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| | SU_M MARY | | t These authors contributed equally to this work. Table 4. Summary of other mitochondrial enzyme assays on the two siblings
Mutations in SUCLAZ result in succinyl-CoA ligase (ATP-forming) or Patient Controls
succinyl-CoA synthetase (ADP-forming) (A-SCS) deficiency, a A Ny B | g S1 S2
. _ . _ . _ ) Time dependency of ATP-SCS activity Protein dependency of ATP-SCS activity Activit A Activit
mitochondrial tricarboxylic acid cycle disorder (Fig. 1). The phenotype - — Cell/Tissue ctivity verage ctivity Mean + SD Range n
i i i i 2 - y g 0 0 0 -
associated with this gene defect is largely encephalomyopathy. P Ry . FLIGEEES 9 (% mean) (% mean) (% mean)
: T o ' . 0121 - -
We describe two siblings compound heterozygous for SUCLA2 25 g comel @ ¢ 0012 Ly,Eanh 11-95 (1620) 31-2341(199) ;-62 * 8-;2 ?-22 2-73 ggg
: : £ 5 = Patier £ = : : 42 = 0. 20-4.
mutations, ¢.985A>G (p.M329V) and ¢.920C>T (p.A307V), with parents 52 o atEn 85 ooos e 05278((95;) (54) 4 4.4
confirmed as carriers of each mutation. We a) developed a new LC- $E 4 ~0.1041x-0, " 0.0041 '
) P o € - e S SM 1.37 (43) 27% 0.73 (23) 347 +1.49 120-652 340
MS/MS based enzyme assay to demonstrate the decreased SCS activity N s o 0.94 (30)
. Qo : : - 0 3 6 3 12 0 4 8 12 16 20 -
gutgﬁAszlbl:ggS ?ETabIeOI 1 a:jnd Fllg. d2), b)hSTOW low |mmunore_act|\<x[/yE§f 4 e oo B 2.07 (96) 152 (72) 510+ 103 073458 40
UCLA2 (Fig. 3), and c) developed a whole exome sequencing (WES) SM NA 0.68(22)  314+144 082-670 71
pipeline (Fig. 4 and Table 2) in order to determine the genetic etiology of . 1.72 (121) ]
: : : , . . : + -
subjects with well-defined pyruvate dehydrogenase complex (PDC) C Lineweaver-Burke Plot for Succinate Michaelis-Menten Curve for SCS PC FB 1.21 (85) 103% 2.74 (193) 1.42+0.79 0.56-3.22 338
deficiency. Both siblings shared bilateral progressive hearing loss, = 4- =15 PEPCK FB 0.64 (14) 3.28 (71) 460+256 1.09-10.04 309
encephalopathy, global developmental delay, generalized myopathy, and § " 3 1 Activity, nmol/min/mg protein; PDC, pyruvate dehydrogenase complex; KDC, a-ketoglutarate dehydrogenase
dystonia with choreoathetosis. Prior 10 diagnosis and because of laci ™ e ey ooyl bornase Lymen s, 7o
acidosis and low activity of skeletal muscle (SM) PDC, sibling 1 (S1) was o o V. 1.223 Eos It ) Y = ’ -
placed on dichloroacetate (DCA), while sibling 2 (S2) was on a ketogenic £ 1 Ko 1.927 : Table 5. Electron transport chain (ETC) activity in fibroblasts and skeletal muscle*
diet. S1 developed severe cyclic vomiting refractory to therapy, while S2 , / , , , > ol . . . . _ _ Complexes; enzymatic activity, units below (% of mean)
developed Leigh syndrome, severe Gl dysmotility, intermittent anemia o hsusematel () Y DammEoM] Tissue  Patient at i o 1 - v c5
heve ope ellgb I?’y ome, ) o y y’b elaledl | 1/[D4-succinate] (mM") [D4-succinate] (mM) FB S1 10.5 (50%) 259 (101%) 5.8 (181%)  72.0 (90%) 1.3 (65%) ___ 43.0 (82%)
ogammagiobulinemia and eventua succumpe O NIS disoraer Mean + SD
yPOY J . . y . Fig. 2. A-SCS activity measurement by LC-MS/MS. (A) Time dependency was measured in control FB (n=144) 20.9+10.9 256+45 3.2x08 798+£177 2.0+£0.3 52.2+838
_(Table 3) The mitochondrial DNA (mtDNA) Cont:ents In SM were normal line and patient line at 37°C for 0, 3, 6, 9 and 12 min with 50 mM Tris buffer pH 8.0, 5 mM MgCl, 10 control Range 6.1-50.8 17 1-33.6 19-473 49 7-116.7 1526 36.3-69.9
In both siblings; 62% and 149% relative to tissue and age-matched mM D4-succinate, 1 mM ATP, 1 mM CoA, oligomycin 2 pg/ml and homogenate protein FB 32 ND ND 16.7 (246%) ND 80.1 (46%)  1.0(91%)  52.5(122%)
i i concentration 1mg/ml. Activity linearity is shown within 9min. (B) Protein dependency was
controls  for patlent S1 and 82’ respectlvely. : PDC’ ketoglutarate measured In contrgl line for 6 rr>1/in at diffeyrent protein concentrations,(o,)O.S, 0.75,1 alild 1.25 ?/ng/ml. FB I\/Ieszggir) S0 6.8+3.7 173.2+76.7 1.1+04 429+104
deh_ydrogenase Complex, and several mitochondrial electron transport Linear for protein concentrations <1.25 mg/ml. (C) and (D) Apparent K_ and V., of succinate were control Range 3.6-20.3 37.5-311.0 0.6-2.5 22.9-63.3
chain (ETC) complex activities were low or at the low end of the measured from two control lines with different D4-succinate concentrations, 0.37, 1.11, 3.33, 10 and SM S1 0.3(25%) 48.5(162%) 1.1(52%) 1.2(150%) 16.9(111%) 64.5(43%)  12.5(67%)
reference range in frozen SM from S1 and/or S2 (Tables 4 and 5)_ In 30 mM, and 1mg/ml homogenate incubated at 37°C for 6min. Other conditions were same as (A). |\/|ea§2+ — 0.4 (33%) 25.3(85%) 0.4 (19%) 0.5 (63%) 5.8 (38%) 61.6 (41%) 24.5 (132%)
contrast, activities of PDC, other mitochondrial enzymes of pyruvate SI:/I | (n=4_9) 1.2+11 299129 21+1.2 0.8+x04 15.2+6.8 148.9 £ 67.2 18.6 £ 4.7
. . C L : : . contro
metabolism, ETC and Iintegrated oxidative phosphorylation, in skin — - Ra:96| ( 8%}14-7 11-g-f60-1 ) 0-4-‘;-9 0-;-2-0 = 6d8f-:5-t)2| 5b7-f]>-3z3-0 9-‘|1E§0-0
: ST : : Fig. 3. Western blot analvses result *Oxidative phosphorylation (OxPhos, integrated function) assayed in intact and permeabilized fibroblasts in both sibs were normal (data not
fibroblasts were not Slgnlflcantly |mpalred (Tables 4 and 5)- Although we My, ——— SUCLA2 ofgdecreased SUCLA2 yin patient shown); Enzyme activity: FB, nmol/min/mg protein and SM, pmol/min/g wet weight. I-1ll, NADH-cytochrome ¢ reductase (rotenone
show that propiony|_COA Inhibits PDC (Figs_ 5 and 6) it does not appear lines. SUCLA2 protein detected b sensitive); “I", NADH-ferricyanide reductase; II-1ll, succinate-cytochrome ¢ reductase (antimycin sensitive); “II”, succinate dehydrogenase;
.. . ’ .. ' P _ y lll, decylubiquinol-cytochrome c¢ reductase; IV, cytochrome ¢ oxidase; CS, citrate synthase; ND, not done; and SD: standard deviation. Low
to account for decreased PDC activity in SM (Table 6). A-SCS deficiency Western Blot and normalized to Clll in SM of S2 is shown in bold and red. Other SM ETC activities at the low end of the reference range in S1 and S2 are shown in bold
which causes a block in the TCA Cycle may cause a Secondary upstream e - GAPDH total GAPDH_ levels as loading and blue. FB ETC assays of S1 and S2 were as previously described [Ye and Hoppel (2013) Anal Biochem 437:52 and Hoppel et al. (1987)
: S : _ controls. Relative SUCLA2 amounts J Clin Invest 80:71], respectively.
increase of acetyl-CoA that could inhibit PDC, but this would not explain (\,\(0\" (\\(0\? x\(\e\ \\(\e?e(\\e\ were calculated using mean value 25000
low PDC activity noted in S1 (Table 6). oo o e(\x%? e(\x“o@qo N of controls (as %). e Purified PDC
A better understanding of the mechanisms of phenotypi labili eP @ o3l i ibiti ivi " - 4.1 mM =41 x10*
YpIC variabl |ty ,\o|o g°|° S- A Propionyl-CoA Inhibition of FB PDC Activity e . Ki=4.1mM=41x10"M
and the etiology for tissue-specific secondary deficiencies of RN X ST e
. . . . . . 1.2 4 6 mM l = 212.5e0.168 el
mitochondrial enzymes of oxidative metabolism, and independently . W‘ Moo ¥ e kel
mitochondrial DNA depletion (common in other cases of A-SCS o : 50.00 -
deficiency), is needed given the implications for control of lactic acidosis CWRU/CIDEM WES Analysis Pipeline g " lomss il C ew
and possible clinical management. DNA Tl e 2B o4 —
glutamine l' 02 &= 2679m v 02166 none E; 4.00 1 \\‘.
R? =0.8412 £ 3.50 - S
lactate <<===> pyruvate v Nextera Rapid Capture Exome (lllumina) L T T L £ 3] YR K=20mM=20x10°M
aspartate glutamate met, thr, ile, val, odd Y £ if,ﬁ _ 1
\PDC A chain FA, cholesterol l B N 5;; 1:50_ V}ﬁ-i‘%‘gé " ‘-~‘\_
\ U HiSeq 2500 (lllumina) N Propionyl-CoA Inhibition of SM PDC Activity ;E ey “~e
acetyl-CoA Fastq files ! . S 0.50 -
oxaloacetate 55 Propionyl-CoA g 0.00 —— 77T
\' , . .1, Phred — quality cutoff ] Y=37A06x+1.244p o < 3.50
/I : isocitrate propionyl-CoA | —> propionylcarnitine Paitie : R?=0.9997 C h‘ LI
maidte \ —— CLC Genomics Workbench 7.0.4 Trimining g 300 T
. ] 250 1 g, _ _ i
/' TCA V' " Using other pipelines = (pI:OCESSIng reads) . ——< Mapping (align/realign) S = y=23481x+05209 3 MM 2.00 1 T e oKi_g.l Lss sl
fumarate a-ketoglutarate _ . Exporting data as VCF files Removing duplicates ; R*=0.959 1so | y=3dMeom e
e KDC mefhylmalonyI-CoA —> methylmalonylcarnitine Omicia Opal 4.8.0 ¢ wng (dbSNP, HapMap, 1K Genome) ' y=67028K+0.4282 550 4 REOS71 | Treeead =
- " o . . . i M 50 -
ucfi';zse ° ) Variant Miner Pro Illumina Variant Studio 2.2 ok — ——t — o 01N 059
_ succinyl-CoA + Filtering Annotating i , wemy | RO nome| e 1 2 s 4 s & 7
SUCClnate > e L H . ° 0 0(;05 Ol()1 0(;15 0102 0(;25 OIO3 02)35 :
\ methlymalonate s VARST + F|Iter|ng y : .lllpyruvate.] } ; X Propionyl-CoA (mM)
- N ccinylcarnitine mncnaI (EVS NHLBI ESP, population freq, Fig. 6. Inhibition of PDC by propionyl-CoA. V.,
GTP/fTP GDP + Pi Oiiicia PRevor MS/FS/SS/X/etc..., gene lists) Fig. 5. Double—reci_procal (Lineweaver- (nmol/min/mg protein) of PDC (A, purified p_orcir_le heart
¥ Burk) plots from which apparent K, was complex); or apparent V.. (B, complex in disrupted
mtDNA assembly > Candidate variants determined for propionyl-CoA inhibition of cultured fibroblasts; and C, complex in SM homogenate)
Heterodimer- PDC. (A) FB, fibroblast extract and (B) SM, vs propionyl-CoA concentration (mM) and their
SSSLOAll " eSUCLAZ _, Succinyl CoA + Pi + ADP <» Succinate + CoA + ATP Fig. 4. Summary of the WES pipeline used in this work. MS, missense; FS, frameshift; SS, splice skeletal muscle homogenate shown only. respective determined K. or apparent K.
< site; and X, stop.
SUCLA1 + SUCLG2 = Succinyl CoA + Pi + GDP « Succinate + CoA + GTP
g Table 6. Summary of Kinetic Parameters of PDC and A-SCS
Fig. 1. Interrelatipnship of PDC,_ tricarboxylig aciq (TCA) cycle intermediates such as A-SCS, and (pyruv;vtlzzssu;ﬁ?ostrate) EXtrapOIat?gai?enni;mtratlon
the methylmalonic pathway as it relates to impairment of SCS. Adopted and modified from Van Thla D S e Tk FoTR RS ] AD\ /o dentifisd by WES Tissue Voo K K; K; _
Hove et al. (2010) Pediatr Res 68:159. able 2. Summary of Key Prediction Parameters CDD e arlat . enti | . Enzyme (species) (nmol/min/mg protein) (mM) (Acetyl-CoA) (Propionyl-CoA) Acetyl-CoA Propionyl-CoA
: Polyphen-2 PhyloP-vertebrate i HaHon MIEIE Allele Purified complex 13 yM*
Variant Phred  CADD-raw  Taster score (porcine heart) 212.8 23.2 5-10 pM** 4.1 mM
Table 1. Fibroblast ATP- and GTP-Succinyl-CoA synthetase (SCS) Analysis (Oto 1) (-11.764 10 +6.924) (1 to 99) (0 to 1) (0to 1) Freq PDC FB (human) 45 124 3.0 mM
Activity 0.999 4.56 20.10 3.94 1 0.94  <0.0002 2 uM (S1) 0 uM (S1)
Control 1 Control 2 Control 3 s1 52-1 52-2 0.446 4.33 14.45 2.54 1 079  0.0000 SM (human) 3.2 18.1 34 mM 13 uM (S2) 1 M (S2)
CADD-Phred; 220 or 210 means within 1% or 10% of most deleterious, respectively. A-SCS FB (human) 1.2 1.3
ATP 1.02 £ 0.45 0.98 £0.32 1.04 £ 0.50 0.10+£0.00 0.09 £0.05 0.18 £ 0.06 FGB, flibr%blasgsRancileI\éli ggj)leéal rr;?usc;lj91 ;
_ _ - - _ _ *Garland and Randle fochem -6C.
(n=15) (n=13) = = (n=12) (n=7) “Behal et al. (1993) Annu Rev Nutr 94:490.
v Pe—— ***Extrapolated from measured acetyl- and propionyl-carnitine concentrations in SM from the two siblings. Note: In human SM, the content of total
ean+SD o o ap . ) . e s o
ool e 1.01 + 0.03 Table 3. Phenotypic and management heterogeneity of the two siblings ‘cjz?:rlnglllr:\?ig()r]-ormally approximately 100-fold higher than total CoA; carnitine vs CoA, 3120 £ 720 vs 31.1 £ 6.3 nmol/gm wet weight; Friolet et al. (1994)
) Sibling 1 Sibling 2 Note: Kanzaki et al. (1969) JBC 244:1183 — Ki of porcine heart PDC in over-all oxidation of 2-oxo-3-methylvalerate (isoleucine) and 2-oxoisovalerate
% control 8.8% 17.5% 9.5% Onset of disease Neonajtal Neonajtal (valine) acids are 21 mM and 3.7 mM, respectively.
Course Less severe Lethal by 9 years old ACKNOWLEDGMENTS
8.58 + 1.90 10.91+3.85 12.07+6.92 13.91+3.42 10.51+2.41 - s
GIP (n=13) 7.60 % 2.45 (n=9) (n=7) (n=3) (n=9) (n=9) k/laucggeagligozlsPD C deficienc g mg:m: g:g ?Gmrggmflsog q This research was supported in part by the Manton Center for Orphan Disease Research Gene Discovery Core, Boston
PSY y Yes. 6 hs old Children’s Hospital and the Genomics Core Facility of the Case Western Reserve University (CWRU) School of Medicine's
Mean + SD of 3 DCA therapy es, montns o No Genetics and Genome Sciences Department, and by funds from the Clinical and Translational Science Collaborative (CTSC)
S 9.03 £ 1.70 (still treated now at 14 years old) Vs 16 monthe old CWRU Core Utilization Pilot Grant 2014 (05496) (to JKB) and NIH RDCRN 5U54NS078059-05 project NAMDC 7413 grant
Ketogenic diet No ! (to JKB and SDD).
% control Lot LoeLar 133.70% | | (stopped at 21 months old) Parts of this work were presented as a talk (by JKB) at the 2016 Society for Inherited Metabolic Disorders (SIMD)
Activity, nmol/min/mg protein; Rxn [succinate] = 10 mM DlagnOSIS of SUCLAZ2 / years old 3 years old meeting.




