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Human manganese superoxide dismutase (hMnSOD)

is a mitochondrial metalloenzyme consisting of four

identical 22 kDa monomers. Each monomer has at its

center a manganese (II) ⁄ (III) ion, which is surrounded

in a trigonal bipyramidal arrangement by three histi-

dine residues, one aspartate residue, and one solvent

molecule. This pentameric structure is responsible for

catalyzing the dismutation of the superoxide anion

(O2
•–) according to the reaction in Scheme 1 below,

and as such hMnSOD confers defense against super-

oxide toxicity [1,2]. Numerous studies have shown

that MnSOD protects against reactive oxygen species-

related damage resulting from cytokine treatment [3],

UV light [4], irradiation [5–8], and ischemia–reperfusion
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Human manganese superoxide dismutase is a mitochondrial metalloenzyme

that is involved in protecting aerobic organisms against superoxide toxicity,

and has been implicated in slowing tumor growth. Unfortunately, this

enzyme exhibits strong product inhibition, which limits its potential bio-

medical applications. Previous efforts to alleviate human manganese super-

oxide dismutase product inhibition utilized rational protein design and

site-directed mutagenesis. These efforts led to variants of human mangan-

ese superoxide dismutase at residue 143 with dramatically reduced product

inhibition, but also reduced catalytic activity and efficiency. Here, we

report the use of a directed evolution approach to engineer two variants of

the Q143A human manganese superoxide dismutase mutant enzyme with

improved catalytic activity and efficiency. Two separate activity-restoring

mutations were found ) C140S and N73S ) that increase the catalytic effi-

ciency of the parent Q143A human manganese superoxide dismutase

enzyme by up to five-fold while maintaining low product inhibition. Inter-

estingly, C140S is a context-dependent mutation, and the C140S–Q143A

human manganese superoxide dismutase did not follow Michaelis–Menten

kinetics. The re-engineered human manganese superoxide dismutase

mutants should be useful for biomedical applications, and our kinetic and

structural studies also provide new insights into the structure–function rela-

tionships of human manganese superoxide dismutase.

Abbreviations

FeSOD, iron superoxide dismutase; hMnSOD, human manganese superoxide dismutase; MnSOD, manganese superoxide dismutase.
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[9]. In addition, although mechanistically not well

understood, MnSOD has been found to play a role in

the suppression of tumor growth. Several studies have

shown that tumor cells ⁄ tissues contain decreased

MnSOD activity [10], and other reports have indicated

that restoration of MnSOD activity in transformed can-

cer cells (via transfection of MnSOD cDNA) results in

a slowing of tumor growth in mice, as well as alteration

of the transformed phenotype of cancer cells [11–17].

Given these observations, the potential role of

‘improved’ MnSODs as therapeutic agents for cancer

treatment is becoming apparent [18].

2O��2 þ 2Hþ ! O2 þH2O2 Scheme 1

MnSOD cycles between the oxidized and reduced

states, according to the reactions in Schemes 2 and 3,

where P-Mn refers to the protein-bound manganese

ion [19].

P-Mn3þ þO��2 ! P-Mn2þ þO2 Scheme 2

P-Mn2þ þO��2 þ 2Hþ ! P-Mn3þ þH2O2 Scheme 3

Studies conducted on a bacterial MnSOD using pulse

radiolysis showed that this catalytic cycle is complica-

ted by the presence of an inactive form of the enzyme

that can interconvert to an active form, which mani-

fests as an extended region of zero-order decay of

superoxide following an initial burst of activity [20].

Bull et al. [19] later observed this inactive form spec-

trophotometrically during the zero-order phase of cata-

lysis, and, on the basis of visible absorption spectra of

inorganic complexes, suggested that the zero-order

phase results from product inhibition by peroxide. In

particular, they suggested a side-on peroxo complex of

Mn(III)–SOD resulting from the oxidative addition of

O2
•– to Mn(II)–SOD. This product-inhibited complex

is represented as P-Mn3+-X in the more complete cat-

alytic mechanism shown in Schemes 4 and 5. Later

work carried out by Silverman et al. [21] using

stopped-flow spectrophotometry revealed that treat-

ment of Mn(III)–SOD with excess H2O2 gives rise to

an intermediate with a visible spectrum nearly identical

to that of the inhibited enzyme during the zero-order

phase of catalysis of superoxide dismutation.

Further kinetic studies in conjunction with muta-

tional analyses conducted by Silverman and coworkers

[21–24] revealed a number of residues in the active site

of hMnSOD that are important for mediating this

product inhibition effect ) His30, Tyr34, Gln143, and

Trp161. These residues are known to be involved in an

extensive hydrogen bond network surrounding the cen-

tral manganese ion of each hMnSOD subunit. The

function of this hydrogen bond array, although not

well characterized, is thought to involve proton trans-

fer to the peroxo-anion intermediate complex (see

Scheme 5) [23].

Whereas conservative replacement of Tyr34 and

Trp161 (with phenylalanine in both cases) resulted in a

slower rate of zero-order decay (or an increased prod-

uct inhibition effect) [21,24], certain substitutions of

His30 and Gln143 were found to result in a lower

extent of product inhibition than the wild-type enzyme.

In particular, the His30 fi Asn mutation resulted in

an extent of product inhibition about four-fold lower

than that of the wild-type hMnSOD, with an accom-

panying 10-fold drop in catalytic activity [23]. Interest-

ingly, replacement of Gln143 with a number of

different residues, even the conservative replacement

with Asn, resulted in a significant drop in the extent of

product inhibition [25]. In fact, all attempted replace-

ments of Gln143 (with Ala, Val, Asn, Glu, and His)

resulted in a catalytic profile whereby no zero-order

phase was seen. Despite this dramatic drop in the

extent of product inhibition, the Gln143 residue was

also found to be critical for catalytic activity. In all the

attempted replacements of Gln143, the catalytic activ-

ity (kcat) of the mutant enzymes dropped by approxi-

mately two orders of magnitude. Thus, it seemed that

a drop in the extent of product inhibition could not be

achieved without an accompanying drop in catalytic

activity.

Here, we report: (a) the development of a selection

system for improving hMnSOD activity based on the

ability of Escherichia coli to grow in the presence of

the toxic compound paraquat; and (b) the use of the

paraquat-based selection scheme in a directed evolu-

tion approach to identify two separate mutations that

recover some of the catalytic activity lost by the impo-

sition of the Q143A substitution. These mutations are

subsequently kinetically characterized separately and in

combination in the context of the parental mutant

Q143A hMnSOD.

Results

Establishing the selection system

One of the key requirements in any directed evolution

scheme is the development of a selection or high-
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throughput screening method for the protein function

of interest. In order to construct a selection system for

Q143A hMnSOD mutants with enhanced catalytic

activity, we took advantage of the reliance of E. coli on

hMnSOD for survival in conditions where reactive

oxygen species such as superoxide anions are present.

Usually, E. coli has encoded within its genome its own

native MnSOD and iron superoxide dismutase

(FeSOD). However, an E. coli strain incapable of pro-

ducing its own MnSOD and FeSOD, the QC774 strain,

has been developed [26]. This mutant strain was used as

the expression host for hMnSOD. Furthermore, to

ensure that cells not producing an efficient hMnSOD

enzyme did not grow, methyl viologen, or paraquat,

was added to the growth media. Paraquat is known to

short-circuit a portion of the respiratory electron flow

in organisms, transferring electrons to O2 to generate

superoxide [27]. Note that paraquat has been previ-

ously used as a toxic agent against E. coli [26,28].

With this selection scheme, large libraries of protein

variants could be readily screened, as most mutants of

Q143A hMnSOD, presumably displaying unchanged

or lower catalytic activity compared to the original

Q143A hMnSOD enzyme, could not confer efficient

growth to E. coli cells, whereas mutants with higher

activity gave rise to visible, or larger, colonies on agar

growth plates.

Library screening

Error-prone PCR and DNA shuffling were separately

used to create a randomized library of protein variants

based on the Q143A hMnSOD template. One hundred

and fifty thousand QC774 transformants were screened

on 40 M63 minimal media agar plates containing 1 lm

paraquat for each randomly point-mutagenized library.

In addition, a control transformation was performed

together with each library, whereby the plasmid

expressing Q143A hMnSOD was used to transform

QC774 cells, and this transformant was plated onto a

1 lm paraquat plate so as to obtain approximately

4000 transformants. The growth (or lack of growth) of

these Q143A hMnSOD-expressing cells on 1 lm para-

quat plates served as a yardstick to aid in selecting col-

onies on the library plates corresponding to the

improved mutants.

As a relatively quick measure to ensure that the

selected colonies were actually larger in size than any

colony on the Q143A hMnSOD plate, each colony

was grown to saturation (5–12 h) in rich (LB) medium,

and dilutions (in sterile water) of these cultures were

plated again on 1 lm paraquat agar plates, so as to

obtain approximately 500 colonies per plate. After

incubation of these replated mutant colonies at 37 �C
for another 20–24 h, the average size of colonies on

each of the mutant colony plates was compared to the

average size of colonies on the Q143A hMnSOD plate

by visual inspection. Mutants that clearly displayed

more rapid growth than Q143A hMnSOD mutants in

the paraquat-containing media were selected for fur-

ther characterization, and other mutants were discar-

ded. Plasmids from the mutants that passed this

secondary screening test were isolated, and the mutant

hMnSOD genes from these plasmids were amplified

and reinserted into the expression vector. These re-

cloned mutant plasmids were used to transform fresh

QC774 E. coli and plated once again on 1 lm para-

quat-containing plates. This tertiary screening step

helped eliminate false positives due to mutations in the

bacterial chromosome or in the backbone of the

expression vector. Table 1 shows the mutations present

in the best mutants identified from each randomly

point-mutagenized library.

Kinetic analysis

As is evident from Table 1, two mutations recurred in

the mutants selected by directed evolution of Q143A

hMnSOD ) C140S and N73S. The catalytic constants

for the C140S–Q143A hMnSOD and N73S–Q143A

hMnSOD mutants obtained by directed evolution, the

N73S–C140S–Q143A hMnSOD mutant created by

site-directed mutagenesis, and the parent Q143A hMn-

SOD and wild-type hMnSOD, are given in Table 2

and Fig. 1.

Catalysis of the decay of superoxide by the single

mutants of Table 2 all followed Michaelis kinetics. The

single mutant C140S hMnSOD had a kcat ⁄Km value

identical to that of wild-type hMnSOD, with evidence

that product inhibition measured by k0 ⁄ [E] was some-

what less than in the wild-type. In the progress curves

of catalysis, an initial catalytic burst is followed by a

region of zero-order decay of superoxide that is best

explained by the reversible formation of an inactivated

species of MnSOD [19,20]. This zero-order region pre-

dominates in the progress curves for strongly inhibited

variants of MnSOD. Values of the rate constant k0 ⁄ [E]
for this inhibited region are obtained by fitting of

expressions for the decay of superoxide to the observed

progress curves [19,20]. Because of the rapid emergence

of product inhibition in these measurements, we were

not able to determine a value for kcat. The single

mutant N73S had a kcat ⁄Km value smaller than that of

the wild-type by about two-fold, and showed product

inhibition equivalent to that found in the wild-type

(Table 2).

K. Chockalingam et al. Directed evolution of hMnSOD mutants
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Catalysis of the decay of superoxide by N73S–

Q143A hMnSOD and N73S–C140S–Q143A hMnSOD

showed that directed evolution was successful in identi-

fying mutations that enhance the efficiency of catalysis

compared with Q143A hMnSOD: each had kcat ⁄Km

values enhanced by approximately four-fold to five-

fold (Table 2). For these mutants, the rate of catalysis

was still low compared with the wild-type, and no

appreciable product inhibition was measured.

Catalysis by the double mutant C140S–Q143A hMn-

SOD did not follow Michaelis kinetics. Initial veloci-

ties reached a maximum and then decreased at higher

substrate concentrations (Fig. 1). This apparent inhibi-

tion at higher substrate concentrations was not

observed in initial velocity studies of wild-type hMn-

SOD [29], Q143A hMnSOD [25], or the other mutants

in Table 2. Product inhibition has been shown to be a

prominent feature of catalysis by wild-type hMnSOD

[19–21] and site-specific mutants of hMnSOD [30].

However, product inhibition is so weak in mutants in

which Gln143 is replaced that it is difficult to observe

[22,25]. Hence, we do not attribute the decrease in

activity at high substrate concentrations observed for

the mutant C140S–Q143A hMnSOD to product inhibi-

tion. Instead, we have used an expression describing

substrate inhibition to fit the data of Fig. 1. This

expression (Eqn 1) contains an inhibition constant KI

for substrate as an uncompetitive inhibitor [31]; more-

over, it contains the known rate constant, kuncat, for

the uncatalyzed dismutation of superoxide [32].

A least-square fit of Eqn (1) to the data of Fig. 1

yields the constants given in the legend of Fig. 1. The

values of kcat ⁄Km and kcat for catalysis by C140S–

Table 1. Mutations present in 11 confirmed positive mutants obtained from screening of libraries generated by random mutagenesis (error-

prone PCR and DNA shuffling) of the Q143A hMnSOD gene. Amino acid substitutions (capital letters) and base pair substitutions (small

letters) are indicated. Recurring amino acid substitutions are indicated by bold type.

Mutants obtained from error-prone PCR Mutants obtained from DNA shuffling

Mutant Mutations Mutant Mutations

EP-2 E42V (a fi t), C140S (t fi a),

Q143A (cag fi gcg), E187Q (g fi c)

DS-2 C140S (t fi a), Q143A (cag fi gcg)

EP-15 A50V (c fi t), C140S (t fi a), Q143A (cag fi gcg) DS-9 L14 (g fi a), N73S (a fi g), Q143A (cag fi gcg)

EP-40 C140S (t fi a), Q143A (cag fi gcg) DS-10 N73S (a fi g), K98 (a fi g), Q143A (cag fi gcg), D159 (t fi c)

EP-46 N129D (a fi g), C140S (t fi a), Q143A (cag fi gcg) DS-11 K1N (g fi t), P16 (t fi c), C140S (g fi c), Q143A (cag fi gcg)

EP-59 K90T (a fi c), C140S (t fi a), Q143A (cag fi gcg) DS-14 K44R (a fi g), C140S (t fi a), Q143A (cag fi gcg)

DS-20 L60 (t fi c), N73S (a fi g), Q143A (cag fi gcg)

Table 2. Steady-state constants and rate constant for product inhi-

bition k0 ⁄ [E] for the decay of superoxide catalyzed by wild-type

hMnSOD and mutants.

Enzyme

kcat ⁄ Km

(lM
)1Æs)1)

kcat

(ms)1)

k0 ⁄ [E]

(s)1)

Wild-typea 800 40 500

C140Sb 800 –e 1000

N73Sb 470 –e 500

Q143Ac 3.1 0.50 –f

N73S–Q143Ad 13 0.75 –f

N73S–C140S–Q143Ad 15 1.3 –f

a From Hsu et al. [29] and Hearn et al. [30]. b Measured at pH 8.0

by pulse radiolysis. c From Leveque et al. [25]. d Measured at

pH 9.0 by stopped-flow spectrophotometry. e Catalysis was too

rapid and product inhibition too strong for these values to be deter-

mined by stopped-flow spectrophotometry. f These mutants had a

very small extent of inhibition.
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Fig. 1. The initial velocity of the decay of superoxide catalyzed by

C140S–Q143A hMnSOD as a function of superoxide concentration.

Data were obtained by using stopped-flow spectrophotometry to

measure the absorbance of superoxide at 250 nm. Solutions con-

tained 100 mM Ches, 1.0 mM Taps, 0.5 mM EDTA, and 4.5 vol.%

dimethylsulfoxide at pH 9.0 and 25 �C, with enzyme present at

20 lM. Each point represents the average of at least seven meas-

urements. The solid line is a least-square fit of Eqn (1) to the

data, resulting in: kcat ⁄ Km ¼ 1.2 lM
–1Æs)1; kcat ¼ 0.6 ms)1; and

KI ¼ 0.06 mM.

Directed evolution of hMnSOD mutants K. Chockalingam et al.
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Q143A hMnSOD were independent of pH in the pH

range 8.0–10.5.

v ¼ kuncat½O��2 �
2 þ kcat½E�½O��2 �=fKm þ ½O��2 � þ ½O��2 �

2=KIg
ð1Þ

Because we are uncertain of the cause of the non-

Michaelian behavior of C140S–Q143A hMnSOD, we

have not placed these derived constants in Table 2.

Data for the C140S–Q143A hMnSOD mutant can be

found in Fig. 1.

Discussion

Among the replacements of active site residues in

hMnSOD that do not include the first-shell ligands,

the replacement of Gln143 causes the most extensive

changes in catalysis [33]. The side chain carboxamide

of Gln143 forms a hydrogen bond with the mangan-

ese-bound solvent molecule and participates in a

hydrogen-bonded network of side chains and solvent

molecules that extends to the adjacent subunit [34].

The replacement of Gln143 by Ala causes a substantial

decrease, by about two orders of magnitude, in the

steady-state constants for catalysis, as shown in

Table 2. This probably occurs through breaking of the

hydrogen bond network and by alteration in the redox

potential at the active site [22,25,35]. It is notable that

directed evolution has revealed mutations of human

MnSOD that reverse this effect (Table 2).

Although the single replacement N73S does not

enhance activity, this replacement in the double

mutant N73S–Q143A causes an increase in catalysis

(Table 2). Based on the kinetic data in Table 2 and an

analysis of the X-ray crystal structure of hMnSOD

(PDB code: 1N0J) (Fig. 2), it is evident that the N73S

substitution may directly affect catalysis through an

interaction with the side chain of Gln143. Table 2 sug-

gests that the Asn73 residue contributes to enzymatic

activity, as the catalytic efficiency of the enzyme drops

by 41% after substitution of Asn with Ser in the con-

text of the wild-type enzyme. This may, at least in

part, be due to a loss of the interaction between the

side chains of Asn73 and Gln143. The X-ray crystal

structure of hMnSOD shows that the side chain amide

of Asn73 is near to (3.1 Å) and possibly hydrogen

bonded with the side chain carbonyl of Gln143. With

the substitution of Gln143 with Ala, this favorable

interaction between Gln143 and Asn73 would be dis-

rupted. It is possible that the N73S substitution reori-

ents the Q143A-containing active site so that it carries

out catalysis more efficiently. This reorientation prob-

ably occurs through an indirect route, as both muta-

tions result in a shorter side chain, decreasing the

likelihood of a direct interaction.

It is worth noting that N73S–Q143A hMnSOD has a

low level of product inhibition, similar to that of the par-

ent mutant Q143A hMnSOD, while exhibiting higher

catalytic activity and efficiency. Although even higher

catalytic activity would have been desirable, this result

demonstrates that our directed evolution approach can

indeed be used to engineer mutant enzymes with higher

catalytic activities, and similarly low levels of product

inhibition, relative to the parent enzyme.

It is difficult to comment on C140S–Q143A

hMnSOD, as its catalysis is non-Michaelian (Fig. 1). If

we accept the substrate inhibition model of Eqn (1),

then the catalysis by this double mutant is less efficient

than that of Q143A hMnSOD (Table 2). Interestingly,

introducing the replacement N73S produces the triple

mutant N73S–C140S–Q143A hMnSOD, which exhibits

Michaelian behavior with negligible product inhibition;

this more closely resembles the catalytic behavior of

N73S–Q143A hMnSOD (Table 2). This observation

suggests that the N73S substitution plays a stronger

role in dictating the mode of catalytic action than the

C140S mutation when they are introduced simulta-

neously into the Q143A hMnSOD mutant enzyme. In

Q143

N73

C140

Mn

Fig. 2. X-ray crystal structure (PDB Code: 1N0J) of one monomer

of wild-hMnSOD showing the relative positions of the residues that

were changed in positive mutants obtained by directed evolution of

Q143A hMnSOD. Two mutations, C140S and N73S, were found

separately that are thought to play an important role in altering the

function of Q143A hMnSOD to better protect QC774 E. coli cells

from superoxide toxicity.
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fact, the catalytic efficiency of the triple mutant N73S–

C140S–Q143A hMnSOD is essentially the same as that

of N73S–Q143A hMnSOD.

Cys140 has its Ca located 12.5 Å from the mangan-

ese, with its side chain pointing away from the man-

ganese and buried, not exposed to bulk solvent [34].

There are no apparent hydrogen bonds involving the

side chain of Cys140 and adjacent residues; it is prob-

ably hydrogen bonded with buried water molecules

that are not seen in the crystal structure. However, the

backbone amide and carbonyl of Cys140 form hydro-

gen bonds with the backbone carbonyl and amide of

Trp123, the side chain of which forms one wall of the

active site cavity and the replacement of which decrea-

ses catalytic activity [36]. This suggests a mechanism

by which the replacement of Cys140 could alter cata-

lytic activity.

The reason for the different mode of catalytic action

of mutant C140S–Q143A hMnSOD relative to the

other variants of hMnSOD containing the mutations

Q143A, C140S and N73S (Table 2 and Fig. 1) is not

immediately clear. The data appear consistent with sub-

strate inhibition, but other explanations are possible.

X-ray crystal structures of the various mutants may fur-

ther enhance our understanding of the structural ⁄mech-

anistic contribution of the various mutations, and

current efforts are focused in this direction.

The engineering of increased catalytic activity or effi-

ciency in enzymes is a significant challenge in protein

engineering, but was made possible here, particularly

in the N73S–Q143A hMnSOD mutant, through the

careful setup and implementation of a selection system

based on the resistance of E. coli to superoxide toxic-

ity. It may well be questioned as to why, even though

wild-type hMnSOD leads to more rapid growth of

QC774 E. coli under superoxide pressure, the wild-type

hMnSOD was not reverted to in our directed evolution

libraries based on the Q143A hMnSOD mutant. The

simplest explanation for this observation is that two

simultaneous base pair substitutions in the codon for

residue 143 would be required to revert from Gln to

Ala, making this substitution highly improbable in a

point-mutagenized library.

It should be pointed out that, given the success of

our selection system in identifying improved hMnSOD

variants, mutagenesis approaches other than the ran-

dom mutagenesis approaches of error-prone PCR and

DNA shuffling could be potentially used to create lib-

raries of hMnSOD variants for selection. For example,

mutagenesis could be focused on functionally import-

ant regions such as the active site or hydrogen bond

network, in a manner similar to a mutagenesis strategy

that we have used previously [37]. Other approaches,

such as family shuffling [38] of MnSOD members from

different organisms, could also be used to create new

MnSOD-based diversity.

An interesting finding of this work is the observation

that the C140S mutation is present only in the enzyme

variant library created by error-prone PCR-based mut-

agenesis, whereas both the C140S and N73S mutations

were found in the library created by DNA shuffling

mutagenesis. DNA shuffling mutagenesis may thus be

able to access mutations that error-prone PCR cannot

access. One possible origin for this difference may be

the differing degrees of secondary structure formation

between DNA shuffling and error-prone PCR, which

utilize different-sized template DNA molecules.

Conclusions

By linking hMnSOD activity to the growth of E. coli

QC774 cells in paraquat-containing minimal media, we

have developed a convenient method for selecting

mutants with increased catalytic activity from a large

library of hMnSOD variants. In particular, the applica-

tion of the random mutagenesis methods of error-prone

PCR and DNA shuffling to the catalytically deprived,

product-uninhibited Q143A hMnSOD mutant tem-

plate, followed by selection, led to the identification of

two mutants that confer enhanced survival ability to

E. coli in paraquat-containing media. The mutation

N73S was found to be particularly important for restor-

ing some catalytic activity. The Q143A–C140S hMn-

SOD had a catalytic mechanism that differed from the

Michaelian behavior of the parent, Q143A hMnSOD.

The N73S–Q143A hMnSOD mutant exhibited higher

catalytic efficiency and similarly low product inhibition

compared with the Q143A hMnSOD parent. Our

results demonstrate the ability of directed evolution to

engineer variants of hMnSOD with high catalytic activ-

ity and low product inhibition. Such hMnSOD variants

could be useful agents in cancer therapy.

Experimental procedures

Reagents and kits

All plasmids from E. coli were purified with the QIAprep

spin plasmid miniprep kit (Qiagen, Chatsworth, CA). All

agarose gels used contained 1% agarose. Gel extractions of

DNA from agarose gels were performed with the QIAEX II

gel purification kit (Qiagen). Purification of standard PCR

products from other components of the reaction mixture

was performed with the QIAquick PCR purification kit (Qi-

agen). All restriction enzymes, as well as T4 DNA ligase,

were purchased from New England Biolabs (Beverly, MA).

Directed evolution of hMnSOD mutants K. Chockalingam et al.
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Taq DNA polymerase was obtained from Promega (Madi-

son, WI), and Turbo Pfu DNA polymerase was purchased

from Stratagene (La Jolla, CA). Unless otherwise specified,

all other reagents were obtained from Sigma-Aldrich (St

Louis, MO).

Plasmids, strains, and subcloning

The pTrc99A vector (Amersham Pharmacia Biotech, Piscat-

away, NJ), QC774 E. coli strain (GC4468 F(sodA–lacZ)49

F(sodB–kan)1-D2 Cm
r Kmr) and pTrc99A constructs expres-

sing wild-type hMnSOD, Q143A hMnSOD and H30N

hMnSOD are described elsewhere [30]. The pTrc99A vector

was prepared for subcloning of the hMnSOD gene by

removing a 40 bp fragment from the multiple cloning site of

the vector by digestion with NcoI and PstI. This vector

backbone was excised from an agarose gel and purified. For

both standard and error-prone PCR amplification of

hMnSOD genes, the following primers were used: hMn-

SOD5B, 5¢-CACAGGAAACAGATCATGAAG-3¢; and hMn-

SOD3P, 5¢-CAAGCTTGCATGCCTGCAGT-3¢. hMnSOD5B

incorporates a recognition site for the restriction enzyme

BspHI, and hMnSOD3P contains a recognition site for PstI.

hMnSOD genes amplified with these two primers were first

purified (using the QIAquick PCR purification kit for stand-

ard PCR products, or using the QIAEX II gel purification

kit for error-prone PCR products), and then digested with

both BspHI and PstI. After subsequent purification of the

digested hMnSOD gene using the QIAquick PCR purifica-

tion kit, the product was ligated into the pTrc99A backbone

created by NcoI–PstI digestion.

Growth media

Rich medium was LB medium (Becton-Dickinson, Franklin

Lakes, NJ). M63 minimal media, made according to Miller

[39], was supplemented with 1 lgÆmL)1 thiamine, as well as

0.5 mm of each of the amino acids l-isoleucine, l-leucine

and l-valine. For paraquat-containing media, filter-steril-

ized methyl viologen in the appropriately concentrated

stock solution was added to the growth media after auto-

claving and brief cooling, resulting in a 1000-fold dilution

of the stock solution.

Error-prone PCR and DNA shuffling

The error-prone PCR reaction contained (100 lL final vol-

ume): 10 mm Tris ⁄HCl (pH 8.3 at 25 �C), 50 mm KCl,

7 mm MgCl2, 0.01% (w ⁄ v) gelatine, 0.2 mm dGTP, 0.2 mm

dATP, 1 mm dCTP, 1 mm dTTP, 0.10 mm MnCl2, 0.5 lm

both primers, 10 ng of template plasmid, and 5 U of Taq

DNA polymerase. Error-prone PCR was performed in an

MJ Research (Watertown, MA) PTC-200 thermocycler for

15 cycles: 1 min at 94 �C, 1 min at 50 �C, and 1 min at

72 �C. The PCR products were gel-purified, and this was

followed by restriction digestion with BspHI and PstI and

subcloning into the pTrc99A plasmid backbone created by

NcoI ⁄PstI digestion. Salts were removed from ligation reac-

tions by precipitating the ligated DNA with n-butanol, as

described previously [40], prior to transformation of the

ligated libraries into QC774 E. coli by electroporation.

DNA shuffling was performed essentially as described in

Zhao and Arnold [41], except that Taq polymerase was the

only DNA polymerase used for the reassembly of DNase I-

digested fragments, whereas an equal number of units of

both Taq and Pfu DNA polymerases were used for the

amplification of the reassembled product.

Preparation of enzymes

The expression vectors containing C140S–Q143A and

N73S–Q143A hMnSOD cDNA were transformed into the

sodA– ⁄ sodB– null mutant E. coli strain QC774 [26]. The bac-

terial growth medium was supplemented with 0.6 mm

MnCl2. Cells were gathered by centrifugation, lysed, heated

to 60 �C, and then extensively dialyzed against buffer. Puri-

fication was achieved using FPLC on a Q-Sepharose anion-

exchange resin (Amersham Pharmacia Biotech) and by gel

filtration on a Sephacryl S-300 column (GE Healthcare Bio-

Sciences, Piscataway, NJ). SDS ⁄PAGE showed one intense

band at 22 kDa. The protein concentration was determined

spectrophotometrically (e280 ¼ 40 500 m
)1Æcm)1). The

enzyme concentration was set at the total manganese con-

centration determined by atomic absorption spectroscopy.

Catalysis

Steady-state constants for the decay of superoxide caused

by mutants of hMnSOD were measured by stopped-flow

spectrophotometry (Applied Photophysics SX18.MV,

Leatherhead, Surrey) based on the method of McClune and

Fee [42] as modified by Greenleaf et al. [36] and by pulse

radiolysis as described by Cabelli et al. [24]. Potassium

superoxide was dissolved in dry dimethylsulfoxide with the

solution enhanced with 18-crown-6 ether. In a dual mixing

experiment, this solution was diluted 10-fold with an aque-

ous solution of 2.0 mm Taps and 1.0 mm EDTA at pH 11.

After a 0.5 s delay, this superoxide solution was mixed 1 : 1

(v ⁄ v) with buffered enzyme solution. Final solutions after

mixing contained 0.5 mm EDTA, 1.0 mm Taps, DMSO at

4.5 vol.%, and 100 mm of one of the following buffers:

Taps (pH 8.0–8.5); Ches (pH 9.0–9.5); and Taps (pH 10.0–

10.5). The superoxide concentration was varied from

approximately 0.01 mm to 0.6 mm, and the enzyme concen-

trations were near 20 lm. The change in absorbance of

superoxide was measured at 250 nm (e250 ¼ 2000 m
)1Æcm)1)

[43]. Initial velocities were determined from the first 5–10%

of the reaction.
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