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Abstract: Pantoea ananatis is a Gram-negative bacterium first recognized in 1928 as the causative
agent of pineapple rot in the Philippines. Since then various strains of the organism have been impli-
cated in the devastation of agriculturally important crops. Some strains, however, have been shown to
function as non-pathogenic plant growth promoting organisms. To date, the factors that determine
pathogenicity or lack thereof between the various strains are not well understood. All P. ananatis
strains contain lipopolysaccharides, which differ with respect to the identities of their associated
sugars. Given our research interest on the presence of the unusual sugar, 4-formamido-4,6-dideoxy-D-
glucose, found on the lipopolysaccharides of Campylobacter jejuni and Francisella tularensis, we were
curious as to whether other bacteria have the appropriate biosynthetic machinery to produce these
unique carbohydrates. Four enzymes are typically required for their biosynthesis: a thymidylyltransfer-
ase, a 4,6-dehydratase, an aminotransferase, and an N-formyltransferase. Here, we report that the
gene SAMN03097714_1080 from the P. ananatis strain NFR11 does, indeed, encode for an N-formyl-
transferase, hereafter referred to as PA1080c. Our kinetic analysis demonstrates that PA1080c dis-
plays classical Michaelis–Menten kinetics with dTDP-4-amino-4,6-dideoxy-D-glucose as the substrate
and N10-formyltetrahydrofolate as the carbon source. In addition, the X-ray structure of PA1080c,
determined to 1.7 Å resolution, shows that the enzyme adopts the molecular architecture observed for
other sugar N-formyltransferases. Analysis of the P. ananatis NFR11 genome suggests that the three
other enzymes necessary for N-formylated sugar biosynthesis are also present. Intriguingly, those
strains of P. ananatis that are non-pathogenic apparently do not contain these genes.
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Introduction
Pantoea ananatis is a Gram-negative yellow-pigmented
bacterium first discovered in 1928 as a source of pineap-
ple rot in the Philippines.1 It is a ubiquitous organism

that can survive under a myriad of environmental con-
ditions including airplane fuel, and it is now considered
an emerging plant pathogen.2,3 Infections of such crops
asmaize, rice, melons, and onionswithP. ananatis have

Abbreviations: dTDP, thymidine diphosphate; dTMP, thymidine monophosphate; HEPPS, N-2-hydroxyethylpiperazine-N0-
3-propanesulfonic acid; HPLC, high-performance liquid chromatography; TEV, tobacco etch virus; Tris, tris-(hydroxymethyl)
aminomethane.

X-ray coordinates have been deposited in the Research Collaboratory for Structural Bioinformatics, Rutgers University, New Bruns-
wick, N. J. (Accession no. 6NBP) and were released on December 19, 2018.

Broader statement: Pantoea ananatis is a Gram-negative bacterium that can infect such agriculturally important crops as maize
and rice. Various strains of P. ananatis contain lipopolysaccharides, which are complex glycoconjugates that often contain
unusual dideoxysugars. The research presented here demonstrates that P. ananatis strain NFR11 has the required enzymes to
produce an N-formylated sugar that may ultimately be important for the virulence of this emerging plant pathogen.
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led to devastating economic consequences. Indeed, the
outbreak of Sweet Vidalia onion rot in Georgia in 1997
resulted in significant agricultural damage, with some
farms suffering nearly 100% loss.4 In South Africa, the
bacterium has been linked to the widespread destruc-
tion of Eucalyptus trees.5 Unlike typical plant patho-
gens, some strains of P. ananatis are also capable of
infecting humans and insects.3 Whereas most studies of
this bacterium have focused on its role in plant disease,
there are strains of P. ananatis that have been shown to
promote crop growth.3 The factors that allow
P. ananatis to adapt and survive in such diverse natural
habitats are unclear. Equally important, the biochemi-
cal elements required for the pathogenicity or lack
thereof of specific strains are not completely
understood.

As is typical for Gram-negative bacteria,
P. ananatis contains a lipopolysaccharide or LPS, a
complex glycoconjugate that extends outwards from
the organism’s outer cell membrane. The LPS con-
sists of three components: the lipid A portion that
links the glycoconjugate to the bacterial cell mem-
brane, the core polysaccharide, and the O-antigen,
which often contains unusual di- and trideoxysugars.
It is the O-antigen that contributes to the wide spe-
cies variation observed in nature.6 Thus far, the
structure of the O-antigen for one strain of
P. ananatis (AEP17) has been determined via NMR
spectroscopy and shown to contain an unusual D-
galacturonamide moiety.7

Given our long-standing interest in unusual
sugar biosynthesis, and in particular on N-formylated
sugars, we utilized a simple bioinformatics analysis
to determine whether any strains of P. ananatis con-
tained the genes required for the production of such
carbohydrates. Briefly, we performed a BLAST®

search to discover gene sequences that were similar
to those encoding enzymes previously investigated in
the laboratory.8–15 The vast majorities of “hits” were
annotated as L-methionyl-tRNA N-formyltrans-
ferases. For those open-reading frames, whereby the

complete bacterial genome sequences were known,
the surrounding DNA sequences were subsequently
analyzed via BLAST® to determine if the additional
genes required for N-formylated sugar biosynthesis
were also present, namely those encoding a thymidy-
lyltransferase, a 4,6-dehydratase, and a pyridoxal 50-
phosphate-dependent aminotransferase.

A perusal of the P. ananatis strain NFR11
genome highlighted such a protein of interest that
was encoded by SAMN03097714_1080 and originally
annotated as an L-methionyl-tRNA N-formyltransfer-
ase. This particular strain of P. ananatis was isolated
in the United States from switchgrass.16 Here, we
report the three-dimensional structure of the protein
encoded by SAMN03097714_1080 and hereafter
referred to as PA1080c. On the basis of both struc-
tural and biochemical data, we suggest that PA1080c
is, in fact, a sugar N-formyltransferase that converts
dTDP-4-amino-4,6-dideoxy-D-glucose (dTDP-Qui4N)
to dTDP-4-formamido-4,6-dideoxy-D-glucose (dTDP-
Qui4NFo) and employs N10-formyltetrahydrofolate
(N10-formyl-THF) as the carbon source (Scheme 1).
Our analysis provides new molecular details into this
ubiquitous yet unconventional plant pathogen.

Results and Discussion

Kinetic properties
As described in the Materials and Methods section,
the gene encoding PA1080c was chemically synthe-
sized and utilized to produce recombinant protein.
Given its amino acid sequence similarity and homol-
ogy to Rv3404c, a sugar N-formyltransferase from
Mycobacterium tuberculosis (39% and 48%, respec-
tively), we anticipated that PA1080c would function
on dTDP-Qui4N and would employ N10-formyl-THF
as the carbon source.15 To test this hypothesis, a sim-
ple activity assay was conducted overnight with a
mixture of PA1080c, dTDP-Qui4N, and N10-formyl-
THF. The structures of the substrate and cofactor are
provided in Scheme 1. Shown in Figure 1 are HPLC
traces of the reaction mixture at time zero (blue) and
time 12 h (red). Peaks 1, 2, and 4 correspond to
dTDP-Qui4N, dTMP (a contaminant), and N10-for-
myl-THF/THF, respectively. After 12 h a new peak
(Peak 3) was observed with a retention volume of
13 mL. The ligand corresponding to this peak was
purified, and its identity confirmed to be dTDP-
Qui4NFo via electrospray ionization mass spectrome-
try in the negative ion mode (Fig. 2).

A detailed kinetic analysis was subsequently con-
ducted via a discontinuous HPLC assay. A plot of dTDP-
Qui4N concentration versus reaction rate is presented in
Figure 3. PA1080c demonstrates classical Michaelis–
Menten kinetics. The KM for dTDP-Qui4N is 0.29 �
0.05 mM and the kcat is 0.84 � 0.11 s−1. The overall cata-
lytic efficiency or kcat/KM for PA1080c is 2.9 × 103 (� 400)

Scheme 1. Reaction catalyzed by PA1080c and its required
cofactor.
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M−1 s−1, which is comparable to that observed for other
sugarN-formyltransferases.8–10,13–15,17

Overall three-dimensional structure of PA1080c
The crystals of PA1080c utilized in this investigation
were grown from poly(ethylene glycol) 3350 at pH 8.0
and in the presence of 5 mM N5-formyl-THF (a stable
analog of N10-formyl-THF) and 5 mM dTDP-Qui4N.
They belonged to the space group P3121 with one
polypeptide chain in the asymmetric unit. The model
was refined to an overall R-factor of 18.8% at 1.7 Å
resolution. Shown in Figure 4(A) is the observed elec-
tron density corresponding to the bound ligands. As
can be seen, the electron density for the dTDP-sugar
is unambiguous whereas that for the cofactor is weak
due to low occupancy. Experiments to achieve higher
occupancy for the cofactor were unsuccessful. These
included soaking the crystals for days in either 5 mM
N5-formyl-THF or N10-formyl-THF.

A ribbon representation of the monomer is pre-
sented in Figure 4(B). The structure is dominated by
a seven stranded mixed β-sheet flanked on either side
by α-helices. There is an additional β-hairpin motif
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Figure 1. HPLC activity assay of PA1080c. To test the activity
of PA1080c, a mixture of the enzyme with dTDP-Qui4N and
N10-formyl-THF was incubated overnight. Shown are the
HPLC traces of the reaction mixture at time zero (blue) and
time 12 h (red). Peaks 1, 2, and 4 correspond to dTDP-Qui4N,
dTMP (a contaminant), and N10-formyl-THF/THF, respectively.
After 12 h a new peak (Peak 3) was observed with a retention
volume of 13 mL.
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Figure 2. Electrospray ionization mass spectrometry before and after assay incubation. Shown in (A) is the mass spectrum for
dTDP-Qui4N, which corresponds to Peak 1 in Figure 1. The mass spectrum for the ligand associated with Peak 3 (Fig. 1) that
formed after incubation is presented in (B), and it corresponds to dTDP-Qui4NFo.
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delineated by Ala 240 to the C-terminus. The first
12 residues at the N-terminus were disordered. In
addition, there was a break between Ala 143 and Asp
146. This region connects β-strands six and seven
[Fig. 4(B)].

Examination of the crystalline packing arrange-
ment shows that PA1080c forms the dimeric quaternary
structure observed for other sugarN-formyltransferases
that function on dTDP-Qui4N.9,11,15 The total buried
surface area for the dimer, displayed as a ribbon repre-
sentation in Figure 4(C), is ~3600 Å2.

Active site architecture
A close-up view of the PA1080c active site is dis-
played in Figure 5. The thymine ring of dTDP-Qui4N,
surrounded by the aromatic side chains of Tyr
122 and Phe 237, is hydrogen bonded into the active
site by Asn 239 and three water molecules. The imid-
azole ring of His 234 abuts one side of the dTDP-
Qui4N ribosyl moiety, which is further anchored to
the protein via a hydrogen bond between its
3-hydroxyl group and the side chain of Gln 124. The
side chains of His 92, Lys 94, and Tyr 168 interact
with the pyrophosphoryl group of the dTDP-Qui4N
ligand. Finally, the pyranosyl group of dTDP-Qui4N
lies within hydrogen bonding distance to the back-
bone carbonyl of Gly 120, the backbone amide of Tyr
122, and four water molecules.

There are three amino acid residues that appear
to be strictly conserved amongst the N-formyltrans-
ferases.19 In PA1080c, these correspond to Asn
109, His 111, and Asp 146 (Fig. 5). It is thought that
the conserved histidine serves as a catalytic base to
remove a proton from the sugar amino group as it

attacks the carbonyl carbon of N10-formyl-THF. In
keeping with this hypothesis, Nδ1 of His 111 lies
within 3.9 Å of the pyranosyl C-40 amino group. In
other sugar N-formyltransferases, the side chains of
the conserved aspartate and asparagine lie within
3 Å of one another. As can be seen in Figure 5, how-
ever, Asp 146 is positioned outside of the active site
(it is preceded by the break in the electron density
between Ala 143 and Asp 146). This movement is
most likely due to the low occupancy of the N5-for-
myl-THF ligand, as discussed in more detail below.

Comparison with M. tuberculosis Rv3404c
The first model of a sugar N-formyltransferase that
functions on dTDP-Qui4N was described in 2014.9

Unfortunately, all attempts to prepare a ternary com-
plex of the enzyme from Francisella tularensis with
dTDP-Qui4N and a tetrahydrofolate-based cofactor
were unsuccessful. Subsequently, the structure of a
similar enzyme from Providencia alcalifaciens O30
was reported in a ternary complex but the conserved
histidine was located at ~7 Å from the sugar amino
group, suggesting that the dTDP-Qui4N ligand had
bound in a non-productive conformation due to the
crystallization conditions.11 In 2017, the structure of
Rv3404c from M. tuberculosis was determined, and
the ternary complex model demonstrated that the
conserved histidine was appropriately positioned to
interact with the sugar amino group.15

A superposition of the ribbon representations for
Rv3404c and PA1080c is presented in Figure 6(A).
The alpha carbons for the two proteins superimpose
with a root-mean-square deviation of 1.5 Å. The
dTDP-sugar ligands adopt virtually identical confor-
mations within the active site regions of these
enzymes. The PA1080c protein is 26 amino acid resi-
dues longer than the Rv3404c enzyme, and this dif-
ference primarily results in a larger surface loop
defined by Lys 39 to Phe 46 and a longer N-terminal
region [Fig. 6(A)].

An amino acid sequence alignment for the four
N-formyltransferases that have thus far been shown
to function on dTDP-Qui4N is provided in Figure 6(B).
Asn 109, His 111, and Asp 146 are strictly conserved
not only amongst the sugarN-formyltransferases but also
amongst the L-methionyl tRNA N-formyltransferases
and the glycinamide ribonucleotide transformylases.20,21

There are three residues that are only conserved
amongst the N-formyltransferases that function on
dTDP-Qui4N: His 92, Lys 94, and Asn 239. The first
two are intimately involved in positioning the pyro-
phosphoryl moiety of the dTDP-sugar ligand into the
active site whereas the third hydrogen bonds to the sub-
strate’s thymine ring [Fig. 6(C)]. Given that these resi-
dues are not conserved in those N-formyltransferases
that function on dTDP-Qui3N, their existence in an
“open-reading frame” sequence may aid in more appro-
priate annotations.8,10,13 Likewise, unique to the sugar
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Figure 3. Initial velocity kinetic data for PA1080c. The
concentration of N10-formyl-THF was held constant at 5 mM,
whereas the dTDP-Qui4N concentrations ranged from
0.01 mM to 5.0 mM. In presenting the data as we do, we are
adhering to standard conventions in enzymology. Measuring
velocities over a wide range of substrate concentrations allows
us to obtain data that define both kcat and kcat/KM well, which
is not accomplished by measuring replicates at fewer different
concentrations. The graph shown allows for a qualitative
appreciation of the quality of the data; the quantitative
goodness-of-fit to the Michaelis–Menten equation is given by
the standard errors as described in the Materials and Methods
section.
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N-formyltransferases described here is the character-
istic signature sequence defined by Pro 112 to Tyr
122 (PA1080c numbering). This region, which connects
β-strand 5 to α-helix 5, surrounds both the cofactor and
the dTDP-sugar as can be seen in Figure 6(C). The aro-
matic side chain of Trp 121 plays a key role in binding
the pyranosyl ring of the substrate by participating in
CH/π interactions. These types of interactions were
first suggested to be important determinants in

carbohydrate/protein recognition well over 40 years
ago and since have been investigated and extensively
reviewed.22–24

Biochemical context
In 2012, the structure of the O-antigen from
P. alcalifaciens O30 was shown to contain Qui4NFo,
and the pathway for its biosynthesis was proposed,
as outlined in Scheme 2.17 In addition to the

Figure 4. Overall structure of PA1080c. Shown in stereo in (A) is the observed electron density for the dTDP-sugar ligand and the
tetrahydrofolate-based cofactor. The omit map was calculated with coefficients of the form Fo−Fc where Fo and Fc were the native
and calculated structure factor amplitudes, respectively. The map was contoured at 3σ. The B-factors for the dTDP-sugar and the
cofactor were 22.4 and 49.9 Å2, respectively. A stereo ribbon representation of the monomer in the asymmetric unit is presented
in (B). The α-helices and β-strands are colored in teal and purple, respectively. The quaternary structure of PA1080c is presented
in (C) with the subunit:subunit interface highlighted in orange. This figure and Figures 5 and 6 were prepared with the software
package PyMOL.18

Hofmeister et al. PROTEIN SCIENCE | VOL 28:707–716 711711



N-formyltransferase, three other enzymes are
required: a glucose-1-phosphate thymidylyltransfer-
ase, a 4,6-dehydratase, and a pyridoxal 50-phosphate-
dependent aminotransferase. We have demonstrated
in this investigation that PA1080c functions as a
sugar N-formyltransferase. Given that the structure
of the O-antigen of the P. ananatis strain studied
here is not known, however, the question then is
whether the organism has the other required
enzymes to produce N-formylated sugars. DNA
sequence analysis of the P. ananatis NFR11 genome,
and in consideration of operon context, suggests that
the bacterium has, indeed, the required enzymatic
activities. Listed in Table I are the genes encoding
these hypothetical proteins and their amino acid
sequence similarities and homologies to known
enzymes. The putative P. ananatis thymidylyltrans-
ferase and the 4,6-dehydratase are remarkably simi-
lar to previously studied enzymes. Whereas the
presumed aminotransferase shows less amino acid
sequence similarity to known protein structures, the
gene encoding it lies within the same operon as that
for PA1080c.

One important question that needs to be
addressed is whether the presence of an N-formylated
sugar on the O-antigen of a bacterium plays a role
in virulence. Given that the existence of an
N-formylated sugar on the O-antigen of Pseudomonas
aeruginosa was first reported in 1985, it is somewhat
surprising that there is still a paucity of data regard-
ing the biological roles of these carbohydrates.28

Interestingly, the loss of an N-formyltransferase in
Brucella melitensis, a zoonotic Gram-negative bacte-
rium that infects sheep and causes brucellosis in
humans, results in a bacterial strain with attenuated
pathogenicity.29

Pantoea ananatis is a fascinating plant pathogen
in that certain strains cause disease whereas others
promote plant growth.3 Currently completed or draft
genomes of various P. ananatis strains are listed in
Table II. Strikingly, in those non-pathogenic organ-
isms, the genes encoding the enzymes required for
N-formylated sugar biosynthesis are apparently
absent according to our simple BLAST® analysis.
Whether this trend continues as more genomes are
sequenced remains to be determined.

In summary, we have shown that PA1080c func-
tions as an N-formyltransferase and that most likely
at some point in the life cycle of P. ananatis strain
NFR11 N-formylated sugars are produced. Additional
biological investigations will be required to define the
location of these sugars. Indeed, it is not clear
whether they are found on the O-antigen or perhaps
on exopolysaccharides. In addition, by comparing
the structures and amino acid sequences of four
N-formyltransferases that function on dTDP-Qui4N,
several signature sequences have been identified that
will aid in more accurate annotations of protein func-
tions based on amino acid sequences.

Materials and Methods

Cloning, expression, and purification
The gene encoding SAMN03097714_1080 (PA1080c)
from P. ananatis strain NFR11 was synthesized
by Integrated DNA Technologies and placed into
pET28T3G, a laboratory pET28b(+) vector that had
been previously modified to incorporate a TEV pro-
tease cleavage recognition site after the N-terminal
polyhistidine tag.30

The pET28T3G-PA1080c plasmid was utilized
to transform Rosetta2(DE3) Escherichia coli cells

Figure 5. Stereo view of the PA1080c active site. Those residues that lie within ~3.2 Å of the dTDP-sugar and the
tetrahydrofolate-based cofactor are displayed. The dashed lines indicate possible hydrogen bonding interactions. Ordered water
molecules are depicted as red spheres. The coloring scheme is the same as described in Figure 4.
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(Novagen). The cultures were grown in lysogeny
broth supplemented with kanamycin (50 mg/L) and
chloramphenicol (50 mg/L) at 37�C with shaking until
an optical density of 0.8 was reached at 600 nm. The

flasks were cooled in an ice bath, and protein expres-
sion was initiated with the addition of 1 mM isopro-
pyl β-D-1-thiogalactopyranoside. The cells were then
allowed to grow at 22�C for 18 h.

Figure 6. Comparison of PA1080c with other N-formyltransferases. A superposition of the ribbon drawings for PA1080c and
M. tuberculosis Rv3404c, colored in blue and wheat, respectively, is shown in stereo in (A). An amino acid sequence alignment of
known N-formyltransferases that function on dTDP-Qui4N is provided in (B). The positions of the β-strands and α-helices are
indicated by the magenta arrows and the blue rectangles, respectively. A superposition of the active sites for PA1080c and
M. tuberculosis Rv3404c, displayed in blue and wheat, respectively, is presented in (C). The labeled residues refer to those in
PA1080c (with the exception of D117*, which corresponds to the residue found in Rv3404c).

Hofmeister et al. PROTEIN SCIENCE | VOL 28:707–716 713713



The cells were harvested by centrifugation and
disrupted by sonication on ice. The lysate was cleared
by centrifugation, and PA1080c was purified with

Prometheus™ Ni-NTA agarose (Prometheus Protein
Biology Products) according to the manufacturer’s
instructions. The polyhistidine tag was removed by

Scheme 2. Predicted pathway for the production of dTDP-Qui4NFo.

Table I. Genes Encoding Proteins Required for dTDP-Qui4N Biosynthesis

Gene identifier Proposed function
Closest relative of known

structure/function
Amino acid sequence
identity/similarity (%)

PDB code
and reference

SAMN03097714_1322 Glucose-1-phosphate
thymidylyltransferase

G1P-TT or RmlA
Escherichia coli

89/93 1H5T25

SAMN03097714_1324 4,6-Dehydratase RmlB
Salmonella enterica

82/88 1G1A26

SAMN03097714_1082 Aminotransferase DesI
Streptomyces venezuelae

34/52 2PO327

Table II. Pantoea ananatis Strains (Reported in Weller-Stuart et al.3)

Strain Status Interest Source
Presence of gene encoding

N-formyltransferase

P. ananatis AJ13355 Complete Biotechnology Soil No
P. ananatis AMG521 Draft Plant growth promoter Rice paddy No
P. ananatis B1-9 Draft Plant growth promoter Rhizosphere of onion root No
P. ananatis CFH 7–1 Draft Plant pathogen Cotton ball Yes
P. ananatis LMG 5342 Complete clinical isolate human wound Yes
P. ananatis NS296 Draft Endophyte Rice seed Yes
P. ananatis NS303 Draft Endophyte Rice seed Yes
P. ananatis NS311 Draft Endophyte Rice seed Yes
P. ananatis PA4 Draft Plant pathogen Maize Yes
P. ananatis PaMB1 Draft Plant pathogen Maize Yes
P. ananatis RSA47 Draft Endophyte Rice seed Yes
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digestion with TEV protease. The TEV protease and
remaining tagged PA1080c were removed by passage
over Ni-NTA agarose, and the tag-free protein was
dialyzed against 10 mM Tris–HCl (pH 8.0) and
200 mM NaCl and concentrated to 19 mg/mL based
on an extinction coefficient of 1.64 (mg/mL)−1 cm−1.

Activity assay
A reaction mixture containing 50 mM HEPPS
(pH 8.0), 1 mM dTDP-Qui4N, 2 mM N10-formyl-THF,
and 0.5 mg/mL PA1080c was allowed to incubate at
room temperature overnight. The enzyme was then
removed via filtration with a 10 kDa cutoff filter, and
the mixture was diluted 10× with water and exam-
ined by HPLC. A 0–1 M gradient of ammonium ace-
tate (pH 4.0) was utilized with a 1 mL Resource-Q
column. Evaluation of the reaction products was per-
formed via electrospray ionization mass spectrometry
in the negative ion mode. The required dTDP-Qui4N
was prepared as previously described.9

Kinetic analyses
Kinetic parameters for PA1080c were determined via a
discontinuous assay using an ÄKTA Purifier HPLC sys-
tem. Reaction rates were determined by measuring the
amount of N-formylated product formed on the basis of
peak area as monitored at 267 nm. The concentration
was determined from the peak area via a calibration

curve with standard samples that had been treated in
the same manner as the reaction time points. The
1.5 mL reaction mixtures contained 5 mM N10-formyl-
THF, 50 mM HEPPS (pH 8.5), 0.01 mg/mL PA1080c,
and dTDP-Qui4N concentrations ranging from 0.01 mM
to 5.0 mM. Five 250 μL aliquots were taken over
2.5 min, and the reaction aliquots quenched by the
addition of 12 μL of 6 M HCl. Following the addition of
200 μL of carbon tetrachloride and vigorous mixing, the
samples were spun at 14,000g for 2 min, and 200 μL of
the aqueous phase removed for HPLC analysis. The
samples were diluted with 2 mL water and loaded onto
a 1 mL Resource-Q column. Products were quantified
after elution with an 8-column volume gradient from
0 to 400 mM LiCl (pH 4.0, HCl). A plot of initial veloc-
ity versus concentration was analyzed using PRISM
(GraphPad Software, Inc.) and fitted to the equation
vo = (Vmax[S])/(KM + [S]).

Crystallization and structural analysis
Crystallization conditions for PA1080c were surveyed
at both room temperature and 4�C by the hanging drop
method of vapor diffusion using a laboratory-based
sparsematrix screen. X-ray diffraction quality crystals of
the enzyme were subsequently grown from precipitant
solutions containing 13–16% poly(ethylene glycol) 3350,
5 mM N5-formyl-THF, 5 mM dTDP-Qui4N, 200 mM
NaCl, and 100 mM HEPPS (pH 8.0) at 21�C. The crys-
tals belonged to the space group P3121 with unit cell
dimensions of a = b = 75.9 Å and c = 87.6 Å. The asym-
metric unit contained onemonomer.

For X-ray data collection, the crystals were trans-
ferred to a cryoprotectant solution containing 15%
poly(ethylene glycol) 3350, 400 mM NaCl, 5 N5-formyl-
THF, 17% ethylene glycol, 5 mM dTDP-Qui4N, and
100 mM HEPPS (pH 8.0).

An X-ray data set was collected in-house with a Bru-
ker AXS Platinum-135 CCD detector controlled with the
PROTEUM software package (Bruker AXS). The X-ray
source was Cu Kα radiation from a Rigaku RU200 X-ray
generator equipped with Montel optics. The X-ray data
were processed with SAINT and scaled with SADABS
(Bruker AXS). The structure was solved by molecular
replacement with PHASER31 using as a search model
the coordinates of PDB entry 4YFV.11 Iterative cycles
of model building with COOT and refinement with
REFMAC reduced the Rwork and Rfree to 18.6% and
22.6%, respectively, from 50 to 1.7-Å resolution.32–34

All relevant X-ray data collection and model
refinement statistics are presented in Table III.
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Table III. X-ray Data Collection and Model Refinement
Statistics

Resolution limits (Å) 50–1.7 (1.8–1.7)a

Number of independent reflections 32,264 (4954)
Completeness (%) 98.3 (94.1)
Redundancy 7.6 (3.7)
Avg I/Avg σ(I) 13.1 (2.1)
Rsym (%)b 6.1 (43.3)
cR-factor (overall)%/no. reflections 18.8/32,264
R-factor (working)%/no. reflections 18.6/30,727
R-factor (free)%/no. reflections 22.6/1537
number of protein atoms 1995
number of heteroatoms 307
Average B values
Protein atoms (Å2) 27.0
Ligand (Å2) 30.7
Solvent (Å2) 36.4

Weighted RMS deviations from ideality
Bond lengths (Å) 0.011
Bond angles (�) 1.6
Planar groups (Å) 0.009

Ramachandran regions (%)d

Most favored 97.9
Additionally allowed 2.1
Generously allowed 0.0

aStatistics for the highest resolution bin.
bRsym = ðP jI−Ij=PIÞ× 100.
cR-factor = (Σ|Fo−Fc|/Σ|Fo|)×100 where Fo is the
observed structure-factor amplitude and Fc. is the calcu-
lated structure-factor amplitude.
dDistribution of Ramachandran angles according to
PROCHECK.35
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