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ABSTRACT: The R-2,6-sialyltransferase (ST6Gal-I) is a key enzyme that regulates the distribution of sialic acid-
containing molecules on mammalian cell surfaces. However, the fact that its native form is membrane-bound
and glycosylated has made structural characterization by X-ray crystallography of this eukaryotic protein
difficult. Its large size (∼40 kDa for just the catalytic domain) also poses a challenge for complete structure
determination by nuclear magnetic resonance (NMR). However, even without complete structure determina-
tion, there are NMR strategies that can return targeted information about select regions of the protein,
including information about the active site as seen from the perspective of its bound ligands. Here, in a
continuation of a previous study, a spin-labeled mimic of a glycan acceptor ligand is used to identify
additional amino acids located in the protein active site. In addition, the spin-labeled donor is used to
characterize the relative placement of the two bound ligands. The ligand conformation and protein-ligand
contact surfaces are studied by transferred nuclear Overhauser effects (trNOEs) and saturation transfer
difference (STD) experiments. The data afforded by the methods mentioned above lead to a geometric model
of the bound substrates that in many ways carries an imprint of the ST6Gal-I binding site.

Nuclear magnetic resonance (NMR)1 methods, focused on
bound ligand properties rather than complete protein structures,
can provide a very detailed view of some of the most critical
regions of protein systems, including the active sites of
enzymes (1-4). Previously, in one type of NMR experiment,
we reported using a spin-labeled donor analogue of a sugar
nucleotide, CMP-4-O-(4-carboxy-2,2,6,6-tetramethylpiperidine-
1-oxyl) (CMP-4carboxyTEMPO), to map the positions of iso-
topically labeled phenylalanines relative to the position of
the analogue in the active site of the R-2,6-sialyltransferase
(ST6Gal-I) (5). The paramagnetic TEMPO derivative perturbs
NMR resonances of the protein in a manner dependent on the
inverse sixth power of the distances between the unpaired electron
of the nitroxidemoiety inTEMPOand the nuclei giving rise to the
NMR resonances. Sixteen NMR cross-peaks were observable in
1H-15N HSQC spectra when the protein was expressed in HEK
293 cells grown on media containing 15N-labeled phenylalanine;
the sites were ranked in the order of their distance to the bound
donor mimic based on the perturbation of cross-peak intensity.
Glycosyltransferases, however, have two ligands, a donor and an
acceptor, offering the opportunity to use similar ligand-based
NMR methods to map a more extended binding site (1, 6). Here
previous studies are first extended using a spin-labeled acceptor

analogue to map distances to additional labeled amino acid sites.
Then related paramagnetic strategies are used to characterize the
position of the sugar acceptor relative to the donor analogue
while both are simultaneously bound to ST6Gal-I. When com-
bined with more traditional transferred NOE (trNOE) (7) and
saturation transfer difference (STD) (8) methodology, the later
methods provide an imprint of the active site geometry without
the need for the determination of the protein’s structure.

ST6Gal-I is a structurally uncharacterized glycosyltransferase
of biomedical importance. It catalyzes the transfer of sialic acid
residues from CMP-NeuAc to the terminal galactose residues of
glycan chains of glycolipids and glycoproteins on the surfaces of
mammalian cells. Variation in the amount of sialic acid incorpo-
rated is correlated with colon cancer, brain tumors, and immune
regulation in the human body (9, 10). The cDNA encoding
ST6Gal-I was first cloned from rat liver (11) and biochemically
characterized in 1982 (12, 13). However, the structure of ST6Gal-
I remains a challenge because of the normal membrane associa-
tion, native glycosylation, and poor expression in bacterial hosts.
Crystal structures of four sialyltransferases of bacterial origin
have been reported. They include the 2,3-/2,8-sialyltransferase
(CstII) from Campylobacter jejuni (OH4384) (14), the 2,3-sialyl-
transferase (Cst-I) from C. jejuni (15), the 2,3/6-sialyltransferase
(Δ24PmST1) from Pasteurella multocida strain P-1059 (16, 17),
and,most recently, theR-2,6-sialyltransferase (JT-ISH-224) from
Vibrionaceae photobacterium sp. (18). In several cases, these
structures have been produced in complex with the inactive
donor analogue, CMP-3FNeuAc, or the product, CMP; in the
two latter cases, a potential acceptor, lactose, has also been
included. Unfortunately, there are no overall sequence simila-
rities between these bacterial sialyltransferases and the mamma-
lian sialyltransferases. The levels of sequence identity for ST6Gal-I
and CstII, Cst-I, Δ24PmST1, and JT-ISH-224 are 11, 14, 15,
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and 16%, respectively. Currently, no information about the
relative orientation of the donor and acceptor co-occupying the
active site of ST6Gal-I is available. Also, the differences in
reactions conducted by the bacterial sialyltransferases, which
include 2-3 and 2-6 donor activities as well as broader acceptor
specificities,make it risky to draw conclusions from the position of
lactose in the bacterial enzymes about the active site geometries of
ST6Gal-I.

There have been a number of examples in which paramagnetic
constraints were used to examine distances between substrates
and protein residues detected by NMR (1, 5, 19-23). The spin-
labeled moiety chosen here is the commonly used and chemically
stable TEMPOmoiety (2,2,6,6-tetramethylpiperidine-1-oxyl). Its
nitroxide group contains an unpaired electron that can signifi-
cantly increase relaxation rates of protons and other magnetic
nuclei. The effect is relatively long-range because the electron
magnetic moment is 658 times larger than the proton magnetic
moment and even larger when compared to those of most other
nuclei. Effects also are easily measured; as the spin relaxation
times are shortened (in particular T2), the protein resonances are
broadened and the cross-peak intensity inmostmultidimensional
experiments is reduced. The general procedure is first to acquire a
spectrum of the protein with the spin-labeled ligand in its
oxidized form, and then again after reduction of the nitroxide
radical with ascorbate. The peak intensity differences in the
oxidized and reduced spectra should be directly attributable to
the paramagnetic relaxation enhancement and simply related to
r-6. These effects can be observed up to 20 Å or more in most
protein 1H-15N HSQC experiments, allowing distances between
the nitroxide spin and the nuclei giving rise to the cross-peaks to
be calculated.

Similar distance-dependent perturbations can be measured for
the ligand in lieu of the protein. The protein sample does not need
isotope labeling, and sites in the ligand (usually 1H-13C) can be
detected at natural abundance as long as rapid exchange exists
and a sufficiently high concentration of the ligand can be used. In
principle, relaxation perturbation of an exchanging ligand in the
presence of a second exchanging ligand carrying a nitroxide
group can be measured from any type of relaxation parameter.
There are certain advantages in measuring longitudinal relaxa-
tion times (T1) rather than the transverse relaxation time (T2)
often measured in protein systems, including the fact that ex-
changing ligands usually suffer some resonance broadening due
to intermediate exchange rates on and off the protein. These
exchange broadening effects can be difficult to separate from the
paramagneticT2 effects. As long as the exchange is fast compared
to T1, T1 values are not affected by the exchange process. In
choosing between T1 values of protons or carbons, we find T1

values of carbon have an advantage becauseT1 values of protons
in large complexes suffer from spin diffusion. There may be some
concern about effects of direct electron transfer for heteronuclei
which has been postulated when paramagnetic metals are
used (24). However, to the best of our knowledge, these effects
have not been documented for nitroxides.

Transferred nuclear Overhauser (trNOE) and saturation
transfer difference (STD) experiments are common methods
for determining bound conformations and binding motifs of
substrates bound to proteins (25). Transferred NOE experiments
are able to demonstrate a substrate’s binding to amacromolecule
and provide distance restraints between proximate pairs of
protons in the substrate itself. When ligand molecules bind to
large receptor proteins,NOEs undergo drastic changes leading to

the observation of strong negative trNOEs as opposed to the
normally weak and positive NOEs of small ligands. Because of
the dominance of bound ligand properties in the measured NOE,
these negative NOEs can be converted to distance restraints for
proximate pairs of ligand protons, as they exist in the bound
state.

In STD experiments, the binding epitope of the substrates can
be determined by assessing saturation transfer from protein
protons to the individual protons of the substrates when the
protein is saturated. In one-dimensional (1D) 1H experiments, a
cascade of Gaussian-shaped pulses is applied to the aliphatic
protons of protein. The resultant regional saturation quickly
diffuses through the protein by intramolecular spin diffusion and
then to the ligand protons by intermolecular spin diffusion.
Because of the fast exchange of free and bound ligands, the
saturation carried by the ligands is transferred into solution and
detected as a saturation of specific protons in the solution formof
the ligand. By subtracting this spectrum from a spectrum with
protein irradiated at a frequency well away from its proton
resonances, we obtain a NMR spectrum in which the intensities
of ligand signals are reduced in proportion to the proximity of
ligand protons to protons on the protein surface.

In what follows, a spin-labeled acceptor, LacNAc-TEM-
PO (21) (Figure 1), has been used to observe changes in
additional resonances of [15N]Phe-labeled ST6Gal-I, and these
have been compared to previous changes observed during the
binding of a spin-labeled donor. The donor analogue, CMP-
4carboxyTEMPO (Figure 1), is then used to perturb resonances
of a non-spin-labeled acceptor, N-acetyllactosamine (LacNAc).
Distances between the nitroxide of the donor and the acceptor are
estimated on the basis of carbon T1 changes for the acceptor in
the presence and absence of the spin-labeled donor.A 13C-labeled
version of LacNAc was incorporated to improve the precision of
relaxation rate measurements which were conducted via indirect
detection of carbons through protons in arrayed HSQC experi-
ments. Finally, these new data were combined with results from
trNOEs and STD experiments to provide insight into how both
the donor and acceptor are positioned in the active site of
ST6Gal-I.

MATERIALS AND METHODS

The synthesis of LacNAc-TEMPO has been published (21);
the preparation of [15N]Phe-labeled ST6Gal-I has likewise been
reported previously (5).
Two-Step Enzymatic Synthesis of CMP-3FNeuAc.

N-Acetylmannosamine, 3-fluoropyruvate, cytidine triphosphate,

FIGURE 1: Structures of the spin-labeled substrates of ST6Gal-I.
CMP-4carboxyTEMPO is a donor mimic, while LacNAc-TEMPO
is an acceptor.
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and NeuAc aldolase (EC 4.1.3.3) were purchased from Sigma-
Aldrich. CMP-NeuAc synthetase (EC 2.7.7.43) was purchased
from Calbiochem. CMP-3FNeuAc was synthesized using CMP-
NeuAc synthetase to react cytidine triphosphate with 3-fluoro-
NeuAc which was prepared from the reaction of 3-fluoropyr-
uvate and N-acetylmannosamine catalyzed by NeuAc aldolase
(26). The purification of the CMP-3FNeuAc product was con-
ducted by centrifugation, ethanol precipitation (9:1, v/v) (27),
and size exclusion chromatography on a Biogel P2 column (extra
fine, water, 4 �C). The overall yield was 77%.
Three-Step Enzymatic Synthesis of 13C-Enriched Lac-

NAc. 13C6-labeledGlcNAc and 13C6-labeledGal were purchased
from Omicron Biochemicals, and the remaining reagents
were purchased from Sigma-Aldrich. The following enzymes
were used, galactokinase (EC2.7.1.6) purified in the lab following
the literature procedure (28), galactose-1-phosphate uridyltrans-
ferase (EC 2.7.7.12) from Sigma-Aldrich, and galactosyltransfer-
ase (EC 2.4.1.90) from Calbiochem. A solution (1.5 mL)
containing 50 mM Tris-HCl, 5 mM Mg2þ, 20 mM ATP, and
20mMGal or [13C6]Gal at pH 7.9 was prepared in a 5mmNMR
tube (29). Ten units of galactokinase was added, and the reaction
was conducted in this tube heated to 85 �C for 40 min. After the
reaction mix had cooled to room temperature, 1 unit of Gal-
1-phosphate uridyltransferase was added together with 40 mM
UDP-glucose. After incubation for 40 min at 37 �C, 1 unit of
galactosyltransferase was added with 5 mM MnCl2 and 10 mM
GlcNAc or [13C6]GlcNAc, and the pH was adjusted to 7.5. The
reaction mixture was left standing overnight at 37 �C. The crude
product was purified sequentially by Centricon filtration of
enzymes, anion exchange chromatography on a Dowex 1X-2
column (formate form, 1 cm � 10 cm, water) to remove the
phosphates, size exclusion chromatography on a Biogel P2
column (extra fine, 1.5 cm � 45 cm, water) to separate the salts,
and finally lyophilization to collect 4.9 mg of white solid (yield,
86%).
Purification of Reduced CMP-4carboxyTEMPO.While

in situ reduction of nitroxides with ascorbate normally works
well, in some cases it is advantageous to add nitroxide in a
prereduced form. To prepare this form, the oxyl radical of CMP-
4carboxyTEMPO was therefore reduced to a hydroxyl group by
the addition of 3 μL of phenylhydrazine to 2.7 mg of CMP-
4carboxyTEMPO in 0.5 mL of methanol. After the mixture had
been gently swirled for 20 min, the solvent was evaporated on a
rotary evaporator. The following steps were mostly conducted
under argon: adding 2-3 mL of ether, vortexing, decanting,
repeating twice until the supernatant was clear, adding methanol
to dissolve the residue and evaporating the solvent, repeating the
ether wash twice, and co-evaporating the residue with methanol
to remove the remaining ether. The dried sample weighed 2.1mg.
1HNMRwas taken to verify the reduction and complete removal
of phenylhydrazine.
Paramagnetic Perturbation of [15N]Phe-Labeled

ST6Gal-I NMR Spectra. NMR samples were prepared in
10% D2O/90% Bis-Tris buffer (20 mM, containing 200 mM
NaCl) at pH 6.5 with a protein concentration of 0.3 mM. The
spectra were recorded on a Varian INOVA spectrometer operat-
ing at 900MHz for protons. The spectrometer was equippedwith
a triple-resonance cryogenic probe having z pulsed gradient coils.
Spectra were runwith the fastHSQC sequence supplied as part of
the Varian BioPak. Data were typically acquired at 25 �C with
11990 Hz as SW, 1800 Hz as SW1, 48 indirect t1 complex points,
514 direct t2 complex points, and a recycling rate of 1.5 s. Each

spectrum represents a total acquisition time of ∼3 h using 64
scans at each t1 point.
T1 Relaxation Measurements on the Carbons of

[13C]LacNAc. NMR samples were prepared in 10% D2O/
90% Bis-Tris buffer (20 mM, containing 200 mM NaCl) at pH
6.5 with a ST6Gal-I concentration of 0.3 mM. The spectra were
acquired on a Varian INOVA spectrometer equipped with a
cryogenic z gradient probe operating at 800 MHz (for protons).
The spectra were run using the 13C T1 relaxation mode of the
gChsqc sequence in the Varian BioPak. Data were typically
acquired at 25 �C with 6828 Hz as SW, 7038 Hz as SW1, 64
indirect F1 complex points, 819 direct F2 complex points, and a
recycling delay of 1.2 s. The relaxation delays after Z storagewere
0.01, 0.08, 0.15, 0.25, 0.4, 0.6, 0.9, and 1.3 s. Each set of arrayed
HSQC spectra represents a total acquisition time of ∼9 h.
trNOE and STDNMRData.NMRsamples were prepared

in deuterated 12 mM phosphate buffer (containing 200 mM
NaCl) at pH 6.5. The spectra were recorded with the Varian
BioPak pulse sequences on Varian INOVA spectrometers oper-
ating at 600 or 800MHz (1H frequency). The trNOE experiments
were performed using zero-quantum-filtered two-dimensional
(2D) NOESY at an array of mixing times (50 ms, 100 ms,
200ms, 500ms, 1 s, and 2 s) and a recycling rate of 1.2 s. The STD
experiments followed the saturation transfer 1D protocol
(DPFGSE 1D) without a T1F filter or solvent saturation and
used a 100HzGaussian saturation pulse train of 450ms centered
at 0.8 ppm in the aliphatic region. The off-frequency spectra were
recorded by irradiation at 24 ppm. The recycling delay was 2.5 s.
Calculation of Distances from Relaxation Enhance-

ments. T1 spin relaxation data were fit to single-exponential
curves using Rate Analysis in NMRView. The extracted relaxa-
tion rates (R1 = T1

-1) were then related to distances between the
spin-label and the site of measurement using the following
equations:

R1CðNOÞ=R1CH ¼ ½rCH=rCðNOÞ�6ðγE=γHÞ2

ð�0:5 for the two protons on C6 carbonsÞ ð1Þ
R1CHobs ¼ ð1-FbÞR1CHfree þ FbR1CH ð2Þ

R1CðNOÞobs ¼ ð1-Fb
0 ÞR1CHfree þ Fb

0 ½R1CH þ R1CðNOÞ� ð3Þ
whereR1CH is the relaxation rate due to protons directly bound to
carbons, R1C(NO) is the relaxation rate contribution due to the
presence of the nitroxide electron, R1CHfree is the relaxation rate
contribution from the acceptor free in solution, R1CHobs is the
relaxation rate observed in the presence of non-spin-label donor
analogues and protein, R1C(NO)obs is the relaxation rate observed
in the presence of CMP-4carboxyTEMPO and protein, Fb refers
to the fraction of acceptor complexed with non-spin-label donor
analogues, and Fb

0 refers to the fraction of acceptor complexed
with CMP-4carboxyTEMPO in the protein solution. The C-H
bond length (rCH) used in the calculationswas 1.09 Å. The scaling
factor (4.25 � 105) in eq 1 is based on an estimated correlation
time for the protein of 20 ns and contains dependencies on
gyromagnetic ratios of the unpaired electron γE (-1.76 � 1011)
and the 1H nuclei γH (2.68 � 108).

RESULTS

Paramagnetic Perturbation of [15N]Phe-Labeled
ST6Gal-I by Spin-Labeled Acceptor LacNAc-TEMPO.
AnHSQC spectrumof a 0.3mMST6Gal-I sample prepared with
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all phenylalanines labeled with 15N is presented in Figure 2A. It
shows 16 cross-peaks (not yet assigned) corresponding to the 16
labeled amide sites in ST6Gal-I. When a 4-fold excess of CMP-
4-carboxyTEMPOwas added, four of the 16 protein cross-peaks
were perturbed by the presence of a spin-label (5) (boxed in
Figure 2B). Just as in previous work with the sugar donor
analogue, CMP-4carboxyTEMPO, we can identify cross-peaks
belonging to phenylalanines near the LacNAc-binding site based
on the steep 1/r6 distance dependence of the effects.

Before cross-peaks with proximity to the binding site can be
correlated, appropriate controls must be run. Since ligand
exchange dynamics can lead to peak broadening and intensity
loss, it is important to compare spectra with a nonparamagnetic
ligand having a structure as close as possible to that of the
TEMPO analogue. The simplest way to do this is to reduce the
TEMPO analogue. When the nitroxide radical was reduced by
sodium ascorbate, the partial or complete reappearance of the
perturbed resonances of the protein was observed (Figure 2C).
Changes in intensities between reduced and oxidized spectra were
then related to distances between the nitroxide and the corre-
sponding phenylalanines. The possibility of nonspecific binding
of the TEMPO moiety to secondary sites was also excluded by a
control experiment in which ST6Gal-I was titrated with 4-
carboxyTEMPO; no changes were observed for protein reso-
nances.

LacNAc-TEMPO perturbs three of the four peaks seen with
CMP-4carboxyTEMPO (Figure 2D). This confirms binding of
the donor near the acceptor site. However, there are significant

differences. For example, one peak almost completely disappears
in the presence of LacNAc-TEMPO (circled in Figure 2D) but
was not perturbed byCMP-4carboxyTEMPO.Norwas this peak
perturbed by the nonparamagnetic donormimicCMP-3FNeuAc
which broadened three other protein peaks (5). A change in this
particular peak did, however, occur when CMP-3FNeuAc was
included along with LacNAc-TEMPO (Figure 2E). Integrations
of the peaks show that the intensity of the circled peak decreases
an additional factor of 2 upon comparison of Figure 2D to
Figure 2E, and the peak reappeared to full intensity when the
nitroxide was quenched (Figure 2F). The additional decrease
could come from enhanced binding of the LacNAc-TEMPO
molecule in the presence of a donor. Cooperative binding of the
donor and acceptor has been suggested for a number of
glycosyltransferases (16, 30-32). The decrease could also come
from a conformational change in the glycosyltransferase induced
on donor binding. The latter types of conformational change
have also been documented in other glycosyltransferases (16, 33).
We believe the latter to be the explanation in the current case,
because, even in the absence of sugar donor, the binding site was
nearly saturated at the concentrations of LacNAc-TEMPOused.
On the basis of a fixed fraction of bound LacNAc-TEMPO, it is
estimated that the donor brought the acceptor 6% closer to the
15N-labeled Phe associated with the perturbed peak (see eq 1 in
ref 5). This observation is consistent with a loop movement seen
in Δ24PmST1 in which a buried tryptophan flips out of the
protein core to redefine the acceptor binding site once the donor
binds to the protein (16).

FIGURE 2: 1H-15NHSQC spectra of [15N]Phe-labeled ST6Gal-I in the presence of the indicated substrates. (A) [15N]Phe-labeled ST6Gal-I in the
absence of substrates. (B and C) [15N]Phe-labeled ST6Gal-I with a 4-fold molar excess of CMP-4carboxyTEMPO (B) before and (C) after
reduction using ascorbate. (D-F) [15N]Phe-labeledST6Gal-Iwith a 20-fold excess ofLacNAc-TEMPO(D) and anadded 15-fold excess ofCMP-
3FNeuAc (E) and added ascorbate (F). The boxed peaks were broadened due the presence of spin-labeled substrates. The circled peak was most
strongly perturbed and was used to estimate structural changes in ST6Gal-I upon addition of CMP-3FNeuAc. The circled peak did not change
upon the addition of solely CMP-3FNeuAc to ST6Gal-I (Figure 2B in ref 2). Additional peaks that appeared because of natural abundance
15N-H in the NH-NeuAc moiety of CMP-3FNeuAc or the GlcNAc moiety of LacNAc-TEMPO are denoted with an asterisk.
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Relaxation Enhancement of the Bound Acceptor by a
Bound Spin-Labeled Donor Analogue. The relative positions
of the bound acceptor and bound donor analogue can also be
probed using paramagnetic perturbations. The paramagnetic
relaxation enhancement of the bound acceptor due to bound
CMP-4carboxyTEMPO was measured by comparing the T1

values of acceptor carbons in control and in relaxation-enhanced
samples. The enhancements were in turn converted into inter-
molecular distances between the substrates in the protein binding
site. The relaxation-enhanced sample contained 0.3mMST6Gal-I,
1.0 mM [13C]LacNAc, and a near-saturating amount of CMP-
4carboxyTEMPO [3 mM; estimated at 79% saturation of protein
using a dissociation constant (KD) of 0.75 mM (5)]. The two
control samples contained ST6Gal-I, the acceptor, and the
equivalent amount of CMP-3FNeuAc or reduced CMP-4carbox-
yTEMPO. T1 values of carbons were calculated from peak
intensities measured in an arrayed 1H-13C HSQC experiment in
which an extra z-storage, relaxation delay, and J evolution element
had been inserted just before the INEPT transfer back to protons.
Examples of the data are given in Figure 3 which depicts
exponential fits to a resonance showing a significant change in
T1 (that from C4 of the galactose residue in LacNAc) and a
resonance showing minimal perturbation (that from C6 of the
galactose residue in LacNAc).

The changes in the longitudinal relaxation rate (R1, T1
-1) for

the sugar residues are actually small, ranging from 0.05 to
0.37 s-1 (Figure 4). This is partly due to the fact that para-
magnetic effects on heteronuclear longitudinal relaxation rates by
nitroxide are inherently small at high magnetic fields and partly
due to the small fraction of the acceptor bound to ST6Gal-I while
CMP-4carboxyTEMPO also was binding.With an estimatedKD

value of 1.6 mM for the acceptor, the experimental sample of 0.3
mM ST6Gal-I, 1.0 mM acceptor, and 3 mM CMP-4carboxy-
TEMPO would yield only 9% of the acceptor bound to CMP-
4carboxyTEMPO-occupied ST6Gal-I. Clearly, it would be ad-
vantageous to have acceptor analogues with higher affinities for
these experiments. Nevertheless, some useful data can be ex-
tracted. The enhanced relaxation rates of C4 of Gal and of C6 of
R-GlcNAc are obviously significant. The absolute propagated

standard error on average is 0.14 s-1 based on the standard error
of 5% from the exponential fit of the peak intensity data.

On the basis of the R1 changes of Gal and GlcNAc carbons
between the control and relaxation-enhanced samples (shown in
Figure 4), the distances from the donor nitroxide to the 14
acceptor carbons can be calculated. In these calculations, the
internal motions of the ligand were ignored and the modulation
of interactions by the tumbling correlation time for the protein
was assumed to dominate relaxation in all cases. The estimates
are dependent on the fraction of acceptor complexed with
proteins carrying non-spin-labeled donor analogues, 9.2% for
CMP-3FNeuAc and 7.3% for reduced CMP-4carboxyTEMPO,
as well as the fraction of acceptor complexed with protein,
carrying CMP-4carboxyTEMPO, which is calculated to be
8.9%. The details of the calculation protocol are given in
Materials and Methods. The distances calculated range from 8
to 12 Å with 9 Å for Gal4 and 8 Å for GlcNAc6R being the
shortest distances. The data are consistent with preferential
exposure to nitroxide of carbons on a side of LacNAc where
both Gal4 and GlcNAc6 can be exposed.

FIGURE 3: T1 measurement examples for the carbon of Gal4 (solid black line) and the carbon of Gal6 (dashed gray line) with and without spin-
label perturbation by CMP-4carboxyTEMPO binding to the protein. (1) Data for Gal4 without a spin-label. TheT1 was calculated to be 574ms.
(2) Data for Gal4 with a spin-label. The T1 was calculated to be 496 ms. (3) Data for Gal6 with a spin-label. The T1 was calculated to be 416 ms.
(4) Data for Gal6 without a spin-label. The T1 was calculated to be 406 ms.

FIGURE 4: Differences inR1 values ofLacNAc carbons in the control
and experimental samples. All the changes are positive, and they
indicate paramagnetic perturbation from bound CMP-4carboxy-
TEMPO. The N-acetyl methyl carbons were not measured in the
1H-13CHSQC spectrumbecause of the lack of 13C enrichment in the
methyl group. The data forGal1, GlcNAc1R, andGlcNAc1β are not
shown because their peak intensities were attenuated by water
suppression during the acquisition of spectra.
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Investigation of Bound Conformations from trNOE and
Binding Epitopes from STD Experiments. Transferred
NOEs can provide useful information about the conformations
of the individual bound ligands. Strong negative NOEs were
observed from samples having a large excess of CMP-NeuAc and
CMP-3FNeuAc in the presence of ST6Gal-I (Figure 5). This
clearly indicates the dominance of NOEs by contributions from
the ligands in the bound state. In Figure 5, the circled cross-peak
connects the H6 proton of the cytosine ring and the H2 and H3
protons of the ribose. This NOE also was strong for CMP-
3FNeuAc in the absence of the protein, but it had the opposite
sign. This observation in both free and bound states supports the
dominant population of the anti conformation about the cyto-
sine-ribose glycosidic bond in which the H6 and H2/H3 protons
are in the proximity of each other. Given that the distance from
cytosineH5 to cytosineH6 is 2.5 Å�, the distance between cytosine
H6 and ribose H3 was calculated to be 2.3 Å� in the protein-free
solution and 2.6 Å� in the presence of the protein, based on their
respective cross-peak intensities. These values are very close to
one another and also close to distances expected on the basis of
both predictions of minimum energy structures and the con-
formations observed in other crystal structures. Unfortunately,
there were no cross-peaks detected between the nucleotide and
the donor sugar. However, the absence of cross-peaks is con-
sistent with the long distances between nucleotide and sugar
protons seen in the preferred low-energy states and the states
typically seen in the crystal structures. In modeling structures, we
will use these previously observed minimum energy conformers
for the bound donor.

Transferred NOE data on the LacNAc acceptor were difficult
to collect because of its weak binding to ST6Gal-I. NOEs
collected at 25 �Cwere in fact positive and difficult to distinguish
from NOEs seen for LacNAc in the absence of the protein. The
dominant NOEs obtained in a 1DNOE experiment, in which the
anomeric proton resonance of galactose was saturated, showed
the expected intraring connectivity to the axial H3 and H5
protons as well as a poorly resolved but distinguishable connec-
tion to the trans-glycosidic GlcNAc H4 proton. The latter
observation is consistent with LacNAc favoring the low-energy
ψ = -123.26� (C1-O4-C40-C50), φ = -64.33� (O5-C1-
O4-C40) conformation in solution. To make effects of protein
binding observable, the temperature was lowered to 17 �C where
LacNAc in free solution showed minimal NOEs (actually a mix
of positive and negative NOEs, possibly due to a mix of
contributions from overall anisotropic motions and internal

motions). As depicted in Figure 6, the addition of ST6Gal-I
now produces some clear negative NOEs (to Gal H3) and some
negative contributions that cancel residual positive contributions
at Gal H5 and GlcNAc H4 protons. The GlcNAc H4 contribu-
tion is consistent with the maintenance of a dominant population
for the minimum energy structure in the bound complex as well.

Saturation transfer difference (STD) experiments were used in
an attempt to identify the binding epitopes of both the donor and
the acceptor. Saturation transfer is most efficient when protein
protons (connected by spin diffusion to a general protein proton
pool) are in the proximity of ligand protons. When the saturated
spectrum is subtracted from a reference spectrum and protein
peaks are removed by subtraction of an STDpair without ligand,
the amplitudes of the remaining peaks of the resulting difference
spectrum correlate with the proximity of the respective ligand
protons to protons on the protein surface. STD data for both
CMP-3FNeuAc and the natural donor, CMP-NeuAc, were
collected. These data are presented in Figures S1 and S2 of the
Supporting Information. Collection of data for the natural donor
was of higher quality, but its interpretation was complicated by
the slow hydrolysis of the donor because the cytosine H5 and
ribose proton resonances from the CMP product overlap reso-
nances from the donor. Data for the nonhydrolyzable CMP-
3FNeuAc are summarized in Figure 7. STD percentages of the
ligands were calculated as the ratio of individual peak intensities
in the corresponding difference spectrum and in the reference
spectrum and normalized using the STD effect of the ribose H1
proton. The derived STD percentages of CMP-3FNeuAc show a
clear preferential enhancement of the nucleotide base and
adjacent parts of the ribose ring over the 3FNeuAc ring. This
observation is consistent with the evidence that CMP, contained
in both ligands, is an efficient competitive inhibitor of ST6Gal-I.
The less efficient magnetization transfer to the sugar residue is
consistent with the necessity of having space near the sugar
residue to accommodate the acceptor. The binding epitope of
CMP-3FNeuAc demonstrates that CMP serves as a recognition
motif for ST6Gal-I that provides reasonable affinity for a
number of different CMP-sugar donors (34).

An STD effect for LacNAc could be detected only when the
ratio of the ligand to the proteinwasg35-fold and the samplewas
cooled to 5 �C. However, the effects were small and quite
uniformly distributed over all protons of the LacNAc moiety.
This can be the result of binding in a mode where magnetization
transfers from protein protons to ligand protons are inefficient
compared to intraligand transfers, such as would occur when

FIGURE 5: 1H-1H 2DNOESY spectra ofCMP-3FNeuAc (1.5mM)without (A) andwith (B) ST6Gal-I (0.3mM) at amixing time of 500ms and
at 25 �C. Red indicates a positive NOE, and blue indicates a negative NOE. No cross-peaks between the cytosine/ribose ring and the NeuAc ring
were observed, suggesting long distances. The circled cross-peaks indicate the NOEs connecting cytosine H6 and ribose H3 protons.
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hydrogen bonding interactions dominate rather than close
hydrophobic contacts.

DISCUSSION

On the basis of the data presented here, we can make several
statements about the placement of the donor and acceptor in the
binding site of ST6Gal-I. Even in the absence of a structure for
the protein, this placement can provide insight into a mechanism
of action and donor and acceptor modifications that might alter
this action. First, we canmake some qualitative statements about
binding site occupancy and relative placement of the donor and
acceptor from the data on perturbation of phenylalanine
1H-15N HSQC cross-peaks using a spin-labeled acceptor analo-
gue. The fact that the acceptor analogue perturbed three of the
four peaks that were previously perturbed by a spin-labeled
donor analogue suggests that they clearly bind in the same
general region on the protein surface. However, the fact that
one HSQC cross-peak, not perturbed by the spin-labeled donor
analogue, was perturbed by the spin-labeled acceptor analogue

suggests that the reducing end of LacNAc (where the spin-label is
bound) is well removed from contact with the donor sugar
(TEMPO in the donor analogue). This is as it should be in a
complex poised for addition of the donor sugar to the nonredu-
cing end of the acceptor. These observations will become more
useful as the cross-peaks in the HSQC spectra of ST6Gal-I are
assigned and a structure is determined.

In principle, related paramagnetic relaxation enhancement
(PRE) experiments using the spin-labeled donor analogue and
observed perturbations of HSQC peaks from an acceptor allow
determination of approximate distances between carbons of the
acceptor and the nitroxide of the donor, and construction of a
more completemodel for placement of the donor and acceptor in
the ST6Gal-I binding site. Perturbations are, however, weak and
broadly distributed except for those of two well-separated
carbons, Gal4 and GlcNAc6. This may suggest that a distribu-
tion of sites is occupied in which the spin-label can make close
approaches to either site. This would require, at a minimum,
exposure of surfaces on the acceptor carrying these two sites.

Figure 8 depicts a model in which the Gal4 and GlcNAc6 sites
are exposed. The structure of R-LacNAc shown here is the
minimal energy conformer generated by Glycam Biomolecular
Builder (35) (also http://glycam.ccrc.uga.edu/). The color code
indicates the proximity of the LacNAc carbons to the nitroxide
of CMP-4carboxyTEMPO with red for closest (Gal4 and
GlcNAc6), yellow for second closest (Gal3, GlcNAc4, and
GlcNAc5), and green for the farthest (Gal5, Gal6, GlcNAc2,
and GlcNAc3). If we assume the less perturbed side on the
acceptor is protected by binding to the protein and represents
regions that must be conserved for acceptor recognition, the
model is consistent with the pattern of the groups rejecting or
acceptingmodifications in the specificity studies of ST6Gal-I (36).

It would be most useful at this point to add the donor to this
picture using experimental distances from the nitroxide toGal C4

FIGURE 6: 1HNMR spectra of LacNAc and 1DNOESY spectra of LacNAc (4.5 mM) without and with ST6Gal-I (0.3 mM) recorded at 17 �C.

FIGURE 7: Derived STD percentages for the protons of CMP-
3FNeuAc (1.5 mM) bound to ST6Gal-I (0.3 mM) at 25 �C. The
double-headed arrows denote average STD effects for the protons
that are unresolved in the STD difference spectrum.
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and the nitroxide to GlcNAc C6 along with an assumed distance
for an SN2 attack of the Gal O6 atom on the C2 atom of the
NeuAc residue (∼4 Å). Unfortunately, it is not possible to
generate models satisfying all three of these closest approach
constraints without bringing some other carbons closer. This
likely indicates enhanced contributions at C4 and/or C6 due to
occupation of secondary binding sites. However, we have pro-
duced a best fit model as depicted in Figure 9A. The Gal
O6-TEMPO C1 distance is 4.3 Å. The Gal C4-TEMPO N4
distance is 7.5 Å; the GlcNAc C6-TEMPON4 distance is 8.0 Å,
and all other carbons in the LacNAc acceptor are farther from
TEMPO N4. The regions depicted in gray represent protein
contact regions as determined from STD experiments or protec-
tion from contact with the exchanging spin-label.

Comparison to the placement of the donor relative to the
acceptor as shown in the crystal structure of bacterial sialyl-
transferases is of some interest. There are actually two structures
of a bacterial 2,3/6-sialyltransferase, Δ24PmST1 from P. multo-
cida, reported in the literature and deposited in the Protein Data
Bank that have both the donor and acceptor present. Both
structures, 2IHZ and 2IY8, have the inactive donor CMP-
3FNeuAc bound, but 2IHZ hasR-lactose and the 2IY8 β-lactose.
It has been suggested that the binding orientation of R-lactose in
2IHZ might represent the bound conformation for R-2,6 activ-
ity (16). The donor-acceptor pair from the crystal structure of
2IHZ is shown inFigure 9B. In this structure, rotating the torsion
angle around the C5-C6 bond of Gal can move O6 of Gal from
6.6 Å to within 5.1 Å of the anomeric C2 atom of the donor.
Comparison of panels A and B of Figure 9 suggests that the two
donor-acceptor pairs occupy similar spatial regions. Both show
protein contacts with the nucleotide base and C2-C3 region of
the ribose ring. Both show protein contacts with the C2-C3
regions of theGlc orGlcNAc residues of the respective acceptors,
and both show protein contacts with the C6 region of the Gal
residues of the acceptors. In the crystal structure, there are more
contactswith parts of theNeuAc residue of the donor that are not
shown on the TEMPO adduct depicted in the figure, but there
was a fairly high level of STD transfer (47%) to the H3 proton of
the NeuAc residue in experiments conducted with CMP-

3FNeuAc and ST6Gal-I. This level of agreement is reasonable
given the differences in the enzyme sequences and donor-accep-
tor pairs used.

While the structure presented cannot yet be considered of
sufficient resolution for detailed mechanistic modeling, it does
provide a stepping stone for future work. In particular, the
sequential assignments of [15N]Phe-labeled ST6Gal-I resonances
in the HSQC spectra should add key distances between specific
amino acids and the sugar donor to the model. NMRassignment
for resonances fromproteins thatmust be expressed in eukaryotic
hosts is not a trivial task; however, appropriate methodology is
being developed (37). Working with higher-affinity acceptors
should improve the sensitivity of paramagnetic probes, and
orientation-sensitive data such as ligand RDCs (38-40) should
greatly refine the orientation of ligands in the models. With such
improvements, we can expect a better structural understanding of
ST6Gal-I and a basis for structure-based design of specific
inhibitors. The strategies we developed should also find impor-
tant applications in probing the structures of other glycosyl-
transferases.
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