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A gene designated purU has been identified and characterized. purU is adjacent to tyrT at min 27.7 on the
Escherichia coli chromosome. The gene codes for a 280-amino-acid protein. The C-terminal segment of PurU
from residues 84 to 280 exhibits 27% identity with 5'-phosphoribosylglycinamide (GAR) transformylase, the
product of purN. Primer extension mapping and assays of lacZ in a promoter probe vector identified two
promoters giving mono- and bi-cistronic purU mRNA. Neither mRNA was regulated by purines. Mutations in
either of two pairs of genes are required to block synthesis of 5'-phosphoribosyl-N-formylglycinamide (FGAR)
from GAR: purNpurT (purT encodes an alternative formate-dependent GAR transformylase) orpurNpurU. On
the basis of the growth ofpurU, purN, and purUpurN mutants, it appears that PurU provides the major source

of formate for the purT-dependent synthesis of FGAR.

There are two transformylation reactions in the de novo
purine nucleotide biosynthetic pathway. In step 3, the plurN gene
product 5'-phosphoribosylglycinamide (GAR) transformylase
catalyzes the transfer of a formyl group to GAR, resulting in
synthesis of 5'-phosphoribosyl-N-formylglycinamide (FGAR).
In step 9, the plurH gene product 5'-phosphoribosyl-4-carbox-
amide-5-aminoimidazole (AICAR) transformylase formylates
AICAR, resulting in 5'-phosphoribosyl-4-carboxamide-5-
formylaminoimidazole (FAICAR) (18). Both enzymes use
10-formyltetrahydrofolate (formyl-FH4) as the one-carbon do-
nor. There are two major sources of formyl-FH4 in Escherichia
coli (for a review, see reference 32). The main one is the serine
hydroxymethyltransferase-catalyzed conversion of serine to
glycine plus 5,10-methylene FH4. The glyA gene encodes serine
hydroxymethyltransferase. 5,10-Methylene FH4 is converted in
two steps into formyl-FH4. The glycine cleavage enzyme
system provides a second source of 5,10-methylene FH4 in the
breakdown of glycine to NH3 plus CO,. E. coli also can use
formate for the synthesis of FGAR, although without formyl-
FH4 synthetase activity there can be no conversion of formate
to formyl-FH4 (4). This observation and the fact that purN
purine auxotrophs have not been isolated suggest that there is
an additional enzyme in E. coli that uses formate directly for
synthesis of FGAR.

During the preparation of this report, a paper describing the
identification of this predicted formate-dependent GAR trans-
formylase (20) appeared. This enzyme, named GAR trans-
formylase T, is encoded by purT. Nygaard and Smith (20)
noted that pyruvate formate lyase (26) could provide formate
for this reaction during anaerobic growth. A source of formate
in aerobic E. coli is not known. In this paper we describe a
gene, putrU, that appears to provide the major source of
formate used by GAR transformylase T.
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MATERIALS AND METHODS

Bacterial strains. Strains, bacteriophages, and plasmids used
in this study are listed in Table 1.
Media and growth conditions. LB and 2 x YT were used as

rich media (16). Minimal growth medium contained salts (37)
supplemented with 0.5% glucose and 1 [Lg of thiamine per ml.
Solid media contained 1.5% agar. Supplements of adenine at
100 p.g/ml, amino acids at 0.5 mM, and sodium formate at 1
mM were used as noted. Ampicillin was added at 50 pg/ml for
plasmid selection and 20 pLg/ml for lysogen selection. Kanamy-
cin and chloramphenicol were used at 25 p.g/ml where indi-
cated.

Construction of translational fusions for promoter analysis.
Promoter fragments were amplified by polymerase chain reac-
tion (PCR) from E. coli genomic DNA with primers that
created EcoRI and BamHI adapters at the 5' and 3' ends,
respectively, of the amplified product. In this paper, restriction
sites in primers are underlined and nucleotides corresponding
to E. coli DNA sequences are in boldface type. All primers
were named with the number of the 5' nucleotide in the E. coli
sequence. The following primers were used for PCR cloning of
fragments A to D (see Fig. 3).

Primer 462 (5'TCATGAAf17CCACAGCGGCCGTTACGT
GCC3') was the 5' primer used for isolation of fragments A
and B, primer 1 (5'GGAATTCCAGCGCAGATAATCGATCG
CATG3') was the 5' primer used for isolation of fragments C
and D, primer 1092 (5'TGATGGATCCCCAAGGCAAT
GCGCTTC3') was the 3' primer used for isolation of fragment
A, primer 810 (5'TGATGGATCCTGGAGTGAATGCATT
GCTGG3') was the 3' primer used for isolation of fragments B
and C, and primer 564 (5'TGATGGATCCCGATATTGTCG
GCGTCCTGC3') was the 3' primer used for isolation of
fragment D. Fragments A, B, C, and D were cloned into the
EcoRI and Ban HI polylinker sites of pMLBI()34 (30)) to create
in-frame fusions with the ninth codon of 'lacZ. Since primer
564 was designed from the Shigella flexneri sequence before a
sequencing mistake resulting in a frameshift mutation was
discovered, the initial fusion plasmid had no 3-galactosidase
activity. To rcstore the correct reading frame, the BamHI site
was cut and religated after the cohesive ends were filled in.

Fusions to 'lacZ were crossed onto XRZ5 for single-copy
chromosomal insertion (22).
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TABLE 1. Bacteria, bacteriophages, and plasmids used in this work

Strain, phage, or plasmid Genotype or description Source or retereince

E. coli
MC4 I )( F - araDl39 A(argF-/ac)U 169 rpsL 150 thiA I re/A I deoCi ptsF25 flbB5301 Laboratory stock
PLN 1)00 MC4100 purU::kan This work
PLN 1I MC4100 purN::cat This work
PLN1)2 MC4100 purN::cat pitrU::kan This work
W311() F X- IN(rrD-rrE) Laboratory stock
PS24 12 W31 10 Al/ac glyA::Tn5 M. Levinthal"
JC7623 F thr-I /euB6 proA2 sbcB15 hisG4 recB21 recC22 argE3 thi-I ai/ri-14 /acYl galK2 xy/-5 Laboratory stock

mtl-I rpsL31 tsx-33 A slopE44
JMI(0 A(lac-pro) tlhi-I rp.sL hsdR4 etdA sbcB supE44 F' t1-aD36 pi-vA+B+ lacI" A(lacZ)M 15 Laboratory stock

Bacteriophages
P1 vir Bacteriophage P1, lytic Laboratory stock
XRZ5 X'bla'lacZY', Lac - Aps Laboratory stock
XRZ5A XRZ5 with fragment A This work
XRZ5B XRZ5 with fragment B This work
XRZ5C XRZ5 with fragment C This work
XRZ5D XRZ5 with fragment D This work

Plasmids
pMLB 1034 /acZY fusion vector, Apr 3()
pPLNla pMLB1034 with fragment A This work
pPLN I b pMLB1(34 with fragment B This work
pPLNlc pMLB1034 with fragment C This work
pPLN I d pMLB1l34 with fragment D This work
pUC18CML Plasmid with cat cassette 36
pUC4K Plasmid with kan cassette Pharmacia
pGSI Plasmid containingglyA+ 33
pTrc99A Expression vector 3
pPLN2 pTrc 99A containingglyA+ This work
Bluescript SK+ Cloning vector Laboratory stock
Bluescript SK Cloning vector Laboratory stock

Purdue University, West Lafayette, Ind.

Assay of ,(-galactosidase. Cultures were grown to mid-log
phase, and 3-galactosidase was assayed in cells with the
chloroform-sodium dodecyl sulfate (SDS) lysis procedure (17).

Disruption of purU and purN genes. A kanamycin cassette
was cut out from plasmid pUC-4K with Pstl and ligated into
the NsiI site of the cloned purU fragment A (see Fig. 3). This
insertion disrupts the translational start site ofpurU at position
797. The purN gene was amplified by PCR from E. coli
chromosomal DNA with the 5' primer 1788 (5'GGAATTC
CGAACAACGCGTGGTTATCG3') and the 3' primer 2577
(5 'CGGGATCCCGAGCAATATTGGCAGATGTCC3'), which
have EcoRI and BamHI linkers, respectively. purN is num-
bered according to the work of Smith and Daum (31). After
being cut with the appropriate enzymes, the fragment was
ligated into the polycloning site of Bluescript SK+. A chlor-
amphenicol cassette was cut out from plasmid pUC18CML
(36) with SmaI and HinclI and put into the FspI site ofpurN at
position 2082 of purMN (31). Plasmids carrying the disrupted
gene fragments were then linearized and transformed into
strain JC7623 according to the procedure of Winans et al. (38).
Kanamycin- and chloramphenicol-resistant colonies were iso-
lated, and the mutations were transferred to strain MC4100 by
P1 transduction (10). ApurU, apurN, and appurUppurN mutant
were obtained. Gene disruptions were checked by Southern
blots of DNA isolated from the wild type and from each
mutant strain.
Growth rate measurements. Cells were grown overnight in

minimal medium supplemented with adenine. After being
washed twice with E-salts (37), the cells were diluted 1:20 in
minimal medium with appropriate supplements. Cells were

grown at 37°C, and growth was monitored with a Klett
colorimeter using a 660-nm filter.

Complementations with glyA. glyA was amplified by PCR
from plasmid pGSl (33) with the 5' primer 351 (5'GATGC
CCATGGTAAAGCGT3') and the 3' primer 1689 (5'GTTTTC
TAGACCGGATAAG3') and cloned into the Ncol-Xbal poly-
cloning sites of expression vector pTrc99A (3) to give pPLN2.
Expression was checked by complementation of glyA strain
PS2412. Plasmid pPLN2 was transformed into putrU mutant
PLN 100.

Purification of PurU-LacZ fusion proteins. 13-Galactosidase
immunoaffinity adsorbant was obtained from Promcga and was
used according to the recommendations of the manufacturer.
The protein, partially purified after immunoaffinity chromatog-
raphy, was further purified by electrophoresis on an SDS-l0%
polyacrylamide gel, transferred to a polyvinylidene difluoride-
type membrane, and lightly stained with Coomassie blue (11).
The protein band was cut out and subjected to amino acid
sequencing by the Purdue Laboratory for Macromolecular
Structure.
DNA sequence analysis. DNA sequences were determined

by the method of Sanger et al. (25). Recombinant Bluescript
phagemids SK+ and SK- were used as templates with T7, T3,
and custom-made oligonucleotide primers dictated by the
available sequence. The sequence of the plurU locus from
nucleotides I to 1636 (see Fig. IA) was determined on both
strands.
RNA analysis. RNA was isolated as described previously

(28). The method for primer extension has been described
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FIG. 1. Organization of the putrU locus. (A) E. coli puirU locus.
Numbering is arbitrarily begun from the 5' end of the sequence.
Positions 289 to 744 (stippled bar) constitute an unidentified ORF that
forms a two-gene operon with purU. plurU extends from position 797 to
1636; the black bar indicates a sequencc that is homologous to purN.
The upstream region of pcurU (vertically hatched bar) is not similar to
other known sequences. (B) Clone p9313B (13). Bars arc as defined
for panel A. The previously sequenced region of p9313B is numbered
from I to 1665 as given in GenBank (accession number, X04168). The
5' end of E. coli DNA in the insert is assigned - 460. The PurU coding
sequence starts at - 445 and ends at 396. (C) S. flextciri tyrT clone (8).
Bars are as defined for panel A. The nucleotide sequence, numbered
5' to 3' on the lower strand in GenBank (accession number, X66849),
has been renumbered 5' to 3' on the top strand to permit the
alignment shown in the figure. Nucleotides 2115 to 2265 (numbered 1
to 150 on the lower strand) were assigned to tyrT in X66849, but other
regions were not identified. Insertions (+) and deletions ( - ) relative
to the E. coli sequence are indicated below the line. The assignments
of purU and the ORF are derived from the present analysis.

previously (23). Primers 810 (described above) and 327
(5'TACTCGACAGCACTACCAC3') were used.
DNA manipulations. Procedures for the isolation of DNA,

restriction enzyme digestion, ligation, and bacterial transfor-
mation have been described previously (12).
Computer analysis. All computer analyses were done with

the University of Wisconsin Genetics Computer Group soft-
ware package (6).

Nucleotide sequence accession number. The nucleotide se-
quence of the E. coli purU locus from positions I to 1757 (see

Fig. IA) has been submitted to GenBank (accession number,
L2025 1). Previous submissions include E. coli tyrT from posi-
tions 1 to 1655 (see Fig. IB) (accession number, X04168) and
S. flexneri tyrT from positions 1 to 2265 (see Fig. 1C) (accession
number, X66849).

RESULTS

Identification ofpurU. A 517-nucleotide sequence upstream
of tyrT has been reported (13) and is stored in the GenBank
data base under accession number X04168. Computer analysis
of this sequence identified a gene related to purN (1, 31). An
open reading frame (ORF) numbered from nucleotide 1 to 396
(Fig. 1B) showed 31% identity at the amino acid level to the
C-terminal portion of E. coli purN-encoded GAR transfor-
mylase. Accordingly, the nucleotide sequence was extended
460 nucleotides upstream to the 5' end of the E. coli insert in
plasmid p9313B (Fig. IB). An ORF that could encode a
protein of 280 amino acids was found to extend from position
-445 to +396. The translated amino acid sequence, desig-
nated PurU, is given in Fig. 2. This sequence is identical in 53
of 199 positions with GAR transformylase in the area where
they overlap.
A data base search found a virtually identical nucleotide

sequence upstream of S. flexneri tyrT (Fig. IC) (8). The S.
flexneri gene assignments shown in Fig. IC other than tyrT
were not previously made. Since there was 98% nucleotide
sequence identity in the purU region, PCR primers based on
the Shigella sequence werc used to clone the homologous
upstream segment from E. coli DNA. In this way, the E. coli
purU upstream sequencc was extendcd by 782 bp. A 152-
amino-acid ORF was identified upstream of purU (Fig. IA).
The amino acid sequence is not similar to that of any other
protein in the data base except for a 16-amino-acid identity,
residues 152 to 170, with E. coli secA protein residues 881 to
899 (27). The function of this segment of SecA is not known.
Insertion of a guanine at nucleotide 966 in the Shigella
sequence results in a homologous ORF in S. flexneri (Fig. IC).
Insertions and deletions in the S. flexneri sequence compared
with the E. coli sequence are outlined in Fig. IC.
The E. coli and S. flexneri PurU sequences are aligned in Fig.

2 with E. coli GAR transformylase. The E. coli and S. flexneri
sequences differ in only 2 of 280 amino acids. According to this
alignment with PurN, PurU corresponds to a GAR transfor-
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FIG. 2. Amino acid sequence alignments of E. coli and S. flexneri PurU with E. coli purN-encoded GAR transformylase. Sfpuru, S. flextneri
PurU; Ecpuru, E. coli PurU; Ecpurn, E. coli GAR transformylase. Amino acids identical to (white on black), similar to (black on grey), and
different from (black on white) those of Sfpuru are indicated.
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FIG. 3. Expression of purU- and ORF-'lacZ fusions. Bars are as

defined for Fig. 1A. DNA fragments, designated A to D, were ligated
into a lacZ reporter plasmid and integrated into the chromosome.
Cells were grown with or without 100 pLg of adenine (Ade) per ml.
r-Galactosidase (a-gal) activity from permeabilized cells is given in
Miller units. All values are means of triplicate assays ± standard
deviations.

mylase with an 84-amino-acid N-terminal extension. In the
region of overlap, there are 27% identity and 48% similarity
between the PurU and GAR transformylase sequences. This
similarity suggests that purU encodes an enzyme with at least
some of the functions of GAR transformylase N. There was no

similarity of the N-terminal 84-amino-acid sequence to other
proteins in the data base.

In order to verify the PurU translation start site inferred from
the nucleotide sequence, a purU'-'lacZ translational fusion was

constructed. Fragment A, corresponding to nucleotides 462 to
1092 (Fig. 3), was ligated into a lacZ reporter plasmid giving a
fusion to lacZ codon 9. The PurU-p-galactosidase chimeric
protein was purified by immunoaffinity chromatography and
SDS-polyacrylamide gel electrophoresis. N-terminal analysis
gave the sequence Met-His-Ser-Leu-Gln-Arg, which corre-

sponds to residues 1 to 6 derived from the gene (Fig. 2).
purU promoter and gene expression. A series of DNA

fragments from the purU upstream region were ligated into the
lacZ reporter vector to give in-frame purU'-'lacZ and ORF-
'lacZ translational fusions with codon 9 of 3-galactosidase as

outlined in Fig. 3. Plasmid pPLNIa has the coding sequence
for the first 99 amino acids of PurU, whereas pPLNIb and
pPLNlc have the coding sequence only for the first 5 amino
acids. In pPLNId, the first 91 amino acids of the ORF are

fused to 13-galactosidase. Assays of these fusions from multi-
copy plasmids gave the following values for ,B-galactosidase (in
Miller units): A, 1,580; B, 415; C, 680; D, 1,890; vector control,
50. These results indicate promoter function in the purU
upstream region and in the region upstream from the ORF.
To localize the purU promoter more precisely, primer

extension mapping was performed on RNA isolated from
wild-type strain W3110 and from W3110 bearing multicopy
purU'-'lacZ plasmid pPLNIa. By using primer 810, two tran-
script 5' ends were identified at nucleotide 667 and at a

position near the top of the gel in the vicinity of nucleotides
240 to 250; they are marked PI and P2, respectively (Fig. 4B).
Transcript P1 was obtained from reverse transcription of RNA
from cells bearing plasmid pPLNla (Fig. 4B, lane 1), as well as
from reverse transcription of RNA from chromosomal purU
(Fig. 4B, lane 2). There were four closely spaced bands in the
P1 region. The most intense band, corresponding to an end-
point at G-667, was arbitrarily chosen as the transcription start
site. The P2 transcript can be seen only in lane 2, of Fig. 4B,
since fragment A of pPLNla ends at nucleotide 462 and all
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FIG. 4. Localization of promoters by primer extension mapping.
(A) Diagram showing sites for annealing of primers and location of
promoters P1 and P2. Bars are as defined for Fig. 1A. (B) Reverse
transcription from primer 810. Lane 1, RNA from strain W3110/
pPLNIa; lane 2, RNA from strain W31110. In the upper section, all
lanes are from the upper part of one autoradiogram. In the lower part,
the original lane I was replaced by a shorter exposure of the same gel.
(Lane 2 is from the same film in both panels). A sequencing ladder of
the template strand from plasmid pPLNIa using the same primer
indicates that transcription starts at G-667 and around positions 250 to
240. The upper section of the sequencing ladder shows the vector
sequence following nucleotide 462 in plasmid pPLNIa. The sequence
written to the left is complementary to the template strand. (C)
Reverse transcription from primer 327. RNA was prepared from strain
W3110/pPLNld (lane 3). The sequencing ladder is for the template
strand, and the sequence written to the left is for the complementary
strand.

bands in the upper section of the gel in lane I are nonspecific
and result from vector sequences. The intensities of bands are
similar for P1 and P2 in Fig. 4B, lane 2. To more precisely map
the 5' end of the mRNA transcribed from upstream promoter
P2 in the region from nucleotide 240 to 250, primer 327 (Fig.
4A) was used for reverse transcription of RNA from cells
bearing plasmid pPLNId. The major primer extension band P2
aligns between A-244 and C-245 (Fig. 4C). The 5' end has been
assigned to A-244, since most E. coli transcripts start with a

purine (24). These results thus support the notion of two purU
transcripts, a bicistronic ORF-purU mRNA and a monocis-
tronic purU mRNA, synthesized from promoters marked P2
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FIG. 5. Southern blots of chromosomal purU andpurN disruptions.
(A) PstI-digested chromosomal DNA probed with purU+ fragment A;
(B) SphI-digested DNA probed with a purN fragment. Lanes: 1, purU;
2, purN; 3, wild type; 4, purU purN. Size markers in kilobases are

shown.

and P1, respectively, in Fig. 4A. A potential sigma 70 promoter
sequence, (-33) TTGAAA-N18-TATATT (-4), is present
upstream of start site P1. There is no obvious sigma 70
promoter sequence upstream of start site P2.

In order to determine if purU expression is regulated by
purines in parallel with expression of other pur regulon genes,

DNA fragments A to D (Fig. 3) fused to lacZ were integrated
into the chromosome and f-galactosidase activity was assayed.
The results shown in Fig. 3 support the assignments of
promoters P1 and P2. purU'-'lacZ expression from fragments
A and B was driven by promoter P1. Although higher reporter
activity was obtained from P1 in fragment A than from the
same promoter in fragment B, the different PurU junctions
preclude direct comparison of expression from these fusions.
Fragment D provides evidence for promoter P2 function in an

orf-'lacZ fusion. Fragment C results in a purU'-'lacZ fusion in
which expression is driven by promoters P1 and P2. Expression
from P1 plus P2 in fragment C cannot be directly compared
with that from P2 in fragment D because of the different
junctions to 'lacZ. Since the purU'-'lacZ junctions are identical
in fusions with fragments B and C, it should be reliable to
compare expression from promoter P1 in fragment B with that
from P1 plus P2 in fragment C. The results in Fig. 3 show
marginally higher expression from P1 plus P2 (fragment C)
than from P1 (fragment B). This small increment in expression
due to P2 is at variance with the primer extension mapping
results in Fig. 4B, lane 2, which show that comparable amounts
of mRNA are derived from P2 and from P1. The basis for the
disparity between the strengths of promoters P1 and P2 in the

two experiments is not known. Finally, data in Fig. 3 show that
addition of adenine to cells did not repress expression ofpurU,
in contrast to the results for other pur regulon genes (7). This
is in agreement with the absence of operator sites for PurR
near the P1 and P2 promoters.

Construction and analysis ofpurN and purU mutants. purN
and purU mutants were constructed in order to investigate the
role of PurU. Cloned purN was disrupted with a gene for
chloramphenicol resistance, and purU was disrupted with a

kanamycin marker. Each of the disrupted genes was used to
replace the corresponding chromosomal copy. Southern blots
of chromosomal DNA were used to verify the gene disruptions
(Fig. 5). The Southern blot in Fig. 5A shows the disruption by
the 1.3-kb kanamycin cassette in the single purU mutant (lane
1) and the double purUpurN mutant (lane 4). Figure 5B shows
disruption ofpurN in the single mutant (lane 2) and the double
purU purN mutant (lane 4).

Growth phenotypes of the mutants were determined on

minimal agar medium and are given in Table 2. The purN and
purU single mutants were prototrophic, whereas thepurNpurU
double mutant required purine or formate supplementation
for growth. This establishes a role for purU in de novo purine
nucleotide synthesis. Addition of amino acids and adenine had
different effects on the mutants. Growth of the purN mutant
strain was stimulated by adenine, formate, methionine, or

histidine, while growth in the absence of adenine was strongly
inhibited by glycine or threonine. The inhibitory effect of
threonine is likely due to its conversion to glycine (19). This
inhibition was completely overcome by formate. Of the 20
amino acids, only glycine, threonine, histidine, and methionine
affected the growth rate of the purN mutant.
Growth of the purU mutant was retarded by adenine and

inhibited by adenine plus either methionine or histidine. The
purUpurN double mutant, which required adenine for growth,
was likewise inhibited by methionine or histidine. This growth
inhibition was reversed by glycine. Since the same inhibition
and reversal of inhibition were observed in both the purU
mutant and the purU purN double mutant, the effects are

clearly due to the lack of PurU. Since growth inhibition of the
purU mutant by adenine and methionine was possibly due to
repression of glyA (5, 32, 34) with resultant starvation for
glycine, we examined the effect of glyA under the control of the
lac promoter on a multicopy plasmid. Overexpression of glyA
largely prevented growth inhibition of the purU mutant by
adenine and methionine (data not shown). Other than the
responses shown in Table 2, all other amino acids were without
effect.

TABLE 2. Comparison of growth rates on agar plates

Growth rate" in medium supplemented with:
Mutant Adenine conen
gene(s) ([Lg/ml) No GGFolaey' + Mt Gly + HsGly +

supplement
Giy Formfteformate Met His

His

purN 100 ++ ++ ++ ++ ++ ++ ++ ++
() + - ++ ++ ++ - ++ -

purU 100 + ++ + ++ - ++ - ++
0 ++ ++ ++ ++ ++ ++ + +

ptirU purN 100 + ++ + ++ - ++ - ++
0 - - + ++ _ _ _

"Growth rate, compared with that of the wild-type strain MC410)0, wias estimated after 24 h according to the colony size: ++, same rate as the wild type; +,
approximately half the ralte of the wild type; -, little or no growth.

J. BACTERIOL..
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TABLE 3. Growth rates of E. coli strains"

Doubling time (min) for strain
Supplement to

culture PLNIO0 PLNIt)I PLN 1(02
(purU) (potrN) (porN purU)

None 130 65 >600
Adenine 180 65 220
Formate 180 65 220
Glycine 1)() >600 > 600
Formate + glycine 80 65 80
Adenine + glycine 80 65 80
Adenine + methionine >600 65 >600
Adenine + methionine + glycine 70 65 70

" Cells werc grown in minimal medium. The doubling time of the MC41t)()
parental strain was approximately 60 min under all growth conditions used here.

Growth responses in liquid medium were similar to those on
agar plates. Data in Table 3 are representative for growth in
liquid medium. They show the growth inhibition of the purN
mutant by glycine and the reversal of this inhibition by formate.
The growth rate with glycine plus formate was similar to that
with adenine. The inhibitory effects of glycine and purU
disruption on the purN mutant were similar, and in both cases
growth was restored by formate to the rate seen in the presence
of adenine. These data and those in Table 2 lead to the
conclusions that formate is required as the one-carbon donor
for PurT-dependent synthesis of FGAR and that formate is
produced in a PurU-dependent reaction. Glycine in some way
interferes with this production of formate and inhibits growth
of the purN mutant.

Similar growth phenotypes were reported for a purN mutant
by Nygaard and Smith (20). The reversal by formate of growth
inhibition by glycine was attributed by these authors to an
effect on the purT-dependent conversion of GAR to FGAR.

DISCUSSION

Formyl-FH4 is used for formylation of GAR to FGAR in
step 3 of de novo purine nucleotide synthesis and for synthesis
of FAICAR from AICAR at step 9. These reactions account
for incorporation of one-carbon units into C-8 and C-2 of the
purine ring, respectively. In wild-type E. coli grown in minimal
medium, the C-2 and C-8 carbons of the purine ring are
derived entirely from serine and glycine via formyl-FH4 (4).
However, formate added to the medium contributes approxi-
mately 14% of the purine ring C-8 carbon. The utilization of
formate as a one-carbon donor for purine synthesis does not
depend on FH4. Since there is no known route for attachment
of formate to FH4 in E. coli (4), there must be an enzyme able
to catalyze a formate-dependent synthesis of FGAR from
GAR. This enzyme, GAR transformylase T, was recently
identified (20). Surprisingly, PurT was reported to have 27%
amino acid sequence similarity with PurK but none with PurN
(14).

In this paper, we describe the identification of a gene, purU,
that is required for production of formate for GAR trans-
formylase T under conditions of aerobic growth. This identifi-
cation is based on mutant isolation and growth analysis.
Whereas purN and purU single mutants are prototrophic, a
purN purU double mutant has a purine growth requirement
that can be satisfied by formate. The purU-dependent produc-
tion of formate appears to be inhibited by glycine in aerobic
cells, thus explaining the growth inhibition of the purN mutant
by glycine and the reversal of this inhibition by formate (Tables
2 and 3) (20). Glycine does not inhibit the growth of a purN

mutant under anaerobic conditions (20), indicating an alterna-
tive anaerobic source of formate for purine biosynthesis.

Pyruvate formate lyase, encoded by pfl, is a central enzyme
of anaerobic glucose metabolism (9), and catalyzes a nonoxi-
dative cleavage of pyruvate to acetyl coenzyme and formate
(26). The pfl gene is subject to a 10- to 12-fold anaerobic
induction. Although aerobically grown cells contain an inactive
form of pyruvate formate lyase, activity has not been reported
and is unlikely in the presence of air. Activation of pyruvate
formate lyase requires an activase-dependent generation of a
stable glycyl free radical at position 734, a strictly anaerobic
process.
How does PurU produce formate? Although the enzymatic

activity was not characterized, structural evidence suggests that
PurU converts a one-carbon FH4 metabolite, presumably
formyl-FH4, to formate and FH4. First, PurU exhibits 27%
amino acid sequence identity with purN-encoded GAR trans-
formylase. This implies structural similarity of at least some
of the functional domains in the two enzymes. Second, com-
parison of PurU with the X-ray structural model of an E. coli
GAR transformylase-GAR-5-deaza-5,6,7,8-tctrahydrofolate
(5dTHF) ternary complex (2) suggests that PurU has retained
a binding site for formyl-FH4 but not for GAR. In the X-ray
structure of the ternary complex, there are six H bonds to the
bicyclic ring of the FH4 analog (2). These interactions are with
the cx-chain backbone of Arg-90, Leu-92, Thr-140, Asp-141,
and Asp-144. In addition, five amino acid side chains are
thought to be close enough to the formyl group of formyl-FH4
to participate in catalysis. These are Asn-106, His- 108, Ser- 110,
His-137, and Asp-144. All of these residues except for Thr-140
are conserved in PurU. On the other hand, there are several
GAR transformylase N hydrogen bond interactions with GAR.
These include Gly-11, Ser-12, Asn-13, Glu-170, and Glu-173.
Of these residues that interact with GAR in the GAR trans-
formylase N structure, only Glu-173 is conserved in PurU.
These considerations thus lead to the suggestion that PurU
produces formate from formyl-FH4. Other routes of formate
production during aerobic growth, if they exist, must be
minimal, because a mutation in purU severely limits growth in
the absence of purN function.
We have considered three problems with the proposal that

PurU produces formate from formyl-FH4 for use by GAR
transformylase T. First, it is unexpected that PurU should
require an N-terminal 84-amino-acid addition relative to GAR
transformylase N for the simple steps of formyl-FH4 binding
and hydrolysis. We therefore consider that our present under-
standing of PurU may be quite limited. Second, if formate is
derived from formyl-FH4, why is the GAR transformylase step
of the purine pathway less sensitive than the AICAR trans-
formylase step to sulfonamide inhibition (21, 29, 35)? Previous
explanations have assumed an alternative FH4-independent
GAR transformylase (see reference 20, for example). Al-
though the answer to this question is not known and must await
characterization of the enzyme, one possibility is that PurU has
a higher affinity for formyl-FH4 than does AICAR transfor-
mylase. Third, such a reaction is wasteful and could deplete the
cell of an important one-carbon pool needed for biosynthesis.
In the discussion that follows, we consider the possibility that
PurU functions to regulate the C1FH4 pool.

In considering additional roles forpurU, we are struck by the
sensitivity of purU single and plirU purN double mutants to
growth inhibition by adenine plus methionine, or histidine
(Tables 2 and 3). Earlier, Michelsen et al. (15) inadvertently
made a purU tyrT double mutation although they thought that
only tyrT was mutated. They observed the same growth prop-
erties in their tyrTpurU strain as those seen in our puirU mutant
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and demonstrated that growth inhibition by adenine plus
methionine was due to insufficient glycine for protein synthesis.
The fact that multicopy glyA largely prevented growth inhibi-
tion of the purU mutant by adenine plus methionine confirms
that the growth inhibition results from starvation for glycine.
Since this growth inhibition is observed only in the purU
mutants, PurU may be necessary to consume formyl-FH4 and
balance the CFH4-to-glycine ratio. Conversely, excess glycine
can inhibit the production of formate (Tables 2 and 3), thus
conserving formyl-FH4, and balance the glycine-to-C,FH4
ratio. These considerations suggest a possible role for purU in
regulating the one-carbon pool. Purification and characteriza-
tion of the enzyme is required to help clarify some of these
issues.
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