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ABSTRACT

Novel nuclear magnetic resonance (NMR) methods have been developed for
structure and function studies of sialyltransferases interacting with synthetic substrates.
The presented methodology has been applied to a mammalian sialyltransferase ST6Gal-1
which catalyzes the transfer of sialic acids to the terminal galactose of carbohydrates on
the cell surface. Conventional structural methods have failed to produce a structure of
ST6Gal-1 because of its membrane association, native glycosylation, and poor expression
in bacterial hosts. A new methodology is urgently needed to provide a precise molecular
structure of ST6Gal-1 and the geometries of bound ligands. The provided information
can be used in the design of specific inhibitors to regulate the distribution of sialic acids
in biological systems.

NMR is a unique tool to study a broad range of proteins that resist study by X-ray
crystallography. The methodology takes advantage of isotopically-labeled and nitroxide-
labeled substrates which can probe geometric properties of the active site of a protein.
Protein-ligand interactions are usually the key to understanding the function of enzymes.

This work investigated the conformation, orientation, kinetics, and protein-contact



surfaces of bound ligands. When nitroxide-labeled substrates and isotopically-labeled
protein were utilized, five phenylalanines in and near the protein active site were
identified and their distances to the substrates were calculated based on NMR data. This
distance-sensitive nitroxide-labeled probe also was used to derive the relative placement
of substrates simultaneously present in the active site of ST6Gal-1. The above approach
has improved our structural understanding of ST6Gal-1 and provided an important step
toward the structure-based design of efficient inhibitors. The synthetic strategies and
synthesized compounds are applicable to other sialyltransferases, and the presented NMR
labeling methods will be highly valuable for studying the structures of various

glycoproteins.
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW

1.1 Structural investigation of sialyltransferases
Sialic acids are a group of nine-carbon monosaccharides bearing a negative
charge at physiological pH values. They usually occur at the non-reducing terminal ends
of carbohydrates on the cell surface. Because of their negative charge and wide
occurrence in exposed positions of cell-surface molecules, sialic acids act as key
determinants of glycoconjugates that mediate a variety of biological phenomena, such as
cell-cell recognition, cell adhesion, and various receptor-ligand interactions " * *. The
biosynthesis of sialylated glycoconjugates is catalyzed by a family of
glycosyltransferases (GT) named sialyltransferases. To date, 20 members of mammalian
sialyltransferases have had their cDNA cloned *. However, there is very little knowledge
about the fundamental structure-function aspects of these sialyltransferases because of
difficulties in expressing these membrane-associated proteins in eukaryotic systems. In
the Carbohydrate-Active enZymes (CAZy) database, sialyltransferases are classified into
families GT-29, GT-38, GT-42, GT-52 and GT-80 based on their sequence similarities .
The family GT-29 is the only family containing mammalian sialyltransferases. Currently
four bacterial sialyltransferases from GT-42 (Cst I and Cst II) and GT-80 (A24PMST1

and A16psp26ST) have been characterized at the molecular level & 7% %10

. Unfortunately,
bacterial sialyltransferases do not share overall sequence similarities with mammalian

sialyltransferases which have several unique conserved sialylmotifs ',



The research described in this dissertation investigates the structure and function
of the mammalian alpha-2,6-sialyltransferase (ST6Gal-1) through novel nuclear magnetic
resonance (NMR) methods. ST6Gal-1 is a member of the family 29 glycosyltransferases
as defined by the CAZy database. ST6Gal-1 catalyzes the transfer of sialic acid residues
with an a-2, 6- linkage to terminal galactose residues of type 2 (GalB1-4GlcNAc)-
containing oligosaccharides and glycans of glycolipids and glycoprotein on mammalian
cell surface. Variation in the amount of sialic acid incorporated during this transfer is
correlated with the status of colon cancer and brain tumors and immune regulation in the

human body '* ?

. Despite its significant biological role, the precise molecular structure
of ST6Gal-1 is poorly understood. Its native glycosylation, status as membrane protein,
and poor expression in bacterial hosts, have contributed to the lack of structural
characterization. It would be important to know the structure of ST6Gal-1, particularly
the active site, in order to design efficient inhibitors to regulate the distribution of sialic
acids on mammalian cell surface. In this dissertation novel NMR methods combined with
synthetic strategies have been developed to determine the binding geometries of the
ligands and map the active site of ST6Gal-1.
1.2 Limited methods for structural analysis

Protein structures are most commonly provided by X-ray crystallography (Table
1.1). However, there are some systems that resist crystallization. Glycoproteins,
including sialyltransferases, are relatively intractable for crystallization because of their
flexible and heterogeneous glycan chains and variability in glycosylation site occupancy

%13 One indicator of the difficulty is occurrence in the RCSB protein data bank (PDB).

When the keyword “glycoprotein” is searched in the PDB, only 1686 hits were found out



of 41687 protein structures as of Aug 12, 2008. An even smaller number of structures
actually give coordinates for attached glycans.

Table 1.1. Current released entries from PDB Statistics as of Aug 12, 2008

Experimental Molecule Type

Method Proteins Nucleic Protein/NA | Others Total
Acids (NA) | complexes

X-ray 41687 1067 1913 24 44691

NMR 6465 814 138 7 7424

Electron 129 1 47 0 187

Microscopy

Others 90 4 4 2 100

Total 48371 1896 2102 33 52402

NMR is a tool uniquely suited for the study of glycoproteins and the broad range
of systems that are difficult to crystallize. NMR determines both the structures and
dynamics of biomolecules and complements the static pictures obtained by X-ray

crystallography ' '7 1

. With NMR, biomolecules can be studied in aqueous solution
where the native function of the protein takes place, and molecular mobility can be
detected at an atomic level. NMR experiments can provide site-specific information
about protein motion spanning a range of time scales, and this information can shed light
on the kinetics of protein-ligand and protein-protein interactions as well as structures '
20:21:22 Stryctures solved by NMR are based on time-averaged information on molecules,
but when motional amplitudes are small, NMR experiments yield a set of restraints on
geometrical parameters like angles of bonds and distances between pairs of NMR active
spins that can be used to define the structure of a biomolecule.

Currently, 14% of the protein structures in the PDB have been determined by

NMR, yet the capabilities and applications of NMR continue to evolve. When the new

resolution enhancing experiment, Transverse Relaxation Optimized Spectroscopy




(TROSY) was introduced, it broke the traditional size barrier (40 KDa) and made it
possible to assign resonances on proteins in the 100 KDa range ». In the year of 2000 an
NMR-derived structure for an 82 kDa-MW protein was determined using a series of 4D
TROSY-based triple resonance experiments along with a 4D NOE data set **. The
sensitivity of NMR has also been improving tremendously over the past dozen of years.
Expanded NMR theories, uniform/sparse isotopic labeling, high-temperature
superconductive detection coils, cold-probe technology, higher magnetic field strength
(21 Tesla in the 900 MHz spectrometers), and techniques for sample preparation, have, in
combination, enhanced the precision and accuracy of NMR measurements, and
contributed to the increased popularity of applying NMR to biomolecular samples.
Traditionally, the NMR structure determination of proteins has relied on the
detection of large numbers of nuclear Overhauser enhancement (NOE). Uniform labeling
with °C, "°N, and *H has provided the improved resolution necessary for the assignment
of sufficient numbers of resonances needed to conduct an NOE-based structure

S 25,26
determinations -

. This type of labeling is usually accomplished by expressing proteins
in bacterial hosts which efficiently utilize low-cost °C- and '"N-enriched substrates.
However, there are many proteins for which bacterial expression is not practical. For
example, proteins that require glycosylation for proper folding or full activity are
normally expressed in eukaryotic hosts that require supplementation with a nearly

27,28 .
<%, This is not a

complete set of labeled amino acids, some of which are very expensive
small class of proteins. Approximately 50% of mammalian proteins may be glycosylated

¥ Therefore, it is necessary to consider alternate sources of structural data that can be

obtained with unlabeled proteins, or proteins with the sparse labels introduced by



expressing proteins in eukaryotic cells grown in media supplemented with selected sets of
isotopically-labeled amino acids *.

1.3 NMR strategies and theory

1.3.1 Structural characterization of substrates bound to proteins with fluorinated
and isotopically-labeled NMR probes

Generally speaking, protein-ligand interactions are the key to understanding the
biological function of proteins. However, understanding these interactions requires a
precise knowledge about the binding events at an atomic level. Some NMR Experiments
are designed for this purpose. They include the transferred nuclear Overhauser
enhancement (trNOE), saturation transfer difference (STD), and residual dipolar coupling
(RDC) measurements. These experiments can be used to observe the resonance signals of
ligands and deliver a geometric map that describes how ligands bind to a protein receptor.
NMR can also provide insights into the binding strength and kinetics of these ligands in
protein complexes .

STD and trNOE experiments are designed to monitor the resonances of ligands
rather than those of proteins which are difficult to study if the proteins are large or if they
are not isotopically labeled. These types of experiments do not require isotopically
labeled samples and use only substoichiometric amounts of target proteins, such as 50
uM of protein (with 1 mM of ligand).

The STD technique was first applied to study a nucleotide ligand binding to a
muscle protein myosin (MW 470 KDa) in 1979, and not until the late 1990s, was this
technique widely used in drug discovery ** **. The principle behind STD is simple. The

saturation of the protein is transferred to the bound ligand(s) which is exchanged into



solution where its saturation is detected. For macromolecules, proton magnetization is
very efficiently transferred throughout the molecule itself and molecules in close
proximity. Therefore, if some part of the protein is selectively saturated (i.e. the
magnetization is attenuated), this saturation will be efficiently transferred throughout the
whole protein and also to the ligands located within the protein binding site. The
following figure 1.1 further illustrates the rationale of STD experiments. A train of
Gaussian-shaped pulses are applied to a small region of protein resonances away from
ligand resonances. The regional saturation quickly diffuses through the whole protein as
well as the ligand in contact with the protein. If the ligand does not interact with the
protein, its resonances are not affected by the protein saturation. Depending on the
proximity of the ligand protons to the protein, there are saturation differences within the
ligand molecule. The bound ligand carrying this information is exchanged into solution
where it is detected by an NMR spectrometer. By subtracting a spectrum with irradiation
at a frequency well off all proton resonances, an NMR spectrum is obtained in which the
intensities of ligand signals are reduced in proportion to the proximities of ligand protons

to protons on the protein surface.

5 O &5 O &5 O S [
% R

Saturation time

L j

Selective saturation pulse

8 binding molecule

oo e

Increasing saturation

L J

D nonbinding moleculs

Figure 1.1. Illustration of the STD process.



3435 and since then,

The principles of trNOE were first described thirty years ago
the trNOE method has become a commonly used tool for determining structures of the
bound ligand in protein complexes °'. Transferred NOE experiments demonstrate the
substrates’ binding to the protein target and measure the intramolecular distances of
substrates in their bound state. Transferred NOE experiments are performed through a
selective 1D version and zero-quantum filtered 2D NOESY with mixing time of 50 ms-2
s. They are basically regular NOESY experiments but applied to a protein-ligand system
in dynamic exchange in which the ligand is present in excess (10-30 X). The theory
underlying trNOE experiments is that NOEs from large and small molecules have
opposite signs with the process establishing the NOE for the large molecule being far
more efficient. Low- or medium-molecular-weight molecules (MW 1000-2000),
including the substrates used for our ST6Gal-1 studies, have a short correlation time (t.).
They exhibit positive NOEs, zero NOEs, or very small negative NOEs depending on the
molecular weight, the shape of the molecule, and the magnetic field strength. Large
molecules, however, exhibit strongly negative NOEs because of their long correlation
time. This accounts for the driving force for the transfer of the NOE when a small-
molecule ligand is bound to a large molecule (e.g. protein receptor). The bound ligand
behaves as part of the large molecule and adopts the corresponding strong negative
NOEs, in other words, the trNOEs.

The ligands are not tightly bound and they exchange fast (Kp > 10°) with the
excess ligands free in solution. The free ligands maintain the information acquired in the
bound state for a given period of time (determined by its relaxation time) and their

signals are detected before the system reverts to its initial state. Consequently, the



binding of a ligand to a protein receptor can be easily distinguished by comparing the
sign and size of NOEs in the spectra for a free ligand and a ligand-protein system. The
intensities of crosspeaks in 2D NOESY spectra can be converted to distance constraints
between pairs of ligand protons and these can be used to optimize its conformation in
bound state. The observed NOE is the weighted average of the free and bound states.
However, because of the linear dependence of the magnetization transfer rates on
correlation times for large systems, the NOEs from the bound state still dominate the
observed average with the strong negative NOEs adopted from the protein. Spin diffusion
and on-off rates can complicate the interpretation of trNOE data as reported in Chapter 2,
but in balance, trNOEs are very powerful structural probes.

Traditional NOE experiments may not yield adequate data to completely define
the bound geometry of a ligand because NOEs can be detected only for protons lying
within 5 A . When the ligand is a carbohydrate, the number of NOE constraints can be
further reduced because the extensive hydrogen-bonding network mediates interactions
with the ligand. For example, in the case of our sugar nucleotide, no NOEs were observed
between the sialic acid protons and the nitrogenous base or ribose protons. Therefore, we
rely on the third method, the measurement of residual dipolar couplings (RDCs) of the
ligand, to obtain direct long-range angular orientation information complementary to

NOE-derived distance constraints. Here is an equation illustrating the theory of RDC .

LoY;Yih /3 cos? 0 — 1
Dy = ———% (1)
(27r) 2




Equation 1 shows how the dipolar couplings between pairs of spin % nuclei are
dependent upon 0, the angle between the magnetic field and the spin—spin interaction
vector. The one-bond distance between interacting spins, r, is assumed fixed by bonding
geometry and known. Therefore, 6 becomes the primary variable. The dipolar coupling
averages to zero in isotropic solutions due to random tumbling of the molecules but, in an
NMR spectrum acquired in aligned media, it appears as additional contributions to the
splittings of the resonance lines, analogous to scalar (J) couplings. By measuring Dj;, for
sufficient vectors in a geometrically well-defined fragment such as our sialic acid or
nucleotide, we can determine the orientation of each fragment in the coordinate system of
a common alignment frame. Therefore, bond-vector orientations located at opposite ends
of a molecule will be related to each other through a common alignment frame, resulting
in long-range angular orientation information. Weakly-aligned media, usually liquid
crystalline, can be used to make RDCs observable in solution. Typical aqueous media
used for this purpose are phospholipid bicelles, alkyl-ethyleneglycol-alcohol bilayers (e.g.

C12E5-hexanol) and bacteriophage *7 ** ¥

. In these aligned media, the solute molecules
experience anisotropic orientational distribution through collisional or electrostatic
interactions which keep their dipolar coupling from averaging to zero. The collected
coupling data can be decomposed to give information regarding the strength of alignment
and orientation of a molecular fragment. The extracted information can be used for
orienting different rigid components within a molecule, or studying the relative
orientation of the molecules in complexes such as a ligand bound to a protein. A novel

approach described in Chapter 2 involves the application of RDCs to an isotopically

labeled substrate.
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Fluorine NMR has been used extensively on ligand-protein complexes for
substrate screening *°, stoichiometry measurement *', and binding affinity assessment *.
Subsequent data analysis with linear or curve fitting also can yield the inhibitor
dissociation constant K, an essential parameter for evaluating and comparing systems s,
The following factors contribute to the merits of '’F NMR observation. "°F is a spin %
nucleus with a 100% natural abundance, a gyromagnetic ratio 94% of that for protons,
and a sensitivity 83% of that for protons. These three prosperities make the detection of
F NMR as easy as that for standard proton NMR. A fluorine nucleus is a second row
element that has a partially-occupied orbital with non-zero angular momentum and
therefore, fluorines in molecules have a large chemical shift range compared to protons
(~300 ppm for organofluorine) and a high sensitivity to the local chemical environment.
Moreover, '’F does not occur naturally in proteins and thus "’F NMR allows selective
observation of ligands without background interference.

1.3.2. Characterization of the protein active sites with spin-labeled NMR probes

Proteins with sparse isotope labels can be produced in eukaryotic hosts by using
isotope-labeled forms of specific amino acids, but normally labeled sites are then not
close to one another. Therefore structural analysis requires information from experiments
other than nuclear Overhauser effects. One source applicable to this type of labeling
relies on paramagnetic perturbation of labeled sites with nitroxide carrying probes that
are either substrate mimics or are covalently attached to the protein itself.

There have been a number of examples using paramagnetic constraints to
examine distances between substrates and protein residues detected by NMR *4 #5:46:47:48

The spin-labeled moiety that we chose is the commonly used and chemically stable
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TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl). Its nitroxide group contains an unpaired
electron that drastically increases the relaxation rate of protons and other magnetic nuclei.
This 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 most other
nuclei. This effect is also easily measured; since the spin relaxation times are shortened
(in particular T,), the protein resonances are broadened and the crosspeak intensity in
most multidimensional experiments is reduced. The general procedure for measuring
paramagnetic relaxation enhancement is to first acquire a spectrum of protein with 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 effect and simply
related to r°. These effects are observable up to 20A or more in most protein 'H-""N
HSQC experiments, which allows distances between the nitroxide spin and nuclei giving
rise to the cross-peaks to be calculated for sites throughout the protein.
1.4 Application to sialyltransferases and their ligands

All mammalian sialyltransferases are type Il transmembrane glycoproteins with
short N-terminal cytoplasmic tails (which are not essential for catalytic activity), a 16-20
amino acid transmembrane domain, a stem region (20 to 200 amino acids), and a large C-
terminal catalytic domain *. The overall amino acid length of these enzymes varies from
300 to 600 residues. The catalytic domain of mammalian sialyltransferases contains three
highly conserved amino acid sequences termed sialylmotifs L (large), S (small), and VS
(very small). The L motif participates in the binding of the sugar donor CMP-NeuAc; S

motif participates in the binding of both donor and acceptor substrates; VS is also
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involved in catalytic activity. A new motif (III) existing between S and VS motifs has
been reported *. The involvement of certain residues within the L motif has been clearly
demonstrated and this information is very useful considering all sialyltransferases share
the same donor CMP-NeuAc. However, sialyltransferases use different acceptors.
Therefore, a common S motif involved in the binding of acceptors is not expected.

The catalytic domain of ST6Gal-1 was cloned and expressed in mammalian cells
as early as 1987 *°, and it is this domain that we focus on here. Whereas refolding of
small amounts of insoluble proteins expressed in E. coli has been reported recently °',
mammalian cell expression remains the preferred means of producing characterizable
amount of active sialyltransferases. The ST6Gal protein used in this research was
expressed as a soluble enzyme, lacking the cytoplasmic tail and transmembrane domain
(Figure 1.2).
> ST6Gal-1_rat HEK293 cells (truncated from membrane)
KSMHHHHHHHHKDPSTYSKLNPRLLKIWRNYLNMNKYKVSYKGPGPGVKFSV
EALRCHLRDHVNVSMIEATDFPENTTEWEGYLPKENFRTKVGPWQRCAVVSSA
GSLKNSQLGREIDNHDAVLRFNGAPTDNFQQDVGSKTTIRLMNSQLVTTEKRFL
KDSLYTEGILIVWDPSVYHADIPKWYQKPDYNFFETYKSYRRLNPSQPFYILKPQ
MPWELWDIIQEISADLIQPNPPSSGMLGIIMMTLCDQVDIYEFLPSKRKTDVENN
B@KFFDSACTMGAYHPLLEEKNMVKHLNEGTDEDIYLFGKATLSGFRNIRC
Figure 1.2. The catalytic domain sequence of ST6Gal-1. The domain has totally 321

amino acids, giving it a molecular mass of 38 kDa. F- phenylalanine, 16 of which were

labeled in °N as discribed in Chapter 3. The conserved sialylmotifs: L-motif; S=mofif;

HiEmofif: VS-motif.
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So far only four sialyltransferases of bacterial origin have been deposited in the
RCSB Protein Data Bank. They include the 2,3-/2,8-sialyltransferase (Cstll) from C.
jejuni (OH4384) 7, the 23-sialyltransferase (Cst-I) from C. jejuni °, the 2,3/6-
sialyltransferase (A24PmST1) from P. multocida strain P-1059 ** '° and, most recently,
the 2,6-sialyltransferase (JT-ISH-224) from Photobacterium sp. ®. These sialyltransferase
structures have been produced in complex with the inactive donor analog,
CMP3FNeuAc, or the product, CMP; in two cases a potential acceptor, lactose, also has
been included. Unfortunately, there are no overall sequence similarities between these
bacterial sialyltransferases and the mammalian sialyltransferases. The sequence identities
for ST6Gal-1 to Cstll, Cst-I, A24PmST1 and JT-ISH-224 are 11%, 14%, 15% and 16%
respectively, which makes it questionable to use these structures in the investigation of
the structure and mechanism of our target ST6Gal-1.

A long-term goal for NMR studies of ST6Gal-1 would be to provide a detailed
structure of ST6Gal-1, but even without this structure, substantial and significant
information about this protein can be obtained by locating the active site of ST6Gal-1 and
characterizing the bound geometry of its donors and acceptors and the geometric relation
of these in their bound state. In this dissertation I investigated the structure and function
of ST6Gal-1 and its associated ligands using NMR active substrates. The NMR methods
employed in this research focus on bound ligands rather than the complete protein
structure and provided an indirect view of the active site of ST6Gal-1.

Chapter 2 describes the structural characterization of substrates bound to ST6Gal-
1 using fluorinated and isotopically-labeled probes. Ligand binding is critical for the

catalytic function of proteins. However, no information is currently available on the
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binding geometry and kinetics for the substrates of ST6Gal-1. Also, the differences in
reactions catalyzed by the bacterial sialyltransferases, and their broader acceptor
specificities, make it risky to draw conclusions from the positions of substrates in the
bacterial enzymes about active site geometries for ST6Gal-1. In response to this
limitation, we performed trNOE experiments to determine bound geometries of some
ligands, STD experiments to identify ligand-protein contact surfaces, RDC measurements
to calculate the orientation of ligand components using a synthesized *C-labeled donor,
and "’F NMR studies to assess the binding kinetics of a fluorinated donor analog.

Chapter 3 addresses the characterization of the active site of ST6Gal-1 using spin-
labeled probes. The paramagnetic TEMPO derivative perturbs NMR resonances of the
protein in a manner dependent on the inverse sixth power of the distance between the
unpaired electron of the nitroxide moiety in TEMPO and the nuclei giving rise to the

NMR resonances >> >

. The synthesized spin-labeled substrates were demonstrated to be
able to identify resonances from active site residues and produce distance constraints on a
>N phenylalanine labeled version of ST6Gal-1. Sixteen NMR observable sites resulted
from expressing ST6Gal-1 in mammalian HEK 293 cells grown in media containing "N
labeled phenylalanine, and the phenylalanine sites were ranked based on their distance to
the labeled donor ligand *’. Then related paramagnetic strategies were used to locate the
position of the sugar acceptor relative to the donor analog (labeled in "*C) while both
were simultaneously bound to ST6Gal-1.

The results of in vivo labeling of sialyltransferase products using a *C-labeled
donor are presented in Chapter 4. Gangliosides are the major sialic acid-bearing

54

glycoconjugates in the nerve cells and the brain ™. They act as receptors for
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microorganisms and bacterial toxins, regulate cell growth and differentiation, and

participate in cell-cell and cell-matrix interactions . By developing methods for

detecting gangliosides in vivo, the accumulation of gangliosides related to a number of
diseases can be monitored. For this study, neural stem cells were chosen as the target
because they produce a significant number of gangliosides during their growth.

Peracetylated sialic acids enriched in *C were synthesized and then fed to stem cells

during cultivation. After harvesting the cells, NMR experiments were conducted to detect

generated intermediates in vivo. Then the gangliosides were extracted, separated, and
purified, and a quantitation of sialic acid incorporation was attempted using NMR and
mass spectrometry.

Chapter 6 summarizes the results of these experiments and their implications for
studying the structure and function of sialyltransferases and other glycosyltransferases.
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2.1 Introduction

Defining the geometry and kinetics of ligands bound to proteins provides a useful
starting point for studying protein function and designing drug molecules that can alter
protein function. Nuclear magnetic resonance (NMR) methods that focus on the
properties of bound ligands rather than complete protein structures can provide a view of
some of the most critical regions of protein systems, including the active sites of
enzymes'. Traditional transferred NOE (trNOE) and saturation transfer difference (STD)
methods can afford the active site geometry without the need for a structure
determination of the protein. Residual dipolar coupling (RDC) measurements of ligands
can provide a relatively independent set of long-distance structural constraints for
determining bound ligand geometry. Fluorine NMR is a convenient and powerful tool to
assess the kinetics and binding affinity of substrates with the incorporation of fluorinated
ligands. In the following experiments, we employed these NMR methods to gain a first
insight into the geometry and kinetics of substrates positioned in the active site of the
sialyltransferase ST6Gal-1.

Transferred NOE and STD experiments are common methods for determining
bound conformations and binding motifs of substrates bound to protein ' * ¥
Transferred NOE experiments are able to demonstrate a substrate’s binding to a
macromolecule 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
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distance restraints for proximate pairs of protons on the ligand. In STD experiments, the
binding epitope of the substrates can be determined by measuring saturation transfer
differences from the protein to the individual protons of the substrates when the protein is
saturated. In 1D 'H experiments, a cascade of Gaussian-shaped pulses is applied to the
aliphatic protons of a protein. The resultant regional saturation quickly diffuses through
over 70% of the protein by intramolecular spin diffusion and then to the ligand protons by
intermolecular spin diffusion. Due to fast exchange the saturated ligands are transferred
into solution where they are detected. By subtracting this spectrum from a spectrum with
the protein irradiated at a frequency well off proton resonances, an NMR spectrum is
obtained in which the intensities of ligand signals are reduced in proportion to the
proximity of ligand protons to protons on the protein surface.

The trNOE and STD experiments were conducted to identify binding geometries
and binding epitopes of donor substrates of ST6Gal-1 and its acceptor LacNAc
(structures shown in Figure 2.1). When performing trNOE and STD experiments on the
natural donor CMP-NeuAc, we noticed that CMP-NeuAc could be hydrolyzed into CMP
and NeuAc at a much faster rate when ST6Gal-1 was present. To overcome the problem
of CMP-NeuAc hydrolysis and stabilize the conformational states of the enzyme, the
donor mimic CMP-3FNeuAc was synthesized and used as a non-hydrolysable
competitive inhibitor of sialyltransferases. The CMP-3FNeuAc proved to be a useful
probe for the catalytic mechanism of sialyltransferases Cst I, Cst II and A24PMST].
Here, CMP-3FNeuAc was prepared in a two-step enzymatic synthesis from N-
acetylmannosamine (ManNAc), 3-fluropyruvate, and cytidine triphosphate (CTP) in

overall 77% yield. CMP-3FNeuAc was synthesized using CMP-NeuAc synthetase to



27

react CTP with 3-fluoroNeuAc which was prepared from the reaction of 3-fluoropyruvate
and ManNAc catalyzed by NeuAc aldolase °. The purification of CMP-3FNeuAc was

done by centrifugation, ethanol precipitation ® and size exclusion chromatography.

NH, NH,
\N \N
OH R ' N/L‘o OH @ (\
OH 0—P—0 OH 950
! o)
HO o 0o ‘; } HO ‘; )
AcHN co0® .4 5H AcHN cooe
HO HO |=
CMP-NeuAc CMP-3FNeuAc

iy

*CMP-NeuAc* (* indicates '3C-labeled ) LacNAc (Gal -1,4 -GlcNAc)

Figure 2.1. Structures of donor and acceptor substrates of ST6Gal-1

A third method used for the characterization of ligand geometry is residual dipolar
coupling measurements of the ligand. NOEs can be detected only for protons lying within
5 A7, and when the ligand is a carbohydrate, or a sugar nuceotide donor, the number of
NOE constraints across the glycosidic or phosphoester bond can be small. RDCs can
provide the direct long-range angular orientation information complementary to trNOE
distance restraints.

There have been a few examples of RDC measurements for fast exchanging

8, 9; 10; 11; 12; 13

ligands in protein complexes . Under ideal situations, RDCs can afford

orientational information on both a protein and its ligands, namely, the relative
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orientations of ligand and protein. Unlike NOEs, RDCs from the bound ligand (RDCy) do
not dominate the observed-average (RDC,ps). The observed RDC is the weighted average
of the respective RDCs according to molar fractions in the free (Fr) and bound states (Fy;
1-Fy), as displayed in Equation 2.

RDCgyps = F¢* RDCt + Fy, * RDC, (2)

Given a dissociation constant of 0.4 mM '* for CMP-NeuAc-ST6Gal-1, we would
expect about 14% of the ligand to be bound at the protein concentration used. With such
a low Fy, it is clearly difficult to separate RDCy, from RDCgps unless RDCy, is much larger
than RDC¢ . Three approaches based on protein alignment enhancement have been
presented to make RDC}, larger than RDCy ' '# . The reported enhanced RDC,, for the
ligand of Galectin-3 has been shown to be consistent with the known bound-ligand
geometries. These three strategies will be applied to ST6Gal-1 to obtain the geometries
of ligands bound to the protein once suitable constructs can be prepared. The procedure
and ability of using RDCs to obtain the free ligand orientation is demonstrated here.

Ligand orientation and internal geometry can be determined from one bond 'H-
C and C-""C RDCs acquired with an fl-coupled 'H-""C HSQC. Obtaining these data
would be greatly facilitated by using isotopically labeled ligands. For this purpose, we
synthesized [°Cy, N3] CMP-beta-"*C-[1,2,3,10,11]-NeuAc (*CMP-NeuAc*). The
labeling strategies used for *CMP-NeuAc* come from the published synthetic routes for
the natural-abundance counterparts. A *C-acetyl group was introduced to the NeuAc
precursor, N-[1"C, 213C]—acetylmannosamine (ManNAc*), by the transfer of the Be-
acetyl group of N-[1°C, 2"°C]-acetoxy-succinimide (NAS*) to mannosamine . *C;-

pyruvate was incorporated as Cs at the 1,2, and 3 positions of NeuAc by the enzyme
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NeuAc aldolase '®. "CMP-NeuAc* was synthesized using the enzyme CMP-NeuAc
synthetase to react *Cs-NeuAc with the commercially available [*Co, '"N3]cytidine-5’-
triphosphophate (CTP*) °,

Fluorine NMR has been used extensively on ligand-protein complexes for
substrates screening '’, stoichiometry measurement '*, and binding affinity assessment .
Subsequent data analysis with linear or curve fitting also can yield the inhibitor
dissociation constant Kj, an essential parameter to evaluate the system and compare with
other systems *. Kinetics studies of donor substrates of the protein ST6Gal-1 have not
been published. Our goal was to evaluate the exchange rate of the fluorinated donor
analog CMP-3FNeuAc between free and ST6Gal-1-bound states and explore the
possibility of determining K; experimentally by '’F-NMR.

The chemical shifts of a fluorinated ligand free in solution and bound to a protein
are normally distinguishable because the electric field, short-range contacts with the
receptor and solvent, and the hydrogen-bonding possibilities experienced by the
fluorine(s), are typically very different in the free and complexed states. For strong-
binding ligands, their '°F chemical shift changes can be as large as 8 ppm, as for 5-fluoro-

21 . .
For the more common situations —

L-Tryptophan bound to human serum albumin
fast-exchanging ligands, the chemical shift changes can be as small as 0.07 ppm, e.g. the
2-pyridinone derivatives bound to the chaperone PapD '". The linewidth and relaxation
time of the ligand usually change significantly upon binding to the protein. When the
ligand binds to a macromolecule like a protein, it assumes the long molecular correlation

time of the protein and this causes line broadening. Further rate-dependent line

broadening can result from the slow exchange between the free and bound states.
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Normally there also is a considerable change in other relaxation parameters for spins of
the ligand in the receptor-bound state. It has been reported that cross-correlated '°F
relaxation measurements can be used to quantitate the exchange rate of a fluorinated
ligand-receptor complex and estimate the dissociation constant °.
2.2 Experimental
2.2.1 Two-step enzymatic synthesis of CMP-3FNeuAc

ManNAc, 3-fluoropyruvate, CTP, NeuAc aldolase (EC 4.1.3.3) were purchased
from Sigma-Aldrich. CMP-NeuAc synthetase (EC 2.7.7.43) was purchased from
Calbiochem.

5-Acetamido-3,5-dideoxy-3-fluoro-D-erythro-L-manno-2-nonulopyranosonic acid
(1). A solution of ManNAc (110.6 mg, 500 pumol), 3-fluoropyruvate sodium salt (12.8
mg, 100 umol), sodium azide (0.3 mg) and 30 U of NeuAc aldolase in water (0.6 ml) was
stirred gently at room temperature for 24 hrs (when 'H-NMR showed >95% conversion
of pyruvate to the product); the pH was adjusted to 7.5 by 0.1 M NaOH every few hours
if necessary. The enzyme was then filtered out (Microcon, 10 kDa). The filtrate was
directly loaded onto an anion exchange column (Dowex 1X-2 resin, formate form, 1 x 10
cm) and unreacted ManNAc was washed out with water (90% was recovered). Then 0.5
M formic acid was applied and the fractions containing the product as detected by TLC
(1-propanol/water 7:3) were pooled and placed under vacuum to remove HCOOH. The
resultant residue was lyophilized to yield 3-F,-NeuAc as a white solid (10:1 beta:alpha,
26 mg, 79%). 'H and "*C spectra of the product were consistent with those reported in the
literature 2. *C NMR (300 MHz, D,0): 8 175.1 (CONH), 172.3 (COO), 95.0 (d, J =

37.7 Hz, C2), 91.5 (d, J = 188.5 Hz, C3), 70.8 (C6), 70.3 (C8), 68.2 (C7), 68.0 (d, J =
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30.2 Hz, C4), 63.5 (C9), 47.5 (d, J = 3.0 Hz, C5), 20.22 (CH;CO). "’F NMR (300 MHz,
D,0): 0 -208.3 ppm, J = 48.5 Hz, J = 29.6 Hz, external reference CFCIl; (0.0 ppm).
CMP3FNeuAc. Na 654.43 C,H3,0,5N4PNa

Cytidine 5’-phosphate, P’-(5-acetamido-3,5-dideoxy-3-fluoro-2-D-erythro-L-
manno-2-nonulopyranosonic acid (2). CTP (9.5 mg, 16 umol) and 3F-NeuAc (5.5 mg, 15
umol) were dissolved in 400 pl of Tris buffer [90% 0.1 M Tris buffer (pH 9) and 10% 1
M MgCl; containing 0.2 mM DTT]. The pH was readjusted to 9 with 2 M NaOH (if
necessary). The reaction was initiated by adding CMP-Neu5Ac synthetase (1U) and
inorganic pyrophosphatase (0.4U). The reaction solution was incubated at 37°C with
occasional shaking and the pH was maintained at 9 with 2 M NaOH for the first few
hours. After 4 hrs, 90% of the CTP was converted to the product (‘"H NMR). The solution
was left to stand overnight at 37°C to complete the reaction. The mixture was filtered
(Acrodisc, 0.2 pm pore size) to remove the white precipitates. The filtrate was
centrifuged in a Microcon® filter (10 kDa) to remove the enzymes. After lyophilization,
the product was dissolved in 200 pl H,O and precipitated by adding ethanol (9:1 v/v),
isolated by centrifugation (10,000 g; 10 minutes) and dried under vacuum. Ethanol
precipitation was repeated one additional time. Finally, the product was purified on a
Bio-gel P2 (extra fine) column and then lyophilized to yield CMP-B-3F,-NeuAc as a
white fluffy solid (8.5 mg, 77 %). 'H (600 MHz, D,0 4.77 ppm) &: 7.96 (d, 1 H,J=7.8
Hz, H6 cytidine), 6.14 (d, 1 H, J = 7.3 Hz, HS cytidine), 6.00 (d, 1 H, J = 4.4 Hz, HI
ribose), 4.97 (dd, 1H, J = 50.3 Hz, J = 3.0 Hz, H3 NeuAc), 4.34 — 4.30 (m, 3 H, HS
NeuAc, H3 ribose, H2 ribose), 4.26-4.22 (m, 3 H, HS5 ribose, H5 ribose, H4 ribose),

4.19-4.13 (m, 2 H, H6 NeuAc, H4 NeuAc), 4.00 (d, 1 H, J = 7.3 Hz, H8 NeuAc), 3.92 (d,
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1 H, J=9.8 Hz, H9 NeuAc), 3.66 (dd, 1 H, J=12.0 Hz, J = 6.6 Hz, H9 NeuAc), 3.49 (d,
1 H, J=9.8 Hz, H7 NeuAc), 2.07 (s, 3 H, NHCH3). 13C NMR (300 MHz, D20): 6 175.1
(CONH), 171.7 (COO), 166.5 (C4 cytosine), 158.0 (C2 cytosine), 142.0 (C6 cytosine),
98.5(dd, J=37.7Hz, J=11.3 Hz, C2 NeuAc), 96.7 (CS5 cytosine), 92.8 (d, J = 188.5 Hz,
J =22.6 Hz, C3 NeuAc), 89.3 (C1 ribose), 83.1 (d, J = 22.6 Hz, C4 ribose), 74.4 (C2
ribose), 71.8 (C6 NeuAc), 69.8 (NeuAc C8), 69.5 (C3 ribose), 68.0 (C7 NeuAc), 68.3 (d,
J=30.2 Hz, C4 NeuAc), 65.3 (d, J = 11.3 Hz, CS5 ribose), 63.5 (C9 NeuAc), 47.5 (d, J =
3.0 Hz, C5 NeuAc), 20.22 (CH3CO).

2.2.2 Four-step chemoenzymatic synthesis of **C-labeled CMP-NeuAc

N-[1%3C, 2'3C]-acetoxy-succinimide (NAS*) *°. N-hydroxysuccinimide (NHS)
(325 mg, 2.82 mmol) was dried overnight under vacuum before use. At 0°C Et;N (313
mg, 3.10 mmol) and "°C,- acetyl chloride (250 mg, 3.11 mmol) was slowly injected into a
suspension of NHS in freshly-dried CH,Cl, (10 ml) under argon. The mixture was stirred
at room temperature for 2 hrs and cooled down to 0°C. Ethyl ether (10 ml) was injected
and the formed precipitate was filtered out. After the solvent was evaporated, a white
solid (492 mg) was collected and used for the next step without further purification.

N-[1 C, 2 C] - acetyl-mannosamine (ManNAc*). D-mannosamine
hydrochloride (325.48 mg, 1.51 mmol) was dissolved in H,O (2.8 ml) and then THF (1.2
ml) was added. At 0°C NAS* (200 mg, 1.26 mmol) was added in portions while the pH
was adjusted to 7.0 by NaOH (2 M). The resulting clear yellow solution was stirred at
room temperature for 1/2 hr and monitored by silica gel TLC (CHCl;, CH30H, H,O,
65:35:5). After THF was evaporated, the mixture was applied on a small column of

Dowex 50 (H" form) and eluted with water to remove the excess mannosamine
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hydrochloride. The fraction (containing HCI, pH 4) was pooled and was adjusted to pH 5
by Dowex 1*8 (HCO; form) resin. The Dowex 1*8 resin was filtered out and the filtrate
was lyophilized to a clear colorless gummy residue (250.4 mg). The residue was
dissolved in minimum amount of ethanol and applied onto a column of Iatrobeads (8 g)
eluted first with CHCl;, CH50H 80:20 and then with CHCl;, CH3;0H and H,O 65:35:5.
The fractions containing ManNAc* were pooled and weighed at 215.4 mg (yield 77%)
after evaporating the solvent.

N-[1 *3C, 2 13C] —acetyl-beta- [1 **C, 2 *3C, 3 *C] -neuraminic acid (NeuAc*) *.
ManNAc* (118.5 mg, 0.53 mmol), '* Cs-pyruvate sodium (11.0 mg, 0.097 mmol), and
sodium azide (0.4 mg) were dissolved in 700 pul of H,O. After the pH was adjusted to 7.5
with 0.25 M NaOH, BSA (1 mg) and Neu5Ac aldolase (0.8 U) were added to the
solution. The reaction mixture was stirred at room temperature for 18 hrs (monitored by
'"H-NMR) and was maintained at pH 7.5. After Microcon® centrifugal filtration to
remove the proteins, the filtrate was applied on an anion-exchange Dowex 1X-2 column
(formate form) and first eluted with water to recover unreacted ManNAc* and then 0.5 N
formic acid (TLC, I-propanol / water 7:3). The fractions containing NeuSAc* were
pooled and HCOOH was evaporated and finally lyophilized to give the white fine powder
of Neu5Ac* (19.4 mg, yield 65%).

Cytidine-"*Cy, *°N3-5’-monohospho-N-[1°C, 2'3C]-acetyl-beta-[1°C, 2%°C, 3
3C] neuraminic acid (*CMP-NeuAc*) ®. Cytidine-"*Cy, '*N3-5’-triphosphate (8.75 mg,
17.7 pmol) and NeuAc* (5.3 mg, 16.9 pmol) were dissolved in 600 pl of 0.1 M Tris
buffer (pH 9.0, containing 0.1 M MgCl, and 0.2 mM DTT). The reaction was initiated by

adding yeast inorganic pyrophosphatase (0.4 U), CMP-Neu5Ac synthetase (1 U) and
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incubated at 37°C. The solution gradually turned cloudy; 4 pl of 2 M NaOH was added to
bring the pH from 8.5 back to 9.0; the pH did not change after % hr. The reaction was
monitored by TLC and 'H-NMR. After 2 hrs, the precipitates, presumably Mgs(PO4),,
was filtered by a 0.2 pum-pore-size membrane. Then the filtrate was centrifuged in a
Microcon® filter (10 KDa) at 4°C (to slow down the hydrolysis of product). The filtrate
was lyophilized and the residue was dissolved in 100 pl water. When 900 pul of ethanol
was added, precipitates (the product and salt) formed immediately. The mixture was
refrigerated for a few hours before the supernatant was discarded. The ethanol
precipitation (ethanol: water 9:1 v/v) was repeated twice to remove Tris and DTT
completely. The crude product was purified by the Bio-gel P2 column eluted with water
at 4°C. *CMP-NeuAc* was obtained as 9.5 mg of fluffy white solid with an 86% yield.
m/z 636.4, C20H30N4016PNa. 'H NMR (600 MHz, D,0): & 8.12 (d, 1 H, J = 182.6 Hz, H6
cytosine), 6.06 (d, 1 H, J = 174.7 Hz, H5 cytosine), 5.99 (d, 1 H, J = 169.8 Hz, H1
ribose), 4.48 (d, 1H, J = 150.1 Hz, H3 ribose) , 4.43 (d, 1 H, J = 151.2 Hz, H2 ribose),
4.35(d, 3H, J =148.2 Hz, H4 ribose, HS5 ribose, H5 ribose), 4.13-4.07 (m, 2H, H6 NeuAc,
H4 NeuAc), 3.96 — 3.88 (m, 2 H, H5 NeuAc, H8 NeuAc), 3.86 (dd, 1 H,J=11.5Hz, J=
4.0 Hz, H9 NeuAc), 3.62 (dd, 1 H,J=11.5 Hz, J = 6.5 Hz, H9 NeuAc), 3.44 (d, | H, J =
10.0 Hz, H7 NeuAc), 2.62 (d, broad, 1H, J = 132.5 Hz, H3.q NeuAc), 2.15 (dd, 3H, J =
128.5 Hz, J = 6.0 Hz, NHCHj3), 1.74 (d, broad, 1H, J = 125.5 Hz, H3,x NeuAc). 1H-13C
NMR: & 144.0(cytosine6), 97.0(cytosineS), 89.5(ribosel), 69.5(ribose3), 75.0(ribose?2),
83.0(ribose4), 64.5(ribose5), 71.5(NeuAc6), 67.0(NeuAcd), 51.5(NeuAcS), 69.5(NeuAc

8), 63.0(NeuAc9), 69.0(NeuAc?).
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2.2.3 Alignment Media Protocol, edited based on the protocol by Anita Kishore

C12ES (pentaethylene glycol monododecyl ether) was purchased from Sigma.
The recommended molar ratio of C12E5: hexanol is 0.87 to make a solution of 8% (w/v)
C12ES. However, the ratio of CI2E5 and hexanol was optimized experimentally by
observing deuterium splittings and visual appearance of the liquid status. We used 8%
CI12ES and found the ratio of C12E5 to hexanol to be 0.83.

25 ul C12ES was well dissolved in 250 ul buffer (10% D,O included). 9 pl
hexanol was added in 3 pl increments and vortexed well after each addition. The
solution went from clear to milky, turbid, translucent and viscous w/ lots of bubbles
(upon vortexing). This phase does align in the magnet but could be biphasic and
heterogeneous. If the solution becomes cloudy, milky, and very fluid, it indicates that too
much hexanol must have been added and the nematic phase has been passed. C12ES is
viscous so careful pipetting technique is essential. Once formed the mixture is stable
over a wide pH range. *H splitting at 25°C is usually 23-26 Hz but may change upon the
addition of a biomolecule for alignment.

2.2.4 Collection of NMR spectra
1) STD & trNOE

NMR samples were prepared in deuterated 12 mM phosphate buffer (containing
200 mM NaCl) at pH 6.5 with a protein concentration of 0.3 mM. The amounts of ligand
used were respectively, a 25-fold excess of CMP-NeuAc, a 5-fold excess of CMP-
3FNeuAc, and a 50-fold excess of LacNAc. The spectra were acquired with the Varian
BioPak pulse sequences on Varian INOVA spectrometers operating at 600 or 800 MHz

('H frequency). The trNOE experiments were performed at 17°C using zero-quantum
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filtered 2D NOESY with a mixing time of 100 ms-500 ms and a recycling rate of 1.2 sec.
The STD experiments followed the saturation transfer 1D protocol (DPFGSE 1D)
without a T, filter or solvent saturation, and used a 100 Hz Gaussian saturation pulse
train of 450 ms centered at 0.8 ppm in the aliphatic region. The off-frequency spectra
were recorded by irradiating at +24 ppm. The recycling delay was 2.5 sec. The data were
acquired at 25°C for CMP-NeuAc and CMP-3FNeuAc and 5°C for LacNAc.
2) F-NMR studies on the CMP-3FNeuAc-ST6Gal-1 complex

"N-ST6Gal-1 was obtained from the Moremen laboratory at the CCRC, UGA. It
was purified following expression in Pichia pastoris as a product fully enriched in "N,
The purification procedure is outlined in the unpublished data by N. Tejwani and K. W.
Moremen. The protein sample for NMR was prepared in pH 6.8 phosphate buffer or pH
6.5 Bis-tris buffer. The low magnetic field NMR (282 and 470 MHz) was chosen to
prevent CSA effects from broadening the '°F signals. The resonance from a fluorocarbon
polymer used in NMR probe construction is located at -110.0 ppm. It is very intense and
broad, distorting the baseline. The T, for the fluorine of CMP-3FNeuAc was measured
as 0.6 sec at 300 MHz and the 90 degree pulse width was measured as 16 ps. For the 1D
experiments, we used zero delay time, 75° pulse, 0.8 sec acquisition time and about
20,000 scans (overnight) for the protein-ligand samples. Chemical shifts are corrected
with the external standard to CFCl; (0.00 ppm).
2. 3 Results and discussion
2.3.1 Bound conformation from transferred NOE

Transferred NOEs can give useful information on the conformations of the

individual bound ligands. Strong negative NOEs were observed from samples having a
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large excess of CMP-NeuAc in the presence of ST6Gal-1 (Figure 2.2). This clearly
indicates the dominance of NOEs by contributions from the ligands in bound state. In
Figure 2.2, the circled crosspeak connects the H6 proton of the cytosine ring and the H3
proton of the ribose. This NOE of CMP-3FNeuAc also was strong 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 cytosine-ribose
glycosidic bond in which the cytosine H6 and ribose H3 protons are in close proximity.
Given that the distance of cytosine H5 and cytosine H6 is 2.5 A, the distance between
cytosine H6 and ribose H3 was calculated as 2.3 A in protein-free solution and 2.6 A in
protein based on their respective crosspeak intensities. This is expected from its
minimum energy structures and the conformations observed in other crystal structures.
Unfortunately, there were no cross-peaks detected between the nucleotide and the sugar.
However, the absence of cross-peaks is consistent with the long distances between
nucleotide and sugar protons seen in the preferred low energy states and the unfolded

conformation typically seen in the crystal structures.
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Figure 2.2. '"H-"H 2D NOESY spectra of CMP-3FNeuAc (0.3 mM) without (A) and with
(B) ST6Gal-1 (1.5 mM) at a mixing time of 500 ms. Red indicates a positive NOE and

blue indicates a negative NOE.
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Transferred NOE data on the LacNAc acceptor were difficult to collect because of
the weak binding to ST6Gal-1. NOE:s collected at 25°C were in fact positive and difficult
to distinguish from NOEs seen for LacNAc in the absence of the protein. The dominant
NOEs obtained in a 1D NOE experiment, in which the anomeric proton resonance of
galactose was saturated showed the expected intra-ring connectivity to the axial H3 and
H5 protons as well as a poorly resolved, but distinguishable connection to the trans-
glycosidic GIcNAc H4 proton. The latter observation is consistent with LacNAc
favoring the low energy ¢ = 123.26 (C1-04-C4’-C5’), y= -64.33 (05-C1-O4-C4’)
conformation in solution. To make effects of binding to LacNAc 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 2.3, the
addition of ST6Gal-1 now produces some clear negative NOEs (to Gal H3) and some
negative contributions that cancel residual positive contributions at (Gal H5 and GlcNAc
H4). This is consistent with maintenance of a dominant population for the minimum

energy structure in the bound complex as well.
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Figure 2.3. 1D NOESY spectra of LacNAc (4.5 mM) without (top spectrum) and with

(bottom spectrum) ST6Gal-1 (0.3 mM) acquired at 17°C

2.3.2 Binding epitopes from saturation transfer difference

Saturation transfer difference (STD) experiments were used 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
close proximity to ligand protons. This can indicate what parts of the ligand are in
closest contact with the protein surface. Although the results were qualitatively the same,
STD spectra for CMP-NeuAc were of higher signal to noise ratio than those for CMP-
3FNeuAc (Figure 2.4). The derived STD percentages (scaled to the most perturbed peak
— HI1 of the ribose) of CMP-NeuAc show the clear preferential enhancement of the
nucleotide base and adjacent parts of the ribose ring. This observation is consistent with

the evidence that CMP is an efficient competitive inhibitor of ST6Gal-1. The less
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efficient magnetization transfer to the NeuAc residue is consistent with the necessity of
having this space to accommodate the acceptor. The binding epitope of CMP-NeuAc
demonstrates that CMP serves as a recognition motif for ST6Gal-1 that has affinity for all
CMP-sugar donor substrates. Appropriate positioning for the sugar portion may provide
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Figure 2.4. The STD spectra and the derived STD percentages for CMP-NeuAc (left) &
CMP-3FNeuAc (right) bound to ST6Gal-1. STD percentages were calculated by
determining individual signal intensities in the reference spectrum of the ligand and in the
subtraction spectrum (subtracting STD spectrum of ST6Gal-1 from STD spectrum of the
ligand with ST6Gal-1), and normalized using the largest STD effect (in this case, H1 of
the ribose). The STD effect for H3ax of NeuAc was not measured accurately due to low

S/N and hence only H3eq of NeuAc was shown.
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An STD effect for LacNAc could only be detected when the ratio of the ligand to
the protein was 35-fold or greater and the sample was cooled down to 5°C. Figure 2.5
shows the difference spectrum obtained when the aliphatic region (0.8 ppm) of the
protein was saturated. There clearly was saturation transfer from the protein to the
ligand, but the effects were fairly small and uniformly distributed over all protons of the
LacNAc moiety. This can be the result of a binding mode where protein protons to

ligand magnetization transfers are inefficient compared to intra-ligand transfers.
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Figure 2.5. 1H and STD spectra of LacNAc. The 'H NMR of LacNAc was processed
with an exponential weighting function of 5 Hz to mimic the broad linewidth of LacNAc
in the STD spectrum which was generated by subtracting the STD spectrum of ST6Gal-1
from the STD spectrum of LacNAc with ST6Gal-1.

There is also some concern that apparent STD effects could result from direct

saturation through the long wings of Lorenzian lines associated with each proton. A
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control was run by saturating the aromatic region (7.0 ppm) as opposed to the aliphatic
region (0.8 ppm) of ST6Gal-1. A similar pattern was obtained except for the intensity of
the N-acetyl resonance (1.9 ppm, closest to the aliphatic saturation frequency) which
dropped by 3- fold. The addition of CMP-3FNeuAc did not significantly increase the
STD of LacNAc. A reduction in temperature enhanced the saturation efficiency for
ST6Gal-1 as expected for a medium-size protein [25].

2.3.3 RDC measurements of *CMP-NeuAc*

RDC data on a bound complex of CMP-NeuAc-ST6Gal-1 have not yet been
collected, but the preliminary data of *CMP-NeuAc* in solution illustrate the acquisition
procedures. Ligand orientation and internal structure can be determined using one bond
'H-"C and "C-"*C RDCs acquired with an fl-coupled "H-"*C HSQC experiment. To

facilitate acquisition of these data a '*C labeled analog was synthesized (Figure 2.6).
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Figure 2.6. Chemoenzymatic synthesis of *C-labeled CMP-NeuAc

N-hydroxysuccinimide and *C-acetyl chloride were combined to produce NAS*,
which was further reacted with D-mannosamine to make ManNAc* °. NeuAc aldolase
was then used to react *C-ManNAc with 13C-pylruvate to produce 13C-[1,2,3,10,11]-

NeuAc '°. "CMP-NeuAc* was synthesized using CMP-NeuAc synthetase to react °Cs-
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NeuAc and CTP* °. The simplified purification procedure for *CMP-NeuAc* consisted
of enzyme removal, ethanol precipitation, and size exclusion chromatography.
Precautions, including operation at 4°C and avoiding low pH, were taken during
purification to slow down the hydrolysis of the CMP-NeuAc product.

With a "C-enriched ligand a significant number of couplings can be measured
within a fairly short acquisition time. For *CMP-NeuAc* we expected to see 7 pairs of
'"H-"C coupled and 12 pairs of *C-">C coupled peaks from CMP, in addition to 3 pairs of

'H-"C coupled and 3 pairs of *C-"*C coupled peaks from NeuAc (Figure 2.7).
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Figure 2.7. Fl-coupled 'H-""C HSQC spectra of "“C-labeled CMP-NeuAc (regional
expansion). It illustrates RDC measurements on cytosine HS (Dcy = -12.71 Hz) and
ribose H1 (Dcy = -7.31 Hz). Each spectrum was collected for 1 hour at 298 K on 600
MHz ('H frequency). The samples were prepared using 12 mM phosphate buffer saline (
PBS) at pH 7.0 with and without the aligned media PEG (pentaethylene glycol

monododecyl ether). The program Anita_nlinlS was used to fit the resonance lines.
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We summarize the RDCs of *CMP-NeuAc* in the absence of ST6Gal-1 in Table

2.1. The RDCs of *CMP-NeuAc* in the presence of ST6Gal-1 also were collected one

time in 8% PEG but differences for the ligand RDCs with and without protein proved too

small to confidently extract bound state values. This is likely due to the relatively low

fractions bound and the similarity in level of orientation for the free ligand and protein.

Experiments will require enhancement of protein alignment by methods such as those

recently used for Galectin-3.

Table 2.1. Summary of 'H-""C and *C-"*C RDCs of '*C-labeled CMP-NeuAc in PBS

Isotropic CI12E5 Dcy Isotropic CI12ES Dc-c

Protons C-H(Hz) | C-H(Hz) | (Hz) Carbons C-C(Hz) | C-C(Hz) | (Hz)
cytosineH6" 182.56 168.25 -14.31 Cs5"-Co" 67.94 68.06 0.12
cytosineH5" 174.69 161.98 -12.71 C5"-C6"&C4" | 122.31 120.72 -1.59
riboseH1' 169.78 162.47 -7.31 C1-C2' 41.53 41.59 0.06
riboseH3' 150.08 147.29 -2.79 C3'-C2'&C4' | 75.06 74.69 -0.37
riboseH2' 151.25 147.88 -3.37 C2'-C1'&C3' | 78.50 80.19 1.69
riboseH4' 149.21 150.96 1.75 C4'-C3'&C5' | 79.87 79.37 -0.50
riboseH5'ab 147.19 155.03 7.84 C5'-C4' 41.63 40.81 -0.82
siaH3eq 130.66 132.30 1.64 C5'-C4' 41.63 40.31 -1.32
siaH3ax 131.66 132.31 0.65 C3-C2 40.38 41.16 0.78
acetyl CH3 128.17 130.06 1.89 C2-Cl1 40.19 39.25 -0.94
CO-CH3 49.88 49.56 -0.32

The program, REDCAT (Residual Dipolar Coupling Analysis Tool) **, was used

to assess ligand alignment and the validity of a minimum energy structure in the free

solution state. A PDB structure of CMP-NeuAc was input along with corresponding
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experimental RDCs. A set of principle order parameters and a set of Euler angles for
transforming the PDB file to the principal alignment frame were returned in the format of
a new PDB file which was visualized in Figure 2.8. The resultant Sauson-Flamsted
projection of direction distributions for axes of allowed alignment frames, gives and
indication of the precision in determination of orientation of ligand alignment. The back-

calculated RDCs and are in a good agreement with the experimental RDCs.

Figure 2.8. Preferred orientation of CMP-NeuAc in aligned media calculated by
REDCAT with experimental RDCs. The structure is visualized using Chimera. The
structure is actually four-fold degenerate because of insensitivity to 180° rotation about
any of the three axes.

CMP-NeuAc can be hydrolyzed by itself in acidic or even neutral solution and it
slowly degrades into CMP and NeuAc (40% degradation by 2 months at 4°C). ST6Gal-1
dramatically expedites this hydrolysis process by transferring NeuAc to the acceptor
water. As shown in Figure 2.9, almost 50% of CMP-NeuAc is decomposed by 10 hours

and CMP-NeuAc is hydrolyzed completely at the end of 40 hours. Lowering the
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temperature such as to 4°C slows down the hydrolysis process by approximately 2 fold.
For our RDC measurements, the acquisition of each HSQC spectrum only took one hour
during which 85% of the CMP-NeuAc stayed intact and dominated the detected signals.
This short acquisition period also limited precision and the ability to detect differences in
25:26:27 o

the presence and absence of the protein. Synthesis of *C-labeled 3FNeuAc

been considered for preparing *C-labeled CMP-3FNeuAc for future RDC experiments.

Decomposition rate of CMP-NeuAc in ST6Gal-I solution
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Figure 2.9. Decomposition rate of CMP-NeuAc in the presence of ST6Gal-1 at 25°C.
2.3.4 F-NMR studies of CMP-3FNeuAc - ST6Gal-1 complex

In principle, ’F NMR can provide a sensitive probe of protein-ligand interactions.
For this reason a '’F analog of sialyl-CMP was synthesized in a convenient two-step

method as shown in Figure 2.10.
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Figure 2.10. Enzymatic synthesis of CMP-3FNeuAc
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The introduction of an electronegative fluorine atom at a site adjacent to the
anomeric center on neuraminic acid effectively slows down turnover by destabilizing the
oxocarbenium ion-like transition state for the reaction . Moreover, it stabilizes the labile
sugar donor against spontaneous hydrolysis. Here, CMP-3FNeuAc was enzymatically
synthesized from ManNAc, 3-fluropyruvate, and CTP. Neu5Ac aldolase (>24 U/ml) has
high specific activity to react ManNAc with 3-fluoropyruvate to produce 3-fluoro-NeuAc
in mainly beta-form. It was initially thought that CMP-NeuAc synthetase could not
tolerate 3FNeuAc in the coupling reaction *°. However, a more recent paper reported that
CMP-NeuAc synthetase does efficiently catalyze the synthesis of CMP-3FNeuAc
directly from 3FNeuAc and CTP. We verified the latter conclusion and CMP-3FNeuAc
was obtained in 77% yield with this method.

An ICsy for CMP-3FNeuAc was measured as 1.44 mM based on radio-assay. By
the formula (ICs0)*Kn/ (Kpmt[S]), Ki was calculated as 0.65 mM which implies that
CMP-3FNeuAc binds weakly to ST6Gal-1. We performed simulations and determined
the protein concentration [P]; and ligand concentration [L]; to be used in order to achieve
a balance between the fraction of bound ligand F, and the concentration of bound ligand
[L]s. For a single-intermediate model of competitive inhibition E + I <> EI, [L], is mainly
determined by [P]; and the maximum [L], is only about 0.1 times [P]; based on the
estimated K; value (Figure 2.2). Using high [P]; would not be feasible or beneficial
because the ST6Gal-1 supply was limited and this protein tends to dimerize above 0.3
mM. Hence we had few options for improving the detection of the NMR signal of the

bound ligand due to its weak binding feature.
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Fb Vs [L]b at [P]t = 0.3 mM
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Figure 2.11. Relationship of the fraction of bound ligand Fy, and the concentration of
bound ligand [L]y at a constant protein concentration [P];

We conducted 1D "F experiments with [L]; at 0.08, 0.2, 1.5 mM at [P]; 0.3 mM
(F» =0.13-0.29, [L]»=0.02-0.20), [L]; 0.15 mM at [P]; 0.53 mM (F,=0.22, [L],=0.34 mM)
and measured the differences in chemical shifts and linewidth for the resonance of CMP-
3FNeuAc in ST6Gal-1 solution. With the '"N-ST6Gal-1 sample, we further estimated the
exchange rate by monitoring the protein resonance changes upon the addition of CMP-
3FNeuAc. We also verified a simple two-state model for the ligands by measuring the
relaxation of CMP-3FNeuAc through the titration experiments using [L]; 0.2 mM- 4 mM
at [P]; 0.2 mM with the ratios ranging from 1:1 to 20:1 (ligand over protein).
1) Chemical shift changes for '°F and 'H resonance of CMP-3FNeuAc

Given the anticipated "°F shifts of 1-10 ppm for tight binding, we would expect
shifts of the order of 0.1 ppm to be observed for the weak binding system of CMP-
3FNeuAc-ST6Gal-1. During the experiments, the maximum chemical shift change of

0.02 ppm for the "°F resonance of CMP-3FNeuAc was observed at a 5:1 ligand ratio to
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protein and there was no further change after this point when excess ligand was added.
The chemical shift change of 0.02 ppm is negligible because the resonance linewidth is as
big as 0.04 ppm. For proton resonances of CMP-3FNeuAc the chemical shift difference
upon the addition of ST6Gal-1 is less than 0.0025 ppm while the linewidth is 0.01 ppm.
Such small chemical shift differences may reflect a slow exchange situation in which the
resonance of bound ligand is too broad to observe and the resonance of the free ligand
was seen very intense.

Line shapes of exchanging ligands can be predicted based on simple exchange
rate models %. The appearance of resonances in the commonly accepted three exchange
regimes are described as following. At slow exchange (10 sec™), two resonance lines are
observed. As the exchange rate increases (100 sec), the resonance lines broaden with
each acquiring a line width contribution on the order of the reciprocal of the lifetime in
that state. This means the line representing the lower population state is always broader.
When the exchange rate (450 sec™) is of the order of the chemical shift separation
between the two sites, the lines become very broad and begin to coalesce or even
disappear in the baseline noise. Increasing the exchange rate above the coalescence point
pushes the system into fast exchange (1000 sec™ to 5000 sec™) where a single signal is
observed at the weighted average resonance frequency for the two sites according to their
molar fractions in the free and bound states.

Protein-bound CMP-3FNeuAc constitutes a very small fraction of the total ligand
concentration and even in the slow exchange regime has a relatively short life time.
Because of the binding and exchange broadening effects, the resonances of CMP-

3FNeuAc in its bound state can be too broad to detect. As the temperature rises from 15
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°C to 35 °C, the observed CMP-3FNeuAc peak becomes broader (Figure 2.12), which
indicates that the free and bound ligands were in slow exchange. Raising the temperature
expedited the exchange from slow to medium and this process caused line broadening.
Given this mechanism it is possible to derive a bound state life time using the formula

T, = Toa™! + Rup from the literature®®. A represents the off-site, B represents the on-site,
Rap represents the transition rate between on and off site, and the value of T2 is equal to
(Av* 1) in which Av is the linewidth. Given that 25% of CMP-3FNeuAc is in bound
state (estimated from its dissociation constant), and a broadening of 10 Hz at 35°C, the

bound state life time would be 126 s

— =

35¢

15c

-207.4 207.8 -208.2 -208.6 -209.0 -209.4 -209.8 ppm

M Eo-

Figure 2.12. 1D "’F NMR spectra of the CMP-3FNeuAc-ST6Gal-1 complex acquired at
different temperatures (15°C, 25°C and 35°C). The linewidth gets broader as the

temperature increases. The small amount of impurity shown was identified as B-NeuAc.
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2) Exchange rate confirmation from HSQC spectra of '°N-ST6Gal-1

Uniformly ""N-labeled ST6Gal-1 (pichia pastoris) was used to verify that the
CMP-3FNeuAc was actually binding and to further evaluate the exchange rate. When a
five-fold molar excess of CMP-3FNeuAc was added to U-""N ST6Gal-1 (66% bound if
K 0.65 mM used), it was observed in the HSQC spectrum that a few peaks weakened and
broadened dramatically and a number of protein resonances split into two (Figure 2.13).
The splitting, broadening and attenuation of protein resonances are features of the slow
exchange of free and bound ligands as well as signs of protein dynamics changing upon

CMP-3FNeuAc binding.
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Figure 2.13. Comparison of 'H-""N HSQC plots of (A) U-">’N ST6Gal-1 before and (B)
after the addition of CMP-3FNeuAc. The crosspeaks experiencing substantial changes
are circled.
3) T, measurements of acetyl protons of CMP-3FNeuAc

T, measurements of acetyl protons on the ligand were also used to verify binding
in a simple two-state model. One would expect resonances unaffected by exchange
broadening to adopt spin relaxation contributions proportionate to bound populations and

weighted by expected bound state relaxation.
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We measured T, of acetyl protons of CMP-3FNeuAc under a variety of
conditions using the cpmgt2 sequence of T, relaxation measurement in the Varian Bio-
Pak. The results are presented in Table 2. The difference of proton frequencies at the on
and off sites is expected to be very small or even indistinguishable, especially for groups
such as acetyl protons which do not interact strongly with ST6Gal-1. The peak we
measured seems to be the sum resonances of free and bound ligand. As shown in the
Table 2.2, the T, of the acetyl protons of CMP-3FNeuAc decreases when CMP-3FNeuAc
binds to ST6Gal-1. This demonstrates that CMP-3FNeuAc adopts the longer correlation
time of ST6Gal-1. When an excess of CMP-3FNeuAc was added, T, adopted a simple
ascendant trend, indicating there is no apparent secondary binding of CMP-3FNeuAc to

ST6Gal-1.

Table 2.2. T, values of acetyl protons of CMP-3FNeuAc in free solution and in ST6Gal-1

solution with the indicated ligand-protein ratio.

Sample T, (sec) at 25 °C
CMP3FNeuAc in phosphate buffer (pH 6.8) 0.451 +0.007
CMP3FNeuAc in D,O (pH 6.0) 0.465 + 0.001

CMP3FNeuAc/ ST6Gal-1 = 1:1 in Bis-tris (pH 6.5) 0.122 £0.012

CMP3FNeuAc/ ST6Gal-1 = 5:1 in Bis-tris (pH 6.5) 0.242 £ 0.008

CMP3FNeuAc/ ST6Gal-1 = 10:1 in Bis-tris (pH 6.5) | 0.299 % 0.006

CMP3FNeuAc/ ST6Gal-1 = 20:1 in Bis-tris (pH 6.5) 0.343 £ 0.003
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In summary, for the '’F experiments, no significant chemical shift change was
detected for the observed CMP-3FNeuAc resonance. However, accelerating exchange by
raising the temperature broadened the resonance, which suggested that CMP-3FNeuAc is
in slow exchange between free and bound states; the slow exchange phenomenon also
was confirmed when the resonance from several protein residues interacting with the
ligand was observed to split in the HSQC spectrum of ’N-ST6Gal-1. From these data,
we concluded that the CMP-3FNeuAc-ST6Gal-1 complex is in a slow exchange regime.
The resonance of bound CMP-3FNeuAc could not be observed because of its low
population under relatively weak binding conditions and the more extensive exchange
broadening that occurs for minor population species in slow exchange.

2.4 Conclusion

We have investigated the structural interactions of donor and acceptor substrates
within the active site of ST6Gal-1. The traditional transferred NOE (trNOE) and
saturation transfer difference (STD) methodologies yielded an imprint of the active site
geometry without the need for a structure determination of the protein. We employed
trNOE experiments to verify the substrates’ binding to ST6Gal-1 and confirmed the
trans-conformation about the cytosine-ribose glycosidic bond of CMP-NeuAc and CMP-
3FNeuAc as well as population of a low energy conformation about the glycosidic bond
of LacNAc in the presence and absence of ST6Gal-1. Our STD data for CMP-NeuAc is
consistent with the enzymatic reaction mechanism in that cytidine binds more tightly to
ST6Gal-1 than NeuAc, the leaving group. By using "’C-labeled CMP-NeuAc we
acquired a set of residual dipolar couplings (RDCs) and calculated the preferable

orientation and conformation for CMP-NeuAc in free solution. RDC data on a bound
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complex will be collected with the same principle to determine bound ligand geometry

when ST6Gal-1 alignment is enhanced with the methods tested on Galectin-3 '* '# 13,

Fluorine NMR is a convenient and powerful tool to assess the kinetics and binding

affinity of substrates with the incorporation of fluorinated ligands. With simple 1D "F-

NMR experiments, we characterized the slow exchange and weak binding properties for

the CMP-3FNeuAc-ST6Gal-1 system. All of the above data provide a framework for

understanding how the substrates interact with the active site of the sialyltransferase

ST6Gal-1. The strategies we developed will also be valuable for probing the structures of

other glycoproteins.
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3.1 Introduction

Structural determination of proteins by NMR methods has traditionally relied on
the detection of large numbers of nuclear Overhauser effects (NOEs). Uniform labeling
with "°C, "N, and *H provides the improved resolution necessary for the assignment of
sufficient numbers of resonances to conduct an NOE-based structure determination " 2.
The labeling is usually accomplished by expressing proteins in bacterial hosts which
efficiently utilize low-cost °C- and '°N- enriched substrates. However, this method is not
practical for ST6Gal-1 which requires glycosylation for proper folding or full activity and
affords low yield in bacterial media. ST6Gal-1 is normally expressed in eukaryotic hosts
that require supplementation with a nearly complete set of labeled amino acids, some of
which are very expensive ** *. It is therefore important to consider alternate sources of
structural data that can be used with the sparse labels introduced by expressing proteins in
eukaryotic cells grown on media supplemented with selected sets of less expensive "N
labeled amino acids °. One source applicable to this type of labeling relies on
paramagnetic perturbation of labeled sites on introducing nitroxide carrying probes that
are either substrate mimics or are covalently attached to the protein itself @ 7% % 10: 11: 12:13:
'*. Here we present probes that mimic natural substrates that bind to the active site of
ST6Gal-1. The sugar donor mimicked is CMP-NeuAc and the sugar acceptor mimicked
is N-acetyl-lactosamine (LacNAc). We first used spin-labeled donor and acceptor analogs
to identify the labeled amino acids in the protein active site and map distances to these
amino acid sites. Then related paramagnetic strategies are used to characterize the

position of the sugar acceptor relative to the donor analog while both are simultaneously

bound to ST6Gal-1.
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The essential component of the nitroxide spin label we chose is the chemically
stable moiety, TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl). The nitroxide group
contains an unpaired electron that drastically increases the relaxation of neighboring
protons due to the large magnitude of the electron magnetic moment. The interactions
between electron and proton magnetic moments extend to 20 A, a distance much longer
than for proton-proton NOEs which are limited to distances of 6 A or less "% In more
quantitative terms, when the nitroxide spin-labeled compound binds to the protein target,
the nuclei of protein residues experience enhanced spin relaxation with a 1/r® dependence
on the distance, r, between the nitroxide group and the nuclear site & 7% 9 10 11: 12: 13: 14
Resonances are broadened, longitudinal spin relaxation times are shortened, and cross-
peak intensity in most multidimensional experiments is reduced.

One method we used for detecting spin relaxation enhancements depends on

6; 11; 12 .
> *> % The loss is

intensity loss of cross-peaks in 'H-""N HSQC spectra of proteins
primarily due to the transverse relaxation of protons during INEPT transfers to nitrogen
and back, and the intensity loss can be directly correlated with the inverse sixth power of
the distance between the nitroxide group and the protons giving rise to each cross-peak.
The general procedure is to acquire a spectrum of the protein with the spin-labeled ligand
in its oxidized paramagnetic form, then reduce the nitroxide to a diamagnetic species with
an ascorbate salt, and repeat the spectral acquisition under as identical conditions as
possible. The difference in cross-peak intensities between the oxidized and reduced
spectra should be directly attributable to the effects of the nitroxide electron spin. Cross-

peaks from protons in the ligand binding site are easily identified, and distances to

protons in more remote sites can be estimated.
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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 'H-""C) can be detected at natural abundance when rapid exchange exists and a
sufficiently high concentration of the ligand can be used. If necessary, it is also relatively
easy and inexpensive to isotopically enrich sites in the ligand with °C. 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 number of relaxation
parameters. There are certain advantages in measuring longitudinal relaxation times (T)
rather than the transverse relaxation time (T,) often measured in protein systems. One of
the reasons for this choice is that exchanging ligands usually suffer some resonance
broadening due to intermediate exchange rates upon binding to the protein. This
exchange broadening effect can be difficult to separate from the paramagnetic T, changes.
As long as the exchange is fast compared to T;, these rates are not affected by the
exchange process. In choosing between T;s of protons or carbons, T;s of carbon have an
advantage because T;s of protons in large complexes suffer from spin diffusion.

In developing appropriate paramagnetic analogs, we used CMP-NeuAc (Figure
3.1), the sugar donor in the sialylation reaction catalyzed by ST6Gal-1, as a model. In
theory, the spin label may be introduced to either the nucleotide base or the sugar ring.
Previous studies involving the design of sialyltransferase inhibitors show that the cytidine
nucleotide portion is more critical for tight binding to sialyltransferases than the
neuraminic acid residue "°. Nucleotide base-modified CMP-NeuAc analogs are not
tolerated by a2, 6-sialyltransferase while sugar-modified analogs with derivatization of

the neuraminic acid residues at the C5, C8 or C9 positions show affinities for ST6Gal-1 .
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Substitution of the proton at C3 with fluorine leads to another potentially useful inhibitor
of sialyltransferases '’. Therefore, we initiated studies in which TEMPO, the spin label
nitroxide moiety, would be linked to the phosphate of CMP through its C4 carbon, taking
the place of the neuraminic acid in CMP-NeuAc. The 6-membered ring of TEMPO
mimics the 6-membered ring of the neuraminic acid. The additional methyl groups at C2
and C6 in TEMPO sit in the positions occupied by C4 substituents and the C7-C8
extension of neuraminic acid, and the nitroxide replaces the C5 acetyl group of
neuraminic acid. To further examine the logic of this replacement, CMP-TEMPO was
modeled into the crystal structure of Cstll in which CMP-3FNeuAc occupies the sugar
donor site. There were no severe steric conflicts identified. However, there was a
noticeable absence of a carboxyl group that apparently interacts with positively-charged
amino acids in the binding site. Therefore we also synthesized CMP-4carboxyTEMPO
(Figure 3.1) in which a carboxyl group is attached to C4 of TEMPO and effectively
mimics the carboxyl attached to C2 of neuraminic acid. CMP-4carboxyTEMPO is
demonstrated here to be a good mimic of CMP-NeuAc and a useful structural probe for

ST6Gal-1.
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CMP-NeuAc

CMP-4carboxyTEMPO

Figure 3.1. Structure of natural donor CMP-NeuAc and its analog CMP-
4carboxyTEMPO

In what follows, a spin-labeled donor analog, CMP-4carboxyTEMPO, and a spin-
labeled acceptor analog, LacNAc-TEMPO !, were used to observe changes in '°N-phe-
labeled ST6Gal-1 resonances. Then CMP-4carboxyTEMPO was used to perturb
resonances of a non spin-labeled acceptor, LacNAc. Distances between the nitroxide of
the donor and the acceptor were estimated based on carbon T, changes for the acceptor in
the presence and absence of the spin-labeled donor. A *C-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

experiments.



65

3.2 Experimental
3.2.1 Chemical synthesis of CMP-TEMPO (1) and CMP-4carboxyTEMPO (2)

General procedures. Chemicals and dry solvents were purchased from Aldrich
(USA). The commercial 4-oxo-TEMPO was purified by chromatography (silica gel,
hexanes: EtOAc, 82:18). All moisture-sensitive reactions were performed under an
atmosphere of dry argon. Reactions were monitored by TLC on silica gel Kieselgel 60
Fys4 (Merck) and visualized under UV light and by charring with a ceric ammonium
molybdate reagent. All evaporations were performed under appropriate reduced pressure
at bath temperature < 30 °C. Chromatography was performed on silica gel Merck 70-230
mesh or, as indicated, on latrobeads 6RS-8060 (60 um, Bioscan), or for reverse phase on
a Waters preparative C18 WAT020594 column (125 A, 55-105 pm). All NMR spectra of
the TEMPO derivatives were acquired on Varian 300, 500 or 600 MHz NMR
spectrometers, in the indicated solvents, after addition of phenyl hydrazine as a reducing
agent to the nitroxide sample '®. Mass spectra were obtained on an Applied Biosystems
Voyager-DE MALDI-TOF mass spectrometer using DHB (2, 5-dihydroxybenzoic acid)
as a matrix.

2-Cyanoethyl 1-oxyl-2,2,6,6-tetramethylpiperidin-4-yl N,N-diisopropyl
phosphoramidite (4) '°. Diisopropylethylammine (297 mg, 2.30 mmol) was added to a
solution of 4-hydroxy-TEMPO 3 (198 mg, 1.15 mmol) and 2-cyanoethyl N,N-
diisopropylchlorophosphoramidate (407 mg, 1.72 mmol) in dry CH,Cl, (5 ml) cooled at
0 °C in an argon atmosphere. The mixture was then stirred for 1 hour at room temperature
until TLC (hexanes: EtOAc 3:1) indicated the completion of the reaction. The solvent

was co-evaporated with toluene and the residue was purified by flash chromatography (8
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g latrobeads, hexanes: EtOAc: NEt; 4:1:0.2%) to afford 4 (164 mg, 38%) as an orange
syrup (Rf 0.7, hexanes: EtOAc 3:1). No NMR data are available for 4 due to the rapid
decomposition observed in the NMR tube after addition of phenyl hydrazine. MS data are
not available for 4 due to its instability in the matrix.

2-Cyanoethyl (27,3’-0,N*triacetylcytidin-5-yl) 1-oxyl-2,2,6,6-
tetramethylpiperidinyl-4-yl phosphate (6) *°. Compounds 4 and 5 *' were separately dried
by coevaporating three times with dry toluene. Tetrazole (I mL of a 3% solution in
MeCN) was slowly syringed into a mixture of phosphoramidite 4 (160 mg, 0.43 mmol)
and the cytidine 5 (125 mg, 0.38 mmol) in MeCN (2 mL) at 0 °C. The reaction was
followed by TLC (CHCl3: MeOH 95:5) and seemed complete after stirring for about 1
hour at room temperature. After addition of 3 drops of triethylamine, the solvents were
co-evaporated with toluene providing an orange material (0.30 g) which was used in the
next step without purification. A 5.5 M solution of tBuOOH in decane (0.47 mL) was
slowly added to the crude material (0.27 g) dissolved in MeCN (4 mL) while stirring in
ice. The reaction was followed by TLC (CHCIs;: MeOH 95:5). After 1 hour, the mixture
was diluted with EtOAc and washed with a saturated NaHCOj3 solution followed by brine.
After drying over MgSO, the solvent was evaporated and the residue was purified by
chromatography (5 g Iatrobeads, CHCls;: MeOH 97:3) to afford an orange product 6 (160
mg, 64%) as a 1:1 diastereoisomeric mixture (Ry 0.4, CHCl;: MeOH 95:5). 'H NMR
(500 MHz, CD;0D) for the reduced form: 6 8.13 (d, J = 7.0 Hz, 1H, H-6), 8.11 (d,J=7.5
Hz, 1H, H-6), 7.48-7.40 (m, 2H, 2 x H-5), 6.03-6.02 (m, 2H, 2 x H-1"), 5.52-5.44 (m, 4H,
2 x 2H of H-2’& H-3), 4.74-4.68 (m, 2H, 2 x H-17), 4.48-4.41 (m, 4H, 2 x 2H of H-4’ &

H-5%), 4.40-4.33 (m, 2H, H-5"), 4.30 (p, J = 6.5 Hz, 4H, 2 x CH,CN), 2.95-2.86 (m, 4H, 2
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x OCH,CH,CN), 2.18 (s, 6H, 2 x CH3CO), 2.10 (d, J = 2 Hz, 12H, 4 x CH;CO), 2.10-
2.01 (m, 4H, 2 x 2H of H-3” & H-57), 1.70-1.61 (m, 4H, 2 x 2H of H-3” & H-5"), 1.22-
1.10 (m, 24H, 8 x CH;3); MALDI-TOF/MS: (M + Na') m/z 679.4, calcd for
C27H39Ns5012PNa 679.2225.

CMP-TEMPO (1) *°. 1,8-Diazabicyclo[5,4,0]-7-undecene (DBU) (2.7 mg, 0.018
mmol) was added to a solution of the above material 6 (10 mg, 0.015 mmol) in THF (0.8
ml) and the mixture was stirred at room temperature for 45 minutes until TLC (CHCls:
MeOH 95:5) indicated the completion of the reaction. A 5.4 M solution of NaOMe in
MeOH (0.028 ml, 0.15 mmol) and then a mixture of 1:2 MeOH-H,O (1.5 ml) were added
to this mixture. After stirring for 12 hours at room temperature, the mixture was
lyophilized providing a residue which was then loaded onto a small column of reverse-
phase C18 eluted with water to remove NaOH and NaOAc, and then run through a small
column of Bio-Rad AG 50W-X8 Na" eluted with water to remove the DBU byproduct.
After freeze drying, the recovered material was purified by size exclusion
chromatography on Bio-Gel P2 (extra fine, 1.5 cm x 45 cm , water, 4 °C) and
lyophilization to produce CMP-TEMPO 1 (5.5 mg, 73%) as a yellow powder (iPrOH:0.5
M AcOHeNEt; 5:2, Ry 0.7; HPTLC RP-18 WF,s45, Ry 0.2, water). 'H NMR (500 MHz,
CDs0D) for the reduced form: 6 8.11 (d, J = 7.5 Hz, 1H, H-6), 5.99-5.96 (m, 2H, H-5 &
H-17), 4.49-4.38 (m, 1H, H-17), 4.28-4.00 (m, 5H, H-3°, H-5, H-2’, H-4* & H-5’), 1.80-
1.71 (m, 2H, H-3” & H-57), 1.56 (td, J = 3.5, 12.0 Hz, 2H, H-3” & H-5"), 1.15 (s, 3H,
CHs), 1.13 (s, 6H, 2 x CH3), 1.09 (s, 3H, CH3); *'P NMR (500 MHz, CD;OD, external
standard H;PO4 = 0.00) 6 0.72; BC NMR (500 MHz, CDs;0OD) for the reduced form: 6

167.1 (C-2), 158.1 (C-NH,), 142.5 (C-6), 96.0 (C-5), 90.7 (C-1°), 83.9 (d, ] = 8.8, C-4"),



68

75.9 (C-2), 70.2 (C-3’), 68.8 (d, ] = 6.0, C-4"’), 64.5 (d, ] = 5.5, C-5°), 59.6 (C-2”’ & C-
6’’),46.9 (d, ] =4.0,C-37/C-5), 46.8 (d, ] =4.0, C-3’/ C-5""), 32.2 (CH3), 20.4 (CHy);
MALDI-TOF/MS for the reduced form: (M + Na+) m/z 501.3, calcd for CigH3;N4OoPNa
501.1721.

1,4-Dihydroxy 2,2,6,6-tetramethyl-4-piperidinecarboxylic acid (9) **. A solution
of the cyanide 8% (1.07 g, 5.35 mM) in 27% HCI (4.8 mL) was stirred for 2 hours at 80
°C. Co-evaporation with 80 mL water under reduced pressure (bath temperature < 30 °C)
left an acidic yellowish oily solid which was left at -20 °C overnight. The acidic
supernatant was pipetted off and the residual solid washed three times with ether and
further dried in vacuo to yield the crude N-hydroxyde 9 (750 mg). "H NMR (300 MHz,
D,0): 6 2.38 (d, J = 14.9 Hz, 2H, H-3 & H-5), 2.20 (d, J = 14.9 Hz, 2H, H-3 & H-5),
1.635 (s, 6H, 2 x CH3), 1.428 (s, 6H, 2 x CH3). MALDI-TOF/MS: (M + Na") m/z 240.1,
calcd. for C;oH;9NO4Na 240.1206. The material 9 was taken to the next step without
further purification.

4-Hydroxy-4-methoxycarbonyl-1-oxyl-2,2,6,6-tetramethylpiperidine ~ (10). A
solution of diazomethane in ether was added to a solution of crude 9 (750 mg) in MeOH
(10 mL) at 0 °C until the solution became deep yellow. The mixture was then stirred in

an open flask for 2 days 2%

. Formation of the nitroxide (upper spot) was followed by
TLC (CHCIl3: MeOH 95:5) and a small amount of N-hydroxyl starting material remained
untransformed. Purification by chromatography (20 g Iatrobeads, CHCl;: MeOH 99:1)
gave 10 which was further purified by crystallization from a mixture of ether and hexanes

at -20 °C providing 10 (684 mg, 55%) as orange crystals ( R¢ 0.4, hexanes:EtOAc 3:1).

'H NMR (300 MHz, CD;OD) for the reduced form: & 3.71 (s, 3H, CH;0CO), 2.04 (d, J =
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13.6 Hz, 2H, H-3 & H-5), 1.80 (d, J = 13.6 Hz, 2H, H-3 & H-5), 1.35 (s, 6H, 2 x CH3),
1.16 (s, 6H, 2 x CH3); MALDI-TOF/MS for the reduced form: (M + Na') m/z 254.1,
calcd for C;;H,1NO4Na 254.1363.

2-Cyanoethyl 4-methoxycarbonyl-1-oxyl-2,2,6,6-tetramethylpiperidin-4-yl) N,N-
diisopropylphosphoramidite (11) . Diisopropylethylammine (168 mg, 1.30 mmol) was
added to a solution of the above TEMPO derivative 10 (150 mg, 0.65 mmol) and 2-
cyanoethyl N,N-diisopropylchlorophosphoramidate (231 mg, 0.98 mmol) in dry CH,Cl,
(2 ml) cooled at 0 °C in an argon atmosphere. The mixture was then stirred for 24 hours
at room temperature until TLC (hexanes: EtOAc 3:1) indicated the completion of the
reaction. The solvent was co-evaporated with toluene and the residue was purified by
flash chromatography (5 g latrobeads, hexanes: EtOAc: NEt; 4:1:0.2%) to afford 11 (240
mg, 86%) as a brown syrup (R¢ 0.5, hexanes:EtOAc 3:1). 'H NMR (300 MHz, CD;OD)
for the reduced form: ¢ 3.77-3.66 [m, 4H, OCH,CH,CN & 2 x CH (CHj3);], 3.71 (s, 3H,
CH;0CO0), 2.67 (t, J = 5.9 Hz, 2H, CH,CN), 2.25-1.87 (m, 4H, H-3 & H-5), 1.33-1.12 (m,
24H, 8 x CH3). No MS data is available for 11 due to its rapid decomposition in the
matrix.

2-Cyanoethyl  27,3’-O,N’-triacetylcytidin-5’-yl 4-carboxy-1-oxyl-2,2,6,6-
tetramethylpiperidin-4-yl phosphate (12) **. Compounds 5 *' and 11 were dried by
coevaporating two times with dry toluene. Tetrazole (0.7 ml, 0.45 M solution in MeCN)
was then syringed into a mixture of phosphoramidite 11 (80 mg, 0.186 mmol) and the
cytidine 5 (75 mg, 0.203 mmol) in MeCN (2.5 mL) was cooled at -40°C. After 5 minutes
the reaction mixture was brought at room temperature and stirred with one weight

equivalent of activated crushed 3A molecular sieves for 2 hours. The reaction was
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followed by TLC (EtOAc: MeOH 9:1). A 5.5 M solution of tBuOOH in decane (0.8 mL)
was then added directly to the crude mixture at 0 °C. The reaction was monitored by TLC
(EtOAc: MeOH 9:1). After 1 hour, the mixture was diluted with EtOAc and washed with
a saturated NaHCOj solution and brine. After drying over MgSOQO,, the solvent was
evaporated and the residue was purified by size exclusion chromatography on Sephadex
LH-20 (2.5 x 45 cm) using MeOH as the eluent to give the phosphate 12 (53mg, 40%) as
a 1:1 diastereomeric mixture (R¢ 0.3, EtOAc: MeOH 9:1). 'H NMR (300 MHz, CD;0D)
for the reduced form: 6 8.17 (d, J = 7.6 Hz, 1H, H-6), 8.16 (d, J = 7.6 Hz, 1H, H-6), 7.49
(d, J=7.5 Hz, 1H, H-5), 7.48 (d, J = 7.5 Hz, 1H, H-5), 6.06 (d, J = 6.3 Hz, 1H, H-1"),
6.04 (d, J = 6.3 Hz, 1H, H-1"), 5.51-5.48 (m, 4H, 2 x 2H of H-2’ & H-3’), 4.60-4.40 (m,
6H, 2 x 3H of H-4> & H-5’), 4.34 (q, J = 6.13 Hz, 4H, 2 x CH,CN), 3.79 (s, 6H, 2 x
CH;0CO0), 2.89-2.86 (m, 4H, 2 x OCH,CH,CN), 2.22-2.06 (m, 8H, 2 x 4H of H-3” & H-
57),2.17 (s, 6H, 2 x CH3CO), 2.10 (d, J = 1.9 Hz, 12H, 4 x CH3CO), 1.33-1.29 (m, 12H,
4 x CH3), 1.17 (s, 12H, 4 x CH3); MALDI-TOF/MS for the reduced form: (M + Na") m/z
738.1, calcd for CooH4,NsO4PNa 738.2358.

CMP-4carboxyTEMPO (2) *. 1,8-Diazabicyclo[5,4,0]-7-undecene (14.7 mg,
0.096 mmol) was added to a solution of the above material 12 (53 mg, 0.074 mmol) in
THF (0.8 ml) and the mixture was stirred at room temperature for 1 hour until TLC
(EtOAc: MeOH 9:1) indicated the completion of the reaction. A 5.4 M solution of
NaOMe in MeOH (0.083 ml, 0.45 mmol) and then a mixture of 1:2 MeOH-H,O (1.5 ml)
were added to this mixture. After stirring for 9 hours at room temperature, the mixture
was lyophilized. The residue was loaded onto a small column of reverse-phase CI8,

eluted with water to remove NaOH and NaOAc, and then run through a small column of
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Bio-Rad AG 50W-X8 Na" eluted with water to remove the DBU byproduct. After freeze-
drying, the recovered material was purified by size exclusion chromatography on Bio-Gel
P2 (extra fine, 1.5 cm x 45 cm, water, at 4°C) and lyophilization to produce CMP-
4carboxyTEMPO 2 (31 mg, 74%) as a yellow powder (iPrOH:0.5 M AcOH*NEt; 5:2, Ry
0.5; HPTLC RP-18 WFjyss5, Ry 0.4, water). '"H NMR (600 MHz, CD;OD) for the
reduced form: 6 8.22 (d, J = 7.8 Hz, 1H, H-6), 6.12 (d, ] = 7.8 Hz, 1H, H-5), 597 (d, J =
3.0 Hz, 1H, H-1"), 4.39 (t, ] = 5.5 Hz, 1H, H-3"), 4.32-4.24 (m, 1H, H-5"), 4.24-4.18 (m,
1H, H-5’), 4.17-4.10 (m, 2H, H-2* & H-4"), 2.51 (d, J = 14.6 Hz, 1H, H-3” or H-5”), 2.40
(d, J =14.6 Hz, 1H, H-3” or H-5”), 2.21 (t, J = 14.8 Hz, 2H, H-3” & H-5”), 1.44 (d, ] =
13.8 Hz, 6H, 2 x CH;), 1.23 (s, 6H, 2 x CHs); °C NMR (500 MHz, CD;0D) for the
reduced form: 6 181.6 (COOH), 167.2 (C-2), 158.1 (C-NH,), 142.8 (C-6), 96.1 (C-5),
90.9 (C-1), 84.0 (C-4’), 76.0 (C-27), 69.6(C-3"), 64.2 (C-5°), 59.3 (C-2” & C-6"), 45.8
(C-3" & C-5"), 31.6 (CH3), 22.8 (CH3); *'P NMR (500 MHz, CD;0D, H3PO, external
standard = 0.00) & 0.13; MALDI-TOF/MS for the reduced form: (M + Na") m/z 545.6,
calcd for C19H31N4O11PNa 545.1619.
3.2.2 Enzymatic synthesis of **C enriched LacNAc

[°Cq] labeled GleNAc and [°Cq] labeled Gal were purchased from Omicron and
the remaining reagents were purchased from Sigma-Aldrich. The following enzymes
were used: galactokinase (EC 2.7.1.6) purified in the lab following procedures given in *,
galactose-1-phosphate uridyltransferase (EC 2.7.7.12) from Sigma-Aldrich and
galactosyltransferase (EC 2.4.1.90) from Calbiochem.

A solution (1.5 ml) containing 50 mM Tris-HCI, 5 mM Mg**, 20 mM ATP and 20

mM Gal or [°C4] Gal at pH 7.9 was prepared in a 5 mm NMR tube >’. Ten units of
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galactokinase were added and the reaction was carried out in this tube heated to 85°C for
40 minutes. After cooling the reaction mix to room temperature, one unit of Gal-1-
phosphate uridyltransferase was added together with 40 mM UDP-glucose. After 40
minutes incubation at 37°C, one unit of galactosyltransferase was added with 5 mM
MnCl, and 10 mM GlecNAc or [Cg] 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
Dowex 1X-2 (formate form, 1 x 10 cm, water) to remove the phosphates, size exclusion
chromatography on Bio-gel P2 (extra fine, 1.5 x 45 cm, water) to separate the salts and
finally lyophilization to collect 4.9 mg of white solid (yield 86%).
3.2.3 Purification of reduced CMP-4carboxyTEMPO

The oxyl radical of CMP-4carboxyTEMPO was reduced to a hydroxyl group by
the addition of 3 pl phenylhydrazine to 2.7 mg of CMP-4carboxyTEMPO in 0.5 ml
methanol. After 20 minutes’ gentle swirling, the solvent was evaporated on a rotary
evaporator. The following steps were mostly done under argon: adding 2-3 ml 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 2.1 mg. '"H NMR was taken to verify the reduction and complete removal of
phenylhydrazine.
3.2.4 Production of *N-Phe ST6Gal-1

The production of °N-phe ST6Gal-1 was carried out in the Moremen laboratory

at the CCRC by Dr. Lu Meng. An NH,-terminal His-tagged form of the rat ST6Gal-1
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catalytic domain (residues 97-403 from GenBank P13721) ** was expressed in
mammalian HEK293 cells in the pEAK expression vector (Edge Biosystems,
Gaithersburg, MD). Transfected cells were grown at 37 °C in DMEM medium
supplemented with 10% FBS and 1 pg/ml puromycin for antibiotic selection. When the
cells had grown to 70% confluency, they were subcultured at a 1:5 ratio and grown to
confluency in DMEM media depleted in Phe and supplemented with two-fold excess
(132 mg/L) "N-Phe, 10% dialyzed FBS and 1 pg/ml puromycin. Following growth to
confluency the culture media was harvested and ST6Gal-1 was purified sequentially over
Phenyl Sepharose, Ni-NTA, and Superdex-75 columns. The purified protein was stored
in 20 mM Bis-Tris, pH 6.5, 200 mM NaCl buffer. A detailed description of the
recombinant ST6Gal-1expression in HEK293 cells, ’N-Phe labeling, and purification
will be published separately [Meng, L., Glushka, J., Stanton, L.H., Fang, T., Collins, R.E.,
Wiley, G., Gao, Z., Prestegard, J.H. and Moremen, K.W., unpublished data].
3.2.5 Activity and inhibition assays

The activity of ST6Gal-1 was determined by Dr. Lu Meng in the Moremen
laboratory using a radioactive assay based on the transfer of ['*C] sialic acid from a
CMP-["*C] sialic acid donor to an N-acetyllactosamine acceptor *°. The buffer used in the
assay was sodium cacodylate (50mM, pH 6.5) containing 0.1% (v/v) Triton X-100 and
0.2 mg/ml BSA, and assays were performed at 37 °C for 15 minutes. The sialylated
product was isolated by ion-exchange chromatography on Dowex 1-X 8 (0.8 x 3 cm)
columns, and counted with a scintillation counter (BECKMAN LS 5000TD).

For ICsp measurements, reaction mixtures consisted of CMP-NeuAc (2.1 mM),

CMP-["*C] NeuAc (9.2 nM) as a tracer, LacNAc (4.4 mM), ST6Gal-1(11.1 nmol), and
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the inhibitor CMP-TEMPO (0-17 mM) or CMP-4carboxyTEMPO (0-6 mM). For Ki
measurement on CMP-4carboxyTEMPO, another series of reaction mixtures was
prepared with CMP-["*C] NeuAc (9.2 nM), LacNAc (4.4 mM), ST6Gal-1(11.1 nmol),
CMP-NeuAc (9-171 uM), and inhibitor (0, 0.8, 1.6, 2.4 and 3.2 mM) in a total volume of
60 pul. A K; was extracted using a double reciprocal Lineweaver-Burk plot.

3.2.6 Collection of NMR Spectra

1) Paramagnetic perturbation on "N-Phe ST6Gal-1 *°. NMR samples were
prepared in 10% D,0 / 90% Bis-tris buffer (20 mM; containing 200 mM NaCl) at pH 6.5
with a protein concentration of 0.3 mM. The protein itself is soluble to a higher level, but
it appears to form dimers or higher oligomers above this concentration resulting in a
severe loss of signal. The spectra were acquired on a Varian INOVA spectrometer
operating at 900 MHz for protons. The spectrometer was equipped with a triple resonance
cryogenic probe having z pulsed gradient coils. Spectra were run with the fast HSQC
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 tl complex points, 514 direct t2
complex points, an acquisition time of 0.043 second, and a recycling rate of 1.5 seconds.
Each spectrum represents a total acquisition time of about 3 hours using 64 scans at each
t1 point.

2) T, relaxation measurements on the carbons of BC- LacNAc. NMR samples
were prepared in 10% D,0/90% Bis-Tris buffer (20 mM; containing 200 mM NaCl)) at
pH 6.5 with the concentration of ST6Gal-1 at 0.3 mM. The spectra were acquired on
Varian INOVA spectrometers operating at 800 MHz (for protons). The spectra were run

with the °C T1 relaxation mode of the gChsqc sequence in the Varian BioPak. Data were
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typically acquired at 25°C with 6828 Hz as SW, 7038 Hz as SW1, 64 indirect F1 complex
points, 819 direct F2 complex points, an acquisition time of 0.12 second, a recycling rate
of 1.2 seconds, and the arranged delays after the extra Z storage at 0.01, 0.08, 0.15, 0.25,
0.4, 0.6, 0.9, 1.3 seconds. Each set of the arrayed HSQC spectra represent a total
acquisition time of about 9 hours for 16 scans.
3.3 Results
3.3.1 Synthetic routes for nucleotide-TEMPO derivatives

The synthesis of TEMPO-phosphate derivatives of steroids °" 32 TEMPO-
modified adenosine diphosphate derivatives *****, and the synthesis of TEMPO- modified
di- and tri-deoxy adenylates >> have all been reported in the literature. While these reports
provide important precedents, the present synthesis of two TEMPO derivatives of CMP-
NeuAc 1 and 2 (Figure 3.2) are based upon known procedures for the synthesis of CMP-

NeuAc and its analogs '**2% 2%,
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Figure 3.2. Synthesis of TEMPO analogs of CMP-NeuAc

The synthesis of 1 started from the available precursor 3, while the synthesis of 2
required the preparation of intermediate 10. Compound 10 was obtained from the
commercial 4-Oxo-TEMPO 7 through the known cyanohydrin 8 . Hydrolysis of the
nitrile group in strongly acidic conditions ** provided the acid 9, in which the nitroxide
had been reduced. After removal of excess HCI, the crude product was transformed into

2425 16 the nitroxide 10,

its methyl ester with diazomethane, and slowly re-oxidized by air
which was then purified. The easily prepared phosphoramidite derivatives 4 and 11 "
were reacted with the primary hydroxyl of the known cytidine derivative 5 *' in the

resence of tetrazole 2°. The obtained intermediate phosphites were directly oxidized with
p phosp y

tBuOOH to provide the phosphates 6 and 12 respectively, which were then purified *°.
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As expected, compound 12 was obtained in a lower yield than compound 6, likely due to
the effect of steric hindrance in the intermediate 11. Careful two-step deprotection of 6
and 12 followed an established procedure *° to provide 1 and 2.

3.3.2 Determination of binding affinities for spin-labeled analogs

An 1Cs9 was measured as 8.7 = 0.1 mM for CMP-TEMPO and 15-20 mM for its
reduced form, while an ICsy was measured as 1.7 = 0.1 mM for CMP-4carboxyTEMPO
and 3.5 = 0.1 mM for its reduced form. With the substrate level [S] of 171 uM and a Ky
of 150 uM for CMP-NeuAc, the K; for CMP-TEMPO (radical) was calculated as 4.07
mM by the formula [ICso] * Kw/(Kym + [S]) */, and that for CMP-4carboxyTEMPO
(radical) was calculated as 0.79 mM. A K; for CMP-4carboxyTEMPO was also
determined from a more extensive investigation of the concentration dependence of
activities. The K; was extracted using a double reciprocal Lineweaver-Burk plot and
determined to be 0.75 £ 0.05 mM_

The improvement in affinity of roughly a factor of 5 upon the addition of the
carboxyl group is consistent with our predictions which were based on the expected
favorable interactions between the carboxyl group and residues in the active site of
ST6Gal-1. The affinity for CMP-4carboxyTEMPO was in a range that is useful for
observing paramagnetic-enhanced relaxation.

3.3.3 Distance-dependent line broadening of >N-HSQC spectra of ST6Gal-1

ST6Gal-1 can be prepared with N enrichment in the amide sites of specific
amino acids [Meng, L., Glushka, J., Stanton, L.H., Fang, T., Collins, R.E., Wiley, G.,
Gao, Z., Prestegard, J.H. and Moremen, K.W., unpublished data]. An HSQC spectrum of

a 0.3 mM sample prepared with all phenylalanines labeled is presented in Figure 3.3A.
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There are 16 phenylalanines in the sequence of the catalytic domain of ST6Gal-1 and 16

crosspeaks are identifiable in Figure 3.3A corresponding to the sixteen labeled amide

sites. These crosspeaks are not yet assigned to specific sites in the sequence, but

strategies are being developed to make these assignments **. We can identify crosspeaks

belonging to phenylalanines near the binding site from resonance perturbation by the

bound substrate and their analogs.
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Figure 3.3. 'H-""’N HSQC spectra of "N-Phe ST6Gal-1 in the presence of the indicated

substrates. (A)'°N-Phe ST6Gal-1 in the absence of substrates. (B and C) '"N-Phe

ST6Gal-1 with a 4-fold molar excess of CMP-4carboxyTEMPO (B) before and (C) after

reduction using ascorbate. (D, E and F) ""N-Phe ST6Gal-1 with a 20-fold excess of

LacNAc-TEMPO (D), an added 15-fold excess of CMP-3FNeuAc (E), and added

ascorbate (F). The boxed peaks are broadened due the presence of spin-labeled substrates.
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The circled peak is most strongly perturbed and is used to estimate structural changes
resulting from the addition of CMP-3FNeuAc to ST6Gal-1. The circled peak did not
change upon the sole addition of CMP-3FNeuAc to ST6Gal-1. Additional peaks that
appear because of natural abundance '’N-H in the NH-NeuAc moiety of CMP-3FNeuAc
or the GIcNAc moiety of LacNAc-TEMPO are denoted with an asterisk.

It is known that the native substrate CMP-NeuAc can slowly be hydrolyzed by
itself and the presence of ST6Gal-1 can expedite this hydrolysis. In our experiments, we
employed the inert donor analog, CMP-3FNeuAc, for comparison with TEMPO analogs
of CMP-NeuAc. We acquired a spectrum of "N-Phe ST6Gal-1 in the presence of a 10-
fold excess of CMP-3FNeuAc *°. Unlike many examples of cross-peak perturbation in
HSQC spectra by non-paramagnetic ligands, the dominant effects were broadening or
reduction in cross peak intensity rather than changes in chemical shift. This may be the
result of moderately slow exchange, resulting in life-time broadening of resonances.
Substantial induced movement of protein segments upon the binding of sugar nucleotides
also could produce this effect and this type of motion has been suggested in the studies of
several other glycosyltransferases *°.

CMP-TEMPO and CMP-4carboxyTEMPO appear to have qualitatively similar
effects as CMP-3FNeuAc on the '’N HSQC of ST6Gal-1 (F igure 3.3B), which indicates
that these analogs very likely bind to the active site with virtually the same protein
contacts as the native substrate. Consistent with the difference in binding constants, a

five-fold excess of CMP-TEMPO over CMP-4carboxyTEMPO is required to produce

similar levels of perturbation.
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In one wayi, it is unfortunate that crosspeak broadening and intensity decreases are
seen in the CMP-3FNeuAc spectrum, rather than crosspeak shifts. Multiple contributions
to peak broadening can complicate the conversion of broadenings to distances between
nitroxide- and phenylalanine-labeled sites for the CMP-4carboxyTEMPO spectrum.
Fortunately, it is clear that the peaks are more severely perturbed in the presence of CMP-
4carboxyTEMPO binding, even with reduced binding to the protein because of its lower
binding constant. Also, there is one peak that completely disappears in the presence of
CMP-4carboxyTEMPO that was not perturbed by CMP-3FNeuAc. Hence, there is
certainly nitroxide-enhanced transverse relaxation present in the presence of CMP-
4carboxyTEMPO.

Extraction of nitroxide-dependent paramagnetic effects can be simplified through
the use of a better control spectrum. This can be provided using the fact that
paramagnetic perturbation can be removed by reducing the nitroxide to a hydroxylamine.
In Figure 3.3C the perturbed resonances of the protein partially reappear when the
nitroxide radical is reduced by ascorbate salt. Changes in intensities between the reduced
and oxidized spectra (Table 3.1) can then be related to the distances between the

nitroxide and labeled phenylalanine positions.
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Table 3.1. Relative intensities of the perturbed crosspeaks in the 'H-">’N HSQC (labeled
in Figure 3.3) and their corresponding distance estimates. *Values are taken from the
reduced form of CMP-4carboxyTEMPO at a concentration adjusted to compensate for

the binding affinity difference between its oxidized form and reduced form.

peak N-Phe ST6Gal-1 w/ spin-label no spin-label* distance (A)
1 1.153+0.046 0.058+0.048 0.374+0.031 10.6-12.9
2 1.239+0.046 0.000+0.048 0.091+0.031 <17.0
3 1.571+0.046 0.562+0.048 0.921+0.031 14.3-15.5
4 1.178+0.046 0.175+0.048 0.440+0.031 12.6-14.4

Similar to CMP-4carboxyTEMPO, the spin-labeled acceptor analog LacNAc-
TEMPO can be used to identify crosspeaks belonging to phenylalanines near the
LacNAc-binding site based on the steep 1/r° distance dependence of the effects. LacNAc-
TEMPO perturbs three of the four peaks seen with CMP-4carboxyTEMPO (Figure 3.3D).
This confirms the binding of the donor near the acceptor site. However, there are
significant differences. For example, there is one peak that almost completely disappears
in the presence of LacNAc-TEMPO (circled in Figure 3.3D) but was not perturbed by
CMP-4carboxyTEMPO. Nor was this peak perturbed by the non-paramagnetic donor
mimic CMP-3FNeuAc which broadened three other protein peaks *°. A change in this
particular peak did, however, occur when CMP-3FNeuAc was included along with
LacNAc-TEMPO (Figure 3.3E). Integrations of the peaks show that the intensity of the
circled peak decreases by an additional factor of two when comparing Figure 3.3D to
3.3E and the peak reappeared to full intensity when the nitroxide was quenched (Figure
3.3F). This could result from the enhanced binding of the LacNAc-TEMPO molecule
because of the cooperative binding of the donor and acceptor, as has been suggested for a

40; 41; 42; 43

number of glycosyltransferases . Alternatively, it could result from a
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conformational change in the glycosyltransferase induced upon donor binding as
documented *"***. We believe the latter is the explanation for the current case because it
is estimated that the binding site is nearly saturated at the concentrations of LacNAc-
TEMPO used, even in the absence of the sugar donor. Based on a fixed fraction of bound
LacNAc-TEMPO, it is estimated that the donor brought the acceptor 6% closer to the
>N-labeled Phe associated with the perturbed peak (see equation 1). This observation is
consistent with a loop movement seen in A24PmST1 in which a buried tryptophan flips
out of the protein core to redefine the acceptor binding site once the donor binds to the
protein *'.

One also must control for the possibility of non-specific binding to secondary
sites. The TEMPO moiety itself is quite hydrophobic and may bind to hydrophobic
patches on the protein independently of active site interactions. This can lead to some
additional broadening of peaks. To rule out this possibility, a spectrum in the presence of
an equivalent amount of 4-carboxy-4-hydroxyTEMPO (10) was acquired. No significant
intensity loss for crosspeaks was observed in the spectrum.

3.3.4 Protein-ligand distance restraints for molecular modeling

The difference in intensity of crosspeaks between HSQC spectra of proteins in the
presence and absence of a spin-label ligand (actually the presence of oxidized and
reduced forms) can be used to estimate distances between the position of the nitroxide
label in the active site and the protons giving rise to particular cross peaks. During the
transfer and refocusing periods of the experiment, the amide proton magnetization is in

the transverse plane and undergoing intensity loss due to paramagnetic relaxation. A
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number of authors have employed the following equation to relate the intensity loss to
distances between the nitroxide and particular protons ' ',

In (Lng/Tg) = £*t*(K/A®)*[41e + 3t*(1+or’t) '] (1)

In this equation, Iy and I,y are the peak intensities (measured as peak volumes) of
resonances with and without a spin label (the presence of oxidized and reduced forms). f
is the fraction of protein carrying a ligand and t (9.52 ms) is the total time during the
INEPT (insensitive nuclei enhanced by polarization transfer) and refocusing periods of
the HSQC pulse sequence. K is a constant related to spin properties of the system (K =
1/15%S(S+1)y *g*8* = 1.23 x 10°% cm®s™ ), r is the distance between the nitroxide and a
site giving rise to a cross peak of interest, 1. is the effective correlation time for tumbling
of the protein, and oy (900 MHz* 27) is the precession frequency for the amide proton.
Frequently, a scaling factor that would relate the inverse sixth power of distance to the
log of the intensity ratio is calculated empirically using a known distance in the system.
This eliminates the need to independently determine factors appearing in equation 1.
Unfortunately, ST6Gal-1 does not have a crystal structure, and it is not possible to
provide a known distance. However, an appropriate scaling factor can be determined
using the binding constant determined for the analog (f = 57%), an estimate of the
correlation time from spin relaxation data (1. = 20 ns), and the fundamental nuclear and
electron spin constants. The distances resulting from the application of equation 1 are
reported in Table 3.1.

The distances that we estimated for the perturbed resonances are all less than 17 A
and well within the bounds of the 25 A radius expected for a 40 kDa protein. Only an

upper limit can be set for peak #2 because of its complete disappearance in the presence
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of the spin label. Weak intensity in the presence of the reduced spin label also makes the
uncertainty in the upper limit to the distance large. Best estimate distances for the other
peaks cluster between 10 and 15 A. The narrow range is the result of the steep 1/r°
distance-dependence for which a variation in intensity ratios by a factor of two leads to
only a 6% variation in distance. In principle we can expand the range of sensitivity and
improve measurements for peak #2 by collecting data with different concentrations of
spin-labeled ligand.
3.3.5 Relaxation enhancements of one ligand by the other spin-labeled ligand

The relative positions of the substrates also can be probed using paramagnetic
perturbations. The paramagnetic relaxation enhancement of the bound acceptor LacNAc
due to bound CMP-4carboxyTEMPO, was measured by comparing the T; of acceptor
carbons in control and in relaxation-enhanced samples. The enhancements were in turn
converted into intermolecular distances between the substrates in the protein binding site.
The relaxation-enhanced sample contained 0.3 mM ST6Gal-1 , 1.0 mM "C-LacNAc and
a near saturating amount of CMP-4carboxyTEMPO (3.0 mM; estimated at 79%
saturation of protein using a dissociation constant (Kp) of 0.75 mM 39). The two control
samples contained ST6Gal-1, the acceptor, and the equivalent amount of CMP-3FNeuAc
or reduced CMP-4carboxyTEMPO. T;s of carbons were measured from peak intensities
in an arrayed "H-""C 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 3.4 which depicts exponential fits to a resonance

showing a significant change in T, (that from the C4 carbon of the galactose residue in
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LacNAc) and a resonance showing minimal perturbation (that from the C6 carbon of the

galactose residue in LacNAc).

0.4
Y
Peak
Intensity

03

Y =A*EXP(-X/T1)

02

01

2000 X
Delay (ms)

Figure 3.4. T, measurement examples for carbon Gal4 (black) and carbon Gal6 (gray)
with and without spin-label perturbation by CMP-4carboxyTEMPO binding to the
protein: (1) data for Gal4 without a spin label. The T, was calculated as 574 ms, (2) data
for Gal4 with a spin label. The T, was calculated as 496 ms, (3) data for Gal6 with a spin
label. The T, was calculated as 416 ms, (4) data for Gal6 without a spin label. The T; was
calculated as 406 ms.

The changes in longitudinal relaxation rate (R;, T,™") for the sugar residues are
actually small, ranging from 0.05 to 0.37 s~ ' (Figure 3.5). This is partly due to the fact
that paramagnetic 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-1 while CMP-4carboxyTEMPO also was binding. With an
estimated Kp value of 1.6 mM for the acceptor, the experimental sample of 0.3 mM

ST6Gal-1, 1.0 mM acceptor, 3 mM CMP-4carboxyTEMPO would yield only 9% of the
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acceptor bound to CMP-4carboxyTEMPO-occupied ST6Gal-1. Clearly it would be
advantageous to have acceptor analogues with higher affinities for these experiments.
Nevertheless, some useful data can be extracted. The enhanced relaxation rates of the Gal
carbon 4 and of the a-GlcNAc carbon 6 are obviously significant. The absolute
propagated standard error on average is 0.14 s™' based on the standard error of 5% from

the exponential fit of the peak intensity data.
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Figure 3.5. Differences in R; of LacNAc carbons in the control and experimental samples.
All of the changes are positive and indicate paramagnetic perturbation from bound CMP-
4carboxyTEMPO. The N-acetyl methyl carbons were not measured in the 'H-">C HSQC
due to the lack of *C-enrichment in the methyl group. The data on Gall and GlcNAcla
and GIlcNAc1P are not shown because their peak intensities were attenuated by water
suppression during the acquisition of spectra.
3.3.6 Calculation of ligand-ligand distances from relaxation enhancements

Based on the R; changes of Gal and GIcNAc carbons between the control and

relaxation-enhanced samples, the distances from the donor nitroxide to the 14 acceptor
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carbons (shown in Figure 3.5) can be calculated. T; spin relaxation data were fit to single
exponential curves using Rate Analysis in the NMRView software. The extracted
relaxation rates (R; = T,") were then related to distances between the spin label and the
site of measurement using the following equations:

Rino/Ricu= (ten/ tvo)® * (ve/ yu)* (x 0.5 for the two protons on C6 carbons) (2)
Richobs = (1-Fb) * Ricufree + Fb * Ricn 3)
RiNoobs = (1- Fv’) * Richfree + Fo” * (Ricu + Rino) 4)

Here Rjcp is the relaxation rate due to protons directly bound to carbons. Rixo is
the relaxation rate contribution due to the presence of the nitroxide electron. Ricpfree 18
the relaxation rate contribution from the acceptor free in solution. Ricpops 1S the
relaxation rate observed in the presence of non-spin label donor analogs and protein.
Rinoobs 18 the relaxation rate observed in the presence of CMP-4carboxyTEMPO and
protein. Fy, refers to the fraction of acceptor complexed with non-spin label donor analogs.
Fy’ refers to the fraction of acceptor complexed with CMP-4carboxyTEMPO in protein
solution. The bond length of C-H (rcy) used is 1.09 A. The scaling factor (4.25 x 10°) in
equation (2) is based on an estimated correlation time for the protein of 20 ns and also
dependent upon magnetic moments of the unpaired electron g (-1.76 x 10'") and the 'H
nuclei vy (2.68 x 10%).

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 the relaxation in all cases. The estimates are dependent upon the fraction of
the acceptor complexed with non-spin label donor analogs, 9.2% for CMP-3FNeuAc and

7.3% for reduced CMP-4carboxyTEMPO as well as the fraction of acceptor complexed
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with CMP-4carboxyTEMPO in protein solution, which was calculated as 8.9%. The
distances calculated range from 8 to12 A with 9 A for Gal4 and 8 A for GlcNAc6a being
the shortest distances (Table 3.2). The data are consistent with the preferential placement
of the donor relative to acceptor in a pattern that puts the nitroxide on the side of LacNAc
where both Gal4 and GIcNAc6 are exposed.
3.4 Discussion

The above results provide a clear demonstration that nitroxide spin-labeled
compounds designed to mimic natural ligands of proteins can be used to obtain structural
data on proteins that are difficult to characterize by conventional methods. Two
additional steps are required to produce the protein structure. First, crosspeaks must be
assigned to specific sites without the aid of experiments that require uniform isotopic
labeling. Appropriate methods are being developed **, but this will take some time. Also,
computational methods that use sparse constraints to produce protein structures must be

- 7, 9 12
improved "~

. However, the availability of even a few distance restraints and
identification of crosspeaks from residues near the active site is an important step forward.

Prior to completion of a structure for ST6Gal-1, we can compare of our distance
estimates to distances observed in the crystal structure of related molecules. The
bacterial 02, 3-sialyltransferase, CstIl ** provides one such comparison. There is very
low sequence homology between this protein and ST6Gal-1, but programs such as
GenTHREADER *** can predict reasonable sequence alignment. Using this alignment
and a model built with MODELLER **, we can predict distances between the nitroxide of

bound CMP-4carboxyTEMPO and phenylalanine amide protons. We find the closest

four phenylalanine amide protons to be at 6.5, 7.8, 11.8, 16.1 A from the nitroxide of
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CMP-4carboxyTEMPO. Considering that one entry is given only as an upper limit, these
distances are not far off from those listed in Table 1. In principle, the distances in Table 1
can be used to improve modeling of the ST6Gal-1 structure once sequential assignments
of crosspeaks to specific sequential sites in the protein are available.

We also can compare the observed distances to the rather extensive sequence
analysis that has been done for ST6Gal-1 v, Large (L) and small (S) and very small (VS)
conserved sequence regions have been implicated in binding of the sugar donors and
acceptors. These regions contain 4 phenylalanines (1 in the S-motif and 2 in L-motif and
I in VS-motif). This number compares favorably with the number of crosspeaks
perturbed in our experiments. Thus, our observations provide some of the first structural
validation of sequences predicted to be involved in substrate binding for ST6Gal-1.

Based on the data presented, several conclusions can be made about the
placement of donor and acceptor in the binding site of ST6Gal-1. Even in the absence of
a structure for the protein, in principle, this placement can provide insights into a
mechanism of action and donor/acceptor modifications that might alter this action. First,
from data on perturbation of a set of phenylalanine "H-"’N HSQC crosspeaks using a
spin-labeled acceptor analog we can make some qualitative statements about binding site
occupancy and relative placement of donor and acceptor. The fact that the acceptor
analog perturbs three of the four peaks that were previously observed to be perturbed by a
spin-labeled donor analog 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 analog, was perturbed by the spin-labeled acceptor analog suggests

the reducing end of LacNAc (where the spin label is bound) is well removed from contact
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with the donor sugar (TEMPO in the donor analog). This is as it should be in a complex
poised for addition of the donor sugar to the non-reducing end of the acceptor. These
observations will become more useful as cross peaks in HSQC spectra of ST6Gal-1 are
assigned and a structure determined.

In principle, related paramagnetic relaxation enhancement (PRE) experiments
using a spin-labeled donor analog and observing perturbations of HSQC peaks from an
acceptor, allow for the determination of approximate distances between carbons of the
acceptor and the nitroxide of the donor, and construction of a more complete model for
the placement of the donor and acceptor in the ST6Gal-1 binding site. Perturbations are,
however, weak and broadly distributed through the acceptor except for two well-
separated carbons, Gal-4 and GlcNAc-6. This may suggest that a distribution 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 3.6 depicts a model in which the Gal-4 and GlcNAc-6 sites are exposed.
The structure of a-LacNAc shown here is the minimal energy conformer generated by
Glycam Biomolecular Builder *° (also http:/glycam.ccrc.uga.edu/). The color code
indicates the measured proximity of the LacNAc carbons to the nitroxide of CMP-
4carboxyTEMPO with red for closest (gal4, GIcNAc6), yellow for second closest (Gal3,
GlcNAc 4, GIcNAcS), and green for the furthest (Gal5, Gal6, GIcNAc2, GIcNAc3). If
we assume that the less perturbed side is protected by binding to the protein and
represents more conserved points on the acceptor, the model is consistent with the pattern

of the groups accepting/rejecting modifications in the specificity studies of the ST6Gal-1
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acceptors [24]. The model also compares favorably to the binding orientation of a-

lactose in the crystal structure (2IHZ) of the a-2,3/6 sialyltransferase, 24PMST1 [12].

Figure 3.6. Relative position of a-LacNAc in the active site of ST6Gal-1. The color code
indicates the measured proximity from the a-LacNAc carbons to the nitroxide of CMP-
4carboxyTEMPO: red for closest (gal4, GlcNAc6), yellow for second closest (Gal3,
GlcNAc 4, GIcNACcS), and green for the furthest (Gal5, Gal6, GIcNAc2, GlcNAc3).
Extending these pictures to a single model can be done using the close approach
distance estimates for Gal-4 and GIcNAc-6 carbons. If there are simply two equally
populated forms the distances for each would be adjusted down by a factor of (1/2)"® (8
and 7 A respectively). In Figure 3.7 the two models were constructed allowing the 06
oxygen of the galactose to approach the C2 carbon of the donor mimic at about 4 A as it
might in a transition state, and placing the Gal-4 or GIcNAc-6 carbons at 8 A and 7 A
respectively. All other carbons were placed at greater distances to the nitroxide of the
donor mimic to be in agreement with the lower-level paramagnetic perturbation observed
during the relaxation measurements. The shaded areas represent the protein surface that

has close contacts with the cytosine base as deduced from STD and surface exposure
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results. Since the donor analog is not active, this structure might represent the pre-

transitional state for substrates of ST6Gal-1.

Galos

&/t 4 A"\fﬂ\

N-O

Figure 3.7. Models for the relative position of CMP-4carboxyTEMPO and LacNAc in the
binding site of ST6Gal-1. The dashed lines depict distance constraints coming from PRE
data and an a-(2,6) addition by the 6-oxygen of the LacNAc acceptor.

We can compare the above models to structural and functional data in the
literature. There are two structures of a bacterial sialyltransferase reported in the
literature and deposited in the PDB, both are for the 2, 3/6 sialyltransferase A24PmST1
from Pasteurella Multocida (2IHZ and 2IY8). Both have the inactive donor, CMP-
3FNeuAc, bound, but 2IHZ has a-lactose and the 2IY8 has B-lactose. The positioning of
the lactose relative to the donor differs slightly, but in each case the alignment seems
more appropriate for an SN2 substitution by the 3-oxygen on the activated C2 carbon of
the sialic acid mimic rather than a substitution by the 6-oxygen. In both cases the C2-O3
distance is long for a O3 attack on the activated C2 (5.4 and 5.5 A respectively), but the
C2-06 distance is much longer (6.6 and 7.1 A). There is the possibility that the binding

orientation of a-lactose in 2IHZ might represent the bound conformation for alpha-2,6-
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activity *'. In the 2IHZ structure, rotating the torsion angle around the C5-C6 bond of Gal
can move the 06 of Gal from 6.6 to 5.1 A away from the anomeric C2 of donor. This
distance might be shortened even further if the lactose disposition shifts slightly at low
pH and the fluorine atom is absent in the natural donor. Given the ambiguity between 2-3
and 2-6 additions, one would expect some deviations between these structures and the
structure for ST6Gal-1. However, a comparison is worth discussing. In the structure of
2IHZ with the substrates superimposed by CMP-4carboxyTEMPO and a-LacNAc, Gal
C4 is the second closest (after Gal 3 carbon) to the nitroxide of CMP-4carboxyTEMPO,
and GIcNAc C6 is at the shortest distance to the nitroxide of CMP-4carboxyTEMPO
compared with the other carbons of GlcNAc (Table 3.2). These distances are relatively

consistent with the calculated data in the paramagnetic relaxation experiments.

Table 3.2. Distances from a-LacNAc carbons to the nitroxide of CMP-4carboxyTEMPO
superimposed in the structure of A24PmST1 (2IHZ) in which its substrates CMP-

3FNeuaAc and a-lactose were both present.

Gal GlcNAc

2IHZ Cl [C2 |C3 |C4 |C5 |[C6 |[C1 |C2 |C3 |C4 |C5 |Co

(A) 77 (69 |57 |65 |75 |87 | 123 11.710.7|9.6 | 104 |9.6

While the structure presented in this chapter cannot be considered of sufficient
resolution for detailed mechanistic modeling, it does provide a stepping stone for future
work. In particular, the sequential assignments of ’N-Phe ST6Gall resonances in the

HSQC spectra should add the key amino acids to the model, work with higher affinity
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acceptors should improve the sensitivity of paramagnetic probes, and orientation-

sensitive data such as ligand RDCs ' °%

should greatly refine the orientation of ligands

in the models. With such improvements, we can expect a better structural understanding

of ST6Gal-1 and a basis for structure-based design of specific inhibitors. The strategies
we developed should also find important applications for probing the structures of other
glycosyltransferases.
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CHAPTER 4
AN EXPLORATION OF METABOLIC LABELING OF NEURAL STEM CELLS
AND CHARACTERIZATION OF THE METABOLITES

4.1 Introduction

Sialic acids are often found as terminal sugars in oligosaccharide chains of
glycoproteins and glycolipids on mammalian cell surfaces. The distribution of sialic acids
and sialylated conjugates is related to a number of diseases sates including
overproduction of gangliosides (gangliosidosis) in lysosomes '. It would be important to
develop tools for detecting excess gangliosides in vivo and monitoring the efficacy of the
treatment for lysosome storage disorder. Our goal in this project is to develop improved
NMR methods to detect gangliosides in vivo and explore it for future use in conjunction
with MRI and MRS for which preliminary data on the detection of free sialic acids in
Vivo have existed *. One proposed NMR approach involves using °C labeled sialic acid
donors to monitor incorporation in gangliosides and storage of gangliosides in lysosomes.
It would help to see if incorporation and detection could be achieved at the single cell
level. We received a generous gift of 200 million human embryonic stem cells — derived
neural stem cells provided by Dr. Steven Stice of the University of Georgia. We treated
differentiated neural stem cells with *C-labeled sialic acid, and assessed its adsorption
into stem cells and its metabolic conversion to gangliosides by NMR and mass

spectrometry (MS).
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There seems to be some precedent for the uptake of at least sialic acid precursors
from the medium by mammalian cells, conversion into the sialic acid donor CMP-sialic
acid, and transfer of sialic acid to sugar acceptors in the course of sialocongjugate
production. Sialic acid is synthesized in mammalian cells by the catalyzed condensation
of pyruvate and N-acetylmannosamine. Radio-labeled acetylmannosamine (6-°H) has
been injected into rats and used to quantitate in vivo production of brain gangliosides 3
BC-isotopes can be used in a similar way to produce metabolic products for in vivo
detection by NMR. In-cell detection of some products has also been achieved in E. coli.
In particular, °C,"’N-labeled a-2,8- polysialic acid has been produced in E. coli bacteria
and detected by a combination of heteronuclear nuclear magnetic resonance (NMR) 4,
Azido sialic acids have been directly introduced to the human T-cell lymphoma Jurkat
cells and its metabolic conversion into the cell-surface sialoside was monitored in vivo by
fluorescence spectrometry °.

Neural stem cells are endowed with high proliferative potential capacity for self-
renewal and they are the common progenitor for neurons and glial cells. They have
significant clinical use for the treatment of a variety of neurodegenerative disorders and
spinal cord injuries. Although previous studies of neural stem cells have focused on the
functions of proteins and their genes, the glycoconjugates expressed in these cells,
particularly gangliosides, have gained increasing attention because of their important
biological roles. However, little is known about the exact composition and subcellular
localization of gangliosides in neural stem cells . Studies on composition of gangliosides

expression are expected to provide unique markers for the chronological events of
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neuronal differentiation and contributed to the understandings of their functional
relevance .

Gangliosides are particularly abundant in the central nervous system and they
constitute a significant fraction (6%) of brain lipids 5 Gangliosides are ceramide
oligosaccharides that include at least one sialic acid residue among their sugar groups
(Figure 4.1). The lipophilic ceramide tail is anchored to the lipid bilayer and the
hydrophilic carbohydrate head is exposed to the outer plasma membrane for cellular
interaction. Their complex carbohydrate groups act as specific receptors for pituitary
glycoprotein hormones and bacterial protein toxins. Hence gangliosides are specific
determinants of cell-cell recognition and are known to play important roles in cellular
growth and differentiation in the nervous system. The elevated expression of gangliosides
such as Gy, and Gus, are often found in diseased neurons and correlated with crucial

neurological developments in animals and humans °.
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Figure 4.1. Structural formula of gangliosides
The oligosaccharide sequence and linkage sites of gangliosides can be determined
by proton-proton Nuclear Overhauser Effects (NOEs) and proton chemical shifts induced

by sialylation '* !

. Carbon chemical shift changes can be even bigger and more
characteristic than proton chemical shifts. For instance, 2,3 and 2,6- linkage of sialylated
oligosaccharides can be distinguished because the chemical shift of C2 in 2,6 linked
sugars differs from that of its 2,3 linked counterpart by an additional contribution from
the y carbon. Since C2 is a quaternary carbon and not proton-coupled, we used a 'H-
detected *C-"*C double-quantum coherence pulse sequence to connect C2 to C3 and
observe C2. This also provided an experiment that greatly suppresses natural abundant

background. This background is at 1% (the natural abundance level of '*C) for single

quantum experiments, but becomes significant for high concentration metabolites that are
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not of interest. In a double quantum spectrum the simultaneous presence of two “*C
carbons is required and the natural abundance background drops to 0.01%. Additionally,
Cl1, C2 and C3 of sialic acids are very sensitive to the position of sialic acids in the
oligosaccharides (OS) chain even when the sialic residues are linked to the identical
sugars in the identical glycosidic linkage. One good example is Gpia OS '%. The chemical
shift for C1, C2, C3 of the branched sialic acid is 175.2, 101.7, 37.5 ppm while the
chemical shift for C1, C2, C3 of the terminal sialic acid is 174.3, 100.0, 39.9 ppm
(standard 1,4-dioxane, 66.0 ppm in D,0). The chemical shift difference for C3s is as big
as 2.4 ppm but the rest of carbons are within 0.4 ppm difference.

For our purpose, we synthesized "*Cs-sialic acid with carbons 1, 2, and 3, and
acetyl carbons, enriched in "*C isotopes. It has been shown that esterification of hydroxyl
groups on sugars can increase their cellular uptake by permitting passive diffusion
through membranes. Their ester functional group can then be readily cleaved by
cytosolic esterases in the cells for further metabolic conversion °. Therefore, we also
synthesized acetylated '*Cs- sialic acid for comparison. We divided the immortalized
stem cells (200 M) into two batches, one treated with *C-Sia (Sia-fed cells) and the other
also treated with peracetylated *C-Sia (AcSia-fed cells). After harvesting the cells, we
immediately took NMR snapshots of both batches of cells with the designed DQ
experiments. For the AcSia-fed sample we detected the metabolic product in the pelleted
cell as opposed to the external medium, and we tentatively identified this metabolite as a
CMP-NeuAc derivative biosynthesized in vivo. To quantitate the incorporation of *C
into gangliosides, we extracted the gangliosides from the stem cells and identified the

ganglioside species of Gus and Gps by NMR and high performance thin layer
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chromatography (HPTLC). To further determine the level of BCs incorporation in
gangliosides, the oligosaccharides were cleaved off the ceramide and permethylated for
MS characterization.
4.2 Experimental
4.2.1 Peracetylation of **C-labeled sialic acid

N-hydroxysuccinimide and '*C-acetyl chloride were combined to produce N-"C,-
acetoxy-hydroxysuccinimidel3, which was further reacted with D-mannosamine to make
N-13C2-acetyl-mannosamine. NeuAc aldolase was then used to react the N—13C2-acetyl-
mannosamine with 13C-pyruvate to produce 13C-[1,2,3,10,1 1]-NeuAc 4 This Cs-
NeuAc (10 mg, 32 pumol) was dissolved in anhydrous pyridine (100 pl) and acetic
anhydride (150 pl) at 4°C. The resulting clear mixture was stirred at room temperature
overnight. Methanol was added to quench the reaction and the solvent was coevaporated
with toluene. The crude product (24 mg) was purified by silica gel chromatography by a
column packed with 0.6 mg Iatrobeads in CHCIs) and eluted sequentially with 60:1, 50:1,
40:1, 20:1 of CHCls: CH30H. The product in pyridium salt form was converted into the
sodium salt by an AG cation exchange column eluted with water. The following
lyophilization afforded 12 mg white solid (64% yield, a: = 1:5 based on 'H NMR). The
product has moderate solubility in water. TLC (5:2:2 EtOAc: AcOH: H,O) R¢ 0.8 for
alpha, R¢0.7 for beta. 'H NMR (300 MHz, D,0, 4.77 ppm): 5.46 (dd, 1H,J = 8.1 Hz, J =
1.8 Hz, H7), 5.33 (sextet, 1H, J = 5.1 Hz, J = 4.2 Hz, H4), 5.20 (penta, 1H, J = 4.2 Hz, J
= 3.0 Hz, H8), 4.46 (dd, 1H,J = 129 Hz, J = 2.4 Hz, H9), 4.24 (dd, 1H, J =12.9 Hz, J
= 4.2 Hz, H6), 4.18 (dd, 1H, J = 10.8 Hz, J = 1.8 Hz, H9), 3.99 (t, 1H, J = 10.5 Hz, HS),

2.89 (ddd, J = 84.0 Hz, J = 13.5 Hz, J = 5.4 Hz, H3, for alpha ), 2.65 (ddd, 1H, J = 84.0
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Hz, J = 13.5 Hz, J = 5.4 Hz, H3q for beta), 2.12 (dt, J = 84.0 Hz, J = 12.3 Hz, H3, for
alpha), 2.19-1.94 (m, 15 H, O- acetyls), 2.17 (d, 3H, J = 96 Hz, NH-Ac), 2.05 (dt, 1H, J =
84.0 Hz, J = 12.3 Hz, H3,, for beta). °C (300 MHz, D,0, 256 scans): 177.6 (d, J = 67.8
Hz, C10), 175.5 (d, J = 50.7 Hz, C1), 97.5 (dd, J = 66.3 Hz, J = 41.4 Hz, C2), 40.0 (d, J
=42.5 Hz, C3),22.8 (d, J = 50.2 Hz, C11).

4.2.2 Cell cultivation

Before running the experiments, we tested the stem cells’ tolerance to sialic acid.
we grew 2 plates of 1 M cells in a medium containing 10-fold (20 uM) and 50-fold (100
uM) of regular sialic acids (dissolved in pH 7.0 phosphate buffered saline-PBS). During
five days’ exposure, both batches of cells grew normally.

The first 100 M stem cells were treated with a 50-fold excess of *Cs-sialic acid
and the other 100 M were treated with a 50-fold excess of acetylated 13 Cs -sialic acid. The
cells were cultivated under published conditions '° . It was suggested by Dr. Ron Schnaar
(personal communication) that the turn-over of gangliosides is considered to be quite
high — the order of a day in developing central nervous system. Therefore, the cells were
harvested after 48 hours of incubation.

4.2.3 NMR of *3C -labeled precursors in stem cells

Cells were harvested by scraping into 70 ml of PBS and subsequent centrifugation
at 1000 rpm for 10 min into a 150 pl loose pellet. Another 75 pl of PBS was used to help
transfer the pellet into a 5 mm Shigemi tube. 25 pl of D,O were added to introduce 10%
(v/v) of DO into the NMR sample. The sample first appeared to be a homogeneous
suspension even though it settled down to two phases within 1 hour. The experiments

were performed on a Varian 900 MHz spectrometer equipped with a cryogenically-
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cooled probe. The INADEQUATE pulse sequence (Figure 4.2) selectively correlates
double quantum (DQ) coherence of two directly-connected carbons to protons attached

by one bond to one of the carbons, namely *C-"*C connectivity data via 'H detection '®

17
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Figure 4.2. Pulse sequence of 'H-detected *C-"C (C2-C3) double quantum coherence
displayed by Varian Vnmr].
4.2.4 Extraction and separation of gangliosides (C-chloroform, M-methanol, W-water)
The extraction and purification methods followed the procedures used for murine
neuroblastoma cells '* and human mast cells '°. The neural stem cells (recovered from the
NMR sample) were stirred with C/M (1:1) at room temperature for 24 hours. The mixture
was centrifuged at 2000 rpm for 10 minutes and the supernatant was collected. The
residue was extracted twice with C/M/W (30:60:8). All the supernatant fractions were

combined and the solvent was evaporated. The resulting mass of lipids was dissolved in
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0.2 N methanolic NaOH, and mild saponification was carried out at 37°C for 2 hr to
destroy phospholipids. This was followed by neutralization with 0.2 M AcOH. The
mixture was washed twice with hexane to remove fatty acids. After solvent evaporation,
the residue was purified through Sephadex LH-20 column eluted with C/M (1:2). The
neutral and acidic lipids were separated by DEAE Sepharose (fast flow, acetate form)
with C/M/W (30:60:8), and then a gradient of C/M/0.2-0.8 M NH4OAc (30:60:8) was
applied to obtain mono-sialyl and dia-sialyl ganglioside fractions. Gangliosides were
analyzed on an HPTLC plate using C/M/0.2% CaCl, (50:45:10 v/v) and specifically
stained using the resorcinol-HCI reagent.

4.2.5 Preparation of oligosaccharides

Ceramide glycanase was purchased from CALBIOCHEM (Cat. # 219484).
BAKERBOND spe C18 disposable reverse-phase columns were purchased from
J.T.Baker (Cat. # 7020-01). Other reagents were purchased from Sigma-Aldrich.

The method followed the standard hydrolysis of gangliosides by ceramide
glycanase *°. The gangliosides (20 pg) were dissolved in 10 pl of NaOAc buffer (50 mM,
pH 5.0) containing 0.2 % sodium cholate (2 mg/ml) as a detergent. Ceramide glycanase
(0.1 U) and another 10 pl of NaOAc buffer were added. The mixture was incubated at
37°C for 24 h. A Folch extraction was performed using C/M 2:1 to separate the
oligosaccharides from the ceramide. The top layer (M/W) was collected and dried and
purified by a reverse-phase C18 column eluted with 5% AcOH.

4.2.6 Permethylation
The procedure from a published protocol was followed *'. 50% (w/w) NaOH (100

ul) was mixed well with anhydrous methanol (200 pl) and then anhydrous DMSO (4 ml).
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The mixture was centrifuged briefly. The supernatant and the white foam were removed.
The NaOH residue was dehydrated by washing with DMSO three times before being
resuspended in DMSO (1 ml).

The following operations were carried out under Argon if possible. The prepared
base (300 pul) was added to the oligosaccharide sample (~20 ug) dissolved in DMSO (200
ul). Mel (150 pl) was injected to start the reaction and the mixture was vigorously
vortexed for 5 min and sonicated for 10 min. Water was added to quench the reaction.
Mel was bubbled off with a very slow stream of argon until the solution appeared clear.
The permethylated product was extracted by dichloromethane and washed with water and
dried under an argon flow. The product was further purified by a reverse-phase C18
column sequentially eluted with water, 15% acetonitrile, and 85% acetonitrile. The
fractions containing permethylated oligosaccharides were pooled and dried.

To prepare the MALD-TOF sample, the permethylated product was dissolved in
50% methanol/water and mixed with the equivalent volume of the matrix 2,5-
dihydroxybenzoic acid (DHB). Mass spectra were obtained on an Applied Biosystems
Voyager-DE MALDI-TOF mass spectrometer.
4.3 Results and discussion
4.3.1 In vivo NMR of stem cells

INADEQUATE (Incredible Natural Abundance DoublE-QUAntum Transfer
Experiment) was originally designed to determine the constitution of small molecules at
natural abundance '’. Here we employed INADEQUATE experiments to improve the
sensitivity of detecting small amounts of "*C-labeled sialic acid in stem cells. The

INADEQUATE experiment suppressed the background signals from metabolites at
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natural abundance in °C and added a chemical shift component from C2 as well as C3.
The C2 shift is expected to be particularly sensitive to the glycosidic linkage involving
sialic acid. The resonances of C3 protons of free *C-Sia in media were observed for both
the samples, but there was an additional pair of C3 proton resonances (2.45 ppm, 1.75

ppm) for the AcSia-fed stem cell sample (Figure 4.3).
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Figure 4.3. 'H-detected *C-'>C (C2-C3) double quantum coherence spectrum for AcSia-
fed stem cells. It shows the signals of the C3 methylene protons of sialic acid and its
derivative.

Based on the chemical shifts (shown in Table 4.1) the new resonances most likely
belong to a CMP-Sia derivative (possibly with partially acetylated Sia) which was
synthesized inside the stem cells. Zero quantum spectra also were collected; they carry
the additional benefit of reduced sensitivity to bulk susceptibility effects. It is noteworthy
that similar internal cell-signals were not seen for the sialic acid fed cells (without
acetylation). This suggests that the free sialic acids are not easily transported to the cell

interior.
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Table 4.1: 'H chemical shifts of C3 methylene protons of sialic acid (Sia) and its

derivatives in the indicated conditions

Samples (at pH 7.0) | H3eq (ppm) H3ax (ppm)
Sia o/B 2.72.3 1.7/1.8
AcSia o/p 2.7/2.5 1.8/1.9
CMP-BSia 2.5 1.6

Sia in media 2.2 1.8

Sia in cell /B 2.7/2.2 1.6/1.8
AcSia in media 2.5 1.9

AcSia in cell 2.5 1.9

In vivo cell peaks 2.45 1.75

4.3.2 Quantitation and composition of extracted gangliosides

From 'H NMR of the separated ganglioside fractions, we identified monosia-

gangliosides Gys and disia-gangliosides Gps

anomeric and alkyl regions

with their very characteristic olefinic,

Gangliosides were stained on HPTLC and quantitated

using densitometry. The yield was estimated to be approximately 30 pg Gys and15 pg

Gps for each batch of stem cells (100 M) with their molar ratios shown in the Table 4.2.

Table 4.2. Molar ratios of the Gys and Gps extracted from the two stem cell batches

CGHS GM3 GMz GMl GD3 GDz GD]
AcSia-fed 1 15 5 1 1.5 15
Sia-fed 1 8 5 1 1 1.5

Because of the low concentration of gangliosides in the samples it was difficult to

differentiate the specific species of Gus and Gps by NMR. Therefore, we used mass

spectrometry for further analysis. The ganglioside fractions were individually treated
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with ceramide glycanase to cleave off the lipid chain and yield the oligosaccharide chains
which were permethylated for MS determination.

The "°Cs- ganglioside OS species with isotopic enrichment were detectable by MS
in several cases (Gwmi, Gme in AcSia-cells and Gp;, Gp; in Sia-cells) despite their small
amounts (Figure 4.4). However, the '*C- isotopic distribution did not seem to be uniform
over different types of gangliosides. Gmz and Gp, in Sia-cells have an m/z difference of 5
from their isotopic partners. We do not have an explanation for the m/z difference of 6
and 7 for the isotopic counterparts of Gy and Gp; in AcSia-cells. We have attempted to
estimate incorporation of isotopes for each species in Table 4.2. It is clear that non-
acetylated sialic acid did enter the cells and was incorporated. However, the amounts

incorporated with acetylated sialic acid are higher.
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Figure 4.4. MS spectra of the oligosaccharide (OS) cleaved from the extracted

gangliosides
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It is an interesting fact that the types of gangliosides labeled in the two feedings
are different. The expression pattern of the gangliosides could have been altered as a
result of specific regulation of sialyltransferases at the transcriptional level or by
intracellular signal transduction ® 7. For example, C17.2 cells, an immortalized neural
stem cell line derived from neonatal mouse cerebellar cortex by v-myc transformation,
express only a-series gangliosides, such as Gys, Gmz, Gy and Gpy, but not the b- and c-
series due to the lack of Gy sialyltransferase (ST-II) transcripts in C17 cells (Figure 4.5).
The presence of acetylated sialic acid and high levels of sialic acid donor in the cells (as

detected by in-cell NMR) could have altered the synthesis pathways.

C(lar
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ST- l ST-11 ST-111
GMS GD3 GT3
GalNAc-T l l l
GMZ GD2 GTZ
Gal-T l l l
Gy Gpy Gy
sT | | |
GDla GT1a GQlc
a-series b-series c-series

Figure 4.5 Biosynthetic pathways of major gangliosides >
4.4 Conclusion

Compared to sialic acid with free hydroxyl groups, the acetylated sialic acid
clearly diffused more efficiently into neural stem cells and was converted into a CMP-

NeuAc derivative. A small portion of this obviously went on to be incorporated in
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gangliosides by intracellular biosynthesis. Less non-acetylated sialic acid entered the
cells, but a higher proportion appears to have gone on to be incorporated in gangliosides.
Using NMR and MS we identified the specific species of gangliosides expressed in
neural stem cells and could show that the labels were differentially incorporated in these
species.

Despite the low incorporation of '*C-Sia into gangliosides, we obtained some
preliminary results that will allow refinement of protocols for future NMR trials. An
intermediate could be detected by in-cell NMR when acetylated sialic acid was fed. The
use of a double quantum signal proves very effective in suppressing natural abundance
signals; one just needs a higher level of label incorporation. The stages of cell
differentiation should be more thoroughly investigated in order to determine the optimum
phases for infusing "*C-sialic acid into neural stem cells and for harvesting the cells.
Additionally we intend to employ a NMR tube equipped with a simple apparatus that can
replenish the buffer in the NMR tube with oxygen and keep the cells viable during NMR
acquisition.
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CHAPTER 5
CONCLUDING REMARKS

Sialyltransferases such as ST6Gal-1 present many challenges for X-ray
crystallography and conventional NMR methods because of their membrane-associated
features and required glycosylation for mammalian sialyltransferases. These properties
result in crystallization difficulties for X-ray crystallography and difficulties in
expressing proteins in suitable isotopically-labeled forms for NMR. The techniques
developed within this dissertation, relying on unlabeled or sparsely-labeled protein and
isotopically-labeled or spin-labeled ligands, have provided an important step toward
structural and functional characterization of these proteins. Transferred NOE experiments
demonstrated selective binding to ST6Gal-1 from the changes in the size and sign of
substrate NOEs, and provided conformational information for the synthesized CMP-
3FNeuAc including glycosidic bond torsion for cytosine-ribose and the distance for their
proximate protons. Saturation transfer experiments identified cytidine as the binding
epitope for CMP-NeuAc and the cytidine protons that have shortest distances to the
protein surface. *’F-NMR studies and ligand titration on CMP-3FNeuAc showed that it
has a slow on-off rate when binding to ST6Gal-1. The synthesized isotopically-labeled
CMP-NeuAc facilitated the acquisition of residual dipolar couplings for this compound,
helping to define the relative orientation of remote parts of the molecule and setting the
stage for future work on the orientation of bound donor in the ST6Gal-1 system. The

synthesized nitroxide-labeled ligands identified the four phenylalanines located within or
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another one near the active site of sparsely-labeled ST6Gal-1. The distances from these
phenylalanines to the ligand were calculated based on the changes in resonance
intensities shown in HSQC spectra. A nitroxide-labeled donor was then used to perturb
the relaxation of a simultaneously bound acceptor that was synthesized in *C-labeled
form. The measured relaxation changes were converted into the distances to deduce the
relative placement of the interacting substrates. Finally, preliminary results were acquired
for detecting one of the most important sialylated glycoconjugates - gangliosides in cells
by NMR. Since there has not been a reported molecular structure of ST6Gal-1 nor this
complex with its ligands, the above methods and results appear to be very valuable for
studying this biologically-significant but structurally-challenging protein.

The use of sparse-labeling techniques for structural investigation is still in its
infancy. However, their potential importance for difficult structural problems, such as
those involving membrane proteins * and multi-protein complexes is clearly recognized #
. New methods for predicting structures from sparse constraints also have begun to
appear. These have used sparse distance constraints from a variety of other sources,
including chemical cross-linking, backbone to backbone NOEs, and paramagnetic metal

ion perturbations % > % 7,

Distance constraints coming from the nitroxide spin-label
perturbations described here can be used in a very similar way. The absence of
appropriate assignment strategies for resonances from sparsely-labeled proteins has been
an impediment to turning distance constraints into an accurate picture of protein structure
and bound ligand geometry. However, we have been able to produce models of the way

donor and acceptor ligands align in the binding site. These models map the binding site

in ways that might be used as a basis for rational drug design. While the structures
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presented here cannot be considered of sufficient resolution at this point, they do provide
a stepping stone for future work. In particular, work with higher affinity acceptors should
provide better data, and orientation-sensitive data such as ligand RDCs ®  ° should
greatly improve the models of ST6Gal-1. With such improvements, one can expect a
better structural understanding of ST6Gal-1 and a basis for structure-based design of
specific inhibitors to regulate sialic acid distribution.

An important theme throughout this work has been the synergy between NMR
spectroscopic methodology and synthetic methodology that can produce specifically
labeled substrates. The synthesized substrates certainly will be applicable to other
sialyltransferases. There are about 411 sialyltransferases identified in the CAZy database,
all believed to use the same CMP-NeuAc sugar donor and acceptors which have
structures similar to LacNAc. The synthetic approaches for the substrates, especially for
the donors, are also potentially applicable to the preparation of probes for other
glycosyltransferases. There are thousands of entries distributed among 87 families, but
there are only a few commonly used sugar donors. This makes a limited set of spin-
labeled compounds broadly applicable to a large class of structural problems. Most
importantly, the sparse labeling NMR methods derived for the structural analysis of
ST6Gal-1, itself a glycosylated protein, should find numerous applications to other
glycoproteins in the future.
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APPENDIX: SYNTHESIS OF GDP-TEMPO
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4-Phosphonooxy-TEMPO GMP morpholidate GDP-TEMPO

All the reagents were purchased from Sigma-Aldrich. Anhydrous pyridine was
used without further purification. The commercial 4-Phosphonooxy-TEMPO hydrate (pH
3.5) was only partially in the radical form ("H NMR) so it was reoxidized before use. The
cation-exchange resin AG 50W-X2 (H* form, strongly acidic) was purchased from Bio-
Rad Laboratories and converted to the Et3N™ salt form before use. When samples were
coevaporated with anhydrous pyridine to remove residual water, argon was used to bring
the pressure back to normal. Analytical thin layer chromatography was performed using
silica gel 60 F254 precoated aluminum plates (Merck); compound spots were visualized
by fluorescence and/or by charring after treatment with cerium molybdophosphate. Size-
exclusion chromatography was performed on a column packed with Bio-Gel P-2 resin,
extra fine (Bio-Rad Laboratories). *'P NMR spectra were acquired on a Varian 300 MHz
spectrometer in D,O solvent. Signals at 6 7.80 ppm (GMP-morpholidate), 0.60 ppm
(GMP), 0.10 ppm (TEMPO-P), -1.90 ppm (GMP-tetrazole), were referenced to 85%
H3PO4 (6 0.00) as external standard. All NMR spectra of the TEMPO derivatives were
acquired on a Varian 500 MHz NMR spectrometer, in the indicated solvents, after
addition of phenyl hydrazine as a reducing agent to the nitroxide sample. Mass spectra
were obtained on an Applied Biosystems Voyager-DE MALDI-TOF mass spectrometer

by using DHB (2,5-dihydroxybenzoic acid) as a matrix.
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4-Phosphonooxy-TEMPO hydrate (13 mg) was loaded on the AG 50W-X2 Et;N*
exchange column (0.8 ml x 6 cm) and eluted with water. The solution (pH ~5) was
evaporated to 1 ml, diluted with 12 ml methanol, stirred with open air at r.t. for 2 days,
evaporated, and dried under vacuum to give triethylammonium TEMPO phosphate in the
radical form (16 mg). The content of triethylamine was determined to be 0.7 equivalents.
'H NMR (500 MHz, CD;0D): weak signals were observed for the reduced form: & 4.57
(broad s, 1H, H-4), 3.14(q, 7.0 Hz, 4H, O-CH2-C), 2.23 (dd, 13.5 Hz, 4.0 Hz, 1H,
CHax), 2.08 (dd, 13.0 Hz, 4.5 Hz, 1H, CHax), 1.64 (t, 12.0 Hz, 1H, CHeq), 1.55 (t, 12.0
Hz, 1H, CHeq), 1.47(d, 5.0 Hz, 4H, methyl Hs), 1.29 (t, 6H, O-C-CH3), 1.16 (m, 8H,
methyl Hs),

TEMPO-PO;H,Et;N (12 mg, 34 umol) was coevaporated with dry pyridine (3 x
1.5 ml) to give an orange residue. Guanosine 5'-monophosphomorpholidate 4-
morpholine-N,N'-dicyclohexylcarboxamidine salt (40 mg, 55 pumol) was dissolved in
0.45 M 1H-tetrazole in ACN (0.25 ml, 113 pmol). The mixture was coevaporated with
dry pyridine twice before dissolving in 0.8 ml pyridine. The resulting clear slightly
yellow solution was combined with TEMPO-PO3;H,Et;N to give a clear orange solution.
After 2 hours, the reaction mixture became thick and opaque. The reaction was monitored
by 3'P NMR in Ds-DMSO. After 4 days’ stirring under argon, the reaction was diluted
with water (1.5 ml) to give a clear solution which was then evaporated and coevaporated
twice with water to remove pyridine. The crude product was first purified on an AG
S0W-X2 Na+ exchange column and then a Bio-Gel P-2 column (1.5 x 4.5 cm) eluted
with water at 2 ml/hr. The GDP-TEMPO-containing fractions were pooled and

lyophilized to give a yellow fine powder (7.5 mg, 37%). 'H NMR (500 MHz, CD;0D):
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no signlas were observed for TEMPO groups; for the reduced form: 6 8.05 (s, 1H, G H-
9),5.83(d,J =6.0Hz, 1H, R H-1), 4.78 (m, ] =4.0 Hz , 1H, R H-2), 4.58 (m, 1H, H-4),
4.51(m, 1H, R H-3), 4.28 (m, 1H, R H-5), 4.19 (m, 2H, R H-4, R H-5), 4.15 (dd, 12.5 Hz,
4.0 Hz, 2H, 2CHax), 1.59 (td, 12.5 Hz, 4.0 Hz, 2H, 2CHeq), 1.16 (m, 12H, 4CH;). °'P,
broad, & -11.05 (H3PO4, & 0.00); Rf 0.40, 4:1 i-PrOH/0.5 M NH4OAc; MALDI-TOF/MS
for the reduced form: (M+Na") m/z 621.1, calcd for C;9H3N¢O,P,Na 621.4342.
References

Wittmann, V. & Wong, C-H (1997). 1H-Tetrazole as catalyst in phosphomorpholidate
coupling reactions: efficient synthesis of GDP-fucose, GDP-mannose, and UDP-

galactose. J. Org. Chem 62, 2144-2147.



	FRONT
	Introduction
	Chapter 2
	Chapter 3
	Chapter 4
	Conclusion
	Appendix GDP-TEMPO syn

