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Abstract. The surface of the parasitic protozo@ry-  tope selection in evolution of these genes; (2) the 29
panosoma brucespp. is covered with a dense coat con-nucleotides surrounding the splice acceptor site are ab-
sisting of a single type of glycoprotein molecule, the solutely conserved in all eight 117 VSG genes; (3) nu-
variant surface glycoprotein (VSG). There may be asmerous insertion/deletion mutations are located within or
many as 1,000 genes for VSG within the genomd& of immediately downstream of the C-terminal protein-
brucei,and the switch of expression from one to anothercoding sequences: (4) within 500 bp downstream of the
is the phenomenon of antigenic variation. As an ap-insertion/deletion mutations are one or two copies of a
proach to understanding the evolution of VSG genes weepeat motif highly homologous to the recombinogenic
have determined the genomic DNA sequences of th&6-bp repeat sequences present upstream of many VSG
eight genes encoding the variant surface glycoproteirbasic copy genes and the expression-linked copy.

117 (VSG) family. From these data we have observed a

number of features concerning the relationships betweeKey words: Evolution — Multigene family — Re-
these genes: (1) there is a region of high variability con-combination — Trypanosome — Variant surface glyco-
fined to the N-terminus of the coding sequence, and comprotein

parison of the sequences with the available X-ray dif-
fraction crystal structures suggests that two of the most

variable stretches within the N-terminal domain are pre- )
sent on surface-exposed loops, indicating a role for epilntroduction

Trypanosoma brucespp., the African trypanosome, is
*Present addressLaboratory of Cell Biology, Department of Bio- the causative agent of African sleeping sickness in hu-
chemistry, Imperial College of Science, Technology and Medicine,mans; it affects several millions of individuals. The para-
London, SW7 2AY, UK site life cycle involves obligate transmission through a
Abbreviations:BC, basic copy; ELC, expression-linked copy; ES, ex- mammalian host and an insect vector, the tsetse fly
pression site; GPI, glycosylphosphatidylinositol; indel, mutation where . L .

insertion or deletion cannot be discriminated; (k)bp, (kilo)base pairs;(qossmaspp')' V\_/h”e !n the mammalian host the para-
ORF, open reading frame; URS, upstream repeat sequence (also knowit€ dwells in the intertissue spaces and the bloodstream.
as 76-bp repeats); UTR, untranslated region; VSG, variant surface glyThe parasite is covered by a dense proteinaceous layer
coprotein. The nucleotide sequences presented in this paper have begnsisting offno’ copies of a single protein, the variant
submitted to GenBank with the following accession numbers; pSUBSS,Surface glycoprotein (VSG). During infection the para-
L31608; pSUB70C, L31607; pSUB70A, L31606; pSUBG0, L31605; . . . . . .
pSUBSS, L31604; pSUBS2, L31603; pSUBS0, 131602 and the 117Site population _cycles, with each successive parasn_emlc
basic copy (pGB117), L34415 peak characterized by the emergence of a serologically

Correspondence tal.C. Boothroyd distinct dominant cell surface antigen (reviewed in Cross




501

1990a; Van der Ploeg 1990; Pays et al. 1994) determined It is the mechanism of diversification that we address
by which VSG is expressed. Parasites bearing the newn this paper. Clones containing the genes for a discrete
dominant VSG are eventually eliminated by the host’'sfamily of VSGs closely related to VSG 117 have been
immune system, and this phenomenon of antigenic variaisolated in this laboratory (Beals and Boothroyd 1992a)
tion is absolutely essential to the survival of the parasiteby use of a probe to the region upstream of the ORF. We
In the field the rate of switching from one VSG to an- have now determined the complete nucleotide sequences
other is estimated as1072, but in laboratory strains the of eight members of this family, covering a total [0
switch rate is significantly less than this10™° (Lamont  kbp of the T. brucei genome. Our analysis has been
et al. 1986). As has been noted by Vickerman (1989)directed to addressing a number of specific questions.
this latter rate is so low that it falls within the rate of First, we have mapped the regions of greatest variability
random recombination events, and therefore a large nunwithin the VSG coding sequences. Associated with this
ber of the reported DNA rearrangements associated witlve have been able to reconstruct a probable course of
antigenic switching may have been created by a mechaevolution for the group of genes. Second, we have ana-
nism unrelated to that utilized by a natural population inlyzed the sequences surrounding the ORFs of this panel
maintenance of an infection. of VSG genes to gain insight into the mechanisms and
Those VSGs that have been characterized are glycgressures leading to diversification. Finally, we have re-
proteins of approximately 55-65 kDa and are anchoregxamined and extended the data on the location of the
to the parasite cell membrane by a glycosylphosphatiretroposon mobile elements RIME and Ingi, previously
dylinositol (GPI) membrane anchor (Cross 1990b). It hasshown to be present near to the 117 VSG genes (Beals
been estimated that there are on the order 8ffifferent  and Boothroyd 1992a).
VSG genes within the parasite genome (Van Der Ploeg
et al. 1982), which are loosely clustered. These clusterMethods and Materials
do not reflect a simple evolutionary relationship, how-
ever, as in the case of the 117 VSG gene family the mogfolation and Preparation of DNASubclones containing genes for

closely related genes are dispersed throughout the gglembers of the 117 VSG family have been previously described in
nome (Beals and Boothroyd 1992a) detail (Beals and Boothroyd 1992a,b). Plasmids and cosmids were

. - Ci;rown inE. coliDH5a and DNA was prepared using a Qiagen plasmid
Expressmn'of VSG genes occurs from a specializedso|ation kit (Qiagen Inc.) exactly as described by the manufacturer.
telomere-proximal expression site (ES). The VSG geneNAs were further purified by precipitation with 13% polyethylene

present in an ES can be overwritten by agene conversiogiycol 4000 or by ultrafiltration using a Centricon 100 where necessary.

process (Pays et al. _1983), resulting in th_e replacement of . cration and Analysis of Sequence Dafihe 117 VSG genes
the ES sequence with the donor or basic copy VSG Secontained on the pSUB plasmid series (Beals and Boothroyd 1992b)
guence (reviewed in Cross 1990a; Van der Ploeg 1990yere sequenced by gene walking without further subcloning or ma-
Pays et al. 1994). Alternatively, a new ES may be acti-nipulation. Additionally we also determined the nucleotide sequence of
vated or sequence exchanged between two ESs to alloffy¢ 117 basic copy from pGBL17 (Boothroyd et al. 1982, Fig. 1).

. . equence data were obtained using dye terminator chemistry with Tag-
the expression of a new VSG. The details of thesecycle sequencing using custom primers and the products were resolved

mechanisms remain poorly understood. The ES itself is @sing a 373 DNA automated sequencer (PAN Facility, Stanford Uni-
large polycistronic transcription unit, and is always lo- versity) as described by the manufacturer (Perkin Elmer Inc., Foster
cated close to a telomere. Approximately 1-2 kbp up_City, CA). Raw dat_a from_ the sequencer bgst_e_calling output were
stream of the VSG gene in the ES are a variable numbeci,onverted to Word files (Microsoft Corp.) and initially assembled and

. . aligned by eye. Completed DNA sequences were translated (all three
of [I76-bp repeats, which have been mapped as COnta‘”?r'ames) using the Navigator program (Perkin Elmer Inc.) and aligned

ing the 3-limit of conversion (Campbell et al. 1984). uysing the Pileup program from the GCG package (Devereux et al.
These sequences are also present upstream of the VS@84). These initial alignments were used to proofread the sequence
basic copy genes (Liu et al. 1983), while the downstreantata by analysis of the electrophoretogram output from the 373 se-
transposition limit is close or within the’ 3nd of the quencer. Final sequences were realigned using Pileup or GeneWorks.

. L Unassigned bases (i.e., a base was detected but could not be assigned
open readlng frame (ORF) (Bemards etal. 1981; Liu eRNith absolute confidence) are designated as “N,” and the correspond-

al. 1983). Transposition of only part of a VSG sequenceang unassigned amino acid as “X.”
into an ES, using sequence similarity within the VSG  Phylogenetic gene trees were produced using PAUP (Phylogenetic
OREF to initiate recombination, has been demonstrated%“alySiS Using Parsimony) V3.1.1 (Swafford 1993) using the Pileup

leading to the production of a chimeric VSG (Longacre alignments of the translated sequences in both branch and bound and
xhaustive mode. Both algorithms produced the same topology with

and Eisen 1986; _Thon et al. 1989, 1990; Kamper a'nCi'ensigniﬁcant differences in the lengths of the internodes (see Figure 6
Barbet 1992; reviewed by Barbet and Kamper 1993)iegend). The branch and bound tree was then bootstrapp@de(ilp

There is also evidence for the introduction of apparentlycates) to assess robustness. Analysis of the similarity index of the
nontemplated point mutations specifically within the translations of the ORFs was performed using the PlotSimilarity pro-

OREF of an expressed VSG gene (Lu et al. 1993)_ Howdram from the GCG package, with a window of 20 residues (Devereux
. . e . . et al. 1984). The PlotSimilarity graphic output was scanned, copied into

ever, as information within the ES is belle\IEd to be eve_n'Adobe Photoshop (Adobe Systems Inc.), and manipulated for presen-

tually lost, these processes do not provide a mechanismtion. Sequences of the 117 (MiTat 1.2), 221 (MiTat 1.6), and 118

for the diversification of the basic copy genes. (MITat 1.5) VSG ELCs were retrieved from GenBank (accession num-
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Fig. 1. Structure of a 117 VSG gene locus. The region considered aschematic. Splice acceptor site, start codon, and stop codon are indi-
the locus is indicated ast#ox, and flanking sequence assagle line. cated by SA, ATG, and TAA (for the 117 basic copy), respectively.
The position of the URS is indicated adlack boxthe N-terminaland  The positions of the regions 1-6 discussed in the text and the nucleotide
C-terminal (GPI) signal sequences blyecker-boardingand the cod-  positions of their boundaries are indicated beneath the schematic.
ing sequence byave-fill. The proposed position of the recombination Nucleotide numberings are based on pSUB70C and the alignments
junction at the 3end of the locus is indicated bythick barabove the  shown in Fig. 3 (not to scale).

bers K00638, V01387, K0O0639, X56762, and X56763). The sequenceosmids using RIME and |ngi probes, |nitia||y we were
for pSUBﬁo was compiled ‘ésmgzsli’g?grg"iol‘ls'y ddetgrmiﬂed Ze‘iggfz‘ﬁéble to confirm the assignment of the VSG gene to the
t(fgee'lﬁsfwiﬁf‘;zzsn'%?]a?“drzt:generatec’j i) . oothroy ?egions of the cosmids with homologous restriction maps
with the oligonucleotide probe VSG5.1,, complementary

Southern Blot Analysi€osmid clones (pCOS85, 70A, 70C, 60, 55, 0 the 8 end of the 117 VSG ORF (Fig. 2). We next

52, and 50), as described in Beals and Boothroyd (1992a), were diprobed with RIME1, RIME2, and Ingi oligonucleotide
gested with restriction endonucleases (New England Biolabs) and thprobes (see Materials and Methods). We were able to
Fagmarts e sepraed 0275 o el T {synens i th assignment of RIME/nglated squences
(modified from Ma?iatis )ét al. 1985) and probed with synthetic oligo- on P¢089'8A’ 9.8B, _8'5A’ and 6.0, as well as to dete_Ct
nucleotides using the fluorescein-terminal transferase system (Amer@dditional elements in pCOS70C and 6.0 and two in
sham International Inc.) and detected using the ECL reagent (AmerpCOS5.0 (Fig. 2). Interestingly we were able to detect

sham International Inc.). All Southern blots were washed at high strin-some of the RIME elements with the RIME1 oIigo-
gency (0.1 x SSC, 0.1% SDS, 65°C) for at le@sh before  pcleptide and others with the RIME2 probe, suggestive
visualization. of some degree of heterogeneity within the RIME popu-

Oligonucleotides.Oligonucleotides were synthesized on an Ap- lation. . . .
plied Biosystems Oligonucleotide Synthesizer (Perkin Elmer Inc., Fos- 1he locations of the putative RIME/Ingi elements

ter City, CA) and were used without purification. Sequences of thewere not consistent with a role in duplication/
oligonucleotides used in Southern blotting were GGTCCAGTACCCC- transposition of the 117 VSG gene family; i.e., they were
GTATCATCGGGGGAAGCCAAGAGCCAGC (RIMEL), GGCGCG- ot |pcalized at constant positions with respect to the

GCCATCAGCCATCACCGTA (RIME2), CGCCCCGCATGCT- : .
CAACGCTCGAACAACTCCTGCACGTCCCG (Ingi1), and VSO coding sequence (Fig. 2). The number of RIME/

CACTGCGGTCTAGCGGCGACCCCG (VSGS.1). The RIMEL se- INgi elements in theT. bruceigenome is estimated at
quence was designed against part of the sequence from Hasan et &ll1,000 (Hasan et al. 1984), and therefore it is not unex-

(1984), while RIME2 was designed against a sequence determined fopected that one or more RIME elements would be pre-
a RIME element on pSUB9.8 (T. Beals and J.C.B., unpublished data)sem in random DNA fragments of several tens of kilo-
bases, i.e., the size of a cosmid insert. In addition, two of
the cosmids analyzed, pCOS5.5A and 5.2A, did not
contain RIME/Ingi-related sequence, despite containing
sufficient DNA to cover regions corresponding to the
positions of RIME/Ingi elements detected on the other

It was previously suggested that the occurrence of th&€osmids. Taken together we conclude from these data
retroposon-like RIME and Ingi elements (Kimmel et al. that there is no evidence for a RIME/Ingi-mediated
1987; Smiley et al. 1990) on some of the cosmids (frommechanism for expansion of the VSG gene repertoire.
which the pSUB series of plasmids were derived) con-

taining the 117 VSG family member genes (pCOS9.8A,

9.8B, 8.5A, and 6.0, Beals and Boothroyd 1992a) couldNucleotide Sequences of the 117 VSG Gene Family
provide recombination sites allowing both the duplica-

tion of VSG sequences and the movement of existingrThe complete nucleotide sequences of eight 117 VSG
sequences within th€. bruceigenome. We investigated gene family members were determined and are available
this possibility by Southern analysis of the remainingfrom GenBank using the following accession numbers:

Results and Discussion

Location of RIME and Ingi Elements
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Fig. 2. Lack of correlation between the locations of RIME and Ingi sequencekiox 1), RIME1 (box 2, RIME2 (box 3, and the Ingi ele-
elements and the 117 VSG gene family coding sequence. The restrianents box 4 are indicated (see Materials and methods). The restriction
tion maps of the cosmid clones containing the 117 VSG family genesmaps are redrawn from Beals and Boothroyd (1992a). pCO® Was
are shown. The positions of fragments which hybridize to VSG codingnot analyzed.

pSUB85, L31608; pSUB70C, L31607; pSUB70A, start codon at nucleotide 520 through to the extreme
L31606; pSUBG60, L31605; pSUBS5, L31604; pSUB52; C-terminal region following nucleotidell,900. This en-
L31603; pSUB50, L31602; and the 117 basic copysures that the reading frames of the VSG genes are main-
(pGB117), L34415. The biologically relevant regions aretained (except for pSUB70A and pSUB70C as discussed
shown in Fig. 3 following alignment. below).

A number of features are immediately obvious by The sequence of the basic copy presented here was
inspection of the nucleotide sequences. First, the VSGletermined from the genomic DNA contained on plas-
gene sequence contained on pSUB70A and pSUB70@id pGB117. Comparison of this sequence with the
are extremely similar. The possibility that these two cDNA reported by Boothroyd et al. (1982) demonstrated
genes are allelic seems unlikely given the fact that all theessentially complete identity, with the exception of seven
other family members are present apparently once pemucleotide differences. Of these only two are coding,
diploid nucleus and the dissimilarity of the restriction changing amino acid 231 from tyr to phe and amino acid
maps of the respective parental cosmids (Beals an@68 from arg to gly. Point mutation differences between
Boothroyd 1992a). It seems more likely, therefore, thatan ELC and a basic copy confined to the coding se-
they are the result of a very recent gene duplicatiomquence have been reported recently (Lu et al. 1993), but
event. note especially in this specific case that the MITatl.4

Second, there is, as expected, a high degree of simparasite preparation used for the mRNA (i.e., cDNA)
larity between all of the sequences throughout most otloning was different from that used for the genomic
the analyzed region. We observed very few insertions ocloning: The two were separated by several animal pas-
deletions in the sequences, i.e., the majority of the difsages over several years. Hence, it is not possible to
ferences are due to base changes and not changes in tt@mment on the speed of these changes.
number of bases. This is most clear in the region from the The remaining discussion will focus on six regions
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(designed 1-6; see Fig. 1 for details). The regions will beThere are a small number of apparent deletions in some
considered in numerical order. of the sequences as revealed by the alignment, specifi-
Region 1 is the upstream region not present in thecally between nucleotides 688 and 711. However, there
mature VSG mRNA (nucleotides 1-444). As originally is no loss of reading frame through this particular region
reported in Beals and Boothroyd (1992b), this regionas all of the genes have a single base missing within this
shows very high homology, among all the 117 VSG fam-23-base region relative to the consensus.
ily. In this case we have not obtained sequence data as far Region 4 (nucleotides 1920-2250) includes the GPI-
upstream from the splice site as in that previous reportsignal peptide and approximately 200 bases @J BR (it
but we have seven examples over this region (but seis not possible to predict polyadenylation sitedTirbru-
below). Our alignment is slightly altered from that re- ceibut this is the approximate size of thel3TR in most
ported earlier (Beals and Boothroyd 1992b) due to the/SG cDNAs so far identified). The nucleotide alignment
presence of additional sequences in this region, espeeveals a different situation in region 4 compared to the
cially the closely related pair 70A and 70C. We find that others (Fig. 3B). Beginning downstream of nucleotide
region 1 is very highly conserved, and the single peak ofL900 several large gaps need to be introduced to main-
variability at nucleotidé 250 can be accounted for by an tain the alignments, which is within the C-terminal re-
eight-base region of unusual heterogeneity (nucleotidegion of the open reading frame. It is also necessary to
253-260), including a single base insertion in the basidntroduce gaps within the region’ 3o the stop codons
copy at nucleotide 258 and an eight-base difference benucleotide 2094 in the basic copy), and alignment with-
tween pSUB70A and pSUB70C and the remainingout gaps only becomes possible again around nucleotide
genes. We do not believe that this small region of het-2340 (see below).
erogeneity has functional significance. It is worthwhile It is also apparent that the alignment overall within
noting that the level of similarity is not particularly en- this region is relatively poor, although it is still signifi-
hanced more than 29 nucleotides upstream of the spliceant, and is in stark contrast to the high degree of ho-
acceptor site (compare nucleotides 101-200 with 321+ology that is seen immediately upstream within the
420), even though this region may be more constraine®-terminal region of the ORF (compare the first block of
than sequences further upstream due to requirements thaticleotides in Fig. 3B with the remainder). This in-
it retain the ability to be a substrate for ttrans-splicing  creased heterogeneity does not mark the end of the con-
machinery (e.g., branch formation). However, around theserved sequences as further downstream, in region 5,
splice site itself we observe the absolute conservaelose similarity returns. This is consistent with the ob-
tion of 29 nucleotides ACCTCCAACATAAGCAG/ servation of significant similarities in the restriction
CAAAAGACTAGA (splice site for the 117 basic copy maps of DNA downstream of and including region 4 for
is indicated by “/"; Boothroyd and Cross 1982) in all the cosmids containing the 117 VSG genes (Beals and
eight of the genes. This suggests that these 29 bases a@eothroyd 1992a), and leads to the conclusion that re-
required for correct recognition and processing of thegion 4 contains a localized area of highly increased se-
nascent VSG message. It is important to bear in mindgquence variation, characterized by both low homology at
however, that the sequence surrounding the splice sitehie nucleotide level as well as the presence of indels
of non-VSG genes iT. bruceiis divergent from this (mutations that are insertions or deletions, but due to a
sequence, and therefore this complete conservation mdgck of temporal information it is not possible to con-
indicate a function for this region beyond being a sub-clude which). This type of heterogeneity is totally unlike
strate for thetrans-splicing machinery. that observed within the’5end of the ORF, which is
Region 2 encodes the bintranslated region (UTR), characterized by the occurrence of point mutations but
i.e., from splice acceptor site (nucleotide 445) to the starseldom an indel and contrasts dramatically with region 1,
codon (nucleotide 520). We confirm the observation ofwhich has no obvious functional constraint on sequence
Beals and Boothroyd (1992b) that over this region thedivergence yet is extremely highly conserved.
basic copy is less related to the family members than This type of heterogeneity could be the result of in-
they are to each other, consistent with the basic copy asccurate repair to a DNA duplex involved in a recombi-
an outlying gene (see below) and with there being lessation event, e.g., transposition or gene conversion into
functional constraints on this region than that immedi-an ES. Incomplete homology between the incoming VSG
ately surrounding the splice site itself. and that present in the ES would result in the loss or
Region 3 spans the open reading frame (nucleotideacquisition of sequence information within the donor due
520 to [11920) to the GPI-addition site near the C- to inaccurate resolution of the recombination intermedi-
terminus. We observe several areas of increased variabiites, manifested as indels within an alignment of other-
ity within the N-terminal region of the open reading wise-homologous genes. The indels could also be the
frame; these are discussed in more detail with respect teesult of an aborted recombination event where a donor
the protein coding function below. Within the C-terminal gene failed to gene convert the ELC, and the resulting
region, before reaching the sequences specifying thenutations are the product of a DNA repair mechanism.
GPI-signal peptide, the levels of similarity are high. Because VSG genes are present within clusters (Van der
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Fig. 3. DNA sequence of the VSG 117 basic copy and the corre-UTR, and URS. Probable stop codons anelerlined.The 15-bp con-
sponding sequence from seven VSG 117 gene family memb&vs.  served element isnderlinedfor pSUB70C. The consensus sequence
VSG 117 basic copy; other numbers represent individual family mem-for the URS motif is shown below the corresponding regions of the
ber genes defined by the size of thélmdlll fragments (Beals and gene sequences. Unassigned bases—i.e., a base is clearly present but
Boothroyd 1992a,b)A Cotransposed region, TR and N-terminal  the signal is ambiguous—are designated\byGaps introduced in the
portion of the ORF. Initiation ATG is found at base number 520 and is alignments are denoted by “=" and identity with the sequence of
underlined.The 29 nucleotides surrounding and including the splice pSUB70C is shown as “.”. Sequence of the URS is adapted from
acceptor site aranderlinedin pSUB70C.B 3’ portion of the ORF, 3 Campbell et al. (1984).

Ploeg 1990) it is important to bear in mind that there mayincluding acquisition of a new’'Z®nd (which is known to

be a further VSG gene located downstream of the 11'be a frequent event; Barbet and Kamper 1993), gene
VSG genes that we have analyzed, and therefore some ebnversion using the ELC as the donor fixes the altered
the indels that we observe here could be the result 08" end in the repertory of stable VSG basic copy genes.
recombination events upstream of such a VSG gene. It i¥here is as yet no evidence for such a “backward”
also possible that the mutations in region 4 are “im-event.

ported” from the ELC; i.e., after generation of an ELC,  The conserved 15-bp sequence TGATATATTTTAA-
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B 1951

2100
70C  TRGGTGCAAA GGGAAAGGAG TGAAMGAATG CGAATCTCOG ---GATTGCA AATGGGAGGS TGARACTTGC AMGGATCCCT GT-TTCTTGT AAATAAAGTA TTGGCTGCAA ---T--CTGC TGTTGCTTTT TTTTAGCGTG --ATGGCATT
70A

2101 2250
70C  CTAA-GTTIT T--TRAATTA AGPATAATTT AA-AAATTTA CTATA- mgwm (anGAAA ATGIGAAAAT -TAACAAAAA ------] ATAT TTCCAAAATG TTGTAAAATG TGAATAACTG CAGGOCCAT-
TOR o s e e e AT ool L T s e T
85 T....A.... . . .C..T...G- TTICIT.A.~ -.T..-G.-TA..A...... ..T..G.TA. ..-...T..A
52 T....A.... . .C..T...G— .TICTT.A.- -.T..-G.-TA..A...... ..T..G.TA. ..-...T..A
50 T....A.... . .. .GT.TGGCG. TAGACT.A.G ..TG.-..-T A.T.T..CAC .TT..G.AAC ..T.TRA..A
60 .CCTC-.CCC .CCCC. .. . . . e . . . . . T. . .GIG...T TITICATA.A ..TT....-T AG.A...T.T GAT..G.AA. T.C-.ATG.G
117 A...C...CC CCC.C.. .CC..A ..G..C...G .C.C-.-. L . . . T. . .GIG...T TITIGG.A.. .CAG.TG.GT A..A. ..T..G.TA. ..-..AT..A
55 A...CA..CC CCC.C..C. .CC..A ..G..C.... ...C-.-. L 8 . GIG.... TCTT-G.A.. .CAG.TG.GT A. A..... A.,TA.G.’I}\. A.-..TT..A

2251 2400

;gc GGT-TAAAAG TRACAAGGTG ATATTGTA-T AAARAATGAG CGCTATTCTA A——MICIC CTAATTTGGT TTCTTTTCCC CATTATGIGT GTATTAATTG GCGTTATRAT GGTAATGATA ATAATGTTAA TGATAATAGG TGGGTGTIGT
A A

c.. AGA .CAGTRATAA TRATAATAAT GATRATAATA ATAATAATAG GAGAGIGCTA TGATAGTACA TATCCTAACA TRATAG.ARC ...ATTAGTG ..GACT.AAG CCGOGXC.. .AG.G..GTG
............ AGA .CAGTRATRA TRATRATRAT AATAATRATA ATAATAATAA GAGAGTGTTG TGAGTGTGTG TATACGAATA TTATAATAAG .

2551 2700

;gc CAACPAAARRG AGTTTTGTGG AGGTAAGTAT GTAGATAGAA CAGTGAGTGA GTGGGAGATT TGAATATACG CAATTTCGCA AAGAAGTGTT AAAATATATT ACACACTATG ACAAAGATGA AATTTGTGAA GG-CAATGAG TCGATTATGC
T O
:; AC.ATTCCG. .AA.G.ARTT .AA.T.TGIG AAT..G.CGG A.TGA..A.G AATAA.A.GA AT.T...TAT A..AGAAPAT TCAGG.A..A TIGCAG-... .... TIGC.C T...-.CGA. C-AAATG-.. C-.A.CRACT ATC..G.AA.
50

60 TT.A..C..T .ACGAG.GT. .AA.GG...C AATT.AGIG. A..G....A. AA.AAGATGA G..C...GAT T..AGGA.AC ..A..AG.CA ..C.G.G.AA CGGA.A.GGA .T.TGTG.AG TT.CAA--.G AC.A..GIGA .GATG.TATT
117 AC.ATTCCG. .AA.G.AATT .AA.T.TGTG AAT..G.CGG A.TGAGTA.G AATAA.A.GA AT.T...TAT T..AARACTT C..-G.A..A TIGCAG-... .... TIGC.C TT....CGC. GGAAATG-.. CA.A.CAACT ATC..G.AA.
55 -TTA...C.A TTC.GGAAAT GTPAT. . -=-= ========== —==e-e——ee oo AA.A.GA AT.T...TAT A..AGAAPAT TCAGG.A..A TIGCAG-... .... TTGC.C T...-.CGC. G-AAATGA-- AC.A.CAACT ATC..G.AA.

2701 2820
;gC ANGAATAGTG GATTTCATTT AACA’I'IG'IAA A’mPGAAGAA -ATIGA AGA AGCAG-T-AG C-C-TT--T- TA-CTGAAGT GA-AAGTAGA TAGCA-CAAA 'IGA———AAAT ~C—CT-ATAG

A e s GO Gl A.....Co.. il
gg ——cs—mr@mm'r—m@-‘s—cmcmcc—cm .TGA.-GT.T C-.TG-T-CA -CGTT..TC. C-AGCGA-T. ct»’r— G}A—PGACA.—T
50
60 TGTCG.GCAC A.AAGA.AG. G.T.GA.-G. GAC.AT..GG A.GA..C... GT..AG.A.A .AMGCCCAAT G.TGCACCTA A.CCTRATAT CGAA.AGC.T ...AAGTGGA AGGTGIG..A
;;7 -.=C.GGTAT .GAGGGCACG .T.CGGTOGG GA.G..G.-C ACAGC.C.-. C.GG-C3G.. .TGA.-GT.T C-TTG-T-CA -CG.TT.TC. C.ABCGA-T. COC-T-..CG AGA.AAT.-.

Fig. 3. Continued.

CAC, reported as present in thé BTR of most ex- sequence corresponds exactly to a single copy of the
pressed VSG genes (Borst and Cross 1982), occurs, withRS maotif, beginning with a CAG nucleotide triplet.
minor variations, in six of the 117 genes analyzed. Be-Most changes from the URS consensus are transitions.
ginning at nucleotide 2150 this motif is conserved with pSUB55 also has a 26-bp deletion downstream of the
one (basic copy, pSUB70A, pSUB55, and pSUB52), twotwo URS motifs at nucleotide 2577. Homology between
(pSUBG60), or three (pSUB85) changes. However, inpSUB70A and pSUB70C with the rest of the genes de-
pSUB70C and pSUBS50 the motif is degenerate, with fivecreases substantially after the insertion in pSUB55, but
and seven changes, respectively. As the role that thsignificant homology is retained between pSUBS55,
15-bp sequence plays in VSG expression or recombinggSUB60, pSUB85, and the basic copy.
tion is not known, it is not possible to draw any conclu-  The function of these sequences close to thergl of
sions from this observation. It is curious that the 15-bpthe VSG ORF is unknown, but the repeats upstream of
motifs are highly divergent between pSUB70A andthe 117 BC ORF (at least) are involved in the recombi-
pSUB70C in an otherwise highly homologous stretch ofnation event into the ES (Campbell et al. 1984). It has
nucleotides between these two genes. also been suggested that the URS sequence can adopt a
Region 5, downstream of nucleotide 2250, containsnon-B-type helix—specifically, Z- and/or D-helix
sequence matching almost perfectly the consensus 76-lampbell et al. 1984). The junction of a left- and right-
upstream repeat sequences (URS) that have previoushanded helix will result in the formation of a bulge,
been seen in small numbers upstream of chromosomevhich would clearly have the potential to be recombino-
internal VSG genes (Fig. 1) and in massive numbergenic.
upstream of VSG genes located in the telomeric ES Whether serving as the upstream or downstream re-
(Campbell et al. 1984; Van der Ploeg 1990; Cross 1990a)xombination site the close proximity of the URS to the
One family member gene, pSUBS55, contains two copiegutative recombination junction may indicate a role as a
of the motif, whereas the other genes have a single copyecognition site for the recombination machinery, either
The second copy of the motif is present in pSUB55 as aracting as an entry point for an invading strand or pro-
insertion relative to the alignment with the other se-viding a site that signals the downstream boundary of the
guences, beginning at nucleotide 2431. This insertiorrecombinogenic region, i.e., preventing strand exchange
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60 ... i e Covvvninnnnn G...G.C....ovntn CTT......oovivnns Lo
55 ... T...... G..Teeviviinnn C..AC......... G...G.C.....vtn C..Teeiiiiiiinaans Gttt tiiiteeenannananansasanonns
85 TCTCTAAATAAGGOOCAAGAATCAGOGGTGGAAAAGACCAGCTAAT TOGTGT T TAGG TTOGGOG TTAGC TACAT TACAGGGGEOGACTGGCAGAACAAGOGGCTATTAAAAGACTG
60C......... G....Tv il C.C.C....G....... [ Covevennnnnn Aol Covvnnnnn AA...G...... T..Coovviinnnnns
55 .......... G..G.T..AC........ C..CC...vviininnn [ Teeevennne G.T..A...... A...GG...... AC.......... T..
85 TGCTCATTTACTCTTATAAATTGATTCAAAGCAAATAGGGAAGCAGT TAACAGTAGCACAAAGACACCAAACAAACTGTTGATTAATGACATCAATATCAGCATCAACCTCTACAC
60 ... L b G....G...... A....GG........ G
55 ... [ K AT [ P [N G.G
85 TAGOCAATAACCOCTTTTCATTGTGAGCTCAGCT-GTCCATGCACAAAAAGGTGTCAAACACA -ACGCATGOGOCAACGAAT-GOCAGTGCAAGGCACGTCTTCAGACTOGGCTACA
60 CTAG. ........ovvnennn [ oA Tevrerninnans G...... AG........ AOGGG. ..... AA..G..... L PN AAG........
S5 GTAA..G.......ovvnvnnnnn L= o P G.C..ovvnnn G...... - R N
85 GCACTATAGAGACATGGTTOCACGAGGOCAGCAACGC

60 ............ G.....C. e eesaresaans G...

55 ....... G....... T....AC........oiintn

Fig. 4. High degree of homology upstream of the VSG open readingnot be obtained from the remaining pSUB series plasmids because the
frame in region 6. Sequence data were obtained using an oligonuclednserts do not extend out to this region. Periods indicate identity to
tide primer previously determined by sequencing the upstream regiopSUBS85 and “~" indicates a gap introduced in the alignment.

of the insert in pSUBB85 from the vector. Sequence information could

from taking place further downstream. Our demonstra-basic copy to be more distantly related to the family
tion that the 117 BC gene is in fact flanked by 76-bp members than the family members are to each other. This
motifs is highly suggestive that these sequences delineais exemplified both by the primary structure of the signal
a “‘mobilization” boundary, i.e., provide entry and exit sequences, where the basic copy sequence is clearly very
sites for the recombination machinery on either side ofdifferent from that of the family members (Fig. 5), and
the VSG coding region. also from the phylogenetic analysis, which places the
We also obtained sequence data fraf kbp up-  basic copy as an outlying molecular taxon (see below). In
stream of region 1 for pSUBB8S5, 60, and 55 (region 6).fact, the signal sequence is the most divergent region
These sequences (Fig. 4) have a remarkably high degresstween the basic copy and the family member consen-
of similarity even at this distance from the VSG ORF. sys. The positions of cysteines known to disulfide bond
Whether this similarity extends to all the family mem- jn vSG117 (Allen and Gurnett 1983) are highly con-
bers could not be tested because the other pSUB Seri%'érved among the entire group (indicated by dots in F|g
plasmids do not extend far enough upstream. These res5), as reported previously for VSGs (discussed in Blum
sults are particularly significant because preliminary re-et al. 1993), consistent with all of the expressed proteins
sults indicate the presence of degenerate URS sequenciggving similar secondary structures.
(1 kbp upstream of the VSG ORF in pSUB85, Each of the sequences encodes at least one potential
pSUB70C, and pSUB65 in a position analogous to wherey-glycosylation site. Except for pSUB70C all of the
they are found in the 117BC gene (data not shown butamily members conserve the site at codon 453 of the
see Fig. 1 for position). Although these URS elementshasic copy. pSUB52 encodes one additional site at codon
were technically difficult to sequence, it was clear that136, and pSUBS55 two new sites at codons 238 and 423.
they were much more divergent from each other than th@oth pSUB70A and pSUB70C encode two sites at 366
corresponding sequences in region 6, again suggestinghd 388. The possible contribution of an N-glycan to the
that the URS may be involved in local sequence variatiomantigenicity of the VSG is not known, although VSG 117
similar to that seen in regions 4 and 5. is known to use the site at codon 453 (Holder 1985).
Taken together, analysis of the regions flanking the e confirmed the presence of a TAA stop codon at
VSG ORF indicates the presence of URS sequencegmino acid 44 in pSUB70A (Beals and Boothroyd
both upstream and downstreant (6 region 1 and in  1992b) and found the same feature in the closely related
region 5), which are close to or include regions of highpSUB70C gene, presumably resulting from a single base
sequence diversity, while beyond this, similarity be-change from the TCA serine codon in all of the other
comes greater (region 6 and thé énd of region 5). family members. We also observed that the reading
Clearly a role for the URS in the mobilization of VSG frames of pSUB?OA and pSUB?OC are closed by a+1
sequences is suggested by this, but the precise mechfiame-shift at codon 414 (data not shown). In order to
nism remains unknown. allow comparison of the coding potential of the 70A and
70C genes we have artificially frame-shifted the nucleo-
tide sequence by removing this adenine nucleotide for
the translations shown in Fig. 5. Again, because regions
Following translation of the nucleotide sequences, theof VSG genes can frequently be recombined in a seg-
predicted amino acid sequences were aligned usingental fashion, stop codons or frame-shifts do not pre-
Pileup (Fig. 5). The translation alignment shows the 117clude full functionality of the adjacent sequence. A re-

Analysis of the Protein Coding Sequences
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Fig. 5. Translation of the coding region of the DNA sequences of the designated by arX and spaces introduced into the alignment by a

117 VSG family. Sequences are numbered from the initiation methio-“~". Z indicates in frame stop codons. Cysteines known to disulfide

nine, and the first amino acid of the mature protein is residue 34 bybond in VSG117 are indicated bydat above the alignment. Identities in

analogy to the known mature N-terminus of VSG 117. Predicted amindfour or more sequences at a given positionsit@adedNote that a frame-

acids are given in theingle-letter codeUnassigned amino acids are shift in both pSUB70A and pSUB70C at position 414 is ignored (see text).
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100 - 70A (Swafford 1993) in exhaustive mode to determine a
probable evolutionary relationship between the eight
genes. The sequences of the ORFs of 118 and 221 VSGs
100 50 were included to provide an outgroup. The single derived
_|__85 tree obtained was subjected to a bootstrap branch and
bound algorithm (Swafford 1993) to test the robustness
— 52 of the topology, and the bootstrap result is shown (Fig. 6).
100 L 60 The bootstrap values are very high for all of the inter-
nodes except that containing all of the family members;
55 i.e., itis not possible to assign a relative divergence order
117 for the pSUB70A and pSUB70C clade; the pSUBS50,
pSUB52, and pSUBS8S5 clade; or pSUB60 and pSUB55.
This topology shows the 117 basic copy to be an outlier
118 compared with the remainder of the family and is con-
Fig. 6. Molecular phylogenetic reconstruction for the 117 VSG gene sistent with a d_uPllcatlon of th_e 117 basic copy a”?' sub-
family. The topology was calculated using PAUP in branch and boundS€duent radiation of the family members from this an-
mode. The translated sequences of the 118 and 221 VSGs were irgestor. It is also possible that the divergence of the basic
cluded as an outgroup. The resulting tree was then subjected to robus@opy from the other 117 VSG genes has been accelerated
ness ana_lysis by bootstrappir_lg t1eplicates) and the resultant final by virtue of more frequent selection for variation by
topology is shown, together with the bootstrap values. Note that the tree .
places the 117 basic copy as an outlying node, with all the familyeXpOsure to the host immune system as only the 117 BC
members derived from a single branch. The relative positions of thdS definitively known to be expressed.
nodes within the family member branch cannot be determined with The family members include two clusters, with
confidence, and therefore PAUP shows them as radiating from asingI%SUB70A and pSUB70C present on one node, and
node. pSUB50, pSUB52, and pSUB85 on a second. The rela-
cent report documents a further example of a VSG basiéignships are consistent with a stegdy duplicatign and
divergence of the 117 VSG genes with time following an

copy which contains an in-frame stop codon (Aline etal..” .. o .
1994). initial duplication (see above). Interestingly, the accumu-

The rationale for retention of such VSG sequenceéation of mutations within the ORF is biased against

may be that the simple antigenic repertoire may be exinsertion/deletion, and nucleotide replacement is fa-

hausted after many switches, and therefore the producd/0réd- The close clustering of pSUB70A and pSUB70C
tion of novel combinations of sequence may be a strategy99€sts that the duplication of these genes is a recent

to allow continued evasion of the host immune System_event. Therefore it is most probable that the acquisition

Such recombinations may be rare, and therefore ng?f the in-frame stop codon and the frame-shift mutation
readily observed early on in infection, but as the immu-Predate the duplication event, while the distance of these
nological pressure to generate novel epitopes becomd¥0 genes from the rest of the cluster suggests that the
more acute these events may show a greater probabilitfommon ancestor of this pair has been diverging either
of being represented as a surviving clone as seen amorigF & long period of time or divergence has been accel-
late-expressing variants (Longacre and Eisen 1986). erated due to the loss of function.

With the exception of pSUB70A, pSUB70C, and  The aligned sequences were analyzed for regions of
pSUBGO all of the sequences predict functional GPI-reduced and enhanced variability using PlotSimilarity
single peptides, and the GPl-attachment site XaaSerSéFig. 7). When all of the 117 VSG gene family, including
is conserved. In the case of pPSUB70A and pSUB70C, théhe basic copy, were considered, two strong and one
ORF is truncated at this point, removing the hydrophobicweaker peak of increased diversity were detected in the
C-terminal peptide as well as most of the hydrophilic region corresponding to the mature VSG. The high level
spacer. pSUB60 has a sufficiently long C-terminal hy-of variability at the extreme C-terminus is due to trun-
drophobic peptide, but the presence of an unassignecation of the GPI-signal in pSUB70A and pSUB70C and
amino acid at position 504 precludes judgment of thereflects the extreme diversity seen at the nucleotide level
potential functionality of this sequence. Since activationin this region (region 4, see above). All three variable
of VSG genes typically includes fusion to the existirig 3 peaks were within the N-terminal domain, and had ap-
region of an ELC (Bernards et al. 1981; Thon et al. 1989 proximate maxima at amino acids 115 (peak ), 155
1990), including the GPI-signal peptide region, the ab-(peak Il), and 185 (peak Ill). Peaks | and Il encompass
sence of this sequence in some of the family membef10-15 amino acids, while peak IIl is broader and less
genes in no way precludes their being fully functional in pronounced.
antigenic variation. The N-termini are the most variable among VSGs,

The 117 VSG ORFs were analyzed using PAUPpresumably because they are the portions of the molecule

— 70C

69 99

221
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helix comprises a T-cell epitope. Alternatively, it could
be reflecting background variation in a region where
variance is tolerated provided that it does not interfere
with the a-helical structure.

There are two regions of increased similarity within
the C-terminus at amino acid positions 380 and 460. As
the C-terminus of VSG has not been crystallized it is not
possible to determine if this decrease in variability cor-
responds to a specific structural feature. Secondary-

Mature Polypeptide structure prediction algorithms did not point out any re-

[ I B B L markable features about this region, but the possibility of

0 100 200 300 400 500 selection for retention of a specific sequence may indi-

Residue Number cate some structural or functional importance in this re-

Fig. 7. Localization of Variability in the 117 VSG family coding gion. For example, the minimum in variation at amino
sequences. Hypervariability of the translated 117 family coding Se-3cids 450—-460 corresponds to the location of a conserved

quences is seen in three discrete N-terminal regions. The sequence . . .
shown in Fig. 5 were compared using PlotSimilarity with a window of gﬁycosylaﬂon site at Asn 452/3 in all of the 117 VSG

20 residues. The three hypervariable peaks within the N-terminal do9€N€s except pSUB70C (Fig. 5). If addition of carbohy-
main are indicated by, Il, andlll. The high variability score at the drate at this location is functionally important the poly-
C-terminus is due to the different lengths of the GPI-signal peptides.peptide sequence surrounding the site may also be
The e_xte_nt_of t_he mature polypeptide, based on analysis of the 117 Vs%onstrained because the Secondary structure of the N-
protein, is indicated. . . . . -
glycosylation site may influence its ability to be pro-
cessed (Kornfeld and Kornfeld 1985).

that are exposed to the host environment. However, there Our results stand in marked contrast with what has
are considerable constraints on the amount of variabilitheen seen for other parasite surface antigens where more
that can be tolerated, and it appears that different VSGslear, functional constraints are operating; for example,
may adopt similar tertiary structures (Olafson et al. 1984the gp63 gene family of Leishmania is less diverse and
Blum et al. 1993). When the sequences 50, 52, and 88s variation is far more localized, probably because of
alone were considered, only peaks 1 and Il were detectethe need to retain metalloprotease activity (Roberts et al.
(data not shown). These three VSGs are clustered in th£993). The data presented here also indicate that the total
PAUP analysis, i.e., are most closely related, suggestingSG repertoire is hierarchical at many levels, but most
that regions | and Il are evolving the most rapidly, while importantly in genomic context, influencing the prob-
variation within peak Il is only observed when more ability and mechanism of activation, and in coding po-
distant relationships are considered, suggesting less raptdntial, affecting the amount of diversity once expressed.
evolution. Finally, the information presented here gives new hints

Inspection of the sequences encoding the hypervarief some of the pressures (e.g., T-cell selection) and me-
able peaks with the alignments presented by Blum et alchanics (e.g., the recombinogenic/mutagenic repeats)
(1993), together with the two available X-ray crystal that may accelerate the evolution of this remarkable sys-
structures (Blum et al. 1993; Freymann et al. 1990), in-tem for antigenic variation.
dicates that peaks Il and Il are positioned within the
solvent accessible portion of the molecule, in the surfaceAcknowledgments. Our thanks are due to George Yeltzine (PAN Fa-
exposed |00ps’ whereas peak | is within the |ong helixcility, Stanford University) for 373 DNA sequencer work; to Helen
“B" that is buried within the folded VSG. The localiza- Field (Applied Biosys_tems Inc.) for sequence determinati_on of the true
. . . 117 basic copy and distant upstream regions and for advice on template
tion OT variable regl_ons I f”md I to Su_rface'eXposec_i purification; to Adrian Lawrence, lan Manger, and Keith Wilson (Stan-
loops is clearly consistent with the selection of new vari-forg University) for overall help, especially with positioning region 6
ants by virtue of their ability to evade the host immune and alignment analyses; to Thomas Beals (University of California at
response by presentation of novel surface epitopes. Owos Angeles) for providing reagents and unpublished sequence data, to
assumplion hat the 117 VSG famly will acopt a similar 1% 0212 (5 Fraresce Scae Lonersy) b sesmance vt
fold to the VSGs of MITat 1.2 (VSG 221) and ILTat 1.24 - manusc;ipt_
is not unreasonable as all three are type-A VSGs based
on sequence comparisons (as defined in Blum et al.
1993) and the latter two are no more similar to each otheReferences
than either is to VSG 117.
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