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FIG. 1. Phylogeneti= and sequence analysis of the kinase domain of
E. histolytica transmembrane kinases. CMGC is the cyclin-dependent
kinase, mitogen-activated protein kinase, glycogen synthase kinase,
and CDK-like kinase family. CAMK is the calmodulin-dependent ki-
nase family. AGC is the family of protein kinases A, G, and C. TMKs
were aligned to Hanks’s alignment (20) using CLUSTALX (61). The
aligned sequences were bootstrapped using Segboot, Protpars, and
Consense (15). Significant bootstrap values are shown in bold, and
bootstrap values above 50 are shown. The GenBank numbers for the
TMKs are in Tables S1 and S2. SplA is GenBank accession no. U32174
40).

Production of aati-ATMEK96 rabbit serum production. The kinase region of
Tmk96 (ATMK96) was PCR amplified with the primers 5'-CAATTTAGAGAA
GGAATTCCT-3' (5’ primer) and 5'-TCACATTAATTGAAGATGTTITAAA
ACAACA-3' (3' primer). This 1,000-bp fragment was cloned into TOPO NT/T7
(Invitrogen), in frame with an amino-terminal six-His tag via TA cloning. Bac-
teria were grown a1 37°C to an optical density at 600 nm of 0.5 and induced with
isopropyl-B-p-thiogalactopyranoside for 4 h, and the recombinant protein was
purified with nicl-el agarcse beads (Qiagen). Amtibodies were raised to this
purified recombinant protein by a 90-day protocol including three inoculations of
New Zealand White rabbits with recombinant ATMK96 (Covance, Princeton,
NJ), and the antibodies were purified from serum with a protein A column.

Western blots nsing ATMK96. Soluble proteins were extracted from amebae
by harvesting 5 > 107 trophozoites by incubation on ice for 10 min, followed by
centrifugation (200 ® g at 4°C for 5 min). The amebae were lysed in 10 mM
sodium phosphate buffer with protease inhibitor cocktail I (Sigma, St. Louis,
MO) per the manufacturer’s directions. Membranes were then cleared by cen-
trifugation (100,000 > g at 4°C for 1 h). Whole-cell lysates were prepared by
sonication of 10° amebae in three 5-min pulses on ice. Large intact particles were
eliminated by centrifugation (20,000 % g ar 4°C for 30 min). All samples were
then separated on 10% polyacrylamide gels and then electrotransferred to poly-
vinylidene diffuoride membranes (Millipore, Bedford, MA). Nonspecific binding
was blocked by preincubation with Tris-buffered saline with 5% bovine serum
albumin and 0.05% Tween 20 (TBST). In order to detect proteins on the blot,
either anti-ATMK96 rabbit serum (a dilution of 1:5,000) or preimmune serum
(1:2,500) was added in TBST for 1 h at room temperature. Interactions were
detected by the addition of peroxidase-conjugated goat anti-rabbit IgG (Sigma)
and development with ECL (Amersham) per the manufacturer’s directions.

Confocal microscopy. E. histolyica trophozoites (10°) were bound 1o glass
coverslips in a 24-well plate for 30 min at 37°C in TYI-5-33 medium. Adherent
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FIG. 2. Diagram of Igl and the TMKs. This diagram shows the
approximate sizes of the different proteins and the distribution of the
CXXCXXGYY motifs in the extracellular domain (indicated by a
black circle). The CXXCXXGYY motifs are part of a larger motif,
CXXCXXG(Y)Y/F)(L/V/F/Y/M)-Polar-Polar, which also can begin
with CXC instead of CXXC. GPI represents a putative GPI anchor. A
black rectangle indicates a transmembrane domain, and a black oval

indicates a putative kinase domain. The serine (88S)- and serine/ -

threonine (SSTT)-rich regions found in groups D1 and D2 are shown.
Numbers in brackets indicate numbers of known family members.

amebae were washed twice in phosphate-buffered saline (PBS) and fixed in 3% .

paraformaldehyde for 30 min at room temperature. To make the plasma mem-
brane permeable, amebae were treated with 0.2% Triton X-100 in PBS for 1 min.

~ Nonspecific binding was blocked by incubation with 20% goat serum and 5% -

bovine serum albumin (Sigma) in PBS for 1 h at 37°C. After incubation with
either the anti-ATMK96 rabbit polyclonal antibody (200 pg/ml) or anti-Gal/
GalNAc lectin antibody (6 pg/ml) for 1 b at 37°C, the coverslips were washed
twice before Cy3-conjugated goat anti-rabbit secondary antibodies (Jackson Lab-

oratories, Bar Harbor, ME) were added at a 1:160 dilution for 1 h at 37°C. The -

coverslips were washed twice and mounted on slides with Gel/Mount (Biomeda,
Foster City, CA). Confocal images were visualized using a Zeiss LSM 510 laser
scanning microscope (Carl Zeiss, Inc., Thornwood, NY).

RESULTS

Phylogenetic analysis of the E. histolytica TMK family. Pre-
viously we reported a family of CXXC-containing proteins with
sequence similarity to Igil and Igl2 (8). With the completion of
the genome project, it became apparent that the majority of
these CXXC-contaiming proteins were members of an approx-
imately 80-gene family with intracellular kinase domains. The
extracellular domains shared sequence similarity to Igl and to
VSPs of Giardia. The kinase domain of these proteins in most
cases contained all five conserved kinase motifs: the key con-
served glycine-rich motif, the K residue, and the HRDL, DFG,
and APE motifs (Table 2). However, a few lacked the glycine-
rich motif (Tmk01, Tmk24, Tmk45, and Tmk73), which helps
coordinate the second phosphate of ATP (14). The glycine, K,
and DFG motifs are implicated in the binding and orientation
of ATP. The HRDL motif is involved in catalysis. The APE
motif is responsible for anchoring the substrate and thereby
influencing the specificity of interaction with the protein that is
being phosphorylated (14, 20, 60). Despite the conservation of
the essential kinase motifs, overall the kinase domains were
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TABLE 3. Consensus sequence comparison of subdomains of malian tyrosine kinases, serine/threonine kinases, and the E. histolytica
transmembrane kinase groups

Consensus sequence in subdomain®

Kinase

I il 11 v v

Tyrosine LGXEXFGXVXXG VA(I/V)K ExxxM(R/K) GxCooo GxL (F/Y)1x
Ser/Thr LEXGXFEXVXHKX VAIK Exxxx (K/R/H) GXXXKX GXX(Y/F)(L/I)H
A IAEGAMG-VY-G VA(I/V)K ExxxLK GSVTYI GSLgeYOR
B1 IGEGSFGIVYVG . _ VAIK Ee {S/N)EDK GAVFIP GSIQDIMNK
B2 OGEGsSFGoVY (K/0)G VAIK EVXMLDK GaviIp GSLxxooxK
B3 OGEGsFGoV (Y/F)KG VAIK EoxrLdK Gavoop GSoxxo0 (x)K
C IGEGAFGMVFRG VAIK EQEKEF GAVYTE GS (M/L) SKOWxK
D1 IGGGTFGIVYRA VAVK EAEMMER asvoTx GSLRKFMK
D2 IGXGTFGOVY (K/R) (G/A) VA(V/I}K EXXO00EX GsvxXX GSLRK (Y/f)ok
E IGEG(S/T)FgivV(Y/F)xG VAIK ExFxxE EXHKOK GSoKxoY

ogxg {S/T) xgxvwxa oaVK evx1mK Gsgxdx gxossoL

2 Subdomain is according to Hanks's alignment of kinases (20). Underlined in tyrosine and serine/threonine kinases indicate highly conserved residves. Letters in
uppercase are conserved. Letters in Jowercase indicate moderate conservation. X, any residue; o, hydrophobic residue; —, sequence of varying length.

divergent from other known kinases. The TMK family
branched closely with the other protein kinase group IX (OPK
IX), which are the TGFp receptor and activin family of serine/
threonine kinases, OPK VIII, which are a Raf family of serine/
threonine kinases, and OPK XII, which are the casein kinase 1
family of kinases (Fig. 1). It was not possible to determine by
sequence analysis alone if the TMKs were serine/threonine or
tyrosine kinases. SplA from Dictyostelium discoideum was the
most closely related kinase identified by sequence similarity in
the NCBI database that has been functionally characterized.
The SplAkinase has been shown to be a dual-specificity kinase
that phosphorylates both tyrosine and serine/threonine resi-
dues (40). The SplA kinase was found to be phylogenetically
within the TMK family (Fig. 1). Unlike the TMX family, SplA
is a cytoplasmic kinase rather than a transmembrane kinase.

Two TMKs (Tmk58 and Tink89) clearly did not group with the
TMK family but grouped closely with other protein kinase
groups V1 and VII (data not shown), suggesting that these may
represent serine/threonine transmembrane kinases that have
evolved separately from the TMK family.

The TMK family members were grouped based on sequence
and phylogenetic analysis of their cytoplasmic kinase domains.
A specific signature motif between the conserved HRDL and
APE motifs was identified for each family (Table 2). The motif
was 15 to 24 amino acids C-terminal to the histidine in the
HRDL motif. The motif sequences were CC(I/V)KITDF
GTSR (group A), KLTDFGS(A/S)R (group B), C(A/G)KLT

- DFGTC (group C), PITAKVTDFGTS (group D1), V(T/V)

(C/X)KV(T/S)DFGTS (gronp D2), AKLSDFGTSR (group
E), and VKVSDFGLS with a conserved tryptophan two resi-

TABLE 4. Significantly changed genes during growth

Growth period® Probe(s)” Protein Group Change P value

Early (12 h p.i.) to mid-log (48 h p.i.) ©1,91,99 Actin Increased 2.17-fold <0.05
190 1g13 Gal/GalNAc lectin Increased 1.37-fold <0.05

Late log (96 h p.i.) to nonadherent 1, 91,99 Actin Decreased 1.88-fold <0.01
(144 h p.i) 321 EHCP1&2 Cysteine proteinase Decreased 1.79-fold <0.05
320 EHCP20 Cysteine proteinase Increased 1.37-fold <0.05

88 Hgl family Gal/GalNAc lectin Decreased 1.58-fold <0.01

189 Lgll Gal/GalNAc lectin Decreased 2.87-fold <0.05

280 Lgl4 Gal/GalNAc lectin Decreased 2.28-fold <0.01

232 Lgl5 Gal/GalNAc Jectin Decreased 4.26-fold <0.05

224 ENT3593 Unknown—surface Increased 1.61-fold <0.05

145 TSA Thiolredoxin Decreased 1.65-fold <0.05

239, 277 SREH?P Surface protein Decreased 3.08-fold <0.05

? Three hybridizations (biclogical replicates) were analyzed in two dye experiments comparing 12 h 1o 48 h, 48 h to 96 h (no significant differences were found), and

96 h, 1o 148 b postinoculation (p.i.).
b Probe numbers are from Table S1 in the supplemental material.
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TABLE 3—Continued
Consensus sequence in subdomain’
Via VIb ViI VII X X1
GMxY1x o (I/V)HRDLaar O-KixDFG1 PIW(K/R) SDVW(S/A) (F/Y) CHXX M XRPXF
N{c/l)oo WXAPECO GoooWE—-Pyp
(G/A)ox 0OHRDOK PXNCOO KooDFGo xxxx (Y/F) XDoW({G/S) plelvleveiedivelod
(Y/F)oH xAPEoo oGoooe~PFx
GMxFLH IoHLDLKPDNLLVN KITDFGT GTPOYxAPEXY (g/s)DV{Y/F) (s/a) CWkQxxxXeRpXF
(F/Y)AotaWEOFYXEPYK
GISYLH iLHRDLIKPDNFLVV KLTDFGS GTPKYMAPEVL SDIYSFSITMLQ1iTWQDPFP —_— SWQQEPKERITI
GIXYLH ILHRDLIKPDNoLoo KLTDFGS GTPXYMAPEOL ADIySFaotmY (e/q) — (s/c) WxgxPxxRox
- XOXWxXPYP
GIXYLH ILHRDLIKpdNoLoo KLTDFGS GTPxYMAPEOL 2ADI (y/f)sFaotmyEo — {s/C) WXXXPXXROX
) oxWxxa(y/f)p
ALX(Y/F) ITHRDVKGENoLo KLTDFGT GTPTYMAPECL vDVYAYGIVLYET (y/£) —_ CWHOXXXXRPXF
LH (Y/F) XEXXAY>XDERFNQPWM
GMEYLH ILHRDLKTDNVLVY KVTDFGT GTPVYMAPEIL SDVYSFATCMLEIWLGRDPYDP —_ (a/s)WxHXPS
(s/t) : (E/D)RPTF
GMxXYLH TIoHrDLKtDNVLvo Kv(T/8) GTPmMYMAPEoh SDVYSFATCoLETWoxxxPY — CHWXXXPXXRPXF
’ DFGT . (d/p)
GMXFLH ITHRDLKPDNoLoo KLSDFGT GTPxYMAPEOO oDV (F/Y)s (F/Y)AoVx —_ CWaxDPxXxRPXF
(Y/F)EoosrkoPY¥s
GMoYLH ToHxdLksxNoLVx RvsDigl gt lxWxAPEoL XDVYS (F/Y)gIomWEoot —_ CWxwxpexrpxf

rxxP(Y/F)x

dues N-terminal to the APE motif (group F) (Table 2 and Fig.
2). Tmk58 and Tmk89, which did not group with the rest of the
TMKs, contained an ITDFGLAKK motif. Group G TMKs
lacked a conserved motif in the kinase domain and also lacked
one or more of the conserved kinase domain motifs. Sequence
similarity between family members was not limited to the ki-
nase domain. Additional motifs were found in some families
that can be used to identify group members between the cyto-
plasmic and kinase domain (Table 2 foomotes). Additionally,
group D TMKs had a serine-rich region N-terminal to their
kinase domain and a serine/threonine region C-terminal to
their kinase domain. Serine/threonine rich regions are often
" found in kinases and typically regulate kinase activity (30). The
kinase domains of many of the E. histolytica TMKs were a mix
of serine/threonine and tyrosine kinase signature motifs, fur-
ther complicating efforts to predict their kinase activity (Table
3). However, the sequence similarity io SplA of D. discoideum
suggests that they likewise may be dual-specificity kinases.
An overview of the sequence motifs of the different subfam-
ilies of kinases is shown in Table 2 (all domains except kinase
domains), Table 3 (kinase domains), and Fig. 2. The TMKs
had extracellular domains of 36 to 2,117 amino acids (with 11
t0 98% similarity between family members), a transmembrane
domain, and a kinase domain. Groups B, C, and D shared
significant sequence similarity in their extracellular domain to
Igll (Fig. 2). Most extracellular domains were rich in CXC/
CXXC/CXXXC motifs. Almost all of the TMKs had at least
one CXXCXXGYY motif beginning approximately 25 amino
acids N-terminal to the transmembrane domain. Like Igll
most of the TMKs had many additional CXXCXXGYY motifs
(Table 2 and Fig. 2). A very similar C(D/E)XCXXG(Y/F)
(Y)(G) motif was found in Igl. VSP of Giardia (1, 38), and
laminin LE domains (27, 57, 63). In VSP of Giardia the CXXC
motifs have not been crystallized but have been shown to bind
zinc (38), to have their N terminus at the host parasite inter-

face (38), and have nonreactive cysteines (42). In laminin the
LE domains form a rod-like structure of mini-globular folds
(57, 63). This is consistent with the CXXCXXGYY motifs
forming a linear array of mij-globular folds. By analogy to the
laminin LE domains, the TMKs may have a rod-like structure.

Gene expression analysis of E. histolytica during growth. To
characterize the expression profile of these genes, we con-
structed an oligoarray of the TMK genes, Gal/GalNAc lectin

genes, and other putative surface virulence genes. Few changes

in gene expression were scen when early phase (12 h) was
compared with mid-log phase (48 h) and late log phase (96 h)
was compared with nonadherent phase (144 h) (Table 4).
When mid-log-phase (48 h) and late-log-phase (96 h) amebic
cultures were compared, very little change was seen (data not
shown). actin was clearly growth regulated (Table 4), as were
the Gal/GalNAc lectin hgl genes, many but not all of which
decreased significantly during late Jog phase (Table 4 and data
not shown). This decrease is consistent with previous observa-
tions of hgll, Agl2, and hgl3 gene expression (48). Expression of
known genes was, n general, consistent with RT-PCR, West-
e, and/or Northern analysis (data not shown). We concluded
that E. histolytica did not appear to growth-phase regulate
expression of most putative virulence genes when grown under
lab culture conditions.

Expression analysis of the TMKs. The expression profile of
67 of the TMK genes during mid-log phase (72 h) is shown in
Fig. 3. At this time point, 19 genes (group A, tmk6l, tmk65, and
tmk72; group B2, tmk02, tmk08, and tmk74; group B3, tmk21
and tmk28; group C, tmk39 and tmk63; group D1, tmk40 and
tmk56; group D2, tmkl9, tmk44 and tmk46; group E, tmk22
and tmk54; group F, tmk59; group G, tmk06) (Fig. 3) showed
hybridization values in trophozoites significantly greater than
that for the cyst-specific transcript jacob (P < 0.05).

Analysis of TMK expression by RT-PCR. Real-time PCR
was conducted on jacob, tmk31, mk80, tmk96, and tmk98, all of
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FIG. 3. Expression of TMKs during log-phase culture as determined by oligoarrays. The TMKs were classified into groups: A, B2, B3, C, D1,
D2, E, F, G, and “other” (tmk58). Expression of jacob (encoding a cyst protein not expected to be expressed in trophozoites), ebp1, and ebp2 genes
is shown for reference. TMK genes expressed at a higher level than jacob (P < 0.05) are indicated by an asterisk and were as follows: group A,
tmk61 (391.100004-AAFB01000774, 279.100010-A AFB01000993), tmk65 (62.100013-AAFB01000240), and tmk72 (302.100003-AAFB01000819);
group Bl, tmk02 (70.100014-AAFB01000264), tmk08 (10.t00040-AAFB01000051), and tmk74 (6.100088-AAFB0O1000031); group B3, tmik?]
(42.4000019-AAFBO1000175), and tmk28 (66.100027-AAFB01000251); group C, tmk39 (359.t00009-AAFB01000933), and tmk63 (20.400067-
AAFB01000094); group DI, imk40 (65.t00015-AAFB01000247), and tmk36 (5.t00091-AAFB01000028); group D2, tmkl9 (135.400017-
AAFBO1000458), tmk44 (159.400012-AAFBU1000511), and tmk46 (131.100015-AAFB01000449); group E, tmk22 (12.t00043-AAFB01000464) and
tmk54 (75.100011-AAFB01000285); group F, tmk59 (304.100008-AAFB01000821); and group G, tmk06 (274.400010- AAFB01000764). Error bars
represent the standard error of the mean of three hybridizations (biological replicates).

which were predicted by oligoarray not to be expressed, and
tmkl9, tmk21, tmk63, unk65, imk71, 1mk75, sa, hgl, and actin,
all of which were predicted to be expressed. Gene expression
was monitored sequentially in trophozoites in laboratory cul-
ture over a 12-day period. To allow comparison between time
points, results were normalized to the average of three RNA
polymerase II genes (Fig. 4). All real-time PCR results of the
TMK genes were consistent with the oligoarray results. Signif-
icant variations in expression during laboratory culture were
observed for tmkl9, k63, and tmk79 (P < 0.01) (Fig. 4D, 4F,
and 4I).

Expression analysis of the TMKs during erythrophagocyto-
sis. One million trophozoites were grown in 50 ml of medium
with or without a vast excess of erythrocytes (24 million/ml of
medium) for 24 h. We did not observe significant changes in
TMK gene expression during erythrophagocytosis (data not
shown).

Detection of expression of TMK family members with poly-
clonal antibodies. The kinase domain of Tmk96 was expressed
in Escherichin coli and used to generate polyclonal antibodies.
Multiple trophozoite proteins were detected with polyclonal
anti-kinase domain antisera (Fig. 5A). No bands were observed
with preimmune sera (data not shown). The recognition of
multiple proteins by the antisera raised against the Tmk96
kinase domain was not surprising given that the kinase domain
is conserved between different TMKs. The predicted TMKs
vary in size from 482 to 2,577 amino acids, and Tmk96 is in the
largest subfamily (group B) of TMKs with multiple members
expressed. Of the TMK genes that we detected with expression
significantly above jacob the size range was from 686 to 2,577
amino acids (78 kDa to 294 kDa not accounting for potential
posttransiational modifications). The smallest proteins ob-
served on Western blots were of a mass consistent with that of
a typical kinase domain (270 amino acids) and may represent
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FIG. 4. Expression of TMK family genes during culture as determined by real-time PCR. Quantitative real-time PCR was performed on (A) the
RNA polymerase Il gene (rna pol ii) (27.400035- AAFB010001 14), (B) the RNA polymerase 11 13 gene (rma pol ii 13) (344.100001-AAFB01000903),
(C) the RNA polymerase II L gene (ma pol i ) (147.t0005-AAFB01000482), (D) tmk19 (135.t00017-AAFB01000458), (E) tmk2] (42.100019-
AAFBO01000175), (F) tmk63 (20.100067-AAFBO1000094), (G) tmk65 (62.100013-AAFB01000240), (H) smk71 (268.100007-AAFB01000754),
(1) tmk79 (71.100002-AAFB01000266), and (J) tmk98 (361.t00001-AAFB01000937). Two sequential growth curves are shown. For growth curve A
(triangles and solid line), samples were collected at 12, 48, 96, and 144 h postinoculation. For growth curve B (squares and dashed line), samples
were collected at 12, 24, 48, 72, 96, 120, and 144 h postmoculatxon Triplicate samples were collected at each time point. Culture B was established
by transferring 300,000 amebae ﬁ‘om culture A at 144 h. The standard errors of three biological samples, with each sample analyzed in duplicate,
are shown. To allow comparison between time points, data for the TMKs were normalized to the average of RNA polymerase II, RNA polymerase
II i, and RNA polymerase II 13. The average expression of these three genes was defined as 1,000 units of expression.

TMKs that do not have an extracellular domain or whose
extracelfular domain has been cleaved off.

Localization of TMK kinase domains to plasma membrane
microdomains. Permeabilized amebae showed a focal plasma
membrane staining pattern with anti-TMK kinase domain an-
tibodies (Fig. 5B). No staining was seen with nonpermeabilized
cells or with permeabilized cells stained with preimmune sera
_ (data not shown). We concluded that the kinase domain was
on the cytoplasmic side of the plasma membrane. The TMKs
therefore appeared to be typical type 1 transmembrane pro-
teins with an amino-terminal signal sequence and a predicted
transmembrane domain preceding the kinase domain. The fo-
cal staining pattern contrasted with the uniform plasma mem-
brane staining pattern seen with anti-Gal/GalNAc lectin anti-
sera (Fig. 5C).

DISCUSSION

The most important finding of this work is the identification
of a large family of over 80 transmembrane kinases i FE.
histolytica. Although eukaryotic-type transmembrane kinases
are found in organisms from bacteria to humans (4, 64, 68),
large families of TMKs have been previously described only in
multicellular organisms (20). For example, we were not able to
find any TMKs in the partially completed genome of the
ameba D. discoidewm (17), and only a few TMKs were found in
the apicomplexan P. falciparum (4). The TMKs were also
found in Entamoeba invadens, Entamoeba dispar, and Entam-
oeba moshkovskii, indicating that this family is conserved
within Entamoeba (data not shown) (66). Multiple TMKs were
observed to be expressed at the mRNA and protein levels,



730  BECK ET AL

Whole cell
lysate

Soluble
proteing

A,

374

25

04

EukaryoT. CELL

FIG. 5. Recognition of Entamoeba histolytica surface proteins by anti-ATMK96 rabbit serum. (A) Soluble trophozoite proteins as well as
whole-cell lysates were analyzed by Western blots with anti-ATMK96 rabbit serum (1:5,000 dilution). Preimmune serum did not recognize any
trophozoite proteins on Western blots (data not shown). (B) Confocal microscopy of permeabilized trophozoites with anti-ATMK96 rabbit serum.
(C) Confocal microscopy of permeabilized trophozoites with anti-Gal/GalNAc lectin antibodies. No staining was seen with preimmune rabbit
serum or in nonpermeabilized trophozoites with the anti-ATMK96 serum (data not shown). Magnification, X400.

consistent with nonoverlapping biological functions for indi-
vidual members of the TMK family.

The existence of multiple different extracellular domains of
the TMKSs suggests that each interacts with the host environ-
ment and signals into the parasite in distinct ways. The extra-
cellular domains of the group B, C, and D TMKs had sequence
similarity to Igl of E. histolytica (8), laminin LE domains (27,
57, 63), and VSPs of Giardia lamblia (1, 38). The sequence
similarity is largely limited to a repeated CXXCXXGYY mo-
tif. In laminin the LE domains function as mini-globular folds
arranged in tandem to form a rod-like structure. If the CXX
CXXGYY motifs in the TMKSs take on a similar conformation,
then these motifs may function to help the extracellular do-
main of the TMKs project off the surface of the cell in a
pilus-like manner. This may make them available for interac-
tion with host cell factors. In each TMK subfamily there was
one or more members expressed; however, most family mem-
bers appeared not to be expressed under the conditions of
laboratory culture. By RT-PCR we did observe that the ex-
pression of some TMKSs varied between growth curves. This
indicates that the expression of these genes may be dynamic.
Whether the TMKSs share with the Giardia VSPs the process of
antigenic variation under different biological conditions re-
mains to be determined.

The most significant feature of the TMKs is the kinase do-
main that, with the exception of two TMKS, is distinct from
other known kinases. It is not possible, bassd on sequence
analysis, to predict activity, as most have similarity to both the
serine/threonine and tyrosine kinases. Interestingly, a closely
related kinase, SplA from D. discoideurn, is a dual-specificity
kinase with both tyrosine and serine/threonine kinase activity
(40). All of the essential kinase motifs were conserved, sug-
gesting that these are functional kinases. We were not able to
demonstrate kinase activity when the kinase domain was ex-
pressed in E. coli. Since all of the functional residues were
conserved, the most likely explanation for this is that the kinase
is not functional in E. coli or that the kinase domain is not able
to phosphorylate the substrates we have used. It has been
previously shown that some kinases were not functional when
expressed in E. coli (18). Additionally, even if the kinase is
functional, identification of a substrate is often the rate-limit-
ing step in characterizing a kinase (5, 23). Further experimen-
tation will be necessary to identify the substrate or interacting
partners of the TMKs and determine if the TMKs are serine/
threonine and/or tyrosine kinases. Phylogenetic and sequence
analysis shows that there are six subfamilies of kinases with
distinet motifs within the kinase domains. Some families had
additional conserved motifs outside of the kinase domain. This



VoL. 4, 2005

would imply that the subfamilies may represent functionally
different families of kinases in sensing {differences in extracel-
Inlar domains) and signaling (differences in kinase domains).

The focal staining pattern of the TMKs distinctly contrasts
with the uniform plasma membrane staining pattern seen with
the Gal/GalNAc lectin of E. Aisiolytica ot VSPs in G. lamblia,
both of which lack cytoplasmic kinase domains (38, 42, 45).
This localization suggests that the TMKs form a focal multi-
molecular signaling complex in the plasma membrane (31, 33).

n conclusion, the work presented here may begin to explain
how FE. histolytica is able to persist in the host for long periods
of time despite immune surveillance, as well as sensing and
responding to host stimuli. The large families of TMKs de-
scribed here could serve in both biological sensing and anti-
genic variation. The distinct extracellular and kinase domains
of the TMKSs suggest that each TMK may sense or interact with
different host factors and cause a distinct signaling event in
response to that environmental cue.
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Abstract

Rab proteins are ubiquitous small GTP-binding proteins that form a highly conserved family and regulate vesicular trafficking.
Recent completion of the genome of the enteric protozoan parasite Entamoeba histolytica enabled us to identify an extremely large
number (>90) of putative Rab genes. Multiple alignment and phylogenic analysis of amebic, human, and yeast Rab showed that only
22 amebic Rab proteins including EhRabl, EfRab2, EkRab5, EhiRab7, EhiRab8, EhRabl], and EhRab21 showed significant similar-
ity to Rab from other organisms. The 69 remaining amebic Rab proteins showed only moderate similarity (<40% identity) to Rab
proteins from other organisms. Approximately one-third of Rab proteins including Rab7, Rabll, and RabC form 15 subfamilies,
which contain up to nine isoforms. Approximately 70% of amebic Rab genes contain single or multiple introns, and this proportion
is significantly higher than that of common genes in this organism. Twenty-five Rabs possess an atypical carboxyl terminus such as
CXXX, XCXX, XXCX, XXXC, and no cysteine. We propose annotation of amebic Rab genes and discuss biological significance of
this extraordinary diversity of EhRab proteins in this organism.

© 2005 Elsevier Inc. All rights reserved.

Index Descriptors and Abbreviations: DNA, deoxyribonucleic acid; EkRab, Entamoeba histolytica Rab; GTP, guanosine 5'-triphosphate

Keywords: Entamoeba histolytica; Membrane traffic; Phylogeny; Rab GTPase

1. Introduction

Small GTP-binding proteins are ubiquitous molecu-
lar switches involved in a variety of important cellular
processes including cell proliferation, cytoskeletal assem-
bly, and intracellular membrane trafficking in all eukary-
otes. This superfamily is classified into five families: Ras,
Rho/Rac, Rab, Sar/Arf, and Ran families based on its
primary sequences (Bourne et al, 1990; Takai et al,

* Nucleotide sequence data reported in this paper have been submit-
ted to the DDBJ/EBI/GenBank Data Bank with Accession Nos.
ABI197055 to AB197121.

* Corresponding author, Fax: +81 27 220 8025.

E-mail address: nozaki@med.gunma-uacjp (T. Nozaki).

0014-4894/3 - see front matter © 2005 Elsevier Inc. All rights reserved.
d0i:10.1016/j.exppara.2005.02.021

2001). Rab GTPases constitute the largest group of this
superfamily and known as essential regulators of visicu-
lar transport pathways (Novick and Zerial, 1997). In
general, but not necessarily always, the complexity of
Rab genes correlate with multicellularity of organisms.
The higher the number of cells consisting of an organ-
ism, the higher the number of Rab genes encoded in its
genome is. For example, unicellular yeast Saccharomyces
pombe, Saccharomyces cerevisiae, and a nematode Cae-
norhabditis elegans, a fruit fly Drosophila melanogaster,
or human Homo sapiens, which consists of one, ~10%,
10, or 1013 cells, have 7, 11, 29, 29, or 60 Rab genes,
respectively (Pereira-Leal and Seabra, 2001). In multicel-
lular organisms, several Rab proteins are expressed in a
highly coordinated (i.e., tissue-, organ- or developmental
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stage-specific) fashion (Seabra et al, 2002; Zerial and
McBride, 2001).

The enteric protozoan parasite E. Aistolytica is a etio-
logical agent of amoebiasis, causing an estimated 50 mil-
lion cases of amebic colitis, dysentery, and
extraintestinal abscesses (Petri, 2002) and 40,000-
100,000 deaths annually (WHO/PAHO/UNESCO,
1997). The size of the recently completed genome of E.
histolytica (Loftus et al, 2005) is 20 Mb, which is about
1.6 times of S. cerevisiae and one fifth of C. elegans. We
and other groups have previously reported 16 EARab
genes, identified by cDNA isolation using degenerate
PCR primers and homology-based search (Juarez et al,
2001; Rodriguez et al., 2000; Saito-Nakano et al., 2001,
2004; Temesvari et al.,, 1999). However, the complexity of
Rab genes in E. histolytica remains totally unknown. In
this paper, we describe identification of additional 75
EhRab genes by thorough search of the latest genome
databasz. To our knowledge, this is the first demonstra-
tion of 4 uni- or multi-cellular organism possessing more
than ©3 Rab genes. Based on our analysis, we propose
znnottion of amebic Rab genes. ’

2. Metuods

Nucleotide and protein sequences of human and yeast
Rab were retrieved from GenBank. For accession num-
bers of these proteins, see (Pereira-Leal and Seabra,
2001). To obtain a maximum number of Rab genes from
E. hisislytica, we first searched for putative homologues
of all yeast and human small GTPases including Rab,
Ras/Rap, Rho/Rac, Arf/Sar, and Ran against a trazis-
Yated 1.rotein subset of the E. histolytica genome data-
base (http:/fwww.tigr.org/tdb/e2k1/ehal/) using

' BLASTP algorism. Additionally, we used E. histolytica-

specifi.; members of Rab, Ras, and Rho/Rac, e.g., RabA

(Temesvari et al,, 1999), Ras4 (Kumagai et al, 2004), anrd

Rac! (Lohia and Samuelson, 1996), as an inquiry. Alto-
zether, we obtained 146 possible small GTPases. All the
possible Enfamoeba Rab protein sequences were re-
examined with BLASTP analysis using individual ame-
bic protein as an inquiry sequence against the human
database at National Center of Biotechnology Informa-
tion (NCBI). Among 146 possible small GTPases, 55
sequences were tentatively assigned as Sar/Arf, Ras/Rap,
Rho/Rac, or Ran, as they showed highest identities to
these small GTPase subfamilies from human. One
should be cautious that due to the method we used to
retrieve sequences, it is possible additional small GTP-
ases may exist in E. histolytica. The 91 remaining small
GTPases were individually verified for the presence of
conserved GTP-binding consensus sequences (GDXX-
VGKT, DTAGQE, and GNKXD) and additional five
conserved regions that are specific only to Rab family
(IGVDF, KLQIW, RFRSIT, YYRGA, and LVYDIT)

(Pereira-Leal and Seabra, 2000) by manual inspections.
In the present study, these 91 putative Rab are further
analyzed. Highly conserved domains stretching from the
first to the third GTP-binding consensus regions of 91 E.
histolytica, 7 S. cerevisiae, and 35 human Rab proteins
were aligned using the CLUSTAL W program version
1.81 (Thompson et al, 1994) with default parameters.
After alignments were manually corrected and non-
aligned gaps were removed, 110 unambiguously aligned
sites were selected and used for phylogenetic analysis by
the neighbor-joining method (Saitou and Nei, 1987).
Phylogenetic trees were drawn using the TreeView soft-
ware (http://taxonomy.zoology.gla.ac.uk/rod/rod.html).

3. Results and discussion

3.1. Identification and annotation of 91 EhRab proteins

- We identified 91 putative Rab proteins in the E. f.ljzis-

tolytica genome database (Loftus et al, 2005). Threy

. included 16 previously reported Rab proteins consisting

of putative amebic homologues of human Rab]l, Rab2,

-Rab5, Rab7, Rab8, Rabll, and Rab proteins that

showed limited homology (<40% identity) to Rab {rom
other organisms and were annotated as EARabA to
EhRabl (Juarez et al, 2001; Rodriguez et.al, 2000;
Saito-Nakano et al, 2001, 2004; Temesvari et al., 1999).
Twenty-two of 91 amebic Rab showed >40% identity to
human Rabl/yeast Yptlp, human Rab2/Rabd/Rabl4,
Rab5/Ypt5p, Rab7/Ypt7p, Rab8/Secdp, Rabl1/Ypt3lp,
or human Rab21 and were considered to be their amebic
homologues. We accordingly designated  them as
ERRablA-1B, EhRab2A-2C, FEhRab5, FEKhRab7A-Tl,
EhRab8-8B, EARabl11A-11D, and EhRab21, where the
alphabet after the number represents an individual iso-

_type, in case where their overall identity to-huma® or

yeast homologues was >40% (Tables 2-6). Among the
remaining 69 E. histolytica-specific Rab proteins, 30 Rab

 proteins showed >40% mutual identity to onesor more of

these 30 amebic Rab and clustered in nine subgroups
designated as EARabC, EARabD, EhRabF, EhRabl,
EhRabK, EhRabl, EARabM, EARabN, and EhRabP
subfamilies (Tables 7-10). The residual 39 Rab, includ-
ing previously reported 3 EARab, ie., EhRabA, EhRabB,
and EhRabH, represent novel and solitary amebic Rab -
proteins showing low homology to Rab from human,
yeast, and to other members of the amebic Rab. Accord-
ingly we designated these newly identified solitary Rab
as FARabX1 to EhRabX36 (TFig. 1 and Table 1).

3.2. EhRab proteins showing significant homology to
human or yeast counterparts

Entamoeba histolytica possesses at least nine isotypes
of Rab7 (EhRab7A-FEhRabT7L, Fig. 1, Table 5), which has
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Table 1
Alist of 91 Eh Rab proteins and their features of nucleotide and amino acid sequences
Name Previous name Accession No. No. of intron Missing regions C-terminal peptides References
EhRablA Eh Rabl AB054578 1 CXXX 3,6
EhRablB AB197055 3 XXCC
EhRab2A AB197071 1 —
Eh Rab2B AB197072 1 -
Eh Rab2C ABI97073 1 —
Eh Rabs AB054582 1 XXCC 5
EhRab7A Eh Rab7 AB054583 — XCXC 1,56
Eh Rab7B AB186363 1 XCXC 6
Eh Rab7C ABI186364 1 XXCC 6
Eh Rab7D AB186365 — XXce 6
Eh Rab7E ABI186366 1 XXCC 6
EhRab7F AB186367 1 XXCC
EhRab7G ABI186368 — XXCC
Eh RabTH AB186369 1 XXce
EhRab7l AB197056 3 XXce
Eh Rab8 AF363067 1 XXcC 4
EhRab8B AB197057 1 XXcce
EhRabllA Eh Rabl1l AB186370 1 XXCC 1
EhRabl1B AB054587 — Xxce 3
EhRabllC AB054588 — XXCC 3
EhRabllD AB197058 1 XCXC
EhRab2l Eh Rabl} AB054581 1 switch I XXcC 3
EhRabA AF030184 2 XCXC 1
EhRabB AF127375 — XXCC 2
EhRabCl Fh RabC ABO054579 — XXCC 3,6
EhRabC2 AB186371 — XXCC
EhRabC3 AB197059 — XXCC
Eh RabC4 AB197060 — XXce
EhRabC5 AB197061 1 XXCC
EhRabCé6 AB197062 2 XXCC
EhRabC7 ABI197063 2 XXCC
EhRabC8 AB197064 1 XXCC
EhRabDI Eh RabD AB054580 — XXCC 3
EhRabD2 AB197065 — XXCC
Eh RabFl1 Fh RabF AB054584 1 CXXX 3
Eh RabF2 ABI197068 3 XXCC
Eh RabF3 AB197067 2 XXCC
EhRabF4 AB197066 1 XXCC
Eh RabF5 Fh RabG AB054585 1 XXXC 3
EhRabH AB054586 — switch IT XCXC 3
Eh Rabli Fh Rabl AB054589 2 switch I, I XCXC 3
EhRabl2 AB197069 1 XCXC
EhRabK1 AB197077 — XXCC
EhRabK2 ABI197079 1 XXCC
EhRabK3 AB197078 3 XXCC
Eh RabK4 AB197120 1 switch I XXCC
EhRablLl AB197081 1 XCCX
EhRabl2 ABI197080 1 XCCX
EhRabM1 AB197083 4 box 2,3 XXCC
EhRabM2 AB197084 — XXCC
Eh RabM3 AB197082 2 XXCC
Eh RabN1 AB197085 2 XCXX
EhRabN2 AB197086 1 XXXC
Eh RabPl ABI197087 — CXXX
EhRabP2 AB197088 1 CXXX
EhRabX1 AB197070 3 XXCC
Eh RabX2 AB197074 — XXCC
Eh RabX3 AB197075 3 switch I, I —
Eh RabX4 AB197076 — switch I XXCX
EhRabX5 AB197089 1 switch II XXXC
Eh RabX6 AB197090 1 switch I1 CXXX
EhRabX7 AB197091 1 switch I, I CXXX

(continued on next page)
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Table 1 (continued)

Name Previous name Accession No. No. of intron Missing regions C-terminal peptides References
Eh RabX8 AB197092 — switch L, II, box 2,3 CCXX

Eh RabX9 AB197093 3 XXCC

Eh RabX10 AB197094 switch I, I CCXXX
Eh RabX11 ABI197095 2 XXCC 6
Eh RabX12 AB197096 2 XXCC

Eh RabX13 ABI197097 1 XXCC

Eh RabX14 AB197098 1 XXCC

Eh RabX15 AB197099 1 XXCC

Eh RabX16 AB197100 — ) XXCC

Eh RabX17 ABI197101 — switch I CXXX

Eh RabX18 AB197102 1 CXXX

Eh RabX19 ABI97103 2 XXCC

Eh RabX20 AB197104 — XXCC

Eh RabX21 AB197105 1 switch IT CHXHOK
Eh RabX22 AB197106 2 XXCC

Eh RabX23 AB197107 2 XXCC

Eh RabX24 AB197108 1 switch I XXCC

Eh RabX25 AB197109 — XXCC

Eh RabX26 ABI97110 1 XXCC

Eh RabX27 ABI197111 1 box 2,3 CXXX

Eh RabX28 ABI197112 —_ box 1,3 CXXX

Eh RabX29 AB197113 1 switch I, II, box 2 CXXX

Eh RabX30 AB197114 1 CXXX
Fh RabX31 AB197115 1 XXCC

FEh RabX32 ABI197116 2 box 2 CXXXXX
Eh RabX33 ABI197117 2 switch I CCXXX
Eh RabX34 ABI197118 1 CXXX
Eh RabX35 ABI197119 — XXCC

Eh RabX36 AB197121 — switch [ —

Reference 1, Temesvari et al. (1999); 2, Rodriguez et al. (2000); 3, Saito-Nakano et al. ( 2001); 4, Juarez et al. (2001); 5, Saito-Nakano et al. (2004); and

6, Okada et al. {2005),

no precedent in unicellular eukaryotes as well as fly,
worm, and mammals (Pereira-Leal and Seabra, 2001). In
human, Rab7 and related Rab9 were shown to be
involved in late endocytic trafficking (Rodman and Wan-
dinger-Ness, 2000). We previously showed in E. histoly-
tica Rab7A plays a role in the biogenesis of the unique
organelle to this organism (“prephagosomal vacuole”)
and also in the processing, storage, and transport to
phagosomes of digestive proteins (Saito-Nakano et al.,
2004). It was also shown that EARab7A was concentrated
in endosome-enriched fraction (Temesvari et al., 1999). At
least five FhRab7 isotypes (EhRab7A-7E) were identified
by proteomic analysis of latex bead-containing phago-

somes, suggesting the involvement of multiple Rab7 iso-
types in phagosome biogenesis (Okada et al, 2005).
Although three other Rab proteins, EARabX2-X4 were
clustered in a same clade in the phylogenetic reconstruc-
tion, they were not considered as Rab7 isotypes based on
the fact that they showed <40% identities to any Rab7
isotypes from E. histolytica, yeast, or human (Table 5).

In general Rab11/Ypt31p function in the recycling of
membrane proteins on recycling endosomes (Rodman
and Wandinger-Ness, 2000) and form a cluster together
with human Rab25 (Pereira-Leal and Seabra, 2001),
which showed similar subcellular localization to Rabl1
(Casanova et al, 1999). E. histolytica possesses four

Table 2
Amino acid identities among Rab1 and closely related homologues from E. histolytica, human, and yeast
EhRablA EhRablB HsRabla ScYptl HsRab35 EhRab8 FhRab8B HsRab8a ScSec4

EhRablA 100 56 60 55 47 47 40 46 45
EhRablB 100 58 56 53 49 49 54 49
HsRabla 100 71 54 51 42 52 50
ScYptl 100 49 51 42 48 47
HsRab35 100 43 41 45 42
EhRab8 100 54 50 47
EhRab8B 100 42 42
HsRab8a 100 50
ScSecd 100

Eh, E. histolytica; Hs, Homo sapiens; and Sc, Saccharomyces cerevisiae.
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EhRabl1A, which was proposed to play a role during
encystation (McGugan and Temesvari, 2003) and previ-
ously identified £ARab11B and EhRabl1C (Saito-Nak-
ano et al,, 2001; Temesvari et al., 1999) (Table 6).

Despite significant similarity to human and yeast
homologues (51 and 43% identity, respectively), which
are localized to endosomes (Zerial and McBride, 2001),
Rab5 was shown to be excluded from endocytic pathway
in E. histolytica (Saito-Nakano et al., 2004). We also pre-
viously showed that EARabS5 is invalved, together with
EhRab7A, in the initial phase of biogenesi¢ of prephag-
osomal vacuoles, and is essential for efficienit phagocyto-
sis (Saito-Nakano et al, 2004). In contrast to yeast,
where three isotypes with apparently redundant function
exist, no additional EARab5 isotype is present in this
organism (Fig. 1). Previously reported EARabE (Saito-
Nakano et al, 2001) showed 47%.identity to human
Rab2l, which localizes to early endosomes like Rab5
and Rab22 (Simpson et al.,, 2004; Table 4). We redesig-
nated EARabE as FhRab2l based on the criteria
described above. :

We identified four putative Rab1/Rab& homologues
(Table 2), which include previously described EhRabl
(ABO054578), showing 60% identity to human Rabla, and
EhRab8 (AF363067), which shows 42% identtity to human
Rab8a (Juarez et al, 2001; Saito-Nakano et al, 2001) and
was proposed to be involved in the turgetirg of vesicles to
plasma membrane (Tuarez et al, 2001). We designated the

other two Rab proteins as EhARablB and EARab8B as -

the former shows highest similarity to human Rabla and
the latter shows highest identity to EhRab8.

Table 3
Amino acid identities among Rab2 and closely related homologues from E. histolytica and human
EhRab2A EhRab2B EhRab2C HsRab2a HsRabl4 HsRab4
EhRab2A 100 89 46 51 46 40
EhRab2B 100 45 46 ‘ 42
EhRab2C 100 B RN
HsRab2a 56
HsRabl4 100
HsRab4
Values Jess than 40% are shown in reverse.
*Rabll  homologues (FAhRabllA-11D) including We identified three putative Rab2/Rabd/Rabl4

homologues (Table 3). Although human Rab2, Rab4,
and Rabl4 belong to one subfamily (Pereira-Leal and
Seabra, 2001), they reveal distinct localizations and
functions Rab2, Rab4, or Rabl4 is localized in the ER-
to-Golgi, early endosomes, or Golgi-to-endosomes
(Junutula et al, 2004; Mohrmann et al., 2002; Tisdale,
1999).

3.3. EhRab proteins with no obvious homologues from
other organisms

*Sixty-nine of 91 EhRab proteins showed <40% iden-
tity to human and yeast Rab, are presumed to be unique
to this organism. Thirty of these ameba-specific Rabs
also form nine subfamilies (Tables 7-10) and designated
as e.g, EhRabC3, where the alphabet represents a sub-
family and the number after the alphabet represents an
individual isotype. The largest E. histolytica-specific
group (only after EARab7 subfamily described above),
EhRabC subfamily, consists of eight isotypes, EhARabCl1-
C8 (Table 7). EhRabC1-C3 were identified from isolated
phagosomes (Cl, Okada et al,, 2005; C2 and C3, Okada
and Nozaki, unpublished), suggesting that these three
members of ERRabC subfamily are involved in phago-
some biogenesis. Four isotypes of EARabF (EAhRabF1-
F4) as well as EhRabG were grouped in the same
subfamily, EhARabG was renamed as EhARabF5 (Tables 1
and 8). Other Rab proteins were also grouped in sub-
families: FARabDI1-D2, EhRabll-12,, EhRabK1-K4,
EhRablL1-L2, EARabMI1-M3, EhRabNI-N2, and
EhRabP1-P2 (Tables 9 and 10).

Table 4
Amino acid identities among Rab5 and closely related homologues from E. histolytica, human, and yeast

EhRab$5 HsRab5a ScYptsl HsRab22a EhRabX1 HsRab2i EhRab2l/E
EhRab5 100 51 43 44 130 40 i 36 v
HsRabsa 100 43 47 36 38 oL 29
ScYptsl 100 .39 o 36 ; 37 - ©32
HsRab22a 100 (37 39 o030
EhRabX]1 - 100 o 33 30
HsRab21 100 47
EhRab2l/E 100

Values less than 40% are shown in reverse.
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Table 5

Amino acid ideatities among Rab7 and closely related homologues from E. histolytica, human, and yeast

EhRab7A EhRab7B EhRab7C EhRab7D EbRab7E EbRab7F EhRab?G EhRab7H EhRab7l EhRabX2 EhRabX3 EhRabX4 HsRab7a HsRab9 ScYpt? EhRab5 HsRabsa

EhRab7A 100
EhRab7B
EhRab7C
EhRab7D
EhRab7E
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gy
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extremely intron rich.

Values less than 40% are shown in reverse, EhRab3 and HsRab5a are included as control.

EhRabX2
EhRabX3
EhRabX4
HsRab7a
HsRab9
ScYpt7
EhRab5s
HsRab3a:

3.4. Peculiarity of nucleotide and protein sequences

Approximately 70% (64) of amebic Rab genes con-
tained introns, and 23% (22) of amebic Rab genes con--
tained 2-4 introns (Table 1). Considering that among
9938 predicted open reading frames of the entire Ent-
amoeba genome only 25.2% of genes have introns and
6% of these genes contained multiple introns (Loftus et
al., 2005), and that the average size of amebic Rab genes
is- 702bp, which is shorter than that of all genes
(1173bp), indicating that amebic Rab genes are

Rab GTPases typically have three GTP-binding con-
sensus, Rab-specific effector (also called “Switch I"), and
o2 helix (“Switch IT”) regions (Pereira-Leal and Seabra,
2000). The “Switch I and II” regions are located on the
surface of the molecule as demonstrated in structural
studies, and crucial for the interaction with regulatory
proteins (effectors) such as guanine nucleotide exchange
factors and GTPase-activating proteins (Stenmark and
Olkkorien, 2001). While the GTP-binding consensus
regions (boxes 1-3) are conserved in the small GTPase
superfamily, the “Switch I and II” regions are unique to
Rab GTPases. About 20% of amebic Rab proteins lack
one or more of these functional regions (Table 1). We
have a line of evidence supporting that these EhRab
genes are functional GTPase. First, EhARab2], EARabH,
and EhRabll, which lack one or both of Switch I and I
regions, are expressed as mRNA in the axenic trophozo-
ites, which excludes a possibility of pseudogenes (Saito-
Nakano et al, 2001). In addition, EhRas4, which lacks

" the Switch I region and one of the GTP-binding consen-
sus regions, showed a GTP-binding activity in vitro
(Kumagai et al., 2004). These data suggest that amebic
Rab that lack these conserved regions are likely func-
tional, and that it is not easy, in general, to predict func-
tionality of these important regions and domains of the
amebic small GTPases by the primary protein sequences.

It has been well established that Rab proteins are
lipid-modified at the carboxyl terminus by isoprenyla-
tion with Rab geranylgeranyl transferase (geranylgera-
nyl transferase IT) (Takai et al., 2001). Prenylation motifs
located at the carboxyl terminus of Rab generally con-
sist of two cysteine residues such as XXCC, XCCX,
CCXX, and XCXC (Takai et al, 2001). While the major-
ity of amebic Rab proteins contain two cysteine residues
at the carboxyl terminus, about 13% (13) possess a single
cysteine, such as CXXX, which was often found in Ras
and Rho/Rac subfamilies (Table 1). Five amebic Rab
proteins totally lack cysteine at the carboxyl terminus. It
has been reported that a number of human Rab also
lack the typical carboxyl! termini; 8 Rab possess no cys-
teine and other 8 Rab contain a single cysteine (Pereira-
Leal and Seabra, 2001). Interestingly, seven amebic Rab
proteins contain novel types of carboxyl termini contain-
ing a single cysteine: XCXX, XXCX, XXXC or
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Table 6
Amino acid identities among Rabl!1 and closely related homologues from E. histolytica, human, and yeast
EhRabllA EhRabl1B EhRabl1C EhRabl1D HsRablla ScYpt3l HsRab25
EhRabllA 100 63 58 55 57 42 51
EhRabllB 100 56 58 54 43 48
EhRabl1C 100 51 51 42 42
EhRabl1D 100 51 40 42
HsRablla 100 44 57
ScYpt3l 100 42
HsRab25 100
Table 7
Amino acid identities among RabC isotypes from E. histolytica
EhRabCl EhRabC2 EhRabC3 EhRabC4 EhRabC5 EhRabCé6 EhRabC7 EhRabC8
EhRabCl 100 44 55 49 41 42 41 £37
EhRabC2 100 46 41 57 53 48
EhRabC3 100 49 44 45 40
EhRabC4 100 40 40 41
EbRabC5s 100 49 44
EhR~bg6 100 52
EhRaRC7 100
EhRahC8
Values less than 40% are shown in reverse.
Table 8
Amino acid identities among RabF and related homologues from E. histolytica and human
EhRabF EhRabF5/G EhRabF2 EhRabF3 EhRabF4 ;EhRabX_'ZI
EhRabF 100 59 44 44 40 133
EhRabF5/G 100 43 45 41 - 38
EhRabF2 100 45 48 32
EhRabF3 100 47 : 38
EhR abF4 100 39 .
EhRabX21 100 :29
HsRab17 100
EhR :bX15
Values less than 40% are shown in reverse.
Tabie 9 Table 10 .
Amino acid identities among RabK isotypes in E. histolytica Pairwise amino acid identities between isotypes that belong to RabD,
ERRabK1 EbRabK2 EhRabK3 EhRabK4 Rabl,RabL, RabM, RabN, and RabP subfamilies
EhRabKl 100 60 47 39 Subfamilies
EhRabK2 100 45 41 EhRabD1:EhRabD2 60
EhRabK3 100 237 L EhRabll:EhRabl2 . 52
EhRabK4 100 EhRabL1:EhRabL2 62
; EhRabM1:EhRabM2 56
Values less than 40% are shown in reverse. EhRabM2:EhRabM3 65
EhRabMI1:EhRabM3 54
: : EhRabN1:EhRabN2 75
CXXXXX, which have not been reported in human EhRabP] ‘BhRabP2 25

(Pereira-Leal and Seabra, 2001).

Finally, the diversity and complexity of Rab proteins
we report here may reflect the vigorous dynamism of the
membrane transport and the committed reliance on Rab
proteins in the determination of specificity of vesicular
trafficking in this unicellular protozoan parasite. In addi-
tion, the presence of unique structural exceptions includ-
ing lack of conserved functional boxes and domains, and
non-conventional carboxyl terminus found in some Rab

proteins may suggest that novel Rab modifications and
functions exist in this organism. Further analysis of such
peculiarities may help in the elucidation of functional
constrains during evolution and the ameba-specific bio-
logical mechanisms, which are likely associated with its
unique virulent competence.
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In Japan, amebiasis is domestically transmitted by two major populations: male homosex-
uals and mentally handicapped persons, which is remarkably different from most other
developed countries where Entamoeba dispar infection is predominantly observed. Here
we briefly summarize epidemiology of amebiasis in Japan. We also review our current
understanding of the diversity of Entamoeba histolytica clinical isolates in Japan, based
on polymorphic genetic markers, clinical representations, and in vivo virulence, using

" an animal model.
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handicapped persons.

Peculiarities of Amebiasis Endemic in Japan

The most unusual characteristic of amebiasis in Japan is
that imported cases comprise only a minor proportion of
all cases discovered in the country and cases attributable
to domestic transmission dominate (1). We have two major
populations infected by amebiasis: male homosexuals and
mentally handicapped persons in institutions. We have ap-
proximately 500-600 cases of amebiasis reported to the
Ministry' of Health, Labour and Welfare, including three
to four deaths annually. Approximately 90% of the reported
cases are male. About 80% of cases have neither a history
of traveling in endemic countries nor are they mentally
handicapped. Thus, most of the reported cases are likely
male homosexuals or bisexuals. Several groups previously
reported a very high incidence of amebiasis among male
homosexuals based on stool examination and serological
tests (2-5). We recently observed sporadic cases of amebi-
asis transmitted through heterosexual intercourse (1) with
an example of female commercial sex workers. Mentally
handicapped persons are also severely affected by the dis-
ease (6-9). Mass infections of institutionalized mentally

Address reprint requests to: Tomoyoshi Nozaki, Department of Parasi-
tology, Gunma University Graduate School of Medicine, 3-39-22 Showa-
machi, Maebashi, Gunma 371-8511, Japan; E-mail: nozaki@med.
gunma-u.ac.jp

handicapped persons were often discovered during an onset
of outbreaks as previously reported (6-9).

Recent Survey of Amebiasis in Institutions in Japan

Our recent survey to examine 484 individuals from six
institutions [Institution B, C, D (10), E (11), and two other
institutions (unpublished)] by a combination of microscopy,
antigen capture ELISA, PCR, and serological tests showed
that institutions were severely affected by amebiasis. Mi-
croscopic demonstration and antigen capture ELISA
showed 9.7 and 12.3% overall positive, respectively. Sero-
logical tests, e.g., gel diffusion precipitin test and ELISA
using whole parasite lysate as antigen showed 4.8 and
31.2% seropositive (unpublished). The positive rates of
stool examination and serology varied significantly among
institutions, suggesting that the intensity of infection-varies
among institutions or, alternatively, parasite strains spread-
ing in each institution vary in virulent competence (see be-
low). Importantly, these cases are often unreported or
under-reported for several social reasons. In fact, the cases
reported to the Ministry of Health, Labour, and Welfare
included no cases of mentally handicapped persons. Thus,
the number of amebiasis cases in Japan is largely underes-
timated. A very high incidence of E. histolytica infection in
male homosexuals and mentally handicapped persons has
not been reported in other developed countries (12-15) ex-
cept for sporadic cases (16,17) and may be unique to Japan.

0188-4409/06 $—see front matter. Copyright © 2006 IMSS. Published by Elsevier Inc.
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Molecular Basis of the Diversity of E. histolytica
Isolates in Japan

Genetic diversity among approximately 40 clinical strains
isolated from either male homosexuals or mentally handi-
capped persons in Japan was determined by high-resolution
genotyping based on nucleotide sequencing of two protein-
coding (SREHP and chitinase) and non-coding regions (lo-
cus 1-2 and 5-6) (10,11). Remarkable differences existed
in the degree of heterogeneity of genotypes between the
two groups. The strains isolated from male homosexuals
are extremely heterogeneous; all the isolates derived from
male homosexuals showed distinct genotypes. In contrast,
isotypes from mentally handicapped persons were less het-
erogeneous. Isolates obtained from an institute showed an
identical genotype. Moreover, one genotype was detected
at three institutions at different times (see below). Because
the intensity of infection is low prior to mass infection,
probably due to previous mass treatment, mass infection
was likely caused by a single source. One genotype was iso-
lated from three institutions [Institutions B, A (10) and E
(11)] located in three prefectures (Kanagawa, Shizuoka,
and Yamagata) in 1994, 2001, and 2002, respectively. The
emergence of the same genotype coincided with the move-
ment of a single infected individual. This case is a good
example to demonstrate that molecular fingerprinting is
indeed a very reliable tool to determine a source of infec-
tion and a route of transmission. In addition, this case also
raised serious concern on the effective treatment of
amebiasis.

The genotypes of Japanese isolates were distinct from
four representative reference strains used worldwide
(HM-1:IMSS cl6, SAW755, SAW1627, and SAW1453)
(10). In addition, none of 34 isolates from Thailand, Ban-
gladesh, Cambodia, and Indonesia showed genotypes iden-
tical to Japanese isolates (11). Thus, the origin of Japanese
strains is not understood and should be investigated in
future studies.

Diversity of Clinical Manifestations and Ir Vivo
Virulence among Japanese Strains

From a clinical point of view, heterogeneity of virulence
attributable to genetic polymorphisms of the parasite likely
exists. For instance, when we compared parasitological and
serological results between Institutions D and E, which
showed a similar rate of infection, notable differences in
the serological marker for tissue invasion were observed.
While parasitological stool examination gave a similar level
of positive rate (28-30% positive) in these institutions, the
seropositiveness evaluated by gel diffusion precipitin test
significantly differed (0 or 16% in Institution D or E, re-
spectively). The mean value of ELISA titer of the infected
individuals was also significantly different between the two

institutions (optical density at 405 nm of 0.13 or 0.50,
respectively). The premise that this is not due to different
rates of infection was also supported by the fact that the
positive serology rate by ELISA was comparable between
the two institutions (54-67%). These data strongly argue
for the presence of genetic polymorphisms leading to dis-
tinct clinical manifestations.

Experimental animal infection using five isolates catego-
rized into three representative genotypes from mentally
handicapped persons also supported this premise. Hamsters
were challenged with a direct inoculation of 5 X 10* troph-
ozoites of KU13 (Imstitution A), KU19 (B), KU26 (C),
KU27 (D), and KU33 (E), cultivated monoxenically with
Crithidia fasciculata (18) to the liver, and abscess formation
was evaluated a week later. All strains except for KU27 de-
veloped liver abscesses, while KU27 failed to cause abscess
even in repeated attempts using a 4-times higher number of
amebas (unpublished). These data agreed with the clinical
manifestations in the patients infected with these strains
and were consistent with the premise that a spectrum of vir-
ulence exists among the strains. I vitro virulence is conve-
niently assessed with the parasite’s capacity to destroy
a monolayer of mammalian cells (19). KU27 was incapable
of destroying the monolayer of Hel.a and Chinese hamster
ovary cells, similar to E. dispar trophozoites (unpublished).

These avirulent phenotypes of KU27 are associated with
a specific genotype of locus 1-2 type C and SREHP type A,
neither of which was found among isolates examined in our
laboratory, except two other isolates from the same institu-
tion (KU28 and KU29). Whether or not this specific marker
is associated with the avirulent phenotype is not known.
There is also no causal connection between this particular
SREHP type and a lack of virulence. There are no notable
differences in clinical manifestations of amebiasis between
Japan and other countries. Hepatic, pulmonary, and brain
abscesses are seen in 5-20% of cases (almost exclusively
in male). None of the four genetic markers was found to
be associated with a tissue tropism.

Acknowledgment

This work was supported by a grant for research on emerging and
re-emerging infectious diseases from the Ministry of Health,
Labour, and Welfare of Japan.

References

1. Infectious Disease Surveillance Center. Amebic dysentery. Infectious
Agents Surveillance Report 2003;24:79-80.

2. Takeuchi T, Kobayashi S, Asami K, Yamaguchi N. Correlation of
positive syphilis serology with invasive amebiasis in Japan. Am J Trop
Med Hyg 1987;36:321-324.

3. Nozaki T, Motta SR, Takeuchi T, Kobayashi S, Sargeaunt PG. Patho-
genic zymodemes of Entamoeba histolytica in Japanese male homo-
sexual population. Trans R Soc Trop Med Hyg 1989;83:525.



10.

11.

Diversity of E. histolytica in Japan

. Takeuchi T, Okuzawa E, Nozaki T, Kobayashi S, Mizokami M,

Minoshima N, Yamamoto M, Isomura S. High seropositivity of Japa-
nese homosexual men for amebic infection. J Infect Dis 1989;159:808.

: ‘Ohnishi K, Kato Y, Imamura A, Fukayama M, Tsunoda T, Sakaue Y,

Sakamoto M, Sagara H. Present characteristics of symptomatic
Entamoeba histolytica infection in the big cities of Japan. Epidemiol
Infect 2004;132:57-60.

. Nagakura K, Tachibana H, Kaneda Y, Suzuki H, Sasacka K,

Kobayashi S, Takeuchi T. Amebiasis in institutions for the mentally
retarded in Kanagawa Prefecture, Japan. Jpn J Med Sci Biol 1990;
43:123-131.

. Abe N, Nishikawa Y, Yasukawa A, Haruki K. Entamoeba histolytica

outbreaks in institutions for the mentally retarded. Jpn I Infect Dis
1999;52:135-136.

. Kaneda Y, Nagakura K, Tachibana H, Tanaka T, Sasao M. Entamoeba

histolytica infection in a rehabilitation center for mentally retarded
persons in Japan. Scand J Infect Dis 1988;20:687.

. Nagakura K, Tachibana H, Tanaka T, Kaneda Y, Tokunaga M,

Sasao M, Takeuchi T. An outbreak of amebiasis in an institution for
the mentally retarded in Japan. Jpn J Med Sci Biol 1989;42:63-76.
Haghighi A, Kobayashi S, Takeuchi T, Masuda G, Nozaki T. Remark-
able genetic polymorphism among Entamoeba histolytica isolates
from a limited geographic area. J Clin Microbiol 2002;40:4081-4090.
Haghighi A, Kobayashi S, Takeuchi T, Thammapalerd N, Nozaki T.
Geographic diversity among genotypes of Entamoeba histolytica field
isolates. J Clin Microbiol 2003;41:3748-3756.

12.

13.

14.

15.

16.

17.

18.

19.

279

Allason-Jones E, Mindel A, Sargeaunt P, Williams P. Entamoeba his-
tolytica as a commensal intestinal parasite in homosexual men. N Engl
J Med 1986;315:353-356.

Allason-Jones E, Mindel A, Sargeaunt P, Katz D. Outcome of untreat-
ed infection with Entamoeba histolytica in homosexual men with and
without HIV antibody. BMJ 1988;297:654-657.

Gatti S, Cevini C, Atzori C, Muratori S, Zerboni R, Cusini M,
Scaglia M. Non-pathogenic Entamoeba histolytica in Italian HIV-
infected homosexuals. Zentralbl Bakteriol 1992;277:382-388,
Weinke T, Friedrich-Janicke B, Hopp P, Janitschke K. Prevalence and
clinical importance of Entamoeba histolytica in two high-risk groups:
travelers returning from the tropics and male homosexuals. J Infect
Dis 1990;161:1029-1031.

Gatti S, Lopes R, Cevini C, ljaoba B, Bruno A, Bernuzzi AM, de Lio P,
Monco A, Scaglia M. Intestinal parasitic infections in an institution for
the mentally retarded. Ann Trop Med Parasitol 2000;94:453-460.
Scaglia M, Gatti S, Bruno A, Cevini C, Marchi L, Sargeaunt PG.
Autochthonous amoebiasis in institutionalized mentally-retarded
patients: preliminary evaluation of isoenzyme patterns in three iso-
lates. Ann Trop Med Parasitol 1991;85:509-513.

Clark CG, Diamond LS. Methods for cultivation of luminal parasit-
ic protists of clinical importance. Clin Microbiol Rev 2002;15:329-
341.

Dvorak JA, Kobayashi S, Nozaki T, Takeuchi T, Matsubara C. Induction
of permeability changes and death of vertebrate cells is modulated by the
virulence of Entamoeba spp. isolates. Parasitol Int 2003;52:169-173.



