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The Arabidopsis thaliana open reading frame
At4g20960 predicts a protein whose N-terminal part is
similar to the eubacterial 2,5-diamino-6-ribosylamino-
4(3H)-pyrimidinone 5’-phosphate deaminase domain. A
synthetic open reading frame specifying a pseudoma-
ture form of the plant enzyme directed the synthesis of a
recombinant protein which was purified to apparent
homogeneity and was shown by NMR spectroscopy to
convert 2,5-diamino-6-ribosylamino-4(3H)-pyrimidinone
5’-phosphate into 5-amino-6-ribosylamino-2,4(1H,3H)-
pyrimidinedione 5'-phosphate at a rate of 0.9 pumol mg™!
min~!. The substrate and product of the enzyme are
both subject to spontaneous anomerization of the ribo-
syl side chain as shown by *C NMR spectroscopy. The
protein contains 1 eq of Zn2?*/subunit. The deaminase
activity could be assigned to the N-terminal section of
the plant protein. The deaminase domains of plants and
eubacteria share a high degree of similarity, in contrast
to deaminases from fungi. These data show that the
riboflavin biosynthesis in plants proceeds by the same
reaction steps as in eubacteria, whereas fungi use a
different pathway.

Flavocoenzymes derived from riboflavin (vitamin By; com-
pound 6, Fig. 1) serve as essential redox cofactors in all cells
and have also been shown to be involved in a variety of nonre-
dox processes such as light sensing (1, 2), photorepair of DNA
(3), circadian time keeping, and bioluminescence (4-7).
Whereas plants and many microorganisms obtain riboflavin by
biosynthesis, animals depend on nutritional sources.

The biosynthesis of riboflavin has been studied in some de-
tail in eubacteria and fungi (for review, see Refs. 8—11). Briefly,
the first committed step is catalyzed by GTP cyclohydrolase II
and involves the hydrolytic release of formate and pyrophos-
phate from GTP (8-10). The product, 2,5-diamino-6-ribo-
sylamino-4(3H)-pyrimidinone 5'-phosphate (1), is converted to
5-amino-6-ribitylamino-2,4(1H,3H)-pyrimidinedione 5’-phos-
phate (4) by deamination of the ring (Fig. 1, A and D) and
reduction of the side chain (Fig. 1, B and C) (11, 12). In fungi
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and in eubacteria, these steps have been shown to proceed in
the opposite order (Fig. 1).

The intermediate 4, which is common to the bacterial and
fungal pathway, is dephosphorylated by an unknown process
affording 5-amino-6-ribitylamino-2,4(1H,3H)-pyrimidinedione
which is condensed with 3,4-dihydroxy-2-butanone 4-phos-
phate biosynthesized from ribulose 5-phosphate (13—27). The
resulting 6,7-dimethyl-8-ribityllumazine (5) undergoes a mech-
anistically unusual dismutation affording riboflavin (6) and the
dephosphorylated biosynthetic intermediate 4 (19, 28-32).

The biosynthesis of riboflavin in plants has been studied in
some detail. A gene specifying a bifunctional GTP cyclohydro-
lase II/dihydroxybutanone phosphate synthase was cloned
from tomato (33, 34). 6,7-Dimethyl-8-ribityllumazine synthase
was cloned from spinach, and its structure has been deter-
mined by x-ray crystallography (35). Riboflavin synthase was
partially purified from spinach (36), and a riboflavin synthase
gene was later cloned from Arabidopsis thaliana (37).

The conversion of the GTP cyclohydrolase II product 1 into
the substrate of lumazine synthase, 5-amino-6-ribitylamino-
2,4(1H,3H)-pyrimidinedione, has not been studied in plants to
the best of our knowledge. In this paper, we show that a protein
specified by the hypothetical gene At4g20960 of A. thaliana
catalyzes the deamination of 2,5-diamino-6-ribosylamino-
4(3H)-pyrimidinone 5'-phosphate (1). Thus, riboflavin biosyn-
thesis in plants proceeds by the same reaction steps as in
eubacteria, whereas fungi use a different pathway.

EXPERIMENTAL PROCEDURES

Materials—The preparation of [2,1',2",3",4',5'-*3C,]GTP will be de-
scribed elsewhere. Restriction enzymes were obtained from New Eng-
land Biolabs and Amersham Biosciences. T4 DNA ligase and reverse
transcriptase (Superscript II) were from Invitrogen. Oligonucleotides
were custom synthesized by MWG Biotech (Ebersberg, Germany) and
by Interactiva (Ulm, Germany). Vent DNA polymerase was purchased
from New England Biolabs. A plasmid minipreparation kit from
PEQLab (Erlangen, Germany) was used for plasmid DNA isolation and
purification. DNA fragments and PCR amplificates were purified with
a gel extraction kit or Cycle Pure Kit from PEQLab. Casein hydrolysate
and yeast extract were from Invitrogen, and isopropyl p-D-thiogalacto-
pyranoside was from Biomol (Hamburg, Germany). Thrombin was from
Sigma. The isolation of recombinant Escherichia coli GTP cyclohydro-
lase II has been described previously (12).

Microorganisms—Bacterial strains and plasmids used in this study
are summarized in Table I.

Restriction Enzyme Digestion of DNA—DNA was digested at 37 °C
with restriction enzymes in reaction buffers specified by the supplier.
The treated DNA was analyzed by horizontal electrophoresis in 0.8—3%
agarose gels.

Estimation of Protein Concentration—Protein concentration was es-
timated by a dye binding assay (38) or photometrically (e,g0,,, for
recombinant A. thaliana deaminase, 10,600 M~ ' em™1).

Transformation of Bacterial Cells—Ligation mixtures were trans-
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Fic. 1. Biosynthesis of riboflavin. Deaminase (A and D) and reductase (B and C) reaction steps are shown. The biosynthetic pathway proceeds
via A and B in bacteria and via C and D in yeasts (11, 52). 1, 2,5-diamino-6-ribosylamino-4(3H)-pyrimidinone 5’-phosphate; 2, 5-amino-6-
ribosylamino-2,4(1H,3H)-pyrimidinedione 5'-phosphate; 3, 2,5-diamino-6-ribitylamino-4(3H)-pyrimidinone 5'-phosphate; 4, 5-amino-6-ribi-
tylamino-2,4(1H,3H)-pyrimidinedione 5’'-phosphate; 5, 6,7-dimethyl-8-ribityllumazine; 6, riboflavin.

TABLE 1
Bacterial strains and plasmids used in this work

Strain or plasmid Relevant characteristics Source
E. coli strains
XL1-blue recAl endA1 gyrA96 thi~! hsdR17 supE44 relAl lac [F9proAB lacl? ZDM15 Tn10 (Tet™)] (39)
M15[pRep4] lac ara gal mtl recA™ uvr® (pRep4; lacl Kan”) (61)
RR28 ribl F~ thi pro lac gal ara mtl xyl supE44 endA hsd (r~ m™) pheS recA ribD (8)
Plasmids
PNCO113 Plasmid cloning vector, Ap® (40)
PACYC184 Plasmid cloning vector, Cm® NEB*
PNCO-G-Red Plasmid carrying the gene coding for the reductase domain of B. subtilis, based on (11)
pNCO113
PNCO-MalE pNCO113 containing the malE gene of E. coli (41)
PNCO-ATR2-wt Plasmid carrying the wild type A. thaliana deaminase gene, based on pNCO113 This study
PACYC-BSRED Plasmid carrying the reductase domain of B. subtilis, based on plasmid pACYC184 This study
PNCO-ATRib2-syn pNCO113 carrying a synthetic gene coding for the A. thaliana deaminase This study
PNCO-MalE-TB-ATR2-syn Plasmid coding coding for a fusion protein consisting of MBP of E. coli and the deaminase This study
of A. thaliana, based on pNCO-MalE
PNCO-MalE-TB-ATR2-184 Plasmid coding for a fusion protein consisting of MBP of E. coli and a deaminase This study
subdomain of A. thaliana (amino acids 64-184), based on pNCO-MalE-TB-ATR2-syn
PNCO-MalE-TB-ATR2-250 Plasmid coding for a fusion protein consisting of MBP of E. coli and a deaminase This study

subdomain of A. thaliana (amino acids 64-250), based on pNCO-MalE-TB-ATR2-syn

“New England Biolabs.

formed into E. coli XL1-Blue cells (39). Transformants were selected on
LB solid medium supplemented with 150 mg/liter ampicillin. The plas-
mids were reisolated and analyzed by restriction analysis and by DNA
sequencing. Sequenced pNCO-type expression plasmids were then
transformed into E. coli M15 [pREP4] cells (40) carrying the pREP4
repressor plasmid for the overexpression of lac repressor protein. 15 mg
liter * kanamycin and 170 mg liter * ampicillin were added to secure
the maintenance of both plasmids in the host strain.

Preparation of cDNA—A 20-ul reaction mixture containing 50 mm
Tris-HCI, pH 8.3, 75 mm KCI, 3 mm MgCl,, 10 mM dithiothreitol, 0.5 mm
dNTPs, 0.5 ug of oligo(dT), 5, 2 ug of A. thaliana total RNA from leaves,
and 200 units of reverse transcriptase was incubated at 37 °C for 15
min and subsequently at 48 °C for 30 min. The mixture was heated at
95 °C for 5 min.

¢DNA Cloning—A segment of the hypothetical open reading frame
(accession no. At4g20960) was amplified from A. thaliana cDNA using
the oligonucleotides DN1 and DC1 (Table II) as primers whereby the
first 189 bp coding for a putative targeting sequence (63 amino acids)
were removed. The amplificate served as template in a second PCR
round using the oligonucleotides DN2 and DC2 as primers. A 1.3-kb
DNA segment was purified by agarose gel electrophoresis, digested
with the restriction endonucleases BamHI and Pstl, and ligated into
the pNCO113 vector, which had been treated with the same enzymes
yielding the plasmid designated pNCO-ATR2-wt.

Gene Synthesis—The protein sequence coded by the pseudomatured
open reading frame At4g20960 starting at methionine 64 (without
targeting sequence) was retranslated into DNA sequence optimized for
the expression in E. coli and divided into two segments (part A, bp
1-567; part B, bp 595-1125). Both segments were synthesized by a
series of consecutive PCR amplifications and were then ligated. For

both segments, synthetic starter DNA fragments (~100 bp) were pre-
pared by PCR with the overlapping oligonucleotides AT-R2-1a and
AT-R2-2a (segment A) and AT-R2-1b and AT-R2-2b (Fig. 2, segment
B). In a sequence of seven PCR amplifications (segment A), respectively,
six PCR amplifications (segment B), the oligonucleotides listed in Table
II were used pairwise, starting with AT-R2-3a and AT-R2-4a (segment
A) and AT-R2-3b and AT-R2—4b (segment B), for the elongation of each
prior amplificate. The final PCR product corresponding to segment A
(609 bp) was digested with the restriction endonucleases EcoRI and
Pstl. The final PCR product corresponding to segment B (552 bp) was
digested with Pstl and HindIII. Both segments were combined and
ligated into the plasmid pNCO113 (18, 38), which had been treated with
the restriction enzymes EcoRI and HindIIl, yielding the plasmid des-
ignated pNCO-ATR2-syn.

Construction of a Plasmid Expressing the Plant Deaminase Fused to
the C Terminus of Maltose-binding Protein of E. coli—The synthetic
gene coding for the plant deaminase was amplified by PCR using the
oligonucleotides ATR2-NotI-Vo and ATR2-HindIII-Hi as primers (Table
II) and the plasmid vector pNCO-ATR2-syn as template. The resulting
1119-bp fragment was purified and digested with NotI and HindIII and
was then ligated into the plasmid pNCO-MalE (41), which had been
treated with the same restriction enzymes yielding the plasmid desig-
nated pNCO-MalE-TB-ATR2-syn (Fig. 3).

Construction of Plasmids Expressing Subdomains of the Putative
Deaminase of A. thaliana—The expression plasmid pNCO-MalE-TB-
ATR2-syn was cleaved with the restriction endonucleases BamHI and
HindIII, and a synthetic double-stranded oligonucleotide designated as
ATR2-184 was ligated into the vector yielding the plasmid pNCO-
MalE-TB-ATR2-184. To generate a further construct the plasmid
pNCO-MalE-TB-ATR2-syn was digested with the restriction endonucle-
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TaBLE II
Oligonucleotides used for construction of expression plasmids

Designation Sequence (5’ to 3")
DN1 gt gaagaacaagat t caat agt gat
DC1 gacttgtattcattcatacat gaaaacag
DN2 gaggat ccat gcagat ctcatgtctcccaatttggatt
DC2 gact gcagt caaaaat agccct ct agcaaaacgcttccac
AT-R2-1a gctactgcatatgtttcccttgaaccat gt aat cattacggccgtacgcct ccat gt act gaagcattg
AT-R2-2a ccaccat accaat aacaacacgacgcaccttagcttt gat caat gcttcagt acat ggaggcgt acggcc
AT-R2-3a catgctgaggtgtttgctcttcgcgat gct ggt gaact cgct gagaat gct act gcatatgtttccctt gaac
AT-R2-4a ctttcagacgact aat acccgaagaaaaaacaat t ggat t t ggat ccaccat accaat aacaacacgacg
AT-R2-5a ggt gacatt gttggccaaggtttccat ccaaaagct ggt cagcct cat gct gaggtgtttgetcttcge
AT-R2-6a gcat aactcttcttcaacggacacagt aacat cgat accagcat ctttcagacgact aat acccgaag
AT-R2-7a ggttgtacatctcctaat cccat ggt aggtt gt gt catt gt caaagat ggt gacatt gttggccaaggtttc
AT-R2-8a accggt t aacat acgat ggat gaaaccctcattcattttcttgcataactcttcttcaacggacac
AT-R2-9a gattcgttttatatgcgtaagtgtgtggagct cgcaaaacgt gcaattggttgtacatctcctaatcccatg
AT-R2-10a gacagacat agaat aacggagggcgagaaaaggct t accggt t aacat acgat ggat gaaacc
AT-R2-11a at gcgt cgt gaggaagat gt t gaagt cgatgattcgttttatat gcgt aagtgtg
AT-R2-12a at ccgaagcacct t gaccaat ctt gt caagcaaacaaccat t gacagacat agaat aacggagggc
AT-R2-13a at aat agaat t catt aaagaggagaaat t aact at gcgt cgt gaggaagat gt t gaag
AT-R2-14a tattattatctgcagaagtttcgaatagtaaccaccactatccgaagcaccttgaccaatcttg
AT-R2-1b ctagttccggt gt cgaaaccgt agt at t ggaaaagat caacttggattccattttggattattgttacaac
AT-R2-2b gacgt t accgcggagat caagcaagacact gcaaagaccacggt t gt aacaat aat ccaaaat ggaat ccaag
AT-R2-3b gtagttttcaccgcaaaggaat cggtt gcagaat ccggt at ct ct agtt ccggt gt cgaaaccgt ag
AT-R2-4b gcaagagtttctgct caaaaccat cacgcagaagaact t caagat ctttgacgttaccgcggagat caagcaag
AT-R2-5b catatccttgcttcttcccacact gt ggaagagt cgggcccaaaagttgtagttttcaccgcaaaggaat cg
AT-R2-6b catcttttgtcgaccattcaggcaggacctcgataattactttctgcaagagtttctgct caaaaccatc
AT-R2-Tb t cgat ccaacct at t cagat cat cgt agct agcaat gcgcaacagt ct catatccttgcttcttcccacactg
AT-R2-8b cacgtgctttgattccagccatttcat cgacgcgatctgacgctcatcttttgtcgaccattcaggcag
AT-R2-9b tccgat gaact ct cgagcatttcttcacaagaagct attaacgtttcgat ccaacctattcagatcatc
AT-R2-10b caagcaaaaccgaaccaccaagttgcttagact gcaaatctttcacgtgctttgattccagcecatttc
AT-R2-11b at aat aat act gcaggaat at gat gcgattatcctttcttcctcgctttccgat gaactctcgagcatttc
AT-R2-12b tattattataagcttaaaaat agccct caagcaaaaccgaaccaccaagttg
ATR2-184-Fw gatccaaatccaattgttttttcttcgggtattagttaaactagta
ATR2-184-Rv agcttactagtttaactaat acccgaagaaaaaacaattggatttg
ATR2-250-Fw cgaaactttaaggtaccgtttcccttgaattactta
ATR2-250-Rv agct t aagt aat t caagggaaacggt accttaaagttt

ATR2-NotI-Vo
ATR2-HindIII-Hi

at aat aat agcggccgct t cttct ggt ct ggt gccccgeggt cgt cgt gaggaagat gt t gaagt ¢
tattattataagcttaaaaatagccct caagcaaaacc

ases BstBI and HindIII, and a synthetic double-stranded oligonucleo-
tide designated as ATR2-250 was ligated with the vector yielding the
plasmid pNCO-MalE-TB-ATR2-250 (Fig. 3).

Construction of a Plasmid Expressing the Reductase Domain of Ba-
cillus subtilis—The plasmid pNCO-G-Red (11) (ribG fragment amino
acids 113-361) was digested with the restriction enzymes Xhol and
BamHI, and the fragment was isolated and ligated into a pACYC184
vector (GenBank X06403), which has been digested with the restriction
enzymes Sall and BamHI. The resulting plasmid pACYC-BSRED car-
ries the reductase domain of B. subtilis under control of the T5 promotor
and the lac operator in a low copy vector, which is compatible with
pNCO113 expression plasmids.

Complementation Analysis of ribD Mutation in E. coli—The expres-
sion plasmids pACYC-BSRED in combination with pNCO-ATR2-wt
were transformed E. coli Rib1 cells (containing a mutation in the ribD
gene) (11). 15 mg liter ' chloramphenicol and 170 mg liter ' ampicillin
were added to secure the maintenance of both plasmids in the host
strain. Aliquots were plated on LB medium containing the appropriate
antibiotics. The appearance of transformants was checked after incu-
bation at 30 °C for 24 h.

Purification of Recombinant Proteins—The recombinant E. coli
strains M15 [pREP4]-pNCO-MalE-TB-ATR2-syn, pNCO-MalE-TB-
ATR2-184, and pNCO-MalE-TB-ATR2-250 were grown in LB medium
containing 15 mg liter ' kanamycin and 170 mg liter ! ampicillin at
22 °C. At an Agyonm Of 0.7, isopropyl B-D-thiogalactopyranoside was
added to a final concentration of 2 mM. After incubation for 18 h, the
cells were harvested by centrifugation (Sorvall GS3 rotor, 5,000 rpm, 15
min, 4 °C), washed twice with 0.9% NaCl, and frozen at —20 °C. Frozen
cell mass (5 g) was thawed in 30 ml of buffer A containing 20 mm
Tris-HCI, pH 7.4, 200 mM NaCl, 2 mMm MgCl,, and 1 mMm dithiothreitol.
The suspension was cooled on ice and was subjected to ultrasonic
treatment Branson Sonifier B-12A, Branson SONIC Power Company,
Danbury, CT). The suspension was centrifuged (Sorvall SS34 rotor,
15,000 rpm, 15 min, 4 °C). The supernatant was placed on top of an
affinity matrix (composite of amylose/agarose beads, New England Bio-
labs) which had been equilibrated with buffer A. The column was

washed with buffer A and then developed with a linear gradient of 0—10
mM maltose in buffer A. Fractions were combined and concentrated
by ultrafiltration.

Partial Proteolysis—The combined fractions from the amylose affin-
ity chromatography were supplemented with 2.5 mm CaCl, and 1 unit
of thrombin/mg of protein. The mixture was incubated at room temper-
ature for 16 h, concentrated to a volume of 5 ml, and placed on a column
of Superdex 75 26/60 (Amersham Biosciences) which was then devel-
oped with buffer B containing 50 mMm Tris-HCI, pH 7.4, 100 mm KCl, and
1 mm MgCl,). Fractions were combined and concentrated
by ultrafiltration.

Native Molecular Mass—Native molecular mass was estimated using
a Pharmacia FPLC system equipped with a Superose 6 HR (30 X 1.6
cm) column (Amersham Biosciences). The elution buffer contained 50
mM Tris-HCI, pH 7.4, 100 mm KCI, and 1 mm MgCl,. The column was
calibrated using the following standard proteins: RNase A (13.7 kDa),
chymotrypsinogen A (25.0 kDa), ovalbumin (43.0 kDa), bovine serum
albumin (67.0 kDa), aldolase (158 kDa), catalase (232 kDa), and apof-
erritin (440 kDa).

DNA Sequencing—Sequencing was performed by the Sanger dideoxy
chain termination method (42). Plasmid DNA was isolated from 5-ml
cultures of XL1-Blue strains grown overnight in LB medium containing
170 mg/liter ampicillin using a plasmid minipreparation kit from
PEQLab. Custom sequencing was performed by MWG Biotech.

SDS-PAGE—SDS-PAGE was performed by procedures published
previously (43).

Protein Sequencing—Sequence determination was performed by the
automated Edman method using a 471 A protein sequencer
(PerkinElmer Life Sciences).

Atomic Absorption Spectroscopy—Purified protein (4.8 mg/ml) was
dialyzed against 50 mM Tris-HCI, pH 8.0. The solution was analyzed in
a graphite furnace atomic absorption spectrograph Varian spectrAA-
100 (Varian Deutschland GmbH, Darmstadt, Germany). The dialysis
buffer was used as reference, and 0.1 M zinc sulfate was used
as standard.
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Fic. 2. Strategy for preparation of the synthetic gene coding
for A. thaliana 2,5-diamino-6-ribosylamino-4(3H)-pyrimidinone
5'-phosphate deaminase with improved codon usage for the
expression in E. coli. Changed codons are marked by black boxes.
New recognition sites for singular restriction endonucleases are drawn
in italics. Gray boxes indicate sequence parts that contribute to the
restriction site but are also present in the wild type gene.

Electrospray Mass Spectroscopy—Experiments were performed as
described elsewhere (44).

NMR Spectroscopy—Samples were dissolved in 0.5 ml of 50 mMm Tris,
pH 7.8, containing 10 mm MgCl,, 5 mum dithiothreitol, and 10% D,0. *H
and '®C spectra were acquired with a DRX 500 spectrometer from
Bruker Instruments, Karlsruhe, Germany, at transmitter frequencies
of 500.13 and 125.76 MHz, respectively. The standard temperature was
17 °C, and 37 °C for kinetic measurements. Two-dimensional HMQC,*
TOCSY, and INADEQUATE spectra were measured using standard
Bruker software (XWINNMR 3.0). The mixing time was 60 ms in the

! The abbreviations used are: HMQC, heteronuclear multiple quan-
tum coherence; MBP, maltose-binding protein; NOESY, nuclear Over-
hauser effect spectroscopy; TOCSY, total correlation spectroscopy; IN-
ADEQUATE, incredible natural abundance double quantum transfer
experiment.

Evolution of Vitamin B, Biosynthesis

13C TOCSY experiment. Composite pulse decoupling was used for 3C
NMR measurements. 3-(Trimethylsilyl)-1-propanesulfonate served as
an external standard for *H and **C NMR measurements.

Sequence Alignment and Phylogenetic Analysis—Amino acid se-
quences of E. coli (accession no. P25539) and B. subtilis (accession no.
P17618) riboflavin type deaminase/reductase genes were used to query
nonredundant NCBI (www.ncbi.nlm.nih.gov/) and plant cDNA/
expressed sequence tag data bases (www.plantgdb.org/cgi-bin/PlantG-
DBblast) using the BLAST algorithm (45). Protein sequences were
aligned using ClustalW (clustalw.genome.ad.jp/) and edited by hand to
remove positions with gaps. Phylogenetic analysis was carried out
based on an alignment using 54 translated eubacterial and 9 plant
genes and the program package TreeTop (www.genebee.msu.su/servic-
es/phtree_full.html). The length of the alignment has been adapted to
the deaminase domain of A. thaliana starting from position 64 to
position 250, which can fold independently, yielding enzymatically ac-
tive protein.

RESULTS

The product of a putative open reading frame of A. thaliana
(accession no. At4g20960 (46)) shows similarity to the ribG
gene specifying the deaminase domain of the bifunctional py-
rimidine deaminase/reductase of B. subtilis (Fig. 4) (11). A
hypothetical plastid targeting sequence of about 63 amino acid
residues precedes the plant deaminase domain. Sequence anal-
ysis with the software package ChloroP (47, 48) suggested that
the gene comprises an N-terminal plastid targeting sequence;
this agrees well with the earlier finding that several other
enzymes of the riboflavin pathway of plants carry typical plas-
tid targeting sequences (33, 34, 37, 49). The in silico analysis
with software SignalP suggested a cutting site between the
amino acid residues 63 and 64. The mature form should thus
begin with the N-terminal sequence MRREEDVEVDDSFY.

Based on these findings, a DNA segment extending from bp
190 to 1280 (deaminase domain without the putative plastid
targeting sequence) was amplified from A. thaliana cDNA and
was cloned into the pNCO113 plasmid vector. The nucleotide
sequence of the cloned cDNA segment showed no differences by
comparison with the previously published genomic sequence
data and confirmed the predicted intron location in the chro-
mosomal gene located on A. thaliana chromosome 4 from
11211957 to 11213651 (predicted exon topology, 1-500, 597—
895, 973-1695) (46). A recombinant E. coli strain harboring the
plant gene segment on an expression plasmid under the control
of a T5 promoter and lac operator produced only small amounts
of the predicted protein.

Because the wild type plant gene under study comprises
numerous codons that are known to be poorly transcribed in
E. coli, the yield of expressed recombinant enzyme was very
low. To overcome these problems we synthesized a synthetic
gene whose sequence was optimized for expression in E. coli
(Fig. 2). The aim was to produce sufficient amounts of the plant
protein required for a detailed functional characterization and,
ultimately, crystallization studies. For that purpose, 87 codons
were replaced. Moreover, 20 new unique restriction sites were
implemented (Fig. 2). The optimized sequence has been depos-
ited in GenBank (accession no. AY456384).

This optimized heterologous system showed a very high ex-
pression level. Unfortunately, a strong tendency of the protein
to accumulate in inclusion bodies limited the final recovery
level. To minimize the aggregation behavior, a fusion protein
consisting of the maltose-binding protein of E. coli fused to the
N terminus of the plant deaminase was constructed. Between
both domains a short linker sequence including a thrombin
cleavage site was introduced (Fig. 3). A recombinant E. coli
strain harboring a plasmid with that sequence under the con-
trol of a T5 promotor and a lac operator produced large
amounts of a soluble recombinant protein with an apparent
mass of 83 kDa as judged by SDS-PAGE (Fig. 5).
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Fic. 3. Schematic view of plasmid constructs used in this study. First line, sequence corresponding to open reading frame At4g20960;
MBP-TB-ATR2-syn, synthetic gene coding for the deaminase domain (amino acids 64—-427) of A. thaliana fused to the C terminus of maltose-
binding protein (MBP) of E. coli via a recognition sequence for thrombin (TB); MBP-TB-ATR2-250, construct with a C-terminal truncated
deaminase domain (amino acids 64—250) of A. thaliana; MBP-TB-ATR2-184, construct with a C-terminal truncated deaminase domain (amino
acids 64-184) of A. thaliana; MalE-TB-ATR2-syn, genetic map of the coding region of the synthetic construct expressing MBP-TB-ATR2-syn.
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The recombinant fusion protein was purified by affinity chro-
matography on amylose affinity matrix. The maltose binding
domain was then cleaved off by thrombin digestion, and the
pseudomature plant deaminase domain was isolated in appar-
ently pure form by gel permeation chromatography (Fig. 5).
Partial Edman degradation afforded the expected N-terminal
sequence GRREEDVEDDSFYM. Mass spectrometry afforded a
relative mass of 39.650 Da in good agreement with the calcu-
lated mass of 39.655 Da. Whereas the engineered protein is
believed to start with Gly because of the introduction of the
thrombin cleavage site, the wild type protein carries Met in the
corresponding position.

In the pseudomature deaminase domain of A. thaliana one
zinc ion/subunit was found by atomic absorption spectroscopy.

Earlier, we could show by NMR analysis that the product of
GTP cyclohydrolase II forms a mixture of @ and 8 anomers (13).
More specifically, the direct reaction product is the 8 anomer,
which can yield the a anomer by spontaneous anomerization
The ratio of the a« and B anomers at equilibrium has been

reported as 1:1.4 on the basis of studies with [1',2",3",4",5'-
13CLIGTP (9).

As an extension of the previous work, we have now prepared
[2,1',2",3",4' 5'-13C4]GTP, which afforded [2,1',2',3',4',5'-
13C]2,5-diamino-6-ribosylamino-4(3H)-pyrimidinone 5’-phos-
phate after treatment with GTP cyclohydrolase II. Notably, in
that isotopolog, the position 2 carbon atom of the pyrimidine
ring, which is subject to deamination, carries a 13C label. Two
13C signals at 151.2 and 151.6 ppm of slightly different inten-
sity represent the position 2 carbon atoms of the two different
anomers of the GTP cyclohydrolase II product. In GTP cyclo-
hydrolase II reaction mixtures, the signal at 151.2 ppm appears
more rapidly than the signal at 151.6 ppm, indicating that C-2
of the B-anomer of 1 resonates at 151.2 ppm.

The addition of A. thaliana pyrimidine deaminase to the
reaction mixture containing [2,1',2',3",4',5'-13C4]2,5-diamino-
6-ribosylamino-4(3H)-pyrimidinone 5'-phosphate resulted in
the disappearance of the signals at 151.2 and 151.6 ppm (GTP
cyclohydrolase II product 1, Fig. 1) and the appearance of
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Fic. 5. SDS-PAGE. 1, crude extract of E. coli M15 [pREP4]-pQE-
ATR2-wt; 2, crude extract of the E. coli strain M15 [pREP4]-pNCO-
MalE-TB-ATR2-syn; 3, MBP-deaminase protein derived from E. coli
strain M15 [pREP4]-pNCO-MalE-TB-ATR2-syn after purification on an
amylose column; 4, MBP-deaminase protein after treatment with
thrombin; 5, deaminase of A. thaliana after purification on the Super-
dex 75 column.

signals at 156.1 and 155.7 ppm (deaminase product 2, Figs. 1
and 6). Notably, the signal at 151.2 ppm disappears more
rapidly than that at 151.6 ppm, and the signal at 156.1 ppm
appears more rapidly compared with that at 155.7 ppm. The
signals of the enzyme product at 156.1 and 155.7 ppm appear
broader than those of the substrate at 151.2 and 151.6 ppm.

The signals of the A. thaliana deaminase product obtained
from [2,1',2",3',4',5'-13C4]1 are shown in Fig. 7A. The complex
multiplet patterns arises by *C*3C coupling. Notably, the 3C
NMR signals observed in the spectrum of a conversion of
[2,1',2,3',4' 5'-13C,]1 with the bifunctional deaminase/reductase
from E. coli are apparently identical (Fig. 7B). This indicates that
the A. thaliana deaminase product is identical with that obtained
from the E. coli enzyme, namely 5-amino-6-ribosylamino-
2,4(1H,3H)-pyrimidinedione 5’-phosphate (11). This conclusion is
confirmed by a detailed NMR analysis including two-dimensional
TH3C and '3C'C correlation experiments (Table III). Two-
dimensional INADEQUATE measurements afforded the 2C3C
connectivities of carbon atoms 1’ with 2’ and of 4’ with 5’ of both
anomers (Fig. 8). Two-dimensional *C*3C TOCSY spectroscopy
confirmed these correlations and afforded additional 3C correla-
tions conducive to the complete assignments of both spin systems
(Fig. 9 and Table III). On the basis of kinetic arguments (for
details, see above), the C-2 signals at 155.7 and 156.1 ppm can be
assigned to the @ and B anomers, respectively.

The 'H3C connectivities in the carbon moieties of the glyco-
sides 2« and 2B can be assigned on the basis of the 'H'*C
correlation spectra. The HMQC spectrum (Fig. 10) shows cross-
signals for pairs of directly connected 'H*2C pairs. The HMQC-
TOCSY spectrum identifies pairs of hydrogen atoms on vicinal
carbon atoms. The chemical shifts of both respective anomers
are summarized in Table III.

The sequence of events following the addition of deaminase
to 2,5-diamino-6-ribosylamino-4(3H)-pyrimidinone 5’-phos-
phate produced by the action of GTP cyclohydrolase II product
is summarized in Reaction 1.

ky ks ky
la—=1B—2p— 2«
ko ks
REeacTION 1

This kinetic network can be described by the following set of
rate equations.
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Fic. 6. Time-resolved *C NMR signals of the labeled C-2 car-
bon during the reaction starting from a mixture of 1« and 18 to
a mixture of 2« and 2. Notably the signal of 1B disappears first, and
the signal of 2B appears first in comparison to the e anomers.

d([1a/dt=—[1lalk, +[1B]k, (Eq. 1)
d([1BD/dt=[1al'k,—[1B]-ky—[1B]-ks (Eq. 2)
d([2B1)/dt=[1B]"ks— [2B]'k,+[2a] ks (Eq. 3)

d([2a/dt=[2B]k,— [2a]'k; (Eq. 4)

The quantitative analysis of the signals in the time-resolved
NMR spectra affords the concentrations of all reactants under
study. Fitting these data to the set of rate equations yields the
data shown in Fig. 11 and Table IV. Notably, the rate constants
ki, and ks, characterizing the isomerization reactions are all
similar, in the range of 0.11-0.20 min 1. The specific activity of
the plant deaminase is 0.9 umol mg ! min 1.

To obtain more evidence on the evolution of the riboflavin
biosynthetic pathway of plants, we performed a comprehensive
sequence data base search. A BLAST search with the A. thali-
ana deaminase domain studied in this paper as the search
motif revealed significant sequence similarity with the N-ter-
minal section of the bifunctional RibD protein of B. subtilis and
of putative orthologs from a wide variety of eubacteria and from
several plant species (Fig. 4).

An initial complementation assay showed that a chromo-
somal 76D~ mutant strain (Rib1) could not be reconstructed by
the putative A. thaliana gene. More sophisticated complemen-
tation analysis showed that the phenotype of the mutant strain
could be restored by plasmids directing the synthesis of the
plant deaminase in combination with the eubacterial reductase
domain. This means that the putative A. thaliana protein
failed to catalyze the reduction of compound 2 (Fig. 1). In a
cross-checking experiment the A. thaliana gene was coex-
pressed with the fungal type (Saccharomyces cerevisiae) reduc-
tase (RIB7) and deaminase (RIB2) gene. In both cases no
complementation could be observed. This fact is remarkably
well in line with the data base and the NMR analysis and
means that the second step in the riboflavin pathway of
A. thaliana is identical to the reaction found in eubacteria.

The N-terminal part of RibD proteins of eubacterial organ-
isms is known to harbor the deaminase domain (11). Based on
sequence alignments with functional deaminase domains of B.
subtilis, C-terminal truncated plant proteins were constructed
(Fig. 3). A subdomain consisting of amino acid residue 64-250
of the pseudomature plant enzyme was found to be sufficient
for deaminase activity. These data suggest that the putative
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Fic. 7. '*C NMR signals of the prod-
uct mixture obtained by treatment of
[2,1',2",3',4',5"-*3C¢,]GTP with GTP cy-
clohydrolase II and deaminase from
A. thaliana (A) or bifunctional deami-
nase/reductase from E. coli (B). B
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NMR data of [2,1',2',3,4',56'-13C¢)5-amino-6-ribosylamino-2,4(1H,3H)-pyrimidinedione 5'-phosphate
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oston H 3¢ Joc Jop INADEQUATE 3¢ TOCSY HMQC-TOCSY
ppm Hz
Compound 2«
2 155.7
1 5.63 81.8 38.5 (2") 2' 2'.3',4' 5’ 2'.3'
4.9 (3)
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4.9 (1)
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35.9 (3")
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4’ 3.91 83.0 44.6 (") 8.5 5' 1,2",3",5' 3',5'
37.0 (3")
5' 3.63 64.2 43.2 (4") 3.9 4’ 1',2",3",4' 4’
2o 5a | drogram in Fig. 12. Notably, all plant deaminase sequences
!‘lH L form a cluster in the phylogenetic tree. It is also worth noting
" .w | that Gram-negative bacteria form a subcluster by themselves;
4B 8 | 40 the same is true for the group of Gram-positive eubacteria with
i e ’ only a few exceptions. The plant sequences are in close neigh-
- J—— cuipl i borhood to cyanobacteria, plant pathogens, and soil bacteria.
’ : B Remarkably, 1 of 17 completely sequenced archaebacterial spe-
B cies (Pyrococcus furiosus) carries a putative gene with close
18 28 ! —6.0 similarity to the bifunctional RibD protein of B. subtilis and
— ' L does not contain any putative orthologs of the Methanococcus
SN ————— Jannaschii pyrimidine nucleotide reductase (50) which is believed
ppm 80 76 72 68 64 to catalyze the fungal type reduction of the ribosyl side chain in

Fic. 8. Two-dimensional INADEQUATE spectrum of the
deaminase products. The correlated signals of 2« and 28 are con-
nected via dashed and solid lines, respectively.

open reading frame of A. thaliana directs the synthesis of a
deaminase subdomain, which can fold independently.
Extended sequence analysis showed homology to a wide va-
riety of eubacterial and plant sequences. The similarity be-
tween the cognate protein sequences is illustrated by the den-

Archaea. Notably, only one eubacterium (Buchnera aphidicola,
subsp. Schizaphis graminum) carries separate genes for the
deaminase (accession no. Q8K9A4) and the reductase (accession
no. Q8K9A3), however, in a sequential order.

Pyrimidine deaminases of the riboflavin pathway show also
sequence homology to yeast cytosine deaminase (Fig. 13). The
enzyme has been found in prokaryotes and fungi, where it is a
member of the pyrimidine salvage pathway. The x-ray struc-
ture of yeast cytosine deaminase has been determined in the
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Fic. 9. Two-dimensional **C**C TOCSY spectrum of the deami-
nase products. The correlated signals of the two spin systems of 2«
and 2B are connected by dashed and solid lines, respectively.
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Fic. 10. Two-dimensional 'H'3*C correlation spectrum of the
product mixture obtained by treatment of [2,1',2',3',4',5'-
13C;IGTP with GTP cyclohydrolase II and deaminase from
A. thaliana.
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Fic. 11. Reaction dynamics of deaminase from A. thaliana. The
time-resolved concentration was calculated from the integrals of the
13C-labeled C-2 carbon atoms of the reactants 1a (O), 28 (), 2a (1),
and 2 (W) (see Fig. 6).

presence of an inhibitor at 1.14 A resolution (51). Each active
site contains a single catalytic zinc ion that is coordinated by a
histidine, two cysteines, and a single bound water molecule
that was found to act as a nucleophile in the deamination
reaction. The coordination site for the zinc ion, which is known
from the structure of the yeast cytosine deaminase, is strictly
conserved over 54 bacterial and 9 plant pyrimidine deaminases
of the riboflavin pathway analyzed in this study (Fig. 13). Some
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TABLE IV
Kinetic parameters of pyrimidine deaminase of A. thaliana obtained
from °C NMR spectroscopy

Reaction Kinetic parameter Value

la — 1B kq 0.11 min~*
18 — 1« k, 0.11 min~—*!
18 — 28 ky 1.34 min ' mg !
2B — 2« ky 0.20 min~*
2a — 2P ks 0.18 min~*
1(a/B) — 2(a/PB) Vs 0.9 umol min * mg !
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Fic. 12. Phylogenetic tree of 2,5-diamino-6-ribosylamino-
4(3H)-pyrimidinone 5'-phosphate deaminase domains.

of the residues of the active site cavity of the cytosine deami-
nase are also present and highly conserved in riboflavin type
deaminases, e.g. residues corresponding to His-62 (His-58 in
the pseudomature A. thaliana deaminase), Glu-64 (Glu-60),
Leu-88 (Leu-80), and Cys-91 (Cys-83). (Fig. 13). In addition,
sequence similarity is also found to bacterial cytidine deami-
nase, e.g. of E. coli (accession no. P13652).
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Fic. 13. Sequence alignment of 2,5-diamino-6-ribosylamino-4(3H)-pyrimidinone 5'-phosphate deaminases from eubacteria and
plants and cytosine deaminase from S. cerevisiae. At, A. thaliana (At4g20960); Bs, B. subtilis ribG (P17618); Ec, E. coli (Q8FKC3); Os,
0. sativa (AK070281); and ScFCY1, and cytosine deaminase of S. cerevisiae (Q12178). The highly conserved zinc coordination site of yeast cytosine

deaminase is indicated by asterisks.

Functional residues involved in zinc coordination or in the
fixation of the substrate are present in all three enzymes, the
pyrimidine, the cytosine, and the cytidine deaminases. This
homology could indicate that deaminases of that group have
evolved from a common origin selected to perform a similar
reaction on the basis of different substrate molecules.

DISCUSSION

Although the terminal steps in the riboflavin pathway of
plants have been studied in considerable detail (33-35, 37), the
earlier enzymes of the pathway, most notably the pyrimidine
deaminases and pyrimidine reductases, are less well under-
stood. Earlier work had indicated that the product of GTP
cyclohydrolase II, 2,5-diamino-6-ribosylamino-4(3H)-pyrimidi-
none 5'-phosphate, is subject to deamination in the eubacteria,
E. coli and B. subtilis (11) but instead undergoes side chain
reduction in the yeast, S. cerevisiae (52, 53). This sequence of
events had been correctly derived from early studies on prod-
ucts produced and excreted by riboflavin-deficient mutants of
S. cerevisiae (54-57).

Enzymes catalyzing the reduction of the ribose chain of 1
under formation of 3 have been partially purified from the
flavogenic ascomycete Ashbya gossypii (53) and from Candida
guillermondii (52). The enzyme catalyzing the reduction of 1
has been cloned from the yeast C. guillermondii (58). Genes
involved in the riboflavin pathway of S. cerevisiae and A. gos-
sypii have been claimed in patents (59, 60). Moreover, although
reductase and deaminase occur as separate enzymes in S.
cerevisiae and other fungi, bifunctional proteins with deami-
nase and reductase activity were found in the eubacteria, E.
coli and B. subtilis (11). The deaminase as well as the reductase
domain of the bifunctional enzyme of B. subtilis could be ex-
pressed separately as functional proteins (11).

The data reported in this paper show that the enzyme of A.
thaliana deaminates the product of GTP cyclohydrolase II at a
rate of 0.9 umol mg ™! min~!. This rate is similar to that of the
enzyme of E. coli (0.36 umol mg ! min 1) (15).

The substrate and the product of deaminase are both subject
to spontaneous epimerization. The equilibrium constant for
each respective pair of anomers has a value close to 1, and the
velocities of anomerization for the two anomer pairs are simi-
lar. Spontaneous hydrolysis of the N-glycosidic bond is slow
compared with the epimerization reaction.

It has not been possible, up to now, to determine directly the
absolute configuration of these anomers because NOESY spec-
trometry gave insufficient results. It can be shown, however, on
the basis of kinetic arguments, that the product of GTP cyclo-
hydrolase serves directly as substrate of the deaminase (i.e.
without prior anomerization). Because it appears unlikely that

GTP cyclohydrolase II would anomerize its substrate, we there-
fore assume that all riboside type intermediates of riboflavin
biosynthesis in plants have B stereochemistry.

These data show that plants use the same pathway as eu-
bacteria (i.e. via 2) for the transformation of 1 into 4. On the
other hand, fungi use a different pathway (via 3), and circum-
stantial evidence indicates that Archaea also use that pathway
(50). But, to the best of our knowledge, nothing is known about
the enzyme catalyzing the reduction of the ribosyl side chain
in plants.
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