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The procyclic stage of Trypanosoma brucei is covered by glycosylphosphatidylinositol (GPI)-anchored sur-
face proteins called procyclins. The procyclin GPI anchor contains a side chain of N-acetyllactosamine
repeats terminated by sialic acids. Sialic acid modification is mediated by trans-sialidases expressed on
the parasite’s cell surface. Previous studies suggested the presence of more than one active trans-sialid-
ases, but only one has so far been reported. Here we cloned and examined enzyme activities of four addi-
tional trans-sialidase homologs, and show that one of them, Th927.8.7350, encodes another active trans-
sialidase, designated as TbSA C2. In an in vitro assay, TbSA C2 utilized o2-3 sialyllactose as a donor, and
produced an ¢2-3-sialylated product, suggesting that it is an o2-3 trans-sialidase. We suggest that ThSA
C2 plays a role in the sialic acid modification of the trypanosome cell surface.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Trypanosoma brucei is a protozoan parasite responsible for Afri-
can sleeping sickness in humans and a disease called nagana in
livestock. It is transmitted by an insect vector, the tsetse fly. The
procyclic stage T. brucei proliferates in the midgut of the tsetse
fly, and is covered by glycosylphosphatidylinositol (GPI)-anchored
proteins termed procyclins [1]. The GPI anchor of procyclins is
modified by a complex poly-N-acetyllactosamine side chain, which
contains sialic acids as terminal residues [2,3].

Despite the presence of sialylated glycoconjugates on its cell
surface, T. brucei is unable to synthesize sialic acids de novo. The
parasite is therefore totally dependent on exogenous sialoglyco-
conjugates available in the tsetse fly midgut to sialylate procyclins.
In order to scavenge sialic acids from the environment, the parasite
expresses trans-sialidases that can transfer sialic acids from

Abbreviations: GPI, glycosylphosphatidylinositol; ORF, open reading frame; TLC,
thin layer chromatography.
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host-derived sialoglycoconjugates to terminal B-galactose residues
of the GPI side chain by a transglycosylation reaction {4-6].

Trans-sialidases are expressed on the parasite’s surface as GPI-
anchored proteins [4,5]. Compared with procyclins, which are ma-
jor GPI-anchored proteins, trans-sialidases account for only a small
proportion of the GPI-anchored proteins. We have previously gen-
erated mutant T. brucei deficient in GPI precursor biosynthesis, by
deleting the third mannosyltransferase gene, TbGPI10 [7]. These
mutants synthesize truncated GPIs that are structurally defective
in anchoring proteins, but can still be expressed on the cell surface
as free (unanchored) GPIs, after being elaborated by a poly-N-acet-
yllactosamine side chain. Strikingly, the side chains of such trun-
cated GPIs were modified by sialic acids because of secreted
trans-sialidases. In the absence of the GPI precursor, GPI transami-
dase, which is intact in TbGPI10 knockout mutants, mediates the
hydrolysis of the hydrophobic GPI anchoring signal at the C-termi-
nus of nascent proteins. The mutant consequently secretes GPl-an-
chored proteins as soluble forms. trans-Sialidases are therefore
secreted into the extracellular milieu, where they can function to
elaborate the GPI side chain. This mutant was able to proliferate
in the tsetse fly midgut, though less effectively than wild-type par-
asites, suggesting that free GPI with sialylated side chains was suf-
ficient for the survival and growth of the parasite in the midgut
[7,8].

In order to determine if sialic acid was critical for the parasite’s
survival in the midgut, we took advantage of another GPI biosyn-
thetic mutant that is defective in TbGPI8 [ 9], the catalytic component
of GPI transamidase. The ThGPI8 deletion mutant accumulates non-
protein-linked GPI molecules, and some of these free GPIs are
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located on the cell surface [10]. However, in contrast to the ThGPI10
mutant that can secrete an unanchored form of trans-sialidases, the
TbGPI8 mutant cannot cleave the GPl-anchor signal, and nascent
proteins are therefore unable to be secreted [8]. These nascent pro-
teins are presumably degraded intracellularly. As a consequence,
complete GPI precursors elaborated by poly-N-acetyllactosamine
side chains are produced, but not sialylated, due to the lack of
trans-sialidases. The growth of ThGPI8 mutants was severely com-
promised in the tsetse fly midgut [8,10], and we therefore suggested
that sialic acid was essential for the growth of the procyclic form of
the parasites in the fly midgut [8].

We expressed a known trans-sialidase (ie. ThTS encoded by
Tb927.7.6850) as a soluble form in the ThGPI8 knockout mutant in
an attempt to restore the proliferation of parasites in the midgut.
This complemented strain regained the ability to sialylate sur-
face-exposed free GPIs, and showed an improved rate of prolifera-
tion in the midgut. However, the level of infection was lower than
that achieved by ThGPI10 knockout parasites [8].

One possible explanation for these results is that ThTS is not the
only trans-sialidase involved in GPI side chain modification. There
are nine homologs in the T. brucei genome database [6,11] (and this
study). A recent report suggested that TbSA C is a sialidase, rather
than a trans-sialidase [11]. However, there have been no reports of
any other functional trans-sialidases in T. brucei. We cloned and ex-
pressed a number of these trans-sialidase homologs, and examined
their ability to function as trans-sialidase enzymes. Contrary to the
previous report, our data indicate that TbSA C is an active trans-
sialidase, suggesting that it may be a critical enzyme that works to-
gether with TbTS to elaborate the GPI side chains.

2. Materials and methods
2.1. Cell strains and culture

The procyclic form of T. brucei strain 427 was used in this study.
TbGPI10 and ThGPI8 knockout mutants were previously established
[7.9]. To create trans-sialidase expression cell lines, the plasmids
(50 pg) were linearized at a unique Notl site and electroporated
into ThGPI10 or ThGPI8 knockout T. brucei mutants. A clonal cell line
was established by limiting dilution. Cells were maintained at
27°C in SDM-79 medium supplemented with 10% foetal bovine
serum, 7.5 pg/ml haemin, and appropriate antibiotics.

2.2. Plasmid construction

Tb927.7.6850 (TbTS) was amplified from the T. brucei genome by
PCR using the following primers: 5-CTCTTAAGATGGAGGAACTC-
CACCAACAAATGC-3' carrying an Aflll site and 5-CCATGGATC-
GATAACTGCACTGACGACC-3' carrying Ncol and Clal sites. This
resulted in the amplification of an open reading frame (ORF) exclud-
ing the predicted omega site (the site cleaved by GPI-transamidase)
and the GPI signal sequence at the C-terminus. The amplified frag-
ment was digested with AflIll and Ncol. The C-terminal omega site
and the GPl signal sequence of ThTS were amplified separately using
the following primers: 5'-CCATGGTCTAGAGGTATCCCCGAAGGTA
TG-3' carrying Ncol and Xbal sites, and 5'-TGCTCTAGATCTCAA
ATCGCCAACACATACATTAAG-3' carrying Xbal and Bglll sites. Frag-
ments were then digested with Xbal and Bglll. A FLAG-HAT epitope
tag was amplified from pMEEB-FLAG-rPIG-W-FLAG-HAT [12] using
the following primers: 5'-CTTAAGCCATGGGACTACAAGGACGAC-
GATG-3' carrying Aflll and Ncol sites and 5'-TCTAGACTTGTTG
TGGGCATGAGCG-3 carrying an Xbal site. The amplified product
was then digested with Ncol and Xbal. These three fragments were
ligated into an expression vector (pPPMCSzeo) digested with AflII
and BamHI. The expression vector pPPMCSzeo was constructed from

pPPMCS [8] by replacing its hygromycin resistance gene with a
phleomycin resistance gene. This expression vector, designated as
pPPMCSzeo-TbTS-FH, was designed to express and secrete C-termi-
nally FLAG-HAT-tagged TbTS after processing of the N-terminal sig-
nal peptide and the C-terminal GPI signal sequence, when
transfected into ThGPI10 knockout mutants.

An expression vector for Th927.8.7350 (ThSA C2) was con-
structed using a similar four-part ligation. TbSA C2 was amplified
using the following primer sets: 5'-CTAGTCTAGAGATGCAAAAGAA
GGTACTACC-3' carrying an Xbal site and 5-CCGCGGAGATCTATG
CTGACAGTAACTGGAG-3', carrying Sacll and Bglll sites. Fragments
were then digested with Xbal and Bglll. This fragment lacks an N-
terminal signal peptide, but includes a C-terminal omega-site and
a GPI signal sequence. The signal peptide fragment was amplified
from the TbTS gene using the following primers: 5-CTCTTAA-
GATGGAGGAACTCCACCAACAAATGC-3' carrying an Aflll site and
5'-TCTAGACCATGGGCCCGCAGCCTTGGAAGTCAG-3, carrying Xbal
and Ncol sites, and was digested with Aflll and Ncol. These two frag-
ments and the FLAG-HAT epitope tag (digested with Ncol and Xbal
as above) were ligated together with pPPMCSzeo. The resultant
plasmid, designated as pPPMCSzeo-FH-TbSAC2, was designed to
express and secrete TbSA C2 with a FLAG-HAT epitope tag at the
N-terminus.

Tb927.2.5280 (TbTS-like D1) was amplified using the following
primer sets for the ORF excluding the predicted omega site and
GPI signal sequence: 5'-CGGGGTACCTTAAGATGCGCGTTGTATAC-
CAGCG-3 carrying Kpnl and Aflll sites, and 5-CATGCCATGGATC-
GATAGGGGTACGGAACGCGTGGTCT-3’ carrying Neol and Clal sites.
The amplified fragment was ligated as in the pPPMCSzeo-ThTS-FH
construction. The resultant plasmid, designated as pPPMCSzeo-
TbTSD1-FH, was designed to express and secrete ThTS-like D1 pro-
tein carrying a FLAG-HAT epitope tag at the C-terminus.

TbGPI8 knockout mutants expressing a soluble form of ThTS have
been generated previously [8]. In order to create a ThGPI8 knockout
mutant expressing a soluble form of TbSA C2, we constructed a vec-
tor for the expression of soluble ThSA C2 carrying a FLAG-HAT epi-
tope tag at the N-terminus. To clone the mature form of the
protein without the GPI signal sequence, TbSA C2 was amplified
using the following primer sets: 5-CTAGICTAGAGATGCAAAAGA
AGGTACTACC-3' carrying an Xbal site, and 5-TGCTCTAGATC-
TAGTTTTCATTCATCTCGTITCC-3' carrying Xbal and Bglll sites. The
PCR product was digested with Xbal and Bglll, and ligated with the
TbTS signal peptide fragment, the FLAG-HAT epitope tag, and
PPPMCSzeo (prepared as described for pPPMCSzeo-FH-TbSAC2).
Theresultant plasmid, designated as pPPMCSzeo-FH-ThSAC2sol, en-
coded a soluble form of ThSA C2, which carried a FLAG-HAT epitope
tag immediately downstream of the signal peptide. This plasmid
was introduced into ThGPI8 knockout mutant T, brucei.

2.3. Protein purification

The medium (typically 30 ml) containing secreted trans-sialid-
ases was incubated with 30-40 pul of anti-FLAG agarose at 4 °C
overnight, with rotary mixing. The resin was washed five times
with a buffer containing 50 mM Tris-HCl buffer, pH 7.4, 150 mM
Nacl, and 0.1% Tween 20, and successively with 40 mM HEPES buf-
fer (pH 7.4). Bound enzymes were eluted using the FLAG peptide.
FLAG peptide was removed from the eluent by dialysis against
40 mM HEPES buffer (pH 7.4), and protein concentrations were
measured using a BCA assay (Pierce). The purities of the enzymes
were determined by SDS-PAGE (7.5% gel) and silver staining. For
Western blotting, purified proteins were probed with mouse
anti-FLAG M2 monoclonal antibody (Sigma) followed by horserad-
ish peroxidase-conjugated sheep anti-mouse IgG antibody (GE
Healthcare), and detected by enhanced chemiluminescence (Perk-
inElmer Life Sciences).
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2.4. Enzyme assays

Sialidase and trans-sialidase activities were measured as previ-
ously described [8,13,14], with minor modifications. For the assays
of sialidase activity, the fluorogenic substrate 2’-(4-methylumbel-
liferyl) o-p-N-acetylneuraminic acid (4MU-NANA; Sigma) was
added to a final concentration of 250 M. Lactose was added in
some experiments, as indicated. One unit of sialidase activity was
defined as the activity that releases 1 pmol of 4MU/min. For the as-
says of trans-sialidase activity, enzymes were incubated at 32 °C
for 14 h with 400 pM pGal-4MU as an acceptor, and 200 uM 02,3
sialyllactose (3'SL; Calbiochem) or 2,6 sialyllactose (6'SL; Calbio-
chem) as a donor in a buffer containing 40 mM HEPES (pH 7.4).
Sialylated products were bound to Q-Sepharose Fast Flow (GE
Healthcare) resin, washed with water, eluted with 1 M HCl, and
hydrolysed for 30 min at 95 °C. After hydrolysis, the pH was read-
justed to 9.5 and the fluorescence of released 4MU was measured
using a microplate reader (excitation 365 nm, emission 450 nm).
The sialylated fluorescent product was also detected by TLC (silica
gel 60 F,s4; Merck) using chloroform/methanol/water (60:40:10, v/
v/v) as a developing solvent. The reaction products were detected
by UV light. To examine the linkage of sialylated products, the sam-
ples were treated with «2,3 neuraminidase from Macrobdella dec-
- ora (Calbiochem) [15], or ¢2,3,6,8,9 sialidase A from Arthrobacter
ureafaciens (Prozyme), prior to TLC.

3. Results

In addition to the canonical trans-sialidase TbTS encoded by the
ORF Th927.7.6850, we cloned four other trans-sialidase homologs
(encoded by Th927.5.640, Tb927.8.7350, Tb927.2.5280, and
Tb927.7.7480) from the T. brucei genome. Tb927.5.640 and
Tb927.2.5280 encode proteins that have been designated as ThSA
B and TbTS-like D1, respectively (Table 1) [11]. Th927.8.7350 is
present in tandem with Th927.8.7340 in the genome. These two
ORF are highly homologous, and the amino acid sequence identity
of the gene products is 96%. These two proteins have been desig-
nated collectively as TbSA C [11], but here we designated the pro-
tein products of Th927.8.7340 and Tb927.8.7350 as TbSA C1 and
TbSA (2, respectively, in order to differentiate between these two
genes more clearly. The protein encoded by Th927.7.7480 has not
been described previously, but shows the highest homology with
TbSA B (84% amino acid identity), and we therefore designated this
protein as TbSA B2Z. CLUSTAL W multiple sequence alignment

Table 1
trans-Sialidase homologs in the T. brucei genome.
Systematic Common Amino Mass GPI anchor Reference
name* name acids  (kDa) prediction
fragAnchor® GPI-
SOM*
Tb927.7.6850 TbTS 771 845 + ++ [6]
Tb927.7.6830  TbTSsh 427 474 - - [11]
Tb927.5.640 TbSA B 816 903 - - j11]
Th927.7.7480 TbSAB2 816 90.2 - - This study
Tb927.8.7340 TbSAC1 748 81.0 ++ ++ f11]
Th927.8.7350 TbSAC2 748 81.2  ++ ++ {11}
Th927.2.5280 TbTS- 702 772 ++ ++ [11]
like D1
Th11.01.3240 TbTS- 681 751  + ++ {11}
like D2
Tb927.5.440  TbTS- 775 846 - - {11}
like E

* Bolded systematic names indicate the genes characterized in this study.
b (++) Highly probable; (+) potentially false positive; (-) rejected.
¢ (++) GPl-anchored; (~) not GPI-anchored or uncertain.

indicated that amino acid residues known to be important for
the trans-sialidase function are conserved between TbSA B and
TbSA B2 (data not shown). In addition, ThSA B2, like ThSA B, does
not appear to contain a GPI anchoring signal, based on prediction
software such as fragAnchor [16] and GPI-SOM [17] (Table 1).

It has been reported that several TbTS homologs expressed and
purified from bacteria were inactive [11], Therefore, instead of
relying on bacterial expression system, we took advantage of our
T. brucei GPI mutants, which efficiently secrete proteins with signal
peptide and GPI anchoring signal [8]. We first expressed these pro-
teins in ThGPI10 knockout mutant under the control of the PARP
promoter. We designed the cloning so that epitope tags were at-
tached to either the N- or C-terminus of the protein after the signal
peptide was removed and the GPI anchor signal was hydrolysed at
the omega site in the absence of a mature GPI precursor. We inves-
tigated whether or not the resultant soluble proteins were secreted
into the culture medium. As previously reported [8], medium from
empty vector transformant showed a certain level of sialidase
activity due to secretion of endogenous trans-sialidases (Fig. 1A).
When the cells expressing canonical ThTS were used, the resultant
medium showed an increase in sialidase activity, confirming that
our mutant T. brucei cell line functions as an efficient protein
expression/secretion system. Strikingly, medium from TbSA C2-
expressing cells showed a significantly higher level of sialidase
activity than empty vector control. In contrast, TbSA D1 expression
did not resulted in an increased level of sialidase activity, suggest-
ing that TbSA D1 is not a functional sialidase under the condition
we used. Taken together, among additional TbTS homologs, ThSA
C2 appears to function as a sialidase.

The use of ThGPI10 mutant results in a significant level of back-
ground sialidase activity due to endogenous TbTS. In contrast, we
have previously shown that ThGPI8 knockout mutant transfected

>

S o o
[~ I~ -1

30

Sialidase (pU/mil)
oo 8

C:‘E‘
D
o
[=]
T

o L
[72]
‘“U’
z £
S E
» E
Q
£
=
£

% 7

o @

Fig. 1. Purification and sialidase activities of THTS and its homologs. (A) TbGPI10
knockout cells were transfected with various trans-sialidase homologs. These cells
secrete trans-sialidases as soluble forms. Culture supernatants were examined for
sialidase activities. Each measurement was repeated 3 times, and the average and
standard deviation are shown. (B) trans-Sialidase homologs were expressed in
TbGPI8 knockout cells, purified by affinity purification, and examined for purity by
SDS-PAGE and silver staining (lanes 1-3) or Western blotting (lanes 4-6). Lanes 1
and 4, TbTS; lanes 2 and 5, TbSA C2; lanes 3 and 6, TbTS-like D1. Molecular weight
markers are indicated on the left (kDa). (C) Sialidase activities of purified enzymes,
Each measurement was in duplicate, and averages are shown,
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Fig. 2. trans-Sialidase activity of TbSA C2. (A) Activities of soluble forms of TbTS and ThSA C2 are enhanced by lactose. Open circle, TbTS; closed square, ThSA C2. Relative
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which was apparently generated due to a B-galactosidase, a known contaminant of 2,3 neuraminidase preparations.

with empty vector does not secrete significant levels of endoge-
nous trans-sialidases [8]. This is because the ThGPI8 mutant cannot
cleave the hydrophobic GPI anchoring signal and therefore cannot
secrete unanchored proteins [8]. The culture medium of the ThGPI8
knockout mutant is therefore devoid of endogenous trans-sialidas-
es, which is advantageous for subsequent protein purification.
We therefore expressed secretory forms of trans-sialidase
homologs in ThGPI8 knockout mutant. Each trans-sialidase homo-
log carries a FLAG epitope tag, which was used to affinity-purify
the secreted trans-sialidases. The use of ThGPI8 knockout mutant
and affinity purification of epitope-tagged protein allowed us to
obtain a highly purified protein, which is essentially homogeneous
based on silver staining of SDS-PAGE gel (Fig. 1B, left panel). These
bands, which were at positions near to the predicted molecular
weights, were also detected by Western blotting using anti-FLAG
antibodies (Fig. 1B, right panel). Taken together, Fig. 1B excludes
a possibility of co-purifying other endogenous trans-sialidase
homologs and there was also no significant level of protein degra-
dation. We examined the sialidase activity of the purified enzymes.
As shown in Fig. 1C, TbTS-like D1 showed little activity, while ThSA
(2 showed a significant level of activity, being consistent with the
data described in Fig. 1A. We were also able to express and purify
TbSA B and TbSA B2, but we could not detect enzyme activities
(data not shown).
 We decided to focus on TbSA C2, and examined its enzymatic
characteristics. As shown in Fig. 2A, lactose-dependent enhance-
ment of sialidase activity was observed for both TbTS and TbSA
C2. Lactose can act as a surrogate acceptor for the trans-sialidase

reaction, suggesting that the secreted soluble ThSA C2 may be an
active trans-sialidase. In order to demonstrate the trans-sialidase
activity of TbSA C2 more directly, we set up a trans-sialidase assay
in which the enzyme was incubated with ¢:2,3 or 62,6 sialyllactose
(as a donor) and BGal-4MU (as an acceptor). The product Sia-pGal-
4MU was purified and hydrolysed, and released 4MU was mea-
sured. As shown in Fig. 2B, TbSA C2 as well as ThTS were able to
mediate the trans-sialidase reaction when 02,3 sialyllactose was
provided as a donor. The 02,3 sialyllactose-dependent product for-
mation was further demonstrated by TLC (Fig. 2C), in which the
product Sia-pGal-4MU was detected in reactions containing ThSA
C2 as a source of enzyme. The product was sensitive to digestion
by an o2,3-specific sialidase, suggesting that the enzyme mediates
the production of ¢2,3-linked sialic acid. Taken together, we con-
clude that TbSA C2 is a catalytically active o2,3 trans-sialidase.

4. Discussion

In this study, we identified a new trans-sialidase (TbSA C2 en-
coded by Tb927.8.7350) in T. brucei, in addition to the known
trans-sialidase (TbTS encoded by Th927.7.6850). We showed that
TbSA C2 was an active enzyme, able to transfer o2,3-linked sialic
acid from donor glycoconjugates to acceptor glycoconjugates.
Th927.8.7350 exists in tandem with Th927.8.7340 in the T. brucei
genome, and the gene products ThSA C1 and TbSA C2 are highly
homologous (96% identity). We did not investigate ThSA C1 in this
study, but it is likely that TbSA C1 is also an active trans-sialidase.,

-309-



F. Nakatani et al./Biochemical and Biophysical Research Communications 415 (2011) 421-425 425

We did not detect any enzyme activities from the other three
homologs (i.e. TbSA B, TbSA B2 and TbTS-like D1). Among them,
TbTS-like D1 lacks the amino acid residues that are predicted to
be critical for the catalytic domains of a trans-sialidase [11], and
its lack of enzymatic activity is therefore consistent with its struc-
tural features.

Almost complete inhibition of trans-sialidase activity has previ-
ously been achieved with TbTS RNAi [11]. This observation sug-
gested that TbTS was the major trans-sialidase in T. brucei. We
demonstrated that ThSA C2 can function as a trans-sialidase. Con-
sidering the major contribution of TbTS to trans-sialidase activity,
TbSA C2 might make only a minor contribution to the sialylation of
GPI side chains. However, this enzyme might act on a specific
structural motif within the GPI side chain, or some other, yet-un-
known glycoconjugates. We hypothesize that TbSA C2 is a physio-
logically important enzyme, carrying out modifications critical for
the growth of T. brucei in the fly midgut. In the light of recent re-
ports that TbSA C2 RNAI affects sialidase activity more significantly
than trans-sialidase activity, it is possible that ThSA C2 remodels
the sialic acid modifications, rather than simply functioning as an
additional trans-sialidase [11]. Future experiments to test the res-
toration of midgut infectivity of ThGPI8 knockout mutants express-
ing soluble forms of both TbTS and ThSA C2 will provide further
information on the biological functions of the trans-sialidase gene
family in T. brucei.
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A—-JLFE- /03539 =F%
Euglenophyte and Chlorarachniophyte
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T FIZI FU AVEHEMICL X< BbhTEY,
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ﬂi T[6 Holwill and Patricia 1974}0 §‘< @%%E%’W%& j’ﬁ/ﬁ\ﬁﬁifi%‘& éﬂi‘?‘ %@%ﬁ ;’f?z‘@’(“% 71—:
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Fig. 10
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Fig. 14

RILTEO MR

2011], Sk, EEEEE OREME L E O T, BEOSHRME
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Rt ILBAER

BREL, — R B &, RE OB RO L IR
FMLTLEWET, LaAL., EBIETEEN 7= /E
T, AUBEOERER FOMETHL LV = &,
—FRBTIEWD R WAEY O R OBRREI 2R EE
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Fig. 11

 ESREOMEEL .
24 REREL

Triparma laevis f. longispina (culture)

7 4
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Fig 1257/FEOMR

Ochromonas
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R — SRR
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DUTRE-NT+E
Cryptophyte and Haptophyte
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2R, 7V 7 NROMEPEREE LB S0
THDHIZ LD TUVETFI9. Sepsenwol 19731, BAET
W, FEFRAE, V7 MEZ VS NEFRBD 1
HE L THENAERER S TVET,

7 U7 NEBEOMEIE, Tkt b TEREDE
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Fig. 17
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WOBREBTY, ZOHERIE, THPEL4ED ) LrEd
AU, 19708RZHRIE & FE L7Z[12. Margulis 1970],

TOMBRNEETRICL T, BEEWVWOIHEEDOTER
BRATEET, X777V 7 ({E OfEchs 7
ST T UT () L, EREE A VEE S B
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1= (Fig. 18-2),

COLT., AEHRELTESLEZEETYIE. X5k
[CIKTFEL-EZHICEGLTEEZERZ, 2HELT
Wof, BIRVSANE, BREEB®L, B2 RD2 5
DEEEBEZFT/ELEZLDLE N, IE-BE-ZF L
THEYPD LS, XEELEZEDLS (Fig. 18-3),
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DA—N—=TN—T LR BEEEVET, R RF R )
SNANEE, BRBICER R F IR~ 2 BoELS
W - BEOHET, bbb, TEEE (Fig 11-14) %
SREE (Fig. 21) . ZOMEREEZH-L2 S EY v Fa
TRRGREEAEZLDIENERTT, AT R /3
MTHE, ADREBSRDEREZRFOFREERER, HoT
WL ENAIENEEND A, RIT VAR E
TREZRFFOT VT MENT ML DRGNS S Fig. 28 7 0 LT NA_AF S5 — Z {738

(37
-323-



