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674 Hratuls AEsion, wad 53] WOl A4 (coefficient  of

O

variation, CV)i= 1.6-7.5% WAtk Al HAAPES 71& AAPH<L SDS-
PAGE {3} v]w st A Spectrin alpha$} beta®] F(=0.8154, P=0.014)}
ankyrin(+=0.8743, P=0.005)<> 7%t 7t##AE, protein 4.17} protein 4.2+
st Aol Ak 1882 A} F protein 4.2 978, band 3 7,
ankyrin 68, spectrin alpha 2%, specrn beta 4°lAx Aol SISt
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AFEA71E o] g3t AddFash HAMY AAHdLS =
ekt Adx: B A% 24 54 A% cv Hee 75
17.0%%th ZF &49 2 9= G6PD (1.06-3.31 mg/min/gHb), PK (1.02-
2.46 mg/min/gHb), P5°N (10.4-56.4 pg/min/gHb), HK (123-488 pg/min/gHb), TPI
(409-834 pg/min/gHb), AD (76.9-249.7 pg/min/gHb) ©] AT} 16 2] 2 HA}
A3} 67X G6PD, 454 PK, 7t 194 P5SN¥ HKE A%
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TFAEEN o] giEHE AEAxNE AsHoE ARSI HAL
(osmotic fragility test)E Al3Y3l Skov} WIE So|wrl vkl zdH Aol
Goj A HAR] AlFAo] w2 o] unt ofd whet FHTol= WA E,
Eo]%=7} &A% EMA (eosin-5-maleimide)-binding test)S ¥ 3FaL A TH6].
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1.1. A]¢F
2 Aol AF-E-3F acetonitrile (ACN; Fisher Scientific, Pittsburgh, PA, USA)
I FFHT HPLC grades AF8-3F3ITh Ethylene-diaminetetraacetic  acid

(EDTA), phenylmethane sulfonyl fluoride (PMSF), ammonium bicarbonate,

ammonium formate, dithiothreitol (DTT), iodoacetamide, trifluoroacetic acid

(TFA), HCI:= Sigma Aldrich (St. Louis, MO, USA)ollA A 23t AlFS AME-
3} T}, Sequencing grade®] modified trypsin <= Promega (Medison, WI, USA)
AES AR AFAd 835 9 (hypotonic lysis solution) 5 mM 2] Tris-
HCIL, 0.1 mM&] EDTA, 0.2 mM2] PMSF= A Z%3}%13L, pH 242 05 M

ammonium bicarbonate= AF-& 3} T}



1.2. AA A

EDTA £7]o] AFE AE ZAAS Agadsz 33 Az =

AAEsta A AASAT a9 AAE Sl F 33
Az AA LN 40 mLE £33kl 15000 rpmolA 20 E3F

rjg

2] 5lSlth ©] % Membrane Protein Extraction Kit (BioVision, Milpitas,
CA, USAE ol&sto] wils FEat 58 @94dL 50 mM
ammonium bicarbonate?} RapiGest SF (Waters, Milford, MA, USA) 100 pL <2}

23sto] MAAAIZT @ 5% 572 Quick Start Bradford Protein Assay

e
o

Kit (BioRad, Hercules, CA, USA)E ©]-&3}t} 80C oA 20+ &<t 7}
t}5, dithiothreitol S 718l & SmMEZ 9F11 60TColA 3083
7tassith 53 AR

ZkAZ1 %, 150 mME]  iodoacetamides

3
3 o] 307 Tt Modified trypsine 1:50(w/w) H] &2 4]

o Oasis HLB Cartridge (Waters)© %
23k al SpeedVac  Concentrator (Thermo Fischer Scientific, Bremen,
Germany)= LS AZAZ T 100 mM ammonium formate £ M2 2

HE Se] kS 500 fgo = 2 HBHATh



1.3. AAIBvE 1 9-AZFEA 7| E o] &3 B4

AAg HHgol Ed HAl= AAAZnETI AAH]Q1 nanoAcquity
ultra-performance liquid chromatography (UPLC)$} #&<217] Synapt MS
(Waters) S ©]-8-3Fo] Z435k3lth oF 600 ng® AA2d HAE F5k]
A WA trapping column (XBridgeTM BEH C18, 5 um, 300 um x 50mmy;
Waters)E 22 H(eluent) 97:3(viv) 20 mM ammonium formate +
SATTT, BACN)Y @7 1 pl/min FE2 FAAZAT 300
trapping column®| A= ACN(55%)8 @Y sLulE o] &3ttt 1
trapping column®l| A #2] ¥ FE =+ dilution tee= AL 99.9:0.1(v:v)
0.1 formic acid + A: =3, B: ACN ©]5J(mobile phase)= ©]-&3}o] 20
uL/min 5% 8533tk 22} trapping column (Symmetry C18, 5um, 180
um x 20 mm; Waters)= ©]-8-3l0] &R 3 FE|EE analytical column (BEH

C18, 1.7 um, 75 pm x 150 mm; Waters)E ©]-&3to] 23ttt 2-50%2]

o

154 AP ec S E35 1105 o)A 300 nL/ming 5% 1103

o
03
M
AL
ofo
e
ol
38
i)
ofo

Z A 2EE 4TCE FASGT Fes 9s
UWHEF=42  Saccharomyces cerevisiae (P00924) 7]1€¥ %] enolase®
A7retdh miz 3 28-S $18 30% ACN + 0.1% formic acid &4l 400

fmol/uL 2] [Glul]-Fibrinopeptide B & &3} 2 pl/minS = -3} th.

ol

A= B4 7](MS)= 10,000 FWHM ] 374 =2 positive ion mode®]| ] 21 &Y

Sl m/z 50-1,990 W elelM & RE= AFsigith Wd
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1.4. Hlojg 7 U BA

A

AAl dolg A2 PLGS 24 AT E Y

o
rlo

o !

(Waters)=  #2]a}gitt. ©¥  21-&  Uniprot reviewed human protein

database[16]5 ©|&3F5Ith HolEHHo]AE T W T 7

ol w2 3 7 HMEE2] peak intensity & ©|&-3to] A =FSEATH7I.
WiiE=dE 718k enolase ¥ H|SFY] column o FHE 7
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1.5. A A5%37t

A AR e F7Eel fls o7k wel] dis] dEEE

Hrvsta  71E  AAPHS  Fairbanks SDS-PAGEH ¥ A HAPHS

1o

ArrddE M2 wluskglvy Al AAbH e Al g @2 AAE

()]
N

A3t FH =7 (duplicate)ste] F7FskRaL, 71E HAPH S vl sFr)

rir

TAEERE gyeAE 2 8o HAE A8 band 30 tht

27kl wwel wlge @ g E bl o% Awe A=

" N et st e



1.6. 73R ZAHAE o] & JFuHy 24 H

ol

A4
A s8I HA

Fuyss do) Aol gu FTHRANL At FYQ 4739 9

AAE ol&std A&, 1 T FARs 29%oldTh Fd yol=

d

2244 (HE 0-614) A3, Ht M4 FEE 139 gidl (B9 10.3-18.5)
Atk FW el AA GulelA Ak 24 d el vjEE 327]8H3

AA Azl 259 975 WER Pk Al HAPHel i
Au A= 188 #ATE tidow skl s A A

EX LS Table 1o A alst o).
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Table 1. Patients group characteristics for erythrocyte membrane protein assay

evaluation

Case No. Sex Age(yrs) Hb(g/dL) ?.rzg(lil; Spherocyte Trarﬁs){lfion
1 M 13 14.4 1 4 ]
2 F 34 12.9 NA +- ]
3 F 9 13.3 T 4 _
4 M 3 8.8 T - ]
5 M 17 15.5 1 + NA
6 F 43 9.0 T 4 _
7 F 12d 9.4 NA + NA
8 M 5 10.1 Normal + -
9 M 54 6.7 1 4 ]
10 M 26 16.7 NA + ]
11 M 4 10.3 1 4 ]
12 F 17 9.2 T - _
13 F 4mo 6.3 T + _
14 F 18 10.0 T 4 ]
15 M 59 11.8 T 4 _
16 F 41d 7.9 T 4 _
17 F 12 12.3 T 4 ]
18 F 11 10.2 T + +

*Transfusion Hx means whether a patient had received erythrocyte transfusions
within three months before a testing or not.
Abbreviations: Hx, history; NA, not available
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1.7. 3AEY

=4 AL EgJo]= IBM SPSS Statistics 21 (IBM Corporation, Armonk, NY,
USA) %! Excel 2010 (Microsoft Corporation, Redmond, WA, USA)=

Agetch AUE Wb st B SAgel Oig WelARCys

ot

coefficients of variations)® WEMSITE 7] HAPHHS vlw= A

3AEA S TS AL, AT (correlation coefficient, )¢t o &ES

!

Fehgloh FEsE 44U BA S9Fne) 259 015 WS
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2 AET BAEA

2.1. AJ¢F

B oo AF8-3 ACN (Fisher Scientific, Pittsburgh, PA, USA)T} SHF+=
HPLC gradeE AH&stivt. ®bgold Fod 24 gavie dod 714,
AHE T RjES-o Q3 NADP, ATP, ADP, Tris buffer, HCl, EDTA, MgCl,,
KCl1Z} o] FAellAl  AFE3H formic acid®} pentadecafluorooctanoic acid
(PFOA):= R Sigma Aldrich (St. Louis, MO, USA)oll A A Z3 #|&=
AbEEA Y 183 triosephosphate isomerased] FHEE =435tV Y5lo

AF-4-¥ a-glycerophosphate dehydrogenase &A% 9 A] Sigma Aldricho] 4|

Fulshsie.

14



2.2. AAAE

AAYel ¥l Figure 13 2tk G6PD, PK, P5’N, HK, AD &4 2] 4%
Zyzye] @4 ®bS AHE<Ql  6-phosphogluconate, pyruvate, cytidine,

[°Cs]glucose-6-phophate, inosines | . Zw}E 72| 3]- el G 2 -4 7]

!

O

48 =%

t= deeltt. TPI #49 Hfoe aANS AHE

o

dihydroxyactone  phosphate®] — &AF=Fo]  7]&<Ql  D-glyceraldehyde-3-
phosphate £} Fa A TZE H| =3} MR T ZrE 73]
g AdZFEA 7|2 T80l E7Fsstr] wwel  FSolekAl 23

airnes /\] 7

QA

it
i
o
_C:E
32
o

Ay % glycerol-3-phosphate

o
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G6PD NADP NADPH

et

glucose-6-phosphate
dehydrogenase

glucose-6-phosphate 6-phosphogluconate

PK ADP ATP

et

phosphoenolpyruvate pyruvate
pyruvate kinase
P5'N
cytidine monophosphate cytidine
pyrimidine 5’
nucleotidase
[FCslglucose \ /: [13C,]elucose-6-phosphate
hexokinase
TPI
p-glyceraldehyde-3-phosphate > dihydroxyacetone phosphate
triosephosphate
isomerase
NADH NADP
dihydroxyacetone phosphate \ /Z glycerol-3-phosphate
a-glycerophosphate
dehydrogenase
adenosine inosine

adenosine deaminase

Figure 1. Reaction scheme for six erythrocyte enzymes
Abbreviations: G6PD, glucose-6-phosphate dehydrogenase; PK, pyruvate kinase;
P5°N, pyrimidine 5° nucleotidase; HK, hexokinase; TPI, triosephosphate isomerase;

AD, adenosine deaminase
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o}
=
0

N
BA

o] A&l 6-phosphogluconate, pyruvate, cytidine, [°Cs]glucose-6-

el
=

phosphate, glycerol-3-phosphate, inosine

2t

=X+ Table 27}
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Table 2. List of standard solutions for each enzyme reaction (unit: pg/mL)

Product STD0O STD1 STD2 STD3 STD4
6-phosphate gluconate 0 200 1,000 2,000 4,000
Pyruvate 0 200 1,000 2,000 4,000
Cytidine 0 25 125 250 500

[*Cs]glucose-6-phosphate 0 100 500 1,000 2,000
Glycerol-3-phosphate 0 50 250 500 1,000
Inosine 0 25 125 250 500

Abbreviations: STD, standard solution

19



37CAA HEGAI AT (Table 3). F3lZ wWEEAIZFe] £4yal G4ARMSS

FAAZ7] 98 95Tl sE sbdskla,  13,000g004  5E-7F
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Table 3. Reaction conditions for each erythrocyte enzyme

Set Enzyme Substrate erythrocyte Buffer Additional reagents Internal standard
A G6PD 200 uL 20mM G6P 20uL 50 uL buffer1* 200 pL 10mM NADP 20 uL 0.2 mM [°C]Gal-1-P
100 uL 1M KC1 13
* - -1-
A PK 100 pL 25mM PEP 20uL 100 pL bufferl 50 uL 30mM ADP 20 uL 0.2 mM [°C]-Gal-1-P
A P5N 100 uL 4.6mM CMP 20uL 50 uL buffer]* 20 uL 1 mg/mL [Cs]cytidine
B HK 200 pL 10mM [°Cs]glucose 20uL 100 pL bufferl* 400 uL 20mM ATP 20 uL 0.2 mM [°C]Gal-1-P
100 uL NADH
B TPI 20 uL 5SmM D-GAP 20uL 100 pL buffer2’ 50 uL a-glycerophosphate 20 uL 0.2 mM [°C]Gal-1-P
dehydrogenase
B AD 100 pL 2mM adenosine 20uL 100 pL buffer2’ 20 uL 1 mg/mL [Cs]inosine

*bufferl: 1M Tris-HCI with SmM EDTA and 0.1M MgCl,, pH 8.0

"buffer2: 1M Tris-HCI with 5SmM EDTA, pH 8.0

Abbreviations: G6PD, glucose-6-phosphate dehydrogenase; PK, pyruvate kinase; P5’N, pyrimidine 5’ nucleotidase; HK, hexokinase; TPI, triosephosphate
isomerase; AD, adenosine deaminase; G6P, glucose-6-phosphate; PEP, phosphoenolpyruvate; CMP, cytidine monophosphate; D-GAP, D-glyceraldehyde-3-
phosphate; NADP, nicotinamide adenine dinucleotide phosphate; ADP, adenosine diphosphate; ATP, adenosine triphosphate; Gal-1-P, galactose-1-phosphate

21



2.5. AAAZvETHI-AZFENTE o] &8 £4

A=A 7]= Quattro Premier MS/MS (Waters)E AF231%1 3, UPLC]
column< ACQUITY UPLC BEH Amide (2.1x100 mm, 1.7 pm, Waters)&
AHE-SF3I T ol AEZ  THT 0.1% formic acid®t  0.1%
pentadecafluorooctanoic acid (PFOA)E, ©|&% BZ ACN| 0.1% formic
acid®} 0.1% PFOAE ZHZ} ARGSISITh o] 832 2u7H4 = ol AE
100%°. % FA 87 28 5FH o8 AS 70%%= 25874 48kl
2.5 HAl 100%= Eokes skl 52 02 mL/mine 43k
ST P AZFF A 7] ol 4] multiple reaction monitoring (MRM) &
o] g3lo] AZF3AT;. A A<l MRM transition % A #HEA 72 Table

43} 2},
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Table 4. Conditions for tandem mass spectrometry and multiple reaction

monitoring (MRM) transitions of products and internal standards

Enzyme Compound Cone (V) Collision MRM transition

(eV) (m/z)

G6PD 6-phosphogluconate 25 15 275.1 = 97.0
PK Pyruvate 19 8 86.9 — 43.4
P5’N Cytidine 24 14 242.1 — 109.1
HK [°Cs]glucose-6-phosphate 35 22 264.1 — 79.0
TPI Glycerol-3-phosphate 15 15 170.9 — 78.9
AD Inosine 34 20 267.1 — 135.1
IS1* [*C)glactose-1-phosphate 35 22 260.1 — 79.0
1821 [*Cs]cytidine 24 14 247.1 - 111.1
I1S3* ['*Cs]inosine 34 20 272.1 — 135.1

*IS1: internal standard for G6PD, PK, HK, and TPI.

"IS2: internal standard for P5°N

*IS3: internal standard for AD

Abbreviations: G6PD, glucose-6-phosphate dehydrogenase; PK, pyruvate kinase;
P5°N, pyrimidine 5’ nucleotidase; HK, hexokinase; TPI, triosephosphate isomerase;

AD, adenosine deaminase

23



2.6. Ion suppression 37}

Post-column infusion *'H-& ©]83}] ion suppressions F 7}l TH18].
AA AL B R0 E FARE AASIHEA ZF g4 §hEo] Ab=
TE 1SS Y infusion pumpE  ©]&3dto] UASHA AREAVIE
Al FYEt o] W Fstal = AbE EE IS7F Y2+ retention

timeol A 2] A e WAstE #EsY] matrix®] FFE F7FstATh

24
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Table 5. Patients group characteristics for erythrocyte enzyme analysis

Case No. Sex Age (yr) Hb(g/dL)  Splenomegaly Trarlli)igsion
1 M 3 4.4 + 4
2 M 17 15.5 NA NA
3 M 17 6.0 + NA
4 M 4 6.3 + +
5 M 18 8.6 + 4
6 F 46 10.7 + ;
7 F 15 6.8 NA +
8 M 20 7.4 Splenectomy -
9 F 17 5.9 NA ;
10 F 1 7.7 NA _
11 F 3 10.6 NA -
12 M 19 8.3 Splenectomy -
13 F 4 4.9 NA +
14 F 16 10.8 NA -
15 F 6 7.5 NA +
16 M 22 15.6 NA -

*Transfusion Hx means whether a patient had received erythrocyte transfusions
within three months before a testing or not.
Abbreviations: Hx, history; NA, not available
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Table 6. Major identified erythrocyte membrane proteins

Accession  Name C()Svee(izzzc(?’ %)
P02730 Band 3 anion transport protein 50.8
P02549 Spectrin alpha chain erythrocyte 63.0
P16157 Ankyrin 1 57.9
P11277 Spectrin beta chain erythrocyte 61.4
P11166 22111:;0 :til;r;elre Ht;?jrrn;rllz 12 facilitated glucose 8.7
P11171 Protein 4.1 45.1
P16452 Erythrocyte membrane protein protein 4.2 50.1
P04406 Glyceraldehyde 3 phosphate dehydrogenase 60.9
P60709 Actin cytoplasmic 1 54.6
P27105 Ex:fr?cyte band 7 integral membrane 511
Q08495 Dematin 36.2
Q00013 55kDa erythrocyte membrane protein 48.9
P35611 Alpha adducin 17.8
P35612 Beta adducin 19.5
P68871 Hemoglobin subunit beta 67.7
P28289 Tropomodulin 39.4
Q75955 Flotillin 1 37.1
Q14254 Flotillin 2 30.2
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Table 7. Precision of six erythrocyte membrane protein amounts

Mean amount Within-run CVs Total CVs

Proteins (%) (%) (%)
Band 3 335 2.7 3.6
Spectrin alpha 15.6 4.1 4.1
Spectrin beta 12.0 1.6 1.6
Spectrin (alphatbeta) 27.7 2.1 2.1
Ankyrin 11.7 3.8 3.8
Protein 4.1 4.1 7.3 7.5
Protein 4.2 33 4.0 5.4

Abbreviations: CV, coefficient of variation
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1.3. SDS-PAGE ¥} vl 4 Xy

AFEA7E ol&s Al ArAS 7]€ W<l Fairbanks SDS-
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ankyrin (=0.8743, P=0.005) <& BluHHH} AZFEA7]E ol &gt Af
AA A3 3rel AR Zst AdaAE BEdth ey, protein 4.1
(r=0.5632, P=0.147)¥} protein 4.2 (+=0.131, P=0.816) + 3+ AL
Holx] ok A HAE olgstel AT 6 A @

ZF 2= Table 8 o] YRS
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Table 8. Reference intervals of six erythrocyte membrane proteins

Protein Reference interval (%)*
Band 3 28.26-34.43
Spectrin alpha 14.42-19.22
Spectrin beta 11.86-15.33
Spectrin (alphatbeta) 26.63-33.69
Ankyrin 12.43-17.78
Protein 4.1 3.16-5.05
Protein 4.2 2.80-3.95

*Reference interval was calculated as 2.5" and 97.5" percentiles from normal
controls by dividing the amount of each protein by sum of total identified proteins
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Table 9. Proportions of six membrane proteins in suspicious patients with

erythrocyte membrane disorders

Case Spectrin ~ Spectrin . Protein Protein
No. Band 3 alpha beta Ankyrin 4.1 4.2
1 25.91% 17.19% 14.44% 12.06% 4.90% 3.32%

2 31.56% 12.87% 10.78% 12.81% 4.27% 2.98%
3 28.90% 16.32% 14.02% 16.45% 4.72% 0.00%
4 31.06% 15.11% 11.37% 13.86% 4.00% 3.16%
5 25.31% 18.91% 14.43% 13.80% 4.76% 3.50%
6 31.31% 15.81% 13.28% 13.98% 4.32% 3.39%
7 32.76% 17.77% 11.34% 11.03% 5.32% 2.73%
8 29.08% 19.14% 13.72% 11.02% 4.43% 2.31%
9 24.86% 16.52% 15.84% 12.35% 4.70% 3.54%
10 25.53% 16.14% 14.94% 13.55% 4.81% 3.03%

11 31.22% 15.62% 12.36% 11.89% 4.62% 2.51%
12 31.90% 15.82% 12.74% 14.55% 4.32% 2.78%
13 31.54% 15.29% 11.13% 12.51% 4.11% 2.25%

14 31.23% 15.44% 15.57% 10.99% 4.40% 2.37%
15 27.99% 15.67% 14.72% 13.60% 3.95% 3.20%
16 27.76% 13.61% 12.30% 14.58% 4.38% 2.68%
17 23.90% 17.30% 15.24% 17.31% 4.65% 2.83%
18 29.38% 15.56% 13.66% 12.60% 3.80% 2.35%
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Table 10. Protein deficiencies in suspicious patients with erythrocyte membrane

disorders
Case No. Observed protein deficiencies

1 band 3, ankyrin
2 spectrin alpha, spectrin beta
3 protein 4.2
4 spectrin beta
5 band 3
6 (none)
7 spectrin beta, ankyrin, protein 4.2
8 ankyrin, protein 4.2
9 band 3, ankyrin
10 band 3
11 ankyrin, protein 4.2
12 protein 4.2
13 spectrin beta, protein 4.2
14 ankyrin, protein 4.2
15 band 3
16 band 3, spectrin alpha, protein 4.2
17 band 3
18 protein 4.2
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Figure 2. Representative UPLC-MS/MS MRM chromatograms of G6PD, PK, and
P5’N (Set A).
Abbreviations: G6PD, glucose-6-phosphate dehydrogenase; PK, pyruvate kinase;

P5’N, pyrimidine 5’ nucleotidase; IS, internal standard
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Figure 3. Representative UPLC-MS/MS MRM chromatograms of HK, TPI, and
AD (Set B).
Abbreviations: HK, hexokinase; TPI, triosephosphate isomerase; AD, adenosine

deaminase; IS, internal standard
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Figure 4. Effect of sample amount on enzyme activity for each enzyme reaction.
Each incubation time was 30 min.

Abbreviations: G6PD, glucose-6-phosphate dehydrogenase; PK, pyruvate kinase;
P5°N, pyrimidine 5° nucleotidase; HK, hexokinase; TPI, triosephosphate isomerase;

AD, adenosine deaminase
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Figure 5. Effect of reaction time on enzyme activity for each enzyme reaction.

Abbreviations: G6PD, glucose-6-phosphate dehydrogenase; PK, pyruvate kinase;

P5°N, pyrimidine 5° nucleotidase; HK, hexokinase; TPI, triosephosphate isomerase;

AD, adenosine deaminase
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Table 11. Optimized reaction conditions of dilution rate and incubation time

Enzyme Dilution rate Incubation time (min)
G6PD x10 30
PK x5 30
P5’N x5 120
HK x5 30
TPI x10 30
AD x5 30

Abbreviations: G6PD, glucose-6-phosphate dehydrogenase; PK, pyruvate kinase;
P5°N, pyrimidine 5’ nucleotidase; HK, hexokinase; TPI, triosephosphate isomerase;

AD, adenosine deaminase
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Table 12. Within-run and between-run precisions at low and high concentrations

Within-run CV (%) Between-run CV (%)
Enzyme

Low High Low High
G6PD 13.3 7.5 14.4 15.7
PK 8.3 8.6 18.6 8.9
P5’N 9.2 7.7 223 16.8
HK 13.0 9.2 28.0 18.0
TPI 17.0 15.0 14.1 12.2
AD 9.5 7.8 12.1 13.8

Abbreviations: G6PD, glucose-6-phosphate dehydrogenase; PK, pyruvate kinase;
P5°N, pyrimidine 5’ nucleotidase; HK, hexokinase; TPI, triosephosphate isomerase;

AD, adenosine deaminase; CV, coefficient of variation
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Figure 6. Linearity for each enzyme reactions

Abbreviations: G6PD, glucose-6-phosphate dehydrogenase; PK, pyruvate
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isomerase; AD, adenosine deaminase
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—~ 60 y= 0.4208x +0.2684 Sample* OldJr New!
E:D ' R*=0.9542 * Control 1 | 2.0 | 0.73
= 50 1 Control 2 | 6.5 | 3.25
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Figure 7. Comparison of the G6PD activities measured by newly developed assay
and old spectrophotometric assay

*Three control samples from BEN G6PD kit (Biochemical Enterprise) and five
CAP proficiency testing samples in recent two years (2015-16)

"Units for old and new method results are U/gHb and mg/min/gHb, respectively.
Abbreviations: CAP, College of American Pathologists; G6PD, glucose-6-

phosphate dehydrogenase
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Table 13. Pilot study results of suspicious patients with erythrocytes enzymopathy

Case No. Sex/Age (yrs) G6PD PK P5°N HK TPI AD
1 M/3 0.32 1.6 5.7 215 465 162.9
2 M/17 2.18 1.84 26.2 236 410 118.8
3 M/17 1.05 5.75 7.6 717 532 193.2
4 M/4 3.57 4.63 30.0 616 467 233.0
5 M/18 0.93 1.81 41.6 608 708 131.7
6 F/46 2.04 1.44 73.9 1217 922 531.0
7 F/15 0.92 1.57 10.7 336 525 139.3
8 M/20 4.02 0.84 138.7 327 1242 228.8
9 F/17 0.56 1.81 19.1 290 727 100.0
10 F/1 2.21 1.02 25.5 803 955 515.9
11 F/3 1.86 4.28 19.8 566 578 245.2
12 M/19 2.33 0.62 109.0 1429 759 309.0
13 F/4 1.86 4.28 19.8 566 578 245.2
14 F/16 1.50 2.70 27.9 924 986 397.3
15 F/6 0.92 0.95 19.2 869 955 391.5
16 M/22 2.46 2.23 12.9 1144 1058 416.2

Reference interval 1.74-2.71 1.04-3.27 3.45-47.1 225-515 409-835 259.8-622.4
(Pediatric)
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Reference interval 1.06-3.31 1.02-2.46 10.4-56.4 123-488 409-834 76.9-249.7
(Adult)

*Unit for all results except G6PD and PK was pg/min/gHb. G6PD and PK unit was mg/min/gHb
Abbreviations: G6PD, glucose-6-phosphate dehydrogenase; PK, pyruvate kinase; P5’N, pyrimidine 5’ nucleotidase; HK, hexokinase; TPI,
triosephosphate isomerase; AD, adenosine deaminase
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Abstract

Development of a new analysis method using mass
spectrometry on erythrocyte membrane proteins and

enzymes related to hereditary hemolytic anemia

Chul Min Park
Department of Medicine
The Graduate School

Seoul National University

The causes of hereditary hemolytic anemia include erythrocyte membrane protein
disorders, or erythrocyte enzymopathies. Classic conventional electrophoresis has
been used to examine the erythrocyte membrane protein, but it showed lower
reproducibility in addition to large consumption of time and efforts. Erythrocyte
enzymopathies has been measured by using the spectrophotometry. But this
method is difficult to perform multiple tests at once and its effectiveness is
deteriorated due to the variety of causal enzymes. To this end, this study aims to
develop and to verify the performance of a test method more improved than the
existing method in diagnosis of erythrocyte membrane disorders and erythrocyte
enzymopathies among the causes of hereditary hemolytic anemia by using the

latest techniques of mass spectrometry.

68



For the analysis of erythrocyte membrane protein, clinically significant
erythrocyte membrane protein from the erythrocyte membrane protein-derived
peptides by using mass spectrometry. And they were distinguished from previous
known band 3, spectrin alpha, spectrin beta, protein 4.1, protein 4.2, and ankyrin.
The precision of new method was evaluated, compared to the previous methods
and its reference range was established. For the analysis of erythrocyte metabolism
enzymes, the ion suppression was evaluated for development of method by using a
mass spectrometry and the test sample diluting multiple and reaction time were
optimized for 6 types of main enzymes including the glucose-6-phosphate
dehydrogenase (G6PD), pyruvate kinase (PK), pyrimidine 5’-nucleotidase (P5’N),
hexokinase (HK), triosephosphate isomerase (TPI) and adenosine deaminase (AD).
Linearity and precision of new method were confirmed while the reference range
was established and the preliminary evaluation for the patients was performed.

The analysis of erythrocyte membrane protein by using a mass spectrometry had
identified 6 types of clinically significant membrane proteins, and the coefficients
of variation (CVs) of membrane protein measurement were in the range of 1.6-
7.5%. When compared the new test method to the previous test method:SDS-
PAGE method, the sum of spectrin alpha and beta (r=0.8154, P=0.014) and
ankyrin(7=0.8743, P=0.005) had shown strong correlation while protein 4.1 and
protein 4.2 had no significant correlation. Of 18 patients, there were deficiencies of
protein 4.2 in 9 patients, band 3 deficiencies in 7 patients, ankyrin deficiencies in 6
patients, spectrin alpha deficiencies in 2 patients, and specrn beta deficiencies in 4
patients. All enzymes had shown excellent linearity from the rythrocyte enzyme

assay performed by using a mass spectrometry. When conducted the precision
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assessment, the results had shown the CVs ranges of each enzyme’s measured
value was 7.5-17.0%. The reference ranges of each enzyme were G6PD (1.06-3.31
mg/min/gHb), PK (1.02-2.46 mg/min/gHb), P5’N (10.4-56.4 pg/min/gHb), HK
(123-488 pg/min/gHb), TPI (409-834 pg/min/gHb) and AD (76.9-249.7
pg/min/gHb). After the essays for 16 patients, the reduction of activities were
observed for G6PD in 6 patients, for PK in 4 patients, and for P5’N and for HK
was observed from each one subject.

The erythrocyte membrane protein and erythrocyte enzyme assays by using newly
developed mass spectrometry through this study, are considered to be helpful for

the diagnosis of hereditary hemolytic anemia in the future.

Keywords: hemolytic anemia, erythrocyte membrane, erythrocyte enzyme, mass
spectrometry
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