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Summary

The expression of genes for S-adenosylmethionine AdoMetin D and xD amoebae showed that the half SAMS
synthetase (SAMS), which catalyzes the synthesis of S- activity found in xXD amoebae came from the amoeba’s
adenosylmethionine (AdoMet), a major methyl donor in SAMS2 and not from their endosymbionts. The expression
cells, was studied in symbiont-free (D) and symbiont- of amoebasamsgenes was switched fronsamsl1to sams2

bearing (xD) amoeba strains to determine the effect of as a result of infection with X-bacteria, raising the

bacterial endosymbionts. The symbionts suppressed the possibility that the switch in the expression obamsgenes

expression of the gene in host XD amoebae, but amoebaeby bacteria plays a role in the development of symbiosis
still exhibited about half the enzyme activity found in  and the host-pathogen interactions. This is the first report
symbiont-free D amoebae. The study was aimed at showing such a switch in the expression of hosamsgenes

elucidating mechanisms of the suppression of the amoeba’s by infecting bacteria.

gene and determining the alternative source for the gene

product. Unexpectedly, we found a secondams(sams2  Key words: Amoeba, Symbiosis, S-adenosylmethionine (AdoMet),
gene in amoebae, which encoded 390 amino acids. Resultss-adenosylmethionine synthetase (SAMS), Gene switching,

of experiments measuring SAMS activities and amounts of Endosymbionts

Introduction for the biosynthesis of polyamines, spermidine and the
The xD strain ofAmoeba proteuarose from the D strain by Phytohormone ethylene. In addition, it is an intracellular signal
spontaneous infection of X-bacteria (Jeon and Lorch, 19678hat controls essential cellular functions such as cell growth
and xD amoebae are now dependent on their symbionts fand differentiation in both eukaryotic and prokaryotic
survival. Each xD amoeba contains about 42,000 symbionyganisms (Kim et al., 2003; Mato et al., 2002; Shen et al.,
within symbiosomes, and established xD amoebae die if the®002; Thomas and Surdin-Kerjan, 1997). Therefore, lack of
symbionts are removed. Newly infected xD amoebae beconf8AMS would be detrimental to cells.
dependent on X-bacteria within 18 months (about 200 cell In this study, we set out to determine if symbionts supplied
generations) (Jeon and Ahn, 1978), but the mechanism for tI8AMS or AdoMet to the host xXD amoebae after inactivating
development of host dependence on their symbionts remaitise amoeba’s own AdoMet production, by measuring SAMS
unknown. X-bacteria resembld.egionella sp. in their activities in D and xD amoebae. We found that the expression
nucleotide sequences GIroEL genes (Ahn et al., 1994) and of the normal amoebsamsgene §ams) was switched to that
those of rRNA genes (K. J. Kim, Johns Hopkins Universityof sams2by endosymbiotic X-bacteria. We present complete
School of Medicine, Baltimore and K. W. Jeon, unpublished)nucleotide and amino acid sequences of the second amoeba
Earlier, we had found that symbiont-bearing XD amoebagamsgene $éams? and its product. Results of our study show
did not transcribe thesams gene gams} encoding S- that the SAMS activity detected in the xD amoeba cytosol
adenosylmethionine synthetase (SAMS) and no longefomes from an amoeba SAMS isoform and not from the

produced their own SAMS enzyme (Ahn and Jeon, 1983; Chaympiont. This is the first report on switchingsaimsgenes
etal., 1997; Jeon and Jeon, 2003). However, xD amoebae sgflought about by endosymbionts.

showed about half the level of SAMS activity found in

symbiont-free D amoebae, despite their inability to express

sams Thus, it appeared that symbiotic X-bacteria suppressedaterials and Methods

the expression of the amoeba@msand in turn provided the aAmoebae

enzyme for their hQStS’ enforcing host amoebae to becomﬁ’le D and xD strains of. proteuswere cultured in a modified

dependent on symbionts themselves. _ Chalkley’s solution (Jeon and Jeon, 1975) in Pyrex baking dishes
The SAMS enzyme catalyzes the formation of S+35x22x4 cm). Amoebae were fed every other day with axenically

adenosylmethionine (AdoMet) from methionine and ATPcyjtured and washed@etrahymena pyriformigGoldstein and Ko,

(Thomas and Surdin-Kerjan, 1997) and is essential for cellularn76). The growth rates of amoebae were determined by growing

survival. AdoMet is the major methyl donor and precursoindividual amoebae in Syracuse watch glasses in Chalkley’s medium
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containing different concentrations of AdoMet and by counting theractions were combined and centrifuged for 5 minutes at 9,000e

number of amoebae at intervals. AdoMet, in a stable form of sulfatepellet was used to measure AdoMet level in the X-bacteria, after

p-toluenosulfonate salt produced by Delta Pharmaceutical (Milanyashing with the same buffer.

Italy), was kindly provided by Dr Giovanni Frare. The culture media

and food organisms were renewed every other day, and control grouEs ) )

were kept in Chalkley’s solution without AdoMet. When desired, wetractionation of SAMS by Sephadex G-150 and DEAE-

removed X-bacteria from xD amoebae by growing them at 27°C (Jedtf!lulose chromatography

and Ahn, 1978). SAMS was obtained by chromatography performed according to the
method of Liau et al. (Liau et al., 1977). Cytosol extracts of amoebae
were prepared by homogenizing them in 3 vol of 10 mM Tris-HCI

Uptake of AdoMet by amoebae (pH 7), 5 MM MgCs, 0.2 mM CaCJ, and 10 mM DTT in a glass

Uptake of AdoMet by D and xD amoebae was measured using $romogenizer. The resulting suspension was successively centrifuged

adenosyl-L-fnethyt3H]methionine (0.55 mCi/ml, 66.8 Ci/mmol) for 10 minutes at 90@ and for 1 hour at 226,008. The cytosol

([3H] AdoMet) purchased from ICN Biomedicals (Irvine, CA). extract (3 ml) was applied to a column (2% cm) of Sephadex G-

Amoebae were placed in Chalkley’s solution at a densityxdD® 150 equilibrated with 50 mM Tris-HCI (pH 7.8), 50 mM KCI, 5 mM

cells/ml, and $H] AdoMet was added to a final concentration of 2 MgClz and 20% glycerol. The same solution was used to elute the

uCi/ml. After adding $H] AdoMet into the medium, 1 ml of amoebae enzyme at a flow rate of 2.7 ml/fraction/15 minutes. Thedgrofile

was transferred to a 1.5 ml microcentrifuge tube at intervals andias obtained for each fraction, and the SAMS profile was determined

centrifuged for 1 minute at 2,0@0 The pelleted amoebae were usedfrom a 25pl aliqguot from each fraction assayed for the enzyme

to measure the total amount of AdoMet taken up by cells, and aactivity. The Sephadex G-150 column was first calibrated with the

aliquot of the supernatant was used to calculate the AdoMet remainirigllowing molecular markers; catalase (232 kDa), aldolase (158 kDa)

in the medium. Amoebae were resuspended inud660.5 M HCIO: and albumin (67 kDa). Blue dextran was used to determine the void

and placed on 2.5-cm Whatman P-81 phosphocellulose paper disasiume (\b).

(Choi et al., 1997). The radioactivity was measured in a Beckman DEAE-cellulose was washed with 2 M NaCl and water, and it
scintillation spectrometer. was suspended in the same buffer used in Sephadex G-150
The amounts of AdoMet in the cytosol and AdoMet incorporatedchromatography. The cytosol extract (3 ml) was applied to a DEAE-

into macromolecules were estimated by measuring the total anmkllulose column (248 cm), and the column was washed with the

incorporated AdoMet in soluble and insoluble fractions aftersame solution until unadsorbed proteins were washed off the column.

sonicating amoebae for 15 seconds inl58f 0.5 M HCIC, followed The enzyme was then eluted with 150 ml of a linear gradient of 50

by centrifugation for 5 minutes at 12,090 mM KCI/5 mM MgCk to 500 mM KCI/50 mM MgCi in 50 mM
Tris-HCI (pH 7.8) and 20% glycerol. The @f and SAMS profiles

) ) o were obtained as described above. Active fractions were analyzed by

Preparation of protein extracts and assay of SAMS activities western blotting using pAbs against amoeba SAMS1 (Jeon and Jeon,

We extracted whole-cell proteins of amoebae by sonicating ther®003).

briefly in 3 vol of an extraction buffer [LO0 mM Tris-HCI, pH 8.0, 5

mM DTT, 50 uM phenylmethanesulfonyl fluoride (PMSF)] and by )

centrifuging for 10 minutes at 13,0@0 The amount of proteins in Cloning the amoeba sams2 gene

the supernatant was determined by the Bradford method (Bradfor@n the basis of a homology alignment of several amino acid sequences

1976), and 50-10(g of proteins were used in the assay for the SAMSof SAMS (Choi et al., 1997; Jeon and Jeon, 2003; Yocum et al., 1996),

activity as described previously (Choi et al., 1997). X-bacteria insideve designed a pair of degenerate PCR primers corresponding to

xD amoebae were not broken by brief sonication and werdighly conserved amino acid sequences of known SAMS homologs.

precipitated by subsequent centrifugation. Therefore, SAMS activitfhe B primer corresponded to nucleotides for amino acids 127-132

of the supernatant obtained from xD amoebae represented that of ho§tamoeba SAMS1, Gly-Ala-Gly-Asp-GIn-Gly '€ CCGGATCC-

amoebae alone not including the symbionts’ SAMS. GGNGCNGGNGAYCARGG-3, and the 3primer was for residues
308-314, Gly-Ala-Phe-Ser-Gly-Lys-Asp'{ECCGAATTCRTCYTT-

o NCYNGARAANBHNCC-3), of the same SAMS (Jeon and Jeon,
Determination of AdoMet level 2003). The primers introduced BarmHI site at the Send and an
AdoMet levels were determined as described by Shapiro and EhningécdRl site at the 3end of amplified fragments. PCR was performed
(Shapiro and Ehninger, 1966). Amoebae (50-100 mg) werender low-stringency annealing conditions (for 1 minute at 50°C with
deproteinized by intermittently shaking with 2 vol of 1.5 M HZIO xD amoeba cDNA as the template. The cDNAs of XD amoebae were
for 1 hour. The extract was neutralized with 3 M KHC&nd  synthesized by reverse transcription with MMLV reverse transcriptase
centrifuged for 20 minutes at 10,090The supernatant was incubated using oligo(dT) primers and mRNAs of xD amoebae, which had been
with 300l of Dowex 50W-X8 resin (equilibrated in 0.1 M NaCl) for extracted with the SV Total RNA Isolation System and PolyATtract
30 minutes with agitation. The resin was washed with 0.1 M NaCmRNA Isolation System Il (Promega). Amplified 500 bp fragments
until OD2eowas below 0.05. AdoMet was eluted from the resin withwere cloned into pBSKtlvectors and then sequenced. We obtained
5 ml of 6 N HSQ4, and its concentration was determined by a 500 bp stretch of the amoedmms2gene, which was different from
measuring the Of3s (€=15,400). The amount of AdoMet in xD the previously reported amoebams1(Choi et al., 1997), and used
amoebae represented the total AdoMet including that of X-bacteria iih to extend 5 and 3-end sequences.

xD amoebae, since X-bacteria were completely disrupted by treatmentThe B- and 3-end sequences alams2were obtained by Rapid
with 1.5 M HCIQ; for 1 hour during AdoMet extraction. The amount Amplification of cDNA Ends (RACE) (Frohman, 1993). FOiRACE

of X-bacteria AdoMet was measured in X-bacteria isolated from xCanalysis, cDNAs of xD amoebae, synthesized with oligo(dT) primers,
amoebae. X-bacteria were isolated by a modification of the methodere amplified with oligo(dT)-anchor primers'{BACTCGAG-

of Kim et al. (Kim et al., 1994). In brief, xD amoebae were suspende@CGACATCGATTTTTTTTTTTTTTTTT-3) and sams2specific

in 5 vol of 20 mM Tris buffer (pH 7.4) by vigorous vortexing, forward primers (SAM1F) corresponding to nucleotides 435-452.
sonicated for 10 seconds, and centrifuged for 5 minutes a. Tt First-round PCR products were reamplified with the adapter primers
pellet was resuspended in the same buffer, sonicated again, afftGACTCGAGTCGACATCG-3) and SAM2F primers, located at
centrifuged for 5 minutes at 1¢ The first and second supernatant nt 715-732. Second-round PCR products were subcloned into a
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pGEM-T Easy Vector (Promega) and sequenced. FERAERE  Uptake of AdoMet into amoebae

analysis, cDNAs were synthesized with a gene-specific SAM2R30th D and xD amoebae showed the same pattern in time-

g;‘?gr‘ foclilowed _bylthde attachnlwen_t dolf poly(/?) tails t(% CDNAS)W'$hdependent uptake of labeled AdoMet, but xD amoebae took up
\TP and terminal deoxynucleotidyl transferase (Promega). Thg,\n \ore AdoMet than did D amoebae, the latter importin

tailed cDNAs were amplified with oligo(dT)-anchor primers and nly 36% of the amount of AdoMet taken,up by XD amF:)ebag

gene-specific SAM2R primers. First-round PCR products were_. .
reamplified with adapter primers and SAM1R primers. The SAM1R(FIg. 2). We checked the ratio between the amount of AdoMet

and 2R primers were located at the same positions as SAM1R and BF the cytosol and that of AdoMet incorporated into
primers, respectively, but in reverse sequences. Second-round P@Recipitable cellular components. For this purpose, we briefly
products were subcloned and sequenced. sonicated radiolabeled amoebae in 0.5 M HG&Ad separated
them into insoluble precipitates and supernatants by
centrifugation. Of the total AdoMet taken up by cells, 75% was
found in the precipitates and 25% in supernatants both in D
nd xD amoebae. Both the total amount of AdoMet taken up

Northern blot analysis

To determine the amounts of amoetzansland sams2transcripts,

we introduced isolated X-bacteria into D-amoebae (Kim et al., 199’_4§ : : -
and prepared total RNA using the SV Total RNA Isolation Syste nd that incorporated into precipitable cellular components

(Promega) from samples collected every 4 days for 4 weeks aft creased linearly, bl.Jt the amoum of AdOMet in the cytosol
infection, as described previously (Jeon and Jeon, 2003). We carriéeV€led Off after the first 20 minutes. Since it was known that
out northern blot analysis by the usual method (Ausubel et al., 1992)1€thylation of = plasma-membrane phospholipids occurs
For probing amoebsamslandsams2mRNAs on northern blots, 1.1 Wwithout intracellular uptake of AdoMet (Bontemps and Van
kb fragments (nt 106-1,212) samsland 0.9 kb fragments (nt 1-910) Den Berghe, 1997), we did not determine to which precipitable
of sams2amplified by PCR were labeled witd?P]JdCTP by the components the radioactivity was bound in this study.
Prime-a-Gene labeling system (Promega). For probimgosin
MRNA used as a control, 0.5 kb fragments (nt 989-1,455) of amoeba
myosin (Oh and Jeon, 1998) were amplified and labeled withActivity of SAMS
[3P]dCTP to be used as probes. In order to determine if X-bacteria produced SAMS for their
hosts, we measured SAMS activities of D and XD amoebae.
xD Amoebae grown at room temperature had about 57% of the
Results SAMS activity found in D amoebae. We also measured SAMS
Growth rates of amoebae with added AdoMet activities in symbiont-deprived xD amoebae grown for 8 days
In order to test the hypothesis that the dependence of the @ 27°C to exclude any potential contamination with X-
amoeba on its symbionts for survival was related to théacterial SAMS. Even though X-bacteria had been completely
compensation of SAMS or AdoMet by the symbionts, we firstemoved from xD amoebae by growing at 27°C, as checked
checked growth rates of D and xD amoebae in mediander a phase-contrast microscope, XD amoebae showed the
supplemented with AdoMet, following the reme+=!
of X-bacteria by growing xD amoebae for 12 @ A
at 27°C. At room temperature, the growth patt D Amoebae xD Amoebae
of both D and xD amoebae cultured in Adol e ge—romn 19
concentrations of 10 and 50 were similar (Fig [ o
l) However, at 10QuM, D amoebae died with —o— 100 uM AdoMet
10 days, and xD amoebae within 4 days.
results indicated that AdoMet at 1QfM was
harmful to amoebae and that xD amoebae
more sensitive to a high concentration of Ado
than were D amoebae. Results of our prelimi
study showed that the expression sEmslin e 2 4 & B 10 2 ez _
amoebae was down-regulated by AdoMet or Time (days) Time (days)
treatment but there was no change in the expre
of sams2(data not shown). D Amoebae xD Amoebae
At 27°C all xD amoebae died within 2 week: 100[—— contral
was previously known. In contrast, D amoe T o
grew well even in 1M AdoMet but died afte
11 days at concentrations of 50 and 1,00
AdoMet. The results indicated that D amoe
became sensitive to high temperature inp B0
AdoMet, or higher, and that xD amoebae coulc
survive after the removal of X-bacteria even w L N ] o NN
AdoMet was supplied in the culture medit 0 2 4 6 8 10 12 14 © 2 4 6 8 10 12
However, the results did not exclude Time (days) Time (days)

possibility that X-bacteria provided SAMS Fig. 1. Growth rates of amoebae at different concentrations of AdoMet.
AdoMet to their host amoebae, since evel  (a) Growth rates of D and xD amoebae at 22°C; (B) growth rates at 27°C. Each
amoebae became sensitive to the high tempel  point represents the averages(d.) from 24 cells grown singly in two different

in the presence of AdoMet. experiments.

Number of amoebae

—
4 6 8 10 12

o)

100

Number of amoebae
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A.D Amoebae B. xD Amoebae
8 e Tom oo 25 Fig. 2. Graphs to show the uptake of radiolabeled AdoMet
_O_Incor:(f’rated (S-adenosyl-L4nethyt3H]methionine) by D amoebae (A)

20

o

{ —a— Nettransport and xD amoebae (B). S-Adenosyl-inthyi3H]methionine
was added to 2xa.0% amoebae/ml in Chalkley’s solution to
a final concentration of @Ci/ml. Total uptake @) was
10 . determined from collected amoebae before sonication.
After sonication and centrifugation, incorporated AdoMet
5 | into macromolecules) was estimated from the pellets,
and net transpori() from supernatants. Results are
0 ‘ , ‘ ‘ 0 ‘ : . ‘ expressed as percentage of the initial radioactivity of

0 10 20 30 40 50 0 10 20 30 40 50  AdoMet. Values are averages from two separate
Time (min) Time (min) experiments.

15 4

IS
L

Uptake of AdoMet
(% of initial radioactivity)
Ny

same level of SAMS activities as at room temperature (Fig. 3amoeba SAMS was eluted as a sharp single peak at 0.2 M KCl,
The results indicated that the SAMS activity found in xDD amoeba SAMS was eluted as a broad major peak between
amoebae, which was about half that of D amoebae, came frodi2 and 0.25 M KCI with a shoulder extending to 0.5 M KCI.
host amoebae and not from X-bacteria. These results alsoln order to check if amoeba SAMS1, the enzyme previously
indicated that the dependence of XD amoebae upon X-bactefmund only in D amoebae, was contained in the regions with
was SAMS-independent. peak enzyme activities, we analyzed aliquots of the fractions
around the peak activity shown in Fig. 4A by SDS-PAGE and
o immunoblotting with pAb against amoeba SAMS1. Western
Characterization of SAMS from D and xD amoebae blots showed a single band of 45 kDa in all fractions when
The above results suggested that there might be a SAM#&iquots of D amoebae were analyzed (Fig. 5). In contrast, no
isoform in amoebae, with a different amino acid sequence froinand was detected with the same pAb when aliquots of xD
that of the previously studied amoeba SAMS (SAMS1). I)amoeba proteins were analyzed. When aliquots obtained by
order to check if there was such an isoform, we fractionateBEAE-cellulose chromatography were analyzed by western
proteins of D and xD amoebae in Sephadex G-150 and DEABlotting, same results were obtained (data not shown). These
cellulose columns and identified SAMS by western blottingresults indicated that the SAMS activity detected in xD
using pAb against amoeba SAMS1. The elution patterns @fmoebal proteins did not come from amoeba SAMS1 and that
SAMS from D and xD amoebae on Sephadex G-150 are showiere might be another amoeba SAMS (SAMS?2) that was
in Fig. 4A. Three peaks with SAMS activity were detected indifferent from the previously reported SAMS1.
filtrates of the D amoeba cytosol extract, the regions
corresponding to molecular masses of 210, 160 and 100 kDa, ) _ )
respectively. In contrast, most xD SAMS was eluted in twd>omplete nucleotide and deduced amino acid
regions of 210 and 100 kDa, respectively. sequences of sams2

Fig. 4B illustrates the elution patterns of SAMS from D andin order to clone the secosdmsgene §ams2 from amoebae,
xD amoebae in DEAE-cellulose columns, showing enzymeve reverse-transcribed and amplified mRNAs of xD amoebae.
profiles of D and xD amoebae to be different. While xDWe obtained a 1.2 kb fragment séams2by extending both
ends of a 500 bp stretch ems2 that had come from an
amplified xD amoebal cDNA. We used degenerate PCR

Activity of SAMS primers corresponding to DNA sequences encoding amino
2 acids that were highly conserved among known SAMS (Choi
C22°c et al., 1997; Yocum et al., 1996).
=327 °Cc The sams2gene had an ORF of 1,173 nt (Fig. 6), encoding

390 amino acids, and it was similar to that of other organisms.
The SAMS2 protein had a mass of 43 kDa, with pl 6.1, as
determined by ExPASy Molecular Biology server.

-
1

Activity of SAMS
{(nmol/min/mg)

Comparison of deduced amino acid sequences of
SAMS2 with SAMS of other organisms

D Amoebae xD Amoebae Multiple sequence alignment of amoeba SAMS2 with other
SAMS homologs (Fig. 7) revealed that SAMS2 contained a
. P consensus ATP-binding motif (GAGDQG at position 124-129;
and xD ameobae as measured usingiethytH’methionine. To [compare Takusagawa et al. (Takusagawa et al., 1996)], the
remove X-bacteria from xD amoebae, cells were grown for 8 days a . : . g
27°C. The values for xD amoebae represent only the SAMS activiti 'VC'F‘e'”Ch nanoP_ept'de (GGGAFSGKD at position 271'.279.)
of the host amoebae, not including that of the symbionts, since X- (Choi et al., 1997; Jeon and Jeon, 2003), and metal-binding
bacteria were excluded during extraction of proteins from xD sites (Asp-24, Asp-285, and Glu-50) (see also McQueney and
amoebae. The data represent mean # s.d. from three separate Markham, 1995; Reguera et al., 2002). Both X-bacteria SAMS
experiments. and amoeba SAMS2 had a glycine residue at position 121,

Fig. 3. Graphs to show SAMS activities in whole-cell proteins of D
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D Amoebae xD Amoebae

a b c a b c

v v v
_._SAMS activity

—0Du 16 4
-1 +1
12 4
8
r 0.5 + 05
4 4

A 0 6 o1 0

»
=3
o0
n
<}

n w
(=3 =1

ODa2so

Activity of SAMS (CPM)
s

20 22 24 26 28 30 32 34 36 38 40 42 44 20 22 24 26 28 30 32 34 36 38 40 42 44
40 08 40 0.8
_
=
S 30 KCIM) 1 o6 30 KCIM) 106
o :
g —0.5 .
< &
@ 0 104 20+ T% o
5 (o]
4025 +4-0.25
2
> 10 402 101 102
2
(]
B < // 1 o0s 1 oo0s
o , 0 0 — 0

0 10 20 0 10 20 30 40 50 60
Fractions

10 20 10 20 30 40 50
Fractions

Fig. 4. Fractionation of SAMS from D and xD ameobae. (A) Results of Sephadex G-150 chromatography of D and xD amoebae. (B) Results o
DEAE-cellulose chromatography of D and xD amoebae. Cytosolic extracts (2-3 ml) of D and xD ameobae were chromatographéd, and 25
aliquot from each fraction was used in the assay of SAMS activity. The Sephadex G-150 column was previously calibratéoliaitinthe

molecular markers (arrows): a, catalase (232 kDa); b, aldolase (158 kDa) and c, albumin (67 kDa).

whereas SAMS1 had valine at the position. The sequend®o samsgenes in amoebae as a result of symbiosis with X-
identity of SAMS2 with SAMS1 ofA. proteusor that of X-  bacteria. To study the consequence of such switching, we
bacteria was 50%, while the similarity with SAMS1 of measured the size of intracellular pools of AdoMet in the two
Acanthamoeba castellaniias 72%, oPhytophthora infestans amoeba strains and X-bacteria (Fig. 9). At room temperature,
was 66% and ofE. coli. was 52%. D amoebae contained 0.614 nmol/mg of AdoMet. XD amoebae
had a similar amount of AdoMet (0.621 nmol/mg). This was
calculated by subtracting the amount of X-bacterial AdoMet
Northern blot analyses of sams1 and sams2 gene from that of xD amoebae containing X-bacteria. In order to
expression after infection check if X-bacteria provided AdoMet for their host amoebae
In order to ensure that the DNA sequence ofsdm@s2gene  without contributing the SAMS enzyme, we measured the
was that of amoebae and not of X-bacteria, we analyzefldoMet level after removing X-bacteria by growing xD
genomic DNAs of D and xD amoebae and of X-bacteria byamoebae for 8 days at 27°C. Even after the X-bacteria in xD
Southern blotting using sams2probe, after digesting DNAs amoebae were removed, levels of AdoMet in D and xD
with EcaRl. We found a common band in DNAs of D and xD amoebae remained the same, indicating that X-bacteria did not
amoebae but not in X-bacteria DNA. In order to examine therovide AdoMet for their hosts.
expression profiles adfamslandsams2in newly infected xD
amoebae, we infected D amoebae with X-bacteria an D Eractlon number
determined the amount sAmsmRNA at intervals by northern 26 27 29 30 34
blotting (Fig. 8). In agreement with our previous findings (Jeot
and Jeon, 2003), the amountsaimsltranscript decreased to
a negligible level within 4 weeks following infection. In
contrast, the amount eams2ranscript increased slightly 12-
16 days after infection with X-bacteria. It appeared that th
influence of X-bacteria osamsgene expression in amoebae
was a rather slow process.

D Amoebae . —_ -
xD Amoebae e

%ig. 5. Results of western blot analyses of proteins fractionated by
Sephadex G-150 chromatography. Fractions containing SAMS
enzyme activities (Fig. 4) were subjected to western blotting using
pAb against amoeba SAMS1. A fibaliquot from each fraction was
separated by SDS-PAGE (10%), and transferred to a membrane for
The amount of AdoMet western blotting. Whole-cell proteins of D amoebae were loaded in
The above results suggested a possible switching between the first lane as a size marker for amoeba SAMSL1.
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ATGTCGACTCCTGATGCACCCCTAGARACATATTTCTTTACTAGTGAGTGCGTCACTGAAGGCCACCCAGACAAACTGTGTGACCAAGTTTCTGATGCG 99 Fig. 6. Complete nucleotide and deduced
M s TP GAPTLTETYTFTFTSETCTYVTESGHTPDTE KTILTCTDSOQV S DA 33 amino acid sequences of thems2yene
GTATTGGATGCGTGCTTGTCAGAGGATCCCTTTTCGAAAGTGGCGTGTGAAACGTCAACCAAGACTGGACTGGTCATGATATTTGGCGARATCACAACA 198 (GenBank accession no. AY324626) The ORF
VLDACTLSEDTPTFSEKVYVACETTSTTZ KT®GLVDMTTFGETTT 66

of samsds 1,173 nt long and encodes 390
CGTGGTCATCCCGACTACCAGARAGT TGTGCGGGATCCAGTAAAGCACATTGCAT T TGATAATGGCGAAATAGGATTTGACTACAAAACCTGTAATGTT 297 amino acids. The start and stop codons are
R ¢ HPDY QKV VRDAVYVEKHTIG GEFTDINTGETGTFTDZYZ XKTOCNV 99 .

underlined.
ATGGTTTGTATTGAACAACAAAGCCCGGACATTGCTGATGEGGTACATATTGGTAAGTCCGACGAAGATC TTGGTGCAGEGGATCAAGGCCATATGTTT 396
M Vv cCIEQQSPDTIAG® G YHTIG XS SDETDTILGHA AGTDOQGHMF 132
GGATATGCCACGAACGAGACGCCCGAGATGATGCCTTTGACCCATGTCTTGGCCGCTAART TGGCCAAGGCACTCTCTGATGCCCGAAGATCTGGCTTG 495 Discussion

G Y A TNET?PEMMZ®PILTHV L A A XKL AI KA ATILSD ATRI RS G L 165

The most significant finding from our study
GTTCCTTGGCTGCGCCCTGATGCGA. CACAAGCTTACAATCGAATACAAGAATGACCAAGGGAGGGCCGTACCACAACGTGTCCACACAGTTGTAATC 594 .
Vv PwoiLGRPDAEXTOVTTIEYERNDOGREAaZYVPOERUVETGVUV I 138 IS that amoebae have a secosdms

TCTGCACAACATTCGCCAGATGTGTCTGTTGAACAGATCCGCAAGGATCTTAAGGAGAAGATCATCATCCCTACCATCCCCGCTCAATATCTGGATGAC 693 gene GamSZ) that is transcriptiona”y
S A Q H § PDV SV EG QTIZ RTEKTDTLTZEKTETZ KTITITIZ®PTTIZPATO OTYL DD 231 activatedbysymbioticx_bacteria,Wh"e
CAAACTATTTATCATCTCAATCCATCTGGTAGGTTTGTCATTGGAGGACCACAGGGTGATGCTGGTACAACTGGTCGTARAATCATCGTGGATACCTAT 792 endOSymbiontS suppress the eXpreSSion of
QT I YHLDN®PSGRFVIGGTPOQGDAGTTGTRTIEKTITIVDT Y 264 samslthenormallytranscribedgenein
GGAGGATGGGEAGCTCATGGTGGAGGTGCCTTTTCTGGAAAGGATCCAACCAAGGTTCACCGATCTGCTGCGTATGCATGOCGTTGGATTGCCAAGTCA 891 i _
GAGAW G AHGOGGA ATFSGEXDPTZ KV VDRSAATYATCT RTWTIATZKS 297 Symblontfree.amoebae' The YESU“S. are
unexpected since our study was aimed
CTTGTGGCTGC TGGTCTGTGTGATAGATGTCTGGTACAAGTTICGTATTCTATTGC TGT TGCCCATCCAATGTCGCTCTTCGTTAACTCGTATGGTACT 990 . . R
LVAAGLGCDRGCECLYVOQV SYSTIAYVAHTPMSTLTFVNSTYGT 330 at e|UC|dat|ng mechanisms for the
GGTAAGAAGTCTGATGCAGAGTTGATGGAGATCATCAAAGCCAACTTCGATTTGCGACCTGGTATGATCETCCGTGCGCTTAACCTACGTCGACCCATT 1089 Suppre§§|on of the amoeba,s gene and
G XK K S DAETLMETITIZXANTFUDILREPGMTIVYVRALINTLTRTRPTI 36 determmmgthea|ternat|vesourceforthe
TATTTCAAGACTGCTTCATTTGGTCATTTTGGACGAGATGACGATCACTTTGAATGGGAGAAACCTAAAARACTCGTCTTTTAAGTAAAAGCGCAGTAT 1188 JE€NEe prOdUCt, presumably prOVided by
Y FXTASTFOGHTFOGRTDDDTDTFTETWETZ KT®PZ RTEKTLVF 390 symbionts. The mechanism of the
e 1213 transcriptional suppression simsland
activation of sams2by X-bacteria is not

*3 known, but we have obtained preliminary results to show
EC 1l ~~~MILNMAKHLFTSESVSEGHPEKIADQISDAVLDAILEQDFE. . . | ARVACETYVETG H H
XB B e 1 N Y R I..... AK..L.....ou.. Foo. that SamSJ' mlght be regu""‘t‘?d bY _DNA _adenme
AC 1 ~~--MASSKTL..... c...s..flre.v..1.coannv...usk..las. .. methylation caused by X-bacteria. This is the first report
PI 1 MTQTTTEDRTE....... N....B-LC.......... CVSE..N....5.... i 1 H 1
AP 1 ~~~~MQONTRY..A..A..R...8.AC..V..R...YC.QAEK. C‘KKAS ShOW|ng SUCh a SWItCh n the eXpI’ESSIOI’I Of rmns
s2 1 MSTBGAPLETYF....C.T....J.LC..V.......C.SE..F....SK. genes as a result of symb|03|s. The Change In gene

expression may play an important role in the development

EC 54 MVLVGGEITTSAWVDIEEITRNTVREIGYVHSDMGFDANSCAVLSAIGKQSPDINCEVD. L . .
KB S0 iiiiiiiiiiiiin. V.T...EVIKD...NS......WA..S.........L..a.0...  Of sSymbiosis and host-pathogen interactions.

AC 53 ..M.F.....KSSF.YQKVI.E..KR..FTD.SI...YKT.NI.V..EQ..... A f.H. itehing i i

PI 57 ..MIF...S.K.I.NY.KVI.D.IK....DDPAK.L.YKTVN.IV..EQ..... 8. .. Gene switching is known to OCC_UI‘ in other cell ty,pes'
AP 57 V.GLF..V.CQKTFPTISWF.EL.T....SRE.LDL.PTT.S.HINVRG.EAE.RGH.HN Thus, for example, the expression sdms genes IS

& T M. sy vy DA K. - TONGRL. . . YET. . MVC, Q. . .. AGH-H- gwitched fromMAT1Ato MAT2Ain hepatoma cell lines
EC 113 ..RADPLEQ LMFGYATNETDVLMPAPITYAHR. .. . LVQRQAEVREN. . .. ... and hepatocellular carcinoma (HCC), which facilitates
¥BE 109 . NRETKILUSSSSN . .. ... SR....C..... AS....... MA. .. Looeea... i - i

AC 112 .VGRSDLLL H...H..... PEF. .MTHVL.T...... C.MTL. N cancer cell grO_Wth (Cal et al., 1998; Avila et al,, 2000_)‘
PT 116 ..SVIDED T..... SD..PE...LSHVL.TK..... GSKLT....oevrnn.. Human methionine adenosyltransferase (MAT) is
AP 117 QE..AKETL <......D..PERC.CLWFLLR.FKLA.RSKFE.A..KKIELAVA iver- ifi

52 116 .IGKSDEDL H.........PEM..LTHVL.AK..... AKALSDA.RS....... encoded by two genesMATIA (liver-specific) and

MAT2A(non-liver-specific). The switch in the expression
EC 160 ........cuunnn .G"‘Ll:—"- -WLRDDAKSQV“PQY LDDGKIV. .GIDAVVLSTOHSEEL Of Samsgenes aISO occurs aftel’ a partial hepatec'[omy

XB 156 F G.C.L.LK....Q..P...A..TI.F....AP.. . . . . .

AC 160 ...............8I.8...M.....T...VE.RNEN.TLIPLRRET..I.V....0v  (Huang et al., 1998) and in human liver cirrhosis (Avila
PI 163 . .iiiiiiiiinnnnns D...I...G.T...VE.KQE. .EM.PQRVHT..I.... .NDDV H H H H nsi

Np 17 e ; e e e e pn s atseimanvn v pey €t al, 20QO). Differential expression of individisms

7R S 2 T...TE.¥N.Q.RA.PQRVET. .T.A. . Dy genes during growth and development has been reported

EC 199 DQESLOQEAVMEEIIKPILPAEWL.TSATKFFIN....PTG.RFVIGGPMGDCGLTGRKIT in mammals (Mato et al’ Zoozmatharanthus roseus

XB 195 SH.D.V...R......V..E....SA..RYY................. Lioeeennnnns (Schroder et al.,, 1997) anBisum sativum(Gomez-
AC 203 TI\LdIRKRL \, .8I. L. .DGE.I.HL...... L= Q.BA....G... i
BT, 06 DREQTRALL:ERY GIVI.RKY. TR L. o gt g G Gomez and Carrasco, 1998). In yeast, the expression of
AP 237 THDQYEDRL.PQLV.GV.DEYGMHSE..EVL..IKQKTS.YGWIV...Na.2.T...... (WO Ssamsgenes is differently regulated depending on the
§2 207 SVEQIRKDLK.K..I.TI..QY..DDQ.IYHL...... L= D Q.. A T......
Rk kW KD *3 N R . .
EC 253 VDTYGGMARH PSKVHRSAAYAARYVAKNIVAAGLADRCETQUSYATGVAEP Fig. 7. Alignment of the deduced amino acid sequence of
iB ?43 panrtiaess G cohLEKL amoeba SAMS2 with SAMS sequences of other organisms.
O 257 TI..... | N AN WJ'..S?-..R,..N,ALV ........ SH. H H H H H
PI 260 I..... WGA. TT. .@........ W...5V..K...H.LLV.L...... PY. Pe|':|0dsdr§prer]sentr?mlno ac'qs |d$né|(;al to tho?_e 01; N:eE< Of t f
AP 296 ...... HGA. AN R Yoo, Q.L.R.K. LR VLV....V..KP.. COll, and dashes snow gaps Inserted tor an optimal alignment O
52 261 ...... WGEA. T =-C.HL. . 5L - LV, .. .5. 4. H. amino acids. *1, ATP-binding motif; *2, glycine-rich
EC 313 TSIMVETFGT..EKVPSEQLTLLVREFFDLRPYGLIQMLDLLHE...IYKETAAYGHFGR nanopeptide; *3, metal-b_m_dmg sites; *4, a site for CYS_'121 of
XB 309 ...S.D......GHLRMNVIID.IKTH...T.Q.I.DHH..FS...... RO...... Y.. humanMAT1A,characteristic of liver enzymes; EE, col;
AC 317 L.VF.DSY. .AQGGR’['D.]).I;F\ISKSN ,,,,, GKE‘ND‘Q‘RR. .....EK..YH..... XB’ x_bacteria; AcAcanthamoeba CastellanﬁSZ, SAMSZ Of
PI 320 L..H.DSY..VK.G.TDDD.VEIIKKN.....GMIQKT.Q.KR....VMQK......... . .
AP 356 LN.Y.N.Y....GTHSDSE.LEIINKN..F..GFI.EE....N.DRIK.V...YH..... amoebae' PPhytOphthOra InfeStamﬁpl Amoeba prOIeus_
52 321 M.LF.NSY....G.KSDAE.MEIIKAN..... GMIVRA.N.RR...... FK..SF..... Complete genomic or cDNA sequences of SAMS proteins are
. B available in GenBank, fdE. coli(accession no. 1708999
EC 68 E..HFPWEKTDKAQLLRDAAGLK . ’ . . T
XB 364 D..GL...RL..VAR.AK.L-~n castellanii(6016547), and. infestang23394401). Amino acid
AC 374 NDPD.L..APK.LNF~~~~~~~~ sequences of amoeba SAMS1 (U91602) and X-bacteria SAMS
PL 377 .DAD.T.TVKELE, ===~~~ (AY324627) are from Choi et al. (Choi et al., 1997) and Jeon

AP 414 ..PE....QEKTLT.~~ -
52 376 DDDD.E...PK.LVF~~~~mmmm and Jeon (Jeon and Jeon, 2003).
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D Days after infection xD (Ahn and Jeon, 1983; Choi et al., 1997; Jeon and Jeon, 2003).
4 8 12 16 20 24 28 Yet, xD amoebae still showed about half the level of SAMS
- — sams1 activity found in symbiont-free D amoebae. It appeared that X-
bacteria suppressed the expression of the amoséaisand
e s e sams? in turn provided the enzyme for their hosts. Thus, it was
postulated that the lack of SAMS in xD amoebae was

— myosin compensated by their bacterial endosymbionts and that such

compensation might be the reason for amoebae becoming

Fig. 8.Northern blot analyses smslandsams2yenes following dependent on their symbionts for survival. Our present study
infection of D amoebae with X-bacteria. Total RNAs (&) isolated =~ Was aimed at elucidating the mechanism for such gene
from amoebae collected every 4 days after infection were separatedsuppression. Unexpectedly, our results show that the SAMS
in formamide gels and then transferred to nylon membranes. The activity found in XD amoebae comes from the second amoeba
signal was detected subsequently on the same bloBiRittabeled SAMS (SAMS2) and not from endosymbionts. It appears that
sams]sams2andmyosinprobes. Thenyosinprobe was used asa  the reason why no SAMS was detected in xD amoebae in

loading control. previous studies by immunoblotting using a pAb against
amoeba SAMS1 was because SAMS2 of amoebae had only

Amount of AdoMet 50% identity in amino acid sequence with amoeba SAMS1 and

thus it did not react with the pAb. Measurements of the SAMS

1.00 220 activity and intracellular levels of AdoMet in amoebae show

and that the dependence of xXD amoebae on X-bacteria is
AdoMet-independent. The intracellular level of xD amoeba
AdoMet is similar to that of D amoebae even though xD
amoebae possess only about half the SAMS activity of D
amoebae.
Multiple sequence alignment of SAMS2 with other SAMS
H homologs reveals that SAMS2 also contains a consensus ATP-
, binding motif (GAGDQG) and the glycine-rich nanopeptide
D Amoebae  xD Amoebae  X-Bacteria (GGGAFSGKD). The SAMS enzyme catalyzes the only
known biosynthetic route to AdoMet, the primary biological
Fig. 9. Graphs to show the size of intracellular pools of AdoMetin  methyl donor (McQueney et al., 2000). AdoMet also acts as an
amoebae and X-bacteria. Graphs for xD amoebae include the intracellular signal that controls essential cellular functions
pdotit of e symoc X bt a5 messured by usng & Doveruch as coll rowth and diferontiation a5 well a5 sensiiviy
oxperments. P £s.0 P to liver injury (Kim et al., 2003; Mato et al., 2002). In
' Streptomycesan elevated level of AdoMet inhibits sporulation
and a certain level of intracellular AdoMet is critical for the
growth stage (Thomas and Surdin-Kerjan, 1991), thénduction of antibiotic biosynthetic genes (Kim et al., 2003;
expression oBams2being dependent upon the growth stageOkamoto et al., 2003). I&. coli, a lowered level of AdoMet
whereas that cfamslremains constant during growth. Liver increases C to T mutagenesis (Macintyre et al., 2001) and
cells expressindAT2A have lower AdoMet levels than do results in a division defect (Newman et al., 1998). The
cells expressingAT1A(Cai et al., 1998). AdoMet is known administration of exogenous AdoMet attenuates liver injury
to be a key molecule that differentially regulai¢aT1Aand induced by lipopolysaccharide treatment in rats (Chawla et al.,
MAT2Aexpression and it helps to maintain the differentiated.998; Watson et al., 1999).
status of the hepatocyte (Garcia-Trevijano et al., 2000). It has As shown by our study on the growth rates of amoebae, xD
been suggested that fluctuations in the hepatic AdoMetmoebae are more sensitive to exogenous AdoMet than are D
concentration could be a part of the priming events andmoebae. It is not known why xD amoebae are more sensitive
terminating signals that modulate the liver's regenerativéo AdoMet, but it seems to be related to the fragility of the
process (Latasa et al., 2001). The hepatic AdoMet level iglasmalemma of xD amoebae. It is known that xD amoebae
dramatically reduced shortly after a partial hepatectomy, angre more sensitive to overfeeding, starvation, microsurgical
then subsequently it is restored to normal levels. operations and elevated culture temperature (Jeon, 1995).
In our study, XD amoebae show a similar level of AdoMetSurprisingly, even D amoebae become sensitive to an elevated
as D amoebae. It is possible that the level of AdoMet fluctuateemperature in 5M or higher AdoMet. xD amoebae cannot
right after infection with X-bacteria as in the case of a partiasurvive at 27°C or above and all die within 2 weeks (Jeon and
hepatectomy. However, the effects of change in the amoustn, 1978) because symbiotic bacteria disappear apparently by
ofAdoMet in amoebae after infection with X-bacteria on thedigestion (Lorch and Jeon, 1980). Our results show that
switch of samsgene expression and on the development odmoebae themselves become temperature sensitive in the
symbiosis between amoebae and X-bacteria remain to lpgesence of AdoMet.
examined. Enteric bacteria are not permeable to AdoMet (Sekowska et
In previous studies, we found that symbiont-bearing xDal., 2000), busS. cerevisiags capable of actively transporting
amoebae did not transcribe tsamsgene and no longer AdoMet (Thomas and Surdin-Kerjan, 1997). It is not clear if
produced their own SAMS as a result of harboring X-bacterimammalian cells take up exogenous AdoMet and conflicting

% 0 o700 that X-bacteria do not provide SAMS or AdoMet for their hosts

AdoMet (nmol)/wet
weight of amoebae (mg)
3

0.00
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data are found in the literature (Bontemps and Van Den Berghesported in mammals (Mato et al., 2002) and in yeast (Thomas
1997; Watson et al., 1999). Meanwhile, intracellular levels oand Surdin-Kerjan, 1997).
AdoMet in isolated rat hepatocytes increase when external Further work is in progress to determine the mechanism and
AdoMet concentration is 20QM or higher (Watson et al.,, consequences of theams gene switching in amoeba/X-
1999). Incubation of isolated rat hepatocytes with 2 oquM0  bacteria symbiosis. The switch in gene expression in amoebae
AdoMet causes the methyl group of exogenous AdoMet to bis not only an example of genetic alterations caused by host-
incorporated, without intracellular uptake, into phospholipidssymbiont interactions but also may serve as a good model to
most probably situated on the outside of the plasma membrarstudy interactions between hosts and infective agents such as
forming phosphatidylcholine (Bontemps and Van Den BergheMycobacterium, Legionella, Toxoplasma, Salmonelad
1997). others.

It is interesting that amoebae are permeable to AdoMet in _
the medium, and that most of the exogenous AdoMet taken upThe work was partly supported by a grant from the US National
is incorporated into precipitable cell components withoutScience Foundation. We thank Drs. B. Bruce, R. Ganguly, B. McKee
concomitant intracellular uptake in the cytosol (cf. Fig. 2)_and A. vor Arnim for their critical reading of the manuscript.
Both D and xD amoebae showed time-dependent uptake of
AdoMet, but xD amoebae took up much more exogenou ‘
AdoMet than did D amoebae. It is probable that the“C'€rences , 3 , ,
radiolabeled methyl group of AdoMet was incorporated intg*"™ T- |- and Jeon, K. W. (1983). Strain-specific proteins of symbiont-

h holipid f th | b . th containing Amoeba proteus detected by two-dimensional gel
phospholipids o € plasma membrane as in other Case%alectrophoresis]. Protozool 30, 713-715.
(Bontemps and Van Den Berghe, 1997). The temperatutghn, T. 1., Lim, S. T., Leeu, H. K., Lee, J. E. and Jeon, K. W(1994). A
sensitivity of amoebae in the presence of AdoMet may be duenovel strong promoter of the groEx operon of symbiotic bacteAarioeba
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- . ik d kad . dmethionine metabolism in human liver cirrhosis and hepatocellular

various organisms (Horikawa and Tsukada, 1991; Jeon and;,cinomay. Hepatol.33, 907-914.
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