J. Korean Soc. Microbiol., Vol. 35, No. 4, 2000

Overexpression, Purification and Truncation Analysis of RmIC
Protein of Mycobacterium tuberculosis

Jong-Seok Lee’, Tae-Yoon Lee*, Jae-Ho Park', Jong-Sun Kim’, Tae-Jin Lee’,
Jai-Youl Lee’ and Sung-Kwang Kim

Department of Microbiology, College of Medicine, Yeungnam University, 317-1 Daemyung-5-
dong, Nam-gu, Taegu 705-035, Korea; 'Department of Internal Medicine, Keimyung University
School of Medicine, 194 Dongsan-dong, Chung-gu, Taegu 700-712, Korea; ’Department of
Microbiology, College of Medicine, Yonsei University, 134 Shinchon-dong, Seodaemun-gu,
Seoul 120-752, Korea; *Department of Microbiology, College of Natural Sciences, Kyungpook
National University, 1370 Sankyuk-dong, Puk-gu, Taegu 702-701, Korea

dTDP-rhamnose provides L-thamnose to the bridge-like structure between mycolyl arabinogalactan
and peptidoglycan of the mycobacterial cell wall. dTDP-rhamnose is composed of glucose-1-
phosphate and dTTP by four enzymes encoded by rmlA-D. To determine the region(s) of RmlC
protein essential for its dTDP-4-keto-6-deoxyglucose epimerase activity, we overexpressed both
whole (202 amino acids) and three different truncated (N-terminal 106 or 150 or C-terminal 97
amino acids) RmIC proteins of Mycobacterium tuberculosis. The RmlC enzyme activity in the
soluble lysates of ArmlIC E. coli strain SO874 (DE3 PlysS) expressing the wild type or truncated
rmlC genes was initially analyzed by three sequential reactions from dTDP-glucose to dTDP-
thamnose in the presence of purified RmlB and RmlD. All three soluble lysates containing the
truncated RmlC proteins showed no enzyme activity, while that containing the wild type RmlC
was active. This wild type RmIC was then overexpressed and purified. The incubation of the
purified RmlC enzyme so obtained with dTDP-4-keto-6-deoxyglucose resulted in the conversion
of dTDP-4-keto-rhamnose. The results show that the truncated regions of the RmlC protein are
important for the RmlC enzyme activity in M. tuberculosis.
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INTRODUCTION

The two major components of the mycobac-
terial cell wall are mycolyl arabinogalactan and
peptidoglycan (4). These two structural units are
linked by a small bridge-like structure [L-rham-
nose (rha)p-(1-—-3)-D-N-acetyl glucosamine-(1—
phosphate)]. Thus it has been suggested that

this bridge structure could be an important drug
target (12). One of the components of the bri-
dge structure, L-rha, is provided from a deox-
ythymidine diphosphate (dTDP)-rha. Thus the
inhibition of dTDP-rha biosynthesis is likely to
induce cell death of mycobacteria. dTDP-rha is
also involved in O antigen biosynthesis of vari-
ous enteric bacteria. Genetic study of O antigen
biosynthesis revealed that four genes were in-
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volved in the biosynthesis of dTDP-rha from
glucose-1-phosphate and dTTP (1,6,15,17,20,23,
25). These genes were originally named rfbA-D,
but recently they have been renamed rmlA-D
(16). We have previously reported the nucleo-
tide sequence of rmiB and rmIC of a Korean
Mycobacterium tuberculosis isolate (9). Since
then the whole genomic sequence of M. fuber-
culosis H37Rv has been determined (2), and
it was revealed to have all 4 rml genes (11).
According to the genomic sequence data, rmlA
and rmlB genes have more than 2 copies whe-
reas rmlC and rmID have only one copy in the
M. tuberculosis genome, which indicates that
rmlC and rmlID genes are better drug targets.
We have previously shown, using an Escheri-
chia coli rmIC mutant, that the partially puri-
fied RmIC of M. tuberculosis H37Rv has dTDP-
4-keto-6-deoxyglucose epimerase activity (19).
However, the RmlC protein purified in the pre-
vious study had 15 additional amino acids on
the N-terminus (19).

This study was carried out to resolve these
purification problems and to identify the impor-
tant region(s) in the RmlC protein, which are
responsible for its enzyme activity. We overex-
pressed and purified the RmIC protein of M.
tuberculosis H37Rv without any tag or fusion,
and we also expressed three different truncated
mutant RmlC proteins and determined their en-
zyme activity. The purified wild type RmlC
was active, while all three truncated RmIC pro-
teins had no enzyme activity. Our results sug-
gest that the truncated regions of these RmlC
proteins contain the amino acids responsible for
its enzyme activity.

MATERIALS AND METHODS

Primers and polymerase chain reaction

(PCR)

The sequence of PCR primers used for ampli-
fying whole or truncated rmiIC genes were as
follows:
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P1: 5-GGAATTCCATATGAAAGCACGC-
GAACTCGACGTC-3'

P2: 5-CGGGATCCTAGGTGCCGCGCAT-
CTCCCC-3' (W-609)

P3: 5-CGGGATCCTATTGGTCGTCGAG-
CAGCACCGAC-3' (N-318)

P4: 5-CGGGATCCTAATCTGTGGCGCA-
GATGGTGTGCTC-3' (N-450)

P5: 5-GGAATTCCATATGGACCGTAGG-

ACGATCTAC-3' (C-291)

P1 and P2 were used for amplifying the whole
609 bp rmiC gene (W-609), P1 and P3 for the
N-terminal 318 bp (N-318), P1 and P4 for N-
terminal 450 bp (N-450), and P5 and P2 for C-
terminal 291 bp of the rmIC gene (C-291). P1
and PS5 contained EcoR1 (underlined) and Ndel
(double underlined) sites, while P2, P3, and P4
contained BamHI (dotted underlined) sites. The
Ndel sequence that contained initiation codon
(ATG) was included in sense primers (P1 and
P5). The antisense primers (P2, P3, and P4) con-
tained complementary sequence for stop codon
(CTA). The EcoRI and BamHLI sites in the pri-
mers were for the efficient cloning of PCR pro-
ducts into pUC18. Each PCR reaction contained
2.5 U of Vent polymerase (New England Bio-
labs, Inc., Beverly, Mass.), 0.5 uM of each pri-
mer, 200 pM of each of the 4 deoxyribonucleo-
side triphosphates (Boehringer Mannheim, Ger-
many), and 0.1 ug of purified M. wberculosis
H37Rv DNA in the PCR buffer supplied with
the polymerase. The PCR reaction was carried
out in a Perkin-Elmer 480 Cycler (Perkin-El-
mer Co., Norwalk, Conn.) using the following
steps: one five-min denaturation at 96°C, then
35 cycles of 95C for one min, 55°C for one
min, and 72C for one min, followed by a final
extension at 72°C for 10 min.

Cloning of the PCR products and sequence
confirmation

Each PCR product was separated on a 1.6%
agarose gel and purified by elution using a Ge-
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neClean II kit (BIO101, Inc., La Jolla, Calif).
Each purified PCR product was cloned into the
EcoRI-BamHI site of pUC18; the inserted DNA
was sequenced to ensure proper insertion and
PCR fidelity. Plasmids containing wild type
rmiC gene, N-terminal 318 bp, N-terminal 451
bp, and C-terminal 291 bp were named pRMC
609, pRMC318, pRMC451, and pRMC291, re-
spectively.

Overexpression and protein preparation

The pUC18 clone, containing truncated rmiC
gene, was digested with Ndel and BamHI and
subcloned into overexpression vector pET23b
(Novagen, Inc., Madison, WI). The RmlC pro-
teins were expressed in a rmlC deletion Escher-
ichia coli strain (S®874 [DE3 PlysS]) to avoid
basal level RmIC contamination during the de-
termination of RmIC enzyme activity. The ho-
st strain containing pRMC318, pRMC451, or
pRMC291 was grown at 37°C overnight in the
presence of ampicillin (100 pg/ml) and chlo-
rampenicol (34 pg/ml). The overnight culture
was grown until the Abseg reached 0.5 to 1.0,
and IPTG was then added to a final concen-
tration of 1 mM. Cells were further cultivated
at 377 for 3 hrs. After harvesting, cells were
resuspended in 2 ml of cell washing buffer (30
mM Tris [pH 7.4] and 10 mM NaCl). The cell
suspension was placed on ice and one-min son-
icated 10 times at one min intervals. The cell
lysate was centrifuged at 8,000 x g for 20 min
and the supernatant (soluble protein fraction)
was analyzed by SDS-polyacrylamide gel elec-
trophoresis (PAGE).

Analysis of the RmIC enzyme activity from
the crude protein preparations

The RmIC enzyme activity was initially ana-
lyzed by performing three sequential reactions
from dTDP-glucose (glc) to dTDP-rha in the pre-
sence of RmlB, RmID, and NADPH. A total 50
ul of reaction mixture contained: 20 nmoles of
TDP-glc, 10 nmoles of NADPH, 2.5 ug of

RmiB, 1 pg of RmID, 2 mM of MgCl,, 2.5
mM of NAD, and 1.4 ug of crude protein pre-
paration to be examined, all in 50 mM Hepes
buffer (pH 7.6). Initially, RmIB was preincu-
bated with 2.5 mM NAD at room temperature
for 1 hr. RmIC, RmID, NADPH, NAD, MgCl,
Hepes buffer, and dTDP-glc were then added
sequentially. The mixture was incubated at room
temperature and Absss was measured every 10
min for 1.5 hr. A decrease of Abssy of more
than 0.15, in the absence of an Absss decrease
in the control reaction, was regarded as positive
RmIC activity.

Purification of the wild type RmIC protein

E. coli BL21 (DE3) PlysS transformed with
pRMC609 was grown in 3 liters of LB media
containing 50 pg/ml ampicillin, and induced with
0.5 mM IPTG at a late log phase for four hours.
After harvesting bacterial cells by centrifugation,
the RmIC protein was purified by using con-
ventional chromatography techniques. The bac-
terial pellet was lysed in 200 ml of 20 mM Tris-
HCI buffer (pH 7.5) with, 1 mM EDTA, 0.1
mM PMSF, 1 g/ml leupeptin, 0.1 mg/ml lyso-
zyme and 1 g/ml DNase by the freeze and thaw
method. Following a 20 min centrifugation at
12,000 x g, the supernatant was applied to a
DEAE Sepharose CL6B column equilibrated in
20 mM Tris-HCI buffer (pH 7.5) with 2 mM
EDTA. Protein was eluted with a linear gradient
of 0~0.5 M NaCl in 20 mM Tris (pH 7.5).
Fractions containing the RmlC protein were
identified by Coomassie blue staining of SDS-
PAGE gels. The fractions of RmIC protein were
pooled and further purified by taking advantage
of the heat stability of the protein. The RmIC
protein solution was heated in a 65T water
bath for 10 min. Following a 20 min centri-
fugation at 12,000 x g, the supernatant was
concentrated using a centriprepl0 concentrator
(Amicon, Beverly, MA). Final purification was
achieved by FPLC gel-filtration chromatography
using a Superdex 75 column equilibrated in 20
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Figure 1. PCR amplification of wild type and truncated mutant rmIC genes. N-450, N-318, C-291 and
WT-609 are PCR products containing N-terminal 450-bp and 318-bp, C-terminal 291-bp and whole 609-bp of
the rmIC gene, respectively (arrows). M, 100-bp ladders.

N-450
N-318
Vector
C-291
W-609

Figure 2. Protein expression of wild type and truncated mutant RmlC. Overexpression plasmid pET23b
(Vector) was used for the expression of N-terminal 450-bp (N-450) and 318-bp (N-318), C-terminal 291-bp
(C-291) and whole 609-bp (W-609) of the rmiC gene. Minus or plus indicates the absence or presence of
IPTG. Arrowheads indicate the RmlIC proteins expressed. M1, 97.4, 66.0, 45.0, 31.0, 21.5, and 14.5 kDa; M2,
200, 116.3, 97.4, 66.3, 55.4, 36.5, 31.0, 21.5, 14.4, and 6.0 kDa from top to bottom.

mM Tris-HCl buffer (pH 7.5) with 0.1 M NaCl using a centricon10 (Millipore, Bedford, MA).
02% sodium azide. Fracti taini
and 0.02% so ?um led.e F‘ra.c fons con amm.g HPLC analysis of purified RmIC enzyme
the RmIC protein were identified by Coomassie
blue staining of SDS-PAGE gels. The fractions

of RmlC protein were pooled and concentrated The assay mixture (50 pl) contained 2 nmol

activity
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Figure 3. Apalysis of RmlC enzyme activity. C (such as N450-C) did not contain RmiC protein, while R
(such as N450-R) contained RmIC in the reaction. More than a 0.15 decrease in Absay during the R reaction

was regarded as positive RmlC activity.

dTDP-glc, 6 nmol NADPH, S0 pg crude solu-
ble protein prepared from E. coli BW24970 (a
ArmlC strain), 2 pg RmIC protein, and 1 mM
MgClL, all in 50 mM Hepes buffer (pH 7.6).
The reaction was incubated for 1 hr at 377,
which was followed by the addition of 67 ul
of ethanol. Denatured protein was removed by
centrifugation at 14,000 x g for 10 min and su-
pernatant was injected onto a Dionex PA-100
HPLC column. The column was eluted with 75
mM KH,PO, (isocitric) and detected by meas-
urement of Abszs, (10,13,14).

RESULTS AND DISCUSSION

Amplification, cloning, and sequence con-
firmation of whole or truncated rmiC genes

We amplified whole and three different trun-
cated rmiC genes of M. tuberculosis that con-
tained 609-bp, N-terminal 318-bp or 450-bp or
C-terminal 291-bp (Fig. 1). After cloning into
pUC18, each clone was confirmed to contain
the correct insert by sequencing analysis (data
not shown).
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Figure 4. Purification of the wild type RmIC pro-
tein (arrow). M, same as M1 in Fig. 2.

Overexpression of wild type or truncated
RmIC proteins

Wild type or each truncated rmiC gene was
overexpressed by subcloning to overexpression
vector pET23b. The wild type rmiIC plasmid
was expressed as a 22.3 kDa protein, while
mutant rm/C plasmids containing N-terminal
318-bp or 450-bp or C-terminal 291-bp expre-
ssed 11 kDa, 16.5 kDa, or 10 kDa proteins as
expected from the nucleotide sequencing data
(Fig. 2). The amount of truncated RmlC pro-
teins expressed in the S®874 (DE3, ArmiC)
strain was lower than the wiid type RmiC ex-
pressed in BL21 (DE3 PlysS, rmIC™). This
might be due to difference in expression effici-
ency of these two strains.

Analysis of RmIC enzyme activities

Soluble protein fractions were prepared from
the ArmiIC cells expressing plasmids containing

whole or truncated rmIC genes, and the enzyme
activity of each protein preparation was analyz-
ed as described above. The reaction containing
the wild type RmlC protein fraction showed a
decrease of Abssy as reaction time progressed.
The maximum decrease observed was about
0.16 after 90 min of reaction, while the control
reaction, which did not contain the RmlIC pro-
tein, showed only a 0.01 decrease of Abssy at
the same reaction time (Fig. 3). This demon-
strated that the soluble lysates of the cells ex-
pressing the wild type rmiC gene contained
RmIC enzyme activity making dTDP-rha from
dTDP-glc in addition to the two other enzymes
RmiB and RmiD. This also proved that the en-
zyme analysis method for RmIC worked well.
However, all three reactions containing trunca-
ted RmlIC protein preparations showed no remar-
kable differences when compared with the con-
trol reactions (Fig. 3), which suggested that the
truncated RmIC proteins did not contain RmlIC
enzyme activity.

Purification of RmIC and HPLC analysis
of the enzyme activity

Since the truncated RmlIC proteins did not con-
tain enzyme activity, only the wild type RmIC
was purified (Fig. 4). As shown above, the RmIC
expression level in BL21 (DE3 PlysS, rmiC™)
was higher than in S®874 (DE3, ArmIC), the
wild type RmlC expressed in BL21 (DE3 PlysS)
strain. RmIC activity was further examined by
HPLC by detecting the dTDP-rha made from
dTDP-glc. Purified RmIC produced dTDP-rha,
while the reaction containing only the protein
preparations of £. coli BW24970 (rmiB*, rmID*,
and ArmIC) did not (Fig. 5). The latter reac-
tion produced a small dTDP-rha peak, which
might have been due to the contamination of
RmiC protein by BL21 (DE3 PlysS) during the
purification step. Taken together with the enzy-
me analysis result by spectrometry, this result
confirmed that the purified RmIC protein was
active.
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Figure 5. HPLC analysis for the production of dTDP-rha by enzyme extracts of ArmiC. E. coli BW24970
with no addition of [RmIC (-)] or after the addition of [RmIC (+)] of purified M. mberculosis RmlC. In both in-
stances dTDP-glc and NADPH were added to the enzyme extracts and after incubation for 30 min, the resulting

sugar nucleotides were analyzed by HPLC.

Highly conserved amino acids are scattered
along the whole RmlIC sequence

Our results showed that all three truncations
in the RmIC protein affected the enzyme acti-
vity. To explain this, we compared the amino
acid sequence of RmlIC of M. tuberculosis with
those of seven other bacterial species (21), in-
cluding M. leprae (5), Serratia marcescens (18),
Leprospira borgpetersenii (8), E. coli (24), Sal-
monella typhimurium (7), Bacteroides fragilis
(3), and Streptococcus mutans (22). As expec-

ted, the amino acid sequence of RmlIC proteins
was very well conserved among different bac-
terial species. There were at least 4 well-con-
served domains and many identical or similar
amino acids are present outside these conserved
domains. The putative domains were as follows;
domain I was from 16™ P to 28" E, domain II
from 47" Q to 63* F, domain III from 70" Q
to 132™ Y, and domain IV from 146" I to
171" D (Fig. 6). The 10 kDa truncated RmlC
(C-291) did not contain N-terminal 106 amino
acids (domains I and 1I and part of domain I1])

-279 -



Jong-Seok Lee, et al

S8T

* 1L x

-~ = ~TAAVITIAACATTIAHNMEAVAS AOYEVYT - - ~-NAMA IO TIA AV ANAIV AN N TATYMAA
|||||| ANIISHISYTIATLTOATOSATATSASTMINMI T TIIAAME TONA- - ~BANOI S AN

||||||||||| ATFIATADOTANIS TIIISA- - - -
||||||| MATITAATTIHAY@RIMSTIIS DN - -~
|||||||| ALITVOATIdVYYAIYSTIdT0S I~ - -
||||| YITITEITIATIATIZANdSTITOSI0- -~

Z0Z MSOHINYIANOILFAMLATIOSTIIAATING VLVAIMS THLANDAAN -
207 LOHHADIAIOLOAMEATTOSVIAIAISIVYYANASTSAVYOIA T

JMEADATJANMTTOD- -~HANSdAAAd
UMETDTAdANMY TVO - -~ EVIdHAAN
dMEIDIVAANMIISD---HSSdSAAN
dMAIVIYHANMO OO - - -ASEdHAAN
dMAIVIAdQLVOIVH- - ~3YVdNAIY

dMAAYTLIALYOILH - - ~FYOINATY
0SP-NT

-
03 -y Ty < >H
¥ R X ¥ x .. X - x¥ X x
PPT NATASASANASTASIONYADTIAIL -~ -DASVAIAYOXAAHDISAOT U TAAMS DTANDIAVAS T X - —-AMIH
€T IAMATAAIMAITLIIOHVIDAIAMAININIAS TAAS AMMDANI SOTHAQAANTIANDINAIATIDOHAIIAD
€€T LOMATATASTSANNAIDHYTOIIAMTONANTTS TAADAIAAA LI SAII IANANAAXAT DIANIATAOG - ANV LD
PET AOMADATIAIIASIASIDHYADEATAIOYHNATLTIASAHADALISONI TAAYATTAYOA I AYATAS OV AL IN0
9¢T IVMATAAYAIS TINIDHVADEAG IMTOMINIYS INADAMODILISHN Y TAAVATIAT DAV IUATIDOYNADHO
GET LLAADAIVIASTATIOHYIDNA IMTOGINAYS TIADAMIDASASNG Y IANVATIAYOHLOIATIATY ATDID
SE€T SOTAWALSNAOTVTADHYTISAS IATLYUNSANTLISLMODALASOTY IAAAATAASDIADLAXRAYESAINDOY
ST SOTAWALSNAOTVIADHYTOESAAIILYIADAATIASAMIDALASOTY IAANATIASOSADINAANY TSI TOY
8I¢-N
162D II1

[RETEE N * X ¥ X ¥ X x¥ ¥
8L [ YHIDYTANMIS ASANNOTNDAVIISHIADTIANTTAOANAMAMOUNTOHA TAAF I WD I VAT AOVVYTENDAIOTI LA
T9 (THADYIADESSYSHNAOSIHL -~ ~ -~ dISESHITS IAALHAAAADITADANAIA TING DI L SAYN AR - - ——- - - —~— - -
Z9 TAHTOUTIADIVSYSHNADAIYA - - - -~ IHTTIOXASOALATAIDIOADANNIH I TINDIAOLAIANN-—— -~ ——~———
Z9 [ AHTOYINADASSASANAOAILL -~ - -~ AOANTTITHONASHAAADYAANATOTATIATOTA IVIAT INI - —— -~ -~ —— -
79 [ AHTOYTANMESASHNAOALLA -~ - ~MIDHITIIALOONASHIA ADTIADAANIATITAAI IVIAIATNA-— - — - —~ -~ -
€9 [AHTONTANNS SUSHNAOAASA- -~ - ~dADTIHIAVSONASHAAADUATDANIIATITAQHI ITLIIANH - -~ - ———~~——
£9 [ AHTOMTADVYSSASONYOEAQT -~ - ~dHOLAVS JYS VL IMAAAROYSASHI LAL T AMYOS TATAMANK - —— =~ - —~— -~
€9 [ AHTONTADYSSASONADIAGT - ~ - - SHOVAVHADHAL TMAIA TOUSUAAHI LAJ I EMVDAAA TIEVAR -~ — - - - =~ - -

—]
II T

suejnu- g
TTussxojedbioq-
SUSDSd0IRU" S
sTT1beiy g
untanutydiy - g
7004

sexdsT W

sTsoTnoIaqns ‘|

suejnu- g
TTussasladbroq ]
SusoS3DIPW " S
sTiTbea3 g
untInutydAl s
110074

ovIdeT "W

sTsornoIaqnl |

suejnu- g
Trussaajadbroq: 1
SUSDS90IRU" S
sT1IfReI3 9
untTInuTydAl - g
T10°°d

aevxdsT W
sTsoTnoIaqnl "W

Figure 6. Multiple alignment of the RmlC protein of M. tuberculosis H37Rv with those of seven bacterial
species. Multiple alignments were performed using CLUSTAL W (Thompson JD, et al., 1994). The alignment

asterisk (") denotes identity, a colon (:) that the position is identical in greater half of the proteins, and a period

(-) that the position contains conserved amino acids in all sequences.

- 280 -



RmlC of M. tuberculosis

suggesting that these domains are important in
RmiIC enzyme activity. The largest truncated
RmIC (N-450) contained N-terminal 150 amino
acids that covered domains 1 to 111 but only
part of 1V, showing the importance of amino
acids in the putative domain IV (such as 152™
L, 156" W, 167" L, 168" S, and 171* D) for
the RmlC enzyme activity.

Since M. tuberculosis RmlIC protein is an
important drug target candidate, we undertook
these truncation analyses to make the smallest
active RmlC protein. Although we did not fully
achieve this goal, the wild type RmlC purified
in this study was small (22.3 kDa) enough to
be used for 3-D structure determination by X-
ray crystallography, which finally can be used
for the design of RmIC enzyme inhibitor(s), an
anti-tuberculosis drug candidate(s).
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