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Abstract
F420 is a flavin-like redox-active coenzyme commonly used by archaea and some eubacteria in a
variety of biochemical reactions in methanogenesis, the formation of secondary metabolites, the
degradation of nitroaromatic compounds, activation of nitroimidazofurans, and F420-dependent
photolysis in DNA repair. Coenzyme F420-2 biosynthesis from 7,8-didemethyl-8-hydroxy-5-
deazariboflavin (Fo) and lactaldehyde involves six enzymatic steps and five proteins (CofA, CofB,
CofC, CofD, and CofE). CofE, a F420-0:γ-glutamyl ligase, is responsible for the last two enzymatic
steps; it catalyses the GTP-dependent addition of two L-glutamate residues to F420-0 to form F420-2.
CofE is found in archaea, the aerobic actinomycetes, and cyanobacteria. Here, we report the first
crystal structure of the apo-F420-0:γ-glutamyl ligase (CofE-AF) from Archaeoglobus fulgidus and
its complex with GDP at 2.5 Å and 1.35 Å resolution, respectively. The structure of CofE-AF reveals
a novel protein fold with an intertwined, butterfly-like dimer formed by two-domain monomers. GDP
and Mn2+ are bound within the putative active site in a large groove at the dimer interface. We show
that the enzyme adds a glutamate residue to both F420-0 and F420-1 in two distinct steps. CofE
represents the first member of a new structural family of non-ribosomal peptide synthases.
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Introduction
Most enzymes exploit small molecules such as metals and cofactors, to enhance their catalytic
properties.1 These molecules can aid catalysis and expand the range of available enzymatic
functions. In keeping with their central importance, cells dedicate a large set of genes to

Correspondence to: A. Joachimiak, andrzejj@anl.gov.

NIH Public Access
Author Manuscript
J Mol Biol. Author manuscript; available in PMC 2009 May 7.

Published in final edited form as:
J Mol Biol. 2007 September 14; 372(2): 456–469. doi:10.1016/j.jmb.2007.06.063.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



synthesize and regenerate cofactors at a considerable metabolic cost. Many important and
broadly utilized cofactors, including nicotinamide adenine dinucleotide, coenzyme A,
pyridoxal phosphate, flavin adenine nucleotide, biotin, 5′-deoxyadenosyl cobalamin, thiamine
pyrophosphate, tetrahydrofolate, S-adeno-sylmethionine, iron clusters and metal ions have
been extensively characterized.

However, there are still a large number of newly discovered cofactors (e.g. nitrogenase P-
cluster and FeMo-cofactor,2,3 the hydrogenase H-cluster,4 and (6R)-5,6,7,8-tetrahydro-L-
biopterin (BH4), a cofactor of nitric oxide synthetase5) and some post-translational
modifications of proteins that await more detailed characterization.6 Recent studies of
prokaryotic organisms have revealed important insights into the remarkable chemistry and
mechanisms of biosynthesis of cofactors such as coenzyme M, methanofuran, methanopterin,
coenzyme B and coenzyme F420.7–13 Here, we focus on coenzyme F420-2 (F420-0-glutamyl-
glutamate) biosynthesis (Figure 1). F420 was first discovered in 1960 in myco-bacteria and 12
years later was isolated from Methanobacterium.14–17

F420 coenzyme has an important role in the metabolic pathways of methanogenic archaea,
bacteria and some eubacteria such as Streptomyces, Rhodococcus, Nocardioides,
Mycobacterium spp., and their relatives.18 The coenzyme has been recognized to participate
in a variety of biochemical reactions, including formation of different secondary metabolites,
the degradation of nitroaromatic compounds, activation of nitroimidazofurans, and is involved
in F420-dependent photolyase functions in DNA repair.19–23

Despite its structural resemblance to flavin-like coenzymes, F420 is functionally similar to the
nicotinamide adenine dinucleotide cofactors NAD and NADP. F420 is an obligate two-electron
acceptor, which is involved only in hydride transfer, with redox potential in the range of −340
mV to −350 mV.11 Upon reduction, 1,5-dihydro-coenzyme F420 is formed with a prochiral
center at C5. Thus far, only a few coenzyme-F420-dependent enzymes have been discovered
and all of these enzymes have been shown to be F420 si-face stereo-specific.24–26 Different
forms of the F420 cofactor have been observed including γ-glutamyl linked F420 and γ-glutamyl
F420 capped with a single α-linked L-glutamate (such as α-F420-3). In Archaeoglobus
fulgidus, γ-glutamyl linked F420 is the predominant form with F420-2 being the end product,
whereas in Methanocaldococcus jannaschii (formally Methanococcus jannaschii), the α-
F420-3 is the major form. The α-F420-3 is produced by CofF from γ-F420-2.27

Studies of the coenzyme F420 biosynthesis pathway revealed that the F420-0 (L-lactyl
phosphodiester of 7,8-didemethyl-8-hydroxy-5-deazariboflavin) intermediate is synthesized
in four steps requiring four enzymes (CofA, CofB, CofC, CofD) (Figure 1). In the first three
steps, lactaldehyde is converted to L-lactate by CofA28 and to 2-phospho-L-lactate by CofB. 2-
Phospho-L-lactate is then converted by CofC to lactyl (2) diphospho-(5′) guanosine. In the next
step, CofD transfers 2-phospholactate moiety from lactyl (2) diphospho-(5′) guanosine to 7,8-
dide-methyl-8-hydroxy-5-deazariboflavin (Fo) forming the F420-0. The fifth and sixth steps
require the GTP-dependent additions of two successive L-glutamate residues to the F420-0 and
F420-1 to form F420-2. Both of these reactions are catalyzed by the enzyme F420-0:γ-glutamyl
ligase (Figure 1), also known as CofE.

Sequence analysis revealed ~70 homologs of F420-0:γ-glutamyl ligases found in the
methanogenic archaea and Gram-positive bacteria with high G+C content.29 Biochemical
analysis of CofE from M. jannaschii showed that the enzyme forms dimers in solution and that
the addition of multiple γ-linked L-glutamates requires GTP, divalent (Mg2+, Mn2+) and
monovalent (K+) metal cations. 30 The CofE protein was selected as one of the targets by the
Midwest Center for Structural Genomics, since it was predicted to belong to a structurally
uncharacterized family of enzymes that shows no sequence similarity to any known protein.
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Here, we report the crystal structures of the apo- and GDP-bound forms of F420-0:γ-glutamyl
ligase (CofE-AF) from A. fulgidus strain DSM 4304. The structures were determined and
refined at 2.5 Å and 1.35 Å resolutions, respectively. The structure of the CofE-AF reveals a
novel protein fold, with two-domain monomers forming tight butterfly-like dimers. The γ-
glutamyl ligase activity of CofE has been confirmed in a biochemical experiment with the
F420-0 substrate and a putative active site has been identified at the dimer interface. The GDP,
which is a co-product of the reaction, and two manganese cations have been found at this site.

Results and Discussion
Recombinant CofE-AF shows F420-0:γ-glutamyl ligase activity in vitro

The CofE-AF protein coded by the gene AF2256 (gi:2648269) shares 46% sequence identity
with the biochemically characterized F420-0:γ-glutamate ligase CofE (MJ0768) from M.
jannaschi.30 The latter enzyme catalyzes the addition of two L-glutamate residues to F420-0 to
form the cofactor F420-2 (Figure 1).

CofE-AF, under the reaction conditions reported for M. jannaschii CofE (CofE-MJ),
demonstrated high F420-0:γ-glutamate ligase activity ( Figure 2). In the presence of 0.5 µM
F420-0 at 50 °C, the specific activity of CofE-AF was 22.7 nmol/min mg−1 protein (calculated
from the decrease in the F420-0 concentration) which is approximately ten times higher than
the Vmax calculated for CofE-MJ. In the first step of the reaction (first 10 min), CofE-AF
predominantly used F420-0 as a substrate and accumulated the F420-1 product (Figure 2). The
addition of the second glutamyl residue to F420-1 started when its concentration became close
to that of F420-0. Thus, similar to CofE-MJ (MJ0768), the protein encoded by AF2256 catalyzes
the addition of one glutamate residue to F420-0 and one glutamate residue to F420-1 in two
independent steps, confirming the function of CofE-AF as a F420-0:γ-glutamate ligase.

The solution of affinity chromatography-purified recombinant CofE-AF expressed in
Escherichia coli displayed a yellow color and its absorption spectrum showed the presence of
two peaks at 364 nm and 454 nm (and two shoulders at 435 nm and 486 nm) (data not shown).
The yellow color disappeared upon the addition of dithionite, a strong chemical reductant, and
the absorbance at a range of 400–500 nm decreased markedly. The yellow color was restored
upon exposure of the solution to air (data not shown). Very similar absorption spectra were
reported for FMN or FAD-containing proteins,31,32 suggesting the presence of such cofactors
in CofE-AF. HPLC analysis of small molecules extracted from CofE-AF revealed the presence
of pterin, FAD/FMN, riboflavin as well a small amount of lumizine, an intermediate of
riboflavin biosynthesis. Thus, it appears that ~10% of the E. coli-expressed CofE-AF molecules
retained flavin-like (and structurally similar to F420-0 substrate) metabolites during
purification. These small molecules are not observed in the crystal structure either due to low
occupancy or due to the fact that they were not incorporated into the crystal.

Crystal structure of CofE-AF and quality of the models
The structure of apo-CofE-AF was determined by synchrotron-based X-ray crystallography
using the single anomalous diffraction (SAD) phasing method from a seleno-L-methionine
(SeMet)-substituted enzyme to 2.5 Å resolution. The structure was refined using REFMAC,
33 yielding a crystallo-graphic Rwork of 19.4% and Rfree of 25.5%. The data collection and
refinement statistics are summarized in Table 1. The final model contains a dimer in the
asymmetric unit and accounts for 233 out of 249 possible amino acid residues and 49 water
molecules per monomer. The electron density map was generally of good quality; most of the
atoms could be positioned, except the N-terminal methionine of chain B, which was only
partially visible and was modeled as alanine, and two disordered loops in both chains (177–
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188 and 208–211). Also, cloning artifacts QGH at the N terminus and GS at the C terminus
were not observed in the density maps.

Subsequently, the crystals of CofE-AF with the co-product GDP and Mn2+ cations were
obtained and the structure of the complex was determined using molecular replacement. The
structure was refined with REFMAC33 to nearly atomic resolution (1.35 Å) (Table 1) with
Rwork of 16.0% and Rfree of 19.0%. The resulting electron density maps were of outstanding
quality, allowing modeling of all 248 residues (except N-terminal methionine residues, which
were disordered in this crystal form) in both chains A and B. In this case, the N and C-terminal
cloning artifacts were not visible in the density maps. The final model contains two molecules
of GDP, four Mn2+ cations, three molecules of ethylene glycol (EG), four acetate anions, one
molecule of glycerol and 586 water molecules.

Overall structure of the monomer
The structure of CofE described below is based on the near-atomic resolution (1.35 Å) model
of CofE-AF in complex with GDP and Mn2+. The CofE-AF is a homodimer with 249 amino
acid residues per monomer. The overall shape of the dimer resembles a butterfly with each
monomer contributing to a butterfly wing. A representation of the dimer is shown in Figure 3
(a). Structurally, the monomer could be further sub-divided into two domains: a large N-
terminal domain (residues 1–48 and 121–232) and a smaller C-terminal domain (residues 49–
120 and 233–249) (Figure 3(b)). The N-terminal domain consists of seven β-strands and four
α-helices (Figure 3(b)). The β-strands are organized into a highly twisted, five-stranded β-sheet
(resembling nearly half of a cylinder) and a 25 Å long hairpin structure (residues 174–194)
that crosses over to the other subunit. The top three strands (β1, β12, and β2) of the β-sheet are
antiparallel with respect to each other, while the bottom two strands (β8, β9) form an antiparallel
hairpin motif. The β-sheet is flanked by three α-helices on the concave side (surface-exposed)
and one α-helix on the convex site (dimer interface). The two-stranded hairpin (β10 and β11)
is connected via a ~15 Å hook-shaped loop that extends and coils with the opposite subunit of
the dimer. The small C-terminal domain consists of five β-strands, three α-helices and two
310 helices. The central feature of this domain is an anti-parallel, three-stranded β-sheet flanked
by two helices, a small two-stranded linker at the N-terminal side of the domain, and an α-helix
at the C-terminal part of the domain.

Organization of CofE homodimer
Size-exclusion chromatography (data not shown) suggests that CofE-AF is a dimer in solution.
This same oligomeric state was reported for M. jannaschii CofE.30 The crystal structure of
CofE-AF also strongly supports this observation. The dimeric state is well accounted for by
tight packing and extensive interactions between the subunits observed in the crystal structures
of both the apo-protein and the complex with GDP. In both cases, the asymmetric unit of the
crystal contains two monomers (A and B) related by a 2-fold, non-crys-tallographic axis. In
the GDP complex structure, monomers superimpose with a root-mean-squared deviation
(RMSD) of 0.35 Å over all 248 Cα atoms.34 As expected, the largest differences are observed
in the highly flexible hook-like loop regions (residues 177–178 and 184–188 of both
monomers). These residues are disordered in the apo-CofE structure.

The CofE-AF dimer interface is extensive and buries an accessible surface area (ASA) of 3670
Å2 per monomer, representing 27% of the monomer's surface, and falls within the highest range
for a complex formation (interface score of 1 as assessed by PISA server, where the scores
range from 0 to 1 as interface relevance to complex formation increases).35 In the N-terminal
domain, the five-stranded β-sheet with four turn helix 6 of one subunit interacts with the β-
sheet and equivalent helix 6 of the opposing subunit forming a ten-stranded anti-parallel β-
sheet barrel at the dimer interface. The β-sheet barrel encompasses both α-helices forming a
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unique design. On a broader level, a comparable fold can be observed in a so-called hotdog
fold,36 where typically a seven-stranded antiparallel β-sheet wraps around a five turn α-helix.
Although, α-helices occur frequently on the concave surface of a β-sheet, particularly in the
hot-dog fold and its variants,37 to the best of our knowledge this is the first example of
dimerization involving the formation of a two helix bundle wrapped by an antiparallel β-sheet
barrel. This motif strengthens the dimer through numerous hydrophobic and some hydrophilic
interactions. The antiparallel helices 6A and 6B make dipole–dipole interactions with each
other at an angle of 30°. Most significantly, these helices contribute to a hydrophobic core
through interactions with the concave surface of the β-barrel. The major feature of this surface
comprises an array of three pairs of valine residues from each monomer: V3 and V5, the
conserved V216 and the semi-conserved V218, V35, and V37. In addition, two symmetry-
related hairpins interact tightly on the side of the β-barrel.

At the center of the dimer interface the two subunits interact through long loops that swap to
the neighboring subunit and are involved in interactions with GDP (this region is disordered
in the absence of GDP in the apo-CofE structure). Because of the interaction of the loops with
the nucleotide and their close proximity to the presumed active site, we speculate that this
interaction is important in dimer stabilization and in catalysis (see Nucleotide and metal ion
binding site section, below). An interaction of short helices 7A and 7B provide additional
contacts within the dimer interface.

At the C-terminal end, the CofE-AF dimer appears to be further stabilized by three inter-subunit
disulfide bonds: C155(A)/C155(B), C244(A)/C248(B), and C248(A)/C244(B). In both crystal
structures the side-chains of cysteine residues are observed in double conformations,
suggesting partial disulfide bonds. Thus, it is not clear if the disulfide bonds formed as a result
of oxidation during the purification and crystallization of the enzyme or if they play a functional
role in the stabilization of the CofE-AF dimer. Nevertheless, the Cys residues are in favorable
positions to make disulfide bonds. Sequence alignment analysis indicates that these residues
are not conserved in the CofE family (Figure 4). Thus, we believe they may be structurally
important in some species, for example in thermophiles such as A. fulgidus. Apart from these
disulfide bridges, the interface is stabilized by almost 30 direct and solvent-mediated hydrogen
bonds. There are eight inter-subunit salt-bridges between R154(A)/D196(B), R157(A)/D196
(B), R158(A)/E238(B), and R179(A)/D211(B), and their corresponding counterparts. We can
conclude that as a result of these interactions and the extended dimer interface, the CofE-AF
dimer is well adapted to function at elevated temperatures.38–40

CofE-AF structure reveals a novel protein fold
A search for structural homologues of CofE-AF in the Protein Data Bank (PDB) using the
DALI server was performed for the entire monomer (248 residues), as well as for the two
individual domains.41 The search showed no significant structural similarity with any known
protein. The closest similarity was diaminopimelate epimerase from Hemophilus influenzae
(PDB code 1BWZ, RMSD of 3.4 Å and Z-score of 3.6).42 This enzyme shares only 8%
sequence similarity with CofE and shows only slight overlap (80 out of 249 residues) between
the structural motif α3, β12, β11 and α4 of diaminopimelate epimerase and α5 β8 β9 α6
corresponding elements of the N-terminal domain of CofE-AF. Similarly distant structural
matches between CofE-AF and F420H2:NADP+ oxidoreductase (PDB code 1JAX, RMSD 3.46
Å, Z-score 3.0)26 and delta(1)-pyrroline-5-carboxylate reductase (PDB code 2AMF, RMSD
3.15 Å, Z-score 2.6)43 were identified using protein secondary structure-matching algorithm
as implemented in the SSM program of the ProFunc programs suite.44 These results indicate
strongly that the structure of CofE-AF lacks any structural homologues in the current PDB and
therefore represents a novel protein fold. Thus, this enzyme represents the first member of a
new structural family of non-ribosomal peptide synthases.
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Catalytic site of CofE
The structure of the apo-CofE-AF dimer unveiled the presence of large symmetry-related deep
grooves at the dimer interface extending from the N-terminal domain toward the C-terminal
domain. Many highly conserved and potentially catalytic residues in CofE enzymes line up
along the molecular surface of these grooves (T41, D109, S111, N112, D150, and T151).
Therefore, these grooves are proposed to harbor the active site (Figure 5(a)). The shape of the
grooves at each subunit resemble an inverted Y-connector (Figure 5(a)) and could be divided
into three sub-cavities based on their position, depth and electrostatic potential. The top cavity
T (12 Å × 10 Å × 8 Å) is located at the middle of the N-terminal domain and is contoured by
helix 2, a loop positioned between strand 1 and helix 1, and a long loop placed between strand
12 and helix 6 (Figure 3(b)). This cavity has blended electrostatic charge with the top and
bottom part being positively and negatively charged, respectively. All residues of this cavity
are provided by a single chain. The bioinformatic comparative surface pattern analysis using
the GPSS45 server indicated that this part of the groove shows a high level of similarity to the
GTP-binding cavity of GTP cyclohydrolase I,46 and that it might bind GTP (further confirmed
by the co-crystallization with the GDP co-product, see below).

The other two cavities are located at the interface of the N and C-terminal domains with one
facing the dimer interface (an interface sub-cavity I) and the second extending symmetrically
along the monomer surface (convex sub-cavity C). The interface cavity I with the dimensions
of 16 Å × 8 Å × 9 Å is outlined by strands 5 and 6 of the C-terminal domain and β-hairpin
region formed by strands 8 and 9 of the N-terminal domain. The electrostatic analysis of this
cavity shows that this cavity is positively charged (Figure 5(a)), with the charges contributed
mainly by conserved residues R158 and R234. In turn, the convex cavity C is formed by helix
2, helix 4, strand 7, and part of the long loop connecting strand 6 and strand 7, and the loops
connecting the N and C-terminal domains. This cavity is mainly hydrophobic, with partial
negative charge, and is considerably shallower in comparison to the other two with dimension
of 8 Å × 7 Å × 4 Å deep. Three conserved residues, D109, S111, and T151, line at the
intersection of these three sub-cavities and represent potential catalytic residues.

Nucleotide and metal ion-binding sites
It has been shown that CofE-MJ requires GTP and divalent metal cations such as Mn2+ or
Mg2+ for enzymatic activity.30 In order to better define the active site cavities involved in
substrates, cofactor and metal binding, the CofE-AF was co-crystallized with GDP and
Mn2+ and the near-atomic resolution structure of the complex was determined. A close
inspection of the electron density maps revealed excellent electron density for GDP and
Mn2+. There are two Mn2+-binding sites per monomer within close proximity of the GDP α
and β-phosphate groups (Figures 3(a), 5(b) and (c)). This structure probably represents a state
of the reaction after GTP hydrolysis, L-glutamate transfer and dissociation of F420 product.

The GDP molecules and Mn2+ cations are bound to the cavity T of the groove within the N-
terminal domain. The Fourier difference density maps (2Fo–Fc, Fo–Fc) of the nucleotide and
neighboring Mn2+ cations were of excellent quality, allowing highly accurate refinement of
the ligand positions (Figure 5(b)). The GDP molecule interacted extensively with protein
residues from the loop located between β1 and α1, α2,310 helix, η2, the loop located between
β6 and β7 and the loop placed between α6 and β10. The β phosphate group extends to the
region where all three sub-cavities join. The interaction of the GDP molecule with protein
residues is summarized in Figure 5(c). The guanine ring of GDP binds to a highly hydrophobic
cavity composed of residues L11, P12, L13, I14, V42, I213, L182 (the L182 is contributed by
the loop of subunit B), and K45 (the only charged residue in the guanine-binding site). While
the majority of the hydrophobic residue side-chains point toward the bottom and the roof of
the cavity, the middle of the cavity is surrounded by the backbone carbonyl oxygen atoms,
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peptide bond amide groups of these residues, and the amino group (Nε) of the conserved K45.
These backbone residues interact with the guanine ring of the nucleotide by the extensive
network of hydrogen bonds illustrated by Figure 5(c). Interestingly, this main chain hydrogen
bond network seems to be able to discriminate guanine from adenine and other bases. The
ribose moiety of GDP, which displays a C2′-endo pucker, interacts with protein through the
hydroxyl groups of the ribose. The 2′ hydroxyl group forms hydrogen bonds with the peptide
bond amide hydrogen of G212 and the peptide bond carbonyl group of G209. The 3′ hydroxyl
group of the ribose moiety of GDP interacts also with the peptide bond carbonyl group of M206
and the backbone amide group of I213. Once more the main chain hydrogen bond network
seems to be able to discriminate ribose from 2-deoxyribose. Therefore, GTP is the preferred
cofactor based on the interaction with main chain atoms. This is in agreement with data reported
in the case of CofE-MJ.30 The diphosphate moiety of GDP forms hydrogen bonds with highly
conserved residues S40, T41, and N112 (Figure 5(c)) and additional interactions with protein
are mediated via metal ions and water molecules.

Two manganese ions bind to the GDP α and β-phosphate groups. Mn1 has distorted octahedral
coordination geometry with six oxygen atoms: O1α and O2β of the GDP diphosphate moiety,
OE1 of E208, OG1 of T151, and two water molecules. Mn2 is located near the β-phosphate
group of GDP in the region where all three sub-cavities merge and therefore its position appears
to be of critical importance to catalysis. Mn2 is coordinated by O3β of the GDP and two OD1
atoms of the aspartate residues D109 and D150. The partly distorted octahedral coordination
environment of Mn2 is completed by three water molecules (Figure 5(d)).

Structural implication for catalysis
Studies of nucleotide-dependent ligases such as tetrahydrofolate: L-glutamate γ-ligase (FPGS;
EC 6.3.2.17),47 and UDP-N-acetylmuramoyl-L-alanine: glutamate ligase (MurD; EC 6.3.2.9)
48 have shown that the amide bond-forming enzymes follow a common mechanism. In the
initial step, the acid carboxylate group of the substrate is activated by phosphorylation with
subsequent hydrolysis of the nucleotide triphosphate. Consequently, the carbonyl carbon of
the resulting acyl phosphate undergoes nucleophilic attack by the amine, leading to a tetrahedral
intermediate, which breaks down to the final product and inorganic phosphate.48,49 It is
proposed that CofE uses the same strategy.30 The formation of F420-1 or F420-2 by CofE-MJ
requires the activation of the free carboxylate group of either F420-0 or F420-1 by GTP and
creation of respective acyl-phosphate intermediates. This intermediate undergoes nucleophilic
attack by the amino group of the incoming glutamate residue, leading to formation of the
respective monoglutamate or diglutamate form of F420-0. Given that the CofE-AF catalyzes
the same reaction and shares a high level of sequence similarity with CofE-MJ, it is expected
that CofE-AF follows the same mechanism.

The crystal structures of apo- and GDP-bound forms of CofE-AF provide some structural
insights into the catalytic mechanism. Structural studies of FPGS and MurD showed two
different structural designs of nucleotide-dependent ligases with FPGS having two domains,
and MurD having three domain organizations, respectively. In both structures, the common
feature is the presence of a deep cleft formed between the domains. On a broad level, the
structure of the apo form of the enzyme reveals similar organization with the presence of the
deep grooves in each monomer. However, in contrast to the enzymes listed above, CofE-AF
shows extensive grooves with three sub-cavities (the top cavity T, the convex cavity C and the
interface cavity I) organized in a Y-connector shape ( Figure 5(a)).

In order for ligation to occur, GTP and F420-0 as well as L-glutamate should be brought close
together and should be oriented properly. It is reasonable to assume that the Y-connector design
would allow for the binding of each of the three ligands into the specific cavities in orientation
consistent with the mechanism outlined above. Along these lines, the structure CofE-AF
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complexed with GDP revealed that cavity T binds GDP and two manganese ions. At this point,
it is unclear in which sub-cavity F420-0 and L-glutamate binds. Structural analysis of the dimer
interface and the convex pockets in the apo and GDP-bound CofE-AF suggests that F420-0
could bind in the interface pocket rather than in the convex pocket. This observation relies
solely on features such as larger size of the interface cavity in comparison with the much smaller
convex pocket, presence of numerous conserved residues and the positive electrostatic
potential of this pocket. These features make the interface pocket better suited to bind a large
substrate, such as F420-0, in comparison with the convex pocket. The dimension and elongated
shape of this cavity would allow the binding of this substrate in extended conformation such
that the ring moiety could be placed at the hydrophobic region (F92, L94, V104, F156), whereas
the negatively charge 2-phospho-L-lactate moiety of F420-0 could be stabilized by the positively
charged patch in the center of the groove.

Given the Y-shaped architecture of the active center of the enzyme, the geometric constraints
that the proposed mechanism imposes on all three substrates, it is reasonable to hypothesize
that the L-glutamate has to be positioned on the side of the convex cavity. While we await
structural results to confirm this hypothesis, some conclusions can be drawn from the analysis
of the convex pocket environment in both the apo and complexed structures of CofE-AF. In
both structures, the center of the convex pocket is mainly hydrophobic and only potential
catalytic residues that could interact with charged L-glutamate are positioned at the edge of the
convex cavity. Conserved K71 and N105 residues are about 5 Å apart and could provide a
favorable environment for binding L-glutamate and enforce its proper orientation for attack on
the acyl phosphate. Supportive evidence for this hypothesis comes from the structural studies
of other members of the amide bond ligases superfamily (MurD, FPGS). Comparable
architecture of L-glutamate-binding sites was reported previously for FPGS and MurD. In MurD
K348, T321 and S415 were implicated in glutamate-binding, whereas in FPGS, residues K346,
H316, and S412 were proposed to have a role in the binding of a glutamate substrate.47,48

The comparison of the active site structures of CofE-GDP-Mn with MurD-ADP-Mg and FPGS-
AMPPCP-Mg complexes shows different arrangements of the metal-binding pockets. While
in CofE-AF, the Mn1 is bound in the pocket showing a similar metal-binding environment
(α and β-phosphoryl oxygen atoms of the GDP, OE1 of E208 and OG1 of T151, and two
ordered water molecules) to MurD (side-chain oxygen atom of S116 and E157, β-phosphoryl
oxygen atom of the ADP, and water molecules) and FPGS (the backbone oxygen atom of S73
and side-chain oxygen atom of E157, β-phosphoryl oxygen atom of the ADP, and water
molecules), the positioning of the pockets appears to be distinctly different. In MurD and FPGS
the divalent metal ion is positioned between the β and γ-phosphate groups of the nucleotide
(so called classical magnesium site),48,49 while in CofE-AF the α and β-phosphate oxygen
atoms coordinate the metal ion. With respect to the position and the coordination environment
of Mn2 in the structure of CofE-GDP-Mn, no similarity could be found in the FPGS and MurD
enzymes. In CofE-AF the Mn2 is strongly chelated by the carboxyl groups of D109 and D150
and O3 β-phosphoryl oxygen atom of the GDP. In FPGS, the second magnesium ion is bound
by γ and δ-phosphoryl oxygen atoms of the observed adenosine tetraphosphate.49 In the MurD
structure complex, the second metal ion interacts with the carboxyl oxygen atom of the L-alanine
moiety of the UMA substrate (UDP-MurNAc-L-Ala) and nitrogen atom of H183, and water
molecules.47

In conclusion, CofE-AF represents the first member of a new structural family of non-
ribosomal peptide synthases. The apo and complex structures reveal, for the first time, the
highly detailed snapshot of the active site architecture of this enzyme and the location of the
GDP cofactor and manganese ions. Although the CofE structure is unique and represents a
new protein fold, the enzyme shows some similarity in the overall organization of the active
site with other nucleotide-dependent ligases. It appears that these enzymes utilize similar
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design, where the active sites are positioned at the domain interfaces, with specialized sub-
regions involved in binding of substrates and cofactors. In this regard, CofE-AF shows a
conceptually similar organization that utilizes a Y-shaped design with three sub-cavities.
Enzymatic studies revealed that CofE-AF synthesizes F420-2 from F420-0 in two independent
binding events. It is puzzling how the enzymes can accommodate both substrates F420-0 and
F420-1 in the same active site to perform the addition of glutamate. Crystallographic and
biochemical studies are in progress to understand this interesting feature of the enzyme and
the details of its catalysis.

Materials and Methods
Materials

All reagents (except for F420-0) were purchased from Sigma.

Gene cloning, protein expression and purification
The open reading frame of CofE-AF (gi | 2648269) was amplified by PCR from A. fulgidus
strain DSM 4304 genomic DNA (ATCC). The gene was cloned into the NdeI and BamHI sites
of a modified pET15b cloning vector (Novagen) in which the TEV protease cleavage site
replaced the thrombin cleavage site, and a double stop codon was introduced downstream from
the BamHI site. This construct provides an N-terminal His6 tag separated from the gene by a
TEV protease recognition site (ENLYFQ↓G). The fusion protein was overexpressed in E.
coli BL21-Gold (DE3 (Stratagene) harboring an extra plasmid encoding three rare tRNAs
(AGG and AGA for Arg, ATA for Ile). The cells were grown in LB at 37 °C to an A600 of ~0.6,
and protein expression was induced with 0.4 mM IPTG. After induction, the cells were
incubated with shaking overnight at 15°C. The harvested cells were resuspended in binding
buffer (50 mM Hepes (pH 7.5), 500 mM NaCl, 5% (v/v) glycerol, 5 mM imidazole), flash-
frozen in liquid N2 and stored at −70°C. The thawed cells were lysed by sonication after the
addition of 0.5% (v/v) NP-40, 1 mM PMSF and 1 mM benzamidine. The lysate was clarified
by centrifugation (30 min at 27,000g) and passed through a DE52 column pre-equilibrated in
binding buffer. The flow-through fraction was applied to a metal chelate affinity column
charged with Ni2+. The His6-tagged protein was eluted from the column in elution buffer (50
mM Hepes (pH 7.5), 500 mM NaCl, 5% glycerol, 500 mM imidazole) and the tag then cleaved
from the protein by treatment with recombinant His6-tagged TEV protease. The cleaved protein
was resolved from the cleaved His6 tag and the His6-tagged protease by passage of the mixture
through a second Ni2+-column.

The CofE-AF protein was dialyzed against 10 mM Hepes (pH 7.5), 500 mM NaCl, and
concentrated using a BioMax concentrator (Millipore). Before crystallization, any particulate
matter was removed from the sample by passage through a 0.2 mm pore size Ultrafree-MC
centrifugal filter (Millipore). For the preparation of SeMet-labeled protein, CofE-AF was
expressed in the E. coli methionine auxotroph strain B834(DE3) (Novagen) and purified under
the same conditions as the native protein in supplemented M9 medium. The reducing reagent
β-mercaptoethanol was added (5 mM final concentration) to all purification buffers.

Synthesis of F420-0
F420-0 was synthesized enzymatically using recombinantly produced MJ1117 gene product
and CofD (MJ1256)27 from M. jannaschii. Each 1 ml reaction mixture contained 50 mM Tris–
HCl (pH 7.5), 0.1 mM GTP, 11 mM lactyl phosphate, 0.08 mM Fo, 1 mM MnCl2, 16 µg of
MJ1117 gene product and 40 µg of CofD. Since this enzyme system is inhibited by high
concentrations of GTP, 5 mM phosphoenol pyruvate and 17 units of pyruvate kinase (Sigma
P-1381) were included in order to regenerate GTP from the GMP formed in the reaction. The
reactions were incubated at 37°C for 12 h, after which approximately 80% of the Fo had been
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converted to F420-0. Proteins were precipitated by the addition of 1.5 volumes of methanol and
removed by centrifugation (14,000g, 10 min). The reaction mixture was concentrated by
evaporation with a stream of nitrogen gas and loaded onto a C18 column (1 cm × 25 cm)
equilibrated with water. Under these chromatographic conditions, Fo binds to the column and
F420-0 elutes. The fractions containing the purified F420-0 were combined and concentrated
by evaporation with a stream of nitrogen gas at 70°C. The concentration of the sample was
determined from the absorbance at 421 nm. Purity of the sample was determined by HPLC on
a C18 column (Varian Pursuit XRs-C18; 4.6 mm × 250 mm, 5 µm film thickness) with a linear
gradient from 5% (v/v) to 80% methanol in 95% (v/v) 25 mM sodium acetate (pH 6.0) at 0.5
ml/min over 40 min (start after 5 min). Fo and F420-0 were detected with excitation at 420 nm
and emission at 480 nm.

Enzymatic activity of CofE-AF
F420-0:γ-glutamyl ligase enzymatic activity was measured using HPLC as described.30 The
reaction mixture (50 µl final volume) contained 50 mM Ches-Na buffer (pH 8.5), 0.2 M NaCl,
5 mM MgCl2, 5 mM MnCl2, 5 mM GTP, 10 mM L-glutamate, 0.5 µM F420-0, 0.1 µg of CofE-
AF. The reaction was incubated at 50 °C for the indicated time and terminated by the addition
of EDTA (10 mM final concentration). Quantitative analysis of the reaction products was
performed on a Varian Prostar HPLC using a C18 reversed-phase chromatography column
(AXXI-CHROM ODS; 4.6 mm × 250 mm, 5 µm film thickness) as described. The elution was
monitored by the deazariboflavin fluorescence (excitation wavelength 420 nm, emission
wavelength 480 nm). Under our chromatographic conditions, the F420-0 derivatives showed
the following retention times: F420-0, 23.8 min; F420-1, 19.6 min; and F420-2, 11.7 min.

Crystallization
CofE-AF crystallization was performed by the sitting-drop and hanging-drop methods using
vapor diffusion at 18 °C. Diffraction-quality crystals were obtained by mixing equal (1 µl)
volumes of the protein and a solution containing a mixture of the reservoir solution (0.2 M
ammonium acetate, 0.1 M sodium citrate (pH 5.6), 25% (w/v) PEG 5K MME). The colorless
crystals appeared typically within five to ten days, and reached a typical size of 0.3 mm × 0.3
mm × 0.3 mm. CofE-AF crystallizes in the primitive tetragonal space group P41212, with cell
dimensions of a = 100.39 Å, b = 100.39 Å, c = 92.96 Å, α = β = γ = 90°. The crystal asymmetric
unit contains two molecules, with the VM value of 2.32 Å3/Da, which corresponds to a solvent
content of 46.6% (v/v). Before data collection, crystals were soaked for few seconds in a
cryoprotectant consisting of 20% (v/v) ethylene glycol in the crystal mother liquor and then
flash-frozen in liquid nitrogen.

In order to determine the structure with GDP and manganese ions, the protein was incubated
with 10 mM GDP and 10 mM MnCl2 for 20 min before the crystal setup. The conditions
described above were used to grow the crystals. The GDP, MnCl2-treated protein crystals
resembled the previously obtained crystals showing the same morphology and size, as well as
space group. The only difference observed was the unit cell dimensions, which changed by
about 2 Å in each dimension to a = 98.37 Å, b = 98.37 Å, c = 94.35 Å, α = β = γ = 90°.

Data collection
A SAD experiment was carried out on the 19-ID beamline of the Structural Biology Center at
the Advanced Photon Source.50 The experimental set-up involved taking two test diffraction
images 90° apart, from which we evaluated the optimal exposure time, oscillation range,
orientation of the crystal and resolution of the data to be collected. Diffraction data were
collected from a SeMet-substituted crystal of CofE-AF protein and native protein (no SeMet)
co-crystallized with GDP and MnCl2 using inverse-beam geometry at the selenium absorption
peak ((12.6603 keV (0.9794 Å)) to 2.5 Å and 1.35 Å, respectively. In both cases, before data

Nocek et al. Page 10

J Mol Biol. Author manuscript; available in PMC 2009 May 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



collection, X-ray florescence spectrums were recorded from the samples, which identified the
presence of Se and Mn in the proteins, respectively. The SBCCollect program was used for
data collection and visualization.50 All data were integrated and scaled with the software
package HKL3000.51 Data collection and processing statistics are shown in Table 1.

Structure determination
The structure of the CofE-AF apo-enzyme has been determined by SAD phasing, density
modification, and initial protein model building as implemented in the HKL3000 software
package.51–57 The initial model (~40% of the Cα trace built) was further extended manually
by using the program COOT.57 Several cycles of manual model rebuilding using COOT and
refinement with REFMAC 5.2 were carried out.52 The final model was refined against all
reflections in the resolution ranges of 40.0−2.5 Å, except for the 5% randomly selected
reflections that were used for monitoring Rfree. The final round of refinement was carried out
by using translation/libration/screw (TLS) refinement with 20 TLS groups per molecule. The
TLS operators were calculated using the TLSMD server,58 which indicated that partitioning
of chains A and B into 20 flexible pieces may be optimal and should lead to maximal reduction
in R/Rfree.

The structure of CofE-AF-GDP-Mn complex has been phased by the molecular replacement
method using the previously determined structure of apo-CofE-AF dimer as a search model,
since the substrate-soaked crystals were non-isomorphous with the apo-enzyme crystal.
Molecular replacement searches were completed with MOLREP (R-factor 0.44, correlation
coefficient 0.48)59 of the CCP4 suite. Only a few rounds of rebuilding and readjusting in the
program COOT were required to obtain the final model. The final model was refined against
all reflections in the resolution ranges of 40.0−1.35 Å, except for the 5% randomly selected
reflections that were used for monitoring Rfree. The quality of the structure models was
checked with PROCHECK.60 The final refinement statistics are presented in Table 1.

Size-exclusion chromatography
The molecular mass of CofE-AF apo-protein in solution was evaluated by size-exclusion
chromatography on a Superdex-200 10/30 column (Pharmacia) by using crystallization buffer
and calibrated with ribonuclease A (13.7 kDa), ovalbumin (43 kDa), albumin (67 kDa),
aldolase (158 kDa), catalase (232 kDa), and thyroglobulin (669 kDa) as standards. The
calibration curve of Kav versus log molecular mass was prepared by using the equation:

where Ve is the elution volume for the protein, V0 is the column void volume, and Vt is the total
bed volume.

Protein Data Bank accession codes
The atomic coordinates and structure factors for apo-CofE-AF and for CofE-AF complexed
with GDP and Mn2+ have been deposited in the RCSB Protein Data Bank with accession codes
2G9I and 2PHN, respectively.

Abbreviations used
Fo, 7,8-didemethyl-8-hydroxy-5-deazariboflavin
F420, the 7,8-didemethyl-8-hydroxy-5-deazariboflavin
F420, N-(N-L-lactyl-γ-L-glutamyl)-L-glutamic acid phosphodiester of 7,8-didemethyl-8-
hydroxy-5-deazariboflavin
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F420-0, F420 with no glutamic acid
F420-1, F420 with one glutamic acid
F420-2, F420 containing two glutamate residues
SAD, single anomalous diffraction
TLS, translation/libration/screw
ASA, accessible surface area
RMSD, root-mean-square deviation
MR, molecular replacement
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Figure 1.
Proposed pathway of the biosynthesis of coenzyme F420 based on the studies of a representative
Archaea, M. jannaschi..27,61 The reaction catalyzed by the enzyme F420-0:γ-L-glutamyl ligase
(CofE) is highlighted in the yellow box.
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Figure 2.
CofE-AF activity assay showing the time-course of substrate F420-0 depletion and the
formation of products F420-1 and F420-2) in the presence of L-glutamate and GTP.
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Figure 3.
Structure of the CofE-AF. (a) Ribbon diagram of the homodimer of CofE-AF. The dimer
resembles a butterfly and occupies a volume of 73 × 52 × 38 Å3. Chain A is colored orange
and chain B is colored blue. Molecules of GDP are shown as yellow, red and blue sticks, and
Mn+2 ions are shown as magenta spheres. Secondary structure elements, GDP site and N and
C termini are labeled. (b) Overall view of the monomer of CofE-AF showing two domains:
the N-terminal domain highlighted in orange and C-terminal domain highlighted in light
yellow. Secondary structure elements are labeled. (c) Close-up view of the unique dimerization
interactions involving formation of an antiparallel two helices bundle wrapped by an
antiparallel ten-stranded β-sheet barrel. Non-polar side-chains are shown as yellow sticks
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including six pairs of Val residues. These Figure and Figure 5 were prepared using PyMOL
[http://www.pymol.org].
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Figure 4.
Multiple sequence alignment of selected representatives of the F420-0:γ-L-glutamate ligase
family and its homologues from microorganisms known to produce coenzyme F420. Sequence
identities are highlighted in red and similarities are shown as red letters. The corresponding
secondary structure elements of CofE-AF are shown on the top (black). Magenta stars indicate
residues that coordinate metal ions, and green dots indicate residues interacting with a
nucleotide (GDP). The Gene Bank accession numbers correspond to the following proteins:
gi|2648269 CofE-AF from A. fulgidus DSM 4304, gi | 19887484 uncharacterized conserved
protein Methanopyrus kandleri AV19, gi|15791326 hypothetical protein VNG2586C
Halobacterium sp. NRC-1, gi|15679037 hypothetical protein MTH1019 M.
thermautotrophicus str. Delta H, gi|2833574 F420-0:γ-glutamyl ligase M. jannaschii MJ0768,
gi|45358500 F420-0:γ-L-glutamate ligase from M. maripaludis S2. The sequence alignment was
performed using the program Multalin62 and the Figure was generated using ESPript.63
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Figure 5.
Active site of the CofE-AF. (a) Surface rendering of the apo-Cof-AF structure. White broken
lines highlight a region of the putative active site, resembling an inverted Y-connector. (b)
2Fo–Fc electron density map contoured at 3σ covering the molecule of GDP and two
magnesium ions (magenta). (c) A representation of GDP interactions with the surrounding
protein residues (blue lines) and solvent molecules (red lines) in molecule A of CofE-AF.
Distances are shown along with bond donors and acceptors. The alternative conformation
interactions are highlighted in green. (d) Close-up view of the Mn2+-binding site. Manganese
ions are represented by magenta balls. The coordination geometry of each Mn2+ is illustrated
as red lines with the coordinating atoms labeled and distances (in Å) marked as superscripts.
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Table 1
Data and refinement statistics

A. Data collection statistics CofE CofE+GDP+Mn

Space group P41212 P41212

Unit cell dimensions

  a (Å) 100.39 98.37

  b (Å) 100.39 98.37

  c (Å) 92.96 94.35

Wavelength (Å) 0.9794 0.9794

Resolution (Å) 40–2.50 40–1.35

No. observed reflections 34,373 823,035

No. unique reflections 16,992 190,592

Rmerge
a (%) 8.9 (43.6) 5.5 (48.9)

Completeness (%) 99.9 (99.2) 98.7 (97.9)

I/Σ 22.8 (4.0) 22.3 (4.7)

B. Phasing

Phasing method SAD MR

Resolution range (Å) 40–3.0 40–3.0

No. SeMet residues 8 0

Phasing statistics Phasing
power 1.53

R-factor 0.44;
CCb 0.48

C. Refinement statistics

Resolution range (Å) 40.0–2.50 40.0–1.35

Rcryst (%) 19.4 16.0

Rfree (%) 25.5 19.0

No. non-hydrogen atoms 3704 4784

No. protein atoms 3603 4076

GDP ions – 2

Mn ions – 4

Solvent ions 98 586

RMSD from target values

  Bond lengths (Å) 0.020 0.012

  Bond angles (deg) 1.83 1.56

Average B factors Protein main chain (Å2) 25.2 17.6

  Protein side-chain (Å2) 28.3 20.5

Mn – 12.3

GDP – 11.9

H2O 44.3 33.9

Numbers in parentheses are values for the highest-resolution bin.

a
Rmerge = ΣhklΣi | Ii–<I>/ΣhklΣi | <I> |, where Ii is the intensity for the ith measurement of an equivalent reflection with indices h, k, and l.

b
CC, correlation coefficient.
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