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filtration chromatography. This is consistent with the notion
that rEhNIfS exists as a dimer of two identical subunits (42.5
kDa plus 2.6 kDa corresponding to the histidine tag), which is
similar to all other organisms reported earlier. EhNifU was
eluted at 150-170 kDa; GST-EhNifU was also eluted at 260—
280 kDa (Fig. 7). These results show clearly that EhNifU is a
tetramer irrespective of the presence or absence of a fusion
partner. Elution patterns of EhNifU remained unchanged
when EhNifU was pretreated with 2 mu DTT and fractionated
in the presence of DTT (results not shown).

Anion-Exchange Chromatographic Separation of Native and
Recombinant Cysteine Desulfurase Activity—To correlate na-
tive cysteine desulfurase activity in the E. histolytica lysate
with the recombinant enzyme, the lysate from the trophozoites
and rEhNifS were subjected to chromatographic separation on
& Mono Q anion exchange column and analyzed by cysteine
desulfurase assay and also immunoblotting using anti-EhCS,
EhMGL, and EhNifS antibodies. E. histelytica trophozoites
possess two isotypes of CS (CS1 and CS2) (41) and two isotypes
of MGL (MGL1 and MGL2) (46), both of which showed sub-
stantial cysteine desulfurase activity.® Thus, we attempted to
separate native NifS from the CS and MGL isotypes. The
E. histolytica lysate showed three major peaks of cysteine des-
ulfurase activity (Fig. 84). Fractions corresponding to the last
and largest cysteine desulfurase peak (fractions 20-27) con-
tained the protein that reacted well with the anti-EhNifS and
anti-CS antibodies (Fig. 88). In contrast, fractions correspond-
ing to the first and second c¢ysteine desulfurase peaks did not
react with anti-EhNifS antibody but reacted with anti-MGL
and anti-CS antibodies, regpectively, rEhNifS was fractionated
under the same conditions and showed a single peak eluted at
a slightly lower ionic strength {0.5 ml earlier elution volume)
than the native EhNifS (Fig. 8C), which is consistent with the
fact that recombinant histidine-tagged EhNifS has a slightly
higher pl (6.15) than the native protein (5.9). These results
suggest that the third dominant cysteine desulfurase peak of
the parasite lysate represents activity mainly attributable to
native EhNifS.

Heterologous Expression of the Amebic NifS and NifU in the
isc/suf-Mutent E. eoli Strain—To assess the in vive role of
EhNifS and EhNifU, we attempted heterologous complemen-
tation of an E. coli mutant UT109 in which the chromosomal ise
and suf operons were deleted. This strain was lethal unless we
provided the suf or isc operon in a complementing plasmid
carrying a temperature-sensitive replicative origin.” At the
restrictive temperature, introduction of the E. coli isc or suf
operon in a eomplementing plasmid carrying a temperature-
insensitive replicative origin complemented the growth defects
of the UT109 strain under both the aerobic and anaerocbic
conditions (Fig. 9). In contrast, coexpression of EhNifS and
EhNifU rescued the growth of UT102 only under the anaerobic,
not aerchic, conditions at the restrictive temperature. Thus,
the amebic NifS and NifU are apparently necessary and suffi-
cient for the Fe-S cluster formation under anaerobic conditions
in this heterclogous system. Although CS and MGL showed
cysteine desulfurase activity in vitro, coexpression of CS1 or
MGL2, together with EhNifU, did not complement the growth
defects of UT109 under either aerobie or anaercbic conditions
(data not shown).

DISCUSSION

We have identified and characterized two necessary and
sufficient components, NifS and NifU, of the NIF-like system
for the agsembly of Fe-S clusters in a human intestinal proto-

8 V. Ali and T. Nozaki, unpublished data.
* U. Tokumoto and Y. Takahashi, manuseript in preparation,
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Fig, 8. Separation of the native ERNIfS from the E. Aistolytica
trophozoites and rEhNif$ with Monc Q anion exchange chro-
matography. A, elution profile of the native EhNifS. The total lysate of
E. histolytica trophozoites was separated on the anion exchange column
at pH 8.0 with a linear gradient of NaCl (dashed line) (0-0.7 M)
Triangles and an unbroken line depict cysteine desulfurase activity,
shown as Agqg, Circles and a broken line show Aqq. B, immunoblots of
each fraction with anti-EbNifS, MGL, and CS antibodies, C, elution
profile of the recombinant EhNifS. The rEhNifS protein was fraction-
ated under the same conditions as in A. Triangles and an unbroken line
show cysteine desulfurase activity, Circles and 2 broken line represent
Azgo A doshed line represents NaCl concentrations of a linear gradient.

zoan anaerobe. As far as we are aware, this is the first demon-
stration of the NIF-like system in eukaryotes. Despite a thor-
ough search of the E. histolytica genome database, no other
proteins that were shown to be invelved in ISC/SUF systems of
other organisms were found, suggesting that this parasite pos-
sesses the NIF-like system as a sole and non-redundant system
for the biosynthesis of all Fe-S proteins. Because E. histolytica
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FiG. 9. Functional complementation of the ise/sufimutant E. coli strain by coexpression of EhNifS and EhNifU under anaercbic
conditions. pRKEhNIfSU, pRKISC, or pRKSUF, which contains E. histolytice EhNifS and EhNifU, E. coli iscSUA-hscBA-fdx, or E. coli
sufABCDSE operon, respectively, in pRKNMC, or pRKNMC alone was introduced into E. coli strain UT109 [A(iscSUA-hscBA):Em',
MsufABCDSEU)::Gm'} as described in “Experimental Procedures.” The transformants were cultivated at the restrictive temperature under either

aerobic or anaerobic conditions.

does not possess nitrogenase and is incapable of nitrogen fixa-
tion, the presence of the NIF-like system and the lack of other
systems in this organism reinforce the premise that the NIF
system is not specific for the Fe-S cluster formation of nitroge-
nase but is involved in the Fe-S cluster assembly for nitroge-
nase and non-nitrogenase proteins, as proposed for the NII-
like system in H. pylori (18). Our in vive complementation of a
temperature-dependent growth defect of the E. coli isc/suf mu-
tant strain by expression of a heterologous NIF-like system
indicates that the NIF-like system plays an interchangeable
role in the Fe-S cluster assembly of non-nitrogenase proteins
with the ISC or SUF system under anaerobic conditions. De-
spite common catalytic and scaffold mechanisms shared by the
NIF, ISC, and SUF systems, there are a number of differences
among these systems (10); the ISC and SUF systems appear to
be considerably more complex than the NIF system. For exam-
ple, heat-shock-cognate (Hse) proteins have been suggested to
have chaperone-like functions in the ISC system for the forma-
tion of transient Fe-S clusters or insertion into various target
proteins in bacteria and yeast (7, 26, 30, 50, 51). Our in vive
complementation study revealed that the NIF-like system does
not require any additional component other than NifS and
NiflJ for Fe-S cluster assembly under anaerobic conditions.
However, it is also possible that as yet unidentified proteins
that remain in the ise/suf-mutant strain of E. coli function
together with the exogenous NifS and NifU. It is also conceiv-
zble that the NIF-like system is shared by other anaerobic
parasitic organisms. However, two other well-characterized an-
aerobic protozoan parasites G. lamblia and T. vaginalis appear
to possess the ISC and lack the NIF system (32, 34). Thus, the
presence of the NIF-like system is likely unique to E. histo-
Iytice, which might be attributable to a rare horizental gene
transfer from a NIF-like-containing prokaryotic organism (see
below).

Several lines of evidence support close kinship between the
amebic NifS and NifU and their homologs from e-protecbacte-
ria. First, phylogenetic analyses indicate that E. histolytica and
e-protecbacteria represent an independent clade well sepa-
rated from other NifS and NiftJ homologs. Second, this close
phylogenetic association is also supported by the common in-
sertions and deletions of amine acids shared by NifS and NifU
from these organisms. Third, the multimeric structure of the

amebic and H, pylori NifU is identical (i.e. tetramer), whereas
NifU from A. vinelandii and Is¢l from E. coli and yeast form a
dimer. Fourth, UV/visible absorption spectra and specific ac-
tivity of EhNifS were comparable to the H. pylori NifS but
notably different from A. vinelandii, These data suggest that
amebic nif-like genes were likely obtained from an ancestral
organism currently represented by e-protecbacteria by lateral
gene transfer, as suggested for other metabolic enzymes that
are proposed to have been transferred from Archaea andfor
bacteria by a similar mechanism (52-54).

Fractionation of the crude extract of E. histolytica by anion-
exchange chromatography revealed that at least three groups
of enzymes, CS, MGL, and NifS, contributed to cysteine desul-
furase activity, i.e. activity to mobilize the sulfur or sulfide from
L-cysteine, and thus possibly provide sulfur for Fe-S cluster
synthesis, Although both CS and MGL showed cysteine desul-
furase activity® (see also “Results” and Ref. 16 for E. coli CS)
and also ir vifro activity to convert an apo form of recombinant
amebic [4Fe-48]1%* ferredoxin (58, 55) into a holo form,® we
argue that EhNifS is the sole protein that functions in Fe-8
cluster biosynthesis in vivo. Expression of CS or MGL (e
EhCS1 or EhMGL2), when coexpressed with EhNifU, did not
complement the Fe-S cluster formation of the ise/suf-mutant
strain of E. coli (data not shown), This reinforces the previous
observation on E. coli cysteine synthase A, B, and y-cystathio-
nase (16) and indicates that the in vitro conversion assay of apo
Fe-S protein does not reflect in vivo function.

We did not demonstrate in the present study the species of
the temporal Fe-8 cluster (i.e. [2Fe-28]2* or [4Fe-48)%%) that
formed on EhNifU in addition to the stable (2Fe-28)2" cluster
shown in Fig, 6. However, it is conceivable, by analogy to NifU
from A. vinelandii involved in the Fe-S cluster formation of
nitrogenase, that amebic NifU functions as an intermediate
site for the transient [2Fe-28]1%* cluster assembly (12). The
putative labile [2Fe-28}2*, if presentf was likely lost during
purification under aerobic conditions. We also speculate that
the transition of Fe-S clusters on EhNifU may occur under
anaerobic conditions; one [4Fe-4S]?* cluster may be formed
from two [EFe-25]*2 clusters, as shown for Azotobacter IscU (5).
Because the amebic Nift] forms a tetramer, the mechanism of
the [4Fe-45]%" cluster formation from [2Fe-28]2* on NifU may
differ from Azotobacter NifU, which exists as a dimer. Because
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E. histolytica is not a nitrogen-fixing organism, the NIF-like
system is not necessarily specific for nitrogenase proteins, but
they are also involved in Fe-S cluster assembly for other Fe-S
proteins, as shown previously for A. pylori (13). Although all
characterized or putative Fe-S proteins in the genome database
of E. histolytica, including ferredoxins and pyruvateferredoxin
oxidoreductase, likely contain 2[4Fe-48]%* clusters, the fact
that the amebic NIF-like system functions in the formation of
the [2Fe-2812* cluster in E. coli indicates that the amebic
NIF-like system ig involved in the biosynthesis of all forms of
Fe-S clusters.

Acknowledgments—We are grateful to Toshiharu Hage, Institute for
Protein Research, Osaka University, and Kiyoshi Kita, University of
Tokyo. Japan for valuable discussions.

REFERENCES

1. Beinert, H., Holm, R, H., and Munck, E. {1997} Science 277, 653—659
2. Zheng. L., While, R, H., Cash, V. L., Jack, R. F., and Dean, D. R. (1993) Proc.
Natl. Acad. Sci. U. 8. A. 90, 27642758
3. Zheng, L., White, . H,, Cash, V. L., and Dean, D. R. (1994) Biochemisiry 35,
4714-4720
4. Zheng, L., Cash, V. L., Flint, D, H., and Dean, D. R. (1998) J. Biol. Chem. 273,
13264-13272
agar, E N, Krabs, €., Frazzon, J., Heyah, B, H., Dean, D. R, and Johnson,
M. K. (2000) Bigchemistry 38, 78567962
Tokumotp, U., and Takahashi, Y. {2001) J. Biochem. (Tokyo) 130, 63-71
Takahashi, Y., and Nakamura, M. (1999) J. Biochem. {Tokvo) 126, 917-926
Takahashi, Y., and Tokumoto, U. (2002} J. Biol. Chem. 277, 2838028383
Kaiser, J. T.. Clausen, T., Bourenkow, G. P., Bartunik, H. D,, Steinbacher, S.,
and Huber, R. (2000) J. Mol, Biol. 297, 451-464
1¢. Yuvaniyama, P., Agar, J. N., Cash, V. L., Johnson, M. K., and Dean, D. R.
(2000) Proc. Natl. Acad. Sci. U, S, A, 97, 599-604
11, Fu, W., Jack, R. F., Morgan, T. V., Dean, D. R., and Johnson, M. K. (1984)
Biochemistry 33, 13455-13463
12. Agar,d. N,, Yuvaniyama, P., Jack, R. F., Cash, V. L.. Smith, A. D., Dean, D. R..
and Johnson, M, K. (2000) J. Biol. Inorg. Chem. 5, 167-177
13. Olson, J. W, Agar, J. N., Johnson, M, K., and Maier, R. J. (2000) Biochemistry
39, 16213-16219
14. Schwartz, C. J., Djaman, O., Imlay, J. A., and Kiley, P. 3. (2000) Proc. Netl.
Acad. Sel. U 8. A. 97, 9009-9014
15. Kato, 5., Mihara, H., Kurihara, T, Takahashi, Y., Tokumoto, U., Yoshimura,
T., and Esaki, N. (2002) Proc. Natl. Acad. Sci. U. 8. A, 99, 59485952
16. Flint, D. H. (1996) J. Biol, Chem. 271, 1606816074
17. Wu, G., Mansy, S. S., Hemann, C., Hille, R., Surerus, K. K., and Cowan, J. A.
(2002) J. Biol. Inorg. Chem. 7, 526-532
18, Oliagnier-de-Choudens, S., Mattioli, T., Takahashi, Y,, and Fontecave, M.
(2001) J. Biol. Chem. 278, 22604-22607
19. Hoff, K, G., Silberg, J. J., and Vickery, L. E. (2000) Proc. Natl. Acad. Sci.
U. 8. A. 97, 7790-7795
20. Tokumoto, UJ,, Nomura, 8., Minami, Y., Mihara, E., Shin-ichiro, X, Kurihara,
T., Esaki, N., Kanazawa, H., Matsubarz, H., and Takahashi, ¥. (2002)
J. Biochem. (Tokyo) 131, 713~719
23, Nachin, L., EL Hassouni, M., Leiseau, L., Expert, I,, and Barras, F. (2001)

B

e

22,

23
24,

25,
26.
27,
28,
28,
30,
31.
32.
33.
34,
35.
36.
37.
38,
38,

40.
41,

42,
43.
44.
45.
46.
47.
48.
43.
50.
51,

52.
53.

54.
56.

azn

Iron-Sulfur Cluster Formation in E. histolytica

Mol. Microbiol, 39, 960-972

Zheng, M., Wang, X., Templeton, L. J,, Smulski, D. R., LaRessa, R, A., and
Storz, G. (2001} J. Bacteriol. 188, 4562~-4570

Patzer, 8, L, and Hantke, K. (1983} J. Beeteriol. 181, 3307-3307

Nachin, L., Loiseau, L., Expert, D., and Barras, F, (2003: EMBOQ J. 22,
427-437

Loiseau, L., Ollagnier-de-Choudens, S., Nachin, L., Fontecave, M., and Barras,
F. (2003} J. Biol. Chem. 278, 3835238359

Strain. J., Lorenz, C. R., Bode, J., Garland, §,, Smolen, G. A, Ta, D. T..
Vickery, L. E., and Culotta, V. C. (1998} J. Biol. Chem. 273, 31138-31144

Nakai, Y., Yoshihara, Y., Hayashi, H., and Kagamiyama, H. 13998) FEBS Lett.
433, 143-148

Schilke, B., Voisine, C., Beinert, H., and Graig, E. (1899 Proc. Natl, Acad. Sei.
U. 8. A 98, 10206-10211

Tong, W. H., Jameson, G. N, L.. Huynh, B, H., and Reuault, T. A, r2003) Proc.
Natl. Acad. Sci, U. 5, A, 100, 9762-9767

Kispal, G., Csere, P, Prohl, C., and Lill, R. (1998) EMBO J. 18, 3981-3989

Tong, W. H., and Rouault, T. (20001 EMBO J, 19, 5692-5700

Mubhlenhofl, U., and Lill, R. (2000) Biochim. Biophys, Acta 1459, 370-352

Ellis, K. E. 8., Clough, B., Saldanha, J. W., and Wilson, R. J. M. (2001) Mel.
Migrobial. 41, 973-981

Tachezy, J., Sanchez, L. B., and Muller, M, (2001} Mol. Bigl. Evel, 18,
.1919-1928

Martin, W., and Muller, M. (1998) Nature 392, 37-41

Tovar, J., Lean-Avila, G., Sanchez, L. B., Sutak, R., Tachezy, J., Van Der
Giezen, M., Hernandez, M., Muller, M., and Lucecg, J. M. (2003} Nature
426, 172-176 -

Diamond, L. 8., Mattern, C. F., and Bartgis, I. L. (1972) J. Virol. 9, 326-341

Diamond, L. 8., Harlow, D. R,, and Cunnick, C. C. (1878) Trans. R. Soc. Trop.
Med. Hyg. 72, 481-432

Thompson, J. D., Higgins, D, G., and Gibson, T. J. (1994} Nucleic Acids Res. 22,
4673-4680

Page, R. D. (1896) Comput. Appl. Bicsci. 12, 357-358

Nozaki, T., Asai, T, Kobayashi, S., Ikegami, F,, Noji, M., Saito, K., and
Takeuchi, T. (1998) Mol. Biochem. Parasitol. 97, 33-44

Jaschkowitz, K., and Seidler, A. (2000) Biochemistry 39, 3416-3423

Siegel, L. M. {1965) Anel. Biochem. 11, 126-132

Wood, J. L. (1987) Methods Enzymol. 143, 25-29

Sambrook, J., Fritsch, E. F,, and Maniatis, T. (2001} Moleculer Cloning: A
Loboratory Menual, 3+d Ed., Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, NY

Tokoro, M., Asai, T., Kobayashi, S., Takeuchi, T., and Nozaki, T. (2008) J. Biol.
Chem. 278, 42717-42727

Garland, S. A, Hoff, K., Vickery, L. E., and Culetta, V. C. (1999) .J. Mol, Biol
294, BOT-997

Miharg, H., Kurthara, T., Yoshimura, T., Soda, K., and Esaki, N. (1997, J, Biol.
Chem. 272, 22417-22424

Benci, 8., Vaceari, S., Mozzarelli, A., and Cook, P. F. (1899) Biochim. Biophys.
Acta 1429, 317-330

Sellers, V. M,, Wang, K. F., Johnson, M. K., and Dailey, H. A. (1998) J. Biol.
Chem, 278, 22311-22316

Silberg, J. J., Hoff, K. G., and Vickery, L. E. (1888) J. Boecteriol. 180,
6617-6624

Field, 4., Rosenthal, B., and Samuelson, J. (2000) Mol Microbiol. 8, 446—455

Nixon, J. E,, Wang, A., Field, J., Morrison, H, G., McArthur, A. G., Sogin, M. L.,
Loftus, B, J., and Samuelson, J. (2002) Eukarvot, Cell 1, 181-19Q

Ali, V., Shigeta, Y., and Nozaki, T. {2003) Biockem. J. 375, 728-736

Re;;es,saR_ E., Guthrie, J, D,, and Lobelle-Rich, P. (1980 Exp. Parasitol. 49,



Eur, J. Biochem. 271, 2670-2681 (2004) © FEBS 2004

doi:10.1111/).1432-1033.2004.04195.x

Molecular and biochemical characterization of p-phosphoglycerate
dehydrogenase from Entamoeba histolytica

A unique enteric protozoan parasite that possesses both phosphorylated and
nonphosphorylated serine metabolic pathways

Vahab Ali', Tetsuo Hashimoto?, Yasuo Shigeta’ and Tomoyoshi Nozaki'-?

| Department of Parasitology, National Institute of Infectious Diseases, Tokyo, Japan; *Institute of Biological Sciences, University of
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A putative phosphoglycerate dehydrogenase (PGDH),
which catalyzes the oxidation of D-phosphoglycerate to
3-phosphohydroxypyruvate in the so-called phosphorylated
serine metabolic pathway, from the enteric protozoan
parasite Entamoecba histolytica was characterized. The
E. histolytica PGDH gene {ERPGDH) encodes a protein of
299 amino acids with a calculated molecular mass of
33.5 kDa and an isoelectric point of 8.11. EhnPGDH showed
high homology to PGDH from bacteroides and another
enteric protozoan ciliate, Entodinium caudatum. EnPGDH
lacks both the carboxyl-terminal serine binding domain and
the 13-14 amino acid regions containing the conserved
Trp139 (of Escherichia coli PGDH) in the nucleotide binding
domain shown to be crucial for tetramerization, which are
present in other organisms including higher eukaryotes.
EhPGDH catalyzed reduction of phosphohydroxypyruvate
to phosphoglycerate utilizing NADH and, less efficiently,
NADPH; EhPGDH did not utilize. 2-oxoglutarate, Kinetic
parameters of EhPGDH were similar to those of mamma-

lian PGDH, for example the preference of NADH cofactor,
substrate specificities and salt-reversible substrate inhibition.
In contrast to PGDH from bacteria, plants and mammais,
the EhPGDH protein is present as a homodimer as dem-
onstrated by gel filtration chromatography. The E. histo-
Iytica lysate contained PGDH activity of 26 nmot NADH
utilized per min per mg of lysate protein in the reverse
direction, which consisted 0.2-0.4% of a total soluble pro-
tein. Altogether, this parasite represents a unique unicellular
protist that possesses both phosphorylated and nonphos-
phorylated serine metabolic pathways, reinforcing the bio-
logical importance of serine metabolism in this organism.
Amino acid sequence comparison and phylogenetic analysis
of various PGDH sequences showed that E. histolytica
forms a highly supported monophyletic group with another
enteric protozoa, cilliate E. caudatum, and bacteroides.

Keywords. anaerobic protist; cysteine biosynthesis; serine
biosynthesis.

L-Serine is a key intermediate in a number of important
metabolic pathways. In addition to its role in the synthesis
of L-cysteine and L-glycine and also in the formation of
L-methionine by the interconversion of L-cysteine via
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L-cystathionine, L-serine is a major precursor of phosphat-
idyl-L-serine, sphingolipids, taurine, porphyrins, purines,
thymidine and neuromodulators p-serine and D-glycine
[1,2]. L-Serine is synthesized from a glycolytic intermediate
3-phosphoglycerate (3-PGA) in the so-called phosphory-
lated serine pathway in mammals. In plants, two pathways
have been shown to be involved in serine biosynthesis: the
phosphorylated pathway, which functions in plastids of
nonphotosynthetic tissues and also under dark conditions
[3], and the glycolate pathway, which is present in
mitochondria of photosynthetic tissues and functions under
light conditions {4,5]. p-Phosphoglycerate dehydrogenase
(PGDH, EC 1.1.1.95) catalyses the NAD*- or NADP*-
linked oxidation of 3-PGA in the first step of the
phosphorylated serine biosynthetic pathway [6]. The PGDH
activity from Escherichia coli[7], Bacillus subtilis [8], and pea
[9] was shown to be subjected to allosteric control by the end
product of the pathway, serine. However, such allosteric
inhibition was not demonstrated for PGDH from other
plants [3,10] and animals [11-13]. Substrate inhibition of the
PGDH activity by 3-phosphohydroxypyruvate (PHP) at
> 10 puM, which was reversed by high concentrations of
salts, in the reverse (nonphysiological} direction, was also
observed for PGDH from rat liver [13], but not for PGDH
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from bacteria [8] and plants {9]. Thus, the presence or
absence of allosteric and substrate inhibition of this enzyme
appears to be organism specific.

PGDH from rat liver was shown to be upregulated at
the transcriptional level with protein-poor and carbohy-
drate-rich diet [14]. Previous enzymological studies using
both native {7-9,15] and recombinant [3,13,16,17) PGDH
from bacteria, plants and mammais showed that PGDH
forms a homotetramer with a monomer molecular mass
of 4467 kDa. Each 44 kDa subunit of the homotetra-
meric PGDH from E. coli has three distinct domains: the
nucleotide binding domain (residues 108-294), the sub-
strate binding domains (residues 7-107 and 295-336) and
the regulatory domain (residues 337-410), the latter of
which binds to L-serine [i8]. The major protein-protein
interactions between the subunits have been implicated at
the nucleotide binding domains and the regulatory
domain, indicating the importance of these domains for
the tetramerization of the enzyme [18]. It was shown that
serine binding induces a conformational change at the
regulatory domain interfaces of PGDH, and serine is
subsequently transferred to the active site to elicit inhibi-
tion of catalysis {19,20]. The PGDH activity was inhibited
by approximately 90% when two of the four serine
binding sites of the PGDH tetramer were bound to serine
[19}, indicating that the binding of a single serine at each
of the two regulatory site interfaces is sufficient to affect
all four active sites. Physiological importance of PGDH in
serine biosynthesis has been demonstrated in its deficiency
in human [12,21]. Patients with PGDH deficiency exhibit a
marked decrease of L-serine and glycine concentrations in
both plasma and cerebrospinal fluid [12,21-23], which
results in severe neurological disorders, ie. congenital
microcephaly, dysmyelination, intractable seizures, and
psychomotor retardation.

Entamoeba histolytica is the enteric protozoan parasite
that causes amoebic colitis and extra intestinal abscesses
{e.g. hepatic, pulmonary and cerebral) in approximately 50
million inhabitants of endemic areas {24]. Among a number
of metabolic peculiarities, metabolism: of sulfur-containing
amino acids in E. histolytica has been shown to be unique in
a variety of aspects including: (a) a lack of both forward and
reverse transsulfuration pathways [25], (b) the presence of a
unique enzyme methionine y-lyase involved in the degrada-
tion of sulfur-containing amine acids [25] and (c) the
presence of de noveo sulfur-assimilatory cysteine biosynthetic
pathway [26,27]. The physiological importance of cysteine
has previously been shown for this parasite. Cysteine plays
an essential role in survival, growth and attachment of
parasite {28,29], and also in antioxidative defense mechan-
ism [27). As the major, if not sole, route of cysteine
biosynthesis in this parasite is the condensation of
O-acetylserine with sulfide by the de nove cysteine biosyn-
thetic pathway, molecular identification of enzymes and
their genes located upstream of this pathway is essential, We
attempted to identify and characterize the putative serine
metabolic pathway (a general scheme for serine biosynthetic
and degradative pathways is shown in Fig. 1). We previ-
ously identified, in the E. histolytica genome database, genes
encoding PGDH' (EC 1.1.1.95), glycerate kinase {GK,
EC 2.7.1.31), phosphoserine aminotransferase (PSAT,
EC 2.6.1.52), and p-glycerate dehydrogenase (GDH,
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Glycolytic pathway
I Glycerate kinase
3Phosphoglycerate $—————F% Glycerate
J-Phosphoglycerate
Phosphoglycerate phosphatase
dehydrogenase Glycerate
dehydrogenase
Phosphohydroxypyruvate
Phosphoserine
aminotransfarase Hydroxypyruvate
Phosphoserine
Sarine pyruvale aminotransferase
Phosphoserine {Alanine glyoxylate aminotransferase)
osphatase
phosph Sesine

Fig. 1. A general scheme of serine metabolism. Enzymes identified in
the £. histolytica genome database are shown in bold. Enzymes pre-
viously charactetized [30] or reported in the present work are also
underlined.

EC 1.1.1.29) {30), suggesting that this parasite possesses
both phosphorylated and nonphosphorylated pathways.
We showed that GDH probably plays a role in serine
degradation, rather than biosynthesis and, thus, in the
down-regulation of the intracellular serine concentration
[30].

In the present work, we desctibe cloning and enzymo-
logical characterization of native and recombinant amoebic
PGDH. This is the first report on PGDH from unicellular
eukaryotes. The amoebic PGDH represents a new member
of PGDH, which is supported by amino acid sequence
comparisons and phylogenetic studies. The amoebic PGDH
(a) lacks the carboxyl-terminal serine binding reguiatory
domain, which is implicated for allosteric inhibition and
tetramerization, and the essential Trp residue in - the
nucleotide binding domain, inferred also for tetrameriza-
tion, and (b) exists as a homodimer, dissimilar to PGDH
from other organisms.

Materials and methods

Chemicals

All chemicals of analytical grade were purchased from
Wako (Tokyo, Japan) unless otherwise stated. Hydroxy-
pyruvic acid phosphate dimethylketal {cyclohexylammo-
nium) salt, p-phosphoglyceric acid, NADPH, NADH,
NAD™ and NADP™" were purchased from Sigma-Aldrich
(Tokyo, Japan). PHP was prepared from the hydroxypyru-
vic acid phosphate dimethylketal (cyclohexylammonium)
salt as described previously [31]. Pre-packed Mono Q 5/5
HR and Sephacryl S 300 Hiprep columns were purchased
from Amersham Biosciences {Tokyo, Japan).

Parasite cultivation

Trophozoites of the pathogenic E. histolytica clonal strain
HMULIMSS cl 6 [32] were axenically cultured in BI-S-33
medium at 35 °C as described previously [33].
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Expression and purification of recombinant E. histolytica
PGDH {rEhPGDH)

A plasmid was constructed to produce rERPGDH with the
amino-terminal histidine tag. A fragment corresponding to
an open reading frame (ORF) of EnPGDH was amplified
by PCR using a ¢cDNA library [26] as a template, and
oligonucleotide primers (5-caGGATCCaagatagttgtgataac
cga-3 and 5-caCTCGAGitagaacttattgacttggaa-3"), where
capital letters indicate the BarmHI or Xhol restriction sites.
The PCR was performed with the following parameters:
(a} an initial incubation at 95 °C for 5 min; (b) 30 cycles
of denaturation at 94 °C for 30 s, annealing at 55 °C for
30s, and elongation at 72 °C for 1 min; and () a final
extension at 72 °C for 10 min. The = 1.0 kb PCR fragment
was digested with BamHl and Xhol, electrophoresed,
purified with Geneclean kit II (BIO 101, Vista, CA), and
cloned into BamHI- and Xhol-double-digested pET-15b
{Novagen, Darmstadt, Germany) in the same orientation
as the T7 promoter to produce pET-ERPGDH. The
nucleotide sequence of the amplifiecd EnPGDH ORF was
verified by sequencing and found to be identical to a
putative protein coding region of EH01468 (contig 318390,
nucleotides 31494-32394) in the E. histolptica genome
database available at The Institute for Genomic Researches
(TIGR) (http:/fwww.tigr.org). The pET-EhPGDH con-
struct was introduced into the £. coff BL21 (DE3) cell
{Novagen)., Expression of the rEhPGDH protein was
induced with 0.4 mm isopropyl thio-B-D-galactoside for
4-5 h at 30 °C. The bacterial cells were harvested, washed
_with phosphate-buffered saline (NaCl/P;), pH 7.4, resus-
pended in the lysis buffer (50 mm Tris/HCI, 300 mm NaCl,
pH 8.0, and 10 mM imidazole) containing 0.1% (v/v}
Triton X-100, 100 pgmL™" lysozyme and Complete Mini
EDTA free protease inhibitor cocktail (Roche, Tokyo,
Japan), sonicated, and centrifuged at 24 000 g at 4 °C for
15 min. The histidine-tagged rEhPGDH protein was
purified from the supernatant fraction using a nickel-
nitrilotriacetic acid column (Novagen) as instructed by the
manufacturer. After the supernatant fraction was mixed
and incubated with nickel-nitrilotriacetic acid agarose at
4 °C for 1 h, the agarose was washed with a series of
washing buffer (20 mm Tris/HCl, 300 mm NaCl, pH 8.0
containing 10, 20, 35 or 50 mm imidazole). The histidine-
tagged rEhRPGDH protein was eluted with 100 mm
imidazole and extensively dialyzed in 50 mm Tris/HCl,
300 mm NaCl (pH 8.0) containing 10% (v/v) glycerol and
the protease inhibitors as described above, overnight at
4 °C. The dialyzed protein was stored at —80 °C with 50%
{vfv) glycerol in small aliquots until use. The purified
rEhPGDH remained active for more than one month
when stored at —-80 °C.

Enzyme assays

3-PGA-dependent production of NADH in the forward
direction was measured fluorometrically using a Fluo-
rometer (F-2500, Hitachi, Tokyo, Japan), with an
activation at 340 nm and an emission at 470 nm. for
2-4 min at 25 °C. Because the forward reaction showed
an optimum pH of 9.0, all reactions were carried out at
this pH. The assay mixture contained 100 mm Tris/HCI,
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pH 9.0, 400 mm NaCl, 0.2 mmM NAD™, 0.2 mm dithio-
threitol, 3.0 mm 3-PGA and 1.6 pg of the rEhPGDH or
appropriate amounts of fractions of the parasite lysate,
in 360 pL of reaction mixture. The kinetic parameters
were determined by using variable concentration of
3-PGA (50 um to 10 mm), NADP™ (50 pM to 0.4 mm)
and NADY (5.0puM to 0.3mm). The reaction was
initiated by the addition of 3-PGA. The PGDH activity
in the reverse reaction was measured both fluorometri-
cally and spectrophotometrically. The reaction mixture
contained 50 mm NaCl/P;, pH 6.5, 400 mM NaCl,
02mM NADH or NADPH, 02 mwm dithiothreitol,
100 pv PHP and 1.2 pg of rEhPGDH or appropriate
amounts of fractions of the parasite lysate in 300 uL.
The kinetic parameters for reversed reaction were
determined by using variable amount of PHP (5-
500 pm) and NADH (1-300 um). The enzymatic acti-
vities were expressed in unitsmg protein~!, One unit was
defined as the amount of enzyme that catalyses the
utilization or production of 1.0 ymol of NADH per min
under the conditions mentioned above, K, and Viax
were estimated with Lineweaver-Burk and Hanes-Woolf
plots.

Chromatographic separation of ERPGDH from
E. histolytica lysate

Approximately 107 E. histolytica trophozoites were
washed twice with ice-cold NaCl/P;. After centrifugation
at 500 g for 5min, the cell pellet (150-200 mg) was
resuspended in 1.0 mL of 100 mm TrisfHCI, pH 5.0,
1.0 mM EDTA, 2.0mm dithiothreitol and 15% (v/v)
glycerol containing 10 pgmL™"  frans-epoxysuccinyl-L-
leucylamido-(4-guanidino)butane (E64) and Complete
Mini EDTA-free protease inhibitor cocktail. The cell
suspension was then subjected to three cycles of freezing
and thawing, After the suspension was further sonicated,
the crude lysate was centrifuged at 45 000 g for 15 min at
4°C and filtered through a 0.45 pm cellulose acetate
membrane, The sample was applied to Mono Q 5/5 HR
column pre-equilibrated with the binding buffer [100 mm
Tris/HCI, pH 9.0, 1.0 mm EDTA, 2.0 mm dithiothreitol,
15% (v/v) glycerol and 1 pgmLi™ E6d] on AKTA
Explorer 10S system (Amersham Biosciences). After the
column was extensively washed with the binding buffer,
bound proteins were eluted with a linear gradient of
0-1 M NaCl. Each fraction (0.5 mL) was analyzed for
PGDH activity by monitoring the decrease in the
absorbance at 340 nm spectrophotometrically as described
above. The TEhPGDH was dialyzed against the binding
buffer and also fractionated on the same column under
the identical condition. An apparent molecular mass
of the recombinant EhPGDH was determined by gel
filtration chromatography using Sephacryt S300 HR
Hiprep prepacked column (60 cm long and 1.6 cm in
diameter). The column was pre-equilibrated, washed
and eluted with the gel filtration buffer (0.1 M Tris/
HCl, pH 80 and 0.1 M NaCl) with a flow rate of
0.5 mLmin~. An apparent molecular mass of the
EhPGDH monomer was also determined by SDS/PAGE
under denaturing conditions as described previously
[34).

IRV |
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Amino acid sequence comparison and phylogenetic
analysis

All sequence data, except the E. Aistolitica PGDH origin-
ally reported in this work, were collected from public
databases, including genome sequencing project databases.
Multiple afignments for 35 PGDH and eight GDH
sequences were accomplished by the cLusTAL w program
version 1.81 [35] with BLOSUM 62 matrix. We included
GDH sequences as we assumed that they are biochemically
parallogous to PGDH sequences and represent the closest
member of the 2-hydroxyacid dehydrogenase family. In
addition, the GDH sequence was aiso available from
E. histolyitca [30]. The alignment obtained was corrected by
manual inspection, and unambiguously aligned 182 sites
were selected and used for phylogenetic analysis. Data files
for the original alignment and selected sites are available
from the authors on request. The maximum likelthood
(ML), neighbor joining (NJ} and maximum parsimony
(MP) methods for protein phylogeny were appiied to the
data set using the CODEML program in pamL 3.1 [36] and
PROML, PROTDIST, NEIGHBOR, PROTPARS, SEQBOOT and CON-
SENSE programs in PHYLIP 3.64 [37]. In the ML analysis, an
initial tree search was done by applying pRoML with the
JTT-F model for amino acid substitution process, assuming
homogeneous rates across sites. Based on the best tree
obtained, a T-shape parameter (o) of the discrete
T-distribution with eight categories that approximates site
rates was estimated by PaAML. By using the « value, a further
tree search with the JTT-F + T model with eight site rate
categories was done by promy, producing the final best tree.
In the NJ analysis, ML estimates for pair wise distances
among 43 sequences were calculated using prROTDIST, based
on the Dayhoff PAM model with rate variation among sites
allowed. The NJ tree was reconstructed from the distances
using NEIGHBOR. In the MP analysis, the MP tree was
searched by proTPARs. Bootstrap analysis for each of the
three methods was performed in the same way by applying
PROML, PROTDIST and NEIGHBOR, OF PROTPARS to 100
resampled data sets produced by seqsooT. Bootstrap
proportion (BP) values were calculated for internal branches
of the final best tree of the ML analysis by the use of
ConseNSE. Trees were drawn by TREEVIEW version 1.6.0[38].

Results

Identification of PGDH gene and its encoded protem
from E. histolytica

We identified a putative PGDH gene (EI—I01468) from
E. histolytica by homology search against the E. histolytica
genome database using PGDH protein sequences from
bacteria, plants and mammals. The putative amoebic
PGDH gene contained a 900 bp ORF, which encodes a
protein of 299 amino acids with a predicted molecular mass
of 33.5 kDa and a pI of 8.11. No other independent contig
containing the PGDH gene was found, suggesting that this
PGDH gene is present as a single copy. We searched
thoroughly for other possible PGDH genes using this
amoebic PGDH gene in the E. histolytica genome database.
However, no other possible PGDH-related sequence was
found except for a previously described GDH gene [30].
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Features of the deduced protein sequence of
E. histofytica PGDH

The amino acid sequence of the E. histolyvtica PGDH
(EhPGDH) showed 21-50% identities to PGDH from
bacteria, mammeals and plants. EnPGDH showed the
highest amino acid identities (48-50%) to PGDH from
both anaerobic intestinal bacterotdes including Bacteroides
thetaiotaomicron, Bacteroldes fragilis, Porphyromonas gingi-
valis and a ciliate protozoan parasite living in the rumen of
cattle, Entodinium caudatum and lowest identities (21-26%)
to PGDH from higher eukaryotes including mammals and
plants. For example, EhPGDH showed a 48-50% identity
to PGDH from B. thetaiotcomicron, E. caudatum, B. fra-
gilis and P. gingivalis, 35% to Methanococcus jannaschii,
33% to Archaeoglobus fulgidus and Thermoanaerobacter
tergcongensis, 31% to Bacillus anthracis, Bacillus cereus and
Caulobacter crescentus, 27% to Bacillus subtilis and Escheri-
chia coli, 24-26% to human, mouse, rat, Schizosaccharo-
myces pombe and Saccharomyces cerevisiae, and 21% to
Arabidopsis thaliana PGDH.

Based on the multiple sequence alignment of 35 PGDH
and eight GDH sequences aiso used in the phylogenetic
analysis (see below), PGDH sequences were classified into
three types: Type I, Type II and Type Ilf. PGDH sequences
in the longest group (Type I) have a carboxyl-terminal
extension of about 208-214 amino acids (Fig. 2), which is
absent in those from the shortest group (Type III). The
sequences with intermediate length (Type II) also possess a
carboxyl-terminal extension of 73-76 amino acids, which
aligned with the corresponding region of the Type I
sequences. Type II sequences lack 126-135 amino acids
present in Type I sequence (e.g. corresponding to residues
321448 of B. subtilis PGDH). Type Il sequences were
further classified into Type ITA and Type IIB according to
the different insertion/deletion patterns in the nucleotide
binding domain. The amoebic PGDH belongs to Type 111,
together with those of Bacteroidales and E. catudatum. Type
11T sequences lack a region of 13-14 (in PGDH of Type I
and Type TIA) or 24 amino acids (Type IIB) between
Gly125 and Lys126 (of ERPGDH) in the nucleotide binding
domain. The amoebic PGDH also lacks two regions present
in other groups; one residue between 58 and 59 of EnPGDH
(also missing in other Type III organisms and Type 1IB
B. anthracis) in the substrate binding domain and five—ten
residues between amino acid 172 and 173 (Fig. 2). Type 111
PGDH including the amoebic PGDH lack Trpl39 (amino
acids numbered according to E. coli), which was previously
shown to be implicated for cooperativity in serine binding
and serine inhibition, and an adjacent Lys141/Argl41, both
of which are conserved among Type I and Type I
sequences. All the other important residues implicated in
the active site within the substrate binding domain, as
predicted from the crystal structure of E. cofi PGDH
(Arg60, Ser6l, Asnl08 and Gin301) [18], were conserved in
EhPGDH (Arg53, Ser56, Asni02 and Asn272). A substi-
tution of GIn272 to Asn found in EhPGDH was also shared
by PGDH from E. caudatm and B. thetaiotaomicron.
Arg62/Lys62, which interacts with the phosphate group of
PHP [17] in Type IIA, is substituted in PGDH from the
other types. The consensus sequence Gly-Xaa-Gly-Xaa-
Gly-Xaa;-Asp, involved in the binding of the adenosine
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 Substrate binding domain
Type 11A Escherichia coli HAKVSLEKOK | KFLLVEGYHOKALESLRAAGY TN | EFHKGALDDEQLKES 1 RDAHF | 6 _,\' 61
Leishmania major MPSL 1DPPYHALLL EGVNP | AKELLESKGCI-VEY IPNALPROTLLEKIRDVHFLGIRE 58
Type 1B Bacilius anthracis KFRVOTLNG | AEK-~GLOVLGGERYEVG=-~=—=~ER INHPDG LI ‘ 39
Type |  Helicobacter pylori MYQVA)COPIHAKG I QILEAGKD VL HDYSKCPKKE-LLEKLTPMDALITRE 51
Synechogystis spp. MNLAWLOGL SLGLLSPPAPALL [FRSFTMAKYLYSDS I DOVG I DI EK-QVAQVDVKTGLSEAE——1 IDIVPEYDAIM b

. Bacillus subtilis MFRVL YSDRWSNDGLOPL 1ESDF |E1 VOKNVADAED~---ELHTFDALL VI

Hethanococcus jannaschii -MVK ILVTDOPLHEDA |K1LEEVG-EVEVATGLTKEE—LLEK | KDADVL' 48
Archaeoglobus fulgidus MKVLVAEP | SEEAIDYMRKNGL EVEVKTGNSREE=--L | REVPKYEA| 48
Homo sapiens MAF ANLRKVL | SDSLOPCCRK | LADGALOVVEKGNLSKEE—L EAELODCEGL | _1 55
Type 111 Bactercides thetaiotaomicron MKVLYATEKPFAKVAVDG | RKE | EAAGYELALLEXYTDKAD-LLDAVKDANAL! IRE 56
Entodinium caudatum e J{LLALLAS INTSE ILLATEKPFTKETVED | KKLVEKSGNTFKLLEKYKTKGE-LMDS | KDANAL I VIS 68
Entamoeba histolytica MKIWITEKPFAENAVKG|REILEKAGHEWMIEKYKKKED—VIERIKDADGVI 56

114 Eco
Lma KTOVTQAILDAAPKLLGIGCFCIGTNOVDLDYAT TRGVAVFNSPFANTRSVAELYIGE | | SLSRKMTORSEEVHRGY
11B Ban §S-LHOEEFS—KDLKA|ARAGAGYNN]|PVERCTEKS I VVFNTPGAANAVKEL | IASL INSSRNI | N-—m——GV:
| Hpy BTPITSOFLKPETHLKS IVRAGVGVDN [DLESCSQKG VVMNIPTART IAAVELTMAHL INAVRSFPCANDO | KHOR
Ssp BTKVTEKI |0AGSQLK! 1 GRAGYGVDN | DVPAATRAG | VWVNSPEGHT | AAAEHAL AWNHAL ARH | PDANKSVKESK
Bsu ATKVTEDLFNKNTSLK | YGRAGYGVON 1D IDEATKHGY 1V | NAPNGAT | STAEHTF AM | SSLMRH | PGAN | SYKSRE:
Wja BTKVIRDV | EKAEKLKV | GRAGVGVDN EDVEAATEKG | | VWNAPDASS | SVAELTMGLMLAAARN | PGATASLKRGE
Afu PTKVDAEVIQAAKNLK | | GRAGVGVDN D INAATQRG | VYVNAPGGRT | STAEHA | ALMLAAARK | PGADRSVKEGK
Hsa BTKVTADVINAAEKL OVVGRAGTGVONVOLEAATRKG | L VMNTPNGISLSAAEL TCGM INCLARQ EPGATASHKDGK
1§1 Bth B1-1DAEVLDAAKELK IVVRAGAGYDNVOLAAAT ARNVCVENTPGLISNAVAEL AL GHMYYAVRNF YNDT
Eca RK-1TKEIMDSSNKLKY I ARAGAGFON | DLLAYASKKG | YVMNTPGURJANAVAEL VFGLLVYAKRNFYDGS

LAAGSFEARGKKLG 155
——————-——HTHVGCYEVRGKTVE 152
tKAFVGSE IAGKRLG 139
EDWYGTELKNKKLG 146
KOF:| GTEVYKKTLG 171
TAVVGSELYGKTLG 142
IKRFKGIELYGKTLG 143

-SGTELNGKKLG 136
-—SGTELKGKKLG 148

Ehi ](—IDEEI IKAGEKVKI FVRAGAGYDN 11 EACNQGK | VVMNTPGONRNGYAELC | GHM) FGFRKGFKEG -KGRELKDKTLG 136
LIS ToMIE ok Loo¥x * L
I'1A Eco [Ir TaLgila ! ENKLPLGNATOVOH--—LSDLLNMSDVYSLHVPENPSTKNMMGAKE | SLHKPGSLL INASRETVVD IPALCDALASKHLAG 260
Lma JViER EVLPTLAI GNATKF TH=-~— INDLLTF SDFVT | HYPETDVTKGM | GEEQ tRUNKKGSYL INASRGTVVDLEAL AKALREGHLAG 257
I1B Ban V& [BPY | SYETAWRLSTHVORAFSLOE IFATCDY{ TLHIPLTNGTKGM | GEHAVEKMKKGHRLIFNF SRGEL VDEKVLQKALEEE | FAH 249
I Hpy I8 FLINI[ESRVA | RAKAFEMEVLAYEPY {PSSKATOLGY! YTKN—FEDL0-CDN) T IHTPKNKET | NKI GAKE IERNKKGY I LLNCABGGLYNEDAL YEALETKKVRW 253
Ssp F 1 SGERADQ1GCTLYD-—-LOLLFSEADF I TLH IPKTPETANL | NAETLAKNKPTAR | INCSRGG | IDEEALVTAIETAQIGE 278
Bsu 1Wg FUPFL TEERAKK | GYNSRT---FEEVLESAD| | TVHTPLTKETKGLLNKET | AKTKKGVRL I NCARGG| | DEAALLEALENGHVAG 249

P AHGGL | DEKALYEALKEGK IRA 251
PFVSKERAED | GYKLVD---FDTLLASSDYI TVHVPRTKET | GL | GXGOFEKNKDGY | YWNAARGG | VDEAALYEAIKAGKVAA 250
| | SPEVSASFGVOOI P---LEE | WPLCOF | TVHTPLLPSTTGLLNONTFAQCKKGYRVVNCARGG | YDEGALLRALOSGOCAG 256
AHKEVINEAEL | KLNEDRADFK 244
KEVINEKEL KLMEERKDIK 256
ABKE IDEEGLIRIMREREDLI bXY
[ T LD Ik X T HE S S

Kfu wa (e F EVAKRCKALEMNVLAY(Y
Hsa |LEERIEREVATRMOSFGMKT 1 GYOP

___w Substrate binding domain v

EN 1 GLEVAGKL | KYSDNGSTLSAVNFPEVSLPLHG: 336
EA | GYEVGTALAKFVTSG I TAGAVNFPELVRPPVOR, 334
ENCAVMAAROLREYLETGN | RNSVNYPNVELPY I 6 314
E | SKOAAQGVMESLRGSSHPHALNLPMOAFD-AS-AKAYLNLAOKLGYFSSQTHKGVCOKIELSLCG 355
VNVAVOVAEQ | RDVLLGLPARSAVN] PGLTPDVMEKLRPYLKLAETLGTLVGOLAGGR IDRLTVCLOG 382
NVAAQVSEEVLQFAKGLPVMSA | NLPAMTXDEF AX 1 KPYHO | AGK 16SLVSOCMKEPVQDVAIQYEG 353
KAAGT I VAEQ I KKVLRGELAENYVNMPN | PGEKLGKLKPYMLLAEMLGN | VMQVLDGSVNRVEL 1 YSG 356

———————VERNKNVTATP ih ;

Ssp AAL[LVFAQEPLG-———ESRLREFSNY | L TP-JH [FASTEE.
BSu AALBVFEVIIPPY-——-DNKLVDHPLVIATP: ASTKE

Afu AALBVYEKEPPS----PONPLLKLDNVVT TP | [IASTREARLNVGM | [ AED | VNMAKGLPYRMAYNLPS | EPSDFEFMMPFLTLAEKNGK T ASYRLGGA [ RKVKYTCSG 355

Hsa AN PR————DRALVDHENV | SCP-{LIEAS TKEARSRCGEE | AVOFVOMVKGKSL TGVVNARAL TSAFSPHTKPH | GLAEALGTLMRARAGSPKAT 1Y) TOG 360
1| Bth YM AEF————AEKFAG-RYFSTPIGIEAQTAEAN INAG | AAAQD | VGFLKDGCEKFRVNK- 306

Eca YI EEF—~---LNKFKG-RYFATPKAMEAQTOE AN I NAGKAAANG | IDFFKTGKTKFQVNK- 318

Ehi ¥i KYF——~—~~NNEFKG-RFFATP I |{EAETEESH |NAGMAAASQ | CRFFTNGTVKFOVNKF 299

L IDEE IR I . . T
X _

1A Eco BRREM 341

Lma SKFRLT 340
|8 Ban KKRIT 319

| Hpy EINGF--KDALVAFMLVGYL—KPVVGDK INY INAPFVAKERGIE | KVSLKESASP—-YKNMLSLTLNAANGT | SYSGTVFEEDILK-LTEIDGFHID I EP-—HGKMLL 455
$sp DLAEYTNSOPLVVAA 1GLL-SQALRERVNYVNAA | EAKERG | RY I ETKDAS-VRD—-YSGSLHLKATGTMGEHSATGALL SNGE IR~  TOVDEFP INVPP--—NHYNLF 484
8su TIAK-LETSFITKALLSGFL-KPRVDSTVNEVNAGGYAKERG | SFSEK | SSSESG-——YDNCISVKVTGDRSTFTVEATY 1PHFGER~ | VEINGFNIDFYP-—TGHLYY 454
Wja ELAK-EKTOL IKRAFLKGLL-SPILLAGENLYNAP | { AKNRN INVVESSTSE-EK-—~YGNA | K ) TAESDKKKFS]VGA | INNKPY— | LEVDGYEVSF IP---EGVLAI 454
Afu KLAT-KNTEFVTRALLKGLF-EPILSNE INLVSAKPYAVERG | T | EESKVES-VEH-—YESLLEVWVE-SNGKEMYLAGTCFGNEYR- I LKIDVYNYNFVP---KGHY 1| 455
Hsa TSLKN-AGNCLSPAV IVGLLKEASKOADVNLYNAKLLVKEAGLNVTT SHSPAAPGEQGF GECLLAVAL A-GAPYDAVGLVOGT TPYLOGLNGAVFRPEVPLRROLPLLLF 468

Regulatory domain v

i}A Eco HIHENRPGYLTALNK |FAEQGYNIAAQYLQT——-SAGNGYVV | DI EADEDV-AEKALOAMKA IPGT IRARLLY- 410
Lma NVHANVPGALNE | NKVAVDLGCNMGMQFLST-—SKA IGYL | MDVDKDVAVELRKR | SALKYSIRTLI IR-—— 407

1B Ban [MHONVPNMVGRI TGCLAEHH INTADM ENRS---KHSWAYTMIDIDNGIDD | IKEN IVEN SK I TGVVAVRMIV 390
I Hpy FRNTDIPGY HGSVGNAFARHG NI ADFRLGR-—NTOKEALAL | IVDEEYSLEVLEELKNPACLSVHYYVI— 524
Ssp TLHRDMPGT IGK | GSLLGSFNYNI ASMOVGR-—K I VRGDA IMALSLDDPLPDGLLSE | TKYAG IRDAYTVKL-- 554

Bsu 10HODTTGVIGRYGR ILGDND]N| ATHOVGR-~KEKGGEA I MMLSFDRHLEDK | VKELTNVPD | VSVKL [ DLP- 525

Hja IKHIDRPGT LGRYCITLGDYG]N|ASMOVGR-—KEPGGESVMELNLDHTVPEEY JEK IKE ! PN IKDVAVINL-- 524
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portion of NAD™" {39}, is located between amino acids 139-
162 of EhPGDH. The His292 and Glu269, conserved
among Type [ and Type II PGDH, were substituted with
lysine and threonine, respectively, in EnPGDH; identical or
similar substitutions were also observed in Type Il PGDH
from E. caudatum and B. theraiotaomicron. In contrast,
Arg240 and Asp264, also implicated for substrate binding
[40.41], are totally conserved in all organisms. Gly294,
located at the junction of the substrate and nucleotide
binding domains, forms the active site cleft and is involved
in substrate binding and serine inhibition as shown previ-
ously with the Gly294Ala or Val mutation, which affected
K., and cooperitivity of serine inhibition [42].

We also searched for putative PGDH encoding genes in
the genome and expressed sequence tag databases of other
parasitic protozoa including Leishmania, Plasmodium,
Giardia, Trypanosoma, Toxoplasma, Schistosoma, Theileria,
Cryptosporidium, Eimeria, Trichomonas and nonparasitic
protozoan Dictyostellium discoideim, but did not find
orthologues in these databases except for Leishmania,
suggesting that PGDH may be exclusively present in only
a limited group of protozoa. However, as most of these
genomes have not been fully sequenced, a unique presence
of PGDH in E. histolytica, Leishmania and E. caurdatum
among protozoa cannot be ensured.

Phylogenetic analysis

The phylogenetic inference was performed by ML, NJ and
MP methods using protein sequences from 35 PGDH and
eight GDH from various organisms. We also reconstructed
phylogentic trees using only 35 PGDH sequences after
removing GDH sequences. The results were very similar to
those created with both PGDH and GDH sequences (data
not shown). The three methods consistently reconstructed
the monophyly of Type IIA, Type IIB and Type III with
100% BP supports as shown in the ML tree with the JTT-
F + T model (Fig. 3). The monophyly of GDH, a close
relationship of Type IIA with GDH, and a sister group
relationship between Type IIB and Type I were also
reconstiucted consistently among  different methods,

Fig. 2. Multiple alignments of deduced amino acid sequences of PGDH
from various organisms including Entamoeba histolytica. Based on the
multiple sequence aiignment of 35 PGDH and eight GDH sequences,
PGDH sequences were classified into four types: Type I, Type IIA,
Type 1B and Type I (see text). Only 12 sequences from represen-
tative organisms that belong to each type are selected and shown in this
alignment. Fig. 3 details accession numbers. Asterisks indicate identi-
cal amino acids. Dots and colons indicate strong and weaker con-
servations, respectively (htip://clustalw,genome.jp/SIT/clustalw.html).
Dashes indicate gaps. Functional domains implicated for catalysis of
E. coli PGDH are shown over the alignment, where junctions between
the domains are depicted by ¥. An open box in the nucleotide binding
domain indicates the NAD ™ -binding domain (Gly-Xaa-Gly-Xaas-
Gly-Xaa,-Asp) and all conserved residues implicated for the NAD™
binding are inverted (white text on black shading). Grey shading
indicates the conserved amino acids that participate in the substrate
and nucleotide binding during catalysis of E. coli PGDH. Open boxes
with dotted lines indicate significant gap regions with > 10-residue
insertions/deletions.

Phosphoglycerate dehydrogenase from E. histofvtica (Ewr. J. Biochem. 271y 2675

although no clear BP supports were obtained except for the
latter relationship in the NJ analysis (88%, Fig. 3). The ML
tree demonstrates that the common ancestor of Type [1B and
Type HI is located within Type [ and it branches off from the
line leading to e-proteobacteria. Various prokaryotic groups
including o-, 8 and s-protecbacteria, cyanobacteria,
Clostridiales, Actinomycetales and archaebacteria belong
to Type L, while B- and y-proteobacteria and Bacteroidales
belong to Type IIA and Type III, respectively. It is worth
noting that Bacillales are not monophyletic in the tree. A
clade consisting of B. subtilis and B. halodulans and an
independent branch for S. epidlermidis are located separately
in Type I, whereas B. cereus and 8. anthracis belong to an
independent clade, which was regarded as Type IIB accord-
ing to the alignment mentioned ahove, No monophyletic
origin was observed for eukaryotic PGDH sequences.
Mammals and plants are independently located in Type L
Fungi form 2 monophyletic clade together with Leishmania
in Type I1A. E. histolytica PGDH is located at the basal
position of Type III, which is followed by stepwise emergence
of aciliate protozoan, E. caudatum, and three Bacteroidales.
No part of the PGDH/GDH tree is comparable with an
accepted organismal phylogeny as inferred’ mainly from
small subunit rRNA sequences, demonstrating that many
lateral gene transfer events, together with drastic insertion/
deletion events, occurred during the evolution of PGDH/
GDH, and made their evolutionary history complicated.
A close phylogenetic association between EhPGDH and
PGDH from Bacleroidales suggests that the amoebic PGDH
was obtained from an ancestral organism of bacteroides by
lateral gene transfer as suggested for fermentation enzymes
(from archaea and bacteria) [43,44] and for GDH (from
g-proteobacteria) [30], or, in contrast, that Bacteroidales
obtained the gene from E. histolytica ot E. caudatum.,

Purification and characterization of rEhPGDH

The recombinant EhPGDH (tEhPGDH) protein revealed
an apparently homogeneous band of 35 kDa on an SDS/
PAGE ge!l electrophoresed under the reducing condition
(Fig. 4), which was consistent with the predicted size of the
deduced monomer of EnPGDH protein with the extra 20
amino acids added at the amino terminus. The purified
rEhPGDH protein was evaluated to be > 95% pure as
determined on a Coomassie-stained SDS/PAGE gel. We first
optimized conditions for enzymatic assays, i.e. pH, salt
concentrations, requirement of cofactors, divalent metal
ions, dithiothreitol and stabilizing reagents. FEnPGDH was
unstable and the enzyme was totally inactivated when stored
without any preservative or additive at room temperature, 4
or =20 °C overnight, which was similar to pea PGDH. The
pea PGDH activity was stabilized in the presence of 2.5 m
glycerol or 100 mM 2-mercaptoethanol [9]. Similarly, when
rEhPGDH was stored in 50 mm Tris/HC! buffer, pH 8.0
containing 50% (v/v) glycerol at -80 °C, rEhPGDH
remained fully active for more than one month. The
maximum activity of rEhPGDH for the forward reaction
(forming PHP) was observed at slightly basic pH (pH 9.0
9.5), which decreased substantizlly with lower pH (results not
showr). The PGDH activity in the reverse reaction (forming
3-PGA) was greatly affected by variations of pH; the activity
was found highest at slightly acidic pH (pH 6.0-6.5).
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Fig. 3. Composite phylogenetic free of PGDH and GDH sequences. The best tree finally selected by the ML analysis with the JTT-F + I"model is
shown. The o value of the T-shape parameter used in the analysis is 1.283. Bootstrap proportions (BPs) by the ML method are attached to the
internal branches. Unmarked branches have < 50% BP. For the three nodes of interest, BP vaiues by the NJ and MP methods are also shown. The
length of each branch is proportionat to the estimated number of substitutions. One hundred and eighty two amino acid positions that were
unambiguously aligned among 35 PGDH and eight GDH sequences were selected and used for phylogenetic analysis. These correspond to the
residues 70-121, 130159, 174-244, 257-261 and 263-287 of the E. histolptica PGDH sequences. The Bacteroides fragilis PGDH sequence was
deduced from the nucleotide positions between 2426073 and 2426993 of SANGER _817.

Dissimilarly to PGDH from bacteria [8] and plant [13],
substrate inhibition of EhPGDH by PHP was observed at
> 10 pum and reversed by the addition of salt (100-400 mm
NaCl) at various NADPH/NADH concentrations (40-
200 um), as reported for rat liver PGDH [13). The optimum
salt concentration for FEhPGDH was determined to be 350-
400 mm NaCl or KCl. Neither dithiothreitol nor EDTA
showed any significant effect on the EnPGDH activity.

Kinetic properties of rEhPGDH

Owing to the apparent stimulatory effect of salt on
rEKPGDH activity, as described above, we conducted

further kinetic studies in the presence of 400 mm NaCl. At
saturating concentrations of the substrate, rEhPGDH
showed an approximately ecightfold higher affinity to
NADH than NADPH, and specific activity was about
threefold higher with NADH than with NADPH in the
reverse direction (Table 1). The K, for 3-PGA and NAD™*
in the forward reaction was calculated to be one order
higher than those for PHP and NADH in the reverse
reaction. We did not observe utilization of NADP* in the
forward reaction even in the presence of high concentrations
of NADP* (0.4 mm) and 3-PGA (5-10 mm). K, for
substrates of EhnPGDH was similar to that of mammalian
PGDH [11,13], and one to two orders lower than that of
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Fig. 4. Expression and purification of recombinant EhPGDH protein.
EhPGDH protein was expressed as fusion protein using pET-15b
expression vector and purified with Ni® ¥ -nitrilotriacetic acid column
as described in Materials and methods. A total cell lysate and samples
in each purification step were electrophoresed on 12% SDS/PAGE gel
and stained with Coomassie Brilliant Blue. Lanel, protein marker;
lane 2, a total cell lysate; lane 3, a supernatant of the total lysate
after 24 000 g centrifugation; lane 4, an unbound fraction; lanes 5-8,
fractions eluted with 20, 35, 50 and 100 mm imidazole, respectively.

Table 1. Kinetic parameters of recombinant EhPGDH. The kinetic
parameters of ERPGDH were determined as described in Materials
and methods. Mean + SD of two-to-four independent measurements
are shown. ND, not determined.

Specific activity
{umol'min~"mg

Substratefcofactor pH K (um) protein™!)
Phosphohydroxypyruvate® 6.5 150 £ 1.02 16.7 + 1.07
NADH"® 65 177 & 252 769 £ 0.76
NADPH" 6.5 141 % 9.02 271 £ 027
3-Phosphoglycerate® 90 212 + 126 083 £+ 0.02
NAD*¢ 90 867 & 577 L34 % 0.08
NADP** 50 ND ND

* 0.2 mm NADH used, ® 0.1 mm PHP used, © 0.2 mm NAD ™ used,
43,0 mm 3-phosphoglycerate used, * 0.4 mm NADP* and 5-10 mm
3.phosphoglycerate used.

bacterial PGDH [7]. Although PGDH from E, coli was
shown to utilize 2-oxoglutarate as substrate to produce
hydroxyglutarate [45], the amoebic PGDH did not utilize
this substrate up to 5 mM either in the presence or absence
of 400 mm NacCl (results not shown). Thus, the amoebic
PGDH appeared to be specific for the PHP-3-PGA
conversion, similar to the rat liver PGDH [13]. We also
tested whether serine, which was shown to- inhibit the
activity of PGDH from E. coli 7], B. subtilis [8) and a plant
[9), affects PGDH activity in both the forward and reverse
directions. In addition, we tested other amino acids, i.e. Ala,
Cys, Gly, Val, Met, Trp, Thr, O-acetylserine, N-acetylserine,
pL-homoserine and pL-homocysteine. However, none of
these amino acids, at 10 mu, affected the enzymatic activity
of EhPGDH. No effect was observed by preincubation of
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the enzyme with serine (1-10 ma) in the presence of
dithiothreitol. The native EhPGDH was also not affected
by up to 10 mm L-serine.

Chromatographic separation aof the native and
recombinant EnPGDH activities

In order to correlate native PGDH activity in the £. histo-
Iytica lysate with the recombinant enzyme, the lysate from
the trophozoites and tERPGDH were subjected to chroma-
tographic separation on a Mono Q anion exchange column
(Fig. 5). The E. histolytica total lysate showed PGDH
activity of 26.6 nmol NADH utilized per min per mg lysate
protein in the reverse direction. Thus, native PGDH
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Fig. 5. Separation of the native EWPGDH from the E. histolptica
trophozoites and rERPGDH by Mono Q anion exchange chromato-
graphy. (A} Elution profile of the native ERPGDH, The total lysate of
E. histolytica trophozoites was separated on the anion exchange col-
umn ai pH 9.0 with a linear gradient of NaCl (0~1.0 m). (B) Elution
profile of the recombinant PGDH protein. The fERPGDH protein was
dialyzed against the binding buffer and fractionated under the identical
condition. M, the absorbance at 280 nm; A, ERPGDH activity shown
by a decrease in the absorbance at 340 nyvmin™ (60-fold), ®, NaCl
concentration of a linear gradient.
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represents 0.2-0.4% of a total soluble protein, assuming
that native and recombinant EnPGDH possess a compar-
able specific activity. E. coli was shown to possess a
comparable amount of PGDH, which constitutes about
0.25% of the total soluble protein [7}. The PGDH activity
was eluted as a single peak at an identical salt concentration
for both native and recombinant EhPGDH. This finding,
together with the fact that the PGDH gene is present as a
single copy, indicates that the EhPGDH gene we cloned
represents the dominant and, probably, sole gene respon-
sible for PGDH activity in this parasite. To obtain an
insight on the multimeric structure, the recombinant PGDH
enzyme was subjected to gel filtration chromatography. The
PGDH activity was ehuted at the predicted molecular size of
70-74 kDa (data not shown). This is consistent with a
notion that rERPGDH exists as a dimer with a monomer
consisting of 33.5kDa plus 2.6 kDa. This observation
suggests that the amoebic PGDH enzyme exists as a
homodimer, which is different from PGDH from: all other
organisms previously reported.

Discussion

In the present study, we have demonstrated that the
enteric protozoan parasite E. histolytica possesses one of
the key enzymes of the phosphorylated serine metabolic
pathway. As far as we are concerned, this is the first
demonstration of PGDH and the presence of the
phosphorylated serine pathway in unicellular eukaryotes
including parasitic and nonparasitic protists. Taken
together with our previous demonstration of GDH,
which is involved in the nonphosphorylated pathway
for serine degradation [30], this anaerobic parasite prob-
ably possesses dual pathways for serine metabolism.
PGDH has been shown to play an essential role in serine
biosynthesis in human, but not in degradation, as
demonstrated in the genetic diseases caused by its
deficiency [12,21-23]. We propose, based on the following
biochemical evidence, that this enzyme also plays a key
role in serine biosynthesis in E. histolytica.

The kinetic parameters of EnPGDH did not necessarily
support that the forward (in the direction of serine synthesis}
reaction is favoured over the reverse reaction. The amoebic
PGDH showed a strong preference toward NADH com-
pared to NAD* (~ fivefold higher K, for NAD™ than
NADH) (Table 1). Furthermore, the amoebic PGDH
showed an = 14-fold higher affinity and = 20-fold higher
specific activity to PHP than 3-PGA, which are similar to
animal, plant and bacterial enzymes [3,7.8,13]. However, a
few lines of evidence support the hypothesis that under
physiological conditions, the forward reaction is favoured.
First, intracellular concentration of NAD™ is generally
much higher than that of NADH in the cell: e.g. the free
NAD™ ffree NADH ratio in the rat liver cytoplasm was
shown to be 725 1 [46]. Secondly, 3-PGA, an essentia)
intermediate of the glycolytic pathway, is present at a high
concentration [0.3 umol{g wet weight rat liver)™'] [47)
compared to the concentration of PHP [0.085 nmol(g wet
weight rat brain)”’] [48]. Finally, the last step of the
phosphorylated pathway (conversion of 3-O-phosphoserine
to serine catalyzed by a putative phosphoserine phospha-
tase) is unidirectional.
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As far as the present data are concerned, a gene encoding
PGDH appears to be absent in other parasitic and
nonparasitic protists, including Plasmodium, Giardia,
Trypanosoma, Trichomonas, Toxoplasma, Schistosoma,
Cryptosporidium and D, discoideum, although genome
sequence databases of some of these organisms are still
incomplete. Because the genome database from E. cauda-

tum is not currently available, we cannot rule out a

possibility that this cilliate protozoon also possesses the
nonphosphorylated pathway. The presence of the phos-
phorylated serine metabolic pathway may be limited only to
E. histolytica and Leishmania, a representative member of a
group of unicellular hemoflagellates which resides in the
cytoplasmic vacuoles of mammalian macrophages and in
the digestive tract of insects, and E. caudarumn, an anaerobic
protozoan cilliate living in the cattle rumen. However,
Leishmania and EntamoebalEntodinium PGDH belong to
divergent PGDH groups (Type 1IB and Type III, respect-
ively), and thus their origins appear to be distinct, as also
inferred by phylogenetic reconstructions (Fig. 3). This
differential presence and inheritance is satisfactorily
explained by a differential lossfretention model, i.e. some
protists including E. histolytica, E. caudatum and bactero-
ides acquired Type Il PGDH while Leisimania, fung,
B- and y-proteobacteria inherited Type IIA PGDH.
Sequence alignment indicated that PGDH from Bacteroi-
dales, E. caudatum and E. histolytica are grouped together
as Type III sequences, which lack both the conserved
Trpi39 in the nucleotide binding domain and the carboxyl-
terminal extension implicated for allosteric feedback inhi-
bition of the E. eoli PGDH (Fig. 2). Phylogenetic analysis
also demonstrated clearly the monophyletic origin of these
sequences with 100% BP support (Fig. 3). It is therefore
reasonable to propose that the human intestinal parasite
E. histolytica, and E. caudatum, an anaerobic protist living
in rumen of cattle, sheep, goats and other ruminants, gained
the Type I1I PGDH gene from the Gram-negative anaerobic
bacteroides or their ancestral organisms which also reside in
the mammalian guts. However, an alternative possibility
could not be ruled out that lateral gene transfer event(s)
occurred in the opposite direction from E. histolytica or
E. caudatum to Bacteroidales. It should be examined in
the future whether E. caudanum and B. thetaiotaomicron
PGDH possess biochemical properties similar to the
amoebic PGDH. This poses a possibility that PGDH and
the phosphorylated serine pathway may be involved in
cellular metabolism associated with anaerobic metabolism
as previously discussed for GDH [30]. Disclosure of the
entire genome data of other anaerobic protists, e.g. Tricho-
mionas and Giardia, should address this question. We must
also mention that one should be cautious with such
inferences of pervasive lateral gene transfer and differential
gene loss/retention as possible causes of an observed

aberrant overall tree topology as shown by our phyiogenetic

analyses. The observed phylogenetic relationship is also
explained by unrecognized paraiogies and homoplasy
{e.g. a convergence to common function}. It is also worth
noting the small length of alignment that was used in our
analyses {180 positions) and there is also a possibility of
mutational saturation.

Parasitic protists are generally known to possess a
simplified amino acid metabolism. For instance. the human
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malariy parasite Plasmodinm falciparum, which resides in
erythrocytes in mammals, possess only a limited set of
enzymes invoived in amino acid synthesis of Ser from Giy
and Ala from Cys and conversions between Asp and Asn
and between Glu and Gln [49]. Serine metabolic pathways
are often absent in parasitic protists; the majority of these
protists, as mentioned above, apparently lack both of the
serine pathways based on their genome data. There are two
exceptions: E. Afstolytica possesses both serine metabolic
pathways, and Leishmania has the phosphorylated path-
way, but not the nonphosphorylated pathway. It is not
understood why E£. histolytica retains both of the serine
metabolic pathways. However, it is conceivable to speculate
that serine metabolism plays such a critical role that dual
pathways are retained in this parasite. Serine is involved
both (a) in the production of pyruvate by serine dehydra-
tase, associated with energy metabolism [50), and (b) in
biosynthesis of cysteine, which is essential for growth,
survival, attachrent [28,29} and antioxidative defense [27]
of this parasite. The presence of the nonphosphorylated
serine pathway, which we previously proposed to play a role
in serine degradation, also reinforces our premise on the
physiological essentiality of serine metabolism in this
parasite. It was previously shown that all three enzymes of
the phosphorylated pathway were induced by protein-poor,
carbohydrate-rich diet in the liver [14,51]; e.g. [2-fold
increase of PGDH and 20-fold increase of PSAT activity
were observed in rat liver [47]. In contrast, the intraperito-
neal administration of cysteine (0.5 mm) caused a 50%
decrease and complete loss of PGDH mRNA expression in
rat liver within eight and 24 h, respectively [14]. These data
indicate, by analogy, that serine biosynthesis may also be
regulated to maintain the intracellular cysteine concentra-
tion in the amoeba. Modulation of expression of PGDH
and other enzymes involved in the phosphorylated pathway
by cultivation of the amoebic trophozoites with a variety of
amino acids is underway.

It 'was previously shown that dimerization and tetrame-
rization of E. coli PGDH involves interaction between the
nucleotide binding domain and between the regulatory
domains, located at the central and carboxyl terminus,
respectively, of the two adjacent subunits [18,52]. The
conserved Trpl39 of the nucleotide binding domain from
E. coli was shown to play an important role in the
tetramerization and also in the cooperativity and inhibi-
tion by serine [17,52]. Its side chain was shown to be
inserted into the hydrophobic pocket of the nucleotide
binding domain of one of the adjacent subunits. Site
directed mutagenesis of Trpl39 to Gly resulted in the
dissociation of the tetramer to a pair of dimers and in the
loss of cooperativity in serine binding and inhibition
[17,52]. The truncated variant of rat liver PGDH, which
lacks the carboxyl-terminal domain, was shown to form a
homeodimer but not a tetramer [13]. In contrast to this
report, a recent report has shown that the removal of the
regulatory domain was sufficient to eliminate serine
inhibition, but did not affect tetramerization [53). The
EhPGDH lacks both the conserved Trpl39 and the
carboxyl-terminal regulatory domain. These facts, based
on the primary structure, appear to be sufficient to explain
a homeodimeric structure of the amoebic PGDH as shown
by gel filtration. It is probable that not only Trpl39 but
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also adjocent amino acids of this region presumably
forming a-helix contribute to tetramerization of PGDH
from other organisms. The active site of PGDH contains
conserved positively charged amino acids, ie. Args0,
Arg240 and Argld!/Lysidl, whose side chains protrude
into the solvent accessible space of the active site cleft and
are thought to be responsible for the binding to 3-PGA,
which is highly negatively charged with the phosphate and
carboxyl groups [L7}. The amoebic PGDH also contains
Arg55 and Arg217, but lacks Argldl/Lysi4l, which might
partially explain a reduced affinity of the amoebic PGDH
for PHP (K., of E. colfi PGDH for PHP was one order
lower than that of the amoebic PGDH). In addition,
Argh2{Lys62 is substituted with Asp in Type IIl PGDH,
which may also contribute to the observed reduced affinity
to PHP, as previously shown in the mutational study
(Arg62Ala) for E. coli PGDH [17). The Asp-His pair or
Glu-His pair, which makes up the so-called charge relay
system, was previously implicated for efficient catalysis for
many dehydrogenases [40,41]. The important residues
implicated in the pairing in the active site histidine/
carboxylate couple, as predicted from the crystal structure
of E. coli PGDH (Arg240, Asp264, Glu269 and His292)
(18] were almost identical in ERPGDH (Arg217, Asp241
and Lys263), but Glu269 was substituted with an
uncharged amino acid Thr245 (in £. histolytica), similarly
to B. thetaiotaomicron PGDH (Ala253) and E. caudatum
PGDH (Asn265), respectively. His292 of E. coli PGDH
was replaced with positively charged Lys263 in PGDH
from E. histolytica, E. caudatum and B. thetaiotaomicron.
It is worth noting that His187 in EhPGDH (His210 of
E. coli) is totally conserved in all 35 organisms (results not
shown), suggesting the importance of this residue. We are
currently examining a role of Hisi87 in the proton relay
systern by mutational studies.
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In mammals, Rabs and Rab?7 play a specific and coor-
dinated role in a sequential process during phagosome
maturation. Here, we report that Rab8 and Rab7 in the
enteric protozoan parasite Entamoeba khistolytica,
EhRabb and EkRab7A, are involved in steps that are
distinct from those kmown for mammals, EARabb and
EhRab7A were localized to independent small vesicular
structures at steady state. Priming with red blood cells
induced the formation of large vacuoles associated with
both EkRabi and EARab7A (“prephagosomal vacuoles
(PPV)") in the amoeba within an incubation period of
5-10 min. PPV emerged de nove physically and distinct
from phagosomes. PPV were gradually acidified and ma-
tured by fusion with lysosomes containing a digestive

. hydrolase, cysteine proteinase, and a membrane-perme-

abilizing peptide amoebapore, After EhRabb dissociated
from PPV, 5-10 min later, the EARabTA-PPV fused with
phagosomes, and ERRab7A finally dissociated from the
phagosomes. Immunoelectron and light micrographs
showed that PPV contained small vesicle-like structures
containing fluid-phase markers and amochapores,
which were not evenly distributed within PPV, suggest-
ing that the mechanism was similar to multivesicular
body formation in PPV generation. In contrast to Rabd
from other organisms, EkRabb was involved exclusively
in phagocytosis, but not in endocytosis. Overexpression
of wild-type EhRab5 enhanced phagocytosis and the
transport of amoebapore to phagosomes. Conversely, ex-
pression of an ERRabGQ67L GTP form mutant impaired
the formation of PPV and phagocytosis. Altogether, we
propose that the amoebic Rab5 plays an important role
in the formation of unigue vacuoles, which is essential
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for engulfment of exythrocytes and important for pack-
aging of lysosomal hydrolases, prior to the targeting to
rhagosomes,

Phagocytosis is a critically important element of host defense
against invading pathogens in higher organisms and its molec-
ular mechanism in professional phagocytes, e.g. macrophage,
has been extensively studied at the molecular level (1, 2). A
number of steps inchading cell surface binding to ligands and
the activation of a signaling pathway leading to F-actin polym-
erization have been identified as essential for phagocytosis. In
addition, membrane trafficking plays an important role ih the
controlled maturation of phagosomes. The maturation is aec-
companied by sequential fusion with the endocytic compart-
ment. to form a phagolysosome, and is orchestrated by small
GTPase, Rab proteins, which ad as molecular switches regu-
lating the fusion of vesicles with target membranes through the
conformational change between active (GTP-bound} and inae-
tive (GDP-bound) forms (3). It kas been reported that Rab5 and
Rab7 play an important role in the maturation of phagosomes
in macrophages (4).

Rabb was initially shown to he localized to carly endosomes
and the plasma membrane, and involved in endocytosis and the
endosome fasion (5, 8). Rab5 was also observed on nasoent
phagosomes, and has been implicated to play an important role
in the fusion between phagosomes and early endosomes (7-9).
Expression of the GTIP form Rab5Q67L mutant or down-regu-
lation of wild-type Rab5 hy antisense oligonucleotides per-
turbed the regulated fusion between phagosomes and endo-
somes, and resuited in the formation of giant phagosomes in
the former case, and reduced activity for killing of ingested
bacteria because of the inhibition of phagosome maturation in -
ihe latter case (8, 9). In addition to Rabb per se, some of the
Rabb effectors that were implicated in endosome fosion, e.g.
EEA1 and phosphatidylinositol 8-kinase (Vps34) (10, 11), also
have been identified on the phagosome membrane, suggesting
that phosphoinositide metabolism is important for phagvsome
maturation as seen in the endocytic pathway (12, 13). Rab7 has
been implicated in late endosomal membrane trafficking in the
endocytic pathway (14), and also in the late stage of phagosome
maturation (4, 13). Although a specific role for Rab7 during
phagacytosis has not yet been well demonstrated, some intra-
cellular micreorganisms have been reported to be capable of
blocking the maturation and acidification of phagosomes by
interfering with Rab7 (15, 16). It has also been recently dem-
onstrated that a novel effector protein, RILP, is recruited to the
phagosomal memhrane by Rab7, which promotes fusion be-
tween phagosomes and lysosomes (17).
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Besides professional phagocytes from higher eukaryotes,
same unicellular organisms such as Dictyostelium discoideum
and Entumoeba histolytica show an inherent ability of phago-
cytosis. E. histolytice, an enteric protozoan parasite that causes
an estimated 50 million cases of amebiasis: amebic colitis,
dysentery, and extraintestinal abscesses (18), and 40,000~
100,000 deaths annually (19), colonizes the human gt and
engulfs foreign cells including microorganisms and host cells.
Phagocytosis has been implicated o be closely associated with
the pathogenesis of the amoeba beeause phagocytosis-deficient
amoeba Ittants were shown Lo be avirulent (20), Althvugh a
mnmber of amoebic molecules involved in attachment, phago-
eytosis, and degradation of microorganisms and host. cells have
heen identified including galactose/N-acetylgalactosamine
(Gal/GalNAc)kinhibitable Jectin (21, 22), cytoskelelal proteins
and their associated regulatory molecules (23-25), cysteine
proteinases (CP),' and pore-forming peptides (f.e. amoeba-
pores) (28, 27), the molecular mechanism of phagocytosis in
this parasite remains largely unknown.

We presumed that Rab proteins also play an essential and
ceniral role in the regulation of phagocytosis and endocytosis in
E. histolytica. We and other groups (28-31) have reported
about 20 EhRah genes. An additional 50 putative Rab genes
showing significant homology to Rab from other organisms
were found in the E. histolytica genome data base (data not
shown, www.tigr.org). A few EkRab proteins have been shown
to participate in phagocylosis. EkRabB was shown to be located
on the plasma membrane and phagocytic mouths in the early
phase (ap to 5 min) of phagoeytosis (29). Putative EhARab7 and
EhRabl1 proteins were reported to be abundant in the endo-
some fraction labeled with iron-dextran, similar to their puta-
tive homelogues from mammals (30). To disseet the molocular
mechanism of Rab proteins involved in the phagosome biogen-
esis in Entamoeba, we characterized, in the present study, two
amebic Rab proteins, EhRabs and EhRab7A, that show signif-
jcant homology to mammalian and yeast connterparts. The
amoebiec Rab5 homologue has several unique characteristics
that are dissimilar to those of the maipmalian and yeast Rab5s.
First, EhRab5 is primarily involved in phagocylosis, not endo-
cytosis. Second, in contrast to mmammalian Rab5, which is im-
mediately recruited to phagosomes after the engnlfient of
bacteria or beads, ERRabb is not recruited directly to phago-
somes, but colocalizes with EiRab7A, forming prephagosomal
vacuoles (PPV) prior to fusion with phagosomes. Third,
EhRakbb is required for the formation of PPV and efficient
engulfment of red blood cells. Fourth, EARab5 plays an impor-
tant role in the transport of the major membrane-pernieabiliz-
ing peptide amncebapore. Therefore, in conjunction with
EhRab7A, EhRabb plays a key role in the biogenesis of phago-
somes by regulating the formnation of PPV and {ransport of
membranolytic and hydrolytic faciors during phagocytosis in
this parasite.

EXPERIMENTAL PROCEDURES

Organisin and Culiure—E. histolvtica trophozoites of HM-LIMSS ol
6 (32) were enltured axenically in B1-5-33 mediam at 35 *C as described
previously (33).

Jsolation of EbRabSs and ERRab7A cDNAs---A full-length EkRabs
¢DNA was obtained by a degenerate PCR approach, followed by 5°- and
3"-rapid amplification of cDNA ends as previously described (28), A
full-length EiRub7A gene was obtained by reverse transcriptase-PCR
using oligonucleotide primers designed Lased on seguences previously
reported (30, 34). We identified at least eight genes showing significant

! The abbreviations used are: CP, cysteine proteinase; FITC, flnores-
cein isothiocyanate; PPV, prephagosomal vacucle; GFP, green flusres-
cent protein; PBS, phosphate-buffered saline; HA, hemagglotinin;
EhRabb, Entamorbe histolytica Rabd; ERRab7A, Enfamecha histolviica
Rab7A.
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homology to Rab7 from other species (data nol shown). We designated
the ERhRab? gene showing highest homology 10 mammalian and yeast
Rub7 ss ERRub7A in the present study and describe the characteriza-
tion of other ERRab7 isotypen elsewhere.

Plasmid Constructions to Produce Transgenic Amoeba Lines—
EhRab5 and ERRub7A ¢DNA fragments were amplified by PCR using
sense and antisense oligonucleotides conlaining appropriate resiriclion
siles at the end. Three tandem Tepeats of hemaggalutinin (HA) or e-Mye
tags, made of annealed complementary oligonudeotides, were inserted
in the engineered Nhel site, which was located at the fourth or second
amino acid codon of EARabS5 or EbRab7A cDNA fragments, respectively
(Fig. 1). An expression plasmid, pEhEx, contains the 5'-8anking region
cysteine synthase gene (ABON266) containing a putative promoter
(35), Bglll and Xhol sites befween cysteine synthase 5'- and 3'-flanking
regiona to insert a gene of interest, cysteine synthase 3'-flanking re-
gions and neomycin resistance gene Aanked by the 5' and 3’ regions of
actin gene, obtained from pA5’A3'NEQ (36), for drug selection. The
JHA-EhRabS ¢DNA fragment was inserted into the Bgill-Xhol sites of
pELEx to produce pHS. For construction of a plusmid to co-express
EhRabb and ERRabTA (pHG-M7), a L7-kb fragment containing the
3Myc-EhRab7A protein-coding region flanked by cysteine aynthase 5’
and 3’ regions was cloned into the Spel site of pHb. ELRab5Q67L and
EhRab5S22N mutants wera constructed by PCR-mediated mutagenesis
(37). Two EkRabh mutants were fised with the 3-HA tag and doned to
PEhEX to produce pH6L or pHSN, respectively, Plasmids to co-express
either EARabSQGTL or ERRubSS2ZEN and ERRabTA were constructed
as described above (DHSL-M7 or pHSN-M7, respectively). A plasmid to
express groen fluorescent protein (GFP)-EARab5 fusion prolein in
amoebas was constrocted. GFP was amplified by PCR from GIR222 as
a template (38), and cloned inte pKT-3M, which contained the cysteine
synthase promoter, 3-Myc tag, and Smal and Xhol reatriction sites to
produce pKT-MG. The E5Rab5 protein coding region without the stop
codon was ligated into Smal-Xhol sites of pKT-MG to produce pKT-
GFPS. Detailed information, e.g. nucleotide number based on sequences
deposited in the data base and positions of inserted restriction sites and
3-HA ar 3-Myc epitope, are also shown in Fig. 1B.

Establishiment of Epitope-iagged. EhRab-expressing Amoebu Cell
Lines--Wild-type trophozoites were transformed with plasmids by lipe-
some-mediated iransfection as previously described (39). Tronsfor-
mants were initially selected in the presence of 3 pug/m) of Geneticin
(Invitrogen). The Geneticin concentration was gradually increased to
6-20 pg/ml during the following 2 weeks before the transformants were
subjected to analyses.

Antibodies—Affinity purified anti-EARab5 or anti-EhRab7A rabbit
antibodies were commercially produced at Oriental Yeasts Co. (Tokyo,
Japan) using recombinant amino-terminal giuntathione S-transferase
fusion proteins purified using glutathione-Sepharose 4B (Amersham
Biocsciences). Anti-HA 16B12 and anti-Myc 9E10 mouse monolonal
antibodies were purchased from Berkelay Antibody Co. (Berkeley, CA).
Alexa Fluar anti-mouse and anti-rabbit IgG were obtained from Malec-
ular Probes (Eugene, OR). Anti-smoebic CP2 and human band 3 rabbit
antibodies were gifts from Iris Brichhaus and Egbert Tannich (40), and
Yuichi Takakuwa {41), respectively. The production of anti-amoebapore
A mntibedy was previously described (42).

Tndirect Immunofinorescence—Amoeba transformants in a Jogarith-
mic growth phase were harvested and transferred to S-mm round wells
on glass slides and incubated for 30 min at 35 °C to let frophozoites
attach to the glass surface. Gerbil red blood cells were added to each
well at 107 cells/m! and incubated for 5-5¢0 min at 35 °C. An indirect
immunofluorescence assay was performed as follows, Amoehae were
fixed with 3.7% paraformaldehyde in phesphate-buffered ssline (PBS)
for 1¢ min at reom temperature. Ingested red blood cells were stained
with diaminobenzidine (0.84 mM 3 3"-diaminchenzidine, 0.048% H,0,,
and 50 my Tris-HC), pH 9.5) for 5 min (43). Cells were then permeabi-
lized with 0.06% Triten X-100, PBS for 5 min. Samples were reacdled
with 16B12 (1:1000}, 9E10 (1:400), anti-amocbapore A antibody (1:
10O, or affinity-purified anti-EARabS, anti-EAR2bTA, or CP2 antibody
{1:200). In most experiments, we used a rabbit antibody raised against
recombinant EARabS5, amosbapore, and CP, and anti-Myc mouse anti-
bedy to detect 3Myc-EfRab7A unless mentioned otherwise. The sam-
ples were then reacted with Alexa Fluor anti-mouse or anti-rabbit 1gG
€1:1000). The monse monoclonal antibodies gave no background signal
in the non-transformants because of nonspecific antibody binding under
the condilions described above. For the staining of endosomal and
lysosomal compartinents, amoebae were pulsed with either 2 mghnl
FITC-dextran (Sigma) for 10 min or LysoTracker™ Red DND-89 (Mo-
lecular Probes) {1:500) for 12 h at 35 °C. Szmples were examined on a

g
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Fic. 1. Plasmids nsed to exprees epitope-tagged ERRab8 and ERRab7A in E, histolytica. A, constraction and schematie representation
of the plasmids. All plasmids shown are derivatives of pBluescript KS 11 +-. CS5°, CS3', Act5’, Act3", or Neo, 5 upsiream or 3’ downstream from
the cysteine synthase gene, 5’ upstream or 3’ downstream from the aclin gene, or the neemycin resistance gene, respectively. Only representative
constrcts to express wild-type EiRab5 and EhRab7 and GFP are shown. B, nucleotide and amino acid sequences of selected regions of the
expression cassette for E4Rabb, EiRab7A, and GFP ave shown. Nuclectide (nf) ngmber of genes deposited under acression numbers (in
parentheses) is shown. Amino acid sequences are shown aliove nuclectide sequences. (4 ), (ASSKKKPL), or (P G) depict inserted amino acids
because of engineered restriction sites shown below the nuclectide sequences. An asterisk (*) depicts the stop codon., Restriction sites are
underlined. EkRab5, ERRab7A, and GFP open reading frame are italicized.

Zeiss LSMS 10 confocal laser-scanning microscope. Images were further
analyzed using LSMG10 software.

Tinte-lapse Microscopy—Amoeba transformants expressing GFP-
EhRab5b were plated onto a 35-mm glass-bottom calture dish (D111100,
Matsunami Glass Ind. Inc., Osaka, Japan) to seltle amoebae at 30 °C.
After the medium wasg removed, the glass chamber was enclosed by a
glasa coverslip. Time-lapse microscopy was performed with o Leica AS
MDW system on 2 Leica DM IREZ2 inveried microscope. Images of 18
slices (1,5 pum apart on the z-axis) were captured at 2.85-s intervais.
This 2-spacing was optimized to: 1} monitor the entire depth of amoebae
from the top to the bottem, and 2) to accomplish fast capturing of a
moving amoeha. Oblained raw images were further deconvoluted using
Leica Deblur software. For each time point, images were three-dimen-
sionally reconstituted and only a selected plane containing a PPV or a
GFP-EhRab5-associated compartment was shown.

Immuncelectron Microscopy—Inimuncelectron micreseopy was per-

formed by pre-embedding labeling method (44). Amoebhae were trans-
ferred to slide glass and incubated with red Llood cells for 10 min as
described above, Samples were prefixed with 2.7% paraformaldehyde,
PBS for 20 min, and then incwbated with 0.1 M glycine, PBS, and
permeabilized with 0.1% Triton X-100, Samples were reacted with
anti-amoebapare A (1:50), and subseguently with a goat anti-tabbit IgG
conjugated with 5-nm gold (1:30). These cells were embedded into 2%
soft agar, and further fixed with 0.1% 0s0,, FBS for 30 min followed by
dehydration, and embedded in Epon 812 (TAAB Laboratories Equip-
ment LTD,, UK), Ulirathin sections were made on an LKB.ultramic-
rotome (LKB-Produkter, Bromma, Sweden), and sections were stained
with uranyl acetate and examined with a Hitachi-H-700 electron
microscape.

Measurement of FITC-dextran Uptake—Transformants were cul-
tured in BI-8-33 medinm containing 2 mg/mt of FITC-dextran for given
periods at 35 °C, After the incubation, cells were washed three times
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Fic. 2. Comparison of amino acid sequences of Rebs and Rab7
from E, histolytica, human, and yeast. A, sequence alignment of
EhRabb, Homo sapiens Rab5a, and Seccharomyces cerevisiae ¥pt51ip.
B, sequence alignment of EERab7A, H. sapiens Rab7, and 8. cerevisiae
Ypt7p. Sequences were aligned by DNASIS (Hitachi Software Engi-
neering Co.). Amine acid residues conserved among at least two species
are shown in reverse type. The GTP-binding consenaus sequences, the
effector region, and the o2 helix are depicted by gray bars, black bars,
and double lines, respectively, below the sequences. Computer-gener-
ated gaps are shown as dashes.

with § ml of ice-cold PBS containing 2% glucese, and solubilized with 50
mM Tris-HCL, pH 7.0, containing 0.1% Nonidet P-40, and 10 pg/ml of
trans-epoxysuecinyl-i-lencylamido-(4-guanidino)butane (B-64). Flug-
rescence emission at 520 hm was measured with excitation at 490 nm
on a flucrescence specirophotometer (VersaFluor Fluorometey, Bio-
Rad) and compared with standards of known concentrations.

RESULTS

Identification of Entamoeba Homologues of Rab5 and Rab7
(EhRab5 and EhRab74)—We isolated cDNAs coding for a pu-
tative homologue of Rab5 and Rab?, and designated them
EhRab5 and EhRab7A, respectively. EARabb and EARab7A
showed 45 and 48% identity to mammalian Rab5 and Rab7,
respectively. The effector region and o2 helix loop, which are
important to the specificity of Rab proteins (45), were well
conserved among mammalians, yeasts, and E. histolytica
(Fig. 2.

To examine whether the amoebic Rab5 and Rab7A play a
role similar to that in other organisms, we attempted fo rescue
defects of a yeast Aypt51/Aups21 mutard, (48, 47) and Ayp:7
mutant (14) through eciopic expression of ERRabb5 and
EhRabTA, respectively. Overexpression of EhRab5 on a single-
copy plasmid under the regulation of a GALI promoter did not
coplement either the fragmented vacuole morphology or a

Entamoeba Rabs in Phagocytosis

temperature-sensitive growth defect in Aypt51/Avps21 cells

(data not shown). Neither did overexpression of ERRab7A in

the Aypt7 mutant rescue vacuole fragmentation (data net
shown). These results indicate that amoebic Rab5 and RabTA
Play a role distinet from that of yeast ¥pt5ip and Ypt7p.

Dynamics of EhRabb and EhReb7A during Phagocylosis and
Identification of Unique PPV Associoted with EhRub5 and
EhRab7A--We examined the subcellular localization of
EhRabs and ERRab7A during phagocytosis of red blood cells.
We constructed a stable transformant that constitutively ex-
pressed an 3HA-tagged ERRab5 and a 3Myc-tagged ERRab7A.
EhRab5 and EXRab7A were estimated to be overexpressed by
3-5- and 1.5-2-fold, respectively, in the transformant when
compared with wild-type cells by quantitation of immunoblots
using an antibody raised against recombinant EARab5 and
EhRab7A (data not shown), Neither expression of the epitope-
tagged EhRab alone nor co-expression of both epitope-tagged
EhRabb and ERRabTA affected cell growth or morphology (see
below and Fig. 84).

Immunofluorescence imaging using anti-EhRab5 and anti-
Myc antibody, the latter of which reacts with 3Myc-tagged
ERRab7A, showed that, at steady state (i.e. without red blood
cells), EhRab5 and ERRab7A were localized to small non-over-
lapping vesicles throughout the cytoplasm (Fig. 3, A-D), The
distribution of ERRab5 and EARab7A dramatically changed
upon incubation with red blood cells. After 5 min, large vacu-
oles (4.0 = 0.9 pm in diameter) that eolocalized with both
EhRab5 and EhRabTA emerged (Fig. 3, E-H). At 10 min,
EhRab5 began to dissociate from some of these vacuoles,
whereas EiRab7A remained associated with them (Fig. 3, I-L).
These ERRab5/ERRabTA-positive vacuoles also formed in the
amoebae that did not ingest red blood cells (a trophozoite in
Fig. 8, E-H, and a trophozeite on the right in Fig. 3, I-L). We
designated these vacuoles PPV as this compartment emerged
prior to fusion with phagosomes (see below). At 30 min, when
the amoebae ingested an average of 3~ 4 red blood cells per cell,
ERRabG/ERRabTA double-positive PPV  disappeared and
ERRabG dispersed into the cytosol as seen at steady state.
Approximately 40% of phagocytosed red blood cells were sur-
rounded by EhiRab7A (Fig. 3, N, P, and §). ERRabb was not
localized to phagosomes containing red blood cells at any time
point (Fig. 8, A, E, I, and M), which is in good contrast to the
dynamies shown for mammalian Rab5 in macrophages, where
phagosomes are simultaneously associated with both Rab5 and
Rab7 (4.

To unequivocally demonsirate the dynamics of the matura-
tion of PPV and phagosomes, we counted (i) EkRab5/ERRabTA
double-positive PPV, (ii) ErRab7A single-positive PPV, (iif)
EhRabTA positive phagosomes, and (iv) ERRabTA negative
phagosomes (Fig. 3Q). The mumber of these vacuoles per cell
changed during the course of phagecytosis. The number of
ERRab5/ERRabTA double-positive PPV peaked at 5 min and
gradually decreased after 10 min, whereas the number of
EhRab7A single-positive PPV increased at 5-10 min, and re-
mained elevated up to 30 min. The proportion of EkRabs/
ErRabTA double-positive PPV among all PPV (ie ifi + i)
sharply decreased between 5 and 30 min (78, 87, and 8% at 5,
10, and 30 min, respectively). The number of phagosomes in-
creased linearly during 30 min (0.8 per cell at 5 min to 5.3 per
cell at 30 min). However, the proportion of ERRab7A-positive
phagosomes among all phagosomes (e ¥l + iv)) did not
significantly change during the course (30-40%). These results
support the following model: 1} upon interaction with red blood
cells, EhRab5/EhRab7A double-positive PPV forms; 2) EARabs
is dissociated from EARab5/ERRab7A double-positive PPV; 3)
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FiG. 3. Subcellular localization of
ERRab5 and EiRab7A changed dur-
ing red blood cell phagocytosis. A-P,
subcellular localization of £&Rab5 and
EhRab7A was examined by immuno-
fluorescence assay using the amoeeba
transformant co-expressing 3HA-tagged
EiRab5 and 3Myc-tagged EARab7A in
the absence of red blood cella (A-D), or
after 5 (E-H), 10 (I-L}), and 30 min (M-F}
incubation with red blood cells. Localiza-
tion of EiRab5 and EARabTA was exam-
ined with anti-EARab5 antibody {(green;
A, E, I, and M) and anti-My¢ monoclonal
antibody (red; B, F, J, and N), respec-
tively, Merged images of EhRabs and
ERRab7A (C, G, K, and O) and phase-
contrast images under transmission light
(O, H, L, and P) are also shown. Large
arrowheads show ERRab5/ERRab7A-
containing PPV (E-K). Small arrowheads
{¥-P) show EhRab7A-positive phago-
somes. Thick arrows (J, K, N, O, and P}
indicate ERBabTA-PPV, not associated
with LARabb. A thin errow (L) indicates
an engulfed red blood cell associated with
neither LARab5 nor ERRab7A. @, quanti-
tative analysis of EiRabs and ERRab74
localization to PPV and phagesomes dur-
ing erythrophagocytosis. The number of
ElRab5/EARabTA double-positive PPV
(open bars; also marked as 5/7A-PPV),
EhRab7A single-positive PPV (gray bars;
7A-PPV), EhRab7A-positive phagosomes
(hatehed bars; 7A-phegosome), and
EhRab7A-negative phagosomes (filled
bars; phagosome) per cell ia shown at 5,
10, and 30 min after the addition of red
blood eells. R-U, subcellular Tocalization
of EARab7A was examined by immunoflu-
orescence assay using wild-type amocbae
and anti-ERRab7A antibody in the ab-
sence of red blood eells (B and S) or after
a 10-min (7' and U} incubation with red
blood cells, Parels & and U show phase
images of panels R and T, respectively.
Arrowheads in T and U depict PPV, Vand
W, three-dimensional sections of the
amoeba containing red bload cell showing
the presence of red blood cells in phago-
somes, but not in PPV, Localization of
PPV and red blood cells was examined
with anti-EARab5 antibody {green, arrow-
heads) and anti-band 3 antibody (arrows,
red), respectively, Among 17 z-gsections
(1-pm intervals) cbtained with cenfocal
laser scanning microscopy, only one rep-
resentative xy section, together with se-
lected xz (green line), and yz (red lne)
sections, are shown. W shows a phase im-
age of V.
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EhRabTA is subsequently targeted to phagosomes; and 4)
EhRab7A is finally dissociated from phagosomes.

We also verified that PPY was not an artifactually misiden-
tified phagosome, i.¢. the phagosome that contains debris of red
blood cells, but is not stained by diaminohenzidine because of
loss of its content. To exclude this possibility, we used an
antibody raised against a major component of the merabrane
cytoskeleton of red blood cells, band 3 (48). The anti-band 3
antibody clearly reacted with red blood cells in phagosomes

Rab7A

(Fig. 3V, red, arrow), whereas none of the EhRab5-positive PPV
was reacted with the antibody (green, arrowheads). In addition,
localization of red blood cells by diaminobenzidine staining or
anti-hand 3 antibody agreed very well (Fig. 3, V and W). These
results clearly showed that PPV are distinct from phagosomes.
The PPV formation was not a secondary defect caused by ex-
pression of epitope-tagged EARah5 and EARab7A because it
was also observed in wild-type amoehae af a comparable fre-
yuency, as detected by the antibodies raised against recombi-



