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We have identified a new variant surface glycoprotein expression site-associated gene (ESAG) in Trypano-
soma brucei, the trypanosome leucine repeat (T-LR) gene. Like most other ESAGs, it is expressed in a life cycle
stage-specific manner. The N-terminal 20% of the predicted T-LR protein resembles the metal-binding
domains of nucleic acid-binding proteins. The remainder is composed of leucine-rich repeats that are
characteristic of protein-binding domains found in a variety of other eucaryote proteins. This is the first report
of leucine-rich repeats and potential nucleic acid-binding domains on the same protein. The T-LR gene is
adjacent to ESAG 4, which has homology to the catalytic domain of adenylate cyclase. This is intriguing, since
yeast adenylate cyclase has a leucine-rich repeat regulatory domain. The leucine-rich repeat and putative
metal-binding domains suggest a possible regulatory role that may involve adenylate cyclase activity or nucleic

acid binding.

The genome of Trypanosoma brucei contains numerous
variant surface glycoprotein (VSG) genes which are distrib-
uted among approximately 100 minichromosomes (50 to 150
kb) and about 10 larger chromosomes (45). The number of
these chromosomes varies among stocks. Many VSG genes
are present in tandem arrays at chromosomal internal sites
(46), but VSG genes are also found adjacent to the telomeres
of many, perhaps all, chromosomes (10, 25, 44, 49). Expres-
sion of the VSG genes is developmentally regulated, VSG
being produced in life cycle stages occurring in the verte-
brate host (bloodstream forms) but not in several stages
occurring in the insect host except for the terminal (metacy-
clic) stage, which is infective to vertebrate hosts (3, 11). In
addition, each trypanosome usually expresses only one of
the numerous VSGs at a time. The VSG genes that are
expressed are invariably at telomeric sites (4, 10, 24),
apparently only on the larger chromosomes. The parasites
also have the ability to change which VSG is produced (4).
This results in antigenic variation, which permits evasion of
the host immune defenses (3, 11). Antigenic variation occurs
by switching the telomeric site that is expressed (25, 26, 50)
or by recombination, usually a nonreciprocal gene conver-
sion (25, 28), which changes the VSG-coding sequence in the
expressed telomeric site.

The VSG gene is at the 3’ end of an approximately 50-kb
region that contains at least seven other unique open reading
frames (ORFs), referred to as expression site-associated
genes (ESAGs) 1 to 7, whose expression is coordinated with
that of the VSG gene (1, 9, 17, 30). Preliminary analyses of
different expression sites indicates that the number of copies
of these ESAGs can vary among expression sites, at least in
different stocks, and that ESAGs 6 and 7 have substantial
sequence homology. Most ESAG transcripts are present
only in life cycle stages that produce VSG (30). It appears
that ESAG expression is also VSG expression site specific,
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although this analysis is complicated by the presence of at
least one copy from each ESAG family at each VSG expres-
sion site. Northern (RNA) blot analysis using an oligonucle-
otide probe specific for one ESAG 1 gene has shown that it
is expressed in a variant antigen type (VAT)- and expression
site-specific fashion (B. L. Smiley, J. K. Scholler, and K.
Stuart, J. Cell Biol. 13E:121, 1989). RNase protection stud-
ies using a probe that spans ESAGs 6 and 7 have also shown
VAT- and expression site-specific expression (39), con-
firming their coordinate expression with the VSG gene. In
addition, Northern blots using other ESAG probes usually
give the most intense hybridization signal with RNA ex-
tracted from VATSs expressing VSGs from the same expres-
sion site as that from which the probe is derived.

The subcellular locations and functions of the ESAG
products are as yet unknown. Sequence analyses of ESAGs
1, 3, 4, 6, and 7 show N-terminal signal sequences (9, 30),
suggesting export through the cellular membrane. A mem-
brane location for ESAG 1 has been further substantiated,
since antibodies prepared to recombinant ESAG 1 protein
immunoprecipitate a glycoprotein that remains associated
with the membrane fraction after osmotic lysis (8). The
ESAG 4 predicted protein sequence contains a region that is
homologous to the catalytic domain of adenylate cyclase of
yeast cells (30).

We have identified another gene, the trypanosome leucine
repeat (T-LR) gene, within the expression site of T. brucei,
downstream of the ESAG 4 gene. Expression of this gene is
developmentally regulated, possibly in a VAT-specific fash-
ion. The gene encodes a predicted protein that is primarily
composed of leucine-rich repeats, a putative metal-binding-
like domain, and an associated basic region. The repeats
have leucine residues at every second or third position plus
a cysteine, and they have aliphatic and charged amino acids
at specific positions. The characteristics of the repeat are
similar to those of leucine-rich repeat domains that are
present in the RAS-responsive regulatory domain of yeast
adenylate cyclase (16), the lutropin-choriogonadotropin hor-
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FIG. 1. (A) Alignment of two genomic clones containing the T-LR gene with an ISTAR 1 expression site. Symbols: lll, ESAG ORFs
within regions that we have entirely sequenced; (1, ESAGs identified by partial nucleotide sequence or hybridization analysis and
comparison with other expression sites (17, 24, 30); * and —, regions that have been sequenced. (B) Composite map of an IsTaR 1 expression
site generated from these and other clones and restriction mapping of genomic DNA. The f14 clone is from the TS5 expression site (25, 39);
the ES88 clone is from another expression site. Restriction sites are indicated only for the f14.9 subclone and corresponding region of ES88.
Restriction enzyme abbreviations: Bl, Bglll; E, EcoRl; Hd, Hindlll; P, PstI; Pu, Pvull; S, Sall; Sp, Sphl.

mone receptor that regulates adenylate cyclase activity via
G-protein-mediated mechanisms (22), human placental
RNase/angiogenin inhibitor (PRI) (18, 36), and several pro-
tein receptors that have been suggested to function in
intercellular adhesion. The putative metal-binding/basic re-
gion domain near the N terminus resembles similar regions
found in several nucleic acid-binding proteins.

MATERIALS AND METHODS

Organisms and DNA and RNA preparations. The deriva-
tion of VATSs from the IsTaR 1 serodeme used in this study
has been previously described (23-25, 40). A letter or
number is usually used after the period to indicate the VAT;
we use a superscript to indicate the previous VAT, if known
(e.g., IsTat 1.A7). For simplicity, we have omitted the IsTat
1. in this report. VAT A7L was isolated from a relapse
population of VAT 7 which has inactivated the telomere (T3)
on which the expressed 7 VSG gene resides and now
expresses the A VSG gene by telomere activation of the
preexisting telomeric (T2) copy (25).

Bloodstream trypanosomes were grown in rats, and pro-
cyclic-stage trypanosomes were grown in supplemented
SDM-79 culture medium. Trypanosome genomic DNA was
prepared as previously described (23). RNA from either
bloodstream or procyclic-stage trypanosomes was prepared
by the guanidinium isothiocyanate method (6). Poly(A)™*-
selected RNA was purified by oligo(dT)-cellulose chroma-
tography (34) or by the Poly(A) Quik column (Stratagene),
using the protocol and buffers supplied by the manufacturer.

Construction of clones. Chromosome-size DNA molecules
from VAT 7 trypanosomes were separated by pulse-field gel
electrophoresis (PFGE) as previously described (25). DNA
from the M4 chromosome was electroeluted, sheared, meth-
ylated with EcoRI methylase, and ligated with EcoRI link-
ers. It was subsequently digested with EcoRl, size selected
by agarose gel electrophoresis, and ligated into A , g (Strat-
agene). Clone DTbl.7g-fl4 was isolated by probing this
genomic library with an expression site probe, pTg221.4

(17). A 5.5-kb EcoRI fragment from DTbl.7g-f14 was sub-
cloned into pBluescript SK™ (pTbl.7g-f14.9), and a 967-bp
BglI fragment was further subcloned into pBS (pTbl.7g-
f14.9B1). Clone pTbl.7g-ES88 was obtained by screening
libraries prepared by ligation of 8- to 10-kb Bg/II fragments
from VAT 7 genomic DNA into BamHI-digested pBS™
(Stratagene) with an oligonucleotide probe complementary
to the 5’ coding region of the VAT 7 ESAG 1 gene (TTCACA
AACAGCCTCCTCTCTCCCT). Abbreviated names f14,
f14.9, f14.9B1, and ES88 will be used for simplicity. Restric-
tion maps of these clones indicating the locations of ESAG
coding regions are shown in Fig. 1.

Electrophoresis, hybridization, and sequencing. Genomic
DNA (3 pg per lane) was digested with restriction enzymes
according to the suppliers’ instructions (Bethesda Research
Laboratories, Inc., and New England BioLabs, Inc.), sepa-
rated by agarose gel electrophoresis, and transferred to
Nytran membranes as described previously (26) except that
the DNA was cross-linked to the membranes by UV irradi-
ation (7). The membranes were hybridized with riboprobes
prepared from Pstl-digested f14.9B1, using T7 RNA poly-
merase (Stratagene) according to protocols provided by the
manufacturer. Chromosome-size DNA molecules were sep-
arated by PFGE, transferred to Nytran membranes, and
probed with nick-translated plasmid probes as described
previously (37). Poly(A)* RNA (5 pg per lane) was sepa-
rated on 2.2 M formaldehyde-1.2% agarose gels and trans-
ferred to Nytran membranes as previously described (12).
Membranes were probed at 42°C as described previously
(12, 26), using 10° dpm of 32P-labeled nick-translated probe
per ml, and washed twice for 30 min each time at 50°C in 1X
SSPE-0.1% Sarkosyl, followed by two washes with 0.2x
SSPE-0.05% Sarkosyl at the same temperature. Double-
stranded DNA from plasmid clones was sequenced with the
Sequenase kit (U.S. Biochemical Corp.), using the dideoxy-
chain termination method (5, 41). Oligonucleotides comple-
mentary to the AnTat 1.3A ESAG 2 (CCACACGTCGCCAT
ACACAG), ESAG 3 (CCATAACCCATCTAGGCCTC) (1),
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FIG. 2. Analysis of genomic copies of the T-LR sequence. (A) Genomic DNA was digested with the indicated restriction enzymes,
electrophoresed, and transferred to Nytran. The filter was probed with 32P-labeled riboprobe from f14.9B1. *, Fragment of the size expected
from the genomic copy of f14. Size markers on the left are in kilobases. (B) Chromosome-size DNA from VAT 7 was separated by PFGE,
transferred to Nytran, and probed with 3?P-labeled nick-translated f14.9B1. L, Large chromosome(s) (>3 Mb); M1 to M4, megabase-size
chromosomes (>2, 1.7, 1.5, and 1.4 Mb, respectively); I, intermediate-size chromosomes (375 kb); mi, minichromosomes (30 to 150 kb). (C)
HindIIl-digested genomic DNA from each species was transferred to Nytran, and the filter was probed with 32P-labeled nick-translated
f14.9B1. Species: Tb, T. brucei; Te, T. equiperdum; Tc, T. cruzi; Lbb, Leishmania braziliensis braziliensis 675; Lbg, Leishmania braziliensis
guyanensis CUMC1-1A; Lm, Leishmania major; Lt, Leishmania tropica.

ESAG 4 (GTCACCGAGGGGTCCATAC), and ESAG 5§ (GC
CTGTGCCGACCCACTGC) (30) were used as hybridization
probes or for internal sequencing of ES88 and f14.9.

Computer analysis. Analysis of DNA and protein se-
quences was carried out by using DNASTAR (DNASTAR
Inc., Madison, Wis.) and ESEE (E. Cabot, Simon Fraser
University) software. A search of the Swiss-Prot data base,
release 13.0, was performed by using the FASTA program
(31) provided by GenBank.

Nucleotide sequence accession number. The GenBank ac-
cession number for the sequence of the T-LR open reading
frame and flanking sequences in f14 is M38528.

RESULTS

Sequence analysis of genomic clones from VSG gene
expression sites led to the identification of a previously
unrecognized gene, the T-LR gene. This gene is located
between ESAGs 3 and 4 in the IsTaR 1 T5 expression site,
whose map (Fig. 1) was determined by restriction enzyme
and hybridization analyses of M4 genomic DNA and expres-
sion site clones (25, 39; unpublished data). The locations of
ESAGs 1, 2, and 3 in ES88 and of ESAGs 4 and 5 in f14 were
determined by hybridization with specific oligonucleotides
and nucleotide sequence analysis as diagrammed. T-LR
sequence occurs in a region of overlap between clones f14
and ES88.

The T-LR gene is a member of a multicopy family of

genomic sequences. An internal Bgl/II fragment (subclone
f14.9B1) hybridized to up to nine fragments in Southern blots
of total genomic DNA, depending on the restriction enzyme
used (Fig. 2A, HindIlI lane). Considering the higher relative
intensities of some bands, there are more than nine different
copies of the T-LR gene within the T. brucei IsTaR 1
genome. A single intense 967-bp fragment was seen in BgllI
digests, indicating that the BglII sites are conserved in all
copies of the T-LR gene. The restriction fragment polymor-
phisms seen with other enzyme digests may reflect greater
sequence diversity in intergenic sequences outside the T-LR
coding region. PFGE analysis showed that T-LR sequences
occur in all megabase (L and M1 to M4) and intermediate-
size chromosomes but not in minichromosomes (Fig. 2B).
These results are consistent with the presence of a T-LR
gene in each VSG gene expression site, but it is absent from
minichromosomes, which contain only some VSG gene
expression site-associated sequences (unpublished data).
Hybridization of f14.9B1 to genomic DNA from a variety of
trypanosomatid species (Fig. 2C) indicated that the T-LR
gene was present in T. brucei and the closely related
Trypanosoma equiperdum but not in Trypanosoma cruzi nor
in Leishmania species. Thus, T-LR may be present only in
salivarian trypanosomes.

Northern blot analysis showed the presence of a 2.2- to
2.4-kb T-LR transcript in bloodstream- but not procyclic-
form RNA (Fig. 3). The f14.9B1 probe detected the tran-
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FIG. 3. Major steady-state transcripts of T-LR. Poly(A)* RNA
from the VATs shown was separated on agarose gels, transferred to
Nytran, and probed with nick-translated f14.9B1. Sizes determined
from RNA molecular weight markers (Bethesda Research Labora-
tories) are shown at the left in kilobases.

script in poly(A)* RNA from VATs A7, 7, AL, and 11 but
not in RNA from procyclic forms derived from VAT 7 (7
Pro). T-LR gene transcripts were also detected in RNA from
all other bloodstream VATs (3, 5, and 54%) tested (data not
shown). The hybridization had a lower intensity in some
VATs, multiple minor transcripts were seen in all VATs,
especially VAT 11, and the size of the major transcript
varied slightly between VATSs. These results may reflect
differences in RN A processing between VATs, possibly the
utilization of different 5’ splice leader acceptor sites among
different VATs. The variation in mRNA length between
VAT:s is consistent with a VAT-specific expression of T-LR
genes in different expression sites.

The 3,146-bp nucleotide sequence of the T-LR gene and its
flanking sequences contains a 1,890-bp ORF (Fig. 4). The
transcript observed in the Northern blots (Fig. 3) is of the
size expected from this ORF, taking into account the splice
leader, 5’ and 3’ untranslated sequences, and poly(A) tail.
The ORF codes for a 630-amino-acid predicted protein with
a molecular mass of 70 kDa and pl of 6.9. However, the
protein shows an unequal charge distribution, with three
domains of widely different pIs. The N-terminal 46 amino
acids have a pl of 8.0, the next 68 have a pI of 11.8, while the
remainder of the molecule has a plI of 5.1. The N-terminal
amino acid sequence lacks the hydrophobic signal peptide
sequence characteristic of proteins exported to the cell
membrane, and the entire protein sequence lacks a mem-
brane-spanning hydrophobic domain. Seven potential N-gly-
cosylation sites are located in the protein sequence, although
these are unlikely to be glycosylated if the protein remains
internal. Clones f14 and ES88 must be derived from two
different expression sites since T-LR DNA sequences from
these clones have only 89% identity, and there is no evi-
dence for duplication of the T-LR gene in chromosome M4
expression sites. Furthermore, hybridization and sequence
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analyses of the ESAG 1 gene from ES88 indicates that this
clone is not from an M4 expression site (unpublished data).
The predicted amino acid sequences have 84% identity and
11% conservative or neutral replacements.

The N-terminal region of the predicted T-LR protein
contains a putative metal-binding domain with the form Cys
X, Cys x;5 Cys x His x, Cys x, Cys x4 Cys x, Cys (Fig. 4).
Two basic regions (containing five of eight and five of seven
basic amino acids) are found C terminal to this metal-
binding-like domain (double underlined in Fig. 4). This
closely resembles the zinc finger or binuclear metal-binding
and nucleic acid specificity domains of other proteins (2, 27).

The remainder of the predicted protein sequence consists
of 22 repeats of a leucine-rich motif with an average size of
23 amino acids, starting 115 amino acids from the N terminus
and continuing to the C terminus of the molecule (Fig. 5A).
The consensus sequence of the repeat (Fig. SB) has leucine
residues every second or third amino acid, a cysteine at
position 21, a serine at position 19, and a glycine at position
20. An aliphatic amino acid is conserved at position 1, a
charged amino acid is usually present at position 14, and an
asparagine residue is often conserved at positions 9, 12, and

DISCUSSION

We have identified a family of T-LR genes that are located
between ESAGs 3 and 4 in T. brucei expression sites. There
are more than nine copies of the T-LR genes, distributed
among the larger and intermediate-size chromosomes. This
is similar to the number and distribution of VSG gene
expression sites, implying that each expression site has a
T-LR gene. T-LR gene transcripts occur in all bloodstream-
stage VATs examined but not in procyclic-stage VATSs
(which do not produce VSG). Differences in transcript
number and size between VATSs implies that different T-LR
family members may be expressed in the different VATs,
perhaps in coordination with the VSG gene, and may be the
result of differences in splice leader acceptor or polyadenyl-
ation sites among the family members. All transcript sizes
are consistent with the presence of the entire T-LR ORF
along with limited 5’ and 3’ untranslated sequences and a
poly(A) tail.

The C-terminal 82% of the protein predicted from the
T-LR ORF is composed of 22 repeats of a 23-amino-acid
sequence with a characteristic periodic occurrence of sev-
eral amino acids, particularly leucine (Fig. 5A). While the
predicted amino acid sequences differ between two copies of
the T-LR gene (Fig. 4), the leucine-rich repeat character is
retained. The consensus amino acid sequence of the repeat is
very similar to that of several leucine-rich repeat domains
that occur in different proteins in a variety of species (Fig.
5B and Table 1). Several features of the T. brucei T-LR
consensus repeat distinguish it from the leucine-rich repeat
domains of other proteins (Fig. 5B). The repeat units of other
proteins are usually one to three amino acids longer and
often have a conserved proline residue rather than the
aliphatic amino acid at position 1 of the T-LR repeat. Other
proteins (with the exception of PRI[b]) contain a conserved
asparagine residue at position 21 rather than the cysteine
found in T-LR. In contrast to the T-LR repeat, the other
repeats generally do not contain conserved asparagine resi-
dues at positions 9, 12, and 23, and they lack the charged
amino acids at position 14.

Conservation of the leucine-rich motif in such a diverse
group of species implies that this domain has an important



6440

SMILEY ET AL.

HindIII 10 20 30 40 50 60 70 80 90
AAGCTTAAATTAACGTITTTTITTTTTTGTGIGTGTGTGAAGAAGGTGAACCCCGTGAAGTGGAGGCTATAGCGAAGTAAAAGTGTCTTTCTGGGCTTATTC

CTCCAGTCTACCCCAATCTTTCTTCATTCGGGGATTTTGGCTTGTAAGATGTACT TCCCAAATGAAACTGCTGACGACTAAACCCTATTTTCTATATCTA
ATACTTGCGTATAACTTCCTACATGTTTCCATATGCTTATTGTAACTTTCCCTCATATTCTCTCTCACCCATTCTCTCTATTTTACCTTTAGACAACCAA
GGAATATGAAACTGAGCAATGTCTGCCATGATGT TGTCAGT TTGAATGT TAACTGTGACTGCTAGTGTGCTGTGTTTTTGTTACTGGCAATCCAGTTTAT
GATACTGTAATGTTCTATCTACATATTTACTCTTATGCATAGTGATGTTTTGTCCTTTTTGTGCGATGTGTGCTTCGTTTTTTTTTCACGATTGAGTGAA

TGTTTTTAGGATCGCAACGAAGCCTGTAATTTCAAAGGTACTGAAATGACTGGCCGTAGCACATATGGGATGTGCGCGGTATGCAGAGAGCCCTGGGCAG
M TGRS STYGM v W

Sph I
MMWMMAMWWWWAW

EcAVELLPORrRAVF@Tra@vvoRrvwr@Ps@oRRIGGER

ACGGAAGGCTAACCCTCACCTTTTGCGTGAGATAGC TGATGTGACGATGGAATTGAAAAGATATAGGAAGGGTCGTAGTGGTATTGACGTGACTCAGATG
RXANPHLTLRETIADVTITMETLIEKRJYRIKSGRSGTIDTVTAOQHM
Bgl II
GCGAGAAAACTAGGTGGTGGTGGTGTAACCACAAGCTCTGAGATCTTTCGACGTCTTGAGGGGTCAAAAAATGGTAGGTGGAAAATACTGAATTTGICTG
ARKLGGGGVTTSS S EIF FRRLEGSI KU NGRWMWIXTITLTIEKTLS
Ps
GATGCGGGAGTGAACTGCAGGATTTGACGGCACTACGTGATCTGGAAGCTCTTGAGGACTTGGACTTAAGTGAATGTGCGAATCTCGAGTTGAGGGAATT
G CGS ELQDLTALRDLEA AWLTETUDTLUDTLSETCANLTETLT RIEHTL

GATGGTGGTTCTITACCCTCCGGAACTTGAGGAAGT TGCGCATGAAAAGAACAATGGTGAATGATATGTGGTGCAGCTCTATTGGTTTGTTGAAGTTTCTC
M VVLTLRNLRIKLIRMIKRTMYVUNDMWCS SSIGLLI KT FIL

GTGCACTTGGAAGTTGATGGAAGCCGCGGTGTTACGGACATCACGGGTCTTTTTAGGCTGAAAACCCTTGAGGCTTTGTCTCTGGATAACTGTATAAATA
VHLEVDGSRGVYVYTDTITGLT FRLI KTLEA AWLS STLTDINENKTE CTIHTEN

TTACGAAAGGGTTTGATAAGATATGTGCTTTGCCTCAATTGACGAGTTTGTCGCTTTGCCAAACAAATGT TACAGACAAGGACCTTCGATGTATTCATCC
I TKGVFDI KTICALUPOQLTS STLSLCQTN NVTDI KUDTLRTCTIHBHTEP

TGATGGGAAGCTGAAGATGCTAGATATCAGCAGTTGCCATGAAATTACAGACT TAACTGCTATTGGGGGTGTGAGGTCACT TGAAAAGTTGTCTTTGAGT
D GKLXKMLDTISSCHETITUDULTA AIGG GV VRS SILETIKTLT STLS

GGCTGCTGGAATGTTACAAAGGGATTGGAGGAGCTTTGTAAATTTTCCAATCTTAGGGAGT TGGATATCTCCGGTTGTCTGGTGCTAGGGAGTGCGGTTG
G CWNVTI KGLTETELTCIKT FSNLR RETLDTISGT CLTV VLGS AV

TGTTAAAGAATTTGATTAACTTGAAAGTATTATCTGTCTCTAACTGCAAAAACTTTAAAGAT TTGAATGGACTAGAAAGAT TGGTGAACTTGGAGAAGCT
VLKVNLTINLIKTV VLS SVSNTCIKNTFIKXKUDLNGLTETRILYVYVNENLTETKHIL

AAATCTATCGGGATGCCATGGTGTCTCTTCTCTGGGCT TCGTAGCGAATTTATCTAACTTGAAGGAGTTGGATATCAGTGGT TGTGAGTCGCTGGTGTGC
NLSGCHGVSSLGTFVANLSNLIKTETLUDTISGTC CEST STLTVC

TTCGACGGGTTACAAGACTTGAATAATTTGGAGGTATTGTATCTTCGTGATGTTAAGTCGT T TACGAATGT TGGTGCGATAAAAAATTTGAGTAAAATGC
FDGLQDTLNIUNTLEVLYLZRDVEKSTFTUNVGAIZKNLSTI KHM
Bgl II
GGGAGTTAGATCTTTCCGGT TGTGAGAGAATAACAAGCCTGAGTGGATTGGAAACT T TGAAGGGGT TGGAAGAGT TGAGTCTGGAAGGTTGTGGGGAAAT
............................................................. AGGA....T.AAA.TCGT..G...AA......
RELDLSGC CERTITS SLSGLETLTZEKGLTETELSTLTEGTCGTESTI
. . . .rxk Ex¥r . . x ..
m-cmrrrmmrArmmmrmrmmmAmmmmmmrmmwmnm

.................................................................................. T..AG..G..A.A..A
HSFDPIHSLYBLRVLYVSECG!!LEDI.SGLQC%.T
]

. . B . . . A |

GGTTTGGAGGAAATGTATCTTCACGGGTGTAGGAAATGTACGAATTTTGGTCCCATATGGAATTTGAGAAATGTTTGTGTGCTGGAACTGAGTTGCTGCG

G LEEMYLUHGCRIEKTCTNTFGPTIWNLRNVYVYCUVLETLSTCHC

AGAATTTAGATGATTTGAGTGGACTTCAGTGTCTGACTGGTTTGGAGGAACTGTATCT TAT TGGGTGTGAGGAAAT TACAACTATTGGTGTAGTCGGGAA
ENLDDLSGLAQCLTGLTETELTYTLTIGCETETITTTIGVVGHN
TTTGCGTAATTTGAAGTGT TTGAGTACGTGT TGGTGTGCAAACTTAAAGGAAT TGGGTGGATTAGAGAGGT TGGTGAATTTGGAGAAATTGGATCTCTCG
LRNLIKCL STU CMWOCANLIKTELSGGLTERLTVNENKLTETZKTLTUDTLS
GGATGTTGCGGACTTTCGAGTTCTGTTTTCATGGAATTGATGTCTCTTCCAAAGTTACAGTGGTTTTATGGTTTCGGCTCACGCGTTCCTGATATTGTTC
G CCGLSSSVFMELMSLZPIKLA QWPFYGPFGSURVPDTIWV
TTAAAGAATTGAAGAGACGAGGTGTGCATATATTTTGATGATAATTTATTTTACTTTTAACTTTCGTTTATTTTAGTTTTACACAGATAGTTTCCGTTTC
LKELI KR RRGVHTITF *
CTTCAATTCTATATATTAGCAGCTTTATTTATACATAAATTATTTTCTTTTATGTGGATGTGTGTGTATTACGAAAAAGTATTTTACAAAGACGTTTITTG
TGCAGTATCTTTCTGCCTACTGCTATTTTTGTTATCTAGTCGGTTCGTTTCTTTCATAGGTTTTGCCTTAAGTTAAACCATATGT TATCTGGCGTGGGCA
Sph I
GGCACGAGCGGGACACCTTATATTTGCTGAGGTATCGCTTGCATTTTTAGCATGCCCTGAGGTTTGCGGTATATGAGCCAGAACCGAAGCGCGTTGCGAG
....... AA. .G .T.....oovvvveenn. Al TLC

GTGGAGAAAGGOGAC’I'1‘TMTTMNNWMMMGTMWTAWMMMMTMTMTA

ATAGT TATTGAAGGGMTCATGTACGTG‘IGCAWCATTMWTMTMTAHATMTWWAWW
..................... S o S S < P PPY UMY VY WP ¢/ §

CATTGACGATAGCGAATGATTGTGGTAGT TTCCACGCGAATGT TGTATAATTATTGGTATATTCGAATTAATAAGTGCAGCTAGATGCCGTGATTTACAT

Pvull EcoRI
TACAGTGCGTAGGTACGATTTATCAACGCAGGAAACAGCTGAATTC
.................... o

MotL. CELL. BioL.

100
200
300
400
500

600
18

700
52

800
85

800
118

1000
152
1100
185
1200
218
1300
252
1400
285
1500
318
1600
352
1700
385
1800
418

1900
90 Ess8
452

2000
190 ES88
485

2100
227 ES88
518

2200
552

2300
585

2400
618

2500
630

2600
2700

2800
52 1.3A
2900
152 1.3A
3000
252 1.3A

3100
352 1.3A

3146
397 1.3A



VoL. 10, 1990 T-LR GENE OF T. BRUCEI 6441
A
_ 'L'NGsz 115 - 123
L]le p[T]T A[ZIR D[L]E A p|L|p Elc/a[N]L E 124 - 148
LR E[L/M V¥ L T|L|R[N K[LIRNKRTM 149 - 170
v|N D fiwcss § 6 L|L|K F H|L|E ¥ D[G]S R G 171 - 195
vitrpE T ¢[L]F R|L|K T AlL|s N[c]1[N] 196 - 218
IjTkRc E DK E c AlL|P § s|{L[s{L{- -[cle TNV 219 - 242
TDRD|LJRCEHPD G K M|L|D E[S|s|c|H E 243 - 266
IlTD|LfTAZEGcG¥RS K|L|S G c{w[N] 267 - 289
V|TKG|L|E E[L]Cc K # S[N E[L|D E]s g c[L V 290 - 313
Llc s A v v|L|K[N L]I|N viL|s glsN]c|k[N] 314 - 336
rxnnc E R]L|V|N K[LIN[LsGc|H G 337 - 359
v|s s|Llc F ¥ A[N L|s|N E[L|D F]s ¢ clE S 360 - 382
L{v ¢ ¥ p ¢[L]o DJL|N|N viL|¥Y[L[R DV K s 383 - 405
Flr N¥ ¢ A ¥ k[N L|s K BJR|E|L|D|L S G C|E R 406 - 428
1{T s[Lls ¢[L]E T|L|K ¢ E|L|s|L[E]G c|c E 429 - 451
iIlMsEDPEWS|LIYH viL]y ¥[s[Elc|c[N] 452 - 474
IL|E p[L]s c[LlQ c|L|T & E N y[L[H[G c|R K 475 - 497
cTNEGPEWNLIR[N[¥ c V[L]E|L s[c]c|E[N] 498 - 520
L]p o[L]s c[Lle clL|T ¢ E{L|Y{L[TI][G c|E E 521 - 543
IlTTEGVE [N L|R[N clul{s = c Wlc|a[n] 544 - 566
Lkn[i'jcc E R|L|V|N KlL{p[L s G clc@ 567 - 589
Llss-sVvENME|LIMS x%o YIG[F G s R 590 - 613
lvip D § - v[L]K E[LIK R GY¥HZEF 614 - 630
B

) 10 15 20

¢..L..L.nL.nL%.L.LSGC.n T-LR
.LC.GL1.P.C.LE.L.L..C.eT.A.GC PRI [b]
..L.S.LR....L.EL.LS.N.LGDAGGQ®. PRI [a)
P..a..L..L..L..L.L..N.a..a Yeast AdCy
P... F..L..L..LDLS.N.Y..1I Chaoptin
P..L F.H..NL..L.L..N.L..L Toll
P..L L..LP.L..L.LS.N.LTTL GPIba
Pk.. fs....L..L.L.nNkI..V PG I
.. 9. f..1lk.L..L.L.nNkIs.V PG II
P..L L..L..L..L.Ls.N.L..L LRG
AL. . .P.L..L.LS.N cp14

FIG. 5. Leucine-rich repeats of T-LR. (A) The repeat units are numbered with the first and last amino acids. Boxes surround identical
matches to the T-LR consensus repeat; shading identifies conservative replacements based on the PAM 250 matrix used by the FASTA
program (31). (B) The consensus leucine-rich repeats of other proteins are aligned according to the T-LR consensus. A dot indicates variation
of amino acids at that position, a lowercase letter is used if less than 50% of the residues in the repeats match that sequence, + indicates
charged amino acids, and « indicates aliphatic amino acids. The sequence of PRI[a] refers to the first 28 amino acid module in each repeat,
and PRI[b] is the second 29-amino-acid module of the PRI repeat. Protein abbreviations: PRI, placental RNase/aniogenin inhibitor; AdCy,
adenylate cyclase; GPIba, platelet membrane glycoprotein Iba; PG I and PG II, bone proteoglycans I and II; LRG, serum leucine-rich
a,-glycoprotein.

function which is conserved in T. brucei. The chaoptin (33),
Toll (15), bone proteoglycan I and II (14), and platelet
membrane glycoprotein Ib (19, 20, 43) leucine-rich repeat
domains appear to be arrayed on the external surface of the
cells and have been suggested to function in intercellular
adhesion. The serum leucine-rich a,-glycoprotein (42) is a
minor serum component whose function is not known. CD14
is found on the surface of myeloid cells and appears to be a
receptor for the lipopolysaccharide-binding protein complex
(38). The lutropin-choriogonadotropin receptor repeat do-
main has been suggested to function as a hormone receptor
(22), and hormone binding may transduce a signal to the
intracellular domain which regulates adenylate cyclase ac-
tivity in a G-protein-mediated fashion. The Saccharomyces
cerevisiae adenylate cyclase repeat domain binds RAS,
which regulates adenylate cyclase catalytic activity (16).
Human PRI (18, 36) binds to and inhibits RNases, possibly

playing a role in regulation of cytoplasmic RNA levels. The
emergent theme appears to be specific protein binding, with
the effect dependent on the nature of the interacting pro-
teins. Thus, it seems likely that the T-LR leucine-rich repeat
is a binding domain that is specific for an intracellular
protein, since it lacks a signal peptide, transmembrane
domain, or hydrophobic C-terminal glycolipid anchor addi-
tion site.

The homology of T-LR to the leucine-rich repeat of S.
cerevisiae adenylate cyclase is particularly intriguing since
the T. brucei T-LR gene is immediately downstream of the
ESAG 4 gene, which shows homology to the catalytic
domain of adenylate cyclase (30). In S. cerevisiae adenylate
cyclase, the leucine-rich repeat domain is involved in bind-
ing RAS protein and regulation of the catalytic activity of the
enzyme (13). Thus, in S. cerevisiae, the leucine-rich repeat
region and the adenylate cyclase catalytic domain are on the

FIG. 4. Nucleotide and amino acid sequences of T-LR. The DNA sequence from the HindIII site of f14.9 is shown along with the
translation of the T-LR ORF. The comparison with 227 bp of ES88 and its ORF starts at the ES88 Bgl/II site; a dot indicates an exact match,
and the single-letter code indicates a difference. For the amino acid comparison, a conserved change is shaded, a neutral change is in
uppercase, and other changes are in lowercase. The putative metal-binding region is underlined, the cysteine and histidine residues in this
region are circled, and the basic regions are double underlined. Restriction sites are overlined.
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TABLE 1. Comparison of various leucine repeat domains

. " N-terminal  Transmembrane- . Refer- .
Protein (source) signal peptide spanning domain Copies ence(s) Function
Chaoptin (Drosophila sp.) + + 41 33 Intercellular adhesion, photoreceptor cell alignment
Toll (Drosophila sp.) + + 15 15 Intercellular adhesion, establishes dorsal-ventral axis
GPIba (human) + + 7 20, 43 Intercellular adhesion, to endothelial cells binds thrombin
and von Willebrand factor
GPIbB (human) + + 1 19  Same as GPIba
PG I and II (human) + ? 12, 10 14 Binds collagen and fibronectin
CD14 (mouse) + - 13 38 Receptor for lipopolysaccharide-bound lipopolysaccharide-
binding protein®
LH-CG-R (human) + + 14 22 Binds hormones lutropin and choriogonadotropin, G-pro-
tein-mediated regulation of adenylate cyclase activity
AdCy (Saccharomyces - - 26 16  Binds RAS, regulating adenylate cyclase activity
cerevisiae)
AdCy (Schizosaccharomy- - - 17 S1 Unknown
ces pombe)
PRI (human) - - 7¢ 18, 36 Binds and inhibits RNase and angiogenin
LRG (human) +4 ? 9 42 Unknown
T-LR (Trypanosoma brucei) - - 22 Unknown

< LH-CG-R, Lutropin-choriogonadotropin receptor. For other abbreviations, see legend to Fig. 5B.

b S. D. Wright, personal communication.

< Seven modules each containing two copies of differing forms of the repeat.

4 Assumed from extracellular location.

same molecule, while in T. brucei, the leucine-rich repeat
and adenylate cyclase catalytic domain analog are on sepa-
rate polypeptides. A requirement for different patterns of
production of a protein-binding domain and catalytic domain
during the life cycle may be the basis for the existence of
T-LR and ESAG 4 in two genes. While the T-LR gene is
expressed in bloodstream but not procyclic forms, an ESAG
4 homologous gene is expressed in both stages, suggesting
that adenylate cyclase activity is required in both stages of
the life cycle whereas T-LR function is not. The apparent
involvement of cyclic AMP in the slender-to-stumpy (non-
dividing) differentiation in bloodstream forms during the life
cycle of T. brucei (21, 32) may reflect a role of the T-LR and
ESAG 4 gene products in this process, possibly involving a
RAS cognate. The T-LR repeat also contains clusters of
aspartate and glutamate residues interspersed with hydro-
phobic residues that have been implicated in calcium binding
(35), which is intriguing since adenylate cyclase activity is
regulated by calcium in T. brucei (48).

The T-LR protein contains a cysteine-rich region near its
N terminus, adjacent to a basic domain. This region closely
resembles zinc finger or binuclear cluster metal-binding
domains of other proteins that bind nucleic acids in a
sequence-specific, metal-dependent fashion and regulate
gene expression (27; for a review see reference 2). The
presence of a putative metal-binding domain implies a role
for the T-LR gene product that entails nucleic acid binding,
suggesting that it may be involved in regulating gene expres-
sion at either the DNA or RNA level.

The cysteine at position 21 and charged residue at position
14 of the T-LR and PRI[b] leucine-rich repeats differ from
the other leucine-rich repeat sequences (Fig. 5B). This is
particularly interesting since the leucine-rich repeat of PRI
inhibits RNase activity, and VSG and ESAG transcript
abundance is regulated in a stage-specific fashion, perhaps
posttranscriptionally (29). This raises the possibility that
T-LR is involved in the posttranscriptional regulation of
genes in VSG expression sites. The restriction of the T-LR
gene to those trypanosomes which undergo antigenic varia-
tion (Fig. 2C) and the presence of T-LR mRNA in blood-
stream but not procyclic forms are consistent with such a

role. A potential nucleic acid-binding regulatory function
and a possible adenylate cyclase-dependent regulatory role
are not necessarily mutually exclusive possibilities. How-
ever, an association with adenylate cyclase implies a loca-
tion near the plasma membrane, since adenylate activity has
been found in T. brucei membrane fractions (47), while a role
entailing interaction with nucleic acids implies a nuclear
location. The role of T-LR, and why it is associated with
other ESAGs and VSG genes as part of a single transcription
unit (30), is a topic for future experimentation.
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