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The major structural component of the mycobacterial cell wall, the mycolyl–arabinogalactan–peptidogly-
can complex, possesses a galactan core composed of approximately 30 galactofuranosyl (Galf) resides
attached via alternating b-(1?6) and b-(1?5) linkages. Recent studies have shown that the entire galactan
is synthesized by two bifunctional galactofuranosyltransferases, GlfT1 and GlfT2. We report here saturation
transfer difference (STD) NMR studies GlfT2 using two trisaccharide acceptor substrates, b-D-Galf-(1?6)-b-
D-Galf-(1?5)-b-D-Galf-O(CH2)7CH3 (2) and b-D-Galf-(1?5)-b-D-Galf-(1?6)-b-D-Galf-O(CH2)7CH3 (3), as
well as the donor substrate for the enzyme, UDP-Galf. Epitope mapping demonstrated a greater enhance-
ment toward the ‘reducing’ ends of both trisaccharides, and that UDP-galactofuranose (UDP-Galf) made
more intimate contacts through its nucleotide moiety. This observation is consistent with the greater flex-
ibility required within the active site of the reaction between the growing polymer acceptor and the UDP-
Galf donor. The addition of UDP-Galf to either 2 or 3 in the presence of GlfT2 generated a tetrasaccharide
product, indicating that the enzyme was catalytically active.

� 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

According to the World Health Organization, one third of the
world’s population is infected with Mycobacterium tuberculosis.
Three million deaths per year are attributed to tuberculosis (TB),
the most lethal bacterial infection.1,2 The pathogenicity of the TB-
causing bacterium, M. tuberculosis, is attributed to the mycolyl–
arabinogalactan–peptidoglycan (mAGP) complex that not only
encapsulates this organism but also other mycobacterial spe-
cies.3–6 Galactofuranose (Galf) residues are present in a number
of protozoal, fungal, and bacterial organisms,7–9 but are absent in
mammals.10 Inhibitors of the enzymes involved in Galf metabolism
are therefore of interest as novel therapeutic agents.11 The mAGP is
a major structural component of the mycobacterial cell wall and
serves as an essential permeability barrier, thus protecting the
organism from its environment.12

The core of the mAGP is composed of a polymer of D-Galf resi-
dues connected via alternating b-(1?5) and b-(1?6) linkages. This
galactan is attached to peptidoglycan through an a-L-rhamnopyr-
anosyl-(1?3)-2-acetamido-2-deoxy-b-D-glucopyranosyl-phosphate
linkage (the linker disaccharide), and also bears three mycolylated
ll rights reserved.

ax: +1 780 492 7705 (T.L.L);
.P.).
arabinan domains (1, Fig. 1).5,13 Investigation of the biosynthesis of
the mAGP has identified many of the enzymes involved in this pro-
cess.12,14 The galactan domain is constructed by only two enzymes,
O

Figure 1. Structure of the mAGP complex, with the galactan region highlighted; x
�10. *The three arabinan chains have been proposed to be linked via the 8th, 10th,
and 12th Galf residues of the galactan core.6
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Figure 2. Trisaccharides 2 and 3, reported acceptor substrates for GlfT2.
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both of which are bifunctional.15 One transferase, GlfT1,16 adds the
first and second Galf residues to the rhamnopyranose residue in
the linker disaccharide while the remaining residues are added
by a second transferase, GlfT2.17–19 Therefore, GlfT1 possesses dual
Galf-b-(1?4)-Rhap- and Galf-b-(1?5)-Galf transferase activity
while GlfT2 affects both Galf-b-(1?5)-Galf and Galf-b-(1?6)-Galf
transferase activities. As the donor species, both enzymes use
UDP-galactofuranose (UDP-Galf), and the acceptor substrate is
the nascent biopolymer.

Studies to date indicate that the b-(1?6), b-(1?5)- and b-
(1?5), b-(1?6)-linked trisaccharides 2 and 3, respectively
(Fig. 2), are efficiently galactosylated by GlfT2.20 The former is
initially a substrate for the b-(1?5)-transferase activity of the
enzyme while the latter is a substrate for the b-(1?6)-transfer-
ase activity. Because the tetrasaccharide products formed from 2
and 3 are also substrates for the enzyme, subsequent additions
of Galf via the UDP-Galf donor20 lead to a homologous series
of products. In the organism, the entire galactan structure is
assembled on a polyprenol carrier before it is arabinosylated,
mycolylated and finally transferred to peptidoglycan. A recent
paper by Kiessling and co-workers has proposed that the ability
of GlfT2 to efficiently elongate the galactan depends upon the
identity of the lipid carrier.21

We have recently explored the bifunctionality of GlfT2,22 in par-
ticular, we determined that one active site appears to be responsi-
ble for the assembly of b-(1?5)- and b-(1?6)-Galf linkages. In
order to gain further insight into the process by which GlfT2 poly-
merizes the galactan core of the mAG complex, we report here the
use of saturation transfer difference (STD) NMR experiments with
acceptor substrates 2 and 3 (Fig. 2) to obtain their epitope maps,
that is, the nature of the contacts within the enzyme active site.
No crystal structures of the enzyme, either unliganded or in com-
plex with a substrate or substrate analogue, have been reported
to date.

2. Experimental

2.1. Materials

Trisaccharides 2 and 3 were synthesized as described
elsewhere.23

2.2. Preparation of GlfT2 for NMR

Expression and purification of GlfT2 has been previously de-
scribed.20 Fractions from a Sephacryl S-100 HR column were evalu-
ated by both SDS–PAGE and a radiochemical activity assay18 (typical
specific activities were 4–6 U/mg). Fractions that were both 90%
pure and active were pooled. The concentration (mg/mL) of pooled
fractions was determined by UV absorption spectroscopy (A280 di-
vided by 1.6, the extinction coefficient). GlfT2 (2 mg) was concen-
trated to �0.5 mL using an Amicon Ultra-15 centrifuge tube with a
molecular weight cut off of 30,000 Da (Millipore, Billerica, MA). To
this solution was added 5 mL of phosphate buffered saline solution
(50 mm Na2HPO4–NaH2PO4, 0.1 m NaCl, 10 mm MgCl2, 99% D2O;
the pH of the starting buffer was 7.6) and the solution was concen-
trated as described above to �0.5 mL. This procedure was then re-
peated five times after which the concentration, activity and purity
were then again confirmed as outlined above.

2.3. NMR spectroscopy

To a sample of GlfT2 (1.6 mg) in phosphate buffered saline solu-
tion (50 mM Na2HPO4–NaH2PO4, 0.1 M NaCl, 10 mM MgCl2, and
99% D2O (pH 7.6)) was added either b-(1?6), b-(1?5) trisaccha-
ride 2 (1.3 mg) or b-(1?5), b-(1?6) trisaccharide 3 (1.2 mg). Like
many glycosyltransferases, GlfT2 is a metal-dependent enzyme
and manganese Mn+2 is likely the natural metal ion. The metal sta-
bilizes the binding of the sugar nucleotide donor to the protein. The
enzyme is equally efficient with Mg+2 and that is the metal ion we
have used in all our assays. The final ligand concentration was
4 mM at a ligand–protein ratio of 100:1. STD-NMR spectra with
UDP-Galf were acquired with 0.5 mg of UDP-Galf and 1.2 mg GlfT2.
Incubation of GlfT2 (1.25 mg) with UDP-Galf (1.0 mg) and 2
(1.0 mg) generated the b-(1?5), b-(1?6), b-(1?5) tetrasaccharide
product. The enzyme was recycled using Centricon preparation
and incubated with UDP-Galf (1.0 mg) and 3 (1.0 mg) to generate
the b-(1?6), b-(1?5), b-(1?6) tetrasaccharide product. Ligand
resonances were assigned using 1H–1H COSY, 1H–1H TOCSY, and
1H–1H NOESY NMR spectroscopy. Linkages between Galf residues
were assigned on the basis of 1H–1H NOESY NMR spectra. Thus,
interglycosidic NOEs were observed between H-1A and OCH2,
H-1C and H-6B as well as between H-1B and H-5A, confirming
the Galf ring connectivities. Water suppression using presaturation
was utilized in experiments with ligand only. 31P NMR spectra (at
162 MHz) were recorded on a Bruker AMX-400 NMR spectrometer.
STD-NMR spectra were performed on a Bruker AMX-600 NMR
spectrometer at 285 K (to slow hydrolysis) in the case of UDP-Galf.
STD-NMR spectra were performed on a Bruker Avance 600 NMR
spectrometer, equipped with a TCI cryoprobe at 298 K in the case
of the trisaccharides 2 and 3.

Spectra were recorded with 1024 or 2048 scans and selective
saturation of protein resonances at 10 ppm (30 ppm for off-reso-
nance spectra) using a series of 40 GAUSSIAN-shaped pulses (50 ms,
1 ms delay between pulses, cB1/2p = 110 Hz), for a total saturation
time of 2.04 s.24 The protein resonances were broad and had signif-
icant intensity in the region downfield from 10 ppm. Irradiation at
10 ppm will result in saturation of aromatic protein resonances
and via rapid spin diffusion; this saturation will also spread to ali-
phatic protein resonances. Irradiation at 10 ppm was also consid-
ered prudent in achieving selective saturation of the protein
resonances since a ligand resonance was present at 0.8 ppm. Sub-
traction of saturated spectra from reference spectra was performed
by phase cycling, on a Bruker AMX-600 NMR spectrometer.
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Figure 4. Epitope mapping of UDP-Galf in the active site of GlfT2. Enhancements
are referenced to the H-1 resonance of the ribofuranosyl moiety.
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Measurement of enhancement intensities was performed by direct
comparison of STD-NMR spectra and reference one-dimensional 1H
NMR spectra. In the case of STD-NMR spectra acquired on the Bru-
ker Avance 600 NMR spectrometer, the saturated and reference
spectra were acquired simultaneously by creating a pseudo-2D
experiment. The STD spectrum was obtained by subtraction of sat-
urated spectra from reference spectra after identical processing
and phasing. In all cases, the fractional STD effect was calculated
by (I0 � Isat)/I0, where (I0 � Isat) is the peak intensity in the STD
spectrum and I0 is the peak intensity of an unsaturated reference
spectrum. 1D-STD-NMR spectra of 2 and 3 were deconvoluted to
obtain peak intensities. Carefully phased and baseline-corrected
spectra were deconvoluted using a program written by Brouwer.25

On- and off-resonance STD spectra were fit using mixed Lorentz-
ian–GAUSSIAN peaks with peak positions and widths held constant,
and only peak intensity varied (see, e.g., Fig. S6). In all cases, STD
spectra were acquired without water suppression.

STD-2D-TOCSY spectra were recorded with 16 or 32 scans per t1

increment. A total of 256 t1 increments were collected in an inter-
laced mode for the on- and off-resonance spectra. An MLEV-17
spin-lock sequence with a 10 kHz rf field strength and a mixing
time of 80 ms was utilized. Rows were extracted from the STD-
2D-TOCSY spectra and from the 2D-TOCSY spectra corresponding
to spin systems from rings A, B, and C of trisaccharides 2 and 3
in the presence of GlfT2. Intensities (ISTD-2D-TOCSY) from the rows
of the STD-2D-TOCSY spectra were referenced to the intensities
(I2D-TOCSY) from the rows of the 2D-TOCSY spectra and normalized
to the selectively excited resonance. All enhancements were mea-
sured in triplicate, and the average values are shown. The error is
estimated at ±10%.

Longitudinal relaxation times T1s of 2 and 3 in the presence of
GlfT2 were determined with the inversion recovery pulse
sequence.

Data processing was performed using XWINNMR (Bruker), Top-
Spin (Bruker), and MestReC.

3. Results

3.1. Epitope mapping of donor substrate UDP-Galf

The binding of uridine 50-diphosphate a-D-galactofuranose
(UDP-Galf) to GlfT2 was investigated by the use of one-dimensional
STD-NMR experiments (Fig. 3). The line broadening observed is
Figure 3. Expansion of 1D 1H NMR (lower trace) and STD-NMR (upper trace) spectra of UD
ribose, and uracil, respectively.
caused by ligand resonances being in close contact with the protein;
the slow tumbling rate of the protein–ligand complex increases the
rate of relaxation, as indicated in our previous work.26 All of the pro-
tons of UDP-Galf show some degree of enhancement, demonstrating
that the entire molecule is bound in the active site of GlfT2. The larg-
est amount of saturation transfer was observed for H-1r of the ribo-
syl (r) moiety and H-5u from the uracil (u) moiety, indicating that
both the uracil and ribose units are making more intimate contacts
with groups on the protein (Fig. 4).

Within 5–6 h, the UDP-Galf began to hydrolyze to uridine
50-monophosphate (UMP), uridine 50-diphosphate (UDP), Galf-1-
phosphate, and galactopyranose. 31P NMR spectroscopy of the
reaction products showed signals from UDP and UMP, as well as
a signal from inorganic phosphate (from UDP hydrolysis). UDP
and UMP were also observed to bind to GlfT2 (see Figs. S1, S2 in
Supplementary data).

3.2. Epitope mapping of the acceptor substrate 2

The acceptor substrates 2 and 3 were examined individually for
binding to GlfT2. One-dimensional STD-NMR spectra were obtained
for 2 (Fig. 5). Epitope mapping revealed that the entire molecule was
bound in the active site of GlfT2 and that the three Galf monosaccha-
ride units showed varying degrees of enhancement (Fig. 6).

Because only one type of monosaccharide residue (D-Galf) is
present in these oligosaccharides, spectral overlap was significant
and this complicated analysis. For example, the overlapping reso-
nance at 3.96 ppm comprised the H-3B, H-3C, H-3A, and H-4B sig-
nals. We attempted to estimate the contributions for each proton
from STD-2D-TOCSY NMR spectra as this afforded increased spec-
tral dispersion (see, e.g., Fig. S7).
P-Galf in the presence of GlfT2, at 600 MHz and 285 K. Labels g, r and u refer to Galf,



Figure 5. Expansion of (A) 1D 1H NMR and (B) STD-NMR spectra of 2 at 600 MHz and 298 K in the presence of GlfT2.
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Accordingly, a row was extracted from the STD-2D-TOCSY spec-
tra corresponding to H-1A and its spin coupled partners, H-2A, H-
3A, H-4A, etc. This row was referenced to the same row from the
2D-TOCSY spectra and normalized to the selectively excited reso-
nance (H-1A in this case) indicated in bold (see Table S4). In this
manner, the STD contribution from H-3A relative to H-1A could
be estimated from measuring the enhancement of H-3A (52%) rel-
ative to the enhancement of H-1A (100%) in that row (see Table
S4). Since the STD enhancement of H-1A is known from the 1D-
STD-NMR spectrum (74.5%) (see Table S1), we can estimate the
enhancement of H-3A to be 38%. We cannot assign contributions
from H-2A and H-4A as these resonances are isochronous and
inseparable even in the 2D spectra.

Next, we examined the contribution from H-5B as this forms
part of the multiplet at 3.88 ppm (H-4C/5B). The STD contribution
from H-5B relative to H-6B was estimated from a row of the STD-
2D-TOCSY spectrum referenced to the same row in the 2D-TOCSY
spectrum which contained H-6B and its coupled partners, H-60B,
H-5B, H-4B, etc. From this row, the enhancement of H-5B (109%)
relative to the enhancement of H-6B (100%) was measured (see Ta-
ble S4). Since the STD enhancement of H-6B is known from the 1D-
STD-NMR spectrum (34%) (see Table S1), we can estimate the
enhancement of H-5B to be 37%. We cannot assign contributions
from H-3B and H-4B as these resonances are isochronous and
inseparable even in the 2D spectra.

Lastly, we examined the contribution from H-3C, H-4C, and H-6C.
Once again we referred to a row from both the STD-2D-TOCSY data
and 2D-TOCSY data (see Table S4). Since the STD enhancement of
H-5C (35%) is known from the 1D-STD-NMR spectrum (see Table
S1), we can estimate the enhancements of H-3C, H-4C, and H-6C to
be 36%, 33%, and 17%, respectively, from their ratios relative to H-
5C in the STD-2D spectral data.

The epitope map (Fig. 6) indicates that the Galf A residue makes
the most intimate contacts with the protein, residue Galf B makes
lesser contacts, and Galf C has least contacts with the protein.

An examination of the binding epitope of 2 in the presence of the
donor, UDP-Galf is also of interest. Thus, a sample containing UDP-
Galf and GlfT2 was treated with trisaccharide 2, and the STD ampli-
fication factors for UDP-Galf were calculated. The resonance from
UDP-Galf corresponding to H-6 uracil was not dramatically affected
by the addition of trisaccharide 2, consistent with the epitope map
(Fig. 4), which indicates that it makes sparse contact with GlfT2.
The STD amplification factor for the H-1r/H-5u resonance of ribose
decreased by approximately 58% and that of the H-1 g resonance
of galactose decreased by approximately 61%. The resonance corre-
sponding to H-1 ribose/H-5 uracil from UDP-Galf was most affected
because H-1 of ribose and H-5 of uracil are critical for binding to
GlfT2. During these experiments, we observed the formation of the
b-(1?5), b-(1?6), b-(1?5) tetrasaccharide product, indicating that
the enzyme was active and turning over (Fig. S3 in Supplementary
data); however, UDP-Galf hydrolysis was also observed. The STD
amplification factors for 2 were not significantly affected in the pres-
ence of UDP-Galf. The lack of rigidification of the acceptor deserves
comment. Presumably, similar STD amplification factors were ob-
tained because product formation is fast relative to the NMR time
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scale. In addition, non-ideal substrates are being used, the natural
substrates being large, membrane-associated glycolipids.

3.3. Epitope mapping of the acceptor substrate 3

Having established the manner in which GlfT2 binds 2, the trisac-
charide 3 was investigated. As with the acceptor substrate 2, the
enhancements observed in the one-dimensional STD-NMR experi-
ments for 3 (Fig. S4 in Supplementary data) indicated that the entire
molecule was bound in the active site of GlfT2. The methodology used
to estimate enhancements for acceptor 2 was also used for the case of
3 (see Table S5). The epitope map for 3 is shown in Figure 7.

Taken together, these epitope mapping studies demonstrate
that acceptor substrates 2 and 3 both experienced greater
enhancement toward ring A, indicating that this is a critical portion
of the binding epitope. These findings are consistent with a recent
STD-NMR study on N-acetylglucosaminyl transferase V with its tri-
saccharide acceptor substrate.27 In these investigations, the mono-
saccharide residue of the acceptor undergoing glycosylation
showed lower STD effects than the other monosaccharide residues.
This is presumably due to the need for this region of the substrate
to be only weakly bound so that the conformational changes nec-
essary in the glycosylation transition state can occur. Hence, it is
not expected that this portion of the molecule will be tightly bound
and this feature is reflected in the reduced STD enhancement.

We also examined the binding epitope of 3 in the presence of
the donor, UDP-Galf. As was observed with trisaccharide 2, it was
found that the addition of UDP-Galf had little effect on the binding
epitope of trisaccharide 3. As seen with trisaccharide 2, the forma-
tion of the b-(1?6), b-(1?5), b-(1?6) tetrasaccharide product was
observed, indicating that the enzyme was active and turning over
(Fig. S5 in Supplementary data). However, we also observed UDP-
Galf hydrolysis.
4. Discussion

Significant insight into the process by which the galactan portion
of mycobacterial mAGP is biosynthesized has been acquired in re-
cent years.3–5,12,13,15 It appears that the �30-residue long glycan is
assembled by the two bifunctional galactofuranosyltransferases,
GlfT1 and GlfT2.15 Because galactan synthesis is essential for myco-
bacterial viability,28 and Galf appears to be absent in mammalian
systems, inhibitors of these transferases could be selective therapeu-
tic agents for the treatment of diseases such as tuberculosis and HIV-
associated Mycobacterium avium infections.29 It is therefore highly
desirable that one gain an understanding of the structures and
mechanisms of these enzymes. In this paper, we have focused on re-
combinant M. tuberculosis GlfT2.20,30 In the absence of X-ray struc-
tural information on GlfT2 and its complexes, we used STD-NMR
spectroscopy to investigate GlfT2 substrate interactions.

Epitope mapping studies with the nucleotide donor for the en-
zyme, UDP-Galf, revealed that the strongest interactions with the
protein involve the nucleotide base and H-1 of the ribose portions
of the molecule. All of the hydrogens from the Galf moiety also re-
ceive saturation transfer from the protein, but less than the nucle-
otide moiety. These trends are consistent with previous studies on
the blood group B galactosyltransferase,31as well as N-acetylglu-
cosaminyl transferase V27 which also showed that the donor
(UDP-Galp and UDP-GalpNAc, respectively) most strongly interacts
with the protein through the nucleotide portion. This can be ratio-
nalized based on the need for the sugar that is to be transferred to
be relatively loosely bound, thus facilitating molecular reorganiza-
tion near the site of reaction.

Similar epitope mapping studies with two known trisaccharide
substrates for the enzyme, 2 and 3, revealed that in both cases the
non-reducing end of the molecule showed lower STD effects, indi-
cating reduced interaction with the protein. This observation is in
agreement with previous studies on the binding of carbohydrate
acceptor molecules by glycosyltransferases,27,31 and, as described
above for the binding of UDP-Galf, is consistent with the need for
the substrate to have the flexibility to participate in the enzyme-
catalyzed glycosylation. If the entire acceptor and donor were
tightly bound to the enzyme, it could be envisioned that the sub-
strates would not be able to undergo the conformational distortion
needed in the transition state. When these epitope mapping stud-
ies were carried out in the presence of the donor UDP-Galf, the
binding epitopes were not substantially different, and under these
conditions the formation of a tetrasaccharide product was ob-
served, thus demonstrating that the protein was capable of cataly-
sis under the conditions of the experiment.

It is also of interest to note that the octyl aglycon receives sub-
stantial saturation transfer, indicating that it is interacting strongly
with the protein. This is consistent with the earlier32 observation
that mycobacterial glycosyltransferases recognize oligosaccharides
of long-chain alcohols better than those with shorter aglycons. In
nature, GlfT2 normally recognizes, as a minimum acceptor sub-
strate, a tetrasaccharide, the linker disaccharide plus two Galf res-
idues (see Fig. 1). Thus, the octyl group may interact with portions
of the enzyme that normally bind to these additional carbohydrate
residues. This proposal is consistent with the previously men-
tioned work from the Kiessling and co-workers, in which the nat-
ure of the aglycon of the sugar acceptor was shown to influence
the outcome of GlfT2-mediated galactan elongation.21

In summary, these STD-NMR studies have provided additional
information on substrate binding by GlfT2. When taken together
with our earlier work,22 the picture that emerges is one in which
this bifunctional enzyme carries out both glycosylation reactions
within a single active site, and binds its substrates in a manner
similar to other glycosyltransferases.27,31
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