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In mammals, protein ± carbohydrate interactions play a
crucial role in mediating a variety of biological recognition
processes.[1] The enzymes responsible for the biosynthesis of
glycan chains are glycosyltransferases, and their malfunction
leads to a number of pathological disorders. So far, only
limited data are available for the three-dimensional structure
of mammalian glycosyltransferases.[2] Recently, an X-ray
structure was published of b-1,4-galactosyl-transferase
(b4Gal-T1, EC 2.4.1.90/38), a Golgi-resident membrane-
bound enzyme, in its free and substrate-bound form.[2c] This
transferase is responsible for the transfer of galactose from
UDP-Gal (uridine diphospho-d-galactose, Scheme 1) to b-d-
N-acetylglucosamine residues, furnishing poly-N-acetyllactos-
amine chains found in glycoproteins and glycosphingolipids.
The enzyme b4Gal-T1 cocrystallized with the donor substrate
UDP-Gal, but the electron density was not sufficient to
resolve the terminal galactose residue. Therefore, crucial
molecular details of the recognition reaction between b4Gal-
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T1 and UDP-Gal still must to be revealed. Here we present
NMR data that map the binding epitope of UDP-Gal bound
to b4Gal-T1 with atomic resolution.

Several NMR experiments are now known for the analysis
of protein ± ligand interactions. Recently, saturation transfer
difference (STD) spectroscopy was introduced for the screen-
ing of compound libraries for binding activity towards
receptor proteins.[3] The method has proven to be very robust,
and requires only small amounts of protein in the mm range.[4]

The STD NMR technique is also very useful to map the
binding epitope of ligands with atomic resolution.[5] Ligand
protons that are in close contact with the protein binding
pocket experience a larger fraction of saturation transfer than
protons further away. Therefore, protons belonging to the
binding epitope of the ligand show larger signal intensities
than other ligand protons in the STD NMR spectra. This in
turn allows precise definition of the binding epitope.

To study the binding of UDP-Gal to b4Gal-T1[6] we
prepared an NMR sample that contained about a 45-fold
molar excess of UDP-Gal over b4Gal-T1. To avoid compli-
cations from paramagnetic Mn2�we substituted Mn2� by Mg2�

in the buffer. This is known to reduce the activity of the
enzyme but its functionality is retained.[7] One-dimensional
STD NMR spectra were obtained for this sample with
saturation times ranging from 0.5 ± 2.0 s. Figure 1 b shows
the STD spectrum with 2.0 s saturation time; for comparison
the 1D 1H NMR spectrum of UDP-Gal is shown in Figure 1 a.

From the STD spectra the relative amount of saturation
transfer for each individual proton was calculated utilizing a
corresponding 1D NMR spectrum as reference (Scheme 2).[5]

These values reflect the degree of dipolar interactions of
UDP-Gal protons with protons belonging to the active site of
the enzyme.

It is clear that the ribose and uracil protons receive the
largest amount of saturation transfer. From the ribose residue,
the anomeric proton H1' and the proton H4' give the most

intense STD responses. This is in accordance with the X-ray
structure, where the uridine is located in a pronounced
binding pocket. Uracil displays a stacking interaction with
Phe 226, and as a result H1' and H4' of the ribose point
towards the interior of the protein, which explains their
prominent STD signals. The galactose residue shows smaller
STD effects, indicating that this residue is in less intimate
contact with the protein surface. Since the galactose residue
has to be transferred to an acceptor substrate during the
enzymatic reaction, it is reasonable that its contact with the
protein�s active site is not too tight.

All the protons of the galactose residue show a response in
the STD spectrum, indicating that galactose is in direct
contact with the enzyme binding pocket. From the galactose
protons, H4 and H2 lead to the most prominent STD signals.
For comparison, the binding of UDP-Glc (uridine diphospho-
d-glucose) to b4Gal-T1 was studied. For UDP-Glc in the
presence of b4Gal-T1, STD spectra were obtained also;
therefore, binding still occurs. In general, all STD effects were
considerably smaller than for UDP-Gal, indicating a much
smaller binding affinity (Figure 1). STD effects were only
observed for the ribose unit and for uracil ; there were no STD
responses for the glucose residue. It may be argued that H1 of
glucose receives small amounts of saturation, but it was
impossible to quantify this effect (Figure 1 d). It is concluded
that glucose is not in direct contact with the enzyme active
site. Apparently, the enzyme does not recognize the glucose
residue, and therefore probably fails to properly align the
monosaccharide moiety for the transfer. This explains the
observation that b4-Gal-T1 does not transfer glucose residues
at a significant rate.[8] The finding is also in agreement with the
X-ray structure of b4Gal-T1 complexed with uridine diphos-
phogalactose. An inspection of the orientation of UDP in the
binding pocket of b4Gal-T1 shows that a monosaccharide
attached to the terminal phosphate of UDP may have a
variety of orientations. Therefore, specific interactions with

Scheme 1. b4Gal-T1 transfers d-Galactose from UDP-Gal to d-GlcNAc residues (top reaction). The enzyme is highly specific; for example, it does not
process UDP-Glc (bottom reaction) at a significant rate.[8]
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Scheme 2. Relative STD effects for UDP-Gal bound to b4Gal-T1. The
values were calculated by determining the individual signal intensities in
the STD spectrum (ISTD) and in the reference 1D NMR spectrum (I0).[5] The
ratios of the intensities ISTD/I0 were normalized using the largest STD effect
(anomeric proton H1' of the ribose unit, 100 %) as a reference. The arrows
indicate the position of the proton experiencing an STD effect. The value of
41% corresponds to the cumulative saturation transfer for H2' and H3'.
Likewise, 12% denotes the sum effect for both protons H6 of the galactose
residue. The values for protons H5 and H5' are estimates only because
separate integration of the two signals was difficult.

amino acids will be required to establish binding
interactions. We propose that the glucose residue of
UDP-Glc protrudes from the binding site, whereas
the galactose residue of UDP-Gal is in intimate
contact with binding-site protons, as this is reflected
by the STD NMR experiments.

The fact that the UDP part of UDP-Glc is bound
to the protein is reasonable, as it is known that UMP
and UDP as well as their derivativesÐfor example,
UDP-Fuc (uridine diphospho-l-fucose) and UDP-
Man (uridine diphospho-d-mannose)Ðinhibit
b4Gal-T1.[9a] The results are consistent with several
previous studies where a variety of UDP-Gal
derivatives had been synthesized to determine the
relative rates of transfer of galactose from UDP-Gal
to N-acetylglucosamine.[8, 9] It was found that any
variation of the galactose moiety reduced the trans-
fer rate. Deoxygenation of the 2-position of gal-
actose only had a minor influence,[9c] but sterically
demanding substituents in this position significantly
reduced the transfer rate.[8a] The most pronounced
effect was observed upon modifying the 4- and the
2-position of galactose in concert; for example, for
UDP-GlcNAc (uridine diphospho-N-acetyl-d-glu-
cosamine) as a donor substrate no transfer activity
was observed. Modification of these two positions
lead to almost inactive donor substrates.[8a] This
corresponds well with the finding that protons H4
and H2 of galactose receive the largest fraction of
saturation transfer (Scheme 2).

Control experiments were performed with UDP-
Gal in the presence of two lectins, Aleuria aurantia
agglutinin (AAA) and Sambucus nigra agglutinin
(SNA), to exclude the possibility that the effects
observed were nonspecific (see the Supporting
Information). Lectin AAA specifically recognizes
l-fucose moieties,[10] whereas SNA binds to d-
galactose, and most tightly to epitopes containing
the disaccharide a-d-Neu5Ac-(2,3)-d-Gal.[4b, 11] In
the presence of AAA, UDP-Gal showed no STD

effects. l-Fucose, which was also present in the same sample,
clearly displayed STD signals. In the presence of SNA, UDP-
Gal showed strong STD effects for the galactose moiety, and
rather weak effects for the rest of the molecule. Thus,
individual STD signal patterns were observed upon addition
of UDP-Gal for each of the three different proteins, b4Gal-
T1, AAA, and SNA, demonstrating that the STD spectra
reflect the binding epitope in each case.

Our NMR experiments show that b4Gal-T1 binds to UDP-
Gal and to UDP-Glc, albeit with a lower affinity to the latter.
Whereas in the case of UDP-Glc only the UDP part of the
ligand is in contact with the protein surface, the complete
UDP-Gal molecule binds to b4Gal-T1. A quantitative anal-
ysis of STD effects allowed definition of the binding epitope
of UDP-Gal with atomic resolution. With this technique it will
be possible to study the binding of substrates to a variety of
glycosyltransferases. Therefore, we are currently applying the
method to screen other mammalian glycosyltransferases for
which no X-ray data are yet available. The information about

Figure 1. One-dimensional STD NMR (500 MHz) spectra for UDP-Gal (b, 16-fold
amplification) and UDP-Glc (d, 32-fold amplification) in the presence of b4Gal-T1 as
well as the corresponding 1H NMR reference spectra for free UDP-Gal (a) and UDP-
Glc (c). The STD spectra were acquired with selective presaturation at d� 0 for a
duration of 2 s utilizing a cascade of gaussian pulses (duration 50 ms, spacing 1 ms). 2 k
scans were recorded for the STD spectra, and 1 K scans for the reference 1H NMR
spectra. From the spectra relative STD effects were determined (see Scheme 2).
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The ability to observe chemical reactions at the level of
single molecules has been demonstrated by fluorescence
microscopy.[1] Actually, every optical single-molecule experi-
ment with organic fluorophores under ambient conditions is
eventually terminated by a photochemical reaction, which
converts the molecule into a state in which it no longer
absorbs or fluoresces. Often this photobleaching of organic
fluorophores depends on the presence of oxygen, the influ-
ence of which on the photophysics and -chemistry of the
fluorophores has been elucidated in recent single-molecule
experiments.[2] Although photobleaching quite generally is an
important mechanism for the degradation of organic dye
molecules under ambient conditions, understanding of this
process is limited especially for the class of comparatively
photo-stable dyes used in single-molecule spectroscopy or for
technological applications. For single terrylene molecules in a
p-terphenyl host crystal, we can unambiguously show that a
self-sensitized photo-oxidation is the initial step or directly
leads to the terminal photobleaching.

The fluorescence of single terrylene molecules in a p-
terphenyl host crystal[3] was imaged by confocal microscopy.
When following the fluorescence intensity as a function of
time (emission time trace) under ambient conditions, various
types of intensity changes are observed. Either the fluores-
cence signal drops to the background level irreversibly after a
period of constant emission intensity (Figure 1 a) or it jumps
to a new level after having dropped to the background level
for a short period of time (Figure 1 c). As seen in Figure 1 c,
the latter sequence of events in this case is also terminated by
an irreversible drop of the fluorescence signal to the back-
ground level. In addition to the time traces, a complete
sequence of emission spectra of the molecules under study is
recorded simultaneously at regular intervals (5 s). For the
molecule, the time trace of which is shown in Figure 1 a, all
emission spectra are identical until the emission ceases and
fully agree with an ensemble spectrum of terrylene in p-
terphenyl. The spectra in Figure 1 d, which belong to the time
trace in Figure 1 c, shows however that after this molecule
resumes emission at �53 s the spectrum has shifted by 40 nm
to the blue. We attribute all the intensity and spectral changes
to a photo-oxidation of terrylene or subsequent internal
rearrangements of the primary photoproducts.

the binding epitopes will be of crucial importance for the
design of new selective and potent glycosyltransferase inhib-
itors.

Experimental Section

All spectra were acquired on a Bruker DRX 500MHz spectrometer with a
5-mm TXI probehead. The STD spectra were measured at 293 K with 2 k
scans. The reference spectra were measured with 1 k scans. Saturation
tranfer was achieved by using 40 selective gaussian pulses (duration 50 ms,
spacing 1 ms). The protein envelope was irridiated at d� 0 (on-resonance)
and d� 40 (off-resonance). Subsequent substraction was achieved by phase
cycling.

The concentrations of b4Gal-T1 were 20 mm and 7 mm for UDP-Gal and
UDP-Glc, respectively. Sample volume: 300 mL in a Shigemi tube. The
concentration of UDP-Gal was 0.9 mm (UDP-Glc 1 mm). Buffer: 20 mm
Tris, 20 mm NaCl, 10 mm MgCl2 ph 7.4 (not corrected).
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