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at room temperature in bicarbonate-buffered Ames me- 
dium, and fluorescent-labeled cells were identified as 
described (35). Detachment from pigment epithelium 
and exposure to bright light during dissection (-1 x 
1017 photons s-1 cm-2 measured at 500 nm) and epi- 
fluorescence examination (-3 x 1017 photons s-1 
cm-2 at 560 nm) presumably strongly bleached rod and 
cone photopigments. Ganglion cell somata were ex- 
posed by microdissection. Whole-cell current clamp re- 
cordings were made with an intracellular amplifier (Cyg- 
nus Technologies DR-886, Delaware Water Gap, PA) and 
micropipettes (3 to 7 megaohms) containing 125 mM 
K-Gluconate, 5 mM NaCI, 4 mM KCI, 10 mM EGTA, 10 
mM Hepes, 4 mM adenosine triphosphate-Mg, 7 mM 
phosphocreatine, 0.3 mM guanosine triphosphate-tris, 
LY (0.1% w/v), and biocytin (0.5% w/v). Resting poten- 
tials were not corrected for liquid junction potentials. 
Light stimuli were introduced from below with the mi- 
croscope's 100-W tungsten-halogen lamp and transillu- 
mination optics. Neutral density and narrow-band inter- 
ference filters (Oriel, Stratford, CT) controlled stimulus 
energy and wavelength. Energies were measured 
with a calibrated radiometer (UDT Instruments, 
Baltimore, MD). Except where noted, all stimuli 
were full-field and spectrally unfiltered. 

11. The probability of obtaining such light responses was 
very high among back-filled cells in very sparsely 
labeled retinas but declined substantially when la- 
beled ganglion cells totaled >100, presumably be- 
cause involvement of the chiasm reduced labeling 
specificity. Peak depolarizations for saturating stimuli 
typically ranged from 15 to 30 mV. 

12. Cobalt chloride was superfused at a concentration (2 
mM in Ames) that blocks all light-evoked transmitter 
release from rods and cones in rat retina (36) and 
eliminates the otherwise robust light responses of 
ganglion cells in rat and cat eyecup preparations (37). 
Small chamber volume (<200 ,ul) and inlet tubing 
dead space (<2 ml) ensured complete exchange in 
minutes. Light responses also persisted when 2 mM 

[Co2+]o replaced 2 mM [Ca2+]o in a bath solution 
containing 126 mM NaCI, 3 mM KCI, 1.3 mM 
NaH2PO4, 2 mM MgSO4, 26 mM NaHCO3, and 10 
mM dextrose (n = 2). 

13. In darkness, resting potentials of photosensitive 
(-46.7 ? 14.8 mV; n = 114) and control ganglion 
cells (-48.5 + 11.0 mV; n = 45) were statistically 
indistinguishable (P > 0.2; t test). 

14. For most cells (n = 4; including that shown in Fig. 
1G), the drug solution consisted of 2 mM CoCI2, 
100 jLM L(+)-2-amino-4-phosphonobutyric acid to 
saturate and thus block signal transfer at Group III 
metabotropic glutamate receptors essential for 
photoreceptor-to-ON-bipolar cell transmission, 20 
uLM 6,7-dinitroquinoxaline-2,3-dione and 50 uLM 
DL-2-amino-5-phosphonovaleric acid to block 
ionotropic glutamate receptors [both N-methyl-D- 
aspartate (NMDA) and non-NMDA types] essential 
for communication between photoreceptors and 
OFF bipolar cells and between all bipolar cells and 
both amacrine and ganglion cells, and 50 ,iM pic- 
rotoxin and 0.3 ,LM strychnine to block ionotropic 
gamma-aminobutyric acid (GABA) and glycine re- 
ceptors mediating most inhibition by amacrine 
cells. In two other cells, this cocktail was supple- 
mented with 200 ,iM hexamethonium bromide to 
block nicotinic acetylcholine receptors and either 
500 or 2000 ,pM 1-octanol to block gap junctions; 
light-evoked depolarizations were not attenuated. 
Blockade typically enhanced depolarization (e.g., 
Fig. 1, F and G; mean depolarization = 18.5 mV in 
control medium and 26.7 mV during blockade; n = 

7). This may reflect increased membrane resistance 
due to loss of synaptic currents or of intrinsic 
calcium conductances. Resting potential was not 
significantly altered by synaptic blockade 
(means = 52.8 mV in Ames and 51.5 mV during 
blockade; n = 7). 

15. Sensitivity usually deteriorated noticeably within 30 
to 120 min of break-in, probably because of cell 
dialysis ("run-down"). Group data in Fig. 2C (green 
curve) were therefore drawn only from responses 
obtained shortly after break-in, first at 500 nm and 
then at one other wavelength. Slow recovery kinetics 
necessitated long interstimulus intervals (3 min). 

Thus, spectra for single cells were typically less com- 
plete than that shown for cell 62-4 (Fig. 2C, red 
curve). Nonetheless, the general form of the action 
spectrum was consistent. For example, among each 
of seven cells examined, the same rank order of 
sensitivity applied to the first three wavelengths 
tested: 500 nm > 400 or 420 nm > 570 or 600 nm. 
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Mycobacterium tuberculosis (Mtb) mounts a stubborn defense against oxidative 
and nitrosative components of the immune response. Dihydrolipoamide de- 
hydrogenase (Lpd) and dihydrolipoamide succinyltransferase (SucB) are com- 
ponents of a-ketoacid dehydrogenase complexes that are central to interme- 
diary metabolism. We find that Lpd and SucB support Mtb's antioxidant defense. 
The peroxiredoxin alkyl hydroperoxide reductase (AhpC) is linked to Lpd and 
SucB by an adaptor protein, AhpD. The 2.0 angstrom AhpD crystal structure 
reveals a thioredoxin-like active site that is responsive to lipoamide. We pro- 
pose that Lpd, SucB (the only lipoyl protein detected in Mtb), AhpD, and AhpC 
together constitute a nicotinamide adenine dinucleotide (reduced)-dependent 
peroxidase and peroxynitrite reductase. AhpD thus represents a class of thi- 
oredoxin-like molecules that enables an antioxidant defense. 

Mtb, the leading cause of death from a single 
bacterial species, is restrained from prolifer- 
ation in most infected individuals by oxida- 
tive and nitrosative stress imposed in part by 
inducible nitric oxide synthase (1, 2). Yet 
despite the immune response, viable myco- 
bacteria persist. Bacterial persistence has di- 
rected our attention to Mtb's defenses against 
oxidative and nitrosative stress. 

Mtb peroxiredoxin alkyl hydroperoxide re- 
ductase (AhpC), a member of the peroxiredoxin 
family of nonheme peroxidases, protects heter- 
ologous bacterial and human cells against oxi- 
dative and nitrosative injury (3, 4). The redun- 
dancy of peroxiredoxins in Mtb complicates 
interpretation of the phenotype of an ahpC- 
deficient mutant (5). AhpC metabolizes perox- 
ides (6) and peroxynitrite (7) via a conserved 
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NH2-terminal cysteine residue, which under- 
goes oxidation. To complete the catalytic cycle, 
the Cys residue must be reduced. Various per- 
oxiredoxins rely on diverse reducing systems, 
including AhpF; thioredoxin and thioredoxin 
reductase; tryparedoxin, trypanothione, and 
trypanothione reductase; and cyclophilin (8). It 
is not known what serves as an AhpC reductase 
in Mtb. The genome of Mtb H37Rv encodes no 
AhpF-like proteins (9). Mtb thioredoxin reduc- 
tase and thioredoxin did not support the perox- 
idase activity of AhpC (10). The Mtb ahpC gene 
lies 11 nucleotides upstream of a coding region 
denoted ahpD, based on its sharing a bicistronic 
operon with ahpC. Recombinant AhpD func- 
tioned as a weak peroxidase but did not appear 
to interact with AhpC physically or functionally 
(10). 

To search for an AhpC reductase in Mtb, 
we investigated whether pure AhpC (7) could 
reduce H202 when supplemented with lysate 
(11) from Mtb H37Rv. Neither nicotinamide 
adenine dinucleotide, reduced (NADH) nor 
nicotinamide adenine dinucleotide phos- 
phate, reduced (NADPH) supported peroxi- 
dase activity by AhpC in the presence of 
lysate (Fig. 1A). However, the addition of 
pure AhpD (11) produced a robust, NADH- 
dependent, cyanide-insensitive peroxidase 
activity. Single mutants with a cysteine to 
serine substitution (AhpD C130S; AhpD 
C133S) (11) could not replace wild-type 
AhpD. AhpD by itself showed minimal per- 
oxidatic activity, as reported (10) (12). On the 
scale of the reaction in Fig. 1A, the contribu- 
tion of AhpD alone was imperceptible. 

We purified an activity from Mtb lysate that 
sustained AhpD-dependent peroxidase activity 
of AhpC through fractional ammonium sulfate 
precipitation and anion exchange. Further puri- 
fication led to complete loss of activity, sug- 
gesting that there were two separable compo- 
nents. We therefore compared the activity pro- 
file of fractions from Q Sepharose with the 
corresponding Coomassie blue-stained protein 
banding pattern. The abundance of three 
polypeptide bands most closely matched the 
peak activity (Fig. 1B). As revealed by peptide 
mass fingerprinting (13, 14), two of the three 
bands corresponded to hypothetical protein 
Rv0462 [National Center for Biotechnology In- 
formation (NCBI) accession number 7431875], 
Mtb's sole dihydrolipoamide dehydrogenase 
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Fig. 1. Identification of A B 
Lpd (Rv0462) as a corn- 0.8 6 0.8 6- 
ponent of the AhpC/ b 
AhpD-dependent per- 0 4- 
oxidase system. (A) My- S 06 
cobacterial lysates sup- * ' - 
port AhpC peroxidase o 0.4 i 'I 
activity only in the pres- 11 12 13 14 15 16 
ence of AhpD. Reaction < 0.2Fraction number kDa 
mixtures (0.5 ml) con- . . l 60 
tained 30 mM potassi- 0 . ,m . _, "7- 
um phosphate (KPi) at 0 1 2 3 - . 50 
pH 7.0,0.625 mM EDTA, Time (mn) Time (min) 125 iJM NADH, 5 [iM 40 
recombinant AhpC, 10 
(IM recombinant AhpD, 
and 50 Iul (3.8 mg/ml) 
Mtb H37Rv lysate (solid squares). Reactions were initiated by the addition of 0.5 mM H202, and 
consumption of NADH was determined by measuring the absorbance at 340 nm (A340). Control 
reactions were carried out with no AhpC (open squares), no AhpD (open triangles), no lysates (open 
circles), or 125 ipM NADPH (solid circles) instead of NADH. (B) Elution profile from Q Sepharose. The 
bar diagram shows the peak activity profile of fractions tested as in (A), with the corresponding 
Coomassie-stained SDS-10% polyacrylamide gel electrophoresis (SDS-PAGE) displayed below. Arrows 
point to the protein band used for peptide mass fingerprinting. 

(Lpd) (15). The identification was based on 
eight tryptic matches with an average difference 
of 0.006 absolute mass units (amu) between 
observed and predicted masses, covering 30% 
of the coding sequence. 

Lpd is a flavin-adenine dinucleotide-con- 
taining NADH-dependent oxidoreductase that 
plays an essential role in intermediary metabo- 
lism as the E3 component of pyruvate dehydro- 
genase (PDH), a-ketoglutarate dehydrogenase 
(KGDH), and branched-chain a-keto acid dehy- 
drogenase (BCKADH) complexes (16). In these 
complexes, Lpd regenerates the dihydrolipoic 
(6,8-dithiooctanoic acid) acceptors covalently 
attached to e-amino groups oflysine residues on 
the "swinging arm(s)" of the E2 acetyl(succinyl- 
)transferase component (16). To confirm that 
Lpd could replace mycobacterial lysate, we add- 
ed bovine Lpd (0.2 U) to AhpC + AhpD + 
NADH. H202-dependent consumption of 
NADH ensued, but only when we further sup- 
plemented the reaction with 50 ILM lipoamide 
(the amide of 6,8-dithiooctanoic acid) (11). Lpd 
by itself, with or without lipoamide, sustained 
only 10 to 15% of the peroxidase activity of 
AhpC + AhpD + Lpd + lipoamide. 

We reasoned that knowing the structure of 
AhpD might help us understand how AhpD 
interacts with Lpd and lipoamide in sustaining 
the peroxidase activity of AhpC. We crystal- 
lized AhpD and solved its structure at 2.0 A 
resolution by x-ray diffraction (11). AhpD 
proved to be a trimer. The AhpD protomer is 
nearly all helical except for residues 93 to 113, 
which adopt an extended conformation between 
protomer contacts (Fig. 2A). Trimerization is 
sustained by interactions between helices a2, 
a8, a6, and a7 from one protomer and helix a5 
and residues 96 to 104 from an adjacent pro- 
tomer. The protomers interact via hydrophobic 
contacts, hydrogen bonds, and salt bridges. No 
structural homology was revealed when pro- 
tomer or trimer models were used in searches 

with the programs DALI or PFAM (17). Be- 
cause the AhpD cysteines were critical for ac- 
tivity, we tried to align them with the active site 
of the thioredoxin family. Thioredoxins share 
the Cys-X-X-Cys signature but no other amino 
acid sequence homology with AhpD. Structure- 
based alignment revealed that the AhpD fold's 
active site (one per protomer) at the NH2-termi- 
nus of helix a7 is structurally similar to that of 
thioredoxins, as illustrated for thioredoxins from 
Escherichia coli and T4 bacteriophage (Fig. 
2B). The AhpD structure was solved in reduced 
form, in which the sulfhydryls of the two active- 
site cysteines lie 3.5 A apart. To test if these two 
Cys could undergo disulfide bonding, we re- 
solved the structure of AhpD after oxidation by 
lipoamide. This brought the AhpD sulfhydryls 
to within 2.0 to 2.1 A (Fig. 2, B and C), the same 
distance as in oxidized thioredoxin (Fig. 2B). In 
contrast, after exposure to H202, the intersulf- 
hydryl distance was indeterminate, which sug- 
gested that only a fraction of the AhpD mole- 
cules were oxidized and that lipoamide was a 
better oxidant of AhpD than H202 (12). After 
oxidation, the trimer remained intact. Oxidation 
induced no other changes aside from minor 
compensatory movements in the position of he- 
lix a7 (Fig. 2C) and rotation of the imidazole of 
His132 away from Cys133 (12). 

Cys133 lies at the base of the active-site 
cleft, where it is accessible to interactions with 
large molecules (11). Cys'30 is partially buried 
within the fold and appears to be blocked from 
potential ligand interactions by protomer-pro- 
tomer contacts. Each protomer's active-site 
cleft is lined almost entirely by polar and hy- 
drophobic side chains. This suggested that each 
of the three active sites in the trimer could be 
accessed by a redox-active moiety offered via a 
hydrophobic structure, such as lipoamide. Each 
protomer's cleft is also large enough to serve as 
a potential ligand-binding pocket for AhpC 
(11). 
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Fig. 2. AhpD crystal A 
structure. (A) Architec- 
ture of the AhpD trimer 
(reduced form). HeLices 
are denoted by tubes 
designated a (num- 
bered from NH2- to 
COOH-terminus), and 
connecting peptides are 
designated by ribbons. /i 
Monomers are blue, 
yellow, and gray. Cys130 
and Cys133 are best 
seen on 07 of the blue 
protomer. The graphics 
were prepared with SE- 
TOR (26). (B) Structure- 
based Least-squares se- 
quence alignment be- 
tween active-site cys- 
teines and heLices in AhpD (red, reduced; ox, oxidized) and thioredoxins (oxidized) 
from E. coli (PDB 2TRX) and T4 bacteriophage (PDB 1AAZ). Magenta highlights 
the dicysteine motif. (C) Electron density map contoured at 1.5 (f for AhpD 
active-site cysteines in native form (Left, 2.0 A) and oxidized (right, 2.4 A). The 
view is approximately orthogonal to that in (B). 

Fig. 3. Identification of SucB 
(Rv2215) as a component of the A B IP-1 IP-2 IP-3 

AhpC/AhpD-dependent peroxi- kDa 1 2 3 L 

dase system. (A) Identification of 190- Activity (%) 100 ND 67.5 ND 39 ND 0.04 

lipoylated proteins in mycobacte- 120- kDa 
rial lysates. Samples were run on 85 

190 - 
an SDS-10% polyacrylamide gel, 60- 120 - 
transferred to nitrocellulose, and 50 5 - -'_ . 

- 

subjected to Western blotting 
40- 60 - 

with anti-lipoic acid (1:10,000). 50 - 

Lane 1, M. tb H37Rv lysate; lane 2, 25 - 40 - 
M. bovis BCG lysate; lane 3, active 
peak after Q Sepharose. (B) M. tb 
H37Rv lysates depleted of the single lipoylated protein no longer support AhpC peroxidatic activity. 
Lysates (1.5 mg of total protein) were incubated with anti-lipoic acid (1:200) overnight at 4?C, and 
immune complexes were precipitated with protein G agarose. Beads were washed three times in 
0.5 ml of 50 mM KPi (pH 7.0), 1 mM EDTA, 150 mM NaCl, 10% glycerol, and 0.1% Tween-20 and 
were boiled with 25 !ul of sample buffer. Samples were analyzed by 10% SDS-polyacrylamide gel 
electrophoresis and visualized by Western blotting with the same antibody (1:5000). L, lysates (50 
pg); B, immune complexes on beads (12.5 [uL); S, supernatants (50 !Lg) after the beads were 
removed. Supernatants (50 Il) were tested for residual activity as in Fig. 1A. Results are expressed 
as a percentage of starting activity in lysates (100%). Three cycles of IPs (IP-1, IP-2, and IP-3) led 
to complete depletion. The immunoreactive band at 50 kD corresponds to immunoglobulin G. 

B 
AhpD 124VSAIN SELVAHEHTLRTV144 

T4 Thioredoxin 8 DSNIH NARLLTVKK28 
. coli Thioredoxin 26DFWAEW GPKMIAPILDEIA46 

Cys133 Cys133 Cysl 7 ys3 

Cys3 Y Cys 3 Cys35 

AhpD AhpD T4 . coli 
(red) (ox) Thioredoxin Thioredoxin 

C , 

In sum, the structural findings suggested 
that AhpD might function as a specialized form 
of thioredoxin. We tested the possibility that 
AhpD mediates electron transfer from a lipo- 
amide moiety to AhpC through reversible di- 
sulfide bond formation. We had previously de- 
termined that free lipoamide sustained the per- 
oxidase activity of AhpC + AhpD + bovine 
Lpd and that lipoamide can participate in disul- 
fide exchange with AhpD. However, there is no 
free lipoamide in cells, and almost all lipoic 

acid is protein-bound via amide linkage. 'lhus, 
we suspected that mycobacterial lysate also 
supplied a lipoylated protein when it comple- 
mented the peroxidase activity of AhpC + 
AhpD. Indeed, immunoblots ofMtb lysate with 
an antibody to lipoic acid (anti-lipoic acid) 
(Fig. 3A) revealed a single lipoylated polypep- 
tide, p85. This species was enriched in the 
active peak from Q Sepharose (Fig. 3A). For 
comparison, we studied lysates of another my- 
cobacterial species, Mycobacterium bovis BCG 

(bacillus Calmette-Guerin). BCG lysate was not 
able to complement AhpC peroxidase activity 
in the presence of AhpD (12) and contained 
lipolylated species migrating at 46 and 60 kD 
rather than at 85 kD (Fig. 3A). The p46 and p60 
BCG proteins may represent degradation prod- 
ucts of p85 or a different set of lipoylated 
proteins. Nonetheless, the presence of p85 cor- 
related with peroxidase activity. 

To test whether the lipoylated protein de- 
tected by anti-lipoic acid contributed to per- 
oxidase activity, we used the same antibody 
to immunodeplete the protein from Mtb ly- 
sate. Immunodepletion was carried out in 
stages to establish a concentration-response 
relation. Gradual depletion of p85 led to a 
corresponding and eventually complete loss 
of the ability of the lysate to support H202- 
dependent AhpC activity in the presence of 
AhpD (Fig. 3B). 

Peptide mass fingerprinting identified p85 
as a homolog of dihydrolipoamide succinyl- 
transferase, the E2 component of KGDH 
(Rv2215; NCBI accession number 1709443). 
This identification was based on 15 tryptic 
matches with an average difference of 0.036 
amu between observed and predicted masses, 
covering 35% of the coding sequence. A 
BLAST search of the Mtb H37Rv genome with 
a consensus lipoylation sequence identified a 
gene annotated as sucB encoding the same pro- 
tein (9). The sucB gene encodes two lipoylation 
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consensus sequences, DEPLVEVSTDKVD- 
TEIPSP (18), suggesting that SucB is most 
likely lipoylated at Lys43 and Lys162. 

To reconstitute peroxidase activity solely 
with mycobacterial proteins, we cloned Lpd 
and SucB from Mtb H37Rv, overexpressed the 
recombinant proteins in E. coli, and purified 
them to homogeneity (11). Lpd, SucB, AhpD, 
and AhpC together sustained H202-dependent 
oxidation of NADH (Fig. 4A). No activity was 
observed when Lpd, AhpD, or AhpC was omit- 
ted, nor when Lpd, SucB, AhpD, and AhpC 
were tested alone or in pairs. In the absence of 
SucB, the reaction supported by the combina- 
tion of AhpC + AhpD + Lpd was about 30% 
of the rate observed in the presence of SucB. 
The complete system sustained slightly higher 
levels of activity when cumene and tert-butyl 
hydroperoxides were substrates in place of 
H202 (12). At a molar excess of Lpd, SucB, 
and AhpD, AhpC metabolized H202 with a 
catalytic constant (kcat) of 80 min1, a rate 
much higher than previously reported for AhpD 
or AhpC alone (10). Further, AhpD catalyzed 
reversible disulfide exchange with the aromatic 
dithiol dithionitrobenzene (DTNB) when pro- 
vided with electrons from NADH via Lpd + 
SucB (Fig. 4B). DTNB reductase activity was 
lost when AhpD Cyst33 was replaced with Ser 
(Fig. 4B). Lpd and SucB alone sustained less 
than 7% of the DTNB reductase activity ob- 
served in the presence of AhpD (Fig. 4B). 

Thus, AhpC, AhpD, SucB, and Lpd together 

constitute a peroxidase active toward both hy- 
drogen and alkyl peroxides. Considering the 
relationship that exists between Lpd and SucB, 
the structural evidence that lipoamide is able to 
oxidize the AhpD cysteine pair (Fig. 2C), the 
DTNB reductase activity of LpD + SucB + 
AhpD (Fig. 4B), and the far greater reactivity of 
AhpC (7) compared with AhpD (10) toward 
peroxides, the sequence of electron flow appears 
to be NADH -> Lpd -> SucB -> AhpD -> 

AhpC -> ROOH. This is opposite to the direc- 
tion of electron flow when SucB and Lpd par- 
ticipate in a-ketoacid dehydrogenase complexes 
(Fig. 4C). 

We next examined whether the endogenous 
four-component peroxidase from Mtb could 
serve as a peroxynitrite reductase. Peroxynitrite 
was infused into a reaction mixture containing 
pure recombinant Lpd, SucB, AhpD, AhpC, and 
NADH (Fig. 4D). The system efficiently metab- 
olized peroxynitrite as assessed by protection of 
dihydrorhodamine from oxidation. Peroxynitrite 
reductase activity under these conditions contin- 
ued for 3 min, after which NADH was depleted. 
Given the rate of reaction of Mtb AhpC with 
peroxynitrite (1.33 x 106 M-ls-1) (7) and the 
20-fold molar excess of peroxynitrite over 
AhpC in this experiment, sustained protection of 
dihydrorhodamine clearly reflected a catalytic 
cycle. Under the same conditions, the heterolo- 
gous system of Mtb AhpC with AhpF from 
Salmonella typhimurium afforded much weaker 
protection (Fig. 4D). Thus, AhpC + AhpD + 

SucB + Lpd constitute an endogenous myco- 
bacterial peroxynitrite reductase. 

These findings ascribe new functions to 
three proteins. Each appears to be singular in 
Mtb, and one or more may hold interest as a 
drug target for tuberculosis. The structure of 
AhpD does not resemble any structure previ- 
ously reported. All other proteins in the thi- 
oredoxin superfamily (thioredoxins, glutare- 
doxins, tryparedoxin, and the Dsb family) 
share a common fold composed of a four- 
stranded 13 sheet and three flanking a helices 
(19). AhpD shares only the COOH-terminal 
signature motif, Cys-X-X-Cys, disposed as in 
thioredoxin but within a previously unde- 
scribed fold. AhpD homologs have been 
identified only in mycobacteria, Streptomyce- 
tes, and a few proteobacteria such as Brady- 
rhizobium and Caulobacter. 

The Lpd of Mtb (Rv0462) lies in a presump- 
tive operon with several unannotated hypothet- 
ical proteins. The only previously demonstrated 
function of Lpd was as the E3 component of 
PDH, KGDH, and BCKADH complexes. How- 
ever, homologs of Lpd are more widely distrib- 
uted than are the dehydrogenase complexes 
themselves, occurring in the absence of other 
components in some anaerobes, archaebacteria, 
and trypanosomatids (16, 20). This distribution 
suggests the evolutionary conservation of a pre- 
viously undescribed function of Lpd. We hy- 
pothesize that Lpd may constitute part of a 
peroxiredoxin-based peroxidase-peroxynitrite 

A B C 

0< 0. 6<810. v NADH Suc2ami dAhpD/0SH AhpCox ROH + H20 

s0.6 
N o?'6 LpdC' I 6 I 

~~~~~~0.8 r lipoamide-S2 h A 

0. 0 . NAD Sucod- AhpD AhpCed ROOH O0.4. 0.4 ,D rloamide-S2 ROOH 
NAD+ suc'r 

0.2 0.2 lipoamide-(SH)2 

0 .0( , , . ^ 
li dSoamide-S2 lipoamrde-(SH)(S-Acyi) 

0 1 2 3: g ) 0 1 2 3 NADH^ t SUC . , SuCa e, ? CO2 0 1 2 3 0 2 3 NADH lipoamde-S 
Time (min) Time (min) ipam 2 

LpdC Acyl-CoA SucA 
Fig. 4. Reconstitution of AhpC enzymatic activity with < loamidoamide-S2A S A 
recombinant proteins. (A) Pure recombinant AhpD, SucB, NADi Suc e Suc a-Ketoacid 
and Lpd reconstitute AhpC peroxidase activity. Reaction lipoamide-(SH)2 lipoamide-S2 
mixtures (0.5 ml) contained 50 mM KPi (pH 7.0), 1 mM E3=LpdC E2=SucB E =SucA 
EDTA, 150 IM NADH, 0.5 FM AhpC, 2 FM AhpD, 2 M 
SucB, and 0.5 FM Lpd (solid squares). Reactions were 
initiated by the addition of 0.5 mM H20 , and consumption of NADH was monitored by A34. Control reactions D 
were carried out with no Lpd (solid circles), no SucB (open squares), no AhpC (solid triangles), or 2 !LM AhpD C1 30S 
(open circles) instead of AhpD. (B) DTNB reductase activity. Reaction mixtures (0.5 ml) contained 80 mM KPi, 1.6 l 4 
mM EDTA, 80 FM NADH, 80 FM DTNB, 2 FM Lpd, 2 FM SucB, and 0.25 FM AhpD (solid squares). Control reactions 
were carried out with no AhpD (open circles) and with 2 FM AhpD C133S (solid circles) instead of AhpD. Reactions 3 
were initiated by addition of AhpD, and thionitrobenzene formation (extinction coefficient at 412 nm (E412) 

= 2 
13,600 M-1cm1) was followed over time by A412. (C) Schematic of electron flow in the four-component 2 - 
peroxidase from NADH to peroxide (top) as compared to an co-ketoglutarate dehydrogenase complex from ~ 1 
ac-ketoacid to NAD+ (bottom). In the bottom panel acyl-CoA is generated as a product after decarboxylation of 
the cx-ketoacid substrate by E1 and transfer of the acyl moiety via the lipoamide arms of E2 to CoA. Lipoamide 
arms are regenerated by E3 to complete the cycle and generate NADH. (D) Recombinant AhpD, SucB, and Lpd 

0 1 2 3 

reconstitute AhpC peroxynitrite reductase activity during steady-state infusion of peroxynitrite. Reaction mixtures Time (min) 
(1.5 ml) contained 100 mM KPi (pH 7.0); 100 FM diethylenetriamine pentaacetic acid; 100 FM dihydrorhodamine; 
50 JM NADH; and either no protein (solid squares), 2 JM AhpC and 5 JM recombinant S. typhimurium AhpF (open squares), or 2 LM AhpC, 5 JM 
AhpD, 5 JM SucB, and 5 JM Lpd (solid circles). Peroxynitrite was infused from a stock solution of 100 JM in 3 mM NaOH at a rate of 200 LI min- 
for 3 min. Samples of 50 IL were withdrawn every 30 s, and rhodamine absorbance was measured at 500 nm. The pH of the reaction did not change. 
Rhodamine formation was calculated by ?5so = 78,800 M-1cm-1. Results are means ? SD of triplicates. 
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reductase in organisms other than Mtb, perhaps 
involving AhpD-equivalents with a thioredoxin- 
like active site. Others have suggested an anti- 
oxidant function for Lpd related to the role of 
free lipoic acid as an antioxidant (21). 

Finally, immunochemistry and bioinfor- 
matics suggested that SucB appears to be the 
only lipoylated protein in Mtb H37Rv. If so, 
then SucB presumably sustains both the PDH 
and KGDH activities that were detected in 
Mtb 30 to 40 years ago but were only par- 
tially purified (22). E. coli has organized into 
operons its genes encoding PDH (aceE, aceF, 
and Ipd) (23) and KGDH (sucA, sucB, sucC, 
and sucD) (24). No such gene clusters are 
evident in Mtb. Near sucB lie lipB (lipoate 
protein ligase) and lipA (lipoate synthase), 
which may lipoylate SucB. Mtb's sucA (El 
homolog of KGDH) is transcribed divergent- 
ly elsewhere. 

If SucB or Lpd could be inhibited in Mtb 
without affecting their human counterparts, 
the Krebs cycle in Mtb as well as the bacil- 
lus's ability to synthesize acetyl-coenzyme A 
(CoA) from endogenous precursors could 
both be vulnerable. Acetyl-CoA is essential 
for the glyoxylate shunt that helps sustain 
persistence of Mtb (25) and for formation of 
the fatty acid-rich cell wall, which consti- 
tutes both a barrier and target for chemother- 
apy. This may be the first known instance in 
which essential metabolic enzymes also en- 
gage in antioxidant defenses. 
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Adult-Onset Primary 
Open-Angle Glaucoma Caused 

by Mutations in Optineurin 
Tayebeh Rezaie,' Anne Child,2'3 Roger Hitchings,3 Glen Brice,2'3 

Lauri Miller,4 Miguel Coca-Prados,5 Elise Heon,6 
Theodore Krupin,7 Robert Ritch,8 Donald Kreutzer,4 

R. Pitts Crick,9 Mansoor Sarfarazi1* 

Primary open-angle glaucoma (POAG) affects 33 million individuals worldwide 
and is a leading cause of blindness. In a study of 54 families with autosomal 
dominantly inherited adult-onset POAG, we identified the causative gene on 
chromosome 10p14 and designated it OPTN (for "optineurin"). Sequence al- 
terations in OPTN were found in 16.7% of families with hereditary POAG, 
including individuals with normal intraocular pressure. The OPTN gene codes 
for a conserved 66-kilodalton protein of unknown function that has been 
implicated in the tumor necrosis factor-a signaling pathway and that interacts 
with diverse proteins including Huntingtin, Ras-associated protein RAB8, and 
transcription factor IIIA. Optineurin is expressed in trabecular meshwork, non- 
pigmented ciliary epithelium, retina, and brain, and we speculate that it plays 
a neuroprotective role. 

Glaucoma affects over 67 million people world- 
wide (1) and is the second largest cause of 
bilateral blindness in the world, after cataracts 
(2). The most common form is POAG, which 
includes a subgroup termed normal-pressure 
(NPG) or low-tension glaucoma (LTG) (3-7). 
Glaucoma is genetically heterogeneous (8). At 
least eight loci have been linked to the disorder, 
and two genes have been identified: CYP1B1, 

encoding cytochrome P4501B1 enzyme, is mu- 
tated in primary congenital glaucoma (9, 10), 
and MYOC, encoding myocilin, is mutated in 
juvenile-onset POAG (11). Here we identify one 
of the genes responsible for adult-onset POAG. 
With approval from the Human Genome Orga- 
nization (HUGO) nomenclature committee, we 
designate the gene OPTN and its protein product 
optineurin (for "optic neuropathy inducing" pro- 

Table 1. OPTN sequence alterations in hereditary adult-onset POAG. 

n 
cDNA Predicted Number of observed Number of observed cDNA Predicted Exon chng* 4. prti cag mutations/ mutations/normal P values 

change* protein change families (%) chromosomest 

Disease-causing alterations 
4 c.458G>A E50K 7/52 (13.5) 0/540 2.74 x 10-8 
6 c.691_692insAG Premature stop 1/46 (2.2) 0/200 0.187 

16 c.1944G>A R545Q 1/46 (2.2) 0/100 0.315 
Totals 9/54? (16.7) 0.0 5.03 X 10-51 

Risk-associated alteration 
5 c.603T>A M98K 23/169 (13.6)? 9/422 (2.1) 2.18 X 10-7 

*New nomenclature is used (22). Nucleotides are numbered as in GenBank accession number AF420371. tNormal 
chromosomes were from Caucasian individuals with a similar age group. tP values for Fisher's exact test. ?These 
54 glaucoma families were screened by SSCP analysis for the entire of OPTN. IlOnly 100 shared chromosomes were 
used for calculation of this P value. 'lWithin this group of 169 subjects, M98K was observed in 8 of 45 (17.8%) 
familial and 15 of 124 (12.1%) sporadic individuals with glaucoma. Most of these individuals have normal IOP and were 
screened for sequence changes only in exon 5. 
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