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ABSTRACT OF THE DISSERTATION

Advancement of Separation and Characterization Techniques for lonic Analytes

by
Christopher James Jones

Doctor of Philosophy, Graduate Program in Chemistry
University of California, Riverside, June 2012
Dr. Cynthia K. Larive, Chairperson

The goal of this dissertation is to develop improved analytical methods for the
separation and characterization of ionic analytes while gaining insigbthait
underlying mechanisms. The work focuses on reversed-phase ion-pgehigimance
liquid chromatography (RPIP-HPLC) and capillary isotachophoresis (cEf@yations
of the highly charged molecules, heparin and heparan sulfate. Furthermor@rkhis w
explores methods to improve the sensitivity of NMR, with a focus on both microcoil and
microslot NMR probes.

RPIP-HPLC is an important method for the separation of ionic solutes using
lipophilic ions, referred to as ion-pairing reagents (IPR), as mobile phadifiers to aid
in their retention on a hydrophobic stationary phase. However, the fine details of the
RPIP separation mechanism are still being debated. The described wotigatesshe
role that competition between ion-pairing reagents plays in the separattounctiral
isomers of heparin and heparan sulfate (HS) disaccharides, and how factorsIB&h as
concentration and buffer pH affect the resolution of their anomeric forms.

NMR spectroscopy can yield a vast amount of structural information about a
compound without destroying the sample. However, NMR is often limited by poor

sensitivity and for samples containing more than one compound of interest, the spectra

Vii



obtained can quickly become convoluted, complicating interpretation. To solve these
problems we use the pre-concentration/separation method cITP coupled wibamic

NMR detection. The first part of this work uses doxepin as a model compound to study
both the type and strength of interactions that occur during cITP. This work focuses on
the binding interactions of doxepin with the buffer modifieryclodextrin and the role

that the counterion acetate plays in the cITP process.

The insights gained in the doxepin cITP study were then used to develop an
improved cITP-NMR method for the analysis of heparin and HS derived oligosalashari
focusing on designing a buffer system that reduces the effects of cudectdan
resonance broadening that occurs when cITP is coupled to microcoil NMR. Riniglly
work demonstrates the coupling of cITP with a new microslot NMR probe desigh whi

eliminates the deleterious affects of the magnetic field produced by thatsapa
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Expansion of the cITP-NMR spectra from Figure 4.3 showing the changes
of the acetate resonance chemical shift over the course of the separation.
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Figure4.18.

The expansion of the cITP-NMR spectra from Figure 4.8 showing the
changes of the acetate resonance chemical shift over the course of the
separation.

Figure 4.19.

Results comparing tHg&CD resonances for A) the online cITP-NMR
analysis of a mixture of E and Z isomers of doxepin using a cITP buffer
system of LE: 160 mM NaAcetate, 10 nfMCD (pD 5.0); TE: 160 mM
deuterated acetic acid, 10 nfMCD to B) the online cITP-NMR analysis
of only the Z isomer of doxepin using the same buffer system.

Figure 4.20.

Pseudo two-dimensional plot of the online cITP-NMR analysis of a
mixture of E and Z isomers of doxepin using a cITP buffer system of LE:
160 mM NaAcetate, 10 mi3-CD (pD 5.0); TE: 160 mM deuterated

acetic acid and np-CD.

Figure4.21.

Pseudo two-dimensional plot of the online cITP-NMR experiment with no
sample using a cITP buffer system of LE: 160 mM NaAcetate, 1(3mM
CD (pD 5.0); TE: 160 mM deuterated acetic acig3+@D.

Figure4.22.

Pseudo two-dimensional plots of the online cITP-NMR analysis of
doxpein using a cITP buffer system of LE: 160 mM NaAcetate (pD 5.0);
TE: 160 mM deuterated acetic acid, 10 rfiNCD. A) The region of the
separation containing the LE, analyte band, and the beginning of the TE,
and B) an expansion of the data set showing the region of the separation
where the acetate from the LE stops migratingfadD appears.

Figure4.23.

Overlay of the'H NMR survey spectra acquired in a 5mm NMR probe
showing the change in chemical shift of acetate with the addition of 10
mM B-CD to the solution (red spectrum) indicating binding of acetate and
B-CD.

Figure5.1.
Structure of 24(-morpholino)ethanesulfonic acid (MES)
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Figure5.2.

lllustration of the movement of ions through the anionic cITP system.
From the illustration we see that Oldns produced at the cathode do not
cross the boundary of the TE and the sample due to
interactions/recombination with LE buffer cations (B&hd H) and Na
from the LE that migrate towards the cathode.

Figure5.3.
The structures of A) glycine and B) tricine.

Figure5.4.
Results showing the on-line cITP-NMR spectra of
9 nmol of the heparin disaccharide IVH.

Figure5.5.
Results showing the on-line cITP-NMR spectra of
9 nmol of the heparin disaccharide I1H.

Figure5.6.
Results showing the on-line cITP-NMR spectra of
9 nmol of the heparin disaccharide IlIH.

Figure5.7.

Results showing coadded cITP-NMR spectra of A) all spectra acquired for

llIH, B) the spectra containing predominantly the resonances of the
anomer of IlIH and C) the spectra containing the resonances @f the
anomer of 1l1H.

Figure5.8.
Results showing the on-line cITP-NMR spectra of
9 nmol of the heparin disaccharide IH.

Figure5.9.
Results showing the on-line cITP-NMR spectra of
9 nmol of the heparin disaccharide IVA.

Figure5.10.
Results showing the on-line cITP-NMR spectra of
9 nmol of the heparin disaccharide IIA.

Figure5.11.

Results showing the on-line cITP-NMR spectra of
9 nmol of the heparin disaccharide IlIA.
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Figure5.12. 233
Results showing the on-line cITP-NMR spectra of
9 nmol of the heparin disaccharide IA.

Figure5.13. 234
Results showing the on-line cITP-NMR spectra of
9 nmol of the heparin disaccharide IVS.

Figure5.14. 235
Results showing the on-line cITP-NMR spectra of
9 nmol of the heparin disaccharide IIS.

Figure5.15. 236
Results showing the on-line cITP-NMR spectra of
9 nmol of the heparin disaccharide 1lIS.

Figureb5.16. 237
Results showing the on-line cITP-NMR spectra of
9 nmol of the heparin disaccharide IS.

Figure5.17. 239
Results showing the summed cITP-NMR spectrum of 9 nmol of the
heparin disaccharide IIS.

Figure5.18. 241
Results showing the online cITP-NMR spectra of the synthetic

pentasaccharide Arixtra. Resonances marked with asterisks denote

anomeric resonances.

Figure5.19. 243
'H-NMR spectrum of a hexasaccharide SEC fraction from a heparinase |
digest of bovine intestinal mucosa heparin measured in a Bruker 5 mm

NMR probe. Resonances marked with an asterisk are impurities from the
sample matrix.

Figure 5.20. 244
Results showing the online cITP-NMR spectra of the hexasaccharide SEC
fraction from a heparinase | digest of bovine intestinal mucosa heparin.

Figure5.21. 246
Results showing an expanded view of the anomeric region of the online
cITP-NMR spectra of the hexasaccharide SEC fraction from a heparinase
digest of bovine intestinal mucosa heparin.
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Figure5.22.

Results showing an expanded view of the acetyl region of the online cITP-
NMR spectra of the hexasaccharide SEC fraction of a heparinase | digest

of bovine intestinal mucosa heparin.

Figure5.23.

'H NMR spectrum of the hexasaccharide SEC fraction from a heparinase
[l digest of heparan sulfate measured in a Bruker 5 mm NMR probe. The
inset shows an expansion of the acetyl region of the spectrum.

Figure5.24.

Results showing the online cITP-NMR spectra of the hexasaccharide SEC
fraction from a heparinase Il digest of heparan sulfate.

Figure5.25.

Results showing an expanded view of A) the anomeric region and B) the
acetyl region of the online cITP-NMR spectra of a hexasaccharide SEC
fraction from a heparinase Il digest of heparan sulfate. Resonances
marked with asterisks mark significant changes in chemical shift.

Figure 5.26.

'H-NMR spectrum of the hexasaccharide SEC fraction from the LMWH
enoxaparin measured in a Bruker 5 mm NMR probe. Peaks marked with
asterisks are impurities from the sample matrix.

Figure5.27.

Results showing the online cITP-NMR spectra of the hexasaccharide SEC

fraction of the LMWH enoxaparin.

Figure 5.28.

Results showing the online cITP-NMR spectra of an unfractionated

enoxaparin sample.

Figure 5.29.

Results showing an expansion of the anomeric region of the online cITP-
NMR spectra of an unfractionated enoxaparin sample.

Figure6.1.

lllustrations of a solenoidal microcoil (A) and a microslot (B),
showing the direction of the magnetic fields created by theocailot (B),
the current running through the separation capillary during a separation

(B2), and the magnet @B
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Figure6.2.
lllustration of the mask used for the photolithographic production of the
microstrip structure for the microslot probe

Figure6.3.

Digital image taken through the lens of a microscope of a sample capillary

positioned on top of the slot in the microstrip of a microslot NMR probe.

Figure6.4.
Circuit diagram for microslot probe

Figure6.5.
Comparison of the effects of electrophoretic current on the line width of
the'H resonance of water for A) a solenoidal microcoil probe and B) a

microslot probe. In both experiments the capillary contains 50 mM sodium

acetate buffer in pO at pH 4.6.

Figure6.6.
Nutation plots showing the effect of current on RF homogeneity for the
microslot probe.

Figure6.7.

An on-flow cITP-microslot NMR spectrum resulting from injection of 18
nmol of atenolol produced by summing 30 FIDs each comprised of 8
transients. Resonances marked with an asterisk are likely from a
contaminant or an atenolol degradation product.

Figure 6.8.
Static microslot NMR spectrum of a 100 mM sucrose solution acquired
with the Bruker defined ZG pulse sequence.

Figure6.9.
Static microslot NMR spectrum of a 100 mM sucrose solution acquired
with the Bruker defined zg_8pulse sequence.

Figure 6.10.

Static microslot NMR spectra of a 100 mM sucrose solution acquired with
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A) the Bruker defined zgbs pulse sequence and B) a hybrid pulse sequence

combing both the zgbs and zg_8pulse pulse sequences.

Figure6.11.

Static microslot NMR spectra zoomed in on the resonances of a 100 mM
sucrose solution acquired with a hybrid pulse sequence combining both

the zgbs and zg_8pulse pulse sequences.
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Figure7.1. 293
Digital image taken through the lens of a microscope of a sample capillary
positioned on top of the slot in the microstrip of a microslot NMR probe

used in chapter 6.

Figure7.2. 294
lllustration depicting the proposed changes to the current microslot probe
design to increase the overall sensitivity of the probe.

Figure7.3. 296
Chip layout for dzITP consisting of two microchannels and one

nanochannel. In this setup A is the downstream voltage and B the

upstream voltage while C and D are connected to ground. By varying the

A and B voltages relative to each other the position of the depletion zone

and thus the position of the focused ITP bands can be controlled.

Figure7.4. 297
lllustration of the dzITP chip mated on top of the microslot probe.
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CHAPTER ONE

Based on a papers published in Annual Reviews of Analytical Chemistry and Aalalyti
and Bioanalytical Chemistry
Annu. Rev. Anal. Chem,, 2011, 4, 439-465.

Anal. Bioanal. Chem., 2012, 402, 61-68.

Introduction

The research presented in this dissertation focuses on the development of new and
more sensitive separation and characterization techniques foamadiges. In particular,
the work will focus around heparin and heparan sulfate oligosaccharides and gaining
insight into the ion-pairing interactions involved in their separations. Although hepari
an important and widely prescribed pharmaceutical anticoagulant, its higle @égre
sequence microheterogeneity and polydispersity make molecular-levatteneation
challenging. Unlike nucleic acids and proteins that are biosynthesized throygateem
driven assembly processes, heparin and the related glycosaminoglycani{&r@n
sulfate (HS) are actively remodeled during biosynthesis through a seeezyohatic
reactions that lead to variable levelgsfandN-sulfonation and uronic acid epimers. As
summarized in this introduction, heparin sequence information is often determined
through a bottom-up approach that relies on depolymerization reactions, size- and charge
based separations, and sensitive mass spectrometric (MS) and nuclearamagneti
resonance (NMR) experiments to determine the structural identity of component

oligosaccharides.



This dissertation builds on the work of previous group members Valentino
Almeida, Albert Korir, and Stacie Eldridge to improve and further understand the
mechanisms involved in reverse-phase ion-pair (RPIP) ultra-performguick |
chromatography (UPLC) and capillary isotachophoresis (cITP) coupletttocnil
NMR which they have demonstrated to be useful techniques for the separation and
characterization of heparin-derived oligosaccharides. These goalsarsplished

through the following objectives:

Objective 1:Explore the mechanism of RPIP chromatography and address the
interactions between the ion-pairing reagent (IPR) tributylamine (YeBA heparin as
well as the potential role of competition between TrBA and other IPRs ingbleitien

of isomeric disaccharides (Chapter 2).

Objective 2: Explore the effects of counterion type and concentration, along with mobile
phase pH, IPR concentration and other buffer components on the anomeric resolution of
heparin disaccharides containing positively charged glucosamine (GiaNjrpramine

functional groups or unchargétdacetyl glucosamine (GIcNAc) residues (Chapter 3).

Objective 3: Develop a cITP separation for the isomers of doxepin and further use this
separation to gain insights into the mechanism of cITP, in particular interact the

counterion with components of both the buffer and sample. (Chapter 4).



Objective 4: Design and apply an anionic cITP buffer system for the analysis of heparin-
derived oligosaccharides that minimizes current-induced broadening of N\ddRareces
(Chapter 5).

Objective 5: Fabricate a microslot NMR probe for coupling to cITP that allows the
separation capillary to be oriented parallel to the applied magnetic fielduoeréhe

current-induced broadening of NMR resonances (Chapter 6).

The first part of this introductory chapter presents background information about
heparin’s structure and function. This is followed by a discussion of the common
analytical technigues used to characterize heparin. The chapter concludes with a
discussion of the role of NMR in heparin characterization and strategies favingr

NMR sensitivity.

1.1. Heparin Structure

Heparin, a member of the GAG family, which includes chondroitin sulfate,
keratan sulfate, dermatan sulfate (DS), and HS, is a highbted)flinear polysaccharide.
Composed of variously sulfonated hexuronic acteb4) D-glucosamine-repeating
disaccharide building blocks, heparin is the most acidic biopolymer in faftaeuronic
acid residue of heparin may be eithet-iduronic acid (IdoA) o3-D-glucuronic acid
(GIcA) and can be unsubstituted or sulfonated at tBegpdsition. The glucosamine
residue may be unmodified (GlcNY;sulfonated (GIcNS), dl-acetylated (GICNACc),

with variable patterns dd-sulfonation at the 3-O and 6-O positions (Figure 1.1).
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Figure 1.1. Structures of the generalized disaccharide subunits of heparin
showing the substitution sites on the uronic acid and glucosamine residues and
the orientation of the carboxylate moiety in the iduronic and glucuronic acid

epimers.



The microheterogeneity of heparin results from variable patterns of astitfion
and the presence of hexuronic acid epimerddeparin is biosynthesized in a multistep
process that involves multiple enzymes in the endoplasmic reticulum and the Golgi
apparatus of the mast cells of connective tissues. The specific modificatiaasiced
by these enzymes are illustrated in Figure 1.2. Although this processsafipeecur in a
specific and orderly manner, its regulation is not currently well understood. The
structurally related HS proteoglycans are expressed and secretedbyatren cells and
are strategically located on cell surfaces and in the extracellataixr* Unlike HS,
heparin lacks domain organization and possesses a higher percentage of IdoA residues
and sulfonate groups (~2.5 per disaccharide). Because the biosynthesis of heéarin is
template driven, it is a polydisperse mixture that contains chains of diffecdatutar
weights.
1.2 Biological Significance of Heparin

Heparin and HS influence numerous physiologiead pathophysiological
processe$ jncluding organo’,morpho-2 angio®** and tumorigenesi¥ growth

112 cell adhesiort? inflammation** neural development and/ regenerafion®and

contro
hemostasi¥. Cell- surface HS proteoglycans also act as adhesion receptors for many
viral and bacterial pathogens, concentrating them on cell surfaces andingcteas
pathogen’s ability to bind to secondary receptors responsible for interradiZt?

Heparin is one of the oldest drugs in widespread clinical use. It is also one of the

few currently used pharmaceutical agents derived from animal sourcesy(ipancee



CH OH 0 CH,OH

-00C ~00 O
on o CH,OH on CH OH
X Z m
~o

O O

—-GlcA-GIcNAc-GlcA-GlcNAc-GlcA-GlcNAc-GlcA-GlcNAc

CH,0H
HNS(] HNSC >3 HNHE)
0\()3 0503

O

~ldoA(25)-GleNS-IdoA(25)-GleNS (65)-IdoA(25)-GlcNAc(65) - GlcA-GIcNS(65)

Figure 1.2. Schematic illustration of the origin of heparin’s microheterogeneous
structure. The final structure of heparin is the result of incomplete sequential
modifications of the [GIcA-(1,4)-GIcNAc]n polymer y-deacetylasél-
sulfotransferase-, C5 epimerase-, ard-&nd 60O-sulfotransferase-catalyzed
reactions.



intestine). Heparin mediates its biological functions through electrosttractions
with basic amino acid residues of target protéifiee anticoagulant activity of heparin
arises primarily through its interactions with the serine protease inhasitdhrombin-Iii
(AT-11). Binding of a specific heparin pentasaccharide sequencatasta
conformational change in AT-Ill that increases the flexibilitytefreactive site loop and,
as a result, its binding affinity for thrombin and other coagulation-cascadegeste
Heparin is widely used in hemodialysis and in the initial treatment of venous
thrombosis, pulmonary embolism, and acute coronary syndrome. A major drawback of
heparin administration resides in the low predictability of coagulation péeesrend the
concomitant risk of potential bleeding. However, the most serious side effepaise
induced thrombocytopenia (low platelet count). To address these risks anddimsitati
low-molecular-weight heparins (LMWHs) were introduced into clinical #fs& MWHSs
are manufactured from unfractionated heparin by controlled depolymerization. The
clinical success of LMWHSs results largely from their enhanced subautane

bioavailability and improved pharmacokinetics compared to unfractionated heparin.

1.3 Challenges of Studying Heparin

A more detailed knowledge of heparin and HS structure is required to develop a
better understanding of the mechanisms by which they mediate such a large number of
diverse biological processes. Analytical methods that provide moleculardezelsal
characterization are also critical for securing the quality andysafféeparin drugs. The

adulteration of pharmaceutical heparin in late 2007 and early 2008 drew attention to the



need for improvements to the analytical methods used for the rapid identification of
GAGs and their potential impuritiééThe difficulty in heparin and HS analysis resides
in their high negative-charge density, polydispersity, and microheterogertesty. T
molecular-level characterization of heparin and HS requires techniqueanhat ¢

distinguish minor differences in structure, for example, positional isomers andrspi

1.4 Depolymerization

Due to the high degree of structural diversity of heparin and HS, most methods
used to characterize them utilize a bottom-up approach, whereby the intact
polysaccharide chains are chemically or enzymatically depolyndetiozemaller
oligosaccharides prior to analyéfdn an exhaustive digestion, heparin and HS are
reduced to their disaccharide building blocks, permitting their compositional snalys
Studies using larger oligosaccharides, which are more biologically n¢lere
conducted on samples obtained by partial depolymerization. In these studies, stexldige
oligosaccharides are first separated into size-uniform fractions, wiadhrgher resolved
to individual oligosaccharides by subsequent charge-based separation. The purifie
oligosaccharides can then be characterized through the use of MS and NMR.

1.4.1. Enzymatic DigestiofExhaustive digestions of heparin and HS are typically

carried out by use of a cocktail containing the enzymes heparinasend 1] to
selectively cleave the biopolymer at glucosamine4) uronic acid glycosidic bonds.
The enzymatic reaction inserts a double bond at the nonreducing end of each cleaved

chain to create an ultraviolet (UV) chromophore that absorbs at a wavelength of 232 nm



(e.g., Figure 1.3), thereby facilitating detectfénSuch heparin lyase enzymes, produced
by Flavobacterium heparinium, are highly specific to heparin and HS and are classified
according to their substrate specificifyThe various heparinase specificities and the
structure of the resulting cleavage products are illustrated in Figure hdrihse |
cleaves the polymer chain between GIcNS a@stfonated IdoA residues, the most
common substitution motif in most forms of intact heparin. Heparinase Isispexific;

it cleaves between glucosamine residues that chhdwfonated oN-acetylated and 2-
O-sulfonated IdoA, unsubstituted IdoA, or GIcA residtredeparinase Il cleaves
specifically at sites betwediracetylated oN-sulfonated glucosamine and®-
unsubstituted IdoA or GIcA. Because the disaccharide GIcNAd{GIcA is commonly
found in HS, heparinase Il is often used for HS digestions.

1.4.2. Chemical Depolymerizatio@hemical depolymerization of heparin and HS

oligosaccharides can occur by several meuatimination, reductive deamination, and
oxidation. The specificities and reaction products are shown in FigurgElfnination
(Figure 1.5a) mimics enzymatic cleavage through a chemical reacttanttbduces a
double bond at the nonreducing end of each cleaved oligosaccharide. The
depolymerization is carried out through a two-step reaction in which the céatmoxy
group on the C5 carbon of the nonreducing end hexuronic acid is first reacted with a
benzyl halide to form an ester. Then, a strong base extracts the proton at thi@% posi
of the nonreducing end uronic acid, resulting in the formation of the double bond
between C4 and C5. The benzyl ester is eliminated through hydrolysis in basans8luti

Reductive deamination (Figure 1.5b) is typically performed with nitrous d&d; t
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Figure 1.3. Heparinase | depolymerization of heparin results in smaller
oligosaccharides that contain an unsaturated uronate residue at the
nonreducing end of the cleaved chain.
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Figure 1.4. The depolymerization specificities and products of the enzymatic
depolymerization of heparin and HS based on the substitutions at positions X,

Y, and Z.
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(a) p-elimination, (b) reductive deamination, and (c) oxidation
reactions of heparin and HS based on the substitutions at positions
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specificity of cleavage is determined by the solution pH. If the pH is at or below 1.5,
cleavage occurs at GIcNS residues, whereas if the pH is 4.0, cleavage obkurs at
unsubstituted GIcN. To cleave GIcNAc glycosidic bonds via reductive deamination,
samples need to be first deacetylated and then treated with nitrous acid at pH 4.0.
Reductive deamination alters the structure of the glucosamine, thereby pgod;b-
anhydro-D-mannose residue at the reducing end of the cleaved oligosée¢Rmyure
1.5b)?” Oxidative depolymerization (Figure 1.5c) is performed with a combination of
hydrogen peroxide and divalent copper or iron §iEhis reaction requires vicinal diols
at the C2 and C3 positions of the hexuronic acid residue and results in cleavage and

subsequent formation of an oxidized fragment of the hexuroni¢cid.

1.5 Separation of Heparin-derived Oligosaccharides.

Because heparin-depolymerization reactions produce a complex mixture of
variously substituted di- (or larger) oligosaccharides, it is usuallyssapgto incorporate
one or more separation steps into the analysis. If the goal of an experiment is
characterization of the disaccharide composition of a heparin sample, an exhaustive
digestion must be used to reduce the biopolymer to its component disaccharides.
Although the products of exhaustive digestions can be directly analyzed usin§™s,
most studies perform heparin compositional analysis with a separation method such as
capillary electrophoresis (CE) or high-performance liquid chromatogréfiPlyQ) to

resolve the individual disaccharides. For samples that are depolymerizedthroug

13



enzymatic of-elimination reactions, compositional analysis has been simplified by the
commercial availability of authentic disaccharide standards.

Frequently, the experimental goal is isolation and characterizatiorgef la
heparin oligosaccharides, often as part of a study to explore their protein-binding
properties or biological activity. In such cases, the digestion is quebetiere all the
heparin is reduced to its component disaccharides. The analysis of the resuliimg i
complicated by the presence of variously sized oligosaccharides consistidiyefsa
set of positional and configurational isomers. For such samples, a singldisapara
cannot adequately resolve the individual components, and two or more orthogonal
separation approaches may be employed.

1.5.1. Size-Exclusion Chromatograpl8jze-exclusion chromatography (SEC) is

generally the first step in the analysis of a partially depolymerizedihegzanple. This

step resolves the mixture of heparin-derived oligosaccharides into sizesunifor

fractions®* **Figure 1.6 shows the results of the preparative-scale SEC separation of a

porcine intestinal mucosa heparin sample that was partially digested witinasepd.

This SEC separation, conducted with a Bio-Gel P10 fine gel packed into a 3 cm x 200 cm

column, resolved the component oligosaccharides up to the hexadecasaccharide peak.

Because of the specificity of the enzymatic reaction, primarilp-ewembered oligomers

are produced, although small quantities of trisaccharides have also beerdréporte
Preparative SEC can be carried out on the 100 mg to 1 g scale, which allows the

resolution of size-uniform fractions for studies of heparin-protein interacticias or

subsequent separation to yield purified single-component oligosaccharides. A common

14
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Figure 1.6. Heparin analysis normally begins with a SEC separation
to fractionate digested heparin into size-uniform fractions. Shown is
an example of an SEC chromatogram of the heparin oligosaccharides
from a heparinase | digest of heparin with resolution up to 16-mers.
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approach involves collection of the preparative SEC eluates in volumes of a few mLs t
define each peak in the chromatogram. Upon completion of the separation, the collected
fractions that correspond to a given oligomer size are pooled for subsequeati@epa
according to charge. However, SEC peaks are not necessarily homogenedus, and t
practice of pooling can make it more difficult to resolve trace components in the
secondary separatidn.*® Preparative-scale SEC separations generally take on the order
of days to complete and, therefore, are not useful for the rapid thaaton of heparin.

In contrast, analytical SEC separations require only a few hours to @theesame size
fractionation using microgram quantities of material, making this methedalfe to
analysis of heparin and HS samples that are available only in limited

amounts. These characteristics make analytical SEC a useful tool for rpprthhe
analysis, especially when coupled directly to a secondary separation oryeskigltive
detection method such as M%7

1.5.2. Capillary Electrophoresis and Polyacrylamide Gel Electrophotisis. a

useful and increasingly employed method for the separation of many types of
carbohydrate$” *!1t is especially amenable to the separation of heparin and HS
oligosaccharides due to their high negative charges. CE separations of heparin
oligosaccharides are most effective in reversed-polarity ffd@eversed-polarity
separations use acidic buffers in the pH range of 3.5 to 4.0 to reduce electroflsmotic
This pH range also provides the optimum resolution of heparin positional and

configurational isomers, given that subtle structural variations can prochatle s
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differences in the pkvalues of the hexuronic acid carboxylate moieties, thereby aiding in
their resolutior’®

CE has been used for disaccharide resolution and quantitation in the
compositional analysis of heparin and #S?however, the poor reproducibility of CE
can make its routine use challengfigCE methods have also been extended to the
analysis of larger oligosaccharid®such methods include a technique developed
specifically for the determination of therapeutically important LMWhhgkes® Figure
1.7 shows an example of a CE electropherogram measured for a SEC hexiagacchar
fraction. Although this electropherogram contains many peaks, some component
hexasaccharides remain unresolved. CE can fairly easily resolve alloéplarin-
derived disaccharide standards, including positional isomers; however, sample
complexity increases rapidly with increasing chain length. For examplépossible
sulfonate positional isomers and uronic acid epimers were present, a sample composed of
only hexasaccharides with eight sulfonate groups could theoretically containgd@ uni
hexasaccharides having the same net charge, an analytical challenfye evagh-
resolution separation method such as CE.

Polyacrylamide gel electrophoresis (PAGE), which predates CE methoddshas
been used to separate heparin oligosaccharides. PAGE is a useful mearectérctiag
the size distribution of heparin digest samfé5as well as for analysis of LMWHS.
Continuous elution PAGE (CE-PAGE) has been shown to be a useful technique for the
preparative separation of up to milligram quantities of GAG oligosacchdnadsding

heparin) in under 6 hrs with higher resolution than obtained in the more commonly used
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Figure 1.7. Shown is an example of a CE electropherogram for the
hexasaccharide fraction of the SEC chromatogram shown in Figure
1.6.
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preparative SEC separatiotis’® *° However, PAGE is not used for heparin-
compositional analysis because the resolution of individual disaccharidisgiisehe
poor. In addition, this method is not easily amenable to detection by MS, which is
necessary for molecular-level characterization of larger oligosadebkar

1.5.3. Anion Exchange Chromatograpbf?LC can offer a robust approach for

the separation and analysis of heparin and HS oligosaccharides. Strong anion exchange
(SAX)-HPLC is often used for the separation of GAG oligosaccharides,iabptdmse
derived from heparin and H8.%®>! %2 As with other separation techniques, analytical
SAX columns provide the highest resolution, whereas preparative-scale columns have
greater sample capacity. Preparative or semipreparative SAXaseparallow the

injection of larger quantities and the isolation of purified component oligosadekdor
subsequent characterization experiments. Because of the complexity rir loigpest
samples, a common protocol involves the injection of size-uniform SEC fractions onto
the SAX column. The semipreparative SAX-HPLC separation of a heparin-dei@d S
hexasaccharide fraction (Figure 1.8) is better able to resolve the individual
hexasaccharide components than either CE or reversed-phase ion-paiHRPOP
(discussed in Section 1.5.5). This improved resolution comes with a cost; the SAX
separation requires much longer analysis times than either CE or RR{P-BRother
disadvantage of SAX-HPLC is the high ionic strength mobile phase (e.g., 2 M NaCl
required for the elution of highly charged heparin oligosaccharides. Aalg 84X is

not easily amenable to detection by MS, and components isolated using this approach

must be desalted prior to characterization by MS or NMR.
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Figure 1.8. Shown is an example of SAX chromatogram for the
hexasaccharide fraction of the SEC chromatogram shown in Figure
1.6. The peak marked with the asterisk represents the hexasaccharide
AUA(2S)-GIcNS(6S)-1doA(2S) GIcNAc(6S)-GIcA-GICNS(6S) for

which the MS and NMR spectra are shown in Figures 1.10 -1.14.
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An alternative to SAX separations is weak anion exchange (WAX)-HPLC. The
WAX column is packed with an amino-bonded stationary phase that interacts more
weakly with anionic analytes than do the quaternary amine functionalizedgrslused
for SAX separations. As a result, WAX separations require less salt tdgbtg
charged analytes, making this method more compatible with hyphenated techniques such
as HPLC-NMR. Limtiaco et a° showed that WAX could be used to separate DS,
heparin, and the semisynthetic oversulfated chondroitin sulfate (OSCS) through a
displacement-based mechanism.

1.5.4. Hydrophilic Interaction Chromatography and Graphitized Carbon

Separations. Hydrophilic interaction chromatography (HILIC) can also be used to
separate heparin and HS oligosaccharides, as well as other&AGéthough the
separations reported thus far have not been effective in resolving isomeric
oligosaccharides. The inability of HILIC separations to resolve disaicke positional
isomers limits this method’s utility in compositional analysis.

The use of graphitized carbon columns for the HPLC separation of heparin
disaccharides has also been repottedlthough this method can resolve positional
isomers, it offers poor resolution between fhacetylated anél-sulfonated
disaccharides. Although these disaccharides can be distinguished by MS, overlap
between the chromatographic peaks containing\theetylated andll-sulfonated

disaccharides makes it impossible to visualize the separation by UV absaalmaree
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1.5.5. Reversed-Phase lon-Pair High-Performance Liquid ChromatogFRipB-

HPLC is an increasingly important method for the separation of heparin and HS
oligosaccharides. The popularity of this approach stems from the widespréabildya
of reversed-phase HPLC columns and instruments as well as the ease of imtgileme
of RPIP-HPLC with a variety of detection methods (e.g., UV, fluorescence, 8hd M
RPIP-HPLC is typically performed on octadecyl (C18) columns while a lipopikiyl
ammonium salt is used as an IPR. The IPR aids in the retention and resolution of the
charged analyte through electrostatic interactions. The transidytiealizR ion pair is
relatively neutral and hydrophobic, which facilitates interactions with ydeophobic
stationary phase of the reversed-phase HPLC cofiiffinAn important application of
RPIP-HPLC is the full disaccharide compositional analysis of heparin afi@®$Vith
the incorporation of post-column fluorescent labeffhBPIP-HPLC can be used for the
compositional analysis of samples that are isolated from biological tissdesvailable
only in very limited quantitie&® ®°

Although the earliest separations used quaternary ammonium salts such as
tetrabutylammonium, incorporation of more volatile reagents such as tributylaasine h
made RPIP-HPLC more amenable to detection by MS. Compared with UV absorbance,
MS greatly improves the detection sensitivity of RPIP-HPLC sepaiaind provides
important structural information about the analyfe®® SAX is better able to resolve
complex mixtures of larger heparin-derived oligosaccharides, but becaupgnésea
desalting step prior to mass spectrometric analysis, RPIP-HPL@msp#ferred for

rapid separation and analysis.
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Smaller column-packing materials (e.gur or less) can improve the speed and
sensitivity of heparin disaccharide analysis using RPIP-HBILtrahigh-performance
liquid chromatography (UPLC) separations allow the complete resolutionpadssible
heparin disaccharides, including positional isomers. Commercially aval&hl€
instruments utilize as small as Juifr-particle columns and proprietary mobile-phase
pumps that can withstand the high pressures (up to 15,000 psi) needed to push mobile
phase through the column. Korir et &teported a RPIP-UPLC separation that resolves
11 commercially available heparin disaccharides in under 5 min with minimplesam
preparation. Further work, discussed in detail in Chapters 2 and 3 of this dissertation, has
improved upon this separation while also using the heparin disaccharides to probe the
RPIP separation mechanigm’?

The speed of analysis and high resolution provided by RPIP-UPLC separations
make this method an excellent choice for the full compositional analysis ofrhapdri
HS.%"? The RPIP-UPLC separation of the hexasaccharide SEC fraction lacks the
resolution achieved through SAX-HPLC (Figure 1.9); however, RPIP-UPLC has a
distinct advantage in terms of the ease with which it can be coupled to MS detection. This
advantage is especially significant given the lack of commerciadijadole standards for

heparin-derived hexasaccharides and other larger oligosaccharides.\

1.6 Mass Spectrometry
MS is a useful and sensitive technique that can provide oligosaccharide molecular

weight, the degree of sulfonation and acetylation, monosaccharide composition, and
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Figure 1.9. Shown is an example RPIP-UPLC chromatogram for the
hexasaccharide fraction of the SEC chromatogram shown in Figure 1.6.
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under controlled experimental conditions, sequence. A more detailed discussion of the
use of MS for the structural and compositional analysis of GAGs can be found in
Referencé®. Most MS studies of heparin and HS utilize electrospray ionization (ESI) or
matrix-assisted laser desorption/ionization (MALDI), although, as disgussgection

1.6.2, the recently introduced method of electron detachment dissociation (EDD) shows
great promise.

1.6.1. Negative-lon Electrospray lonization Mass SpectromB&gyause of the

highly anionic nature of heparin and HS, negative-mode ESI-MS is an attractige choi

for their analysi€? Given the complexity of depolymerized heparin samples, another
benefit of ESI-MS is the ease of hyphenation with separation techniques sLiElaad

HPLC. Often, however, negative-ion ESI-MS spectra of heparin oligosacaharele
complicated by the presence of sodium and potassium adducts. Careful desalting, very
clean sample preparation and instrumental components, and the use of ammonium buffers
can reduce adductioh. An advantage of coupling RPIP separations with MS detection is
that salt adducts can be further reduced because sodium and potassium iondyare large
eluted in the void volume of the column, whereas heparin oligosaccharides are retained
through their interaction with the IPR.

Another challenge in the characterization of heparin and HS oligosaccharides b
use of MS is the prevalence of sulfate loss during ionization. Sulfate loss from
disaccharides may be catalyzed by trace amounts of acid; thus, one mustubéocare
remove acid from the analyte solution and source before performing MS afalyss

also important to choose ionization and ion-extraction conditions carefully, ae $odfsa
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can occur within the source region of the ESI interface. Figure 1.10 shows the Rregative
ion ESI-time-of-flight mass spectrum acquired for a heparin-derived reotessade that

was isolated by SAX-HPLC and desalted prior to the RPIP-UPLC separasidhisA

mass spectrum shows, in addition to the doubly charged molecular ion peak,{M-2H]
several related peaks including those for sulfate loss and adduction of the IPR
tributylamine are also detected.

1.6.2. Matrix-Assisted Laser Desorption/lonization Mass SpectroméiDI

is a soft ionization method that enables relatively high throughput MS analysisatin s
guantities of sample. As in ESI-MS, a common problem encountered in the use of
MALDI-MS for analysis of heparin oligosaccharides is fragmentation cespesulfate
loss, during the ionization process. Early work showed that complexation of
oligosaccharides by synthetic (Arg-Glyeptides or by the small basic protein
angiogenin allowed the oligosaccharide to remain intact through the ionizati@sgfoc
The full oligosaccharide-peptide complex was detected by positive-ion MS, and the
molecular weight of the oligosaccharide was calculated by subtractter. dtudies used
a similar complexation approach through the addition of quaternary ammonium or
phosphonium salts as a comatrix for MALDI-MSThe use of cesium salts to suppress
sulfate loss when using MALDI-MS in an ionic liquid matrix has also been expibred.
Tissot et al’? tested the ionic liquid 1-methylimidazoliumcyano-4-hydroxycinnamate
as a MALDI matrix and successfully ionized heparin di-, tetra-, hexa-, onth-, a
decasaccharides. Dihydroxybenzoic acid and norharmane are also efibtliize

matrices for the
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Figure 1.10. Shown is an example UPLC-MS spectrum for the
hexasaccharid&UA(2S)-GICNS(6S)-1doA(2S) GIcNAc(6S)-

GIcA-GIcNS(6S) isolated from the SAX-HPLC separation shown
in Figure 1.8.
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structural characterization of heparin and HS by®Slearly, MALDI-MS has great
potential for the characterization of heparin and HS oligosaccharides.

1.6.3. Tandem Mass Spectromeffre use of tandem MS (MS/MS) to determine

both the structure and the sequence of oligosaccharides is an ongoing areastfimter
GAG research. One limitation of this approach is the propensity of heparin
oligosaccharides to fragment via sulfate loss instead of through more infe mad
cleavages. Zaia & Costelfbdemonstrated that the degree of fragmentation of any
oligosaccharide is highly dependent upon the charge state of the ion selected for
collision-induced dissociation (CID). These authors showed that through cateéticse
of charge states and addition of calcium ions to stabilize the sulfonate groupgrée de
and abundance of ring cleavage ions can be enhanced. Meiss&rretently reported
that MS/MS with CID can be used to distinguis3ulfonation sites from &-
sulfonation sites in heparin oligosaccharides by inducing specific snossleavages.
Ultimately, the ability to use tandem MS to sequence GAG oligosaccharide
requires the generation of unique and informative fragments for each monosacdtharide
addition to cleavage of glycosidic linkages, this process also requires nunTess4s
ring cleavages to distinguish variable points of sulfonation and acetylation. MALDI-
LIFT-TOF/TOF and ESI-CID-MS/MS were compared for the structuralysis of
oligosaccharides dfi-acetylheparosan (a biosynthetic heparin precufécfhis study
showed that MALDI-LIFT-TOF/TOF yielded much better cleavage siggithan did

CID.
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More recently, the advancement of the MS/MS technique EDD has proven useful
for creating unique cross-ring cleavages in heparin and HS. By using EBPautier
transform ion cyclotron resonance, Wolff efshowed that diagnostic fragment ions
can be created that distinguish 1doA from GIcA in heparin tetrasacchdndesecent
report by Ly et al., MS and CID-MS/MS experiments with both FT-ICR and FTMS
instruments were used to structurally characterize and sequenaaplhessiproteoglycan,
bikunin®® In this work the authors showed that all of the isolated pGs studied contained
a linkage region consisting of a single hexasaccharide seqOeglgeosidically linked
to serine. Surprisingly, even beyond this linkage region the MS results revealdx that t
pG chains contained a predictable pattern of 4-O-sulfogalactosamine resiowesysa
defined sequence for bikunin. This work along with further advances in EDD, FT-ICR,
and FTMS will probably lead to exciting new applications of MS/MS for the

characterization of more highly complex oligosaccharides like heparin and HS

1.7 Nuclear M agnetic Resonance Spectr oscopy

NMR spectroscopy is highly sensitive to minor variations in molecular steyctur
making it an important technique for heparin characterization. A sitHpMMR survey
spectrum can both reveal the number of monosaccharide residues present and provide a
tentative compositional analysis based on comparison befiMestremical shifts and
reference data.®* ®Visual examination of thtH NMR spectrum in Figure 1.11
indicates that the hexasaccharide peak isolated by SAX-HPLC contanggea si

component that includes a GIcNAc residue, indicated by the singlet reson&r{a4Rat
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Figure 1.11. Shown is an example NMR spectrum for the hexasaccharide
AUA(2S)-GIcNS(6S)-1doA(2S) GIcNAc(6S)-GIcA-GICNS(6S) isolatedr the

SAX-HPLC separation shown in Figure 1.8. The NMR resonance at 2.049 ppm
indicates the presence of EHracetyl-D-glucosamine residue.
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ppm. Although thigH NMR survey spectrum provides important information about
sample purity and composition, complete structural characterization of the
hexasaccharide requires the use of two-dimensional NMR sp&dtvith the powerful
arsenal of two-dimensional experimental techniques available, NMR spegtyosan be
used to determine the sequence of the component monosaccharide residues and
unambiguously determine sitesNHacetylation as well as &f- andO-sulfonation along
the oligosaccharide chain. Most importantly, NMR spectroscopy can alstygpeci
orientation of the anomeric linkage connecting the various disaccharide subunits and
easily distinguishes IdoA and GIcA residues.

Because of its high level of microheterogeneity and polydisperse nature, the
complete structural characterization of unfractionated heparin continues todjera
challenge. Therefore, NMR measurements are usually reserved factehaation of
purified single oligosaccharides obtained by chemical or enzymatic depstion,
followed by size- and charge-based separations. Interpretation of NMtRasjplata is
usually facilitated by molecular-weight and fragmentation information geavby MS.
Several factors must be considered, however, to ensure that satisfactorypBdffa are
acquired for heparin structural studies. Naturally, sample purity is antampor
consideration. The isolated oligosaccharide components should have a purity gaezater t
80% to 90% to avoid complications in structural determinations. Additional NMR-silent
impurities must also be minimized. Although NMR is more salt tolerant than MS, high
levels of salt in oligosaccharide samples isolated from SAX separationsa&antm

impossible to properly tune and match the NMR probe, and a desalting step ¥ usuall

31



required prior to analysis. As demonstrated by Mcl#dreparin resonance line widths
are severely affected by binding of trace paramagnetic impuritisBmBgnetic
transition-metal ions, which may be present as production impurities or inttbdugag
oligosaccharide isolation, can cause line broadening through paramagizetaion
enhancement. The addition of a small amount of deuterated EDTA
(ethylenediaminetetraacetic acid) significantly improves the spepiality for both
unfractionated hepafihand LMWH?® and it can also be helpful in the analysis of
isolated oligosaccharides. Finally, if the oligosaccharide is isolateddrRPIP-HPLC
separation, the sample will be contaminated by the IPR. Use of a vd?Rileuich as
ethylamine or removal of less volatile reagents by cation exchandaahbtate sample
cleanup for NMR analysi¥.

Another way to reduce the complexity of heparin NMR spectra without a prior
separation step, especially when comparing different heparin samplesuightithe use
of statistical analysis methods such as principal component analysis (PCA)reduces
the dimensionality of the data, in this case the NMR chemical shifts and istefjthé
many resonances of a heparin mixture, by simplifying the data into twopgainci
components that represent those characteristics of the spectra that comtobiutie the
variance. Simplifying the data in this way allows the objective comparisoamf m
complex spectra even when the differences between them are difficulitibyithg
visual inspection. The identification of contaminants in heparin saffipfesd the
discrimination of heparin samples of different biological origiriéhave been

demonstrated using PCA and similar statistical analysis methods. Aedetagcription
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of PCA and related statistical approaches is beyond the scope of this d@sertate
they were not applied in this research however interested readers aedlriefehe book
by Jolliffe for further information on this topi¢.

1.7.1 Two-Dimensional Nuclear Magnetic Resonance Analysis of Heparin

OligosaccharidesStructural characterization of heparin-derived oligosaccharides is

typically initiated by identification of the individual monosaccharide subunitsen t
oligosaccharide chain, using scalar couplings to provide through-bond connectivities.
These connectivities can be obtained through a number of two-dimensional NMR
experiments including homonuclear correlation spectroscopy (COSY) and honaonucle
total correlation spectroscopy (TOCSY) experiments, as well as hete¥ansingle and
multiple quantum coherence spectroscopy experinténits’® Through the COSY
spectrum (Figure 1.12), connections between coupled protons on adjacent carbon atoms
within a monosaccharide ring can be identified. The well-resolved anomeric res®nanc
and the H4 resonance of th&°UA residue of oligosaccharides produced by enzymatic
cleavage or bg-elimination provide an entry point for analysis of the COSY spectrum.
However, the limitedH NMR chemical shift dispersion of carbohydrates can make
interpretation of the COSY data challenging, even for medium-sized olgiwsates.
Because the TOCSY experiment transfetscalar coupling information
throughout a spin system, the TOCSY spectrum allows detection of the connectivity of
all the protons within each monosaccharide residue through the well-resolvedianomer
resonances. The TOCSY spectrum in Figure 1.13 was used to assign resonances of the

heparin-derived hexasaccharide. Through comparison dHtbeemical shift data
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Figure 1.12. Partial correlation spectroscopy (COSY) spectrum showing cross
peaks to spin-spin-coupled protons on adjacent carbons of the heparin-derived
hexasaccharidAUA(2S)-GIcNS(6S)-1doA(2S)-GIcNAc(6S)-GIcA-GICNS(6S)
isolated by SAX-HPLC.
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Figure 1.13. Partial total correlation spectroscopy (TOCSY) spectrum
showing cross peaks of the individual monosaccharide resonances to the
corresponding well-resolved anomeric resonances of the heparin-derived
hexasaccharid&UA(2S)-GIcNS(6S)-1doA(2S)-GIcNAc(6S)-GIcA-
GIcNS(6S) isolated by SAX-HPLC. The region defined by the box is shown
in the expansion.
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obtained from the TOCSY spectrum with reference data, the structuratieteatithe
monosaccharide residues can be deduced. For complicated spectra witlrertertap
in the anomeric region of tHel NMR spectrum, the band-selective homonuclear-
decoupled (BASHD)-TOCSY experiment can provide improved resolttion.

The'H,*C heteronuclear single quantum coherence spectroscopy (HSQC)
experiment provides additional information about the type, number, and position of C-H
bonds and offers improved spectral resolution by taking advantage of the greater
dispersion of thé*C chemical shift dimensiotf. The HEHAHA (Heteronuclear
Hartmann Hahn) experiment, introduced by Bendiak &tahd Jones & Bendiak,is an
additional tool used to characterize oligosaccharide primary structure awhtidyi the
positions of modification, especially those introducedbgcetylation.

Recent work by Langeslay et al. demonstrated experimental conditidadidiazed the
detection of the sulfamate (NH$D'H NMR resonances of heparin and HS derived
mono- and oligosaccharides in 90%H® These authors further showed that by using
a'H,">®N HSQC experiment the sulfamate protons could be efficiently used to detect the
glucosaminé®N chemical shifts. Because it is only possible to have one sulfamate
group per disaccharide unit of heparin and HS these spectra are much less toamplex
either’H and**C NMR spectra, simplifying analysis of complex mixtures. Furthermore
because of the critical role they play in heparin and HS’s structure andyacketection

of the sulfamatéH and™N NMR chemical shifts should provide new insights into the

inter- and intramolecular interactions in which they are involved.
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Following assignment of the resonances of the individual monosaccharide
residues, the oligosaccharide sequence is determined through dipolar coupling
information obtained via the rotating-frame Overhauser effect spectsoRQESY)
experiment. The ROESY spectrum can also distinguish IdoA and GIcA through unique
inter-residue cross peaks. In conjunction with the TOCSY and COSY resultHE®YR
spectrum (Figure 1.14) was used to establish sequence information that colyclusive
determined the hexasaccharide structure. In the ROESY spectrum, crosgigeaks a
between resonances of the H1 and the H4 protons of adjacent residues connected via the
glycosidic bond, which reveals the relative positions of the monosaccharide residues
within the hexasaccharide chain. Again, in cases in which the spectrum is coedgbigat
resonance overlap, the BASHD version of the ROESY experiment can provide enhanced
resolution®

1.7.2. Nuclear Magnetic Resonance Diffusion Measurem@tit4R diffusion

measurements are useful for the analysis of complex mixtures, such aglitamsed by
heparin depolymerization. Diffusion-ordered spectroscopy (DOSY) provides a
noninvasive separation of the different mixture components on the basis of differences i
their translational diffusion coefficient&:**DOSY NMR was used for the routine
screening of LMWH and unfractionated heparin by Sitkowski &a@nd Bednarek et

al.’®® Because th&#H chemical shifts of thal-acetyl resonances of heparin and its
potential impurities DS and OSCS are well resolved spectrally, DOSY plotesolve
OSCS and DS from both unfractionated heparin and LMWH. However, care must be

taken in the design of NMR diffusion experiments because viscosity effects and
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Figure 1.14. Partial ROESY spectrum showing the important peaks used to
establish the sequence of the monosaccharide residues constituting the heparin-
derived hexasacchariddJA(2S)-GIcNS(6S)-1doA(2S)-GIcNAc(6S)-GIcA-
GIcNS(6S).
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macromolecular crowding in concentrated solutions of heparin and other GAGs can
dominate their translational diffusion behavior.

Limtiaco et a:”” demonstrated the use of DOSY NMR spectra in conjunction
with 'H NMR and UV absorption measurements to monitor the enzymatic
depolymerization of heparin with heparinase I. DOSY spectra acquired throughout the
course of the enzymatic depolymerization yielded insight into the extdm of t
depolymerization and provided information about the size distribution of the heparin
oligosaccharides produced. In addition to allowing the investigator to track andzeptimi
the enzymatic digestion, this experiment demonstrated that DOSY NMR caedi®us
study mixtures of digested GAGs without employing a physical separation.

1.7.3. HPLC-NMR As discussed in section 1.5, heparin-derived oligosaccharides

resulting from enzymatic or chemical depolymerization often require aneffli

separation step prior to structural analysis of each isolated oligosdechaNMR. A
potentially more efficient method would directly couple the semarathd NMR analysis.
However, online coupling of HPLC and NMR presents several analytical challenge
First, is the need to use deuterated mobile phases to reduce large solventrstgeals i
NMR spectra. This is not only expensive, but also requires adjustment of mobile phase
buffer conditions to account for differences in the activity of deuterium anddgegdr(e.g.

pH does not equal pD). To avoid using fully deuterated solvents, a solvent suppression
technique such as WET can be used to attenuateitN¢R resonances of mobile phase

components. However, this often results in suppression of large regionsiafNhéR
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spectrum, reducing the structural information available due to suppression & analy

signals that are close in chemical shift to the mobile phase resonancesuperegsed.
Another consideration in HPLC-NMR experiments is that when NMR detection is

used with a flowing system, the residence timef the nuclei in the coil can affect both

the spin-lattice (7) and spin-spin (3 relaxation times®

t .2 Eq. 1.1
T 1flow T 1static T

t __t 2 Eq. 1.2

T 2flow Tostatic 7

As shown in equations 1.1 and 1.2, decreasing the lifetime of the spins in the coill
by increasing the flow rate @/increases the rates of bothahd T, relaxation relative to
their static values. Fastej fielaxation rates allow more rapid pulsing making it possible
to acquire more transients in the short amount of time the analyte resides in dutiveil
volume. Shorter Frelaxation times, however, can lead to significant increases in line
width limiting spectral resolution and reducing the degree of structural infiorntaat
can be obtainetf®

Another problem encountered in flow-based NMR experiments is that the
analyte’s short residence time in the coil limits the number of transkeaitean be
acquired. As a result, it is not possible to improve the S/N of dilute peaks by e&tensi
signal averaging or to perform 2D NMR experiments to provide additionaligtalict

information. For this reason, HPLC-NMR experiments and other flow-based
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experiments are often conducted in a stop-flow mode. Typically peaks adefested

in the UV cell of the HPLC and after a calibrated amount of time the pump®ppedt

trapping the chromatographic peak in the NMR flow cell. For most HPLC seperati
this leads to the diffusional broadening of other analytes that elute laberseparation
severely reducing chromatographic resolution. For a more in-depth review efidhef f
LC-NMR the reader is referred to referent®and'®.

To date, little work has been reported on the application of LC-NMR to the
characterization of heparin oligosaccharides. Most notable, is the work dauss
section 1.5.3 by Limtiaco et &. The WAX column used in this study was packed with
an amino-bonded stationary phase that interacted more weakly with amalyiea than
the quaternary amine functionalized polymers normally used for SAX separatibiss
effectively reduced the amount of salt needed to elute highly charged atikgtes
heparin making the separation more compatible with NMR detection which ig\settsit
ionic strength. Also, because elution in this separation was driven by a displacement

chromatography mechanism, analytes eluting later in the separation didfaofreuf

diffusional broadening, allowing both on-flow and stop-flow NMR acquisitions.

1.8 Enhancing Nuclear M agnetic Resonance Sensitivity

NMR is an invaluable technique for quantitative analysis, structure elucidation,
and the study of the inter- and intramolecular interactions central to rhamjaal and
biological processes. The main downfall of NMR is its inherent lack of Batysit

especially compared with other popular techniques like fluorescence or mass
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spectrometry. The reason for this limitation can be understood by examination of the
origin of the NMR signat’® The signals in all spectroscopic methods arise from a
transition between two or more energy states that result in the absorptionsioemis
electromagnetic radiation. For spin %2 nuclei in a magnetic fig)JdhB NMR signal
arises from transitions between the two nuclear spin states, typically dasatandp.
To observe an NMR signal there must be a difference in the number of spins in the two
states as defined by the Boltzmann distribution (Eq. 1.3):
JN = €557 Eq. 1.3

where N, and N represent the number of nuclei in thandp spin states, respectively,
AE is the energy difference between the two spin staggbekBoltzmann constant, and
T is the temperature. For most spin %2 nuglgihe gyromagnetic ratio, is positive and
thea spin state is lower in energy. The difference in energy between the twoatps) st
AE, is defined by Eq. 1.4:

AE = hyBo/2n Eq. 1.4
where h is Planck’s constant. Even for the highest field magkietis, generally small
compared with other spectroscopic methods, limiting the sensitivity of the NMR

measurement°

1.8.1 Higher Magnetic FieldsSince its discovery, many technical advances have
led to increases in the sensitivity of NMR measurements. The most common approach is
to increase B increasing the population difference between the spin states as well as the
spectral dispersion. The disadvantage of this approach lies in the almost egbonenti

increase in the price tag associated with increasgn@lBo, investigators are generally
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limited to the use of the NMR instrumentation located at their site. While usenote
instrumentation is possible, it is typically a less convenient and more ex@ens
alternative employed as a last resort.

1.8.2 HyperpolarizatianAn alternative approach to improving NMR sensitivity

is hyperpolarization, of which the most common method is dynamic nuclear polarization
or DNP. DNP attacks the root of the NMR sensitivity problem by selectinetgasing

the population of one nuclear spin state over the other. This is accomplished by first
polarizing the electron spins of a radical either through microwaves or quiitgding.

This polarization is then transferred from the electrons of the radical to ttes oluitie
analyte followed by a fast NMR acquisition before the nuclei have time to rela

Although DNP can achieve signal enhancements up to 44,48tCfand 23,500 fol’N
compared with spectra acquired at thermal equilibrium in a 9.4 T magnedicspelctra

are often limited to one dimensional experiments due to the short lifetimes of the
hyperpolarized state! **?> However with the advent of fast one scan NMR experiments,
acquisition of 2D-NMR spectra in a few seconds when coupled with DNP is now
possiblet™® Results using this technique for the characterization of heparin and HS have
not yet been reported; however, future work in this area may prove useful for the
characterization of mass-limited heparin oligosaccharide samples.ethisgue was

not explored for the work described in this dissertation, as the equipment needed for DNP
(e.g. a separate magnet for the polarization procedure) is still quite expandithis

instrumentation is not yet widely available.
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1.8.3. CryoprobesTo consider other approaches by which the sensitivity of

NMR experiments can be improved, it is necessary to understand in greatehdetail t
factors that contribute to the signal to noise ratio (S/N) in NMR. Equation 1.5 defines a

set of constants and variables that together give rise to the S/N of an NMRnexp&f

K iy Nj/—hz (1 +1) @ Eq. 1.5
0 . Vs 2 g
S/N = 46 KT 32

noise
Combining the constants in Eq. 1.5 into a single tegmmimplifies the expression

(Eq.1.6) to focus only on those variables that can be manipulated to improve S/N.

SIN=p—1 Eqg. 1.6

In EQ. 1.6m¢ is the Larmor frequency, which increases linearly with increasing:Bs
the magnitude of the oscillating magnetic field produced by the radio freq(rénoylse
per unit of current, i, Yis the sample volume, anddcis the root-mean-square noise in
Volts of the coil and the receiver preamplifier. The ter iB referred to as the quality
or Q-factor of the NMR probe.

The use of high temperature (~ 20 K) superconducting alloys for coil construction
in what are often termed cryoprobes has become popular as a means of achiieving S/
improvements in NMR experiments. By reducing the temperature of the probe and

preamplifier, cryoprobes improve S/N by decreasing the Johnson or thermal noise
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contributions to Voise'** **°> The sensitivity gains achieved by cryoprobeselagively
modest. Increases of 2-5 fold are typical, withéogains often observed for high ionic
strength aqueous solutions. While cryoprobes anme mast effective than increasing
magnetic field strength, the installation (~$250@,08nd ongoing maintenance costs
(~$35,000 per year) are still significant. In adxit cryoprobes are typically used with a
dedicated magnet to avoid frequent probe changalsingnthem impractical for
laboratories where a wide range of NMR applicatiargsinvestigated.

1.8.4. Microcoil NMR probesMost readers are likely familiar with a process f

measuring a liquid-state high-resolution NMR sp#mtthat involves introducing their
sample into a NMR tube, placing the tube into asgi, and dropping the tube and
spinner into the probe housed inside the NMR mag@enventional tube-based NMR
probes generally use saddle coils oriented withr theg axis aligned parallel toB
Saddle coil probes have an air gap between thandithe sample that allows the sample
tube to be inserted and ejected pneumatically. dinigap also reduces magnetic
susceptibility differences from the sample that besaden the NMR spectrum. Magnetic
susceptibility effects also require that the tubetains a sample of sufficient volume to
extend above and below the coil to produce highityuspectra with narrow lines.
Alternatively, special NMR tubes, such as thosalable from Shigemi, use glass plugs
susceptibility matched to the solvent above andwéhe sample to restrict the volume
of the sample to the colil active volume.

An alternative coil design is based on a soleri@dé geometry oriented

perpendicular to the applied magnetic field, 8olenoidal coils are used in many solid-
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state NMR probest® and are also a popular geometry for microcoil NMBbes.
Compared to other coil geometries, solenoidal @pus better sensitivity, especially for
small volume samples. Tha/Bterm from Eq. 1.6 can be defined for a solenloodd as
shown in Eq. 1.7

B._  un Eq. 1.7

L d 1+ [nh/d]

whereyy is the permeability of free space, n is the nundbeurns of the solenoid, h is
the coil length and d is the coil diameter. Aswhon Eg. 1.7, for a constant length to
diameter ratio (h/d), the coil sensitivity increaises the diameter is reduced. This is the
fundamental premise that has driven the developwifesalenoidal microcoil NMR

probes for improved S/N in measurements with miasiteld samples. Providing that the
entire sample is soluble in the small volume irtgated by the microcoil probe,
significant improvements of S/N can be achieved gamad to tube-based measurements
in conventional probes?

Not only are solenoidal microcoils inherently mesnsitive than saddle coils of
the same size, they also increase sensitivity lpyoring the probe filling factor, defined
as the ratio of VYto the coll active volume, ¥ To increase the sample volume
interrogated, a bubble cell can be etched intacé#palary to more effectively fill the
active volume of the coif:® Because solenoidal microcoils are generally wedpp
directly around the capillary into which the samislentroduced, these probes have a
higher filling factor than conventional probes tkatploy an air gap between the sample

and the coif'® It should be noted however that the example gheze is only for
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conventional NMR probes, and that the saddle cmiédl in these probes could be fixed
directly around a capillary giving them a simildlirig factor as microcoils. Additionally,
probe designs featuring the microcoils wound diyemtound the capillary can produce
spectra with broad resonances due to magnetic ilsitiey mismatch between the coill,
capillary and sample. A major breakthrough indegelopment of solenoidal microcoil
probes was a design that produces improved linéhg/idly surrounding the receiver coil
with a fluid susceptibility-matched to the coil radal**® For example, immersing
copper microcoils in FC-43 (a mixture of perfludyotylamines) approximates an infinite
uniform medium surrounding the sample thereby mimimy spectral broadening due to
magnetic susceptibility mismatch. Many of the othigecific intricacies of solenoidal
microcoil design have been reviewed in det&il*’” 1% *and some of this material will
be discussed further in Chapters four, five, ard si

From a practical standpoint, sample introductian lbe one of the most
challenging aspects of experiments using micrdd®MR probes. Typically, the sample
is introduced into the coil by injecting it intogtrapillary around which the coil is
wound??? The user has the option of either filling theirentapillary with sample or
limiting the sample to the active volume of thel.col o record NMR spectra with the
highest possible S/N, the sample is dissolved amndduced into the probe in a volume
closely matched to that of the coil. As with tukeesed experiments, to obtain the uniform
magnetic susceptibility necessary to produce sp&ath narrow resonances, the sample
must be of sufficient volume to extend beyond ttiges of the solenoidal coil. This often

requires a sample volume about twice that of thleactive volume**®
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A popular way to reduce the sample volume in nuoildNMR experiments is to
sandwich the sample between layers of an immiseitldent. This creates a tight
sample plug that can be positioned in the activenae of the coil for spectral acquisition,
as illustrated in Fig. 1.15. This approach wag filsmonstrated experimentally in 1998
by Behnia and co-workers using FC-43 as the sarnimgcsolvent for an aqueous
sample*?® Sandwiching the sample between layers of FC-48aesispectral broadening
due to discontinuities in the magnetic susceptibit the ends of the sampf&; **?an
effect similar to that obtained with susceptibilihatched glass plugs in Shigemi NMR
tubes. Using a 0.pL microcoil probe, Kautz et al. demonstrated tHeieint segmented
flow analysis of a diverse sample set by introdg@mL samples into a stream of FC-
431 In these segmented flow experiments, an NMR poolgaining Telfon tubing
was used to maximize wetting by the fluorocarbardfind minimize sample losses to
the tubing walls. If this approach is used in @®bonstructed with small diameter fused
silica capillaries, such as those provided in consiaeCapNMR microcoil probes? it
can be helpful to coat the inner surface of theduslica capillary with a fluorinated
silane like perfluoro-octyl silane to prevent the-&3 from sticking to the surface and
eventually clogging the capillary. In situationsex modification of the capillary is
undesirable or impossible, other immiscible solsdike CDC} can be used as the
sandwiching solvent for aqueous sampfés.

For analytes of intermediate polarity for whichingsan immiscible sandwiching
solvent is difficult, Kc and coworkers created algg design that uses magnetic

susceptibility matched plugs to create sample £&lI$or larger volume microcoils (15 —
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FC-43 or CDC|3 amagle i u er FC-43 or CDC|3
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Figure 1.15. lllustration of an agqueous sample in the actiolime of a microcoil
sandwiched between layers of FC-43 or CDCI
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20 uL) a sample cell was constructed using Ultem pluigls small ID Teflon tubing
inserted through the center. For smaller volumeacails (0.5 — 2.QuL) for which
sufficiently small solid plugs were unavailablesaample cell was created using Devcon
two part epoxy to fill in the area between a srhaked silica capillary and a larger
volume thin glass capillary. In either probe dasitpe sample is not confined only to the
active volume of the coil, but must also fill thepdlary of the probe. Unlike bubble cell
designs, the cell volume of these probes couldXeel to the exact volume of the
microcoil decreasing the total volume needed tdHé cell and capillary.

1.8.5. Microstrip and Microslot Probe# promising alternative to solenoidal

microcoils are microstrip (or stripline) and midatsprobe design&* **" 122 Both types
of probes use a thin metal strip positioned pdrail®&, to produce the perpendiculagy B
magnetic field and detect the NMR signal. Simitaa wire that produces a magnetic
field that encircles it when current is appliece 8 magnetic field lines produced by
these probes encircle the strips and run parallédd surface. In the stripline design; B
field homogeneity is realized by sandwiching thaahstrip between two ground planes
creating a nonradiative closed systétin the microslot design a small, rectangular
hole is cut into a microstrip waveguide to creafriee series inductanc€. *?® Because
of their planar designs, capillaries can be origimteany direction on-top of the
microstrip or microslot allowing detection of staamples inside the capillary or those
passing through the;Bield of the probe in a flowing system. Figl@ shows a digital
image taken through the lens of a microscope @ipdlary fixed on-top of a microslot

probe used in our lab.
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Figure 1.16. Digital image taken through the lens of a micrgecof a sample
capillary positioned on top of the slot in the mtrip of a microslot NMR
probe.
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The planar design of microstrip and microslot @®hlso makes their coupling to
lab-on-a-chip applications relatively simple. Kgens et al. have demonstrated that
microfluidics can be easily bonded to microstrip amcroslot chips without disturbing
the electrical properties of the cHifd. With the current boom in the commercial
development of lab-on-a-chip devices for a widegeaof chemical and biochemical
applications, the added wealth of chemical andcgiral information that can be gained
by incorporating NMR detection could be invaluable.

Another promising feature of microstrip and midobgrobe designs is their ease
of manufacture. Although automated fabricatiorntegues do exist for solenoidal
microcoils, they are often hand wound by skilledljg designers. In contrast, microstrip
and microslot probes are created using well estadxdi lithographic methods which could
easily be translated to a commercial design proc€ls microstrip probe is constructed
using only a single layer lithographic process afiers a full range of scalability. In the
case of the microslot design, scalability is lirditey the laser wavelength used to create

the slot in the microstrip.

1.9. CE-and cI TP-NMR

The coupling of NMR and CE was first demonstrdigd&weedler and co-
workers in the mid-1990'¥® *° CE and capillary isotachophoresis (cITP) are both
electrophoretic techniques that separate analgesdoon differences in electrophoretic

mobility. These separations can be carried outised silica capillaries with outer
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diameters that allow the microcoil to be wound cliyearound the separation capillary,
or on a polyimide sleeve through which the capylieein be inserted. This produces a
probe active volume similar to the volume occugdach separated analyte band,
maximizing both the probe filling factor and seivty. **’

As discussed in section 1.7.3, several problemg@ammonly encountered when
acquiring NMR spectra on a flowing system. Thstfis the increase in line width due to
shortened effective;lrelaxation times which limits spectral resolutenmd reduces the
degree of structural information that can be ole@ii® Another problem encountered
in flow-based NMR experiments is that the analystiert residence time in the coil
limits the number of transients that can be acquife a result, it is not possible to
improve the S/N of dilute peaks by extensive sigvaraging or to perform 2D NMR
experiments to provide structural information. Tr@emvent this problem, stop-flow CE
techniques have been developed that park the analje active volume of the
microcoil for longer NMR experiments by turning ¢ifie separation voltage when the
analyte reaches the coif- This halts the migration of the analyte, howetee, analyte
is now free to diffuse and the S/N of the detece=mnances decreases over time.
Turning off the separation voltage also sharpeage¢sonances in CE-NMR spectra by
removing the Binhomogeneity resulting from the secondary magrfegid, B,
produced by the separation curr&it. The S/N of CE-NMR experiments can also be
improved using a bubble cell providing that thewné detected by the microcoil is a

good match for the volume of the separated baffds.
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An alternative approach to increasing S/N is t® apreconcentration technique
like cITP to focus the analytes prior to analy$is:>® cITP separations utilize a
discontinuous buffer system to concentrate analyyagp to 2 to 3 orders of magnitude
while also separating them based on their individiectrophoretic mobilities. The
buffer system used for cITP separations consistsleading electrolyte (LE) of higher
mobility and a trailing electrolyte (TE) of lowerahility than the analytes being focused.
Upon application of an electric potential acrosssbparation capillary, the individual
analytes stack behind the LE into separate baredsrtter of which is determined by
their electrophorectic mobilities. To maintainanstant current the analytes will focus to
a concentration proportional to the concentratibtine LE. In theory, even a trace
impurity can be separated from and concentrated&oly the same concentration as a
major component as long as the impurity is chaagetlhas a different electrophoretic
mobility. 2*® Once the analytes are focused and stacked inteatrated bands, they
migrate through the capillary to the microcoil /MR detection. Because of the high
concentration of the cITP-focused bands and thetliat they are closely stacked,
turning off the voltage applied to the capillarynist an effective strategy for stopping the
flow in these experiments. However, lowering theasation voltage when the analyte
band reaches the microcoil can reduce the separaiiwent improving resonance line
widths and slowing the movement of the peak wittsagmificant dispersion of the
focused band®’ Using this approach, our laboratory has demotestréne use of cITP-
NMR for the measurement &l NMR spectra for only 1-Ag of heparin-derived di- and

tetrasaccharides! **®Although the resonances in the reported spectra badened
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by the interfering magnetic field ,Bproduced by the current in the separation capilla
the unique chemical shift fingerprints of the maamasharide residues can be used to
identify sample components and evaluate sampléypuri

The movement of the focused bands in cITP-NMR erpnts can also be
slowed or even halted by applying a pressure tacdipélary to counter the
electrophoretic flow. The simplest approach isaige the level of the leading electrolyte
reservoir using a precision lab jatk. Figure 1.17 shows a comparison of the S/N
difference between a cITP-NMR spectrum acquireflom (Figure 1.17a) and with stop
flow (Figure 1.17b) achieved by raising the lead#tectrolyte reservoir. Alternatively a
syringe pump can be used to provide a back pregstine closed system, although
attention must be paid to the build up of gas beblproduced at the separation

electrodes?®

1.10 Conclusions

More efficient analytical strategies that will@aM the determination of unique
oligosaccharide structures are needed to improvemderstanding of the role of
structural elements of heparin and HS in mediadingde range of biological processes.
However, subtle variations in structure, such df®sation patterns, positional isomers,
and hexuronic acid epimers, are almost impossibidentify in intact biopolymers. As a
consequence, heparin and HS characterization pet¢beough a bottom-up approach
via enzymatic or chemical depolymerization, follal®y size- and charge-based

separations to isolate individual oligosaccharielguences for MS and NMR
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Figure 1.17. a) On-flow™H cITP-NMR spectrum acquired in 8 scans for
tributylamine in a succinate buffer as the tribatgine moved through the
active volume of the microcoil probe. b) Stop flolWwP-NMR spectrum for
the same separation acquired by the coadditio® aff $he 8 scan FIDs
acquired in (a)
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characterization. Although advances have been nggadEn the complexity of heparin
and the difficulty in its characterization, there atill many unanswered questions
regarding its molecular-level structure. Improvetsdo the speed and resolution of
separations are increasing the throughput of thé/sis, and higher information content
mass spectra produced by novel methods such ashiBlilpromise for the rapid
sequencing of oligosaccharides. In addition, higledd magnets, advances in
cryogenically cooled and microcoil probes, and DéPBeriments are increasing the
sensitivity of NMR measurements, thereby removitg#leneck in the analytical
process.

The goals of this dissertation are to improve oth seek to better understand
current separation methods for heparin and HS cespeRPIP-HPLC and cITP. In
particular, in Chapter 2 we explore the mechanisRRIP-HPLC with a focus on the
role that competition between ion-pairing reaggay in the separation of isomeric
disaccharides. This work is continued in Chapteth&re we explore the role that mobile
phase pH and counterion interactions have on regolaf the anomeric forms of the
heparin derived disaccharides. In Chapter 4 we aur attention to cITP where the cITP
separation of the isomers of doxepin will be useddvelop new insights into the
mechanism by which all electrophoretic separataperate, in how particular buffer
counterions like acetate can interact with varioosiponents of the separation system.
Later in Chapter 5 we use mechanistic details pilleay isotachophoresis (cITP) gained
in Chapter 4 for the cationic cITP separation ef fomers of doxepin to create a new,

optimized anionic buffer system for the focusingl @eparation of heparin and heparan
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sulfate (HS) derived oligosaccharides. FinallyCimapter 6 we present a new microslot

probe design for coupling to cITP with improved dpal resolution during the

separations.
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CHAPTER TWO

Insightsinto the Rever se-Phase lon-pair Separation of Heparin Derived
Oligosaccharides
Based on a paper published in Journal of Chromapdoy, A

J. Chromatogr., A, 2010, 1217, 479-488.

This chapter uses the diverse family of commercialailable heparin-derived
disaccharides as a probe to explore the mecharfiseverse-phase ion-pair high-
performance liquid chromatography (RPIP-HPLC). #&lspecifically the study
investigates the role that competition betweengaining reagents with different steric
bulk and hydrophobicity plays in the separatiostofictural isomers of heparin and
heparan sulfate (HS) disaccharides. Additiondligh-resolution magic angle spinning
saturation transfer difference (HR-MAS STD) NMR exments were used in an attempt
to ascertain the degree to which ion-pair formatakes place in the mobile phase and at

the stationary phase surface.

2.1 Introduction

Reverse-phase ion-pair high pressure liquid chtognaphy (RPIP-HPLC) and
ultraperformance liquid chromatography (RPIP-UPBE& promising and increasingly
popular methods for the separation of organic andyanic ionic solutes using lipophilic

ions, referred to as ion-pairing reagents (IPR)mabile phase modifiers to aid in the
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retention and resolution of these species on adpjibic stationary phasé. The
mechanism of retention in RPIP-HPLC is however adten of some debate. In the
classical model of retention in RPIP-HPLC (FigurgA), the hydrophobic IPR and the
analyte ion of opposite charge combine in the negbllase to form a neutral species
which then partitions into the hydrophobic statignehase'® The dynamic ion-
exchange model (Figure 2.1B), however, suggestshiibdPR is first adsorbed onto the
surface of the stationary phase creating charge gihich then act as ion exchange sites
for the oppositely charged analyté.The presence of evidence for both theories stigges
that RPIP separations occur through a combinaticmothh mechanisms and that the
extent to which each contributes to analyte redenthay be controlled by experimental
conditions® *°

To provide further insights into the separatiorchaism of RPIP-HPLC, a set of
test compounds is needed that provides a divesbitharges as well as subtle structural
variations relative to the position of these chardger example through positional
isomers. Such a class of compounds would allovetiaduation of subtle changes in
resolution and retention times as a result of vay@xperimental conditions, e.g., the
type and concentration of IPR, mobile phase contiposand pH. Through careful
observations of the effect of separation conditiomshe chromatographic resolution of a
class of compounds having regular differences argd and structure, the mechanistic
details of RPIP-HPLC can be better inferred. Tapamnin and heparan sulfate
disaccharides presented in Table 2.1 are an idéaf $est compounds for this purpose.

As a group, they are a family of congeners withrege of molecular charge states as well
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Figure 2.1. llustration depicting the dynamic equilibria invel¥
between charged analytes and ion-pairing reagewdtimthe A)
classic model and B)dynamic ion-exchange modebmfgairing
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Table 2.1. Designation, structures, and net charge stateld &0 of the family
of heparin disaccharides studied.

f
C1,0R,
(]

Disaccharide R, R, Y Charge
IS SO; SO; SO35 -4
1N H SO; SO5 -3
S SO5 H SO5 -3

IVS H H SO5 -2
A SO; SO5 Ac -3
A H SO3 Ac -2

A SO5 H Ac -2

IVA H H Ac -1
IH SO; SO5 H -2
IIH H SO5 H -1

1H SO5 H H -1

IVH H H H 0
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as several isomeric (as well as anomeric) spelsaive previously been demonstrated
to be resolvable through RPIP-HPLC and UPLC methibd$

High resolution magic angle spinning (HR-MAS)wsation transfer difference
(STD) NMR experiments can also be used to prospmeetroscopic evidence about the
relative strength of interactions between IPR’glye, stationary phase, and mobile
phase®*!® HR-MAS is ideal for these types of experimentsase spinning the sample,
which will include the stationary phase in the fmsged state, at the magic andglg)( of

54.7° (the angle where the equation for dipolamptiog (Eq. 2.1) equals zero) will

0 = 3c0&)n, Eq 2.1

reduce spectral broadening due to dipolar cougdatgreen nuclei. More importantly,
differences in magnetic susceptibility betweengtgpended stationary phase and the
mobile phase will be averaged out by the spinninth® samples.

This chapter explores the mechanism of RPIP chimgnaphy through the use of
the RPIP-UPLC and HR-MAS STD NMR experiments. abdity of RPIP-UPLC to
resolve heparin disaccharides based on differanagsarge and subtle variations in
compound structure makes it a useful probe of teelranism of RPIP separations. This
investigation also specifically addresses the augons between the IPR tributylamine
(TrBA) and heparin derived disaccharides as wethagotential role that competition
between TrBA and other IPRs plays in the resolutibisomeric disaccharides. In the

HR-MAS STD NMR experiments, saturation of the métiegonances of the C18
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stationary phase can be transfered to the IPRsé& bxperiments have the potential to
reveal which parts of each molecule are involveBRIP interactions. Additionally, by
monitoring the magnitude of saturation transferarrdifferent mobile phase conditions
we can potentially evaluate the extent to which-BRlyte interactions occur in the

mobile phase and at the stationary phase surface.

2.2 Experimental

2.2.1. Materials and reagent8ll heparin disaccharide standards were purchased

from the Sigma Chemical Company (St. Louis, MOablg 2.1 shows the structures,
designations, and net charge states at pH 7 afamenercially available disaccharides
studied. The ion paring reagent TrBA (puki99.5%) and benzene sulfonic acid were
also purchased from Sigma. Butylamine (MBA) (99)5&émethylamine, and
ammonium acetate were purchased from Fisher SieefRittsburgh, PA). Acetonitrile
(optima grade) and water (HPLC grade) were purchasen Sigma and Honeywell
Burdick & Jackson, respectively. Deuterium oxide@»99% D), sodium deuteroxide,
deuterated acetonitrile and deuterated aceticveerd purchased from Cambridge
Isotope Laboratories, Inc. (Andover, MA).

2.2.2. UPLC SeparationAll chromatographic separations were performee on

2.1 x 100 mm Acquit}! UPLC BEH C18 column with 1.gm particles (Waters
Corporation, Milford, MA). A guard column packedtivihe same 1.4dm C18 particles
was utilized prior to the analytical column. Tlwmn temperature was maintained at

40°C throughout the separation, and a flow rate.5fmL/min was used. A sample
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volume of 10uL of a 0.2 mM disaccharide mixture prepared in watas injected for
each separation. A binary solvent system was fegegtadient elution. Solvent A
consisted of 5% acetonitrile in water while solvBntonsisted of 80% acetonitrile in
water. Both solvents contained the same IPR cdrateons and were adjusted using pH
meter readings to an apparent pH between pH 6.9 &naksing acetic acid. This yielded
an acetate concentration for the 20, 10, 5.0, amdn®1 TrBA solutions of 20.0, 9.4, 4.7,
and 2.4 mM, respectively. Chromatographic sepamatusing 20 mM TrBA and 2.5 mM
ammonium acetate contained an acetate concentcftRh2 mM.

The pH meter was calibrated using a three poiitiresion with pH 4.00 (0.05 M
potassium biphthalate buffer), pH 7.00 (0.05 M pstiam phosphate monobasic-sodium
hydroxide buffer), and pH 12.00 (NaOH, KCI buffenffers. The pH 4.00 and pH 7.00
buffers were purchased from Fisher Scientific @itirgh, PA) while the pH 12.00 buffer
was purchased from Ricca Chemical Company (ArlingidX). For separations studying
the effects of varying TrBA concentration, the i@+ composition of both solvents
consisted of 2.5-20 mM TrBA with no other IPR. Foe separations studying the effects
of varying MBA concentration both solvents contairid®, 15, and 20 mM MBA while
the TrBA concentration was maintained at 2.5 mNhe Buffers for the MBA
experiments contained acetate concentrations @f 16.7 and 22.2 mM, respectively.
Retention factors were calculated for Tables 251b¥. subtracting the retention time of
the void from the retention time of the analytekpaad then dividing this value by the

retention time of the void.
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The gradient profile consisted of a 1 min isocratep of 100% solvent A after
which the fraction of solvent B was increased to@%r the next 1.5 min. The fraction
of solvent B was then increased to 25% over thé aé&xmin and maintained at 25% for
1 min before it was increased to 35% over a 1 renmop. The fraction of solvent B was
then increased over the next 4 min to 100%. A eqguilibration was utilized prior to
the next injection. Isocratic experiments to prateeffect of varying TrBA and acetate
concentrations were performed with a fixed mobiage composition of 30% solvent B.

2.2.3. Mass Spectrometryl.otal ion chromatograms were obtained using a

Waters ESI quadrupole time-of-flight mass spectrtem@Vaters Corporation, Millford,
MA). Data acquisition was performed using Masslynk software. All spectra were
obtained in negative mode using the following imstent parameters: capillary voltage, 3
kV; cone voltage, 12 V; source temperature, 120d&3plvation temperature, 200 °C;
extractor voltage, 1 V; radio frequency lens, 0;5n¥erscan delay, 0.1 sec; m/z range,
215-1000.

2.2.4. HR-MAS STD-NMR.HR-MAS samples were prepared by packing a 4

mm rotor insert with 145 mg of Waters BEH-C18 it particles that were removed
from a Waters 2.1 x 100 mm Acquity UPLC BEH C18 column. To simulate the
chromatographic mobile phase the following threle HRiffers were prepared in
deuterated solvents: (1) 30 mM trimethylamine (TMi#pated to pD 7.0 with acetic acid
in 85% DO and 15% deuterated-ACN (containing 100 mM praieth@CN), (2) 30

mM TMA and 30 mM benzenesulfonic acid titrated @ p.0 with NaOD in 85% BD

and 15% deuterated-ACN (100 mM protonated ACN), @30 mM TMA and 30 mM
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benzenesulfonic acid titrated to pD 7.0 with Na@I¥Y0% DO and 30% deuterated-
ACN (100mM protonated ACN). Thirty microliters each buffer was added to the
appropriate rotor insert by injecting the buffersliuL aliquots on top the packed C18
and then centrifuging the inserts at 9,000 rpmd.fom to force the buffers to wet the
C18. The inserts were then closed and insertedaidtmm zirconium rotor for analysis
by NMR.

All *H NMR spectra were measured using a Bruker Avar/d& Npectrometer
operating at a frequency of 600.10 MHz equippeth @it mm dual resonanc#i(and
3C) HR-MAS probe. All samples were spun at the magigle at a frequency of 5,000
Hz. The probe and samples were kept at a constaperature of 25°C by routing the
bearing gas used to spin the rotor through a viertgimperature unit prior to running it
to the probe. STD-NMR experiments were performedguthe standard Bruker defined
stddiff.2 pulse sequence which features a 3 ms Bpoibgradient pulse applied at the
beginning of the pulse sequence to eliminate unedhttansverse magnetization. A 50
ms saturation pulse at 40.0 dB was applied toatgel of the two C18 resonances ~1.10
ppm for the on-resonance spectrum and at 18,000Hhe off-resonance spectrum.
Both the on- and off-resonance STD spectra weresuamned for 128 scans with 8 dummy
scans. Line broadening of 1 Hz was applied to egeletrum to improve the signal-to-
noise ratio of the subtracted spectra.

2.3. Results
The complete resolution of a mixture of elevendregpdisaccharides was

previously demonstrated by Korir et al. by RPIP-@RUtilizing 50 mM ammonium
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acetate as a pH buffer and 5mM TrBA as an 1{PRIthough this method allowed for the
rapid and efficient separation of the mixture comgrats, presumably due to differential
ion-pairing interactions of the disaccharides WitBA, the presence of ammonium ions
was also required for complete resolution of isom@isaccharide pairs [IH/I1IH,

IA/1IIIA and [IS/11IS at the TrBA concentration ude A disadvantage of the use of
ammonium as a mobile phase buffer is that it resitive ESI-MS ionization efficiency,
thereby limiting the sensitivity of the analysiss 8hown in Figure 2.2, the ionization
efficiency of heparin disaccharide IS is dramaticedduced by increasing ammonium
ion concentration. Motivated by our desire to @IS ion suppression while
maintaining good chromatographic resolution, expents were designed to explore the
effects of IPR structure and buffer compositiortloe chromatographic retention time
and resolution of a heparin disaccharide mixturaes Study also addresses the possibility
that competition between TrBA and other positivR$Buch as ammonium and MBA for
ion-pair formation may contribute to the chromasggric resolution of isomeric heparin
disaccharides.

The heparin disaccharides shown in Table 2.1 ce@ain interesting class of
analytes for exploring the nature of ion-pairintenactions in RPIP chromatography.
The disaccharides are all very hydrophilic andparerly retained on the reverse phase
column unless an ion-pairing reagent is employdiks fTamily is comprised of species

with similar structures and charge states, ranfyiomrg zero net charge at neutral pH
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Figure 2.2. Graph of ionization intensity of the IS disaccharas a
function of increasing ammonium concentration whilgintaining a
constant TrBA concentration of 5 mM. Experimenswarformed

by direct infusion into the MS.
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(IVH) to a charge of -4 (IS). In this family, negeg charges result from the carboxylate
group and from 29 sulfonation of the iduronic acid, and from6andN-sulfonation of
the glucosamine residue. Disaccharides contaimngnanodified glucosamine (IH, 11H,
lIIH, and IVH) will have a positively charged amigooup at the mobile phase pH
employed in these experiments. Additionally, threadcharides comprising charge states
-1 (IVA, 1IH, and IlIH), -2 (lIA, llIA, and IH) and-3 (lA, IIS and 111S) offer structural
motifs that differ only in the nature and positisihcharged functional groups. Although
one might expect to be able to resolve componeitkswery different structures but
similar charges, for example IIH and IVA, througHetent ion-pairing interactions, the
ion-pairing interactions leading to separationh& isomeric pairs IIH/IIIH, IIA/IIIA and
[IS/11IS are likely to be more complex. Therefoexamining the effects of varying IPR
structure and concentration on the resolution isfdisaccharide family should yield
insights into the finer details of the RPIP separatnechanism.

2.3.1. Effect of TrBA ConcentratiorfFigure 2.3A shows the effect of varying

mobile phase TrBA concentration on the separatidheheparin disaccharide mixture.
The mobile phase used to measure these chromat®ga@rtained no ammonium acetate,
so TrBA acetate also served as the pH buffer isglexperiments. In cases of peak
overlap, compound identity was verified using thesmspectra, and for isomeric species
which give rise to identical molecular ions, thrbugjection of spiked samples. Tables
2.2-2.5 show calculated retention factors, widthisadf height and peak areas for all 11

commercial disaccharides studied at the varyingilagbhase TrBA
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Figure2.3. (A) The effect of increasing TrBA concentratiom o
chromatographic resolution and retention of the memncially available
heparin-derived disaccharides. (B) Illustratiorihe gradient profile
showing the change in percentage of mobile phafertsolution B as
a function of time.
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Table2.2. Retention factors, widths at half height and paaas for the RPIP-UPLC
separation of the 11 commercially available disaddes with 2.5 mM TrBA.

Disaccharide [TrBA] Retention Factor Wy, (min) Peak Area
IVH 2.5mM 0.36 £0.02 0.076 +0.001 1932+ 33
IVA 2.5mM 5.85+0.01 0.068 = 0.002 594+ 11

IVA anomer 2.5mM 6.13 +0.03 0.078+ 0.002 N/A

ITH 2.5mM 5.74 + 0.03 0.085 +0.001 2028+ 16

I1H anomer 2.5mM 6.67 +0.00 0.091 £ 0.004 988+ 46
I1H 2.5mM 6.66 + 0.00 0.071 +0.002 1407+ 70

I11H anomer 2.5mM 7.52+0.01 0.068 +0.001 784+ 17
1A 2.5mM 13.18 £ 0.00 0.120 £0.001 4164+ 20
1A 2.5 mM 14.00 £ 0.02 0.117 +0.006 3459+ 14
IH 2.5mM 14.93 £0.00 0.109 +0.003 2949+ 54
IH anomer 2.5mM 16.08 £ 0.03 0.093 £ 0.002 1764+ 26
1S 2.5mM 17.67 £0.00 0.137 £ 0.001 4371+ 43
s 2.5mM 18.70 £ 0.02 0.160 +0.011 5428+ 36
1A 2.5mM 17.98 £0.00 0.143 £ 0.001 6071 £ 54
IS 2.5mM 19.93 £ 0.00 0.253 +0.003 10374+ 36
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Table 2.3. Retention factors, widths at half height and paaas for the RPIP-UPLC

separation of the 11 commercially available disaddes using 5.0 mM TrBA.

Disaccharide [TrBA] Retention Factor Wi (min) Peak Area
IVH 5 mM 0.37 £0.00 0.072+0.002 1666+ 37
IVA 5mM 5.05 £0.00 0.075+£0.003 420+ 20
IVA anomer 5 mM 5.40 +£0.03 0.085+0.001 N/A
IH 5 mM 5.16 £ 0.00 0.088+0.001 1498+ 24
IIH anomer 5mM 6.24 £ 0.03 0.093+0.002 669+ 37
IH 5 mM 6.53 +0.01 0.080+ 0.002 999 +3
IIIH anomer 5mM 7.45 £0.01 0.075+0.003 624 + 11
1A 5mM 13.00 £0.02 0.101+£0.001 3066+ 38
A 5 mM 13.90 £0.02 0.102+0.001 2536+ 19
IH 5 mM 15.06 £ 0.03 0.091+0.001 1921+ 22
IH anomer 5mM 16.29 £ 0.02 0.079+£0.002 1147+ 2
s 5 mM 17.91£0.01 0.133+0.003 3267+ 42
s 5 mM 18.94 £ 0.03 0.128+0.001 3783+ 20
1A 5mM 18.28 £ 0.00 0.119+0.006 4253+ 38
IS 5 mM 20.38 £0.01 0.201+0.008 7265+ 143
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Table 2.4. Retention factors, widths at half height and paaas for the RPIP-UPLC
separation of the 11 commercially available disaddes with 10 mM TrBA.

Disaccharide [TrBA] Retention Factor Wi (min) Peak Area
IVH 10 mM 0.37 £0.00 0.069 +0.002 532+7
IVA 10 mM 3.88 £0.01 0.077 £0.004 216+ 3
IVA anomer 10 mM 4.20+0.01 0.081 +0.004 N/A
IH 10 mM 4.20+0.01 0.074+0.002 444 + 17
IIH anomer 10 mM 5.26 £ 0.00 0.063 £ 0.005 227 +3
IH 10 mM 5.77 £0.00 0.085 +0.004 538 + 40
IIIH anomer 10 mM 6.61 £0.03 0.082 +0.004 290 + 28
1A 10 mM 12.49 £0.02 0.081 £0.001 1166 + 22
A 10 mM 12.78 £0.01 0.097 £0.002 1203 £57
IH 10 mM 13.95+0.01 0.071 £0.001 666 + 8
IH anomer 10 mM 15.13 £0.03 0.083 £0.002 491 £4
s 10 mM 17.74 £0.00 0.095 +0.001 1211 +5
s 10 mM 17.87 £0.01 0.109 £ 0.004 1298 + 29
1A 10 mM 18.23 £0.00 0.094 +0.002 1425 +6
IS 10 mM 20.40 £0.00 0.123 +£0.004 1760 + 25
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Table 2.5. Retention factors, widths at half height and paaas for the RPIP-UPLC

separation of the 11 commercially available disaodes with 20 mM TrBA.

Disaccharide [TrBA] Retention Factor Wi (min) Peak Area
IVH 20 mM 0.44 +0.04 0.069+ 0.002 861+ 77
IVA 20 mM 3.07 £0.00 0.066+ 0.002 272 £14
IVA anomer 20 mM N/A N/A N/A
IH 20 mM 3.33+0.00 0.068+ 0.002 945 + 17
IIH anomer 20 mM 4.15+0.01 0.088+0.003 450 £ 24
IH 20 mM 5.20 £0.01 0.103+0.007 534 +11
IIIH anomer 20 mM 5.96+£ 0.01 0.099+ 0.005 520 + 17
1A 20 mM 11.95 +0.01 0.082+0.001 1319+ 64
A 20 mM 12.40 £0.02 0.100+ 0.008 1436 £43
IH 20 mM 13.71 £0.01 0.071+0.002 601 + 22
IH anomer 20 mM 14.75 £0.01 0.071+£0.002 622 +9
s 20 mM 17.73£0.01 0.094+ 0.002 2321 +18
s 20 mM 18.00 £0.02 0.113+0.004 2665 + 52
1A 20 mM 18.47 £0.02 0.089+0.003 1914 + 40
IS 20 mM 20.95 £ 0.00 0.117+0.005 3353 +42
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concentrations. At a TrBA concentration of 2.5 npdaks are broad and are poorly
resolved. As the TrBA concentration is increasedenM, the peaks sharpen and
resolution of all of the disaccharides in this sémgp achieved. As expected, ion-pairing
with TrBA resolves the disaccharides primarily lthea charge. Disaccharide IVH, with
a net charge of zero, is barely retained and ekltedly after the column void while the
most highly charged disaccharide, 1S, with a nergé of -4 is the most highly retained.
Within these extremes, groups of disaccharidesigesimilar charges, elute in the
expected order: disaccharides with a -1 net ch@xfe IIH and IlIH) before those with

a -2 net charge (llA, llIA, and IH) followed by tliksaccharides having a net charge of -
3 (IS, IS and IA). For the compounds containafree glucosamine residue, two peaks
are detected for each compound due to resolutitimeof andf3 anomers formed by
mutarotation of the reducing-end glucosamine rest8urhis phenomenon is explored in
greater depth in Chapter 3. It is interesting thateasing the TrBA concentration does
not produce large changes in the retention timenest species, and that the improved
resolution achieved at higher concentrations caatiouted at least in part to
sharpening of the peaks. It is also importantdi that increasing the TrBA
concentration of the mobile phase also increasesuppression during MS detection
similar to the behavior observed in Figure 2.2 wiitreasing ammonium concentration.
For this reason when using MS detection the IPRilm@hase concentration should be
optimized to maintain adequate analyte resolutimhratention while minimizing ion

suppression. Additionally this change in ion intgnwith changing TrBA concentration
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makes it difficult to extract useful informatiorom the peak areas derived from the total
ion chromatograms, for example in Tables 2.2-2.5.

2.3.2. Competition between TrBA and Ammonium Idfxcept for the

incomplete resolution of the isomeric disaccharid®sand 111S, the quality of the
separation in Figure 2.3A obtained with 20 mM TrBAearly as good as that reported
by Korir et al. using 5 mM TrBA and 50 mM ammoniawetate? Figure 2.4 shows the
effect of adding 2.5 mM ammonium acetate to theitagihase buffer containing 20 mM
TrBA. As can be seen from the chromatogram in f@du4, addition of a small amount
of ammonium ion results in complete resolutionh# tisaccharide isomers IIS and IlIS,
as well as partial resolution of theandfy anomers of disaccharides IVA and IS. The
results achieved in Figure 2.4 suggest that cotnpetietween TrBA and ammonium for
ion-pairing interactions with these disaccharideatileast partially responsible for their
separation. Additionally, the overall decreasestention of all disaccharides observed
in Figure 2.4 is most likely a result of the lowstdrophobicity of the ammonium ion.
Thus, any analyte interactions with ammonium tdkegoin the mobile phase only,
causing a decrease in retention time. Figurel8dshows the application of the full
isomer separation method used for Figure 2.4 tepatin sample that had been
exhaustively digested with heparinase I, Il and The results in Figure 2.5 demonstrate
the applicability of this separation to a real sempnd confirm the ability of the method
to resolve disaccharide IVS, which was not inclusteBligure 2.4 because it was not

commercially available at the time.
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2.3.3. Competition between TrBA and MBA further investigate the
possibility that competition between IPRs occurd sman important component of the
separation mechanism, the effects of varying theAMBncentration while maintaining a
constant TrBA concentration of 2.5 mM was studi&BA was chosen because its
single butyl side chain should allow some retentbthe MBA-disaccharide ion-pair on
the reverse phase column. However, because MB#sssHydrophobic than TrBA,
competition between these ions should be visibleuth changes in retention time. The
results presented in Figure 2.6 show the effeat@tasing MBA concentration on the
separation of the isomeric disaccharides IIA ahd, I$elected because the glucosamine
nitrogen of these compoundsNsacetylated simplifying the nature of the interant
with the IPR.

As can be seen in Figure 2.4, disaccharide IllAicWv elutes after disaccharide
lIA, has a greater ion-pairing affinity for TrBA der the separation conditions employed,
20 mM TrBA and 2.5 mM ammonium. In Figure 2.6A, wlenly 20 mM MBA is used
as an IPR (no TrBA is present), sharp peaks ai@radat for both disaccharides at 0.78
min. With a mobile phase containing 20 mM MBA an8l &M TrBA, shown in Figure
2.6B, each disaccharide produces several relatsleyp chromatographic peaks
between 1.00 and 2.00 min. Close examination revialt Il1A has greater peak
dispersion and retention of the later eluting congras. We attribute these peaks to the
partial chromatographic resolution of species inclwhhe disaccharides are bound to
MBA and TrBA over the course of the separation, aralin slow exchange on the time

scale of the chromatographic separation. EvenginduBA
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is more hydrophobic and should have a greatertaffecetention, MBA is present at a
much higher concentration and the poor retentiggssts that MBA interactions
dominate. At an intermediate concentration of 15 MBIA, shown in Figure 2.6C, a
transition point is reached in the retention ofibie [IA and the IlIA isomers at which
two types of ion-pair species are both presentrasdlved in the chromatogram. As
expected from the separation in Figure 2.4, disatdé IIIA appears to have a greater
ion-pairing interaction with TrBA than disaccharida in Figure 2.6C. The broad peaks
detected in this separation further suggest thettange between MBA and TrBA ion-
pairs is occurring on the chromatographic timeesdalis also interesting that there
appears to be two different types of ion-pair speéormed, and with different
populations for disaccharides IIA and IlIA. The &dopeaks observed between 2 and 3
min suggest involvement of both MBA and TrBA in ipairing. The sharper and more
highly retained peaks at around 4.5 min likely hssfiom stable TrBA ion-pairs. Figure
2.6D, shows that when the MBA concentration is dased to 10 mM, a single
chromatographic peak is now detected for each cieaie. The longer retention time
observed in Figure 2.6D likely reflects the largaative population of TrBA—
disaccharide ion-pairs. The sharpness of thesespajgests either that competition
between the TrBA and MBA is fast on the time sadléhe separation, or more likely
that TrBA dominates the ion-pairing interactiodS analysis of the mass spectra for the
chromatographic peaks did not yield further inssghto this matter as no MBA or TrBA
adducts to the heparin disaccharides could be téet@c either negative or positive mode

ESI. In fact, no disaccharide ions were detectesitipe mode. It is also important to
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note that the overall lower retention of the disegaes in Figure 2.6B-D as compared to
Figure 2.2A where only 2.5 mM TrBA is present isshiikely due to the presence of the

less hydrophobic MBA thus reducing the surface mideof the stationary phase.

2.3.4. Competition between TrBA and DBAXxperiments exploring the
competition between TrBA and dibutylamine (DBA) we&so conducted. As a result of
the similarity in the hydrophobicities of TrBA alBA, competition between the two
could not be easily visualized through changegtention of any of the disaccharides as
was observed for the competition of TrBA and MBWterestingly, the extracted MS
spectrum for the IS disaccharide peak shown inrEigu7 reveals that unlike TrBA and
MBA, DBA efficiently adducts to IS. However, thisonly observed for the 1S
disaccharide. It is also important to note th#ielito no sulfate loss is observed in MS
spectrum in Figure 2.7 suggesting that the formadioadduct ions may increase the
stability of the sulfate group which could be imjamit for structurally characterizing
larger heparin derived oligosaccharides by MS/MS.

2.3.5. HR-MAS STD NMR.To explore whether the ion-pair interactions

discussed thus far occur primarily in solution bthee stationary phase surface, HR-MAS
STD NMR experiments were performed. In these erparts resonances on the C18
stationary phase were saturated and the transfarso$aturation to the IPR, TMA, and
its ion-pairing partner BSFA were monitored. TMAsam@hosen as the IPR instead of
TrBA in this experiment because its only NMR resw®is a singlet that is well

resolved from the resonances of the C18. BSFAakasen because its only NMR
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Figure 2.7. Extracted MS spectrum of the IS disaccharide ftioen
separation of the commercially available hepariived disaccharides
with mobile phase buffers consisting of 20 mM TrBAd 2.5 mM

DBA at pH 6.5.
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resonances are in the aromatic region oftthepectrum which are also well resolved
from both those of C18 and TMA.

As a control experiment, Figure 2.8A, shows theMRS STD NMR spectrum
of buffer containing only 30 mM TMA at pD 7.0 and@alvent composition of 85%
D,0/15% deuterated-ACN (containing 100 mM protonat€dN to allow monitoring of
the ACN resonance) in a rotor insert packed witB €thtionary phase. This spectrum
clearly shows transfer of saturation from the Ctl8ignary phase to the methyl groups of
TMA and to the ACN resonance. This result suggtsit under these conditions the
hydrophobic methyl groups of TMA interact with 848 stationary phase creating an
ion-exchange like stationary phase.

In Figure 2.8B 30 mM BSFA was added to the bustdution used in Figure
2.8A to see if the formation of an ion-pair betw&3FA and TMA would change the
degree of interaction between TMA and the statipphiase surface. In Figure 2.8B we
see a slight increase in the intensity of TMA coregao Figure 2.8A. This suggests that
by ion-pairing with BSFA, TMA's interaction with éhstationary phase is strengthened.
Furthermore, comparing Figure 2.8B to Figure 2.8@re the percentage of ACN in the
buffer was increased to 30% there is almost ndohsntensity difference between the
TMA resonances. This suggests that addition of AGNhe buffer had very little effect
on the interaction between TMA and the stationdrgse. In Figures 2.9B and C we
further see that saturation is also being transfeto the BSFA molecules either through
transfer of saturation from the TMA molecules i4pairs or by interaction of the

benzene group of BSFA directly with the stationainase.
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Figure2.8. HR-MAS STD NMR spectra measured for rotor insedskgd with
C18 stationary phase and 30 of A) 30 mM TMA pD 7.0 in 85:15 BO:deuterated
ACN (100 mM protonated), B) 30 mM TMA and 30 mM BSBD 7.0 in 85:15
D,O:deuterated ACN (100 mM protonated) and C) 30 niWATand 30 mM BSFA
pD 7.0 in 70:30 PO:deuterated ACN (100 mM protonated).
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Figure 2.9. Expansion of the aromatic region of the HR-MAS SYMR spectra of
rotor inserts packed with C18 stationary phase3ind. of A) 30 mM TMA pD 7.0
in 85:15 DO:deuterated ACN (100 mM protonated), B) 30 mM Thdidd 30 mM
BSFA pD 7.0 in 85:15 BD:deuterated ACN (100 mM protonated) and C) 30 mM
TMA and 30 mM BSFA pD 7.0 in 70:30,D:deuterated ACN (100 mM
protonated).
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2.4. Discussion

In RPIP separations, the retention of analyteleisrmined by several factors.
These include the hydrophobicity of the stationamgise, organic concentration of the
mobile phase, charge of analytes at the experirhpHteas well as charge, concentration
and hydrophobicity of the IPR® In the electrostatic model of retention througfi
paring, the hydrophobic IPRs are first adsorbed tmt surface of the hydrophobic
stationary phase where, in the case of this stihdygisaccharides interact
electrostatically with the positive charge of tkeyhammonium IPR through the
negative surface potential that is generated by tiagboxylate and sulfonate groups.
Electrostatic ion-pair formation can also occuthia mobile phase prior to interaction
with the stationary phase with retention of the-jpair occurring at the stationary phase
surface.

From these models, certain retention trends fsrdéries of disaccharides can be
hypothesized. First, as discussed previoushjh@asdncentration of the IPR is increased
the retention of the disaccharides should alseas®.” However, as seen in Figure
2.3A, this is only the case for the later elutingpdcharides IIS, IS, 1A, and IS. The
retention times of disaccharides IH and IVH arefiewded by the increase in TrBA
concentration, while disaccharides IIA, IlIA, IVAH, and IlIH show a decrease in
retention time as the concentration of TrBA is @ased. This phenomenon could be
explained in part by the mechanism of stationagsghvolume exclusion resulting from

coating of the stationary phase with TrBA, simiiathe “cation exclusion” mechanism
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described by Loeser etdl.In this mechanism, instead of the surface chafdlee
stationary phase causing volume exclusion, itessibe of the TrBA molecules coating
the surface of the stationary phase that blocksligeccharides from accessing the
stationary phase pore volume. Thus as the TrBA@atnation is increased, more of the
pore volume will be blocked resulting in less réi@m of the disaccharides by the
stationary phase. However, at higher organic negiifilase concentrations, a portion of
the TrBA coating is washed away and normal retentiends are expected, as observed
in Figure 2.3A for disaccharides IIS, 1lIS, 1A, at®lwhich elute at higher organic
concentrations produced by the gradient profilexshim Figure 2.3B.

An alternative explanation for these results & #s the TrBA concentration is
increased the concentration of the counteriorhiméxperiment acetate, is also increased
relative to the constant concentration of hepaisaactharides. Because acetate is
negatively charged it can compete with heparinrftaraction with TrBA and thus lower
the overall surface potential of the stationaryggheausing a decrease in retention of the
disaccharides. Additionally, it is possible tha tlisaccharides with a -1 and -2 net
charge have a higher propensity to ion-pair innttedile phase which would remove
these analyte ions from interacting with the staiy phase decreasing their retention
factor® With increasing TrBA concentration there wouldareincreased percentage of
TrBA in the mobile phase making this effect morermunced and reducing the retention
of these disaccharides.

To test which theory best explains the observeshtmn behavior, a series of

isocratic separations were performed with 30% bBféthe approximate percentage at
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which disaccharide IS elutes) while increasingThi&A concentration. Table 2.6
summarizes the changes in retention factor for d&accharide as a function of TrBA
concentration. As can be seen from this tableptwely retained disaccharides IVH,
IVA, 1IH, and IlIH show an initial small increasa retention factor when the TrBA
concentration is increased from 2.5 to 5.0 mM felld by a small decrease in retention
factor when the concentration of TrBA is increafigther to 10 and 20 mM. A similar
but more pronounced trend is observed for disaaésilA and IIA. The retention
factor for disaccharide IH decreases with increa3irBA concentration while
disaccharides IIS, IS, IA and IS show an increasestention factor with increasing
TrBA concentration. It is interesting that whilisaccharide 111S has a higher retention
factor for 20 mM TrBA than for 2.5 mM there is antial spike in its retention factor at
5.0 mM TrBA similar to that observed for the -1 a@dcharge state disaccharides. This
is in contrast to the trend seen for 1IS, for whilel retention factor increases with
increasing TrBA concentration. The results sumpaatin Table 2.6 show similar
retention trends to those seen in Figure 2.3 bttt vhigher organic concentration. This
suggests that the reason the -1 and -2 chargedstatcharides show a decrease in
retention with increasing TrBA concentration maydoe to the increasing concentration
of acetate, which can also ion pair with TrBA. Hoee because the -1 and -2 charge
state disaccharides are so poorly retained inghigatic experiment it is hard to judge
whether the observed trends are sufficiently sigaiit to completely eliminate a role of
pore exclusion effects on the disaccharide retarfiotors. The results of the HR-MAS

STD experiments in Figures 2.8 and 2.9 suggestithagast for the IPR TMA that the
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interaction between the IPR and the stationarygkagsn’t change much with
increasing organic concentration further sheddimgiod on the role of pore exclusion
effect.

The separation of groups of disaccharides accgrditheir net negative charge,
as is observed in Figures 2.3 and 2.4, can be iegpl@imply by an increase in the
average number of ion-pair interactions with insneg@ disaccharide charge. However,
this simple mechanism fails to fully explain theamatographic resolution of the
structurally similar isomeric pairs IIH/lIIIH, IAIIA, and 1IS/11IS, for which the only
difference is sulfonation at either the C6 positdnhe glucosamine residue or the C2
position of the uronic acid residue. To undergthaw these compounds might be
resolved in RPIP separations, the sites of eldettiosnteraction with the IPR must be
considered as well as the role that competitiowéen different IPRs may play in the
resolution of the individual isomers.

As shown in Figure 2.3A, all of the disaccharisiemers except IIS and IlIS can
be resolved simply by using 20 mM TrBA as the IFHRurther examination of the
structures of the IIH/IIIH and IA/IlIA isomers sggsts that a mechanism based on the
sterics of the ion-pairing interaction may be inea in this separation. In disaccharides
IIH and IIA, the sulfonate at the glucosamine Céhislose proximity to the negatively
charged carboxylate moiety of the uronic acid nesith comparison to length of the
TrBA butyl arms. Interaction of a TrBA cation widither the glucosamine C6 sulfonate
or the carboxylate group would sterically hinder-fairing with a second TrBA ion at

the other site. However, in the case of disacdearllIH and IlIA, which are more
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highly retained than their isomeric analogs, thenia acid C2 sulfonate and the
carboxylate moiety are oriented away from eachrathepace allowing ion-paring with
TrBA at both sites simultaneously, leading to geeatteractions with the stationary
phase. For disaccharides IIS and IlIS, N-sulfomatibthe glucosamine adds another
point of interaction with the IPR, increasing thegtention relative to IIH/IIIH or
[IA/IIIA. The glucosamineN-sulfonate and uronic acid C2 sulfonate are swffitty close
in disaccharide IIIS that ion-pairing with one TrB#erically hinders interaction of
second TrBA ion with the other site. Therefore tet ion-pairing interactions of IS
and IS are similar, and they have similar ret@mtimes as shown in Figure 2.3A.

Addition of 2.5 mM ammonium ion improves the regmn of disaccharides 1S
and llIS, as shown in Figure 2.4, suggesting tbatpetition between the TrBA and
ammonium ions is responsible for the separatidihede isomers. A separation
mechanism involving competition of the smaller amimm ion with the much larger
TrBA should be reflected in changes in the retentime of the isomer with the greatest
degree of steric crowding at TrBA interaction sit@smparison of Figures 2.3A and 2.4
indicate that the retention time of llIS is essalhtiunchanged in the presence of 2.5 mM
ammonium ion, while the retention time of 1S dexges from 7.93 min in Figure 2.3a to
7.67 min in Figure 2.4. As was observed for dikacdes IIH and IIA, this result
suggests that steric effects have a more signifiogpact on ion-pairing interactions with
TrBA and disaccharide IIS.

The results shown in Figure 2.6 further proberthaire of competition between

IPRs in this separation. Figure 2.6C shows thahahtermediate concentration of 15
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mM MBA a transition point is reached in the retentof the isomeric pair l1A/IIIA

where two ion-pair species are resolved in therolatogram shown in Figure 2.6C. In
addition to the sharper peak at 4.48 min that webate to the TrBA ion-pair, two broad
peaks are also detected between 2 and 3 min fardésaccharide. Because these peaks
have a retention time that is intermediate betwbkanhof MBA and TrBA alone, they
might be attributed to ion-pairs with both MBA ahBA. Even at concentrations of 20
mM MBA and 2.5 mM TrBA (Figure 2.6B), slow exchangetween multiple ion-pair
species leads to partial resolution and broadecongpared to the peak widths obtained
when only 20 mM MBA is present. Overall lower r&ien of the disaccharides is
observed in Figures 2.6B-D compared with Figuré2mere only 2.5 mM TrBA is
present. As mentioned previously, this is mostlyikkie to a reduction in the surface
potential of the stationary phase induced by MBAgss hydrophobic IPR. Although this
study examined only the mass spectrometry-comgalitiRs: TrBA, MBA, and
ammonium, other IPRs used for ion-pairing with hieépauch as tetrabutylammonium
(TBA), should have similar separation mechanismgrasgious heparin disaccharide
separations using these alternate IPRs show idé¢elidtion orders as those presented in
this work™ ** One would expect similar separation mechanisnappdy to other classes
of closely related hydrophilic anions, but the extef competition effects should be
highly dependent on the strength of the ion-painttgractions themselves. If the IPR
interacts tightly with the analyte it would be malicult for another IPR to compete for
that interaction. In this regime steric interasiavould be expected to dominate the

separation mechanism.

106



Beyond the factors already discussed, peak widthaifects the
chromatographic resolution of the heparin disaagdedamily. As observed in Figure
2.3A, increasing the TrBA concentration decreaBegpeak width. It is this decrease in
peak broadening at high TrBA concentrations, morthan changes in relative retention
times, that is responsible for the partial resoluf the 1IS and 11IS isomers. With such a
complex system, peak broadening effects must leeprdted with some caution,
considering that multiple equilibria are involvétbwever, the results in Figure 2.3A
suggest that when TrBA is at high concentratioablstion-pairs are formed, decreasing
the peak broadening that would result from pargablution of ion-pairs with different
configurations (e.g. those having either one or &ssociated TrBA ions). This
hypothesis is reinforced by the results presemtddgure 2.6 showing clear
chromatographic resolution of different types faticharide ion-pairs.

While the previous mechanisms serve well to erpglsomer separation, the
phenomena of anomeric resolution requires an atemexplanation. As seen in
Figures 2.3 and 2.4, chromatographic resolutioh®é andp anomers is most
significant for disaccharides with an unsubstitugeccosamine residue, suggesting that
the partial positive charge state of this aminggkarole in the chromatographic
resolution of these anomers. This phenomenon kashalen observed in CE separations
of heparin disaccharides and glucosamfh®. Our initial hypothesis was that the
resolution of thex andpy anomers of the disaccharides IH, IIH and llIHhede
separations could be attributed to differencet@npKa values of the glucosamine

primary amine group. For example, Blaské et gdorethat theB-anomer ammonium
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group of glucosamine is more acidic (pKa = 7.8 thpared to the. anomer (pKa =
8.12)%! This suggests that under our separation condijtibes-anomers of
disaccharides IH, 1IH and IlIH have a higher averpgpulation of species with a
positively charged primary amine, and thus an divenaer net negative charge. This
lower negative electrostatic charge would redueeotierall interaction of the anomers
with the IPRs causing them to elute prior to theespondingd anomers. However,
unless the specific goal of the experiment requiesslution of the: andp anomers,
better chromatographic resolution and quantitatibineparin disaccharides could be
achieved by adjusting the mobile phase pH away tterglucosamine pKas, providing
that effective resolution of the entire disaccharfi@mily could still be achieved. This
phenomenon is explored in detail in the next chaptevhich the effects of the mobile
phase pH, IPR counterion, and buffer componenthi@@nomeric resolution of heparin-
derived disaccharides containing positively char@é&N primary amine functional

groups or unchargdd-acetyl glucosamine (GIcNACc) residues is studied.

2.5. Conclusions

Because of the potential versatility and effeatess of RPIP-HPLC and UPLC in
the separation and study of a wide range of changdcbphilic analytes, including
heparin and HS disaccharides, it is important foroie our mechanistic understanding
of separations based on ion-pairing interactiohs.improved understanding of the

separation mechanism assists in the developmeneéindment of new separation
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methods for complex mixtures of structurally sim@aalytes. This study focused on the
effects of competition between TrBA and two othesipive but less hydrophobic IPRs,
MBA and ammonium, on the UPLC resolution of struatisomers of heparin
disaccharides having subtle differences in changestructure. Although the results of
this work focused primarily on the mechanism ofdr@pdisaccharide separation using
TrBA as an IPR, it should be noted that we exp#urobulky cationic IPRs such as TBA
to operate by a similar separation mechanism. Khlegvledge gained from this study
could provide significant insights leading to thevdlopment of RPIP-UPLC methods for
the separation of larger heparin oligosaccharidesyell as other complex mixtures of
structurally-similar ionic compounds.

In chapter 3 the effects of the mobile phase PR tounterion, and buffer
components on the anomeric resolution of hepanivel disaccharides containing
positively charged GIcN primary amine functionabgps or unchargeid-acetyl
glucosamine (GIcNACc) residues is further explorédso an optimized separation of the
11 commercially available heparin disaccharides witnimal resolution of the anomeric

species is presented.
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CHAPTER THREE

Under standing the Role that Counterions play in the Anomeric Resolution of
Heparin Related Oligosaccharides by Rever se-Phase | on-Pair High-Performance
Liquid Chromatography
Based on a paper published in Analytical Chemistry
Anal. Chem,, 2011, 83, 6762-6769.

In this chapter, the effects of ion-pairing reagédR) concentration, counterion and
mobile phase pH on the quality of the RPIP-UPLCasajon were examined with
particular emphasis on how these factors impacséparation of heparin-derived
disaccharide anomers. This work builds on thersgjoa presented in chapter 2 and
explores mobile phase conditions that minimize agreresolution. These results
highlight the role of the IPR counterion and dentats that the resolution of
disaccharide anomers can be minimized by conduttegeparation at low pH,
simplifying chromatographic analysis and improvregolution. | performed the
experiments, processed the data and interpretaeésh#s with helpful contributions

from Dr. Szabolcs Beni.

3.1 Introduction
In chapter two efforts were made to probe the rmeism of the RPIP-UPLC
separation of the 11 commercially available hepdenved disaccharides focusing on

the nature of specific interactions between thdyaemand the IPR tributylamine (TrBA)
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as well as the role that competition between affieiPR’s plays in the resolution of
sulfonation isomers. That work also demonstrateduhintentional resolution of the
anomeric forms of several of the disaccharide stedg] particularly those containing an
unsubstituted amino moiety. Although it is intenag that the different anomeric forms
of the same disaccharide can be resolved througR-BPLC, this is usually not
desirable and better chromatographic resolutionsanditivity could be achieved by
minimizing the separation of the disaccharide ansm&he work in this chapter
explores the effects of the mobile phase pH, IPihtarion, and buffer components on
the anomeric resolution of heparin-derived disaddea containing positively charged
GlIcN primary amine functional groups or unchargeddétyl glucosamine (GIcNACc)
residues. Finally, in this chapter the optimizedaration of 11 commercially available

heparin disaccharides with minimal resolution & #momeric species is presented.

3.2 Experimental

3.2.1 Materials and Reagentall N-sulfonated andN-amino heparin

disaccharide standards were purchased from theaS@jmemical Company (St. Louis,
MO). All N-acetylated heparin disaccharide standards werhased from V-labs
(Covington, LA). Table 3.1 lists the names anddtires of the disaccharides studied.
Glucosamine derivatives and the internal standsitth2S-GIcNCOELt6S (IP) were also
purchased from V-Labs (Covington, LA). The IPR ArBurity > 99.5%) and

acetonitrile (optima grade) were also purchasesh feaggma. HPLC grade water was
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Table 3.1. Names and structures of the family of heparinatibarides studied.

ozc/ Cl‘; ORZOHZC .
HO OH
OR, NHY

Disaccharide| R, R, Y
IS SO, |So; |so
1S H SO, | SO,
1S SOy H S{oky
1A SO, | SOy |Ac
[1A H SO, Ac
[HTA SOy H Ac
IVA H H Ac
IH so; |[so; | H
IH H SO, H
IH SO H
IVH H H H
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purchased from Honeywell Burdick & Jackson. Amnuomiacetate, ammonium formate,
formic acid, and acetic acid were purchased froshéii Scientific (Pittsburgh, PA).

3.2.2 UPLC SeparationAll chromatographic separations were performee on

2.1 x 100 mm AcquityTM UPLC BEH C18 column with Luih particles (Waters
Corporation, Milford, MA). A guard column packedtvihe same 1.4dm C18 particles
was utilized prior to the analytical column. &nsple volume of 1QL of a 0.2 mM
solution of either a disaccharide or monosaccharickure prepared in water was
injected for each separation. A binary solventeayswas used for gradient elution.
Solvents A and B consisted of 5% and 50 % acettitr aqueous buffer, respectively.

3.2.2.1 Study of the Effect of Mobile Phase pH @uwdinterion Makeup on

Mono- and Disaccharide Anomer Resolution and Retent Initial separations using the

chromatographic method from chapter 2 for resolViagarin-derived disaccharides used
a buffer containing 20 mM TrBA and 2.5 mM ammoniaoetate at pH 6.5. To study the
effect that buffer pH has on the resolution andmgbn of the anomers of N-
unsubstituted disaccharides as well as the monbaades GIcN(6S), GIcNS, and
GIcNS(6S), buffers were prepared containing 20 mBATand either 2.5 mM

ammonium acetate or 2.5 mM ammonium formate astib@ied pH. In both cases the
buffers were initially prepared by making an aquesaolution of 40 mM TrBA and either
5.0 mM ammonium acetate or ammonium formate ane weated to the desired pH

with either acetic acid or formic acid. The bu§fevere then diluted to their final
concentration with the appropriate volumes of watet acetonitrile to give buffers

containing 5% (A) or 50% (B) acetonitrile.
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The gradient profile for the experiments studyting effect of pH on anomer
resolution consisted of a 1 min isocratic step@d% solvent A after which the fraction
of solvent B was increased to 4.8% over the néxtriin. The fraction of solvent B was
increased to 40% over the next 2.5 min and maietaat 40% for 1 min before it was
increased to 56% over a 1 min period. The fraabibsolvent B was then increased over
the next 3 min to 96%. Finally, the fraction ofv@nt B was increased to 100% over the
next two minutes. A 5 min equilibration period wasized prior to the next injection.
This gradient program was selected because in@h2pte found it to provide the best
separation of the 11 commercially available disadde standards. For these
experiments the column temperature was maintaind@°&€ and the flow rate was kept
at a constant 0.5 mL/min. All the chromatogramseaaeasured in triplicate and
representative chromatograms are shown.

3.2.2.2 Mobile Phase pH and Gradient ParameteiSdparation Conditions that

Minimize Anomer ResolutionAs will be discussed in the results section, febou

system was identified that minimized resolutiorite anomers of the 11 disaccharides
studied while still achieving full separation ottlsomeric components. This buffer
contained 30 mM TrBA at pH 3.5 and was preparechfam aqueous solution of 60 mM
TrBA titrated to pH 3.5 with formic acid. This sion was diluted with water and
acetoniltrile to make mobile phase buffers contagr80 mM TrBA and either 5% (A) or
50% (B) acetonitrile. Subsequent experimentgydes to observe the effect of column
temperature on the resolutionfacetylated di- and monosaccharides also used this

buffer system. However, separations to evaluaetfects of TrBA concentration on the
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retention ofN-acetylated disaccharides used a series of buffeated to pH 3.5 with
formic acid and diluted as described above to fina TrBA concentrations ranging
from 2.5 to 20 mM.

The gradient profile used for these experimentsisbed of a 1 min isocratic step
of 100% solvent A after which the fraction of sotv® was increased to 4.8% over the
next 1.5 min. The fraction of solvent B was thecreased to 40% over the next 2.5 min
and maintained at 40% for 2 min while the flow nates increased from 0.5 mL/min to
0.6 mL/min. Over the next 5 min period the fractadrsolvent B was increased to 100%
while the flow rate was further increased to 0.89min. The fraction of solvent B was
then maintained at 100% for 2 min. Finally, thetegswas returned to its initial
conditions over the next 2 min and allowed to eljtate for 5 min. The column
temperature was varied between 25 and 50 °C faethperature studies, but was

maintained at 25°C in the final optimized separatio

3.2.3 Mass Spectrometryl.otal ion chromatograms were measured using a
Waters ESI quadrupole time-of-flight mass specttem@Vaters Corporation, Millford,
MA). Data acquisition was performed using Masslynk software. All spectra were
acquired in negative mode using the following imstent parameters: capillary voltage, 3
kV; cone voltage, 12 V; source temperature, 120d&3plvation temperature, 200 °C;
extractor voltage, 1 V; radio frequency lens, 0;5n¥erscan delay, 0.1 sec; m/z range,
215-1500.

For determination of the MS response factors prteskein Table 3.2, average

peak area was measured for each disaccharideenes sf four replicate experiments for
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analyte concentrations ranging from 0.025 mM tor2\ for the separations represented
in Figure 3.1B and C. For each solution, the avetplyte peak area was plotted versus
analyte concentration and a linear regression pedd. For the normalized response
factors presented in supplemental Table 3.3, tkeage peak area for each analyte was
divided by the average peak area of the interaaldgtrd, which was held at constant
concentration. This ratio was then plotted vethesanalyte concentration, and linear
regression performed.

3.2.4 NMR SpectroscopyAll *H NMR spectra were measured using a Bruker

Avance NMR spectrometer operating at a frequen®96t84 MHz equipped with a 5-
mm broadband inverse probe. Samples were prepag&¥o HO/10% RO at a
disaccharide concentration of 0.4 mM with 30 mM Ar® mimic the mobile phase IPR
concentration. Samples were titrated to pH 3.5 déhterated formic acid.
WATERGATE was used to suppress the water resoriaralespectra.’H survey
spectra were acquired by averaging 512 transiemts8xdummy scans. A relaxation
delay of 3 s was used, and FIDs were acquired261452 data points following the
application of the 90° pulse. FIDs were apodizedntiplication by an exponential
function equivalent to 1.0 Hz line broadening ptimFourier transform and zero-filled to
131072 points.

TOCSY spectra were acquired using the standardgpph19 Bruker pulse
sequence with WATERGATE solvent suppression dutliegl.5 s relaxation delay. A
total of 208 transients were acquired in F2 witdlughmy scans for each of the 128

increments measured in the F1 dimension. A 12imig time was used. The spectra
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were zero-filled to 4096 points in the F2 dimensama 512 points in the F1 dimension.

All processing was performed using Bruker Topsjpiftvgare (version 1.3).

3.3 Reaults

Chapter 2 demonstrated that the 11 heparin-dedisstcharides shown in Table
3.1 can serve as a unique probe to explore theanessh of RPIP chromatography. The
optimized separation (Figure 3.1A) resolved alihef components including the isomeric
compounds. This family of disaccharides comprisemteresting set of hydrophilic
molecules with similar structures spanning a rasfgeharge states from neutral to -4. For
most of the disaccharides, the net charge is difiaen the combination of the
carboxylate group and the@-6-O or N-sulfo substituents. However, the disaccharides
designated as IH, 1IH, llIH, and IVH also have atibution to their net charge from the
unmodified glucosamine (GIcN) amino group whiclpasitively charged under
conditions commonly employed in RPIP separatidnschapter 2, we suggested that the
resolution of isomeric disaccharides was enhanoedigh competition of TrBA with
ammonium, and that chromatographic resolution efitandp anomers of several
disaccharides including IH, 1IH, 1lIH, and to a $es extent IVH, (Figure 3.1A) could
result from differences in the pkalues of the GIcN amino groups. As reported for
amino sugars by Blaské et’aind for heparin disaccharides by Eldridge et ahe pk,

of thea anomer ammonium group is on average ~0.4 pH Llovitsr than in the form.
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Figure 3.1. TICs for the 11 heparin disaccharides studiedthadnternal
standardAUA2S-GIcNCOEt6S (IP) using (A) disaccharide separaiethod
from chapter 2 with 20 mM TrBA, 2.5 mM N)j@OOH buffers at pH 6.5 and
column temperature of 40°C, (B) the same separataoditions at pH 3.5 and
(C) 30 mM TrBA and column temperature of 25°C at®B with a new
gradient profile optimized for the higher IPR contration. The peaks marked
with an asterisk are impurities.
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This observation led us to hypothesize that forst@omer the greater population of
positively charged GIcN ammonium groups reducesléstrostatic interactions with the
IPR causing it to elute prior to tifeanomer under the neutral pH conditions used in the
chromatographic method developed in chapter 2hidfhypothesis is correct, choosing
mobile phase pH values significantly lower thanahemonium pK should reduce or
eliminate the chromatographic resolution of theNstontaining disaccharide anomers,
as the amino groups of thkeandp forms would both be fully protonated. Collapsehed
anomers into a single chromatographic peak woufgtawe the sensitivity of the method
for those disaccharides and could increase théuteso of the separation providing that
the remaining members of the disaccharide famityaia resolved at the lower mobile
phase pH.

Figure 3.2A shows a series of chromatograms meddar the disaccharides IVH,
lIH, IlIH, and IH (listed in order of elution) asfanction of mobile phase pH, which was
adjusted with acetic acid. The mobile phase bufersisted of 20 mM TrBA and 2.5
mM ammonium acetate. Assignment of the anomer pefatkee disaccharides containing
an unmodified GIcN amino group was performed by ganson of the intensities of the
chromatographic peaks with those reportedtb§dMR.? In each case, the less intefise
anomer peak is most affected by the change in mplbihse pH. Rather
than coalescence of theandp anomer peaks at an average retention time, aegreat
decrease in the retention time of fhanomer is observed with decreasing pH.

For the earliest eluting disaccharide, IVH, aldligecrease in retention time can

be seen as the mobile phase pH is lowered witl Gttange in peak shape. At the pH
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Figure 3.2. TICs showing changes in retention time and anaesolution as a
function of pH for IVH, IIH, IlIH, and IH. Gradidarelution used mobile phase
buffers containing 20 mM TrBA and either (a) 2.5 MNW,OAc, or (b) 2.5 mM
NH;,COOH.
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values examined, the net charge of disacchariterhges from neutral to partially
positive. Therefore it elutes just after the coluword and is unlikely to be retained
through an ion-pairing mechanism. The pronouncéstebf mobile phase pH on the
retention of the other disaccharides can be mearilgl seen in Figure 3.2A. Compared
with the chromatogram measured at pH 6.0, redutiagpH to 5.5 produces a significant
decrease in the resolution of the anomers. Complatapse of the anomer peaks of
disaccharides IlIH and IH occurs at pH 5.0, whidlapse of the earlier eluting 1IH
anomers does not occur until pH 4.5. Moving from4aBlto 3.5, the peaks for
disaccharides IIH, IlIH and IH shift dramatically shorter retention times.

Two types of ion-pair interactions, illustratedrigure. 3.3, are possible in the
chromatograms shown in Fig. 3.2. First is the nobsious heparin disaccharide-TrBA
interaction that drives the RPIP separation. A sdqmssible interaction is ion-pairing
between TrBA and its buffer counterion, acetatecdise ion-pairs of this type compete
with the desired disaccharide-TrBA interactiong, ¢fffects of the counterion were
addressed by performing an analogous series ofiexgrets with a mobile phase
containing 20 mM TrBA and 2.5 mM ammonium formated using formic acid to
adjust the solution pH. Only acetate and formateevstudied as counterions because
other commonly used mobile phase counterions ssighasphate are not amenable to
MS detection. Fig. 3.2B shows a series of chrogratos for IVH, IIH, IlIH, and IH
measured as a function of pH with formate replaciogtate as the TrBA counterion.

Compared with the chromatograms in Figure 3.2Amalar trend is observed as the pH
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is lowered by addition of formic acid with some #albut important differences. In
Figure 3.2B at pH 6.0, the anomeric peaks of e@dcdharide are less well resolved
than in the corresponding separation in Figure 3.28pH 5.5 the retention times of the
IIH and IIIH anomers are fairly similar to theirluas in acetate buffer and as the mobile
phase is lowered, the same gradual decrease reté@ion times of the disaccharides is
observed in Figure 3.2B with full collapse of thmeric peaks for all the disaccharides
at pH 4.5. At pH 3.5, again a larger decreaserrétention times of disaccharides IIH,
llIH, and IH is seen in Figure 3.2B, however thdtgh not as dramatic as that observed
in Fig. 3.2A.

Because the lower values of pH examined in Fi§uebegin to approach the
pKa values of the disaccharide carboxylate moigtegeriments were designed using a
series of sulfonated glucosamine monosaccharittestigres shown in Figure 3.4, which
should have a constant net charge over the pH exmmined. These monosaccharides
represent the possible glucosamine residues dtHthand “S” disaccharides listed in
Table 3.1. Figure 3.4 shows the changes in retenitne measured as a function of
mobile phase pH for glucosamine-6-sulfate, GlcN(@#)cosamineN-sulfate, GICNS,
and glucosamin&!,6-disulfate, GICNS(6S) with acetate or formate@snterions. The
chromatograms used to create Figure 3.4 are pesbantFig. 3.5. The smdllanomer
peaks of GIcNS and GICNS(6S) are neglected inF#y.At pH 6.0 GICN(6S), like the
IVH disaccharide, is zwitterionic and has no format charge at the pH values

examined; even so it does show a slight decreasgantion time with decreasing pH.
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Figure 3.5. A series of total ion chromatograms showing thengfe in
retention times and the resolution of the anomes fainction of pH for the
monosaccharides GICNS, GIcN(6S), and GICNS(6Se mbnosaccharides
were eluted using the gradient program provideitiénexperimental section
with mobile phase buffers containing 20 mM TrBA amtther (A) 2.5 mM
NH,OAc or (B) 2.5 mM Nt,COOH.
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In the presence of acetate, GICNS and GIcNS(6&) shremarkable change in their
retention behavior as the pH is lowered with acatid. At first, lowering the mobile
phase pH causes the monosaccharides to be sligbtly retained reaching a retention
time maximum around pH 5.0. As the pH is lowereadhfer, the retention times begin to
shift again to lower values with a pronounced drom pH 4.0 to pH 3.5. In contrast,
when formate is the counterion only small changdbe retention times of GIcN(6S) and
GIcNS are observed as the pH is lowered by adddfdormic acid. For GICNS(6S) the
retention time gradually increases as the pH ieled. Overall, formate produces
sharper peaks than acetate.

An important goal of this research was to desighramatographic separation
that resolves all 11 disaccharides with sharp paaklsminimal resolution of the
anomeric forms. The results presented in Figur2aBd 3.4 suggest that the
chromatogram shown in Figure 3.1A might be improlgdising formate-based buffer
system. Figure 3.1B shows the separation obtaimetthé 11 disaccharides and the
internal standardUA2S-GIcNCOELt6S (IP) measured using a 2.5 mM amomoni
formate buffer containing 20 mM TrBA at pH 3.5 (veed by addition of formic acid).
The gradient program and mobile phase compositie@te the same as that used to
measure the chromatograms in Figure 3.2 and FRjdrelable 3.2 shows response
factors measured for each of the heparin disaabdmrilable 3.3 also lists the response
factors relative to the internal standard, IP. Wiité exception of a smgllanomer

shoulder for IS, resolution of theandp anomers is almost completely eliminated in
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Table 3.2. Response factors for disaccharides determined from TICs in Figais3d 3.1C.

In the separation using 20 mM TrBA, the response factor for IVA can beatalduwlsing the

well resolved peak for th& anomer, however, the response for IIH cannot be determined due to
overlap with the IVAa anomer peak. NC = not reported

20mM TrBA and 2.5mM 30mM TrBA
NH,COOH, pH 35 pH 35
Disaccharide Response Factor r? Response Factor r?

IVH y =1680.1x + 30.245 0.9918| y=272.43x+0.0843 0.9905

IVA y =601.43x + 0.5676 | 0.9992 | y=385.13x - 4.3999 0.9935

IH NR NR y = 669.23x - 3.0421 0.9983

IH y = 3997.2x + 84.206 0.9908| y=940.3x - 4.4463 0.999

[TA y =5160.6x + 139.7 0.9883| y=1408.3x -5.3248 0.999

1A y =5784.9x + 143.5 0.9886| y=1295.8x-12.02 0.996

3=

IH y = 3760.5x + 78.451 0.9927| y=721.4x-4.5774 0.9975

1S y = 5644.4x + 110.54 0.9942| y=1256.7x - 8.9529 0.9992
1S y =4328.8x + 58.178 0.9997| y=2865.4x-41.154 0.9964
A y = 6263.8x + 135.98 0.9928| y=1255.1x+1.3083 0.9995
IS y = 11766x + 355.37 0.9904| y=2275.6x-11.77b 0.9990
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Table 3.3. Response factors calculated relative to the internal standavdthiefchromatograms
shown in Figures 3.1B and 3.1C. In the separation using 20 mM TrBA, the respmoséofa
IVA can be calculated using the well resolved peak foBtaeomer, however, the response for
IIH cannot be determined due to overlap with the i/Anomer peak.

20mM TrBA and 2.5 mM
NH.COOH, pH 35 30mM TrBA, pH 3.5
Disaccharide Response Factor r? Response Factor r?
IVH y =0.9587x + 0.013 0.9924 y = 0.858x + 0.002[L 0.9945
IVA y = 0.3533x — 6E-06 0.9991 y =1.2169x — 0.01p 0.9966
IH NR NR y =2.1114x — 0.0056 0.9998
I1H y = 2.2978x + 0.0352 0.990% y =2.9677x — 0.0083 1
A y = 2.9414x + 0.0724 0.9903 y = 4.4444x — 0.0081 1
[1A y =3.2353x + 0.0751 0.9901 y =4.0928x — 0.03[L 0.9981
IH y =2.1572x + 0.0333 0.9921 y =2.2767x — 0.01P2 0.9993
IS y =3.2271x + 0.0476 0.9937 y = 3.9686x — 0.0212 1
IS y = 2.4374x + 0.0274 0.999] y =9.055x — 0.116p 0.9982
A y = 3.6042x + 0.0569 0.9916 y = 3.9593x + 0.01p5 0.9999
IS y = 6.8752x + 0.1835 0.990% y = 7.1813x — 0.02[37 1
NR: Not reported
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Figure 3.1B. Unfortunately these conditions compuse the overall resolution of this

disaccharide family. The IVA and IIH disaccharigesv coelute and the peaks for the
IIS and IS disaccharides are no longer basekselved as demonstrated in Figure 3.1A
and in other RPIP separatiofis.

The peaks for IVA and IIH elute at such a low aodtile percentage (between 5
and 7%) in the chromatogram shown in Figure 3.1 ithproved difficult to resolve
them based on changes to the mobile phase gradientperature can be a useful
parameter to fine tune HPLC separations througlesshanges to capacity factdrsTo
better resolve these disaccharides, the columndeanpe was lowered to room
temperature and the concentration of TrBA was emed to enhance the interaction of
disaccharides IVA and IIH with TrBA. Optimizatiaf the method showed that the
presence of ammonium in the mobile phase had ectefh disaccharide retention under
these new conditions and it was eliminated frombiliger system. Figure 3.1C shows
the optimized separation of the 11 disaccharidesi@nDisaccharides IVA and IIH are
now baseline resolved, and compared with FigurB,3He resolution of IIS and 1lIS has
been improved. Compared with Figure 3.1A, thetegs problem from resolution of the
a andp anomeric forms, although some splitting of the |\, 1lIA, 1IIS, and IS peaks
is observed with the most significant anomeric kgsan for disaccharide IVA. The
reproducibility of the method was tested by perfioignilO consecutive separations. The
maximum standard deviation in retention time foy disaccharide was found to be 0.01

min for disaccharide IIIS. Table 3.2 lists respofactors for each of the 11 heparin
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disaccharides for this separation compared to tfaydbe separation shown in Figure
3.1B. The response factors calculated relativ@tark given in Table 3.3.

The chromatograms in Figure 3.2 and Figures 3riB@Gdemonstrate that the
anomeric resolution of disaccharides containingm@substituted GIcN residue can be
significantly reduced by lowering the mobile phase However these results do not
provide mechanistic insights into the resolutionh&f anomeric forms of disaccharides
containing arN-acetyl substituted glucosamine residue for whiehdnly charges are
those that arise from the negatively charged cafbtexand sulfonate groups. Therefore,
experiments were performed to test the effectohfion temperature and IPR
concentration on the anomeric resolution ofNkacetylated heparin disaccharides.

Figure 3.6 shows the chromatograms measured lbgdeinperature range 25-

50 °C. Disaccharides IA and IIA, which were présesnsingle peaks in Figures 3.1B and
C, show little change in retention time or peaktwidith changing temperature. As the
temperature is increased, the resolution of thename of disaccharide IVA decreases
slightly, but even at 50 °C two peaks are stille@esd. Similar behavior is observed in
Figure 3.6 for disaccharide IlIA; at 50 °C the armarim peak appears as a shoulder on the
right side of the main peak, and with decreasingperature these two peaks become
better resolved.

In Figure 3.6 we observe that for disaccharidegs dhd IVA the less abundant
anomer elutes first, which is opposite of the tranthe chromatograms of GIcN
disaccharides (Figure 3.2). For the GIcN disacdeasiassignments of theandp

anomers were made by comparing the intensity ottinematographic peaks to the
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Figure 3.6. Series of total ion chromatograms for the disaddes IVA, IIA,
[lIA, and IA to examine possible changes in anopeak resolution and retention
time as a function of column temperature.
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relative integrals of thtH NMR resonances of the anomeric fornEhe results
presented in Figure 3.6 could be explained by aghan the order of elution, with the
less abundarft anomer eluting first, or by a shift in the equilibn between the two
forms to favor a later-eluting anomer. To distinguish these possibilities weedrto'H
NMR spectroscopy. Although poor resolution of tagbon-boundH resonances of the
anomeric forms of disaccharides IlIA and IVA preteghtheir quantitation in D
solution, spectra measured in 90%3AL0% DO allowed detection of the amide proton
resonances of each anomeric form (Figure 3.7). £39 spectrum measured for IIIA
(Figure 3.8) allowed the unambiguous assignmetit@amide resonances through cross
peaks to the H-1 protons of thendp anomers of the disaccharides. The relative
intensity of the anoméH NMR resonances was used to assign the chromatugra
peaks confirming that for the GIcNAc-containingatisharides IlIA and IVA, the less
abundanf anomer elutes prior to theform.

To probe further the ion-pairing interactions fatcharides IlI1A and IVA,
chromatograms were measured as a function of Ti@®&entration. Figure 3.9A shows
the effect of increasing TrBA concentration on teeention time and anomer resolution
of IlIA. Although the IlIA anomers are not resotiat the lower TrBA concentrations, at
20 mM TrBA where the disaccharide is most highkairged, they anomer is partially
resolved as a shoulder on the main peak. Intagdgfithe effect of TrBA concentration
on the retention time and degree of anomer resoluf disaccharide IVA (Figure 3.9B)

is opposite that observed for llIA, but is consisteith trends reported in our previous
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study in chapter 2 evaluating the retention pastefrheparin-derived disaccharides as a
function of TrBA concentration.

To further explore the contribution of theacetyl group on the retention Nf
acetylated compounds, the isocratic separationafi&c, IVA and GICNAc(6S) was
measured (Figure 3.10). GIcNAc, which containsinarged groups and therefore
should not engage in ion-pairing interactions, slaghtly retained, eluting shortly after
the column void. This suggests that Mwacetyl group is involved in hydrophobic
interactions with the C18 stationary phase, coutiilg to the retention of GICNAc
containing mono- and disaccharides. Of the threepomunds, GIcCNAc(6S) with one
sulfonate group is the most highly retained, etyfah 2.2 min with a similar degree of
anomer resolution as observed for IVA which el@adier in the separation around 1.4

min.

3.4 Discussion

In RPIP separations, the retention behavior ofygeslis determined by a
complex balance of factors that include the stiegthe ion-pair interaction, IPR
hydrophobicity and concentration, pH, counterionaamtration, analyte charge, column
temperature, and as discussed in chapter 2, cdinpdietween IPR’S. While our
previous report explained the separation ordenefltl heparin disaccharides studied
herein, including the resolution of isomeric compds, it is more difficult to understand

the mechanism of separation of disaccharide anodikéesing only in the orientation of
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a single hydroxyl group in either the axial or equial position of the reducing end sugar
residue. Given that the basic mechanism of RPIBlweg electrostatic interaction of a
charged analyte with an oppositely charged IPRyluéisn of the anomeric forms of
heparin disaccharides could be caused by eithdéfeaethce in the anomer net charge, for
example due to differences in p¥alues, or due to differences in the steric hindeaof
charged sites as a result of structural differebhetseen the anomers.

3.4.1 Separation of Glucosamine-Containing SaddasiFor the disaccharides

IH, IIH, 1lIH, and IVH, which contain a positivelgharged primary amine, the data
presented in Figure 3.2 counters our initial hypsts that the difference in the fractional
protonation of the amino group is responsible figr tesolution of the anomeric forms.
With a net charge that ranges from neutral to pilytpositive, disaccharide IVH is
poorly retained by either reverse-phase or ionipginteractions and elutes near the
void. For IH, the most-highly retained disacchaiii¢his group, the pXD) values of
thea andp anomers have been reported as 8.78 and 8.31¢ctieshe” As shown in
Figure 3.2A the IH anomers can be resolved chrognaphically even at a nominal pH
of 5.5, where the calculated fractions of the pmated amino forms are 0.99949 énd
0.9984 B). Even taking into account the different solutammditions for the measured
pK, values in Reference 2 §D solution, 0.1 M NaNg) and this separation (77%
H,0/23% ACN, 20 mM TrBA, 2.5 mM ammonium acetate)sitifficult to attribute the
resolution of the IH anomers to differences inftlaetional protonation of the GIcN
amine. Although ACN can cause shifts in the, pKlues, the low percentage used in this

separation is not likely responsiland the similar degree of chromatographic resmiuti
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of the anomers of 1IH (6.1% ACN), llIH (7.2% ACNJnd IH (23% ACN) at pH 5.5
supports this assertion. It may be instructivednsider the source of the amino group
pK, differences for these disaccharides. As illusttateFigure 3.3, in thf anomer the
equatorial position of the anomeric OH group oseatgelf away from the molecule and
out into solution while in the anomer, the C1 OH group is in the axial positidrere it
can hydrogen bond with the amino group, stabilizimgpositive charge and shifting its
pKa, by around +0.4 pH units. Charge repulsions betweemositively charged GIcN
amino group and the IPR should reduce interactwdi$BA with neighboring negatively
charged groups, although it is difficult to envismhy this effect should be less
significant for thean anomer. The unusual chromatographic peak shagbdor
disaccharides IH, IIH, and IlIH, especially in FiguB.2A, reflects the dynamic
equilibrium between the andp anomers on the time scale of the separdtion.
Comparison of Figures 3.2A and B reveals thatctiace of IPR counterion
affects the degree of anomeric resolution of disaades IH, 1IH, and IlIH. lon-pairing
of the disaccharide amino moiety with acetate amfiie could reduce the effective
positive charge of the glucosamine moiety and ecdanteractions with TrBA. As the
mobile phase pH is lowered the resolution of thenagrs decreases, primarily due to
decreases in the retention of fhanomer. Decreasing the mobile phase pH by addition
of either acetic or formic acid causes the acetateformate concentrations in the mobile
phase to stay relatively constant at approxim&gl$ mM (the sum of the buffer
counterion concentrations: 20 mM TrBA + 2.5 mM NH In thea anomer, the

anomeric hydroxyl group is in an axial orientatigith respect to the glucosamine ring,
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as illustrated in Figure 3.3, and may partiallydid@on-pair formation by the amino

group with acetate or formate. As the pH is lowezrdess acetic or formic acid is added
to the mobile phase which could cause a chandeeimbbile phase dielectric constant,
altering the extent of interactions between thddyudfounterion and the GIcN amino
group. An interaction mechanism that incorporalésrences in steric effects for the
anomers is also consistent with the observatiagrediter resolution of the anomers in the
presence of acetate (Figure 3.2A) than with forn(iaigure 3.2B).

More difficult to explain in Figure 3.2 is the gter degree of resolution of the
anomers of IIH relative to IlIH. As shown in Taldiel, the difference between IIH and
[IIH is only in the position of sulfonation, with-®-sulfo substitution of the glucosamine
ring in IIH and 20-sulfo substitution of thAUA ring of IlIH. Hinterwirth et al.
reported similar resolution of the anomers of ghe6-phosphate, and glucosamine-6-
phosphate by reversed-phase weak anion exchangmatagraphy (WAX), while the
anomers of glucose-1-phosphate and glucosaminedpplate eluted as a single p&ak.
Adsorption of TrBA onto the surface of the statignpghase in our separations could
result in a separation based on a pseudo-WAX mésmdn” *° The separations of the
monosaccharides GIcN(6S), GIcNS, and GIcNS(6Syigare 3.5 confirm the
importance of 89-sulfo substitution on retention of tReanomer suggesting a possible
role of for the equatorial orientation of the anoim®H group in stabilizing the &-
sulfonate — TrBA interaction.

Figure 3.4 compares the changes in retention fiaméhe glucosamine analogs as

the pH is lowered with either acetic or formic acid the solutions containing formic
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acid, pH-dependent shifts in retention times arallem but the trends are similar to those
observed with acetic acid. In both buffers, themabn time of GICNS(6S) increases as
the pH is lowered, with the effect more pronounitethe presence of acetate. Acetate
and formate can also ion pair with TrBA and therefcompete with GIcNS(6S) for ion-
pairing interactions as illustrated in Figure 3Therefore, as the pH is lowered,
interactions between TrBA and acetate or formatg change making TrBA more
available to ion pair with GICNS(6S) leading toiaarease in its retention time. When
the pH is lowered from 4.0 to 3.5 using acetic aaigronounced drop in the retention
time of GICNS(6S) and, to a less extent, GICNS oxthat is not observed with formic
acid. A similar decrease in retention time of IHH hnd IlIH is observed between pH 4
and 3.5 in acetate buffer (Figure 3.2A) that isotmderved in Figure 3.2B in the presence
of formate.

Because the glucosamine monosaccharides exammrégure 3.4 do not contain
a carboxylate group, as the pH is lowered fromtd.8.5 a change in the net charge
cannot be a factor in the decrease in retentidgBlcNS and GICNS(6S). It is also
interesting that in the formate buffer system #temtion trends for the glucosamine
monosaccharides are essentially constant and p dbarease in retention time is not
observed at pH 3.5. The mobile phase pH was lowiardtese experiments by addition
of either acetic or formic acid. Because of théedédnces in their pXvalues, a much
larger amount of acetic acid (pK.75) is required than formic acid (pB.85) to reach
the lower pH values examined. Therefore, we atteilbloe decrease in retention times

observed at pH 3.5 in Figures 3.2A and 3.4 to déngd excess of acetic acid, ~0.9 M,
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which increases the effective organic compositibtihe mobile phase decreasing analyte
retention times by desorbing TrBA from the surfat¢he stationary phase and by
increasing TrBA/saccharide interactions in the rfeophase. Not only is a greater
amount of acetic acid used to lower the mobile phm4$ from 4.0 to 3.5, acetic acid is
more hydrophobic than formic acid. For exampleghmseparation of a series of
carboxylic acids using a mixed-mode 1:1 C18:diakyine stationary phase, Saari-
Nordhaus and Anderson noted that at low pH, cafboacids including acetic,

propionic, isobutyric and butyric acid are retaifgdreverse-phase interactions, whereas
formic acid behaves more like an inorganic arfiori:he results of our experiments
support this interpretation and further highligthts role that TrBA absorbed on the
surface of the stationary phase may play in tharsgijons of the saccharides examined,
as surface-sorbed TrBA may mimic the mixed-modgastary phase described in
reference 11.

3.4.2 Optimization of the Heparin Disaccharide&@apon.The results discussed

above suggest that performing the separation apldwn a formic acid buffer system
could collapse the anomeric peaks of IH, IIH and &nd produce a chromatogram with
improved resolution compared with Figure 3.1A. Theomatogram obtained for the 11
disaccharide mixture using 20 mM TrBA, and 2.5 mihaonium formate at pH 3.5 and
40 °C is shown in Figure 3.1B. Except for IVA arl,Iwhich coelute, the other
disaccharides are well-resolved. Although they layein the TIC, using selected ion
monitoring IVA and IIH can be resolved becauseheirt different molecular masses

(Figure 3.1B inset).
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To achieve our goal of resolving chromatographycal of the disaccharides
including IVA and IIH while minimizing the resolwan of thea andp anomers, the
TrBA concentration was increased to 30 mM andctiiemn temperature reduced to 25
°C producing the chromatogram shown in Figure 3Al@ough the chromatograms in
Figures 3.1B and C were measured for samples meem the same stock solution,
Figure 1C has a noticeably poorer signal-to-naasi® idue to increased ionization
suppression. Even with the poorer chromatograp@solution of IVA and IIH in Figure
3.1B, these separation conditions will generallypleferable for negative ESI mass
spectrometry detection due to the greater sertgitividicated by the much larger
response factors obtained with lower TrBA concdiuns (Table 3.2). If further
improvements in sensitivity are needed, recent vbgrk'ang and co-workers suggest
that using hexylamine as the IPR can provide baitezation efficiency than TrBA?A
standard practice in LC-MS measurements is to temymalized response factors
(Table 3.3) calculated relative to the intensitytaf internal standard; **however this
approach is not useful for comparing the sensytioftdifferent separation conditions, as
in Figures 3.1B and C, because the ionizatiomefiternal standard IP also changes
with TrBA concentration.

The retention times of IVA and IIH both decreasé&igure 3.1C, but the
resolution of the peaks is increased because tiagehin retention time is greater for
IVA. Under these conditions, split peaks are obseifor the anomeric forms of several
disaccharides: IlIA, IVA, 1IH, 1lIS and IS, althoaghe splitting is less severe than

observed in Figure 3.1A. Although not completelyaleed, the peak for disaccharide

145



[IIH is clearly broadened by the lower temperaturesd in Figure 3.1C. The less
abundanf anomers of llIA and IVA appear to elute firstrard counter to that observed
for the disaccharides containing amind\bsulfonated glucosamine residues. The elution
order of the IlIA and IVA anomers was determinaghirthe ratio of the intensities of the
o andp amide resonances in thé NMR spectra of IlIA and IVA (Figure 3.7) and isa
consistent with observations of Blumberg et al.remMerse-phase separations of GICNAc
saccharide$’

In Figure 3.1, the anomers of IVA are better resdlthan for the later eluting
[lIA suggesting that hydrophobic interactions, likbetween thé-acetyl methyl group
and the hydrophobic stationary phase, play an itaporole in the retention and
resolution of the anomers of the weakly retainéd dnd IVA disaccharides. This is
further supported by the data shown in Figure $11hich the GIcNAc monosaccharide
elutes after the column void even though it hatunational groups that can participate
in ion-pairing interactions.

3.4.3 Separation ¢-Acetyl Glucosamine-Containing Saccharidegure 3.9

shows the effect of the TrBA concentration on thieet of anomeric resolution and the
retention times of IlIA and IVA. Retention of Ilifs likely through a combination of
hydrophobic interactions of thie-acetyl group with the stationary phase and iomHpgi
interactions with TrBA. For IVA, as the TrBA condegttion increases the retention time
decreases due to pore exclusion eff€tthe greater retention of theanomers of 111A
and IVA may be attributed to hydrogen bonding betwthe axial anomeric OH group

with the glucosamine nitrogen, stabilizing a confation in which théN-acetyl moiety is
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more available for hydrophobic interactions witke ttolumn. This hypothesis is
supported by the small@k.con of thep anomer NMR resonances (Figure 3.7),
reflecting a greater dihedral angle positioningNhkacetyl group further from the
glucosamine ring and making it more available teriact with the columf’ This is
again supported by the chromatogram in Figure Bithich the uncharged GIcNAc
monosaccharide is retained past the column voautir hydrophobic interactions with
the C-18 stationary phase. Disaccharides IA andwlidich have 89-sulfo substituted
glucosamine residues, appear in Figure 3.1 asesoigbmatographic peaks with no
resolution of thex andp anomers. This suggests that sulfonation at t®epdsition of
the uronic acid residue may help to exaggeratavadability of the acetyl group for

interaction with the column through steric effects.

3.5 Conclusions

This chapter focused on the effects of mobile plpksedPR concentration, IPR
counterion, and column temperature on the chromapdgc resolution of heparin
disaccharide and monosaccharide anomers. Foigaectiarides containing a free GIcN
amino group, ion-pairing interactions of the buffeunterions acetate and formate could
explain the collapse of the anomer peaks as thegddreduced. For the variously
substituted di- and monosaccharides, the retediftgrences for the andf anomers
reflected differences in the position©fsulfonation and the orientation of the anomeric
OH group relative to thil-acetyl group. The conclusions drawn from this gtaick

likely generalizable to other sugars, particuldhigse with charged substituents such as
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phosphate. Although our motivation to understdedseparation mechanisms was to

develop separation conditions that minimize anamsolution, the insights gained could

also be used to maximize the separation of the amgrfor example to measure

interconversion rates. In chapter 4, the studyudfer counterions is continued with the

exploration of their effects on the capillary isttaphoresis separation of the isomers of

the tricyclic antidepressant doxepin.
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CHAPTER FOUR

Microcoil-NMR Study of the Interactions Between Doxepin, B-Cyclodextrin, and

Buffer Components During Capillary I sotachophoresis.

The work in this chapter studies the capillaryasbophoresis (cITP) separation
of the isomers of the tricyclic antidepressant ¢ghixxdy online microcoil NMR. Also,
because the isomers have identical electropharettalities under normal cITP
conditions this work explores the usele€D as a buffer additive to resolve the isomers.
The work also uses CE to determine the bindingteon®f the Z isomer angtCD
which to date has not been reported in the liteeatérinally, the doxepin cITP separation
will be used to develop new insights into the mectra by which all electrophoretic
separations operate, in how particular buffer cetions like acetate can interact with
various components of the separation system. fdsights learned from this chapter will
be valuable for the development and optimizatiofutifre cITP separations of other

analytes.

4.1 Introduction

As discussed in Section 1.8.4, the coupling ofllzap separations with microcoil
NMR detection can enhance the structural and cheramalysis of mass limited
samples. Although capillary separations are more commaolypled to detection

methods such as fluorescence and mass spectraimatpyrovide greater sensitivity,
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NMR offers the ability to unambiguously different@astructural and positional isomers
of molecules and is by nature non-destructive éosimple. Additionally, the sensitivity
of NMR to experimental conditions such as buffergid temperature as well as
intermolecular interactions makes NMR a useful foolstudying the mechanism of
separation$?

In previous studies, capillary isotachophoresiERy has been successfully
coupled to microcoil NMR allowing the analysis afldtle as a few nanograms of
sample® * ®12 cITP separations utilize a discontinuous buffetem to concentrate
analytes by up to 2 to 3 orders of magnitude wdld® separating components based on
their individual electrophoretic mobiliti€é. The buffer system used for cITP separations
consists of a leading electrolyte (LE) of highermtity and a trailing electrolyte (TE) of
lower mobility than the analytes being focused.obppplication of an electric potential
across the separation capillary, the individualygea stack into separate bands behind
the LE, the order of which is determined by thé&c&ophorectic mobilities. To
maintain a constant current, the analytes will fottua concentration proportional to the
LE concentration. In theory, this means that évace compounds can be separated
from and concentrated to nearly the same conceriras a major component of a
sample as long as the trace compound is chargedaanal different electrophoretic
mobility.* ® Once the analytes are focused and stacked inteotrated bands, they
migrate through the capillary at a constant vejoimtthe detector (in this case the NMR

microcoil).
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The coupling of cITP to microcoil NMR can provideique insights into the
separation mechanism of cITP by allowing changd$MR line width, resonance
integrals, and chemical shifts to be followed wiltanging experimental conditions.
Previous work by Wolters et al. used these teclesda track changes in pD,
temperature, and concentrations of the leadingsample, and trailing ion throughout
the course of the cITP experimérithis work was followed up by Korir et al. who
studied the movement of buffer ions in both catamd anionic cITP and also showed
the spectral effects of magnetic susceptibilitfetié#nces within the analyte bahd.
Almeida et al. used microcoil NMR experiments tolge the molecular level
interactions of several beta-blockers wityclodextrin 3-CD) during cITP
concentratiorf. This work demonstrated a direct relationship leeavthe complexation
equilibrium constant and the maximum concentratibneutral-CD molecules that
focused along with the beta-blocker, demonstratiuag binding information can be
inferred from cITP experiments.

The work detailed in this chapter builds on thiégee sets of experiments by
studying the cITP focusing and separation of tbenisrs of the tricyclic antidepressant
doxepin using microcoil NMR. Doxepin is found ima isomeric forms in commercial
preparations with the E isomer being ~ 85% abundadtthe Z isomer ~15% abundant
(structures shown in Figure 4.1). As one wouldegtpunder normal experimental
conditions it is impossible to electrophoreticabparate the two isomers. However,
cyclodextrins are widely used as buffer additivastiie capillary electrophoresis (CE)

separation of compounds with similar or even idmttelectrophoretic mobilities, for
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example enantiomers;*®and previous work showed that the doxepin isomers can be
separated by CE with the additionfe€D to the run buffers. To date however, studies
have only reported thg CD/doxepin binding constant for the more abundaigomer,

but not the Z form of this compour8. This chapter describes the design of a cITP
separation for the doxepin E and Z isomers thraugich relative binding affinities of

the two isomers witlf3-CD can be inferred. These cITP-NMR results arepamed to the
results of binding constant measurements usingr@&rANMR. Through these
experiments, online microcoil NMR also providedque insights into the cITP
separation mechanism, in particular interactionthefbuffer counterion acetate with

various components of the separation system.

4.2 Methodsand Materials

4.2.1. Material and ReagentSused silica capillaries were purchased from

Polymicro (Phoenix, AZ) and surface-modified toguoe zero electroosmotic flow
(EOF) by MicroSolv Technology Corporation (EatontgWJ). Polyurethane-coated
copper wire (99.99% Cu) was purchased from CalifoRine Wire Company (Grover
Beach, CA). Non-magnetic trimmer capacitors wenelpased from Voltronics.
Doxepin hydrochloride}-CD, optima grade acetonitrile and sodium acetatew
purchased from Sigma-Aldrich, Inc. (St. Louis, M®JPLC grade water was purchased
from Honeywell Burdick & Jackson. Triethylamine syaurchased from Alfa Aesar
(Ward Hill, MA). Chloroform was purchased from The Fisher Scientific (Waltham,

MA). Deuterium oxide (RO, 99.9% D low paramagnetic) and deuterated aaetc
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were purchased from Cambridge Isotope Laboratdnes(Andover, MA). The 0.2m
nylon syringe filters used in this work were purebdad from MicroSolv (Eatontown, NJ).

4.2.2. Solenoidal Microcoil Probe Constructidime design of the solenoidal

microcoil probe used in this work has been desdriireviously?* In short, a 5m thin
copper wire (California Fine Wire Co., Grove BeaCl) was wrapped around and glued
with devcon 5-minute (Riviera Beach, FL) to a polide sleeve (MicroLumen, Tampa,
FL) to obtain a 16-turn solenoidal coil with a dieter of 43Qum and an observe volume
of ~25 nL. The coil and sleeve were fixed to auirboard with epoxy and enclosed in a
plastic bottle containing fluorinert, FC-43 (3M, $aul, MN), which has a magnetic
susceptibility that closely matches that of coppée coil leads were soldered to the
tuning and matching capacitors of the probe anddua 600 MHz.

4.2.3. On-line cITP-Microcoil-NMR Experimentshe cITP buffers were

prepared in low paramagnetic@. The leading electrolyte (LE) consisted of 160 mM
sodium acetate (NaAcetate) titrated to pD 5.0 wéhterated acetic acid. The trailing
electrolyte solution (TE) consisted of 160 mM deated acetic acid. For experiments
usingB-CD as a buffer modifier, the appropriate amourfi-&fD was added to the
buffers prior to adjusting the pD with deuteratedta acid. For the cITP experiment,
the capillary was filled with LE using a disposablginge and a 1 mM doxepin sample,
prepared in 50/50 ¥D/TE, introduced by hydrodynamic injection at agmeidifferential
of 18 cm for 7 min. Next the TE was injected fdotal of 7 min at the same height
differential. After completion of the injectiongiocol, the voltage across the capillary

was raised to -15 kV for the duration of the cl®¥periment. 'H NMR spectra were
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acquired using a Bruker Avance spectrometer opeyati 599.84 MHz. After the start of
the cITP experiment, NMR acquisition was initiatedicquire an array 6H NMR

spectra using 90° pulses with an acquisition tif&.99 s and a spectral width of 11.03
ppm using the Bruker defined zg_8pulse pulse sempuehich uses a composite 90°
pulse to suppress background signals from the pgrglmmly detecting resonances in the
most homogeneous part of thefield.?? Each spectrum was acquired by coaddition of
eight transients with no dummy scans. Line broaugeguivalent to 1.0 Hz and zero-
filling to 65,536 points were applied prior to Fearrtransformation. Except for
experiments studying the migrationCD, once doxepin reached the microcoil a
hydrodynamic back pressure was applied to the Lffebreservoir to slow its movement
through the active volume of the probe. Data digpdl as an array of spectra was
produced by the coaddition of 20 free inductionaysdFIDs) of 8 scans each to produce
each spectrum shown in the array after first mdpadigning the spectra to account for
spectral drift during data acquisition due to theklof a lock channel. Data displayed as
a pseudo two-dimensional plot was produced by ming only the F2 dimension of the
pseudo-2D data dataset obtained using the Brulgarement Ic2originally designed for
HPLC-NMR and modified to incorporate the zg_8pudsgquence.

4.2.4. Capillary Electrophoresis Separation of &mr Isomers.CE separations

were carried out using a Beckman Coulter PA800 Bfeg, CA). For CE separations
without B-CD, a 50 mM NaAcetate buffer at pH 4.6 was prepp@®the run buffer. For
all other experiments containifigCD as a buffer modifier the appropriate concertdrat

of B-CD was added to a 50 mM NaAcetate buffer pridittating to pH 4.6 with glacial
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acetic acid. For the binding study by CE, solwioh0.0, 0.5, 1.0, 2.0, 4.0, 6.0, 8.0, and
10 mM B-CD with 50 mM NaAcetate at pH 4.6 were used. Sampontaining 0.15 mM
doxepin and 0.1% methanol were prepared in eatteafun buffers just prior to analysis.
Between experiments, the capillary was rinsed @ithM NaOH, followed by HPLC
grade water (Honeywell Burdick & Jackson) for 2 raimd phosphate buffer for 5 min,

all at high pressure (50 psi). Samples were presgsjgcted at 0.5 psi for 7 s. The
separation voltage was 22.0 kV, and total run tivas 20 min. No pressure was applied
during the separations.

4.2.5. Normal Phase HPLC Separation of Doxepiméss. All chromatographic

separations were performed on a 4.6 x 150 mm Krivgiisa column (Sigma-Aldrich,
Inc., St. Louis, MO) using an Agilent 1100 seriedBU€. An isocratic solvent system of
25% chloroform and 75% acetonitrile containing O.ttBéthylamine was used for elution.
The separation was run at a constant flow rate@friL/min and was monitored using
UV detection at 254 nm.

4.2.6. Structure Elucidation of the Doxepin Z Isorhy NMR. All *H NMR

spectra were measured using a Bruker Avance NMBirgmeeter operating at a
frequency of 599.84 MHz equipped with a ProtasisMIRXI microcoil probe. The
lyophilized sample isolated by HPLC was reconstut 4uL of D,O. The sample was
sandwiched between layers of chloroform and ingeatéo capillary of the probe until

the sample was positioned completely in the astofeme of the microcoil, as monitored
by the spectrometer lock levelH NMR survey spectra were acquired by averagingt102

transients with 16 dummy scans. A relaxation defay s was used, and FIDs were
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acquired into 26,452 data points following the &asilon of the 90° pulse. FIDs were
apodized by multiplication by an exponential fuootequivalent to 1.0 Hz line
broadening prior to Fourier transform and zeraedlito 131072 points.

The COSY spectrum was acquired using the starateyphpr Bruker
pulse sequence with presaturation during the telagation delay. A total of 32
transients were acquired in F2 with 64 dummy séansach of the 256 increments
measured in the F1 dimension. The spectra wecefitled to 4096 points in the F2
dimension and 2048 points in the F1 dimension. pAdicessing was performed using
Bruker Topspin software (version 1.3).

The TOCSY spectrum was acquired using the standédphpr Bruker pulse
sequence with presaturation during the 1.5 s rataxdelay. A total of 32 transients
were acquired in F2 with 64 dummy scans for eadh@b12 increments measured in the
F1 dimension. A 200 ms mixing time was used. Tgecsa were zero-filled to 4096
points in the F2 dimension and 1024 points in thelimension. All processing was
performed using Bruker Topspin software (versid).l.

The NOESY spectrum was acquired using the stanuzedyphpr Bruker pulse
sequence with presaturation during the 1.5 s rétaxdelay and during the NOESY
mixing time. A total of 40 transients were acqdire F2 with 64 dummy scans and 448
increments measured in the F1 dimension. A 40himig time was used. The spectra
were zero-filled to 4096 points in the F2 dimensamd 2048 points in the F1 dimension.

All processing was performed using Bruker Topsjpitvgare (version 1.3).
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4.2.7 NMR Titration to Determine the Binding Castof -CD and doxepin.

To determine the binding constant betwgedD and doxepin by NMR solutions of
doxepin at concentrations of 0.0, 0.1, 0.2, 04, 0.8, 1.0, 2.0, 4.0, 6.0, 8.0 and 10.0 mM
were prepared in a 50mM NaAcetate buffer at pDahd 1.0mM3-CD. For analysis
each sample was added to a 1.7 mm capillary (New\Eneland, NJ) and inserted into a
micro NMR tube fitted for a 5 mm Bruker probe (N&na, Vineland, NJ). The volume
outside the capillary was filled with a 2 mM sotutiof deuterated DSS in,D as an
external reference (note: deuterated DSS was ot as an internal reference to prevent
binding of DSS an@-CD).

'H NMR spectra were measured by averaging 128 gafssivith 8 dummy scans
using a Bruker Avance NMR spectrometer operatingfa¢équency of 599.84 MHz
equipped with a BBI probe. A relaxation delay & & was used, and FIDs were
acquired into 32,768 data points following the &agilon of the 90° pulse. The FIDs
were apodized by multiplication by an exponentigidtion equivalent to 1.0 Hz line
broadening prior to Fourier transform and zercedllto 131072 points. To construct a
binding plot the chemical shift of the anomerictproof3-CD was plotted vs. the
concentration of doxepin and the data was fitteal quadratic function in Scientist (St.
Louis, MO).

4.2.8 NMR Measurements to Examine Binding betwkestate an@-CD. To

determine if binding occurs between acetatef@iD two samples were prepared. The
first contained only 1 mM NaAcetate at pD 5.0 isCDand the second contained 10 mM

B-CD with 1 mM NaAcetate at pD 5.0 in,D. *H NMR spectra were measured for both
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samples by averaging 1024 transients with 16 duscaps using a Bruker Avance NMR
spectrometer operating at a frequency of 599.84 leidflepped with a BBI probe. A
relaxation delay of 3 s was used, and FIDs wereiead|into 26,452 data points
following the application of the 90° pulse. The Blidere apodized by multiplication by
an exponential function equivalent to 1.0 Hz limedalening prior to Fourier transform

and zero-filled to 131072 points.

4.3. Results and Discussion

4.3.1 Online cITP Microcoil NMR of DoxepinThe electrophoretic separation of

the isomers of doxepin presents an interestingyical challenge. From the theory of
CE, we know that electrophorectic separations avel by differences in the
electrophoretic mobility of the analytes which epéndent on both the size (more
specifically the hydrodynamic radius) and chargéhefmolecules. Because both
doxepin isomers have identical pKa’'s and nearlyptidal hydrodynamic radii they also
have essentially the same electrophoretic mobiligr this reason it is unlikely that the
isomers will be resolved under normal electrophominditions. To separate the
isomers of doxepin electrophoretically the mignatrate of one or both of the isomers
must be modified so that they have different effecimobilities. Similar to techniques
for the electrophoretic resolution of enantiomerss approach for modifying the
mobilities of the two isomers is by introducingarihe buffer system a counter ion or
neutral molecule (such as a cyclodextrin) with \larice two isomers interact with

different affinities”® In most separations, these interactions areivelgtweak and
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therefore the free analyte and complex are in dyoaauilibrium on timescale that is
fast compared to that of the separation. The isdha interacts with the buffer additive
most strongly will have an effective mobility cloge that of the complex and thus will
migrate more slowly than the weaker interactingnsowhich will have an effective
mobility that is more similar to the free form. Lén al. reported that the isomers of
doxepin could be resolved by addipD to the CE running bufféf. To demonstrate
the resolution of the isomers for a CE buffer sys{OmM NaAcetate pD 5.0) that is
more analogous to the LE used in cationic cITP erpnts in our lab, Figure 4.2 shows
a comparison of the CE electropherograms acquioddwith (Figure 4.2B) and without
(Figure 4.2A)B-CD present in the run buffers. Comparison ofdleetropherograms in
Figure 4.2 shows that addition of 0.8 nffMCD to the run buffer produces baseline
resolution of the Z and E isomers. Also from thmeigration times in Figure 4.2B
(effective mobilities for Z: 6.15 x T0cn?/sV and E: 5.80 x I0cn?/sV) it is clear that
the Z isomer forms a lower affinity complex wghCD. To determine each isomer’'s
binding affinity top-CD in this buffer system, a series of CE buffeesevprepared with
0.0,0.5,1.0, 2.0, 4.0, 6.0, 8.0, and 10 fH@D and 50 mM NaAcetate at pH 4.6. A
sample of 0.15 mM doxepin with 0.1% methanol (agetral marker) was prepared and
separated in each buffer to determine the effettieffCD on the migration times of the
doxepin isomers. From the migration times of daomer and the neutral marker in
their respective buffers, double reciprocal plétggre 4.3) were prepared as detailed by
Al Azzam et al. with linear fits of y = -0.1982)4490 R = 0.9906 for the Z isomer and y

=-0.1253x — 4503.7 1= 0.9969 for the E isoméf. From these plots the binding
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Figure 4.2. Electropherograms showing CE electropherograntiseof
isomers of doxepin using A) a 50 mM NaAcetate budtepH 4.6 and B) a
50 mM NaAcetate buffer at pH 4.6 and 0.8 rfiNCD.

162



-4400 T T T 1
0

500 1000 1500 2000

-4500 -

-4600 - y=-0.1253x - 4503.7
- R?=0.99687
£
E -4700 -
-

-4800 -

y=-0.1982x - 4490
R?=10.99063
-4900 -
-5000 -
1/[8-CD]
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constants for the Z and E isomers were found .98 x 1d M*and 3.60 x 16M™,
respectively. Important to note is that to thetloé®ur knowledge this is the first report
of thep-CD binding constant for the doxepin Z isomer.

We also attempted to calculate the binding cons$tardoxepin an@-CD by
NMR. In these experiments the concentratiof-@D was kept constant at 1 mM and
the concentration of doxepin was varied. The ckahshift of the anomeric resonance
of B-CD was then plotted vs. the concentration of doxef his data was fit in Scientist
using a non-linear least squares fit (Figure 04 1.:1 binding model (full model is
shown in Appendix 1) with a reported binding constaf 3.77 x 16M™. Although the
binding constant calculated from the NMR data igand agreement with the value
determined for the E isomer by CE, the poor fitraf 1:1 binding model to the NMR
data at the highest doxepin concentrations sugtestshe actual binding equilibrium is
more complex. While this type of NMR analysis iteefive for single components, the
situation for doxepin is more complicated sincetthe isomers are both present in
solution and simultaneously compete fle€D with different affinities.

Closer examination of the CE electropherograntagnre 4.2 reveals that the
peaks are broad, and in Figure 4.2B there is sogmf tailing for both the Z and E
isomer peaks. Lin et al. attributed these problemsteractions of the positively
charged doxepin molecule with the negatively chduggillary wall and used a PDMA
coated capillary to prevent these interactithslowever, there are many interactions
that occur during the electrophoretic processdbatot necessarily manifest themselves

in the form of changes in peak shape or in phenartigat can be easily observed by UV
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detection. These include changes in pH, counteni@nactions with various components
of the buffer, intracapillary movement of ions thlatnot possess a UV chromophore, and
conformational flexibility/changes in the analythat do not lead to direct changes in
mobility. The latter is especially important irethnalysis of doxepin where its
conformational flexibility often complicates itsalysis®>*®

Figure 4.5 shows & NMR survey spectrum of a mixture of doxepin isosrie
its commercial preparation. From quick examinatbthe survey spectrum several
things are immediately noticeable. First is thespnce of two broad resonances for the
H-6 proton of doxepin. These result from inequavellH-6 protons that exchange by ring
inversion that occurs on the millisecond time seahéch is intermediate on the NMR
chemical shift time scafé. Second, is the presence of two methyl resonaocéise
dimethylamine group of the E isomer. This is thdughbe the result of electrostatic
interactions with negatively charged moleculesalutson which slow down the rotation
of the dimethyl amine group. This in turn creaendition where the methyl
resonances are in slow exchange between two ditfeleemical environment§. Upon
binding top-CD, as in the CE separation shown in Figure 4tB8 rates at which ring
inversions and rotation of the dimethylamine groapur slow significantly® In fact, it
has been shown that the rotation of the entire piox@de chain slows down causing the
H-B and Hy proton resonances to split into two resonanceseiis® To better
understand the extent to which these phenomenathedinteractions occur during
electrophoretic separations of doxepin, onlineorati cITP-NMR analysis was

performed.
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Figure 4.5. 'H NMR survey spectrum of a commercial preparatibdaxepin.
The structure of the E isomer is shown to indith&eresonance assignments.
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Figure 4.6 shows the results of the online catiahlTP-NMR analysis of 9 nanomoles of
doxepin with an LE of 160 mM NaAcetate at pD 5.0 anTE of 160 mM deuterated
acetic acid. In Figure 4.6 we see that both doxeymmers focus well using this cationic
cITP buffer system, but there is no visible resolubetween the isomers similar to the
CE result shown in Figure 4.2A. In fact, after @didion of the spectra in Figure 4.6 that
contain resonances of the focused doxepin bandyevieft with a spectrum (Figure 4.7)
that looks very similar to the survey spectrum shawrFigure 4.5. Further inspection of
H-6 resonances in Figure 4.7 shows that same mvegsion process detected in Figure
4.5 occurs during the cITP separation as wellerggtingly, the methyl resonances of the
dimethylamine group of the E isomer are no longét sito two resonances, but instead
appear as a single one broad resonance. The lessmdhthis resonance is likely due to
the fact that at higher concentrations (like those TP) the dimethylamine groups at the
end of the side chain of two different doxepin ncales are thought to interact to form a
dimer, again slowing the rotation of the dimethyiliaengroup®® ?® The primary
differences between the spectra in Figures 4.54andre the poorer spectral resolution
observed in Figure 4.7, produced in part by curmetuced broadening from the
separation capillary (discussed in greater detdithapters 5 and 6) and by changes in
chemical shift of some resonances that result fpehdifferences between the two
experiments.

Additional experiments were performed to invesdeghe intermolecular
interactions and changes in conformational dynamhiasoccur during clITP upon the

addition ofp-CD. Figure 4.8 shows the results of the onlindPeNMR analysis of
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Figure 4.6. Results of the online cationic cITP- NMR analysi®
nanomoles of doxepin with a LE of 160 mM NaAcetteD 5.0 and a TE
of 160 mM deuterated acetic acid.
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Figure 4.7. Spectrum resulting from coaddition of all of tH&-NMR
spectra in Figure 4.6 containing resonances ofgiaxdhe structure of the E
isomer is shown to indicate the resonance assigtsmen

170



Time

(FF{F(’F

HOD

E/Z
Doxepin

ppm

Figure 4.8. Results of the online cationic cITP- NMR analysi®
nanomoles of doxepin with a LE of 160 mM NaAcetteD 5.0 and a TE
of 160 mM deuterated acetic acid. The LE and TH loontain 0.8 mM-
CD.
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doxepin with 0.8 mM3-CD added to both the LE and TE buffers. The speaftthe
focused doxepin resonances are nearly identidhlose presented in Figures 4.6 and 4.7,
with no visible separation of the isomers. Addiadly, the lack of change in chemical
shift of the doxepin isomers in Figure 4.8, whichuhd be expected if doxepin was
complexed t@-CD,” suggests that the concentratiorpa®D was too low compared to
the final concentration of the cITP-focused doxapomers to induce significant binding.
Interestingly, looking at the spectra that corregpto the interfaces between the
LE/sample and sample/TE in Figure 4.8 and at thisdfbple interface in Figure 4.6 we
see a significant degree of broadening of the @soes in these spectra. This most
likely a result of changes in the local magnetiscgytibility changes at the analyte
boundaries and from the focusing of trace amouinpsi@magnetic ions at the
boundaries; * %% 3!

This cITP-NMR experiment was repeated using 1M rCD (the aqueous
solubility limit) in both the LE and TE, with thesults presented in Figure 4.9. The
changes in the doxepin spectra in Figure 4.9 coadptar those shown in Figures 4.8 and
4.6 reflect the binding between doxepin $a8D. Furthermore, compared to their
positions in the spectra of the LE and TE, pronedming-current induced shifts are
observed for th@-CD resonances resulting from the inclusion ofdbrepin aromatic
rings in theB-CD cavity?® Furthermore, a splitting of the fHresonance into two
resonances is also observed indicating a decredke rate of rotation of the doxepin
side chain creating a condition where the protons are in two different chemical

enviromentg? A significant increase in the intensity of D resonances is also
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Figure 4.9. Results of the online cationic cITP- NMR analysi®
nanomoles of doxepin using a LE of 160 mM NaAcetiteD 5.0 and a
TE of 160 mM deuterated acetic acid. The LE ando®th contained 10.0
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detected in the spectra of the cITP-focused doxepiicating thap-CD co-concentrated
along with doxepin during cITP stacking as a resfitheir host—guest interactions. This
phenomenon was previously reported in the focuanyseparation of several
commerciaPB-blockers by cITP using various cyclodextrins affdnadditives> ’

However, as in the previous clITP separations reddrerein, no visible separation of the
doxepin isomers was achieved in Figure 4.9. TEhlikely a result of saturating the
buffer system with an excess®CD compared to doxepin. In this situation both
isomers will be fully complexed with-CD and have the same mobilites and thus can not
be resolved. To achieve a separation using thgsoaph one isomer needs to have a
greater fraction present as the complex creatidifference in their respective
electrophoretic mobilities. We hypothesized thatdducing the concentration CD

to an intermediate value between the 10 mM anand/Bconcentrations already tested
that the stronger binding E isomer will be fullyngplexed with the availablg-CD

leaving the Z isomer in its free or partially comexad form.

Figure 4.10 shows the results of the online clTi&oeoil NMR analysis of
doxepin using a buffer system containing 4.5 fH@D in the LE and TE. Immediately
noticeable is a distinct change in chemical sHithe doxepin resonances visible at the
very front of the analyte band compared to thos@dian the rest of the band. This
change in chemical shift also seems to correspatidaxco-concentration @g-CD
within the band suggesting that the change in cbalnshift is a result of a differential
degree of binding between doxepin #@D in different parts of the band. The

expansion of the region of the spectra betweemids4.5 ppm (Figure 4.11) shows that
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Figure 4.10. Results of the online cationic cITP- NMR analysi® nanomoles of

doxepin with a LE of 160 mM NaAcetate at pD 5.0 antE of 160 mM

deuterated acetic acid. The LE and TE both cort&mM -CD. Following the
methyl resonances, a noticeable change in the claésiift of the doxepin

resonances is visible at the very front of the geaband compared to those found
in the rest of the band indicating differential cegyof binding between doxepin

andp-CD in different regions of the band.
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Figure 4.11. Spectral expansion of Figure 4.10 showing thasfiectra
containing resonances of doxepin near the beginsfitige analyte band have
chemical shifts that are more like the fully freenh of doxepin and that the Z
isomer is the dominant species in this region. oRasces in the latter portion of
the band seem to indicate that doxepin is in algjbsund form with the E
isomer being the more dominant isomer.
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the spectra containing resonances of doxepin hedreginning of the analyte band have
chemical shifts that are more like the fully freenh of doxepin although the chemical
shifts of the-CD resonances in these spectra suggest an inteteeegree of binding
between the fully free and fully bound form. Adbolitally, the broadened resonances in
beginning of the band imply that either the magnstisceptibility is changing
throughout this portion of the band or that in fhstion of the band there is an
intermediate degree of exchange between the bauwhére@e forms of doxepin. This
suggests that this part of the analyte band i$fasei transition zone between the LE and
the more focused latter portion of the band. Farrtiore, looking at the methyl
resonances, it seems that the dominant isomeeifraht of the band is the Z isomer
suggesting at least a partial separation of thespaxies. This fits well with the CE
binding results that showed that the Z isomer hermaller binding affinity towardg-CD
than does the E isomer, and therefore a highetrefgwretic mobility.

Moving farther along the band a distinct shifthe pD of the buffer is detected
by the sharp change in chemical shift of the aeatedonance. This shift in pD is
accompanied by a change in the chemical shifteetibxepin resonances reflecting the
bound form and a co-concentrationfe€D. Following the methyl resonance of the Z
isomer in Figure 4.11 through the band towardslthga gradual decrease in the
intensity is observed until only the resonancethefE isomer are detected just prior to
the sample/TE interface. Additional cITP experingenere also performed with buffer
concentrations #-CD at 3.0 and 5.0 mM (data not shown) but thegpeements did not

provide better resolution of the two isomers. Témults in Figures 4.10 and 4.11 show
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that a separation of the isomers was achievedmittly the free form of the Z isomer
focusing at the beginning of the band, followedaltyansition to a mixture of the two
isomers in a bound form wifhCD. Finally, resolution of only the E-isomer imet
bound form was achieved just prior to the TE.s linteresting to note the significant
increase in the concentration®CD needed to exact this separation using cITP
compared to that used in Figure 4.2B using CEf@bvs. 0.8 mM). This is likely a
function of the higher concentration of doxepirthe focused analyte band compared to
that in the analyte peaks of the CE separatidrstahds to reason that the high
concentration of the focused doxepin would reqairegher concentration ¢¢CD to
reach a simila-CD to doxepin ratio during the clITP separatiorsasffective in the CE
separation.

Finally, to confirm the identity of the Z isomersonances near the beginning of
the analyte band we isolated ~0.5 mg of the Z isahreugh a normal phase HPLC
separation of the isomers as described in Sectib.4To confirm the identity of the Z
isomer, the isolated material was subjected to and-two-dimensiondH-NMR
experiments using a commercial TXI-microcoil prétmen Protasis. Figure 4.12 shows
theH-NMR survey spectrum of the isolated material.sigements of the doxepin
proton resonances as well as those of the triatiiglka (TEA) impurity were made using
the COSY and TOCSY spectra shown in Figures 4.83alv and by comparison to
reference chemical shift data for the E isofflef.o confirm the stereochemistry of the
isolated doxepin molecule Figure 4.15 shows anrgataent of the aromatic region of

the NOESY spectrum. The NOE cross-peaks betwesmn photon near the double bond
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Figure 4.12. 'H NMR survey spectrum for ~0.5 mg of the doxepin Z
isomer isolated by normal phase HPLC and reconstitin 4uL of D,O.
The spectrum was acquired in a commercial Proiasisnicrocoil probe.
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Figure4.13. COSY NMR spectrum for ~0.5 mg of the doxepin Znigo isolated by
normal phase HPLC and reconstituted l4of D,O. The spectrum was acquired in
a commercial Protasis TXI microcoil probe. The lieds indicate cross peaks that
correspond to the through bond coupling of thg ptoton to both the H-and Hy
protons of doxepin. The cross peaks near 1 ppresept through bond coupling of
the methyl and methylene protons of TEA, an imguritroduced in the HPLC
separation.
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Figure4.14. TOCSY NMR spectrum for ~0.5mg of the doxepin Znsw isolated by
normal phase HPLC and reconstituted L4of D,O. The spectrum was acquired in
a commercial Protasis TXI microcoil probe. The lieds indicate cross peaks that
correspond to the coupling through multiple bomdthe same spin system. The cross
peaks around 5.7 ppm in the F1 dimension indidaethe He,, H-, and Hy protons
are all in the same spin system (as expected).ciidss peaks near 1 ppm in the F1
dimension again represent through bond couplinb@mmethyl and methylene protons
of TEA, an impurity introduced in the HPLC sepauati
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Figure4.15. NOESY NMR spectrum for ~0.5 mg of the Z isomedokepin
isolated by normal phase HPLC and reconstitutetyb of D,O. The

spectrum was acquired in a commercial ProtasisriiXtocoil probe. The

NOE cross-peaks (shown in red) betweendtipeoton near the double bond to
a proton on the “A” ring (most likely the/Aproton), and between tifigproton

to “B” ring (most likely the B proton) confirms that the isolated compound is
the doxepin Z isomer.
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to a proton on the “A” ring (most likely thes4roton), and between tlfieproton to “B”
ring (most likely the Bproton) confirm that the isolated compound wasdiveepin Z
isomer.

After confirming its identity, the isolated Z isemwas subjected to analysis by
cationic cITP-NMR. The experiment was performethwio3-CD in the buffer system
because in Figure 4.10 the resolved Z isomer apgdearbe in a mostly unbound state.
Figure 4.16 shows a comparison of the spectrum fratITP separation in Figure 4.10
that we suspected might contain only the resolvesbher (Figure 4.16A) with the
coadded spectrum from the online cITP-NMR analgéithe isolated Z isomer (Figure
4.16B). Although the Z isomer was concentrated ¢oncentration similar to that of the
E isomer in Figure 4.16A, there are a number ¢fdinier resonances (indicated by blue
asterisks) that indicate that complete resolutioth® two isomers did not occur. Even so,
the increased concentration of the Z isomer in flegul6A compared to Figure 4.6
makes visualization of the Z isomer resonances neasker, although full structural
characterization would still be very difficult ugithe current cITP-NMR platform.

4.3.2. Intracapillary pD and Magnetic Susceptipikffects. While the cITP

separation in Figure 4.10 was not successful inptetaly resolving the lower abundance
Z isomer, the results are still useful for furtpeobing the mechanism of cITP. In
previous work the chemical shift of the LE countariacetate, was used to monitor
online the pD of the solution in the LE, analytetyaand TE during cationic cITP> *2

In addition to using NMR to monitor the intracagily pD, Korir et al. also compared the

unreferenced chemical shifts of acetate @nidbutanol to address the spectral effects of

183



¥ -

e -

T T é T T T é T T T 4|- | | T é T T
ppm

Figure 4.16. Comparison of the cITP-NMR spectra of A) the sapan of
doxepin shown in Figure 4.10 and B) the coaddedtapa of the isolated

Z isomer analyzed by using a buffer system comgjsif LE: 160 mM
NaAcetate pD 5.0 and TE: 160 mM deuterated aceiit &esolved
resonances of the E isomer are indicated with astierisks and resonances
of the Z isomer are indicated by a red “Z”.
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differences in magnetic susceptibility of the séerigand, TE and LE buffers Korir et

al. concluded that for a cationic buffer systemilsinto the one used in Figure 4.5 with
no f-CD, in both the LE and TE the acetate chemicdt diviectly related to real pD
changes in the buffer. However, in the analytedithe chemical shift of acetate was
dominated by the difference in magnetic suscefbit the band compared to that of the
LE or TE? Figure 4.17 shows a similar trend in the acathtmical shift for the cITP-
NMR experiment shown in Figure 4.5. In Figure 4H& constant acetate chemical shift
suggests that the pD of LE region of the capiliaryniform until the transition between
the LE and analyte band is reached where a shédigldippansition is observed in the
chemical shift of the acetate resonance. From Ni&ion curves for acetate, we know
that if this change in chemical shift were due lsaie pH effects, it would correspond to
an increase in pD to a value higher than that df bee LE and the TE, which is highly
unlikely in cationic cITP buffer systenis> %> However, this transition to a lower
chemical shift is consistent with the report by iKet al. in which the unreferenced
chemical shift of acetate was measured and compartdet of the chemical shift
referenceert-butanol. In this work the unusual change in thengical shift of the

acetate resonance was attributed to a differentteeimagnetic susceptibility of the
analyte band and was thought to not be reflectivheopD? While the spectra shown in
Figure 4.17 were referenced to the chemical shitt® HOD resonance and rtett-
butanol, we still suspect that the odd changeereitetate chemical shift is a result of a

change in magnetic susceptibility. Especiallycsim Figure 4.17 we see that once the
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Figure 4.17. Expansion of the cITP-NMR spectra from Figure gh8wing
the changes of the acetate resonance chemicabshifthe course of the
separation.
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transition to the TE is reached that the chenshét of acetate increases to a value we
would expect given the pD of the TE (2.55).

Figure 4.18 shows the changes in acetate chestidafor the cationic cITP
separation of doxepin in Figure 4.10 in which 418 f+CD was used as a buffer
modifier. A very different chemical shift profile observed in Figure 4.18 from that
observed in Figure 4.17. In the LE we see thath®nical shift of acetate starts at a
chemical shift similar to its initial position indure 4.17, but as the transition zone
between the LE and the analyte is approached citate chemical shift drifts downfield.
Even once doxepin appears in the active volumbetoil, the acetate resonance
chemical shift continues a gradual downfield drifinally at the transition point between
the free doxepin isomers and D complexed isomers there is a distinct change in
the chemical shift of doxepin. This seems to gomtihat the region at the beginning of
the analyte band that contained what seemed tioebsamers in their free form was a
poorly focused, diffuse transition zone betweenltBeand the more focused portion of
the band where the bound doxepin isomers are adxeAdditionally, in the transition
zone between the diffuse portion of the band aed#iter focused portion of the sample
band an extreme downfield transition in the acathtamical shift suggests a local pD at
that point similar to the TE (although it is diffiic to put an exact value on the shift
because of the broadness of the resonance). Sipedtris is observed as two broad
resonances likely indicating that the spectrunimattitansition point shows acetate
moving between the two very distinct pD zones (ainh& low pD and one near the pD of

the LE). This presence of the low pD zone suggesisildup of D at this transition
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course of the separation.
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zone similar to that seen by Korir efaHowever, after this quick transition the
chemical shift of acetate quickly shifts back ulgfiehere it remains constant throughout
the rest of the analyte band. In contrast to Figui& the shift in this region does not
seem to be influenced by a change in magnetic ptibiity although this is difficult to

say for sure without comparing the unreferencednita shifts to a pD independent
internal reference likeert-butanol. In the cITP-NMR experiments performedhiis
chapter, an internal reference was not used talasmnplications from binding #-CD.
Finally, once the transition between the sampleEads reached another sharp chemical
shift transition is seen indicating the transittorthe lower pD TE.

4.3.3. Evaluation of Differential Binding of Doxiepsomers with3-CD by cITP.

In Section 4.3.1. we showed that the binding constéor the both the E and Z isomers
of doxepin toB-CD could be determined by measuring the changeoipility of each
isomer as a function @CD concentration of the running buffer. Howeatermining
binding information in such a way is a very timeasoming and work intensive process.
In previous work our group has shown that the cotraéon ofp-CD that co-
concentrates with a given analyte during catiofii¢®as correlated with the binding
constanf. Furthermore, from experiments conducted in a 5prnobe we have shown
that the chemical shift of tH2CD resonances are dependent on the ratio of the
concentrations of-CD:doxepin?® To test if our cationic cITP method could yield
similar information about the binding constantshe E and Z isomers of doxepin, the Z
isomer isolated by HPLC was subjected to analygislBP NMR using a buffer

containing 10 mM3-CD in both the LE and the TE. Figure 4.19 shdwesdomparison
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Figure 4.19. Results comparing tifeCD resonances for A) the online cITP-
NMR analysis of a mixture of E and Z isomers of gox using a cITP buffer
system of LE: 160 mM NaAcetate, 10 nfMCD (pD 5.0); TE: 160 mM
deuterated acetic acid, 10 nfMCD to B) the online cITP NMR analysis of only
the Z isomer of doxepin using the same buffer syste
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the of the-CD resonances for the coadded spectrum from tipisranent and thf-CD
resonances of the coadded spectrum of the expdarim&mgure 4.9 where the mixture of
E and Z isomers were focused with the same amdyhktD in the LE and TE (the
assignments of the-CD resonances are based off on those of CruZ28t &lomparing
the spectra in Figure 4.19A and B, a clear diffeesim the chemical shifts of tiffeCD
resonances is observed indicating differential eegof binding. Using the results
reported by Cruz et al., tifeCD chemical shifts in Figure 4.19A indicate a f:1
CD:doxepin ratio in the focused analyte bahddowever, the chemical shifts BfCD in
Figure 4.19B where only the Z isomer was focuséitates g-CD:doxepin ratio closer
to 1:5. While binding constants can not be derifveth this data, relative binding
strengths can easily be inferred for the two is@1fiemm these experiments which only
took a total of about 4 hrs to run compared toyaatanore for the CE experiments
described earlier. Additionally, because thesasgpns only need ~9 nanomoles of
material the time needed for offline HPLC enrichitnemor to analysis is greatly reduced.

4.3.4. Visualizing Intracapillary Movement BICD. As discussed in the

previous section work from our group, as well d®at, has shown that during cIpP
CD in the buffer system co-concentrates with chaduaygalytes with which it forms
complexes: ’ However, none of the previous work has addreds=duestion of where
the-CD that co-concentrates in the analyte band cdroes Becaus@-CD is an
uncharged molecule, its mobility within the capylahould be limited to diffusional
movement (with a diffusion coefficient around 3&*cns™®)*® and from interactions

with charged analytes in the buffer. In the woykJayawickrama et al. movementfif
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CD into the analyte band was accomplished by addisigpall concentration of sulfated
B-CD to the LE in addition to 150 mM-CD, which carries no charge. Becausefthe
CD was sulfated it migrated through the capillaryhie opposite direction as the analyte
band where it interacted with the sampleTo try to elucidate where in our separation
the uncharge@-CD that co-concentrated in the analyte band dwli@ NMR analysis
came from, a series of doxepin cITP-NMR experimergse designed to investigate the
degree of co-concentration and intracapillary mosenofp-CD. Figure 4.20 shows a
pseudo two-dimensional plot of the results of thene cITP analysis of doxepin using
an LE buffer of 160 mM NaAcetate and 10 ngMCD at pD 5.0 and a TE buffer of 160
mM deuterated acetic acid, feCD. Similar to Figure 4.9 where 10 mpACD was
present in both the LE and TE, in Figure 4.20 weethe co-concentration $fCD within
the doxepin analyte band. From the chemical sbfftee doxepin resonances, it is clear
that doxepin is in the bound form. Additionallydidfuse trail of3-CD from the back of
the analyte band is observed extending into the B&cause there is fioCD in the TE
buffer, theB-CD in this trail must have come from the LE. Besaof the high
concentration op-CD that co-concentrated in the analyte band wellyi postulated
that this trail is likely from neutrgd-CD that diffused out of the analyte band and th®
TE.

To test this hypothesis we performed the expertragain but this time with no
sample so that theCD could not concentrate inside the capillarygufe 4.21 shows the
results of this experiment. Following the acetasnance a sharp transition zone is

observed between the LE and the TE where the anla&rtd would have been. As
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Figure 4.20. Pseudo two-dimensional plot of the online cITP Niifalysis of
a mixture of E and Z isomers of doxepin using aPcbliffer system of LE:
160 mM NaAcetate, 10 mi3-CD (pD 5.0); TE: 160 mM deuterated acetic
acid and n@-CD.
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Figure 4.21. Pseudo two-dimensional plot of the online cITP Nib¥periment
with no sample using a cITP buffer system of LE) &M NaAcetate, 10 mM
B-CD (pD 5.0); TE: 160 mM deuterated acetic acig3f@oD.

194



expectedp-CD does not concentrate at the LE/TE interfaddénspectra shown in

Figure 4.21, but a diffuse trail fCD into the TE is still observed similar to that i

Figure 4.20. It seemed unlikely the movemerfi-@D into the TE in Figure 4.21 was

the result of simple diffusion becau$€D was not concentrated between the LE and TE,
and yet thg-CD trail extends as far into the TE as it did igufe 4.20 wher@-CD was
concentrated in the analyte band exaggeratinggheentration gradient @CD

between the LE and TE.

To explain these results, we postulated thatrdikresulted fronB-CD being
pulled into the TE by interactions with a negatiweharged ion like acetate that can
migrate from the LE through the analyte band amal tine TE. To test this hypothesis a
cITP-NMR experiment (Figure 4.22) was performeddoxrepin using a buffer system
consisting of an LE of 160 mM NaAcetate (pD 5.0) anTE of 160 mM deuterated
acetic acid with 10 mM-CD. Nop-CD was added to the sample or to the LE, and the
use of protonated acetate in the LE and deuteeatetic acid in the TE allows the
transport of acetate from the LE into the TE tormnitored by NMR. Although doxepin
is focused in Figure 4.22/&;CD does not co-concentrate in the analyte band.
Interestingly, in Figure 4.22A, the resonanceB-afD also do not appear anywhere in
the beginning of the TE. In fact, in Figure 4.28B see that the resonance$-@D do
not appear until after the acetate resonance desappAt this point, the acetate from the
LE has been fully converted to acetic acid andreatonger migrate towards the anode.

The results in Figure 4.22 suggest that when teatad3-CD are both present in

the LE, a binding interaction between them alloesptCD to migrate with the acetate
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Figure 4.22. Pseudo two-dimensional plots of the online cITPRI&halysis of
doxpein using a cITP buffer system of LE: 160 mMANetate (pD 5.0); TE:

160 mM deuterated acetic acid, 10 nBBNCD. A) The region of the separation
containing the LE, analyte band, and the beginoirge TE, and B) an
expansion of the data set showing the region oféparation where the acetate
from the LE stops migrating afidCD appears.
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toward the anode into the TE. To confirm this Immgdnteraction, spectra were acquired
for an acetate solution with and with@4€D. In Figure 4.23, we see a small but distinct
downfield shift of the acetate resonance with tthditeon of 10 mMp-CD to the solution
indicating a binding. Because the change in chalnsiaift is so small (about 3 Hz) a full
NMR titration could not be performed, but the bimgliof acetate angtCD might be an
additional reason for the poor least squares fihefl:1 binding model for the NMR
titration of B-CD and doxepin seen in Figure 4.3. Because &cetat also act as a
counterion/ion-pair (demonstrated in Figure 4.4h®y split resonance for the methyl
resonance of the E isomer) to doxepin it is posditdit the acetate boundp«CD acts to
stabilize the complexation ¢¢CD and doxepin. This is evidenced by the binding
constant we calculated for the E isomer by CE wisahore than double that of the
previously reported value (3.60 x“™vs. 1.32 x 16M™) that was measured in a
sodium chloride solutiof?. However, the co-concentration®CD and doxepin in the
analyte band seems to refute any idea that botatacend doxepin bind f3CD at the
same time, as an ion-pair between doxepin andtacstauld neutralize the two
preventing the complex from focusing by cITP. A mbkely scenario is one in which
the acetat@ CD complex migrates into the analyte band. Onaée analyte band
doxepin will be attracted to both the negative ghanf acetate and to the cavitype€D.
Then the more hydrophobic doxepin forces the agetat of the binding pocket leaving
acetate free to continue migrating towards the araodl allowing the newly formed
doxepin/B-CD complex to focus in the analyte band. Howgliecause both isomers

should be equally attracted to the acetate igunhclear if this added interaction could
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Figure 4.23. Overlay of theH NMR survey spectra acquired in a 5mm NMR
probe showing the change in chemical shift of deatath the addition of 10
mM B-CD to the solution (red spectrum) indicating bivglof acetate ang-CD.
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be the reason for the poor isomer resolution irct®-NMR separation shown in Figure

4.10.

4.4 Conclusions

In this chapter online cationic cITP-NMR was use@®ncentrate and separate
the components of a commercial preparation ofribgdic antidepressant doxepin using
B-CD as a buffer modifier. While the cITP sepanattidd not yield full resolution of the
less abundant Z isomer, the binding constants tf Band Z isomers §-CD were
determined using CE. To the best of our knowletlyebinding constant for the Z
isomer has not been previously reported. Theserarpnts further demonstrated the
value of coupling cITP to microcoil NMR for the gpof the physico-chemical
processes involved in the separation such as ceangetracapillary pD and interactions
between various components of the buffer and sarmpléhapter 5 the insights gained
from this chapter and from previous studies are tis®ptimize an anionic cITP buffer

system for the analysis of heparin and heparaateutfligosaccharides
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CHAPTER FIVE

Analysis of Heparin-Derived Oligosaccharides by Anionic Capillary
| sotachophor esis Coupled to Microcoil NMR
The SEC hexasaccharide fractions of heparinaskgdésted heparan sulfate and
enoxaparin were collected by Consuelo Beecher ardkLangeslay. The SEC
hexasaccharide fraction of heparinase | digestpdrirewas collected with the assistance

of Derek Langeslay, John Limtiaco, and Szabolcd.Ben

The work presented in this chapter builds on tleemanistic details of capillary
isotachophoresis (cITP) gained in Chapter 4 forctteonic cITP separation of the
isomers of doxepin to create a new, optimized aaibuaffer system for the focusing and
separation of heparin and heparan sulfate (HSyewligosaccharides. While methods
for cITP analysis of heparin and HS derived oligabarides have been published
previously by our group, the spectra suffered fpmor spectral resolution as a result of
current induced broadening and from low S/N duedor cITP focusing. The new
buffer system described in this chapter utilizéscane buffer trailing electrolyte (TE) in
place of the 2N-morpholino)ethanesulfonic acid (MES) TE used in pievious work.
Tricine significantly reduces the electrophoreticrent during cITP. The new method
also uses the stop flow approach introduced in @hapto park the focused analyte
bands in the active volume of the microcoil forrgesed signal averaging to further

improve S/N.
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5.1 Introduction

As was discussed in Chapter 1, NMR spectroscagyphoven to be a useful
technique for the structural characterization gfdre and HS oligosaccharide$. For
highly purified, single oligosaccharides, visuahmination of a simpl&H NMR survey
spectrum can both reveal the number of monosaashegsidues present in the
oligosaccharide and give a tentative structurabassent by comparison of the
resonance chemical shifts with reference data. é¥ew NMR is often limited by poor
sensitivity and for samples containing more thae compound of interest, the spectra
obtained can quickly become convoluted, complicpiimierpretation. This is especially
a concern for heparin and HS derived samples teatften highly polydisperse mixtures
of microheterogeneous oligosaccharitiess described in Chapters 2 and 3, to address
this problem most analytical methods used for tbdysof heparin and HS involve some
form of size- or charge-based separation priorMR\analysis

Previously, our laboratory demonstrated the usdT®-NMR for the
measurement dH NMR spectra for only 1-Ag of heparin derived di- and
tetrasaccharides’ However, the structural information provided hgge spectra was
limited by broad resonances and poor spectralugenldue to the magnetic field created
by the current running through the capillary durgagarations. Also, because charged
analytes migrate through the capillary to the ngoibfor detection once they have
focused and stacked into concentrated bafti8|MR spectra have to be acquired on a

transient basis which limits the ability to sigaakrage for an extended period to
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increase spectral S/N or to perform longer two-disi@nal experiments. In an attempt to
overcome these limitations previous experimentfour lab showed that lowering the
separation voltage when the analyte band reackasittrocoil can reduce the separation
current sharpening resonance line widths and slpttia movement of the peak without
significant dispersion of the focused bénélowever, the resonances in the spectra
obtained were still noticeably broadened compavestdtic spectra, and only about 12
quick 8 scan FID’s could be acquired before thdyd@dand moved out of the active
volume of the coil. Also, the buffer system usedhese experiments failed to focus the
less charged heparin derived disaccharides IVA, lllH and IVH limiting the
applicability of the method.

The work described in this chapter presents aimiged anionic cITP buffer
system for the focusing and separation of hepaativeld oligosaccharides. This buffer
system utilizes a tricine TE buffer in place of M&S TE used in our previous work,
significantly reducing the electrophoretic currdating cITP and as a consequence,
reducing spectral broadening. These experimestsuse the stop flow method
introduced in Chapter 4, which is similar to th@aach of Kautz et al., to park the
focused analyte bands in the active volume of tleeanoil for increased signal
averaging Finally, the new buffer system and stop-flow noethvill be used to focus,
separate, and characterize a series of heparwvedenligosaccharides including all 12
commercially available disaccharides (including IMMA, 1IH, and IlIH which could
not be focused using the previous buffer systemld8dvhich was not available

commercially at the time the previous experimergsancarried out), hexasaccharide
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fractions of depolymerized heparin, HS, and the hoglecular weight heparin (LMWH)
enoxaparin obtained by size-exclusion chromatogréSEC), as well as an

unfractionated enoxaparin sample.

5.2 Experimental

5.2.1. Materials and Reagenfsused silica capillaries were purchased from

Polymicro (Phoenix, AZ) and surface-modified toguoe zero electroosmotic flow
(EOF) by MicroSolv Technology Corporation (EatontgWwJ). Polyurethane-coated
copper wire (99.99% Cu) was purchased from thef@ala Fine Wire Company

(Grover Beach, CA). Non-magnetic trimmer capasitere purchased from Voltronics.
MES, 99%, porcine intestinal mucosa heparin sodal) grade 1-A, and the heparin
derived disaccharides IS, 1IS, lIIS, IH, 1IH, lllland IVH (structures shown in Table 5.1)
were purchased from Sigma-Aldrich, Inc. (St. Loli)). Heparan sulfate was
purchased from Celsus (Cincinnati, Ohio). The hepderived disaccharides IA, 1A,
A, IVA, and IVS (structures shown in Table 5\iere purchased from V-Labs
(Covington, LA). Imidazole was purchased from Theraisher Scientific (Waltham,
Mass). Tricine was purchased from Spectrum Phamti@eds (Gardena, CA). Deuterium
oxide (DO, 99.9% D low paramagnetic) and sodium deuterowiele purchased from
Cambridge Isotope Laboratories, Inc. (Andover, MB)oxaparin sodium was purchased
from the U.S. Pharmacopeia (USP, Rockville, MD)e Th2um nylon syringe filters

were purchased from MicroSolv (Eatontown, NJ).
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Table5.1. Names and structures of the family of heparinatibarides studied.

OZC/ O ORZOHZC .
O
HO OH
OR, NHY

Disaccharide| R, R, Y
IS SOy SO, SO,
1S H SO, SOy
11S SO, H SO,
A SOy SO | Ac
A H SO | Ac
1A SO, H Ac
IVA H H Ac
IH SOy SO, H
IH H SO, H
I11H SO, H H
IVH H H H
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5.2.2. Solenoidal Microcoil Probe Constructidime design of the solenoidal

microcoil probe used in this work is describedeotson 4.2.2.

5.2.3. Enzymatic Depolymerization of Hepafingestion of 1 g of heparin was

carried out in 50 mL of 200 mM pH 6.8 Tris buffegntaining 2.5 mM calcium acetate.
The enzyme heparinase | (0.5 1U) (IBEX Technolodgmes, Montreal, Quebec) was
added to the mixture and incubated at 28 °C in tem@ath for 66 hr. The progress of the
enzymatic digestion was monitored by UV absorbat@82 nm using a Thermo
Scientific NanoDrop 200 spectrophotometer (WilmorgtDE). After the digestion was
complete the enzyme was quenched by placing tliti@eavessel into boiling water for 5
min. The depolymerization solution was then lyogeitl and reconstituted into 15 mL of
theseparation buffer (0.5 M NJHICOs) prior to preparative scale SEC.

5.2.4. Enzymatic Depolymerization of Heparan Self&digestion of 1 g of HS

was carried out in 50 mL of 0.1 M pH 7.0 sodiumtatebuffer, containing 1.0 mM
calcium acetate. The enzyme heparinase Il (0.5IBEX Technologies Inc., Montreal,
Quebec) was added to the mixture and incubated &€ 3n a water bath for 20 hr. The
progress of the enzymatic digestion was monitosed¥s absorbance at 232 nm using a
Thermo Scientific NanoDrop 200 spectrophotometeitriivigton, DE). After the
digestion was complete the enzyme was quenchethbing the reaction vessel into
boiling water for 5 min. The depolymerization sadatwas then lyophilized and
reconstituted into 15 mL of treeparation buffer (0.5 M NfHHCO;) prior to preparative

scale SEC.
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5.2.5. Size-exclusion Chromatograpfifie heparin, HS, and enoxaparin

oligosaccharides were size fractionatechd10 x 200 cm column packed with Bio-Rad
Bio-Gel P-10 fine resin (Bio-Rad Laboratories HeéesiCA). The oligosaccharides were
eluted from the column with a 0.5 NH,HCO; buffer at a flow rate of 0.08 mL/min. The
eluent was collected in fractions of 4.5 mL. Thegvess of the separation wasnitored
offline by UV absorption measurements at 232usimg the NanoDrop
spectrophotometer as described above. FolloBEG, fractions containing similar sized
oligosaccharides were pooled and storedlgsghilized powder at -20 °C until analysis
by cITP.

5.2.6. On-line cITP-NMR Experiment§he cITP buffers were prepared in low

paramagnetic BD. The leading electrolyte (LE) consisted of a @@ DCI, 80 mM
imidazole solution containing 30 mddrt-butanol (as a chemical shift reference, 1.23
ppm) adjusted to pD 6.9 by addition of sodium deaxiele. The TE solution consisted of
40 mM tricine adjusted to pD 8.2 with sodium deotéde. For clITP experiments, the
capillary was filled with LE and then the sampleaduced from the TE end. For
experiments with the heparin disaccharides anchatithated enoxaparin, a 1 mM
sample prepared in 50/5G6GITE was introduced by hydrodynamic injection &egght
differential of 18 cm for 7 min. Because enoxap&sia complex mixture of polydisperse
components, the average molecular weight (4,500yAvas used for calculation of the
estimated molarity. Arixtfa(Fondaparinux sodium) was obtained from the Ursiitgr
Pharmacy and Department of Pharmacy Administraifd@emmelweis University,

formulated as prefilled syringes. The pooled Aridotutions were desalted using a 1.6 x
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70 cm Sephadex G10 superfine column (GE Healtheagejlow rate of 0.15 mL/min
using HPLC grade water as the eluent. After degpldrixtra was lyophilized and stored
at -20 °C until analyzed. cITP samples were preghély making a 1mM Arixtra solution
in 50/50 HO/TE. For cITP experiments with the hexasacch&BBEE fractions of the
heparin and HS enzymatic digests and enoxapagrsamples were prepared by
reconstituting the fractions in 1 mL ot@ and then diluting 125 uL of that solution with
125 uL of TE. After injection of the samples at tieght differential listed above, the TE
was injected for a total of 7 min at the same hieigh

After completion of the injection protocol, the taaje across the capillary was
raised to 15 kV for the duration of the cITP expent. *H NMR spectra were acquired
using a Bruker Avance spectrometer operating atf®®IHz. After the start of the cITP
experiment, NMR acquisition was initiated to acquin array ofH NMR spectra using
90° pulses with an acquisition time of 1.99 s asgpectral width of 11.03 ppm using the
Bruker defined zg_8pulse pulse sequence whichaisemposite 90° pulse to suppress
background signals from the probe by only deteataspnances in the most
homogeneous part of tha Beld.® Each spectrum was acquired by coaddition ofteigh
transients and zero dummy scans. Line broadeninya&gnt to 1.0 Hz and zero-filling
to 65,536 points were applied prior to Fourier sfanrmation. Once each sample reached
the active volume of the microcoil probe a hydraaiyic back pressure was applied to
the LE buffer reservoir which slowed the migratamfrthe band through the active
volume of the probe. Additionally, the separatumtitage was reduced to 10 kV to

further reduce the electrophoretic current to adol® - 1A. To improve the S/N, each
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spectrum comprising the cITP array was producedodayldition of individual 8 scan
FIDs following manual alignment of the spectra toc@unt for spectral drift during data
acquisition due to the lack of a spectrometer |lo€&r the disaccharide cITP spectra, 20
FIDs were coadded to produce each spectrum, whilelBs were coadded to produce

each spectrum of the hexasaccharide samples arattiohated enoxaparin.

5.3 Results and Discussion

5.3.1. Optimization of Anionic cITP Buffer SysterRrevious experiments to

focus and detect heparin di- and tetrasacchariges$Ti?-microcoil NMR used an
anionic buffer system consisting of an LE of 160 rbK2l and 80 mM imidazole
adjusted to pD 6.9 and a TE of 160 mM MES alsostdjlito pD 6.9: Although this
buffer system was able to focus the most highlygéad oligosaccharides, it failed to
focus the lesser charged IVA, IIH, IlIH and IVH decharides. Additionally, the
electrophoretic current produced during the expenits ranged from 35 — {(A\. The
high electrophoretic current limited the structurdbrmation that could be obtained from
these spectra because of resonance broadeningldaudee magnetic field created by
the separation current. This broadening persistet when the separation voltage was
lowered from 15 kV to 12 kV after the focused atelyand had reached the ¢biThe
mechanism by which the separation current causesibning of cITP-NMR resonances
and alternative probe designs to minimize curradticed broadening are discussed in

greater detail in Chapter 6.
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To reduce the effects of resonance broadenindaltiee separation current and to
focus a wider range of oligosaccharides, we soagl#lternative buffer system that
would allow effective cITP focusing of anionic aytals (including the heparin derived
disaccharides IVS, IVA, 1IH, llIH, and IVH) while mimizing the electrophoretic
current. Because it is predominantly the concéotraf the high mobility LE ions that
determines the degree to which focusing occursgshvese to focus on modifying the TE
composition™® In choosing a TE there are several criteria timast be met. The most
important is that the TE has an effective electosphic mobility lower than the
analyte/analytes to be focused. Because electrefphmobility is determined by the
charge/mass ratio, to focus a heparin derived disaae that contained only one
negative charge, such as IVA, by cITP the TE waddd to have a lower net negative
charge than IVA or a similar charge but a largeesi

The TE used in the previous experiments, MES ¢&ire shown in Figure 5.1),
with a pK; of 6.15 was a zwitterion under the experimentaldiiions used for cITP: 160
mM MES titrated to pD 6.9 with NaOD. At pD 6.9etmorpholino group of MES
would be 31% protonated reducing its net negatinagge to somewhere between -1 and
0. While this is lower than the net negative ckas§IVA, even with its sterically bulky
morpholino group MES is still significantly smallgran the IVA disaccharide. From the
effective electrophoretic mobilitiege calculated for MES from Equation 5.1 (wheke
is the electrophoretic mobility of the fully depooiated species typically measured using
capillary electrophoresis) and determined by CBV@, MES (us MES = -28x10

cm?/sV) has a calculated effective mobility of -19.8%knf/sV and IVA has a mobility
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Figure5.1. Structure of 2X-morpholino)ethanesulfonic acid
(MES)
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of -16.0x10 cnf/sV, where the pKvalues of IVA and MES are 3.41 and 6.15,

respectively’

M,
10(/JK11—1)H) +1

H. = (5.1)
From this simple calculation, it is clear that untteese conditions IVA should not focus
by cITP because its effective mobility is lowernhthat of the TE, MES. However, in
cITP experiments solution pH can be used to moduke effective charge of buffer
components and thus change their effective madslitin the previous work the pD of the
TE was reduced to a pD of 6.01 in an attempt taavg the cITP results. At this pD,
78% of the MES molecules should contain a chargegholino group, decreasing the
effective mobility of MES to 6.3xIDcn¥/sV, which is significantly less than the
mobility of IVA (-16.0x10° cnf/sV). However, when both IVA and MES were run by
capillary electrophoresis (CE) in buffer at this g2 two had the same migration time
suggesting that their effective electrophoretic ihids were more similar than the
simple calculation using equation 5.1 would suggest

In an attempt to find a TE alternative to MES ADES buffer which has a pK
of 6.84 and a mobility of -24.1xFcnf/sV in its fully deprotonated form was tested in
the previous worR. Unlike MES, when a CE separation of ACES and iVas
performed, ACES migrated slower than IVA with a matgpn time of 20.38 min
compared to 11.83 min for IVA. From this resukéemed as if ACES might be a good

alternative to MES, but when cITP experiments werdormed using a TE of 160 mM
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ACES buffer at pD 6.9, the IVA disaccharide agashmbt focus. Upon analysis of the
intracapillary pD it was determined from this wdhiat even with the use of a buffered
LE and TE that there was a net rise in the intréleap pD over the time period of the
experiment. The most intense rise in pD (estimaddze> 8.5) was at the sample/TE
boundary. It was postulated that Qbhs (produced at the cathode) were stackingeat th
frontal boundary of the TE due to interactions wvitiffer cations and Ndons that
migrated toward the cathode (illustrated in Fighu®)> ** At such a high pD the ACES
molecule would be completely deprotonated giviraniteffective mobility of -24.1x10
cn/sV, higher than IVA (-16.0xIdcnf/sV). From these results it was concluded that
in future experiments, the TE should meet the mimmrequirements of possessing a low
Ha (< -24.1x1C cnf/sV) and have a pKin the range of 6.8-7.0 with greater buffering
capacity than the ACES buffer used in the priorkwvor

In this study we decided to partially stray framese minimum requirements and
instead search for a buffer (preferably a zwitt@yiwith a lowp, (< -24.1x10 cnf/sV)
and a pKin the range of the pD measured at the TE frdsaahdary where OH
accumulates. In this situation the TE would béddred at the pD that naturally arose
during cITP experiments. This meant that evenHf S2acked at the TE/sample
boundary, as it had in the experiments using ACE®a@ TE, the new TE would have a
greater buffer capacity and would remain zwitteicaturing the course of the
experiment thus maintaining a lower mobility thaattof IVA and the other

disaccharides. Another alternative would be toaubaffer with a lower pKbut to raise
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TE Sample LE

Q)
Q
@,

Figure5.2. lllustration of the movement of ions through théoarc cITP
systemFrom the illustration we see that Oldns produced at the cathode do
not cross the boundary of the TE and the samplealue
interactions/recombination with LE buffer catio®H’ and H) and Na from
the LE that migrate towards the cathode.
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its concentration in the TE to increase its buffgpacity. This however is not really a
viable option as a TE at a higher concentrationld/mcrease the electrophoretic current
produced during cITP causing excessive currentdgediroadening which would
decrease the NMR spectral resolution.

In our search we determined that a simple amirbl&e glycine (shown in

Figure 5.3 A) would satisfy our new TE requiremdrgsause it is a zwitterion with an
amino group pKa of 9.6 which would allow it to remawitterionic at the pD of the TE
frontal boundary. However, if glycine were to ksed, the TE would need to be at a pH
near the pKa of the amino group (9.6) which is ioletshe pH range (2 — 8) over which
the zero-EOF coating of our capillaries is stalBg.adding a TRIS moiety to glycine to
make tricine (shown in Figure 5.3 B), the pKa & #mino group is reduced to around
8.2. This allows the TE to be buffered in a rasgke for the capillary coating.
Additionally, with a value of 0.00218 xf@&n?/sV at pD 8.2 its mobility should be
significantly lower than that of IVA, allowing itral the other low charge disaccharides to
focus? Benchtop experiments were performed using tribimiger as the TE at various
concentrations. It was determined that a TE of 40tncine at pH 7.8 (pD 8.2) yielded
similar focusing capabilities for bromothymol blag the previous TE of 160 mM MES,
but produced a much lower electrophoretic curred®(.A at 15 kV when the band
reached the microcoil).

5.3.2. Anionic cITP of Heparin Derived Disacchadd@&he newly optimized

anionic cITP buffer system was tested by analyzidagommercially available heparin

derived disaccharides by cITP-NMR. The family ephrin disaccharides shown in
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Figure5.3. The structures of A) glycine and B) tricine.
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Table 5.1 makes an interesting set of analytete&img the new anionic cITP buffer
system. As a whole they are comprised of analatfswery similar structures but charge
states that range from zero net charge at neu#@l\fH) to a charge of -4 (1S).

The first set of disaccharides tested were thecdisides containing an
unmodified glucosamine (IH, 1IH, llIH, and IVH). rém the intracapillary pD study
performed in previous work it is expected thatghenple band pD should be somewhere
between pD 7.0 and 8®Because the pKa values of the disaccharide anmingpg
(listed in Table 5.2)are near the sample pD, the disaccharides wilidogally
zwitterionic in the sample band giving net effeetiwobilities for IH> -30.5 x10°
cnt/sV, IIH > -17.1 x1C cnr/sV, llIH > -17.3 x10 cnf/sV, and IVH> 2.09 x10°
cn/sV, where the minimum mobilities were calculategerimentally in previous work
by CE experiments at a buffer pH of 6.5 (amine geoare 99% protonated at this pH).
Figure 5.4 shows the online anionic cITP-NMR speofrdisaccharide IVH. The
focused IVH disaccharide band migrates throughrheeocoil just in front of the TE
with a portion of the IVH band trailing into the TECloser examination of the spectra in
Figure 5.4 shows that only the less abun@aamniomer focused, however it is important
to note that is the first successful report offthmising of either IVH anomer by anionic
cITP, validating the effectiveness of our new buffigstem. Because the exact pD of the
sample zone and TE are not known due to the effdbie frontal migration of OHons
at the sample/TE interface, we cannot preciselgutate the effective mobilities for both
IVH anomers and tricine in this systémEven with this limitation, an understanding of

the cITP experiment can be gained by examiningdlaive pKas and considering the
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Table 5.2. The carboxylate and amine pKa(D) values for 1lahep
disaccharide standards reported in references 3&mdsaccharide IVS
was not commercially available at the time thisadaas reported. Also

reported are the pKa(D)’s for both anomers of IHHIV

Disaccharide| pKa(D) of COO™ | pKa(D) of NHs" | pKg(D) of NH3"
a anomer B anomer

IS 3.74 £0.02 - -

IS 3.68 £0.01 - -

S 3.72 £0.00 - -

A 3.58 £ 0.00 - -

A 3.61 £0.02 - -

[HTA 3.53+0.01 - -
IVA 3.41 £0.00 - -

IH 3.26 £0.01 8.73x0.01 8.29+£0.01
I1H 3.23 £0.02 8.65+0.01 8.20£0.01
[H 3.18+0.01 8.70 £ 0.00 8.26 £ 0.00
IVH 2.96 £ 0.0 8.60 £ 0.0. 8.1540.01
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Figure 5.4. Results showing the on-line cITP-NMR spectra of
9 nmol of the heparin disaccharide IVH.
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fractional protonation at the nominal pD of the Harthermore, compared with prior
work, the better buffer capacity of the tricine 3ltould minimize the increase in pH due
to accumulation of OHand give effective pD values at the sample/TEfate that are
much closer to the TE nominal pD. The pKa(D) of Ve -anomer amino group is
8.17>* significantly lower than that of tricine’s amif@Ka(D) 8.75; calculated from the
equation pKa(D) = pKa + 0.8f,where the expression pKa(D) indicates the valuB,d
solution. Because of the difference in their pkaasmaller fraction (0.46) of the IVBt
anomer amino group will be positively charged attlominal pD of the TE (8.2)
compared to tricine (0.78), giving the IMiHanomer a higher effective mobility than
tricine and allowing it to focus under these coiodis. Furthermore, the fact that the
anomer of IVH did not focus by cITP can be attrézlito its higher amino group pKa(D)
(8.68)"* which is very close to that of tricine (8.75) gigithe two species very similar
net charges at the TE nominal pD of 8.2.

Figure 5.5 shows the online anionic cITP-NMR speof disaccharide 1IH; this
is also the first report of the focusing of thisaticharide by cITP. Unlike the cITP-NMR
spectra of IVH (Figure 5.4) where only theanomer focused, in Figure 5.5 there is a
separation of the lll- andp-anomers of over the length of the analyte bantdthé
beginning of the band tifanomer dominates. Moving towards the back of tedb
there is a gradual decrease in the intensity oftaeomer resonances and a gradual
increase in intensity of theanomer. Eventually, theanomer becomes the dominant
species near the end of the analyte band just faritve TE. However, unlike the IVH

disaccharide, because of the 6-O sulfonation botimers I11H will always have a net

222



7I'ncme

H-2 of a- anomer

H-2 of - anomer

> IIH

«— LE

ppPm

Figure 5.5. Results showing the on-line cITP-NMR spectra of
9 nmol of the heparin disaccharide IIH.
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charge greater than -1 making their effective nitisl> -17.1 x10° cn?/sV and

allowing both anomers to focus in front of theitr&e TE. The separation of the IIH
anomers can be attributed to differences in thenamgioup pKa'so-anomer 8.65 anf-
anomer 8.20) of the amine groups of the two anoimetrshe difference in
electrophorectic mobility between the two did ne¢s to be different enough to fully
resolve the therf® In contrast, Figure 5.6 shows that the anometBf(which did not
focus by anionic cITP using previous buffer systeare almost completely resolved by
cITP microcoil NMR. For much of the first half tife analyte band only the resonances
of thep-anomer are observed. This is followed by a stegion near the center of the
analyte band where the two anomers are not fullglved. Finally, in the latter half of
the band only resonances of thanomer are observed. Because the two anomers of
[IIH are well resolved from each other, separatectia with high S/N can be coadded
from the spectra in the online experiment for bw-anomer (Figure 5.7 B) argd
anomer (Figure 5.7 C), or one can simply sum adiesgntire analyte band to yield a
spectrum of the full mixture (Figure 5.7A).

Finally, Figure 5.8 shows the online anionic cINNRIR spectra of the
disaccharide IH. IH is the most sulfonated offthe disaccharides in this group and
will have an effective mobility: -30.5 x1C° cnf/sV at the nominal pD of the
experimenf. At first glance, it seems that the anomers o&ikel not resolved by cITP-
NMR. However, following the H-1 resonance for thanomer and H-2 reonance of the
B anomer we see that there is some degree of resohftthe two anomers. At the

beginning of the analyte band the H-1 resonand¢keaf anomer is rather small and
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Figure 5.6. Results showing the on-line cITP-NMR spectra of
9 nmol of the heparin disaccharide IlIH.
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ppm
Figure5.7. Results showing coadded cITP-NMR spectra of A) all
spectra acquired for IlIH, B) the spectra contagnamedominantly the
resonances of theanomer of IlIH and C) the spectra containing the
resonances of tieanomer of IlIH.
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Figure 5.8. Results showing the on-line cITP-NMR spectra of
9 nmol of the heparin disaccharide IH.
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grows in intensity towards the end of the bande ®pposite is true for the H-2
resonance of thg anomer which decays in intensity as the backebtnd is
approached. It is interesting, that the additibautfonation at the 6-O position of the
glucosamine residue in both IIH and IH causes dédsssolution of the two anomers of
the disaccharides. This perhaps suggests thag¢sb&ution of the two anomers cannot be
solely attributed to differences in the pKa of #mino group as first postulated, but
instead is also based on conformational differebedseen the two anomers.
Sulfonation at the 6-O position might significandliyer the hydrodynamic radius of one
or both of the anomers. Because the electroplecaretbility is determined by the ratio
of molecular charge and hydrodynamic radius, 6-dsation may have altered the
hydrodynamic radii of one or both of the IH anomemsugh to give them similar
mobilities even though they have different net geardue to differences in the amino
group pKa value$> 1°

The next set of disaccharides examined were thas&ining arN-acetylated
glucosamine residue (1A, 1A, IlIA, and IVA). Urde the previous group of
disaccharides, thi-acetylated disaccharides cannot carry a chardbeoglucosamine
amino group. Therefore, the disaccharide effeatharge comes from the carboxylate
and the presence of sulfate groups, and deviatitonsthe TE nominal pD should not
have an affect on mobility. The effective mobdgdi(experimentally determined by CE at
pH 6.5) of these disaccharides are 1A -39.7%&07/sV, IIA -29.2 x10° cnf/sV, IlIA -
39.7 x10° cnf/sV, and IVA -16.0 x10 cnf/sV, all of which should be significantly

higher than that of tricine at the pD of the cI®eriment. Figures 5.9, 5.10, 5.11 and
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Figure 5.9. Results showing the on-line cITP-NMR spectra of
9 nmol of the heparin disaccharide IVA.
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Figure 5.10. Results showing the on-line cITP-NMR spectra of
9 nmol of the heparin disaccharide IIA.
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Figure5.11. Results showing the on-line cITP-NMR spectra of
9 nmol of the heparin disaccharide IlIA.
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5.12 show the online cITP-NMR spectra for IVA, lINA, and IA, respectively. As
expected, all four disaccharides easily focus uiegnew cITP buffer system, including
IVA which previously did not focus with the MES ACES buffers. TheN-acetyl
resonance of each disaccharide is easily obseruabligures 5.9-5.12. Also noticeable
in these figures is the lack of separation of thenaers of théN-acetylated disaccharides.
This is consistent with our hypothesis that thenaews of IH, I1IH, IlIH, and IVH are
resolved by cITP based on differences in electrogtimmobility that arise from pKa
differences of the glucosamine amino groups andocorational differences of the two
anomers. Because tNeacetylated disaccharides can not carry a positiaege on the
amine both anomers will have identical net chargéss means that only differences in
the hydrodynamic radii of the two anomers could leadifferences in electrophoretic
mobility, which for theN-acetylated disaccharides was insufficient to nesthe
anomers.

The final set of disaccharides tested were\tseilfonated series of disaccharides
(IS, IS, IS, and IVS). These disaccharidesam&ue in thaN-sulfonation of the
glucosamine residue adds an extra negatively caygrip giving even the least
sulfonated disaccharide, IVS, a net charge ofH2e other three disaccharides IS, IIS,
and IS have net charges of -4, -3, and -3, raspey. In fact, IS, IIS, and IlIS have
been shown to be the dominant disaccharides imbamd porcine derived heparin
giving the polysaccharide its highly anionic sturet'’ Figures 5.13, 5.14, 5.15, and
5.16 show the online cITP-NMR spectra of IVS, lIES, and IS, respectively. With such

a high degree of negative charge, all four disatdba easily focus by cITP.
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Figure 5.12. Results showing the on-line cITP-NMR spectra of
9 nmol of the heparin disaccharide IA.
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Figure 5.13. Results showing the on-line cITP-NMR spectra of
9 nmol of the heparin disaccharide IVS.
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Figure 5.14. Results showing the on-line cITP-NMR spectra of
9 nmol of the heparin disaccharide IIS.
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Figure 5.15. Results showing the on-line cITP-NMR spectra of
9 nmol of the heparin disaccharide 1lIS.
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Figure 5.16. Results showing the on-line cITP-NMR spectra of
9 nmol of the heparin disaccharide IS.

237



Interestingly, in the spectra for IIS and IlIS weedhat trace acetate (likely from the
isolation of the disaccharides by the vendor) fecus the analyte band as well. In the
spectra for IS, however, we see that the acetdtdlysesolved from IS. This is likely

due to the high negative charge of IS giving iighkr electrophoretic mobility (-50.3
x10° cnf/sV) than the smaller but less charged acetategx42° cnf/sV).>
Disaccharide IVS, which was purchased from a dfféssupplier (V-labs), did not appear
to contain acetate as an impurity. As observedh®N-acetylated series of disaccharides,
no separation of the anomers is observed in the-NMR spectra of thal-sulfonated
disaccharides. Because the pKa offthsulfo group is quite low (between 0.5 and #5)
compared to the pH of the buffer system, both amsrmave identical net charges at the
pD used for the separation. Finally, Figure 5.16Wwsha summed spectrum for 1S
highlighting the degree of spectral resolution aghble with the new cITP buffer system.
Even the 3 Hz coupling constants of the anomentoprresonances are clearly resolved
in this spectrum. However, compared to static specquired in the microcoil probe
there is still a significant degree of spectraldatening resulting from the magnetic field
created by the electrophoretic current.

5.3.3. Anionic clITP of Arixtra.To further test the new anionic cITP buffer

system we sought to expand the capabilities otbll? method to larger, more
biologically relevant oligosaccharides. While disiaaride analysis is useful for
determining the overall composition of a depolyrpedi heparin sample, most
biologically active heparin derived oligosaccharsgguences, such as the binding

sequence for antithrombin Ill, are generally astgeentasaccharides or larger. Figure
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Figure5.17. Results showing the summed cITP-NMR spectrum
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5.18 shows the online cITP-NMR spectra for thellsgtic pentasaccharide Arixtra. This
pentasaccharide is designed to mimic the nativéagancharide sequence that binds to
antithrombin Il and is regularly prescribed as phaceutical anticoagulant. Quickly
glancing at Figure 5.18 a few things are immedyateticeable from the spectra. First,
as in the spectra for IS in Figure 5.16 we seecaded band behind the analyte and
before the TE that can likely be attributed to comgnts of the sample matrix. In this
case, however, the matrix components seem to be BiMR impurities that yield blank
NMR spectra. Secondly, the spectra of Arixtra shioat the pentasaccharide contains
neither an N-acteyl group nor a non-reducing engbt®obond based on the absence of
resonances around 2 (acetyl resonance) and 6 pprblédbonded protomUA)
respectively. Also by counting the number of anookesonances (a total of five) and
by observing their chemical shifts we can easigigisthe molecule as in fact being a
pentasaccharide with a glucuronic acid residueedhas the anomeric residue seen at 4.6
ppm). However, given the poor spectral resoluiiotine sugar region of the spectra,
resulting in part from current induced broadenihgs not possible to assign any more of
the structure. It is also important to note tiat ¢current induced broadening in this set of
spectra is particularly worse than what was obskfeethe disaccharide standards. This
is likely due to the increased electrophoretic enti(~17uA vs the ~1QuA) produced
during the heparin disaccharide analysis oncedhepke is parked in the active volume
of the micrcoil. The source of the higher curramd éhe NMR-silent impurity in Figure
5.18 is most likely bicarbonate which is used a&sdesalting buffer, which may have

been incompletely removed by lyophilization aftee tlesalting step. For this reason
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Figure 5.18. Results showing the online cITP-NMR spectra of
the synthetic pentasaccharide Arixtra. Resonamagked with
asterisks denote anomeric resonances.

241



special attention should be paid to sample iomangfth prior to analysis by cITP-NMR
to avoid excess current induced broadening of spedlternatively, as mentioned in

Section 5.3.1, a different probe design is presem&hapter 6 that minimizes current-
induced broadening and thereby reduces the ndeditahe ionic strength of samples.

5.3.4. Anionic cITP of a Hexasaccharide Mixturaied from Heparin Thus far

the application of anionic cITP coupled to micra¢dMR for the study heparin and HS
derived oligosaccharides has been limited to mastigle component samples. For these
samples cITP acts more as a means of introducengample into the small active
volume of the microcoil probe than as a separagehnique. Figure 5.19 shows tié
NMR spectrum of the hexasaccharide SEC fractiom leéparinase | digest of bovine
intestinal mucosa heparin measured in a Bruker SNiMR probe. As shown in Figure
5.19, even though this sample has already beerliBedby a size-based separation, it is
still a very complex mixture of components makitrgistural analysis of the intact
mixture nearly impossible. To try to address fingblem, we subjected this heparin
derived hexasaccharide sample to analysis by clVRRNKFigure 5.20) to evaluate the
extent that our anionic cITP method could resoheedomponents of this complex
mixture. Examining the series of spectra in Figa20 we first see that the
hexasaccharide mixture has been completely sepdrata the matrix components
designated by an asterisk in Figure 5.19. Howdwam inspection of the number of
resonances in the anomeric region of the spedsaiear that each spectrum is still

made up of resonances from a mixture of hexasadgsarAdditionally, an expansion of
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Figure5.19. 'H-NMR spectrum of a hexasaccharide SEC
fraction from a heparinase | digest of bovine itited mucosa
heparin measured in a Bruker 5 mm NMR probe. Rasces
marked with an asterisk are impurities from the gl@matrix.
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Figure 5.20. Results showing the online cITP-NMR spectra of
the hexasaccharide SEC fraction from a heparindsgest of
bovine intestinal mucosa heparin.
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the anomeric region of the spectra, Figure 5.2dwstthat there is little change in the
spectra of the sample band until the interface WiéhTE is approached. At this point a
distinct change in the profile of the anomeric andar resonances is observed, with the
appearance of a glucuronic acid anomeric resonane®2 ppm. As shown in Figure
5.22, the appearance of the glucuronic acid sigisal corresponds to the appearance of
resonances of hexasaccharides contaiNHagetylated residues suggesting the presence
of oligomers containing the glucuronic adidacetylglucosamine biosynthetic heparin
precursor. Overall, while this separation did yietd resolution of individual
components of the hexasaccharide mixture as wédgeld, it was able resolve the more
abundant and highly sulfonated hexasacchariddseahixture from less abundant and
less charged hexasaccharides containing IlHetbetyglucosamine and glucuronic acid
residues.

5.3.5. Anionic cITP of a Hexasaccharide Mixturaied from Heparan Sulfate.

With the promising results of the cITP-NMR sepamatof the hexasaccharide mixture
from heparin (Figures 5.21 and 5.22) the separati@ndifferent mixture of
hexasaccharides isolated from an SEC separatibaparinase Il digested HS was
attempted. The HS used in these experiments wikdadms the heparinase | resistant
fraction of heparin by Celsus. As discussed infgidral, HS is a less sulfonated relative
of heparin consisting of alternating regions ofrhand low sulfonation. Also unlike
heparin, which is mainly isolated to the secregmanules of the mast cells, HS is
primarily found on the cell surfaces and in the@sgllular matrix allowing it to be

involved in a whole host of biological proces$eg:or this reason being able to separate
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Figure5.21. Results showing an expanded view of the anomegion
of the online cITP-NMR spectra of the hexasacclea8&C fraction from

a heparinase | digest of bovine intestinal mucegahn.
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Figure 5.22. Results showing an expanded view of the
acetyl region of the online cITP-NMR spectra of the
hexasaccharide SEC fraction of a heparinase | tajes
bovine intestinal mucosa heparin.

247



and characterize the specific structural motifpoesible for HS activity is key to better
understanding its structure-function relationships.

From the survey spectrum of the HS hexasaccharixira, Figure 5.23, one
immediately notices a very different spectral geofhan was obtained for the
corresponding spectrum of the heparin hexasaceharigture (Figure 5.19). Examining
the acetyl region of the spectra (shown in thet)nsee see that thi-acetyl resonance is
clearly divided into two distinct chemical shift¥he less abundant downfield resonance
likely represents a unique substitution pattermr tieaN-acetyl group such asQ-
sulfonation.

Figure 5.24 shows the online cITP-NMR spectra ef s hexasaccharide
mixture. The beginning of the analyte band is cosag of what seems to be (based on
the poor S/N of the spectra) a poorly focused sherasaccharides. Because of their
higher electrophoretic mobility, these are likdig thexasaccharides derived from the
more sulfonated portions of the HS polysacchahdeéjt is difficult to say much more
about their structure because of the poor S/INe@f&pectra. Moving towards the latter
half of the analyte band we see a gradual incrieetse S/N of all resonances indicating
stronger focusing near the back of the band. Kpearsion of the acetyl, sugar, and
anomeric regions of the spectra (Figure 5.25) statthere is a distinct change in the
resonances of the sugar region (resonances maitkedsterisk) near the back of the
band. Interestingly, this change in the sugaromgiso corresponds with the appearance
of the downfield acetyl resonance seen in the ia6Btgure 5.23. Examining the

resonances near 6 ppm, which correspond to thdelbobd created at the non-reducing
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Figure5.23. '"H NMR spectrum of the hexasaccharide SEC fractiomfa
heparinase Il digest of heparan sulfate measureddruker 5 mm NMR
probe. The inset shows an expansion of the acagidn of the spectrum.
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Figure 5.24. Results showing the online cITP-NMR spectra of the
hexasaccharide SEC fraction from a heparinasedéstl of heparan

sulfate.

250



ST e

55 5.0 45 40 35 210 205 2,00 18
ppm ppm

Figure 5.25. Results showing an expanded view of A) the anaregion and B) the
acetyl region of the online cITP-NMR spectra ofex&saccharide SEC fraction from
a heparinase 1l digest of heparan sulfate. Ressesamarked with asterisks mark
significant changes in chemical shift.
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end of the hexasaccharides during enzymatic dmestie see that the presence of this
uniqueN-acetyl resonance also corresponds to a downfieftlaf the proton resonance
of the double bond suggesting sulfonation at ti@@sition of the double bond
containing uronic acid residdeFurthermore, moving through the spectra towands t
end of the analyte band it can be observed thatttemical shift of the double bond
proton is maintained in the rest of the spectranafter the downfield shifted-acetyl
resonance disappears. In all, the online cITP-N8dpRaration of the HS hexasaccharide
mixture showed that even the relatively low aburn@aseries of hexasaccharides that
could only be identified in the survey spectrunfrigure 5.23 by the downfield shift of
their N-acetyl resonances could be concentratedsapdrated reasonably well from the
larger mixture of hexasaccharides, providing unisjectral information about their
structure.

5.3.6. Anionic cITP of a Hexassaccharide Mixtuxmar Enoxaparin.Next we

subjected the hexasaccharides obtained by the @E@hation of the commercial
LMWH drug enoxaparin to our cITP-NMR separation noel. Enoxaparin is amongst
the most prescribed LMWH anticoagulants. It isquced by chemically digesting the
intact heparin polymer by@&elimination reaction that mimics enzymatic cleavag
through a chemical reaction that introduces a dobbhd at the non-reducing end of
each cleaved oligosaccharide. However, unlike tizgmatic digestions, side reactions at
the reducing end of the molecule (such as productia 1,6 anhydro ring) may also
occur further increasing the complexity of the oligccharides creatédl. From the

survey spectrum in Figure 5.26 we see that thedaecharide mixture features only a
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Figure 5.26. 'H-NMR spectrum of the hexasaccharide SEC fractiomfthe
LMWH enoxaparin measured in a Bruker5 mm NMR proBeaks marked with
asterisks are impurities from the sample matrix.
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small degree of N-acetylation compared to the carepts of the previous two
separations. Several resonances (marked by &sjecen also be observed that
correspond to components of the sample matrixwé&saw previously for the heparin
hexasaccharide mixture (Figure 5.20), in the ontiifié>-NMR separation of the mixture
of enoxaparin hexasaccharides (Figure 5.27) thegexwomponents are not focused
along with the hexasaccharides. Closer observafitime spectra shows very little
change in the chemical shift of resonances in pleetsa across almost the entire band. In
fact the only observable change is at the verydaéitde analyte band where the N-
acetylated components focused. This suggestshibia is little difference in the
electrophoretic mobilities between the individuakhsaccharides that make up the
sample. This would likely result from a similargilee of sulfonation and charge of the
enoxaparin hexasaccharides in the mixture. Evehkigare 5.27 showed that the method
easily separated and focused the less abuhdanéetylated compounds from the rest of
the mixture and purified the oligosaccharides fitbe sample contaminants.

5.3.7. Anionic cITP-NMR of Unfractionated Enoxapa The previous section

showed that cITP could separate a complex mixtiisg&ze uniform oligosaccharides and
yield useful structural information about groupsswhilarly charged species in the
mixture. However, these samples were isolated fsolydisperse digestion mixtures
through a time consuming semi-preparative SEC a@ipar Direct injection of the
enzymatic digestion mixture or unfractionated emaxan sample into a cITP capillary
without any prior separation would require thatRI3eparation adequately resolve of the

mixture components. Because charge and chain leagtive related in these
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Figure 5.27. Results showing the online cITP-NMR spectra of the
hexasaccharide SEC fraction of the LMWH enoxaparin.
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oligosaccharides, it could be difficult to resob@mponents in such a complex mixture.
For example, in the analysis of DNA ladders by @¥,use of a sieving gel is required to
effect a high-resolution separation because tHerdifitly sized oligomers cannot be
resolved by their electrophoretic mobilities alGhé?

To test the potential of cITP-NMR to reveal elensawit structure for an unfractionated
oligosaccharide mixture, the intact enoxaparin damyth an average molecular weight
of 4500 daltons was analyzed using our optimizdohermnionic cITP-NMR method
(Figure 5.28). In examining Figure 5.28 theresaeeral noticeable trends in the spectra.
First, looking in the acetyl region of the specirgradual increase in the intensity of the
N-acetyl resonances is observed moving from that tathe back of the analyte band.
Also, in the expansion of the anomeric region efspectra (Figure 5.29) it can be
observed that the oligosaccharides that focus#dedieginning of the analyte band
contained an inteng®UA resonance indicating the presence of a doubhel lvoeated
during theg-elimination chemical reaction. Because each odgokaride should contain
only oneAUA resonance, the compounds that migrated at tre &f the band were

likely smaller oligosaccharides for which th&JA resonance represents a more
significant fraction of the overall spectral intépcompared to larger oligosaccharides.
This hypothesis is supported by the observationttfeaspectra containing a more intense
AUA resonance also feature sharper resonanceshbdatér eluting oligosaccharides.
Interestingly, these higher mobility oligosacchasdppear to also be the species with
the lowest degree ®f-acetylation. This is consistent with the formataf selective

heparin esters at the carboxylate moieties of sdfaluronic acid linkages during the
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Figure 5.28. Results showing the online cITP-NMR spectra of
an unfractionated enoxaparin sample.
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elimination process, producing smaller oligosacidesrthat are more highly sulfat&.
The absence of th®UA resonance in the larger, mdxeacetylated oligosaccharides
suggests that they are larger because of theerldegree of sulfonation and were not
further depolymerized during tifieelimination reaction. Ultimately, while the seaton
did not provide a high degree of resolution of tbeponents in the complex
unfractionated enoxaparin sample, it did providefuignsights into the activity of thg
elimination reaction used to prepare enoxapariadparating components of the mixture
based on size and overall charge. The abilitiireectly visualize structural
modifications, such as the degreéNsécetylation and the presence of a double bond and
to relate that information to relative size andrgean complex samples containing a
diverse array of oligosaccharides could be of &igcgmt value for future studies of
chemical and enzymatic digestion products andergtiality assurance of commercial
preparations.
5.4. Conclusions

This chapter demonstrated the use of a new anadhie buffer system for online
cITP-NMR experiments for heparin and HS derivedadiaccharides. The new buffer
system featured a tricine TE buffer which signifittg lowered the electrophoretic
current produced during the experiment compareld thi¢ previously used MES bulffer,
reducing the effects of current induced broadeonimghe NMR spectra acquired. This
tricine buffer was able to focus all 12 commergiaVailable heparin derived
disaccharides with far superior signal-to-noiserahd spectral resolution than those

spectra published previously by our group. Thidp system also successfully
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resolved components in the complex mixtures of sageharides from heparin, HS, and
enoxaparin to provide useful structural informatatoout groups of similarly charged
species, even those in low abundance. Finallycithieé buffer system was used to focus
and partially resolve components of an unfractiedanoxaparin sample. The results
demonstrate the potential of anionic cITP-NMR aseful tool for evaluating sample
purity, composition, and reaction processes forsaliasited heparin and HS samples. It
is also likely that this anionic buffer system abbk useful for the cITP NMR analysis of
wide range of other anionic analytes. In the rofdpter, a new type of NMR probe will
be presented that has the potential to improvepketral resolution in cITP-NMR
experiments like those shown in this chapter ardhapter 4 by eliminating the effects

of current induced broadening.
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CHAPTER SIX

Hyphenation of Capillary Isotachophoresisto a Microsiot NMR Probe

The work in this chapter is based on a paper stibdnid Analytical Chemistry, 2012.
Some text and figures in the introduction are akssed on a paper published in

Analytical and Bioanalytical Chemistrjnal. Bioanal. Chem., 2012, 402, 61-68.

In this chapter we demonstrate the coupling of ot a microslot NMR probe design..
While the work in chapters 4 and 5 coupled cITFhwiblenoidal microcoil NMR probes,
the structural information provided by these seutere limited by broad resonances
and poor spectral resolution due to the magnetdld fireated by the current running
through the capillary during separations. CoupthigP to a microslot NMR probe
design allows the separation capillary to be oedngarallel to the static magnetic field of
the NMR eliminating the deleterious affects of thagnetic field produced in the

capillary.

6.1 Introduction

While the work in chapters 4 and 5 coupled cITEhwblenoidal microcoil NMR
probes, the structural information provided by thegectra were limited by broad
resonances and poor spectral resolution due tm#gnetic field created by the current
running through the capillary during separatioAspromising alternative to solenoidal

microcoils are microstrip (or stripline) and midmsprobe design$® Both types of
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probes use a thin metal strip positioned parati¢hé static magnetic field of the magnet,
Bo, to produce the Bmagnetic field and to act as a receiver of the Ndwfpal. Similar

to a wire that produces a magnetic field that ehesrit when current is applied, the B
magnetic field lines produced by these probes elecihe strips and run parallel to the
surface. In the stripline design-Beld homogeneity is realized by sandwiching the
metal strip between two ground planes creatingraawhative closed systemin the
microslot design a small hole is cut into a miarpstvaveguide to create a pure series
inductancé: ® Both designs have shown great promise in terniseo$ensitivity and
resolution of the spectra acquired.

Because of their planar designs, the capillarsesidor CE or cITP separations
can be oriented parallel tq B microstrip or microslot probes. Figure 6.1wkdhe
magnetic fields created by the NMR magney,tBe probe, B and the electrophoretic
current running through the separation capillargirdpa separation, Hor both a
solenoidal microcoil (Figure 6.1A) and a microgleigure 6.1B). Because the direction
of By is perpendicular to gfor the microslot, the separation current showtlaontribute
to Bo inhomogeneity and, compared to solenoidal codgtel quality spectra should be
obtained.

Another promising feature of microstrip and midobgrobe designs is their ease
of manufacture. Although automated fabricatiorntegues do exist for solenoidal
microcoils, they are often hand wound by skilled@ designers. In contrast, microstrip

and microslot probes are created using well estaddi lithographic methods which could
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Figure 6.1. lllustrations of a solenoidal microcoil (A) anaracroslot (B),
showing the direction of the magnetic fields crddig the coil or slot (B,
the current running through the separation capiltiring a separation

(B2), and the magnet @B
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easily be translated to a commercial design proc&ls microstrip probe is constructed
using only a single layer lithographic process,ahioffers a full range of scalability,
while in the case of the microslot, scalabilityimited by the laser wavelength used to
create the slot in the microstrip.

The work described in this chapter demonstratesdipling of cITP with a
microslot NMR probe design that was constructedneyat the ISAS institute for
analytical sciences in Dortmund, Germany durindgataration with the Hergenroder
group in the summer of 2010. In this probe desiignseparation capillary is oriented
parallel to the static 8magnetic field of the NMR, eliminating the delébers effects of
the magnetic field produced in the capillary. Tleadfits of this approach will be
demonstrated by the cITP focusing and online NM&yais of the commercially
availablep-blocker, atenolol.

6.2 Experimental

6.2.1 Materials and Reagenfsised silica capillaries were purchased from

Polymicro (Phoenix, AZ) and surface-modified toguoe zero electroosmotic flow by
MicroSolv Technology Corporation (Eatontown, NJ)lyRirethane-coated copper wire
(99.99% Cu) was purchased from California Fine V@agnpany (Grover Beach, CA).
Non-magnetic trimmer capacitors were purchased Wattronics Corporation (Denville,
NJ). The Rogers RT/duroid 5880 high-frequency tate used for microslot fabrication
was purchased from the Rogers Corporation (Chanai®r The dielectric of this
laminate is glass microfiber reinforced PTFE (timegs 3.175 mm) with electrodeposited

copper on both sides (thickness|3B). The photoresist used for chemical etching was
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AR-U 4040 Alresist (Alresist). The developmentlioé exposed substrate was
accomplished with sodium hydroxide solution (7 g/The etching bath (Hema)
consisted of sodium persulfate. Sodium acetatepueshased from Sigma-Aldrich, Inc.
(St. Louis, MO). Deuterium oxide ¢, 99.9% D low paramagnetic) and deuterated
acetic acid were purchased from Cambridge Isot@mmiatories, Inc. (Andover, MA).

The 0.2um nylon syringe filters were purchased from MicraS&atontown, NJ).

6.2.2. Solenoidal Microcoil Probe Constructidime design of the solenoidal
microcoil probe used in this work is describedeotson 4.2.2.

6.2.3. Microslot Probe Constructiohhe construction of the micrslot probe used

in this chapter was done at the ISAS instituteafaalytical sciences in Dortmund,
Germany. The method used to construct the midrbsie also been reported
previously? To begin construction of the structure and micipsone side of the of the
Rogers substrate was cleaned with ethanol andhgalitdo micron root-mean-square
roughness. The substrate was then coated witin éatfer of photoresist and the mask
(seen in Figure 6.2) for the structure and micipstras pressed on the surface. The
surface and mask were then exposed to UV ligh2%srin a vacuum chamber. Next, the
mask was removed and the substrate was developiethisrsing the substrate in a
sodium hydroxide bath for several seconds. Theseg copper was then etched away
from the substrate by immersing the it in an etghoath of sodium persulfate for 20min.
This left only the copper structure and microstnipthe substrate. A 400 x 500

microslot (shown in Figure 6.3) was then machimgd the center of the microstrip by
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Figure 6.2 lllustration of the mask used for the
photolithographic production of the microstrip
structure for the microslot probe
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Figure 6.3 Digital image taken through the lens of a micrgecof a sample
capillary positioned on top of the slot in the m&trip of a microslot NMR probe.
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femtosecond laser ablation. The finished microsthgp was then fastened (with a custom
built mount) to the top of a 500 MHz bruker broaddg@robe with the coil removed.
Electrical connections to the tuning and matchiagacitors of the probe were made
according to the circuit diagram shown in Figur&. 6An additional trimmer capacitor
(C2) was added to the circuit in order to tunerdsmnant frequency of the probe into the
range of 600MHz. The separation capillary was tiaged with kapton tape across the
microslot in an orientation parallel t@.B

6.2.4. Experiments to Test the Effect of Electamghic Current orfiH NMR

Lineshape in Microcoil and Microslot Probe® 50 mM sodium acetate buffer was

prepared in KO and titrated to pH 4.6 with deuterated acetid.adihe capillary of each
probe was filled with buffer and each end placed abuffer reservoir. The appropriate
voltage was applied across the capillary usingmlat electrodes and an NMR spectrum
was subsequently measured. INMR spectra were acquired using a Bruker Avance
spectrometer operating at 599.69 MHz. The spe&atra acquired by averaging 16
transients with 0 dummy scans. A relaxation delfay.00 s was used, and FIDs were
acquired into 33,066 data points following the &ailon of the 90° pulse. FIDs were
apodized by multiplication by an exponential fuantequivalent to 1.0 Hz line
broadening prior to Fourier transform and zerceéilto 65,536 points.

6.2.5. Experiment to Test the Effect of Electromic Current on Radio

Freguency Homogeneity in the Microslot ProAés0 mM sodium acetate buffer was

prepared in KO and titrated to pH 4.6 with deuterated acetid.adihe capillary of the

microslot probe was filled with the buffer and e&cid placed into a buffer reservoir.
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Figure 6.4 Circuit diagram for microslot probe
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For the nutation plotH NMR spectra were measured with either 0 or -2Cakylied
across the separation capillary by averaging Steas with 0 dummy scans for each
pulse width, incremented from& to 60us in 2is increments. A relaxation delay of 30
s was used, and FIDs were acquired into 33,066ptatds following the application of
the appropriate pulse. FIDs were apodized by nidépon by an exponential function
equivalent to 1.0 Hz line broadening prior to Feutransform and zero-filled to 65,536
points. In the high voltage nutation experimeng, 420 kV voltage applied resulted in a
current of -85uA. For both experiments, integrals of the watsoreance were plotted vs.
the pulse length in Excel (Microsoft, Redmond, W@ produce the plots in Figure 6.10.

6.2.6. On-line Microslot cITP-NMR of Atenololhe cITP buffers were prepared

in D20. The leading electrolyte (LE) consisted @&&® mM sodium acetate solution
adjusted to pD 5.0 by addition of deuterated acatid. A solution containing 160 mM
deuterated acetic acid served as the trailingreligte (TE). For the cITP experiment,
the capillary was filled with LE and the 2 mM atésample (prepared in 50/50
H2O/TE) was introduced by hydrodynamic injectioradteight differential of 18 cm for
7 min resulting in injection of 18 nmol. Next th& Tvas injected for a total of 7 min.
After completion of the injection protocol, the taxye across the capillary was raised to -
15 kV for the duration of the cITP experiment. &fthe start of the cITP experiment,
NMR acquisition was initiated to acquire an arréytd NMR spectra using 90° pulses
with an acquisition time of 1.99 s and a spectidthvof 11.03 ppm. Each spectrum was
acquired by coaddition of eight transients and zienmmy scans. Line broadening

equivalent to 1.0 Hz and zero-filling to 65,536mgsiwere applied prior to Fourier
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transformation. Once atenolol reached the actbrerme of the microslot probe a
hydrodynamic back pressure was applied to the Lffebreservoir which slowed the
migration of the atenolol band through the prob&/acszolume. The spectrum was
produced by coaddition of thirty FIDs containing ttesonances for atenolol after first
manually aligning the spectra to account for séchrft during data acquisition due to
the lack of a spectrometer lock.

6.2.7 Improving Background Suppression in the bt Probe.A 100 mM

sucrose solution was prepared in low paramagnefticdhd filtered through a Opdn
filter. The capillary of the microslot probe wakefd with the sucrose solution and the
ends were closed off to prevent loss of samplendudMR acquisition. NMR
acquisition was initiated to acquire an arraytdfNMR spectra using 90° pulses with an
acquisition time of 1.99 s and a spectral widti D03 ppm. Each spectrum was acquired
by coaddition of sixteen transients and zero dursoans and a relaxation delay of 2.00 s.
Line broadening equivalent to 1.0 Hz and zerorfglto 65,536 points were applied prior
to Fourier transformation. The spectra shown guFes 6.8-6.11 were prepared by co-
adding sixty four FID’s after first manually aligrg the spectra to account for spectral
drift during the acquisition of the spectra. Irtle&igure the spectrum was only phased,
but no baseline correction was applied.
6.3. Results and Discussion

Previous work has demonstrated the effects ligaglectrophoretic current has
on the line width of NMR resonances when CE ispbedi to solenoidal microcoil

NMR.>® Coupling electrophoretic driven separations witmicroslot NMR probe
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should reduce the impact of current-induced broaggnecause the separation capillary
can be oriented parallel to the staticfidld of the NMR magnet. In this geometry, the
magnetic field induced by the electrophoretic auiris oriented perpendicular tg Bnd
therefore does not contribute to resonance broagdfiigure 6.1).

6.3.1 Experiments to Test the Effect of Electraghtio Current orfH NMR

Lineshape in Microcoil and Microslot Probekigure 6.5 compares of the effects of

electrophoretic current on the line width of theNMR resonance of water in spectra
measured using a solenoidal microcoil probe (Figusé) and a microslot probe (Figure
6.5B). The 18Qum ID/360um OD capillary contains a 50 mM sodium acetatedyuff
H,0 at pH 4.6. For both sets of spectra in Figube the electrophoretic current
increased proportionally from 0 to around -11%/0as the voltage across the capillary
increased from 0 to -20.0 kV. For th¢ NMR spectra acquired using the solenoidal
microcoil probe (Figure 6.5A), as the electrophigretirrent increases the water
resonance is significantly broadened, resulting gngnificant loss in S/N. Additionally,
as the current is increased we see that the lipeshiathe water resonance also degrades
becoming an asymmetrical lump at -11pA) Identical spectra measured with the
microslot probe (Figure 6.5B) show little currenttuced broadening because of the
orientation of the separation capillary paralleBto The slight broadening of the water
resonance at the highest values of the appliedg®ltis likely due to an increase in bulk
solvent flow due to a small residual EOF in theozZEOF capillary used for this

experiment.
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Figure 6.5 Comparison of the effects of electrophoretic curmnthe
line width of the'H resonance of water for A) a solenoidal microcoil

probe and B) a microslot probe. In both experimémescapillary

contains 50 mM sodium acetate buffer isgCHat pH 4.6.
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6.3.2 Experiment to Test the Effect of Electrogtior Current on Radio

Frequency Homogeneity in the Microslot Prold@ evaluate the effect of electrophoretic

current on the RF homogeneity of the microslot pratutation experiments were
conducted in which the width of a single pulse wased as a function of time at a
constant pulse power and electrophoretic curreinisamd -85uA (Figure 6.6). One
might expect that the magnetic field induced byeleetrophoretic current would have
some deleterious effect on RF homogeneity because arientation parallel to B
However, Figure 6.6 shows that the 90°, 180°, 2&0#, 360° nutation angles match well
at both high and low electrophoretic currents. yOmar a nutation angle of 450° are the
pulse lengths slightly different (©A: 54 us and -851A: 52us). Additionally, the ratio of
the peak intensities obtained for tip angles of &3 270°, 0.91 with a separation current
of -85 A and 0.93 with no separation current, demonstiiepreservation of RF (B
field homogeneity even at high electrophoretic ents.

6.3.3 On-line Microslot cITP-NMR of Atenolol.The final experimental

objective was to demonstrate the coupling of cid kicroslot NMR by focusing and
detecting the commercially availalfieblocker, atenolol. Atenolol was chosen because it
is positively charged at the acidic pH of our caittocI TP buffer system and because its
'H NMR spectrum spans 6 ppm including both methy aromatic resonances. Figure
6.7 shows the on-flow cITP-NMR spectrum of 18 nmwichtenolol obtained by

coaddition of 30, 8 scan FID’s. The inset contagnihe expansion of the aromatic region
of the atenolol spectrum shows that the 8.3 Hzupiog of the aromatic protons is well

resolved even
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with the application of 1-Hz line-broadening to Hi®. The inset showing the
expansion of the spectral region between 3.0 ahg@m shows the resolution of even
smaller proton couplings (some as low as 1.8 HElhe presence of the resonances
around 4.52, 4.17, 3.36, and 1.77 ppm, which dansé from atenolol, suggests that
either a contaminant in the sample or an aten@gtablation product was focused during
the experiment.

Even after the application of baseline correcttbm,baseline distortion in Figure
6.7 would make it difficult to extract accuratedgtals from this spectrum. These
distortions are likely a result of background remwes produced by the probe. The
bruker defined zg_8pulse pulse sequence used toradhe spectrum in Figure 6.7 uses
a composite 90° pulse in the place of a singlef0Se that should have suppressed some
of the background signals by only detecting resoearn the most homogeneous part of
the B, field.? To achieve better background suppression otHee mequences can be
explored. Section 6.3.4 discusses several aleemdse sequences that could be used to
improve background suppression in spectra acqwrgdmicroslot NMR probes and
presents results obtained for each sequence udig emM sucrose solution (Figures
6.8-6.11).

6.3.4 Improving Background Suppression in the bBtwt Probe.Figure 6.8

shows the microslot NMR spectra of sucrose acquiidida basic single pulse Bruker zg
pulse sequence which features a simple 90° pulleevied by acquisition. It would be
difficult to learn much from the spectrum in Fig@& due to the degree of baseline

distortion present. These distortions are likefgsult of background from stray
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Figure 6.7 An on-flow cITP-microslot NMR spectrum resulting
from injection of 18 nmol of atenolol produceddiyymming 30
FIDs each comprised of 8 transients. Resonancdsethavith an
asterisk are likely from a contaminant or an atehdégradation
product.
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Figure 6.8. Static microslot NMR spectrum of a 100mM sucrose
solution acquired with the Bruker defined ZG pusguence.
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magnetic fields created along the length of therosicip resulting from imperfections in
the strip. In previous work, Olson et al. showeat thcomposite 90° pulse could suppress
the signals originating from protons in the Fluerinin which their solenoidal microcoil
was immersed. This composite pulse and associated phase cyafitigs pulse

sequence (Bruker zg_8pulse) allows detection of thd resonances in the most
homogeneous part of the Beld? In a solenoidal microcoil this corresponds to the
sample inside the microcoil. In a microslot probis pulse sequence should limit sample
detection to the region directly around the slahi& microstrip minimizing the effects of
the probe background. Figure 6.9 shows the mioctd§VIR spectrum measured for the
100 mM sucrose sample using the zg_8pulse pulgggro This spectrum is much
improved from that in Figure 6.8 as all of the s1iser resonances fall along a fairly linear
portion of the baseline which extends from the yaegion out past the aromatic region.
Because of the linearity of the baseline in thgor, the sharp baseline slope in Figure
6.9 should be correctable using a simple algoritifowever, for samples containing
resonances covering a larger spectral region, edlydoelow 2 ppm, this approach

would be less useful.

An alternative approach to suppressing backgraigmhls from the probe was
presented by Cory and Ritchey in 1988Their method uses a 90° pulse followed by two
180° refocusing pulses with the appropriate phgskng (zgbs in the Bruker pulse
sequence catalog). Figure 6.10 A shows the statimsiot NMR spectrum for sucrose

acquired using the zgbs pulse sequence. In tergpn we again see that the baseline is
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Figure 6.9 Static microslot NMR spectrum of a 100mM sucrose
solution acquired with the Bruker defined zg_8pudsquence.

282



Mu%u \

[—

B

M\

8 6 4 2 0
opm
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sequences.
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fairly flat from the acetyl region out to the aramsaegion, but again there is a large
baseline distortion below ~1.5 ppm.

In an attempt to obtain better baselines withroioroslot NMR probe, a hybrid
pulse sequence was designed that utilizes a cote@Bipulse for excitation followed
by two 180 refocusing pulses. The full pulse sequence coda Bruker spectrometer
can be found at the end of this document. In thégience the 8-pulse composite pulse
from the zg_8pulse sequence is used to replacgdthpulse in the zgbs sequence.
Figure 6.10B shows the results obtained for acssaicrose sample with this hybrid
pulse sequence. Comparing this spectrum to thagure 6.10A for the zgbs sequence,
a significant reduction in baseline distortion velb.5 ppm is observed. Figure 6.11
shows an expansion of the sucrose resonancesurefgLOB. Both Figures 6.10B and
6.11 demonstrate the superior performance of theidhpulse sequence in terms of
background suppression of NMR signals from the @raBigure 6.11 also demonstrates
the quality, in terms of spectral resolution, of RMpectra that can be acquired using the
microslot probe with a static sample of high coricgion. However, due to the
complexity of phase cycling during both the zgbd hybrid pulse sequences it is
difficult to use these sequences with our curremglementation of online cITP
microslotNMR experiments because visual detectidh@analyte is used to determine
the presence of the focused band and apply a aflomt¢o park it in the probe active
volume. In these pulse sequences only 1 in evegas will result in a completely in-

phase NMR spectrum making it difficult to visualibe presence of the analyte. For this
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Figure6.11 Static microslot NMR spectra zoomed in on the rasces
of a 100mM sucrose solution acquired with a hypute sequence
combining both the zgbs and zg_8pulse pulse segaenc
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reason the atenolol cITP-microslot NMR spectrumwshn Figure 6.7 was acquired
using a simple composite 9pulse using the zg_8pulse sequence.

6.3.5 Hybrid Pulse Sequence for Improved BackgidDarrection.

;zgbs_8pulse

;avance-version (02/05/31)

;1D sequence for suppression of background signals
;using composite pulse

;Chris Jones 08/12/11

$CLASS=HighRes
:$DIM=1D

$TYPE=

‘$SUBTYPE=
‘$COMMENT=
#include <Avance.incl>
"p2=pl*2"

1ze
2 30m
dl
pl phl
pl ph2
pl ph3
pl ph4
pl ph3
pl ph4
pl phl
pl ph2
2u
(p2 ph5):f1
2u
(p2 ph6):f1

go=2 ph31
30m mc #0 to 2 FO(zd)
exit

ph1=0000111122223333

ph2=1111222233330000
ph3=2222333300001111
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ph4=3333000011112222
ph5=0123
ph6=0000222233331111
ph31=02021313
:pl1 : f1 channel - power level for pulse (default)
;pl : f1 channel - 90 degree high power pulse
:p2 : f1 channel - 180 degree high power pulse
;d1 : relaxation delay; 1-5* T1
;NS: 16 * n, total number of scans: NS * TDO
6.4 Conclusions

This work demonstrates that the planar geometthi@microslot NMR probe
permits the separation capillary to be orientedlbelrto the static magnetic field in cITP-
NMR experiments, minimizing thegBnhomogeneity induced by the electrophoretic
current of the separation. The results of nutagperiments show thatBlomogeneity
is minimally affected by the electrophoretic cutreWith the current boom in the
commercial development of lab-on-a-chip devicesluiting those capable of
electrophoretic separations, the added wealth enotal and structural information that
can be gained by incorporating NMR detection cdodldnvaluable. However, further

improvements in sensitivity and background suppoessre still required for the

coupling of cITP with microslot NMR probes.
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CHAPTER SEVEN

Conclusions and Future Directions

7.1 Conclusions

The high degree of structural diversity of hepamal HS is primarily responsible
for their wide range of biological functions. Howee, it is this same structural diversity
and it's highly ionic nature that complicates thelecular-level characterization of these
important GAGs. To address this challenge, newraok sensitive separation and
characterization techniques have to be developedhapter 2, we explored the
mechanism of RPIP chromatography through the ugieedRPIP-UPLC. The ability of
this method to resolve heparin disaccharides basetifferences in charge and subtle
variations in compound structure makes it a usafobe of the mechanism of RPIP
separations. The investigation also addressesph@fic interactions between the IPR
tributylamine (TrBA) and heparin as well as thegmtial role that competition between
TrBA and other IPRs can play in the resolutionsoimeric disaccharides. Finally, in
chapter 2 we used the mechanistic insights gamel@sign and optimize a new reverse-
phase ion-pair UPLC separation for heparin- ancgrepsulfate-derived disaccharides.
Compared to the results of previous studies, tlaghod yielded higher resolution and
improved ionization efficiency when coupled to B%&.

In chapter 3, the RPIP-HPLC separation mechamamexamined further by
probing the effects of ion-pairing reagent (IPR)@entration, counterion and mobile

phase pH on the quality of the RPIP-UPLC separatitin emphasis on how these
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factors impact the separation of disaccharide an®mEhe results highlighted the role of
the IPR counterion and demonstrated that the résnlaf the disaccharide anomers can
be minimized by conducting the separation at low gibhplifying chromatographic
analysis and improving resolution. The results @nésd in both chapters 2 and 3
provided insights into strategies that could beduse developing more sensitive and
efficient reverse-phase separations for other @dthagalytes including larger GAG
oligosaccharides.

Chapter 4 describes experiments designed to iga¢stthe effects of binding in
capillary isotachophoresis, (cITP) separations. Whek examined the cITP separation of
the isomers of the tricyclic antidepressant doxépigain insights into intermolecular
interactions that occur during cITP. These reslitaved that acetate binds weakly to
beta-cyclodextrinf-CD). The work also compared the use of CE and N &etermine
the association equilibrium constants for the bigdf both doxepin isomers afieCD.

In Chapter 5, the insights gained from the regelt®rted in Chapter 4 were used
to develop an improved anionic cITP separation oufor heparin-derived
oligosaccharides. The optimized buffer systemgiaim LE of 160 mM DCL/80 mM
immidazole (pD 6.9) and a TE of 40 mM tricine (p2)Bwas shown to effectively focus
all 12 commercially available disaccharides (inahgdVH, IVA, 1IH, and IlIH which
could not be focused using previous buffer systantsIVS which was not previsouly
available commercially), hexasaccharide fractiondepolymerized heparin, heparan
sulfate, and the low molecular weight heparin (LMY\é4#oxaparin obtained by size-

exclusion chromatography (SEC), as well as an ahfiaated enoxaparin sample. The

290



results demonstrate the potential of anionic clTi&oeoil NMR as a useful tool for
evaluating sample purity, composition, and reactimtesses for mass-limited heparin
and HS samples.

In Chapter 6, we demonstrated the coupling of aitR a microslot NMR probe
design that allowed us to orient the separatioilleapparallel to the static #magnetic
field of the NMR magnet, eliminating current-inddderoadening produced in the cITP
separations. The benefits of this approach wemsodstrated by the cITP focusing and
online NMR analysis of 18 nmol of the commercialailablep-blocker, atenolol. The
resulting spectrum showed that by elimination afent induced broadening that J-
couplings as low as 1.8 Hz could be resolved. \Wiéhcurrent boom in the commercial
development of lab-on-a-chip devices, includingsthoapable of electrophoretic
separations, the added wealth of chemical andtstalanformation that can be gained
by incorporating NMR detection could be invaluable.

7.2 Future Directions

7.2.1 Redesign of Microslot Prob&he microslot design presented in chapter 6 is

effective in reducing the broadening of NMR resareanthat results from the current
induced magnetic field created in the cITP capiliduring focusing. However, there is
still a need to improve the overall sensitivitythé probe. The microslot probe described
in chapter 6 is about 4 times less sensitive tharsblenoidal microcoil probe used in
chapters 4 and 5. This made it difficult to digtiish most analyte resonances from
baseline noise during online cITP-NMR microslot esiments. Additionally, without

being able to visualize where the analyte is redatd the active volume of the coil, it is
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difficult to perform stop flow experiments that wdwenable additional signal averaging
to enhance spectra signal-to-noise.

To address this sensitivity limitation, a majadesign of the microslot probe is
needed. As Figure 7.1 shows that the currenisiodt only too wide for the dimensions
of our capillaries (ID 180m and OD 360m), at a length of 50am it is only half the
length of the 16-turn microcoils used in the soldabmicrocoil probe. At best, this
limits the active volume of the microslot probentaf that of the solenoidal microcoil
probe, and the added noise from the reduced fiftuatpr are likely major contributors to
the poorer sensitivity. A better design would irage the length of the slot to 1,000
and would reduce the width of the slot to a valleser to the O.D. of the capillaries used
(~360um) as illustrated in Figure 7.2. This would greathprove the filling factor of
the probe while also roughly doubling its activéwnoe.

7.2.2 Lab-on-a-chip Coupled to Microslot NMRhe planar design of the

microslot probe makes it ideally suited for couglio lab-on-a-chip applications. Recent
work by Quist et al. showed that isotachophoregpgasations could be triggered at the
border of a nanochannel-induced ion-depleted Zofike technique coined depletion
zone isotachophoresis (dzITP) uses a nanocharatetdhnects two microchannels as a
perm-selective barrier between the channels leadicgncentration polarization with
respect to the nanochannel when an electric feelgpplied across the microchannels.
This concentration polarization leads to a zondagleted ions (or a depletion zone) in
the separation microchannel and ion enrichmertierother microchannel. A tangential

EOF created by the interaction of buffer cationthwie negative charge of the walls of

292



Figure 7.1. Digital image taken through the lens of a micrgezof a sample
capillary positioned on top of the slot in the mtrip of a microslot NMR probe
used in chapter 6.
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Figure 7.2. lllustration depicting the proposed changes toctimeent
microslot probe design to increase the overalliseiyg of the probe.
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the microchannel (in this case the walls were pynansports analytes toward the border
of the depletion zone where they are trapped.zIff| the depletion zone also acts as a
trailing electrolyte and the background electrolytauld act as a leading electrolyte
inducing an isotachophoretic separation. SinceMilés of the chip are negatively
charged it is ideally suited for the dzITP of ancomolecules such as heparin and
heparan sulfate oligosaccharides. Additionallyngishe same three point voltage
actuation utilized by Quist et al., the positiortloé analyte zones can be fully controlled
(by function of controlling the position of the deppon zone) without the need to apply a
backpressure as in normal cITP, which often resalpartial dispersion of the analyte
band. For coupling to microslot NMR, a dzITP chimilar to that illustrated in Figure
7.3 could be fabricated which could be mated tatieroslot NMR chip as shown in
Figure 7.4. To maximize the filling factor, thedth of the separation channel can be
fabricated to the width of the microslot. The prepd dzITP chip would also need to be
positioned such that the nanochannel is beyondibmslot allowing the analyte bands
to be focused between the nanochannel and bufferveir “A”. This would allow the

ITP analyte bands to be focused directly abovartioeoslot by adjusting the voltages
applied at buffer reservoirs “A” and “B”, allowingnlimited signal averaging capabilities
for microslot NMR spectra.

7.2.3 Multinuclear Microcoil/Microslot ProbedAs discussed in chapter 1, one

dimensional*C and two-dimensional heteronuclédir-**C NMR experiments can
provide invaluable information about the type, nemland position of C-H bonds within

analytes and offers improved spectral resolutioteking advantage of the greater
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Microchannels

@ O

N

- 1 «— | Nanochannel

Figure 7.3. Chip layout for dzITP consisting of two microchalsand one
nanochannel. In this setup A is the downstreanageltand B the upstream
voltage while C and D are connected to ground. v@dying the A and B
voltages relative to each other the position ofdépletion zone and thus the
position of the focused ITP bands can be controlled
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Figure 7.4. lllustration of the dzITP chip mated on top of the&roslot probe.
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dispersion of thé®C chemical shift dimensioh.Langeslay et al. demonstrated
experimental conditions that allowed the detectibthe sulfamate (NHS£) *H NMR
resonances of heparin and HS derived mono- andsalizharides in 90%,8.3 These
authors further showed that by usinHg"™N HSQC experiment, the sulfamate protons
could be efficiently used to detect the glucosamiN chemical shifts greatly
simplifying the analysis of complex mixtures of heip- and HS-derived
oligosaccharides. However, the poor sensitivitiiBIR makes detecting the less
abundant®C and™N nuclei in mass-limited samples difficult. A potential solution is
to add multinuclear capabilities to the solenorairocoil and microslot probes coupled
to cITP. While some sensitivity will be lost bydadg additional channels to the probes,
the increased mass sensitivity of these probegalath the concentration and separation
capabilities of cITP could allow the detectiona& and™N nuclei from molecules
isolated in trace quantities.

7.2.4. Top-down Analysis of Heparin and HS by M®ecent work by Ly et al.

described efforts to structurally characterize seguence the simplest proteoglycan,
bikunin? Bikunin is a serine protease inhibitor and isqueei in that its core protein has a
single site for glycan attachment. Additionallyisireadily available in high purity due

to its use in the treatment of acute pancreattiapan. Prior to analysis, the bikunin
proteoglycans were enzymatically cleaved into pkgfiycans and then the glycan
portion was further enzymatically cleaved into deraand more easily analyzed
oligosaccharides. The smaller peptidoglycans wese fractionated into size and charge

uniform pools using continuous elution polyacryldmpel electrophoresis (PAGE).
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These fractions were characterized by MS and CIDNW&Sexperiments with both FT-
ICR and FTMS instruments. All of the isolated pepglycans contained a linkage
region consisting of a single hexasaccharide semp@tglycosidically linked to serine.
Surprisingly, even beyond this linkage region th® Msults revealed that the
peptidoglycan chains contained a predictable patiEd-O-sulfogalactosamine residues
showing a defined sequence for bikunin.

This breakthrough will likely change the glycosaoglycan community’s
thinking about the structure of proteoglycans drartbiosynthesis. Unlike the genome
and proteome for which we understand how templatesa biosynthetic processes
impart specific sequences, no such understandis¢senr the glycome. In fact, there is
still much debate as to whether glycans possestra@gequence or even how that
would be possible given their complex biosynthessembly from an unmodified
proteoglycan into their final form within the Golgbmplex® Furthermore, given the
known similarity in biosynthetic pathways of allgpeoglycans these results suggest that
other more complex proteoglycans, such as hepalttates may also have regions of
defined sequence.

This work also aptly illustrates the role that Htvances in the technologies
available for glycan separation and analysis ptetpis rapidly evolving field. In
particular, the application of FT-ICR and FTMS/M&hd their success in efficiently
providing sequence information, even for oligosacites with labile constituents. This
is a significant advance in glycomics technologst thill certainly see more extensive

application to more complex oligosaccharides sucthase in the GAG family.
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However, further improvements in proteoglycan isofatechniques and the
development of a detailed understanding of thelagigm of glycan biosynthetic
pathways will likely be required to address angerblat defined sequence elements play

in more complex proteoglycans.
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Appendix 1
MicroMath Scientist Statistics Report
Goodness-of-fit statistics for data set:c:\scidtryisnmd

Data Column Name: D

Weighted Unweighted
Sum of squared observations : 302.595715 38621
Sum of squared deviations : 0.00448339022 49.8839022
Standard deviation of data : 0.0201886337 (L.886337
R-squared : 0.999985184 0.999985184
Coefficient of determination : 0.398681355 98881355
Correlation : 0.964937665 0.964937665

Data Set Name: c:\scientis\try.mmd

Weighted Unweighted
Sum of squared observations : 302.595715 96721
Sum of squared deviations : 0.00448339022 42.8839022
Standard deviation of data : 0.0201886337 (1836337
R-squared : 0.999985184 0.999985184
Coefficient of determination : 0.398681355 98881355
Correlation : 0.964937665 0.964937665
Model Selection Criterion : 0.341963627 0.3836r7

Confidence Intervals:

Parameter Name : K

Estimate Value = 37731.9134

Standard Deviation = 2988.91538

95% Range (Univar) = 31153.3551 44310.4718
95% Range (S-Plane) = 31153.3551 44310.4718

Variance-Covariance Matrix:
8933615.1199

Correlation Matrix:
1.00000000

Residual Analysis:

The following are normalized parameters witlreapected value of 0.0. Values are in
units of standard deviations from the expectedevalu
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The serial correlation is 2.40 which indicadesystematic non-random trend in the
residuals.

Skewness is -4.52 indicating the likelihoochdéw large negative residuals having an
unduly large effect on the fit.

Kurtosis is 0.30 which is probably not sigcafint.

The weighting factor was 0.00 leading to eehmfcedacticity of -201.49 which
suggests an optimal weight factor for this fit bbat -201.49

/l MicroMath Scientist Model File
IndVars: PTOT

DepVars: D

Params: K

DS=5.06668
DSP=4.99593
STOT=0.001
SP=STOT-S

A=K
B=(K*PTOT)+(K*STOT)+1
C=-STOT

DD=sqrt((B*B)-(4*A*C))
S=(-B+DD)/(

XSP=SP/STOT
XS=S/STOT
D=(DS*XS)+(DSP*XSP)
0<SP<0.001

Key:
D = Doxepin concentration
S =B-CD
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