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ABSTRACT. An infant with lactic acidosis and develop- 
mental delay had neuropathological changes consistent 
with Leigh's necrotizing encephalomyelopathy. Total py- 
ruvate dehydrogenase complex (PDC) activity was low 
relative to controls in lymphocytes (0.2 versus 1.9 2 0.6 
S D  nmol/min/mg protein) and cultured skin fibroblasts 
(0.9 versus 2.7 + 1.0). Liver, muscle, heart, and kidney 
mitochondria oxidized several substrates normally, but did 
not oxidize pyruvate. PDC activity was absent in these 
mitochondria (0.1 versus 9.8 + 4.2 in liver and 0.7 versus 
75 + 26 in muscle) and was very low in all tissue homog- 
enates. Activity of the first component was low in liver 
mitochondria, whereas activities of the second and third 
components were normal. Western blot analysis of tissue 
proteins showed normal amounts of second and third com- 
ponent of PDC but undetectable to trace amounts of both 
a and B subunits of the first component of PDC in liver, 
brain, kidney, heart, and skin fibroblasts. Thus, profound 
systemic deficiency of PDC was due to lack of both subunit 
proteins of the first component of PDC. (Pediatr Res 22: 
312-318, 1987) 

Abbreviations 

PDC, pyruvate dehydrogenase complex 
E,, first component-of PDC (pyruvate dehydrogenase) 
E,, second component of PDC (dihydrolipoyl transacety- 

lase) 
Ex, third component of PDC (dihydrolipoamide dehydro- 

genase) 
M O B ,  morpholinopropane sulfonic acid 
SDS, sodium dodecyl sulfate 

PDC catalyses a key regulatory step in energy metabolism, the 
irreversible oxidation of pyruvate to acetyl-CoA, which permits 
energy derived from carbohydrate to enter the Krebs cycle. 
Defects of PDC have been described in association with a variety 
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' Subsequent to ~nvestigat~on of the present case, we have assayed cells and 
t~ssues from two hrothers who have normal P I X  activ~ty In skin fibroblasts but 
lack PDC act~vity in lymphocytes. PDC act~vity was present In kldncy. but not in 
liver. muscle. and heart (4 1) 
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of clinical syndromes. Common features of these disorders in- 
clude lactic acidosis and neurological dysfunction, but there is 
great variation of the seventy and systemic expression of reported 
defects. This heterogeneity may not seem surprising, considering 
the many possibilities for genetic variation affecting this multien- 
zyme complex containing at least six gene products which, if 
defective, could result in loss of activity. T o  date, some 90 
individuals with defects of PDC have been described (1, 2), but 
relatively few of these cases have been investigated in detail. 

Approximately 28 cases of defects involving E, have been 
reported (1-1 1). Most of these defects have been characterized 
by decreased activity of PDC in skin fibroblasts and by decreased 
activity of the El  component assayed by a partial reaction in 
which ferncyanide was used as an artificial electron acceptor (3, 
12). The activities of PDC and E,  were measured in white blood 
cells in one case and in homogenates of other tissues in two 
patients (3, 4, 7). Immunological techniques have been applied 
to the analysis of PDC mutants (9-1 I), and decreased enzyme 
activity has been described in association with a decrease of 
immunoreactive protein in two cases of E I  deficiency (10, 11) 
and in one case which involved the E, component ( 1  3). 

We have investigated a case of severe PDC deficiency in some 
detail utilizing the combined resources of several laboratories to 
determine the systemic physiological consequences and mecha- 
nisms responsible for profound deficiency of this key enzyme of 
energy metabolism. 

METHODS 

Human suhjecls. Collections of blood and tissue specimens 
from the patient and controls were carried out with informed 
consent according to protocols approved by the Institutional 
Review Board of University Hospitals of Cleveland. Blood sam- 
ples for preparation of lymphocyte controls were obtained from 
adult volunteers. Skin fibroblast controls were obtained from 
established cell lines derived from infants and children and 
forwarded to us from a number of laboratories along with cells 
sent for analysis of possible defects of pyruvate metabolism. 
Samples of liver and rectus abdominus muscle used for control 
data were obtained from 12 children who underwent elective 
biopsies for diagnosis of a variety of other defects associated with 
lactic acidosis or abnormalities of fatty acid oxidation. Rectus 
abdominus muscle biopsies for preparation of mitochondria were 
also obtained from six adults undergoing elective abdominal 
surgery. 

Prepurution oflymphocytcs undfihroblasts. Lymphocytes were 
obtained from whole blood collected under sterile conditions, 
anticoagulated with citrate-phosphate-dextrose-adenine solution 
(CPDA- 1, 0.15 ml/ml blood; Fenwal Laboratories, Deerfield, 
2 
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11.), shipped as whole blood along with co ntrol blood sa mples
from two adu lt volunteers, and separated for assay after two
da ys. Lymphocytes were isolated b) the licoll-Paquc method
(Pharrn acia Inc .. Piscataway, NJ) (14 ), and the final pellet was
resu spended in phosphate-bu ffe red sa line. Skin fibroblasts were
cultu red in 1: 12 mediu m (Ciibro l .aboratorics. Chagr in Falls.
O il) with I()';.;; ICta l calf seru m, fortified with peni cil lin and
streptomycin. and suhcultured until sufficient cel ls reached co n
llucncc n '1'75 flasks requ ired to provi de sufficient protein for
assa y of I' D( '). T he ct:lIs were harvested with (l.5':; trypsin,
scraped oil' with a rubber policeman . a nd washed in phosphate
buffered sa line prior to preparation lor assay.

En z vm c assavs. 1'/)( ' ac tivi ty was measured as th iam ine py
rop hosphatc and coe nzyme A-de pendent dccarboxyl.uion of [ 1
"'Clpyruvate by the meth od otShcu 1'111/. ( 15), with the !()llowing
min or mod ifications. ( 'ells or mitochondria were prcin cubatcd
for 15 mi n in the presence of eith er dichloroaccta tc. 5 m M, or
fluorid e, 50 m M. frozen and thawed twice, and incubated in O. !
rnl linal volume of the assay mixture as previously described
( 15), with the add it ion of ll:ta'l ca lfserum. 2.5'X. Th t:' inl'ubat ion
tub e was scaled with a serum sto pper from which a plastic cup
was suspended. co ntaining fi Iter paper imprcgnatcd with hy
a mine hyd roxide. lncubati on times varied from 4 10 20 min for
fibroblasts. lvmph ocytcs. a nd mit ochond ria. After trapping the
evolved ' .I( '0 " the en tire cu p and hyaminc saturated filter pap er
was tra nsferred to a vial lor liquid scintillatio n co unting. Thia
m ine pyrophospha te and coenzyme A were omi tted Imm blank
tubes. Each assay inc luded quadru plicate reacti on tubes and
quad ru plicate blank s for each of the following con dit ions: un
treated. dichloroacctaic activated. and fl uoride inactivated cells
or mitochondria . Cont rol cells or mit ochondria were prt:pared
sim ultaneously with sam ples from the patit:nt and includ ed in
eat:h assay,

L, was assayt:d in tht: same way t:xct:pt tha t coe JlI. yme i\ and
NA/) were omillt:d and ll:rricyanide. (l7 m M. was add t:d, It \\as
f(lUn d that IC rrit:yanide is not required for th is reaction \\ jth
cr ude homogt:natt:s or eve n with purified I'DC. but the rt:action
is depend ent o n add t:d thiami ne pyroph osphate. \\'hich \\'as
omitlt:d rrom the blank , Altho ugh r llOsphorylation -regulatt:d
acti vity o r L, is considered rail: lim iting for I'Dc. the rate of this
nonrh ysio!ogical part ial I: , reaction is less than lOr;; or the rate
of the ove rall I'D C rt:act ion, sinet: continuing tran sll:r of the
acet yl grou r fro m th i:.lIll int: pyrophosr hate to tht: lipoyl mo idy
oIT:, is not possible in tht: abst:nce of coelll ymt: A a nd 'J AD. E.,
was assayt:d by ace tylatio n of red uced liroamidt: with [1- ' lC]
acetyl-CoA ( 14). To cor reet for a significant non m /.ymatic ratt:
f()r this reaction. extracts \\'CIT omitted from hlanks which were
incuhatt:d fo r the samc tinw. h was assayed spt:clrophotomet
rit:ally by red uctio n of NAD in the presenct: of reduced lipoamide
a nd/ or by oxida tio n of Ni\ I ) 1/ in the presenct: orI ipoa midt: ( ! ()).
Pyruvate ca rhoxy lase and pho sphoenolpyruv ate ca rhoxy kinase
were measurt:d by fixation of ' 4('0; a nd conversion of the
oxal acetate f(JrIlled to citrate or malate, as previously deseribed
(15) . Prot t:in was mt:asured by the method of Lowr y using bovi ne
seru m alhumi n as a standard (I X).

1'1'l'l iawlio/l o( lili/oc!lo/ldr ia . Sampks of liver. skek tal muscle,
hear t. and kidn ev ohta ined within an hour of tka th were placed
in ict: co ld mt:dia (A) co ntaining: ma nnito l. 225 mM : sucrose,
75 mM : MOPS , 5 mM . pl l 7.0: and UnA, 50 11 M. All tissues
were minced and rinsed fi'ee of blood in media A. I.ivt:r and
kidn ey tissues were ho mogeni/ ed in 50 ml per g wd weight of
media A by brit:ft reatm enl ( 10 s) with a Polytron tissut: d isrup ter
set at low spet:d. and the mitoc hond ria were isolatt:d bv sta nda rd
techn iques of difll:renti al ct:ntrifugation (19) . The c,;rdiac and
skeletal musek minced specimens were transferred to a di flcrt:nt
medi a (B), 10 ml/g wet weight, which contained: KCL 140 mM:
MgCI, . 2,5 m M: AT 1', 2,5 m M: EDTA, 50 11 M: MOPS, 5 m M,
pH 7,0: and Nagarse rrotease, 0.4 mg/mL Tht: min ces were kt:pt
on icc with the proteast: f()r 5 min and then dilu ted IO-I()ld with
media B and homogen ized with a polytron tissue d isrupter at

10\\ speed lor lO ». T hl' hom ogcn.ucs wr rr ccntri tugcd at ::' ,000
x g for 5 min and the pellets discard ed . TIll' su pL'l'n,lta nts \H'l'c'
centrifuged at XOOO X g 1'01' 10 min and the pelkts saH'd . I hL'
pellets were resuspended washed twin ' in mcdiu .« . 1.1\ L'l'
mitochondria from control subj ects \\L'l'l' prepared in a xim ilar
manner. as prcviou slv described (20 1. S!.: L'il'ta l musch- mitochon 
dria lro m co ntrol subjects were prepared with minor varia tions
from the meth od abo ve. as prcviouxlv described (2 1) with add i
tion or ;\ T P, I mlvl. and S m i\1 (::' ::' . ::' .' ).

O \Tgel/ uiuak« srudic». 'Oxidati on of suhstratL's h\ fr,'shil
mitocho nd ria from the pat ient lIas meaSUI\'L', pol,1I'l;

graphically with a Clark electrode at 2Xo. T hL' incu batio n butler
contained KCL 150 m M: MO PS. m M: KI I,.I'o. ,. 5 m vl : a nd
EDT A, 50 11M : at pi I 7.2. l .ndogcn ou s substra tes wnc LiL' piL' tL'd
by addi tion or /\])1' , Idl owed by add ition llf spcl'iliL' suhstralL's
at the concentrations shown in Table 2. Ratl's of 0 .\) [':L'n upruk«
were determined in the presence and absence of /\ DI' , m M
(cor respo nd ing to sta tcs -' and 4 rcspcciivclv). ,llld the rcxpir.uo i.
co ntrol ratio (sta te 3/s tatc 4) determ ined (::'4 ). Data from co ntrol
liver and skeleta l m uscle mitochondri a were obtained at -'00 hv
simila r techni qu es (sec Ta ble 2 ) (23 ). -

III 1II111110(/\Sl ll '\ . PDC compo nents were ana ly/ L'd hy thr \Vest
ern blot method (I Ol. Frozen tissues or mitochondria \H' rC
suspended in potassiu m phospha te. 20 m M. pl l 7.0, a nd Triton
X-I O( l. I '.:; . Th c samples were sonicated lor t\\ O IO-s co ntinuous
pulses with a microt ip, followed I))' centrifugation ( I::' ,000 x g ,
15 min , 4°). Aliquotx of the supernatant were d issociatL'd by
boilin g for 10 min in dir hioth rc iiol. 17 mM . and SDS. 2' ; .
Protein extracts were separated by clccno phorcsis in d isconu n
uous SDS-polyaerylall1ide gels ((l "; polvacrylamidc stucking: LV;
polyacrylam ide separat ion) (25). Proteins \\ ere L' iL'ct mcluted
Ii-om tilt: gd o nto a nyllln-ba scd mc mbranc (Zc ta-pm bl'. Iliolbd
Laboratories, Richm on d. C \) \\'ith a Ilio-Rad tra nsblot app:rra
tus at room tcmpcrat urc for X h at 75 m:lI11 p, l'sscntia lil as
lkscr ibt:d in Bio-Rad instruL'li on ma nua l no . X5-0 17(1-4XS . ThL'
Il1nnh ranes wcrc thL'n ineuba tcd \\'ith spceitic an tisna !(lIlL)\\'l'l1
by /\ (0, 1 pg. 36 /IC// lg: IC 'J Biochcll1 ieals, In inc.
CA), Im munort:acti\'e protein s \\L're \·isualil.n l hy L'xposing the
memhran t: to X-Om at AR lilm (Eastman Kodak C'll.. Rod1l'ster ,
NY ), Where indi cated, a goat ant irabbit Ig( j conjugalL'd \\i th
horseradish re roxidase was used inS!l',ld of [' ."I]pro tein .\ ,1Ild
imll1unoITacti\e proteins \'isuali/ cd hy stain lk'pllsition from tlw
oxida tion of 4-chl oro-l-napthol. j()llowing the procedure de
scriht:d in Bio-R ad instruction manu a l no, X3-0(}07-02in .

;\ ntisera again st indi\'idual com po nt:nts I':,. L.,. a nd L ; \\'l' rc
raisn J in rabh its using purilicd enl.ymes and stan da rd immu ni
l ation proeed urcs (26,27 ). :\ ntigens f()r imm uni/a tillnll f rabbits
wert: obta ined as !()llows: purilied bo\i ne kidllL'y h was gil't
from Dr. Tracy I.inn to the late Mt:rto n Utter. hll\'inL' heart ,.::
was a gift from Dr. Lester Reed. and porcine heart L, was
ohta int:d from a com melTial sourCL' (Sigma Chemi cal Cll .. St.
Loui s, MO), Boyine E, and F ; ust:d as standard s ,, 'erl' also
generously rro vided by Dr. I.. Rt:ed, The anti -L, and :lnt i-I' .
sera arc sr ecilic for the F , and E.: components llf PDC. rL'S!K'C
ti\ ely, In con tra st. the anti -F. , serum rt:acts with the F; l'llmpO
nent s o f pyruvate. n-ketogluta ratl'. and bran ched-chain ,, -!.:c
toacid tkh ydrogenase co mplexes (Ca ro thers DJ , PatL'! i....tS. un
puh lished da ta), Fo r immuno hlot anal ysis, antisera were dilut ed
with TrisCI. 10 m M, pH 7.5: ;'\aCI. 500 m M: and bLl\ ine Sl'rum
albumi n. 5S;. Antisera for F" and L. were di lutL' d 20-. 50-,
and 50· fold. respecti \'L'! y. Deoxyribonu cleic ac id was assayed
llullron1L'trically using salmo n sperm DNA as a sta ndard (2X).

CIISE REPOR T

The patient was the prod uct of a 37-wk pregnan cy in a I(J-\T

llid primipa rou s moth er . T he pregnancy was complicated hy
prct:c1ampsia trca ted with hyd ral:ll int: and MgSO", Th c infant
was small f()r gestationa l age with a bil1h weight of 2325 g. Apgar
scores were 6 ( I m in) and 9 (5 min ), Short ly after bir th the bab y
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was noted to be flaccid and required oxygen for a brief period. 
Blood gases revealed metabolic acidosis (pH 7.29; bicarbonate, 
8 mEq/liter). The patient was transferred to Hershey Medical 
Center. The acidosis was corrected with sodium bicarbonate. The 
patient initially was moderately hypotonic but gradually im- 
proved. Responsiveness to auditory stimuli was diminished and 
an intermittent strabismus was present. An ultrasound exami- 
nation of the brain was normal. There was no evidence of cardiac 
disease. Blood ammonia was 71 and 45 pM when repeated. 
Metabolic screening tests showed increased alanine in serum and 
urine. Organic acid analysis of the urine by gas chromatography 
showed greatly increased lactic acid (3065 mg/mg creatinine). 
Blood lactate was 5.8 m M  (normal 0.5-2.2). 

Following the first hospitalization the patient was given a 
standard infant formula with addition of sodium bicarbonate, 2 
mEq/4 oz feeding, later increased to 5 mEq. He gained weight 
slowly (25th percentile). At age 3 months he was hospitalized 
following a brief tonic clonic seizure and an apneic episode. On 
admission he was noted to have poor head control, a weak cry, 
and intermittent strabismus. Blood lactate was 8.0 mM.  Treat- 
ment with phenobarbital was started, but in the hospital he 
continued to have brief seizures until phenytoin was added. 
There were no further seizures for the duration of his life. On  
two occasions his EEG was normal. His opthalmological exam- 
ination was normal, with no evidence for optic atrophy. An 
NMR imaging scan of the head was interpreted as possibly 
showing increased density lateral to  the midportion and posterior 
to both lateral ventricles, perhaps due to a demyelinating process. 
His cardiovascular examination and an electrocardiogram were 
normal. Plasma total carnitine was 25 nmol/ml (low normal). A 
chromosome analysis was normal. Prior to discharge the dose of 
bicarbonate was increased to 7 mEq per feed. He was treated 
briefly with biotin, 10 mg/day, without apparent benefit. 

When a metabolic diagnosis was made, the formula was mod- 
ified by addition of vegetable oil to provide 60% of energy as fat, 
110 kcal/kg/day, and approximately 2.0 g protein/kg/day. The 
bicarbonate dose was gradually increased to 15 mEq every 4 h. 
However, during the second 6 months of life, the patient gained 
weight slowly, had increased lethargy, poor feeding, and occa- 
sional fevers of undetermined etiology. Feeding became progres- 
sively more difficult. eventually requiring that he be fed by 
nasogastric tube. At age Y months blood lactate was I I mM and 
pyruvate was 0.95 mM,  giving a ratio of 12 (normal 10-20). 
After 10 months age. he had five more hospital admissions for 
bronchiolitis, apnea, or metabolic acidosis. The final hospitali- 
zation at age 12 months was for marked lethargy and fever. In 
the hospital, 2 days before death, he had a respiratory arrest with 
severe metabolic acidosis (pH 7.03). He was rapidly resuscitated 
but required large amounts of sodium bicarbonate and remained 
ventilator dependent and hypotensive. He developed fixed di- 
lated pupils. an EEG showed flat brain wave function, and he 
was pronounced dead. Permission was given for an immediate 
autopsy. 

Autopsy showed bronchopneumonia, septicemia, and acute 
focal septic hepatitis. There was no evidence of cardiac or skeletal 
muscle abnormalities by gross examination, or light or electron 
microscopy. The remaining abnormalities were confined to the 
central nervous system. There was symmetrical focal cystic ne- 
crosis of much of the putamen and less severely of the caudate 
nuclei, characterized by neuronal loss and astrocytosis without 
remarkable vascular proliferation. There was mild hypomyeli- 
nation of the white matter of the cerebral hemispheres and loss 
of myelinated axons from the central portions of the optic nerves 
and posterior columns of the spinal cord. The latter also showed 
vacuolation. The hypothalamus, mammilary bodies, midbrain, 
and pons appeared normal. In addition, there were changes 
consistent with diffuse acute anoxic-ischemic damage involving 
cerebral and cerebellar cortices, basal ganglia, thalami, and retic- 
ular nuclei of the medulla. These changes included eosinophilia 
of neurons and varying degrees of vacuolization of neuropile. 

There was also evidence of recent necrosis of the posterior horns 
and chromatolysis of the anterior horns in the lumbo-sacral 
spinal cord. The spinal roots showed a moderate degree of axonal 
degeneration. 

RESULTS 

PIIC activity in fihrohlasts and 1ymphocytc.s. Deficiency of 
PDC activity was initially detected in lymphocytes isolated from 
whole blood. Lymphocyte PDC activity is normally similar to 
that in fibroblasts, and can be activated by preincubation with 
dichloroacetate or inactivated by preincubation with fluoride 
(Table 1) (29). Dichloroacetate-treated lymphocytes from the 
patient had less than 10% as much activity as a concurrent 
control or than the average activity found in other controls; 
untreated lymphocytes had 6% as much activity as controls. The 
activity in cultured skin fibroblasts, assayed on two separate 
occasions, was somewhat higher, corresponding to about a third 
of the average activity found in dichloroacetate-activated or 
untreated control fibroblasts. The range of activity found in 
control lymphocytes and fibroblasts is quite large, but the activity 
in both types of cells from the patient was less than the lower 
range of controls. 

Lymphocytes from the patient's mother were obtained for 
measurement of PDC activity (the father was not available). The 
activity after dichloroacetate treatment was 1.4 nmol/min/mg 
protein, which is within I SD of the mean of controls. 

Oxidation c~fsuhs tra t~s  by intact mitochondria. Within 1 h of 
the patient's death, samples of liver, skeletal muscle, heart, and 
kidney were obtained for preparation of mitochondria. Mito- 
chondria prepared from rat liver served as a concurrent control. 
The freshly isolated mitochondria were incubated with a number 
of substrates and oxygen uptake was measured in the presence 
and absence of ADP. The mitochondria oxidized most of the 
substrates tested very actively and showed appropriately high 
respiratory control ratios, in the range of 4 to I0 with glutamate. 
Therefore, these were relatively intact mitochondria despite hav- 
ing been obtained postmortem. The ADP stimulated rates of 
oxidation of palmitoyl-carnitine and succinate are equal to those 
we found with human liver and skeletal muscle mitochondria 
prepared from biopsies obtained from control child and adult 
subjects (Table 2). .The rates oSoxidation oS substrates othcr than 
pyruvate by the patient's heart and kidney mitochondria appear 
normal compared to rates previously reported for heart and 
kidney mitochondria from rats or rabbits (30, 3 I) and a human 
subject (32). 

Addition of pyruvate did not result in any measurable increase 
in the rate of oxygen uptake by any of these four types of 
mitochondria. They appeared to be completely unable to oxidize 
pyruvate. Oxidation of pyruvate by intact mitochondria nor- 
mally requires catalytic amounts of malate as a source of oxal- 
acetate in order to remove acetyl-CoA, the product of pyruvate 
oxidation, by formation of citrate. In the presence of malate 
alone, there was a slow basal rate of oxidation. at least by liver, 

Tablc 1 .  Pyritr.afr d<>c.hydrogena.sc c.otnplc<\- uc . t i~ , i~ .  in 
1~~rnpl~o~:l fcs  and .fihrohlusr.v /nrno//min/rng - protrin) -- 

Dichloroacetate Fluoride 
Cell type Subiect Untreated activated inactivated 

Lymphocytes Patient 0.05 0.16 0.02 
Controls* 0.83 t 0.39 1.89 t 0.65 0.51 f 0.38 
(Range) (0.25-1.92) (0.92-3.33) (0.13-1 34)  

Fibroblasts Patient 0.52, 0.34 0.83, 0.88 0.18, 0.07 
Controlst 1.70 k 0.84 2.69 t 0.98 1.21 f 0.72 
(Range) (0.47-3.92) (1.13-6.67) (0.07-3.30) 
- 

*Control values for lymphocytes from 45 normal adults, mean + SD. 
t Control values from 39 skin fibroblast lines from children, mean k 

SD. 
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Patient 0.04 2.9 61
Controlst 0.09 ± 0.01 (7) 2.9 ± 1.2 (10) 39±17(13)
(Range) (0.06-0.1I) (1.3- 5.3) (19-67)

Patient 0.02 63 824
Controls] 0.23 (3) 69 ± 23 (5) 510± 118 (4)
(Range) (0. 19- 0.30) (30- 93) (351-626)

Patient 77 102
Controlst 0.79 (3) 94 ± 44 (5) 313 (3)
(Range) (0.34-1.36) (46- 160) (226- 398)

Liver mitochondri a

Muscle mitochondria

Table 4. Activity ofpyruvate dehydrogenase complex in skin jibroblasts and mitochondria (nmol/min/mg protein)

Cell or tissue Subject E, E2 E/
- -----

Fibroblasts

* The activity of dih ydrolipoam ide dehydrogenase was measured in the direction of reduction ofNAD. except muscle mitochondria were assayed
in the direction of NADH oxidation.

t Mean ± SD for controls. with the number of subjects shown in parentheses. Liver and muscle mitochondria controls from biopsies.

Table 5. Activity otother mitochondrial enzymes related to A Cpyruvate metabolism

Pyruvate Phosphoenolpyruvate
Cell or tissue Subject carboxylase carboxykinase

._ - - - - ._ -

Lymphocytes Patient 0.1 5 1.76
Controls* 0.08 ± 0.04 1.41 ± 0.52
(Range) (0.04- 0.2 1) (0.80-2.81)

Fibroblasts Patient 2.00 6.6
Controlst 1.36 ± 0.76 5.0 ± 3.4
(Range) (0.45-3.82) (0.74-13 .8)

Liver mitochondria Patient 287 436
Controls'] 310 ± 173 322 ± 203
(Range) (96-692) (109-7 89)

ABC B A c

* Cont rol values for lymphocytes from 26 normal adu lts. mcan ± SD.
t Control values from 37 skin fibroblast lines from children. mean ±

SD.
t Liver mitochondria control values from 10 biopsies. mean ± SD.

tie nt's ti ssues. In a separate experim ent, t he am ou nts of bot h E ,
pe ptides were greatl y d imin ished in ex tracts of liver a nd kid ney
mitoch ondria from th e pat ien t relative to a d ifferen t co nt ro l.
W he n purified bo vine heart E , was mi xed with a n ex tra ct o f liver
mi to cho ndrial protei n fro m th e pa tient, bo th E I O' a nd E ,{3 were
present in th e exp ected am o un ts (results no t sho wn) , in d icating
th at fai lure to detect E, peptides in the pa tient's tissues wa s not
d ue to interfe re nce with th e det ection meth od used .

DISCUSSION

The findi ngs in this case provide un eq uivoca l ev ide nce for
profound system ic deficiency o f POC d ue to lack o f the first
co m pone nt, E J • T hese find ings includ e: I ) persistent lacti c aci
d osis fro m birt h in a neurologically det erio ra ting in fant, wit h a
normal lactate to pyruva te rati o a nd without ot her metabolic
ab no rm alit ies in blood and urine excep t for increase d alan in e;
2) in ability of isolated mitochondria from liver, ske leta l m uscle,
kid ney , or heart to oxidize pyru vate; 3) markedl y decreased
ac tivi ty of POC in isolat ed lym ph ocytes. skin fibrob lasts, liver
a nd m uscle m itoch ondria , and froz en liver, kid ney, hea rt , a nd
brain ; 4) decrea sed activity of th e E , com po ne nt and normal
activ ity of E2 and EJ in fibroblasts and liver and muscle m ito
cho nd ria; a nd 5) undetectable o r great ly d iminished a mou nts o f
imm un oreactive pr ot ei ns correspo nd ing to the 0' a nd {3 subuni ts
of E J with no rm al co ntent of the E2 and EJ prot eins in liver ,
brain, kid ne y, heart . and sk in fibro blas ts. No ot her case of POC
de ficiency has be en so th o ro ugh ly characteri zed .

It is d ifficult to co m prehend how th is infant wa s a ble to oxidi ze

Fig. 1. Immu noblot analysis of PDC componen ts in liver from the
patient and a control. Left, E, immunoblot of liver homogenates. Extracts
of homogenized frozen liver were used for analysis (aliquots are expressed
in relation to their content of DNA). The membrane was treated with
anti-E. serum followed by [J251]_protein A. Lane A , patient (28 I'g of
DNA): lane 13, control (15 I'g DNA): lane C, purified bovine kidney E,
(upper band: E,a : lower band: Edi). Mi ddle, E2 immunoblot of liver
homogenates. Extracts of liver homogenates containing similar quant ities
of DNA were analyzed. The membrane was treated with anti-E, serum
followed by [J25I]_protein A. Lane A, patient (7.7 I'g DNA): lane 13,
contro l (7.6 I'g DNA); lane C, purified bovine heart E2• Righi , E)
irnmunoblot of liver mitochondria . Mitochondrial extracts containing
equal amounts of protein were analyzed. The membrane was treated
with anti-E) serum followed by goat antirabbit IgG conjugated with horse
radish peroxidase. Lane A , patient (50 I'g protein): lane 13, con trol (50
I'g protein); lane C. purified bovine heart E3 (0.20 I'g protein).
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I-ig. 7. Irnmunoblot ol'I'I>(' components in  kidney. hcart. anti brain 
Ilomogcnatcs from the patient and a control. I.(,//. I:, rn~munoblot. 
Extracts of homogcnatcs of' liofcn tissucs containing 0.4 nig of protein 
wcrc :unaly/cd. I'hc mcnihranc was trcatcd with anti-I:, serum followed 
by ["'I]-protein A .  ( /ilic,r I~citicl. I : , ~ u :  /o\t.c,r 11citicl. EI/i. K;,ylii. srm ultanc- 
ous irnrnunol~lot 01' I.: ant1 I.,. I:xtr.acts ol' homogcnatcs contalnlng 0.2 
mg ol'protcin wcr-c analyfcd. 'I he rncnlhr-ane was trcatcd srmultancousl~ 
wrth anti-I., and anti-1:; scra Sollowcd by [l"I]-protcin A .  ( j lpc?-  i~cititl. 
I:,: 1o~c'c.r I~citrrl. I.!. Iloili ~~ritrc'l\. lotic' .I. hovine hear-1 PI><': lotic' W .  
patient brain: lotic, ('. control brain: lritic' I ) .  patient hear-1: lciti:, I,'. control 
hcart; iorrc, I.', patlcnf k~tlncy: liitrc, (r'. control kidney. 

pyruvatc at  all or- sur\ivc l i ~  cvcn as long as he did with so little 
rcsiOual PI)(' ;rctivity. Ucmark;tblq. tllere was n o  evidence of 
cardioniyopathy or- h c p a t ~ c  01- I-cnal d y s f ~ ~ n c t i o n .  It is conccivablc 
that the I : ,  subunits wcrc present in greater amoun t s  111 1.11.0 hut 
were uniclucly labile anti hence disappeared during saniplc pr-oc- 
cssi~ig, or-. altern;~tivcly. the I : ,  w;ls present at  a higher Ic\.cl cal-licr 
in development and  graciuallq disappcarcd before death.  1 lo\v- 
ever, thel-c arc no data to sul,port these possibilities. and the lack 
o f  I'IIC' activity in freshly isolated lymphocytes and the specific 
failure of otherwise metabolically active intact mitochondr-ia to 
oxidi/c pyruvatc cannot be explained as p o s t m o ~ t e m  artif:icts. 
(;lucosc ox ida t~on  is largely dependent on flux through f'L>('. 
ancl llux through ['I>(' is regulated in part by the statc of 
pliospllorylatio~i of' 1;): since inactihation of' normal I'IX' b! 
phosphor-ylatio~i results in lcss loss ofactivit)  than was obscr-\cd 
in this d c k c t  (as shown 'T:thlc I ) ,  i t  is difficult to imagine that 
the ver-y small amoun t s  of rcsidu:ll I'll(' activity or  El found. t'or 
cxarnplc, in this inlr~nt's heal-t a n d  kidney u o u l i l  be sulticicnt to 
account fi)r more  than minimal energ) production fronl glucose 
oxidation. O n e  must presume. thcrcfi~re.  that most of the cncrg) 
required by liver. skeletal muscle. heart. and  kidnc! hvas dcr-i\cd 
from oxidation of' fatty :~cidf. at  least postnatally. 

As liac bccn described in other cascs ol' I'IX' delicienc!. hrain 
function irnd dc\c lopment  we[-c scvcrcly impaired and patholog- 
ical abnor-malities were conlincd to the central nervous shstcm. 
'l'his suggests that dependcncc o n  pyruhatc oxidation as an energ! 
source is I-clativcly unique to certain areas within the central 
nervous system. consistent wit11 the well known cfkcts  ol'glucosc 
deprivation o n  brain 1'~lnctioning. Whg the ullkcted arcas are 
particul;lrly vulncrablc to lack of 1'1><' is not knoun .  Fetal 

d e ~ e l o p m c n t  was appar-cr~tlq nornial. ant i  this is clif l ic~~lt  to 
reconcile with the morc general dcl~crldencc of the fktus or1 
glucose oxidation as 311 cncr-gy \ o ~ ~ r c c .  Concci\.abl!. ch ro~ i i c  
adaptation of the fetus to nonosidat i \c  gl!col!sis (\vhich pro\ idcs 
lcss th:ln 10"; as much energ! as glucose oxidation) and of'the 
~ n o t h e s  to gluconeogcnesis from lactate ( the  Cori q c l e )  cor~ld  
have provided sufficietit energy for the fi'tus. although ther-c is 
n o  evidence that this type of'accclcratcd rcc!cling actuall! occurs. 

The significant neuropathologicaI findings included 1,iIater-al 
necrosis of the putamen. caudate. and s p ~ n a l  cord \vith dcrn!c- 
lination and axonal loss in the o p t ~ c  n c n e  and spinal cord tracts. 
~I'licse changes arc consistent \vith the necroti/ing cnc~cphalo- 
myelopathy described by I.cigh ( 3 5 ) .  Similar- ncurol>athologiC;rl 
findings have bcen described in se\.cr-al ~,rcviouslq r-cl,o~-tcti cascs 
o fPI )C  deficiency (7. 36. 37). Including a recent c~ l sc  \i~liich \\.as 
also shown to lack both s u b u n ~ t s  of the I:, component  In s k ~ n  
libroblasts (10. 38). T h ~ s  latter patierit li\ctl li~r- 7 !I-. hail optic, 
atl-ophg. retinal changes. episodic atakia. and a ccntral h!po\en- 
tilation syndrome. 1-he neuropathologic~~l  finclings in the present 
case and this latter cilse arc sitiiil;ls. nit11 c \  idcnce of in\  o l \cmcnt  
o f t h e  basal ganglia ant1 optic ricr\.cs. Honcber.. the l a t t c ~  caC 
had more severe in\ ,ol\enient of tlicsc :ireas a \  u.cll as i n \o l \ c -  
ment of the cerebellum 2nd brain stern. I'his iicgl-cc ol ' \ariation 
lias bcen described Lvithin the sl~cctr-urn of tlic ncur-ol>atl~olog! 
associated M ith I.cigh-s d~sease .  :111d I 11 thcsc t \ ~ . o  t~roc,hc~nicall! 
similar cases could be d ~ ~ c  to t i i lkrent ages at  dcatli anti ii~fli.r-- 
ences in the amoun t  of rcs~dual  I'll(' :rcti\.it!. I'I)(. ilcticicnc! 
should be included as one 01' the possil>le contr-ibutirig ~ l ~ k c t s .  
Earlier reports had s u ~ e s t e d  an association of' I.cigli's diseac. 
u i th  other defects of p!ru\.atc mctabolisni. iricluding p!r-i~\atc 
carhoxylase dcficicncy. hut ca~-efill in\estigation of a scl-ies ol' 
cases ofwell-cstablislicd I .e~gh's dise:lse failed to pro\ idc c \  ~ t l c n c ~  
for pyruvatc carboxylasc dcficienc) (30 .  40). 

Skin fibroblasts from this patient d ~ d  not aceusatel! r-cllcct thc 
severit! of PD(' deficient! \vhich \\.as evident in all otlicr- c ~ l l s  
anti tissues. Fibroblasts h a w  hccn used [nost commonl! l i ~ r  
detection of PI)(' dcficienc). I.! mphoc! tcs In this cxsc rcllcctcd 
the severity of systemic PI>(' deficicnc!. morc acu~ratel!. :inti 
I!rnphocqteh prohide u practical altel-nati\.c to lil71-ohlasts 1'0s 
detection purposes (39).' Reduced I'IlC acti\it!. lias 1x.cn dc- 
tected in skin fibroblasts from parents of childr-en \vith I)[>(' 
delicicnc!. cons~stent  \vitli the ohligator! hctcro/!go~ls statc 01' 
an  autosomal reccssi\~cl!. transmitted genetic d ~ \ o r d c r  ( 15 ). We 
were not able to demonstrate significantl! rcc l~~ced I'I>(' ac,ti\ it! 
In I!mphocqtcs from the mother. possit)l! b c c ~ a ~ ~ s c  of the I:~rgc 
\a~- ia t ion of controls. Fur-thcr klrnil! studies \vcl.c not po\sil~lc 
because the parents Lvcrc not a\ailal)le and h:rd rio other c,ll~ldr-cn 
in common.  

I 'hc near11 complete al>scncc of' the 1 ,  and 1 )  \uIxlnits of' 1 .  in 
tissues from this casc accounts fi,~- the great I-ctli~c.tion of' ['I>(' 
acti\.it!. sirlce E l  is the rate-linl~ting en/!mc in the (>\el-all 
reaction. f h e  act11 it!. of the partial rc,action cxtal!/cil 17) I , \ u s  
also \el-? l o ~ v .  Since this acti\.it! is nol-mall! \er! lo\\. 11 is of 
limited significance as a mcasur-c ol' I:, f'l~nction. 0tlic.1- in\cr,ti- 
gators h a \ c  also found rates f'or I!,  nhich arc not n o s c  than 
about 10'; of the nonactix-atcd rate. 1-or thcsc I-casons. dclinitiori 
of I : ,  dcficicnc? shou l~ l  at Icart inclutic c \ idznc~ .  ol'nor-rnal 1'. 
and E; acti~it!. and  15 greatl! \trcngthencd. a \  in the prcscnt 
casc. b! the additional finding 01' altcrcd immilno~.cac.t~\it! 01. 

electrophoretic mobility 01' one  of' the I : ,  111-otcins. I l o \ \ c \ c r .  
other I < ,  mutants  ma) not shon :an! almormal~t! in this t!llc ot' 
imm~~no log ica l  analysis. 

I'he marl\ed reduction In amoun t \  ol 'both 1 ,  anif #i h l ~ l ~ l ~ n i t s  
of E l  is intr-igu~ng. \incc 11 \ v o ~ ~ l d  not he cxl,cctcd that a \ingle 
mutation \voilld a tkc1 two se~~ ;~r ; r t c  j>rotci~ls. 4 \ imi la~-  rc~l~ictiori  
of both \ubunits \\.as detected in skin lihrohla.;tj l'rorn orlc [)tlictr 
casc of  I:, tiefic~cncy (10).  In anothel- case. thc 1 ,  \lrhunit \ \ a \  
fi)l~ntl to tlc niifsing ( I  I ) .  anti in f i ~ u r  ;~dditiori:ll r-cl>o~.t~cl C.:ISL"~ 
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by immunological analysis (9, II). Some possible explanations
for absence of these two gene products are: I) mutation of a
single regulatory genetic locus could prevent expression of two
separate genes; and 2) one subunit could be synthesized and the
other not and in the absence of the second subunit the first might
be rapidly degraded. Recently, distinct cDNAs for E,D: and E,1'l
have been isolated in our laboratory (42). As there is no immu
nological cross-reactivity between proteins produced from these
cDNAs or cross-hybridization of specific oligodeoxynucleotide
probes, it is very unlikely that there is a common protein or
mature mRNA from which E,D: and E,1'l are derived. The possi
bility that a large deletion could result in loss of genetic material
from two proximal loci is not consistent with the observation
that small amounts of E,D: and E,1'l were present, especially in
cultured skin fibroblasts. There was no evidence for accumula
tion ofa higher molecular weight precursor protein in the extracts
of whole tissues.' Resolution of the mechanism of this combined
defect awaits further application of techniques for examining the
respective genes and their products.
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