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Heteroduplex DNA
318 bp
291 bp

of polymarasa chain resction (PCR) products aftes smplifications of exon 11

iectrophoresis
of AEY gane by PCH using exon 11 spocific primens (AETEx 11L/AE1Ex 11R). Lane 1 is PMX 174 DHAHRRIH markers,
Lapes 2 through 7 are mmmmmmmm-nmm:mmmmmm

with only SAD, patient’s tather, pabient's mother,

nonmal DNA sample gave PCR product with the slze of 31

showed PCH products with the sties of 318 and 291 bp, &

ihe patient's father (lane 4} and the patient (lane §) produced the PCH products the same as thess of the ndbeidusl
with SAQ, whereas those from the patient's mother (lane 5) and ihe paifeni’s yowunger sister (lane T) gave the PCH

products the same as thal of the healthy Indbvidual.

the urine Pco.. 172 A similar association has been
reported in primary dRTA in an infant not previ-
ously exposed o amphotericin B® and in a
patient with an early stage of primary Sjogren's
syndrome® who also had rthe inability 1o de-
crease urinary pH in response o forosemide and
markedly increased uninary excretion of NH,*.
Fmﬁhnﬂtuismmnpﬂm,ﬁeuﬂ_-pﬂmt
be muoch greater than the mid-6 range because

the highest rates of NH,~ excretion occur when
the urine pH is in the low-6 mange in subjects
ing, chromic fasting). ™ There is & problem
relating the urine pH to that in the lumen of the
distal nephron when bicarbonate is the principal
urine buffer'becaitse of the absence of, luminal
carbonic anhydrase in this nephron segment (for
review, seel™H3I%), As emphasized by Knepper

Tabia 5 mhlulhﬁ-hlﬂn Anlon Transpon

B0 Ligriaies {10 melL ol i
. + 15 i
Fhanoiyps = o DD DS =i
Fathar SAD = 0.02¢ .1 = 0.00 1
Mather Mormal fi=01 AT =05 453
Fasan SA0 BEl=01 04 = oo 18
=) Mormal rhn=03 34 =03 a4 B
bman of 2 SADR =02 a1 =0m =1
Mamn ol 5 condrols =05 48 =15 886 =12

“Initial rake of sulfals [S0,77) upteke of fs erythrocye

mmolL of Badum citrata, 10 menolL of Tris, i 74 buller,
1The enyfrocytes warsncubasd ot 57°C with 1 5
FPumant of rata of S0*- uptake, compering with
Ghlamn = 50 in duplicalsd experimpn,

ﬁw-mqnmummnﬂn.m
pmosL of DIOE for 18 mnuses bedore 50,7 upishe.

DS




dFTA AND HIGH URINE Poog IN SAD

and Good,™* one should expect high jocal car-
bonic acid concentrations in luminal fuid, snd
thus the [H*] in viva will be much greater here
than in the urine. Therefore, & grester lumina
[H*] in the distal nephron would likely be pre-
sent with bicarbonuturia and make the gradient
limit for H* secretion a less likely explanation
for the high urine Pco, in our patient. Third, the
normal ability to increase urine Peo, during a
bicarbonate diuresis could be the result of secre-
tion of HCO;~ by type A intercalsted cells in|
these patients with AE1 aboormality (Fig 1). To
explain why HOO;~ might be secreted by type A
intercalated cells, we suggest, as did Broce et
al,' that mistargeting of an active AE] o the
api:ﬂm:mluu:uﬂhﬂp:hiﬂﬂﬁlﬂdmﬂﬂ
might explain & decrease in net H™ (really HOOy)
secretion in patients with familial dRTA ™ We
hypothesize that the mutant AE] proein in our
patients was mistargeted (o the apical membrane
of the type A intercalated cells. The secretion of
HCO;™ would not only cause & high urine Peo,
but it should also cause an alkaline disequilib-
rim pH, making it even more difficalt o mp
ammonia in the luminal compartment. Secretion
of HCOy~ by type B intercalated cells is also a
possible mechanism for the normal increased
urine Poo,. Nevertheless, because AE in these
cells is a different gene product end s not in-
volved in the SAQ shoormality, these cells prob-
ably do not have aboormal function in this ps-
tient. Moreover, if HCO;~ were secreted by type
B intercalated cells during a sodimm bicarbonaie
load, the urine Poo, would be incressed in most
patients with a defect in distal H' secretion, but |
this is not consistent with the published data 17
The incidence of metabolic acidosis in SAQ
patrents is low. However, the degree o which the
maximum rate of excretion of NH,*® is decreased
in SAQ has never besn studied An incomplete
form of dRTA might not produce clinical evi-
dence of acidemia if there iz enough capacity o |
excrete NH,* relative to the acid load of the diet,
especially if the sobject is not on & high-protein
diet. Futare studies, including U-B Poo, measure-|
menis, are planned in affected persons with SAQ,
The presenting fearure in this patient was
related 1o hypokalemia (weakness). Although her
daily intake of potassium was not high (42 mmeol/
Lsd), the major reason for her hypokalemia was
excessive excretion of potassium (>10 o 15
mmol/Lid. reviewed in ). Because her osmole

cortical collecting duct was not excessively
high."' Heoce, & high [K*] in the lumen of the

for her high rde of excretion of potassium
(TTKG, 7.7 [Table 2], rather than <2'%), Be-
cause her unne consistently contained HCO,
{(Table 2), perhaps the high TTKG reflected the
kaliuretic actions of aldosterone when HOO,"
remained in the lumen of the CCD because of

tion of HOO,™, 28 previously suggested 2.4

In summary, we report a case in which dRTA
occurred in conjunction with SAQ. The mos
likely explanation for the low rate of excretion of
NH,* was 2 low mte of H* secretion in the distal

rate of secretion of H™ in the distal nephvon. The
explanation might be from a mistargeting of the
CIVHCO;™ exchanger to the himinal membrane
of the type A intercalaed cells.
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ABSTRACT

Chamcterization of mutahions of the
PED| gene har beem limited by the fact thar
three-fourths of ther gene ar ion 5 endd iz -
marlogouy 1o sequences of ar leam three ath-
er genes on tie same chromosome. We fave
therefore developed & method of long re-
Jlearion of the enilie coding sequence of the
PEDI gear from ity mENA. A PCR primer
specific o the sequence in the I unigue re-
grom of the PRIV gene was synthesized for
ute courpled with & primer binding o se-
guence in the homologous regian af a dis-
tance of oboud | 3.6 kb apars. The commer-
chal avatlability af BMowe H-free reverse
franscripiase for long cONA pvthesis and
of am enzyne mictioe commaiming Ty and
Piu DNA polymerases for long-range PCR
have made this develmpment possible. The
lorig PCR prouluct was proven o be derfved
Jrom PED -mANA. The rexules clearly indi-
cated thar the long PCR prodiscs covibalmed
ihe coding sequence devived from PEDI-
mEMA T owrr knowledge, this [y the firer re-
port of a procedwre thal can reprogiecibly
isolae full-length PEDI coding sequence
from ity mRNA rranscripn, which will prove
iiseful for sereening amd characierization of
miisarions in the PEDY gene,
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INTRODUCTTON

Characterization of muistions of a
gene responsible for a human genetic
disense rnqdrulhelnﬂ.hliw of ils
entire eoding and genomic sequences.
The polyeystic kidoney disease |
(PKD) gene, which haa the size of ap-
proximmicly 52 kb contmiming 46 exons
and encoding 3 ld-kb  ranscrip
(5,11,37) and whose defects account
for abouwt £5% of aucsomal dominant
polycystic kidney disease (ADPED)
cases (23), is one of the genes that are
most difficult to isolate and identify
(5,11.31.37). This iz because of the
presences of at least thres highly homol-
ogous sequences of genss mapped
more proximally on the same chromo-
some of the 16p13.1 region {31 ). Thiee-
fourths of the PKDJ gene, located in
the 5° pant exiending to a length of ap-
proximately 40 kb of DMA, is duplicas-
ed. The three homologous genes (HG)
encoding ranscipts with sizes of 21
{RG-A), 17 (HG-B) and .5 kb (HG-C)
ernted pan of the PEDI gene. The only
region of the PKDY gene that is differ-
ent from its homolegs is & 10-kb se-
quence #f its 3° end, encoding a part of
the transcript (3.5 kb) covering exdns
33-df; whereas, all of the homologs
Inmmlnrl‘:qnuﬁll‘muhu

identifica-

far m the PKDI gene are clustersd
sround the unique 3" region of the genc,
which is the only easily accessible
region (317,1920.22.27.31.33-33).
Therelore, the detection rate of mua-

tion is only 10%—15% of the cases ang-
Ivzed, and all of them are differsnt, in-
dicating thot there is no mutational
“hot-spot™ areq. It 15 believed that most
of PKD] gene muiations occur in the
duplicated region (22).

The mRNA tmanscripis of several
genes are present from their ilegitimate
or eclopic ranscriptions in human pe-
ripheral blood lymphocytes (6). and
these mRNAs are comectly processed,
aithough, their levels are extremely low
(28). The PKD/-mRNA his also been
found 10 be present in human [ympho-
cytes (17,25-27,33,34). Many research
groups hove sttempted o isolate the
coding sequence of the PKD/ genc
from its mEMA transcript by reverse
transcription polymerase chain reaction
(RT-PCR) (17,19-22.25-27 31,33, 34),
but only partial coding sequences were
obtained with § maximum size of 2440
bp. Until now, to our knowledge, there
is no repart on a method for isolstion of
the entire coding sequence of the PKD/
gene from its mRNA transcript. Limita-
tiont of the previous RT-PCR tech-
nigues have resulted from both the in-
ability of reverse irsnscripuse (o
synthesize full-length cDMNAs and from
the failure of Tag DNA polymerase to
efficiently amplify more than 4 kb of
DNA fragment. Recently, the commer-
cial avmilability of genetically engi-
neered reverse tanscriplases that lack
RNase H activity allows the synthesis of
full-dlength cDNA from a long mENA
{ 16). Furthermore, modified PCR con-
and Ffis DNA polymerases that contain
proofreading activity have made it pos-
sible 10 amplify long DNA targets (1.7).

Wid. 24, Ma. 1 {15

l-




b

Tuble 1. Nucleotile Soquences of FCR Primers for the Long BT-PCR and Nested PCR of PR

Leena

Primer {nucisotide

Primer Sequences {5'—3°)

PCH Annealing
Product Temperature
Size (bp) ("C)

{mt 175-198)

(i 13 BOE-13 784)

SI2F
{nt 1585-1616)
S128
{nt 3272-3251)

(it 4562—4583)

{mt B034-B015)

{mt 11 533-11557)
5198
{nt 13 182-13155)

Mo, L33243 by Hughes ef al, (11).

THIF £TGE GGG ACG GCG GGG CCATGC G

TH18 GGC CTG GGG CAA GGG AGG ATG ACA A

A0 AMGC CTA GAC GTG TGG ATC G 1678 65

CCTGCATCC TGT TCA TCCGCTC L

SI4F ATC TCT GCT GCC AAT GAC TCA G

SIB GGG GAAGCT GTG GGA GAA AC o

SI9%F CTTCAGCACCAGCGATTACGACGTT

AGA AAG TAA TAC TGA GCG GTG TCC ACTC ]:

"The nucléotide posiions are according to HUMPHDNA, GenBank Accession

13634 68

1473 L F]

1650 &5

In this paper, we report 2 long RT-
PCR method for amplification and iso-
lation of the entire coding sequence of
the PED/ gene from its mENA tran-
scripl. Advantage was taken of the

umique sequence al the 3 region of the
PED} gene (ond hence in its mRNA
transcript) w design a PCR primer for
selective amplification by PCR. This
long PCR product with the length of
13634 bp was analyzed and shown 1o
contain the full-length coding sequence
of the PED zene, which could be wsed
for screening, chomcterization of muts-
tipng and other types of sdies.

MATERIALS AND METHODS

Peripherai Blood
Lymphocyte Prepa

Blood samples were taken from 21
normal individuals and 15 ADPED po-
theniz with prior informed conmsent. Ap-
proximately 15 mL of peripheral biood
were collected mio a twhe containing

e and
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EDTA-disodium sall 35 anticoagulant.

Lymphocyies were prepared from pe-
ripheral blood samples by Ficoll Hy-
paque® grodient centrifugation using
Lymphoprep™ (Mycomed Pharma AS,
Oslo, Norway).

RMA Isolatiom

Total ENA was isolated from pe-
ripheral bilood lymphocytes by using
IRM'WM{L&Tul'mhﬁu,

MD, USA), following
the manufacturer’s instruction, with
carcful and genile handling to preserve
the integrity of long mENA required.
EMNA pellet obained in the final step
was dissolved in 50 pL of sterile di-
ethyl pyrocarbopate  (DEPC-treated
water. ENA solution was diluted, and
i concentration wis determined from
optical density (0D} readings that
were measured by a UV spectropbo-
ometer. RNA was kept m DEPC-treat-
ed water at -10°C. For long-ierm stor-
age, RMA vras precipitated and kept in
75% cthanol ot -70°C.

PCR Primers

Serpuenice of PKD-mRNA (HUMP-
KD A, Avcession Mo, L33243) was re-
irievead from the Entrez duahase (Gen-
Bank®). PCR primers were designed by
using the MucVector™ 4.5.1 Progrom
(Scientific Imaging Systems | Estmun
Kodak). New Haven, CT. USA) and
OLIGO™ Version 4.01 Primer Analysis
Software (Nationzl Biosclences. Ply-
mouth, MM, USA) The primers used
for long RT-PCR ITHIFTHIBY, Masik-
ing the open reading frame (ORF) of
FPED! (12906 bp), were designed and
selected with the additional criterion
that their melting temperatures (T,,5)
were high enough 1o be able 10 perform
PCR with two-step cycling conditions
that combine annealing and exiension
steps at 68°C. The backward (THIB)
primer is specific 10 the 3° unigue se-
yuence in the PEDT transeript; where-
s, the: forward {TH IF) primer i specif-
ic w the sequence in the reileraied
region (Figure ). Three pains of
primers for nested PCRs (SI2F/S128.
SI4F/SHE and SI9FSI9B) were de-
signed o gmpfily two regions in the ho-
mologous anid one region in the unbyue
sequences (Figure ). These primers
were custom-synthesized by BioSer-
vice Unit, National Center for Biotech-
nology amd Oenetic Engineerng
{BIOTEC), National Science and Tech-
nology Development Agency (NST-
DA), Bangkok, Thailand. Table |
shows the sequences of PCE primers,

Synthests of Full-Length cDNA

Full-length cDNA was symbesized
by the reaction of RMase H-free reverse
transcriptase  amd by using oli-
go{dT)y3_yg primer. An aliquot of total
RMA (15 pg) was used for cDMNA syn-
thesis. The reaction mixiure in 4 total
volome of 21 pl. conzined 20 mM
Tris-HCI (pH 8.4}, 50 mM KC1, 2.5
mM MgCls, 500 uM dNTP mixture, 10
mid dithsotheeitol (DTT}, 0.5 pg of oli-
p{m,;_.,-umi.iqut'iutl-l-nﬂ

SurerScrirt™ [I BT (Life Technolo-
gies). RMasin® Ribonuclease Inhibitor
{Promega. Madison, W1, USA) (30 L)
wias also pdded w0 protect mRMA tem-
plate. The cDNA synthesis was per-
Formed =t 42°C for 75 min and termi-
ruulhyiu:uh.tiuuﬂ?ﬂ“{.‘!’m’ljmin.

BioTechneques (17
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Then, 2 U of EMase H (Lile Technolo-
givs) were sdded, and the reaction mis-
ture way incuhated ar ITC for 20 min.

Long PCR

The full-length FPED!-cDMA  se.
Yuence was amplified by lang PCR us-
ing o pair of primers flunking the
PEDI-ORF (THIFTHIB). The cDMNA
was amplified by using ELONGasE™
Enzyme Mix (Life Technnlogies) fol-
lowing the manufacturer’s instructions.
The enzyme mixture incloded User-
mostable Tirg and Pfis DNA polymers-
ex; the lanter hos proofreading activity,
which reduces ermor rate of DNA syn-
thesis. The reaction mixture (50 pL)
contained 2 pl of cDNA. | U of
ELONGazsE Enryme Mix, &0 mM Triz-
S0, (pH 9.1), 12 mM (NH, =80y, 1.2
mM MzS0,, 200 pM dNTP mixture,
10% dimethyl sulfoxide (DMS0) and
200 nM of each primer.

A hod stan ot 95%C for | min and 30
s wus performed before adding the en-
ryme mixiure, PCR wos comied out for
30 cycles in a GeneAmp® PCR System
2400 (PE Applied Biosystems, Foster
City, CA. USA). Each cycle consisted
of denaturation at 94°C for 15 5 and a
combined step of annealing and exten-
siom ot 68°C for |5 min. A final exten-
sion step wos corried out 3t 70°C for 10
min. The long RT-PCR prodoct was an-
alyzed by electrophoresis on 0.8%
agarose pel in 0.5% TRE buffer (0045
i Tris-borate. 0.001 M EDTA. pH B_3)
and visunlized after stining by ethidi-
um bromide.

Restriction Endonuclease Analysis
of Long PCR Product

Restriction endonuclease sites in the
FPED[-mBEMA sequence wene first amo-
lyzed by the MacVector™ 4.5.1 com-
puter program. The restriction endonu-
clease digestions were performed by
taking 20-uL aligueots of the long BT-
PCR product and adding the following:
(1) 20 U of either BumHI, Kpnl or Xhol
enzymes (Promega), (i) a suiable
buffer a3 supplied by the manofacturer
and {iii) 0.1 pgfml. of bovine seram al-
bumin (BSA) in a final volume of 30
L. The reaction mixtures were incu-
bated &t 37*C for 2 h The resiriction
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fragments were then resolved by elec-
trophonesis on 1% agomse gel followed
by ethidium bromide staining_

Nested PCR (]

~ To reduce noaspecific amplifica-
tons caused by excessive lemplates,
the long PCR product was diluied
100-1000-fold before amplification
with each pair of primers in nesied
PCR. The nested PCR mixture (25 pL)
contained [0 mM Tris-HCI (pH 8.3),
50 mM KCL. |.5 mM MgCly, 200 pM
ANTPs, 105 DMSO. 400 nM of each
primer and 0625 U of AmpliTag
Gold™ (PE Applied Biosysiems). Al-
ter an imitial densturation at 95°C for
10 min. 25 PCR cycles were performed
as follows: (i) denaturation at 95°C for
20 5. {ii) onnealing a1 60°C for 20 s and
(i) extension al TI°C for | min and 30
&, followed by another 10 min of exten-
sion of T2%C in the final step. The sizes

osf nested PCR. products were analyzed
by electrophoresiz on a |.2%

zel in TBE buffer with ethidium bro-
miide staiming.

Direct Sequencing of Nested PCR
Products

The nested PCR prodiscts were puri-
fied from gel by using the QlAquick™
Gel Extraction Kit (Qiogen GmbH,
Hilden, Germany), following the man-
ufaciurer’s  instructions. Their  se-
quences were determined by the manu-
ul direct-sequencing method using the
AmpliCycle™ Sequencing Kit (PE Ap-
plied Biosystema),

RESULTS

We have developed a long RT-PCR
method o isolote the entire coding re-
gion of the PKDJ gene from s mRNA,

k
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Figmre 1. The schematic Bistration of FEDT mENA, PCR and nested PCR produets, sned resiric-
o fragmonis. The entire mEMA containing sequences of exons 1—36 b reproscnled by horigonial bar.
The boundaries ol exoes im the mENA a0 indicaied by vertical finex, and exon numbers e gives for
soime exom. The ORF consisting al 125906 bp-la locaied betwoon the sl positions 212 and 13117
{HUMPED| A: GenBank Accessinn Mo, L37243: Refieremce 1 1), The fight shade ares (betwess exons §

amd 17) pepresents the reiteraied region, which is highly hamologoss 1o

in B les) e cther

Fomes om the same checmosome. The darker shads arca {hetween exons 33 and 46) represents the 1
unlgues reglos. Shes of matnciion endonucierses BamHl, Kl and Xhol, eed 1o diges PEOT cDNA,
are indicoied by venicsl svoses shove dhe bar of mBNA. sl e loweer pant of ke figee sheees sioes of

(rapmens aher

degead ions will the resiriciion esrymes. The exients of loag PCR prodects are mepresemsi-

e bry solid lines under the bar of mBNA and of nesicd PCR products by wiid lines usder ibe Song PCR
producs. Lo atsons sewd Sirecthoen of aliponucicotide primers for fong PCR and nested PCR are mdicsed

a= salid harizostal acmmes.
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tramseoipl ot was prepared from pe.
ripheral bloosd lymphocyies, The first-
siraind cDNA synthesia wad primed by
ligHd Tl g The cDMA was sub-
Jected vo amiplification by sl the for-
wird (THIF) primer specific (o the re-
ilermled reoion and  the  backward
(THIB) primer specific o the anigue
secjuence in the coding region of PRDY
irunscript. The expected PCR product
amplified by this pair of primers would
be 13634 bp in length (Figure 1). The

copditions for loag RT-PCR were opti-
mized by varymg amoonts of BMA
coscentrations of MpS0y and numbers
of PCR cyches. The technique de-
scrbed heérein can efficiently omplify
the long PCR product by using 1-5 pg
of pood-gquality todal RMA. Amounis of
RMA greater than 9 g were found o
be less efficient in generoting the long
PCR product. The optimal conditions
for long cDNA synthesis and PCR are
described in Muerials and Methods.
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Figuire L { A} Agance pel-skciropharesis ol PCR prodects from smplicotion of the endire coding se-
wacmee of the P gene from its mANA by the long RT-PCIR method Lanes M1 and M2 are |-k DA
Enicnsinn Lachder-and ADMA U] markers | Life Tochmoligerns |, respeciively. Lanes | snd 2 ane PCR
products from samgles of normal isdividuals. Lsves 3=10 e PCR prodces from samples af patkens
with ADPEKD, The PCR prosect with the sizn of aboul 3.6 kb wes detecied in ol semples. A smsallor
et with the size of <3 kb, presen s Lese 7, was also Evegtary obssrved s osher samples fmm both
novinad individeals sl patess: i ts possihly o nosspecific PCR product. (B) Gel electropbcnesis of re-
saricaives fragmenis ol the kong POR producs. Lese M is §-kb DA Eseasion Ledder. Lane | i andiges!-
ol PCR prusduc, Lanes Y4 pre prodescrs afier dipestom with Bkl Kpel and Khol. respetivedy. Di-
gesiions of the long PCR gresdion with aml ilase 2] and Kpal (lase 3) resulbied in twa mestricton
fragmunts with the lengihs of B922 aml 4712 by, aed of 9418 and 4196 bp, revpoctively, and wilh Xl
ilame 41, five resiriction Tragmmis wih she lengibe of 6586, 3553, 1989, 976 and 340 bp. (C) Agaruss
sct-dectraphureabs ol seted PCR products from aimglificstims of te Iy PCE prodect by ising thees
cois off PR -spocific primes, Lases M snd M2 are 100-bp DA Labder snad |-kh DNA Extenzion
Laskior, respevibrely, Lunes 13 are the nevid PCR groducs: from smqlificatins af the ling PCR. prod-
e wiih chree sems of prioners, SI2FSEEA. SHFGI4E ond SIS, resuliing im DMNA fragmems siacs
ol TATE, 1473 and 16 by, respeciively
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We have successiully tesiod this proce-
dure with ENA samples that were pre-
pured from peripheral blood bympho-
cyies of 21 normal deviduals and 15
putients with ADPKD, Figure 24
shows part of the daa,

To prove that the long PCR product
contained PEDT coling sequence., we
initially analyzed ressriciion endonu-
clense sites known 1o be present in the
sequence of PEKEN mBNA o the long
PCE prodduct, The thres restriction en-
zymes selected for this analysis were
BamHl, Kprl and Xil, which have 1,
1 ond 4 sites, respectively, in the PEDS
coding sequence (Figare 1). The pre-
dicted sizes of fragments after dipes-
tions of the PKD/ coding sequence
with the restriction enzymes were 8927
and 4712 bp for Seomiil, 9438 and 4196
bp for Kpal and 3583, 976, 540, 6546
and 1989 bp for Xiiel (see Figure 1).
When the long PCR product that wos
prepured from a normal RNA sample
way digpesied with the three sslected en-
rymes. it was found that the digested
DHNA fragments hsd predicred lengths
{Figure 2B).

To further prove the authenticity of
the long-PCR. product, DNA fragmenis
were amplified by nested PCR using 3
pairs of primers (SI2F/SI1IR, SI4FS14B
and SI19FF5198) thot were specific o se-
quences in the reiterated and unigue re-
gions of the PKD{-mRMA transcript
tFigure 1) to observe whether the PCR
prochucts with expected sizes would be
produced or nol. The expected lengths
of the nexted PCR prochucts amplified by
these three pairs of primers were (678,
1473 and 1650 bp. respectively (Figure
1}, In this experiment. when the long
PCR product was amplified withou di-
lunion, both larger PCR products on a
smear of background and also product
with the expected length were obtained
The larger PCR produects and smeoar
seemied to result from excessive DMA
templates. Amplifications of the homol-
ogous sequences would produce single-
sirunded products and ther amounts
should be minute since the hackwand
primer in the primaory PCR (TH1B) waos
specific only 1o the 3’ unigue sequence
of the PKD gene. Seral dilution of the
Tong PCR product from 10=10000-fold
wos performed 0 reduce the iemplate
before using it in the nested PCRs. We
found that 100-1000-fold dilutions of

1 M B Tinc bt

the primary PCR product generated the
beest results. Less dilution still produced
nosnpecific products. und more dilution
resalied in less of no specific products.
The results showed tha the three nested
PCR products had the lengths as expect-
ed {Figure 2C).

Finally. 1o verify that the long PCR
product wis  derved from P
mRNA, we performed direct saquencing
of the three nested PCR products smipli-
fied by the three pairs of primers (SI2F/
5128, SIMF/514B and SI9FSI9B). The
nuclectide sequences thus determimed
were identical io the comesponding re-
gions in the PKD/ tramscript. The ne-
cleotide sequences obtained were locat-
ed between the positions 1633-1841
(209 nucleotides [nt]), 46104709 (100
) and 11 575=11699 {125 nt) in the
PEDT mRNA (with reference 1o the se-
guence of HUMPED LA; GenBank Ac-
cession Moo L33243; Reference 11)
{udata ot shownh

DISCUSSION

The mnin problem  that has delayed
progress in studies of the PEDT pene is
the presence of homologous sequences
in at least three potentially active penes
on the same chromozome, which inter-
fere with isolation of both the gene and
its transcript. 'We [irst atempied to jso-
tme PED-mBNA, which was ectopi-
cally transcribed in peripheral blood
lymphocytes. by capiere with a biotiny-
lnted specific-oligonuclectide  probe
and  strepiavidin-cooted n'ngnﬁi:
beads. However, this was unsuccegsful,
probably because of 3 mimuie amount
of the PED/J transcript present in the
peripheral blood lym We have
iherefore developed 3 long KT-PCR
method to selectively amplify the entire
coding sequence of the PKD! gene
primer specific io the sequence in the 1
unique region of the PKD/ gene to-
gether with the prmer specific 1o the
sequence located within the reiternied
ared af 4 distance of 13634 bp. The
long BT-PCH method could suocessful-
Iy amplify the entire coding sequence
of PKD! gene from its mRNA. The
long RT-PCR was proven to be
derived from PKDJ/-mRNA by demon-
strating the presence of (i) identical re-

striction endonuclense maps, (i) cor-
rect sizes of the nested PCR products
and {iii] identical nucleotide sequences
in three sepamied regions.

Although nucleotide sequences of
the three homologous genes (HG-A.
HG-B and HiG-C) have not been avail-
able for comparison with the sequences
obizined from ﬂpﬁim.:ulg'
the presence of 100% identity between
soquences analyzed i the three regions
(altogether 434 mr) with thoss of the
comesponding regions in the relerence
PEDI mBEMNA confirms that the se-
guence of nmplified product i the bona
fide PKDJ sequence. The most com-
pelling evidence is the sbsobute identity
of the |25-n1 sequence of the nested
PCR produoct from the unigue region,
amplified by SI9F/SIEB primers, o the
cormesponding region in the refercoce
PEDJ mRMNA,

Many research groups have previ-
ously anempied 10 isolale the coding
sequence of the PEDI gene from its
mRNA for characierization of muta-
tions. However, this was mainly suc-
cessful in isolation of s onkque se-
quence in the 3’ region (17.19.21.22,
27.31.33-35). Three groups could car-
ry out amplifications of the umigue se-
quence in the 3 region (betwesn exons
33-46) and pant of the reiternted region
{located before exons 32) of the PKD!
gene. Roclfsemn et al. (26) isolated the
PED] coding sequence from its mENA
prepared from peripheral blood Iym-
phocytes by cDMNA synthesis and am-
plifications of eleven overtapping frag-
ments {each fragment of less than | kb)
covering 6336 bp (between exons 16
and 456), and seven out of eighl novel
mmutations were identified in the repent-
ed part of the PKD/ gene. Peral et al.
{30} developed an anchored ET-PCR 10
amplify the PKDJ coding sequence
from its mRNA isolued from lym-
giluated within the single-copy region
und one within the reiterated ares o
identify mutations in the duplicated re-
gion. The size of longess PCE product
that could be isolated was 2440 bp, ex-
tending from exons 22-34 in the PKD/
rranscript, and six out of eleven muts-
tions were identified within the dupli-
coted region. A loog-moge PCR using =
primer specific o the unigque region
wis developed by Woimick et al. (36) 10
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wmplify the PKDT gene spanning 10 kb
(hetween cxonrs 23=34) from gemomic
DA, Alihough the methods of these
wrkers could wmplify ports of the w2-
gpueence in the duplicsied region, the en-
tire couding sequence of the PKD/ gene
wis not obiaimed,

To our knowledge. the long RT-PCR
method developed in this repont 15 the
only one that coubd successiully and re-

y penerale the entire coding se-
yuence of the PKD/ gene os a single
PCR product from the mRNA that was
prepared from peripheral blood lympho-
cytes. This method is rapid—the whole
process cun be finished within 15 b,

The full-length PKD! coding se-
guence generated by long BET-PCR can
be wsed for cloning or mutation anuly-
si%, Some mis-incorporations or ermors
might be introduced during generation
of the full-length PEDT cDNA by the
long RT-PCR method, However, the
use of o mixtore of Ty and Pfa DNA
pulymerases would allevinte this prob-
lem since Pfu polymerase coniains
proafreading activity (1), The clone
contuining full-length PKD! cDNA
generated by the long RT-PCR method
should be thoroughly evaluated by
complete sequence analysis before ws-
ing it in other work or further study. In
cloning complete cDNAs generated
from genomes of three RNA viruses in-
cluding tick-bome encephalitis (10),
hepatitis A {30) and hepatitis C (24) by
the long RT-PCR method similar to the
one described in this work, it was found
that the cDNA clones had characternis-
tics of the original genomes, confirm-
ing the high fidelity of cDNA geners-
tion by the bong ET-PCR method.

The long RT-PCR method for ana-
Iyzing PED | marations can be of limit-
ed usefulness in some cases in which
mumtions diminish the quantity of
PKD] mRNA (14}, slthough, the nor-
meal and sisble expression of mutant al-
leles at the mRNA level has been ob-
served in peripheral blood lymphocytes
(17.25,27.33), cell lines and tissues
(22.31). Analysiz of mRNA for FEKDI
mutitions con have an sdvanioge over
analysis from the PKDf pene, becanse
mutations that cause abnormal RNA
processing (such as exon skipping,
RNA deletion or insertion) could also
be detected (20313 However. ong
should be aware of abermantly spliced
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iranscripls thai con be unrelaied (0
hereditary defects and can complicate
detection and analysis of truly abnor-
mial transcrpts (2,13). Therefore, the
muinions cousing shoormul BNA pro-
cessing must be demonstrated.

The entire coding sequence of the
PEDI gene that was amplified and izo-
lated by the long RT-PCR method can
be used for sereening mautations by the
following methods: (i) single-strand
conformation polymorphizms (S5CF)
(18). (i) heteroduplex anatysis (HA)
(12}, fiif) denpturing gradient gel ebec-
tropharesis (DGGE) (), (iv) nbonucle-
s {RMase) cleavage (15), (v} chemical
cleavage of mismatch (CCM) (8), (wi)
dideoxy fingerprinting (ddF) (29) and
(wiij cleavage fragment-length poly-
marphism (CFLP) (4). The study of
mutations of the PKDT gene will pro-
vidde insight into the functions of poly-
cystin and its peptide domains. the moi-
eculur pathogenesis of ADPKD and the
effiect(s) of the muintbons on clinical

phenotypes of the patients.
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Autosomal recessive distal renal tubular acidosis associated
with Southeast Asian ovalocytosis

Somuiat Yasuvattaxuvr, Pa-Taar Yencumrsomanus, PRAYONG VacHuanicHSANONG,
Peri Tauwan, Caaroen KEarrwatcaanacnal, Vicrat Laosomear, Pmimma Mavasi,

Praronw WiLamaT, and Sumacer NimMannr

Remal Diwizron and M edical Molecular Biology Unii, Jiriraj Hospitml, Mohidal University; Songklenakarin Hospinl, Prince of
Jonghla Universiry, Songkle; and Deparment of Bioehemitmry, Faculty af Science, Mahido! Universiry, Banghok. Thailand

Auiosomal recewive distal reszl fbular scidesis sasockaied
with Southessi Asisn ovabocytosls,

fackground. A delect in the anion exchanger | (AET) of
the basolateral membrane of type A imizrcalaned cells in the
renal collecting duer may resull in o failwre 10 maintain & cell-
io-lamen H* gradiesl, leading to distal ressl wubdler scidosis
(dRTA). Thus, dRTA may occur in Southeast Asian ovalocytosis
{5A0). s common AEJ gene abnormakity observed in South-
east Asia and Melanesin. Our siudy mvestigated whether or
ool this renal acidificstbon defecs exmis in mdividuals with SA 0,

M echods.  Shart and three-day NH,CI LE315 were per-
formed in 20 individuals with 5A 0 and i two mubjects, includ-
ing thely familizs, with both SAD and ARTA. Mumtions of
AEl gene in individeals with SA0 and members of the 1wa
famidies were also sudied.

Rezulty. Resal acidification in the 20 individoaly with $40
and in the parents of the two families was normal. However,
ihe iwo claically affected individuals with 540 snd dRTA
bad compound beterozygosity of 17 bp deletion in exon 11
snd mizsesse mutation GTOLD resultog from @ CGG—CAG
substiteiion im exon [7 of tha AE) gens, Red el of the twa
subjects with dRTA and 5A0 and the family members with
SAD showed an ximate 40% reduction in sulfate mfus
with sormal 4.4°-dj incyanato-stilbene-1.2" -disilfomic acid
sensitivity and pH depeadence.

Conclugion, These findings suggest that compound hetern-
tygowity of abnormal AE] genes causes autosomal recessive
dRTA in 540.

Sautheast Asian ovalocytosis (SA O} is a hereditary con-
dition that is widespread in parts of Sontheasi Asia and
Melanesia, It has been shown that SAQ results from a
m utation in the red cell membrans band 3 or the anionic

Key wondws band ¥ protein, saion exchanger |, AET geas, DNA -
guescing, renal scidificaien.
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{HCO,™/CI™) exchanger 1 (AE1) [L. 2]. The N-terminal
fragment of the abnormal band 3 migrates slower than
sormal in sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) [3]. Sequencing of the ab-
normal erythrocyte AE] gene in SAD showed that it
contained two linked mutations: a deletion of codons
400 1o 408 in the boundary of cytoplasmic and membrase
domains and 2 point matation in the fest base of codon
56 (K36E), the Memphis | polymorphism [4].

Anion exchanger | is also found in the basolateral
membrane of the type A intercalaied cells of renal col-
lecting ducts, which are involved in H* sccretion [3. 6],
Studiez of human kidneys have indicated 1hat, although
the protein in the basolateral membrane of type A inter-
calated cells is reactive toward momoclonal antibodies
te the membrane transport domain of AEL [6, 7], several
antibodies to the cytoplasmic domain of AE| are unreac-
tive (6], which is comsistent with renal AE! being trus-
cated at the NH; terminus [B]. A promoter that gives rise
to these kidney transeripts is present m erythroid iniron 3
of the human A EJ gene [8, 9].

A delect in AEL of the basolatersl membrane of iype A
intercalated cells of the collecting duct may result i »
failure to establish or maintain a cell-to-lumen H™ gradi-
enl. and leads to distal renal tobular acidosis (dRTA)
(5.10). Thres studies and a review have shown thar muis-
tions of the AEJ gene affect renal acidification [11-14).
There are af least two reports indicating an association
between dRTA and hereditary elliptocytosis [15, 16),
which is uncommon among Caucasians, but a related con-
dition, SA D, is widespread in parts of Southeast Asia, with
8 prevalence reaching 30% in certain ethnic gronps [17].

To examine the possibility that & defect in renal acidi-
fication may be associated with subjects with SA0. the
renal acidification function snd & detailed characteriza-
tion of the AE] gene were studied in SAOQ individuabs
and members af two unrelated families with dRTA and
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SA0. In this report, we describe a novel compound het-
erozygosity of mutated AE[ genes in the subjects with
SA0 and dRTA. and an awimsomal recessve mode of
inheritance of the abnormal genes associzted with he
iwo combined defects,

METHODS

Subjects

The study population cansisted of 20 individuals with
SAQ, two unrelated subjects with SAOQ and dRTA (as
defined by a low rate of NH," excrction and an inabilicy
ta lower the uring pH below 5.5 in the presence of sys-
temic acidosis, HCO,~ < 10 mEq/liter) and their family
members and 11 individuals with gormal red blood ceil
morphology living in the same region as the control sub-
jects. All subjects were placed om a3 mormal diet, and
medications were terminated one week prior lo the
study. This investigation was approved by the Human
Ethics Commitiee of the Prince of Songkla University,
Thailand.

Clinleal sindies

Renal acidification was studied using a short acid load-
ing by administration of 0.1 gfkg NH.CL a3 previously
described by Wrong and Davies [18], in 10 individuals
with SAO, the two fomily members and seven sormal
control subjects; simultaneonsly, & chronic acid loading
was achieved by administration af 0.1 glkgiday NH,CI
for three days with diuresis on the fourth day induced
by farosemide (20 mg p.o.) [19] in another 10 individuals
with 5A0Q and four normal control subjects. To achieve
grinary oamalality >800 mOsm/kgp H,0, intranasal
1-deamino-D-arginine vasopressin (DDA VP) was given
after 16 hours of water deprivation [20].

Venous blood pH was measured wsing blood gas ana-
lyzer (model 178, Corming). The coacentration of bicar-
bonate in plasma was calculated using the pK value of
6.10 and & solubility factor of 0.0301 [21. 22]. Analytical
methods for determination of NH,*, sodium, potassium,,
chloride, creatinine. and osmolality were a3 previously
described [23].

The clearance of creatinine provided an approxima-
tion of the glomerular filtration rate [24). The transtabu-|
tar K concentration gradient (TTEG) was calculated to
reflect the driving force for K secretion [25].

Values were reported as mean + ses, and com pansons
between gromps were made by amalysis of variamce
(ANOVA).

DNA analysis

Polymerase chain reaction primers. The sequence af

AEl gene was reirieved from Entrez database (Ges-
Bank, NCBI). Nineteen pairs of polymerase chain reac-

tion (PCR) primers wers designed for amplifications of|

-
ol g |
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T

twa averlapping regions m intron 3 (one for the patential
kidney promoter and another for the possibls 5 g,
quence of transeripl expressed in kidney) and 17 regions
in ¢xons 4 10 20 of the AE[ gene (Tablé 1), The primers
for each exon would anpeal (o seqQuences in introng
Banking both sides of the exon. The sizes of PCR Dlnd:
ucts obuined from amplifications wsing these primers
were usually less than 400 bp, excepi those for the two
regions in intron 3. These primers were synthesized by
BioService Unit of the National Center for G enetic Engi-
teering and Biotechnology (Biotec. Bllglﬂt-'l'hilald}.

DNA samples. Leukocytle genomic DN As were pre-
pared from 10 ml ethylenediaminetetraacetic acid (ED-
TA) blaod samples by standard DN A extraction method.
which consisted ol steps of proteinase K digestion, phe-
nol-chloroform extractions, and ethamol precipitation
[26]. DNA samples were finally dissalved in sterile dis-
tilled water, and their amounts were estimated from sh.
serbances measured by ultraviolet-visible spectropho-
tometer al wavelength 260. A small part of stock DNA
sample was diluted to 50 ag/pl for wsing in PCR.

Palymerase chain reaction. Polymerase chaia reaction
was performed by mixing 125 ag DN A sample. 2.5 gl of
10 = buifer (Perkin-Elmer Cetus, Norwalk, CT. USA),
1.2 ploof 25 mu MgCly, 2.5 plof 2 mu dNTP mix, 12.5
pmol each of forward (L) and reverse (R) primers, and
0.13 units of Tag polymerase {Perkin-Elmer Ceus) in a
tolal volume of 23 pl. The reaction miziure was averlaid
with one drop of mineral oil. and amplification was per-
formed for 35 cycles in Thermal Cycler 480 (Perkin-
Elmer Cetus). Each cycle was comprised of denaturation
1t 94°C for one minute (5 min for the first cycle), anneal-
ing a1 38 to 70°C (depending on pair of primers; Table
1) lor one minuie, and exteasion at T2°C for one minuie
{3 min for the final cycle), After amplifications, PCR
products were examined by ruaning on 2% agarose gel
electrophoresis and ethidium bromide staining.

Jingle strand conformational polymorphism (SICP).
Twao microliters of the PCR product were mived with §
il of sample running buifer (containing 95% formamide,
0.05% bromophenol blue, 0.05% xylene cyamol, 20 mw
EDTA, and 10 mu NaOH). The misture wal heated al
25°C for 10 miautes to deaature DN A into smgle stranda
and was then cooled on ice for Bve minutes before load-
ing onto nondenatoring polyacrylamide gel. The poly-
scrylamide gel with the size of 20 X B0 mm sad thickaess
of | mm contained 10% acrylamidebis-acrylamide (49:1}.
Electrophoresis was run in | ¥ TBE buffer a1 20 mA [or
twa Lo six hours al room (emperature, Double-stranded
DNA might also be run by mixing 2 pi of the PCR
prodact with § pl sample ranning bulfer {without 10 mu
NaQH) and loading onto the same gel withount beating.

After electrophoresis, the gel was flxed with 40%
methanol for 10 minutes, soaked in 160 mu HNOQ, lor
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Endrem LI ¥ -ﬂ.lﬂTTrﬂl}Ea.mAmm:p1H P-4 Wt FrT
F-TOATCAAGTGAADGGACCTCTCCT T4ED.TAAS

inrram 33 S TOO0AGGAGAGAADOCAOTOTG: Tlk-TIHT A7 i
FCOOTOTOGTGAOCTOAAA ALC-Y T3=TTea

Ezan 4 3 mmnmm%ﬁlzuaﬁ ¥ TaTI-Ted & Pn
J-ATCCCCTTGCT ¥ TH7a-THOA

Ezon 3 Y- TOAGCACCCACTATGCCOTD B522-0541 ] 9y
S -CAGCACCCCACAACAATCCTC" BANG-EET

Exzon & Y-AGATGAGGATTGTTOTGE GGTG-1 AT9h-017 &l k]
F-CAAGTUOOCTOOGOAAGTG-I 03937

Exom 7 J-CACCACTOATAGCTCAGDCUTOAACY g7 a M3
STOAGAAAGCTCTCTICCTTLCES Y B IH-E4E

Evoa 8§ F-OAGAATGGOAAGOOGAG GATG-Y WII9-TE i ki
FGOTOCAGGCTOAGGOAAAGAC-Y FRaI-HE1

Exom 7 P TCTTCAGCACACCCACCCT G 3" RS- 1001T fid fie )
PITCAGCCACCATOCAGGTOO" 102TE=100%

Exan 19 STCCTTTCCCTCCGCAGGTE -1 10 3= 10744 i 133
S-ACAOAQOCTACGCTGAGD TATC. A" 11034-1 1057

Exan 11 SCCTCACCTCCTCCAGOTACTCE Y 11143-11154 &2 i1 |
FLAGAAGTTGOOGCTOAOACAGAG-Y 1145811480

Efon (2 FGCTCTATOOGCTCCTOO AAATE-Y I1529-11550 5 m
F-AAAGGGTCTTOOOGTAAD G-3 11803=-11821

Eron i3 S LTGTCATOTCCCCOGOAL ! 1176511782 58 in
F-TOTCTCAGTCTTATACACA ACCTCC-3 12079=1 1103

Exoa 1d S TOOTGGTATTTTCCAGCCC AAQ-Y 1348413505 & k. |
Y GCACTGAGGAATITOGAL CGO-Y" 137R3-13803

Exon 13 F-AAGGCAGOAGOTGOGEA GTGACTS 18045 40TE T il
SOOAAMATOAGGACCTGGGUGGTATC 112214345

Ezoa 16 S TCCTOCTCOCACCCTTOL O 18l 7Rty i i7e
$S-TCTGCCTCCCACCCTCCCAG-T" (B ra L 2 4

Ezan §7 FTGGAGGAGGCAGGOOAG AACT | 5580=1 3999 ™ M7
YGOGGCAGOAGTOA TGOTI A AG-)" la3I7-18378

Exon I FATATGOTGCCTOTOTITTA TTCCC. Y ITTos-17vis &5 ik
Y TGOCTATCACACCOCAGEAC.Y 1301 7-18074

Ezon |§ V-OGTACAQGACCCTTTITCTL G3° ITFT3=17992 1] 134
§-OCCTOCCCTAGTTCTGAGAL-S" | E2ET=] BI04

Exoa I0 S TCTCACCCTGTCTCTETCCST G- 138 1%=1 883% 1] 198
TGAGGTGCCCATGAACTICTG-A" | B9 T-19018

sitx minutes, washed with deionized water, and soaked
in deionized water for five minutes. 1t wes then stained in
021% AgNO,solution for 20 minutes with gant e shaking,
washed with deionived walér, and soaked s deionired
water for five minutes. The AgN O, solation and washing
water were pooled and added with a few devps of HC
to convert AgNO; to AgCl before discarding. The gei
was soaked in developer comtmining 3% MNs,CO, and
0.0185% formamide in deioaized waler for 4 w0 10 min-
utes. When DN A bands were clearly obasrved. a salution
of 10% citric acid in delonized water was im mediately
added into the developer 1o stop the staiming reaction.
The S5CP patiarn on the gel was recorded mto & com-
puter by scanning with a scanner. The gel was also dried
on 8 piece of filter paper for long-term storage.

Mobility shift of single strand DNA from 13 normal
patiern indicated the presence of 2 possible mutation.
The PCR product of the exon that showed mo dility shift
wis analyzed by direct DNA sequencing.

Direer DNA sequencing. To identily mutation in the
cxons of AE] gene observed in the PCR-S5CP analysis,
the PCR product was purified from a preparative agarose
gtl and sequenced by manual direct DNA sequencing
using Thermo Sequenase Cycle Sequencing Kit (Amer-
sham Life Science Inc.. Arfington Heights, IL, USA ) or
by an automated sequencing machime (ABI-PRISM™ 310
Genetic Analyzer; ABI, USA) using an ABI PRISM™
Dye Terminator Cycle Sequencing Ready Reaction KiL

Red cell amion transport siudies

?5-50, influx into red blood cells was measured in
the twa patients with 5A0 aad dRTA and their family
members, and normal conirols in the presence and ab-
sence of the inhibitor, 4.4'-di-sothiocysnato-stilbene-
22" -disullonic acid (DIDS), The studies were performed
2t 37°C in bulfer of 70 mu sodium citrate, } mu sodiom
sulfate, and 10 mu Trs, pH 7.4 [13]. :
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Talle 1. Hoasl sculibeanon fuschon adter bree davs of NHC
loadimg 18 inslividmsli wih Southexst Asam awnbecvooas (SA0)
compared wiah coairoli

SAD Caneroks
IN = Ll N = 4
Sorwm
Creabinine sl L s =1l | Il=wl
K* ma Jd=dl 11=d1
HCD™ mu
Pre-acad loading =04 Ir=dd
PFait-acid boading M=0T m=1.4
¥enanz pH
Preszcid faading 138 =002 737 =003
Pansacid loading 131 =0m T2=002
Urime
Co, il in 91z4 i7=9
pH
Pre-acsd lsading a0=0.1 0=03
Post-acid boading fh=n 49=41
Afer furmcmide 45=01 44=01
NH." pmolimin
Presacid |mading - N=g) =3
Post-acid lanpding LLE] iz 4
Afver Tnrcaemids =h i=T
RESULTS
Chinical atadies

Renal acidification was performed 1 20 individuals
with SA 0 ood the 1] controls. The NH," excretion rate
and urine pH alier a three-day NH,CI load are showa
in Table 2. Meither subject groups (10 individuals vs. 4
conirols) had a statistical sigaificant differeace in the
MH," excretion rate (6% * & ve. 65 = 4 wmollmin) or
urinary pH (3.0 = 0.1 vs. 4.9 = 0.1) following the acid
load, After diurssia with oral (erosemide on the fourth
day of the acid load. the urinary pH decrzased signifi-
cantly in both groups, but there was no significant differ-
ence between the two groups (4.5 = 0.1 vo 44 = 0.1).
The increment of NH,* excretion during the peak diure-
sis was nol significantly different between the two groups
(75 =z 6 va. 63 = 7 pmolimin). The maiimum wrime
osmolality after 16 hours of water deprival.on and intra-
nasal DDA YP administration was also po: significantly
different between the iwao groups (740 = 41 v 850 =
46 mOsm/kgH,0).

Table 3 provides a summary of the resaits of urinary
acidification studies after the short acid load. Blood pH
values after the acid loading of 10 SACQ zod 7 control
subjecis were less than V.35, Urine pH and NH.™ excre-
tion rate after the acid load between both groups were
gob significantly differeat (5.0 = 0.1 w3, 4.9 = 0] and
39 = 6 vs. 37 £ 4 pmol/min, respectively)

Pedigress (KSN and YAT) of two subjects with 5A0
and dRTA are shown in Figure 1. Propositi (II-1 in both
families) presented with history of growth retardation,
SAQ, and hypokalemia (Table 4). Compleie dRTA was
diagnosed by low NH,* excretion rate im bath propositi

Tabée 3, Femal scudibicatian afied dhor acid lasdisg o individoaly
wih Sumthesst Aslan avalocytosn (SA01 cempared w1k comiraly

SA0 Canirady
¥ = Ll V=7
ferum
Creatiming mgddL 11=a1 14 =p3
E“mM Iz Id=04
HOO, mar
Pre-acid boadmg zal b= BT
Post-acid loading Mzis p g 1
Vamom pH
Pre-acid loadimg 13T zqus TX =0
Poil-acid loading T3 =@ T =02
Utine
Cyy mmillomin Bzd Wzt
pH
Pre-acid loading 5= iz
Posi-acid lesding =0l 190
MH." pmolimin
Pre-acid losding mazi NE=s
Pogt-acid lud'.h! WAz& WT=2a

(33 and 4.3 pmollmin. respecuvely) as well as by the
inability o lower the urine pH below 5.5 (73 and 6.7,
respectively) in the presance of metabalic acidosiy {ve-
nous pH 7.26 and 7.17 and seram HCO,~ 9 and |4 mEqg/
liter, respectively). No abmormal rennl acidificaton was
detected in both sets of parents (I-1 and 1.2).

Secreening and characierization of AEL gene mutations

Polymerase cham reaction-55CF analyns was used o
screen for mutations in exons 4 (o 20 of the AE] gene
and in intron 3, the promoter region of the kidney 1s0-
[orm. DNA samples from the propositi, ublings, as wall
as [he parents of the two fomilizs were also anabyred.
Figure 1 shows the results of PCR-SSCP amalysin for
exons 11 and 17 of one normal individeal (M) and mem-
bers of the two families. In the YAT [amily, the {acher
(I-1) showed a mobility shift in exon 17, and the mother
{1-2) showed 3 mobility shilt in exon 11 In the KSN
family. the father (I-1) demoastrated a mobikity shilt ia
exon 11, whereas the mother {1-2) showed a shifl in exon
17. The DNA samples of both KSN and YAT families
revealed mobility shifes in both exons 11 aad 17. Except
for a mobility shift of cxon 4 {caised by the Memphis |
polymorphism, confirmed by sequencing; Fig. ). the
PCR-33CP patizrns of all other exons, inclading intron
3, were mormal {data not shown).

Because the mobility shifts of exons 11 and 17 ol AE]
gene detecied by PCR-55CP in the two patieats were
the same, amplified DNA of these two exons from (he
propositus of KSN family were sequenced. Exon 11 had
a deletion of 27 bp corresponding to codons 400 1o 408
(Fig.2), whereas exon 17 contained a nucleotide substitu-
tion of G 1o A in codon 701 (CGG—CAG), resulting in
an amino acid change from glycine to aspartc acid
(GT01D) {Fig. 3). Thus, the AE] gene of the propositi af
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ton of Mpall resiriction site on the amplified DNA,
respectively, by gel electrophoresis (Fig. 4). Mutations

K5H: [1-1 YAT: -1 of AE! gene were also analyzed by PCR-S5CP method

Serum in 20 individuals with SA O and in normal subjects. SA0

Creatimine L s LT i i

‘E; mﬂfﬂ"‘ R i3 individuals had mobility shifts in exons 4 and 11.

rlebchn u'L ";A Amlon transpart property of the red cells

C1° mu 18 II: of the twe families

:f.{:.'“:; H. St Aun inBux of [¥S] sulfate into the red cells of members
Lirine of the two families was comparad with that of red cells

EL':EHE Gk o e from 10 normal controls taken at the same time. Red

o 71 &7 cell samples from the propositi of the K5N and YAT

MH." pmolisiin 33 il families and family members with 5A0Q showed a'consiz-

Abbrevistions wre: 5AD, Seakeanl Asian sveleepm: dRTA  disisl resal
mudsiinr sidopic BUN. biood wrey ammegen; TTEG, irsarisbelar © o osessiraing
gradiesn.

both families was & compound heterorygosity of 27 bp
deletion in exon 11 and missense mutation (CCG—CAG)
in exon 17, The sequencing results also showed the pres-
ence of homozygous band 3 Memphis [ (Fig: ) in the
twa patients. The presence of exon 11 deletion ind exon
17 missense mutation in both patients was also confirmed
by the detection of 4 shorter PCR product ané elimina-

tently lower anion tromsport activity tham the mormal
samples in both the presence and absence of DID3 (Ta-
ble 5). Family members with only the exon 17T mutation
had mormal aniton transport and DIDS activity.

DISCUSSION

Mutation of the AE] gene in 5A O has been the subject
of & number of stadies [1, 4, 27]. The underlying mobecu-
lar defect is a 27 bp deletion in exon 11 of the AE] gene,
resulting in the loss of 9 amino acids (codons 400 o 408)
in the band 3 protein, which is also assoclated with the
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Fig. L Sequencing snslyiis of axen 11 of the A 5T poos bn e patiaai
whiilh dBTA snd 540 (11-1, lamiy of KSN), shawin; wechiatide se-
quemce of ezon 11 with IT wochestide deledlon sapecij isng ihe normal
mquance. [dentical IT socleotides in the sormal e deleted alleles
(the lutier is separsied from iha muclocride sreoch) zre blocked. The
deletion of 1T nscheolided in one allele rexulted b ol dilng of the re-
maining neclegtide sequence superimposing the mor-ial squence i
Ihe suicradiogram

Memphis | (K56E) polymerphism. Although SAQ oc-
cars with high [requeacy in parts of Southeast Asia and
Melanesia, no homozygous individual for the A EJ muta-
tion has been identified, suggesting thai bomozygosity
for this mutation may be lethal [1].

Anion exchanger | in red cells is impartant for the
transport of carbon dioxide [rom the tasas o the luag

and for acid secretion in type A micrcalated cells af (e
kidoey [28]. Total deficieacy of red cell band 3 causey
by a nonsense mutation has been reported in canle 129].
Animals showed 3 moderate uncompensated amem.
ia with hereditary spherocytosis and retarded growih,
which was attributed to mild acidesis. The band 3-def-
cientanimals had defective renal acid secretion and could
aotacidify urine pH below 7.5 despite metabolic acidosis.
Ia dRTA, acid secretion in the distal nephron is im-
paired, leading 1o the development of metabalic acidosis
[10. 30). Recently, several studies have demonstrated
associations of the A EJ mutations aed dRTA: Rysava
et al reported that I out of 10 patients with hereditary
spherocytosis and band 3 PRIBRAM (G—A in the first
nuclegtide of imtron 12) had an incomplete form of
dRTA [14]: Bruce et al reported an association between
familial dRTA and point mutations of the AE/ geme.
namely, R389H, R389C, and 5613F [12]. The A £l muta.
ton, R389H, has also been reparted in two other studies
{13, 31]. An intragenic 13 bp duplication resulting in
deletion of the last 11 amino acids of AE/ gene in one
dRTA subject has also beea demonsirated [31]. Muta-
tions in the AEJ gené appear to cause avtosomal domi-
pant dRTA [12, 13, 31], but the molecalar mechanism
is unknown,

There have been two previous studies showing the
association between dRTA and elliptocytosis or SAD
[15. 16]. The presence of the two conditions in the same
individuals suggests that there may be 3 commen under-
lying molecular defect. However, mutation of the AEJ
gene in individuals with both of these eonditions was pot
demonsirated. In this siudy, 20 individuals with SAQ,
confirmed by the presence ol 17 bp deletion in exon 11
of the AET gens, showed no abnormal renal acidification
following the three-day NH,Cl loading (¥ = 10; Table
2) or by short acid loading (N = 10: Table 3). The rate
of excretion of NH.* increased by almost threefold, snd
the unne pH decreased below 5.0 after three-day acid
loading and during the furosemide-induced dinresis 1o
typical values of normal subjects [19]. This suggests thai
the rate of production of NH." in the proximal tubular
cells was not appreciably depressed. Thus, SAD mauta-
tion of the AEl gene in the heterozygous coadition is
oot sufficient to canse dRTA.

The two clinically affected unrelated patients in the
ESN and YAT lamilies with dRTA and SAD showed a
low rate of NH,* excretion and an inability to lower the
urine pH below 5.5 in the presence of systemic acidosis
(Table 4). There was also a high transtubuelar [K * | gradi-
et (TTEG) [25] given the degree of hypokalemia. Nao
aboormal renal scidification was detected 1 either set
of parears. Analysis of AE/ gene mutation by PCR-
SSCP method showed that the two patients (111 in bath
families) had the same mobility shifts in exons 11 and
17, whereas the parents had mobility shift in either exon
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Fig. 4. Detection of exen 1] debetion and exan 17 (OG- CAG) mimsesss matsifen in fhe pudeniy ((1-1) of E5N and TAT femiles b7agars
tel electraphoreiin. (A ) PCR products from am phiications of exon 11 of AE] gene with AEIEI1L/AEIExIIR primers. Marmal contral semple
{leng 1) showid oalya PCR producs wilh the size of 118 by, DHA mm plod from the paticsis of ibe K3M (lane 3) snd ¥ AT {lane 4) Gamilies who
ks I7 bp deletiom in exen |1 in one éllebs of the A £/ geneys remiind m PCR products with the sttes of 118 and 9] bp, ind alis ibeic beterodupleses
(&) PCR prodwcts from amphifications af exon |7 with A E1 SxITLAEIETITR primers and digestions with Hpall restriction endosuclesse, which
could digest ibe narmal (CCGO) bt oot the mutant (COA O} seqguences. A sorsal conirol sam ple {lene 1) showed digested fragmens with che
sizes of 254 and %3 bp. DNA samples from the patients of the KSN {lane 3} and YAT (lane 4} famiies whe had exon |7 missesse mutstios i

owe dilebe of the AE] gene revealed both digested (254 5o 93 bp) snd sadigested (3T bp] PCR products. Lame | in boik we1s @ Phial7d DMAJ
Haelll marker=

1L (-2 m family YAT and I-1 i family KSN) or exon  typical of SAO [4] and czon 17 had a single aucleotide
17 (I-1 in family YAT and I-2 in family KSN. Fig. 1).  substitation of G to A in the second nucleotide of codon
DNA sequencing (Figs. 1 and 3) and gel electrephoresis 701 (CGG—CAG), resulting in a G7T01D missense muta-
(Fig. 4) revealed that exon 11 contained a 27 bp deletion  tion. Thisis the first report ofa compound helerozyposity
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suistimtien i codan 701 @ dxos (T way homazygeos for bamd § Memphis | Therefore, rthese vwo motations were finked 12 band 1 Memphis |

poiymorphism.

Table 5 Charsctenzatmn al |25]30, milex oo ree coily rom members of mibics of YAT and K5N, compared with heabifiy comiral cells

50, wptake F8-IT modimin doefl
Gaonalype Phenotype Ho OIDS 1.5 pai DIDE *

YAT lamily

-1 GTlD #.43 12 Ly

I=X Ex 1457 SA0 4.7 .08 L7

{1 Exl1aZTGTiD SA0 # ETA am - R ]
ESN family

=1 Ex 11417 SAD i (] 24,

i-1 Gl 654 P 154

-1 ExllAZTOTOIDY EAD + BTA 4,03 LIS 3.7
Caonirals 60=08

for AE! mutations associated with SAQ wnd dRTA, o
our knowledge. The sequencing results alse showed the
presence of homorygous band 3 Memphis | (Fig. 5) in
the iwo patienis, indicating thay the teo mitztons inked
with band 3 Memphis | polymorphizm. Studies of the
influx of [¥5] sulfate into red cells of the twa patients and
their family members with SAO Indbcated a consistently
lower anion transport actvity than the nonmal red cells
{Table 5). Individuals with exon 17 mutatios hed normal
red cell anion transport activity.

Glycine 701 is located at the beginning of membrane
span 9 of band 3, which is in a highly cogserved region
in the AE protein family across several species [18],
which indicates its siructural or functions]l mportance.
Although the presence of both SAQ and G701D muta-
tions had no additional affect oo the infux of [®5] sulfate
intg red cells than the presence of the 34 ) mutaton
alone, the HCO,“/CIl~ anion exchanger actvity in the
type A intercalated cells of the renal collecting duct in

individuals with the combined mutations may be abnor-
mal. Two siblings with JRTA aad hemolytic anemia have
recently bees found o carry a homozygous GT01D mis-
sense mutation ol the A E! gene, which causes recessively
transmitted dRTA in this kindred with spparently nor-
mal erythroid anion transpart in the parents and affected
childrea [32).

An expression study of the G701 D mutation in Xero-
pus oocytes has shown that the mutant protein was sol
transported (o the surface of the cell membrane [32].
However, when it was co-expressed with glycophorin A,
the erythroid band 3 chaperodin, both AE] surface ex-
pression and AEl-mediated CI1™ transport were rescued.
This suggests that the G701D mutation may lead (o de-
creased or absent AE1 sccumulation at the basolateral
membrane of the type A inlercalated cells in the collecting
duct. Therefore, the presence of both SAQ and GTOID
mutations would have a greater effect to the type A later-
calated cells than the presence of either mutation alone,
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and this would explain the abnormal wrinary acidificstion
in the patients with the compound heterozygosity,

Although muiations of the AE! geme have been re-
ported (o be associated with autosomal dominant dRT A
(12,13, 31}, the presence of the compoand heterozygab:ty
ol AE] mutations sssociated with SAO and dRTA
shown in our study, and of homazygosity of AE] muya-
tion associaled with dRTA and hemolytic anemia in that
of Tanphaichitr etal {37] indicate an autosomal recessive
made of inheritapee,
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Cleavage of DNA Induced by 9-Anilinoacridine Inhibitors
of Topoisomerase |l in the Malaria Parasite

Flasmodium falciparum

Saranya Auparakkitanon and Prapor Wilairat'

Department of Biochwmistry, Facully of Sciencs, Mahidol University, Banghok, 10400, Thailand

Necotvod Pebraory 4, 2000

Due to resistance by Plasmodiom fol-iparum, the
most virulent strain of the four species of human ma-
laria parasites, to most currently used antimalarial
drups, development of now effective ant imalarials is
urgently needed. Derivatives of S-anilincacridine, an
antitumeor drug, have been shown to inhibit P. faled.
parum growth in culture and to inkibit parasite DNA
topoisomerase [1 activity in vifro. Using KCI-SDS pre-
cipitation nssay to detect the presence of protein-DNA
complexes within parasite cells, an indicator of DMNA
topoisomerase [ inactivation, derivatives containing
3,6-diNH, substitutions with 1'elecircn donating
{MMe,, CH;NMe,, NHS0, Ma, OH, OMa), and 1'-electron
withdrowing (S0.NH,) groups produced jrotein-DNA
complexes. However, the antimalarial pyronaridine,
S-anilinoazascridine, did not generate jrotein-DNA
complexes, although it was capable of inhibiting P.
falciparum DNA topoisomerase II petivity in pitro.
These resulis should prove useful in future designs of
novel antimalarial compounds directed &gainst para-
site DNA topoisomerase Tl © 508 Acsdesk P

Malaria is one of the most prevalent of human par-
asitic diseases caused by unicellular gryanisms. Ap-
proximately 300 million people worldwide are affected
by malaria and between 1 and 1.5 million people,
mostly children in sub-Sahara Africa, die every year
from the disease (1). The most virulent malaria para-
site, Plasmodium foleiparum, has become widely resis-
tant to nearly all currently employed satimalarials
and new drugs are urgently needed (2), As the malaria
parasite divides rapidly within the host red cell, DNA
replicating enzymes offer suitahle key targets for new
antimalarial drugs.

Antimicrobial and anticancer therapeutic agents
have recently been synthesized and employed against
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DNA topoisomerases (3-5), Topoisomerases are sssen
tal for the modification of topology of nuclsic acids
One important function that the enzymes perform is ¢
transiently cleave a phosphodiester bond in DNA, an
then transfer a segment of another DNA strans
through the break before resealing. DNA topoisomer
ases are divided into two types: type [ enzyme break:
one DNA strand for the passage of a second strand, anc
the type Il enzyme breaks both strands of ane DNZ
duplex for the passage of a second DNA double stran:
(4, 6=10). DNA cleavage is a tronsesterification reac
tion, and 2 covalent protein-DNA intermediate i

trapped in vitro by the addition of a protein denaturam
such as sodium doedecyl sulfate (SDS) and is termed &
cleavable complex (11, 12).

Topoisomerase inhibitors act by stabilizing the cova-
lent topoisomerase-DNA complexes with an enzyme-
linked DNA break on a single strand or both strands
(13} The trapping of such cleavable complexes pre-
vents enzyme turnover and hinders the reclosure of
DNA breaks. This enhances DNA cleavage levels in
living eells (13, 14). Drug-promoted DNA-protein ad-
ducts have proven extremely valuable because they
provide a simple method to detect the existence of
inhibitor-sensitive topoisomerase activity within cells
and a means for assaying inhibitor potency in vive
(18, 18

S-Anilinoacridine derivatives have well described bi-
ologi~al actions and many have been used socoessfully
to treat different forms of leukemia (17). The mamma-
lian topoisomerase I1 is the intracellular target of these
drugs, which stabilize the cleavable complexes (18, 19).
Cell death is dependent on the formation of these cleay-
age complexes, resulting in DNA damage, rather than
from loes of topoisomerase [] activity per se (15). Avail-
able evidences support a model whereby the acridine
maoiety intercalates into DNA and lheﬂ-mﬂiunﬁqf
group projects into the DNA minor groove where it

@
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interacts with the nzyme (200 The antitun r activity
of S-anilinmacridines is sigmificantly affocted by alter-
ations to the chemical groups on the S-aniiivo moiety,
presumably due to changes to their contact with che
enzyme. Thus moving the 3'-OMe group of the clinical
antileukemic drug, nmsacrine, to the 2'-pegition abol
ishes activity (211

These ohservations led us to seek S-anilinoacridine
compounds with specificity for lopoisomerase I in
other organisms. by modifyving the substitoents on the
aniling. mokety. Consistent with this notion a series
of S-anilinoacridines were synthesized with varied
anilino substituents which showed diffsrences in
structure-activity relationship against P. folciparum
and human Jurkat leukemin ealls (22). Previgus stud-
ies have identified J.6-diamine substitution o the acri-
dine ring as greatly increasing drug potenc against
malaria parasite in pitro (23, 34). However these re-
sults do not prove that these compounds netually in-
hibit the torget, DNA topoisomerase II, within the
malaria paragite. We have, therefore, taken 2 dvantage
of the ability of topoisomerase I inhibitors to generate
in situ enzyme-DNA adducts (the so-called <eavahle
complexes) to examine the ability of a series o antima-
larial S-anilinoacridines, including pyronar-dine (an
azaacridinel, to reach their putative parasite target.

MATEHRIALS AND METHODS

Parasus exitere.  Plasmodium faleparum Bl (ehlorquine- and
pyrimethamine-resistant| was isoloted in 1979 from an (nfected [n-
diwidual in Konchoneburi prevince, Thoiland (25) s was main-
tained under continnous culture in wifro ooing the candls jar msthod
of Tragor and Jonsen (261,

In wiien assespment of cniimoloniol odimty,  fn wiire atimalaral
testing of drugs against Plasgmodism fololparum-infictd srythro-
cytes wos o modification of the |*H] - orperation
method of Desjarding o al (27}, In brisf, snaymchmonlyd parasits
culture with mestly ring stages wos used. Dirags ware initially dis-
salved in dimethyl smifeoide (DMS0) and diluted with APMI 1840
extliure medinm supplemented with 28 mM Hepes buffar, 32 mM
MNaHCOD, and 10% humen senan to the irwil comcentirstons, with
& finol concentrotion of DMS0 not excesding 0001% (whv . A 200-ul
aliquot of 1.5% cell suspension with 1.0% parasibeni: was pre-
expadsd to T ul of the medium drug for 24 | in 86-wall
iz culture plote wnd incubated ai 37T°C prior to the sdelithon of 0.5
alCi ["H] [ activity = $8.0 Ci/mma!, Ameraham
in 25 pl of mediom. After further incubation for 18-04 h, parasite
DMHA was harvested from eoch microtiter well oote flber paper
(Whotman grade 334 AH) using an sutomated sample harvester.
I"Hl-bypoxanthine incorporation in esch woll wos detsrnined in &
Backman Figuid scintillation coonter model L5-1801. The 10y values
(conesntrations of drag to inhibit parssite growth by 509} were
chtaingd from the dese—response curves. Each drug o= centration
wis investigated in triphcota,

ECI-B08 precipiiabion assay of protem-08A compley  Parasits
culture was synchronized to yield ring stage (5.0% paras-temia and
1.5% call muspension) (280 A 0.0 ml aliquot of this mbetor = (50% coll
suspensioel, 50% porasitemis) was added o 0.7 ml ¢ complete
medium. This cell suspension was then dispensed ints 67 % 15 mm
plagtic culture potri dish. One wCi ol ["Hihyposanthing (specific
acthvity = 28.0 Cimmol. Amersham | was sdded to esdh culiaro dish

TR EEMICAL AN BIOPHYSICAL RESEARCID OB S HAT NS

whach wis usoubnted enonoconadle jor oL 5550 dor 88 L Permingig ol
tmuncsomserame [-ONA covabont camplases woa qaatitansd aging
ihie KCI=504 precigaioiien nssay |3, Infceeed ervrlieeyvies wope
trented For 4 wiilds diruges 1 [ concenlentim it aegative santml wig
it prrasite suapension withoul drag. Erychroenios wern sedimesned]
and wiishiesd oo with flcrenl andine \PBS: 137 mM
Malll, 7 mM KCL 10 mbl MoolIPO,, 1.3 mil K4 PO, pH 7.4
Parasites were fiberated by adding 0.15% fwh) soponin in PES a1
roaim temperature for 15 min, and then wese scdimarnced by congr-
ﬁqmq&rlﬂmnum;mdmuhdﬁmmmwnﬂﬂ
wis [ysod by aalding 5600 2l of prowarmed lrsis selagion | 1L25% 508,
5 mM EDTA, 0.5 myp'ml salmon sperm DMA, pH 8400 65°C1 The
smpension wos vortexed vigorousky ond hentod (o 8570 for 10 min
with occasional mixing. Chve sample was resuspended 3 mi of cald
325 mM KO, vmd o dheplicate m 107 TCA. Precipitates wors oal-
lectad by o minicell harvester onte Whatman grade 934 AH paper
Alter discs and woshed with either 328 mM KCl or 1079 TCA sale-
tion. The filter discs wers dried amd radmactiviey meorporsted
counted o§ doseribed above. The amouni of protes-0NA complex
formud wos reportod e percent radiosclivily in KCl-precipisotod
pollet compared to TCA-precipitated sample.

RESULTS AND DISCUSSION

We hove previously shown that analogs of 8-anilino-
acridines inhibited the growth of P falciparum K1
stroin in culture (22-24), Studies using partiafly puri-
fied P. falciparum DNA topoisomerange I indicated
that these compounds could also inhibit parasite en-
zyme activity as determined by a decatenation assay.
Whether topoisomerase [1 was primarily the target of
S-anilinpacridines within the parnsite was unclear. To
pbtain evidence for inhibition by S-anilinoacridines
of parasite topoisomerase II in sifu the formation of
topoisomerase [[-DNA cleavable complexes (protein-
linked DNA breaks) was evaluated by using a KCl-
SDS assay (12).

The S-anilinoacridine derivatives employed were se-
lected from our previous study (22), choosing both
those that are highly effective and others Jess effective
in inhibiting malaria parasite growth in culture, Thess
compounds can alsa be divided into two groups on the
basis of their minimum inhibitory concentration (MIC)
aguninst P. falciparum topoisomerase I One group con-
gists of compounds (Te, Te, 71, 7§, and Tn) that have low
MIC values (6-12.5 uM) and contain C-3,6-acridine
ring substitution with amine maiety (see Table 1). The
other group, which have compounds with higher MIC
values (50-100 M), contains one compound (7d) with
a C-36-diamino-acridine ring substitution and two
compounds containing other substituents (3 6-dichioro
{22n) and 3,6-diazide (17r)) at these positions. In addi-
tion, two anticancer drugs that act by stabilizing cova-
lent enzyme-cleaved DNA complexes (amsacrine and
etoposide} and the two other currently used antimalar-
ial agents (chloroquine and pyronaridine) were in-
cluded in the study.

Because the compounds tested do not affect the par-
asites equolly, quantitation of cleavable complex for-
mation was conducted at the [Cy value of each drug.

&l
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Effects of S-Anilinsacridires and Otlyer Dirugs an Plassrodinm falciparim UGroweh
in ¥itro amel Farmation of Cleavable Complex in Sity

A i i Acriding subatitueng Aniline subsiitasnt IC s tp M Paresnt precipitated N,
Te LB-JiN, 1" -Mikie, 034 1402 1.4
Td J0-diNH. I'-CH;Mhla, Q.04 1LE = 18"
Ta 1 4-diN, U-WHED Me 13,03 AaT =300
5i A 8-diNH. 1°-0H s 180 = 1.7
| S BliNT, 1'-Diide 15 134 = g
Tn Li=JiNH, 1'BNH; 0.0z 121 =29
i7r A=l 1"-COMH, 0,06 B.l=12
n 3,841 1"-80.MNH, 63 89=17
Amsacrine H 1-NHS0, Me 3'-0Ma 132 14.7 = 0.5%
Etapunide a1 T3z g0~
Chiormuine 0.50 21=z4038
M d4l=lz

'Gmnnﬂﬁmidmhmﬂxum{:’ﬂﬂupmm by P. faleiparum K1 by 50
'Euﬁmﬂ;wﬁhtmm ondrnl, P < 001, n = 3.

* Moasured ot 10,

Table 1 clearly demonstrates that S-anilineacridine de-
rivatives with 3 6-diamino substituents were inhihit-
ing F. falciparum growth by targeting parasite topo-
isomerase I in site. The nature of the 1 -aniling
substituents (electron donating: Te, 7e, 7i, 7j; and elec-
tron withdrawing: 7o) had little effect on the amount of
DNA precipitation (cleavable complex! although com-
pound 7d, without such a group, produced the least
product. Cmpnund'fdwuthhutl!ﬁdiudmg
among the group in inhibiting P. faleiparum topoisom-
erase Il in vitro (MIC = 50 M) (22). Comparable
yields of cleavable complexes for the six derivatives of
4,6-diamino-9-anilinoacridine indicated that the drugs
acted by binding to DNA, and that differences in their
ICy values against P. falciparum growth reflected
variation in uptake efficency and cytotaxicity. Alter-
ations of the acridine moiety have been reported to
affect mammalian cell cytotoxicity and DNA binding
affinity similarly, but modifications of the aniling
group alter cytotaxicity without affecting DNA binding
(20},

On the other hand, derivatives with 361N, (17r)
and 3,68-diCl (22n) substitutions ecold net stimulate
DNA-protein covalent adduct formation, even when
the drug concentrations were raised to [C, values
(data not shown), consistent with their insen sitivity to
inhibition of parasite DNA topeisomerase 17 in vitro,
These anilinoacridine analogs may be actins at other
targets within the malaria parasite, It has been sug-
gested that the azido derivative conld be a prodrug, in
which case its metabolite need not affect DNA topo-
isomerase II (22),

The antitomor drugs, amsacrine and stopaside, have
been shown to stimulate the formation of cleavable
complex formation in mammalian cells (11, 29). How-
ever, these drugs are not effective against F faleipa-

rum topoisomerase I1 (MIC = 1000 xM) and treatment
with Iﬂ.luvehwurequﬂ'adtﬁpmduu:igmﬁ' cant
amounts of cleavable complex formation within the
parasites.
ﬁ:m:tudﬂiemhmhnaldmg:hlmmﬁﬂad
to stabilize topoisemerase [I-DNA complex. Chlorg-
quinﬂiahn-nhuinhih-itmlminpnmuiuhmﬁr
merization activity (30).
P}mnaridina,whh:hh.ul'-ﬂﬂudt'nummliﬂin:
m:iduummlnﬂimﬂuguﬂndudmahmmaph-
thyridine noucleus, is effective for treatment of
chloroquine-resistant P, falciparum (31). Its IC, value
against F. falciparum in vitro is 0.003 uM with MIC
Iﬂniuﬂthpnimmﬂuflluﬂﬂﬂl.ﬂn:pﬁnhwil
faiied.mshmin]lﬂﬂnqmﬁﬁtj’liﬂmtﬂﬁkfpmum
topoisomerase [1 in situ. Studies of pyronaridine on P.
falciparum ultrastructure revealed that the earliest
and most distinct changes induced by the drug oc-
nl:rrad.inﬂmpnrl.ﬁhfmdﬂumla{ﬂﬂ}.ﬂmnﬂylthu
been demonstrated that pyronaridine exhihits in vitro
hmupulrm:ﬂmﬁuuinhﬂ:itnr;pmput}rtﬁ}.

The S-anilinoacridine analogs with C-3,6-diamino

erase II. However, as this study has shown, it is not
possible to predict a priori that inhibition of Plasmo-
dim 1 topoisomerase [I in vitro necessarily
indicates that this is indeed the target in situ. Inhibi-
tors that act against malaria parasits topoisomerase I1
hﬂhhﬁﬁumﬂiﬂuhmh&ﬂmﬁﬂaﬂh&eﬂuﬁﬂ
the additional demonstration of their ability to gener-
ate in situ cleavable complexes. Such knowledge will be
of assistance in the design of future antimalarial drugs
based on the S-anilincacridine structure.
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Inactivation of Artemisinin by Thalassemic

Erythrocytes
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s resistant oo amemisinin derivatives. Similar restsorce, albeir ar & much lower level, i shown by the pasasite
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hlglmupmi.e#’lhdmphfduhuuﬁcnﬂhmn-nhmmlnﬁumdumhhdi:qnﬁHh]-Lln
addition to higher drg binding, incubation of memisinin with a-thalesemic erythrocytes wesidied In
preferential inacrivarion of the diug. Bodh thalrssen) anel rwwrmal erythrocyes have the capabilicy o inscrivare
rh:dn..[.Aﬂmdmmmwm:ﬁthwmhumhhmu
erythracytes. Incubation with either the hemolysat or the membmne fraction from these eryrhrocyres alsa
resulted in preferential inacoivation of the drag. The g was alo inactivated by purified Hb H. It is concluded
that the incffectiveness of artemisinin derivarives g st P falciparum infecring thalasemic erythrocyres s due
partly to competition of the host cell components banding with the dngs, and parrly 1o insceivation of the
drugs by the cell components.  moCHEM MARMAC: 59;11:1337-1344, 2000. © 2000 Elsevier Science Inc.
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IFH::ipanrn malaria continues to afflice increasing milliors
across the tropical laitudes of the world. It remains one of
the most lerhal and widespread diseases due o the emer-
gence of parasites resistant to most available antimalari|
drugs (1. Artemisinins, highly effective antimalarial dngs
derived from Anemisia annua Linn., have played an impor-

.l?ll'l'l.'l'lﬂe for many years in the treatment of these resiszar.t
parasites, with no significant occurmence of resistance as yer
[2). In witro evidence for aremisinin resistance was found
when a-thalassemic erythrocyres, borth Hb H! and Hb
HfHb CS, with genotypes of a-thall/a-thall {-/-a) and
a-thall/Hb CS (-+/a™a), respecrively, wers used as parasit=
hosts [3-5]. Similar reduction in areemisinin sensitivity of
the parasite was also found in the old cell fractions of a-thel
trair {eaf-a) and B-thal it erythrocytes, compared with
the same cell fraction of normal erythrocyes (6] This
host-dependent aremisinin resistance may be of epidemi-
ological significance, since a-thalassemic genes are found
in malsria endemic arcas, and, thus, are potential sources of

§ e nuthor: Professor Yongputh Yuthavong, Manoml Scienc =
and T Development Agency, T3/ Rama V1 R, Rajdheve-,
Banghkok 10400, W;d (66) 16448007 FAN (86) 15448017,
E-smils yongyuehilnonle or

¥ Abbrewsations: Hb, hemoglokring Hb S, hemoglobin Constant Spring
a-thal. o-thabmsemis; f-thsl, B-thalasemin mnd K, disacision cor-

I Recetved || Augusi 199; scoepoed § Blovember 1059

drug resisrance [7]. Therefore, it is important to understand
the factors responaible for this host-dependent aremisinin
TEFiSCEnCE,

We have shown previously thar the apparent artemisinin
resistance of Plasmodium falciparum infecring a-thalssemic
erythrocytes is due mainly to the higher capacity of unin-
fected a-thalassemic erythrocyres for dmg sccumuolarion s
compared with that of generically normal erythrocyres [4].
This phenomenan results in deplerion of the drug from the
pamasite environment. Subsequently, we showed that Hb H
accounts for the increased binding capacity of Hb H
erythrocyres, and that the binding capacity of Hb H is 5-7
times that of Hb A [5]. There is also an increase in these
cells of orher | ic companents, such as heme
and non-heme irons [8, 9]. These react with anemisining [Z]
and may also interfere with drug effecriveness. In this
inactivation by a-thalassemic erythrocytes as an addiricnal
mechanism for this host-dependent aremisinin resiscance.

MATERIALS AND METHODS

Materials

Amemisinin was purchased from the Mational Center of
Matural Science and Technology, Hanol, Viemam. Arte-
misinin was recrysmllized from a methylene chlondefhex-
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ane mixture o give whire needles (m.p. 1541 36*). Dihy-
droartemisinin was prepared from arremiginin by reduction
with sodium howydeide T10] and peceyiallined from. 3
methylene chioridefhexane mixture to give white needles
{mp 151-153"). Radicactive 15-["*"Clareemibiinin was »
gift from the Research Trismgle Insrioe. The specific
activity of ["Clartemisinin wa 26.1 Cifmol. LB-["HIHy-

" poxanthine was purchased from Moravek Bischemicals.

The specific activity of "Hhyposanthine wae 20-30 Cif
mmol.

Subjects

sion of Hemarology, Deparrment of Medicine. Faculty of
Medicine, Siriraj Hospital, Mahidol Univesiny, where he-
moglobin types were identified. Subjects had dhe following
genorypes Hb H (o-thalljo-thall), Hb Hfilh G5 (o
thall/Hb CS), and @-thalassemia with Hb E (8- thal/Hb E).
All were non-splenectomized and had received no blood
transfusions for at lesst 3 months before the callection of
hload. Citrare—phosphate—dextross solution wed used as an
anticoagulant.

In Vitro Culture of P. falciparum

A chloroguine-resistant strain of P. foldparwa (K1) was
obuained from an infected individual in the Ksnchanabun
provinee of Thailand [11], Pamsites were muinmined con-
tinuously in human erpthrocytes using RPMI 1640 medium
sgplemented with 25 mM HEPES, pH 74, 02%
NaHCO,, 40 pgiml of genamicin, and 10% human serum
[12]. Parasive growth was synchronized at the ring stage by
5% sorbitol trestment [13], and the schizon: soage was
collected by Percoll cenmifugation [14]. Wedbed thalusse-
mic bood cells were co-cultivated with schisne-infected
erythrocytes for at least 96 hr before derermining antima-
larial seradtivity of the infecring parssies.

In vitro antimalarial sctiviry was derermined by using the
["Hlhypexanthine incorporition method  [15].  Briedly,
15-pL aliquots of drug solutions of different concentmanions
were placed in 3 96-well plate ogether with 200 pl of &
1.5% cell suspension of parsitized erythrocytes containing
1-2% parasiternia ut the early ring sage. The mixoomes were
'm.l:uhm::dhll:lﬂﬂ:rruﬁ?' After 24 ht of incubarion,
75 ul {0.25 wCi) of PHIhypoxanthine was &ided tw cach
well. The mixtures were incubated further vivler the same
conditions for 16—24 hr. DNA of parasives ws harvested
onto glass filter paper (Unifiler®™, Packand) The filers
were dried, and liquid scintillation fluid wis added for
mdicactiviry meassrement in o G-probe ligqud scineillation
counter (Packard). An iy value was devernilied from the
sigmoid curve of percent ["Hihypoxanthine §worporation
apains dnsg comcentration.

1- Charoenteeraboon e .

In some experiments, o explore the effect of Hb H on
the antimalarial activity of dihydroartemisinin, isolated Hb
A and Hb H prepared from lysate of Hb H erythrocytes [5]
were added 1o the parasites together with dibydroarremisi-
nin. Final concenrrations of Hh H and Hb A i the reas
ranged from 7.5 o 60 pM-

Effect of Intact Erythrocytes on Artemisinin
Irusetivarion

An aliguot (70 ul) of washed erythrocytes was incubared
at 37° with 630 ul of |""Clartemisinin in culture medium
without serum ({incomplete medium) for 2 hr. The final
concenuration of the mdiolabelled drug was 1 pM, Ar the
end of the incubation, the cell mixnre wos cenrifsged
10,053 g (Hetmich, Miloo 24—48R cenrifuge) for 30 sec at
4* o separate free drug from intact cells. The supematant
was used for determining amemisinin effectiveness, and the
cell pellet was wsed for measuring artemisinin accumuls-
tROn.,

In some experiments, to determine the protecrive effect
of seTum on artemisinin inactivation by erythrocytes, me-
dinm conrzining from 10 to 100% serum was used in place
of incomplere medium. In these experiments, cells were
incubated with the radiolabelled drug, and then the drug
effecriveness was determined from the supernatanis of the
cell mixtures at various time points for up © 4 hr

Determination of Artemisinin Effecteness
Supernarant was diluted to appropriate concentrations with
cubture medium. Antimalarial scrivity of diluted samples
was decermined in miplicate s described above. An aliquor
{100 pL) of the undiluted supernatant was mixed with 900
pl of water and 4 mlL of Tricon X-100-based liquid
scintillation fluld for determinarion of mdicactivity, Then
the concentration of ["*Clartemisinin was caloulated from
its specific acrivity. The drug effecriveness index was
defined as 1oy, of controlfics; of mmple.

Determination of ['*C]Artemisinin Accumdation in
Intact Erythrocytes

After the incubation, cells were washed three tmes with
cold 10'mM PBS solution 1o remove excess drug. Celbs were
lysed with 10 vol. of hypotonic solution (10 mM phosphre,
pH 7.4). An aliguot of the lysite (500 pl) was incubared
with an equal volume of 2% SDS solurion st 60° for | hr.
Then the mixture was bleached with 2 mL of 15% hydro-
peny peroxide ot 60% for 12 he. Next, 4 mL of Triton
K-100-based liguid scineilladon flubd was sdded for me-
surement of radioactivity in a liquid scintillation counter
(Beckman), The resilts were expressed as amount of the
druy (picomoles) per 107 celle
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TABLE i. Amount of artemisinin accumulation i inme celb, evensal (D), aed membrane (D) compartments of wnindected

pormal and thalassemic erythrocytes

["ClAremisinm {poolf 107 cells)

Erythrocyte

Compartment Mormal HEH Hb H/Hh C5 P-thaliHh E
Inmer cells 570 = 100 Wl=1 6370 £ 1115° 1138 £ 453*
Cytosal (D) Blg=113 ¥l =038 5081 + | 148 WS = 4470
%04 Bl = 1.6 asl =54 Ly =413 849 = 344
Membmne (D) 83=10 HY=352e 657 + 71.9% 61 = (0"
%08 11215 148 =508 167 x 814 L1 = 344
DT, Ratio 753217 Eq4 =184 SE=1M A6=17t
hmm&mﬂwlm&nlrhtk-ﬂlpﬂml*‘ m cnl h mpllﬂ’hwﬂw.ﬂ-ﬂ

dufter mcuharinn, fres ding s sl from ihe mecr cells, mesbeane, and ope sl by ornenfugaremn fr s gells and miemhose, and by e o piegem hnagh 105D

cut-nfl ks 0 cproad Afser sadingg, the pellets il the O s rohe i woic ticstel g doerbal in che mad o

ool el

wy. The pesiilts (i =

SEM}. exprossed m socamis off ehee drg pee 657 cella, mw from thees doplicone < op rimems. Senmicel seilyees sen perfame] by ssing o iiiopatamcenc Mann-Whimey L b

w05 W=,

10, = [0, % 10000, + D)
s significanidy diffeeeni, W = 1,
PnN0, = O, = [oN0 + Ok

Effect of Cvtosol and Membrane on Artemisinin
Fruacttanstion

O milliliver of 530% {vfv) erythrooyte sspension was bsed
with 3.5 mlL of hypotonic solution with fresse-thawing 10
obtain complere lysis. An aliquoe (630 pl) of the heare wos
centrifigeed ar 22,620 ¢ for 10 min at 4°. The pellet wos washe-d
with 10 mM phosphare buffer, pH 7.4, five rimes, w remon e
bound hemoglobin, Supermamnt and peller were used o5
wm-:ﬂuﬂm:nﬂ:nnmiu.mpmhmly

Cyrosol and membrane equivalent w 10
{wfv) of red blood cells were incubated with | uM [MClar-
temisinin at 37° for 2 hr, The cyresol sample wos cenmn-
fuged in a Centricon 10® tube to separate free drug from
hemolysare. The filerace was wsed for derermining dhe dnug
effectivencs index. The retentate was adjusted o its odginal
volume with hypotonic solution and meated with SDS and
hydrogen peroxide m determine aremisinin acoumaslation s
described. Free drug was separated from membrane by cenmi-
ugarion at 12,620 g. Drug effecriveness index and sceumuls-
thon then were determined as described.

Statistical Analysis

The Mann—Whimey U test was wsed for comparing e
data from normal and variant erpthrocytes based on inde-
pendent random samples.

RESUILTS AND DMSCUSSION
Artemisinin Resistance of P. falciparom Infecting
Variant Ervthrocytes

Resistance to arcesunate of normally susceptible P, falegh-
rum when infecting thalssemic erythrocyres was firsg re-
ported in 1989 [3]. Similar findings of resisrance wo arte-
misinin [4) and dihydroartemisinin [5] were reporeed sub-
sequently. In this study, che resistance of P. falopanm o
srtemisinin was confirmed sgain in Hb H-containing erveh-
mocytes in vitro, The 10y values were 413 + 79.5 nM for Hb
H{N =9) and 62.5 = 43.3 nM for Hbh HHb CS (N = &),

approximately 12 and 17 omes higher chan dhae of P.
: infected normal erythrocytes (3.6 = 1.8 nM,
N = §), This host-specific resiscance also was found wirh
parasites infecting B-thal/Hb E erythrocyres, albeit with a
lower 1Csy value (9.0 = 1.8 nM, N = 4). The i3, values for
cyres were significantly higher than those in normal eryth-
micytes (P << 0.01) for the three variants. These findings are
alo in line with a recent report where artemisinin sensi-
tivities of the parasites were found 1o be reduced in the old
cell fractions of @- and B-thal tmir erythrocyres as com-
pared with the same fraction of normal conmols [6].

Increazed Artemisinin Accumulation in Thalessemic
Erythrocytes

Preferential accumulation [4, 5] and increased binding of
artemisinin in Hb H-containing erythrocytes due 1w the
presence of Hb H [5] are the major facrors thar conrribure
to the apparent resistance of parssites to the drug. The
increase in aremisinin sccumulation was also confirmed in
this study. As shown (n Tsble 1, after incubation of
I"Clareemisinin with variant the amounts of
artemisinin sccumulated in Hb H and Hb HHb CS
erythrocytes were, respectively, 5.9 and 11.5 times thar for
nomal erythrocytes. This phenomenon was also observed,
but 1o a lesser exrent, in P-thal/Hb E erythrocyres. The
levels of |"*Clartemisinin accumulation of these variant
erythrocytes were sigmificantly higher than thar of normal
erythrocytes (P < (L0O5).

" isinin, Inactivasion by Eryd

The differences berween the fold increase in Gy, values and
in drug accumularion of arremisinin in a-thalassemic eryth-
rocytes compared with normal erythrocyres indicared the
presence of an addiconal mechanism for decreasing arte-
misinin effectivencss. We hypothesize thar this mechanism
involves preferenrial inacrivation of the drug by the thalas-
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semic erythrocytes. To explore this anemisinin-inactiva-
tion hypothesis, the effectivencss of the drug, defined as
K5 for artemisinin in control incubated withour erythmo-

decreased significantdy to 0.34 = 0.04 (N = 6) & compared
with control without erythmocyres (1.00 = 0.08). This
decresse in ["*Claremisinin effectiveness was not due o
mstability of the drug, since the effecrivencs: index of
["*Clartemisinin incubated in the mediven retained un-
changed up to 12 hr of incubarion (dam noc shown). The
effectiveness indices of ["*Clartemisinin following exposure
1o both rypes of Hb H-conaining erychrocytes significantly
decreased to & greater extent than thar of ["'Clinemisinin
exposed 1o normal ervdhrocyres: 008 # 004 foe Hb H
(W = 5} and 0.05 = 0,05 for Hb HHL CS (N = 4). The
effectiveness index of ["*Clanemisinin exposed & phalfib E
erythrocyres (0,22 = 009, N = 3) was not significantly
differens from thar when exposed o nommal erytheocyres.
These resulis indicared thar aremisinin was  inecovaned
by all types of erythrocytes, but preferentially by Hb
H-conmining erythrocyres.

Inactivation
Since anemisinin and s derivitives are effecs ve apainss
malarial panesites m v wnd in vivo, when serum s

J. Chareentesmboon er al.

presenit, it is possible that serum exerts & protective effect
against inactivation of artemisinin by the erythrocyres. To
mvestigate the effect of serum on areemisinin activity upon
exposure to erythrocyres, similar incubations were camied
out in the presence of increasing amounts of serum. The
data are shown in Fig. 2. Upon exposure to nosmal
erythrocyres, ["*Clartemisinin effectiv ENeis was retained in
the presence of serum (Fig. 2A). The presence of 50%
serum resulred in full retention of aremisinin effectivenes
for up vo 4 hr of incubation. However, for Hb H-containing
erythrocytes, the presence of serum did not improve the
effectiveness index of aremisinin, only delaying the inuc-
thvation process (Fig. 1, B and C). These dara indicate thar
BETUM [HOECH againg artemisinin insctivation by decreas-

The role of human serum in protecting or stabiliting the
drug against inactivation by normal erythrocytes could be
due m the presence of proteins in serom. It has been
reported thar serum albumin, the major protein in serum,
can hind non-covalertly to many drugs and small molecules
116, 17] including artemisinin [18]. In additon, a,-acid
glycoprotein, an acute phase protein found at high levels
during infection, has also been reported (o bind artemisinin
non-covalently with a greater binding sffiniry chan albumin
191 Binding of the drug 1o these serum proteins may
account for the protection of the drug in vioo by decreasing
the rate of drug mansporation inte uninfected normal
erythrocytes or by competing for the drug with components
in the cells.

In Hb H-contmining erythrocyres, human serum wis not
ahle 1o protecy artemisinin from inacrivation. The resuls
slso showed a faster rare of amemisinin inactivation by both
Hb H and Hb H/Hb CS erythrocytes than by normal
erythrocyees. This indicares that there was competition for
artemisinin by components within the cells (e.g Hb H and
Hb A} and those outside (c.g- serum components such as
serum albumin and aj-acid glycoprotein). The binding
affinities of four major binding components can be listed as
follows: a;-acid glycoprotein with arteether (K, = 4.4 =
0.4 M), human serum albumin with arteether (K, = 84 =
7 1M}, Hb H with dibydrosremisinin (K, = 66 = 17 uM),
and Hb A with dibydroaremisinin (K, = 224 = 15 uM)
[3, 19]. There are two sremisinin binding sites in o ,-acid
glycoprooein and Hb H, and one in human serom: albamin
and Hb A [5, 19]. Although oy-acid glycoprotein may
possess stronger drug binding affinity than Hb H, sssuming
that artemisinin derivarives have similar binding character-
istics, the glycoprorein s present in much lower concen-
trathon in normal human serum, thus driving the binding
towmrds Hb H. Binding of smemisinin 1o Hb H probably is
ulser favored over hinding 10 humean serum afbumin. These
considerations angue for favored localimtion of amemisinin
in Hb H-contsining cells and i subsequent inacrivation
there. Even if artemisinin does not bind o Hb H with as
high affinity as to the serum progeins, inactivation would
still result if it could dissociate from the serum proteins and
penermce the erythrocytes
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FIG. 1. Effectiveness index of ['“Claremisinin following expas.re to erythrocytes in the absence (O) and presence of 10% (8}, 50%
(C1), and 100% (M) human serum, and (&) in the control medium without cells and serum. (A) Nommal erythrocytes, (B) Hb H
erythrocytes, and {C) Hb H/Hb CS erythrocytes. The experiments were performed rwice using rwo different sets of samples. The dam
shown here are means = SD from one of the two experiments where similar resnlts were obtained.
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i Time o

Imﬂdcﬂﬂﬁﬁﬂﬂh{!ﬂmwm in the rwo comparrments for these woriasnr eryrhrocyres
Artemisinin Inactivation were not significantly different from normal. These values
Distribucions of |'*Clartemisinin in erythrocyte membrane were also in line with the previdus report wing dihydroar-
and cytosolic fractions were investigated As shown in remisinin |5].

Table 1, the amount of drog was higher in the cymoeol To investigate further the role of the two compartments
compartment than in the membrane faction of bork in inactivating aremisinin, mdiolabelled drug was incw-
normal and variant erythrocyres. Cyrosol and membrane bated with washed membrane and cymsal of normal and
from both types of Hb H-contaiming erythrocytes accum thalassemic erythrocytes, and free dnug fractions were sep-
lated ["*Clartemisinin to a higher extent than those of arated for determination of drug effectivencs. The results
normal and f-thal/Hb E eryehrocyres. The ratios of the dnyg of the effects of eytosolic factons and of membrane
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FiG. 3. Effectiveness index of free ["*Claremininin obtained
from thalsssemic and normal hemolysates afrer a Lhr incubs-
tion. Dats points and means = SEM are shown, Numbers of
mmples in the tests were 5 for sl
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fractions are shown in Fige 3 snd 4. respectively. The
effectivensss index of free artemisinin extracted afrer 1 hr
of incubation with the cyrosolie fraction of Hb H, Hb HHb
5, B-thal/Mb E. and normal erythrocyres decs eased mark-
edly from 1.0 in conmol o 018 = 017, C 14 = 0.14,
017 = 0.08, and 0.61 = 0.14, respecrively, Thoe effex-
tiveness indices of the drugs from the cyvosolic fractions of
variant erythrocyres were also significantly less than the
index from normal erythrocyres (Fig- 3). Upon incubation
with membrane fraction, drog effectivenes: was also de-
erensed significantly in the presence of Hb H and Hb H/Hb
CS membranes (the indices were 0.41 = 017 for Hb H and
0.41 = 0.09 far He H/HE CS), and 1o & lesser cxrent in the
presence of membrane from B-thal/Hb E {0.67 = 0.26) and
nomal erythrocyres (081 = 0.05). Both ¢mesolic and
membrane components of normal and thalasse mic erythio-
cytes inactivated aremisinin, and the inaethvarion was
mosz pronounced in the cposolie fracrion of H H-
conmining erythrocytes.

Role of Hb H en Artemisinin Inactivation

The role of Hb H in Hh H-containing erythrocytes on
artemisinin antimakarial activity has been surgesced o be
due to preferential binding of aremisinin and i deriva-
tives to Hb H, thereby causing the drugs to accumulare a0
high concentrations in these variant erythrocytes [5) Ta
determine whether Hb H could also nactivire the dng,
purified Hb H was added to the culture medium, and the
anrimalarial sctivity of dihydrosnemisinin wo tested, H.d
dition of Hb H to the malaria culture crused a

|. Charoenteeraboon e al,

increase in the dihydroanembinin 1Cg value, wheress
addition of Hb A showed little effect (Fg. 5). When the
concentrations of dihydroanemisinin were comected for the
portion of the drug bound to added Hb H (K, = 66 pM)
[5), 105 values were still anomalously high, indicaring a role
of Hb H in dilvydrosremisinin insctiveion.

Since aremisinin inactivation occurred in normal as
well m B-thalfHb E erythrocytes, with the eysosallc fraction
playing a major role in the inacrivarion process, factoms
other than Hb H alone must also be responsible for drug
inactivation. It has been reported that anticwidant en-
rymes, eg. catalase, gluathione peroxidase, glutathione
reducizse, and superoxide dismutase, are present in in-
creased amounts in thalassemic erythrocyves [20, 21]. lron is
aho foumd wt high levels in both o snd B-thakwsemic
erythrocyres [B, 9. lnteracrion of areemisinin with some of
these cymsolic components may lead to i insctivation. In
addition, in the presence of iron [2], aremisinin binding
andfor alkylarion of proceins in the cells can abso lead to a
decrease in drog availabilicy. This hypothesis is supported
by various reports on the interaction of artemisinin with
iron, redox metal, heme, and proteins [2, 22-17).

In a sudy of the pharmacokinetics of smesunare in
a-thalmssemic subjects, it was found thet plasma dng
concentrations of biclogically active dngg metabolizes in
the plasma of the thalasemic subjecs are higher than
normal, and the volume of distribution is 15-fold lower [28].
Although this resulr is surprising, since higher upeake of the
drug by thalassemic erythrocytes [4, 5] would be expectsd 10
lead to lower plasma concentrations and higher volume of
distribution, possible explanations were given as slow re-
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FIG. 4. Effectivensss index of free [V*Clartemisinin obtaincd
From thalassemic and normal membranss after a 2-hr incubation.
[asa poines and means = SEM are shown. Numbers of samples
in the tess were 4 for all
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MRS rement.

lease of the dryg and membolites into the plasma, and
differences In drug membolism. Our present report of
artemisinin insctivarion by thalassemic erythrocytes is not
necessarily in conflicr with the pharmacokinetic soudies on
artesunate [28], since different drugs were used, and plasma
concentrations are degermined by complex factorns not
limited o drug inactivation.

In conclusion, the resulns reported here show the pres-
ence of an additional mechantsm responsible for resistance
to arcemisinin by P. falciperum infecting a-thalassemic red
cells i witro, namely, the inactivation of artemsinin. The
host-specific resistance, resulting both from drug binding 1o
Hb H and other erythrocyte componens and from is
inactivation, may be an lmporen consideranon in the
clinical use of the drug for malaria reatment, especially in
arcas with a high frequency of thalassemic genes. Although
tecred o date, drug-resistant parasives and high recrodes-
cence rates may result if anemisinin and its derivatives are
used without awareness of the significance of this hoe--
specific effect.
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1. Intreduction

Malaria still remains one of the major healih
problems in tropical countries, and among the
four specics of malaria parasites infecling hu-
mans, Plasmodium felciparum is the most viru-
fent. Chemotherapy has played a major role in
alleviating suffering and in reducing mortalicy
caused by P. falciparun infection. Unforiunaely,
resistance (o mosi cwrremtly used antimalarials
has appeared in P. felciperum snd continues 1o
increase in many parts of the world [1] Most of
the currently used antimalarial drups affect onty
the asexual stage of the parasite, except pri-
maguine which can also act as a gametocytocidal
drug.

Pyronaridine, a %-anilino-aza-acridine symihc-
sized in the 1970s, has been developed primarily
from Chinese research efforts and has been wscd
in China for more than 15 years [2.3] 11 is highly
effective against chloroquine-sensitive and -rc-
sistant strains of P. falciparum [4,5] and good
antimalarial activity has also been reported in
Thailand [6). Pyronaridine is a highly active blood
schizontocide and has already undergone exier-
sive Irials in human against both P. falciparura
and P. wivax [7,8]. Although an effect of pyronar-
dine on the ultrastructure of malaria parssite hes
been reported [910] and cur previows study
showed that decatenation activity of P, falciparum
DMA topoisomerase |1 was inhibited by pyronan-
dine [11], the mechanism of actiom of pyronari-
dine is still not known.

Since inhibition of P. falcipanum sexual stage
should not be overlooked, and only coc drug,
primagquine, is currently used to combat P fals-
parum gametocytes,  search for new gametocyto-
cidal drugs is urgently needed. Therefore, in ths
study, in vitro gametocytocidal activities of pyro-
naridine and a number of DNA topaisomerase |1
inhibitors were determined against two isolates of
gametocyle-producing P, falciparwm from Thai-
land.

1. Materials and methods
21. Parazites
Gametocyvie-producing isolates, KT1 and KT3,

of Plasmodium falciparum were collected from
iwo infected patients at Thong Pha Phum Dis-
trict, Kanchanaburi Province, Thailand. Multi-
drug resistant K1 strain originally taken from this
province [12] was used 3s a control parasite for
determination of drug resistance. KT1 and KT3
isolates were successfully cultured in our labora-
tory for at least 3 years and continwousty pro-
duced gametocytes under our culture conditions
[13,14]. Morphological and functional maturation
of KT3 isolate have already been reported [13]
and KT1 isolate behaved similarly.

2.2, Cultivation af Plasmodium falciparnum

F. faicparum ET1 and KT3 isolates were cul-
tured continuously in RPMI medium supplement
with |5% human plasma using human crythro,
cytes (O.Rh + ) previously treated with PIGPA
(Pyruvate, Inosine, Glucose, Phosphate, Adenine)
solution [13L In gametocyte cultivation, 50 mg,/1
(final concentration) of hypoxanthine were also
added. Culture dishes were placed in candle jars
and incubated at 37°C. The culture medium was
changed every 3 days.

3. Test af in vitro drug sensitivity against asexual
stage of P. falciparum KT1 and KT3 isolates

Mefloquine, amsacrine, etoposide and pri-
maquine were dissolved in dimethylsulfoxide
(DMS0). The final concentration of DMSO did
not exceed (L1% (v/v). Chloroquine, cycloguanil
and pyronaridine were dissolved in sterle dis-
tilled water, Pyrimethamine was dissolved in 0.5%
lactic acid and the final concentration of lactic
acid in culture was nol allowed to exceed 0.0005%.
Norfloxacin was diluted with 0.1 M HQ and the
final concentration of HCl was less than | M.
The stock drug solutions were diluted 1o the
desired concentrations with culture medium.

The activities of drugs ageinst P falciparum
KT! and KT3 were measured as 50% inhibitory
concentration (IC4) by incubating 1.5% erythro-
cyte suspension contzining 0.5% inital pars-
sitemia with drugs for 24 h.at 37°C. ["Hlhypo-
xanthine {0.25 wCl, 6.2 Ci /mmol, Amersham, UK)
was then added to each sample and parasite cul-
tures were incubated for an additional 24 h. IC,,




----------?{

P Charadidvewsdinkooe- Pamdi o o ,.-".Fﬂvmémlmrhn'mhmrﬂ {2RNT) T390 g

vilues were recorded as the concentration of drug
required ta inhibit (by 50%) the incorparation of
["Hlhypoxanthine into parssite DNA, compared
with untreited contral.

24, Text of in wiro gametocytocidal effect

Alter synchronization of P, ; growth
with sorbitol trestment [15], gametocyte culnure
wumnedﬁtﬁlﬁhﬁtﬂpuhitﬂmhmmmjn;
mastly ring forms in 2% SuSpen Tion.
ﬂunmdiummdunpdmdql.ﬁmdﬂnflu
culture, Pure gametocytes of P. falciparum KTi
and KT3 isolates were obtained by adding .5
volumes of 5% (w,/v) sorbitol to packed eryrhro-
mﬂhrﬁminunuldq,ﬂnth‘ﬁmda}'ﬂ
until day 11 of culture. Approximately 450 .|
aliquots of this suspension were transferred 1o 2
24-well plutnwumﬂunnhniﬁup.lnf&u;h:
ea:hwll.aruilhhmhdnn,d:qmaph
replaced and cultures were incubated for an addi-
tional 24 h. All wells then received compiee
medium without drug and cultivations were cont-
inued for 2 more days. Thin blood flms wee
prepared on day 15 of cultivation and gameto-
cytes were counted per 10000 erythrocytes. The
:ﬂ’mnrm:lrugmu:ﬁmmhhuﬁpmd
in triplicates. Gametocytocidal activity of dng
was recorded as the concentration of drug that

inhibited gametocytes by 50% as compared with
untregted control.

3. Regulis

3.1 In viero antimalarial drug sensitivity of the
asexual stage of P. falciparum KTT and KT3 iolete:

Asexual parasites were cultured in the presence
ufﬁvclmmmnnﬁmﬂuhhhﬂhmdltmlnf
these drugs against P. falciparum KT1 and KT
isolates were determined by measuring uptake of
["Hlypaxanthine compared with K1 strain. Both
F. falciparum lsolates were resistant
chloroquine, pyrimethamine and cycloguanil, bu!
were still sensitive to mefloquine compared with
K1 strain (Table 1). The ICys of the drugs against
KT1 isolates were not significantly different from:

Tahle |

ICy vahics of curreat untlmatarials iginsl wsenual sngs i
P frlcipanasy KT umil miml.nnudcm-r-jmdbﬂ’l-thy-
posmnthaie uptake method compared witk K1 strain

Dvags IC (i}

ETlisolpe  KT3 soksie K1 sernjn®
Chiaroguine 02 04 0
Mefloquine 0m .01 0m
Pyrimerhamine 34,0 355 B
Cychoguanmil 420 Th B3
Primzsquing L1 0 WD

‘Eﬂnrnqdm—mﬂmmm-mr K1 strain [13} ND
= o deterrmined,

those of KT3 excep for that of cycloguanil in
ET3 isolate which was approximately six times
Imﬂmnthuinli‘l‘limhu.mmm‘m_:mmn
ﬂﬂemhlhhilm;ﬂmHEMﬂanrﬂa
higher concentration than chloroquine and me-
foquine.

3.2 In vitro actiolty of pyronaridine and DNA

ICos of pyronaridine and DNA topoisomerase
II inhibitors, namely, amsacrine, etoposide and
norfloxacin, were determined. All compounds
muldlnh‘tﬁtpmﬁtcminviirnmdlcma
mhundmbehemnﬂ.ﬂlﬂmdﬂum
{T:M:E},Pymmﬁdinuh:-mdih:hﬁhmﬂhr-
i:rl.minutheas:nmmgrurhnthpuuilt
isolates (ICy, =2 nM)L Among the DNA
topoisomerase II inhibitors, eukaryotic DNA
topoisomerase [1 inhibitors, amsacrine and
side, were more active against both P, falciparum
isolates than norfloxacin, & prokarvotic DNA
topoisomerase 11 (gyrase) inhibitor,

3.3, Pure gametocyte cultures of P. falciparum KT1
and KT3 isolates

Gamectocytes of KT1 and KT3 isolates pro-
duced in cultivation could undergo a maturation
process and stages [-V identified on the basis of
morphology [13]. After sorbitol treatments on day
9, 10 and 11, there was 99% reduction in the
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Talide 2
ICy wdlwes of pymnaridine amd DNA jopojsamersss 1
imhititors agairs! sscsunl slages of P fldpess KT1 acd

Tabde 3
ICyy wmimes of pyronaridine, DMNA wopoisomerase [ inhibior
and primsguing sgainst gamctocytes of P falopanm KT and

KT3 olates compared with K| strain KT} iscluizs
Dhrups My (M) Dirugs I el
ETl isolase KT mobsie K1 suab® KTI isolage KT3 snlate

Pyronaridine LT oon? 7 Pyromariding L i

Amsacrine L2 i4 s Amsacriog B0 108

Eropeside ITD 14 Iz5 Eloposide T0 w50

Marflomscin IS 410 ND Horflozacin = 100 = M
Primaquine 0E 11

*Chiotoquine-pyrimethamine-reststant K1 straim |12} ND
- determined.

number of asexunal parasites. Pure gametocyls
culiures of F. fulcparum KT1 and KT3 isolawes
were obtained on day 11 with an average numbe -
of gametocytes of 305 and 392 per 10000 erythro-
cytes, respectively. These gametocytes consigied
of 19% stage I, 60% stage 111 and 21% stage IV
and were used in the drug treatment studies,

3.4. In pitro gametocyiocidal effects of pyronaridine
and DNA topoisomerase [l inhibitors against F
falciparum KTT and KT3 isolates

Gametocytes of P. falcparum KT and Iﬂ'ﬁ
isolates could be inhibited by
eukaryotic DNA topoisomerase |11 m.hihm:ln
(amsacrine and etoposide) whereas norfloxssin
did not have any effect on gametocytes even when
the concentration was raised to 100 M (Tahlkc
3). Pyronaridine was the most potent inhibitor
against gametocytes in cultures {IC,; of 6 and 20
nM sgainst KT1 and KT3, respectively), bemy
approximately 3 x 10°-3 x 10* times more effec
tive than amsacrine and & - Moreover, IC,,
of pyromaridine was lower than ICy of pd
maquine.

4. Discussion

Gametocyte-producing P. falciparum KT1 and
KT3 solates used in this study can be lookes
apon &5 multidrog-resistant parasites because of
their resistance to chloroquine, pyrimethamine

and cycloguanil. Both isolates were still sensitive
to mefioquine.

The study of topoisomerases has expanded into
the realm of pharmacology and clinical medicine
through identification of bacterial topoisomerase
Il {(DNA gyrase) as a target of antibitotics and
toxing and of eukaryotic DNA topoisomerase 11
as a target of a large number of anticancer agents
[16]. In vitro activities of pyronaridine and DNA
topoisomerase [l inhibitors ageinst the asexual
stage of recently acquircd P. falciparum KT1 and
KTJ isolates were investigated and the results
showed that both prokaryotic and enkaryotic DNA
topoisomerase [1 inhibitors could inhibit asexual
parasite growth, similar to previous studies con-
ducted on the established multidrug-resistant P,
Sfalciparum K1 strain [11] Pyronaridine was the
most potent inhibitor with 1C,, values for both
KT1 and KT3 isolates of 2 nM, not significantly
different from that for P. folciparum K1 strain
{ICq =27 nM) [11] The present results indicate
that chloroquine-, pyrimethamine- and cy-
cloguanil-resistant F. falcipgrum showed no cross
resistance o pyronaridine whereas pyronanidine-
resistant P, falfciparurn exhibiiz cross resistance io
chloroquine and piperaquine [171.

Divo et al. [18] bave reported on the antimalar-
ial activity of fluoroquinolones against asexual
stage of chloroguine-sensitive and -resistant P,
falcipanwm. Previous study showed that the de-
catenstion activity of P - falciparum DNA
topaisomerase [ is inhibited by flnoroguinolones
(19]. Growth iohibition of ascmal stages of P.
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falciparun KTl and KT3 isolates by norfloxeain is
consistent with these observations. Mitochond rial
DNA wpoisomerase IT of P. falciparum may bs a
possible target for DNA gyrase inhibitors.

Gametocytocidal activity of pyronaridine was
very much higher than that of the other DHNA
topoisomerase Il inhibitors tested (amzscrine,
etoposide and norfloxacin). Since the gametocyes
used in this study were predominantly stage 111,
in which only RNA and protein synthesis ocrur it
is not surprising that known DNA topoisomerise
Il inhibjtors showed very low gametocytodidal
efficacy because their target plays a role in DNA
synthesis which occurs only in stage I aed 11
EAMETOCYTEs.

Although we have shown that pyronaridine can
inhibit F. faiciparum DNA topoisomerase 1 in
vitro, it now appears that DNA topoisomerase [1
is mot the specific target of pyronaridine based an
two lines of evidence. Fimstly, pyronaridine
strongly inhibited gametocyte growth in spite of
the lack of DNA synthesis in this stage. Secondly,
using an assay for detection of DNA cleavage, we
have shown that pyronaridine was not abl: o
inhibit asexual P. falciparum topoisomerase I
situ [20]. Pyronaridine has recently been demon-
strated to inhibit malaria parasite beme polymer-
ization as well [21]

This is the first report of the gametocytocitial

. cffect of pyronaridine on P. falciparum. It is 100

times more effective than primaquine which i
the only gametocytocidal antimalarial in climical
use. The dual role of pyronaridine gs a schizanto-
cidal and gametocytocidal drug should maks it
highly attractive for clinical application.
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INTRODUCTION

Autesomal dominant polycystic kidney diseass ADPED, MIM# 173900) is one of the most comman human
Mﬂﬂwﬁ;nﬂnﬂ,mwh&mmqlmﬁpﬁmmqﬁhm
kidneys, leading to end stage renal failure (Dalgaand, 1957). Al heast three penes are responsible for this disease:
PEDI (MIM# 601313; approved symbol, PKD1) & 16p13.3 (The Europesn Polycystic Kidney Disesse Consortium,
1994; Hughes et al., 1995; The Inemational Polycystiz Kidney Disease Consortium, 1995), PKD2 atdq2)-23
(Mochizaki et al, 1996), and the still unmapped, PRD'T (Daoust =t al., 1995). Abnormality of PKDY is responsible
for about B5% of ADPED (Peters and Sandkuijl, 1990). PED1 heas the size of shout 54 kb consisting of 46 exons
and transcribing 14,148-at mRNA (The Enmpean Pol veystic Kidney Disease Consortium, 1994; Burn et al., 1995:
Hughes et al., 1995; The Intemational Polycystic Kidrey Disease Consortium, 1995),

The existence of af least three PXD/ homologs which share over 95% identity with PED on the same
chromasome, has made it difficult 1o charcierize PR mutations (The Ewopesa Polycystic Kidney Diseate
Consostinm, 1994), This has also resulted in bhiss of ratation analysis of PED in which the majority of mutstions
identified to date fall within its 3' unigue region (HGMD: Human Gene Mutation Databass-
hatpeffwww. uwem.nc. nkfrwemdmgsearch/1 20293 him ). However, the matations found in this region coniribute
only 10-15% of all known cases of PKD1 discase, ind cating that most mutations are located in the reiterated region
of PKD (Peral et al., 1996). Recently, ai least rwo roups have stiampted io identify mutations in the relierated part
of PEDM by long-range PCR (LR-PCR) (Wainick & 2", 1997; Peml et sl.. 1997). However, the methods that have
been developed could isolate pans of the reiterated secuence of FXDJ, unnble 10 isolate the sequence beyond exon
15 to the 5' end of the pene. We have recently develored a long RT-PCR method for isolation of the entire coding
sequence of PRD from s mRNA vanscript (Thong oppakhan et al., 1999), eliminating the interference from the
homologous sequences. In this report, we demonstral- the application of long RT-PCR and LR-PCR meibods in
bdentification of PAD] mutation in PKD) patients ane! report a novel mutation which results in RNA processing
defect leading to partial deletion of exon 14 sequence (n the PED-mRENA transcript.

MATERIA LE AND METHODS.

The PK01S family snd liskage study
The proband (TV-6) of the Thai family PKO15 (Fig. 2) was firstly refemed w0 see nephrologist with the

- problems of a mikd degree of chronic resal failue (serm creatinioe of 4.7 mp'dl), hyperiension and gross hematuria.

An abdominal ultrasound demcmstrated polycystic bidoeys and liver. The diagnosis of ADPED in the patient and
other family members was made, based on the demen: iration of renal cysts by an abdominal ultrasound (Ravine =t
al., 1994). Blood samples from the patients and relati- ez were collacted with informed consent. Linkage snalysis
was performed by detecting 5 polymorphic DNA mark ers on chromosome 16p including D16585 (3' HVR) (Reeders
i al., 1985), SMY (Harris of al., 1991}, 16ACL5 (Thaenpson et al, 1992), SME (Peral ot al., 1994), and KIGE
(Germin et al., 1993).

EMA preparation. long RT-PCR, and nested PCR

The full-length PEDI-cDNA was synthesized from RNAs prepared from lymphocytes and then smplified by
long PCR, following the protocols as previously described (Thongnoppakhun o s, 1999). The length of PCR
product obtained was 13,634 bp, Nested PCRs were camicd out by using nested primers (sequences availsble on
raquest) o generate 9 overlapping fragments of 1,352 1678 bp by the method s previously described
(Thongnoppakhun et al., 1999). A fragment of amplilied cDMA (o 3115-4689) in the region of exons 12-15
{GenBank Accession No, L33243) was digested with cither B5p/ 2585 1, Hinf L, Par L, or Tag T (Mew England Biolabs
and Promega) for detailed analysis of deletion observed Amplification with additional pair of primers covering nt
3254-3338 in exons 13-15 was akso performed, '
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Pireci DNA sequencing

PCR products were purificd from agasose gel alt er edectrophoresis by QlAquick™ Gel Extraction Kit (Qiagen
Gmbh, Hilden, Germany) as imstracted by the mans(a-turer. The purified DN As were sequenced mameally by nsing
(mol® DNA Sequencing System (Promega).

Ampdificstion of geaomic DNA

To isolate PRI -specific DNA fragment out of e homologous sequences, 3 LR-PCR. for ampBfication of
penomic DNA (18,099 bp) was carried out by using a aimer specific 1o the anigue sequence (Ex34B at nr 44438-
44409 m exon 34) coupled with a primer annealing © 1 region in the reiterated sequence (ST3.1F st nt 26340-26369
m excn 13), and then nested PCRs were performed by ssing intermal pairs of primers. The primers were designed
from sequence of PKD/ gene (GenBank Accession Mo, L39821). The PCR reaction for a long-range amplification
in a total volume of 50 pl contained 200 ng genomic T'NA, 200 aM of each primer, 200 uM dNTF mixturs, | wnit
ELONGASE Enzyme mix, 10% DMSO, and 1.0 mM MgS04, The PCR conditions consisted of an initial incubation
(hot start) at 95°C for | min 30 &, then amplification o+ 40 cycles at 94°C for 30 5, 61°C for 30 5, 65°C for 20 min,
and a final incubation =i 70°C for 10 min. The LR-FCR product was diluted up to 1,000 folds depending on its
amounts ko redoce contamination from genomic DNA ssd used a3 template for nested PCEs of the 1,064- and 320~
bp products with the primers WT2F/SI3.1B and 53 ZI7SI3.2B, covering the regions of ot 26375-27438 (exon 13-15)
and 257 17-27036 (IVS 13-14), respaciively. Sequences of the nesicd PCR primers are available on requested,
Contamination of hamologous scquences has been pro-en negligible in ancther similar experiment by the failure 1o
amplify DMA regions outside a LR-PCR product of 129 kb, when this product was dilated | 000 folds and ascd as
iemplate for nested PCHRs (dats not shown )

Mutation snalysis by sllele specific smplificstion (ASA)

Allele specific amplification (ASA), PCR for 4 plifications of wild-{ype and mutant alicles with allele-
specific primers coupled with o shared primer (Newooo et al., 1989), was invented for analysis of the PKDJ mutation
discovered, The wild-type and mutsnt primers kad on- different base o their 3 ends, each of which maiched 1o the
complementary base at the mutation site in the come ip nding allele. Two additional mismatches were also
introduced af the third and the ninth nucleotides fror @ ¥-end of primers to increass diseriminating power when
they bound scroas the alleles (Kwok ot al., 1990). I‘Hﬂmﬂﬁh—w{lﬂl}nﬂmmm{lmu}
are: TICACTCACTGOOTOOCACCACCOCGACA
{underiined are nucleotides altered (o introducs miss: ches), respectively. The sequence of shared primer (513.28)
im GTTGOGGAGGAAGGGOGGCAGCTTGAC,

Each DNA sample was smplifisd in two separst peactions with & pair of primers for wild-type or mutant
allele. A pair of primers (SI7.2F/SI7T.2B) amplifying ¢ region of 698-bp in exon 25/imtron 26 (nt 38978-39675) of
the FKDN gene were also added for intemal control s plification in both reactions.

Long RT-PCR and nested PCEs of ssmmples from PED | | atiests

A long RT-PCR method (Thongnoppakhun et al, 1999) was performed o study RMA samples prepared from
two patients (TV-3 and IV-4) of PED1S5 family. The fu/ldength PKD/ cDNA was fractionated inko 9 overfapping
fragments by nested PCRs. The presence of products with two different sizes (normal 1,575 bp and a shorter
fragment of about 1,500 bp) were observed in both patianis’ samples, using a primer pair amplifying the region
between nt 3115 and 4689 (Fig. LA and 1B}, The ehorer fragment might have resulted from a partial deletion in the
mRMA wanseript from the affected allele of PXD in { e patients. Resiriction endomuclease mapping anabyses of
the pested PCR product from one patient (TV-3) in comparison with that of a normal individual, by using Bepl256 1,
Hinf'1, Psr 1 and Tag 1, were camisd out to locsfizs the ares of deletion, which was foand 1o locate betwesn the: fis
sites of Hinf1 and Bapl286 | (nt 3347-3477). A nanw set of primer pair covering the region of pt 3254-3538 were
designed 1o amphify this region by nestod PCE, generating an amplificd prodect of 235 by in normal samples (Fig.
1A). The samples from the two patients produced bath the mormal (285 bp) and a shoner (~210 bp) PCR products,
s well a3 a slower migrating band of heteroduples TN A (Fig. 1C). This data confirmed that there was indeed a
deletion in this region of PEDI <DNA of both patients. Direct DNA sequencing of the smaller PCR product (-210
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by} from a patient revealed the 74-bp deletion comayonding 10 nt 3373-3446 in PED] mBMA, the nucleotide
positions 74 of exan |4 of PED/,

Analysis of penomic DNA

_ The deletion of 74 nucleotides of exon 14 of the patients KD mENA might result from delstion in this
nmmaf:ht.mnrfm-pium;ﬁlu:ndm*dnumﬁ:mj:mﬁmpmduﬁnguﬁmmﬂrﬂhﬁ
RNA product. A LR-PCR for amplification of PR -specific sequence, about 18 kb, from genomic DNA was
developed o eliminate contamination from sequence: of the homologous genes. A pair of nested PCR. primers
(WTZIF and 513.1B positioned in exons 13 and 15, m-poctively) wmplifying a region covering exon 14 and both
flanking introns (1,064 bp) were also used for DNA ¢ dletion study in exon 14. The resulis of DMA analysis in four
patients of PEO1S family (IV-3, [V-4, IV-11, and V-0) indicated that there was no observable DINA deletion,
mﬁmrl:'l}'-inﬂu region of exon 14 of PKDI,

identify mustation in exon 14 of PKDJ peeci-ely, 8 DNA segment of 320 wis amplified ing resied

PERINFEPIE{STJMJMWMDFAmmdq. mm&m.&%ﬁ:mﬂ
substitution at the position 26806 (with respect 1o the sequence of GenBank Accession No. LI9891), which is the
first position of the invarishle dinucleotides (AG) ef 1 splice acceptor site of intron 13, in PKDJ of & patient
studied. The substitution was confirmed by sequencig of the opposite strand, and it was present in altiogether &
patients examined, most likely to be the PED camea ve mutation in this family.

A'lmﬂnﬂﬂm-ﬂm“mm:mﬂm1uﬂmm
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G ORF =1t 21213117 (12,906 bp)
13,834 bp
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Figure 1 A: Diagrammatic representntion of the fiall-kogth PEDT mBENA (upper), & loag RT-PCR prodises (maddle), s nested
PCR products (lower), The resiersicd region inthe PEI ) mRMNA (berween cxons | and 32) is represamterd by tse hatched srea and
Ihe mnigue region [between exons 13 and 46) by the bleckened area. The relative locations of the primens (THIFTHIEB, SIIFSEE
mnd WT2FETA. 1B solid sows) wsed for smplifying a 'oag RT-PCR prodien (long solid horisontal line) and the nested PCR
products {short solid horimemis] lines) are lheraied. A asir of PCR primers (WT2FS13.15) wers madle for smplificaiion of 283
bp ini the reglon covering the deleted area (lowest) in oonfirm the prediction and for further analysis by DMA sequeacing. B:
Mested PCR products amplified from long PED-cDN, samples with the SEFSIE primers from iwo sormal individuals (N1 and
M) snd from vwao PEDN petbents (V-3 and [V-4) of #8005 family. The nomal samples showad one frmgmeni of nased PCR
product (1,575 bp) whensss the paticnts” samples demn v drated two fragments (1,575 and = 1,500 bp). Lane M & 100-bp DINA
ladifer, C: The nesmed PCR prodiscis amplified with the WT2F/S13.18 primers in the delesad region from the loag PEIN DA
smples of pwo sormal Individissls (M1 aed N2 and ihe rwo patiems (TV-3 snd 1V-4) of (e PFROLS family. Whils the sormsl
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mmwmmﬂmmmmrmmm1 fragmenis of 2835 and -2 10 b, s well
heteroduplex DMA band. Lane M s 100-bp DNA ladd: - - ok o

Mutatinn axalysis by allele specific smplification (ASA,)

Since the mutation observed in PEO1S family d 4 not create or abolish the sites of all known restriction
enclomicleases, the ASA method was employed o detect the mutation in all available members of this family, The
genamic DA mhmwmuuﬂuﬁdhmmudm with sither a pair of wild-type
(I3WT/SE.2B) or mutsnt (13MUFSI3. 28) primers, i0:ether with imernal control (S17.2F/S17 2B) primers in both
reactions, ﬂmmmmmmuymm miternal control PCR product of 698 by,
m&mmm&mmm products with the size of 259 bp only in the resction
eontaining the wild-type primer pair, wheress those from affected individuals generated PCR products with the size
of 252 bp in both reactions.

1T 2 3 4 6 8 7 8 0 10 71 121114 15 14 17 18 10 20 21 22 23 24

Figare2 = Detotion of IVS13-2A>T mutstion ln FEIY by allele specific amplification (ASA) analysis in genomic DNA
smipbes from members of PKOLS family. Pedigree of the fan ily b thown and haplotyes (A w0 T) in PEDY reghon af chromosomes
lﬁp:u-mmhymiwmﬂm“ummmm Filled and biank symbols
represend affectsd and wnaffecsd member, reapeciively, Bmmﬁmmnmﬂmmwumm
allele with | 3WT/BI3IE primers and for misanst (M) slisl: v ih I3MLISIE.2B prinsers, producing the same POR-product size of
259 bp, Amdwmmm,mﬁnmnnﬂmmmmmm PCR-product size
of 638 bp. DMNA samples of normal neembers (pos., 1, LN U, TR 1, 14, 18, Ig.ﬂ.ﬂnd'ﬂ-]ﬂ“ﬂ:lmlfﬂ:mdlﬂﬂ
the wikd-type allele {259 bp) but those of affected membess {r0s. 3, 4, 5, 6, 8, 10, 16, 17, 18, 20, snd 21} gave the products of bods
wild-type and mutant slleles, which had the same size (239 bp). Lane Miris 100-bp DNA lndder. The mutant allele linked and
Hmmﬂﬁﬁhﬂmmﬁﬂihh‘!'ﬂ?hlﬂhhmI1Ihph55ﬁlﬁﬂtp-fwlﬁ&ﬂlj.uiﬂh
ﬁrﬁ“ﬂﬂ]ﬂﬂhﬂ#'{“ﬂh‘]’wnlﬂhhlﬂl 1 bp for Sh6, 169 bp for 16 ACLS, ed 98 bp for SMT) with a
poasible deletion in the 3 HYR reghon.

DECUSSION

We have developed a long RT-PCR method for iz alation of the entire PKD/ coding sequence from its mENA
transcript (Thongnoppakhan e al., 1999) and applied it © sudy mutation of PKD] in patients with ADPKD. A 74-
byp deletion of exon 14 in o cDNA fragment amplifies f:0m the full-length PEDI<DNA (~13.6 kb) was observed in
two PEDI patients from the same PKO15 family. Subs:quent sequencing analysis of genomic DINA surmounding




ke

& Thoagnoppakbam ei al.

exon 14 region of PED obtained by LR-PCR and neated PCR procedures revealed that 2 nucleotide transversion
(A->T) had occismed al the position 26806 of PKD!. The nucleotide ‘A’ at this position is the first one in the
invariable AG dinuclestide of the splice accepior site in intron 13, Therelore, this [VS13-2A>T mutmion was likely
mmlhﬂ:?ﬂ-—mﬂhﬁminmIl\lﬂd‘bhhm-@lmwﬂuina:livnliunnfllum‘lulqﬂiﬂ:mphfﬂ'u
and utilization of a cryptic splice acceptor site at the nearby AG dinucleotide, located st position 73-74 bn exon 14 of
the PEDI mRNA (Fig. 3A).

When the 3 splice acceplor site is mutated, the =ffect may be either exon skipping or cryptic splice sie
utilization, Tﬁndmuhmlh:pmmﬂum-ilh:nmwﬁhhhhﬁﬂmwhuﬂhﬂ,nhﬁ
illegitimate, splice site in the immediate vicinity (Kre vczak of al., 1992, The observed RNA processing defect
indicates that the AG dinuclentide af the positions 26:80-26881 in exon 14 of PED/ is an available cryptic splice
accepaor site. n normal splice acceptor gites, a pyrimidine tract is always present preceding the AG dinucleotide
(Roed and Maniatis, 1985), A pyrimidine-rich trac, with two purine (GG) substitutions, prior o the AG nocleotide
was observed in e eryptic splice acceptor site in exon 14 of PED] (TCCTTOCCGGTTOCAG). The finding that
the band intensity of the short cDINA fragment derive-| from the abnormally spliced mENA was not mduced
compared with that derived from the normally spliced mRNA (Fig. 1B and 1C) indicates that this cryptic splice
scceptor site is used a3 efficiently as the normal splic- accepior site in intron 13, Additionally, the absence of a
shorter cDNA fragment lacking entire cxon 14 in the ame experimental result indicates that exon 14 skipping
essocisted with the [VE13-24>T mutation did not cecur.

Since this abnormal PED-mRNA was ectopicsdly transcribed in the patients’ peripheral binod lymphocytes. it
is also highly probably transcribed in the kidneys and in other organs snd cells that express polycystin-1. The
resulting protein would have a normal amino-acid seqsence for the first 1,054 amino acids followed by an abaormal
sequence of 20 amino acids introduced by a frameshii: (after the nucleotide a1 position 3373 in codon 1054) befors &
new stop signal (UGA) at codon 1073 is reached (Fig 3B). This truncased polycysiin-1 lacks the major past of the
extraceilular domain, all the transmembrans domaing. and the cytoplasmic C-terminal portion, which are critical for
itz predicied function as a signal mediaor.

A Normal Bplica B onch Splice

Marmal

T @ FP & A @ @ A pQ O H A R L R & F R

Congiory 1054 l:mhtim

Figure 3 A: Diagram showmg normal splicing of intron 17 {upper) and shnormal splicing &t 3 crypuoc splice accepsor site im exon
14 [lower) dise bo TVS13-245T mustation in the PEDS gene in the patients of PFEOLS family, The cryplic splice sccepior site has
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ﬂ:mimmm.hrﬂnmm-m mative splice acceptor site ot the inton | Mexon 14 juncion. The
shenienal splicing reslisd in?d-md:lzt‘r:puﬂ_um I4, lesing 60 moclemides of this exon, B Framghifi in protein transtation

Mw.mumuwmmumnmxm Brasier and Henske, 1997} which staies
that both germline and somatic mutations which would insctivate both alleles of PXD] are required,

Application of long RT-PCR and LR-PCR protoc-is for mutstion analysis of PEDJ in the PKD1 patiznis will
ﬁﬁmmmmﬂthmﬂmdmm Lrata on PED] mutarion spectrum will
help us 1o gam a better understanding of polycystin-| function, the molecular pathogenssis of PKDI, and phenotypic
expression in FKD patients.
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