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ABSTRACT. The genome sequence$ireptomyces coelicolaontains three open reading framesq1441
sc02687 and sco665% that encode proteins with significant-40%) amino acid identity to GTP
cyclohydrolase Il (GCH 11), which catalyzes the committed step in the biosynthesis of riboflavin. The
physiological significance of the redundancy of these proteirS.inoelicoloris not known. However,

the gene contexts of the three proteins are different, suggesting that they may serve alternate biological
niches. Each of the three proteins was overexprességcherichia coliand characterized to determine

if their functions are biologically overlapping. As purified, each protein contains 1 molar equiv of zinc/
mol of protein and utilizes guanosine-tsiphosphate (GTP) as substrate. Two of these proteins (SCO
1441 and SCO 2687) produce the canonical product of GCH II, 2,5-diamino-6-ribosylamidp-4(3
pyrimidinone 3-phosphate (APy). Remarkably, however, one of the three proteins (SCO 6655) converts
GTP to 2-amino-5-formylamino-6-ribosylamino-4ppyrimidinone 5-phosphate (FAPy), as shown by

UV —visible spectrophotometry, mass spectrometry, and NMR. This activity has been reported for a GTP
cyclohydrolase lll protein fronMethanocaldococcus jannascHiGraham, D. E., Xu, H., and White, R.

H. (2002)Biochemistry 4115074-15084], which has no amino acid sequence homology to SCO 6655.
Comparison of the sequences of these proteins and mapping onto the structureEofcttieGCH |l

protein [Ren, J., Kotaka, M., Lockyer, M., Lamb, H. K., Hawkins, A. R., and Stammers, D. K. (Z005)
Biol. Chem. 28036912-36919] allowed identification of a switch residue, Met120, which appears to be
responsible for the altered fate of GTP observed with SCO 6655; a Tyr is found in the analogous position
of all proteins that have been shown to catalyze the conversion of GTP to APy. The Met120Tyr variant
of SCO 6655 acquires the ability to catalyze the conversion of GTP to APy, suggesting a role for Tyr120
in the late phase of the reaction. Our data are consistent with duplication of GCHSII éoelicolor
promoting evolution of a new function. The physiological role(s) of the gene clusters that house GCH I
homologues will be discussed.

A substantial role for duplication in evolution of new of three open reading frames in the genom& ofoelicolor
function was proposedL{-3) long before the recent explo- each of which has been annotated as GTP cyclohydrolase Il
sion of genome sequencing and annotation projects revealedGCH Il),! which catalyzes the first committed step in the
the pervasiveness of intragenomic duplications in bacterial biosynthesis of riboflavin. The presence of multiple GCH Il
genomes. Gene duplication is now widely acknowledged to homologues is not unique . coelicoloy in fact, Strepto-
contribute to evolution of new protein functions by releasing myces aermitilis also harbors at least three open reading
the selective pressure for maintenance of existing biological frames with substantial amino acid identity (40% over the
roles. A detailed understanding of the catalytic repertoire GCH Il domain) to theEscherichia coliGCH Il protein.
spanned by duplicated genes is of considerable interest toNotably, only one of theorfs is located in a riboflavin
understanding mechanisms of functional evolution. biosynthesis cluster.

Of the ~8000 proteins encoded in the genomeStrfep- GCH 1l belongs to a class of proteins that catalyze
tomyces coelicoloA3 (2) nearly 41% have intragenomic  cleavage of carbon-8 of GTP to produce structurally related
homologues4, 5). We have been intrigued by the presence but distinct products (see Figure 1). GCH | catalyzes the
conversion of GTP to dihydroneopterin triphosphate, which
is a precursor to folic acidé( 7). GCH Il catalyzes the
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Ficure 1: Reactions catalyzed by GCH I, GCH II, and GCH Il proteins.

conversion of GTP to 2,5-diamino-6-ribosylamino-4{3 ties between these proteins suggest that, if indeed one or
pyrimidinone 5-phosphate (APy), which is a precursor to more have diverged functionally, one may be able to
flavin cofactors 8, 9). GCH Il catalyzes the conversion of  understand the mechanism of evolution of function in a large
GTP to 2-amino-5-formylamino-6-ribosylamino-43py- class of proteins. The first step toward addressing the
rimidinone 3-phosphate (FAPy)10) whose physiological  hypothesis is characterization of the proteins that are encoded
role remains to be established. These three classes of proteinby the multipleorfs that encode proteins with homology to
share no detectable sequence homology. Furthermore, GCH5CH 11 in the S. coelicolorgenome. Although we have
I and GCH II, whose three-dimensional structures are known, focused our initial studies o8. coelicolor understanding
adopt different foldsX1, 12). However, the common theme the biological significance of these proteins will illuminate
that unifies these proteins is that each appears to producehe path toward understanding the physiological roles of
FAPy, either as a product (as in GCH III1@ or as an GCH ll-like proteins in other organisms as well.
intermediate (as in GCH | and 11)18, 14). Therefore, In this publication we show that each of the three hom-
although apparently unrelated structurally, they share theglogues of GCH Il inS. coelicolor utilizes GTP as a
ability to hydrolyze the N9-C8 bond (GCH |, GCH I, and  substrate; however, the product of one of the enzymes differs
GCH 1ll) and/or the N7-C8 bond (GCH | and GCH Il) of  from that of the other two. Moreover, we show that site-
GTP. As mentioned, only one of the three intragenomic directed mutation of aingleamino acid in the active site of
homologues of GCH Il inS. coelicolor appears to be  the protein that produces the alternate product switches the
involved in the biosynthesis of riboflavin, leading one to chemistry to that catalyzed by the “parental” GCH Il protein.
suggest that the tendency for the additional homologues toFinally, we examine the sequence contexts of theée to
be retained reflects a distinct role for these proteins in the glean physiological function for these proteins. Our data
physiology ofStreptomyces support a model whereby the duplication of GCH 11$n
One may envision three explanations for intragenomic coelicolor has permitted functional evolution to take place
duplication of GCH II. First, since GCH Il catalyzes the in this family of proteins.
committed step in the biosynthesis of riboflavin, the duplica-
tion may reflect a need for the cell to regulate riboflavin  (ATERIALS AND METHODS
production in response to different growth conditions.
Second, one may envision that APy is the building block  Materials. The Q-Sepharose (fast flow), butyl-Sepharose
for a biological molecule other than riboflavin; a duplicate 4 (fast flow), Sephacryl S-300 (high resolution), and DEAE-
copy of GCH Il could fulfill the increased need for APy. In  Sephadex resins that were used in the purifications were from
both cases the duplicate copy is functionally identical but Amersham Biosciences. Tris(hydroxymethyl)aminomethane
may be regulated differently either at the gene or protein (Tris) was from EMD Sciences. Guanosinetphosphate
level. The third, and perhaps the most provocative, explana-(sodium salt) (GTP) was from Sigma. Solutions of GTP were
tion is that these proteins do not produce APy at all. In this prepared in 0.1 M potassium phosphate buffer (pH 6.8), and
scenario, the GCH Il homologue(s) would have evolved new aliquots were frozen at 80 °C. Protease inhibitor cocktail
function by exploiting the existing GCH Il catalytic ma- Complete - EDTA) was from RochePfu DNA polymerase
chinery. Such a protein, when studied in the context of was from Stratagene, and deoxynucleotide triphosphates
homologues within the same organism could provide one used in PCR were from Invitrogen. The restriction enzymes
with valuable insights into the parameters that constrain Ndd, Ncd, and Hindlll were from New England Biolabs.
evolution of function. The cell lines XL1-Blue, DHB, and BL21(DE3) were from
Our aim, therefore, is to address a simple question: do Stratagene, Invitrogen, and Novagen, respectively. LB medium
the apparent GCH Il homologues presentSncoelicolor refers to Lenox broth, which was prepared from 10 g of
catalyze identical chemical transformations, or has the tryptone 5 g ofyeast extract, ah5 g of NaCl per liter. The
presence of genetic redundancy freed a subset of thesglasmids pET28a and pET29a were from Novagen. The
proteins from functional constraints that are dictated by pGEM T-Easy was purchased from Promega. PCR reactions
cellular need for riboflavin? The extensive sequence similari- were carried out on an Eppendorf MasterCycler gradient.
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UV —visible spectra were acquired on an Agilent 8453 diode suspension was sonified, and cleared cell lysates were
array spectrophotometer fitted with an 8-position cell changer. obtained as described for SCO 1441. The lysates were
The temperature of the samples was controlled with a chromatographed on a Q-Sepharose column essentially as
circulating water bath. Mass spectral data were obtained described for SCO 1441. Fractions containing enzyme were
using a ThermoFinnigan Deca RRis mass spectrometer identified by enzymatic activity assays (as described below)
using electrospray ionization. and pooled. To each pool was added an equal volume of
Overexpression of Recombinant ProteinSetails on solution containig 2 M ammonium sulfate, 0.02 M Tris-
isolation ofS. coelicolorgenomic DNA and preparation of HCI (pH 8), and 0.5 mM DTT over 20 min. The resulting
all constructs used in this study may be found in Supporting solution was applied to a butyl-Sepharose (fast flow) column
Information. In this study we utilized DNA constructs using (2.5 x 15 cm) that had been equilibrated with 0.02 M Tris-
the pET29a vector. The plasmids containing the desired geneHCI (pH 8), 0.5 MM DTT, ad 1 M ammonium sulfate. The
were transformed into BL21(DE3) cells for overexpression protein was eluted with a linear gradient (1 L) from 1to O
purposes. A single colony from an overnight plate of the M ammonium sulfate. Fractions containing the desired
strain grown on LB medium containing 24/mL kanamycin enzymatic activity were pooled, concentrated with an Amicon
was placed in 0.1 L of LB containing 34/mL kanamycin pressure concentrator (YM-10 membrane, 10000 molecular
and grown at 37C overnight. The overnight culture served weight cutoff), and applied to a Sephacryl S-300 size
as starter for i1 L cultures of LB in 2.8 L Fernbach flasks.  exclusion column (2.5< 60 cm). The protein was eluted
In addition to 34ug/mL kanamycin, the cultures over- with 0.02 M Tris-HCI (pH 8) containing 0.5 mM DTT.
expressing SCO 1441, SCO 2687, and SCO 6655 alsoFractions containing enzymatic activity were concentrated
contained 0.1 mM ZnG! The cultures were grown to using centrifugal concentrators (Amicon, YM-10 membranes)
ODgoonm~ 1, and expression of the protein was induced by and frozen at—80 °C until further use. The procedure
addition of 0.1 mM IPTG. Cells were harvested after 4 h, outlined here describes our initial purification. We have since
frozen in liquid nitrogen, and stored at80 °C until the streamlined the purification by replacing the protease inhibi-
purification. tor cocktail with 1 mM phenylmethanesulfonyl fluoride and
Purification of SCO 1441All purification steps were  eliminated the size exclusion step. The properties of the
carried out at £C. Cells (14.5 g) obtained as described above protein obtained by the modified purification are similar to
were resuspended into 40 mL of 0.02 M Tris-HCI (pH 8) those obtained with the purification outlined here.
containing 0.5 mM DTT and Complete-EDTA) protease Zinc Metal lon DeterminationlCP-MS analysis of the
inhibitor mixture. The suspension was sonified in 30 s bursts recombinant proteins was carried out by Garratt-Callahan
(50% power; Branson 450 D sonifier) with 1 min rests in Co. (Burlingame, CA).
between each burst. The temperature of the suspension was Protein Concentration Determinatiokach of the purified
not allowed to increase beyondl2 °C. After a total of 7 recombinant proteins was quantified using a BCA protein
min of cell disruption, the suspension was spun at 38000 assay kit (Pierce) with bovine serum albumin as standard.
for 45 min to obtain a cleared lysate. The lysate was loaded Spectrophotometric Monitoring of the GTP Cyclohydrolase
onto a Q-Sepharose column (2514.5 cm), which had been  Reactions Catalyzed by SC0O1441, SCO 2687, and SCO 6655.
equilibrated with 0.02 M Tris-HCI (pH 8) containing 0.5 mM  The reactions generally contained 0.1 M Tris-HCI (pH 8.0),
DTT. The column was washed with 0.09 L of the equilibra- 5 mM MgCl,, 0.5 mM DTT, and 0.1 mM GTP as substrate.
tion buffer, and the protein was eluted with a 0.8 L linear Reactions were initiated by addition of the substrate, and
gradient of 0.5 M KCI in the same buffer. Fractions absorption spectra were obtained at intervals after the addi-
containing GCH Il activity were pooled. Enzymatic activity tion. Rates were calculated from linear portions of Aa&nm
was monitored spectrophotometrically as described below. (for SCO 1441 and SCO 2695) @%7s.m (for SCO 6655)
To this solution (47 mL) was added an equal volume of a versus time plots using difference extinction coefficients of
solution containig 2 M ammonium sulfate in 0.02 M Tris-  €299nm = 9040 andez7snm = 4700 Mt cm™2, respectively.
HCI (pH 8) over 20 min. The precipitate was collected by The difference extinction coefficients were calculated, in
centrifugation at 3200 for 20 min, and the pellet was separate experiments, from absorbance spectra that were
dissolved in 9 mL of 0.02 M Tris-HCI (pH 8) containing obtained after complete conversion of GTP to products and
0.5 mM DTT. The solution was desalted on a Sephacryl are comparable to previously reported valugs).(
S-300 column (2.6x 60 cm) which had been equilibrated 3,4-Dihydroxy-2-butanone 4-Phosphate (DHBP) Synthase
with 0.02 M Tris-HCI (pH 8) buffer containing 0.5 mM DTT.  Activity of SCO 1441, SCO 2687, and SCO 66Bk&ch of
Fractions containing activity were pooled, concentrated with the proteins was assayed for DHBP synthase activity essen-
Amicon centrifugal concentrators (YM-10 membrane), and tially as described previouslyL§). Color was developed for
frozen at—80 °C until further use. We have since streamlined 30 min at room temperature by addition of 0.4 mL of sat-
the purification by replacing the protease inhibitor cocktail urated creatine and 0.2 mL of a 35 mg/mL solutionoef
with 1 mM phenylmethanesulfonyl fluoride and eliminated naphthol n 1 M NaOH. Absorbances were measured at 525
the size exclusion step. The properties of the protein that isnm. A standard curve was generated using 2,3-butanedione.
obtained from the modified purification are similar to those  Preparation and Purification of Reaction Products Pro-
obtained with the purification outlined here. duced by SCO 1441, SCO 2687, SCO 6655, and E. coli GCH
Purification of SCO 6655, SCO 2687, and E. coliGCH II. 1l. GTP (5 mg) was dissolved in 3 mL of 0.1 M Tris-HCI
E. colicells overexpressing the recombinant protes2@ g) (pH 8) containing 0.5 mM DTT and 5 mM Mggl The
prepared as described previously were thawed in 0.1 L of reactions were initiated by the addition of 0.15 unit of the
0.02 M Tris-HCI (pH 8) which had been supplemented with desired enzyme, and reactions proceeded at room temperature
Complete {EDTA) protease inhibitor mixture. The cell for 60 min. The reactions mixtures were frozen-s880 °C



Functional Evolution of GTP Cyclohydrolase I

and purified as needed. The products were purified by anion
exchange at 4C as follows. Approximately 0.7 mL of the
reaction mixture was applied at a flow rate of 1 mL/min to
a 1 x 20 cm column of DEAE-Sephadex (4Q25um dry
bead size) that had been equilibrated with a buffer containing
0.05 M NH,HCO; (pH 7.8) and 0.2 mM DTT. The column
was washed with 15 mL of the loading buffer and developed
with a linear gradient of 0.050.6 M NH4HCO; in 60 mL.
Fractions containing the product which eluted~a2.3 M
NH;HCO; were pooled, frozen, and lyophilized. The lyoph-
ilized product was stored at80 °C until needed.

Mass Spectral Analysis of ProducBroducts purified as
described above were diluted in water to-3250 ug/mL
and analyzed on a LCQ Deca RRiselectrospray ionization

mass spectrometer. The sample was introduced using L

syringe pump at a rate of #20 uL/min and detected in

the negative ion mode using 300 desolvation temperature.
NMR Analysis of the Product of SCO 669 facilitate

the analysis, uniformly3C- and**N-labeled GTP (Sigma)

was utilized as substrate of SCO 6655 as described above

The product was purified as described for the unlabeled
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RESULTS

Identification of Open Reading Frames with Homology
to GCH Il in the S. coelicolor GenomA.BLAST search of
the genome o8. coelicolor(4) reveals three open reading
frames encoding proteins (SCO 1441, SCO 2687, and SCO
6655) with=40% sequence identity with the GCH Il protein
of E. coli (B1277). The ClustalwW alignments (Figure 2) of
these proteins reveal that each of the proteins retains the three
cysteine residues in theX,GX;CXC maotif that has been
shown, by biochemical and structural studies withEheoli
homologue, to bind the active site zinc metal iag,(20, 21).
Unlike SCO 6655 and SCO 2687 which appear to contain
only a GCH Il domain, SCO 1441 is bifunctional; a search
f the conserved domain databag@)(with SCO 1441 re-
veals homology with Pfam 0925 (GCH Il) and 0926 (DHBP
synthase) domain families. In the alignment in Figure 2 only
the GCH Il domain (starting at amino acid 200) is shown.
By contrast, the conserved domain search with SCO 2687
and SCO 6655 reveals only a Pfam 0925 (GCH Il) domain.

The physiological functions of SCO 1441 can be assigned

product. Negative ion mass spectrometry indicated a massO" the basis of analysis of its genome context (see Table S1

of 395, which as expected is 15 amu greater than that of the
unlabeled material. Lyophilized samples containing mg

of the purified SCO 6655 product were dissolved in 0.6 mL
of D,O or in 0.6 mL of 90% HO/10% DO (50 mM CDs-
CO.Na/HCI, pH 4.5). NMR spectra were acquired atZ5

on a Bruker DRX-600 instrument operating dthfrequency

of 600.13 MHz, using a Nalorac 5 mm HCN single-axis
gradient probe. Th&H-decoupled®C spectrum in RO was
acquired at 25C on a Bruker DRX-500 instrument operating
at a'H frequency of 499.68 MHz, using a Bruker 5 mm
dual'3C/*H probe. 2D spectra were acquired with 750 FIDs
and processed using Felix2000 software (Accelerys, San
Diego, CA). Data were apodized using a sine-bell (DQF-
COSY) or cosine-bell (all others) window function in both
dimensions and zero-filled to a final data matrix of 2048
(F2) x 1024 ) real data points. 2D HSQQ.{) and DQF-
COSY (18) data are shown in the Supporting Information,
along with experimental details. 2D HMBQ) experiments

in the Supporting Information foorfs housed near each
homologue). SCO 1441 appears near genes for biosynthesis
of riboflavin (SCO 1440 and SCO 1443); furthermore, it is
fused to DHBP synthase, which is also involved in the
biosynthesis of riboflavin. These observations strongly
support a role for SCO 1441 as the first enzyme in the
biosynthesis of riboflavin it8. coelicolor Biochemical data
presented below show that the protein has both GTP
cyclohydrolase Il and DHBP synthase activities, confirming
the assignment. The two additional GCH Il homologues are
housed in distinct gene contexts, and we will speculate on
the role of these clusters in the Discussion.

The presence of threarfs with homology to GCH Il in
S. coelicolor in disparate regions of the chromosome and
in widely different gene contexts, suggests that these proteins
play nonoverlapping physiological roles. To address their
roles the three homologues were overexpressed. inoli
and characterized.

used a gradient-selected magnitude mode pulse sequence with Each GCH 1l Homologue of S. coelicolor Is a Zinc-

no low-pass filter and no decoupling during acquisition. The
evolution delay was optimized for a long-range coupling of
10 Hz, and for 90% kD samples the solvent peak was
suppressed with 1.5 s of presaturatioid{27 = 26 Hz).
For the{*H—'N} HMBC experiment (data not shown) a
13C 180 pulse was used in the center of the evolution time.
Site-Directed Mutagenesis of SCO 66B85QuickChange

Containing MetalloproteinThe E. coli GCH Il protein has
been shown to contain an essential zinc metal Ry 21).
Site-directed mutations of cysteines 54, 65, or 67, which
occur within a conserve@X,GX;CXC motif, lead to loss

of catalytic activity 1). The zinc metal ion is located 3.8 A
from carbon-8 of the purine ring, implicating it in the catalyt-
ic activity of this protein 12). Each of the GCH Il homo-

(Stratagene) mutagenesis kit was used to introduce Met120Tyrogues inS. coelicolorcontain~1 equiv of zinc per monomer,

into the pVBD13 construct that contains the gene for

as would be expected from the presence of@XgGX;CXC

SCO06655. The mutagenesis reactions were carried outmotif in the sequence of the proteins (Table 1).

according to the manufacturer’s protocol. The template for
the reactions was pVBD13, and mutagenic primers (forward,
5'-CCAAACTGCGCQCATATGGTTGCAGGCG-3 and
reverse, 5GTTTGACGCGUTATAGCAACGTCCGC-3
were designed with aNdd restriction endonuclease site (in
italic) at the site of the mutation (underlined) to facilitate
screening. The PCR reactions contained 10% (v/v) DMSO
since sco6655has a high G+ C content ¢70%). The
annealing temperature was 88. The presence of the desired
mutation and lack of spurious changes were confirmed by
sequencing theco6655gene.

Spectrophotometric Analysis of Tuwer of SCO 1441,
SCO 2687, and SCO 6655 with GTP as Substhate first
assessed whether SCO 1441, SCO 6655, and SCO 2687
utilize GTP as a substrate. In these experiments, the purified
protein was incubated with Mg and DTT, and U\+visible
spectra of the mixtures were recorded at various times after
addition of GTP (Figure 3). The incubation mixtures exhibit
a time-dependent decrease in GTP absorbance at 253 nm
and appearance of a new feature at either 299 nm [SCO 1441
(Figure 3A) and SCO 2687 (Figure 3B)] or 274 nm [SCO
6655 (Figure 3C)].
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E. coli 1 MQLKRVAERKLPTPWG- - -DFLMVGFEEL 26
SCO 1441 200 RKHGLTIISIEDLIAYRRSAEPTVRREAEVRLPTKHG---EFTAYGYRST 246
sco 2687 1 MRTEENEDVIVAPSPAVQVRARVEVPIDVPGLGPRASTMVSFDGL 45
SCO 6655 1 MTEKIGVLGKKTTQRTDVERIVVTPLPTVYG- - -KFRAFGYFDH 41
E. coli 27 ATGHDHVALVYGDISGHTPVLARVHSECLTGDALFSLRCDCGFQLEAALT 76
SCO 1441 247 VDGVEHIALVHGEIGDGEDVLVRVHSECLTGDWEGSQRCDCGPQLOASLD 296
SCO 2687 46 HDGREHVALLMPGWEKKSDPLVRVHSECLTGDWHGSQRCDCGPQLHEHALA 95
SCO 6655 42 ERGDEQVALVHGDLG—AEDVLTRLHSECLTGD%ﬂGSQHCECGA'j EALR 90
* * % * * *Ekkhkkkkhk * * kk KK
E. coli 77 QIAEEGRGILLYHR-QEGRNIGLLNKIRAYALQDQGYDTVEANHOLGFAA 125
SCO 1441 297 RIQAEGRGVVVYLRGHEGRGIGLMSKLRAYELQERGRDTLDANLELGLPA 346
SCO 2687 96 MCSHEG-GIILYLR-QEGRGIGLYNKFDAYLLODGGLDTFEANAVLNFSH 143
SCO 6655 91 QVADAGSGIVVYLRGHEGRGIGLLAKLRAMALOAEGLDTVEANLALGLPV 140
* * * ok *hkk kkk * * * % * kk %* % +*
E. coli 126 DERDFTLCADMFKLLGVNEVRLLTNNPKKVEILTEAGINIVERVPLIVGR 175
SCO 1441 347 DARDYGAGAQILADLGVRAVRLLTNNPDKSDALERHGITVTGREPMPVQA 396
SCO 2687 144 DLRDYRVAAEMLSALGVPRIRLLSNNPEKGNQLRSHGVVISDVVATGTFYV 193
SCO 6655 141 DARDYGVAARILDDLGVRSVRLMSNNPRKREALVRHGIRVAEQVPLLIPP 190
* * & * * %k * & * &k * * *
E. coli 176 NPNNEHYLDTKAEKMGHLLNK 196
SCO 1441 397 GEHNLRYLRTKRDRMGHDLPWLDTTPVSTCGNQ 429
SCO 2687 194 NENNQAYLTAKRERAGHALEV 214
SCO 6655 191 CESNITYLRTKRERLDHHLPHLDAAMAHVSS 222

* Wk * * ok

Ficure 2: Alignment of theE. coli GCH Il protein with the proteins that are encoded by three open reading frames that have been
annotated as GCH Il proteins. The sequence accession numbers are B127 Efadhprotein and SCO 1441, SCO 2687, and SCO 6655

for theS. coelicolomproteins. SCO 1441 is a bifunctional protein with an N-terminal DHBP synthase and a C-terminal GCH Il domain. For
simplicity only the C-terminal region of the protein (starting from amino acid 200) is shown. The boxes denote the cysteine residues that
have been shown to be essential for the activity offheoli GCH 1l (20, 21) and coordinate the catalytic zinc divalent metal iag)( The
molecular switch residue that dictates the fate of GTP as shown in SCO 6655 is shown in bold.

Table 1: Specific Activity and Zinc Metal lon Content of GCH I The initial rates of formation of the new spectral features

Proteins are proportional to the concentration of each enzyme (see
specific activity insets in Figure 3). The maximal rates observed are sum-
[mol min-1 turnover no. marized in Table 1. The turnover number with the recom-
protein (mg of protein)?] (min~1) Zn/monomer binant E. coli GCH Il obtained in our laboratory is com-
SCO 1441 0.03% 0.003 1.8+0.1 0.9 parable to those in the literaturs, 23).
228 gggg g-ii 8-83 25 g-g i(l) Analysis of the Enzymatic Products of the Three S.
Met120Tyr 0.05+ 001 12103 0.85 coelicolor GCH Il Homologuesin the initial phase of the
SCO 6655 analysis, reaction products produced by each of the three
E. coliGCH II 0.08+ 0.01 1.7+£0.2 ND? proteins were analyzed by ion-pairing HPLC with GTP,
2Values are from an average of three determinatiBND, not GDP, and GMP as standards. In each case, a product forms
determined. at the expense of GTP and with retention times that are

consistent with the presence of one phosphate (data not

Difference spectra calculated from the spectral changesShown); the product that was produced by each protein in
observed with each are shown in Figure 3D. The spectral the reaction mxturg_s was purified by anion-exchange chro-
changes observed with SCO 1441 and SCO 2687 areMatography, lyophilized, and analyzed by mass spectrom-
consistent with formation of APy, the canonical product of lry. In addition, each protein also produced GMP in the
GCH II. Moreover, the difference absorbance spectra and course of turnover with GTP, consistent with GTPase ac-
difference extinction coefficients observed for the product tVity previously demonstrated with GCH Il fror&. coli
of these proteins (9040 M cm™1) are comparable to that
reported for APy {5). By contrast, the difference spectrum The negative ion mode mass spectra that were obtained
that is observed with SCO 6655 is significantly different with each are shown in Figure 4. The products of SCO 1441
(compare difference traces in Figure 3D) from those that and SCO 2687 show the expected peahvat= 352 (Figure
are observed with SCO 1441 and SCO 2687. In fact, the 4B,C), corresponding to APy. The product of SCO 6655,

UV —visible spectrum of the product of SCO 6655 is similar
to that reported for 2-formylamino-5-amino-6-hydroxy-4-
(ribosylamino)pyrimidine 5phosphate (FAPy), which has

an absorbance maximum at 274 nh3)(

however, has a peak at'z = 380 (Figure 4D), which is
consistent with FAPy. The [M+ 23] peak that is observed
in the mass spectra of SCO 1441 and SCO 2687 is from a
sodium adduct. As a control we isolated the product produced
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FicuRE 3: Spectral changes (AC) and difference spectra (D) - ‘
observed with SCO 1441, SCO 2687, and SCO 6655 in the presence 300 320 340 360 380 400

of GTP. Each of the assay mixtures contained 0.1 M Tris-HCI (pH i )
8.0), 5 mM MgC}, 0.5 mM DTT, and 0.1 mM GTP in a total FIGURE 4: Mass spectral analysis of the productsofcoli GCH.
volume of 1 mL at 25C. The contents of the cuvettes were blanked ! (A), SCO 1441 (B), SCO 2687 (C), and SCO 6655 (D) proteins.
in the absence of GTP. Spectra were acquired at various times after” he products were isolated as described in Materials and Methods.
addition of GTP. The protein concentrations were (A) M SCO The mass spectrum of the producttafcoli GCH Il is shown for
1441, (B) 5.3uM SCO 2687, and (C) 2.%M SCO 6655. The comparison. In some cases, a{M Na'] complex is also observed.
insets show that in each case the rate of the reaction is linear with

the concentration of the protein. The difference spectra shown in SCO 1441 and SCO 2687. The product of SCO 6655 has
(D) for SCO 1441 {), SCO 2687 {), and SCO 6655 (-—) were  the molecular mass expected of FAPy and not APy, despite

obtained by subtracting the spectrum of GTP acquired in the absenc . : . .
of protein from the final spectra that were obtained with each She substantial sequence identity that exists between SCO

protein. The arrows denote increases and decreases in spectrd?655 and other GCH Il proteins.
features. To unambiguously assign the structure of the product of

SCO 6655, the enzyme was incubated WitNE-13C, -G TP,
by recombinan€&. coli GCH II; the mass spectrum of this and the product was isolated and analyzed. The mass of the
compound (Figure 4A) is identical to that of SCO 1441 and molecular ion for this compound increased 15 amu relative
SCO 2687. Therefore, these results unambiguously demon-o that of the unlabeled material (data not shown). The mass
strate that the product of SCO 6655 is distinct from that of of the compound and U¥visible spectrum observed with
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Table 2: 13C Chemical Shift and Assignments fofls,:%C,q]-FAPy
in 2H20

Table 4: *H and**N Chemical Shifts and Assignments for
[15Ns,13C;0]-FAPY in 90% D:0/10% HO

13C chemical shift (ppn¥)

structure carboh o B
o 2 154.99 br s
H\ﬁ/ o 4 162.15 brd
HN 3 (93)
[ NH 5 89.30 ddd
o 0 N/X (78, 85, 18)
1 y NA'N NH; g 160.66 dd 161.48 dd
0—'|°—0 \ ) (74,20) (74, 20)
A A 8,cis 165.89d 166.23d
(13.3) (13.5)
HO OH 8 trans 171.02d 171.11d
(13.9) (13.7)
1 81.93dd 85.30dd
(39, 1F) (44, 12)
2 71.93t 73.92 dd
(38) (44, 34)
3 70.70t 71.37t
(38) (38)
4 81.71ddd 83.20 ddd
(35,41,8) (35,41, 8)
5 64.75d ~ 64.92dd
(43) (43, 5)

a For clarity, the numbering scheme shown here reflects that of the
pyrimidine product. The structure, as drawn, corresponds tg this
configuration of FAPyP? The values in parentheses are the coupling
constants td'®C nuclei (in Hz) except as indicated by superscripts.
Chemical shifts are referenced to internal O standard at 49.50
ppm.¢ The values correspond to the coupling constantko ¢ The
value represents the coupling constant!fe.

Table 3: *H Chemical Shift and Assignments foljis,*3C;o]-FAPY
in 2H20

IH chemical shift (ppnt)

protort o B

8,cis 8.252 ddd (199, 15y7) 8.224 ddd (199, 157)
8, trans 7.869 7.840

1, cis 5.906 d (168) 5.688 d (165)

1', trans 5.913 5.675

2 4.287 d (151) 4.204 d (148)

3 4.284 d (151) 4.268 d (153)

4 4.074d (149) 4.069 d (149)

5 3.883 d (146) 3.851 d (146)

1H chemical shift 15N chemical shift

(ppmy (ppmy
position o s o s
2-NHp, cis  6.373d(91)  6.346d (91) 75.60  75.40
2-NH,, trans  6.37¢ 6.347 75.02 74.83
7,cis 8.687 brd (96) 8.658brd(95) 114.66 114.70
7,trans 8.11°p 8.19% 113.75 113.10
9, cis 6.493d (91)  6.878d (92) 95.03  98.33
9, trans 6.591d(91)  7.128d (93) 95.96  98.89

aThe numbers in parentheses are'fiNecoupling constants (in Hz).
b Chemical shift from thé>N-decoupled HSQC spectrum.

S1-S5). FAPy has been shown to exist in four forms that
differ in the stereochemistry of the formyl moietgig or
trans) and the configuration of the base relative to the
anomeric carbon of the ribose ©r 3) (13). In this paper
the a/f3 andcis/transratios were 1.21.9 and 710, respec-
tively. The{'H,3C}-HSQC spectrum (Figure S4) that was
observed with uniformlyN,*3C-labeled FAPy from reaction
of SCO 6655 is similar to that observed previoushy)(
Long-range heteronuclear correlations were observed from
H70 to C8x, H7 to C83, and H®x to Céa (data not shown).
DQF-COSY correlations were observed from H9 t0d [ftit

all four forms of FAPY (i-cis, 3-cis, a-trans andj-trans).

The location of the formyl group at N7 was confirmed by
two sets of long-range heteronuclear correlations. First, the
B3C-HMBC spectrum (Figure 5) shows a cross-peak between
the formyl proton (doublet at 8.2 ppm) and*& resonance
centered at 89.3 ppm amubt the resonances due to the 1
position of the ribose, which occur at 81.9 and 85.3 ppm for
the o and 8 anomers, respectively. The assignment of the
89.3 ppm resonance to the C5 position of the pyrimidine
ring is consistent with previous studies on related molecules
(24, 25). Furthermore, there is no evidence in the spectrum
of interaction between the formyl proton and the resonances
due to C6 of the pyrimidine ring (160.7 and 161.5 ppm for
the a and 3, respectively). Second, the observation of a
proton assigned to N9 and homonuclear correlation from this
proton to the Hlproton (DQF-COSY, Figure S5) as well

@ Numbers refer to protons attached to positions indicated in the g5 g |Ong-range heteronuclear correlation to the C6 carbon

structure from Table 2 The values in parentheses are the coupling
constants td'®C nuclei (in Hz) except as indicated by superscripts.
Chemical shifts are referenced to the residual HOD signal at 4.755
ppm. ¢ The values correspond to the coupling constarifitb

({*H—-13C} HMBC, data not shown) are additional evidence
for localization of the formyl moiety at N7.
The data presented in this paper clearly show that SCO

6655 is functionally distinct from GCH Il. The GTP cyclo-
the product of SCO 6655 are consistent with formation of hydrolase proteins have historically been named on the basis
FAPy. However, one may envision that the ring opening of the reactions that they catalyze. The naming of SCO 6655
catalyzed by SCO 6655 may leave the formyl group attachedis problematic: from an activity standpoint the protein should
to the N9 and not N7; such a compound would have the be named GCH lllI; however, from the point of view of se-
same mass spectrum as FAPy, and therefore, the massgjuence homology the protein is best described as GCH Il

spectral data do not unambiguously establish the structure.like. Therefore, we favor naming this protein GCH II/11l to

An NMR assignment of fNs-13C,]-FAPy generated by
SCO 6655 was undertaken to confirm the identity of the
product. A partial assignment of thé&C spectrum of FAPy
(positions 1-5" and 8) has been published3j; the 13C,

IH, and*N chemical shifts for the product of SCO 6655
are summarized in Tables—2. The spectra used in the
assignments includetd and'*C 1D spectra, 20 *H—13C}
and{*H—N} HSQC (7), {*H—1*N} and{*H—'3C} HMBC
(19), and DQF-COSY 18); representative examples of these
spectra are shown in the Supporting Information (Figures

reflect the fact that it has features in common with both
classes.

SCO 1441 Contains an Acé RibB DomainSCO 1441
is annotated as a bifunctional protein with an N-terminal
region that codes for DHBP synthase and a C-terminal region
that has homology to GCH II. In the previous section SCO
1441 was shown to be a functional GCH Il. SCO 1441 was
found to catalyze formation of DHBP at & 0.3 min?,
which is comparable to the turnover number of thecoli
protein @6). In contrast, no DHBP synthase activity was
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8.4 8.2 8.0 Ficure 7: Difference spectra observed with SCO 6655, SCO 2687,
Proton (ppm) and the Metl20Tyr variant of SCO 6655. Each assay mixture

. . _ contained 0.1 M Tris-HCI (pH 8.0), 5 mM Mggl0.5 mM DTT,
Ficure 5: Expanded region of the 2BH—*%C} HMBC spectrum and 85uM GTP in a total volume of 0.8 mL at 25C. Protein

of FAPy in2H,0 showing cross-peaks between the formyl proton concentrations were 1.4, 4.3, and 4 for SCO 6655, SCO 2687,

(H8) and the'*C resonance at position 5 of the base. Horizontal J4"the Met120T ; :
X i yr variant of SCO 6655, respectively. The raw
lines show the<C shifts of C6 (base) and Cgsugar), where cross- - jy/_yisiple spectra that were obtained in this experiment were

&%ail;ssggggl%fb'\enexpected if the formyl group had been located A gimilar to those shown in Figure 3 (data not shown). Spectral
' differences were calculated from the initial and final spectra
obtained immediately and 30 min after addition of substrate.
detected with SCO 2687 or SCO 6655 under similar
conditions. Therefore, of the three GCH Il homologues of T4 determine if the differing fate of GTP in SCO 6655
S. coelicoloronly SCO 1441 is a bifunctional protein that  can be linked to Met120, a Met120Tyr site-directed mutation
contains domains for production of both DHBP and APy. \yas introduced in SCO 6655. The protein was purified and
Molecular Switch That Controls the Fate of GTP in SCO assayed for activity with GTP. The difference spectral
6655.The differing fates of GTP observed with SCO 6655 changes that are observed when this protein is incubated with
relative to SCO 1441 and SCO 2687 are intriguing in the GTP are shown in Figure 7 and are compared to the spectral
context of the substantial sequence identity that each shareghanges that are observed with the wild-type SCO 6655 and
with the E. coli GCH II. The recent X-ray crystal structure SCO 2687 proteins under comparable conditions. The
of theE. coli GCH Il shows several residues that are in close difference spectrum of the reaction with this variant is
proximity of the GMP-CPP substrate analogue that was identical to that of SCO 2687. Moreover, the variant catalyzes
cocrystallized with the proteirl@). In the structure, Cys 54,  the conversion of GTP to APy at a rate comparable to those
65, and 67 ligate the active site zinc metal ion, consistent observed with SCO 1441 and SCO 2687 (see Table 1). The
with the biochemical data that show these residues to beformation of APy by the Met120Tyr variant of SCO 6655
essentialZ1). The hydroxyl oxygen of Tyr105is 4.3 A from  was confirmed by mass spectrometry and comparison to the
N7 of the GMP-CPP, and due to its close proximity this product isolated from the reaction of wild-type SCO 2687
residue has been postulated to be involved in the catalyticwith GTP (data not shown). Therefore, the Met120Tyr
cycle of the protein (see Figure 6). However, sequence variant of SCO 665%cquiresthe ability to produce APy.
alignments show that the corresponding residue in SCO 6655These results show that introduction of a single mutation
is a methionine (Met120). Intriguingly, a Met is present at can explain the functional diversification in GCH Il homo-
the analogous position in a homologue of SCO 6655 from logues ofS. coelicolor
S. aermitilis (27) which is localized in a similar gene A mechanism for GCH Il that is consistent with the
context. However, a Tyr occupies this position in all GCH experimental and structural data is shown in Figure 8. We
Il proteins that have been shown to catalyze the formation hypothesize that the zinc metal ion activates a water molecule
of APy. for attack at C8 of the substrate leading to formation of FAPy
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Ficure 8: Proposed catalytic mechanism for GCH Il. For simplicity, the hydrolysis of the pyrophosphate moiety, which occurs at a distant
location, is not shown. The hydrolysis of C8 of GTP to generate APy has been proposed to occur in two half-reactions. Our data support
the notion that the Tyr residue (not shown) in the active site of the protein (see Figure 6) acts in the second half-reaction.

in the first half-reaction. In the second half-reaction, an previously uncharacterized proteins annotated as GCH Il in
additional water molecule is thought to be involved in S. coelicolor

hydrolysis of the formyl group from FAPy leading to  ppysjological Role(s) of Three GCH Il Homologues in
formation of APy. Our data showing that the Met120Tyr s coelicolor We were surprised to find initially threarfs
variant of SCO 6655 produces APy instead of FAPy strongly \yith significant sequence similarity to GCH Il in the genome
support the notion that the tyrosine plays a key role in the sequence 08. coelicolor The biochemical data shown in
s.econd”n.alf?reaction but .that it has little or no effect on the this paper confirm that at least one (SCO 6655) has new
first. This is the key difference between the mechanism catalvtic function that is different from that of the GCH II.
presented in this paper and others in the literatG@. (An The gene contexts of these proteinsSincoelicolorsuggest
important corollary of our hypothesis is that the Tyr residue that, indeed, the physiological functions of these proteins
found in the enzymes that catalyze conversion of GTP 10 5,6 not overlapping.

APy, when mutated to Met, should lead to a change in the o
y 9 Closer examination of the sequence contexts for these

fate of GTP (toward formation of FAPY). . ;
, genes revealed that only one of the corresponding proteins,
_Although GCH | and GCH Il share litle sequence gco 1441, could be involved in the biosynthesis of ribo-
S|m|!ar|ty, there is an mterestlng parallel between the effect ¢..in. Most (but not all) of the proteins that are required
of site-directed mutation of residues near the N7 of the ¢ the conversion of GTP to riboflavin are present in this
substrate and the activity of the corresponding proteins. In oy ster. The only protein that is absent is a riboflavin-specific

the X-ray crystal structures of thE. coli and Thermus  yoaminase/reductase. Two homologues of the deaminase/
thermophilusGCH | proteins £8) a histidine residue (HiS179 o, ,ctase, however, are present elsewhere in the genome of
and His177, respectively) is found near N7 of the substrate. g yelicolor One of the homologues is located just down-

This position is analogous to that of Tyr105 in t&e coli stream of SCO 2687, and the role of this protein will be
GCH II structure. Interestingly, the His179 Ala, Asp, Phe, yeqcrined below. Nevertheless, it is reasonable to posit that

Lys, Asn, Gln, Arg, and Ser site—directed.\./ariants_ of the e cluster that bears SCO 1441 is involved in the biosyn-
E. coli GCH | produce no detectable quantities of dihydro- thesis of riboflavin.

neopterin triphosphatd 8) butacquirethe ability to produce
FAPpy. The pHisl$9 res?)due in qGCH | there¥orep has been The biological role of the cluster bearing SCO 2687 has

postulated to be involved in the hydrolysis of FAPy to APy been.ten_tatively assigned by compari_son to a cluster of
in the course of conversion of GTP to dihydroneopterin proteins mBurkhoIdena glumaeresponsmlg fo_r formation
triphosphate29). We note that the Met- Tyr site-directed ~ ©f toxoflavin (30, 31). In retrospect, this is perfectly
variation in the analogous position of SCO 6655 results in a '€@sonable and explains the presence of GCH Il and the

protein that catalyzes conversion of GTP to APy. Therefore riboflavin-specific deaminase/reductase in this cluster. Trace
despite the ethereal sequence similarities between GCH jradiolabel experiments carried by Levenberg and colleagues

and GCH II, both utilize similar strategies for hydrolysis of (32 33) in the 1970s with the producing strafiseudomonas

C8 of GTP to produce formate. Therefore, the C8 cleavage cocaenenanssuggest that GTP is a precursor to toxoflavin
activity of GCH | and GCH Il may represent a case for and that in the course of biosynthesis of this molecule C8

of GTP is lost whereas C2 is retained. Recent phylogenetic
evidence suggests thHat cocaenenanshould be reclassified
DISCUSSION as Burkholderia coceenenans(van Damme et al. 1960)
comb. nov 84, 35). To our knowledgeS. coelicolorhas
The results in this paper show that the three genesnot been shown to produce toxoflavin. However, an unspeci-
annotated as GCH Il irs. coelicolordo not have physi-  fied strain of Streptomyce$ias been shown to produce a
ologically overlapping functions. The most striking finding molecule, xanthothricin, which is identical to toxoflavi36(
from these studies is the observation that a single amino acid37), suggesting that at least some strainsStrieptomyces
appears to be responsible for the fate of GTP. In this section,probably encode a toxoflavin biosynthetic pathway. In this
we will speculate on the biological role(s) of the three paper, we show that the GCH Il protein from the cluster

convergent evolution.
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that bears SCO 2687 is capable of removing C8 of GTP. duplication in these and other organisms, in light of the
Biosynthesis of toxoflavin also requires deamination of the studies presented in this paper, is of interest.
remaining pyrimidine ring, a reaction that has been postulated SummaryA detailed analysis of the gene clusters that bear
to occur early in the biosynthetic pathwa88j, and explains  the three GCH Il homologues that are examined in this
the need for a riboflavin-specific deaminase in this cluster publication suggests that the physiological roles of these
(SCO 2688). The additional carbon and nitrogen atoms that proteins are not overlapping. The presence of duplicate copies
are present in the azapteridine ring of toxoflavin have been of the protein has presumably removed the physiological
shown by radiotracer experiments to be derived from glycine imperatives for retention of the parental activity leading to
(32 and assembled into the azapteridine by an unknown evolution of new function. Furthermore, we show that
pathway. In summarySCO 2687 SCO 2688 SCO 2692 evolution of a new activity in the GCH Il proteins appears
and SCO 269%orrespondoxB, toxE, toxC and toxDgenes  to require a single amino acid change. This is remarkable
that have been described in the toxoflavin biosynthetic and leads to two provocative questions: how many of the
pathway ofB. glumae(30, 31). genes that are annotated in genome databases as participating

The physiological role of the cluster that bears SCO 6655 in known chemical transformations have, in fact, evolved to
has been more elusive. A cluster of four genes has beencatalyze related but distinctly different transformations, and
shown recently to be involved in the biosynthesis of to what extent has nature exploited shutting down of half-
queuosine inBacillus subtilis(38). The cluster that bears  reactions carried out in the active site of an enzyme to evolve
SCO 6655 has one protein in common with the queuosine- pathways for formation of new compounds? Additional
containing cluster. Both appear to have a homologue of studies geared toward understanding the mechanism of action
6-pyruvoyltetrahydropterin synthase (PTPS), which catalyzes of GCH I, addressing the physiological role(s) of SCO 6655
the conversion of neopterin triphosphate to 6-pyruvoyltet- and SCO 2687 and the cluster of genes that bear them, and
rahydropterin. The biosynthesis of biopterin requires GCH the biological role(s) of duplicated GCH Il homologues in
I, 6-pyruvoyltetrahydropterin synthase, and sepiapterin re- nature are topics of ongoing investigation in the laboratory.
ductase. We find no evidence of a sepiapterin reductase
protein in the genome @. coelicolor however, the absence ACKNOWLEDGMENT
of a gene is not evidence for the lack of the pathway.
Interestingly, a homologue of PTPS is also preseii.inoli
(annotated aggcM) (39). Woo et al. 89) have shown that
YgcM has an alternate biopterin side-chain cleavage activity.
On the basis of sequence alignments StreptomyceSCO  o\;bpORTING INFORMATION AVAILABLE
6650 homologue lacks an essential active site cysteine side
chain which has been proposed, on the basis of structural Experimental procedures detailing the preparation of
and site-directed studies, to be required for activig) out S. coelicolorgenomic DNA, the cloning of the genes for
retains an aspartate residue that in the structure forms twothe proteins that were discussed, primer sequences, genome
hydrogen bonds to the pyrimidine ring of the substrate and contexts of SCO 1441, SCO 2687, and SCO 6655,80d
is likely an important binding determinant for the substrate. 14, 2D {1H—13C} HSQC (L7), {*H—*N} HMBC (19), and
Therefore, we postulate that the PTPS in the SCO 6655DQF-COSY (18) spectra used for the structural assignment
cluster ofS. coelicolorcatalyzes transformation(s) involving  of FAPy. This material is available free of charge via the
a purine substrate, though the identity of the substrate for |nternet at http://pubs.acs.org.
these proteins remains to be established.

The clusters bearing SCO 6655 coelicolordiffer in REFERENCES
that the queuosine biosynthetic cluster also houses a protein _ ) _ _
that has homology to the radical SAM family of proteins % E]‘;?e";'gl’ ngﬂl(é?%) On the Evolution of Biochemical Syn-
and an nitrile reductase that has been shown to catalyze the 5 opno, S. (1970Fs0lution by gene duplicatiarSpringer-Verlag,
conversion of pre@to preQ (38, 41). Both of these proteins New York.
are absent from the cluster of genesSn coelicolor We 3.Jensen, R. A. (1976) Enzyme recruitiment in evolution of new
should note, in passing, that queuosine has a 7-deazapurine  function, Annu. Re. Microbiol. 30, 409-425. _
structure and thabtreptomycebave been shown to make a 4. Bentley, S. D., Chater, K. F., Cerdeno-Tarraga, A. M., Challis,

. . G. L., Thomson, N. R., James, K. D., Harris, D. E., Quail, M. A.,
large number of 7-deazapurine-containing secondary metab-  gjeser, H., Harper, D., Bateman, A., Brown, S., Chandra, G.,

V.B. acknowledges numerous helpful discussions with
Dr. Matthew Cordes on protein structural and functional
evolution.
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. . b the model actinomycete Streptomyces coelicolor A3kBture
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pathOQ_eniC organisms_ (S. D. Morrison and V. Bandarian, 5 Gevers, D., Vandepoele, K., Simillon, C., and Van de Peer, Y.
unpublished observation). In at least one case to our (2004) Gene duplication and biased functional retention of
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. . . L acid. VI. Enzymatic conversion of carbon atom 8 of guanosine
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A broader examination of the role of GCH Il protein 278.
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