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The purification, crystallization and preliminary

structural characterization of glucose-1-phosphate

thymidylyltransferase (RmlA), the first enzyme of
the dTDP-L-rhamnose synthesis pathway from

Pseudomonas aeruginosa

Glucose-1-phosphate thymidylyltransferase (RmlA; E.C. 2.7.7.24) is
the first of four enzymes involved in the biosynthesis of dTDP-L-
rhamnose, the precursor of L-rhamnose, a key component of the cell
wall of many pathogenic bacteria. RmlA catalyses the condensation
of thymidine triphosphate (dTTP) and «-D-glucose-1-phosphate
(G1P), yielding dTDP-D-glucose. RmlA from Pseudomonas aerugi-
nosa has been overexpressed and purified. Crystals of the enzyme
have been grown using the sitting-drop vapour-diffusion technique
with PEG 6000 and lithium sulfate as precipitant. Several diffraction
data sets of single frozen crystals were collected to a resolution of
1.66 A. Crystals belonged to space group P1, with unit-cell
parameters a = 71.5, b = 73.1, ¢ = 134.7 A, a =899, g =809,
y = 81.1°. The asymmetric unit contains eight monomers in the form
of two RmlA tetramers with a solvent content of 51%. Seleno-
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methionine-labelled protein has been obtained and crystallized.

1. Introduction

L-Rhamnose is a 6-deoxyhexose that is found
in the cell wall of many pathogenic micro-
organisms. In Gram-negative bacteria it is one
of the important residues of the O-antigen of
lipopolysaccharide, a factor that is a key
determinant for the virulence of these species.
In P. aeruginosa, this sugar is a constituent of
the core oligosaccharide and serves as the
receptor for O-antigen polymer (Rahim et al.,
2000). Mycobacteria, on the other hand, utilize
L-rthamnose in the arabinogalactan (AG) that
attaches the lipid mycolic acid layer to the
peptidoglycan layer (McNeil et al, 1990).
Inhibitors of the synthesis of AG stop cell
growth and some, such as ethambutol, are
effective drugs in the treatment of tuberculosis
(see, for example, Deng et al., 1995). As
L-thamnose is not found in mammals, inhibi-
tion of its biosynthetic pathway presents a
target for the development of novel antibiotics.

Four enzymes, glucose-1-phosphate thymi-
dylyltransferase (RmlA), dTDP-p-glucose 4,6-
dehydratase (RmlB), dTDP-6-deoxy-D-xylo-4-
hexulose (RmIC) and dTDP-6-deoxy-L-lyxo 4-
hexulose-4-reductase (RmlD), are required for
the synthesis of dTDP-L-rhamnose from «-D-
glucose-1-phosphate and dTTP. Significantly,
these proteins are highly conserved amongst
microorganisms (see, for example, Ma et al.,
1997; Graninger et al, 1999) and therefore

conclusions drawn from the structure of a
protein from one species will have strong
implications for the corresponding enzyme
from other organisms.

After having successfully crystallized RmlB,
RmlIC and RmlID (Giraud, Gordon et al., 1999;
Giraud, McMiken et al., 1999; Allard et al.,
2000), we here describe the overexpression,
purification and crystallization of the
pathway’s first enzyme, RmlA, from P. aeru-
ginosa. This protein is not only involved in the
biosynthesis of L-rhamnose but also in the
pathways leading to other 6-deoxysugars such
as L-talose or p-fucose, as these share common
intermediates in the conversion of D-glucose to
their end-products (Nakano er al, 2000;
Yoshida et al., 1999). The enzyme is highly
homologous to other bacterial sugar nucleo-
tide transferases (e.g. glucose-1-phosphate
uridylyltransferase). The sugar nucleotide
transferases catalyse the first step in all sugar-
nucleotide chemistry and are of key impor-
tance in biology and biotechnology. As RmlA
shows no sequence relationship to any protein
structure currently deposited in the PDB
(Sussman et al., 1998), it is expected to contain
a novel fold. The -currently favoured
mechanism is that in which the oxygen of G1P
carries out a nucleophilic attack on the
nucleotide triphosphate (NTP) «-phosphate
group. This is an ordered sequential bi-bi
mechanism and is consistent with the known
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inversion of stereochemistry at the NTP
a-phosphate group (Sheu & Frey, 1978;
Fig. 1).

P. aeruginosa is a Gram-negative
bacterium that colonizes many children with
cystic fibrosis, where it is a significant cause
of morbidity and mortality. In addition, it is
an opportunistic pathogen that can cause a
wide variety of infections, particularly in
victims of severe burns and in patients who
are for any reason immunosuppressed. This
makes P. aeruginosa one of the most
prevalent pathogens in hospital-acquired
infections. Owing to its high resistance to
antibiotics it is a particularly dangerous
pathogen and any approach towards its
control is highly sought.

2. RmlA overexpression and
purification

The open reading frame of the gene
encoding RmlA from P. aeruginosa was
amplified using PCR with primers that
incorporated a 5’ Ncol and a 3" BamHI site
to facilitate cloning into a modified
pET23a(+) vector (Newton & Mangroo,
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Figure 1

The reaction catalysed by RmlA.

1999). The plasmid also contained a
sequence coding for a 6xHis-tag on the
N-terminus of RmlA to allow an easy
purification on metal-chelating columns.
Expression involves the IPTG (isopropyl-S-
D-thiogalactoside) inducible T7 promotor
and ribosome-binding sites conferred by the
vector. The sequence of the amplified and
cloned gene was confirmed to be identical to
the chromosomal copy (except for the
N-terminal 6 x His-tag).

In order to overexpress RmlA, Escher-
ichia coli BL21(ADE3) cells transformed
with the plasmid were grown at 310K
in Luria-Bertani medium containing
100 pg ml™! ampicillin until the ODyggg
reached 0.6-0.8. Expression of the protein
was then induced by addition of 1 mM
IPTG. After a further 3 h of culture, cells
were harvested by centrifugation (20 min,
6000g, 277 K).

The cell pellet was resuspended in a lysis
buffer containing 20 mM Tris-HCl pH 8.5,
100 mM NaCl, 2mM DTT, SmM PMSF,
100 pg ml™! hen egg-white lysozyme. After
30 min incubation at room temperature, the
viscosity of the mixture was decreased by the
addition of DNAse I (20 pgml™") and by
sonication (five cycles of 1 min
interrupted by 1 min periods on
ice). The suspension was centri-
fuged at 20 000g and 277 K for
W/ 20 min and the supernatant was
brought to 20% ammonium
sulfate saturation. After incuba-
tion on ice for 1h, a second
centrifugation (20 min, 20 000g,
277 K) was carried out and the
supernatant was dialysed against
two changes of 1120 mM Tris—
HCl pH 7.0, 20 mM imidazole,
500mM NaCl. The filtered
protein solution was passed
through a POROS-MC column
which had been pre-loaded with
nickel sulfate. Proteins were
eluted with a 20-500 mM imida-
zole gradient. A protein with a
molecular weight corresponding
to RmlA (~34 kDa) was found
in a peak eluting at approxi-
mately 200 mM imidazole. Frac-
tions corresponding to this peak
were pooled, concentrated with
a 10kDa cutoff Amicon
membrane and dialysed against
two changes of 1120 mM Tris—
HCI pH 8.5 at 277 K, containing
10 mM EDTA in the first change
to remove contaminating nickel
ions. For further purification, the
protein was applied to a

POROS-HQ anion-exchange column on a
BioCAD 700E Workstation. Elution was
achieved with a 50-1000 mM NaCl gradient.
RmlA eluted at a salt concentration of
200 mM. Pooled fractions were brought to a
protein concentration of approximately
4 mg ml™" as determined by Bradford assay
(Bradford, 1976) using bovine serum
albumin as standard and were dialysed
against two changes of 50 mM Tris—HCI pH
7.5 at 277 K. Prior to crystallization experi-
ments, DTT was added to 4 mM and the
solution was filtered through a 0.2 pm
membrane. This procedure typically yielded
30 mg of pure protein per litre of bacterial
culture. Small aliquots of the purified
protein could be stored at 255 K without
deterioration for several months without the
addition of cryoprotecting agents.

Selenomethionine labelling of P. aerugi-
nosa RmlA could not be achieved in met™
B834(ADE3) E. coli cells. Under all condi-
tions tested, the protein formed inclusion
bodies. Selenomethionine-enriched protein
was therefore produced by inhibition of the
methionine biosynthesis pathway in E. coli
BL21(ADE3) (Doublie, 1997). Briefly, cells
were grown in M9 medium (64gl™"
Na,HPO,-7H,0, 15 g17" KH,PO,, 2.5g1™"
NaCl, 5g1~' NH,CI, 1 mM MgSO,, 0.4%
glucose, 0.1 mM CaCl,) at 310 K until the
ODggp reached 0.6. At this stage, the amino
acids lysine, phenylalanine and threonine
were added to final concentrations of
100 mg 17! and isoleucine, leucine and valine
to S0mgl~". Seleno-L-methionine was
added to a concentration of 60 mg1~'. The
temperature was lowered to 303 K and the
culture left to shake for a further 15 min
before protein overexpression was induced
with 1 mM IPTG. After 6h, cells were
harvested and lysed as described above.
13 mg of pure protein per litre of culture
could be isolated.

3. Protein analysis

Following the two HPLC steps, the
protein appeared to be pure as judged by
an SDS silver nitrate stained gel (single
band at an apparent molecular weight of
34 kDa), the calculated molecular weight
based on sequence being 33773 Da. A
single peak with a molecular weight of
33 803 Da was found in the MALDI mass
spectrum. Dynamic light-scattering results
(DynaPro 801) indicated the
protein to be monodisperse, with a mole-
cular weight in the range 106-122 kDa,
indicative of a trimeric or tetrameric
protein. N-terminal sequencing was per-
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Table 1

Data-collection statistics for non-Se-labelled RmlIA crystals.

Values in parentheses refer to the highest shell.

Crystal grown in
the presence of

Glucose-1-phosphate
(G1P)

Glucose-1-phosphate dTDP-glucose G1P/thymidine/AlF; dTMP

X-ray source Rotating anode ID14EH1
Wavelength (A) 1.542 0.934

Resolution (A) 36.27-2.27 40.49-1.90
(2.40-2.27) (1.99-1.90)
Unit cell (A, ©) a=716, a=717
b =735 b =737
c=1342 c=1345
o =899 o =90.0
B =808 B =809
y =808 y =809
Vu (A*Da™") 2.55 2.56
Total measurements 305802 377690
Unique reflections 116157 202988
Ilo(I) 6.8 (4.8) 92 (1.9)
Average redundancy 2.6 (2.3) 1.9 (1.9)
Completeness (%)  94.2 (84.2) 96.1 (95.6)
Runergel (%) 65 (15.2) 5.4 (28.6)

ID14EH1 ID14EH1 BM14

0.934 0.934 0978

4049-177  3627-1.87 32.12-1.66
(1.86-1.77)  (1.97-1.87) (1.74-1.66)

a=716 a=1713 a=1715

b=734 b=731 b=731

c=1343 c=1337 c=1347

o =899 o =900 a =899

B =806 B =814 B =809

y =809 y =816 y =811

254 252 254

483036 333697 1141819

242450 183207 297160

7.1 (2.4) 6.9 (2.4) 10.9 (2.0)

2.0 (1.3) 1.8 (13) 3.8 (2.0)

93.9 (774) 847 (66.8) 942 (81.2)

72 (302) 6.7 (29.1) 53 (33.2)

T Rmerge = 2 2 I(h); — (I(h))/Y_ Y I(h);, where I(h) is the measured diffraction intensity and the summation includes all

observations.

formed and confirmed the protein to be
RmlA.

The efficiency of the selenomethionine-
labelling procedure was scrutinized by
MALDI mass spectrometry. A shift of
+304 Da was found for the intact labelled
protein, corresponding well to the predicted
additional mass of 282 Da (six methionine
residues per chain). In an important and
useful second check, sulfur methionine-
containing fragments were undetectable in
the MALDI mass spectrum of a tryptic
protein digest.

4. RmlA crystallization

Initial crystallization conditions
obtained from Hampton Research Crystal
Screens I and II (Jancarik & Kim, 1991;
Cudney et al., 1994) plus NaCl, PEG 6000,
PEG 6000/lithium sulfate and MPD grids.
The sitting-drop vapour-diffusion method
(Ducruix & Giegé, 1992) with 4 pl of protein
sample and 4 pl of precipitant at 293 K was
used throughout. Crystals appeared in 27 of
the initial 192 conditions, in some cases
10 min after setup. Most promising were
results from the PEG 6000/lithium sulfate
grid and hence these conditions were further
optimized. Plate-type crystals of approx-
imate dimensions 0.3 x 0.3 x 0.05mm
(Fig. 2) were obtained after 1-7 d using
9-12%(w/v) PEG 6000, 0.5 M lithium sulfate
and 0.1 M citrate/NaOH pH 4.6 as precipi-
tating solution. The initial very high
mosaicity of these crystals could be greatly
reduced by the addition of 1-2 pl 10-50 mM
G1P, dTMP or dTDP-glucose to the protein
prior to crystallization.

were

5. Data collection

A 22 A resolution data set from a single
flash-frozen crystal grown in the presence of
G1P was collected in-house at 110 K using a
Nonius/MacScience DIP2000 imaging-plate
detector system. Data were recorded as 245
non-overlapping 20 min 1° oscillations.
Cryoprotection was achieved by washing the
crystal in mother liquor supplemented with
16%(v/v) PEG 600 for 10-15 s. The oscilla-
tion images were indexed and integrated
with the program MOSFLM (Leslie, 1992)
and scaled with the CCP4 program SCALA
(Collaborative ~ Computational  Project,
Number 4, 1994). Higher resolution data sets
of crystals grown in the presence of G1P,
dTMP, dTDP-glucose or thymidine/glucose-
1-phosphate/AlF; were measured at the
ESRF, Grenoble on beamlines ID14EH1
and BM14 (Table 1). All crystals were
triclinic, with approximate unit-cell para-
meters a = 71, b = 73, c = 134 A, o = 89.9,
B = 81, y = 81°. All attempts to index or
reduce the data in a higher space group
failed; a native Patterson map shows no non-
origin peak. A majority of the crystals were
actually twinned. This could only be
detected from the diffraction pattern. Trial
and error was used to locate single crystals
for analysis. In some cases, flash-annealing
with the crystal remaining in the loop (Yeh
& Hol, 1998) helped to achieve a less mosaic
diffraction pattern.

In addition to the above data sets, a three-
wavelength MAD experiment with a
selenomethionine-labelled crystal that was
grown in the presence of G1P was carried
out at beamline BM14 of the ESREF,
Grenoble (Table 2). The crystal-to-detector

distance was adjusted so that the outer rim
of the detector area corresponded to a
resolution of 2.8 A. 730 non-overlapping
0.5° oscillations were recorded at each of
three wavelengths. The three wavelengths
were chosen from an EXAFS scan of the
crystal to correspond to the maximum of f”
(peak), the maximum modulus of f’ (inflec-
tion) and the minimum modulus of f’
(remote). These data were indexed and
integrated with DENZO and scaled with
SCALEPACK (Otwinowski & Minor,
1996).

6. Preliminary structural
characterization

At the beginning of this study, it was not
clear whether native RmlA is a trimeric or a
tetrameric protein. A self-rotation search of
the TMP data set with REPLACE (Tong &
Rossmann, 1997) reveals three major (>300)
plus several minor (~10-150) twofold axes
(Fig. 3). In addition, a 60° and a 120° rota-
tion axis (15.40 and 14.60) are found lying
parallel to the major 180° rotation axes at
¢ = 8 and ¥ = 98° (data not shown). The
interpretation of these results was greatly
aided by the determination of Se-atom
positions with the program SOLVE 1.17
(Terwilliger & Berendzen, 1999). 24 sites
were found, which could easily be grouped
into eight equivalent clusters of three atoms.
The clusters fall into two sets of four, indi-
cating that RmlA is a tetramer and that the
unit cell of the P1 crystal form contains two
tetrameric molecules. The rotation super-
imposing the two tetramers can be described
as either as a 60, a 120 or a 180° rotation axis,
depending on which monomer is used as a
reference point. This explains the existence
of major and minor twofold axes in the
k = 180° self-rotation search. Firstly, there
are inter- and intra-tetramer 180° axes lying

Figure 2
Photograph of RmlA crystals. These crystals have
been grown in the presence of dTMP.
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Table 2

Data-collection statistics for MAD experiment on BM14 (ESRF, Grenoble).

Values in parentheses refer to the highest shell.

Position Peak

0.9790
30.0-2.8 (2.87-2.80)

Wavelength (A)
Resolution (A)
Unit cell (A, °)
Va (A Da™h) 2.54

Total measurements 221219
Unique reflections 121843
I/o(I) 31.7 (9.0)
Average redundancy 1.8 (1.0)
Completeness (%) 93.0 (63.2)
Ruerge (%) 2.2 (89)

a=71.6,b=739,c=1338, =898, =803, y=280.2

Inflection Remote
0.9791 0.8855
220585 224654
121982 121112
31.6 (8.8) 29.7 (9.8)
1.8 (1.0) 1.9 (1.7)
93.0 (63.2) 92.7 (69.4)
23 (9.5) 2.4 (8.9)

T Rmerge = 2 2 I(h); — (I(h))/Y_ > "I(h);, where I(h) is the measured diffraction intensity and the summation includes all

observations.

parallel to each other. Secondly, in the case
of exclusively intra-tetramer axes only two
pairs of two monomers are superimposed,
while in the other case the intramolecular
vectors of eight protein chains contribute to
the peak in the self-rotation function,
leading to a stronger signal.

The asymmetric unit of the crystal
contains approximately 2400 amino-acid
residues and has a solvent content of 51%,
corresponding to a Vy; of 2.54 A*Da™!
(Matthews, 1968).

Phasing calculations based on the Se-
atom positions are under way.
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