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ABSTRAKT

V ramci této disertacni prace byly vyvinuty a optimalizovany metody kapalinové
chromatografie (HPLC) a tandemové hmotnostni spektrometriec (LC-MS/MS) a
nasledné vyuzity pro diagnostiku dédi¢nych metabolickych poruch.

Prvni tematicky okruh popisuje zavedeni komplexniho laboratorniho postupu
pro diagnostiku pacientli s dédicnou xanthinurii vyuzivajici kvantifikaci klic¢ovych
biochemickych markert a stanoveni aktivity enzymu v plazmé. Pro tyto ucely byla
zavedena HPLC metoda s detekci diodového pole pro kvantifikaci hypoxanthinu,
xanthinu, allopurinolu a oxypurinolu v mo¢i a plazmé a metoda pro stanoveni pterinu a
isoxanthopterinu v plazmé vyuzivajici HPLC separaci a detekci latek fluorimetrickym
detektorem. Tyto metody byly uspésné aplikovany v klinické praxi pii diagnostice dvou
pacientll s xanthinurii L. typu.

Druhy tematicky okruh je vénovan vyvoji a klinické aplikaci LC-MS/MS
metody pro kvantitativni stanoveni celkového homocysteinu (tHcy), methioninu (Met) a
cystathioninu (Cysta) v suché krevni kapce a plazmé. Bylo prokazano, Ze tato metoda
dokaze detekovat pacienty Shomocystinurii a zaroven rozliS§it na zakladé
koncentraénich poméri jednotlivych analytd, zda je porucha v transsulfuraéni ¢i
remethylacni ¢asti metabolismu homocysteinu. Diky jednoduchému odbéru a transportu
vzorku suché krevni kapky je tato metoda také vhodna pro monitoring koncentraci tHcy
a Met u jiz diagnostikovanych pacientli v ramci sledovéani dietni kompenzace. Zaroven
muze byt idedlnim nastrojem pro rychlou detekci pacienti s hyperhomocysteinemii
vramci novorozeneckého screeningu, ktery vyuziva suchou krevni kapku pro
vyhledavani poruch metabolismu methioninu. Béhem studie byla také ziskana unikatni
data o koncentracich cystathioninu v suché krevni kapce, ktera nebyla dosud

publikovana.



ABSTRACT (English)

This dissertation thesis is focused on development and optimization of high-
performance liquid chromatography (HPLC) and tandem mass spectrometry (LC-
MS/MS) methods, and its utility for diagnosis of inherited metabolic diseases.

The first thematic part describes a comprehensive laboratory approach to
diagnostics of patients with hereditary xanthinuria by determination of specific markers
and enzyme activity. For this purpose HPLC method with diode array detection for
measurement of hypoxanthine, xanthine, allopurinol and oxypurinol in urine and plasma
and HPLC method with fluorimetric detection for analysis of pterin and isoxanthopterin
in plasma were employed. These methods were successfully applied in clinical practice
to ascertain two patients with hereditary xanthinuria type I.

The second thematic part aims at developing and clinical application of new LC-
MS/MS method for simultaneous determination of total homocysteine (tHcy),
methionine (Met) and cystathionine in dried blood spots (DBS) and plasma. The results
demonstrated the clinical utility of this method for detection of patient with
homocystinuria and possibility to distinguish between defects in the remethylation and
transsulfuration pathways of homocysteine metabolism. Due to ease of DBS collection
and sample transportation this method is suitable for monitoring of tHcy and Met
concentrations of homocystinuria patients and also as a rapid screening procedure for
detecting patients with hyperhomocysteinemia applied in newborn screening of Met
disorders. During the study unique and unpublished data of Cysta concentrations in

DBS were obtained.
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1. Uvod

1.1. Dédi¢né metabolické poruchy

Dédi¢né metabolické poruchy (DMP) jsou heterogenni soubor zhruba 800
vzacnych onemocnéni, s kumulativni incidenci 1:800 narozenych déti’. Jsou diisledkem
vrozené genetické mutace, kterd vede k poruse funkce nékterého enzymu nebo
strukturdlniho ¢i transportniho proteinu Vorganismuz. Nasledkem toho se v daném
mist¢ hromadi substrat daného enzymu ¢i jeho patologicky metabolit a produkt je
naopak Vkoncentraci snizené. Sirokd $kala moznych defektd v jakékoli &asti
metabolismu implikuje klinickou variabilitu symptomil od benignich forem az po akutni
onemocnéni podilejici se na mortalité pfevazné u deti®. Véasna diagnostika téchto
poruch je klicova pro jejich 1écbu a vétSinou rozhoduje o mife poskozeni pacienta.
Studium patogenese DMP je také vyraznym faktorem pro rozvoj poznani biochemické

podstaty procest v lidském organismu.
1.2. Laboratorni diagnostika

DMP jsou diagnostikovany a studovany v riznych biologickych matricich a
tkanich na tfech urovnich; metabolit — enzym — gen. Pokud se dané onemocnéni
vyznauje specifickym biochemickym markerem, vzdy se za¢ind od nejrychlejsi a
nejlevngjsi varianty, tedy vySetieni metabolitl v moci, krvi, suché krevni kapce,
plazm¢, likvoru nebo tkani. Idedlnim pfistupem je nasledné komplexni vysetfeni
konfirmované na vSech tfech urovnich.

Zna¢na diverzita DMP a jejich biochemickych markert predurcuje i Sirokou
Skalu analytickych metod pro jejich diagnostiku na urovni metabolitii. Dle fyzikalné-
chemickych vlastnosti analytii se voli rGzné pfistupy pro separaci a detekci, od
jednoduchych aplikaci naptiklad tenkovrstvé chromatografie az po sloZité
instrumentalni metody. Volba metody je zavisld nejen na analytu samotném, ale musi
odstinit i vliv biologické matrice, obsahujici velké mnozstvi interferentti, mnohdy
v koncentracich vysoce pievySujicich analyt. Dal§im vyznamnym faktorem pro volbu
metody je koncentrace sledovanych analytti v dané matrici, ktera se muze pohybovat od

nmol/l az po mmol/I.



Diky rozvoji metod s velmi citlivou detekei je mozné analyzovat latky v nizké
koncentraci (nmol/l) a monitorovat tak casti metabolismu, které nebyly v minulosti
analyticky pfistupné. V této oblasti ma nezastupitelnou pozici hmotnostni spektrometrie
kombinovana s GC ¢i LC separaénim modulem. Vysoka citlivost a selektivita MS
v kombinaci s univerzalnosti chromatografickych systémid hraje klicovou roli
v diagnostice DMP. Tuto skutenost potvrzuje také fakt, ze v ramci celosvétove
roz$itenych programii novorozeneckého screeningu (NS) se pro tyto Gcely vyuziva
technologie tandemové hmotnostni spektrometrie (MS/MS)*. Také v Ceské republice se
od 1. fijna 2009 provadi rozsifeny novorozenecky screening deseti DMP vyuzivajici

MS/MS instrumentaci pro kvantifikaci aminokyselin a acylkarnitinii ze suché krevni

kapky”.
1.3. Cil prace

Tato disertacni prace je zaméfena na vyvoj a optimalizaci metod kapalinové
chromatografie a tandemové hmotnostni spektrometrie a jejich vyuziti v diagnostice
dédi¢nych poruch metabolismu.

Cilem této prace je rozSifit moznosti laboratorni  diagnostiky
poruch metabolismu purinii se zaméfenim na dédi¢nou xanthinurii. Pro tyto tcely
optimalizovat HPLC metody pro detekci a kvantifikaci klicovych markerQ
asociovanych s touto poruchou a uspesné je aplikovat v klinické praxi.

Dalsi cil je zamétfen na oblast metabolismu homocysteinu - na vyvoj a aplikaci
LC-MS/MS metody, ktera by umoznila rychlou a komplexni kvantifikaci diagnosticky
vyznamnych metaboliti ze suché krevni kapky nebo plazmy a piispéla tak k detekci
pacientl s homocystinurii.

Koncept prace je zaloZen na dvou publikacich uvedenych jako soucast prace

v prilohach I a II.

1.4. Literatura

1. Stuart G, Ahmad N. Perioperative care of children with inherited metabolic disorders.
Contin Educ Anaesth Crit Care Pain 2011;11:62-8.
2. Saudubray JM, Sedel F, Walter JH. Clinical approach to treatable inborn metabolic

diseases: J Inherit Metab Dis 2006;29:261-274.

10



Pampols T. Inherited metabolic rare diseases. In: Posada de la Paz M, Groft SC, editors.
Rare diseases epidemiology. Dordrecht, Heidelberg, London, new York: Springer;
2010,p.397-431.

Mak CM, Lee HC, Chan AY,Lam CW. Inborn errors of metabolism and
expanded newborn screening: review and update. Crit Rev Clin Lab Sci 2013;50:142-
62.

Metodicky navod k zajisténi celoplosného novorozeneckého laboratorniho screeningu a

nasledné péce. Véstnik Ministerstva zdravotnictvi CR 2009; 6:7-14.

11


http://www.ncbi.nlm.nih.gov/pubmed?term=Mak%20CM%5BAuthor%5D&cauthor=true&cauthor_uid=24295058
http://www.ncbi.nlm.nih.gov/pubmed?term=Lee%20HC%5BAuthor%5D&cauthor=true&cauthor_uid=24295058
http://www.ncbi.nlm.nih.gov/pubmed?term=Chan%20AY%5BAuthor%5D&cauthor=true&cauthor_uid=24295058
http://www.ncbi.nlm.nih.gov/pubmed?term=Lam%20CW%5BAuthor%5D&cauthor=true&cauthor_uid=24295058
http://www.ncbi.nlm.nih.gov/pubmed/24295058

2. Purinovy metabolismus

2.1. Poruchy metabolismu purint

Puriny jsou heterocyklické dusikaté slou¢eniny tvofené kondenzovanym
pyrimidinovym a imidazolovym kruhem. Vzhledem k jejich dulezité funkci v zivych
systémech se vSechny derivaty obsahujici purinovy skelet (nukleotidy, nukleosidy)
nazyvaji souhrnné puriny. Predstavuji dulezité slouCeniny participujici na mnoha
biochemickych procesech. Spolu s pyrimidiny tvofi zékladni stavebni sloZzky
nukleovych kyselin. Maji klicovou funkci pfi transportu a ukladéni energie (ATP,
GTP). Tvoti aktivované intermididty v biosyntetickych cestach (UDP-glukéza). Jsou
soucasti koenzymti (NAD", FAD) a neurotransmiterdi. Reguluji bunéény metabolismus

(CAMP).

co,
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Obr. 2.1 Struktura purinu s pitvodem biosynteticky inkorporovanych atomii

Purinovy metabolismus lze rozdélit do tii zakladnich casti: 1) biosyntéza de
novo zacinajici tvorbou fosforibosylpyrofosfatu ~ (PRPP) a vedouci k syntéze
inosinmonofosfatu (IMP) respektive adenosinmonofosfatu (AMP) a
guanosinmonofosfatu (GMP); 2) katabolicka cesta, kde dochéazi k odbouravani GMP,
IMP a AMP za kone¢né produkce kyseliny mocové; 3) recyklacni metabolicka cesta,
vyuzivajici purinové baze guanin, hypoxanthin a adenin ze stravy nebo z katabolické
cesty k opétovné tvorbé¢ GMP, IMP a AMP, Enzymové¢ defekty vedouci k metabolické
poruse byly popsany ve vSech tfech castech purinového metabolismu. Z
divodu rozsahlého biochemického uplatnéni purini je klinickda manifestace téchto
poruch velmi Sirok4 a mize postihovat jakykoli systém2‘3.

Vyhodou pro laboratorni diagnostiku jsou signifikantni odchylky v

koncentracich analyti v télnich tekutindch charakteristickych pro jednotlivé defekty.
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Materidlem prvni volby je vzdy moc¢, do které jsou tyto latky ochotné vylucovany.
V soucasné dobé je k diagnostice poruch metabolismu purinit vyuzivano mnoho
analytickych pfistupti moderni instrumentace. Diky heterocyklické struktuie obsahujici
dvojné vazby a polarnimu charakteru analyti je velmi Castym piistupem pouziti RP-
HPLC s detekei v ultrafialové oblasti*>. Vzhledem Kk velmi dobré ionizovatelnosti
purinovych derivati je idedlnim nastrojem také kapilarni elektroforéza®. Komplexni
biologickd matrice mlize ovSem obsahovat mnoho interferujicich latek, proto bylo
publikovano nékolik aplikaci vyuZzivajicich selektivnéjsi pfistup na bazi kapalinové
chromatografie ve spojeni standemovou hmotnostni spektrometrii s ionizaci
elektrosprejem’?,

Navzdory klinické zavaznosti téchto poruch se vsak z divodu jejich vzacného
vyskytu v populaci a relativné narocné instrumentaci komplexni laboratorni diagnostika
provadi v n¢kolika laboratotfich na svété. V Evropé se t€émto porucham systematicky

vénuji pouze ve Velké Britanii a v Nizozemsku.

2.2. Dédi¢na xanthinurie

Xanthinurie je metabolicka porucha zpiisobena dysfunkci enzymu katalyzujicich
posledni dva kroky degradace purint, oxidaci hypoxanthinu (HPX) na xanthin (XAN) a
nasledné XAN na kyselinu mocovou. Disledkem je nadmérné vyluc¢ovani XAN a HYP
do moce. Incidence této poruchy byva odhadovana zhruba na 1:70,000°. Na zaklad&
poruchy pfisluSného enzymu je dédicnd xanthinurie rozliSovana na dva zakladni typy.
Xanthinurie I. typu je zplsobena izolovanym deficitem xanthindehydrogenasy (XDH),
zatimco typ II je kombinaci deficitu XDH a zaroven strukturné piibuzného enzymu
aldehydoxidasy (AO)™ (Obr.2.2). XDH a AO jsou evolu&né piibuzné enzymy sdilejici
sulfurovany molybdenovy kofaktor. Zatimco role XDH v purinovém metabolismu je
dobie popsana, fyziologicka funkce AO je stéle neznama'. Z omezenych zdroju
publikovanych v oblasti diagnostiky xanthinurie se zda, ze typ | je Vv populaci vice

rozsiten'?.
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Obr. 2.2 Metabolické schéma oxidace purinovych derivatii rozlisujici xanthinurii typ |

(deficit XDH) a typ Il (kombinovany deficit XDH a AO).

Z klinického hlediska je hlavnim problémem urolitidza zplsobena hromadénim
xanthinu v mo¢i, kterd miiZe vést az k rendlnimu postiZeni'. Vé&tSina pacientd je
asymptomatickd, nicméné byly popsdny symptomy souvisejici s kloubnimi zménami,
myopatii ¢i tvorbou duodenalnich vieda™. O disledcich vyrazné snizené produkce
Kyseliny mocové se nadale vedou spory, ale zatim nebyla prokazana Zzadna klinicka
korelace.

Prvnim krokem v laboratorni diagnostice xanthinurie je rutinni vySetfeni
kyseliny mocové v krvi a moci, které¢ odhali tuto poruchu mnohdy nahodné. Pokud jsou
vylouceny poruchy funkce ledvin a podobné obtize, které¢ by mohly ovlivnit vysledky, u
vsSech pacientt je koncentrace kyseliny mocové signifikantné snizena az nedetekovana
(spodni mez referenéniho rozmezi pro kyselinu mocovou v plazmé je 90 pmol/l).
DalSim moZnym, jiZ vice specifickym krokem, je vySetfeni koncentrace HPX a XAN
v mogi, pfipadné v plazm&*®. Tyto techniky jiz byly popsany v kapitole 2.1 a jsou
vétsinou zalozeny na principu HPLC s UV detekci. Pro rozliSeni typu xanthinurie se
v n¢kterych laboratofich pouziva allopurinolovy test nebo enzymové vySetieni z jaterni
tkan&™. Zat&zovy test s allopurinolem je realizovan vySetienim plazmy pied podanim a
1 hodinu po podani allopurinolu. Jestlize je po hodiné¢ v plazmé ptitomen jeho
metabolicky produkt oxypurinol, je tento ndlez dikazem spravné funkce AO a da se
usuzovat na typ I. V pfipadé absence oxypurinolu se jedna o xanthinurii II. typu.
Rozliseni typu je nezbytné pro nasledné molekuldrné-genetické vySetteni. Vzhledem
k tomu, ze enzym XDH je exprimovan pfevazné v jatrech, vétSinou enzymovému

vySetfeni predchazi biopsie jaterni tkan€. OvSem vzacné byly popsany i prace, kde byla
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aktivita méfena v plasm¢ za vyuziti pterinu jako substratu a jeho néasledné konverze na
isoxanthopterin'®. Konfirmaénim a nejvice finanén& nakladnym krokem je pak
molekularné-genetické vySetfeni genu kodujici ptislusny enzym.

Navzdory vySe popsanym metoddm je komplexni vySetfeni, zahrnujici
diferencialni diagnostiku xanthinurii na biochemické Grovni ve svété spiSe vzacnosti.
Také proto se soudi, Ze incidence tohoto metabolického defektu je znacné

podhodnocena.

2.3. Literatura

1. van den Berghe G, Vincent MF, Marie S. Disorders of purine and pirimidine
metabolism. In: Fernandes J, Saudubray JM, van den Berghe G, Walter JH. Inborn
metabolic diseases: diagnosis and treatment. Heidelberg: Springer;2006, p.435-37.

2. Simmonds HA, Duley JA, Fairbanks LD, McBride MB. When to investigate for purine
and pyrimidine disorders. Introduction and review of clinical and laboratory indications.
J Inherit Metab Dis 1997;20:214-26.

3. van den Berghe G, Vincent MF, Jaeken J. Inborn errors of the purine nucleotide cycle:
adenylosuccinase deficiency. J Inherit Metab Dis 1997;20:193-202.

4, Simmonds HA, Duley JA, Davies PM. Analysis of purine and pyrimidines in blood,
urine and other physiological fluids. In: Hommes FA editor. Techniques indiagnostic
human biochemical genetics — a laboratot manual. New York: Wiley-Liss;1991,p.397-
422.

5. Vidotto C, Fousert D, Akkermann M, Griesmacher A, Miiller MM. Purine and
pyrimidine metabolites in children’s urine. Clinica Chimica Acta 2003; 335:27-32.

6. Adam T, Friedecky D, Fairbanks LD, Sev¢ik J, Bartak P. Capillary electrophoresis for
detection of inherited disorders of purine and pirimidine metabolism. Clin Chem
1999;45:2086-93.

7. Hartmann S, Okun JG, Schimdt C, Langhans CD, Garbade SF, Burgard P, Haas D, Sass
JO, Nyhan WL, Hoffmann GF. Comprehensive detection of disorders of purine and
pirimidine metabolism by HPLC with electrospray ionization tandem mass
spektrometry. Clin Chem 2006;52:1127-37.

8. la Marca G, Casetta B, Malvagia S, Pasquini E, Innocenti M, Donati MA, Zammarchi
E. Implementing tandem mass spektrometry as a routine tool for characterizing the
complete purine and pyrimidine metabolic profile in urine sample. J Mass Spectrom
2006;41:1442-52.

15



10.

11.

12.

13.

14.

15.

16.

Harkness RA, McCreanor GM, Simpson D, MacFadyen IR. Pregnancy in and incidence
of xanthine oxidase deficiency. J Inherited Metab Dis 1986; 9:407-408.

Simmons A, Reiter S, Nishino T. Hereditary Xanthinuria. In: Scriver CR, Beaudet AL,
Sly WS, Valle D, Stanbury JB, Wyngaarden JB, FredricksonDS. The Metabolic and
Molecular Bases of Inherited Diseases. New York:McGraw-Hill;1995,p.1781-97.
Peretz H, Watson DG, Blackburn G. Urine metabolomics reveals novel physiologic
functions of human aldehyde oxidase and provides biomarkers for typing xanthinuria.
Metabolomics 2012;8:951-959.

Simmonds HA, Hoffmann GF, Pérignon JL, Micheli V, van Gennip AH. Diagnosis of
molybdenum cofactor deficiency. Lancet 1999;353:675.

Delbarre F, Weissenbach R, Auscher C, de Gery A. Attack of gout in a xanthinuric
patient. Nouv Presse Med 1973;2:2465-66.

Chalmers RA, Watts RW, Pallis C, Bitensky L, Chayen J. Crystalline deposits in striped
muscle in xanthinuria. Nature 1969;221:170-71.

Ichida K, Yoshida M, Sakuma R, Hosoya T. Two siblings with classical xanthinuria
type 1: Significance of allopurinol loading test. Intern Med 1998;37: 77-82.

Yamamoto T, Moriwaki Y, Takahashi S, et al. Determination of human plasma xantine
oxidase activity by high-performance liquid chromatography. J Chromatogr B Biomed
Appl 1996;681:395-400.

16


http://link.springer.com/search?facet-author=%22Hava+Peretz%22
http://link.springer.com/search?facet-author=%22David+G.+Watson%22
http://link.springer.com/search?facet-author=%22Gavin+Blackburn%22

3. Metabolismus homocysteinu

3.1. Poruchy metabolismu homocysteinu

Homocystein (Hcy) je sirna aminokyselina, ktera vznikd jako intermediat
v metabolismu methioninu (Met). Sam Hcy je metabolizovan dvéma hlavnimi cestami:
remethylacni (RM), ktera vede k obnové methioninu a vyzaduje ptitomnost folati a
vitaminu Bj; a transsulfura¢ni, ktera odbourava Hcy na cystathionin (Cysta) a nasledné

cystein, za pfitomnosti vitaminu B6 (Obr.3.1).

Methionin
Tetrahydrofolat \

A

/ S-Adenosylmethionin

5,10—Methylene— Vitamin B12
tetrahydrofolat
A -= Methylakceptor

MTHER . S-Adenosylhomocystein

» 5-Methyl- /

tetrahydrofolat .
Homocystein
Vitamin B6 1 CBS

Cystathionin

l

Cystein
Obr. 3.1 Metabolismus methioninu, respektive homocysteinu.
(CBS — Cystathionin beta-syntasa, MTHFR — 5,10-Methylenetetrahydrofolatreduktasa)

Poruchy metabolismu Hcy mohou mit geneticky podminénou etiologii,
souvisejici s deficitem klicovych enzymi RM ¢i transsulfuraéni metabolické drahy,
nebo mohou byt disledkem nutriéni nevyvazenosti na urovni vitaminii fady B (folaty,
riboflavin, kobalaminy a pyridoxin)!. Tyto poruchy jsou charakteristické zvysenou
koncentraci Hey v plazmé a v moci a jsou souhrnné oznacovany jako homocystinurie.
V soucasné dobé je popsano 8 enzymovych defekti vedoucich k homocystinurii. Na
zaklad¢ lokalizace enzymové poruchy miliZzeme rozlisit dvé formy homocystinurie se
specifickym metabolickym profilem: a) defekty v remethylacni draze, jako je deficit
methylentetrahydrofolatreduktasy, a defekty v  syntéze intraceluldrnich
methylkobalaminti (cbIC, cblD, cblE, cblF, cblG a cbl]) — charakterizované vysokou
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koncentraci Hcy, zvySenou koncentraci Cysta a snizenou koncentraci Met; b) deficit
cystathionin beta-syntasy (CBS) vyskytujici se v transsulfuracni draze s nalezem
naopak zvysené koncentrace Met, snizené koncentrace Cysta a vysoké koncentrace Hcy.

Klinicky se jedna o heterogenni skupinu poruch, kterd ma spolecny rizikovy
faktor v podobé tromboembolismu, asociované¢ho s vysokymi koncentracemi Hcy
v plazm&?. N&kteti pacienti s deficitem CBS mohou trpét defekty v pojivovych tkanich,
poruchou fec€i, narusenim kognitivnich funkci ¢i epilepsii. U RM defekti mlze byt
dominantni neurologické postizeni a megaloblastickd anémie®.  Incidence
homocystinurii jako celku je neznama a pohybuje se v rozmezi 1:8,000 v Kataru az po
1:900,000 v Japonsku®.

Laboratorni detekce homocystinurii je zalozena na dnes jiz rutinnim stanoveni
koncentrace celkového homocysteinu v plazmé. Za fyziologickych podminek je Hcy
v plazmé pfitomen pouze v nepatrném mnozstvi, vétSina je vazana na plazmatické
bilkoviny ¢i v disulfidech (Obr.3.2). Proto je tedy nezbytné pfed samotnym stanovenim
provést redukci vSech téchto vazanych forem a nésledné pak stanovit sumu celkového

homocysteinu (tHcy).

Refsum H. et al. Clinical Chemistry 50:1 3-32 (2004)
Structure Concentration in plasma (umol/L) Terminology
0 2 4 6 8
g Protein-h: 1 d disulfick I|\ Protwe-
. S'W‘OH rotein-homocysteine mixed disulfide bound
NH; (Hcy-albumin) _ (bHcy)
o} (o]
HO&Y\S’S\/\(&O“ Mimmlmne mixed disulfide Total
NH, NHy (Hey-Cys) homo-
NH; 0 "(‘}’_2;”’_’;3“;“’ " cysteine
HO, Coon -Hey) on-protein-
g/'\/\sfs\/\w(ﬂ2 H bord (tHcy)
(free)
o 1 (fHey)
HS E.on Homocysteine
\/\Nﬁi | (HeyH)

Obr. 3.2 Ruizné formy homocysteinu vyskytujici se v krevni plazmé.
U pacientii s geneticky podminénym defektem se koncentrace tHcy pohybuji

VvV oblasti vyrazné hyperhomocysteinemie, zhruba od 70 pmol/l do 400 pmol/l

(referen¢ni rozmezi do 15 pumol/l), takZze mohou byt odliSeny od sekunddrnich nalezi
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mirného zvyseni tHcy zpisobeného napiiklad civilizaénimi chorobami nebo lehkou
nutri¢ni disbalanci vitamini.

Principidlné lze metody stanoveni tHcy rozdé€lit do dvou skupin. Metody
zalozené na chromatografii nebo na enzymovém ¢i imunochemickém stanoveni>®.
Velmi castou aplikaci jsou HPLC metody jak ve spojeni s UV detekei tak s detekci
fluorimetrickou vyuzivajici rtzné druhy derivatizace’®. Byla také popsana prace
s vyuzitim GC-MS systémug. V posledni dobé byly také publikovany metody
vyuzivajici LC-MS/MS instrumentaci, kde je po redukci vazaného Hcy za pouziti
dithiothreitolu (DDT) nebo tris(2-carboxyethyl)phosphinu (TCEP) kvantifikovan tHcy,

o < PR - . 10,11,12
pipadng dali sirné aminokyseliny'®*"

. Vyuziti téchto aplikaci bylo disledkem
rutinniho rozsifeni technik tandemové hmotnostni spektrometrie (hlavné na bazi
trojitého kvadrup6lu) a také tlaku na vyvoj druhostupniovych metod pro potieby
novorozeneckého screeningu vyhledavajiciho poruchy metabolismu methioninu.

Pro podrobngjsi diferencidlni diagnostiku poruch metabolismu homocysteinu
vétsina laboratofi zpravidla kombinuje enzymové stanoveni tHcy pomoci
automatickych analyzatorli a profilové vySetfeni aminokyselin pomoci HPLC, CZE
piipadn& automatickych aminoanalyzatori na principu ionexové chromatografie™.
Kvantifikace cystathioninu v plazmé je vyuzivana pro diagnostické ucely spiSe
vzacng,™ a to také z divodu, Ze Cysta se v plazmé vyskytuje v fadech desetin pmol/l,

coz je o fad niZe neZ v pfipad¢ tHcy a Met.

3.2. Sucha krevni kapka (DBS)

Sucha krevni kapka, zkracovana jako DBS z ang. ,,.Dried Blood Spot“, je typ
biologického vzorku vyuZivaného pro analytické ucely v diagnostice DMP. Je pfipraven
aplikaci kapilarni krve na specialni druh filtraéniho papiru, ktery zajisti homogenni
nasaknuti krvi v definovaném objemu na jednotku plochy. Po zaschnuti krve mtize byt
DBS skladovéana za laboratorni teploty v zavislosti na stabilit¢ vySetfovanych analytt.
Velkou ptednosti DBS je jednoduché ptiprava a transport do laboratote, ktery mize byt
realizovan jako standardni posStovni zasilka. Z tohoto divodu jsou DBS vzorky po
celém svété vyuzivany pro novorozenecky screening dédicnych metabolickych poruch
za pouziti tandemové hmotnostni spektrometrie s pfimym nasttikem vzorku (ESI-QQQ).

Technologie MS/MS je zde nezbytnd z divodu vysoké citlivosti a selektivity. Pred
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analyzou jsou metabolity extrahovany do riznych rozpoustédel na zaklad€ jejich
chemickych vlastnosti. Pro stanoveni je nezbytné pouzit vnitini znacené standardy
minimalizujici chyby pii kvantifikaci v dasledku iontové suprese, ktera je pro takto
komplexni matrice velmi Casta. Idedlnim pfistupem je také pouziti kalibracnich boda,
pfipravenych jako DBS.

DBS jsou vyuzivany hlavné pro NS, nicméné se také ukazuje jejich vyhoda
Vv oblasti rychlého monitoringu dietni kompenzace u jiz diagnostikovanych pacientt,
ktefi mohou vzorky odebirat doma a zasilat je do laboratofe poStou. Také byly
publikovany prace pouZivajici DBS pro stanoveni aktivit enzym®™. V dalsich
aplikacich jsou DBS také vyuzivany pro stanoveni hormond, lipidt, riznych druha 1€kt
a jejich metaboliti, v mikrobiologii ¢i sérologii nebo pro molekularné-geneticka

vysetieni.
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4. Kapalinova chromatografie a tandemova hmotnostni

spektrometrie

Z divodu Sirokého spektra metaboliti S rozdilnymi fyzikalné-chemickymi
vlastnostmi a jejich rozdilnymi koncentracemi v riiznych biologickych matricich je pro
komplexni diagnostiku dédi¢nych metabolickych poruch vyuzivana cela fada
analytickych technik. Pocinaje jednoduchymi aplikacemi napf. na tenké vrstvé (TLC)
pro separaci a semikvantitativni stanoveni oligosacharidéi® az po komplexni vy3etfeni
nekolika desitek metabolitd pomoci technik hmotnostni spektrometriez. Tato prace se
zabyva prevazné analyzou malych polarnich molekul, které jsou snadno vylu¢ovany do
moce nebo krve. Pro tyto aplikace je idedlnim nastrojem kapalinova chromatografie se
spektrofotometrickou nebo fluorimetrickou detekci a tandemova hmotnostni
spektrometrie vyuzivajici uspofddani trojitého kvadrupdlu pro citlivou a selektivni
kvantifikaci analytl ve slozitych biologickych matricich.

Vysokoucinnd kapalinova chromatografie, zvlasté¢ ve spojeni s hmotnostni
spektrometrii dovoluje stanoveni celé fady analyti. HPLC mutze byt diky rGznym
mechanismim separace vyuzita pro analyty jak hydrofobni tak hydrofilni povahy, pro
rizné soli nebo analyty kyselé ¢i bazické povahy. Nejcastéji byva z divodu polarniho
charakteru metabolitl vyuZivana separace na reverzni fazi, ovSem existuji 1 aplikace na
normélni fazi® a V posledni dobé& se rozvijeji 1 hydrofilni interakéni chromatografie
(HILIC)*. Nicméng v piipadé HILIC aplikaci miZe byt problémem s robustnosti
metody a Spatnou reprodukovatelnosti dat. Pro rychlé zpracovani vétSiho mnoZzstvi
vzorkd s piistupem ,,Dilute and Shoot*, tedy jednoduché nafedéni ¢i extrakce a nasledna
aplikace na kolonu, mize predstavovat problém dlouha ekvilibrace systému. Ackoli se
do poptedi z4jmu v oblasti kapalinové chromatografie stale Castéji dostavaji separacni
aplikace realizované za vysokych tlakt vyuZivajicich ¢astice stacionarni faze mensi nez
2 pm, v piipadé¢ metabolickych diagnostickych metod zatim stdle pfetrvavaji spiSe
metody vyuzivajici standardni HPLC systém s tlakovym rozmezim do 400 bar a
kolonami s ¢asticemi 3-5 um. Duvodem muze byt vysSSi robustnost standardnich
systému pro aplikace realizované na komplexnich biologickych vzorcich, které mohou
zneCiStovat systém, ¢i komplikovany pfechod na jiné kolony v piipad¢ slozitych

separaci.
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Rozsifeni tandemové hmotnostni spektrometrie vneslo do oblasti diagnostiky
DMP novy rozmér. Specialné v oblasti cilené metabolomiky, ktera se orientuje na
kvantifikaci pfedem vytipovanych metaboliti definované struktury. Diky této technice
je mozné selektivné kvantifikovat analyty i ve slozitych biologickych matricich jakymi
jsou krev nebo mo¢, a to bez slozitych tprav vzorku®. Vzhledem k chemickému
charakteru metaboliti je nejCastéji pouzivanou ioniza¢ni technikou ionizace
elektrosprejem (ESI), ktera je vhodna pro semi-polarni a polarni analyty (Obr.4.1).
Jedna se o mékkou ionizaéni techniku tvofici ionty [M+H]", [M-H], piipadné rizné
adukty. V pfipadé méné polarnich latek jakymi jsou napf. lipidy nebo steroidni
hormony se vyuziva technik chemické ionizace za atmosférického tlaku (APCI) nebo

fotoionizace za atmosférického tlaku (APPI)°.
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Obr. 4.1 Princip ionizace elektrosprejem - kostrukce lonSpray™(AB Sciex).

Oznaceni tandemova hmotnostni spektrometrie je odvozeno od skute¢nosti, Ze
pfistroj je schopen pracovat v modu vicenasobnych MS experimenti, at' uZz
realizovanych v ¢ase, napfiklad pomoci iontové pasti (IT), nebo v prostoru, velmi ¢asto
za vyuziti trojit¢ho kvadrupélu (QqQ). Z pohledu kvantifikace, predstavuje QqQ velmi
vyhodné uspotadani. Jedna se o systém dvou analytickych kvadrupdlii, mezi nimiz je
umistén tieti kvadrupdl slouZici jako kolizni cela pro fragmentaci iontd. Vyhodou QqQ
je snadné pouziti, vysoka selektivita a citlivost (pro MS/MS experimenty) a Siroky
linedrni dynamicky rozsah. Diky selektivni separaci iontil je mozno pouzivat QqQ také
bez kapalinové chromatografie a pracovat v uspofadani ptimého nasttiku vzorku (FIA-

MS/MS). Vzorek je v takovém piipad¢ privadén pifimo do iontového zdroje a selekce
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analytli probihd na analytickych kvadrupdlech. Tohoto usporadani je velmi casto
vyuzivano pro rychlé screeningové analyzy. V klinické biochemii je na tomto systému
postaven celosvétové provadény NS dédicnych metabolickych poruch, monitorujici
koncentrace aminokyselin a acylkarnitini v suché krevni kapce7. Trojity kvadrupdl
muze pracovat v nékolika modech. V zavislosti na zvoleném modu je mozno pouzit
analytické kvadrupdly v rezimu skenu ¢i selektivniho filtru a tyto pfistupy rizné

kombinovat (obr.4.2).
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Obr. 4.2 Typy skenut pouzivanych ve spojenti s trojitym kvadrupolem.

Nejcastéji vyuzivanym modem je monitorovani vybranych reakci (MRM), pii kterém
jsou oba kvadrupodly pouzity jako selektivni hmotnostni filtr pro izolaci prekurzoru (Q1)
a specifického fragmentu (Q3). Castym piistupem je také kombinace nékolika
skenovacich modt béhem jedné analyzy. V piipadé NS je napfiklad vyuzivano
kombinace skenu neutralni ztraty (NL), skenu prekurzoru (PS) a MRM skenu. Nékteré
aminokyseliny jsou diky specifické neutrdlni ztraté 102 m/z monitorovany pomoci NL,
u acylkarnitinQi se vyuZziva pro PS specificky fragment 85 m/z a ostatni analyty jsou
monitorovany v rezimu MRM®,
Pro tcely diagnostiky DMP je nezbytna kvantifikace specifickych metaboliti.

Prvnim pfedpokladem dobré kvantifikace je spravna kalibrace hmotnostniho
spektrometru, kterd byva v pfipadé QqQ realizovana pfiblizn€¢ jednou meésicné
s ohledem na skute¢nost, Ze Q je robustni analyzator nepracujici ve vysokém rozliSeni
S pfesnou hmotou. Pro kvantifikaci v hmotnostni spektrometrii je nezbytné pouZit

vnitini standard pro potlaceni vlivu matrice. V klinickych aplikacich je tento postup
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nezbytny z diivodu komplexni biologické matrice, kterd mlize vyrazné ovlivnit signél
analytu. Idealnim piistupem je pouziti stabilniho izotopicky znageného standardu ( °H,
B3¢, BN, 80, **s nebo *'Cl), ktery je strukturné velmi podobny a déa se predpokladat
stejny fragmentacni mechanismus. Pii pouziti téchto standardi je vSak nezbytné, zvlaste
u stopovych analyz, brat v Givahu jejich cistotu a dostate¢ny hmotnostni odstup od
analytu, aby nedochazelo k interferencim (zv14§té u standardd znagenych deuteriem)®*.
Stejné jako u jinych analytickych metod je dobré pouzivat pro kvantifikaci adekvatni
kalibraci, kde je kvantitativni vysledek ziskan z poméru plochy piku analytu a jeho

izotopicky znafeného standardu, ktery je konvertovan na koncentraci vztazenim na

ptislusnou kalibraci v dané sérii.
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5. Vysledky a diskuse

5.1. Laboratorni diagnostika dédi¢né xanthinurie pomoci HPLC

Cilem této c¢asti disertacni prace bylo vyvinout komplexni ptistup k laboratorni
diagnostice dédicné xanthinurie zalozeny na metodach kapalinové chromatografie.
Prokazat defekt na urovni metabolitd v riznych biologickych matricich, rozlisit typ
poruchy a prokazat deficit enzymu. Tyto techniky byly aplikovany pro vySetieni dvou
pacientd suspektnich pro xanthinurii. Vysledky této ¢asti jSOu sumarizaci a rozSifenim

dat prezentovanych v publikaci v ptiloze I.
5.1.1. Stanoveni purinovych metaboliti

Prvnim krokem v laboratorni diagnostice xanthinurie byla kvantifikace
klicovych biomarkeri xantinu a hypoxanthinu v moc¢i a plazmé. Stanoveni bylo
provedeno metodou HPLC s UV detekci pomoci diodového pole na systému firmy
Waters - Alliance 2695 s detektorem 2998.

Piiprava vzorku plazmy spocivala v deproteinaci objemu 50 ul kyselinou
chloristou s naslednou neutralizaci pomoci KHCOj3. Vysledna koncentrace HPX a XAN
byla vyjadfena v absolutni hodnoté¢ v jednotkdch pmol/l. V pfipadé rhlzné
koncentrovanych moci (brano podle koncentrace kreatininu) byly vzorky fedény vodou
na koncentraci 1 mmol/l kreatininu ve vzorku moci. Vysledna hodnota analyti byla pro
klinické ucely vyjadiena jako vylu¢ovani v mmol/molKreatininu.

Objem nastiiku byl vzhledem k parametriim kolony optimalizovan na 20 pl.
Separace byla realizovana na chromatografické koloné Prontosil 120-3-C18 AQ (200x4
mm, 5 um, Bischoff) za pouZiti gradientové eluce vodného roztoku octanu amonného a
acetonitrilu. Hodnota pH mobilni faze byla upravena pomoci ptidavku kyseliny octové
na 4,8. Pro identifikaci analytii byla pouzita informace o jejich reten¢nim Case a zaroven
byly s knihovnou standardti porovnany profily UV spekter ziskanych v rozmezi 235 —
305 nm (Obr.5.1). Kvantifikace byla provedena pomoci kalibra¢ni kiivky v rozsahu
koncentraci od 1 do 200 pmol/l. Vramci validace metody byl stanoven limit
kvantifikace (LOQ) pro oba analyty na 1 pmol/l, coz bylo dostate¢né nizko pii aplikaci

na koncentrace Vv biologickych vzorcich. Opakovatelnost v sérii nepiekrocila 5% CV a

27



reprodukovatelnost v intervalu 20 dnd byla niz§i nez 10 % CV (testovano na dvou
koncentra¢nich hladinaich 10 pmol/l a 100 pmol/l). Pro klinické ucely bylo
nadefinovano referenéni rozmezi obou analyti v moc¢i a plazmé. Bylo zméfeno
vyluCovani HPX a XAN u 100 vzorka moc¢i zdravych kontrol a na 99 percentilu dat
byla nadefinovana horni hranice referencniho rozmezi (cut-off) pro HPX 30
mmol/molKrea. a pro XAN 25 mmol/molKrea. V plazmé byl cut-off pro HXP 10
umol/l a pro XAN 7 umol/l, data byla zpracovéna stejnym statistickym postupem jako
Vv ptipad¢ moci na 50 vzorcich plazmy ziskanych od zdravych kontrol.

Tato metoda byla aplikovana v klinické praxi pro diagnostiku dvou pacientt se
suspektni xanthinurii. U obou pacientd bylo prokazano signifikantné zvysené
vylucovani XAN a HPX v moci a také zvySené koncentrace téchto analytii v plazmé. Na

chromatogramu byla také pozorovana absence piku kyseliny mocové (Obr.5.2).

(1 ) 0.30 (2) o (3)

AU
Al
AU

240 260 280 300 240 260 280 300 240 260 280 300
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Obr. 5.1 Charakteristické profily UV spekter pro kyselinu mocovou (1, Amax = 286,1
nm), hypoxanthin (2, Amax = 249,4 nm) a xanthin (3, Amax = 267,1nm).
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Obr. 5.2 Separace hypoxanthinu a xantinu v moci metodou HPLC s UV detekci (1. = 260
nm) u fyziologické kontroly (a) a u pacienta s xanthinurii (b). Oznaceni piku:

(1) kyselina mocova, (2) hypoxanthin, (3) xanthin.
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Tato separa¢ni metoda byla také optimalizovana pro S$ir$i profilové vySetieni
purinovych a pyrimidinovych metaboliti v mo¢i a plazmé. Za vySe popsanych
separacnich podminek bylo mozno oddélit a kvantifikovat dalsi diagnosticky vyznamné
metabolity, které mohou ve zvySené ¢i snizené koncentraci odhalit dalSich 7 dédi¢nych

poruch spojenych s purinovym a pyrimidinovym metabolismem (Tab. 5.1).

Tab. 5.1
Enzymové defekty spojené s metabolismem purinovych a pyrimidinovych derivati

s diagnosticky vyznamnymi metabolity.

Enzymovy defekt ~ Metabolismus  Diagnosticky marker

deficit XDH Puriny M xanthin, ™ hypoxanthin, { kyselina mocova
deficit HPRT Puriny M xanthin, 1 hypoxanthin, Tkyselina mocova
deficit APRT Puriny 12,8-dihydroxyadenin, f~adenin

M adenosin, M deoxyadenoson,  kyselina
deficit ADA Puriny

mocova

/Minosin, N deoxyinosin, ‘Mguanosin,
deficit PNP Puriny )

1 deoxyguanosin
deficit UMPS Pyrimidiny M kyselina orotova
deficit TP Pyrimidiny Muracil, 1 thymin, Pdeoxyuridin, Mtymidin
deficit DPD Pyrimidiny M uracil, thymin

HPRT-hypoxanthinfosforibosyltransferasa; APRT-adeninfosforibosyltransferasa; ADA-
adenosindeaminasa; PNP-purinnukleosidfosforylasa; UMPS-uridinmonofosfattransferasa; TP-

thymidinfosforylasa; DPD- dihydropyrimidindehydrogenasa

Kli¢ovymi parametry Vv separaci byla hodnota pH mobilni faze a optimalizace
gradientu. Jiz pfi odchyleni o dva desetinné stupné¢ pH byl pozorovan problém
s délenim pikil ¢i dokonce zdména elu¢niho pofadi. Pro nékteré analyzy je vhodné

zvolit pH tak, aby doslo k separaci analytti od interferujicich latek. Zejména mo¢ mize
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obsahovat mnoho endogennich ¢i exogennich interferenti aktivnich v UV oblasti (napf.
derivaty kofeinu). Na zéklad¢ retencniho Casu a charakteristického profilu UV spektra
bylo mozné piky identifikovat a pii kvantifikaci odecitat jejich plochy v absorp¢nich
maximech (Amax) (Obr.5.3).
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0.40 [¥e]

2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00 13.00 14.0
Minutes

Obr. 5.3 Separace smési standardii purinovych a pyrimidinovych analytii v moci na
koloné Prontosil 120-3-C18 AQ 200x4 mm, 5 um. Slozeni mobilni faze: (A) 40 mM
octan amonny (pH 4,8); (B) Acetonitril; linedarni gradient 0-30% (B) v 15 minutdach;
pritok 0,7 ml/min; 2 = 260 nm; oznaceni piku: (1) kyselina mocova, (2) hypoxanthin,
(3) xanthin, (4) kyselina orotovd, Amax = 277,5 nm, (5) uracil, Amax = 258,5 nm, (6)
pseudouridin, Anax = 263,2 nm, (7) uridin, Amax = 262,1 nm, (8) thymin, Amax = 264,4 nm,
(9) deoxyuridin, Amax = 262,1 nm, (10) inosin, Amax = 249,0 nm, (11) guanosin, Amax =
252,6 nm, (12) deoxyinosin, Amax = 249,0 nm, (13) deoxyguanosin, Amax = 252,6 nm, (14)
thymidin, Amax = 266,8 nm, (15) adenosin, Amax = 259,7 nm, (16) hipuradt, Amax = 249,1
nm, (17) deoxyadenosin, Amax = 259,7 nm.

Klinicka vyuzitelnost této metody byla testovana na redlnych vzorcich moci
pacientd s vySe uvedenymi defekty. Koncentrace kli¢ovych metaboliti v moci byly
Vv piipad¢ prokazané diagnosy signifikantn€ mimo referencni rozmezi zdravych kontrol

(Tab.5.2).
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Tab. 5.2
Rozmezi vylucovani purinovych a pyrimidinovych metaboliti v moc¢i u kontrolnich
vzorkll a pozitivnich vzorkli moc¢i u pacienti s defekty purinového a pyrimidinového

metabolismu prezentovanych v Tab.5.1.

Referenc¢ni mez Pacienti
Analyt

(mmol/molKrea) (mmol/molKrea)
xanthin <25 60-500
hypoxanthin <30 90-450
kyselina orotova <5 50-5000
uracil <25 50-150
thymin <5 30-230
deoxyuridin <2 25-100
inosin n.d. 250-800
guanosin n.d. 50-700
deoxyinosin n.d. 280-630
deoxyguanosin n.d. 200-400
thymidin <2 30-150
adenosin n.d. 5-20
deoxyadenosin n.d. 80-210

n.d. (nedetekovano = koncentrace pod 1 pmol/l)

5.1.2. Allopurinolovy test

Pro rozliseni typu xanthinurie byl proveden allopurinolovy test. Pacientim byl
jednordazové podan allopurinol a byla sledovdna jeho metabolickda pfeména na
oxypurinol. VVzorek plazmy pro analyzu byl odebran pied a po 1 hodiné po podani
allopurinolu. Vznikajici oxypurinol byl analyzovan stejnou metodou a za stejnych
podminek jako v bod¢ 5.1.1. Kvantifikace byla realizovana jednobodovou kalibraci na

externi standard oxypurinolu o koncentraci 20 pmol/l.
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Obr. 5.4 HPLC analyza plazmy pred podanim (A) a po podani (B) allopurinolu (1. =
250 nm); oznaceni piku: (1) hypoxanthin, (2) xanthin, (3) oxypurinol, Jmax = 251,4 nm
(4) allopurinol, Amax = 250,2 nm.

Prokézana pfitomnost oxypurinolu v plazmé v koncentraci 3 respektive 19
umol/l byla u obou pacientd dikazem spravné enzymové funkce aldehydoxidasy a

klasifikovala poruchu jako xanthinurii typ I.

5.1.3. Stanoveni aktivity xanthindehydrogenasy v plazmé

Vysetfeni na enzymové urovni bylo provedeno z plazmy s vyuzitim skutecnosti,
ze XDH oxiduje pterin na isoxanthopterin (IXP). Za pouziti pterinu jako substratu
enzymové reakce byl nasledné po 240 min. inkubaci (37 °C) kvantifikovan IXP a na
zakladé vzniklého mnozstvi produktu se dala posoudit ptipadna insuficience enzymu.
Analyza 20 pl produktu probihala na kapalinovém chromatografu Shimadzu (UFLC
LC-20AD) za pouziti fluorimetrického detektoru (RF-20AXS) s excitaéni vinovou

délkou 345 nm a emisni 410 nm. Pro separaci byla pouzita kolona Prontosil 120-3-C18
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AQ (200x4 mm, 3 pum, Bischoff). Vyhodou tohoto stanoveni vyuzivajiciho
fluorimetrickou koncovku byla vysoka citlivost, kterd nékolikanasobné prevysSuje oblast
klasickych spektrofotometrickych aplikaci a dovolovala kvantifikaci produkti na Grovni
nmol/l.

Vysledky byly porovnédny s referenénim rozmezim zdravych kontrol (n=36) a s
aktudlni kontrolou obsazenou v dané sérii, kterda byla odebrand a transportovana za
stejnych podminek jako vzorek pacienta. U obou pacienti byl touto metodou prokazan
signifikantni pokles aktivity enzymu vyjadifeny v pmol/h/ml. Porovnani mnozstvi
vznikajiciho IXP u kontrolniho vzorku a pacienta je graficky zndzornén na piekryvu

chromatogrami na Obr.5.5.
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Obr. 5.5 Separace pterinu (1) a isoxanthopterinu (2) v plazmé na koloné Prontosil 120-
3-CI18 AQ 200x4 mm, 3 um po 240 min. inkubaci. Mobolni faze 15mM fosfatovy pufr
(pH 6,8). Pratok 0,7 ml/min. Oznaceni vzorkii: (A) standard IXP o koncentraci 60
nmol/l, (B) fyziologickd kontrola (IXP 10 nmol/l), (C) pacient s deficitem XDH.

Limity detekce a kvantifikace pro IXP se pohybovaly mezi 0,1 — 0,3 nmol/l.
V ptipadé fyziologickych aktivit byla tedy kvantifikace produktu spolehlivé nad LOQ.
U vzorki s tézkym enzymovym deficitem a absenci produktu (pod LOQ) byla aktivita
hodnocena jako nulova. Opakovatelnost v sérii (n=10) a reprodukovatelnost v ramci
intervalu 20 dnu byla provedena na standardu IXP o koncentraci 20 nmol/l, tedy
v koncentraci odpovidajici mnoZstvi tohoto metabolitu v realném vzorku po 240 min.
inkubaci. Presnost v sérii byla pod 54 % CV a vramci mezidenniho srovnani

nepiesdhla 7,6 % CV. Interferencni efekty nebyly u této metody pozorovany.
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5.2. Stanoveni markeri metabolismu homocysteinu metodou LC-MS/MS

Tato cast disertaéni prace se zabyva vyvojem LC-MS/MS metody pro
kvantifikaci klicovych markeri poruch metabolismu homocysteinu. Cilem bylo na
zakladé koncentracniho zastoupeni tHcy, Met a Cysta vsuché krevni kapce
diagnostikovat pacienty s homocystinurii a rozlisit zda je defekt v remethylaéni nebo
transsulfuraéni ¢asti metabolismu homocysteinu. Porovnat vysledky této metody
s vysledky metod rutinné uzivanych pro méfeni téchto latek v plazmé a rozhodnout zda
Ize navrhovanou metodu aplikovat pro monitoring koncentraci tHcy a Met u pacientl S
homocystinurii. Vysledky této ¢asti jsou sumarizaci a rozSifenim dat prezentovanych

v publikaci v piiloze Il.

5.2.1. Optimalizace a validace metody

Pii ptipravé vzorku pro analyzu bylo nezbytné zvolit optimalni extrakéni postup
analyti z DBS a zredukovat rizné formy vazaného Hcy. Na zaklad¢é porovnani riznych
solventl a redukénich Cinidel byla jako optimalni postup pouzita 30 minutové extrakce
DBS do smési MeOH/voda/kyselina mravenc¢i, obsahujici interni znac¢ené standardy
homocystin-dg, Met-d; a Cysta-d, s redukci pomoci 500 mmol/l DTT. Volbu citlivé MS
instrumentace pro detekci analytt pfedurcoval fakt, Ze objem krve ve vyrazeném terciku
(3,2 mm v priméru) ze suché krevni kapky je ptiblizné 3,4 ul, €ili po extrakci a
nafedéni pracujeme s velmi malym mnozstvim analytu v komplexni matrici.

Analyza byla realizovana pomoci HPLC (Agillent 1290) ve spojeni
s tandemovou hmotnostni spektrometrii (AB Sciex, API 4000) s ionizaci elektrosprejem
Vv pozitivnim modu. Chromatograficka separace probihala v reverznim modu na koloné
SunFire C8 3,5 um, 4,6 x 100 mm (Waters) pfi laboratorni teploté za pouziti izokratické
eluce mobilni faze voda/methanol/kyselina mravenc¢i 60/40/0,1 (v/v), priatoku 350
ul/min, a objemu nastiiku 5 pl. Extrahované MRM chromatogramy pro jednotlivé

analyty a jejich adekvatni vnitini znac¢ené standardy jsou znazornény na Obr.5.6.
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Obr. 5.6 Extrahované MRM chromatogramy Hcy, Met a Cysta a jejich internich
znacenych standardii (vzorek DBS — tHcy 80 umol/, Met 120 umol/, a Cysta 10 umol/).

Separacni podminky: kolona SunFire C8 3,5 um, 4,6 x 100 mm (Waters), izokraticka
eluce s pouzitim mobilni faze voda/methanol/kyselina mravenci 60/40/0,1 (v/v), pritok

350 ul/min, objem nastriku 5 ul.

o O NH, 0
S HS
NH, NH; o] NH,

(A) (B) (C)
Obr. 5.7 Struktury analyzovanych metabolitii; (A) - methionin, (B) — homocystein,
(C) - cystathionin

Nastaveni trojit¢tho kvadrupdlu bylo optimalizovano pro jednotlivé MRM
prechody analyttli a jejich vnitinich znacenych standardti pomoci pfimé infuze v mobilni
fazi. Tato procedura byla velmi dilezita v piipadé Cysta, ktery se vkrvi za
fyziologickych podminek vyskytuje ve velmi nizkych koncentracich, €ili bylo nezbytné
méfit jeho signal za optimalnich podminek, zajiStujicich nejvys$i odstup signalu

k sumu. Pro kvantifikaci byla zvolena metoda kalibra¢ni piimky. Kalibra¢ni body byly
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pfipraveny pfimo do krve, ktera byla nasledné aplikovana na filtra¢ni papirek za vzniku
DBS. Koncentrace byla pocitdna z poméru plochy analytu a piislusného vnitiniho
standardu s pouzitim kalibrace v dané sérii mé&feni. Limity kvantifikace se u tHcy a Met
(0,6 pmol/l) pohybovaly hluboko pod endogenni koncentraci téchto analytd v Krvi.
V ptipad¢ Cysta byl LOQ blizko spodni hranici referenéniho rozmezi endogennich
koncentraci s mezidennim koeficientem variability 14,6 %. Opakovatelnost a
reprodukovatelnost metody byla pro jednotlivé analyty uspé$né testovana na tiech
klinicky relevantnich koncentra¢nich hladinach. Bylo nadefinovéno referencni rozmezi
koncentraci v DBS pro jednotlivé metabolity v zévislosti na v€ku a u novorozencl na
porodni hmotnosti. V pfipadé¢ Cysta se jedna o unikatni data, ktera nebyla doposud

publikovana.

5.2.2. Porovnani vysledku

Vysledky koncentraci jednotlivych metabolit v DBS byly porovnany se vzorky
plazmy odebranymi ve stejny €as a méfenymi tfemi rdznymi konvencénimi metodami.
Komparativni studie zahrnovala nékolik desitek vzorka s Sirokou $kalou koncentraci od
kontrolnich vzorkli po vzorky ziskané od pacientl. Porovnani prokézalo velmi dobrou
korelaci vysledki z obou biologickych matric, nicméné pomoci Bland-Altmanovych
grafii bylo zjisténo, ze primérné koncentrace tHcy jsou v DBS o 40,6 % nize nez
Vv plazmé, Met o0 42,2 % a u Cysta o 6,4 %. Tento zavér byl v souladu s vysledky
ptedchozich experimentil porovnavajicich koncentrace tHcy a Met v DBS a plazmé a
zéaroven reflektoval skute¢nost, ze koncentrace téchto latek v erytrocytech jsou obecné
niz§i. Nicméné pro vylouceni systémové chyby méfeni byla LC-MS/MS metoda
upravena pro méfeni vzorkd plazmy, kde misto DBS bylo do pfipravy vzorku pouZito
10 pl plazmy. V porovnani plazma vs. plazma (tzn. porovnani metod) nebyl tento
negativni bias pozorovan a bylo prokdzéno, ze plvodni odchylky byly zpiisobeny

rozdilnymi matricemi plné krve (DBS) a plazmy.

5.2.3. Aplikace metody v praxi

Nov¢ vyvinuta a zvalidovana metoda byla aplikovana ve tiech oblastech klinické

praxe: 1) Jako druhostupnovy test koncentrace tHCY (tzv. ,,second-tier testing) pro NS
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poruch metabolismu methioninu. V ramci pilotni faze rozsiteni NS v CR (grant IGA
MZ NT/12213-3) bylo testovano 40,892 novorozencti na koncentraci Met. U 0,75 %
vzorkll z tohoto souboru byly zjistény odchylky v koncentraci Met (mimo referen¢ni
rozmezi 7-35 pmol/l) a z téhoz DBS vzorku byly u téchto novorozencu kvantifikovany
tHcy, Met a Cysta. Metoda odhalila jednoho pacienta s deficitem CBS na zakladé¢
zvysené koncentrace tHey 82,3 pmol/l (ref.rozmezi < 10 umol/l) a Met 75,4 umol/l a
nizké koncentrace Cysta 0,06 umol/l (ref.rozmezi 0,13-0,82 umol/l). 2) Jako metoda pro
rychlou diagnostiku poruch metabolismu Hcy (DBS nebo plazma), ktera dokaze nejen
detekovat zvySené koncentrace tHcy, ale na zaklad¢ koncentraci Met a Cysta dokaze
rozli§it mezi poruchou v transsulfuracni (CBS deficit) respektive remethylacni casti
metabolismu homocysteinu. Tato metoda pomohla diagnostikovat 7 pacientt s def. CBS
a 2 pacienty s poruchou remethylace. 3) Metoda je idealni pro monitoring koncentraci
tHcy a Met u jiz diagnostikovanych pacientll v rdmci sledovani dietni kompenzace.
Pacient mize realizovat odbér DBS doma a nasledné vzorky zaslat postou, vyhne se tak
navstéveé lékare a invazivnimu odbéru Zilni krve. V soucasné dob¢ je touto metodou

monitorovano 21 pacientd s poruchou metabolismu homocysteinu.
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6. Zavér

Predkladand disertaéni prace se zabyva vyvojem a optimalizaci metod
kapalinové chromatografie a tandemové hmotnosti spektrometrie a jejich vyuzitim
v diagnostice dédicnych poruch metabolismu. RozSifuje moznosti laboratorniho
diagnostického pfistupu v oblasti detekce defektli spojenych S metabolismem purinii a
homocysteinu.

Koncept prace je zaloZzen na dvou publikacich uvedenych jako soucast prace
v ptilohach I a Il.

Ptinos disertacni prace v této oblasti Ize shrnout do néasledujicich bodu.

1. Byl zaveden komplexni laboratorni postup pro diagnostiku dédi¢né xanthinurie s
moznosti kvantifikace klicovych biochemickych markert, rozliSeni typu a
prikazu deficitu enzymu. Pro tyto ucely byla zavedena HPLC metoda s detekci
diodového pole pro kvantifikaci hypoxanthinu, xanthinu, allopurinolu a
oxypurinolu v mo¢i a plazmé. Tato metoda byla také optimalizovana jako
profilové vySetfeni dalSich sedmi poruch purinového a pyrimidinového
metabolismu. Dale byla zavedena metoda pro analyzu pterinu a isoxanthopterinu
V plazmé v ramci stanoveni enzymové aktivity XDH, vyuZivajici HPLC separaci

a detekei latek fluorimetrickym detektorem.

2. Metody byly uspésné¢ aplikovany v klinické praxi pfi diagnostice dvou pacienti

s xanthinurii . typu.

3. Byla vyvinuta LC-MS/MS metoda pro kvantitativni stanoveni celkového

homocysteinu, methioninu a cystathioninu v suché krevni kapce a plazmé.

4. Metoda mize byt pouzita v klinické praxi jako druhostupniovy test pro
novorozenecky screening vyhledavajici poruchy metabolismu methioninu. Dale
pro rychlou detekci pacientti s homocystinurii S moznosti rozliSit na zaklad¢
koncentrac¢nich poméru jednotlivych analyti zda je porucha v transsulfuracni ¢i
remethylac¢ni ¢asti metabolismu homocysteinu. Diky jednoduchému odbéru a
transportu vzorku suché krevni kapky je tato metoda vhodna pro monitoring
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koncentraci tHcy a Met u jiz diagnostikovanych pacientli pii sledovani jejich

dietni kompenzace.
V ramci tvorby jednotlivych referencnich rozmezi byla ziskdna unikétni data

koncentraci cystathioninu v suché krevni kapce, ktera nebyla dosud

publikovana.
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article info abstract

Avticle history: Background: The article describes the clinical, biochemical, enzymological and molecular genetics findings in
Received 30 June 2011 two patients from two familieswith xanthinuria type I.

Received in revised form 29 August 2011 Methods: Biochemical analysis using high performance liquid chromatography, allopurinol loading test and
Accepted 30 August 2011 analysis of xanthine oxidase activity in plasma and of uromodulin excretion in urine were performed. Se-

Available online 22 September 2011 quencing analysis of the xanthine dehydrogenase gene and the haplotype and statistical analyses of consan-

guinity were performed.

Xanthinuria Results: Probands showed extremely low concentrations of uric acid, on seven occasionsunder the limit of
Xanthine dehydrogenase/oxidase detection. The concentration of uric acid in 38-year-old female was 15 pymol/L in serum and 0.04 mmol/L in
Hypouricemia urine. Excretion of xanthine in urine was 170 mmol/mol creatinine. The concentration of uric acid in 25-
year-old male was 0.03 mmol/L in urine. Excretion of xanthine in urine was 141 mmol/mol creatinine. The
allopurinol loading test confirmed xanthinuria type I. The xanthine oxidase activities in patients were
0 and 0.4 pmol/h/mL of plasma. We found three nonsense changes: p.P214QfsX4 and unpublished p.R825X
and p.R881X.

Conclusions: We found two nonconsanguineous compound heterozygotes with xanthinuria type | caused by
three nonsense changes. The methods used did not confirm consanguinity in the probands, thus there might
be an unconfirmed biological relationship or mutational hotspot.

Keywords:

© 2011 Elsevier B.V. All rights reserved.

1. Introduction aldehyde oxidase. A third type, clinically distinct, molybdenum cofac-

tor deficiency (OMIM 252150) is characterized by the lack of sulfite

Xanthinuria is a rare autosomal recessive inherited metabolic dis- oxidase activity as well as xanthine dehydrogenase and aldehyde
order classified into three forms. Type | and type Il are collectively  oxidase activities.

coined as classical xanthinuria. Type | (OMIM 278300) is caused by So far, about 150 patients with classical xanthinuria have been de-
xanthine dehydrogenase/oxidase deficiency, type Il (OMIM 603592) scribed worldwide. The low concentration of uric acid in serum and
results from a combined deficiency of xanthine dehydrogenase and high excretion of xanthine in urine can be used as preliminary bio-

chemical diagnostic markers of this disease. Additional methods for

diagnosis confirmation and/or identification of the type of xanthi-

Abbreviations: ARF, acute renal failure; XDH/XO, xanthine dehydrogenase/oxidase; nuria include the allopurinol loading test, molecular analysis and
FAD, flavin adenine dinucleotide cofactor; UMOD, uromodulin; HPLC, high perfor- B : P B : P

mance liquid chromatography; SDS-PAGE, sodium dodecylsulphate polyacrylamide the_xa,n_thme oxidase assay in plasma. Xazﬂthmurla has Ia.rge. C!Inlcal

gel electrophoresis; THP, Tamm—Horsfall protein; PCR, polymerase chain reaction; variability and only about half of all patients have urolithiasis [1].

STR, short tandem repeats; DXS, X chromosome polymorphic loci; HVR, hyper-variable ~ The patients may develop calculiin the urinary tract, acute renal fail-

region; KO, knock-out; RHUC, renal hypouricemia. ure (ARF) and myopathy due to deposits of xanthine.
Corresponding author at: Institute of Inherited Metabolic Disorders, First Faculty of Human xanthine dehydrogenase/oxidase (XDH/XO EC1.17.1.4/1.
Medicine, Charles University in Prague and General University Hospital in Prague, Ke . s
Karlovu 2, 128 53 Prague 2, Czech Republic. Tel.: +420 224 018 283; fax: +420 224  17-3.2) is a NAD-dependent molybdenum-containing hydroxylase
967 119. that catalyzes the two terminal steps of the purine degradation path-
E-mail address: bstib@If1.cuni.cz (B. Stiburkova). way, i.e. the oxidation of hypoxanthine to xanthine and xanthine to

0009-8981/$ — see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.cca.2011.08.038
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uric acid. XDH/XO activity in humans is abundantly expressed only in
the liver and small intestine. Although there is a certain amount of
leakage of the enzyme into the circulation, the determination of
XO activity in xanthinuria patients is not routinely performed and
the diagnosis is established by clinical, metabolic and genetic
investigations.

The human XDH gene is located on chromosome 2p23.1 [2]. The XDH
gene comprises 36 exons encoding a protein composed of 1333 amino
acids [3]. The mature enzyme is a homodimer with a subunit molecular
mass of about 150 kDa. Each of the monomers acts independently dur-
ing the reaction. Each subunit contains four redox active centers: two
non-identical 2Fe—2S, one for flavin adenine dinucleotide (FAD) cofac-
tor and one for molybdopterin cofactor [4, 5]. Currently 18 mutations
in the XDH coding region (16 missense/nonsense, one small deletion
and one small insertion) have been described [6], seven mutations are
disease causing: p.R149C [7], p.R228X [8], p.K722X [9], p.T910K [10],
p.T910M [11], c.2567dell [8] and c.1664dupl [12]. Five XDH variants
have been described with low activity (22—69% compared with wild-
type): p.P555S, p.R607Q, p.T6231, p.N909K, p.R1150P, p.C1318Y and
two variants with high activity: p.1703V and p.H1221R [10]. Two vari-
ants have been associated with hypertension: p.A932T and p.N1109T
[13].

Deterioration of kidney function and histopathological findings
has been rarely reported in xanthinuria patients. We therefore decid-
ed to examine urinary uromodulin (UMOD) excretion in patients and
their family members to reveal eventual primary or secondary in-
volvement of Henle's loop and early distal convoluted tubule. De-
creased or aberrant urinary uromodulin (UMOD) excretion and/or
expression has been observed in a number of kidney related disease
conditions [14].

In this article we present clinical, biochemical and molecular genetic
evidence that a previously reported p.P214QfsX4 and novel p.R825X
and p.R881X sequence variants in XDH/XO gene are causing xanthinuria
type lin two Czech families.

2. Methods
2.1. Subjects

All patients received information about the study, agreed and
signed an informed consent. All tests were performed in accordance
with the standards of the institutional ethics committee, which
approved the projects (MSM 0021620806, MZOVFN2005).

2.1.1. Proband 1

A 40-year-old female (nurse by occupation) was born to unrelated
parents after an uncomplicated pregnancy. Her father had renal colic
in his adolescence and is now suffering from coronary heart disease.
No other family members had any obvious history of urolithiasis or
exercise-induced acute renal failure. At the age of 25, hypercholester-
olemia was found in the proband. Her cholesterol has been followed
by a lipid clinic but remained above normal limits. Since the age of
27, she has suffered from repeated urinary tract infections. Kidney
cysts were found as well. At the age of 30, she was found (coinciden-
tally with a routine laboratory investigation) to have undetectable
levels of uric acid in body fluids. At the same time, she was also diag-
nosed with hypertension. She was consequently referred to our Insti-
tute, where a detailed investigation of purine metabolism was
performed.

2.1.2. Proband 2

A 25-year-old male was born to unrelated parents after an uncom-
plicated pregnancy. His paternal great-grandmother suffered from
urolithiasis. No other family members had any obvious history of uro-
lithiasis or exercise-induced acute renal failure. He was examined
in the outpatient department, complaining of mild back pain. The
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personal history obtained from his general practitioner indicated
that the patient was thought to have kidney stones and was therefore
referred to a nephrologist. An ultrasound of the kidney revealed no
signs of urolithiasis. Afterwards the patient was referred to our
department because of repeatedly undetectable uric acid in serum
and urine.

2.2. Biochemical analyses

Creatinine in plasma and urine was measured using the Jaffé reac-
tion adapted for an auto-analyzer (Hitachi Automatic Analyzer 902,
Roche) [15]. Uric acid in serum and urine was measured using a
specific enzymatic method on the same auto-analyzer [16]. High
performance liquid chromatography (HPLC) determination of hypo-
xanthine, xanthine, allopurinol and oxypurinol in urine and plasma
were performed on an Alliance 2695 with a Photodiode Array Detec-
tor 2998 (Waters, USA). Before HPLC analyses, the urine was diluted
with water to final concentration of creatinine of 1 mmol/L. Plasma
aliquots were deproteinized with an equal volume of 2 M perchloric
acid. Samples were centrifuged for 5 min at 7000 g and supernatants
were collected and neutralized with 2.5 M KHCO3. After a subsequent
centrifugation (7000 g, 5 min), potassium perchlorate precipitate was
removed and the supernatants were injected into the column. 20 pl
aliquots of diluted urine or plasma extracts were injected onto the
HPLC column. The determination was performed using a reversed-
phase Prontosil 120-3-C18 AQ (200 x4 mm id) 3 pm HPLC column
(Bischoff), eluted by a linear 15 min gradient from 0 to 30% of aceto-
nitrile in 40 mM ammonium acetate buffer (pH 5), flow rate
0.7 ml/min and detected using UV absorbance scanned over the
range of 230-305 nm [17].

2.3. Allopurinol loading test

The allopurinol loading test [18] was performed in order to distinguish
the type of xanthinuria (I or IlI). First, sample of plasma was obtained be-
fore the administration of allopurinol. Then 300 mg of allopurinol was ad-
ministered orally in one dose. After one hour, a second plasma sample
was taken and the plasma allopurinol and oxypurinol levels were deter-
mined using HPLC. Patients with xanthinuria type | are able to metabolize
allopurinol to oxypurinol using aldehyde oxidase, whereas xanthinuria
type Il patients with a combined deficiency of aldehyde oxidase and xan-
thine dehydrogenase are not and therefore oxypurinol is not detected in
their plasma.

2.4. Xanthine oxidase assay

The xanthine oxidase activity was determined using a modified
method published previously [19]. In brief, 20 pL of plasma (ethylene-
diaminetetraacetic acid used as the anticoagulant) was mixed with
80 pL of 125 pyM pterine in 200 mM Tris—HCI buffer (pH 8.6). The
assay mixture was incubated at 37 °C for 240 min, or alternatively
was stopped immediately if a blank sample was processed. The enzyme
reaction was stopped by the addition of 20 pL of 5% perchloric acid. The
resulting mixture was centrifuged and 80 pL of supernatant was neu-
tralized with 2 pL of 25 M KHCO3. 20 pL of neutralized supernatant
was injected onto the reversed-phase Prontosil 120-3-C18 AQ
(200 <4 mm id) 3 um HPLC column (Bischoff) and eluted by 15 mM
phosphate buffer (pH 6.8). Fluorescence intensities of the reaction
product — isoxanthopterin — were monitored with excitation
at
345 nm and emission at 410 nm. The substrate used for enzyme reac-
tion — pterine — was purified from the isoxanthopterin, an
impurity present in the standard, using Dowex 50 W cation
exchange resin. For activity calculations, the concentration of
isoxanthopterin in  the blank sample was subtracted from the
concentration produced by the enzyme reaction after 4 h of
incubation.
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2.5. SDS-PAGE (sodium dodecyl sulphate—polyacrylamide gel
electrophoresis) and Western blotting of uromodulin

Whole urine was mixed with ultra-pure water and 6x SDS-PAGE
loading buffer in 15 mL tubes, denatured at 100 °C/5 min and
resolved on 4% stacking and 10% separating polyacrylamide gels at 75 V
and 150 V, respectively, using a MightySmall 11 SE260 apparatus (Hoefer
Inc.). Gels were prepared from 40% (w/v) acrylamide/bisacrylamide
(29:1) solution (Sigma-Aldrich). Resolved proteins were transferred
onto a methanol-activated polyvinyliden fluorid membrane in a semi-
dry blotting apparatus PHERO-multiblot (Biotec-Ficher) at 0.6 mA/cm?
for 70 min. The membrane was blocked in phosphate-buffered saline
with 0.05% (v/v) Tween 20 (PBST) and 5% (w/v) bovine serum albumin.
UMOD weas detected using polyclonal anti-THP rabbit antibody (Biogen-
esis) diluted 1:10,000 in PBST with 0.1% (w/v) BSA followed by HRP-
conjugated anti-rabbit secondary antibody (Thermo Scientific) diluted
1:10,000 in the same solution. A SuperSignal® West Pico Chemilumines-
cent Substrate Kit (Thermo Scientific) was used according to manufac-
turer's instructions to produce a chemiluminescent signal recorded
on CP-BU Medical X-ray blue film (Agfa), which was subsequently
developed using a Fomadent solution set (Foma Bohemia).

2.6. PCRamplification and sequence analysis of XDH coding exons

The genomic DNA for PCR analysis was isolated from blood sam-
ples using QIAamp DNA Blood Mini Kit (Qiagen). All exons were am-
plified using PCR and sequenced directly. The sequencing analysis
covered the promoter region and 36 exons and intron—exon bound-
aries. The PCR primers for the amplification of XDH region are
shown in Table 1. 50 ng of genomic DNA was amplified in 50 pl

Table 1

reactions containing 2.5 U Taqg-Purple DNA polymerase, 200 yM
dNTPs and 0.15 pM primers. Amplification products were gel purified
(1% agarose with 1x TAE buffer) using Wizard SV Gel and PCR Clean-
Up System (Promega, Madison, WI, USA). DNA sequencing was per-
formed on an automated ABI PRISM® 3100-Avant Genetic Analyzer
(Applied Biosystems, USA). The purified PCR product of exon 8 was
cloned using a TOPO TA Cloning Kit for Sequencing (Invitrogen) and
the resulting constructs were transformed into TOP10 E. coli cells
(Invitrogen). Positive colonies were selected by PCR. Subsequently
the plasmid DNA was isolated using a Purelink Quick Plasmid Mini-
prep Kit (Invitrogen) and 10 positive clones were sequenced.

2.7. Haplotype analysis

16 autosomal short tandem repeat (STR) polymorphisms (CSF1PO,
FGA, THO, TPOX, VWA, D5S818, D7S820, D8S1179, D13S317,
D16S539, D18S51, D21S1338, D19S433, and SE33), including amelo-
genin locus, were scored using an AmpF1STR® Identifiler® PCR Ampli-
fication Kit (Applied Biosystems) and 17 Y-STR polymorphisms
(DYS456, DYS3891, DYS390, DYS3891l, DYS458, DYS19, DYS385a/b,
DYS393, DYS391, DYS439, DYS391, DYS439, DYS635, DYS392, Y GATA
H4, DYS437, DYS438, and DYS448) were scored using a AmpF1STR®
Yfiler®@ PCR Amplification Kit. The samples were analyzed using an au-
tomated ABI PISM® 3100-Avant Genetic Analyzer and genotypes were
analyzed using GeneMapper® Software, version 3.5 (Applied Biosys-
tems, USA).

Primer sequences for X chromosome polymorphic loci (DXS;
HPRTB, DXS10011, DXS101, DXS6789, DXS7132, DXS8377, DXS9895,
DXS7133, DXS6807, DXS8378, DXS7424, DXS6800, DXS9898, and

Primer sequences (5'-3") and PCR conditions used for amplification of promoter and coding regions of the XDH gene. Primers have overhangs added — forward primers T7 sequence
5'-AAT ACG ACT CAC TAT AG-3', reverse primers RP sequence 5-GAA ACA GCT ATG ACC ATG-3".

Exon Size of PCR product, bp Primer sequences (forward) Primer sequences (reverse) Annealing temperature, °C
1 372 ATTTGCTGTGTGTGATTGTTTG AAGTAAGAGGGGACAGGAAAGA 66
2 320 TGAGATTTAGAGGGGCAGAGT CTCTTTCCTCCACACCTCAAG 66
3 323 GTGTGGGAATGAATGGCTCT CATAAAAACAGGGGCTCACA 60
4 279 AGCCTCACAAAGTCCTCCAG AGTCTGCAACTTTGGCATGAG 60
5 379 GTGATTACTACCCCCACTATCT ATCTTAGTCACCACCTTGTTG 64
6 231 GTAAAGAGAGCACCCAACTTAGTT CTCCCCACAGTGATTTCTGAGT 64
7 210 GCTGGAGTGTTCTGGATATTA AGTCTCAGATTACCCCCAGG 66
8 493 GAAGAGGAACCTACGGTGAGT CACATAGCAGAGACTCAACCTA 62
9 415 TGAACATATTACTTCCCCTTGC GTCAGTGGGGCAGAGGGATA 64
10 259 TATCCTGTGTGTAATGGTGAGAA ATACCTGCCACCCACCTTGTA 64
11 386 TGATTCAGCCTTGCTCCAGTT CTCCTCCCAGGCAACTCTAAG 64
12 297 GTGACTACAGTAGGCACAGGA AATGACCTATCTGGTGAGACTTT 64
13 452 TTGTGCCAGTCATTTGCTCT TCAGAGAGAAAAATCATCAATGT 64
14 443 ACTGATGTGTGATGGTGTTAT TAGTAGCAGCAGTAGCAGTAGT 64
15 403 CTCTAAGTATCCAAGCCAAAT CTCAGATGTCCAGAGGAGAG 64
16 353 ACTCAAAGGCGTATGAAGTGA ACTGGGTATTTACGCACAAGA 62
17 372 TTATTCTTACCCCTTGGTGTC CTAGCAGGGTGAGAGAAGTCT 66
18 302 CAAGCCAATCAAAATAAGAAC ATCAGGAGTTTGGAGCAATGT 62
19 326 GATTGTGAGGGCAGGGACTTC AATCCCTACCTGCTGCTCAAA 62
20 285 CTCTTTCCCTAATCAGAACCTA GTCAGGAAATGTCCAGAAATC 66
21 315 CAGACCACTTGGCAGAGTATA CACATCTCCCTCTTCCTATTT 66
22 459 AACTGCTTGCCCTCTGGTTAA TTCAAAGCAGGGGGAAACTAA 66
23 272 GCTGTTTTTATTCTGAGACTTG GATAGGCAAAAAGTAGGAGTG 66
24 290 TTATTTCCTCCAGGTGACATA ACAGTAGCAAGCAGGGACTG 66
25 438 GAAAGGCAGGCAATGGATACA GCAGGGCACAACCTAAAGTTA 64
26 342 AACTTTAGGTTGTGCCCTGCC GTTGGCAAACTCAGCAGTCTC 64
27 306 TTCTCATCTTTGTGGGCAACC CAGTAAGCCCTGTTACCAGTGA 66
28 348 CTGAGGTTTACATCCAAAATG CTACACGGACATAAGCAACAG 66
29 473 GACATCCCAGACAATGAGATT CTTTGAGGGCAGTGATTATGA 66
30 296 ATTGCTTGGAGGTAGCCTTG CAACTTCTCTCTGCTGTTCTGA 66
31 324 GTATGGAAATGGGAGTCACTA ATTAGCGGAAGTCTGTTGAAG 66
32 339 TTAAAGATGTTGTGGGTCAAG GATGTTTGCCTATCCTTAATG 66
33 274 ACTCTTTGGTTGGCACTTGTAG TGAAGACAACCTTGGACAACAT 66
34 452 TAAGCAATAGAGGGCAGTTTT AAACCATCTTCCCTCCTCAA 66
35 440 CTTCCTGCTGTATTTGGTGTG GTTAGGAGAGAGCCCAACACC 66
36 526 CTTGGAATGATGGTTGGCAGT GGTTTGTGGGAATCCTCTTCA 66
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DXS6809) were obtained from the Otto-von-Guericke University Mag-
deburg School of Medicine [20].

Mitochondrial DNA analysis of the hyper-variable regions HVR1,
HVR2 and HVR3 was performed using the available FBI database of
primer sequences [21]. PCR products were analyzed using an ABI
PRISM® 3100-Avant Genetic Analyzer (Applied Biosystems, USA).
Final data analysis was completed using a Sequence Scanner, version
1.1 (Applied Biosystems, USA). Each sequence was compared to the
revised Cambridge Reference Sequence for human mitochondrial
DNA [22].

3. Results
3.1. Biochemical evaluation

3.1.1. Proband 1

Ultrasound of the kidneys revealed bilateral nephrocalcinosis and
renal cysts. Biochemical data showed significantly low concentrations
of uric acid (15 pmol/L in serum and 0.04 mmol/L in urine, on five oc-
casions under the detection limit) and urinary excretion of xanthine
and hypoxanthine was 190 mmol/mol creatinine and 64 mmol/mol
creatinine, respectively. The xanthine oxidase activity in plasma was
0.4 pmol/h/mL (reference ranges 3.2—9.2 pmol/h/mL). The concentra-
tion of oxypurinol in plasma after administration of allopurinol was
3 pmol/L. Her two sons were also examined and found to have normal
biochemical findings and the xanthine oxidase activities within the
normal range.

3.1.2. Proband 2

The concentration of uric acid in serum was not detected on two
occasions, in the urine it was 0.03 mmol/L. Excretion of xanthine
and hypoxanthine in urine was 170 mmol/mol creatinine and
89 mmol/mol creatinine, respectively. Xanthine oxidase activity in
plasma was undetectable. The concentration of oxypurinol in plasma
after administration of allopurinol was 19 pymol/L. Both of the pro-
band's parents and his brother had normal biochemical findings and
the xanthine oxidase activities within the normal range. The results
are summarized in Table 2.

3.2. Urinary UMOD excretion

We employed SDS-PAGE and Western blotting methods to exam-
ine urinary UMOD excretion. First, we examined proband 1 and
detected decreased excretion as well as abnormal UMOD processing,
which we previously observed in Fabry disease patients [23]. We
therefore obtained a new sample from proband 1 and analyzed it to-
gether with samples from proband 2 and members of both families.
However, we were not able to demonstrate decreased or otherwise
aberrant UMOD excretion in any examined person (data not shown).

Table 2
Values of biochemical markers and xanthine oxidase activity in patients with xanthine
oxidase deficiency and their relatives as compared to reference ranges in controls.

3.3. Sequence analysis of XDH gene

DNA sequence variations found in exon regions of the XDH gene
of the two probands are shown in Table 3, electrophoreograms in
Fig. 1. The reference genomic sequence was defined as NCBI36:2:
31410091:31491267:-1 based on the entry ENSG00000158125 [24]
and the reference protein sequence was defined as P47989 [25]. A het-
erozygous deletion was found in proband 1 in exon 8 (p.P214QfsX4).
We previously detected this mutation in a 78-year-old Caucasian
woman with isolated XDH deficiency presenting as rheumatoid ar-
thritis [26]. The second heterozygous sequence variant, an
unpublished nonsense mutation, was found in exon 25 (p.R881X). A
heterozygous deletion, p.P214QfsX4, was found in one son and a sec-
ond heterozygous sequence variant, p.R881X, was found in the other
son of proband 1.

In proband 2, we detected the same heterozygous deletion in exon
8 as in proband 1. A second heterozygous mutation, an unpublished
nonsense mutation, was found in exon 23 (p.R825X). A heterozy-
gous deletion, p.P214QfsX4, was found in father and brother, the
second heterozygous sequence variant, p.R825X, was found in the
mother.

3.4. Haplotype analysis

We have chosen five methods, presented below, for authentica-
tion of a blood relationship among three probands (probands 1, pro-
band 2 and a previously reported patient [26]).

3.4.1. STR autosomal polymorphisms

We have detected only three affined alleles in the probands — allele
12 in polymorphic locus D13S317 with a frequency of 0.26725, allele
13 in polymorphic locus D19S433 with the frequency of 0.24375 and
allele 18 in polymorphic VWA locus with a frequency of 0.22225.

3.4.2. Y-STR polymorphisms

Having examined Y-STR polymorphisms through the most recent
common ancestor direct calculation in the son of proband 1, we
detected that each of scanned individuals belonged to a different pa-
ternal line. The proband (see above) together with his brother and fa-
ther belongto the R1A haplogroup, which represents approximately
40% of the Czech Republic population. One of the proband's 1 sons
is a R1B haplogroup carrier (in the Czech Republic approximately
35%), while the second son is in the H haplogroup, which is very
rare in the Czech Republic [27].

3.4.3. Mitochondria test

We identified a previously reported patient [26] to be a T hap-
logroup carrier. In this study, we found that proband 1 is a H hap-
logroup carrier (the most common haplogroup in Europe with an
approximate frequency of 46%). Both have been separated from the
super-haplogroup H. At HVR1 loci, we found the same mutation
(16304C) in a previously reported Polish patient as well as in proband

1D, born Uric acid serum, pmol/L Uric acid urine, mmol/L Xanthine urine, Hypoxanthine urine, Xanthine oxidase activity Oxypurinol* plasma,
mmol/molCreat mmol/molCreat plasma, pmol/h/mL pmol/L

Proband 1, 1970 15 0.04 190 64 0.37 3.0

Son 11.1, 1989 346 1.67 8 6 Not performed Not performed

Son 11.2, 1996 175 3.78 21 30 Not performed Not performed

Proband 2, 1984 not detected 0.03 170 89 0.00 19.1

Father 1.1, 1965 268 2.20 18 10 3.35 Not performed

Mother 1.2, 1965 182 2.20 14 12 8.38 Not performed

Brother 11.2, 1991 439 4.70 8 9 Not performed Not performed

Reference range 120-340%, 120-416° 0.40-4.70 =25 =30 3.2-9.2 -

*One hour after the administration of allopurinol (allopurinol loading test), *childern
under 15 years and female, °male.
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Table 3

The sequence variations in exonic regions and intron—exon boundaries of XDH gene in patients with xanthinuria; variation source dbSNP 132, location source transcript

ENSTO00000379416, chromosome 2: 31,557,187-31,637,581 reverse strand.

ID Region Variation ID Position Variation Genotype Mutation Protein
Proband 1 Exon 8 - 2:31610687 delC Cl— Deletion p.P214QfsX4
Intron 8 rs477626 2:31609448 T—G GG
Exon 10 rs4407290 2:31606670 CoT TC Synonym p.V279VvV
Intron 13 rs10187719 2:31600146 A—G GG
Intron 14 rs2070294 2:31598485 A—G GG
Intron 20 1s761926 2:31590785 G—C cc
Exon 21 rs2295475 2:31589847 C—T TT Synonym p.17371
Intron 23 rs2365842 2:31588288 A-T TT
Exon 25 - 2:31573080 C—T CT Nonsense p.R881X
Exon 27 rs1884725 2:31571786 T—C TC Synonym p.F1010F
Intron 27 rs13415401 2:31571241 C—G CcG
Intron 28 rs4952084 2:31570631 T-C TC
Intron 28 rs4952083 2:31570626 G—A GA
Intron 29 rs1366813 2:31570376 A—G AG
Intron 30 rs207454 2:31567632 A—C AC
Proband 2 Intron 1 - 2:31628906 A—C AC
Exon 8 - 2:31610687 delC Cl— Deletion p.P214QfsX4
Intron 8 rs477626 2:31609448 T—-G GG
Intron 13 rs10187719 2:31600146 A—G AG
Intron 14 rs2070294 2:31598485 A—G AG
Exon 21 rs2295475 2:31589847 C—-T TC Synonym p.17371
Exon 23 - 2:31588394 C—-T TC Nonsense p.R825X
Intron 23 rs2365842 2:31588288 A-T AT
Intron 24 - 2:31586961 G—A GA

2, his mother and his brother. Yet, this kind of mutation is not consid-
ered rare — instead it is referred to as relatively common [28], thus
we cannot utilize it for any statistical blood relationship verification.
Likewise, we have found an identical occurrence of mutation 263G
at the HVR2 loci. Unfortunately, we have to state the same conclusion
for this kind of mutations as in the previous section — the statistical
significance is low because of its common occurrence [29].

3.4.4. X-STR polymorphism

In the method using the X-STR polymorphisms examination, only
two probands are of interest. We detected that they match in 7 out of
14 polymorphisms. Unfortunately, matching alleles are very common
in the Czech population, so we could not delineate the relatedness.

4. Discussion
Here, we report two patients with xanthinuria type I. The disorder

was demonstrated by low concentrations of uric acid in serum and high
excretion of xanthine in the urine and subsequently by low (proband

1) or undetectable (proband 2) XO enzyme activity in plasma. The diag-
nosis of xanthinuria type 1 was confirmed by molecular genetic testing.

Due to the leakage of XO from dying liver cells, XO activity can be de-
termined in plasma using sensitive methods. Undetectable XO activities
were determined in biopsy specimens of the duodenal mucosa from a
few patients with xanthinuria type 1 [18, 7, 30]. Decreased activity
(5.7% of normal) was also described [12]. On the other hand, it was
reported that the XO activity in the duodenal mucosa of two obligate
heterozygous was about 50% of that in healthy subjects [31]. However,
the DNA analysis of XDH/XO gene in this family with unusual symptoms
(hyperuricemia and gout in heterozygotes) was not performed.

In this study, we showed that the determination of plasma XO ac-
tivity may be used for the confirmation of enzyme deficiency, al-
though attention should be paid to the underlying liver disease in
the patients, which would result in higher liver enzymes activities
in plasma due to increased tissue damage. The plasma XO activities
in the heterozygote relatives harboring nonsense mutations were
within the normal range, showing no utility of the assay to recognize
heterozygotes.

a b c d e
TTTTTCCCCCAATTTTTCCCCCAG  TTTTTCCCCAGACCCTGTGCGAT GTATGGAATGAGC

301 375 385 73 109
p.P214QfsX4 wt g.27077delC p.R825X p-.R881X

Fig. 1. Electrophoreograms of partial sequences of XDH showing a) heterozygous
mutation p.P214QfsX4 in exon 8 (position 300), b and c) separated alleles of exon 8
(wt position

381, g.27077delC in position 388), d) heterozygous mutation p.R825X in exon 23
(position 69) and e) heterozygous mutation p.R881X in exon 25 (position 106).
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Mutation analysis in XDH/XO gene has been performed in only a
very few xanthinuria patients. In our patients, a heterozygous dele-
tion p.P214QfsX4 was found. The first affected amino acid, Proline-
214, is changed into Glutamine and the new reading frame ends by
a stop codon at position 4, p.P214QfsX4. The putative mutant
protein is composed of only 228 amino acids and probably com-
prises only the first small N-terminal domain (residue 3-164
amino acids) containing Fe-S cofactors and the incomplete adja-
cent FAD domain (192-527 amino acids). This sequence variant
was previously detected by the authors in a 75-year-old Caucasian
woman with rheumatoid arthritis [26]. Her second heterozygous
mutation was p.T910M, also detected previously in a family with
xanthinuria type | presenting with hypouricemia, hypouricosuria,
high urinary excretion of hypoxanthine and xanthine, and xanthine
stones [11]. The second and third heterozygous sequence variants
found in our patients were previously unpublished nonsense muta-
tions p.R825X and p.R881X. These variants are nonsense mutations
resulting in a premature stop codons and putative mutant proteins
with only 825 and 881 amino acids, respectively, probably com-
prising incomplete molybdopterin domains. However, rheumatoid
arthritis was not observed, although proband 2 was examined in
the outpatient department for complaints of mild back pain. The
relationship between p.P214QfsX4as a causal mutation and rheu-
matoid arthritis was not elucidated and the wide clinical hetero-
geneity of xanthinuria cannot be explained by observed genetic
defect.

As xanthinuria is a very rare disease, we presumed a biological
relationship among three probands sharing the same mutation
p.P214QfsX4. However, the methods used were not able to confirm
their consanguinity. Nevertheless, there could be an unconfirmed
biological relationship or mutational hotspot.

Symptoms in xanthinuria type | are usually related to the stone
formation. However, the clinical and biochemical signs leading to
the diagnosis of xanthinuria are frequently not based on the xanthine
stones analysis. The finding of profound hypouricemia is often discov-
ered during screening test or during investigation of a presumably
unrelated medical problem — the case in our two probands.

Hypouricemia can result from decreased uric acid production, but
it is more commonly due to decreased renal tubular urate reabsorp-
tion. Differential diagnosis of hypouricemia includes disturbances in
transport of uric acid in the proximal tubule as Fanconi syndrome
and renal hypouricemia type 1 (RHUC1, OMIM 220150) [32] and
type 2 (RHUC2, OMIM 612076) [33, 34]. Other secondary causes of
hyperuricosuric hypouricemia are easily excluded during clinical
and laboratory examinations. Xanthinuria type | is easily distin-
guished due to the finding of allopurinol oxidizing activity in the allo-
purinol loading test. Congenital absences of molybdenum cofactor
with combined XDH/XO/sulfite oxidase deficiency is usually associat-
ed with severe neurological disorders such as neonatal period intrac-
table seizures, dysmorphic features, mental retardation and coma and
elevated concentrations of sulfocysteine in the urine [35].

Similarly low levels of serum uric acid ranging from 1 to
40 pmol/L, as observed in patients with xanthinuria, were reported
in three families with homozygous loss-of-function mutations in
SLC2A9 gene causing renal hypouricemia (RHUC) type 2 [33,34].
RHUC is a heterogeneous inherited disorder with an unknown
pathogenesis characterized by impaired tubular uric acid transport,
reabsorption insufficiency and/or acceleration of secretion with po-
tentially severe complications, such as acute renal failure and nephro-
lithiasis. Most patients are clinically asymptomatic [11]. From nine
patients with RHUC type 2, three presented with nephrolithiasis
and three presented with ARF, three patients were without clinical
history [33, 34]. On the other hand, none of the probands with xanthi-
nuria had ARF in their medical history. It suggests that extremely
low levels of serum uric acid (close to 0 pmol/L) alone probably can-
not lead to renal failure in patients with xanthinuria.

The relevance of the study of the XDH/XO is not restricted to
xanthinuria only. The role of the reaction product of xanthine dehy-
drogenase/oxidase, uric acid, in the body is not entirely clear. Serum
uric acid levels in healthy humans (about 300 pmol/L or 5 mg/dl)
are considerably higher than those of ascorbate, making it one of
the major antioxidants. However, the findings in patients with ex-
tremely low serum urate levels (without neurological symptoms,
see above) suggest that the protective systems involving plasma
uric acid [36] are not essential. It has been reported that an increase
by one standard deviation in serum uric acid was associated with a
30% reduction in risk of Parkinson's disease [37]. Men in the higher
quartile of serum uric acid levels had a 55% lower risk of Parkinson's
disease compared with those with the lowest levels of uric acid
[38]. Uric acid has shown beneficial effectsin animal models of neuro-
logical disorders, including multiple sclerosis and spinal cord injury
[39, 40]. Recently, there have been reported associations between
higher uric acid levels and increased performance in memory-related
tasks [41]. However, in a cohort of patients with extremely low serum
uric acid levels (RHUC2, XDH deficiency), no neurological clinical his-
tory was observed [7, 12, 18, 33, 34]. However, the role of serum uric
acid in protection from neurological disorders has not been complete-
ly elucidated yet.

Deterioration of renal functions other than nephrolithiasis is not a
prominent feature of xanthinuria, hence the evaluation is not usually
considered. However, in a recent report involving Xdh™'~ mice, renal
failure and death within several months was observed [42]. On the
contrary, kidney function deterioration and/or histopathological find-
ings and pathophysiological processes observed in these KO mice
have never been observed and/or reported in xanthinuria patients.

5. Conclusions

In conclusion, we report novel sequence variants in the human
XDH/XO gene responsible for the xanthinuria type 1 in two Czech pa-
tients with extremely low serum uric acid levels. Our detailed inves-
tigation of purine metabolism was based on (a) allopurinol loading
test, (b) determination of uric acid, xanthine and hypoxanthine in
body fluids, (c) plasma activity assay of xanthine oxidase and (d)
DNA analysis of XDH/XO gene. Following results of our detailed labo-
ratory investigations of purine metabolisms confirmed the diagnosis
of hereditary xanthinuria type | — (a) low or undetectable levels of
uric acid in body fluids and elevated urinary xanthine and hypoxan-
thine concentrations, (b) decreased plasma activity of xanthine oxi-
dase, (c) positive allopurinol loading test and (d) finding of three
novel mutations in the XDH gene.

Hereditary xanthinuria is a rare metabolic disorder. Although the
XDH/XO enzyme has long history of investigation, the physiological
function in humans is not fully elucidated. Further detailed studies
of the XDH/XO gene could hopefully clarify the molecular pathogene-
sis of xanthinuria and relationship between activity of XDH/XO and
some pathological conditions as hypertension, cardiovascular disease
and renal failure.

Authors' contributions

This paper reports the results of a multicenter study: clinical eval-
uation of patients has been performed by IS; biochemical investiga-
tions by JK and JB; urinary UMOD excretion by PV; haplotype
analysis by EG, MK; contributions to conception and design, sequenc-
ing analysis by BS.

Acknowledgments

This study was supported by Research Projects MSM 0021620806
and 1M6837805002 from the Ministry of Education, Youth and

46



B. Stiburkova et al. / Clinica Chimica Acta 413 (2012) 93-99

Sports, and by grant MZ0VFN2005 from the Ministry of Health of the
Czech Republic.

References

[1] Bradbury M, Henderson GM, Brocklebank J, Simmonds A. Acute renal failure due
to xanthine stones. Pediatr Nephrol 1995;9:476—7.

[2] XDH xanthine dehydrogenase [Homo sapiens] - Gene result. National Center for
Biotechnology Information; November 2010. http://www.ncbi.nim.nih.gov/gene/
7498. Accessed 2/20/2011.

[3] Ichida K, Amaya Y,Noda K, et al. Cloning of the cDNA encoding human xanthine
dehydrogenase (oxidase): structural analysis of the protein and chromosomal lo-
cation of the gene. Gene 1993;133:279-84.

[4] Nishino T.The conversion of xanthine dehydrogenase to xanthine oxidase and the
role of the enzyme in reperfusion injury. J Biochem 1994;116:1—6.

[5] Amaya Y, Yamazaki K, Sato M, Noda K, Nishino T. Proteolytic conversion of xan-
thine dehydrogenase from the NAD-dependent type to the O2-dependent type.
Amino acid sequence of rat liver xanthine dehydrogenase and identification of
the cleavage sites of the enzyme protein during irreversible conversion by trypsin. ]
Biol Chem 1990;265:14170-5.

[6] HGMD"® Professional 2011.2; October 2010. https://portal.biobase-international.

com/hgmd/pro/all.php. Accessed 2/20/2011.

Sakamoto N, Yamamoto T, Moriwaki Y, et al. Identification of a new point muta-

tion in the human xanthine dehydrogenase gene responsible for a case of classical

type | xanthinuria. Hum Genet 2001;108:279—-83.

[8] Ichida K, Amaya Y, Kamatani N, Nishino T, Hosoya T, Sakai O. Identification of two
mutations in human xanthine dehydrogenase gene responsible for classical type |
xanthinuria. J Clin Invest 1997;99:2391—7.

[9] Gok F, Ichida K, Topaloglu R. Mutational analysis of the xanthine dehydrogenase
gene in a Turkish family with autosomal recessive classical xanthinuria. Nephrol
Dial Transplant 2003;18:2278—83.

[10] Kudo M, Moteki T, Sasaki T, et al. Functional characterization of human xanthine
oxidase allelic variants. Pharmacogenet Genomics 2008;18:243—-51.

[11] Arikyants N, Sarkissian A, Hesse A, Eggermann T, Leumann E, Steinmann B.
Xanthinuria type I: a rare cause of urolithiasis. Pediatr Nephrol 2007;22:310—4.

[12] Levartovsky D, Lagziel A, Sperling O, et al. XDH gene mutation is the underlying
cause of classical xanthinuria: a second report. Kidney Int 2000;57:2215—20.

[13] Yang J, Kamide K, Kokubo Y, et al. Associations of hypertension and its complica-
tions with variations in the xanthine dehydrogenase gene. Hypertens Res
2008;31:931-40.

[14] Vyletal P, Bleyer AJ, Kmoch S. Uromodulin biology and pathophysiology — an up-
date. Kidney Blood Press Res 2010;33:456—75.

[15] Fossati P, Prencipe L, Berti G. Use of 3,5-dichloro-2-hydroxybenzenesulfonic
acid/4-aminophenazone chromogenic system in direct enzymic assay of uric
acid in serum and urine. Clin Chem 1980;26:227-31.

[16] Bowers LD, Wong ET. Kinetic serum creatinine assays. 1. Acritical evaluation and
review. Clin Chem 1980;26:555—61.

[17] Jurecka A, Zikanova M, Tylki-Szymanska A, et al. Clinical, biochemical and molec-
ular findings in seven Polish patients with adenylosuccinate lyase deficiency. Mol
Genet Metab 2008;94:435—42.

[18] Ichida K, Yoshida M, Sakuma R, Hosoya T.Two siblings with classical xanthinuria
type 1: significance of allopurinol loading test. Intern Med 1998;37:77—82.

[19] Yamamoto T, Moriwaki Y, Takahashi S, et al. Determination of human plasma xan-
thine oxidase activity by high-performance liquid chromatography. J Chromatogr
B Biomed Appl 1996;681:395—-400.

[20] Primer sequences localisation table for X chromosome polymorphic loci. The Fo-
rensic CHRX Research Group; 2009. http://www.med.uni-magdeburg.de/chrx/
linkagde_tabelle.htm. Accessed 02/14.

[21] Guidelines for Mitochondrial DNA (mtDNA) Nucleotide Sequence Interpretation.
FBI Federal Bureau of Investigation; April 2003. http://www.fbi.gov/about-us/

7

[22]
[23]
[24]

[25]

[26]
[27]
[28]

[29]

[30]
[31]
[32]

[33]
[34]

35]
36]

[37]
[38]

[39]
[40]

[41]

[42]

47

lab/forensic-science-communications/fsc/april2003/swgdammitodna.htm.
Accessed 02/14/2009.

Homo sapiens mitochondrion, complete genome (Sequence for human mitochon-
drial DNA). National Center for Biotechnology Information; June 2008. http://
www.ncbi.nlm.nih.gov/nuccore/NC_012920. Accessed 02/14/2009.

Vyletal P, Hulkova H, Zivna M, et al. Abnormal expression and processing of uro-
modulin in Fabry disease reflects tubular cell storage alteration and is reversible
by enzyme replacement therapy. J Inherit Metab Dis 2008;31:508—17.

Ensembl genome browser 63: Homo sapiens - Gene summary - Gene XDH; Feb-
ruary 2011. http://www.ensembl.org/Homo_sapiens/Gene/Summary?db=core;
g=ENSG00000158125;r=2:31557187—-31637581;t=ENST00000379416. Accessed
2/20/2011.

Xanthine dehydrogenase/oxidase. Protein Knowledgebase. Available from. http://
www.uniprot.org/uniprot/P47989. February 2011 Accessed 2/26/2011.

Jurecka A, Stiburkova B, Krijt J, Gradowska W, Tylki-Szymanska A. Xanthine dehy-
drogenase deficiency with novel sequence variations presenting as rheumatoid
arthritis in a 78-year-old patient. J Inherit Metab Dis 2010, doi:10.1007/s10545-
009-9011-z.

Luca F, Di Giacomo F, Benincasa T, et al. Y-chromosomal variation in the Czech Re-
public. Am ] Phys Anthropol 2007;132:132-9.

Coble MD, Just RS, O'Callaghan JE, et al. Single nucleotide polymorphisms over the
entire mtDNA genome that increase the power of forensic testing in Caucasians.
Int J Legal Med 2004;118:137—46.

Richards MB, Macaulay VA, Bandelt HJ, Sykes BC. Phylogeography of mitochondri-
al DNA in Western Europe. Ann Hum Genet 1998;62:241—60.

Yamamoto T, Moriwaki Y, Shibutani Y, et al. Human xanthine dehydrogenase
cDNA sequence and protein in an atypical case of type | xanthinuria in compari-
son with normal subjects. Clin Chim Acta 2001;304:153—8.

Kawachi M, Kono N, Mineo I, Yamada Y, Tarui S. Decreased xanthine oxidase ac-
tivities and increased urinary oxypurines in heterozygotes for hereditary xanthi-
nuria. Clin Chim Acta 1990;188:137—46.

Enomoto A, Kimura H, Chairoungdua A, et al. Molecular identification of a renal
urate anion exchanger that regulates blood urate levels. Nature 2002;417:
447-52.

Dinour D, Gray NK, Campbell S, et al. Homozygous SLC2A9 mutations cause severe
renal hypouricemia. ] Am Soc Nephrol 2010;21:64—72.

Stiburkova B, Ichida K, Sebesta I. Novel homozygous insertion in SLC2A9 gene
caused renal hypouricemia. Mol Genet Metab 2011;102:430-5.

Johnson JL, Coyne KE, Rajagopalan KV, et al. Molybdopterin synthase mutations in
a mild case of molybdenum cofactor deficiency. Am J Med Genet 2001;104:
169-73.

Ames BN, Cathcart R, Schwiers E, Hochstein P. Uric acid provides an antioxidant
defense in humans against oxidant- and radical-caused aging and cancer: a hy-
pothesis. Proc Natl Acad Sci USA 1981;78:6858—62.

de Lau LM, Koudstaal PJ, Hofman A, Breteler MM. Serum uric acid levels and the
risk of Parkinson disease. Ann Neurol 2005;58:797—800.

Weisskopf MG, O'Reilly E, Chen H, Schwarzschild MA, Ascherio A. Plasma urate
and risk of Parkinson's disease. Am J Epidemiol 2007;166:561—7.

Hooper DC, Bagasra O, Marini JC, et al. Prevention of experimental allergic en-
cephalomyelitis by targeting nitric oxide and peroxynitrite: implications for the
treatment of multiple sclerosis. Proc Natl Acad Sci USA 1997;94:2528—33.

Scott GS, Cuzzocrea S, Genovese T, Koprowski H, Hooper DC. Uric acid protects
against secondary damage after spinal cord injury. Proc Natl Acad Sci USA
2005;102:3483-8.

Houlihan LM, Wyatt ND, Harris SE, et al. Variation in the uric acid transporter
gene (SLC2A9) and memory performance. Hum Mol Genet 2010;19:2321—30.
Ohtsubo T, Matsumura K, Sakagami K, et al. Xanthine oxidoreductase depletion
induces renal interstitial fibrosis through aberrant lipid and purine accumulation
in renal tubules. Hypertension 2009;54:868—76.




Priloha II

Simultaneous determination of cystathionine, total homocysteine, and
methionine in dried blood spots by liquid chromatography/tandem mass
spectrometry and its utility for the management of patients with

homocystinuria.

Bartl J., Chrastina P., Krijt J., Hodik J., Peskova K., Kozich V.

Clin Chim Acta 2014 (v recenznim rizeni).

48


http://www.ncbi.nlm.nih.gov/pubmed/21963464

Simultaneous determination of cystathionine, total homocysteine, and methionine in
dried blood spots by liquid chromatography/tandem mass spectrometry and its utility for

the management of patients with homocystinuria.

Josef Bartl, Petr Chrastina, Jakub Krijt, Jakub Hodik, Karolina Peskova and Viktor
Kozich”

Institute of Inherited Metabolic Disorders, First Faculty of Medicine, Charles University

in Prague and General University Hospital in Prague, Czech Republic

“Correspondence to: Dr. Viktor Kozich, Institute of Inherited Metabolic Disorders, First
Faculty of Medicine, Charles University in Prague and General University Hospital in
Prague, Ke Karlovu 2, 128 53 Prague 2, Czech Republic.

Email: Viktor.Kozich@vfn.cz

Phone: +420-224967679

Fax: +420-224967168

Abbreviations:

Hcy, homocysteine; Cysta, cystathionine; Met, methionine; tHcy, total homocysteine;
DBS, dried blood spots; LC-MS/MS, liquid chromatography-tandem mass
spectrometry; MRM, multiple reaction monitoring; RM, remethylation; CBS,
cystathionine beta-synthase; Hcy-Hcy, homocystine; DTT, dithiothreitol; EDTA,
ethylenediaminetetraacetic acid; CV, coefficient of variation; TCEP, tris-(2-

carboxyethyl)phosphine; LOD, limit of detection; and LOQ, limit of quantification.

49



Abstract

BACKGROUND

Disorders of homocysteine and B-vitamin metabolism represent a significant problem in
clinical practice. Establishing the diagnosis requires specialized tests with demanding
preanalytical requirements. To advance the detection of patients with these disorders,
we developed a method for the simultaneous determination of cystathionine (Cysta),
methionine (Met) and total homocysteine (tHcy) in dried blood spots (DBS).

METHODS

A punch from a DBS sample was mixed with a solution of isotopically labeled internal
standards, and analytes were extracted using methanol/0.1% formic acid/0.5 mol/L
dithiothreitol. The extract was injected into an LC-MS/MS system operating in MRM

mode.

RESULTS

The analytical performance of the method employing DBS is adequate for its purpose
and the type of sample. Compared with Cysta, tHcy and Met plasma levels, our method
exhibited a negative bias between -6.4% and -42.2% due to the lower concentrations of
these analytes in erythrocytes. The tHcy level and the Met/Cysta ratio in DBS enabled
the clear detection of 12 patients with disorders of transsulfuration and with genetic and

nutritional remethylation defects.

CONCLUSIONS

The ease of collecting and transporting DBS samples may advance diagnostic
procedures in patients with neuropsychiatric disorders and thromboembolism.
Consequently, this approach may facilitate detection and simplify the monitoring of
patients with homocystinuria.

Key words: cystathionine, homocysteine, methionine, dried blood spots, LC-MS/MS,

newborn screening, therapy monitoring

50



1. Introduction

Homocystinuria represents a group of rare genetic disorders characterized by markedly
elevated plasma levels of total homocysteine (tHcy) and its increased excretion in the
urine. Currently, 8 distinct enzyme deficiencies caused by mutations in the respective
genes are recognized as causes of homocystinuria. In homocystinuria, the plasma tHcy
concentrations typically range between 50 and 400 umol/L compared to physiological
levels of 5-15 umol/L. Two types of homocystinuria can be distinguished based on the
location of the enzyme defect and the resulting changes in methionine (Met) and
cystathionine (Cysta) concentrations. Defects in the remethylation (RM) pathway, such
as methylene tetrahydrofolate reductase deficiency, and intracellular methylcobalamin
synthesis defects of complementation groups cbIC, cbID (including cbID variants),
cblE, cblF, cblG and cblJ are characterized by low-normal to decreased plasma Met
levels and high-normal to elevated Cysta levels. In contrast, the hallmark of
cystathionine beta-synthase (CBS) deficiency, which affects the transsulfuration
pathway of homocysteine (Hcy), is plasma with elevated Met level and low-normal to
decreased Cysta levels. Thus, the ratio of Met/Cysta may be a suitable marker for
differentiating these two types of homocystinuria [1]. Homocysteine metabolism
depends not only on the intact function of the genes described above but also on the
nutritional supply of B vitamins (i.e., folates, riboflavin, cobalamin and pyridoxine) and
their transport and intracellular metabolism. Thus, markedly elevated plasma total
homocysteine concentration between 30 and 100 or greater than 100 pmol/L(i.e.,
moderate or severe hyperhomocysteinemia, respectively) is a general sign of genetic or
severe nutritional disturbances in the transsulfuration and RM pathways.

Most patients with disorders of Hcy and B-vitamin metabolism are ascertained
in pediatric, hematological and neurological practice after presenting symptoms.
Newborns with homocystinurias are also diagnosed in the presymptomatic phase in
some neonatal screening programs worldwide. The prevalence of all homocystinurias as
a group remains unknown; published CBS deficiency studies revealed prevalence rates
between 1:1,800 in Qatar and 1:900,000 in Japan [2]. Homocystinurias are clinically
heterogeneous, although they share a high risk of thromboembolism, which is attributed
to grossly elevated levels of tHcy [3]. Some patients with CBS deficiency may also
suffer from connective tissue abnormalities and/or developmental delay, cognitive
impairment and epilepsy. Patients with RM defects do not exhibit connective tissue

abnormalities, but their neurological and psychiatric complications are usually more
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severe, exhibiting, e.g., white matter abnormalities and occasionally impairment in
hematopoiesis, leading to megaloblastic anemia [4]. The diagnostic work-up for all
these conditions requires plasma tHcy determination with specific preanalytical
conditions (time limit for centrifugation, cooling of samples after collection and during
transportation) and the availability of special assays for serum/plasma B-vitamins, Met
and Cysta.

It has been shown that early detection and timely dietary and/or pharmacological
treatment can prevent many clinical complications associated with homocystinuria and
can substantially improve the quality of life of patients; as a result, these diseases have
become a widely recognized target for routine neonatal screening [5, 6]. The primary
screening markers assessed in routine newborn screening programs for homocystinuria
are the Met level and the Met/phenylalanine ratio; however, these markers suffer from
low sensitivity and specificity [7, 8]. The use of tHcy as a primary marker in dried
blood spots (DBS) substantially increases the specificity and sensitivity of
homocystinuria screening, although this method is used only in Qatar due to its high
cost and lengthy analysis [9]. Consequently, a number of screening programs for
homocystinuria have combined the measurement of Met as a primary marker with a
second-tier analysis of tHcy in DBS samples that exhibit abnormal Met concentrations
[10].

DBS have been used for decades to screen newborns for a predefined set of
disorders of amino acid metabolism, such as phenylketonuria, as well as to monitor
dietary treatment. More recently, the DBS method has become instrumental in screening
high-risk populations for inborn errors of metabolism, such as fatty acid oxidation
defects, biotinidase deficiency and lysosomal storage disorders (e.g., considerably
increasing the detection of Fabry disease [11]). Considering the simplicity of collecting
and transporting DBS samples, LC-MS/MS analysis may potentially also be used as the
first step in screening clinically symptomatic high-risk populations for the two types of
homocystinuria and severe B-vitamin deficiencies.

A number of methods for measuring tHcy and/or Met in DBS have been
reported [12-16], although no analysis of Cysta in DBS has yet been published. Thus,
we aimed to develop a simple LC-MS/MS method for the simultaneous measurement of
Cysta, tHcy and Met. This method was optimized to detect not only marked elevations
of tHcy in DBS but also to provisionally and simultaneously differentiate

transsulfuration and remethylation defects. The presented method may be utilized a/as a
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second-tier method in neonatal screening, b/for screening high-risk patients with
putative genetic defects or severe B-vitamin deficiencies, and c/for monitoring therapy

in patients with homocystinuria.

2. Materials and methods

2.1. Chemicals and reagents

Cysta, Hcy, homocystine (Hcy-Hcy), Met, methionine-d; (ds-Met) and dithiothreitol
(DTT) were purchased from Sigma-Aldrich. Cystathionine-d, (d4-Cysta) was obtained
from CDN Isotopes and homocystine-dg (ds-Hcy-Hcy) from Cambridge Isotope
Laboratories. All the solutions and solvents were of the highest available purity and

were suitable for LC-MS analysis. All stock solutions were stored at -20°C.

2.2. Calibrators and samples

To prepare DBS calibrators, blood samples from healthy anonymous donors without
any hematological diseases were collected in EDTA tubes and enriched with 2.5, 5, 25,
50, 100, 150 and 200 umol/L of Hcy-Hcy; 5, 10, 50, 100, 200, 300, 400, 500 and 600
umol/L of Met; and 0.50, 1.00, 5.00 and 10.00 umol/L of Cysta. These spiked blood
samples were spotted onto filter cards (Whatman 903, GE Healthcare Life Sciences,
USA), dried overnight at room temperature and stored at -20°C.

To determine the reference ranges for the comparative study and to assess the
recovery and stability of the analytes, we used anonymous control plasma samples
and/or DBS. To determine the reference ranges in newborns, we used random DBS
samples from routine newborn screenings; for the remainder of the studies, we
employed aliquots of EDTA plasma and/or DBS samples remaining after negative
routine biochemical genetic screening for inborn errors of metabolism. Samples were
collected from patients with homocystinuria after informed consent was obtained; we
had access to twelve archived DBS samples collected at the time of diagnosis and sixty
EDTA plasma and DBS samples collected from 21 patients during routine clinical visits
(hematocrit values were within appropriate age-related reference ranges). All DBS
samples were stored at room temperature prior to analysis, and the plasma samples were
stored at -20°C.

This study was approved by the Ethics Committee of the General University
Hospital in Prague, No. 30/10/IGA MZ CR VFN.
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2.3. DBS sample preparation

A single 3.2 mm (1/8 in.) disc was punched from each DBS and placed into a flat
polypropylene 96-well microtiter plate (Chromsystems, Germany). A 20 pL mixture of
isotopically labeled internal standards dissolved in water, which contained 2.5 umol/L
ds-Hcy-Hcey, 5 pmol/L d3-Met and 1.5 pmol/L ds-Cysta, was added, followed by 20 uL
of DTT (500 mmol/L in water) and 150 pL of methanol containing 0.1% formic acid.
The extraction was performed by gentle laminar shaking at room temperature for 30
min. The extract was then transferred into polypropylene 96-well microtiter plates
containing filter membranes (AcroPrep, 0.45 um PTFE, 350 uL, Chromsystems) and
filtered into another polypropylene 96-well microtiter plate by centrifugation (at 4,000
U/min for 5 min). The plate was sealed and analyzed using LC-MS/MS.

2.4. LC-MS/MS instrumentation and conditions

The LC-MS/MS system consisted of an Agilent 1200 HPLC (Agilent Technologies,
USA) and a triple-quadrupole MS/MS API 4000 system (AB SCIEX, Framingham,
USA). LC separation was performed on a Waters C8 column (SunFire; 3.5 pum, 4.6 x
100 mm) by isocratic elution using a mobile phase consisting of 40% methanol and
0.1% formic acid in water. The flow rate was 350 pL/min, and the injection sample
volume was 5 puL. Tandem mass spectrometry was performed using a turbo ion spray
source operated in positive mode, and the multiple reaction monitoring (MRM) mode
was used for the selected analytes and their internal standards. The mass calibration of
both quadrupoles was optimized using a polypropylene glycol solution with an infusion
pump. The following electrospray settings were used: voltage 5000 V, temperature
400°C, nebulizer gas 40 (GS1), heater gas 30 (GS2) and curtain gas (CUR) 25 psi. The
MRM transitions for all the compounds were optimized by the infusion of 10 pmol/L
aqueous solution.

The LC-MS/MS parameters are shown in Table 1. Quantitative results were obtained by
dividing the peak area of each analyte by the peak area of the corresponding isotopically
labeled standard, and the ratios were converted to concentrations by applying factors
derived from the calibration curve. The concentrations were calculated from the
calibration curves using Analyst 1.5.2 software (AB SCIEX).
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2.5. Routine methods for the measurement of plasma tHcy, Met and Cysta

For plasma tHcy determination, we used the HOMOCYSTEIN 2R FHET 100
commercial enzymatic Hcy kit (Axis-Shield, Scotland) and the Hitachi 902 automatic
analyzer (Roche, Switzerland) with CVs lower than 7%. The plasma Met level was
analyzed using ion exchange chromatography with ninhydrin detection in an AAA 400
automatic amino acid analyzer (INGOS, Czech Republic) with analytical CVs lower
than 10% [17]. The plasma Cysta level was analyzed using LC-MS/MS with a
commercially available amino acid analysis kit (EZ:faast, Phenomenex, Torrance,
USA). The samples were prepared according to the manufacturer's instructions, which
included a solid-phase extraction step, derivatization with propyl chloroformate and
extraction into an organic solvent prior to LC-MS/MS analysis with analytical CVs
lower than 7% [18].

2.6. Comparative study

Sixty samples from patients with homocystinuria and 40 control samples were included
in this study. The concentrations of tHcy, Met and Cysta in plasma and simultaneously
collected DBS samples were determined using the three above-mentioned routine
techniques and the novel LC-MS/MS approach, respectively. A second comparative
study was conducted using only the plasma samples to evaluate the correlation between
the routine techniques and a modification of the newly developed method (the
procedure described in the “DBS sample preparation” section was modified by
analyzing 10 pL of plasma instead of using DBS punches). Comparisons were
performed using Bland-Altman plots created using MedCalc® (MedCalc Software,

Belgium), and regression analyses were performed using Microsoft Excel.

3. Results

3.1. Optimal conditions for DBS extraction

To optimize the DBS sample extraction procedure prior to LC-MS/MS, four parameters
were evaluated: type of extraction solvent, influence of sonication, extraction time and
type of reducing agent. After the mixture of isotopically labeled internal standards and
DTT were added to the DBS punch, the analytes were extracted by shaking for 30 min
at room temperature using five different solvents. The extracts were clear and colorless,
except for the slightly red-colored water extract. The experiments were performed in

duplicate, and Fig. 1 shows the averages. Extraction with methanol containing 0.1%
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formic acid resulted in the highest yields for all three analytes, and this technique was
compatible with the mobile phase for LC; thus, this solvent was subsequently used
throughout the study. To evaluate the penetration of this solvent into DBS during the
extraction step, a punch was completely destroyed and homogenized using a sonication
needle (20 kHz, 5 min), and the concentration of each analyte in the filtered mixture
was compared to the concentration produced by the routine shaking process; sonication
did not further increase the yield. Similarly, extending the extraction time beyond 30
min (i.e., up to 60 min) did not increase the recovery. We also compared the efficacy of
two reducing agents by adding 500 mmol/L of DTT or tris-(2-carboxyethyl)phosphine
(TCEP). The addition of TCEP adversely affected both the extraction step (due to the
release of the particulate fraction into solution) and the chromatographic separation,
resulting in abnormally shaped analyte peaks. In contrast, the addition of DTT did not
impair the sample preparation procedure or the LC-MS/MS analysis and was thus used
throughout the study.

3.2. Linearity

The linear correlation between the concentration and the signal ratio (analyte/internal
standard) within a clinically relevant range was tested by analyzing DBS calibrators
containing added metabolites with concentrations ranging from 5 to 400 pmol/L for
tHcy, from 5 to 600 umol/L for Met and from 0.50 to 10.0 pmol/L for Cysta. The data
were collected over a period of 5 days. The calibration curves were created using the
following equations: y=0.022(+0.006)x+0.095 (£0.045) for tHcey,
y=0.033(+0.005)x+0.801(£0.053) for Met and y=0.286(+0.06)x+0.0581 (£0.04) for
Cysta; the endogenous background of each analyte was corrected in the Analyst
software by calculating the non-spiked signal. To assess the linearity of the calibration
curve for low Cysta concentrations, the calibration points of 0.05, 0.10, 0.15, 0.20, 0.50,
1.00, 5.00 and 10.00 umol/L Cysta were tested in a separate experiment and produced a
calibration curve with an equation: y=0.292x+0.047. As the slopes of the two
calibration curves for Cysta were not significantly different, we used the 0.5-10.0
pmol/L range for calibration throughout the study. The coefficients of determination
(R?) were greater than 0.993 for all analytes, and the linearity was confirmed by
Mandel’s fitting test, indicating that the responses were linear within the clinically

relevant concentration ranges.
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3.3. Imprecision and limits of detection and quantification

We assessed the method imprecision by analyzing samples from 9 patients with
homocystinuria who exhibited varying concentrations of tHcy, Met and Cysta (for
details, see Table 2). The intra-assay imprecision, which was determined using ten
replicates from a single patient sample, ranged from 5.8 to 13.4%. The inter-assay
imprecision, which was determined by analyzing the same nine samples over a period
of 20 days, ranged from 8.8 to 14.6%. The limits of detection (LOD), which were
determined by evaluating the noise signal in blank filter paper and employing a signal-
to-noise ratio of 3:1, ranged from 0.03 to 0.25 umol/L. The limits of quantification
(LOQ), which were calculated as the lowest concentration of each analyte with an intra-

assay imprecision CV of less than 20%, ranged from 0.05 to 0.70 pmol/L.

3.4. Recovery

Recovery was calculated by comparing the extraction yield before and after the standard
addition of the compounds (Met, Cysta and Hcy) into the control blood samples (before
spotting onto filter cards) at two clinically relevant concentration levels. The data were
collected on three separate days, and Table 2 shows the averages of these 3

measurements, which ranged from 74.4 to 108.9%.

3.5. Chromatography and matrix effects

Fig. 2 shows the MRM chromatograms obtained for each target analyte and its internal
standards. In all analyses, we observed only one interference: an unknown peak with the
d;-Met MRM transition at a retention time of 1.8 min. However, this peak was
chromatographically well separated from the analytes of interest eluting between 2.5
and 3.3 min and therefore did not cause any interference. No carryover peaks (i.e.,
signal below LOD) were observed in the blank samples after the high calibrator was
injected. The ion suppression effects were analyzed in post-column infusion
experiments by directly infusing analytes dissolved in the mobile phase while the DBS
extract was simultaneously injected via the autosampler [19]. There was no significant
ion suppression (i.e., lower than 10%) of the analytes of interest, although a 90%
decrease in signal was observed for the unknown peak at a retention time of 1.8 min. In

summary, the ion suppression of tHcy, Met and Cysta was negligible, and any potential
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small effect on quantitation was eliminated by using stable isotope internal standards for

each analyte.

3.6. Stability study

To evaluate the applicability of this method to routine clinical practice, we evaluated the
stability of the metabolites of interest in DBS over a 2-week period, which represents
sufficient time for transporting a sample from the patient to the laboratory. The stability
was tested by analyzing DBS samples with Met, Cysta and tHcy concentrations of 55.3
umol/L, 1.62 pumol/L and 59.4 umol/L, respectively. All the specimens were stored at
25°C, and the observed decreases in tHcy, Met and Cysta concentrations were only
5.6%, 8.1% and 2.8%, respectively, after 14 days of storage. Because these decreases in
the analyte concentrations were lower than the inter-assay variability, they did not

appear to be significant.

3.7. Method comparison

We compared three routine methods for determining sulfur amino acids in plasma
against the newly developed method for evaluating DBS. The tHcy, Met and Cysta
concentrations in the DBS samples correlated very well with the concentrations
obtained from plasma (Fig. 3 shows coefficients of 0.986, 0.996 and 0.989 for tHcy,
Met and Cysta, respectively). However, a Bland-Altman analysis indicated bias values
of -40.6%, -42.2% and -6.4% for the new method employing DBS compared with the
routine methods for determining the plasma concentrations of tHcy, Met and Cysta,
respectively.

To explore whether the above-mentioned biases originated from the use of
different matrices (i.e., blood in DBS versus plasma) or different analytical approaches,
we compared the concentrations of analytes obtained from plasma to the concentrations
obtained using the three routine techniques and a modification of the new method. The
regression plots demonstrated very good linear correlations between these methods for
tHey (n=36 patients; R? = 0.989, range 10.7-392.8 pumol/L), Met (n=36 patients; R* =
0.983, range 14.1 —587.1 pmol/L) and Cysta (n=30 patients; R? = 0.978, range 0.05—
4.07 pmol/L). The bias values of the modified LC-MS/MS method for plasma samples
were -8.4% (95% confidence interval from -10.4% to -6.3%), -6.9% (95% confidence
interval from -10.3% to -3.4%) and 19.1% (95% confidence interval from 11.1% to

27.1%) compared with the routine methods used to measure tHcy, Met and Cysta,
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respectively. These data suggest that the negative bias of the new method employing
DBS compared with plasma samples was most likely due to the use of different

matrices.

3.8. Assessment of clinical utility of the new method

The first step in assessing the clinical utility of the method was to establish the reference
ranges. Age- and gestation-specific reference ranges for all 3 analytes, as well as the
Met/Cysta ratio, were obtained from 350 controls (for details, see Table 3). The
concentrations of Met and tHcy varied only slightly among the age/gestation groups and
were similar to the concentrations reported elsewhere [20, 21]. In contrast, the
concentrations of Cysta were highest in low-birth-weight newborns and decreased with
maturity and aging, which has also been observed in other studies involving Cysta
determination in serum or plasma [22, 23]. Congruently, the Met/Cysta ratio increased
with maturation and aging.

Next, we examined whether the proposed method could be used as a simple and
rapid tool to screen for homocystinurias and severe nutritional B-vitamin deficiencies
and to simultaneously differentiate between RMD and transsulfuration disorders among
patients with neuropsychiatric disorders or thromboembolism. An analysis of archived
DBS samples collected at diagnosis from 11 patients with homocystinuria and from 1
patient with a vitamin B, deficiency clearly distinguished the patients from the controls
(see Table 3). In all cases, we observed grossly elevated concentrations of tHcy and
abnormal Met/Cysta ratios, which reflected the altered flux between the transsulfuration
and RMD pathways. Among all the evaluated markers, only the Met/Cysta ratio enabled
differentiation between RMD and transsulfuration disorders. The data obtained in this
etiologically heterogeneous group of samples indicated the potential clinical utility of

our new method for detecting both homocystinurias and severe B-vitamin deficiencies.

4. Discussion

In this report, we describe a simple and rapid method for the simultaneous measurement
of three clinically relevant sulfur amino acids in DBS. The novelty of our method lies in
the use of DBS for the determination of an important marker of the transsulfuration
pathway — Cysta — while simultaneously analyzing tHcy and Met. The diagnostic utility
of this method as a rapid screening procedure for detecting patients with severe

hyperhomocysteinemia was demonstrated by its successful application to clinical
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samples. Using the DBS method, we distinguished controls from patients with primary
enzyme deficiencies and from one patient with a severe nutritional vitamin B
deficiency. Moreover, the proposed method simultaneously enabled us to clearly
distinguish between defects in the RMD and transsulfuration of Hcy by assessing the
flux of Hcy through these metabolic pathways and by using the previously proposed
Met/Cysta ratio [1].

A number of studies have described methods to detect these three analytes,
individually or in various combinations, in liquid plasma or DBS [13-16, 24-27]. The
analytical performance of our method, i.e., its linearity, recovery and reproducibility, is
similar to the performance previously described in other studies employing DBS,
indicating the suitability of our method for routine use [13, 15]. However, the
reproducibility of our method is slightly lower than the reproducibility of routine
methods employing liquid plasma or serum due to the inherent non-homogeneity of
DBS. In the newly developed method, the LOQs of tHcy and Met are one to two orders
of magnitude lower than their physiological concentrations, whereas the LOQ of Cysta
is only slightly below the lower limit of the reference range. The limited sensitivity of
our method may therefore cause problems in determining Cysta at the lower limit of the
reference range in blood. Moreover, variation in sampling DBS or severe alterations of
the hematocrit may also influence the concentration of analytes and should be
considered. Despite these limitations, the method is suitable for the purpose for which it
was developed, i.e., for identifying patients with moderate to severe
hyperhomocysteinemia that has to be followed by further diagnostic workup.

Our novel method of analyzing DBS exhibited a negative bias in determining the
concentrations of Met and tHcy compared with routine methods using plasma samples.
This observation is congruent with other reports that the levels of tHcy and Met in DBS
are approximately 40% lower than in plasma due to the lower concentration of these
two amino acids in erythrocytes compared with plasma [14, 28, 29]. The bias for the
measurement of Cysta in DBS versus plasma was negligible, and comparison to other
studies was not possible due to the absence of reports on Cysta levels in DBS. Thus, it is
conceivable that the presented method may be utilized to monitor the treatment of
homocystinuria patients, although it is important to keep in mind that the Met and tHcy
concentrations in DBS are lower than in plasma.

The utility of DBS, which is easy to collect and ship, in common clinical

situations has been instrumental in increasing the detection of several rare genetic
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disorders [30, 31]. Moreover, various studies have shown that moderate and severe
hyperhomocysteinemia is quite common in clinical practice, especially among
individuals with thrombosis, megaloblastic anemia or neuropsychiatric disorders.
However, the intricacies of establishing the correct diagnosis in such patients include
complicated sampling and transportation precautions and the limited availability of
special assays for measuring plasma Hcy, Met and Cysta levels. Thus, the ease of DBS
collection and sample transportation, and avoidance of the centrifugation step make the
described method suitable for routine clinical practice, including the self-collection of
capillary blood by patients. To summarize, we propose that the method presented herein
may improve the detection of patients with defects in Hcy metabolism in routine clinical

pediatric, hematology and neurology practices.
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Table 1. LC-MS/MS parameters for analytes and internal standards.

Time | MRM transitions | Dwell time b
Compound _ DP*(V) | CE”(V)
(min) (m/z) (ms)
Cysta 2.51 222.9/133.9 100 30 20
d4-Cysta 2.51 226.9/137.9 100 30 20
Hcy 2.90 136.0/90.1 100 35 17
ds-Hey 2.90 140.1/94.1 100 35 17
Met 3.25 150.0/104.1 100 21 14
ds-Met 3.25 153.0/107.0 100 21 14
? Declustering potential, ° Collision energy
Table 2. Analytical parameters for the LC-MS/MS method.
Concentration Imprecision (CV %) LOD LOQ | Recovery
Compound Inter-day
(umol/L) Intra-day (umol/L) %
(days 1-20)
6.3 7.8 13.5
84.4°
tHcy 15.2 5.8 8.8 0.25 0.70 b
89.3
55.8 6.9 9.8
7.2 8.7 14.5
93.5°
Met 46.5 7.3 11.1 0.20 0.60 d
94.8
95.4 9.1 10.5
0.07 13.4 14.6
108.9°
Cysta 0.36 7.4 11.8 0.03 0.05 .
74.4
5.63 8.1 13.8

Target concentrations: ®12.2 pmol/L, °57.2 pmol/L, ©20.0 pmol/L, %65.0 pmol/L, °0.55
umol/L, and '5.25 pumol/L.

65



Table 3. The tHcy, Met and Cysta concentrations in dried blood spots from controls and

patients with homocystinuria determined by LC-MS/MS methods.

tHcy Met Cysta
Controls/Patients Age Met/Cysta
umol/L blood
newborns < 6.1 15.9 1.50 22.8
2500 g (n=50) | (2.9-8.7) | (5.3-41.2) | (0.26-9.40) | (2.0-46.1)
newborns > 6.6 12.8 0.30 43.4
2500 g (n=200) (2.5-8.9) | (6.9-26.9) | (0.13-0.82) | (15.9-105.4)
Controls®
7.3 12.7 0.14 90.7
1 m-15y (n=50)
(5.5-8.7) | (7.2-26.7) | (0.08-0.57) | (17.6-228.8)
10.1 15.8 0.13 114.4
> 15y (n=50)
(7.8-12.8) | (7.8-28.1) | (0.08-0.33) | (35.6-204.5)
RM defect” 3m 80.9 1.5 3.21 0.5
RM defect” 11m 68.5 5.0 0.44 11.4
B12 deficiency 7m 82.3 16.0 1.46 11.0
CBS deficiency® 3d 85 75.4 0.06 1346
CBS deficiency 5m 195.2 62.1 0.05 1321
CBS deficiency ly 195.0 72.0 0.11 642
CBS deficiency 2y 198.0 68.5 0.07 978
CBS deficiency 24y 87.0 60.0 0.07 909
CBS deficiency 48y 213.0 30.0 0.12 260
CBS deficiency 52y 131.3 242.0 0.07 3315
CBS deficiency 54y 179.0 253.0 0.18 1429
CBS deficiency 74y 280.0 82.1 0.13 646

® Analyte concentrations are represented as medians with 2.5™-97.5" percentiles

b patient with confirmed cblG defect

¢ Patient with a biochemically confirmed block in remethylation pathway and a yet

unresolved genetic defect

¢ patient ascertained via neonatal screening; birth weight 3,600 g
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Figure 1. Extraction yields of tHcy, Met and Cysta using different extraction solvents.
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Figure 2. LC-MS/MS chromatograms of eluents from a healthy control subject (A), a
patient with CBS deficiency (B) and a patient with RMD (C).
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Figure 3. Comparison of DBS samples and plasma samples using regression analyses

(left panels) and Bland-Altman plots (right panels).
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