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In 1993, there were 18 acute deaths in Japanese patients who had the viral disease herpes zoster and were treated
with the new antiviral drug sorivudine (SRV, 1-B-D—arabinofuranosyl- (E)-5-(2-bromovinyl)uracil). All the dead
patients had received a 5-fluorouracil (5-FU) prodrug as anticancer chemotherapy concomitant with SRV administra-
tion. Studies on toxicokinetics in rats and on hepatic dihydropyrimidine dehydrogenase (DPD), a rate-limiting enzyme
for 5-FU catabolism in rats and humans, strongly suggested that in the patients who received both SRV and the 5-FU
prodrug, tissue levels of highly toxic 5-FU markedly increased as a result of irreversible inactivation of DPD in the
presence of NADPH by 5- (2-bromovinyl) uracil (BVU), a metabolite formed from SRV by gut flora in rats and hu-
mans. Recombinant human (h) DPD was also irreversibly inactivated by [*C]BVU in the presence of NADPH.
MALDI-TOF MS analysis of radioactive tryptic fragments from the radiolabeled and inactivated hDPD demonstrated
that a Cys residue located at position 671 in the pyrimidine-binding domain of hDPD was modified with an allyl
bromide type of reactive metabolite, dihydro-BVU. Thus artificial DPD deficiency caused by BVU from SRV led to
patient deaths when coadministered with the 5-FU prodrug. Human population studies using healthy volunteers have
demonstrated that there are poor and extensive 5-FU metabolizers who have very low and high DPD activities, respec-
tively. Administration of a clinical dose of 5-FU or its prodrug to poor 5-FU metabolizers may cause death unless DPD
activity is determined using their peripheral blood mononuclear cells prior to the administration of the anticancer drug.
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Fig. 1. Plasma and Tissue AUC of 5-Fluorouracil (5-FU) in
Rats Orally Treated with Its Prodrug, 5-FU-Tetrahydrofu-
ran (FT), or FT and Sorivudine (SRV) once Daily for 6
Days

BMFT (60 mg/kg/day), OFT (60 mg/kg/day) and SRV (30 mg/kg/

day) .



Fig. 2. Microscopic Profiles of the Intestine of Rats on Day 6
after Treatment with Vehicle (A), FT+SRV (B), and FT or
SRV alone (C) once Daily

Doses of the drugs were the same as shown in Fig. 1.

120
§ 80 % é
[=]
- 60 zf%f é
& 40 % g
5 nmw
3 20 é %’
2 nn
1 2 4 6
Day

Fig. 3. Number of CFU-GM Colony in the Bone Marrow of
Rats Treated with FT alone (J), SRV alone (&), and FT
and SRV (H) once Daily for 6 Days

Doses of the drugs were the same as shown in Fig. 1.

o TWiz, WO RKERORGRAE% 6 HHOIGE
KilIZE L WSR2 RLTHO, FmzEkES T v
FOWMUWTHRIORKHEL 7= (Fig. 2). HHl
D ETE T RES ML (CFU-GM) %03, Mo g
e GHE% 2 HE CTBRICH L THD, 4 HETIE
FEEO &R0, EHEA TR/ EREIRE I > TV
7z (Fig. 3). ZHucfEwy, v hofd o[k
&R EGE 6 H BT3P L T/ (Fig. 4).
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Fig. 4. White Blood Cell (WBC) and Platelet (PTL) Counts
on Day 6 in Rats Treated once Daily with FT alone or FT and
SRV

Doses of the drugs were the same as shown in Fig. 1.
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Fig. 5. Relationship between Radioactivity Incorporation
into and Inactivation of Recombinant Human Di-
hydropyrimidine Dehydrogenase (hDPD) Preincubated
with [*C]5- (2-Bromovinyl) Uracil (BVU) in the Presence of
NADPH

hDPD activity (@) was determined by using 5-FU as a substrate after
preincubation with ['*C]BVU in the presence of NADPH. Radioactivity in-
corporated into hDPD (Q) was measured after isolation of the enzyme pro-
tein from the preincubation mixtures. Preincubations were also carried out in
the presence of the 10mm thiol (A), cysteine, 2-mercaptoethanol,
dithiothreitol, or glutathione.

B X¥7/~t  DPD (hDPD) fE#fEHIZDONWTH
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DPD KU hDPD i2 &> CiEGENA &7 UL 70
SRHMORBEHICEOHETER#M L RO
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W3, ZOXA 7 DB FEHZE % mechanism—based
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Fig. 6. Matrix—Assisted Laser Disorption Ionization—Time of

Flight Mass Spectrometry (MALDI-TOF MS) of Radioac-
tive Peptide I from hDPD Inactivated by ["*C]BVU in the
Presence of NADPH
The peptide (A) was treated with NaOH (B) and TFA (C) under the
conditions as shown in the panels of Fig.

Table 1.

Amino Acid Sequence of Radioactive Peptides I and

II Derived by Tryptic Digestion from hDPD Inactivated by
the Incubation with [*C]BVU in the Presence of NADPH

Peptide I Peptide 11
Cycle —— Cycle hDPD?
Amino acid pmol Amino acid pmol
1 Lys 65.9 656Lys
2 Ser 29.6 1 Ser 25.2 Ser
3 Glu 27.5 2 Glu 8.8 Glu
4 Asp 19.9 3 Asp 10.3 Asp
5 Ser 14.7 4 Ser 6.0 Ser
6 Gly 24.4 5 Gly 10.6 Gly
7 Ala 21.5 6 Ala 5.9 Ala
8 Asp 11.3 7 Asp 5.8 Asp
9 Ala 24.6 8 Ala 6.4 Ala
10 Leu 14.2 9 Leu 5.3 Leu
11 Glu 99 10 Glu 2.6 Glu
12 Leu 18.6 11 Leu 7.1 Leu
13 Asn 145 12 Asn 5.3 Asn
14 Leu 18.7 13 Leu 0.4 Leu
15 Ser 69 14 Ser 2.2 Ser
16 X 15 X — 671Cys
17 Pro 7.5 16 Pro 2.2 Pro
18 His 0.6 17 His 0.2 His
19 Gly 89 18 Gly 5.6 Gly
20 Met 3.6 19 Met 1.3 Met
21 Gly 12.4 20 Gly 6.1 Gly
22 Glu 2.1 21 Glu 1.0 Glu
23 Arg 0.6 22 Arg 0.9 8Arg

a) This residue was not identified. About 90% of radioactivity of
radiolabeled peptides I and II were eluted at cycles 16 and 15, respectively,
and most of the remainder at next two cycles. ) Amino acid sequence of

hDPD was taken from Yokota et al. (1994).10
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T&H D, hDPD OHEHGEAH TINA BVU 7
54T S EEBIZCys D SH EfEGLTAILT
1 RZT 2 (Fig. 7). NADPH #7% FT BVU
IZ& % hDPD OAEMEAL K INIE 10 mM FF — )L 1L
G CRATFA 2, 2-ANAhT NI =), X
WEPFFALA b=V E) OFEIMICE>TaE<M
flsn/zno/ (Fig. 5). ZT®Z &iE, hDPD 4
FHND 'Cys O SH & DBEU O [ i A d T %

J:Uj/ R = F (5-FU)

C R = H (Uracil)
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Fig. 7. Proposed Mechanism for the Irreversible Inactivation of hDPD, a Rate-Determining Enzyme in the 5-FU Catabolism, by

BVU Formed from SRV

Panels A-C represent the proposed mechanism for irreversible inactivation of hDPD by BVU in the presence of NADPH. [“C]BVU is reduced (A) to the reac-
tive dihydro-BVU, 5,6-dihydro-5-(2-bromoethylydenyl) uracil (DBEU) with NADPH at the pyrimidine-binding domain (Leu665-GIn686) of hDPD, reacts
instantly with the SH group of 'Cys (B), and inactivates the enzyme (C). Various thiols (10 mmM R-SH) had no effect on the inactivation of hDPD (see Fig. 5).
Panels D-G represent the radioactive tryptic fragment I from the pyrimidine-binding domain of hDPD labeled with ['“C]DBEU and the increases in mass number

of the peptide by the treatments with NaOH and TFA (see Fig. 6).
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656 | 678

Human 654 702
Bovine 654 702
Porcine 654 702
Rat 654 702
C. elegans 693 742
D. melanogaster 245 293

Fig. 8. Sequence Alignment of DPDs in the Region of the Proposed Pyrimidine-Binding Domain

The deduced amino acid sequence of hDPD!? is aligned with amino acid sequences of DPDs cloned from the bovine,!? porcine!® and rat'? DPDs and of puta-
tive DPD encoded in the C. elegance gene'> and a DPD-like peptide in the D. melanogaster mRNA.¥ Identical amino acid residues to those in the sequence of
hDPD are represented by dashes. Arabic numerals represent amino acid positions counted from the leading amino acid Met. Our proposal for the pyrimidine—bind-
ing domain (**Leu-**°Gln) is shown in white on black. Horizontal arrows I and II above the sequences represent tryptic peptides I (“*Lys—""*Arg) and II (*’Ser—
8Arg) from hDPD inactivated by ["*C]BVU in the presence of NADPH. The downward arrows represent the unidentified “'Cys residue modified by the reactive
["*C]BVU metabolite, DBEU.
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Fig. 9. Proposed Mechanism for the Lethal Interaction of FT with SRV in Patients

A part of dosed SRV is decomposed to BVU by gut flora in the intestines, absorbed through the intestinal membrane, and carried into the liver having potent ac-
tivity of DPD. BVU is reduced to reactive dihydro-BVU (DBEU) with NADPH in the pyrimidine-binding domain of DPD, reacts with Cys671 located at the sub-
strate binding-domain, and inactivates the enzyme. Inactivation of hepatic DPD leads rats and humans to poor 5-FU metabolizers and, consequently, increases the
tissue 5-FU levels markedly. Acute deaths in patients administered with SRV and FT are most likely to be attributable to the severe toxicity to bone marrow by the
markedly elevated levels of 5-FU.
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MITHLZ B 2 EZWiE> TS,

FUT B L THSNEHREXRXTFRIO
MALDI-TOF B & A X7 MVHIZIX, m/z2556.40
WHEOREWSFA A IM+HIY > 7 F )L (&
ZFI1) Em/z2574.42 ITHRIE D /NS W I[M+
HI*>Z7F) (7 F)V2) N hi (Fig.
6A). T FIN20EERIFIIZFIL1IXDH 18
FIREL, TPV 1 E25R D5 FIKMSN
SFMRETSHZEZEZRL TV, 7 FIL 1IN
7F R 1 2= T NaOH WUWH T2 & KE /0 vk
MIZT T IV 2 &5 25K TFIcEBI N (Fig.
6B), ZOKMHTEHDOXRTFREKN) 7)LA0O
Fefig (TFA) TS 2 &, KD TFITHEKT
23T FIN230->< D ERAL, THIC18 71T
BEENREWH R T7HIVINNE L= (Fig.
6C). RTFRIDOTIVAY MOBIEIZ XS T,
SUFITRERICZIER LN, ZHUIT7 IV
T ROBRICEIIEORERE Y 2P VREZ B DN
IRIZED S b O LHEE SNz (Fig. 7F).

Cys 2% 8 hDPD @7 X / BEECH] (N- Kl &
D 665—686 fif) IIEMEWMDAIRS T avP g
NI, MEBRETHERIHKEINTHD (Fig.
8), IEMEAL#HY DBEU IC X > T “'Cys 2MERi X N
=2 EMmB, ZOfEEA hDPD OB 2 Y S
B THDHIENEZESITIDIEILDTHRETN
- EFHESICEoTHLMNZEINZY Y TU L EKE
DFAEANZ X LZBRKRT S (Fig. 9).
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VYT UEETEL kozBEE, YU TP
DO R#HY BVU Ik > T, AN&MIT 5-FU @ poor
metabolizer (PM) IZ3NTLEo7=. DD
2, EROVIU TP EFT 2Ly FOX
212, HBKHAEDS-FU 7O RS w7 2EHAL TN
- WK BB O O 5-FU B, VU TY
CEIRALUZIUCODEEENSBIEL X)L 2 A 5 5
EBZERL, HhdH5FUTORT v T OiREER
BTN/ CFEBRRFER I T2 EEZEA 5N 5.
L OPUBENETS THDHL DT, 5-FU KUZD
TORTy T OEEEAEENES, BEKEITX
S THRGICEHERRERNEIRT 2.

Sw hEOE MZBWT, 5-FURBEIN-&

DK 80% NIHFHINE @ DPD IZ &> THRESI N, %
% 20% DREBIFIEREAA S U TRPICHRE S 1
5. 19 {5 N2 BV 2 F DPD OiEHIZ AOFAED
ERAERIISDENHO, FFERIGEBRLT
WS ZEMNKEIZBNWT Lu 5101C& > THEIN
TwWw3 (Fig. 10). & M DPD &L, ZhiTshk
Mo THIE NN T WA KM I B & B  (Peripheral
Blood Mononuclear Cells, PBMC) H® DPD &%
(Fig. 11) EE<HHBEAT 5 Z &R I N 1719
PBMC #® DPD {&MHED N O3 AFAE D SR 5,
t b~ DPD{EMRITITEZE, FlmzE RO ANEENTE
WEBDENIBNZ ENHSNTIR-> TS, D
KENZBWT, 1993 F (bAETY U TP 3
EMNFAELUAE) 1T 5-FU BB THEZZT TV
BEEDD BEREDEAEZREL 20 A 3 AN
L, 6 \DWHERAMEMAERZRL I ENHE
INTWwW5s, 2L T, ®ELAEZ3ADPBMCHOD
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Fig. 10. Population Distribution of Liver DPD Activity in
138 Healthy Volunteers
By Lu, et al. (1995) .19

Frequency (%)
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Fig. 11. Population Distribution of Peripheral Blood
Mononuclear Cell (PBMC)-DPD Activity in 124 Healthy
Volunteers

By Lu, ef al. (1993) .17
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DPD iFHEidnWd s b MBI % DPD O
BIEMHED 0% L FTHho=Z ENHS NI N
TWw5, 17

B, BEEMLTEFO PBMC @ DPD &I
SEHEED 18—28% Th o7z, KEIZHBNWTIE, Z
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RKCTHBETHHRNWEENHEESNTNS, 1719 F
7= Bt T, PBMC 1 ® DPD &M E D 30%
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R R UL e s EBEHEIN TN S,
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5% DOFH150 DR T > T 1 7IZHBIT S PBMC
H1 D DPD i % D N 1734 12 B 5 % A s R,
K, BRIZHT S DPDIEEDO NAZHDINEY —2 &
D TEBILTHD, MERVCFERZEDIZEAER
DOHNBMMD T2, BB, FEIAN KO E A2 %kt
HIZ U7 DPD {EHO N O A& THhN T
B, InsOF—F LHANDZNIDThDE
LRl T,

HEDLDNPEIZBNWTIE, PRr<EH20FADA
2D, EFELTINEBDBOBRETFHOZDIZ, HE
MIZ5-FU 7O RTy 7 ERALTWS EINTY
5. ZO0EDIZ, bAEIFHERTHRAD S-FU (7
ORI w7 MWKED) HEESR> TS, KELE
W70, 5-FU "ANZ X 2 TEHITHAEIC B W
TRE<HEINTHARWN, ZZLTIOZEIEFE
KTHADIM?

5-FU 7O R v 7 0%, DPD OERIRIEH
MINZzZRALIICD S E, BEHUNIZEZ 5L
WRRHIDEDIZ, 1FEAEDEFIIREZ P
1R <RD, MASLTmEEDEDDHTHA
5. UL, TNTHMEIZREEZFITSH I END
HETHE, FHICEDAREENRKEN. ABEHIC
5-FU O S22 05 BEOH AR TH
%, bREICIBNWT, 5-FUSBFNZ L5 #HFEE T
Fid 57=01z, %#IZHENL> T PBMC 1@ DPD
IEEDBIE 217V, 5-FU Q&ML PM 2325 L,
BENENFELL CTRATINENH D) ZL2E
HFLTHBL., VYT EENS, RENALRT

RS BVRDEKRBEFHIO 1 DEL T,

6. HHYIC

V)T D EENFEE L ZBAED 1994 0 5 3
EIAED T HIEEN AN Z X LFEICEO#LA T
=T, 199 FFIC RO BIEREZET, £455
DZDEEMITIHKIETFEIDIENTERZ., 2D
MIEDIEER LT, EFESITL-> UThbNZHAAN
IZB1F % DPD {EMEDO N O3 4ICBET 98 6 1FE
ASELTWD, VUTTUN, DOETHIES
NEHETHD, HAOEFEEFENELEZ D> TE
DANZALEHSNIT HHENDHDEEZTD
N, ZOMBICEFLEBKTH . VU TI
EEOWZE CTIIRBEWICBET S MR aF kT 10
Z, k ~ DPD IZBYY %A F T2 NC MALDI
~TOF MS MS{REm e f&ElZ 17Uk,

BEICONETEZ =T RY1 R, F/F5)1
L, 700F 2R EQEEFITBNTIE, KFEBEFKRD
BINNFESNZZT T, T2l EWn5HMEN
ISR R FEH ORI B T IE V. &5 S OISR
RS, TFR DD AEIT BV B HE DM EIIE
DERERDZEEMMETIRETHS.

Ty NMZBFBV YTV ESFUEKFEHADO N
FLaAFFT AV AKVMCIBVUIC LD T v B
DPD QA EMAZFEML - BHEEE L (4
Reafffgeas, BE N ERE S B E AT TS
EHTOIRETHS.
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