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Abstract

We studied the effect of inactivation of genes, which control biosynthesis of inosine

monophosphate (IMP)de novo and purine salvage and interconversion pathways, on sensitivity of

yeast Saccharomyces cerevisiae to the mutagenic and toxic action of 6-hydroxylaminopurine

(HAP) and 2-amino-6-hydroxylaminopurine(AHA). It was shown that the manifestation of HAP

and AHA mutagenic properties depends on the action of enzyme adenine

phosphoribosyltransferase encoded in yeast by APT1 gene. A blockade of any step of IMP

biosynthesis, with the exception of the block mediated by inactivation of genes ADE16 and

ADE17 leading to the accumulation of 5-aminoimidazole-4carboxamide ribonucleotide (AICAR),

was shown to enhanceyeast cell sensitivity to the HAP mutagenic effect; however, it does not

affect the sensitivity to AHA. A block of conversion of IMP into adenosine monophosphate

(AMP) causes hypersensitivity of yeast cells to the mutagenic action of HAP and to the toxic

effect of HAP, AHA, and hypoxanthine. It is possible that this enhancement of sensitivity to HAP

and AHA is due to changes in the pool of purines. We conclude that genes ADE12, ADE13,

AAH1, and HAM1 controlling processes of purine salvage and interconversion in yeast, make the

greatest contribution to the protection against the toxic and mutagenic action of the examined

analogs. Possible mechanisms of HAP detoxication in bacteria, yeast, and humans are discussed.

Introduction

Synthetic purine analogs 6-hydroxylaminopurine (HAP) and 2-amino-6-

hydroxylaminopurine (AHA) are strong mutagens for a wide spectrum of pro- and

eukaryotic organisms and possess toxic activity [1, 2]. HAP was shown to cause teratogenic

effects [3], malignant transformation of mammalian cells [4] and chromosome

fragmentation [5]. Some experimental data suggest the possibility of endogenic HAP

generation [6–8]. Endogenic purine analogs may be a reason for hereditary and oncologic
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diseases [9], and this determines the importance of studying their metabolism in detail and

elucidating mechanisms responsible for the mutagenic action.

Materials and Methods

In this work, we used a genetic approach to the study of HAP and AHA metabilism in yeast

Saccharomyces cerevisiae.The previously conducted screening for S. cerevisiae deletion

mutants allowed the identification of 18 various genes, the inactivation of which enhances

yeast sensitivity to the mutagenic or toxic action of HAP (three of these genes also control

sensitivity to AHA) [10]. Half of the identified genes were found to control purine

metabolism: three genes (AAH1, ADE12 and HAM1) control purine salvage and

interconversion pathway and six ADE genes controlling IMP biosynthesis de novo (Fig. 1).

This approach used in this screening did not allow us to examine the effect of inactivation of

the remaining four genes (ADE4, ADE13, ADE16, and ADE17) controlling IMP

biosynthesis along with key genes (FCY2, APT1, XPT1, andHPT1) governing the transport

of purine bases and their conversion into nucleoside monophosphates (NMP). In this work,

the impact of inactivation of these genes on sensitivity of yeast cells to HAP and AHA was

studied. To test mutagenic activity and toxicity of these compounds, we used quantitative

and qualitative methods developed earlier in our laboratory [10].

Results and Discussion

We established that mutant ade4 as all earlier studied ade mutants [10] with the block in

IMP iosynthesis, is more sensitive to HAP than the wild-type strain and insensitive to AHA

(Table 1). It should be noted that various ade mutants have different HAP sensitivity [10].

Possibly, intermediate products ccumulated in cells upon a blockade of various stages of

IMP biosynthesis differentially affect the expression of the ADE genes [11, 12] and other

genes for purine metabolism, thus modifying the sensitivity of yeast cells to purine analogs.

An exception to this rule are genes ADE16 and ADE17. Single mutants for these genes do

not display enhanced sensitivity to HAP and AHA [10]. Genes ADE 16 and ADE 17 encode

isozymes and the complete block of purine biosynthesis (leading to adenine auxotrophy) is

observed only in double mutants ade16 ade17[11]. However, the double mutant ade16

ade17 constructed in our study, does not show enhanced sensitivity to the examined analogs

(Table 1), unlike other adenine auxotrophs. A unique property of mutant ade16 ade17 may

be related to the accumulation in its cells of a low-molecular-weight regulator 5-

aminoimidazole-4-carboxamide ribonucleotide (AICAR) participating in regulation of the

expression of genes for yeast purine and histidine biosynthesis [12]. We suggest that one

possible echanism responsible for AICAR action is the competition of this compound with

AMP, as an activator of AMP-dependent protein kinases regulating the expression of many

eukaryotic genes [16]. It is possible that AICAR is directly involved in the competition with

mutagenic AMP analogs for enzymes of purine metabolism, decreasing their mutagenic

effect. In addition, mutant ade16 ade17 requires not only adenine but also histidine [11, 12],

because AICAR accumulated in cells seems to block biosynthesis of histidine. It is known

that histidine is formed from the purine ring of ATP molecule. Thus, one can assume that

the double mutation ade16 ade17 may increase the pool of adenine nucleotides (since ATP

is not utilized for histidine biosynthesis), which may be the reason for ensuring the enhanced
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resistance of mutant ade16 ade17 to the adenine analog HAP. This assumption is in good

agreement with the data showing the nhibition of HAPinduced mutagenesis in yeast and

Escherichia coli with high amount of adenine. Thus, we showed that the block of IMP

biosynthesis (inactivation of any of ADE genes, except for genes ADE16 and ADE17) leads

to an increase in yeast cell sensitivity to the mutagenic effect of HAP (but does not affect

AHA sensitivity). Most probably, the enhanced sensitivity of adenine auxotrophs to HAP is

mediated by changes in the pool of purines, because it is known that the level of yeast

mutagenesis strongly depends on the qualitative and quantitative ratio of deoxynucleoside

triphosphates (dNTP) in the cell [17].

Genes ADE12 and ADE13 control the conversion of IMP into AMP. Furthermore, gene

ADE13 participates in IMP biosynthesis de novo (Fig. 1). Mutation ade13 is a conditional

lethal: ade13 mutants are unable to grow on a medium with glucose, but they can grow on

the medium containing glycerol as the sole source of carbon. This phenotype of mutation

ade13 is partially suppressed by additional mutations at earlier stages of IMP biosynthesis

[18]. Therefore, we constructed the double mutant ade4 ade13. Strain ade4 ade13, like

mutant ade12, proved to grow poorly on the complete YPD medium containing glucose

(Fig. 2). We have found that this phenotype is caused by an insufficient amount of

exogenous adenine required for growth of mutants: the addition of adenine at a

concentration of 100 mg/l to YPD medium led to the recovery of normal cell growth in

strains ade4 ade13and ade12 (Fig. 2). Interestingly, hypoxanthine was toxic for mutants

ade4 ade13 and ade12 (Fig. 2, Table 2). It is possible that the toxic effect of hypoxanthine is

connected with the fact that IMP (produced from exogenous hypoxanthine due to the action

of gene зPT1 product) cannot be converted to AMP as a result of the block mediated by the

inactivation of gene ADE12 or ADE13. When there is limited amount of AMP, the

accumulation of IMP seems to cause the toxic effect in cells. Mutant ade4 ade13 proved to

be far more sensitive to HAP than the wild-type strain or single mutant ade4 (Fig. 2, Tables

1 and 2). At the same time, mutants ade4 ade13 and ade12 did not manifest enhanced

sensitivity to the mutagenic effect of AHA, but, unlike other ade mutants, they were

sensitive to the toxic effect of this analog (Fig. 2, Tables 1 and 2). As previously shown [10],

inactivation of gene AAH1 also markedly enhances cell sensitivity to HAP and AHA,

whereas inactivation of HAM1 enhances sensitivity to only HAP (see Table 1). According to

our preliminary data obtained for cell-free extracts of strains PLY122 (wt), BY4742 (wt),

and Y520 (aah1), HAP and AHA are converted, by adenine aminohydrolase encoded by

gene AAH1, to hypoxanthine and guanine, respectively. Deoxyribonucleoside triphosphate

pyrophosphohydrolase encoded by gene HAM1 catalyzes conversion of dHAPTP to

dHAPMP [19] (Fig. 1) and is probably inactive for dAHAPTP. Thus, inactivation of genes

ADE12, ADE13, AAH1, and HAM1 responsible for salvage and interconversion of purines

caused the strongest increase in the toxic and mutagenic effect of HAP and AHA suggesting

the largest contribution of these genes to the protection against the action of the examined

analogs.

By analogy to adenine metabolism, we assumed that HAP and AHA are ransported into the

cell via the purine cytosine permease encoded by gene FCY2 [20] and converted, under the

action of purine phosphoribosyltransferases, to the corresponding
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nucleosidmonophosphates, which is the critical condition for their further conversion to

dNTP and incorporation into DNA. However, we found that the inactivation of gene

FCY2does not affect the sensitivity to HAP and AHA (Table 1). In addition to Fcy2

permease, seven more potential permeases of nucleobases were detected in the yeast

genome, two of which (Fcy21p and Fcy22p) have a high level of similarity (74 and 88%,

respectively) with Fcy2 [21]. Genes FCY21 and FCY22, like FCY2 gene, are located in

chromosome 5. Inactivation of these genes causes enhanced resistance to the adenine analog

8-azaadenine [21], which allows one to consider these proteins as potential purine

transporters, activating HAP and AHA. Inactivation of gene APT1 encoding adenine

phosphoribosyltransferase leads to a drastic decrease in HAP- and AHA-induced

mutagenesis (by a factor of 90 and 3, see Table 1). The introduction of an additional

mutation apt1 into HAP-hypersensetive strains (mutants aah1 and ham1) revealed that, in

comparison with the single mutant apt1, double mutants apt1 aah1 show a rather high level

of mutagenesis under the action of HAP and AHA, whereas the double mutants apt1 ham1,

only when exposed to HAP (because ham1 mutants are insensitive to AHA). On the other

hand inactivation of genes зPT1 and XPT1 encoding guanine-hypoxanthine and xanthine

phosphoribosyltransferases, respectively, does not markedly affect the level of mutagenesis

induced by the indicated analogs (Table 1). In summary, we can conclude that the principal

pathway of HAP and AHA activation is regulated by gene APT1. Moreover, a less efficient

APT1-independent pathway of conversion of HAP and AHA into corresponding NMP,

which is probably governed by genes HPT1/XPT1, also exists in yeasts (Fig. 1).

A comparative analysis of our data on Saccharomyces yeast and the data describing the

action of HAP on bacteria E. coli revealed both similarity and significant differences

between these organisms. Three systems play a leading role in cell protection against HAP.

The first system depends on the molybdenum cofactor [22] and is able to effectively

inactivate HAP and AHA [23, 24]. The second system is mediated by the rdgB gene, an

ortholog of the yeast gene зДel [19]. The third system, involving endonuclease V (encoded

by gene nfi), provides HAP repair in DNA [25]. The operation of this endonuclease at high

doses of HAP may cause cell death resulting from the accumulation of unrepaired single-

stranded breaks in DNA leading to the formation of lethal double-stranded breaks during

replication [25]. As S. cerevisiae bacteria lack both the molybdenum cofactor and the nfi-

dependent protection system, we think that the main mechanism underlying yeast protection

against purine analogs is the maintenance of the normal pool of nucleotides and its

sanitization from mutagenic analogs via enzymes of purine metabolism. A similar

mechanism of protection against mutagenic and toxic purine analogs may be also realized in

other eukaryotes, including humans. This idea is consistent with the fact that the patients

with a decreased activity of the product of gene ITPA (homolog of gene HAM1) show

enhanced sensitivity to a number of base analogs used as drug preventing organ rejection

after transplantation [26]. Moreover, it has been established recently that enzymes encoded

by gene HAM1 and its orthologs in pro- and eukaryotes, including humans, in addition to the

natural substrates ITP and dITP, effectively catalyze conversion of dHAPTP to dHAPMP

[19].
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Orthologs of bacterial genes of the molybdenum cofactor-dependent system [27] and of

gene nfi (gene hNFI [28]) encoding endonuclease V were found in humans. Therefore, the

HAPinduced chromosome fragmentation observed in human carcinoma cell cultures [5]

(which has long been known and the reason of which remains unclear) can be explained by

the formation of double-stranded DNA breaks during HAP repair by endonuclease V. We

propose that various strategies used to protect organisms against the mutagenic and toxic

action of synthetic analogs HAP and AHA in various organisms appear in evolution to avoid

the incorporation into DNA of certain natural mutagenic purine bases. Most probably, these

systems appeared to protect organisms against hypoxanthine and its nucleotides. Indeed,

enzymes encoded by gene HAM1 and its orthologs from otherorganisms hydrolyze ITP and

dITP to the corresponding monophosphates as effectively as dHAPTP and HAPTP [19].

Synthetic hypoxanthine analogs HAP and AHA proved to be useful tools for studying

mechanisms responsible for the maintenance of genome stability.
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Fig. 1.
Genetic control of IMP biosynthesis de novo (genes are underlined) and purine salvage and

interconversion pathways in yeast S. cerevisiae (Ade, adenine; Hyp, hypoxanthine; Gua,

guanine; X, xanthine; SAMP, succinyl-AMP; AICAR, 5-aminoimidazole-4-carboxamide-5′-

phosphoribonucleotide; IMP, inosine-5′-monophosphate; HAPMP, HAP-5′-monophosphate;

HAPTP, HAP-5′-triphosphate; dHAPTP, HAP-2′-deoxyriboside-5′-triphosphate. * Gene

inactivation leads to an increase in sensitivity to mutagenic or toxic effect of HAP; ** gene

inactivation increases resistance to HAP and AHA.
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Fig. 2.
Results of the qualitative test for induction of forward mutations for canavanine resistance in

yeast strains carrying mutations at various genes of the AMP biosynthesis pathway. The test

was performed as in [10]. Below photos, concentrations of purine bases (mg/l) in complete

YPD medium are given in brackets.
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Table 1
Influence of mutations in the genes of purine metabolism on sensitivity of yeast cells to the
mutagenic action of HAP and AHA

Strain (inactivated gene) The median value (×10–7) of the frequency of forward mutations to canavanine resistance
(confidence interval is given in brackets)

YPD YPD + HAP
(25 mg/l)

YPD + AHA
(100 mg/l)

PLY122 (wt)1 3 (1-10) 540 (430-735) 31 (24-53)

Y513 (fcy2)1 2 (0,7-10) 503 (96-653) 50 (22-80)

Y508 (hpt1)1 4 (2-7) 480 (280-620) 34 (29-79)

YD-16931 (xpt1)2 1 (0,5-5) 600 (380-750) 28 (17-40)

Y511 (apt1)1 2 (1-11) 6 (1-39) 10 (5-26)

PLY122-HLAM (ham1)3 3 (1-8) 10000 (8000-1300) 40 (18-65)

Y520 (aah1)1 2 (0.5-6) 5500 (3500-7000) 150 (100-220)

Y511-HLAM (ham1 apt1)3 2 (0.7-6) 128 (80-210) 43 (10-80)

Y550 (aah1 apt1)1 3 (1-7) 245 (132-686) 75 (30-115)

YD-10888 (ade4)2 4 (1-8) 1131 (1050-1309) 28 (15-48)

16-17-BY4741 (ade16, 17)3 3 (1-10) 563 (418-688) 60 (42-80)

Note:

1
Isogenic strains are described in [13].

2
Strains isogenic with strain BY4742 (see Table 2) are described in [14]. Strains 3PLY122-HLAM (MATα leu2-3, 112 lys2-Δ201 ura3–52

ham1::LEU2), Y511-HLAM (MATα leu2-3, 112 lys2-Δ201 ura3-52 apt1::URA3 ham1::LEU2) and 16-17-BY4741 (MATα leu2Δ lys2Δ ura3Δ
his3Δ ade16Δ ade17Δ) are obtained in this work.

The values that significantly differed (P = 0.05) from the values for strain PLY122 are underlined (the comparison was performed using
Wilcoxon's nonparametric rank test and standard methods of calculating confidence intervals for medians [15]).
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Table 2
Influence of inactivation of ADE12 and ADE13 genes on sensitivity of yeast cells to the
mutagenic and toxic effect of HAP, AHA, and hypoxanthine

Strain (inactivated gene) The median value (×10–7) of the frequency of forward mutations for canavanine resistance
(confidence interval is given in brackets) and percent of survival4

YPD YPD + Гип
(100 Mг/л)

YPD + AПAΠ
(100 Mг/л)

YPD + ГAП
( 25 Mг/л)

BY4742 (wt)1 3 (1-10)
100%

4 (1-10)
100%

31 (24-53)
100%

540 (430-735)
100%

YD-17384 (ade12) 1 6 (2-10)
100%

5 (0-18)
13%

68 (48-106)
17%

3722 (2627-6117)
11%

4-13-BY4743 (ade4 ade13)2 17 (26-43)
100%

-3

1,3%
93 (72-806)

8%
6168 (3691-8909)

24%

Note:

1
Isogenic strains are described in [13].

2
Strain 4-13-BY4743 (MATα leu2Δ lys2Δ ura3Δ his3Δ ade4 ade13Δ) was provided by A.M. Zekhnov.

3
Mutation rate was not determined because of low survival. The survival on YPD medium was taken as 100%. The values that significantly

differed (P = 0.05) from the values for strain BY4742 are underlined (an estimation was performed using Wilcoxon's nonparametric rank test and
standard methods of calculating confidence intervals [15]).
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