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Abstract
The striking feature of carbohydrates is their constitutional, conformational and configurational
diversity. Biology has harnessed this diversity and manipulates carbohydrate residues in a variety of
ways, one of which is epimerization. RmlC catalyzes the epimerization of the C3′ and C5′ positions
of dTDP-6-deoxy-D-xylo-4-hexulose, forming dTDP-6-deoxy-L-lyxo-4-hexulose. RmlC is the third
enzyme of the rhamnose pathway, and represents a validated anti-bacterial drug target. Although
several structures of the enzyme have been reported, the mechanism and the nature of the
intermediates have remained obscure. Despite its relatively small size (22 kDa), RmlC catalyses four
stereospecific proton transfers and the substrate undergoes a major conformational change during
the course of the transformation. Here we report the structure of RmlC from several organisms in
complex with product and product mimics. We have probed site-directed mutants by assay and by
deuterium exchange. The combination of structural and biochemical data has allowed us to assign
key residues and identify the conformation of the carbohydrate during turnover. Clear knowledge of
the chemical structure of RmlC reaction intermediates may offer new opportunities for rational drug
design.
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Introduction
Carbohydrates serve not only as energy stores, but are important structural elements and
informational molecules in many organisms 1. They are distinguished by their density of
asymmetric centers and functional groups. The inversion of stereochemistry at the asymmetric
centers (epimerization) of carbohydrates is a simple means of creating molecular diversity; the
resulting diastereoisomers are chemically distinct. Biology has developed a number of different
strategies to accomplish such epimerization reactions and uses several different classes of
enzymes to catalyze this transformation 2; 3; 4.

L-Rhamnose is a 6-deoxyhexose that is commonly found in bacterial glycoconjugates. Neither
the sugar, nor the enzymes required for its synthesis are found in humans and the pathway has
been validated as a potential therapeutic target in several clinically important systems,
including Mycobacterium tuberculosis (M. tuberculosis)5; 6; 7. In Pseudomonas aeruginosa
(P. aeruginosa), L-rhamnose is integral to both the lipopolysaccharide (LPS) core
oligosaccharide and O-antigen polysaccharides; chromosomal mutations in the rmlC gene of
serotype O5 and serotype O6 of P. aeruginosa resulted in LPS core truncation and loss of
pathogenicity 8. In Streptococcus mutans, rhamnose-containing polysaccharide antigens
mediate colonization of tooth surfaces 9 and genetic disruption of the rhamnose pathway
prevents bacteria initiating or sustaining an infection 10. In M. tuberculosis, L-rhamnose links
the peptidoglycan and arabinogalactan in a unique and complex cell wall structure that is
essential for viability 11.

RmlC (dTDP-6-deoxy-D-xylo-4-hexulose 3′, 5′-epimerase, EC 5.1.3.13) is the third enzyme
of the dTDP-L-rhamnose biosynthetic pathway that converts glucose-1-phosphate to dTDP-
L-rhamnose12. The pathway requires four enzymes, RmlA, RmlB, RmlC and RmlD, the
structures of which have been determined13; 14; 15; 16; 17. RmlC epimerizes the C3′ and C5′
positions of dTDP-6-deoxy-D-xylo-4 hexulose making dTDP-6-deoxy-L lyxo-4-hexulose
(Figure 1a). The 22-kDa RmlC protein does not require a cofactor. There are now four reports
of RmlC structures15; 18; 19; 20 and co-complexes have been obtained with dTDP-
phenol15, dTDP18, dTDP-D-glucose19 and dTDP-D-xylose19. The co-complexes of RmlC
from Streptococcus suis (S. suis) with dTDP-D-glucose and dTDP-D-xylose respectively
provided experimental evidence for the location of the active site19. This study identified a
conserved His residue as the base for both epimerization reactions, a conserved Lys residue
which stabilizes the intermediate enolate anion and a conserved Tyr which acts as an acid 19.

GDP-mannose epimerase (GME) and GDP-6-deoxy-4-keto-D-mannose epimerase/reductase
(GMER) also catalyze C3′, C5′ epimerization. As part of this epimerization, both enzymes
catalyze NAD-dependent redox chemistry at the C4′ position 21; 22; 23; 24, the reactions
catalyzed by GME are shown in Figure 1b. Both GME and GMER are members of the short-
chain dehydrogenase (SDR) superfamily of enzymes and share no sequence or structural
similarity to RmlC, despite the obvious chemical similarity in the epimerization. In the GME
structure a single pair of residues has been identified to function as the acid and base for both
epimerizations24. A structure with the mono-epimerized product revealed that in GME the
carbohydrate ring flip occurs during the first epimerization at C5′24. The chemical
requirements for proton abstraction and consideration of conformational energy of
carbohydrates suggested that GME and by analogy GMER operate on a twist boat structure
for the second epimerization. In light of this we have re-examined RmlC. Since RmlC also
carries out a double epimerization, it too faces the same “problem” in the second epimerization.
As conventionally written, (Figure 1a), the enzyme operates on a very high energy 1, 3, 5 tri-
axial intermediate. An alternative would be for the ring to “flip” to relieve the strain. However,
the ring flip disrupts the stereochemical requirements for enolate stabilization. For this
stabilization, the C-H bond must be orthogonal to the plane of the carbonyl group such that the
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orbital rehybridization occurs during deprotonation to create an extended (over 3 atoms)
conjugated π system. We have now determined structures of RmlC from P. aeruginosa, S.
suis and M. tuberculosis with product mimics (Figure 1c). RmlC from Salmonella enterica
(S. enterica) serovar Typhimurium was the first dTDP-6-deoxy-D-xylo-4-hexulose 3′, 5′-
epimerase to be structurally characterized and serves as a prototype. When compared to the S.
enterica enzyme, RmlC enzymes from P. aeruginosa (65% identity), S. suis (25% identity)
and M. tuberculosis (40% identity) show considerable diversity in sequence. The structures of
various co-complexes of RmlC from a wide range of organisms suggest that RmlC favors the
binding of sugars with an equatorial configuration at the anomeric position. We have measured
rates of deuterium incorporation and our data indicate C5′ (in the enzyme) is more acidic than
C3′. These data suggest that despite the complete lack of similarity in structure and sequence,
common epimerization mechanisms are shared between RmlC and GME. This is an example
where the common chemical requirements of a transformation drive the convergent evolution
of the enzyme mechanisms.

Results
P. aeruginosa RmlC structure with dTDP-xylose

The structure of RmlC from P. aeruginosa contains 184 amino acids, consisting of the whole
RmlC (residues Met1 to Pro181) plus part of the His-tag linker (Ser-Met-Ser); the remainder
of the N-terminal His-tag is disordered. The structure is essentially identical to those described
previously, containing thirteen β-strands that form a sandwich. One β sheet is crucial for
forming a dimer interface (Figure 2a). The changes in the proteins resulting from binding of
nucleotide have been described in detail previously15; 19. In the dTDP-D-xylose complex the
carbohydrate ring is not found at the active site and only a portion of the ligand is observed
(Figure 3a). We obtained a similar result with dTDP-D-glucose (data not shown); however the
crystals were of lower resolution. The α-phosphate of the sugar nucleotide is anchored to the
protein by salt contacts and by bridging water molecules to the protein via the same interactions
observed for dTDP-D-glucose, dTDP-D-xylose complexes of S. suis19 and for the dTDP
complex of RmlC from Methanobacterium thermoautotrophicum18 (Figure 2b). However, in
both monomers the β-phosphate is twisted out of its normal binding site (Figure 2b) and the
β-phosphate has a significantly higher B-factor (>10 Å2) than the α-phosphate, consistent with
disorder of the carbohydrate. This twisting out of the normal binding site suggests the sugar
ring is not recognized by the protein/ HPLC analysis of the nucleotide and sugar nucleotide
content of P. aeruginosa RmlC:dTDP-xylose crystals reveals only a very small amount of
dTDP compared to dTDP-xylose. This establishes dTDP-xylose is indeed present in the crystal
structure and hence must be disordered. At the active site in one monomer there is some weak
density which is consistent with a tartrate molecule (Figure 3a); in the other monomer the
tartrate density is less distinct. Tartrate does not appear to inhibit the enzymes in our assays.
In the S. suis19 enzyme E78 makes a bidentate hydrogen bond with dTDP-glucose and dTDP-
xylose. The Glu residue is not conserved, nor is the structure of the loop containing E78 19
conserved in other RmlC enzymes.

P. aeruginosa RmlC structure with product
To probe the nature of RmlC substrate binding we incubated the P. aeruginosa enzyme with
the authentic substrate dTDP-6-deoxy-D-xylo-4-hexulose. Since the substrate is chemically
labile, we chose the P. aeruginosa enzyme for these experiments as it crystallizes closer to
neutral pH, where the keto sugar is more likely to remain intact. Although the complex was
crystallized in tartrate, the sugar ring is bound at the enzyme active site. This observation is in
contrast to both the dTDP-D-glucose and dTDP-D-xylose complexes of the P. aeruginosa
enzyme. The density clearly shows that the sugar has an equatorial linkage to the nucleotide
and indicates a distorted chair consistent with a keto function (Figure 3b). The density is
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consistent with the product dTDP-6-deoxy-L-lyxo-4-hexulose rather than substrate or
monoepimerized product bound at the active site. The positions of the thymidine and α and β
phosphates with respect to the proteins are identical to the dTDP-D-glucose and dTDP-D-
xylose complexes of S. suis. However, the carbohydrate rings are placed differently with
respect to the protein because in the P. aeruginosa RmlC-product complex the nucleotide is
equatorial to the carbohydrate ring not axial as in the S. suis complexes (Figure 2c). The C6′
of the product is located in a hydrophobic region formed by F123 and G122. NZ of K74 and
ND1 of H121 are coplanar with the sugar ring, and NZ of K74 hydrogen bonds (2.9 Å) to the
O4′, the location of the negative charge in the enolate. Unlike the S. suis RmlC complexes, this
interaction of O4′ with the conserved Lys is now optimal for enolate stabilization (Figure 2c).
H65 and Y134 of P. aeruginosa RmlC are located on opposite sides of the plane of the
carbohydrate ring, entirely consistent with their identification as the acid-base pair. The
distances from OH of Y134 to C3′ and C5′ are 2.2 Å and 3.7 Å, respectively. Despite the close
contact between the Y134 and C3′, the electron density does not suggest a full covalent link
and may result from our failure to model any isomerization of keto group from the C4′ to C3′
position of the ring. In solution there is an equilibrium between dTDP-keto-sugar C4′ and C3′
keto groups 25. However, the resolution of the data is insufficient to accurately model such an
isomerization. The distances between the sugar C3′/C5′ and ND1 of H65 are 3.4/3.6 Å (Figure
2c) and are consistent with H65 acting as the base for both C3′ and C5′ epimerization. This
complex suggests that Y134 could act as the acid for both C3′ and C5′. However, on the same
face of the carbohydrate as the Tyr residue there are two water molecules which could also be
involved in this process. One water molecule is located close to C5′ and the other close to C3′
(Figure 2c). In the dTDP-D-glucose complex with the S. suis protein, the water molecule close
to C3′ is preserved but the water close to C5′ is displaced by the O6′ of glucose (Figure 2c).

RmlC with dTDP-L-rhamnose
To further probe the recognition of an equatorial linked sugar, we employed dTDP-L-rhamnose
as a product mimic. It differs from the authentic product in the reduction of the C4′-keto group
to a hydroxyl group. It was straightforward to obtain dTDP-L-rhamnose complexes with P.
aeruginosa, M. tuberculosis and S. suis RmlC (Figure 3c, d, e). In all three complexes, the
ligand and the key catalytic residues superimpose (Figure 2d). Comparison of the dTDP-L-
rhamnose complex with the product complex from RmlC of P. aeruginosa revealed that the
Tyr residue and the sugar ring have moved apart, resulting in a more normal 3.3 Å separation
between C3′ and the OH of Y134 and a 4.5 Å separation between C5′ and the OH of Y134.
Otherwise, the product and dTDP-L-rhamnose structures are essentially identical. The
structural data suggest Tyr as the protein residue acting as the acid in both epimerizations.
However, all three dTDP-L-rhamnose complexes also have the two water molecules at the
same positions as seen in the product complex (Figure 2d). The consistency between these
complexes is convincing, particularly given the differences in protein sequence and
crystallization conditions. It also stands in marked contrast to our difficulties in obtaining
dTDP-D-glucose or dTDP-D-xylose complexes with any RmlC protein except that from S.
suis.

Biochemical characterization
We have already reported assays of RmlC from S. suis 19 in which the key catalytic residues
have been mutated. The conventional biochemical assay measures the amount of NADH
consumed by RmlD in a coupled system and, therefore, only detects complete product
formation by RmlC. This assay cannot be used to probe the individual steps in the reaction. In
contrast, deuterium isotope incorporation directly measures the exchange of the protons at C3′
and C5′. This exchange occurs when protons are abstracted from the substrate by a base and
replaced by deuterons. While epimerization usually involves exchange, exchange can occur
without epimerization26. This is the case here as in D2O, whilst there is a measurable
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background (uncatalyzed) rate of proton exchange at C3′ and C5′ of dTDP-6-deoxy-D-xylo-4-
hexulose in D2O, there is no observable uncatalyzed epimerization. The position and extent of
deuterium incorporation from solvent can be assessed by analysis of GC-MS fragmentation
patterns of alditol peracetates following reduction-hydrolysis-reduction-acetylation of
dTDP-6-deoxy-D-xylo-4-hexulose and products of RmlC action27 (Figure 4). In order to
correct for non-enzymatic deuterium incorporation, two no-enzyme controls were performed
at pH 5.0 and pH 9.0 respectively. The point mutants H63A, K73A and Y133F of RmlC from
S. enterica serovar Typhimurium (corresponding to H65, K74, and Y134 from P.
aeruginosa RmlC) were analyzed both for activity and for their ability to catalyze deuterium
incorporation into the C3′ and C5′ positions of dTDP-6-deoxy-D-xylo-4-hexulose (Table 2 and
Figure 4). The mutants were examined by circular dichroism which confirmed no detectable
structural changes that would influence the native fold. H63A is catalytically inactive and
shows no deuterium incorporation above background at either C3′ or C5′. K73A is reduced in
activity by over 100 fold and a small amount of enzyme catalyzed deuterium incorporation
was observed at C5′, while only background levels were seen at C3′. This suggests that for the
K73A mutant, C5′ exchange is more rapid than at C3′. The catalytic activity of the Y133F
mutant is reduced 1000-fold but shows some deuterium incorporation at C3′ but none at C5′
(above background). This indicates that RmlC can catalyze exchange of the proton at C3′
without Tyr133 but not at C5′. While this assay measures proton/deuterium exchange rather
than epimerization, it is possible that a small amount of C3′ mono-epimerized product is
produced by Y133F. In order to probe the different rates of exchange at the two positions,
deuterium incorporation catalyzed by wild-type S. enterica serovar Typhimurium RmlC was
monitored over a 30 min period at 10°C. The rate of C5′ incorporation is more rapid than at
C3′ (Figure 4). These data support a hypothesis that the dominant order of enzyme catalyzed
exchange is generally C5′ followed by C3′. The data do not exclude the possibility that
exchange also occurs first at C3′ followed by C5′, but the data indicate this is a minor
component. Although exchange and epimerization are distinct, the first step proton abstraction
is common to both. Based on our exchange data in which proton abstraction from C5′ is more
rapid, we suggest that the enzyme may favor an order of epimerization with C5′ first. Isothermal
titration calorimetry shows quite clearly that dTDP-rhamnose (Figure 5) and dTDP are bound
with a significantly higher affinity than dTDP-glucose and dTDP-xylose (Table 3). Whether
there is a real difference between dTDP and dTDP-L-rhamnose binding cannot be reliably
derived from the data we have. The polar nature of sugars means the hydrogen bonds they
make with proteins are often cancelled by the ones they break with water. It seems likely that
binding will be dominated by the nucleotide portion of the ligand. There are many examples
of thermodynamically weak sugar protein interactions which have multiple hydrogen
bonds28; 29.

Discussion
The RmlC reaction must proceed from substrate to a mono-epimerized intermediate, and
subsequently to a doubly epimerized product (Figure 1a). Our data suggest that the dominant
order of epimerization may be C5′ followed by C3′ and our discussion focuses on this pathway.
Our data do not exclude the possibility that there is no obligate order and that C3′ epimerization
can occur first. GME does exhibit a preference for C5′ followed by C3′ (Figure 1b). Structural
and biochemical data are both consistent with an RmlC mechanism in which both the C5′ and
C3′ protons are abstracted by the absolutely conserved His65 residue (P. aeruginosa
numbering), which is part of a His-Asp diad. Y134 has been shown to be essential for
epimerization and for deuterium incorporation at C5′. This supports our proposal that Y134
has a key role in proton donation to C5′ on the opposite face of the sugar to H65. Y134 is not
essential for deuterium incorporation at C3′ and water may be able to compensate for its absence
during deprotonation but not during epimerization. In our structural analysis we noted a
conserved water molecule close to the position appropriate for donation of a proton to C3′, this
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may partly compensate for the Tyr. NovW, a validated C3′ mono-epimerase involved in
novobiocin biosynthesis also acts on dTDP-6-deoxy-D-xylo-4-hexulose, retains the key active
site Tyr residue despite conducting no chemistry at C530. The use of a His-Tyr couple is quite
unusual in acid base enzyme chemistry. Histidine is, of course, widely used as both acid and
base in many enzymes; GMER is thought to use a Cys-His23 couple to carry out two
epimerizations on sugar nucleotide. In catalyzing the dehydration of the C6′ position, RmlB
abstracts the same C5′ proton as RmlC, but it uses a glutamic acid to accomplish this31. In
amino acid racemases, which also remove a proton α to a carbonyl group, a Cys-Cys couple
is very commonly used32. Tyrosine is less widely used as base, although it is well known as
the base in the short chain dehydrogenase superfamily33 where it abstracts a hydroxyl proton.
A tyrosine-water combination acts as one of the acid base groups during the racemisation of
alanine by Treponema denticola cystalysin; lysine acts as the other group34. Most recently and
perhaps the most relevant to RmlC mechanism, the enzyme iminodisuccinate epimerase which
has a novel fold, has been predicted to use the a His-Tyr acid base couple and Lys to stabilize
the enolate anion35. Proton abstraction from carbon by tyrosine is also seen in Chondroitin
AC lyase36.

Structural data show RmlC enzymes from P. aeruginosa, M. tuberculosis and S. suis recognize
dTDP-L-rhamnose in an identical manner. This is in contrast to the situation with dTDP-D-
glucose and dTDP-D-xylose. A product (dTDP-6-deoxy-L-lyxo-4-hexulose) complex obtained
with P. aeruginosa RmlC confirms that dTDP-L-rhamnose is a very good product mimic.
Isothermal titration calorimetry data establishes that RmlC does bind dTDP-L-rhamnose more
tightly than dTDP-glucose or dTDP-xylose (Table 3). We interpret these data to indicate that
dTDP-L-rhamnose is a more akin to the transition state of the enzyme at the rate determining
step than either dTDP-xylose or dTDP-glucose. We suggest that the transition state has an
equatorial linkage at the C1 position (dTDP-L-rhamnose) rather than an axial one (dTDP-
xylose/glucose). This would tend to favor a mechanism in which the ring flip occurs as an
integral part of catalysis rather than at the end (as has conventionally been written Figure 1a).
A ring flip at the end of epimerization would seem unlikely because the O1′, C6′ and O3′ tri-
axial clash would make the product very high in energy and presumably create a
correspondingly high activation energy (Figure 6a). Structural studies on GME suggested that
during the first epimerization at C5′, the carbohydrate ring flips moving from an equatorial to
axial linked carbohydrate24. This study experimentally established that a chair conformer with
a C6′ O1′ diaxial clash is higher in energy than the ring flipped form which relieves such a
strain. A similar process seems likely to occur in RmlC. We propose that as the proton is
transferred to C5′ by the Tyr, the carbohydrate ring flip occurs to give the equatorially linked
sugar. If not, an axial C6′ would be created by epimerization of the C5′, not only would this
have the high energy C6′ O1′ diaxial interaction, but in addition C6′ would severely clash with
His. A major re-organization of the active site would be necessary to accommodate a non-ring-
flipped mono-epimerized intermediate and in all the structure of RmlC, there is no evidence
for such flexibility. By combining the ring flip with proton transfer the C6′ remains fixed in
space and avoids these very unfavorable interactions.

The ring-flipped intermediate poses a challenge for the enzyme for the second epimerization.
The proton attached to C3′ is not orthogonal to the plane of the carbonyl, as a result its pKa is
too high for removal by His37. As with GME24, there are two routes to create the required
orthogonal arrangement of the π* anti-bonding orbital of the carbonyl and σ-bonding orbital
of the C3′. The ring could flip back to the high energy diaxial chair conformer that is
conventionally written (Figure 1a). Alternatively, the keto group could move through the plane
of the ring to give a twist boat (Figure 6a). We strongly favor the twist boat for three reasons.
The diaxial chair conformer would seem to be very energetically unfavorable and it clashes
with protein. In contrast there is good precedent from a variety of enzymes that twist boat
structures are energetically accessible during enzyme catalysis38. Secondly, epimerization of
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the diaxial intermediate would create a transition state with some triaxial character. This is
likely to be extremely unfavorable and have prohibitively high activation energy. Thirdly, the
structural data and thermodynamic strongly support an optimized interaction between an
equatorial-linked sugar nucleotide. The equatorial configuration at C1′ is seen in the twist boat
but not in the diaxial chair conformer.

It is possible that the substrate adopts a twist boat structure (Figure 6b). This could explain our
apparent inability to obtain P. aeruginosa dTDP-xylose complex in which the carbohydrate
portion is located at the active site. The structure shows the β-phosphate interaction with the
protein is actually changed from that normally seen and thermodynamics establishes the sugar
binds much more weakly than dTDP-L-rhamnose. We suggest that the enzyme does not favor
binding of the axially configured dTDP-xylose and a result displaces the β phosphate from its
normal binding site to position the sugar out of the active site. This would be consistent with
the weaker binding of dTDP-glucose and dTDP-xylose relative to dTDP-L-rhamnose and
dTDP (Table 3). As dTDP-D-xylose is smaller than the substrate (Figure 1c), non-binding
cannot be explained by additional unfavorable steric clashes. Significantly, the dTDP-D-xylose
and dTDP-D-glucose complexes of S. suis which do locate an axially linked carbohydrate at
the active site do not superimpose with each other39. They also involve a key interaction with
a non conserved residue and are not optimally aligned for enolate stabilization. It may be these
complexes are artifacts of the S. suis enzyme. Despite differences in protein sequence, the three
dTDP-L-rhamnose complexes, which have the equatorial linkage, superimpose with each other
very well indeed and are properly aligned to the catalytic residues (Figure 4d). The substrate
for RmlC has a C4′ carbonyl group that will reduce the energy penalty for a twist boat structure
by decreasing the C1′, C4′ diaxial interaction (Figure 6b). However, the twist boat, even for
the keto sugar, will be higher in energy compared to the normal chair form of the substrate.
This would require significant stabilization by the enzyme. The binding of the higher energy
forms of carbohydrate substrate is well known from studies of other enzymes40. Further
investigation will require sophisticated calculations which are beyond the scope of this work.

Despite having no similarity in sequence or structure, the chemical mechanisms of RmlC and
GME are very similar. Both use a single amino acid as the catalytic base for both
epimerizations, His in RmlC and Cys in GME. Both enzymes also seem to use a single amino
acid as the proton source for both epimerizations, Lys in GME, Tyr in RmlC. In RmlC, water
may be involved in C3′ epimerization. Our data has provided the experimental evidence that
supports a dominant order of C5′ epimerization followed by C3′ for both enzymes. The mono-
epimerized intermediate in GME has been shown to be ring flipped (equatorial position for the
nucleotide) and the structural data obtained in this study strongly suggest this is also the case
for RmlC. In both enzymes, the chemical requirements of the transformation to avoid
unfavorable steric clashes, whilst activating the C3′ proton for removal, indicates the mono-
epimerized intermediate adopts a twist boat character during catalysis. This convergence in
mechanism from two quite different classes of enzyme appears to be driven by the unique
chemistry of carbohydrate epimerization. The likely twist boat nature of the intermediate in
the RmlC mechanism will help guide inhibitor design against this validated drug target.

Materials and methods
Protein expression and purification

The rmlC gene of M. tuberculosis strain H37Rv was cloned into pET23b using the Ligation
Independent Clone system (Stratagene). The bacteria were grown in tryptone-phosphate
medium until the OD600 reached 1.0, at which time rmlC expression was induced by adding 1
mM IPTG and incubation was continued for 4 h. The protein was purified by elution from an
anion exchange HQ column (Applied Biosystems) with an increasing NaCl gradient from 50
mM to 400 mM at pH 8.5 buffered with 20 mM Tris-HCl buffer. The second step was an elution
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from a hydrophobic exchange ET column (Applied Biosystems) with a decreasing 50% to 0%
saturated ammonium sulfate gradient buffered at pH 7.3 by 20 mM phosphate. The purified
protein was dialyzed against several changes of a solution containing 25 mM Tris-HCl buffer
at pH 7.8 and concentrated to 7 mg·ml−1. The rmlC gene of P. aeruginosa was cloned into
pET23a(+) with an N-terminal 6x His tag and a linker consisting of Gly-Ser-Met-Ala. The
protein was overexpressed in E. coli BL21 (DE3) cells grown in Luria broth medium. Once
the OD600 reached 0.8, 1 mM IPTG was added and incubation was continued for 6 h. The
protein was purified in a similar manner to M. tuberculosis RmlC; the principal difference was
the use of a hydrophobic exchange HP column with a decreasing 25% to 0% saturated
ammonium sulfate gradient. The protein was dialyzed against 25 mM Tris-HCl buffer at pH
7.8 and concentrated to 8 mg·ml−1. The expression and purification of RmlC from S. suis has
been described in detail previously19 as has the protocol for RmlC from S. enterica serovar
Typhimurium15. The purity of the proteins was determined by SDS-PAGE and their integrity
by N-terminal sequencing, bioassays and MALDI-TOF mass spectrometry.

Protein crystallization
The sugar nucleotides dTDP-rhamnose and dTDP-6-deoxy-D-xylo-4-hexulose were made
enzymatically according to published procedures41. Crystals of M. tuberculosis RmlC (7
mg·ml−1) complexed with dTDP-L-rhamnose were obtained in 23% PEG 8000, 0.2 M calcium
acetate hydrate, and 0.1 M sodium cacodylate at pH 5.8. The protein was incubated with 10
mM dTDP-L-rhamnose overnight before crystallization; crystals took 5 to 7 days to appear.
Crystals of apo P. aeruginosa RmlC (7 mg·ml−1) were grown in 10% PEG 8000, 0.2 M sodium
tartrate, 0.1 M MOPS pH 6.5 and took 2 to 3 days to appear. Crystals of P. aeruginosa RmlC
complexed with dTDP-L-rhamnose crystals were obtained in 20% PEG 8000, 0.2 M sodium
tartrate, 0.1 M MES at pH 5.8 with 10 mM dTDP-rhamnose after 10 days. Crystals of P.
aeruginosa RmlC complexed with product were obtained by incubating RmlC with 20 mM
dTDP-6-deoxy-D-xylo-4-hexulose, for 2 h at room temperature, prior to setting up crystal
plates with 25% PEG 8000, 0.2 M sodium tartrate and 0.1 M MES at pH 6.2. With dTDP-D-
xylose P. aeruginosa RmlC crystal conditions were changed to 25% PEG 8000, 0.2 M sodium
tartrate, 0.1 M MES at pH 6.4, and 20 mM dTDP-xylose. All of the P. aeruginosa RmlC
complex crystals grew to full size over 14 days. Crystals of S. suis RmlC in complex with
dTDP-L-rhamnose (10 mM) were obtained from 25% PEG 2000, 0.1 M Tris-HCl at pH 7.6
and 4 mM NiCl2 after 14 days.

Data collection and structural determination
Data to 1.7 Å resolution of M. tuberculosis RmlC in complex with dTDP-L-rhamnose were
collected on SRS station 14.1 with an x-ray wavelength of 1.49 Å on an ADSC detector. P.
aeruginosa apo RmlC data (2.5 Å) were collected in-house on a DIP2000 imaging plate system
mounted on a Nonius rotating anode generator using Cu Kα radiation. Data for P.
aeruginosa RmlC in complex with dTDP-rhamnose (2.0 Å), complexed with dTDP-xylose
(1.8 Å), and for the S. suis RmlC dTDP-rhamnose complex (1.6 Å) were all collected at SRS
station 9.6 with an x-ray wavelength of 0.86 Å on a MAR CCD detector. Data to 1.7 Å
resolution were collected from crystals of P. aeruginosa RmlC in complex with product on
ID14.2 at the ESRF. All data were processed and scaled using MOLSFLM42 and
SCALA43. Full details of data and refinement statistics are listed in Table 1. Structures were
determined by molecular replacement using aMoRe44 or MOLREP45, using RmlC from S.
enterica serovar Typhimurium as a model. Manual intervention was carried out in O46.
Automated refinement of the structures used REFMAC547. All structures were checked using
PROCHECK48. Ligands were included in the models when the Fo-Fc electron density was
clear at least one subunit (Figure 3).
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Biochemical characterization
Apparent Km and kcat measurements were made via a three-enzyme coupled assay described
in detail previously41 (Table 2). The assay monitors the consumption of NADH by RmlD
under conditions where the concentration of RmlC is rate limiting and thus the rate constants
are apparent. Deuterium incorporation at C5′ and/or C3′ was also measured by an established
protocol27; 49. RmlC was mixed with ca 1 nmol dTDP-6-deoxy-D-xylo-4-hexulose in 30 μl
of HEPES buffer (50 mM, pH 7.6) made up in D2O for 2 hours at 37°C (Fig. 4a) or at 10°C
for varying times for the time course experiment (Fig. 4b). The reaction was quenched by the
addition of 50 μl of ethanol to precipitate protein, which removed by centrifugation. NaBH4
(2 mg) was then added to reduce both keto substrate and keto product at C4′ to the hydroxyl
group. This generates a mixture of four compounds as their dTDP adducts: 6-deoxy-D-glucose
(quinovose) and 6-deoxy-D-galactose (fucose) from substrate, 6-deoxy-L-talose and 6-deoxy-
L-mannose (rhamnose) from double epimerized product (to date, mono-epimerized products
have not been detected in RmlC catalyzed reactions). Since the equilibrium position for the
reactions lies very heavily in favor of substrate, the two former compounds dominate. Further,
the borohydride reduction is stereoselective, giving the 6-deoxy-D-gluco-configured product
as the major isomer on steric grounds50. The samples were then hydrolyzed with trifluoroacetic
acid, reduced with NaBH4 (at C1′) and acetylated to yielded alditol acetates which were
analyzed by GC/MS. The m/z 217, 218, 231, 232, and 232 ions of the dominant per-O-
acetylated quinovositol peak (which was derived from the substrate) were quantitated by GC-
MS against an internal myo-inositol standard (Figure 4). The interpretation of the fragmentation
pattern has been described elsewhere27; 49. Briefly, cleavage between C3′ and C4′ with
retention of charge at C3′ yielded an ion at m/z 217 (no deuterium incorporation at C3′) or m/
z 218 (deuterium incorporation at C3′). Thus the presence of the 218 ion is definitive for C3′
exchange and the presence of 217 for non exchange at C3′. Cleavage between C2′ and C3′ with
retention of charge at C3′ yielded an ion at m/z 231 (no deuterium incorporation at either
position), m/z 232 (deuterium at either C3′ or C5′) and m/z 233 (deuterium at C3′ and C′5).
Thus the presence of the ion at 233 is definitive for C3′ and C5′ exchange, the ion at 231 is
definitive for no exchange at all. An ion at 232 accompanied by one at 217 but not 218 indicates
C5′ exchange in the absence of any C3′ exchange. Whereas ions at 218 and 232 but not 233,
indicate C3′ exchange in the absence of any C5′ exchange.

The Promega GeneEditor site-directed mutagenesis kit was used to generate mutants of RmlC
from S. enterica serovar Typhimurium with the following primers:

H63A : CTCAGAGGGCTAGCTTTTCAGAGAGGAG,

K73A : GAAAATGCACAGGGGGCGTTAGTTCGTTGTGC and

Y133F : GAGTTTCTGTTCAAAGCAAC.

Isothermal titration calorimetry
Titrations were performed in triplicate on a VP-ITC system (MicroCal) in 20mM Tris-HCl
base, pH 7.45. In a typical titration, twenty five 10μl injections of ligands (5mM dTDP-L-
rhamnose, dTDP-glucose and dTDP-xylose and 2mM dTDP) were made into a solution P.
aeruginosa RmlC from (0.1mM) in the ITC cell at 25°C. Nucleotide concentrations were
estimated by extinction coefficient. Control experiments were performed to assess the heat of
dilution of each ligand by injecting this into buffer. There was no evidence of any self
association of the ligands (would be shown by a trend in the heats of dilution). Heats of dilution
were subtracted from the original heats of interaction prior to data analysis. All solutions were
degassed prior to use. The resulting isotherms were fit using the ORIGIN software package
(MicroCal). The data were fitted to the simplest model based on independent binding sites.
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The Ka values derived in Table 3 come from unrestrained refinement; fixing the stoichiometry
(N) to 1 does not change the value of Ka within error, except for dTDP. For dTDP fixing N =
1, drops Ka to 103M. This does not change the interpretation of our data. No matter how Ka is
calculated for dTDP, it is always significantly higher than dTDP-xylose/glucose. The same is
true for dTDP-L-rhamnose it binds significantly more tightly than dTDP-xylose/glucose.
Whether dTDP-L-rhamnose binds significantly more tightly than dTDP (or within error equally
tightly) does not affect our analysis and is a secondary issue. We do not believe the data we
have obtained reliably establish this. The errors in Table 3 are those derived from the fit, the
impurity inherent in all sugar nucleotide preparations will increase the actual error of the
experiment. For calorimetry we synthesized fresh dTDP-L-rhamnose enzymatically using 1.1
mM dTDP-D-glucose, 1.1 μM S. suis RmlB, 0.4 μM S. enterica serovar Typhimurium RmlC,
0.5 μM M. tuberculosis RmlD, in 180 mM Tris-HCl pH 7.5, 18 mM MgCl2 and 1.8 mM
NADPH. Reaction mixtures were incubated for 90 min at 37°C, then protein was removed
from the mixture by centrifugation through an Amicon microcon 10 kDa molecular cut-off
regenerated cellulose column. Compounds were separated on a Phenomenex Kingsorb 5μ C-18
column (250 × 21.2 mm) at a flow rate of 8 ml min−1. The column was equilibrated with 20
mM triethylammonium acetate (TEAA) pH 6.0 containing 3% acetonitrile prior to sample
loading. After 5 min isocratic elution with 20 mM TEAA pH 6.0 and 3% acetonitrile,
compounds were eluted with a gradient of 3.0 – 3.7% acetonitrile over 30 minutes. Eluant was
monitored by a UV detector at 267 nm. This procedure is based on a published method for
purifying nucleotide sugars51. The dTDP-L-rhamnose peak eluted at approximately 3.4%
acetonitrile and was collected, the mass of the major component confirmed as 547 by LCT-
MS in negative ion mode and the compound freeze dried. dTDP-glucose and dTDP were
purchased from FLUKA. dTDP-xylose was synthesized chemically according by established
methods52.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) R=OdTDP. The RmlC reaction converts dTDP-6-deoxy-D-xylo-4-hexulose to dTDP-6-
deoxy-L-lyxo-4-hexulose (thick arrow). This process involves a ring flip as well as
epimerization. The steps are shown according to the current convention, however, this route
goes through some very high energy intermediates (notably the C1′, C3′, C5′ triaxial product).
(b) R=OGPD. The GME reaction converts GDP-D-mannose to GDP-L-galactose. Shown
boxed is the predicted twist boat intermediate. The dominant order of the epimerization (C5′
first) and the ring flipped form of GDP-L-ribo-4-hexulose were determined experimentally
24.
(c) R = OdTDP. Substrate and product mimics employed in this study.
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Figure 2.
(a) Ribbon diagram of RmlC dimer from P. aeruginosa in complex with product (dTDP-6-
deoxy-L-lyxo-4-hexulose). The product (an equatorially configured sugar nucleotide) is drawn
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in stick representation. The ligand atoms are shown in stick representation, with carbon yellow,
nitrogen blue, oxygen red and phosphorus orange.
(b) Superposition of the dTDP-D-xylose complex with RmlC from P. aeruginosa and from S.
suis 19. The β phosphate of dTDP-D-xylose in the P. aeruginosa is twisted out of the active
site and a tartrate molecule occupies the active site in one monomer. In the S. suis structure the
carbohydrate occupies the active site but is bound to E78 (shown but not labeled), a non-
conserved residue on a loop not found in any other RmlC structure. The color scheme for P.
aeruginosa complex is as Figure 2(a). For S. suis carbon atoms are colored green, other atoms
are colored as P. aeruginosa. Water molecules in the P. aeruginosa complex are shown as
orange spheres, in the S. suis they are shown as red spheres. Amino acid numbering is for the
P. aeruginosa sequence.
(c) Superposition of the dTDP-6-deoxy-L-lyxo-4-hexulose (product) complex with RmlC from
P. aeruginosa and the dTDP-glucose complex from S. suis 19. Although the carbohydrate is
bound at the active site in both complexes, the equatorial linkage between sugar and nucleotide
in the P. aeruginosa complex means the sugar ring is positioned differently with respect to the
key catalytic residues. The P. aeruginosa complex aligns better to the proposed chemical role
of the active site residues. The color scheme is as Figure 2(b). The O6′ of dTDP-D-glucose
from S. suis replaces one of the conserved structural water molecules and is bound by E78
(shown but not labeled). Amino acid numbering is for the P. aeruginosa sequence.
(d) Superposition of the dTDP-L-rhamnose complexes for three enzymes M. tuberculosis, S.
suis and P. aeruginosa. The match between the structures is particularly striking especially
given the different crystallization conditions and low sequence identity between the structures
(25%). Two water molecules one close to C3′ and one close to C5′ are structurally conserved.
The S. suis and P. aeruginosa structure are colored as Figure 2(c). The carbon atoms in M.
tuberculosis RmlC complex are colored pink; other atoms are colored as P. aeruginosa. The
two water molecules in the M. tuberculosis structure are shown as magenta colored spheres.
Amino acid numbering is for the P. aeruginosa sequence.
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Figure 3.
(a) Density from initial Fo-Fc map contoured at 2.5σ for the P. aeruginosa RmlC complex with
dTDP-D-xylose. The sugar is disordered and tartrate is seen at the active site of one subunit
(shown here). Atoms are colored as Figure 2(a)
(b) Density from initial Fo-Fc map contoured at 2.5σ for the P. aeruginosa RmlC complex with
dTDP-6-deoxy-L-lyxo-4-hexulose. Atoms are colored as Figure 2(a).
(c) Density from initial Fo-Fc map contoured at 2.5σ for the P. aeruginosa RmlC complex with
dTDP-L-rhamnose. Atoms are colored as Figure 2(a).
(d) Density from initial Fo-Fc map contoured at 2.5σ for the S. suis RmlC complex with dTDP-
L-rhamnose. Carbon atoms are colored green, other atoms are colored as Figure 2(a). Two
subunits have clear density, the other two the sugar component is significantly more disordered.
(e) Density from initial Fo-Fc map contoured at 2.5σ for the M. tuberculosis RmlC complex
with dTDP-L-rhamnose. Carbon atoms are colored pink; other atoms are colored as Figure 2
(a). The quality of the density varies between subunits, with two being excellent, one weak and
the fourth poor. In the subunit with weak density there is evidence for a second conformation
of the sugar but we were unable to satisfactorily model it.
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Figure 4.
(a) Deuterium incorporation data for mutants of S. enterica serovar Typhimurium RmlC. The
masses reflect the fragments of alditol per-acetates associated with deuterium incorporation
into substrate. Cleavage between C3′ and C4′ with retention of charge at C3′ yielded an ion at
m/z 217 (no deuterium incorporation) or m/z 218 (deuterium incorporation at C3′). Cleavage
between C2′ and C3′ with retention of charge at C-3 yielded an ion at m/z 231 (no deuterium
incorporation), m/z 232 (deuterium at C3′ or C5′) and m/z 233 (deuterium at C3′ and C5′).
Starting material (no D incorporation) has two peaks at 217/231. D incorporation at C5′ only
has peaks at 217 and 232. D incorporation at C3′ has two peaks at 218 and 232. D incorporation
at both C3′ and C5′ has peaks at 218 and 233. Only the Y133F mutant shows any specific C3′
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incorporation. The H63A shows no incorporation, whilst K79A shows some incorporation at
C5′ but none at C3′. Y133F mutant shows some C3′ incorporation but no C5′ incorporation.
(b) A time course at 10°C measuring C3′ and C5′ deuterium incorporation into substrate,
showing loss of signals from non-deuterated substrate (217, 231) and the evolution of
deuterium incorporation. The C5′-specific peak at 232 is rapidly established and complete
within 10 minutes, the same time frame as loss of the substrate 231 peak. The 218 peak appears
more slowly and at approximately the same rate as the 233 peak. This suggests that there is no
significant amount of specific C3′ incorporation on its own, rather that C3′ incorporation occurs
(within error) after C5′ incorporation.
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Figure 5.
Raw isothermal titration calorimetry data for dTDP-L-rhamnose binding to P. aeruginosa
RmlC. The small endothermic contribution in the second injection appears to be a consistent
feature in three different experiments. χ2 is a measure of the goodness of fit, N is the
stoichiometry, Ka is the association constant and ΔH is the enthalpy change. The concentration
of the sugar was estimated by extinction coefficient. Fixing the stoichiometry to be 1: 1 gives
a Ka value of 9.0 × 103M. Eliminating the endothermic point from the fitting routine gives a
stoichiometry of 1.04 and Ka of 10 × 103M. Eliminating the endothermic point and setting
stoichiometry to 1 gives a Ka 9.7 × 103M. Thus the value of Ka is robustly estimated from the
data.
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Figure 6.
(a) R=OdTDP. A possible mechanism for RmlC based on structural and biochemical data. The
key active site residues are shown, the H65 is the catalytic base for both epimerizations, K73
stabilizes the enolate and Y134 acts as the acid for the first epimerization. The mono-
epimerized intermediate is shown boxed and has the equatorial linkage between carbohydrate
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ring and nucleotide. It cannot proceed directly to product because the C3′ proton is only
sufficiently acidic when it is orthogonal to the plane of the carbonyl function.
(b) R=OdTDP. An alternative route for the first epimerization using a twist boat form of
substrate, the mono epimerized intermediate is shown boxed. The apparent preference of RmlC
for the equatorial linked sugar nucleotide suggests this is a possibility.
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Table 2
Apparent kinetic constants for S. enterica serovar Typhimurium RmlC mutants with dTDP-6-deoxy-D-xylo-4-
hexulose.

Enzyme Km (mM) kcat (1/s)
Native 0.71 ± 0.17 39 ± 6.6
RmlC K73A 0.35 ± 0.051 0.095 ± 0.0083
RmlC Y133F 0.48 ± 0.21 0.016 ± 0.0017
RmlC H63A N.D 0
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Table 3
Isothermal titration calorimetry data for P. aeruginosa RmlC with sugar nucleotides. The uncertainties are
estimated from the fitting and underestimate the true error.

Ka (× 103M) ΔH (kJmol−1)
dTDP-L-rhamnose 11.6 ± 1.8 −8.6 ± 0.9
dTDPa 13.2 ± 1.7 −25 ± 2
dTDP-xylose 1.32 ± 0.05 −11.8 ± 0.2
dTDP-glucose 0.96 ± 0.26 −9.3 ± 6.2
a
The values for dTDP did vary depending on experiment and on the processing parameters. As is seen for dTDP-L-rhamnose (Fig 5) there is an endothermic

event at the start of titration that we cannot interpret. If the endothermic points are omitted, N is set to 1 and the values recalculated the Ka drops to 4.5

× 103M. Our interpretation is that dTDP binds more tightly than dTDP-xylose/glucose, we do not think our data robust enough to compare dTDP and
dTDP-L-rhamnose.
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