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To study the functional genomic analysis of a crenachaeon Sulfolobus acidocaldarius, we have constructed
an auxotrophic mutant based on pyrEF, which encodes the pyrimidine biosynthetic enzymes orotate
phosphoribosyltransferase and orotidine-5"-monophosphate decarboxylase. S. acidocaldarius was shown
to be sensitive to 5-fluoroorotic acid (5-FOA), which can be selected for mutations in pyrEF genes within
a pyrimidine biosynthesis cluster. Spontaneous 5-FOA-resistant mutants by ultraviolet, KHIU and
KH2U, were found to contain two point mutations and a frame shift mutation in pyrE respectively.
Mutations at these sites from KH1U and KH2U decreased the activity of orotate phosphoribosyl-
transferase encoded by the pyrE gene and blocked the degradation of 5-FOA into toxic 5-FOMP and
5-FUMP that kill the cells. Therefore, KH1U and KH2U were uracil auxotrophs. Transformation of
Sulfolobus- Escherichia coli shuttle vector pC bearing pyrEF genes from S. solfataricus P2 into 5. acid
ocaldarius mutant KH2U restored 5-FOA sensitivity and overcame the uracil auxotrophy. This study
establishes an efficient genetic strategy towards the systematic knockout of genes in S. acidocaldarius.
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Introduction

Sulfolobus species, the first isolated organisms from hot
spring in Yellowstone National Park, USA, are one of the
best studied model organisms of archaea. It grows optimally
at 77C and pH 3 under aerobic and heterotrophic
conditions. Many studies of the replication [3], transcription
[13-15], and translation [11,18,24] in archaea have been car-
ried out, but i vivo experiments were for a long time ham-
pered by the lack of appropriate genetic system [1,20,22].
Nevertheless, various genetic tools and methods have been
reported especially in halophilic archaea [7,19]. For Sulfolobus
species, several genetic systems such as high efficiency trans-
formation technique, construction of shuttle vector, and iso-
lation of gene disruption mutant have been published in the
past 10 years, but it remains many problems to overcome
the genetic studies of Sulfolobus [4,5,10].

Of that, the maintenance of plasmid against re-
striction-modification system of Sulfolobus and post-treat-
ment following electroporation were crucial for successful
transformation of Sulfolobus. Furthermore, the construction
of suitable mutants for genetic studies has also been ham-

pered from high background growth and spontaneous re-
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version frequencies. A gene disruption system in 5. solfatar-
icus P2 has been developed by P. Blum and coworkers [23].
In this system, /acS gene was used as a counterselectable
marker. A target gene inserted with /acS gene was integrated
into the host chromosome by a homologous recombination
in order to replace the target gene to be deleted. Successful
mutants were selected for a lactose medium as sole carbon
and energy source. Little studies about disruption of tar-
geted genes for S. acidocaldbrius have been published [12].
Suitable conditions and techniques for transformation into
S. acidocaldarius have been reported [16]. However, no de-
tailed studies on metabolism such as sugar utilization by
disrupted mutant have yet been published.

For genetic experiment in hyperthermophilic crenarchaea
such as Sulfolobus, antibiotic selection is not as effective as
euryarchaea 7hermococcus. Only two Sulfolobus-E. cali shuttle
vectors, namely pAG21 and pEXSs, have been described so
far [2,9]. An antibiotics simvastatin which worked efficiently
in Thermococcus was easily degraded during the high tem-
perature culture of S. acidocaldarius. It is probably thought
that most antibiotics have low stability under high
temperatures. In order to overcome these problems, uracil
auxotrophic mutant has been used for genetic studies in
Sulfolobus.  Uracil 5-FOA

(5-fluoroorotic acid) resistance by mutation within pyzrZ or

auxotrophic mutant has

pyrF gene. Orotate  phosphoribosyltransferase and or-



otidine-5"-monophosphate decarboxylase encoded by these
genes are key enzymes which catalyze the last steps in pyr-
imidine biosynthesis (Fig. 1). These enzymes convert 5-FOA
to toxic metabolites and growth of cells by these is inhibited.
For uracil auxotroph mutant, it was not able to convert
5-FOA to toxic substrates because of mutation of pyrE or
pyrF gene and thus it could be grown at high concentration
of 5-FOA. Therefore, RNA and DNA are synthesized via
conversion of uracil to UMP in pyrEF mutant.

In this study, uracil auxotrophic mutant with low re-
version frequencies was constructed for genetic studies in
S. acidocaldarius. Spontaneous mutation by UV irradiation
was performed to obtain pyrE-deficient mutant KH1U and
KH2U. We demonstrate that KH2U is a suitable host for se-
lection based on complementation of uracil auxotrophy by

addition of an extrachromosomal pyrE gene.

Materials and Methods

Strains, media, and growth conditions
Sulfolobus acidocaldarius DSM 639 was grown aerobically at
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Carbamoyl phosphate —» —» L-Arginine
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Fig. 1. General mechanism of pyrimidine biosynthesis and
genes related to the process in S. acidocaldarius. S. acid
ocaldarius synthesizes pyrimidine nucleotides via the
intermediates carbamoyl phosphate plus aspartate, car-
bamoyl aspartate, dihydroorotate, orotate, OMP, and
UMP: pyri, aspartate carbomyl transferase; pyrB, aspar-
tate carbomyl transferase; pyrG; dihydroorotase; pyrD,
dihydroorotate oxidase; pyrE, orotate phosphoribosyl-
transferase; pyrF, OMP decarboxylase; upp uracil
phosphoribosyltransferase.
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77°C in Brock’s basal salts medium [8] that was adjusted
to pH 3.3 with sulfuric acid and supplemented with 0.4%
(w/v) of xylose, 0.1% tryptone, and 0.005% yeast extract. For
the growth of uracil auxotrophs derived from S acid
acaldarius DSM 639, 20 pg/ml of uracil (Sigma) and 50 pg/ml
of 5-fluoroorotic acid (Sigma) were added to the medium.
To grow &. acidocaldarius on solid media, plates were sol-
idified by addition of 0.8% Gelrite (Sigma) and 10 mM CaCl,
Plating technique was performed as previously described
[17]. A maBCdeficient £ colf XL Blue MR strain was grown
on Luria-Bertani (LB) medium at 37°C. For selection of
cal-Sulfolobus shuttle vector, pC, an ampicillin was supple-
mented at a concentration of 100 ug/ml. The growth of cells
was monitored by measuring the optical density (OD) at 600
nm.

Effect of 5-FOA on S aciobcaloanis
DSM 639

To select mutants of S. acidocaldarius with resistant to

growth  of

5-FOA, the minimum inhibitory concentration (MIC) of
5-FOA was determined. Cells with an OD at 600 nm of 0.5
were transferred to the various media containing 0 to 100
ug/ml of 5-FOA. During the growth of cells, aliquots from
each media were taken at time intervals and monitored by

measuring the absorbance at 600 nm.

Survival rate of S, acidbcaldarius DSM 639 against UV

For the analysis of survival rate by ultraviolet (UV) light,
cells with an OD of 0.3 were collected and suspended in
one tenth volume of basal salt medium. They were then
poured on petri dish and placed under 15 W germicidal
lamp (Sankyo Denki, Japan) at a distance of 50 cm. The cells
were irradiated for various periods of time. Following irra-
diation, cells were diluted by serial dilution and spread on-
to solid medium. The plates were incubated at 75°C for 7
days, and then the number of colonies on plates was count-
ed to determine the survival rates. The survival rates were
calculated as follows: the number of isolates with uracil
auxotrophy/the number of isolates survived against
UVx100.

Isolation of uracil-auxotrophic mutants

In order to obtain spontaneous 5-FOA resistant mutants,
cells with an OD of 0.3 were harvested and resuspended
in one tenth volume of basal salt medium. After irradiation
by UV light for 40 sec, cells were centrifuged and resuspended
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in 10 ml of the medium containing uracil (50 pg/ml), and
then incubated at 75°C for 2 days. One hundred microliters
of irradiated cells were spread onto the plates supplemented
with uracil (50 pg/ml) and 5-FOA (50 pg/ml), and then in-
cubated for 10 days. 5-FOA resistant colonies were selected
and their uracil auxotrophy was identified by the subculture

in liquid medium in the presence or absence of uracil.

Isolation of total DNAs from S aciabcalvérius

Cells from 10 ml cultures were centrifuged and re-
suspended in 250 ul of TEN buffer (20 mM Tris-HCl, pH
8.0, 1 mM EDTA, 100 mM NaCl). To lyse the cells, 250 ul
of TENST buffer (TEN buffer supplemented with 1.6% so-
dium-lauroylsarcosyl and 0.12% Triton X-100) was added to
the cell suspension and the mixture was incubated for 30
min at room temperature. This solution was extracted with
an equal volume of phenol/chloroform/isoamyl alcohol
(25:24:1) and chloroform/isoamyl alcohol (24:1). Finally so-
dium acetate (3 M, pH 4.8) was added to the aqueous phase
to a concentration of 0.3 M, followed by DNA precipitation
with two volumes of ice-cold ethanol. The DNA was washed
in 70% ethanol, and dried. The DNA was then dissolved
in TE buffer (10 mM Tris-HCl, pH 8.0 and 1 mM EDTA)
containing 10 pg/ml of RNase A.

Sequence  analysis  of o gene  cluster  from
uracil-auxotroph mutants
Seven primer sets derived from the sequences of the en-

tire cluster related to pyrimidine biosynthesis in 5. acid

Table 1. Sequences of primers used in the study

ocaldarius DSM 639 were synthesized. The locations ampli-
fied by these primers were presented in Fig. 2 and theirs
sequences were listed in Table 1. Total 5969 bp DNA region
from chromosomal DNA of mutants was amplified by these
primers. The PCR products were ligated into pGEM-T vector
(Promega) and their sequences were confirmed by sequenc-

ing from Genotech (Daejeon, Korea).

Methylation of £ coli plasmid DNA

For transformation of foreign DNA into 5. acidocaldarius,
a Sulfolobus-E. coli shuttle vector pC should be methylated
at the N4-position of the inner cytosine residue of GGCC
recognition sequence to circumvent restriction by the Sual
restriction-modification system of 5. acidocaldarius. The in
vivo methylation of a shuttle vector pC was carried out by
transformation into £ colf ER1821 containing the additional
plasmid pM.EsaBC4l. Complete methylation was confirmed
by the absence of any cutting after treatment with Hadll

restriction enzyme (8 U) for 6 hr.

pyrD pyrC  hyp pyrl  pyrB pyrE pyrF

6F » “+6R
7F - <+ 7R

Fig. 2. Relative position and orientation of primers used in se-
quencing of pyr cluster of uracil auxotroph mutants.

Primers Sequences (5—3') Product size (bp)
1F TGTTGCAACCACAAGTTTACTAAG
1R TGTGGAGGAAATAGTTAAGAATGTAAA 1,000
2F TCATGAATAACTCTTACAGCTAATGC 1181
2R TGGGCTTTACCACGGATATAA ’
3F GCTATCCCTGGTGGACAAAG 1088
3R TAGGGAAAAGGCTTGGAATG ’
4F CCCATCTTAAATATACGAAAGAGTCA 1100
4R GATTGACAGAAAAGTGGACAAGA ’
5F GCAATTCTAAATCCTTCATGTCC 1054
5R TTTAAGGGCGTTATTGAAACA ’
6F CGCACCATCGTATTITATGTCTC 1099
6R AACCAAGACCTCCTTCTAGCAAT ’
7F GCAGTGGAGGAGGTAAGGAA 994
7R CCTGACAGGGTATACAAATTAACCA

PyrE-F TITCGTTTTAACATCAGGTAAGG 296

PyrE-R

TGTGAAGCCCCTTCTTGTCT




Transformation ~ of acldocaldarnus

and £ col

plasmid into &

For preparation of competent cells of S, acidocaldbrius, cells
with an OD of 0.1 to 0.3 on medium containing 0.2% xylose
were harvested, washed stepwise in 50 ml, 25 ml and 1 ml
of 20 mM sucrose and recovered by centrifugation. The cells
were finally resuspended in 200 ul of 20 mM sucrose to a
density of 2x10° ml™ and 50 ul of the cell suspension was
used for electroporation. This cell suspension was added to
1-2 pl (100-300 ng) of the methylated DNA and transferred
to an electroporation cuvette with 1 mm gap width (Bio-Rad)
on ice. One pulse of electroporation was applied at 1.5 kV,
400 @, and 25 pF using a Gene Pulser II (Bio-Rad)
electroporator. After pulsing, 50 ul of recovery solution (1%
sucrose, 10 mM MgSO,, 0.18% [-alanine and 0.02% DL-malic
acid) was immediately added to cuvette and total 100 ul of
cell suspension was recovered and incubated for 30 min at
75°C. The cells were spread on solid plates containing 0.2%
dextrin and 0.1% tryptone and incubated for 5 days at 75°C.
For E. calj transformation was performed by method of rubi-
dium chloride-heat shock and DNA manipulations were car-
ried out as described by Sambrook ef al [21]

Results and Discussion

Sensitivity of S, aciaocalaanius to 5-FOA
To isolate uracil auxotrophic pyrEF mutants, MIC values

A

OD (600nm)

80

Time (h)
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of 5-FOA were determined. 5-FOA metabolites, 5-FOMP
5-FUMP
(5-fluorouridine monophosphate), formed by enzymes en-

(5-fluoroorotidine ~ monophosphate) ~ and
coded by pyrE and pyrF have been reported as inhibitors
of cell growth. Therefore, pyrE or pyrF mutant could be
grown on medium containing 5-FOA. The sensitivity of
growth inhibition of S. acidbcaldarius DSM 639 was observed
on various concentrations of 5-FOA (Fig. 3A). The growth
was completely inhibited at a concentration of 25 pg/ml, and
the concentration for selection of spontaneous mutation was
used about twice the MIC. By comparison, 0.25 mg/ml
5-FOA was required to inhibit growth of Halobacterium sali-
narum [19].

Isolation of uracil-auxotrophic mutants

UV dosage and exposure time for the spontaneous muta-
tion of S. adidocaldbrius was determined and UV exposure
time suitable for the random mutation was reported that sur-
vival rate is about 1% [6]. To determine the survival rate
with UV exposure time, viable cells were counted after sub-
jection of UV irradiation for appropriate periods of time (0,
10, 20, 30, 40, 60, 120, 180 s) (Fig. 3B). The survival rates
were decreased with an increase of the exposure time and
90, 70, 6, 0.69, 0.64, 0.3 and 0.2% of survival rate was shown
for UV exposure time, respectively. At exposure time of 38
s, cell viability was about 1% and this time was used for
the mutation of 5. acidocaldarius.

log survival

34

— T T T T
0 10 20 30 40 60 120 180

UV exposure time (sec)

Fig. 3. Determination of MIC of 5-FOA, and UV exposure time for spontaneous mutation of 5. acidocaldarius. (A) Inhibitory effect
of 5-FOA on the growth of 5. acidocaldarius. Cells were grown on 0.2% xylose medium supplemented with 0 (O), 0.5 (&),
1.0 (), 2.0 (), 25 (V), 5 (@), 25 (A), 50 (W), and 100 () pg/ml of 5-FOA. (B) Survival rate of S. acidocaldarius against
UV irradiation. The number of the colonies on 0.2% xylose plate was determined as an interval of exposure time (0, 10,

20, 30, 40, 60, 120, 180 s).
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After UV irradiation, 120 colonies of 4.2x10° cells were
counted on the plate containing 5-FOA and uracil. The
5-FOA resistant colonies were identified by incubation on
the medium with or without uracil. Among 120 isolates, 14
isolates harbored uracil auxotrophy and the mutation rate

was about 10°.

|dentification  of  uracil
mutants

auxotrophic  pwrEF  deficient

To identify whether uracil auxotrophic mutants are
caused by inactivation of pyrEF gene in pyrimidine biosyn-
thesis gene cluster, the genetic characterization of 2 isolates,
KH1U and KH2U, among 14 isolates was examined. The
DNA regions containing entire pyr cluster from their chro-
mosomal DNA were amplified by PCR with 7 primer sets
and mutations were identified by sequencing. As a result,
a double point mutation, AAA to CAA (K10Q) at position
28" and GAT to GGT (D112G) at position 335" within pyzF
gene, and a silent mutation GGA to GGG at position 356"
within pyrF gene were observed in KH1U mutant (Fig. 4).
In case of KH2U mutant, frame shift mutation was occurred
by G insertion at position 204" of pyrE gene (Fig. 4).
Mutations at these sites in both mutants decreased the activ-
ity of orotate phosphoribosyltransferase encoded by pyr#
gene and blocked the degradation of 5-FOA into toxic
5-FOMP and 5-FUMP that kill the cells. Therefore, this result
suggested that two mutants, KH1U and KH2U, were sponta-
neous mutants with uracil auxotrophy. For further Sulfolobus
genetic studies, KH2U was selected as a host strain because
prE gene was completely inactivated by frame shift muta-
tion of the G insertion.

In order to check the uracil auxotrophy by inactivation
of pyrE gene, the growth of KH2U on medium containing
0.2% xylose was compared to that of the wild-type cells (Fig.
5). In contrast to the wild-type cells that grow independently
with the addition of uracil, KH2U showed a strict uracil

Wild type pyr8 pyrE 4 pyrF
KH1U —
K10Q D112G
KH2U
Tinsertion
G

Fig. 4. Mutation sites within pyrZ gene in KH1U and KH2U
mutants.

OD (600nm)

0.0 T T T
0 20 40 60 80

Time (h)

Fig. 5. Growth of 5. adidbcaldbrius DSM 639 wild-type and KH2U
mutant on the 0.2% xylose medium in the presence or
absence of uracil (10 pg/ml). wild-type without uracil
(O), wild-type with uracil (@), KH2U without uracil (L),
KH2U with uracil (H).

auxotrophy. The growth of the wild-type cells was not af-
fected at all by the presence of uracil while KH2U could
be grown when uracil was added in the medium. These re-
sults suggested that KH2U was a suitable host strain for ge-
netic studies of Sulfolobus acidocaldarius.

Complementation of an  uracil mutant
KH2U

To identify whether uracil auxotrophy could be com-

auxotrophic

plemented by plasmid bearing pyrEF genes, KH2U was
transformed by Sulfolobus-E. coli shuttle vector, pC. The pC
is a shuttle vector which carries the replication origin from
the pRN1 plasmid in S, islandicus REN1HI, and £ coff origin
and selectable marker from pBluescript [4]. The vector con-
tains the pyrEF genes for uracil selection in the pyrEF dele-
tion mutant. KH2U was transformed with 100 ng of pC vec-
tor by the electroporation as described in Materials and
Methods. After incubation for 5 days, Pyr" transformants
were identified on solid plate lacking uracil (Fig. 6A). Five
isolates among all 60 Pyr” isolates were randomly selected
and the presence of pC vector was examined by colony PCR
using specific primer PyrE-F and PyrE-R (Table 1) to identify
the pyrE gene of pC vector. While five colonies from un-
transformed KH2U (negative control) were not amplified,
all transformed colonies from KH2U were amplified and
showed a single band of 400 bp which proves the existence
of pyrE gene (Fig. 6B).

To confirm whether the pC vector was transformed into
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Fig. 6. Complementation of KH2U by transformation of Sulfolobus-E. coli shuttle vector pC. (A) Pyr" transformants from KH2U
on solid medium without uracil. The colonies from KH2U bearing pC vector were observed on medium containing 0.2%
dextrin and 0.1% tryptone after electroporation with pC. (B) Colony PCR analysis of untransformed and transformed KH2U
with pC. The amplified 400 bp DNA fragment was specific for internal sequence of pyrE gene. (C) Identification of pC
after retransformation into £. cali XL1 Blue MR strain. The plasmid was treated with 10 U of Sadl and electrophoresed
in an agarose gel. (D) Growth of KH2U and KH2U bearing pC on the 0.2% xylose medium supplemented with or without
uracil (10 pg/ml). wild-type cells without uracil (O), KH2U without uracil (L), KH2U with uracil (ll), KH2U/pC without
uracil (2). KH2U/pC with uracil (&), KH2U/pC with 5-FOA (V).

KH2U, total DNA from complemented KH2U strain was ex-
tracted and retransformed into £ cofi XL Blue MR strain.
Retransformed plasmid into £ colf was digested with Sadl
restriction enzyme and the resulting 8.9 kbp linearized pC
vector was confirmed (Fig. 6C). To examine the growth of
complemented KH2U bearing pC on uracil-deficient me-
dium, the wild-type, untransformed KH2U, and transformed
KH2U bearing pC were grown on medium in the presence
or absence of uracil (Fig. 6D). KH2U was resistant to 5-FOA,
whereas it was not grown in uracil-deficient medium. The
complemented KH2U overcome the growth inhibition on ur-
acil-free medium by which pyrEF gene from pC converted
KH2U strain to 5-FOA sensitivity. Thus, we conclude that
KH2U is a uracil auxotrophic mutant which cannot grow
in uracil-free medium. In addition the expression of pyrEF
gene in KH2U was restored the ability to pyrimidine biosyn-
thesis and it could overcome uracil auxotrophy.
Presently, it is unclear that one nucleotide insertion within
prE gene in KH2U strain may affect the open reading frame
of prF just located in the downstream of prE gene.
Therefore, the activity of pyrF gene should be further ana-
lyzed to utilize the uracil auxotrophy gene as an effective
selection marker for genetic knockout experiments later. It
can be done by the complementation of plasmid with either
prE or pyrF gene. We have successfully established a uracil
auxotrophic mutant in this study. For the functional genomic

studies of this archaeon, the construction of an homologous

expression and gene disruption vector system is underway.
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