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ABSTRACT

We have tested the use of thymidine kinase as a
negative selection system for  Trypanosoma brucei. To
this end we have targeted a construct containing a
Herpes simplex virus thymidine kinase (TK) gene into
the ribosomal DNA array of procyclic T.brucei . This
resulted in TK activity 30-50-fold above background
and in susceptibility to the nucleoside analogues
ganciclovir, ethyl-deoxyuridine and 1-[2-deoxy,2-fluo-
ro-8- p-arabinofuranosyl]-5-iodouracil, all of which
have no effect on wild-type trypanosomes. TK ~ * trypano-
somes, however, reverted to a ganciclovir resistant
phenotype at a rate of 10 —6 per cell-generation. A
similar reversion rate was observed using the Varicella-
zoster virus TK gene. Loss of TK activity was not due

to detectable DNA rearrangements or a decrease in TK
MRNA. Sequence analysis of the revertant genes
demonstrated, however, the occurrence of point
mutations and frameshifts. One revertant line had a
mutation in the thymidine binding site leading to the
substitution of a conserved arginine by a glycine.
Other mutations included single base insertion, single
base deletion and the introduction of a premature
termination codon by point mutation.

INTRODUCTION

The TK gene has been used to enrich for correctly targeted
integrations of DNA into mammalian genomes and for elimin-
ation of certain cell types from a population. It is the promiscuity
of the TK enzyme that allows it to be used as a negatively
selectable marker. The enzyme will phosphorylate a wide variety
of modified nucleosides and nucleoside analogues which remain
unphosphorylated in cells lacking the viral TK. The phosphory-
lated analogues then act as competitive inhibitors of DNA
polymerase or as DNA chain terminators. These analogues
include the antiviral therapeutic agents acyclovir and ganciclovir,
and less well-known compounds such as 1-[2-deoxy,2-fluo-
ro-8-p-arabinofuranosyl]-5-iodouracil (FIAU). The HSV-1 TK
gene has been demonstrated to work as a negative selection
system in conjunction with ganciclovir ireishmania majgra
protozoan related tb.brucei(5).

The experiments described below show that a viral TK gene
can be used as a negatively selectable marker in African
trypanosomes. However, the gene is readily inactivated by
mutation. This has allowed us to estimate the minimal rate of
mutation in this organism to be POper base pair per cell
generation. The rate of mutation may have implications for the
evolution of the variant surface glycoprotein (VSG) genes on
which the trypanosome depends for survival.

MATERIALS AND METHODS

Constructs

Trypanosoma bruceip. is a parasitic protozoan responsible foPlasmid pSPIR{3: Thea 3 tubulin intergenic region was obtained
sleeping sickness in man and Nagana in domestic animals.byp PCR with primers: 'sgctCTAGAAAGTGTGACAACGTC
recent years, the study of this organism at the molecular level sl 3-gccggtcGACTATTTTCTTTGATG (lower case letters
been facilitated by the development of both transient and stalitelicate bases added to produce useful restriction sites). The
transfection technigues. Stable transformation has been obtaifiediment was cloned into thébad and Sal sites of pSP72
with positively selectable marker genes encoding resistance to {Reomega).

antibiotics neomycin/geneticin 1) hygromycin 2) and
phleomycin/bleomycird) and in both major life-cycle stagés$.(
As yet, however, no negatively selectable marker has been sh

to work inT.brucei.

Plasmid pSPIRB*: pSPIRx13 was digested witBma andXbd.
The Xbd end was made blunt with Klenow enzyme, and the

OﬁYgsmid religated.

The thymidine kinase-thymidylate kinase (TK) gene from th@lasmid pSNThe 1.2 kb partiaPst fragment of pRK20(+)
Herpes simplex type 1 virus (HSV-1) has been widely used asantaining theneo gene and th@a intergenic region of the
negatively selectable marker in mammalian transfection systentigbulin array 6), was cloned into thest site of pSPIR[3*.

* To whom correspondence should be addressed

Present addressé®epartamento de Fisiologia, CINVESTAV-México, Apartado Postal 14-740, México DF 07000, Méatied Molecular Biology
Unit, Department of Medical Parasitology, London School of Hygiene and Tropical Medicine, Keppel Street, London WC1E YHﬁmﬂpamuhent of

Human Genetics, Postbus 9101, 6500HB Nijmegen, The Netherlands



1810 Nucleic Acids Research, 1996, \ol. 24, No. 10

Plasmid aTKO: The 176 bispeé fragment from pSPa (7) pBTKN

containing thea-tubulin transsplice acceptor site was cloned

into theXbd site of pTKO (a kind gift from Dr Hein te Riele, C C
Netherlands Cancer Institute), which contains the HSV-1 TK
gene.

Plasmid pSTKNThea-tubulin splice acceptor-TK fragment was
isolated from BaTKO by digestion withHindlll followed by
end repair with Klenow enzyme, and a further digestion with
EcdRl. The fragment was subcloned into #heoRl andSma
sites of pSN.

Plasmid pBTKNA 4.3 kb EcaRI-Bglll fragment bearing the
T.bruceiribosomal promoter from plasmid pR2) (vas cloned C 2 kb

Plasmid pVTK This construct is analogous to pBTKN but
contains the VZV TK gene and the hygromycin resistancerigure 1. A map of the pBTKN construct showing the chromosomal
selectable marker. It was derived from pBluescript KS(+) and haiste?rationﬂsiti- TQﬁ g}re{ box in@{i_cate? t?e Qbofc’?ﬁl promoter r$%i0rl1) Ianlfl

: H H H . upstream ftlank, wi e transcription start inaicate an arrow. e plac
lt(f;)eé%l(;oqvl\l_lgg ||S|e]$’;grrl1ce‘enst Igzeaﬁﬁg Thtél:lf)rz?:z“r?tl)(g;ﬂaﬁsos- _nges on pBT_KN indicates t[_ie( intpergenic region and they_ hat(_:heq boxotfe _

h 4 e : .intergenic region of the tubulin array, respectively. The thick line is the plasmid.
moter (as in pBTKN); the 402 bp intergenic region between actif the lower drawing the black boxes indicate the ribosomal RNA coding
genes 1 and 2 as splice acceptor site; the VZV TK gene; the 27&ions of the ribosomal repeat unit. The restrictiorCiétk used to linearise
bp Ba intergenic region of the tubulin array as polyadenylationfhe plasmid for transfection, is indicated by the letter C.
splice acceptor site; the hygromycin resistance gene; the 330 bp
of intergenic region of the tubulin array as polyadenylation site.
A detailed description of how this plasmid was constructed ¢
be obtained from the authors upon request.

a Replica cultures were then set up in which the entire contents
ot the wells were transferred to 2.5 ml of fresh medium
supplemented with 20g G418 per ml and 1Q@M ganciclovir

in 24 well plates. At this stage, the trypanosomes from the control
Growth and transformation of trypanosomes bulk culture were also put on G418 and ganciclovir selection and

All studies were carried out using strain 427-60 cultured proc CI?/vere divided between 150 cultures. These cultures should contain
forms of T.brucei (9). The trypgnosomes Were culturepd iny &qual numbers of mutants thus resulting in a similar rate of growth

80 each other in the presence of ganciclovir, and providing a
semi-defined medium as describ8il Constructs pBTKN (see . . ! : .
Fig. 1 and below) and pVTK were linearised by digestion Withswtable endpoint to the test. The plates were sealed with parafilm

Clal. Trypanosomes (25107) were electroporated withg of and incubated at 2&. Growth was scored by absorbance of 0.5

; . . ml aliquots at day 10-12; for those wells showing no growth
linearised pBTKN or pVTK DNA as describetl). Transform- 4 yii5nal checks were done at days 14, 16 and 18. The frequency

ggtjg\//;ﬁr%i%e (Etg%ctgfB%i‘;’&&'%&f&“?ﬂg“ﬁﬁf%ﬁ? Wi reversion was then assessed by substituting experimental

hygromycin for pVTK and thereafter continuously maintained oﬁeSUItS into the equation:

selection. Transfection efficiency was measured and transform- _ —In Paln2

ant lines were cloned, by limiting dilution, mixing in wild-type a= N

trypanosomes during the initial phase of culturing. For measure; . . . ,

myepnt of growth rateg cloned Iin%s were inoculatged ak A& wher_ePo is the proportion of wells without cell growth am_s_

cells/ml. Growth was measured as the absorbance at 550 nmtgh f'.”?' nhumber of trypanosomes per culture upon addition of
: e . nciclovir.

500pl aliquots taken at regular time intervals. Nucleoside analogu .

were stored as concentrated aqueous stock solutions’ & T2 pe rfcz)rmtg% glszgeszﬁbé?g%fg\sgzggegt]?h fluctular:;;)grlotrﬁ;::ir\l/vas

lyophilised sodium salt of ganciclovir was obtained from Sarva: g0

Syntex Nederland B.V, Rijswijk; FIAU was a kind gift of Dr Anton and 20ug/ml FIAU were used to select for Thhutants.

Berns, The Netherlands Cancer Institute, Amsterdam. o )
Thymidine kinase assay

Luria—Delbrtick fluctuation test . ) . . ,
Thymidine kinase activity was measured in crude soluble protein

The rate of reversion to a Tighenotype was measured using thepreparations. Trypanosomes (50 ml) in late logarithmic phase
Luria—Delbriick fluctuation test essentially as descridgdl ( culture were pelleted and washed in cold PSG (0.59 MIR@,,

Stock cultures of different transformants were inoculated int0.03 M NaHPQy, 0.044 M NaCl, 1% wiv glucose). All procedures
medium containing 20g G418 per ml at fcells/ml. For each in lysate preparation after this stage were carried ob€afldhe cell
transformant, X 10? trypanosomes were seeded in each of 150ellet was resuspended in 1 ml 50 mM sodium phosphate buffer
wells in microtitre plates, and a bulk culture containing the san{pH 7.5). Seventy-fivgll 10% NP-40, 1.51 100 mMNa-p-tosyl-
number of trypanosomes as had been seeded in the entigsine chloromethylketone (TLCK) and Jub1 M dithiothreitol
microtitre plate was set up as a control. Cultures were incubategre added and the suspension shaken several times until clear. The
at 28 C for 3—6 days depending on the cell line, until the densitlysate was freeze-thawed three times in liquid nitrogen. It was then
reached11—-2 x 10° trypanosomes per well. centrifuged for 15 min at top speed in a microfuge and the
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supernatant was cleared in a Beckman SW 50.1 rotor at 8@00  For the LAS reaction the DNA pellet was resuspendediith 10

35 min. The protein content was assayed using the Bradford methdsD and divided between the four dideoxynucleotide reactions.

(BioRad). Lysates were stored at =€Quntil required. For this reaction the primer was end-labelled using T4 poly-
For the TK assay the volume of lysate equivalent faylffotein  nucleotide kinase ang-f2P]JATP. The sequencing reaction was

was mixed in a final volume of 28 with 200 mM Tris—HCI, pH performed as describedd). The cycling conditions were: 30

75, 10 mM NaF, 2 mM Mggl 5 mM ATP and 40uM cycles of 1 min at 94, 1 min at 58C and 1 min at 7. The

[3H]thymidine (6.7 Ci/mmol, NEN-Dupont). All assays were doneeactions were fractionated on 7% polyacrylamide sequencing

in duplicate. The reaction was incubated for 30 min &€3Two  gels and autoradiographed at 2Z0

11l aliquots were taken from each tube and spotted onto half-discs

of Whatman DEB81 filters. One half was dried immediately and tHRESULTS

second washed three times in ethanol. The percentage of label . . ,

remaining bound to the second filter is then a measure of teable integration and expression of TK gene

thymidine kinase activity in that sample. The length of time ofhe TK construct was designed with tiegene downstream of

incubation and the amount of protein used were shown to be withife HSV-1 TK gene such that the trypanosomes could not switch off

the linear range of the assay in control experiments, as was the Afdhscription of TK without losing G418 resistance (Ejg.The

dependency of the measured activity (data not shown). cells were continuously maintained on low-level G418 selection (20
pg/ml) to prevent repeat-mediated excision of the construct, or gene
DNA and RNA analyses conversion. Theranssplicing and polyadenylation signals used

were from the tubulin gene array since these signals allow RNA
DNA and RNA preparation, blotting and hybridisation wereprocessing in both life-cycle stages. The ribosomal DNA array was
performed as describeti}13). Probes were prepared by randomused as the recipient site since this is constitutively active and gives
priming. Blots were washed at a stringency ok®B5C, 0.1% high-level expression of integrated ger@s (

SDS at 65C. The Clal linearised construct pBTKN was targeted to the
ribosomal array of insect-form trypanosomes by standard transfec-
Rescue of plasmid DNA from trypanosome lines tion procedures1(). As a control the pUCTbNeo3 construct,

containing only aneo gene, was transfected into wild-type
Total genomic DNA from the transformed lines was digested wittnypanosomes 1(15). The pBTKN construct integrated at a
Clal. The DNA was diluted to 200 ng/ml to enhance the chandeequency of 1.3x 10 per cell as measured by outgrowth of
of intramolecular ligation, and circularised with T4 DNA ligasedilution series. This was somewhat less efficient than the integration
(Boehringer Mannheim). The ligated DNA was introduced int@f our standard control construct pUCTbNeo3 targeted to the tubulin
Escherichia coliDH5a by electroporation as describetl),  array but was as expected for a single-crossover integratian (
using a Gene Pulser with pulse controller (BioRad). AmpicillifFour of the lines obtained (5.3, 5.7, 5.8 and 5.31) were analysed in
resistant colonies were picked and plasmid DNA isolated byetail. Correct targeting of the construct to a ribosomal array in each
standard methodsl®). Colinearity of rescued plasmids with cell line was confirmed by Southern hybridisation (data not shown).
input DNA was checked by restriction enzyme analysis. The
rescued plasmids were retransfected into wild-type trypanosonm@gwth and reversion of parasites in the presence of
as above. After selection cloned lines from each transfection wetsic nucleoside analogues

assayed for TK enzyme activity and for expression of TK mRNAI‘he growth of wild-type trypanosomes was unaffected by

) ) concentrations of ganciclowvir 1 mM (data not shown). The TK

Sequence analysis of plasmid DNA transformants, in contrast, were inhibited and the degree of growth
inhibition was dependent upon the concentration of ganciclovir.

fter an interval, however, trypanosomes began to grow out at a
rate which matched the wild-type, suggesting reversion of the cells
to a TK phenotype. This phenomenon was also observed with
other nucleoside analogues (ethyl deoxyuridine and FIAU; data not
PCR amplification from trypanosome genomic DNA shown), thus suggesting that the reversion mechanism is indepen-
and linear amplification sequencing dent of the type of nucleoside analogue involved. When these
%fistant trypanosomes were seeded into fresh medium containing

DNA sequencing was performed using the dideoxy chai
termination method with the Sequendenzyme as described
by the manufacturer (US Biochemicals).

Regions identified as containing putative mutations by plasm
sequencing were amplified and sequenced directly using t
polymerase chain reaction (PCR). The amplification conditiong
were as follows: 21g genomic DNA was mixed withxIPCR
buffer containing 20AM dNTPs, 3.0 mM MgGl, 5% dimethyl-
sulphoxide and 160 ng of each primer in a total volume pf.50
This mix was incubated at 9@ for 5 min, then allowed to cool
to 50°C for 2 min after which 0.5 Waqgpolymerase was added -
to each tube. The tubes were incubatedd@ 7@ 1 min and then Levels of TK mRNA and TK activity

taken through 25 cycles of 30 s af@430 s at 45C, 1 min at RNA blotting (Fig.3) showed the expected 2.1 kb transcript in all
72°C and afinal cycle of 1 min at 98, 1 min at 58C and 5 min  transfectants including those that had reverted to-aphkno-

at 72 C. The product was precipitated with PEG-8000 for lineatype. In addition to this, a second higher molecular weight
amplification sequencing (LAS). transcript was observed which corresponds to an unspliced

nciclovir and G418 there was no lag phase and the rate of growth
s identical to that of wild-type trypanosomes (B8). Growing
e resistant trypanosomes in the absence of ganciclovir selection
for four passages did not result in a return to ganciclovir sensitivity
suggesting that the reversion was a permanent mutation rather thar
a transient adaptation.
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Figure 2. Growth of transformants in ganciclovii) Trypanosome transformant 5.3 was grown in medium containipg/ii® G418 and varying concentrations
of ganciclovir: @) no GCV; ¢ ) 10uM GCV;, (0) 100uM GCV. (B) Revertant 5.3r derived from outgrowth on 100 GCV shown in (A) was reinoculated into
medium containing 1Qg/ml G418 and 10QM GCV. (¢ ) 5.3r; (0) 5.3; @) pUCTbneo3 transformants.

1 2 3 465 6 7 8B 910 confirmed by rescuing the inserted plasmid DNA from the
il genome of stably transfected trypanosome revertants that had
- ‘e v -, :f::u'r':;r been isolated independently, and reintroducing the plasmid into

fresh wild-type trypanosomes. The results of this TK assay are
illustrated in FiguredB. The cells transfected with a TK gene
. L] . " L N . » 1K from non-revertant trypanosomes (cell lines 5.31, 5.3 and 5.7)
show a comparable level of TK activity to the original transfect-
ants, whilst those transfected with a revertant TK gene (cell lines
5.31r, 5.3r, 5.7r, 5.7r1, 5.7r2 and 5.7r3) show only wild-type

. -5 ' » . ' L ' . tubulin background activity.

Sequence analysis of inactivated TK genes

Figure 3. Expression of transfected TK genes. Total RNA from Wilq-type, The TK genes from four revertants were sequenced and the
transfectant, and revertant trypanosomes was blotted and probed with the TK | ised in Tabl€ach f d .
coding sequence. Rehybridisation with a tubulin probe was used to control fof€SUltS are summarised in ach gene was found to contain

loading differences. Lane 1, wild-type trypanosomes; lane 2, pUCTbneo3 mutation which should inactivate the gene product. Since we
transformant; lanes 3-10, pBTKN transformants and revertants, 5.3, 5.3r, 5.3ralso identified mutations that arose during the resdaedt, the
5.3r2,5.7, 5.7r, 5.7r1, 5.7r2 where r indicates revertant) (Sttus. trypanosomal origin of the mutations was confirmed by direct
linear amplification sequencing from trypanosome genomic
DNA or by sequencing the entire ORF and confirming that onl
precursor RNA. This RNA was also seen by Rudetka. (8) e mutai/ion 3vas pre%ent (data not shown). g y
with other plasmid transformants containing this version of the
ribosomal promoter. Interference with splicing could be due to . _ .
secondary structure formation in the fart of the primary Table 1. Mutations found in the revertant-derived TK genes
transcript, which is derived from the rDNA unit and therefore not

normally spliced, blocking access of the spliceosome to th&Utation Position in gene Effect on TK protein
tubulin splice acceptor site. C deleted 212 Frameshift at codon 70

Since TK mRNA was still being prqduce_d, the trypanosomes . G 487 Arg - Gly in thymidine binding site
were assayed for TK enzyme activity. Figd#e shows that C inserted 532 Frameshift at codon 177

extracts from trypanosomes transfected witmté@gene alone
(pTN3) can phosphorylate thymidine at a low rate in agreemerf'f*T
with a previous reporil(y). In the TK transfectants the activity is The TK _

. - genes from the revertant lines were rescued and sequenced. When a pu-
much hlgher whereas the revertants have lost all ac_:t|V|ty f"‘bc."é ive inactivating mutation was identified this region of the TK gene was ampli-
the enqlqgenous Ie\{el. Extracts from the revertants did not mh"%? and sequenced directly from trypanosomal genomic DNA to prove that the
TK activity suggesting that the reversion phenotype was due fQitation was present in the revertant cells and not introduced during post-res-
an alteration in the TK itself and not a secondary mutation Sugfle manipulation i&.coli. The nucleotide positions are numbered from the ade-
as the activation of a phosphatase degrading TMP. This wg8e of the translational start codon.

748 Creation of stop codon at codon 250




Nucleic Acids Research, 1996, Vol. 24, No. 10813

>
oo

1.6 . 09
1.4 | 08
07

g 12 ] i
g 3
5] 06
& 1 | 14
g %s)
£ 08 | §
?g % 0.4
= 06 |
2 8 03]
S g
g 04 4 = p2 |

0.2 4 01

; || i

None pTN3 pTN3 5.3 5.3r 5.7 5.71 WI 531 531r 53 53 5311 57 57 571 572 67

-ATP

Figure 4. TK activity in transformants and revertans) Protein lysates of transformed trypanosomes and their resulting revertants were analysed for TK activity
as described in Materials and Methods. None, no lysate added; pTN3, pUCTbneo3 (control for endogenous activity); pTN3-ATP, pUCTbneo3 lysate assayed in ab
of ATP; 5.3 and 5.7, pBTKN transformants; 5.3r and 5.7r, revertant lines derived from 5.3 and 5.7 resi@cTiehetivity measured in trypanosomes transfected

with plasmid DNA rescued from TKor TK- (revertant) cell lines, where r denotes revertant status. WT, wild-type.

The most interesting mutation was that found in revertant 5.7r&ported fofT.brucei(22), and is of similar length to the HSV-1 TK
In this case a G G transversion had occurred within the sequencgene.
encoding the thymidine binding site of the enzyme. This change
resulted in t_he substitution of an arginine residue that is abso'”.t‘ﬂ%ctivation of trypanosomes expressing a VZV TK gene
conserved in the TK genes of all members of the herpesvirus
family studied so far, by a glycine. A similar mutation in which thiS]'rypanosomes were transformed with a construct designed
arginine is replaced by glutamine has been shown to correlate wgimilarly to pBTKN but containing the VZV TK gene and the
acyclovir resistance and loss of TK activity in Varicella Zostehygromycin resistance selectable marker. This DNA was also
virus (18,19). In our (limited) analysis no common mutation wadargeted to the ribosomal array and transformant cell lines were
found although all mutations were single base-pair changes. characterised for correct integration (data not shown). Cells
expressing VZV TK were found to be resistant to ganciclovir but
i o sensitive to FIAU. This result was not unexpected since VZV is
Measurement of inactivation rate much less susceptible than HSV-1 to acyclovir, a compound
closely related to ganciclovi2®). As had been observed for
niapanosomes expressing the HSV-1 TK gene, the VzV TK
{Bansformants reverted back to a FIAU resistant phenotype and

or related organisms and it would therefore be of interest )ew out at a rate which matched the wild-tvoe. indicatin
determine the rate of inactivation by the Luria—Delbrtick fluctuatio] , ype, 9
mutation of the VZV TK gene (data not shown).

test. The results are shown in Tablehis analysis indicated that To see if the inactivation rate of the two different TK genes in
both trgnsformant lines tested .r?"e”ed to & Penotype 7at T.bruceiwas the same, we performed a fluctuation test on both
approxmate_ly the same rate, giving a mean .value ot 40 transformants in parallel. FIAU instead of ganciclovir was used
,Ce":ge”efa““”l-, The similarity of the reversion rates of WO, select TK mutants as both VZV and HSV-1 TK expressing cell
|nd|V|duaI_ cgll lines suggests thaF the inactivation mechanism $,es were equally sensitive to this nucleoside analogue. Both
characteristic for the TK gene in trypanosome DNA and nGtansformant lines reverted to FIAU resistance at a similar rate
influenced by incidental factors such as the particular ribosom@faple?). The reversion rate of HSV-1 TK cell line TKN5.3 was
array targeted. The inactivation rate could, however, be due to sofsgnd to be slightly lower in this experiment than in the previous
specific property of the HSV-1 TK gene. Since this gene is unusuallyie, being 1.% 10~ cell-generationt as opposed to 8:310~7

GC rich (65%; ref20), it is possible that the trypanosomal DNA cell-generationt. However, different nucleoside analogues were
polymerase might have problems replicating it. To address thised for the selection of revertants in the two experiments (FIAU
possibility, we tested the Varicella-Zoster virus TK gene (VZV TKas opposed to ganciclovir), and this may influence the rate
which has a GC content of 46%j, similar to the 48% mole GC estimate to a minor extent.

No data are available on the natural mutation rate in trypanoso
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Table 2. Experimental data for the Luria—Delbruck fluctuation analysis of reversion in TK transformed trypanosome lines

TK transformant TKN 5.3 TKN 5.7 TKN 5.3 VTK 1
Selective agent Ganciclovir Ganciclovir FIAU FIAU

Initial number of trypanosomels 200 200 200 200

Final number of trypanosomes, 2.7x 100 1.1x 100 7x 100 6.6x 100
Total number of cell generations per culture, 3P 1.6x 108 1x 107 9.5x 1P
(Nf—=N) + In2

Number of experimental cultures 120 120 90 96
Cultures without growth 5 28 28 13
Proportion of cultures with no mutani, 0.04 0.22 0.31 0.14
Average number of mutants per culture, 3.22 1.51 1.17 1.97
m=-InP,

Rate of reversion, 8.3« 107 cell- 9.4x 1077 cell- 1.2x 1077 cell- 2.1x 107 cell-
m -+ total number of generations generatiorrl generatiorrl generation'l generatiorr!

The rate of reversion to ganciclovir- or FIAU-resistance for HSV-1 TK (TKN) and VZV TK (VTK) transfectants was calculated using the Luria—Delbriick fluctuatio
test equation described in Materials and Methods.

DISCUSSION slippage does not appear to cause the mutations. Moreover, the
less GC rich VZV TK gene is inactivated at a similar rate. It is

: S . . TA¥refore probable that we are measuring the basal mutation rate
of T.brucei The gene is initially expressed in a functional formin the trypanosome and not a gene-specific event
which renders the trypanosome susceptible to antiviral nucleosidel.he overall mutation rate in an organism ié commonly

analogues. The activity of TK found in our transformants i : .
consistently much higher than the activity of the putative trypanos?-(pressed as the number of mutations per base pair per cell

mal TK homoloaue in our assay svstem. Since the enzvme assa: elneration. This is estimated by dividing the rate of inactivation
9 Y SY : Y r}% given gene by the length of that gendz.boli, inactivation

performed on crude soluble protein extracts, which do not cont}zj ; . :
e L X genes of théac andhis operons gives a mutation rate ok 5
detectable TK inhibitors, it is unlikely that the trypanosomal T 0-10(25). Using the same approach, we estimate the mutation

activity measured is significantly underestimated. te of Tb ito be [1L.0-2 b : I i
To our knowledge, our experiments provide the first measur ate of 1.brucerto be Per base pair per cell generation.
ment of the mutation rate in a kinetoplastid protozoan. We thi rake @5) observed that a diverse set of microbes, which use
that the rate measured here reflects the mutation rate QA [0 encode their genes and which includes the eukaryotes
ccharomyces cerevisiaedNeurospora crass&xhibit widely

trypanosome genes in general. Our arguments for this are : X b ir H h
follows. All transformant lines tested gave similar growth curve¥a'yInd spontaneous mutation rates per base pair. However, when

in toxic nucleoside analogues (data not shown), and t&Pressed as mutations per genome, the rates are remarkably
fluctuation test showed similar rates of inactivation in twomilar at 0.003 mutations per genome per DNA replication.
different lines. It is unlikely, therefore, that inactivation is aPrake concluded that such a common mutation rate must have
consequence of the integration of the TK gene into a particulgﬁen shaped in response to evolutionary forces of a very general
ribosomal array influencing adjacent genes. Although we cannid@ture. Based upon the inactivation of a TK gene, we calculate the
rule out that the position of the TK gene in the genome affects tAtation rate iff.bruceito be 12-fold higher, at 0.037 mutations
mutation frequency, it seems unlikely that ribosomal arrays aRer genome per DNA replication. Why such a high mutation rate
more prone to point mutation than any other locus. The growf}s arisen during the evolutionTobruceiis unclear, but it may
curves showing reversion to resistance were similar with differeR€ related to the requirement for diversity among the VSG genes
nucleoside analogues and different concentrations of any ofi@ which the trypanosome depends for survival. In this context it
nucleoside, and reversion occurred with every nucleoside testégof interest that Lat al (26) have reported evidence for a highly
This indicates that the rate of mutation is dependent on theutagenic DNA copying process in African trypanosomes. This
number of generations and not due to specific mutagenic effe@i®cess is limited to the duplicational transposition of one excep-
of a particular nucleoside analogue. It is also unlikely that higliPnal VSG gene in bloodstream form trypanosomes and is thought
level expression of TK results in an imbalance in dNTP pools & involve mutation rates in excess of2er copying event. This
the replication fork because of increased synthesis of dTMP aiscclearly unrelated to the basal mutation rate studied here.
dCMP. Evidence from other systems suggests that theWe have nevertheless tested whether the TK gene can be usec
dCTP:dTTP ratio rather than the absolute pyrimidine dNTRS a negative selection system for studies of the mechanism of
concentration is important and as long as both nucleotide lev&l$G expression site switching. We have inserted the HSV-1 TK
increase proportionally there is no mutagenic efiaét ( gene in the active VSG expression site in bloodstream form
The high GC content of the HSV-1 TK gene does not seem Tabrucej and have found that it is possible to select trypanosomes
contribute to the rate of mutation. None of the mutationghich have changed their VSG coat in the presence of hucleoside
identified occur within poly G runs and therefore polymerasanalogues (unpublished results). Thus, in spite of the high



inactivation frequency, it appears that the TK system will proved
useful not only for the study of recombination and gene
conversion but also in the analysis of the regulation of gen
expression in African trypanosomes.
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