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Abstract

The plant-type ubiquinol:oxygen oxidoreductase, commonly called the aternative oxidase, is a respiratory enzyme
thought to contain non-heme iron at its active site. To explore the structure of the enzyme by identifying amino acids
involved in inhibitor-binding, a library of random mutants of the Arabidopsis thaliana alternative oxidase was constructed
using error-prone polymerase chain reaction and expressed in the heme-deficient Escherichia coli SASX41B. Selection for
resistance to salicylhydroxamic acid (SHAM) resulted in the recovery of four mutations. Three of these, F215L, M219I, and
M219V, confer a small, but measurable resistance to SHAM of between 1.4- and 1.7-fold relative to the wild type
alternative oxidase. These changes are located in a putative amphipathic helix following the second transmembrane helix.
The fourth mutation, G303E, is found three residues from the C-terminus of the protein, and results in 4.6-fold resistance to
SHAM. None of the mutations have any effect on the sensitivity of the alternative oxidase to propyl gallate. The
identification of distant residues involved in SHAM resistance suggests that the poorly conserved C-terminal region is in
spatial proximity to the amphipathic helix, and thus located in the vicinity of the iron-binding motif. © 1998 Elsevier
Science B.V.
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1. Introduction

The alternative oxidase is a novel ubiquinol:oxygen
oxidoreductase found in all plant and many algal and
fungal mitochondrial respiratory chains, as well asin
the bloodstream form of the parasitic protozoan, try-
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panosome [1,2]. Unlike cytochrome ¢ oxidase, which
also catalyzes the four-electron reduction of oxygen
to water, the dternative oxidase does not translocate
protons, allowing electron transfer to proceed without
coupling to ATP synthesis. Using plant mitochondria
the aternative oxidase has been shown to be acti-
vated by pyruvate and also by reduction of the disul-
fide bond that links the two identical subunits com-
prising the enzyme [3,4]. Hydropathy analysis of the
deduced protein sequence from six plants, two fungi
and a protozoan reveals two transmembrane helices
connected by an intervening region of helical charac-
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ter [5]. It is clear from spectroscopic studies of the
partialy purified enzyme that no heme or iron—sulfur
center is present [6], although the appearance of
enzyme activity requires iron, as shown in work with
the fungus Pichia anomala [7]. A conserved se-
guence motif similar to the active site of the hydrox-
ylase enzyme of methane monooxygenase suggests
the presence of a binuclear iron center, and the lack
of a visible absorption spectrum provides evidence
for a u-hydroxo-bridge linking the iron atoms [8].
Although work has been done identifying residues
involved in the mitochondria import of the aterna
tive oxidase precursor [9] and the regulation of activ-
ity by covalent modification [10] there is yet no
experimental evidence as to which residues may be
involved at the active site of the enzyme.

One strategy for locating amino acids involved in
guinone binding has been the isolation of mutants
resistant to inhibitors that act as quinone analogs. The
validity of this method rests upon the assumption that
the mutated residues that bestow inhibitor-resistance
are located at the quinone-binding site. For the case
of the bacterial photosynthetic reaction centers, this
assumption has been verified by high-resolution
structures [11,12]. Through the use of inhibitor-re-
sistant mutants, residues involved in quinone-binding
in photosystem 11 [13] and the cytochrome bc, com-
plex have been located [14]. In the current work, this
strategy has been adopted for the study of the aterna-
tive oxidase.

To locate residues involved in the binding of the
inhibitor salicylhydroxamic acid (SHAM), a potential
substrate-analog, the ability of Escherichia coli to
express a functional alternative oxidase was utilized
[15]. The heme-deficient E. coli strain SASX41B is
unable to grow aerobically owing to a defect in the
gene for glutamyl-tRNA dehydrogenase in the 5-
aminolevulinic acid (ALA) synthesis pathway [16].
This results in the absence of the endogenous termi-
nal oxidases, cytochrome bo oxidase and cytochrome
bd oxidase. Complementation of E. coli SASX41B
with the Arabidopsis thaliana alternative oxidase
permits aerobic growth [15]. In this study, a library of
random mutants of the alternative oxidase was con-
structed and expressed in E. coli SASX41B, and
SHAM-resistant mutants of the alternative oxidase
were isolated.

2. Materials and methods

2.1. E. coli gtrains and growth media

E. coli strain DH5« was used for cloning and
investigation of the effect of inhibitors on wild-type
E. coli respiration. E. coli GO103 (thi, gal, rpsL,
Zbg::Kan, A(cydAB)455), which lacks the cy-
tochrome bd oxidase, was used for investigation of
aternative oxidase inhibitors on the cytochrome bo
oxidase. E. coli SASX41B ( HfrPO2A hemA41 metB1
relAl), an ALA auxotroph [17], was used for expres-
sion of the alternative oxidase. E. coli GO103 was
obtained from R. Gennis, Urbana, IL, and E. coli
SASX41B from D. Soll, New Haven, CT.

For isolation of colonies, the strains were grown
on either LB agar with 60 wg/ml ampicillin or GA
agar (1.2% agar, 1% NaCl, 1% bactotryptone, 0.1%
yeast extract, 0.3% disodium succinate hexahydrate,
0.3% pL sodium lactate, 5 mg/l FeSO, - 7H,0, and
60 wg/ml ampicillin). For liquid culture, strains
were grown in LB media or M63 + SG, (M63 [18]
with 0.1 mM CaCl,, 0.3% disodium succinate hex-
ahydrate, 0.2% (v/v) glycerol, 0.1% yeast extract,
0.1% casamino acids, and 11.2 mg/| FeSO, - 7H,O
(total concentration), pH 7.2.) Solid and liquid media
were supplemented with 50 wg/ml ALA, 60 wng/ml
ampicillin, 40 ng/ml methionine, 1 ng/ml thiamin,
and 0.3-0.6 mM salicylhydroxamic acid as required.
E. coli GO103 was grown with 25 wg,/ml kanamycin.

2.2. Construction of the mutant libraries

The plasmid pAOX, containing the gene for the A.
thaliana aternative oxidase in the expression vector
pcDNAII ([15], from M. Kumar and D. Soll, New
Haven, CT), was modified to aid current and future
cloning of mutagenized fragments of the alternative
oxidase gene (Fig. 1). The Xhol site in the linker
region was destroyed by digestion, filling in, and
religation forming pAtAOmX. A single base change
(A to T) within the Kpnl restriction site removed this
site from the linker region, forming pAtAOmMKX.
This plasmid expressed the aternative oxidase in E.
coli SASX41B a levels indistinguishable from
pAOX.
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Fig. 1. The portion of the Arabidopsis alternative oxidase subject
to random mutagenesis using the subcloned fragments pNK and
pKA. The upper box depicts the amino-acid sequence of the
Arabidopsis aternative oxidase, with the putative transmembrane
helices A and B indicated as well as the surface helix ab. The
mature protein in Arabidopsis mitochondria begins at A14 [15].
The Arabidopsis alternative oxidase cDNA in plasmid
PAtAOMK X (derived from pAOX) is truncated at the 5 end, and
begins with F13. The translation start of the protein in E. coli is
believed to be at the first methionine (M25) following F13 [15].
The Ncol—Kpnl DNA fragment (lower box) subcloned into pNK
allows mutagenesis of amino acids E83 through G221, and the
Kpnl— Afl1l DNA fragment (subcloned into pKA) from L223
through the end of the protein. The use of the Kpnl site for
reinserting the mutagenized fragments into pAtAOmMKX pre-
cludes the potential mutagenesis of Y222, and allows only some
changes to the G221 and L223 codons.

The cloning vectors pBANBN and p9ANBN were
constructed from pUC118 and pUC119, respectively,
by ligating the two complimentary oligonucleotides
ANBN1 (ttaagccatggtgatcagctagectgca) and ANBN2
(ggctagctgatcaccatgge) to the Pstl—Kpnl digested
vectors. This yielded four new cloning sites: Aflll,
Ncol, Bcll, and Nhel. The 425 bp Ncol—Kpnl frag-
ment of pAtAOmMKX was cloned into pSANBN to
form pNK and the 342 bp Kpnl-Aflll fragment of
PAtAOmMKX was cloned into p9ANBN to form pKA
(Fig. 1). Each fragment was placed in the noncoding
direction of lacZ to minimize the possibility of selec-
tion against the fragment. Random mutations were
incorporated into the two fragments by error-prone
PCR utilizing dITP [19] using the primers UNIV2
(acgacgttgtaaaacgacgg) and REV2 (tttcacacaggasa-
cagctatg), which anneal to pNK and pKA outside the
cloned fragment. Sequence analysis indicated that
these conditions resulted in a misincorporation rate of
about 1 per 250 base pairs DNA. Following amplifi-
cation, PCR products were phenol extracted and di-

gested with protease, followed by a second phenol
extraction. The pNK-derived PCR product was cut
with Ncol and Kpnl, gel-purified, and ligated to the
Ncol—Kpnl digested pAtAOmMKX. The pKA-derived
PCR product was likewise restricted and cloned into
Kpnl-Afl 1l digested pAtAOmMKX. The ligation mix-
ture was electroporated into E. coli SASX41B, which
was then plated on LB containing ALA, methionine,
and ampicillin. After overnight incubation, colonies
from these plates were combined to inoculate M63 +
SG liquid medium containing ALA, methionine and
ampicillin. The cells were grown to a density of 50
Klett units, diluted in M63 + SG with ampicillin, and
spread on GA plates with 0.3 mM SHAM. These
plates were incubated for 3 days at 37°C to select for
resistant colonies.

DNA was sequenced using Sequenase2
(Amersham, Arlington Heights, IL) and a modified
protocol to eliminate artifact banding [20]. DNA was
prepared by standard miniprep procedures or column
purification (Qiagen, Chatsworth, CA).

2.3. Isolation of membranes

For assay of aternative oxidase activity, a single
colony of E. coli SASX41B freshly transformed with
the desired plasmid on LB plates containing ALA,
methionine, and ampicillin was used to inoculate 25
ml of M63 + SG with ampicillin, ALA, and methion-
ine. This preculture was grown for 4-5 h at 37°C
with shaking to a mid-log density of 30—80 Klett
units. The cells were then pelleted (1100 X g, 10
min), the residual medium removed, and resuspended
in 10 ml M63 + SG with ampicillin and methionine.
A 2-5-ml aliquot of this suspension was used to
inoculate 350 ml of the same medium for overnight
growth at 37°C.

The E. coli cells were harvested and suspended in
50 mM KPi buffer, pH 7.0 containing 0.5 mM PMSF
and 10 ug/ml each RNase and DNase, and disrupted
by one pass through a French Press at 18000 psi. The
unbroken cells were removed (3000 X g, 10 min) and
the supernatant was centrifuged at 200000 X g for 1
h to isolate the membranes. The membrane pellet was
homogenized in 1-2 ml of 15% sucrose, 50 mM
potassium phosphate, 1 mM EDTA, including 10
mM pyruvate unless indicated.
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2.4. Assay of activity and inhibitor titration

Alternative oxidase activity was assayed polaro-
graphicaly as SHAM-sensitive oxygen consumption
at 25°C in reaction buffer containing 50 mM potas-
sium phosphate, 10 mM KCI, 5 mM MgCl,, 1 mM
EDTA, and, unless noted otherwise, 5 mM pyruvate,
pH 7.0, with 0.5 mM duroquinol. Duroquinol was
dissolved in acidic nitrogen-purged DM SO, and the
concentration was determined spectrophotometrically
[21]. SHAM and propyl galate (PG) were dissolved
in nitrogen-purged DM SO, and the DM SO concentra
tion was kept constant in the assay. For determination
of the inhibitor concentration at half-maximal inhibi-
tion of activity (l,), membranes were incubated for
1 min in the presence of the SHAM or PG prior to
the addition of duroquinol. The I, was obtained
from a plot of percentage inhibition vs. LOG in-
hibitor concentration, fitting the data to a standard
titration curve with a nonlinear curve-fitting ago-
rithm using SigmaPlot software. Protein was deter-
mined using a modified Lowry method [22].

E. F
t
DQH) 216
15

T 9

8 uM 4

PG 3mM
SHAM

3. Resaults

3.1. Effect of alternative oxidase inhibitors on E. coli
respiration

E. coli DH5a was grown overnight in LB and
membranes were isolated as described in Section 2.
The oxidation of duroquinol by the wild-type E. cali
respiratory pathway was partialy inhibited by the
aternative oxidase inhibitor SHAM, athough not by
PG (Fig. 2A-B). Assay of membranes of E. coli
GO0103 (which lacks the cytochrome bd oxidase) also
showed partia inhibition of the duroquinol oxidase
activity by SHAM, and the lack of effect of PG,
suggesting that the site of SHAM inhibition is the
cytochrome bo oxidase (Fig. 2C-D). SHAM at 1
mM showed a 30% inhibition and 3 mM SHAM gave
54% inhibition of the cytochrome bo oxidase. (It was
not investigated whether there was in addition an
effect of SHAM on the cytochrome bd oxidase.)
Overnight growth of E. coli SASX41B /pAtAOmMKX

DQH,
100 nmol O2
8
4 1 min
3mM
SHAM

Fig. 2. Inhibition of oxygen consumption in isolated membranes of E. coli. Oxygen uptake was measured polarographically with
duroquinol (DQH,) as a substrate as described in Section 2. (A), (B) Membranes isolated from E. coli DH5« grown overnight in LB
medium. (C), (D) Membranes isolated from E. coli GO103 grown overnight in LB medium with 25 wg/ml kanamycin. (E), (F)
Membranes isolated from E. coli SASX41/pAtAOmMKX grown in M63 + SG in the absence of ALA. Numbers next to the traces refer to

oxygen consumption in nmol O, min~* (mg protein) 2.
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in M63 + SG in the absence of ALA fully depletes
the cytochrome bo oxidase, as seen in Fig. 2E. Here
PG inhibits the alternative oxidase, leaving only a
small residual oxygen uptake that is resistant to inhi-
bition. Therefore, under these growth conditions,
titration of duroquinol oxidase activity in E. coli
SASX41B /pAtAOMKX with SHAM will accurately
reflect an effect on the aternative oxidase without
interference by the E. coli quinol oxidases (Fig. 2E).

3.2. Expression of the Arabidopsis alternative oxi-
dasein E. coli SASX41B

Using membranes isolated and stored in the ab-
sence of pyruvate, the aternative oxidase was 50%
activated at a concentration of 100 uM pyruvate. The
lg, for SHAM was found to be independent of pyru-
vate with an I, of 40 and 41 uM for membranes
isolated in the absence and presence of 10 mM
pyruvate, respectively. It was observed that when E.
coli cells were broken in the absence of pyruvate and
resuspended in buffer containing 10 mM pyruvate,
that the activity of the enzyme would increase 180%
over the course of 24 h storage on ice. For the same
membranes resuspended without pyruvate and stored
on ice, the remaining activity after 24 h had de-
creased to 70% of the initia activity. These measure-
ments were made with 5 mM pyruvate present in the
assay buffer. Subseguent to this observation, all

membranes were isolated and resuspended in the
presence of 10 mM pyruvate.

SHAM inhibited the Arabidopsis alternative oxi-
dase in E. coli membranes with an average I, of 42
uM (Table 1, line 1) while the I, for PG was 390
nM. SHAM inhibited the aternative oxidase in a
mixed competitive/noncompetitive fashion with re-
spect to duroquinol, as seen in the Dixon plot shown
inFig. 3. The K; and K{ for inhibition were found to
be 80 uM and 20 uM using the enzyme Kinetics
program LEONORA [23] to provide the best fit of
the data.

3.3. Mutagenesis of the Arabidopsis alternative oxi-
dase

Two fragments of the Arabidopsis alternative oxi-
dase gene were subcloned for mutagenesis. The plas-
mid pNK contains the Ncol-Kpnl fragment of the
Arabidopsis dternative oxidase gene, encoding the
central portion of the enzyme which includes one
highly-conserved hydrophilic region surrounded by
two putative hydrophobic transmembrane helices (Fig.
1). Plasmid pKA contains the C-termina region of
the alternative oxidase and includes the residues that
have been postulated to ligate the iron center. The
fragments were mutagenized by error prone PCR,
recloned into pAtAOmKX, and SHAM-resistant
colonies were selected as described in Section 2. A

Table 1
Resistance of alternative oxidase mutants to SHAM and PG
Mutation Plasmid lso SHAM Relative resistance, lso PG Relative resistance,
(M) SHAM (nM) PG
none AtAOMK X 42 (1.0) 390 1.0
F215L NA11l 69 1.6 360 0.9
M219I NC6 57 14 420 1.1
M219v NG1 73 1.7 390 1.0
NT5
NT4
NA13
NAG6
G303E KA2 194 4.6 440 1.1
KA2b
KA13

Membranes of E. coli SASX41B transformed with the indicated plasmid were isolated as described in Section 2. The concentration of
SHAM and PG necessary for 50% inhibition of aternative oxidase activity (15,) was determined. The relative resistance is expressed as
the ratio of the 15, for the mutant to the |5, of the wild-type aternative oxidase.
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Fig. 3. Dixon plot of the SHAM inhibition of the Arabidopsis
aternative oxidase activity expressed in E. coli. E. cali
SASX41B /pAtAOmKX was grown in the absence of ALA and
membranes were isolated as described in Section 2. Duroquinol
concentrations are 160 uM, (@); 320 uM, (O); 490 uM, (m);
and 730 M (O).

few hundred SHAM-resistant colonies were isolated
originating from twenty-four independent PCR reac-
tions pooled for eight independent transformations.
About 100 colonies were rescreened for SHAM resis-
tance by isolating the plasmid, transforming fresh E.
coli SASX41B, and replating the cells on selective
medium.

The colonies chosen for further analysis were nor-
mal size (similar to E. coli SASX41B /pAtAOmMKX)
when growing on GA medium in the absence of
SHAM, and larger than normal (i.e., resistant) in the
presence of 0.3 MM SHAM. To verify the SHAM-re-
sistant phenotype, membranes were isolated from E.
coli SASX41B containing mutant plasmids grown as
described in Section 2. Duroquinol oxidase activity
was titrated with SHAM to determine the degree of
resistance. The uninhibited duroquinol oxidase activ-
ity for the wild-type alternative oxidase (pAtAOmMK X)
ranged from 100 to 300 nmol O, min~* mg protein—™.
The uninhibited activity for the mutant plasmids var-
ied from 50 to 600 nmol O, min~* mg protein~* and
was probably a function of the level of inoculum and
growth time, as there was no correlation with the
mutation. Data from a representative experiment are
shown in Fig. 4. A standard titration curve was fit to
the data to determine the I, for each plasmid, and

the results for al the mutations are summarized in
Table 1. Sequence analysis identified four mutations
at three positions; F215L, M2191, M219V and G303E.
The mutations found at residues F215 and M219
result in an alternative oxidase with only a dlight
resistance to SHAM of approximately 1.5-fold. The
G303E mutation, in contrast, confers a 4.6-fold resis-
tance to SHAM. None of the mutations have any
effect on the resistance of the alternative oxidase to
PG (Table 1).

Residues F215 and M219 are located in a region
which is predicted by a Chou—Fasman algorithm [24]
to have helical character (Fig. 5). These residues are
in the vicinity of a highly conserved sequence begin-
ning with G221 (GYLEEEA) (Fig. 6A). In contrast,
G303E is three residues prior to the C-terminus of the

100

80
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40 -

% Inhibition of Activity

20

LOG [SHAM] (M)

Fig. 4. A representative SHAM titration of alternative oxidase
activity in isolated E. coli membranes. E. coli SASX41B with
the indicated plasmid was grown in the absence of ALA and the
membranes isolated as described in Section 2. SHAM was incu-
bated with the membranes for 1 min at 25°C, at which point
duroquinol was added to start the reaction. After about 1 min, 1
mM SHAM was added, and the resulting small level of residual
activity was subtracted from the initial rate. To obtain ‘% inhibi-
tion' for each concentration of SHAM, the net rate was sub-
tracted from the uninhibited net rate, and this value was divided
by the uninhibited net rate. The data were fit with a standard
titration curve. The wild-type alternative oxidase (@), expressed
from pAtAOmMKX, gave an lg, of 34 uM. The mutants M219I
(pNC6) (O) and G303E (pKA2) (m) yielded an Ig, of 57 uM
and 136 uM, respectively. The uninhibited activity was 93, 625,
and 110 nmol O, min~* (mg protein)~* for wild type, M219I,
and G303E.
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enzyme in arelatively poorly conserved region of the
protein (Fig. 5). Of the five M219V mutations iso-
lated, four are known to be independently derived, as
three independent pools of PCR reactions are in-
volved (NA, NG, and NT) and the NA13 plasmid
contains three silent mutations. The two G303E plas-
mids pKA2 and pKA13 may not be independent.
Because of the unexpected location of G303E, the
smal Syl-Aflll fragment containing this mutation
was recloned into pAtAOmKX. This construct, which
has the last 15 amino acids of the alternative oxidase
derived from pKA2, was named pKA2b. The I, of
the alternative oxidase expressed from pKA2b was

*K
E P
ApA I@YH-COOH

L A
V I

“@” eees

Fig. 5. A model of the Arabidopsis aternative oxidase (in its
disulfide-bridged, inactive state) showing the position of the
mutated residues. In the upper portion of the diagram, the amino
terminus and the carboxy terminus are designated by ‘N’ and ‘' C,’
respectively. F215, M219, and G303 are shown enclosed in
pentagons. The C-terminal region must be located in proximity to
the putative surface helix in order that G303, F215, and M219
can al interact with SHAM. In the text the helices are referred to
as follows, observing the convention for membrane proteins:
Starting at the N-terminus, the first transmembrane helix is
designated ‘helix A’; the intervening loop, helix ab; the second
transmembrane helix, helix B; and the four helices of the pro-
posed four-helix cluster, c, d, e, and f. (Of the latter four helices,
only helix c is explicitly depicted here.)

A. B OO Fe?
Arabidopsis 204 ay f 1 g|ly|l is|plk fahrimvigyleeea
Potato 243 ay f 1l g|ly|l1ls|plkfahrjvvigyleeea
Tobacco 252 ay f v tlyl[lls|plklalhr|ivigyleeea
Soybean 220 ay f 1 gly[l 1s|plk falhrimfl]gyleeea
Mango 173 s f f v 1|ly[v1ls|plk lalhrlivigyleeea
Sauromatum 248 ay f 1 gly|l 1 s|plk falhrjvvlgyleeea
Neurospora 233 amf 1s|y|lis|plkitlhri{fvlgyleeea
Pichia 212 1 f f Lv|y|[Lik|p|[ryclhr|fvl]gyleeea
Trypanosome 193fllvaivisir‘fvvagyleeea
Transmembrane HelixB Helixc
B. O
Arabidopsis 297eapa?igyh
Potato 336 e ap alplligly h
Tobacco 3456d s pajplijgly h
Soybean 313 eaaalp|i|gly h
Mango 266 dapalplvigly h
Sauromatum 341 t tpalp(ligly h
Neurospora 348 p alk|p|t|g|felrlaevig
Pichia 328 k t p hiple|gjwnirlegmr 1
Trypanosome 302y s nqiplsjglk tiritd fase...

Fig. 6. Alignment of nine alternative oxidase seguences. Pen-
tagons indicate residues found to confer inhibitor resistance when
mutated. ‘Fe? indicates a potential iron ligand according to
Moore et al. [5]. Boxed residues are conserved amino acids. (A)
The aignment around F215 and M219. The residues comprising
the c-terminal end of transmembrane helix B and those of
putative surface helix ¢ are underlined. (B) The C-terminal region
of the alternative oxidase. Sequences are taken from Arabidopsis
[15]; potato [25]; tobacco [26]; soybean [27]; mango [28]; Sauro-
matum [29]; Neurospora [30]; Pichia[31]; and trypanosome [32].

similar to that of pKA2 and pKA13, verifying the
source of the phenotype as G303E.

4. Discussion
4.1. Effect of SHAM and PG on E. coli respiration

Two commonly used inhibitors of the alternative
oxidase, SHAM and PG, were tested for their effect
on E. coli respiration. PG did not inhibit wild-type
E. coli respiration. However, it was found that 1 mM
SHAM inhibited the cytochrome bo oxidase by 30%
(Fig. 2C). A previous report noted that 200 wuM
SHAM did not inhibit the cytochrome bo oxidase
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[33], and this result is consistent with the high con-
centration of SHAM (3 mM) needed to obtain 50%
inhibition. Until now sensitivity to SHAM coupled
with resistance to cyanide has been considered to be
the functional definition of a plant-type
ubiquinol:oxygen oxidoreductase [34]. It is interesting
to note that the cyanide-sensitive, heme-containing
cytochrome bo oxidase can be sensitive to SHAM,
albeit at high concentration. SHAM can no longer be
regarded as ainhibitor specific to plant-type ubiquinol
oxidases when working with prokaryotic systems. In
the current work, PG-inhibition of the alternative
oxidase was used to verify that the isolated mem-
branes were devoid of duroquinol oxidase activity
owing to endogenous E. coli oxidases.

4.2. Characterization of the Arabidopsis alternative
oxidase expressed in E. coli

A direct comparison of the properties of the Ara-
bidopsis aternative oxidase in isolated E. coli mem-
branes to that found in Arabidopsis mitochondria is
not available because of the limited use of Arabidop-
sis for mitochondrial studies. However, the aterna-
tive oxidase expressed in E. coli was found to simi-
lar to the alternative oxidase found in other plant
mitochondria. The rate of oxygen consumption seen
in wild type and mutants ranged from 50—600 nmol
O, min~! (mg protein)~*; the low rate can be con-
sidered typical for nonaroid mitochondria, whereas
the high value can often be observed in mitochondria
isolated from aroid spadix tissue. A more rigorous
comparison of activity by turnover number is not
possible at this point because of the lack of a spectra
feature with which to quantify the enzyme in either
mitochondria or E. coli membranes. The aternative
oxidase in isolated E. coli membranes was activated
half-maximally with 100 uM pyruvate. Thisis simi-
lar to the values of 100 uM and 500 wM observed in
soybean root [35] and tobacco leaf mitochondria [36],
respectively. In contrast, with inside-out submito-
chondrial particles of sweet potato or soybean cotyle-
don, half-maximal activation was observed with a
concentration of pyruvate as low as 5 uM [37].

The |5, for the inhibition of the alternative oxidase
activity in E. coli SASX41B/pAtAOmKX mem-
branes with SHAM was 40 wM, which is similar to

that found in mung bean hypocotyl mitochondria (60
uM) but low relative to aroid (skunk cabbage) spadix
mitochondria (260 uM) [38]. Using a Dixon plot, the
inhibition was found to be mixed competitive,/non-
competitive with respect to duroquinol, with a K;
and K/ of 20 uM and 80 wM. In aroid (Arum
maculatum) mitochondria, mixed competitive,/non-
competitive inhibition was previously observed, with
inhibition constants of 53 and 490 uM for SHAM,
and for the more hydrophobic m-chlorohydroxamic
acid, 25 uM and 81 wuM [39]. For the other com-
monly used inhibitor of the aternative oxidase, PG,
the Ig, for the Arabidopsis enzymein E. coli is 390
nM, significantly lower than that reported for mung
bean mitochondria (3—4 wM) [40].

4.3. Recovery of inhibitor-resistant mutants of the
alternative oxidase

Mutation of three amino acids, F215, M219, and
G303 in the Arabidopsis alternative oxidase each led
to a phenotype of increased SHAM-resistance when
the protein was expressed in the heme-deficient strain
E. coli SASX41B. Each of the three mutations of Phe
and Met (F215L, M219V, and M219I) is conserva-
tive, maintaining the relative hydrophobicity of the
original amino acid. Upon titration of the isolated
membranes, only a 1.5-fold increase in resistance to
SHAM was found, and normal levels of alternative
oxidase activity are present. In contrast, mutation of
Gly to Glu near the C-terminus of the alternative
oxidase gives a 4.6-fold resistance to SHAM. This
residue is found in a poorly conserved region of the
oxidase, and the mutation to Glu presents a dramatic
change from the smallest amino acid to one with a
large negatively-charged side chain. None of the
SHAM-resistant mutations yielded any change in
sensitivity of the alternative oxidase to PG.

Quinone-site inhibitor-resistance mutations recov-
ered in other electron-transfer complexes are typi-
caly many times more resistant than the F215 and
M219 alternative oxidase mutants reported here. Al-
though the approximately 1.5-fold resistance obtained
issmall, it is readily distinguished from the wild-type
level on atitration plot (Fig. 4), and it falls outside of
the level of noise in the measurements (compare PG
values in Table 1, which likely represent scatter). In
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addition, the selection of five independently derived
M219V mutations, as well as three different muta-
tions within a four amino acid segment, argues for
the importance of this region of the protein in modu-
lating SHAM-binding. This approximately 50% in-
crease in SHAM resistance for mutations at F215 and
M219 of the Arabidopsis enzyme falls well within
the species-to-species variation in SHAM resistance
for the alternative oxidase as noted above [38]. And,
this variability in resistance among species is consis-
tent with the variability (with conservation of hy-
drophobic character) at positions which align to F215
and M219 among the known derived amino acid
sequences (see discussion below). Although a 1.5-fold
increase in resistance to SHAM may seem rather
minimal, the change in AG between wild type and
mutant for the binding of SHAM is sufficient to
account for the loss of two van der Waal interactions,
following the calculations of Link et al. [41].

It should also be noted that the selection protocol
used here was particularly favorable towards recov-
ery of mutants with a low level of resistance to
SHAM. The concentration of SHAM that was used
for selection alowed growth of E. coli expressing
wild-type alternative oxidase within 1-2 additional
days after the normal selection period of three days.
Because of this low level of toxicity, colonies that
were only dlightly larger than the wild-type control
were readily identified. Furthermore, a selection for
higher resistance to SHAM appeared not to be possi-
ble because of the deleterious effect of high SHAM
concentrations on aerobic growth of E. coli utilizing
its endogenous terminal oxidases. This was attributed
to chelation of iron in the growth medium by SHAM,
as it was partially relieved by supplemental iron.
However, it may aso have involved an effect of
SHAM on the cytochrome bo oxidase, although this
was not investigated further.

4.4, Implications for the structure of the alternative
oxidase

The amino acids F215 and M219 are four residues
apart, and only a few residues away from the putative
transmembrane helix B (Fig. 5). Neither residue is
strictly conserved through the known alternative oxi-
dase sequences, but as with the recovered mutations,

the changes in each case preserve the hydrophobicity
of each position (Fig. 6A). In mango and tobacco,
F215 is replaced by Leu, in Neurospora, by lle, and
in Pichia, it is replaced by Tyr. In soybean, M219
remains the same, but in the other species it is
replaced by Val (potato, Sauromatum), Ile (mango,
tobacco), or Phe ( Neurospora, Pichia, trypanosome)
(Fig. 6A). Analysis of this region of the Arabidopsis
aternative oxidase by a modified Chou—Fasman al-
gorithm predicts helical character. An a-helical struc-
ture would place F215 and M 219 on the same side of
the helix, and likely oriented towards the membrane
phase given their hydrophobicity (Fig. 5). Such a
structure—a transmembrane helix followed by a sur-
face helix—is afeature that iswell represented among
known and predicted quinone binding sites
[11,12,42,43]. In addition, the C-termina end of this
putative surface helix ¢ has been previously hypothe-
sized on the basis of the E-X-X-H sequence motif to
be part of a four-helix bundle that binds the meta
center [5]. This places F215 and M219 in close
proximity to the postulated binuclear iron center of
the alternative oxidase.

Although G303 has not been previously reported
as a conserved residue in the aternative oxidase, it is
possible to align the nine sequences in Fig. 6B such
that G303 and P301 are conserved throughout. In the
case of the plant alternative oxidases, the conserved
Gly and Pro are the third and fifth residues from the
C-terminus; for the fungal sequences, they are the
ninth and eleventh from the end. In the trypanosome
aternative oxidase, the Gly and Pro are well within
the sequence. A conserved Arg found three residues
past the conserved Gly for the fungal and try-
panosome sequences adds credibility to this align-
ment (Fig. 6B).

The identification of distant residues involved in
SHAM resistance puts a constraint on the possible
three-dimensional structure of the alternative oxidase.
The relatively poorly-conserved C-terminal region
must be located in spatial proximity to the putative
surface helix ¢ in order for G303 to interact with
F215 and M219 (Fig. 5). The conserved residues
P301 and G303 may play an important role at the
active site of the alternative oxidase. Amino acids
F215, M219, and G303 as well as neighboring con-
served residues are good candidates for future study
by site-directed mutagenesis.
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