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The spirochete Borrelia hermsii avoids the immune response of its mammalian host through multiphasic
antigenic variation. Serotype specificity is determined by variable antigens, Vmp proteins, in the outer
membrane. Through nonreciprocal recombination between linear plasmids, a formerly silent vmp gene
replaces another vmp gene downstream from a common expression site. To further characterize this activating
site, we determined the nucleotide sequence of 6.9 kb of the common upstream expression region of strain HS1
of B. hermsii. Preceding the vinp gene promoter and a poly(dT - dA) run were three imperfectly repeated
segments of 2 kb. Each of the 2-kb segments contained 1-kb elements with inverted repeats of approximately
0.2 kb each at their termini. The potential of the 1-kb elements to form stem-and-loop structures was
demonstrated by heteroduplex analysis. There was no evidence of the presence of the elements elsewhere in the
genome of B. hermsii. One or more of these elements may confer the unidirectionality that characterizes vmp

gene switches.

The spirochete Borrelia hermsii causes relapsing fever, a
serious infection of humans that features episodes of fever
interspersed with periods of well-being (5). Borrelias survive
in humans and other mammalian hosts by avoiding the
immune response. This is accomplished by changing from
one surface antigen, called a Vmp protein, to another
variable antigen (2, 7, 8). A variant bacterium displaying a
new Vmp appears spontaneously in the population at the
frequency of 10~ to 10~ per cell per generation (38). The
variant and its progeny flourish while the host produces
antibodies to the strain that initiated the infection. There are
at least 25 different serotypes of the HS1 strain of B. hermsii
(6).

Serotypes 7 and 21 of strain HS1 are the best-character-
ized variants of B. hermsii (6). Separate genes, vmp7 and
vmp2l, encode the serotype-specific proteins Vmp7 and
Vmp21, respectively (10). In a borrelia cell of serotype 7,
vmp?7 is found in two environments, silent and active (29,
35). In the same serotype 7 cell, there is only one environ-
ment for the vmp21 gene. In serotype 21 cells, the situation
is reversed; there are two environments for the vmp21 gene
and only one for the vmp7 gene. Both types of vmp genes are
located on novel procaryotic replicons, linear plasmids of 24
to 28 kb with covalently closed ends (4, 26, 35). Whereas
active vmp7 and vmp21 are usually near the telomeres of the
expression-linked linear plasmids, the silent versions of
these genes are located farther from the termini of their silent
linear plasmids (26). The linear plasmids bearing active vimmp7
and active vmp21 genes were designated bp7E and bp21E,
respectively; the silent versions of these genes are on
plasmids bp7S and bp21S, respectively (26).

A recombination between an expression plasmid and a
silent plasmid activates a new vmp gene in a borrelia through
promoter addition (3). The recombination is effectively non-
reciprocal; the second possible recombination product ap-
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pears to be either lost or never created (26, 35). The switch
is also unidirectional; a silent gene displaces a gene at the
expression site and not vice versa (29, 35). The unidirection-
ality of the genetic switch appears to be determined by
sequences upstream of the vmp gene on an expression
plasmid (26, 35). To further characterize the upstream
expression region, we examined DNA 5’ to an active vmp
gene. We were specifically interested in DNA sequences that
would possibly provoke recombination and would provide
for the unidirectionality that characterizes the recombina-
tion.

MATERIALS AND METHODS

Bacterial strains, phage, and plasmids. B. hermsii HS1
(ATCC 35209) serotype 7 was grown in BSK II broth
medium and harvested as described previously (8). Recom-
binant plasmid p7.16 contains the entire expressed vmp7
gene and the upstream flanking sequence; plasmids p7.1 and
p21.8 contain the 5’ end of expressed vmp genes and
upstream flanking regions of serotypes 7 and 21, respectively
(35). Subclones were created by using the vectors pBR322
and pUC19 and were maintained in Escherichia coli IM101
or DHSa (Bethesda Research Laboratories, Gaithersburg,
Md.). M13mp18 and mp19 phages were propagated in JM101
or JM109 (44).

DNA techniques. Restriction endonucleases, T4 DNA li-
gase (Boehringer Mannheim, Indianapolis, Ind.), reverse
transcriptase (Life Sciences, St. Petersburg, Fla.), Seque-
nase (U.S. Biochemical, Cleveland, Ohio), and Klenow
fragment of DNA polymerase I (Pharmacia, Piscataway,
N.J.) were used as recommended by the manufacturers. The
isolation of plasmid DNA from B. hermsii and E. coli and
agarose gel electrophoresis were performed essentially as
described previously (4, 9). Recovery of DNA fragments
from gels was carried out with an analytical electroelutor
(International Biotechnologies) or by agarose extraction
with GeneClean (Bio 101, La Jolla, Calif.). Ligation of insert
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DNA into plasmid or M13 vectors was performed by stan-
dard techniques (30). Transformation, transfection, and pro-
duction of competent cells were performed as described by
Hanahan (23). Custom oligonucleotides for probes, specific-
primer-directed DNA sequencing, and polymerase chain
reaction were synthesized on an Applied Biosystems DNA
synthesizer. Oligonucleotides were 5’ end labeled with T4
kinase and were used in Southern blot analyses as described
previously (29).

Heteroduplex formation and electron microscopy. Purified
DNA of plasmids p7.1 and p21.8, which contain PstI frag-
ments (35), was digested with EcoRI. Heteroduplexes were
formed by mixing equal quantities (1 to 2 ug) of each
plasmid, denaturing with alkali, and renaturing for 2 h at
37°C in a solution containing 50% formamide. Samples were
mounted for electron microscopy as previously described
(20). Grids were examined in a JEOL 100B electron micro-
scope at 40 kV of accelerating voltage. Electron micrographs
were taken on Kodak Electron Image plates at a magnifica-
tion of x7,000. The magnification was calibrated for each set
of plates with a grating replica (E. F. Fullam; catalog no.
10000). Contour lengths were measured with a Numonics
Graphics calculator interfaced with a Tektronix 4052A com-
puter. The known lengths of plasmid pBR322 EcoRI-Pstl
arms were used as internal calibration standards. Measure-
ments of various segments are expressed (in kilobases) as
mean lengths for a total of 10 molecules.

DNA sequence analysis. DNA sequences of recombinant
DNA clones were determined by dideoxy procedures by
using the Klenow fragment of DNA polymerase 1 (30),
reverse transcriptase (45), or Sequenase (41). The complete
sequences of both strands were determined. Three general
strategies were used: (i) sequencing small, overlapping frag-
ments with vector primers, (ii) sequencing larger fragments
with vector primers for the 5’ ends and custom oligonucle-
otide primers for internal sequences (39), and (iii) sequencing
single-stranded, amplified B. hermsii genomic DNA. Over-
lapping subclones for sequencing were produced by forced
cloning with known restriction sites, by shotgun cloning and
subsequent fragment assembly (25), or by making sequential
deletions with exonuclease III (13). Templates were ob-
tained from single-stranded M13 phage (30) or from double-
stranded pBR322, pUC18, or pUC19 plasmids (13); oligonu-
cleotide primers were synthesized as described above or
were obtained from Bethesda Research Laboratories. Ge-
nomic B. hermsii DNA was sequenced by using amplified
fragments and specific oligonucleotide primers in a modifi-
cation of the method of Gyllensten and Erhlich (3, 22). Initial
amplifications in the polymerase chain reaction were per-
formed in a solution containing 10 mM Tris (pH 8.3), 50 mM
KCl, 1.5 mM MgCl,, 0.001% gelatin, 0.2 mM deoxynucleo-
side triphosphate, 2.5 U of Thermus aquaticus DNA poly-
merase (Perkin-Elmer-Cetus), 25 ng of B. hermsii DNA, and
50 pmol of each of the two oligonucleotide primers. Samples
were heated to 94°C for 1.5 min in a thermal cycler (MJ
Research, Cambridge, Mass.) for initial denaturation and
then subjected to 30 cycles, each consisting of heating at
94°C for 1 min, 55°C for 1 min, and 72°C for 3 min. During the
last cycle, the samples were kept at 72°C for 10 min. The
amplification products were recovered by electrophoresis
and electroelution. Single-stranded DNA was generated
from the first amplification products by the same procedure,
with the exception that only one primer was used. Samples
were then precipitated with ammonium acetate and isopro-
panol. The single-stranded DNA was in turn sequenced with
Sequenase and specific primers as described above.
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The software developed by Harr et al. (24) for VAX
computers (Digital Equipment Corporation) was used to
assemble the DNA sequences. This and additional software
from the University of Wisconsin Genetics Computer Group
(GCG; Sequence Analysis Software version 6.0) for the
VAX were used for subsequent sequence analysis (15).
GenBank data base release 64.0, EMBL data base release
23.0, and NBRF protein data base release 25.0 were avail-
able for searches. The codon frequency table of Burman et
al. (10) was used for codon preference analysis, and the
algorithm of Fickett (18) was used for identifying protein
coding regions. Predicted amino acid sequences of open
reading frames (ORFs) were compared by GCG’s Gap
algorithm, which is based on the method of Needleman and
Wunsch (31) and which assesses amino acid similarity by
using the measurements of Gribskov and Burgess (21).
Derived amino acid sequences were also compared by the
jumbling test of Doolittle (16); the sequence orders were
randomized for this analysis by using the Shuffle algorithm of
GCG.

RESULTS

DNA sequence of the upstream expression region. The
physical maps of Plasterk et al. (35) and of Kitten and
Barbour (26) indicated that at least 10 kb of sequence
upstream of their active vmp genes were the same in bp7E
and bp21E. The contour lengths of bp7E and bp21E are each
24 kb (20a). In the present study, 6.9 kb of DNA upstream of
the start codon (position +1) for vmp7 on bp7E was se-
quenced (Fig. 1). Figure 2 schematically summarizes the
sequence findings. The active vmp7 gene (3, 10), the down-
stream homology sequence, and the right telomere (26) of
expression plasmid bp7E are 3’ to the sequence in Fig. 1.
The sequence begins with the left Ps:I site of the 4.7-kb Pst1
fragment of p7.16 and extends rightward into the adjacent
2.9-kb Pstl fragment (29).

The upstream expression sequence of bp7E has several
notable features, one of which is the repetitive character of
the DNA. The sequence is divided into a series of three 2-kb
segments, each containing the same motif (Fig. 1 and 2). The
first segment spans positions —6870 to —4753. For ease of
description, the basic pattern of the segment was divided
into three areas or domains: the first, indicated by dots, from
—6870 to —6484; the second, designated by bars, from
—6179 to —5518; and the third, indicated by stars, from
—5347 to —4753.

In the middle segment (—4752 to —2172) and last segment
(—2171 to —8S5), sequences similar to the ‘‘dot,”’ ‘‘bar,’’ and
““star’’ domains were found (Fig. 1). The greatest related-
ness was between the domains of the first and third 2-kb
segments; the dot, bar, and star domains of the third segment
were 95, 82, and 97% identical, respectively, to the corre-
sponding domains of the first segment. In the interdomain
regions, there was little sequence similarity within or be-
tween the three segments, a finding represented by the
different fill-in patterns in Fig. 2.

From positions —1033 to —84 of the third segment are 950
bp bounded by imperfect inverted repeats of 201 bp (left
inverted repeat [LIR]) and 224 bp (right inverted repeat
[RIR]) (Fig. 1). Sequences highly similar to these inverted
repeats were also found in the first and second segments
(Fig. 1 and 2). The alignment of the LIRs and the inverse
sequences of the RIRs of the three elements is shown in Fig.
3. When one base replaced another in the sequence, it was
commonly one pyrimidine replacing another pryimidine; 28



-6870 -6850 -6830 -6810 -6790 -6770
CTGCAGAAGCAACAATTAGTGGCCCAGTAAATAATTAGTTGAGGGTAAATACTAAGGAAAACTCTTTTTTTTCTTTCTGTGAAACAGGGAGACTATTTGGCTAGCGGTAGT TTTGATGCT

€006 006000000000600000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000
-6750 -6730 -6710 -6690 -6670 -6650
GAAGGTAATGCATAAGTAAAAGGAGGCACGTAAAAAAATGAGAAGAATAAATTAAGTGCAATAATAATGACTTTATTTATGGTATTAGTAAGCTGTAATAATGGAGGACCAAAGCTTAAA
#6000 000000000000000000000006600000000000000000000000000000000000000e0000000000000000000000000000000000000000000000000000
-6630 -6610 -6590 -6570 ~6550 -6530
AGTGACGAAGTAGCCAAGTCTGACGGAACAGTACTTGATTTGGCAAAAATAAGTAAAAAAATAAAAGATGCTAGTGATTTTGCAACAAGTGTAAAAGAAGTTCATACTTTAGTTAAGTCA
8000000 00000000000000000000000000000000006000000000000000000000000000000000000000000000000000000000000000000000000000000
-6510 -6490 -6470 -6450 -6430 -6410
ATAGATGAGCTTGCTAAAGCTATTGGGAAAAAAATTCATAACGATGGTTCTCTTACTACTGAAGATGGTAAGAATGGTTCATTACTTGCAGGGGTACATAGTGTAATATCAGCCTAAAGA
-6390 -6370 -6350 -6330 -6310 -6290
CTAAATTGGGATCATTGGAACAAAAAGCTATTGGAGAATCTGCTGGAATGAAGGTTCAAGTTGTTGCTATTAAGACTGCAAGTATGATTTATTAAATAAATTTAAAGATAAAAATGCTGA

-6270 -6250 -6230 -6210 -6190 -6170
ACTTGGGAAAACGAGGTTAGTAATGACGATGCGAAAGCTGCCATACTTGTAAGTAATACCACTAAAGATAAAGGAGCTTCTGAGTTGAAGCACTCAACACAGCAATAGATGGGTTGTTAA
PEErreerererrrenrreeneneny

-6150 -6130 -6110 -6090 -6070 -6050
AGGCTGCTAATGGTGCAGTAGAAGCTGCAATAGCAGAGCTTACAACTCCTGTTAAGGGAGAAAAACCTTCTCAAAATAACTAACTAGGAAATAAATAATTTAAGTAGTTATTATAAGATA
(RN R R A R NN RN R AR R N NN R R R R AR RN R RN N N R RN R RN AR RN NN RN RN RRRRNA R

-6030 -6010 -5990 -5970 -5950 -5930
AGTATTTAAGTAAAAAGTAAACTAACCCTCCTGTATCAATAACAAGAAAAGCGTTTCCCTTACAATAACTTTATCCTTTATACTTATCCTTAACTAGTTATTAGTAGTGCCTTTAGGGGC

(NN RRRRR R N R R R R R N NN RN N N RN N RN R A NR N RR NN R A  R A R R N RN NN R RN RRRRN AN
-5910 -5890 -5870 -5850 -5830 -5810

GCTCTGTTCAGGAGTTATAGGAGTATCATTAGCATTAATTTTCATAGCTTCTTTAACCGTTTTAAGTCCCACATCAATTGTTTTTCTTATTGCAATAGT TAATGTATCTAATGCTTTAGT
BN R RN R AR R N N N AN R RN R N N R RN R RN NN RN NN N RN RN AR RN RNER]
-5790 -5770 -5750 -5730 -5710 -5690
TACTGAACTTATTGCTGCTCCTTTAATTGCAGTAACAGCATCATCAGCAGCAGCACTAGGGCCAGCAAATTTACCACCCTTTGCCATAACTCTTAAAGCTATACCTCCTGCAATAGCTCC
PECEERT R e b et b e b b e bbbt et e b P FALIRS R R R e v e e e een
-5670 -5650 -5630 -5610 -5590 -5570
ATCTTTAGGGGCAGCACCAGCATTTTGAGCAGTAGCTAATTTAGCAGCATCACCATTATCTTTAATCATAGCTTGTAATATGTCAGCACCAGTTACAGTCCTACTGCTTTTGCTGCATCA
(RN RN R AR R NN R AN R A N RN AN RN N NN R RN R R R RN R NN RN RN AR R RN RN
-5550 -5530 -5510 -5490 -5470 -5450
GCTGCAACTTTTTTTGCATTATTAGCATCACCAGCAGCACCTGCACCAGCAGTAAATAATTTACCCGCTTCACCATCGCCAGCAGCAGCAGTTCTTGCAGTATTGCCATCTTCAGCCTTT
PEEETERER TR bbb e b i 1<1LIR
-5430 -5410 ~5390 -5370 -5350 -5330
TTATCATCACCAGCATTAGCACTTCCTACACCTTTAAGTACCACGTCTACAATTGTCTTTATTCCTTTTACTAGT TTGTCAACTTCAGTCCCAGCAGCACCAGCAGCATTCTGAGCAGCA
ARARRARNR AR AAS ARk ArRAAAhR
-5310 -5290 -5270 -5250 -5230 -5210
ACATTAGCAATTGGGTCACTAGCATCTCCAATAGCATCACTAACGGTCTTAGCACCTTCTATTATCTTATCAAGAGTATTATCAATTAGTGTTTTTACCGCAGTCTCAGTTGCAGAAGCA
B L s L s T
-5190 -5170 -5150 -5130 -5110 -5090
TTAGGATTTCCTTCTCTCTTCATGTCAGTAACAATTTTAT TAAGCTTGTCCTTAGTGCCTTGTATAGTATCTTGTATTGTCTTAAAATAAGCCCCAACATCAGACTTTTTTGTCTCTGTA
B e T 1
-5070 -5050 -5030 -5010 -4990 -4970
CTAAAACCTAATACCTTGGAAACTATATCTCCAAATGATGTAAACACATTTAAAAAATCATTACCTAAGTCTATTACTGACTTTAAGAAAGCAAATATGCTGCTGGTGATGCTAATAATG
e L T S 34 PR LI T e S
-4950 -4930 -4910 -4890 -4870 -4850
CAAAAAAAGTTGCAGCTGATGCAGCAAAAGCAGTTGGAGCAATAACAGATGCTGATATATTACAAGCTATTTCTAAAGGTTCTGAATGCAAAGCTGCTAAATTAGCTAAGAGTAATGATG
B L s e Ty
-4830 -4810 -4790 -4770 -4750 -4730
GCAATGTTGGTGTTTCCCCTAAAGATGGAACTATAGCAGGAGCTATTGCATTAACAGTTATGGCTAAGGGTGGTARATTTGCTGGTCCTAGTGATGCTGCTAGTGCTGATGCAAAGAAAA
HRERKEKRRRIRRRNRRRRRRR RN R ARARARRAANRN AR RN R AR AR R AR AR A RN R A RN AR RN A *VCIRIR A A A A A A A AA AA AA
-4710 -4690 -4670 -4650 -4630 -4610
TAATAGAGAGCTCAGCTACTAAGGCGCTAGATACATTAACTATTGCGATAAGGAAAACAATTGACGCAGGCCTTAAAACAATTAAAGAAGCTATGAAAATTAATCCTAATGATACTCCTG
AAAAA AA

-4590 4570 -4550 -4530 4510 -449
TAACTACTGATAATCAGATTCCTGAAACTAAGAAGAACTAATATTAGAAGTAATAAGTAGTAAATAACTAAATAAAGTTATTTAAGGAGAACTCTTCTATTGTTTTCGATGCATGAGAGG
-4470 -4450 -4430 -4410 -4390 -4370
TATTTCCTTATTTATATCTATCTCCTTTACTTAAATAGAGTAATAAAGGAGGCACGGAAAAAAATGAGAAGAAGAATAAGTGCAATAATAATGACTTTATTTATGGTATTTACATCATGT
Ry R Y R R PR Y PP P PR PRy 0escessesccecvescsecescssccrseroe .o
-4350 ~-4330 -4310 -4290 -4270 -4250
AATAATGGAGGACCAAAGCTTAAAAGTGACGAAGTAGCCAAGTCTGACGGAACAGTACTTGATTTGGCAAAAATAAGTGCAAAGATAAAAGAGGCTAGTACTTTTGCAGTAAGTGTTAAA
0000 000000000000000000000000000000000000000000ereseeeseosessessssssossecsesssse oossoe
-4230 -4210 -4190 -4170 -4150 -4130
GAAGTTCATACTTTAGTTAAATCAGTAGATGAGCTTGCTAAGGCTATTGGTAAGAAAATTTAGCAGGACACCGATACCT TAGGTACTGATGGAAACCATAATGGATCTTTAGTTGCAGGT
-4110 -4090 -4070 ~4050 -4030 -4010
GTATTTCAAGTAATGTTGACAGTAAAAGTTAAATTGGAAACGTTGGTAAAATTAGATGGGATTTCTAGTGAACTGAAAACAAAAGT TGATGATACTAAGGGCAAAGCTGAAACATTATTA
-3990 -3970 -3950 -3930 -3910 -3890
TCTAAAGTGAAAACAAAACATACTGATCTTGGCAAACAAGATGCTACTGATGGGAATGCAARAAAATGCTATAGATGTATCAGATGGTGCTAAGGATAAAGGAGTTGCTGAACTTATTAAA
-3870 -3850 -3830 -3810 -3790 -3770
TTAAACACAGCAATAGATGAGTTGTTAAAGGCTGCTAATGGTGCAGTAGAAGCTGCAATTAAAGAGCTTACAGCTCCTGTTAAGGGAGAAAACCTTCTCAAAATAACTAACTAGGAAATA
(AR AR NN RN R AN AR RN AR RN A RN A NN PECEVOREE BREEEr e v bbb rere e e
-3750 -3730 -3710 -3690 -3670 -3650
AATAAGTTAACTAGTTATTAGTAGTACCTTTTA GCTCTGTTTAGGACTTATAGGAGTATCATTCGCATTAATTTTCATAGTATCTTTAACTGTTTTAAGCCCTGTGTCAATTGTT
VEEED LR tnreerr et
-3630 -3610 -3590 -3570 -3550 -3530
TTTCTTATCGCAATAGTTAGTGTATCTAGTGCCTTAGTAACAGCACTTACAGCTGAGCTCTCTATTATTTTCTTTGCATCAGCACTAGCAGCATCACTAGGACCAGCAAATTTACCACCC
PEVLEEE LRI FHI2RIRSIVEEEEINT
-3510 -3490 -3470 -3450 -3430 -3410
TTAGCCATTGCTCTTAACACTATACCTCCTGCTATAACCACATCTTTTTTATTAGCATCAACAGCAGCAACAGCAGCATTATTAGAAGCCAATTTCATAGCCTCACCATTATCTTTAACC
[ RN N N S RN R R A A RN I A NN RN Lo e i e e PEE vErrreerrnneen
-3390 ORFl» =-3370 -3350 -3330 -3310 -3290
ATAGCTTGCAAGATGTCAGCACCTGTTACAGCCCCAATAGCTTTTGCTGCATCAGTAGCCGATTTTTTTGCATTCTCAGCAGTGCCAGCATTAGCAGAAGCAAATAACTTTCCCGCTTCA
[N A N NN N R RN N N O e NN O A RN AR RN | [BERRR RN R R BN |<2LIR
-3270 -3250 -3230 -3210 -3190 -3170

CCATCACCAGCATTGCCACCGATCCTTGCAGTATTACCATCGCTAGCTTTTTTATCATCCCCAGCCCCAGCATTTCCTTTGTCTTTAAGTACTAT TTCTACAATTGACTTAATTCCTTTT

-3150 -3130 -3110 -3090 -3070 -3050
ACTAGTTTATCAACATCAGTTCCAACAGTACCAGCATCAGCACCAGCACCACCAGCAGCAACATTAGCAATTGGATCATTAGCATCAGTACCAATAGCCTCACTTGCTGTCTTTGCTCCG

FIG. 1. Sequence of DNA upstream of expressed vmp7 of B. hermsii. The numbers above each line refer to nucleotide positions. The +1
position is the first base of the start codon for vmp7. Similarities between different regions of the sequence are indicated by dots ( - ), bars
(1), or stars (*) below the nucleotides. The starts and stops (< or >) of LIRs and RIRs are shown underneath the sequence. The starts and
stops of ORFs are indicated above the sequence. Selected regulatory sequences or their analogs, which are described in the text, are indicated

by triangles below the nucleotides.
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-3030 -3010 -2990 -2970 -2950 -2930
TCAATTATCTTATCAAGTGTAGTAGTAATTAAGTATTTCAATGATATTGAAAAGATTATGAACACAGTTAAAAAGAAGTTGCAAGATGAAGTTGCAAAGAATGATAATTACGTAAAAGTG

-2910 -2890 -2870 -2850 -2830 -2810
AAGGAAGTCGTTGACAAGTTCGTTGCAGATGTCTTAGACAAGATTGCAGTAGGTGCTAAAGAAGCAGCTAAAGGGGCTACTGGTGACGATAAAATTGGAAATGCTACTTCAGCTGGGCAT

-2790 -2770 -2750 -2730 -2710 ~2690»0RF1 STOP
GGAGCTATTCCTGCTAGCAAGGATTCTGTTGTTTTTCTTGTTAAAGGGATTAAGACACTTGTTGAAGTGGTTCTAAAAAGGATGAGGGGGGGATGCAGGAGCTACIAAAACAGGTGATGA

-2670 -2650 -2630 -2610 -2590 -2570
TAAAAAGGATATTGGTACATTGTTTATTGATAATACCGGTAAAGATGATGCTAAGGAAGAAAATATTTCAAAGGCATCAGCTAGTATTGGTGCTGTAACTGGTGCTGATATTCTTCAAGC

-2550 -2530 -2510 -2490 -2470 -2450
TATTGCTAAATCTGAAGAAAATCCTGTTGTTGATAATACTAATGGCATTAACGCAGCCAAAAATGCAGCTGAAATTGCTGTTGCTCCGGCTGTTAACGGCAAGAAAGAAGAGTTGCCGTA

-2430 -2410 -2390 -2370 -2350 -2330
GACTCAGCAAAAAAAGATGCAGTAATAGCAGCAGGAATAGTATTAAGAGCAATAGCTAAAGATGGTAAATTTATTGTAAAGGATACTGGTGACAATAAGACTGAAGCTGAAGCCGCTAAA
FAkkEARE KR AR AAAE RRE AERA KRRRARRE A% ERAXF % Aax*x2QRIR
-2310 -2290 -2270 -2250 -2230 -2210
GGTGTAGCAGCAAGTGCAGTAGGTAAGACATTAAGTACACTTATAATAGCAATAAGGAATACAGTTGATAGTGGATTAAAAACAATAAATGAAGTACTAGCTAAAGTTAAACAAGAAGAT

-2190 -2170 -2150 -2130 -2110 -2090
AAGTCAGCAGAAGCAACTAATACTGCAGAAGCAACAATTAGTGGCCCAGTAAATAATTAGTTGAGGGTAAATACTAAGGAAAACTCTTTTTTTTCTTTCTGTGAAACAGGGAGACTATTT
ee000 000000000800 00000000000000000000000000000000000000000000000000000000000000000000 0000000000000
-2070 -2050 -2030 -2010 -1990 -1970
GGCTAGCGGTAGTTTTGATGCTGAAGGTAATGCATAAGTAAAAGGAGGCACGTAAAAAAATGAGAAGAATAAATTAAGTGCAATAATAATGACTTTATTTATGGTATTAGTAAGCTGTAA
00000000600 600000600000000000000000000000000000000000000000000000000000000000000000000c000srr0c000srsrR000cccoR0000000S
-1950 -1930 -1910 -1890 -1870 -1850
TAATGGAGGACCAAAGCTTAAAAGTGACGAAGTAGCCAAGTCTGACGGAACAGTACTTGATTTGGCAAAAATAAGTAAAAAAATAAAAGATGCTAGTGATTTTGCAACAAGTGTTAAAGA
00600000000 0000066000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000008 c0000
-1830 -1810 -1790 -1770 -1750 -1730
AGTTCATACTTTAGTTAAATCAGTAGATGAGCTTGCTAAGGCTATTGGTAACGAAAATTTAGCAGGACACTGATACCTTAGGACTGATGGAAACCATAATGGATCTTTAGTTGCAGGTGT
000000000000000000 0000000000000 0000000 00000000 o0  o0ocos
-1710 -1690 -1670 -1650 -1630 -1610
ATTTCAAGTAATGTTGACAGTAAAAGTTAAATTGGAAACGTTGGTAAAATTAGATGGGATTTCTAGTGAACTGAAAACAAAAGTTGATGATACTAAGGGCAAAGCTGAAACATTATTATC
-1590 -1570 -1550 -1530 -1510 -1490
TAAAGTGAAAACAAAACATACTGATCTTGGCAAACAAGATGCTACTGATGGGAATGCAAAAAATGCTATAGATGTATCAGATGGTGCTAAGGATAAAGGAGTTGCTGAACTTATTAAATT
-1470 -1450 -1430 -1410 -1390 -1370
AAACACAGCAATAGATGAGTTGTTAAAGGCTGCTAATGGCGCAGTAGAAGCTGCAATAGCAGAGCTTACAACTCCTGTTAAGGTAGAAAAACCTTCTCAAAATAACTAACTAGGAAATAA
[ERRRERERARRRE RN R R N R R RN RN A NN AN N AR RN AR R R RN RN Y] (RN RN AN RN A RN NN
-1350 -1330 -1310 -1290 -1270 -1250 ORF2 STOP«
ATAATTTAAGTAGTTATTATAAGATAAGTATTTAAGTAAAAAGTAAACTAACCCTCCTGTATCAATAACAAGAAAAGCATTTCCTTACAATGACTTTATATTTACCCTTAAQIAATTAGC
||||||||IIIIII|l||llllllI||l|||lll||llllllI|lllllllll|l||||llllll|l|IIIIIIIIII PEOLEEEEETED b by pretrenr v
-1230 -1210 -1190 -1170 -1150 -1130
AGTAGCTTTAGGGGTGTTCTGTTCAGGACTTATAGGAGTATCATTAGCATTAATTTTCATAGCTTCTTTAACTGTTTTAAGACCTGCGTCAATTGTTTTTCTTATTGCAATAGTTAATGT
VECTTUEEEUEI b FEEE et e b e e b e e e e e e POCLLEE 00 0 bR e e e
-1110 -1090 -1070 -1050 -1030 -1010
ATCTAGTGCTTTAGTAATTGCACTTACAGCTGCTCCTTTAGCAACAGTGACATAATCAGCACTATCAGCAGTAGGACCAGCAAATTTACCACCCTTAGCCATAACTGTTAATGCAATAGC
RRE AR RN AR AR AR R RRRRRRY ter e PEE DD DECI3LIRS DEVELTTERED Lrrir et i v v
-990 -970 -950 -930 -910 -890
TCCTGCTATAGTTCCATCTTTTGCATTAGCCTTGGCAGCATCAGCAGCTGCATTAGCACCATTTTTAACCATAGCTTGTAATATGTCAGCACCAGTTACAGCCCCAACGGCTTTTGCTGC
POEVEE e reeernerr et e rerenr ben FEEE G LR R R bk e e e
-870 -850 -830 -810 -790 =770
ATCGGCTGCAACTTTTTTTGCATTAGCATCATCACCAGCATTAGCAGCGAACAATTTACCTGCTTCACCATTACCAGCAGCGGTTCTTGCGCTAAGATCTTCAGCCTTTTTATCGGTACC
PEE bt b b i<3LIR
-750 -730 -710 -690 -670 -650
TGCCTCAGCATTTCCTTCTTTTCCAAGTACCACGTCTACAATTGCCTTAATTCCCTTTGTCAGACTTTCAATCCCAGTTCCAGCAACACCAGCAGCATTGTTAGCACCTACATTAGCAAT
ARE RRREKR KKAREXRRERRES & X AEERREERRAN
-630 -610 -590 -570 -550 -530

TGGGTCACTAGCATCTCCAATAGCATCACTAACGGTCTTTGATCCTTCTATTATC TTATCARGAGTATTATCAAT TAGTGTTT TTACCGCAGTCTCAGT TGCAGAAGCATTAGGATTTCC
P I 2232222222222 222222222222 R st il tttittiiQtitit‘lﬁiti'k"tt'ititttti'ﬁﬁ'!!tii'ttt'ki*‘ﬂ'tt'kttfﬂ'f*tt'ki‘i‘t!"'ittl
-510  «ORF2 -490 -470 -450 -430 -410
TTCTCTCTTCATGTCAGTAACAATTTTATTAAGCTTGTCCTTAGTGCCTTGTATAGTATCTTGTATTG TCTTAAAATAAGCCCCARCATCAGACT TTTTTGTCTCTGTACTARRACCTAR
i'iiii'ktiliﬁtii'ﬁiii.'*QQ."i'ﬁ."ttiﬁt't"ﬁittiﬁ'lttif!,"!tt.‘ttttttti'ttiii"tltt‘tﬂtt't'k"t'i*ti"tt'tii"ti"t*itt*
-390 -370 -350 -330 -310 -290
TACCTTGGAAACTATATCTCCARATGATGTAAACACATTTAAAARATCATTACCTAAGTCTATTACTGACT TTAAGAAAGCAAATATGCTGCTGGTGATGCTAATAATGCAARAAAAGT T
i*iﬁlﬁittttt*fﬁi‘*tf"t'lit.'tt*'kt"tt"t‘t.'it'tttttt't'."'tttﬁt'tttlifﬁtttttll"tf!3RIR) P22 22T 2222222222222 222 s
-270 -250 -230 -210 -190 -170
GCAGCTGATGCAGCAAAAGCAGTTGGAGCAATAACAGATGCTGATATATTACAAGCTATTTCTARAGGTTCTGAATGCAAAGC TGCT AAAT TAGC TAAGAGTAATGATGGC AATGTTGGT
iiitiit'i*ti'ﬁtttﬁii."tiitit'ttt'ﬁ.'ﬁ'.tﬁtiﬁttti'itii.tiit‘*tttiﬁitlttti*kttttt'iﬁlﬁtiititttttﬁittﬁiit.!'ititi'*ttttiii
-150 -130 -110 -90 -70 -50
GITTCCCCTAAAGATGAAACTATAGCAAGAGCTATAGCATTAAGAGARTGGCTAAAGGTGATAAATTTGATTTTTTTTTTTTT TTTAACTT TGTAARCT TTGAAAGT TGAGGTATAATGC
AAMAAAAMAAAAAA  AAAA AMA AAAAAA

RERRRREKERERANNE ARRRRRRRAR ARK FR% AAXRAAR &k REAXE**x *ddt *x+JRIR

-30 -10 ORF3»
TAATGCATAAGTTAAAAGGAGGCACGTAAAAAAAIG
AAA AAAAA AAA

C-T or T-C changs were found instead of the expected 9. TTACCACCCTT[A/TIGCCAT-3’, which is highly con-
Th@ sequence similarity between repeats was greatest at served in the inverted repeats, was labeled and used as a
their 5’ and 3’ ends. The RIR of the second segment (2RIR) probe in a Southern blot under conditions allowing for
showed the greatest divergence from the first set of inverted hybrid formation with up to two or three mismatches. There
repeats. Sequences similar to the inverted repeats were not was no evidence of this sequence in other regions of bp7E,
found in the Gentnk or EMBL data bases. on any other plasmid, or on the chromosome (results not
Prevnoqs hybridization studies had suggested that the shown). Thus, these elements appear to be restricted to the
DNA region shown in Fig. 1 was not substantially duplicated expression region shown in Fig. 1.
el§ewhere in the B. hermsii genome (26, 29, 35). To deter- Starting at position —82, 1 base from the end of the third
mine whether the sequence homologous to the LIRs and RIR, is an uninterrupted string of 16 Ts, as noted previously
RIRs was present elsewhere, the oligonucleotide 5'-CAAAT (3). When the oligonucleotide T,¢ was end labeled and used
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>ORF1>

INFECT. IMMUN.

16T P

DHS

<ORF2< >ORF 3>

I 1 T T
-7000 -6000 -5000 -4000

-3000

T T T 1
-2000 -1000 0 +1000 +2000

FIG. 2. Schematic diagram of the right arm of the expression plasmid bp7E of B. hermsii. The three 2-kb imperfectly repeated segments
are shown with the dot ( - ), bar (1), and star (*) domains of Fig. 1. The different fill-in patterns in the segments represent interdomain sequence
heterologies. The oppositely oriented short arrows indicate the approximate locations and sizes of pairs of inverted repeats in each segment.
The locations of ORF1 and ORF2 are shown below. The active vmp7 (ORF3) is shown in relation to the plasmid’s right telomere and the
downstream homologous sequence (DHS) (3, 10, 26). The site of 16 Ts, the vmp gene promoter (P), and the direction of transcription are
indicated. The scale at the bottom (in base pairs) uses the start of the vmp7 gene as the 0 position.

as a probe, there was no evidence by Southern blot analysis
of 16 or more Ts elsewhere in the B. hermsii genome (results
not shown). Like the inverted repeats, the run of A-T pairs
appeared to be unique to the expression site.

Following the run of Ts and beginning at position —67 are
the pair of imperfect 9-mer direct repeats (AACTTTG[T/
A]A) in tandem and the 6-mer inverted repeats (AACTT
T....AAAGTT) (3). A few bases after these short repeats are

1LIR: ( ARATTTACCACCCTTtGCCATaaCTCTTARaGCTATACCTCCTGCaATA
1RIR: CAARATTTACCACCCTTAGCCATaaCTgTTAATGCaATACCTCCTGCTATA
2LIR: CAAATTTACCACCCTTAGCCATtgCTCTTAACaCTATACCTCCTGCTATA
2RIR: tAAATTTACCAtCtTTAGCtATtgCTCTTAATaCTATtCCTQCTGCTATt
3LIR: CAAATTTACCACCCTTAGCCATaaCTgTTAATGCaATAgCTCCTGCTATA
3RIR: CAAATTTAtCACCtTTAGCCAT.tCTCTTAATGCTATAGCTCtTGCTATA

Y Y YY W Y Wn S nR W WS SY W W
1LIR: GcTcCATCTTTaGGGGCAGCACCAQCATT........vvvn. TTAGCtaA
1RIR: GtTcCATCTTTaGGGGaAaCACCAACATTGCCAtCATTACtCTTAGCtaA
2LIR: accaCATCTTTtttattAgCAtCAACAgcagCAaCAgcAgcaTTAttagA
2RIR: aCTgCATCTTTELLEGC. ittt ittt ettt iiiieneeaannns
3LIR: GETCCATCTTTEG. .. vvveteeeeennnnnnns CATTAgcCTTgGCagce
3RIR: GtTtCATCTTTaGGGGaAaCACCAACATTGcCAtCATTACtCTTAGCtaA

RYYn WKKnKn R Y R KYRS W KY SYM RKYWRM

1LIR: tTtAGCAGC..aGCATcacCAtt.AtCTTTAatcATAGCTTGTAATATGT
1RIR: tTtAGCAGCttTGCATT..CAga.AcCTTTAgaaATAGCTTGTAATATAT
2LIR: agccaatttcaTagccTcaCcattAtCTTTAaccATAGCTTGCAAGATYT
2RIR: . .iitti ittt tttata ettt
3LIR: aTcAGCAGC..TGCATTagCAcc.AttTTTAaccATAGCTTGTAATATGT
3RIR: tTtAGCAGCttTGCATT..CAga.AcCTTTAgaaATAGCTTGTAATATAT

WKYMRMWKYYWWRSMYYMn Mnn YY RnM Y K R

1LIR: CAGCAcCaGTTAcaG.tCCtACtGCTTTTGCTGCATCAGCTGCAACTTTT
1RIR: CAGCAtCtGTTAttGCtCCAACtGCTTTTGCTGCATCAGCTGCAACTTTT
2LIR: CAGCAcCtGTTAcaGCcCCAAtaGCTTT.GCTGCATCAGtaGCcgaTTTT
3 2B 1
3LIR: CAGCAcCaGTTAcaGCcCCAACgGCTTTTGCTGCATCGGCTGCAACTTTT
3RIR: CAGCAtCtGTTAttGCtCCAACtGCTTTTGCTGCATCAGCTGCAACTTTT
Yw YW Y W ¥Yn R YW MRM

1LIR: TTTGCATTATtAGCATCACCAGCA

1RIR: TTTGCATTATtAGCATCACCAGCA

2LIR: TTTGCATTcTcAGCAgtgCCAGCA

2RIR: . ..titinnnnnnnnnnnns

3LIR: TTTGCATTAgCAtCATCACCAGCA

3RIR: TTTGCATTATtAGCATCAgCAGCA
M Y K KYRS

FIG. 3. Sequence similarities between three sets of LIRs and the
inverse of the RIRs of the upstream expression sequence of B.
hermsii. At each position, nucleotides common to four or more
repeats are represented by capital letters; other nucleotides are
represented by lowercase letters. Gaps were introduced for opti-
mum alignment. Below the aligned sequences, the type of base
substitution is indicated by one of the following abbreviations: Y,
pyrimidine-pyrimidine; R, purine-purine; W, A-T; S, C-G; K, T-G;
M, A-C; and n, any of three or four bases.

the vmp promoter with its consensus —35 and —10 se-
quences, the transcriptional start sequence, the ribosomal
binding sequence, and the start codon (3, 10). These sites, as
well as the poly(dT) tract, are indicated with triangles in Fig.
1.

Remnants or antecedents of these regulatory sequences
are present in an analogous region 3’ to the first RIR
(positions —4751 to —4665 in Fig. 2). These sequences are
also indicated by triangles. A tract with a T every third base
is followed by sequences identical, except for one or two
bases, to the promoter, transcriptional start, ribosomal bind-
ing site, and start codon.

The two ORFs that exceed 600 bases and begin with an
ATG are indicated in Fig. 1 and 2. The first (ORF1) starts at
position —3381, ends at position —2688, and would encode a
231-residue polypeptide. A sequence resembling a o’° pro-
caryotic promoter does not precede ORF1. Analysis of
ORF1 with the codon frequency table for Borrelia genes (10)
showed that the ORF’s codon preference substantially dif-
fered from that of known Borrelia genes. For these reasons,
we concluded that ORF1 probably does not encode a poly-
peptide.

ORF?2 runs oppositely, beginning at nucleotide —502 and
ending at position —1240 (Fig. 1 and 2). ORF2 has a coding
capacity for a 246-residue polypeptide (Fig. 4). ORF2, like
ORF1, is not preceded by a discernible procaryotic pro-
moter. However, by the algorithm of Fickett (18), the
measure of randomness at every third base in ORF2 was
above the threshold for a coding sequence. In addition, an
analysis using the codon table of Burman et al. (10) showed
that codon preference and the pattern of rare codon use in
ORF2 were similar to those of known Borrelia genes (results
not shown). The deduced ORF2 polypeptide has 30.5%
identity with Vmp7 (10) when gaps are allowed (Fig. 4).
Because this amount of identity might be attributable to
chance, 21 different pairs of randomly jumbled ORF2 and
Vmp7 amino acid sequences were similarly compared. The
mean percent identity between the pairs of jumbled se-
quences was 22.4 = 1.2 (mean = standard error), indicating
that the observed similarity between ORF2 and Vmp7 is
significant (16). ORF2 differs from sequenced outer mem-
brane lipoproteins of Borrelia spp. in lacking a cysteine
residue (9, 10). A search of the GenBank, EMBL, and
NBRF DNA and protein data bases did not reveal a se-
quence identity greater than 24% between ORF2 and any
other protein or ORF.



VoL. 59, 1991

ORF2> L e et MKREGNPN 8
I:
Vmp7> 51 MELGRSAENAFYAFIELVSDVLGFTAKSDTTKQEVGGYFNSLGAKLGEAS 100

ORF2>

©

ASATETAVKTLIDNTLDKIIEGSKTVSDAIGDASDPIANVG ......... 49
2 :
Vmp7> 101 NDLEQVAVKA. ETGVDKSDSSKNPIREAVNBAKEVLGTLKGYVESLGTI 148

ORF2> 50 ........ ANNAAGVAGTGI ESLTKGIKAIVDVVLGKEGNAEAGTDKKA 90
[ I SR B I N
Vmp7> 149 GDSNPVGYANNAAGSGTTAADDELRKAFKALQEIVKAATDAGVKALKIGA 198

ORF2> 9

-

EDLSARTAAGNGEAGKLFAANAGDDANAKKVAADAAKAVGAVTGADILQA 140
[ I I E N e | [ I I R |
Vmp7> 199 TTLQANEGADNKEGAKILATSGGNPAAAD .VAKAAAILSSVSGEEMLSS 246

ORF2> 141 MVKNGANAAADAAKANA ...................... KDGTIAGAIAL 168
2 T O O O [N A RN
Vmp7> 247 IVKSGENDAQLAAAADGNTSAISFAKGGSDAHLAGANTPKAAAVAGGIAL 296

ORF2> 169 TVMAKGGKFAGPTADSA.DYVTVAKGAAVSAITKALDTLTIAIRKTIDAG 217
ERRN I I T I | R A B l:l1:
Vmp7> 297 RSLVKTGKLAAGAADNATGGGKEVQGVGVAAANKLLRAVEDVIKKTVKNV 346

ORF2> 218 LKTVKEAM.KINANDTPISPEQNTPKATAN* 247
| [N
vmp7> 347 LEKAKEKIDKARGSQBPVSESSK‘ ....... 370

FIG. 4. Alignment of the deduced amino acid sequences of
ORF?2 and the Vmp7 protein of B. hermsii. The Vmp7 sequence is
from the work of Burman et al. (10). The amino acids are given in
single-letter code. Aligned amino acids that are identical are indi-
cated by vertical bars (I). Aligned amino acids that are chemically
similar (21) are indicated by colons (:).

Heteroduplex analysis. The long inverted repeats and in-
tervening sequences of the expression site might form stem-
and-loop structures after denaturation. We examined the
sequence immediately upstream of expressed vmp7 and
vmp21 for stem-loop potential by heteroduplex analysis. For
this study, we used the recombinant plasmids p7.1 and p21.8
(29, 35). Plasmid p7.1 contains approximately two-thirds of
active vmp7 and 2 kb of flanking upstream sequence from
bp7E in a 2.9-kb Ps¢I fragment. Plasmid p21.8 has a 2.8-kb
Pstl fragment containing the analogous region of active
vmp2l and bp2lE. The inserts of p7.1 and p21.8 are oppo-
sitely oriented within the vector pBR322.

The plasmids were first cut with EcoRI, producing
pBR322 arms of unequal length with respect to the Pstl
insert. The linearized plasmids were then denatured, allowed
to reanneal, and examined by electron microscopy. A typical
heteroduplex molecule is shown in Fig. 5. As expected, the
complementary single strands of the pBR322 arms of p7.1
and p21.8 annealed to one another. The oppositely oriented
inserts could not align in this state and remained single
stranded. Stem-loop structures formed in the borrelia DNA
inserts of both p7.1 and p21.8. The lengths of the duplex
stems were estimated to be 0.15 kb; the single-stranded
loops were approximately 0.5 kb. Under the conditions of
hybridization, the duplex that formed the stem structures
required at least 80% sequence homology for annealing (20).

The location of the stem-loops in both inserts was the
same with respect to the common upstream Ps!I site and the
Nisil site. The stem-loops occupied the same position within
the expression site as the third pair of inverted repeats (Fig.
1 and 2). This experiment also confirmed that the DNA
upstream of the expressed vmp21 gene on bp21E was highly
similar, if not identical, to the sequence 5’ of the active vmp7
gene on bp7E.

DISCUSSION

Little is known of the genetics of spirochetes, many of
which cannot be cultivated in vitro. Several members of the
genus Borrelia are cultivable, but under conditions more
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e R

T T T
SM t;%%i V X H
-— vmp21 ¢ i I————{
1.0 kb
FIG. 5. Heteroduplex analysis of sequences upstream of ex-
pressed vmp7 and vmp21 of B. hermsii in recombinant plasmids p7.1
and p21.8, respectively. (Top) Heteroduplex of p7.1 and p21.8. The
plasmids were cut with EcoRI (E). The oppositely oriented Pst1 (P)
inserts in pBR322 remain single stranded, and each contains stem-
loop structures. The EcoRI-Pstl arms of pBR322 form double-
stranded DNA. (Bottom) Schematic representation of the heterodu-
plex. Plasmid p7.1 is above and plasmid p21.8 is below. The
direction of transcription of vmp7 and vmp21 is shown with arrows.
Other restriction enzymes are HindIIl (H), Xholl (X), Pvull (V),
Nsil (N), and Mspl (M). Only a portion of each duplex arm of
pBR322 is shown.

typical of mammalian cell cultures than of cultivation of
other types of bacteria (5). As yet, there is neither a
transformation nor a transduction system for spirochetes,
and transposonlike elements had not previously been noted
in this division of bacteria. Countering these impediments,
and perhaps providing an advantage for investigators, is the
siting of genes encoding major surface proteins on linear
plasmids in the microorganisms (35). In previous studies, we
analyzed genes for the variable proteins and the telomeric
regions of these plasmids (10, 26). In the present study, we
were particularly interested in the sequence 5’ to the active
vmp gene and its regulatory sequences because of the
site-specific character of the gene activation process (3, 29,
35). A single- or double-stranded break near or in the
expression region has been proposed as the initiating event
in the recombination between linear plasmids (1).

A 2-kb sequence segment was repeated with varying
fidelity three times in the space of 7 kb. Each segment in turn
has a 1-kb element that resembles an insertion sequence or a
transposable element in having terminal inverted repeats
(19). The heteroduplex analysis demonstrated the ability of
the borrelia elements to form structures resembling insertion
sequence elements under similar conditions (20). Although
the pairs of inverted repeats lack target duplications typical
of insertion sequences (19), the confinement of these in-
verted repeats to the expression plasmid suggests a role for
the repeats in expression or recombination. The borrelia
inverted-repeat pairs may stimulate recombination at the
expression site by creating chromosomal breaks in the
manner of transposable elements of maize (17). If this were
the case, one might suspect the action of a ‘‘transposase’’ in
the breakage.
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A candidate for a locally encoded transposase is the
deduced protein of ORF2 in the third 2-kb segment. The
ORF2 sequence has the codon preferences of other Borrelia
proteins, and the deduced polypeptide shows a significant
degree of amino acid identity with the Vmp7 protein (10). At
this point, the ORF2 seems more likely to be the member of
a vmp gene or pseudogene family than an enzyme with DNA
binding and cleaving activity. If this is the case, the putative
transposase would be acting in trans, similarly to the Ac-Ds
system in maize (17).

The next point of interest is the unique run of 16 Ts linked
to the promoter (3). A run of Ts (or As) of this length is
unusual in procaryotic organisms. Among bacterial and
bacteriophage sequences in the GenBank and EMBL nucle-
otide data bases, the only sequences with 16 or more A - T
pairs in a row are the RF-2 gene of E. coli, which has 16
consecutive As at its 3’ end (14), and the 5S rRNA gene of
Mycoplasma hyopneumoniae (42). Of more direct relevance
was the finding by Bergstrém et al. (9) of a 20-mer with 16 Ts
directly upstream of the promoter for the gene of Borrelia
burgdorferi plasmid-encoded outer membrane protein. The
upstream T-rich tracts of B. hermsii and B. burgdorferi may
enhance transcription, similarly to yeast positive regulatory
sequences that are characterized by runs of Ts (40).

Apart from possibly enhancing expression, could the run
of A.T pairs serve to stimulate recombination? Would, for
instance, strand disruption be more likely here than in a
sequence more closely approximating random nucleotide
order? A consideration is the structure of this DNA. Ho-
mopurine-homopyridine tracts of DNA of this length may
not be B DNA; poly(dT - dA) exhibits a helical periodicity
that is distinctly different from that of random sequence
DNA (34, 36). There may be sufficient strain on the homopy-
rimidine strand for deformation or ‘‘cracking’’ of the strand
to occur (43). The non-B DNA inherent in this homopoly-
meric stretch could be the target of nuclease attack (12); a
bubble in this region would be a substrate for a single-strand-
specific endonuclease. The major cutting site in the nu-
clease-hypersensitive region upstream from the chicken
adult B-globin gene is 16 consecutive deoxyguanosine resi-
dues (32). The hypothetical bubble may form at tempera-
tures typically found in mammals; the calculated 7, of the
run of 16 A-T pairs is 29°C.

In making these considerations, we have assumed that the
vmp gene switch could be managed in a borrelia either by
activities of a more general housekeeping nature or by
enzymes associated with the insertion sequence-like ele-
ments. Nevertheless, we cannot rule out the mediation of
recombination by an endonuclease acting specifically on
telltale DNA sequences at the expression site, such as
occurs in the mating-type switch of Saccharomyces cerevi-
siae. In that organism, a site-specific endonuclease makes a
double-strand break that initiates recombination (27). The
mating-type switching in the fission yeast Schizosaccharo-
myces pombe is also preceded by a double-stranded break,
and the cutting site is located in the midst of arunof A - T
pairs similar to the poly(dT - dA) stretch 5’ to the vmp gene
(33).

Further comparison of the relapsing fever borrelias with
African trypanosomes should also be made. The many
similarities in the biology of antigenic variation between the
procaryote and the eucaryote have been pointed out (1).
Moreover, both the borrelias and the trypanosomes feature
telomeric siting of their expressed genes for surface antigens
and activate these genes through telomere conversion and
promoter addition (3, 26). Can we now identify similarities
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between the 5’ regions of expressed variable antigen genes in
these two groups of organisms? Here the analogy weakens.
Sequences similar to the 5’ region of expressed vmp genes
have not been noted in a similar location in trypanosomes.
Upstream of the transcription unit for the variable antigen
gene in Trypanosoma brucei is a 5- to 40-kb region charac-
terized by a paucity of restriction enzyme sites and tandem
repeats of 72 to 76 bp (11, 28, 37). Insertion sequence-like
elements have not been noted in these regions.

In this study, we have demonstrated features of the
upstream expression region that are unique to this part of the
B. hermsii genome. Whether these different elements and
unusual DNA sequences have a functional role in vmp gene
switching remains to be determined. The present findings
allow future studies to be directed to certain sites of the
expression plasmids that have a high potential for strand
breakage.
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