e.,

typically first 5–7 rungs) were generated (instead of

a full ladder consisting of 23 rungs) because this

number of rungs is sufficient to generate a linear

plot of electrophoretic mobility versus the number of

acetylated lysines.

Capillary electrophoresis
A Beckman P/ACE CE system equipped with a bare,

fused silica capillary (surrounded by a liquid-cooled

jacket) was used for all CE experiments. Electrophore-

sis was performed at 20�C (to prevent Joule heating)

using a running buffer of 10 mM potassium phos-

phate, at various pHs ranging from pH � 5–8. A small

amount of dimethylformamide (DMF) was added to

each solution of SOD1 before electrophoresis as an

electrostatically neutral marker of electroosmotic flow

(final [DMF] � 1 mM during CE of sample).

Differential scanning calorimetry and amide
hydrogen/deuterium exchange

To ensure that the acetylation of lysine in SOD1 did

not significantly affect the structure or conforma-

tional stability of SOD1, we analyzed acetylated and

non-acetylated SOD1 proteins with differential scan-

ning calorimetry (DSC) and amide hydrogen/deute-

rium (H/D) exchange, as previously described for the

WT SOD1 protein.21

Calculation of formal values of net charge from

amino acid sequences

The formal values of net charge of SOD1 proteins

were calculated from their respective amino acid

sequences using the Henderson–Hasselbalch equa-

tion, following the same assumptions as previously

described.21 Briefly, for calculations involving apo-

SOD1 proteins, we used standard pKa values of free

amino acids21; N-terminal acetylation was accounted

for each subunit by subtracting a positive unit of

charge. The net charge of Zn4-SOD1 proteins was

similarly calculated with four additional assump-

tions: (i) all metal coordinating residues were

treated as non-titratable across pH 5–8 (which is
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consistent with the ability of SOD1 to remain enzy-

matically active across this pH range50); (ii) each of

the His63 residues were treated as anionic (imidazo-

late) and non-titratable whereas all other metal-

coordinating histidines were treated as electrostati-

cally neutral; (iii) each Asp83 residue (a metal bind-

ing residue) was treated as anionic and non-

titratable; and (iv) two units of positive charge were

added for each of the four Zn21 ions.
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