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Abstract

Dynorphin A 1-17 (Dyn A 1-17) is an endogenous neuropeptide that abiésegmtially at
the kappa opioid receptor. Elevated concentrations of Dyn A 1-17 hawend&ated
neurotoxicity via a non-opioid mechanism, potentially mediated by RMDN-methyl-D-
aspartate) receptors. This neurotoxicity has further been mgdian a variety of conditions
including neuropathic pain, stress, depression, and neurological diso@ading; Alzheimer’s
and Parkinson’s disease. Unlike traditional small molecule neurotitders, peptides can
undergo enzymatic degradation once released into the extracepialee and these metabolites
can then go on to exhibit their own unique properitiesivo, often at sites far distal to their
releasing cells. The investigation of dynorphin metabolismpeaaslly crucial at blood brain
barrier, where a peptide metabolite may exhibit substantdifferent transport properties.
Traditional methods for the quantification of neuropeptides are immum@assich as ELISA
(enzyme linked immunosorbent assay) and RIA (radioimmunoassay). Wasde techniques
have excellent limits of detection, cross-reactivity betwetate® species is a significant issue.
Therefore, it is essential to develop analytical methodologigmbta of simultaneously

determining the concentrations of both the parent peptide and its metabolites.

In this thesis, the metabolism of Dyn A 1-17 in both the centrafonsrsystem and
peripheral tissues as well as withiarvitro cell culture model of the blood brain barrier (BBB)
is investigated. Methods for the separation and detection nfA¢-17 and four of its key
metabolites; Dyn A 1-6, Dyn A 1-8, Dyn A 1-13, and Dyn A 2-17raveleveloped using
capillary electrophoresis (CE) with copper complexation and U\ectien and liquid
chromatography-tandem mass spectrometry (LC-MS/MS). Dyn6Avas found to be a major

metabolite in the above mentioned systems and therefore its feityeat the BBB was



investigated using bovine brain microvessel endothelial cells BB8J. The effect of this

peptide on the permeability of the low molecular weight, low permeability compawrr@dgicein

was also explored.

In addition to CE and LC-MS/MS, microchip electrophoresis is alscstigated. More
specifically the development of an immunoaffinity microchip tgghoresis system was begun.
Online immunoaffinity enables sample clean-up and preconcentratidreaeparation device.
By combining immunoaffinity with highly efficient electrophoretiepgrations, an integrated
device to investigate dynorphin metabolism is fabricated. Minzatlion decreases analysis
time, significantly improving temporal resolution. Additionally pyecentration will improve
limits of detection, making the detection of endogenous concentratiognofphin peptides
from biological samples feasible. Towards this goal, antibodgesang and some initial
microchip electrophoresis studies with amperometric and laser-ihdlucrescence detection
were investigated. Future directions include the incorporation of dingce with on-line
microdialysis sampling and the development of an immunoaffinity atiigp electrophoresis

system for investigating neuropeptides implicated in neuropathic pain.
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Chapter One:

Overall Thesis Objective and Chapter Summaries



1.1 Research Objectives

There is a continuing interest in the determination of peptiddsological samples. With the
increasing interest in identifying vivo signaling molecules and disease biomarkers, the development of
analytical methods for the determination of peptides in plasniee, urerebrospinal fluid (CSF), and
microdialysates is essential. Most endogenous peptides esenprat low nM to pM concentrations
within these complex matrices. Exogenously delivered bio-thetiapeare also becoming increasingly
popular. The analytical methods by which these protein and pdyatibet drugs are determined must be

sensitive, quantitative, and robust.

This thesis explores a variety of techniques for peptalysis including capillary
electrophoresis (CE), microchip electrophoresis (ME), liquidmiatography with mass spectrometric
detection (LC-MS/MS), enzyme-linked immunosorbent assay (ELI&A) immunoaffinity microchip
electrophoresis (IAME). In particular, the need for anadtimethods capable of simultaneously
detecting the parent peptide as well as its metabotitagddressed. The work presented here is focused
on a specific family of opioid peptides, the dynorphins, although muitthaet applicability towards the

determination of other neuropeptides, especially those which possess adlgttig point (pl).

1.2 Thesis Outline and Chapter Objectives:

1.2.1 Chapter Two

This chapter is a review of analytical methods fordbantitation of endogenous peptides. A
variety of techniques are covered that have been employed fdetdenination of peptides in plasma,
urine, tissues, and microdialysis samples. The review brikeffgribes matrix-assisted laser desorption
ionization, radioimmunoassays, and ELISAs. However, the primacysfis on separation-based

analyses including LC, CE, and ME. A variety of detection methadalso covered including UV, laser



induced fluorescence (LIF), amperometry, and mass spectrometry. Exampie¢sdriterature are given

for a variety of biological matrices.

1.2.2 Chapter Three

The development of capillary electrophoresis methods for tharaton of dynorphin A 1-17
(Dyn A 1-17) and four of its key metabolites is presented. d@Budptimization is discussed in detail.
Phytic acid was used to circumvent adsorption of high pl peptid the capillary wall. Additionally,
resolution of closely related peptide metabolites was ovexcesing cyclodextrins. An on-capillary
copper complexation technique was explored in an effort to improvis lahdetection with UV and also
to render the peptides electroactive for future applicatiossig microchip electrophoresis with
electrochemical detection. Tlrevitro metabolism of Dyn A 1-17 was investigated in human plasma as

well as rat brain and spinal cord slices.

1.2.3 Chapter Four

This chapter is focused on the development of a quantitatiel &84S technique for Dyn A 1-
17 and its metabolites. Two mass spectrometry instrume@satiro micro (Waters) and an APl 2000
(AB Sciex), were evaluated. Optimization for dynorphin peptwias performed on each. The tunable
parameters and settings of the two were compared. The remainttee chapter is focused on the
optimization of the liquid chromatographic separation of the dymaspand the challenges associated
with the analysis of peptides in biological matrices. In paldr ion suppression in the presence of a cell
compatible solution, phosphate buffered saline with ascorbic acilSARBwas observed and
modifications to this buffer were necessary for adequate iomizaT his chapter lays the groundwork for

thein vitro investigations of Dyn A 1-17 metabolism presented in Chapter 5.



1.2.4 Chapter Five

The LC-MS/MS method developed in Chapter 4 was applied Witro studies of Dyn A 1-17
metabolism. Initially then vitro studies were performed in central nervous system (CNS) tissues, namely
in rat brain and spinal cord slices. The metabolism was thestigated in the presence ofiarvitro
blood brain barrier (BBB) model consisting of a primary culturémfine brain microvessel endothelial
cells (BBMECs). The identification of Dyn A 1-6 as a kegtabolite in each of these systems led to
further investigations of this peptide’s transport acros8B®. Directional and temperature dependence
of this transport are addressed as well as the effectsopdiptide on the transport of the low molecular

weight, membrane impermeant molecule fluorescein.

1.2.5 Chapter Six

This chapter is a review of immunoaffinity capillary anitnochip electrophoresis techniques as
well as preliminary work towards the development of an immumolff microchip system for
investigating dynorphin metabolism. In moving towards micro tatalysis systems TAS) for
continuous monitoring of peptides, considerable improvements must de masensitivity and
selectivity. In particular, neuropeptides are presemnivo at low nanomolar-picomolar concentrations.
While immunoassays address the necessary limits of detdotidchese species, cross-reactivity with
structurally homologous species can hinder accuracy. Thf psrticular importance when trying to
study neuropeptide metabolisrs demonstrated in Chapter 2, electrophoresis offers a higlidyeaff
separation format for such studies. Miniaturization can furitmprove temporal resolution of such
techniques. However, sample clean-up and preconcentratiortemese$ential for analysis in biological
matrices, especially for the determination of low abundant geepti Therefore, incorporation of an
immunoaffinity port into a microchip electrophoresis devicem @mbine the high specificity of

immunoassay with the high resolving power of electrophoresisfukoe applications involvingn vivo



microdialysis studies, such devices have the added benefitabfsample volume consumption and fast

separation times, making near-real time monitoring of neurochemaagses a conceivable reality.

1.2.6 Chapter Seven

This chapter gives an overview of the research predemt this thesis. The Dyn A 1-17
metabolites identified by both CE and LC-MS/MS are summarizdeuture work towards the
development of an integrated immunoaffinity microchip electropr®®stem foin vitro andin vivo
investigations of dynorphin metabolism and transport at the blood beatier is described. Also,
additional experiments involving IAME techniques for biologicallglated analytes such as an

“immunoaffinity pain microchip” are addressed.



Chapter Two:

Analytical Strategies for the Determination of Peptides in Physiologat Samples



2.1 Introduction

Peptides are involved in a plethora of signaling pathwiaysivo including pain
perception, blood pressure regulation, and neurotransmission. They eamadtrotransmitters,
hormones, antibiotics, toxins, enzyme inhibitors, and immune modulatadog&nous peptides
have been implicated as potential biomarkers for a variety oés#iseincluding neurological
disorders such as Alzheimer’s and Parkinson’s diseases, diab#tatsaneuropathic pain and
some cancers. Exogenously delivered biotherapeutics are also gapingrity, and thus their
stability and pharmacokinetic propertiesvivo must be investigated. Additionally, much of the
work in the proteomics arena is focused on the analysis of pe@gladnts, used to determine

structural information about key proteins of physiological interest.

The analysis of peptides is therefore an important analyticalipdos a variety of
scientific areas including pharmaceutics, neurochemistry, alitésting, biomarker discovery,
proteomics, and peptidomics. More specifically, this analysis brisipplied tan vivo andin
vitro samples which are complicated matrices, containing other pantdipeptide components
that can interfere with analysis and diminish sensitivity. Thapter will therefore discuss
analytical methods for the determination of peptides in biologiaaiptes. In particular,
methods for analyzing known peptides in blood, urine, and cerebrospirthl(@SF) will be
addressed, as well as the analysis of microdialysates fv@medy of tissues and animal models.
Common methods for sample preparation will be briefly describetiegsapply to biological
samples. Primarily, mass spectrometric- and separation-tbaslediques will be discussed,

although a brief discussion of immunoassays is also included.



2.2 Sample preparation

Several key challenges exist with the analysis of peptidesifispkty those in biological
fluids. The first, of course, is accurately determining the concentratiorabfte(s) of interest in
complicated matrices such as blood, urine, and cerebral spinal fluiof, w&hich contain a
variety of salts, amino acids, peptides, and proteins that carenetevith analysis. In addition
to these body fluids, peptides can be sampled from tissues wiadmlgsis, studied in tissue
homogenates, and investigated withvitro samples such as cell culture. Therefore, clean-up
and desalting prior to analysis is often necessary. Therareommonly employed sample
preparation methods that can aid in decreasing the effectatoikk momponents on analysis:
solid phase extraction (SPE), protein precipitation (PP), liquiddiagtraction (LLE), and

immunoaffinity purification.

Protein precipitation is likely one of the simplest and leapersive sample clean-up
procedures. PP is easily employed by the addition of at teast the volume of either an
organic (usually acetonitrile) or an acidic solution. Due to thé tfamt co-precipitation of
peptides is possible, PP can risk loss of the analyte(s) oéshteThis method is also often
incorporated with other sample clean-up methods because remainmgaoatponents can still

cause interference with subsequent analysis.

Liquid-liquid extraction relies on the different solubility of a queand in aqueous
versus organic solvent. This method is difficult to employ for meptides due to their inherent
polarity. However, certain applications of LLE are benefi@pkcifically when the peptide of
interest is cyclic or contains modified N- and/or C-terminalidSphase extraction (SPE) can be

performed with a variety of materials including non-polar, polar;elchange and mixed



materials, making this method selective and versatile. Iniaddid selecting the appropriate
material for the desired application, solvents and elution solutawasalso optimized for
recovery of the peptides of interest. SPE can also convenienthctwgorated online prior to

reverse phase LC with column switching techniques.

Immunoaffinity purification is a sample clean-up method with Fhsgecificity for the
compounds of interest. For example, antibodies immobilized on magnatis ban be used
prior to analysis [1]. While offline immunoaffinity can be utilizean advantage of such a
technique is the various ways to incorporate online cleanup direditetanalysis method. For
example, antibody modified affinity columns can be used prior to RECHWMith the use of
column switching. Antibodies can also be immobilized into capbaor reservoirs for clean-up

prior to analysis by capillary or microchip electrophoresis.

For many biological matrices, especially blood, large protemsh as albumin are
responsible for a large portion of the matrix interference. p@irmethods such as molecular
weight cut-off filters can significantly reduce interfererfoem these proteins. Care must be
taken to determine recovery of the peptides of interest and adoouoss following filtration.

In addition to sample preparation to remove interfering matrix companagptide adsorption to
vials, pipette tips, as well as instrument components can intewfighe accurate analysis,
especially in low concentration samples. This issue will be gemgpound specific and will
need to be addressed on a case-by-case basis during the metHodnadenephase for each
peptide. In this thesis, the adsorption of dynorphin peptides to thefweafused silica capillary
during analysis by CZE and the addition of ion-pairing agents isdhgle and run buffer to

prevent this (Chapter 3) [2] is discussed. In addition, silanizatighas$ side-by-side diffusion



chambers is employed in Chapter 5 to prevent dynorphin adsorption aetlar transport

assays.

Sample stability is another important consideration in peptide sisalgoth at room
temperature, during sample prep and analysis, as well as diorages (typically frozen). Most
reports have included various enzyme inhibitors to prevent degradafiencan be seen in
Figure 2.1, the stability of bradykinin is significantly improvedhahe inclusion of both an

ACE-inhibitor and an N-carboxypeptidase inhibitor (captopril and MEGETPA spabp)i¢3].

2.3 Analytical Techniques for Peptide Analysis

2.3.1 Immunoassays

Historically immunoassays have been employed for the quantitatipapbdides. These
methods are highly sensitive, and are typically aimed at thatitateon of one particular
compound. Despite their sensitivity, cross-reactivity with peptiofiesimilar structure or
sequence can generate false results. This is especially mpaticlevhen sampling from a
biological fluid that will likely contain other peptides. Assays also time consuming and
expensive. Radioimmunoassays (RIA) in particular are expensivi® dioe use of radiolabeled
compounds and carry some risk of handling such reagents. Enzyme-linkeshasorbent
assays (ELISAs) circumvent the use of radiolabeled compounds, eustillr relatively
expensive. Nevertheless, immunoassays have extensively beeryennjolothe determination
of peptides from a variety of biological fluids. Immunoassays Hseen reported for the
detection of peptides in blood [4], plasma [5], urine [6, 7], and CSF [8-Al}ecent report

describes a novel radioimmunoassay (RIA) for the quantitation of the ironteguaptide
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Figure 2.1 Bradykinin degradation in bovine plasma is inhibited byatltition of both the
ACE-inhibitor captopril and the N-carboxypeptidase inhibitor MEGET8fuére data points) as
compared to the stability of bradykinin in plasma without inhibitoran(@ind data points). Full
inhibition was not achieved with captopril alone (1 mM — circleadmints or 2 mM- triangle

data points). Reprinted with permission from [12].



hepcidin in human plasma, verifying the peptide’s relationship to gweld in patients with
chronic kidney disease [5]. Patient hepcidin levels increased dcatha#i4 hours post L.V. iron

infusion (Figure 2.2).

In addition to the expense and time, immunoassays are typicalljoysadpfor the
detection of a single analyte. In most cases of peptide asalys desirable to detect several
related peptides simultaneously. For example, the investigatigrepifde metabolism is
essential for understanding the unique role of metabotites/o. Therefore, the remainder of
this review will focus on methods that are capable of monitoravgral related peptides in a
single assay. This includes mass spectrometry- and sepatased methods for determining
peptides in physiological fluids. In addition to the techniques discussede following
sections, many researchers have found that a combination of sep&eahniques aids in the
analysis of such complicated samples. Two dimensional chromaptogr [13-16],
immunoaffinity CE [17, 18] and ME [19-21], and on-line CE-LC separatipBshave all been
employed to improve limits of detection and decrease intexdeseinom matrix components. Of
particular importance to the work in this thesis is the incoeasenbination of immunoaffinity

purification on-line with electrophoretic separations.

2.3.2 Matrix assisted laser desorption ionization mass spectrometry (MABDI M

Matrix assisted laser desorption ionization mass spectronogtizes samples that have
been co-crystallized with a compound which is usually a UV-adsonveagk organic acid.
Molecules are transferred to the gaseous phase following UY daséation. MALDI mass

spectrometry is most often paired with time-of-flight (TOF) mass anayZdost MALDI MS
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Figure 2.2 Hepcidin (grey bars) and ferritin (black bars) aunagons in patients with chronic
kidney disease pre- and post-IV treatment with 200 mg iron sucRserinted with permission

from [5].



applications are qualitative in nature and achieve accurate pégbidigication in biological

samples.

There are some semi-quantitative techniques reported, however;reposts utilize
MALDI for its sensitivity, ionization interested readers shorddsult the following review [25].
MALDI also offers an attractive alternative of intact peptiéesl proteins, molecular weight
determination, and wide mass range. One advantage of MALDI ceeraspray ionization
(ES)) is the increased ability to ionize samples in the presefcalts and buffers that are
common contaminants in biological samples without signal suppressiorsaltbey prior to
spotting on MALDI plates however, is still a common sample pedjmm technique.
Additionally, ionization by MALDI is highly dependent upon the matrix chosen and seétysi
both highly compound and matrix dependent. A variety of matrix componenés been
investigated to enhance ionization of peptides from biological sanipBes24]. A detailed
discussion of these processes is beyond the scope of this revieeyenpfor the analysis of
cyclic peptides which typically exhibit decreased ionization I8} ®when compared to linear
peptides. For example, the metabolism of the peptide cyclotidéakBlha in plasma was
characterized by both LC-MS and MALDI and the limits of detectivere improved by two

orders of magnitude with MALDI [26].

MALDI mass spectrometry has been applied extensively to studiestigating peptide
metabolism in a variety of tissues, such as the degradation of emsiroin human and rat
plasma [27]. Chait and Kreek developed MALDI methods for the ideatibn of dynorphin
metabolites in both human and rhesus monkey béodivo[28-30]. Additionally, the group

investigated then vivo metabolism of the peptide Dyn A 1-17 in rat striatum [31]. Reteal



examined the biotransformation of the opioid peptidendorphin in the rat striatum via
microdialysis[32]. The opioid activity of the identified peptide fragments (Fegd.3) was
further evaluated. In addition to tirevivo metabolism, the work also characterizedndorphin
degradation in rat cerebrospinal fluid and rat brain striatumsslié#ALDI has also been used
by others to analyze neuropeptide content in rat brain sliceser@ff neuropeptide patterns
were exhibited between animals previously identified as low agt hocaine responders,
suggesting a link between neuropeptide expression and addictive beldd}iorMALDI has

also been applied to the analysis of peptide biomarkers in urine [34, 35].

In addition to traditional peptide identification studies, recentkwas focused on
molecular imaging capabilities of MALDI (IMS). Severacent reviews are published on
advances in this area [36, 37]. Direct analysis of peptides widsnet sections generates a
three-dimensional representation of peptide distribution within wholensydlaus rendering not
only molecular information, but also spatial localization [38]. Fofind&e peptide
identification additional techniques, such as LC-MS/MS and MALDIMIS/ are often
employed after MALDI imaging analysis is completed. 8gelnd Caprioli reported the use of
IMS for determining -amyloid distribution in a mouse model of Alzheimer’'s disease [8¥e
traditional staining techniques, IMS enables the localization cktipeptides in specific brain
regions, but the technique also differentiates between variousidnsdforms that are present

in the disease model (Figure 2.4).
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Figure 2.3 MALDI mass spectra of microdialysis samplesifthe rat brain striatum following

microinfusion of -endorphin. The appearance of new metabolites was observed withsaxtre

time. Reprinted with permission from [32].



4133
| A0
4332
‘ |
an] Ap39 | AfidZ
1? 4,233 41[514
307 apar || I
2014075 | J
wh fadl el IR v ™ ] A |'|
4000 4100 4200 4300 4400 4500 4600 4700
miz

AB (1-39) T AB (1-40)
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2.3.3 Liquid chromatography

Liquid chromatography (LC) is a commonly employed separatidmigae for peptide
analysis. Most applications utilize reverse phase stationagephi{&8 and C18 are common),
and retention is based on the interaction of hydrophobic moietie® geftide with the column
stationary phase. LC can be paired with a variety of deteictdigding UV, fluorescence, and
though not as common, electrochemical. UV detection is by famntst commonly employed
mode of detection; however, the lack of specificity is a sigmfickawback, especially when
sample matrices are complicated. Fluorescence and elemmrmeth detection both require
derivatization of samples prior to analysis, as peptides ladkypgophan residues are not
inherently fluorescent and those lacking tyrosine residues ardeuttoactive. Nevertheless,
there are still reports of peptide quantitation using these motsi LC with UV detection has
been employed for the quantitation of enkephalin and vasopressin aspibgd into human
urine [40]. Thompsoret al utilized LC-UV for the determination of leucine enkephalin

metabolism and transport at the blood brain barrier [41-43].

Weber’'s group has extensively evaluated the ability of peptadésm complexes with
copper (I) ions, rendering even des-tyrosine peptides eledtreacthey were able to detect a
pharmaceutically relevant peptide in bovine serum using this method [F##e peptide
investigated, TP9201, is both cyclic and N-amidated preventing the amffic of most
fluorescent labeling schemes for this analysis. Pre-columrplegation with copper was
utilized by Kennedy’'s group for the determination of vasopressin laadykinin in rat
microdialysates using capillary LC with electrochemical ci&te. The authors report

concentration detection limits in the low picomolar range [45].



LC with fluorescence detection enabled the determination of le@rikephalin (0.31
nmol/mL) in spiked human plasma following pre-column derivatizatiomn WIDA/CN' [46].
Quantitative analysis of the opioid peptide drug DADLE and twoicyarlodrugs of the same
peptide was achieved in rat plasma also employing pre-column GDAferivatization [47].
SPE was used prior to peptide labeling, and the reported limit ofitateon was 6 ng/mL. In
the work of Schwartz and Matuszewski a peptide-doxorubicin conjugateevedsated as a
prodrug approach to deliver the cytotoxic drug doxorubicin using LC witindscence detection
[48]. Following LV. administration stability was evaluated in ledl human plasma that
contained the additive EDTA which prevented furtbgrvivometabolism of the peptide-drug

conjugate (Figure 2.5).

Matrix interference is often a significant issue with UVeattochemical, and
fluorescence detection due to the lack of specificity withthebe of these detection methods.
Sample clean-up is essential and often long gradient separatoregjaired to separate peptides
of interest from interfering species to accurately determigatide concentrations. For these
reasons, mass spectrometry is the most attractive detectdheoanalysis of peptides in
biological fluids, and several reviews have been published on the toptd [49The selectivity
of mass spectrometry and the improved sensitivity and specifjeihed from tandem mass
spectrometry techniques make it an attractive mode of deteciiomwihg LC separation. In
LC-MS applications, special considerations must be taken when seleatioigila phase system.
Non-volatile buffers, for example, are not compatible with M&urrdiv-bore columns as well as
capillary columns are more often employed in these systemesr&ase ionization efficiency due
to decreased volumetric flow rate. Most applications involve dawapling of the LC flow to

electrospray ionization sources (ESI), and many also utilize tandem metssrsgdry
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Figure 2.5 A- Human plasma 45 min post I.V. dose of compound |; BaHylasma 2.5 hours
post V. dose of compound I. Compounds I-IV (I= doxorubicin-conjugate, Il-dox@nybi

lllI=leucine-doxorubicin, IV=internal standard). Reprinted with permissiom{{48].



functionality for the increased sensitivity and specificity vasll as the improvements in

guantitation.

Of all the body fluids, blood products are by far the most commonliyzeth Its
removal from patients is relatively non-invasive, and therefoteh of the work towards
identifying disease biomarkers has focused on peptide determinagad@sima or serum. Drug
plasma levels are also crucial for assessing pharmacokpreperties of therapeutics, making
assays that enable accurate and sensitive high throughput quantabtpeptides from this
matrix essential for drug development. Researchers investigaigignotan-1l, a synthetic
peptide analog thought to have therapeutic potential for the tneathebesity, were able to
determine concentrations in both mouse plasma and brain homogenatesdpisoperitoneal
(I.P.) administration of the peptide [52]. The method employed prot&aipgation with
acetonitrile prior to LC-MS/MS analysis and improvements over pusWy reported limits of
detection were achieved in both plasma and brain tissue: 0.5 ng/ml ang/ral5 respectively
versus 5 ng/mL and 40 ng/mL as previously reported [53]. Work by van dexk Band
colleagues has utilized LC coupled to tandem MS for a variegssdys to quantitate peptide

biomarkers in human serum and plasma [3, 12, 54, 55].

Pharmaceutical applications of exogenously administered peptidesltypitilize LC-
MS/MS for determination of drug plasma concentrations. Due to ¢epatency and therefore
low dose of these drugs, analytical methods for the determircdtibiese compounds in plasma
must achieve excellent limits of detection. Murat@l generated a plasma concentration-time
profile of a synthetic parathyroid hormone analog in rat plasitea l&¥. administration (Figure

2.6) [56]. The method enabled lower limits of detection of 0.2 ng/mthiisynthetic peptide.
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Figure 2.6 Plasma concentration-time profile in rat of,]{PTH(1-14)NH after I.V.
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Determination of the HIV inhibitor, sifuvirtide, was accomplishedHivV+ human
plasma by LC-MS/MS with a simple protein precipitation sang@n-up procedure [57]. A
lower limit of quantitation of 9.75 ng/mL was reported. Quamiatietermination of a peptide
drug in clinical trials is described by Lovgrenal with lower limit of quantitation reported as
5.0 pg/mL in human plasma [13]. The method employed a cyano columev€kse-phase
column-C18 reverse phase column couple to remove phospholipids known to cause ion
suppression. The LC system was further coupled with an ESI-tgpésirupole mass

spectrometer for tandem MS.

While blood (plasma and serum specifically) is by far the regtnsively investigated
biological fluid, urine has received considerable attention as a Hflady for screening
biomarkers of disease. Very few intact proteins are found iarthe, therefore smaller peptide
metabolites can more easily be identified [58-60]. The deterimmatf type Il collagen
degradants by LC-MS/MS is described by multiple groups [61-63]. Tygaldgen is known to
degrade in patients afflicted with osteoarthritis, and as such pstential biomarker for
osteoarthritis for both diagnosis and progression. It is thougitntiesalloproteinases are
responsible for this degradation, and therefore proteolytic peptigeéras of type Il collagen
are of interest as disease biomarkers. In these studies, imfimihoahromatography was
performed online with a quantitative LC-MS/MS method to determinkagen peptides in rat
and human urine [62]. The experimental set-up is shown in Figure Bg pdlential with this
method is a clinical assay for earlier diagnosis of osteoasthrC-reactive protein is another

peptide investigated extensively as a biomarker in urine by LC-MS/MS [1680,584].

The application of mass spectrometry to the quantitation of pepitdéise central

nervous system has also been employed. LC-MS/MS has been used for monitorilegseeofe
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neuropeptides into the extracellular space following microdiaamspling [65-67] and for the
analysis of peptides in cerebral spinal fluid (CSF) [68-1d]vitro investigations of blood brain
barrier transport characteristics of endogenous neuropeptides [72}rdhdts peptide analogs

[73-74] have also been explored using LC with tandem mass spectrometry.

2.3.4 Electrophoresis

Electrophoresis is also a convenient format for the separatipapdides since they are
charged species. Separation occurs based on each compound’s mass to charge ratageddva
of this mode of separation include small sample volumes, efficigparations with high
resolution, and the potential for miniaturization which decreaseplsanolume further and
improves assay time and often sensitivity. The simplest foaihagpillary electrophoresis is
capillary zone electrophoresis (CZE); however, variations i® tékchnigue can be made to

improve resolution and alter peptide electrophoretic behavior.

Capillary electrophoresis can be modified in rather simple wadter migration order
and resolution, thereby improving the separation of peptides from nmeribstances for each
specific application. For example, surfactants can be incorpo@ateddrse the electroosmotic
flow for faster detection of anionic species, modifiers such atodgxtrins can improve
resolution of closely related species, capillaries can be moddiprevent adsorption issues and
alter electroosmotic flow, and transient isotachophoresis (ttBR)be used prior to CZE to
preconcentrate samples thereby improving limits of detectiomileBi modifications can be
made in the microchip format as well, and the selection of migroctaterial can also be
optimized for each desired application. Additionally a variety déad®n schemes can be

employed. Below a discussion of both capillary and microchip elgutresis details other



important advantages of the two techniques as well as applicatieastoto peptide analysis in

physiological fluid.

2.3.4.1 Capillary electrophoresis (CE)

A variety of detection modes can be employed with CE for theysisabf peptides
including: UV [75], fluorescence [75, 76], electrochemical [77-79] amdsrspectrometry [80,
81]. As with LC, UV detection is the most common; however, sinseidha universal detector,
matrix interference can be problematic. Nevertheless, GEWWthas still been employed for a
variety of biological applications, simply because of its edsgperation and inclusion in most
commercially available instrumentation. Most studies involve spitkiagpiological matrices of
interest with known concentrations of peptide(s). Streindl utilized CZE coupled with online
size exclusion chromatography (SEC) and a reverse-phase @g#d¢raolumn for the detection
of spiked enkephalins in human cerebral spinal fluid [22]. Angiotensindlgonadorelin have
been determined in plasma following spiking [82, 83]. Even when these [geptdle spiked
into plasma, sample clean-up by SPE was still necessaryaasient isotachophoresis was also

incorporated prior to CZE for preconcentration.

One important application for which CE has been explored is for d¢termdination of
peptides in the central nervous system (CNS). Not surprisinglyapgrone of the most recent
interests in neurochemistry is the development of sensitive sageaybiomarkers linked to
Alzheimer’s disease. Aggregated forms edmyloid (A ) peptides are found in the plaques of
patients with Alzheimer’s disease as determined post mortenpeptides were investigated in
CSF using CE with UV detection [84]. Sample preparation, staagditions, and background

electrolyte selection were optimized to prevent aggregatianis Aemonstrated in Figure 2.8 A,



the separation of five amyloid peptide standards was achievedpré&sence of A 1-40 in the
CSF of an Alzheimer’s patient is confirmed following de-salting anébRDconcentration of the

sample (Figure 2.8 B).

Fluorescence and electrochemical (EC) detection have bdeediivith CE; however,
both typically require sample derivatization prior to analysis. tNaisling techniques require
reaction with amine groups such as the peptide N-terminus or lysgidues. Therefore
peptides with modified N-termini or those lacking a lysine residililenot be detected. Copper
complexation however, is an attractive technique for the deteatipaptides electrochemically
[85-88]. It does not require an amine for the reaction and itlectsee over amino acids
residues and peptides of less than 3 amino acids in sequence. Coimplexa be carried out
on-capillary so that additional sample dilution is not necessary. -ECEwith copper
complexation has been utilized by our group previously for the qaaotitof enkephalin and
angiotensin peptides spiked in human plasma [89, 90]. Non-aqueous CEsbabeah
performed with electrochemical detection for the determinationeotime enkephalin and
methionine enkephalin [91]. Conductivity detection has also been erdpioyéhe analysis of
peptides [92-94]. In one particular example, cytochrome ¢ and agbobyo were digested on-

capillary with trypsin [95].

Determination of peptides in physiological fluids has also beeonpeel using CE with
fluorescence detection. The metabolism and transport of substatdbd®blood brain barrier

has been investigated by Fresdal utilizing CE-LIF [96, 97]. Samples were derivatized prior to

CE analysis by NDA/CN Peptide hormones [98] and carnosine-related peptides [99] have also

been determined in the CSF by CE with LIF following predtay derivatization with

fluorescein isothiocyante (FITC) aBd(4-carboxybenzoyl) quinoline-2-carboxaldehyde
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Figure 2.8 A. CE separation of 5 amyloid peptides using 1,4-diaminob(ilski®8) as a
dynamic capillary coating to slow electroosmotic flow (ECQH) improve resolution. B.
Electropherograms of CSF from a patient with Alzheimer’'s dsg&D). CSF from an AD
patient (A), CSF from an AD patient, spiked with 5 amyloid pepti(i®), CSF from an AD
patient, desalted and concentrated, A-40 confirmed by spiking (C), and CSF from an AD

patient, desalted and concentrated (D). Reprinted with permissiof8fi¢m



(CBQCA), respectively. Sheeley al exploited the high resolving power of CE to separate D-
amino acid-containing peptides from their L-amino acid counterda@6]. While mass
spectrometry would not distinguish between these two compounds becausmabses are
identical, CE-LIF does. Peptides were derivatized with fluareste prior to separation and
then were resolved under MEKC conditions employing the surfactalira dodecyl sulfate
(SDS) as well as gamma cyclodextrin to further improve wvéisol. The D-amino acid-
containing peptide, NdWFa, and its counterpart, NWFa, were then dete¢te neurons of the
abdominal ganglia oAplysia californica

CE has also been employed with mass spectrometric dete@idime coupling of CE to
MS uses electrospray ionization (ESI), while offline CE-MSlymsi is typically accomplished
with matrix-assisted laser desorption ionization. CE-ESI-MS esther a sheath- or sheathless-
flow to directly couple the CE flow to the ion spray source. $peeare must be taken when
selecting a background electrolyte (BGE) in these applicationstaltiee need for a highly
volatile solvent for ESI. Typical BGEs such as sodium phosphatex&onple, are incompatible
with electrospray ionization. With CE-MALDI-MS, the CE eluest gpotted directly onto
MALDI plates for identification of peptide samples. Severaleesgi on the coupling of CE to
mass spectrometry can be consulted for more detailed infornja®ip81, 101-103].

Several CE-MS methods have been applied to the determination of adgsein urine
as potential biomarkers for renal diseases and prostater §adel07]. Kaiseet al were able
to establish polypeptide patterns using CE with ESI-TOF MS [10Bg¢ method developed was
applied to the analysis of urine from patients with various rdisglases. As can be seen in
Figure 2.9, urine polypeptide distribution patterns differ betweelthygaatients and those with

diabetic nephropathy, minimal change disease (MCD), and focal segmentatuymsulerosis



{A) urine normal pattern _——_ (B) diabetic nephropathy urine pattern
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Figure 2.9 Differing polypeptide patterns in urine samples ohdalthy patients, B-diabetic
nephropathy, C-minimal change disease, and D-focal-segmeataémgllosclerosis. Reprinted

with permission from [108].



(FSGS). To obtain structural information about the polypeptides, effloupling of CE to a

MALDI TOF-TOF instrument was subsequently performed.

CE-MS has also been applied to the analysis of blood and plasma. yodolkand co-
workers separated - and -hemoglobin in human blood using CE-ESI-MS [104].
Neuropeptides were analyzed by on-line SPE-CE-ESI-MS in humampl§109]. Plasma
samples were subjected to protein precipitation with acetonimié ultafiltration with a
molecular weight cut-off filter prior to solid phase extractimm a C18 microcartridge and
analysis by CE-ESI-MS. Limits of detection ranged from 0.1 tong®nL depending on the

peptide.

2.3.4.2 Immunoaffinity capillary electrophoresis (ICE or IACE)

In addition to offline sample clean-up techniques, online incorporationratine-based
sample preconcentration is widely explored in conventional CE [110-113ntibody
immobilization at the capillary inlet or into a small frittathed to the capillary enables
biological samples to interact with selected antibodies prieteictrophoresis. This effectively
cleans the sample of any extraneous matrix components whildtaneously concentrating the

peptides or proteins of interest at the head of the separation capillary.

Kalish and Phillips used immunoaffinity CE for the determinationindammatory
secretions from single cells [114]. Eleven different cytokara$ chemokines were determined
in single astrocytes following stimulation with vasoactive stital peptide (VIP). The same
group also reported the detection of neurotrophins in the serum of faeadatpatients when

previously such determinations have only been possible directly fraim tssue or CSFL15].



Guzman and coworkers have pioneered the use of this technique for thsisapalptide
biomarkers and for proteomifkll, 116]. In one such example, immunoaffinity-CE-MS is used
to differentiate between endogenous erythropoietin (EPO) and exogemonsiyistered EPO

analogg117, 118].

Immunoassays can also be performed on-capillary in solution. WorKebpedy's
group examined the insulin content of single islets of Langerhgns leapillary-based
competitive immunoassay with LIF detection [119, 120]. In these iretamietection of the
free-labeled compound (in this case insulin) and the insulin-antibody ewnapé detected
(Figure 2.10). The effect of glucose and calcium stimulationnsalin secretion were also

evaluated in these cells (Figure 2.11)

2.3.4.3 Microchip electrophoresis (ME)

Microchip electrophoresis is a miniaturized form of CE. Chanard fabricated from a
variety of materials including glass, plastics, and polymerSeparations by microchip
electrophoresis boast numerous advantages over the conventional forme&sei@creagent
consumption and analysis time, for example. Other features subtleiasmall footprint and
portability, the ability for mass production and fabrication from didplesanaterials, and
integration of multiple processes on a single device havedfileéeexploration of such devices
for clinical diagnostics. Reviews of the application potential focrochip devices in the

analysis of biomolecules are already published [121, 122].

The most commonly employed modes of detection for ME are fluorescand

electrochemical; however, there are some reports of mass spedtatattction as well.
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Figure 2.10 Electropherogram of bound FITC-insulin and free FITC-mdallowing on-
capillary immunoassay. Injection times: A- 400 ms and B- 80 Reprinted with permission

from [119].
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Electrochemical detection can be miniaturized without a lossensitivity. Amperometry is
commonly employed due to simplicity of electrode integration witiie microchip device,
especially when polymer substrates such as PSMS (poly (dirsitikghe)) are used. Work in
our lab employed the previously mentioned copper complexation technigueudme

enkephalin peptides offline prior to analysis on PDMS microchipls taoth carbon paste and
carbon fiber working electrodes in a dual electrode format [123, 12&hductivity detection

has also been illustrated for the detection of peptides; howevemppgheation of these devices

for physiological samples has not yet been extensively explored [125-129].

Both fluorescence and chemiluminescence have been utilized for pracalysis of
peptides. Huynhet al performed on-chip derivatization of peptides with naphthalene 2,3-
dicarboxaldehyde/2-mercaptoethanol (NDA/2ME) from microdialysatabling subsequent ME
separation with laser induced fluorescence, and demonstratingilibe of these devices for
integrated sample preparation, separation, and on-line sampling [¥8&chip analyses have
also been performed for the determination of carnosine-related feptideth human CSF and
canine plasma following derivatization with a chemiluminescdmllfl31]. The same group
analyzed the intracellular sulfhydryl protein hemoglobin in sifglman red blood cells [132].
Cells were injected and lysed on-chip and their contentsaegaand determined downstream

following on-chip labeling.

While these examples highlight the use of microchips for therdetation of peptides in
“real” biological samples, much of the work in this arena thussfatill in its early stages of
development. Techniques for sample concentration prior to anatysisllbas improved clean-
up of matrix constituents are currently being explored by numegomsgps to advance the

microchip platform in these research areas. One such techniquaving antibody



immobilization within miniaturized devices, has received consideratikntion in the past

decade and is discussed in further detail in the next section of this chapter.

2.3.4.4 Immunoaffinity Microchip Electrophoresis

Much of the work with microchips for the analysis of physiologicaingles has
incorporated sample-cleanup and preconcentration on the microchip dseite To this end,
immunoaffinity microchip electrophoresis has been extensively eghlorAs mentioned at the
beginning of this chapter, immunoassays have long been the staneldnod for quantitation of
peptides and proteins. However, the need to analyze more than omle paptiltaneously and
often peptides of similar structure renders cross-reactivisigaificant drawback to these
techniques. Analytical researchers have, however, found convenient foeaxgloiting the

antibody-antigen reaction in combination with electrophoretic separation.

Online incorporation of immunoaffinity preconcentration and sample paftitic to both
CE and ME is quickly becoming a go-to method for peptide and protelgsen§l10-113].
This work has been pioneered in part by the work of Dr. Terry Phillig®rk in his lab has
demonstrated the potential of these methods for the analysis aftlgamples ranging from
skin biopsies to tears [17-21, 114, 115, 133]. In one report, the use of an imimitgoaf
microchip electrophoresis system with LIF detection enabled thentgation of twelve
neuropeptides simultaneously in just two minutes [19] as can be s¢lea dlgctropherogram in
Figure 2.12. Additionally, brain-derived neurotrophic factor (BDNehcentrations were
determined in human skin biopsies. These levels are related to iatitamicmatory events and

can distinguish between patients who experienced no allergic omattdi severe atopic



dermatitis. The relationship between the location of the tissueybjopsdistance from the skin

lesion) was also explored (Figure 2.13) [21].

The inclusion of sample preconcentration on a microchip device is iesdentthe
application of such methodologies to the analysis of complex samptegress in this area, in
combination with work towards miniaturized detectors, on-chip deratatiz, and on-line
sampling, such as the coupling of microdialysis directly tostparation device, will enable the

development of fully functional micro total analysis systems for fast, poraaisbeys.
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Figure 2.12 Electropherograms of neuropeptide standards (SP, CGRF, B.-1 , VIP, NY,
NT-4, -endorphin, ACTH, CRH, IL-6, and TNF} following immunoaffinity microchip

electrophoresis. Reprinted with permission from [19].
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2.4 Summary

This chapter reviews a variety of separation-based techniquébkefatetermination of
peptides from physiological solutions. Sample preparation is Yreftressed as well as
immunoassays which have long been the gold standard for peptide and pratditation. The
applications of these methods to the analysis of blood, urine, CSF, ralgsade, and cell

culture studies are also described and examples are presented.

Each of the methods discussed in this review has advantages atehdiages for the
determination of peptides in physiological fluids. Both ELISA amd Boast excellent limits of
detection, enabling the determination of endogenous concentrations oblmdaace peptide
biomarkers. However, the expense and problems associated withreaogity limit their
applicability for simultaneous determination of similar peptidehkis Ts especially problematic
for investigating peptide metabolism. MALDI mass spectromedry simultaneously monitor a
plethora of peptides without suffering ion suppression to the same esesther ionization
methods, such as electrospray. Imaging capabilities withabtimique make it not only a tool
for molecular identification, but also spatial localization withigams. Its quantitative abilities

are limited, however, making this a method primarily used for peptide idendificat

Separation-based techniques offer advantages over immunoassayRABDd MS in
that they can be paired with various detectors often enabling tatiametianalysis while also
simultaneously determining multiple peptides within a given sampliquid chromatography,
capillary electrophoresis, and microchip electrophoresis areribled in this chapter as they
apply to peptide analysis. UV, electrochemical, fluorescesrog,mass spectrometric detection

have been employed to varying degrees with most of these separation techniques.



Liquid chromatography is a robust separation technique that has beenxtesesively
for peptide analysis. Specifically LC-MS/MS has seen extensse for peptide analysis and is
considered the gold standard of analytical techniques in most intagipkcations such as
pharmaceutics. Instrumentation and columns can be costly, and lodignggaare often
necessary for peptides. Electrophoresis offers an attradperaion for peptides which are
charged species. The highly efficient separations and lowplsavolumes are advantageous
when analysis of volume-limited samples (such as microdialissdgsired. The low injection
volumes can be problematic when very low abundance peptides aneallyges of interest, and
therefore pairing CE with sensitive detectors is especidiatageous. Miniaturization of the
separation device decreases the sample volume requirements eben &nd offers faster
analysis times and portability as additional advantages. Resolofi structurally related
peptides can be problematic in these microchip devices; however, vaubsisate and design

options offer the users flexibility.

UV detection is the most commonly used detection method with both LCEndts use
is simple and most commercially available instrument comegtedtfvith such detectors. For
peptide analysis, however, it is limited primarily by itsesévity, especially when analyzing
biological samples containing interfering substances. Electmiche detection requires an
electroactive moiety, such as tyrosine. Its applications to peptide iarfzys been extended by
derivatizing strategies such as copper complexation. This ideteoethod has seen extensive
application in microfluidic devices due to its inherent scalabiliiniaturization of electrodes
does not impact its sensitivity in the same way decreasétepgth decrease UV absorbance.
Similarly, fluorescence detection typically necessitatee@vatization or labeling step unless

peptides contain tryptophan. Limits of detection with this methatktg#ction are excellent. A



limiting factor of many labeling chemistries is the requeat of a specific amino acid residue

(often lysine) or an unmodified N-terminus.

Mass spectrometry has been paired with LC, CE, and to a lessart ME. This
detection method offers the advantages of both specificity and sepsdspecially when
tandem mass spectrometry is employed. Most reports of LC an&iS spectrometry employ
electrospray ionization. One of the concerns when using ESI is its propensity for icgssigpr
from matrix components. Samples must therefore be adequatedjteld-and rid of additional

proteins and lipids prior to detection.

Each of the techniques presented in this chapter has its own sdvasftages and
disadvantages. Careful selection of the best analytical tosl(gssential for quantifying
peptides in complicated biological matrices. Many of theskentqaes are best employed in
tandem, used to supplement, confirm, and validate each report. The develgbrhghtid
techniques such as immunoaffinity CE and two-dimensional separations@sdmadvance the

area of peptide determination.
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3.1 Introduction

Dynorphin A 1-17 (Dyn A 1-17) is an endogenous opioid peptide with setgdtr the
kappa opioid receptor. The structures of dynorphin and its majaboigés are shown in
Figure 3.1. The investigation of dynorphin analogs as potentialpgtias for treatment of
cocaine abuse and peripheral pain management has also revealeot@xicecomponent to this
peptide’sin vivo activity [1]. Elevated levels of dynorphin have been implicated variety of
neurodegenerative disorders including Alzheimer's disease [2], Barks disease [3], and
neuropathic pain [4], as well as stress and depression [5] hyp@hesized that the neurotoxic
effects are non-opioid in nature and may arise from activatiornefN-methyl-D-aspartate
(NMDA) receptor [6, 7]. Once released into the extracellutacs, dynorphin is subject to
enzymatic degradation with each metabolite exhibiting its owquéenbiological effects. It is
possible that one (or more) of these metabolites is responsilleefoeurotoxicity of dynorphin.
Therefore, methods to study the metabolism of dynorphinivo are necessary to further

elucidate the mechanisms of neurotoxicity.

The most common method for quantitation of dynorghirvivo is radioimmunoassay
(RIA). However, a major drawback to this approach is that eemsgivity with metabolites can
lead to falsely elevated results [8]. To circumvent this isslm@matographic separation can be
performed prior to the immunoassay. In one report, HPLC/RIAengsloyed to investigate the
metabolism of Dyn A 1-13 in human blood [9]. This process took over 24 lamat involved
solid phase extraction for sample clean-up and relatively léhgradients (>20 min), followed
by fraction collection prior to RIA. Another disadvantage of RIAthe use of expensive
radioactive reagents and assay kits, as well as the costsatssowith the disposal of

radioactive waste. A variety of other methods have been used to quantify opioid peptlues
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Figure 3.1 Structure of Dynorphin A 1-17 (Y-G-G-F-L-R-R-I-R<R--K-W-D-N-Q) with

metabolites of interest (1-6, 1-8, 1-13, 2-17) indicated by dotted lines.



as the enkephalins, endomorphins, and smaller dynorphin peptides inclueii@ with UV
detection [10], LC-MS [3, 11], CE-UV [12, 13], CE-LIF [13, 14], and CE-MS [15-19]. \Aere
of these methods is provided in Chapter 2 of this thesis. Qualitatidesemi-quantitative
MALDI methods have also demonstrated potential for monitoring dynorphindpspi20-23].
Mass spectrometry provides conclusive metabolite identificattmwever, the instrument

requirements are expensive.

Capillary electrophoresis provides several advantages for magitqreptides of
biological and pharmacological interest [24, 25]. Highly efficient dast separations are
possible without the use of organic modifiers, separations can bmmed at high pH, and
various complexation strategies can be employed on-capillEng. small volume requirements
of CE enable the analysis of volume-limited samples and allowgbef expensive separation
additives. In this work, on-capillary copper complexation was inwegstigfor the detection of
dynorphin peptides. Performing this complexation on-capillary is adgaatis over pre- or
postcolumn derivatization methods because sample dilution is avoided. isTh&pecially
important for the analysis of expensive compounds and volume-limited lialegimples such

as microdialysis samples.

In the late 1970s and early 1980s, Margerum and co-workers extgnsnshcterized
the coordination of Cu (ll) with nitrogens in the peptide backbone [26-29F mithod is based
on the biuret reaction, and can be used to improve UV detection oflgejpis well as for the
electrochemical detection of non-tyrosine containing peptidé&ber’'s group exploited this
method for postcolumn derivatization of peptides to enable electrochiemetection following
LC separation [30-33]. In a separate report, Kennedy’'s group achpee@cholar detection

limits of neuropeptides from microdialysis samples following praool derivatization with



copper and both UV and electrochemical detection [34]. Previous wailk igroup has applied
on-capillary copper complexation for the amperometric detectionladmhalin and angiotensin
peptides [35-37]. A major advantage of this approach is that élestsre for peptides in the
presence of amino acids because at minimum a tripeptide is edirecomplexation.

Additionally, in contrast to many fluorescence derivatization techsitpased on reactions with
primary amines, N-terminally modified and cyclic peptideg also capable of forming

complexes with copper.

In this chapter, a capillary electrophoresis based separatioryrofAD1-17 and four
previously identified metabolites is described. Phytic acid andusaforms of cyclodextrins
are investigated as run buffer additives to prevent peptide adsorptioimarove resolution
between metabolites. The copper complexation method is appliedvito metabolism in
human plasma as well as rat brain and spinal cord. To the hmst krfiowledge, this is the first

report of studying dynorphin metabolism with capillary electrophoresis.

3.2 Materials and Methods

3.2.1 Reagents

All dynorphin peptides (Dyn A 1-17, 2-17, 1-13, 1-8 and 1-6) were obtained from
Bachem Biosciences, Inc. (King of Prussia, PA, USA). Cajmlamwere obtained from
Polymicro Technologies (Phoenix, AZ, USA). Sodium tetraborate, @lagid, D, L tartaric
acid, copper (Il) sulfate, -cyclodextrin, and (2-hydroxypropyl)}-cyclodextrin were all
purchased from Sigma-Aldrich (St. Louis, MO USA). Sulfobutyl etieta-cyclodextrin was

obtained from Dr. Stella’s laboratory at the University of Kanddssityl oxide which was used



as a neutral marker for electroosmotic flow (EOF) deternginatvas also purchased from
Sigma-Aldrich (St. Louis, MO USA). Human plasma was obtained/atkins Health Center
(University of Kansas, Lawrence, KS, USA). Brain and spinal sandples were obtained from

male Wistar rats (Charles River, Wilmington, MA, USA).

3.2.2 Human plasma samples

Human plasma was obtained from a healthy volunteer at WatkirthHnter and used
1-2 hours after withdrawal. Plasma was diluted 1:10 in 100 mMisptétraborate with 25 mM
phytic acid, pH 9.0, to slow enzyme activity and prevent the capiilany clogging. Dyn A 1-
17 was added at a concentration of 200 and kept at room temperature to further retard
enzyme activity. An initial aliquot was taken at t = O and syibset aliquots were taken
approximately every 40 minutes, corresponding to a 25-minute separatiofilughes with
NaOH and run buffer between runs. The run buffer for plasma ama&gssisted of 100 mM
sodium tetraborate, 25 mM phytic acid, 3 mM tartaric acid, 2 mMicwguifate, and 20 mM

sulfobutyl ether-beta-cyclodextrin (SBE-CD), pH 9.0.

3.2.3 Rat brain and spinal cord slices

The brains and spinal cords of male Wistar rats were removtteatay of analysis and
kept in ice cold artificial cerebrospinal fluid (aCSF) prioreiperiments. Animals that could no
longer be used for studies due to their weight were graciouslytetbiiy Dr. Craig Lunte’s
laboratory at the University of Kansas. Tissue slices wezpgped with a clean razor blade in a
petri dish on a bed of ice. The tissue slices were exposegtopthin at room temperature to
slow enzyme activity. For brain samples, a 5 mm by 5 mmoseutas bathed in 100 mM

sodium tetraborate with 25 mM phytic acid, pH 9.0 that was spiked20ith M Dyn A 1-17.



Immediately, an aliguot was removed and analyzed by the optint@apder-complexation
method. Subsequent aliquots were removed at approximately 40-minutalsite permit a 25-
min CE separation followed by flushes with NaOH and run buf&milarly, a 5 mm length of
spinal cord was prepared and bathed in buffer spiked with Dyn A 1-liquotd were removed
every 40 minutes. The run buffer for rat tissue slice analysisisted of 100 mM sodium
tetraborate, 25 mM phytic acid, 3 mM tartaric acid, 2 mM cuprltate, and 20 mM SBE -

CD, pH 9.0.

3.2.4 Capillary electrophoresis analysis

Separations were performed on a Beckman Coulter PACE/MDQ (BAeaJSA) with

UV detection at 200 nm and 280 nm. The system was controlled usingr@2skfiware, and

all subsequent data analysis was performed with this softwamelas Fused-silica capillaries
(50 mid x 360 m od) were obtained from Polymicro Technologies (Phoenix, AZ, USA). A 50
cm capillary (40 cm to detector) was used for native dynorphin &@dcan capillary (50 cm to
detector) was used for the dynorphin-copper complexes. A snmalbw was burned through
the polyimide coating 10 cm from the capillary end for UV d&tec Pressure injections were
performed at 6.9 kPa for 5.0 seconds, and a separation voltage of 25 kphad with the

anode at the injection end.

Buffers were prepared in 18 Mdeionized (D.l.) HO and adjusted to pH 9.0 with the
addition of NaOH. Dynorphin stock solutions were prepared at a coattentof 1mg/mL in 18
M D.l. H,O and kept frozen until use when they were diluted to desired concardrat
sodium tetraborate (50 or 100 mM) with 25 mM phytic acid (pH 9.0).tivBladynorphin

separations were accomplished using an optimized background electmhgisting of 50 mM



sodium tetraborate, 25 mM phytic acid, and 5 mM (2-hydroxypropy§-bgtlodextrin (HP--
CD), pH 9.0. Separation of the copper complexes was achieved using\Nl0O8odium
tetraborate, 25 mM phytic acid, 3 mM D,L tartaric acid, 2 mirec sulfate, and 20 mM SBE

-CD, also pH 9.0.

3.3 Results and Discussion

3.3.1 Separation optimization of native dynorphin peptides

To study the metabolism of dynorphmvitro, this work focused on the development of
an electrophoretic separation of Dyn A 1-17 from four previously ifietitmetabolites-two of
which, in particular, have been implicated in neurotoxicity andapathic pain (1-13 and 2-17).
Initially 50 mM sodium phosphate, pH 7.0, and 50 mM tetraborate, pH 9.0,jnwestigated as
possible background electrolytes. Under these conditions dynorphin pepticesot detected.
Upon repeated injections very broad peaks with inconsistent roigriaihes were observed,;
however, virtually no separation was seen between metaboliteted#st. To reduce adsorption
of the basic peptides onto the capillary wall, phytic acid was added to the backgeniralydé.
Phytic acid is a polyanion and acts as an ion-pairing agent et gpositively charged amino
acid side chains from interaction with the silanol groups on thelagpivall [38-41]. This has
been used previously by our group to prevent adsorption of substance b®litestd42]. In
addition to preventing peptide adsorption at the capillary wall, plagid has also been shown

to improve resolution [39-41].

lon-pairing with highly basic peptides was also shown to raslitinger migration times

due to an overall change in their net charge [38-39]. Phytiacaoicentrations of 15, 20, and 25



mM were evaluated in the run buffer and sample buffer, and 25wa®d determined to be
sufficient to prevent analyte adsorption while keeping currentselosugh to avoid excessive
Joule heating. The structure of phytic acid and representatectraggdherograms of the
concentration comparison can be seen in Figure 3.2. Although incomgdetation of Dyn A

1-17 and 2-17 was still observed, higher phytic acid concentratiomsneeinvestigated due to

high background currents resulting in increased noise and occurrence of bubbl&gfoarm

There are several aromatic residues present in dynorphin thagpable of forming
inclusion complexes with cyclodextrin, specifically TyPhé&, and Trp*. To further improve
the resolution of Dyn A 1-17 and the des-Tyr metabolite, 5 mM K was included in the
optimized run buffer. The final optimized separation is shown in Fi§Wealong with the
structure of HP--CD. The UV response at 200 nm was linear over the concentratiga odn

2.5-50 M (R?=0.991-1.000, 5 concentrations, n=3 for each).
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Figure 3.2 Representative electropherograms demonstratinffebead phytic acid (structure
shown from food-info.net) concentration on peak shape, migration timesaolditton. Buffer:
50 mM sodium tetraborate, 15, 20, or 25 mM phytic acid, pH 9.0. Peptidd®@réM in 50

mM sodium tetraborate, various phytic acid concentrations, pH 9.0.
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Figure 3.3 Optimized separation of native dynorphin peptides upon inclasiéfiP- -CD
(structure shown from http://astrobiology.berkeley.edu). Bufferm®0 sodium tetraborate, 25

mM phytic acid, 5 mM HP-CD, pH 9.0. Peptides are 100 in 50 mM sodium tetraborate,

25 mM phytic acid, pH 9.0.



3.3.2 Separation optimization of copper-complexed dynorphin peptides

It has been shown that, at basic pH, peptides can form complékesopper (ll) via
nitrogens in the peptide backbone. The complexation typically bedins Bi-terminus, and the
reaction of Cu(ll) with a model peptide is demonstrated in Figute Copper complexation has
been shown to effectively improve UV sensitivity while also reindepeptides electroactive
[26-37]. As shown in Figure 3.5, complexation could be confirmed based oshifien
migration time seen with Dyn A 1-17 in copper-containing buffer (4.5® 44 min versus 3.98
+/- 0.08 min, n=3 for each). This later migration time is dudnéoiticrease in overall negative
charge on the peptide following complexation due to resonance deddadiat the dynorphin-

copper coordinate sites [26-29]. Inclusion of copper in the run buffer causes miramal

The previously optimized 25 mM phytic acid was included in both run baifférsample
buffer during the optimization of the dynorphin-copper complex separatiOn-capillary
complexation was performed using conditions previously optimized in our grappyed for
both enkephalin and angiotensin peptides [35-37]. The run buffer therefardedcb0 mM
sodium tetraborate, 25 mM phytic acid, 3 mM tartaric acid, and 2copvic sulfate. However,
under these conditions, the resolution between all five peptides wasaskedrcompared to
native dynorphin peptides. Copper complexation increases the overatilveegharge on each
peptide, reducing the differences in their mass-to-charge gt thus, their electrophoretic
mobilities. All of the Cu (ll)-peptides migrated later, wittyfDA 1-6 and 1-8 co-migrating,
followed by 1-13, 1-17 and 2-17 co-migrating. This resolution wasawga somewhat when

the EOF was decreased by increasing the concentration of sodium tetretatdienM.
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run buffer: 50 mM sodium tetraborate, 25 mM phytic acid, 2 mM GuS®M tartaric acid, pH

9.0. Peptides were 100/. Average migration times are reported, n = 3.

To further improve the separation of the Cu (II) complexed peptidegra different
types of beta-cyclodextrins were investigated. Beta-cyctodex consist of seven
oligosaccharides in a cyclic arrangement. Inclusion complastgeen hydrophobic amino acid
residues and the cyclodextrin core form on capillary [43-44]. Incpéat, three aromatic amino
acid residues in the dynorphin sequence? T8hé, and Trg* -could complex with cyclodextrin.
Changes in the substitution on the hydrophilic exterior of cyclomexaiter their mobility on
capillary. HP--CD was evaluated at both 5 and 10 mM, unsubstituted beta-cyciodex@D)
was investigated at 5 and 10 mM, and $BECD was evaluated at 2, 10, 15, and 20 mM. The
structures of these cyclodextrins as well as comparisoti®eatesulting electropherograms can

be seen in Figure 3.6.

Not surprisingly, sulfobutyl-ether-beta- cyclodextrin exhibitdte tmost significant
improvements in resolution due to its negative charge. Interactibntme hydrophobic core
resulted in a higher negative electrophoretic mobility for gaptide complex. The effect of
SBE;- -CD concentration on the separation of dynorphin metabolites is sinokigure 3.7 and
3.8. The optimal concentration of SBECD was determined to be 20 mM and was included in
all subsequent studies. Under these conditions, UV response at 200 himeaasver a range
of 20-75 M (R?=0.9808-0.9915, 5 concentrations, n=3 for each). The optimized separation is

shown in Figure 3.9.

In general, copper complexation increased the peak heights and ardgsogshin

peptides when detected at both 200 and 280 nm. Detection was most sensi@ nm;



however, 280 nm offered more selectivity for copper-complexed peptites.calculated peak
efficiencies for native dynorphin and dynorphin-copper complexesepmeted in Table 3.1. As

can be seen in this table, the overall the separation efficiency improved upoexatiopl
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Peptide Native Dynorphin (N) Dynorphin-Copper Complexes (N)
Dyn A 1-6 1200 19000

Dyn A 1-8 18000 17000

Dyn A 1-13 4100 4700

Dyn A 1-17 5000 10000

Dyn A 2-17 2300 9000

Table 3.1. Effect of copper complexation on separation efficiency.

Each peptide was 100M (n=3) in sodium tetraborate buffer with 25 mM phytic acid.
buffer conditions: Native (50 mM sodium tetraborate, 25 mM phytid, &imM HP--CD, pH

9.0, Complexes (100 mM sodium tetraborate, 25 mM phytic acid, 2 mM £2SOM tartaric

acid, 20 mM SBE -CD, pH 9.0).

Efficiency (N) was calculated using the following equation: N=d6)?

3.3.3 Analysis ofn vitro dynorphin metabolism in biological tissues of interest




The analytical methods described above were then used to monitorethbolism of
dynorphin A 1-17in vitro in biological tissues of interest. Metabolic enzymes can geggtly
from tissue to tissue and species to species. The neurottectsasf dynorphin peptides have
generated an interest in the downstream effects of its metgiyocessing since it may be a
metabolite that is producing these effects. More specificéily role of dynorphin and its
metabolites on the generation of neuropathic pain is of importanceartloupar, the transport
and metabolism of this peptide at the blood brain barrier is oesttand could provide insight

into the mechanism of dynorphin neurotoxicity.

In these studies, the metabolism of Dyn A 1-17 was investigateskveral tissues,
including human plasma, rat brain, and rat spinal cord, using the omticopper complexation
method. A 1:10 dilution of human plasma was spiked with Dyn A 1-17 (200 The
metabolism was then monitored at 40-minute intervals. As caadpeils Figure 3.10, at time t
= 0, only one peak is present in the electropherogram. The ioigrne of this peak
corresponds with that of Dyn A 1-17. This peak was present oy gftking with dynorphin
and was not observed in the plasma blank. Therefore, it has been identified as the patent pept
At time t = 160, two new peaks appear in the electropherogrameadrhemigrating metabolite
is identified as Dyn A 1-13 and the later migrating peakws A 1-6. Again these peaks were

identified based on injections of single metabolite standards and migratiorotimpartsons.

A similar experiment was performed to examine the metabadiSdynorphin in brain
and spinal cord tissue slices. A5 mm x 5 mm section of ealetisas removed and bathed in
a buffer solution spiked with Dyn A 1-17 (200M). The metabolism of Dyn A 1-17 was
monitored over time, and these electropherograms can be seenra Jifli (rat brain slice) and

3.12 (rat spinal cord slice). In the rat brain slice, at tim®tone dominant peak is observed for



the parent peptide. The peptide is rapidly degraded in the presfatheebrain tissue sample as
can be seen by the complete absence of the 1-17 peak after 40 minutes. aieHhisn®, a later
migrating peak also appears, and based on migration time, it is identifigeh s 1D6. An early
migrating peak also appears at this time point. The migratioa of this new peak does not
correspond to that of any of the metabolites that were investigatinis study. Interestingly,
this early migrating unidentified metabolite also appears twer in the rat spinal cord sample.
However, in the spinal cord slice, the metabolism of Dyn A 1-Ténsiderably slower and only

a small decrease in peak height of the parent compound is observed after 160 minutes.

One of the limitations of CE for the analysis of basic peptislésd potential for analyte
adsorption to the negatively charged silanol groups at the capiaty45]. Dynorphin is a
highly basic peptide (pl= 11.4) [46] that has been shown to adsorb répidlgss and plastic
surfaces [47]. While the use of polymer modified capillarieshegs explored for separations
of basic drugs and proteins, these are expensive and time-consuminogluoepm house [48-
49]. A less expensive alternative employs an ion-pairing buflditige. Phytic acid is a
polyanion that acts to shield the positive charges on basic aminceades from the capillary
wall. Kostelet al were able to prevent substance P adsorption to capillarieslbgimg phytic

acid in the run buffer [42].

Resolution of closely related species can also be problematicese applications.
Micellar electrokinetic chromatography (MEKC) has been used fwowe the resolution of
opioid peptide analogs, providing an additional mode of separation withineafusad silica

capillary [12]. In addition, cyclodextrins have been exploited as run buffer addaiMehave
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been shown to improve resolution for peptide metabolites and enantiarherslevant

pharmaceuticals [43, 44]. In this work, various forms of beta-cyctddexere investigated to
improve resolution of closely related metabolites, and sulfobutyl-etlegclodextrin was found
to be optimal. The optimized separation has been used to examitre metabolism of Dyn A

1-17 in human plasma as well as in rat brain and spinal cord.

Previous reports of dynorphin metabolism have identified a varietyetdbulites present
in blood. Kreek’s group investigated timevitro metabolism of Dyn A 1-17 in both human and
rhesus monkey blood using MALDI [20-21, 23]. Human or monkey blood was spikedwn
A 1-17, and three major metabolites were identified, one opioid (D¥¥6Aand two non-opioid
(Dyn A 2-17 and 7-17) peptides. These major metabolites wererfaetigeaded to 2-6, 8-17, 9-
17, 11-17, 3-17, and 4-17. The Dyn A 1-6 and 7-17 fragments arise feavagke at paired
basic amino acid residues Arg(6)-Arg(7). The endopeptidase respgofwsilthis metabolite has
been termed dynorphin A converting enzyme (DCE) [50, 51]. CleavagkeoN-terminal
tyrosine to produce Dyn A 2-17 is likely the result of nonspeecifiénopeptidase activity [52,
53]. While the metabolism products were similar in human and monkey bih@adtime course

differed considerably, with metabolism occurring much faster in rhesus gsnke

The studies presented here detected the generation of twometplvolites over a 160
time period. The metabolites Dyn A 1-6 and Dyn A 1-13 were idedtib@sed on single
injections of metabolite standards and correlating migration tiniée presence of Dyn A 1-6
agrees well with the aforementioned studies performed in the Kis®k[20, 21, 23],
demonstrating the utility of CE in monitoring dynorphin metabolism.is Ithought that the
peptidase responsible for the cleavage of the N-terminal tyressmembrane-bound [52]. The

studies presented in this paper were done in plasma as opposed tobleldle This is a



possible explanation for why Dyn A 2-17 was not observed in this workwhat reported

previously [20, 21, 23].

Due to the neurotoxicity of Dyn A 1-17, its metabolism has also been studied in the brain.
Several enzymes have been implicated in the metabolism of opioidgeeptithe brain. In the
early 1980’s an aminopeptidase from Sprague Dawley rat brains was puritBsadgnd Marks
and shown to cleave the N-terminal tyrosine from enkephalin and dynqupptides [52, 53].
However, the reactivity of this enzyme decreased with intrgasze of the peptide, suggesting
a conformational component to the availability of the tyrosineduesfor enzymatic cleavage.

As mentioned previously, the endopeptidase responsible for cleavagepairdte basic amino
acids- Arg and Ard- is termed dynorphin A converting enzyme and has been isolated and

purified from human cerebrospinal fluid and human spinal cord tissue [50, 51].

Kreek’s group investigated the metabolism of dynorphin A 1-17 insthatum of
Fischer rats using microdialysis [22]. MALDI was employediflentification following direct
infusion of Dyn A 1-17. Dyn A 1-7, 8-17, 1-6, and 9-17 were observed. eftiegly, the
counterpart metabolites (7-17 and 1-8) were not detected. Andrenis gas also investigated
the metabolism of dynorphin using microdialysis and nanoLC/ESI-M3F[3]. Their study
compared dynorphin metabolism in the brains of healthy Sprague Daatteyand those with
unilateral 6-OHDA lesions to mimic Parkinson’s disease. $¢weetabolites were found in the
brains of the lesioned rats that were not present in healthyevegmplifying the importance of

these metabolic events and their potential role in various neurological disorders

To examine the metabolism of Dyn A in the central nervous systevitro studies with

both rat brain and rat spinal cord slices were performed in this. wiarthe rat brain slice the



appearance of two metabolites was observed, however only one could feeddbgtstandard
injections and migration time correlation. This metabolite ia Byl-6, suggesting the presence
of dynorphin converting enzyme in the rat brain. The earlier nmgyahetabolite does not
correspond to any of the metabolites investigated in this study. Intergsbygl A 1-6 does not
appear in studies with the rat spinal cord but, again, an unidentifigch@grating metabolite is
present. The time course of the metabolism in all three tisds@wsaries. Parent peptide is still
present after 160 minutes in both the plasma and the spinal corde dat tbrain, however, the
peak for Dyn A 1-17 is completely absent by the 40-minute fpmi@t. Differences in the
metabolic kinetics between species and tissues have been prevepsiied. For example,
Kreek’s group found the metabolism of Dyn A 1-17 to be much fasteomkeay blood than in

human blood [20, 23].

3.4 Summary

A method for on-capillary copper complexation of dynorphin peptides has bee
developed. The method described here demonstrates the usefulnesdavl edpdtrophoresis
for examining peptide degradation in a single assay whergatieat peptide and metabolites are
detected simultaneously following electrophoretic separation. cle& that the metabolism of
dynorphin is a complex process that varies between tissues armtesspe Capillary
electrophoresis provides a convenient format for the separation agctiaetof the parent

peptide and its metabolites.

The use of on-capillary complexation improves the efficiencyhete separations and

has the potential to render even the des-tyrosine metabolitéoaltive, making amperometric



detection feasible. Future work will focus on electrochemdtection of the peptides to
improve limits of detection. Additionally, transferring this separato a microchip device for
even faster analysis is being explored. In these studies, metalvehs slowed by diluting the
plasma and performing the analysis at room temperature. licrachip format, these steps
could potentially be avoided, enabling a more physiologically ratewavestigation of
dynorphin metabolism. The length of time for the CE runs isithiérilg factor with respect to
temporal resolution, and microchip electrophoresis would improve this4bminutes to less
than 5 minutes. This miniaturized format would enable direct cougbngnicrodialysis
sampling, making near real-time monitoring of dynorphin metabolismvivo possible.

Microchip analysis of dynorphin peptides will be further discussed in Chapter 6 dfdhis.t
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Chapter Four:

Development of an LC-MS/MS method for the quantitation of dynorphin pepides

in biological matrices



4.1 Introduction

Liquid chromatography in conjunction with tandem mass spectrometey pspular
means for separation and quantitation of peptides and proteins. Sesei@ls have recently
been published on this topic [1, 2]. LC-MS/MS has been employetidaralysis of naturally
occurring peptides in botln vitro [3] and in vivo metabolism studies as well as for the
investigation of peptide transport across biological barriers asiche blood brain barrier [4-6].
The use of LC-MS/MS has also been employed for the determinafiothe stability,
pharmacokinetics, and pharmacodynamics of peptide-based pharmaseiti® While
MALDI has advanced as a qualitative means for identifying pepimd®iological matrices [10-
13], more quantitative techniques are often desirable for the afoiemeghtapplications. In
particular, electrospray ionization (ESI) enables direct coumingC flow to the ionization
source of mass spectrometers, creating a means for saledelting prior to detection,

increased through-put, and automation [1, 2].

Under ESI conditions, compounds that carry a charge in solution aretradsnto the
gas phase as evaporation of the volatile solvents used in liquid ¢bgrap@hy occurs. Charge
repulsion, within the aerosol droplet, results in the releasenglesions into the gaseous phase.
ESI is a gentle ionization process and can be performed in @ds#ive or negative mode
depending on the application and compounds of interest. A schematicionitetion process
can be seen in Figure 4.1. Peptides and proteins will produc@lsnahiarged ions under ESI
conditions enabling their detection on instruments with somewhat dirmtess to charge (m/z)
range. For example, a peptide with a molecular weight of 30@Bage the 1800 limit of the

instrument employed for the majority of these studies; howevdoully charged ion of this



peptide has a mass to charge ratio of 1501 [(MW + 2)/number of chargeg2/2) and will

therefore be detected.

A variety of experiments can be performed using a triple quadrupeds spectrometer
including precursor ion scans, product ion scans, neutral loss or gain, wiglenreaction
monitoring. In this work, precursor and product ion scans were usdtw inptimization of
instrument parameters for the analytes of interest. Precins®) are identified in the first
guadrupole. For small compounds this would be the molecular mass (pluth& &ddition of a
proton), but for peptides there are typically multiple ions repregemultiple charge states
(Figure 4.2). These precursor ions are then fragmented in thearoliisil and the product ions
are identified (Figure 4.3). The information gained from thesasseain the form of a mass
spectrum, and the identified precursor ions are then used in addiégp@timents such as

multiple reaction monitoring or MRM.

MRM is most often employed for quantitation, improving sensitivitd @nabling high
specificity for the analytes of interest. In the first quadrupole, the m@cion is selected. This
ion is then collisionally dissociated (by an inert gas) in tlreorsg¢ quadrupole, and the third
guadrupole scans for these specific product ions (Figure 4.4). The d¢onw&rene precursor
ion to one product ion is called a transition. By focusing on only a haoidéplecific transitions
(typically one to two per analyte), dwell time on the ionsnérest is increased, improving
sensitivity in comparison to the data collected in scan mode. iPptasented in this case not as
a spectra, but instead as a chromatogram, where ion intenplttted on the y-axis versus time
on the x-axis. A total ion chromatogram (TIC) can be viewed, lwisca sum of all ions
detected from all the specified transitions, or each transisaonbe observed separately in an

extracted ion chromatogram (XIC). Multiple reaction monitomieg only improves selectivity,



but with the inclusion of an appropriate internal standard (IS)e mocurate quantitation can be
achieved correcting for ion suppression [1]. Ideally an intertaaddard is an isotopically-
labeled version of the analyte of interest; however, these compoundgpensive and their use

is not always practical or feasible.

This chapter will discuss important analytical considerationpé&ptide analysis via LC-
MS/MS including method development, internal standard selection, andicpd@llenges
when sampling from biologically compatible matrices. In partigulas chapter will lay the
groundwork for Chapter 4 in which the metabolism of Dyn A 1-17 is investigatbe jprésence
of rat brain and spinal cord as well as bovine brain microvessel ehdobtads, a blood brain

barrier mimic.
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4.2 Materials and Methods

4.2.1 Reagents

All dynorphin peptides (Dyn A 1-17, 2-17, 1-13, 1-8, and 1-6) were obtairwed fr
Bachem Biosciences, Inc. (King of Prussia, PA, USA). Bradgkivas purchased from Sigma-
Aldrich (St. Louis, MO USA). Fisher Optima acetonitrile (LCSMgrade) was used for all
mobile phases containing organic (Fisher Scientific, Fair Lawh,USA). Formic acid was
purchased from Acros Organics (Morris Plains, NJ, USA) at 99.9%ypukil aqueous mobile
phases were made from 18 Mleionized (D.l.) water from a benchtop Milli-Q Synthesis A10
Water Purification System (Millipore, Billerica, MS, USA)ltéred with 0.2 m Magna nylon
filters from Osmonics (Minnetonka, MN, USA). Minimum Essentiaéddidh and Ham’'s F12
were purchased from Life Technologies, Invitrogen Corporation (Carlsh&, USA). All other

reagents were purchased from Sigma Aldrich (St. Louis, MO, USA).

4.2.2 Liquid Chromatography-Tandem Mass Spectrometry Instrumentation

Two LC-MS/MS systems were used for the studies in this didger. The first was a
Waters Micromass Quattro micro triple quadrupole mass spedeomdéh a Waters 2690
HPLC system (Waters, Milford, MA, USA) on the front end. The &¢tem included a
refrigerated autosampler and a column oven as well as an éxderader valve. The system
was operated using MassLynx 3.5 software. The second systentemgian API 2000 triple
guadrupole mass spectrometer (AB Sciex, Foster City, CA, W#A)a Shimadzu Prominence
LC (Shimadzu, Japan) complete with two LC20-AD pumps with a solwexér, a CMB-
20ALite controller, degasser (DGU-20A3), autosampler (Sil20A-HT),@tdmn heater (CTO-

20A). The system was operated using Analyst 1.5 software. Anaas also used for data



analysis of quantitative experiments. A 1.0 x 50 mm C18 analgidamn with 5 m particles
and the corresponding guard column (Vydac Microbore, C-18 MS columnsg Gagdson

Discovery Sciences, Deerfield, IL, USA) were utilized for all expernits.

With both instruments a variety of parameters are considered ¢éuioaldach compound
of interest investigated. In general these parameters are essitagsponsible for guiding the
ions through the pathway of the instrument, gas flows— which aid imah&port of ions through
the mass spectrometer and prevent contaminants from entering thenerdt and temperature
settings— which aid in the desolvation of charged droplets and the enwanons into the
gaseous phase. A detailed discussion about the different instrunpamtaheters and

configurations follows.

4.2.2.1 Waters Micromass Quattro micro

There are two categories of parameters for which a @seoptimize the ionization and
fragmentation of their compounds of interest: the source pareregte the analyzer parameters.
Two source parameters, the cone voltage and capillary voltageteeeely compound specific,
and therefore can be set for each analyte of interest. Thiapapodltage (kV) is applied to the
ESI probe and contributes to the formation of charge aerosol dropliis BE eluent exits the
end of the stainless steel capillary. The cone voltage (\fpkea to the sample cone, the first
orifice of entrance into the portion of the mass spectrometelighatder vacuum. The cone
voltage must be carefully optimized so as to prevent in sour@y @éche analytes of interest.
For example, if the cone voltage is tuned to a value higher thassay, fragmentation of
peptides can occur at the ion source, decreasing the amount ofnmuigciule available for

entrance to the spectrometer thus reducing sensitivity.



The remaining source parameters are tunable for a seriesnpbands, in this case, for
an entire family of dynorphin peptides. The extractor paranf&)eis a voltage applied to the
extraction cone which rests behind the sample cone. It is respdiasiblieecting and focusing
the ions into the first quadrupole. The RF lens value (V) is thagelapplied to the hexapole
(collision cell). It guides ions into the collision cell. The kmas of these applied voltages
along the mass spec quadrupoles can be seen in Figures 4.5 and 4dditibn to these
voltages, the source and desolvation temperatu&sand the cone and desolvation gas flows
(L/h) must be optimized. The source temperature settings aid avéperation of the LC eluent
from the charged droplet. The temperature must be sufficientiytbignprove sensitivity while
preventing this evaporation from occurring too rapidly which hindergadion. Both the cone
gas and desolvation gas are nitrogen gas (from a liquid nitsmgene) which surround the cone

and probe respectively and aid in eluent evaporation.

In addition to the source parameters, a variety of settings antigser are also tunable.
These values will have different values depending on the experimegf performed. The
resolution values (LM and HM 1 and 2) are most often set to 15; howelien performing
MRMs the resolution can be sacrificed to some degree in ordenpgmve sensitivity. For
example, decreasing these values to the range of 10.0-13.0 canharipgak width at half
height from 0.5 to around 1.0 increasing sensitivity. In MS1 scan mioel@ntrance and exit
values are set to 50 and no collision energy is applied. Thissalmvg to pass through the
quadrupoles, reaching the detector more quickly. When MS/MS exqgedrare performed the
entrance and exit values are lowered to extend the dwell tinhe adris within the collision cell,
resulting in more complete fragmentation. Also during these empets, collision energy is

applied and optimized for each compound of interest. Similarly, ion energy 1 and 2 are
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Figure 4.5 Diagram of the Z-spray ionization source on the W&@aedtro micro. Figure

modified from www.waters.com.
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Recommended

Source Parameters Units Range Values
Capillary Voltage kv 2.5-4 3
Cone Voltage \% 10-150 60
Extractor \% 0-4 3
RF Lens N/A 0-5 0.2
Source Temperature T 70-120 120
Desolvation highly dependent
Temperature T 150-450 350 on flow rate
Cone gas L/h 50-200 1-100
highly dependent
Desolvation gas L/h 0-1200 700 on flow rate
Recommended | Recommended
Analyser Parameters Units Range Value MS1 Value MS2
LM1 and HM1 15 (13 to increase
Resolution N/A 15 ionization)
lon Energy 1 N/A 0.5 0-3
Entrance N/A 50 -5t05
Collision N/A 1 1-200
Exit N/A 50 1to5
LM2 and HM2 15 (13 to increase
Resolution N/A 15 ionization)
lon Energy 2 N/A 3 0-3
Cell Pirani Pressure mbar 1 e-4 (argon) 3.6 e-3 (argon)
Multiplier Voltage V 650 650

Table 4.1 Tunable Mass Spec Parameters for the Waters Quattro microémstrum



optimized differently for MS1 versus MS/MS experiments. Thesaegahre applied to exit of

guad 1 and quad 3, respectively. A summary of these tunable values can be seen in Table 4.1.

4.2.2.2 Applied Biosystems API 2000

With the API 2000, the following parameters are tunable during methadogenent for
specific compounds. Their location along the quadrupole can berséggures 4.7 and 4.8.
The declustering potential (DP) controls the difference in potérgtaveen the skimmer (held at
ground) and the orifice plate. This potential difference desa® the occurrence of solvent
cluster ions, resulting in more efficient ionization. The entrgpotential (EP) parameter
controls the difference between voltage on quadrupole zero (Q0) anddgruiding the ions
into the QO region which is under high pressure. The EP paransstexids in focusing the ions
as they enter Q0. All other ion path voltages are dependent &®thalue, and therefore this is
one of the first parameters optimized. The collision cell en¢rgiotential is a mass-dependent
parameter that controls the potential difference between QO arehttemnce of quadrupole 2
(Q2). It focuses ions into the collision cell. During MS/MSnscthis parameter is optimized
for the precursor ion. The collision cell exit potential simylasl used to focus and accelerate
ions as they leave Q2. This parameter is optimized for the gramtuin MS/MS scans. Two
parameters control how the precursor ions fragment in the colligiintiee collision energy
(CE) and the collisionally activated dissociation (CAD) gas. Tleparameter controls the
energy that the precursor ions receive as they enter the sggaddipole. The CAD parameter
control the pressure of the collision gas in the collision cell duMBgMS scans. Both the CE
and CAD parameters control the product ions produced and are very congpeaifcc. They
are optimized to the lowest setting that will generate a reproducibladragon with the highest

sensitivity.
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Figure 4.7 Diagram of the ionization source on the API 2000. Figwdified from training

materials at the API training course.
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Three gases are optimized by flow injection analysis because the\pareddat upon the
mobile phase and flow rate employed: curtain gas (CUR), gas gaand (GS1 and GS2). The
curtain gas flow prevents contaminants from entering the ion paffowing in an outward
direction from behind the curtain plate and in front of the orifi€ae highest setting that does
not compromise sensitivity should be utilized. Two additional gas p&senare optimized
using FIA: gas 1 and gas 2. The GS1 parameter controls the negakzen the TurbolonSpray
probe. It aids in the generation of small droplets and is crisciahaintaining stable flow at the
probe. This parameter plays a significant role in sensitinity ia greatly influenced by the
position of the probe in the source. The GS2 parameter controls thargugas and aids in the
evaporation of spray droplets. This parameter works in conjunctibntivgttemperature setting
(TEM) to vaporize the LC solvent. Lastly the ion spray voltag@rols the potential applied to
the needle in the source. It is responsible for the ionization sBthele and also contributes to
the stability of the spray and the sensitivity. The acceptadliges for these parameters are

summarized in Table 4.2.

4.3 Results and Discussion

4.3.1 Optimization of mass spectrometric parameters for Dyn A 1-17 (API 200hyyste

Prior to infusing compound, the ion spray must be adjusted so as to psevaying
directly down the orifice of the instrument. This is crucial pootecting the instrument from
contaminants that will ultimately diminish sensitivity. The sumé will depend on the flow rate

and volatility of the mobile phase composition and should be aimed directly below the curtai



Compound- Typical
Dependent Optimized
Parameters Units Range Ranges Typical Value Step Size
Declustering Potential
(DP) \ 0 to 400 20 to 200 50 5or10V
Entrance Potential (EP) \Y/ 2to 15 10
Collision Cell Entrance
Potential (CEP) \Y/ Oto 188 10to 70 mass dependent 1V
CAD Gas (CAD) N/A Oto 12 5
Collision Energy (CE) \Y/ 5t0 130 No typical value 5V
Collision Cell Exit
Potential (CXP) \% 0to 55 0to 20 mass dependent 05V
Typical
Source-Dependent Optimized
Parameters Units Range Ranges Typical Value Step Size
Nebulizer Gas (GS1) N/A 0to 90 40 to 60
Auxillary or Turbo Gas
(Gs2) N/A 0to 90 45 to 65
Temperature of the
Turbo Gas (TEM) T 0to 750 600 25¢C
Curtain Gas (CUR) N/A 10 to 50 10
lonSpray Voltage \Y 4500 to 5500 5000

Table 4.2 Tunable mass spec parameters for th@F.
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Figure 4.9 A. Diagram of the ion source housing on the APl 2000 indidhingertical and
horizontal probe adjustments used to optimize the electrospray loaatidhe curtain plate
(from appliedbiosystems.com). B. Depiction of the electrosprayitocan the curtain plate.

Figure modified from training materials at the API training course.



plate orifice as shown in Figure 4.9. Once this is achieved, compound tan commence. In
these studies, one micromolar peptide standards were preparestdknsolutions in FD with
0.1% v/v formic acid and infused via the integrated syringe pumplavadte of 20 L/min. A
scan of the first quadrupole was performed over a user definecnge. In order to determine

if the peptide concentration was sufficiently high for compound-dependerameter
optimization a stable total ion chromatogram (TIC) was obtaindd amtintensity of at least 1.0
€® and no higher than 1.§.eFigure 4.10A shows the TIC for an infusion of Dyn A 1-17 and an
internal standard (bradykinin). The corresponding spectrum (Figure #d€pits the multiply
charged ions present for each peptide. Dyn A 1-17 has a mole@itdrt of 2147.52 and both
the 3+ and 4+ ions (716.5 and 537.6 respectively) were detected. For bradykinin (MW=1060.21)
only the 2+ ion (530.8) was detected. In these studies, bradykinin waanca®san internal
standard because it has a high pl (12) similar to Dyn A 1-1T1{) and was found to behave
similarly during chromatographic separation. It was advantagemusse bradykinin over
another dynorphin peptide due to their structural differences so hbe¢ tvas no possible

appearance of bradykinin as a metabolite of Dyn A 1-17.

Next all compound-dependent parameters were optimized using the atedotane
function within the Analyst software. In the case of Dyn A 1-17revlt@o precursor ions were
observed, the 537.6 m/z was utilized because it was the most intdga®. 1 M solutions of
Dyn A 1-17 and bradykinin were infused together at a flow odt20 L/min. During the
infusion, each tunable parameter is ramped through a range of salli¢ése setting that yields
the highest ion intensity is saved in a tune method. These parsrmetieide: declustering
potential (DP), entrance potential (EP), collision cell entrgrmtential (CEP), collision cell exit

potential (CXP), collision energy (CE), and collisionally activated dissonigts (CAD).
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Each of these parameters was described in detail in Section 4.2.2.Zakled4.2
summarizes the acceptable values for these parameters. DBNEREP are optimized to
generate the most intense precursor ions, whereas optimal @XEEvalues are determined
for the four most intense product ions of each compound. Dyn A 1-17 producedlse
fragments including: m/z 91.2, 120.1, 130.1, and 136.0 with the 537.6 to 136.0 transition being
the most intense (Figure 4.11). Bradykinin produced 98.1, 112.1, 120.1, and 157.1 with the

530.8 to 120.1 transition being the most intense transition (Figure 4.12).

Once the voltage optimization was complete and the most intenséidrarisr each
peptide is determined, further optimization is performed. The optihviakage parameters are
applied during all source parameter optimization. There amraesource parameters optimized
for each of these transitions and they include: curtain gas (CUR)1 &S1), gas 2 (GS2),
temperature (TEM), and ion spray voltage (IS). These amepkndent on the LC conditions
(mobile phase composition and flow rate) and for this reason optiamzat carried out using
flow injection analysis (FIA). A discrete amount (10) of a 1 M peptide solution is injected
via the LC autosampler into the mobile phase stream, which cookiS&50 v/v acetonitrile:
water (ACN: HO) and is set at a flow rate of 200/min. Source parameters are then optimized
with one value applied during each injection. Typically three valoegach parameter are
investigated, and each FIA takes a total of 1 minute. With thesenpters optimized, a new
method is saved that combines all of the voltage and source pasaméhe optimized voltage
and source parameters for Dyn A 1-17 and bradykinin are sunedanzTable 4.3. Next, the
LC conditions are optimized and these conditions are added to the @aquisethod within the

Analyst program to create a fully functional MRM method.
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Peptide DP FP EP | CEP | CE | CXP | CUR | IS | GS1 | GS2 | CAD

BK 86 320 | 95 20 91 4 30 | 3000 | 40 50
DnALL7 | 71 210 9 28 43 6 30 | 5500 | 40 50 6

Table 4.3. Optimized mass spec parameters (AP1 2000) for Dyn A 1-17 and thd stterdard

bradykinin (BK).



4.3.2 Optimization of liquid chromatography conditions for Dyn A 1-17

Previous work in our group with substance P and dynorphin analogs [3, dtiliz¢jd a
step gradient that ramped from 100% aqueous to 100% acetonitrileh@veourse of one
minute. This method was therefore used as a starting point yetogeng a chromatographic
system for Dyn A 1-17 and bradykinin (1.S.). A 1.0 x 50 mm C18 analyt@umn with 5 m
particles and the corresponding guard column were employed. The mbhg#e conditions
utilized were as follows: 100% mobile phase A from 0 to 5 minutdsear ramp to 100%
mobile phase B from 5 to 6 minutes, hold at 100% B from 6 to 15 minutewaa return to
100% A from 15 to 16 minutes, and a column re-equilibration step, holding at AG08» 16
to 22 minutes (curve shown in Figure 4.13 inset). Mobile phase A caohsis095% HO, 5%
ACN with 0.1% formic acid and mobile phase B consisted of 90% A8 HO with 0.1%

formic acid.

Under these conditions, a late eluting peak (18.21 min) was obsergede(Bil13). This
peak shifted with respect to the mobile phase return to 95% aqueousormditways eluting
approximately 2 minutes after this return was programmed (datahwotn). Thus it was
determined that Dyn A 1-17 is not soluble at this high organic coatehprecipitation of Dyn
A 1-17 was occurring at the head of the column. When aqueous mobike quraitions were
restored the peptide was resolubilized resulting in a second peakmdthod was adjusted so
that the final composition of mobile phase B was only 30% ACN, 70&, H.1% formic acid
(gradient curve in Figure 4.14 insert). The second peak disappmadtddyn A 1-17 eluted at

7.81 min in a similar fashion to the internal standard which eluted at 7.73 min (Figure 4.14).
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Using this LC method, a calibration plot for Dyn A 1-17 standandsbO with 0.1%
formic acid was generated. A linear response was obtained be25 and 1M with an R
value of 0.9984 as can be seen in Figure 4.15. The ultimate goal ofdjest,phowever is to
develop an LC-MS/MS method for quantitation of Dyn A 1-17 transportagtdbolism with an
in vitro BBB mimic. Such studies require the use of high salt solutmnsaintain cell viability
and tight junction integrity for the duration of the studies (typycal4 hours). Therefore, it was
necessary to characterize the LC-MS/MS when sampling Dyh-1X from these types of

matrices.
4.3.3 Characterization of Dyn A 1-17 ionization in cell compatible matrices

In order to maintain healthy cells during transport and metabdaisdies, experiments
must be carried out under appropriate conditions. Transport media raumgaim isotonicity,
tight junction integrity, and physiological pH (7.4), as well as @®van energy source
(typically glucose) for studies lasting longer than one hour [15, 18&ampling from high salt
content matrices present several analytical challengesdavi&. First, high salt solutions are
incompatible with electrospray ionization as significant damagée¢oESI probe can occur.
Additionally, high salt samples tend to contaminate the front end amtuellg the quadrupoles
of mass spectrometers, if precautions in sample preparation ahddragvelopment are not

taken.

The first line of defense against such damage to expensive peatgometry equipment
is the use of a diverter valve. This allows the LC flow to bectitd to waste at the beginning of
a run in order to de-salt such samples, since salts will elthetlve void volume of the column.

Prior to the retention time of the analytes, the LC flow is directed back toab® spectrometer
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for analysis. The flow is then diverted back to waste followingetbgon of all compounds of
interest so as to prevent any lipid-based cellular components frtaring the mass spec and
contaminating the source. The retention time of Dyn A 1-17 andtémal standard was such
that diversion for the first five minutes of the LC run was fadasi At 5 minutes, the LC flow
was routed to the mass spectrometer and then flow was divertkdtdavaste again at 12

minutes.

A second line of defense is to dilute samples in mobile phase teadecthe salt
concentration. In these experiments, standards of Dyn A 1-17 weqvargulein phosphate
buffered saline with ascorbic acid (PBSA) and cell experinheméaia. Aliquots (60 L) were
removed and diluted with 48L H,O with 0.1% formic and 12L of internal standard (10M
stock). Therefore the resulting concentration of Dyn A 1-13 akvays half that of the original

standard, and this value could be used for the creation of a calibration plot.

Previous work concerning the transport and metabolism of Substaaoeé Byn A 1-11
amide analogs by BBMEC used media composed of a 50:50 mixture ahimiEssential
Media (MEM) and Ham’'s F12 with 10 mM HEPES [3-4, 14]. However Dyn A 1-17,
significant ion suppression was observed in the presence of thisoogtlatible solution, and
considerable run to run variation was observed, as demonstrated by tHay owé
chromatograms in Figure 4.16. Samples of lower concentration (25M)0@ere analyzed and

only peaks for the internal standard were observed (data not shown).

In order to identify the component responsible for this ion suppressionbamate the
problem, PBSA alone was investigated. This is also commonly eetplfwy cell transport

studies and consists of phosphate buffered saline supplemented with, NOG#&ID, ascorbic
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acid, and glucose. Although the peak intensity did not vary asadtgsfrom run to run in the
presence of PBSA as compared to the experimental cell media, the peaksastd diminished
in comparison to standards in® with formic acid and Dyn concentrations of less than 500 nM

were not detected.

Overlays of the triplicate injections of Dyn A 1-17 in PBSA& ahown in Figure 4.17.
As can be seen in Figure 4.18, the peak area of the internal stamaardot significantly
affected by the presence of these solutions, suggesting ttrattual component of dynorphin
was responsible for this observed signal suppression. The fornaditgirong phosphate and
sulfate adducts with positively charged side chains of peptiddseleasreported previously [17].
Chait and co-workers observed the formation of strong ionic complexései presence of
phosphate and sulfate at low concentrations (approximately 0.050 ratiNedo the quantities

included in PBSA and cell experimental media used in these studies (~10 mM).

In an attempt to improve the ionization efficiency of Dyn A 1-17, the pphete
concentration was decreased by a factor of 10. To maintain igbtathie concentrations of
NaCl and KCI were increased, and to aid in buffering of theesystt0 mM HEPES was
included. To prevent sulfate adduct formation, magnesium chlorideswzsituted for the
magnesium sulfate typically included in PBSA. Magnesium andiuca are essential
components included in the cell media to maintain tight junction ingeg@lucose, ascorbic
acid, and calcium chloride concentrations were not altered. nBwscell culture media will be
referred to as modified phosphate buffered saline (mMPBSA) in dissertation. Upon
modification of the PBSA media, improvements were seen in peakaaregll as run to run
reproducibility. Overlays of triplicate injections of Dyn A 1-tiymPBSA are shown in Figure

4.19. Also important to note, Dyn A 1-17 was stable in modified PBSA over the course of 5
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hours at both room temperature and atG37 A comparison of matrix effects on peak area for

Dyn A 1-17 and bradykinin in various cell compatible medias can be seen in Figure 4.20.

4.3.4 Optimization of LC-MS/MS parameters for dynorphin metabolites

Once an appropriate media was identified for cell transport ataboism studies, the
tuning procedure outlined in Section 4.2.2.2 was repeated for a mixtdyaafphin metabolites
utilizing bradykinin as an internal standard. Briefly the compouwvel® infused and all source
parameters were optimized using the automated tune function within#igst software. Next
flow injection analysis was performed to optimize the LC flowetefent parameters. Three of
the metabolites of interest retain the N-terminal sequenceyonf A 1-17 and therefore had
similar fragmentation patterns, with the 136 product ion again beeagibst intense. The des-
tyrosine metabolite Dyn A 2-17 produced a unique fragmentation spectrum however, and the 120
product ion was found to be the most predominant. The optimized massosic/
parameters for each of the dynorphin metabolites are summanriZedblie 4.4, and the precursor

and product ions for all analytes of interest are in Table 4.5.

In addition to tuning each compound to determine optimal ionization and CID
parameters, LC gradient optimization was also performed. alk feund that in order to
chromatographically separate Dyn A 1-17 from its metaboliteseasingly shallow gradients
(decreased %B/min) must be utilized. This however had a negatpact on peak shape
(Figure 4.21). In particular the peak for Dyn A 1-6 was foumtd extremely broad under all
gradient conditions. It also exhibited a very irreproducible reteritioe. By decreasing the
organic content at the beginning of the gradient, retention of Dyr6Avas achieved and the

peak shape and retention time for this peptide were improved as can be seen in Figure 4.22.
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Peptide DP FP EP CEP CE CXP CUR IS GS1 GS2 CAD
Dyn A2-17 71 180 8.5 20 77 6 30 5500 40 50 6
Dyn A1-13 51 370 12 10 27 4 40 3000 40 50 6

Dyn A1-8 71 60 10.5 18 45 6 30 3000 40 50 6
Dyn A1-6 41 330 8.5 36 23 6 30 5500 50 50 6

Table 4.4. Optimized mass spec parameters (API 2000) for the dynorphin metabolite




Molecular Precursor lon Charge | Product lon

Peptide Weight (m/z) State (m/z)
BK 1060.22 530.8 2+ 120.1
Dyn A2-17 1984.34 496.96 4+ 120.1
Dyn A1-17 2147.52 537.63 4+ 136.2
Dyn A1-13 1603.98 401.85 4+ 136.1
Dyn A1-8 981.2 491.34 2+ 136.1
Dyn A1-6 711.82 356.72 2+ 136.1

Table 4.5. Summary of dynorphin ionization (precursor ions, chartge ata product ions)

following optimization of API 2000 parameters.
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Superior peak shapes were observed for all the peptides at the steeper diept®gra
lon suppression due to the co-elution of dynorphin peptides was not observed utilizingtthe shor
step gradient. This method increased through-put by maintaining shorter esratiwhrelied
primarily on the mass spectrometer to separate each compound based on its rgestifons
as can be seen in the extracted ion chromatograms in Figure 4.23. Additionally,abee w
cross-talk observed from one run to the next indicating that the ions were adeqleaielg

from the quadrupole from run to run.

Final optimized LC conditions consisted of the following: initi@ahditions of 97% A,

3% B from 0 to 5 minutes, a linear ramp from 3 to 30% B from 5 ton@it@s, holding at 30% B
from 6 to 15 minutes, a linear return to initial conditions from 15 tonl@utes, and column
equilibration from 15 to 22 minutes holding at 3% B, where mobile phasmsisted of 100%
H,0O with 0.1% formic acid and mobile phase B consisted of 100% ACN with fad®éc acid
(Figure 2.24). Calibration plots for each metabolite were construeseng this optimized
method, and the results are summarized in Table 4.6. The smatédofites exhibited better
sensitivity and lower limits of detection, supporting the hypothiésis more basic residues in

the peptide chain contribute to ion suppression due to phosphate adduct formation.
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Linear Range in

Peptide MPBSA( M) RA2 LOD | LLOQ
Dyn A1-6 0.001- 5 0.9994 0.2nM | 0.6nM
Dyn A1-8 0.001- 5 0.9968 0.1nM | 0.3nM
Dyn A1-13 0.1-5 0.9963 32nM | 108 nM
Dyn A 2-17 0.5-5 0.9831 30nM | 102 nM
Dyn A 1-17 0.1-5 0.9844 450M | 116 nM

in H,0 + 0.1% formic
Dyn A1-17 0.025-1 0.9984 1nM 4 nM

Table 4.6. Linearity, limit of detection (LOD, S/N =3), and lowieril of quantitation (LLOQ,

S/N = 10) for Dyn A 1-17 and metabolites (n=3 at each concentration, 6 point calibrate)n pl



4.4 Summary

This chapter described the method development necessary for LCSVi&tdrmination
of Dyn A 1-17 and several of its key metabolites. lonization an@dr@itions were optimized
for each of the peptides in a cell compatible media to enablestigagons of dynorphin
metabolism and transport at the blood brain barrier and further igatstis of metabolism in
the CNS. Modifications of the typically employed PBSA wereessary to improve ionization
conditions for the highly basic dynorphin peptides. Specifically ditubf the phosphate and
sulfate concentrations was necessary to prevent adduct formatioapte€ 4 will discuss in

detail the application of this methoditovitro studies of metabolism and transport.
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Chapter Five:

Investigation of the metabolism of Dyn A 1-17 and the blood brain barrier transpdrof its

key metabolite, Dyn A 1-6



5.1 Introduction

5.1.1 The blood brain barrier

The blood brain barrier (BBB) consists of a network of endothelisd cennected by
intracellular tight junctions that are responsible for maintaitiragjn homeostasis (Figure 5.1)
[1-3]. It serves not only as a physical barrier, but alsa aetabolic one, due to its expression
of various metabolic enzymes [4-9]. The barrier possesses a nafribatures including efflux
transporters [10-12], decreased pinocytosis, minimal fenestratiomigincelectrical resistance
effectively protecting the brain from external substances14B, In addition to protecting the
central nervous system from xenobiotics, the barrier is inedjnatth nutrient transporters to
maintain proper levels of essential compounds such as amino acidg [E5¢haracterization of
the behavior of endogenous substances at the blood brain barripoisam when investigating
their potential role as biomarkers for neurodegenerative dise&sgmarticular the metabolism
and transport of neuropeptides at the blood brain barrier will providghtnsto their role in

central nervous system (CNS) disorders.

5.1.2 Dynorphin and the blood brain barrier

Upregulation of dynorphin has been implicated in a variety of negicab disorders
including Alzheimer's [16], Parkinson’s disease [17], neuropathic pain [88gss and
depression [19]. This opioid peptide has been show to exhibit preétanting to the kappa-
opioid receptor and at elevated concentrations has been shown to be neurbtost reports
investigating the pharmacology of dynorphin employ immuno-baséditgees for quantitation.
These methods have notoriously low limits of detection, essentisiudying endogenous levels

of neuropeptides; however, cross-reactivity with related peptides and metabalite
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Figure 5.1 Schematic of the BBB with depictions of possible transport merhiawicated by

a-e. Used with permission from [3].



significantly compromise their accuracy [20]. Reported elevatesld of dynorphin may in fact
be due to detection of a metabolite. Therefore it is essémtg@in a clear understanding of the
differing roles of the parent peptide and metabolites, sinsgoibssible a metabolite may in fact
be responsible for the reported neurotoxic effects. Of particodarest in this work is the
potential for dynorphin metabolites to display unique transport prepednd therefore
physiological effects at the blood brain barrier. This chapidlr therefore describe the
investigation of the metabolism of Dyn A 1-17 in tissues of thergenervous system and by
cells that create am vitro model of the blood brain barrier. The transport of the major

metabolite (Dyn A 1-6) at the blood brain barrier is also investigated.

5.1.3 Methods for studying the blood brain barrier

A variety of in vivo andin vitro methods exist for studying a peptide’s behavior at the
blood brain barrier.In vivo methods include microdialysis sampling and brain perfusion studies.
Continuous monitoring is possible utilizing microdialysis sampling, arperiments can be

performed on anesthetized or awake, freely-moving animals.

Microdialysis is also useful for examining site specifictabelism of peptides [17, 21-
23]. Peptides of interest can be included in the perfusate and deldiezetly to the brain in
order to studyin vivo metabolism. Additionally, if the peptides of interest are dedider
peripherally, the transport across the blood brain barrier candoaatérized by sampling via the
microdialysis probe [24]. The effect of peripherally adminedercompounds on the
permeability or metabolism of the peptide of interest as vesll on the release of

neurotransmitters can also be investigated. For example, peafigteninistration of various



metabolic inhibitors can be used to further characterize a peptragabolism at the BBB. A
major concern that must be addressed when using microdialysiseasure peptide transport
into the brain is the generally low recovery of these compoundessathe probe membrane

[25]. In addition, quantitation from such samples is difficult due to low sample volumes.

In situ rat brain perfusion directly delivers compounds of interest to thm mia the
carotid artery [26]. Compounds (often radiolabelled) are deliverestthirto the brain at
constant concentration, and the rate of infusion can be manipulategeifagions are stopped
at various times and brain uptake is typically determined by il&tioin counting when
radiolabeled compounds are used. If metabolism is a concern or tintdmesnatographic
separations are usually employed. From these data points, uptakieskicen then be
determined. This method avoids metabolism by liver enzymes hasygdripherally circulating

enzymes.

In vitro cell culture models of the BBB simplify the biological aspeaftthe blood brain
barrier considerably by enabling the investigation of a compound’s behatvitte brain
endothelium as opposed to whole brain [14]. Anvitro cell culture model of the BBB was
developed by Audus and Borchardt using primary cultures isolated frengrey matter of
bovine brains (Figure 5.2) [13]. A variety of enzymes have been fiéentt the BBMEC
monolayer, including angiotensin converting enzyme, and various peptigiadesydrolases,
which have been shown previously to cause peptide metabolism [4, 5, 27k CBEflesexhibit
many of the physical characteristics typical of the BBBIuding tight junctions, decreased
pinocytosis, and minimal fenestration. Efflux transporters, as agefipecific uptake transport
systems, are also expressed by this cell line. Theseheslés been extensively characterized,

making this a useful model for investigating BBB transport.



Isolation of Bovine Brain Microvessel Endothelial Cel
(BBMEC)

Obtain bovine brains from slaughter house
on day of isolation
inice-cold MEMpH 7.4

l

Remove meninges and white matter

l

Enzymatic digestion of cortical grey matter
with collagenase and dispase

l

Separation of red blood cells and lipids
by dextran and percoll gradients

l

Storeisolated cellsat-80 Cin complete culture medium
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Figure 5.2 Summary of the BBMEC isolation procedure.



The isolated endothelial cells are grown on polycarbonate membradenaunted in
Side-by-Sid&" diffusion chambers to perform permeability screening (Figure 5.2)n
advantage of thisn vitro method for investigating BBB permeability is the ability of the
experimentalist to manipulate a variety of variables includemperature and compound
concentration. Experiments performed aC4exhibit the effect of reduced ATP activity on
transport, indicating when active processes are involved in compound permeatdirectonal
permeability can also be investigated by spiking either theah(blood side) or basolateral
(brain side) chambers and monitoring transport in either directiorditiénally, peptide
metabolism can be characterized by growing BBMECs in 12-auétilire plates and incubating

the cells with the peptide in cell media (Figure 5.4).

Recent work within vitro models of the BBB has focused on the development of
immortalized brain endothelial cell lines [28]. This decredbestime necessary to reach
confluency (7 versus 14 days) as well the workload on the laboratiemtist. The isolation
procedures for primary cells are very time and labor intenas/és evident by the method
described in this chapter. Additionally, the role of other c@ésyon the behavior of the brain
endothelium, specifically on the formation of tight junctions, is céredt. This has driven the
development of co-culture systems. Specifically the role ofo@adgs on tight junction
formation has been investigated using co-cultures with Transvegtems and endothelial cells

grown in astrocyte-stimulated media [14, 29-31].

This chapter utilized the BBMEC primary cell culture model twestigate the
metabolism of Dyn A 1-17. The experimental set-up is shown in&f®. The BBB transport
of the major metabolite, Dyn A 1-6, was then examined using Sye®id™ diffusion

chambers. Thim vitro model simplifies the BBB investigations (in comparisomtweivo
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techniques such as microdialysis) by focusing exclusively omalleeof the brain endothelium

on peptide metabolism.

5.1.4 Analytical methods for quantifying peptides of interest

A detailed discussion of analytical methods for the quantitatigrejotides is included in
Chapter 2 of this thesis; therefore, a brief discussion of #ithods utilized for investigating
metabolism and transport at the blood brain barrier follows. One dfitty@est methods for
determining the transport of compounds across the BBB is the ustabmiitd compounds and
scintillation counting [15, 32]. This is most often employed in cditipe studies that are done
to determine if saturable, carrier-mediated processes spengble for a peptide’s permeation.
In these studies a radiolabeled peptide is added to the diffusion ghamtbis permeability is
determined. Then the effect of un-labeled peptide on the permeatitime afadiolabeled
compound is evaluated. Alterations in the permeation of the labeled compdigade the two
species are competing for the same transport system. Etli®ay however, can be costly due
to the expense of producing labeled compounds. Radiolabeled peptidgsocaret always
commercially available and safety considerations must be addrdssfore handling such

compounds.

Other popular methods include a separation method (LC or CE) coupledWi5, 33-
34], fluorescence [21], or mass spectrometric [35] detection. largerthe sensitivity of an
analysis method using UV detection is low due to wavelengths gatpltypically 210 nm for
peptides). Fluorescence detection, although highly sensitive, redabelng as peptides
lacking a tryptophan residue are not natively fluorescent. Labelusg also be accomplished

following assay completion because structural modifications tpepade will alter its behavior



(its metabolic stability and permeability) vitro. Fluorescent tagging of peptides is usually
accomplished at a particular amino acid residue (such as Igsideherefore only peptides and

metabolites containing these residues are tagged, thus limiting the afipficélbhis approach.

Improved specificity can be achieved by employing mass trgpeetric detection.
Peptides can be detected without any labeling. Typically, LOM&Sis performed with the
direct coupling of the LC eluent to the electrospray ionizatidl)(Bource, providing a means
for online sample de-salting prior to analysis [35]. Multiple tieacmonitoring significantly
improves the detector selectivity for the peptides of interest provides more accurate
guantitation results. Important considerations for developing LC-MS3fdthods for dynorphin

peptides are covered in detail in Chapter 4 of this thesis.

This chapter employs liquid chromatography with tandem mass epmtty for the
investigation of Dyn A 1-17 metabolism in the central nervous systed in the presence of
BBMECs. The method does not require any labeling of the dynorphinrdps@nd minimal
sample preparation is necessary. Improved limits of detectiom aohieved using LC-MS/MS
in comparison to the CE-UV method described in Chapter 3. This metmothen utilized to
examine the BBB transport of Dyn A 1-6, the predominant metabaléatified from the

metabolism studies, using the BBMEC culture system and Side-BY*Siiféusion chambers.



5.2 Materials and Methods

5.2.1 Reagents

All dynorphin peptides (Dyn A 1-17, 2-17, 1-13, 1-8, and 1-6) were obtairwed fr
Bachem Biosciences, Inc. (King of Prussia, PA, USA). Bradgkivas purchased from Sigma-
Aldrich (St. Louis, MO USA). Fisher Optima acetonitrile (LCSMgrade) was used for all
mobile phases containing organic (Fisher Scientific, Fair Lawh,USA). Formic acid was
purchased from Acros Organics (Morris Plains, NJ, USA) at 99.9%ypukil aqueous mobile
phases were made from 18 Mleionized (D.l.) water from a benchtop Milli-Q Synthesis A10
Water Purification System (Millipore, Billerica, MS, USA)ltéred with 0.2 m Magna nylon
filters from Osmonics (Minnetonka, MN, USA). Minimum Essentiaédih and Ham’'s F12
were purchased from Life Technologies, Invitrogen Corporation (Cdrl€bd, USA). All other

reagents were purchased from Sigma Aldrich (St. Louis, MO, USA).

5.2.2 Metabolism studies in at central nervous system tissues

The brains and spinal cords of male Wistar rats (350-400 graiers) removed on the
day of the study and kept in ice cold mPBSA prior to experimeingnals that could no longer
be used for microdialysis studies were graciously donated byrBig Cunte’s laboratory at the
University of Kansas. Tissue slices were prepared witlerdestazor blade in a petri dish on a
bed of ice. For the metabolism studies, the tissue slices expased to dynorphin at room
temperature (instead of 3T) to slow enzyme activity. For brain tissue slices, a 5 mf tmm
section was bathed in mPBSA spiked with 25 iM Dyn A 1-17. Aliq(&@s L) were collected
at various time points over a 4 hour period, mixed with B®f ice-cold aqueous 0.1% formic

acid solution, and centrifuged on a table-top centrifuge for 2.5 minowtng centrifugation a



60 L aliquot was removed and further diluted with 48H,0 with 0.1% formic acid. Prior to
analysis by LC-MS/MS, 12L of a 10 M bradykinin solution was added to serve as an internal
standard for quantitation. Similarly, a 5 mm length of spinal cerdtlf approximately 2 mm)
was prepared and bathed in mPBSA spiked with 25 iM Dyn A 1-17. Hofawwe metabolism
study, the brain and spinal cord slices were homogenized in PBSAralyzed for total protein
content by the Pierce BCA assay (Pierce, Rockford, IL, USAgtabolism results are expressed

as IM dynorphin peptides per mg of protein.
5.2.3 Isolation and maintenance of bovine brain microvessel endothelial primarysculture

Microvessel endothelial cells were isolated from the aargjcey matter of bovine brains
by enzymatic digestion and centrifugation as described by AuduSaencthardt in 1986 [13].
Briefly, bovine brains were obtained from a slaughter house Bofde KS and transported to
the laboratory in ice cold minimum essential medium (MEM), pH Tdllagenase and dispase
digestions in conjunction with centrifugation steps and both dextrapencdll gradients were
used to isolate the endothelial cells from red blood cells and lipkadlowing isolation the
bovine brain microvessel endothelial cells were stored atC8fdr up to 6 weeks in complete

culture medium supplemented with 12% horse serum and 10% DMSO.

BBMECSs were thawed and then seeded, at a density of approximately 50,0@Gells
on polycarbonate culture plates or Om polycarbonate membrandsuclepore Track-etch, 13
mm, Whatman, United Kingdom) that were pre-coated with rat tail collagen and fdtirone
The plating medium consisted of 50% Minimum Essential Medium (MEM) and 50% Ham’s F12
supplemented with 100g/mL streptomycin, 100g/mL penicillin G, 13 mM sodium

bicarbonate, 10 mM HEPES, 10% platelet poor horse serum,gI&l heparin, and 50g/mL



polymixin B. Seventy two hours after plating, the media was changed. The acharegiium
consisted of 50% Minimum Essential Medium (MEM) and 50% Ham’s F12 supplemented with
100 g/mL streptomycin, 100g/mL penicillin G, 13 mM sodium bicarbonate, 10 mM HEPES,
10% platelet poor horse serum, 1GImL heparin, and 0.5% endothelial cell growth

supplement (ECGs). The changing medium was then replaced every 48 hours. Wereells
grown to confluency (12-14 days after seeding) at@¥ an atmosphere of 5% Gand 95%

relative humidity.
5.2.4 Metabolism studies in the presence of BBMECs

BBMECs were seeded onto 12-well polycarbonate cell cultureslat a density of
approximately 50,000 cells/ém Cells were grown until a confluent monolayer formed
(typically 12 to 14 days after seeding) as determined by ligttostopy. Metabolism studies
were performed in modified phosphate-buffered saline supplemented Gai@h, MgCls,
glucose and ascorbic acid, pH 7.4 (mPBSA) which was previouslyilbeddn Chapter 4.
Before beginning each metabolism study, the growth medium vpastasl off and the cells
were rinsed three times with pre-warmed (8) mPBSA. The 12-well plate was kept in a
benchtop incubator (Boekel, Feasterville, PA, USA), maintained at G37and stirred
continuously by a shaker (Stovall Belly Dancer, Cole PalmemareHills, IL, USA ). Cells
were incubated with Dyn A 1-17 at varying concentrations andL68liquots were removed at
various timepoints over the span of four hours. Aliquots were placedtlgiinto autosampler
vials containing 48 L H,O with 0.1% formic acid and were frozen (-20) until analyzed.
Prior to analysis, the samples were thawed, vortexed, and.liiternal standard (10M

bradykinin) was added and analysis was performed via LC-MS/MS.



5.2.5 BBMEC permeability studies

BBMECs were grown on 0.4m polycarbonate membranes in a petri dish at a density of
approximately 50,000 cells/ém Cells were grown until a confluent monolayer formed
(typically 12 to 14 days after seeding) as determined by tightoscopy. Transport studies
were performed in modified phosphate-buffered saline supplemented Gai@h, MgCl,
glucose and ascorbic acid, pH 7.4 (mPBSA). Before beginning eagh gtadgrowth medium
was aspirated off and the cells were then rinsed three tintlegpre-warmed (37C) mPBSA.

The membranes were then removed and mounted in Side-bY!Siitision chambers (Crown
Glass Inc., Somerville, NJ, USA). Prior to studies, the diffusiotmmbers were silanized with
Sigmacote (Sigma Aldrich, St. Louis, MO, USA) to prevent peptideratlen to the chamber

walls during the study.

Chambers were then pre-warmed @Yand rinsed three times with mPBSA. Following
membrane placement, one side of the diffusion chamber was filtad3wnL of mPBSA and
examined for leaks. If the membrane was mounted correctly and no leakgresent, the other
side of the chamber was filled with 3 mL of mPBSA as wdlhe chamber temperature was
maintained for the duration of the study by external circulatiater baths (at either 3T or 4

C depending on the experiment) and each chamber was stirred dgrest&0 rpm by Teflon
coated magnetic stir bars driven by an external console. The sideowvas then spiked with the
peptide of interest and 6Q aliquots were removed from the receiver side at variousirgs
and then replaced with an equal volume of mPBSA to prevent changesumevthat could
affect flux. Studies typically lasted 2-4 hours. Sample®wellected directly into autosampler

vials pre-filled with 48 L H,O with 0.1% formic acid and then stored at -20until use. Upon



thawing, samples were vortexed and 12internal standard (10M bradykinin) was added and

analysis was performed using an LC-MS/MS.

Upon completion of the transport study, fluorescein'®€]fsucrose were added to the
apical side of the monolayer and utilized to test the monolayagrityt. These low permeability
markers do not readily cross the blood brain barrier and are an ardiéanonlayer integrity.
Fluorescein samples were placed directly into a 96-well plateanalyzed by a fluorescence
microplate spectrophotometer (Molecular Devices, Sunnydale, CA) @ excitation and
emission wavelengths of 490 and 520 nm respectively. Sucrose samples werevithix€ mL
of scintillation fluid and analyzed by liquid scintillation countinge¢kman, Fullerton, CA,

USA).

For studies determining the permeability of fluorescein withouh By 1-6 pre
treatment, chambers were filled with the modified media (m®B8&nd the cells were allowed
to equilibrate for 5 minutes. After the equilibration period, flsoeen was added to the apical
side of the cell membranes such that the final concentratiorl@égl. Immediately a 100 iL
aliquot was removed from the donor chamber and collected into a 96latell Additional 100
iL aliquots were taken from the receiver chamber (t=10, 20, 30, andr@D§ final sample was
taken from the donor chamber after 60 minutes as well. These sibeoie values were
determined on a microplate spectrophotometer. The permeabilifjuamkscein was then

determined using the following equation:

Papp = (AQ/AL A X Go



Where, AQ/At is the linear appearance of fluorescein in theivecchamber, A is the
cross sectional area of the cell monolayer (0.638,camd G is the initial concentration in the

donor chamber at t=0 (in this case, 10 iM).

In the Dyn A 1-6 transport studies, 20 iL of mMPBSA was removeah fthe donor
chamber and replaced with 20 iL of a Dyn A 1-6 stock solution, resuttiag.6 iM peptide in
the chamber. Bi-directional studies were performed by addingAD¥$r6 to either the apical
(blood) or basolateral (brain) side of the mounted monolayers &t 3Aliquots (60 iL) were
taken from the receiver chamber at various time points over a 4 hour period. Stunhes 4C
were carried out in the apical to basolateral direction ove lour period at the same
concentration. All samples were collected into autosampler e@itaining HO with formic
acid. Mass balance samples were collected from the readiaenber at the start and finish of
each experiment. Quantitation was performed via LC-MS/MS. ideemermeability was

calculated with the same equation described above for fluorescein.
5.2.6 Liquid chromatography-tandem mass spectrometry instrumentation

An API 2000 triple quadrupole mass spectrometer (AB Sciex, FQstyr CA, USA)
equipped with a Shimadzu Prominence LC (Shimadzu, Japan) consisting dfCG0-AD
pumps with a solvent mixer, a CMB-20ALite controller, degasser (R2GARAB), autosampler
(Sil20A-HT), and column heater (CTO-20A) was employed for tistsdies. The system used
Analyst 1.5 software for control and data analysis. A 1.0 x 50 rh&aBalytical column with 5

m particles and the corresponding guard column, 1.0 x 10 mm (Vydaobdrer, C-18 MS
columns, Grace Davidson Discovery Sciences, Deerfield, IL, U&Aje utilized for all

experiments.



5.2.7 Analysis of metabolism and permeability studies by LC-MS/MS

Transport samples were analyzed by the LC-MS/MS protocol tedcaxtensively in
Chapter 4. Briefly, 60 L aliquots were diluted with 48L H,O with 0.1% formic, and prior to
analysis 12 L of a 10 M bradykinin solution was added to serve as an internal standard for
guantitation. Sample de-salting and separation were achieved aising x 50 mm C18
analytical column with 5m particles and the corresponding guard column, 1.0 x 10 mm (Grace
Davidson Discovery Sciences, Deerfield, IL, USA). The mobilesgheas diverted to waste for
the first 5 minutes of the LC run, then to the mass spectrometers to 12 minutes and again
back to waste for the remainder of the run. The LC gradient progwsras follows: initial
conditions of 97% A, 3% B from 0 to 5 minutes, a linear ramp from 3086 B from 5 to 6
minutes, holding at 30% B from 6 to 15 minutes, a linear return talicinditions from 15 to
16 minutes, and column equilibration from 15 to 22 minutes holding at 3% B. leVjaiase A
consisted of 100% #D with 0.1% formic acid. Mobile phase B consisted of 100% ACN with
0.1% formic acid. Multiple reaction monitoring was performed by AR 2000 and all

ionization conditions and transitions were optimized previously (Chapter 4).

5.3 Results and Discussion

5.3.1In vitro metabolism of Dyn A 1-17 in central nervous system tissues

Elevated concentrations of dynorphin have been implicated in awafi@eurological
disorders. Due to cross-reactivity exhibited by immunoassays, ttegsmtedly elevated
concentrations may, in fact, be indicative of an increase imarglfin metabolite instead. It is

therefore possible that it is a metabolite and not the parentipaptit is actually responsible for



these neurotoxic effects. Consequently, elucidating the metadvofie of Dyn A 1-17 in the
central nervous system is essential to understanding the pbdgsin vivo. Toward this endni

vitro metabolism studies were performed with both rat brain and spinal cord slices.

To ascertain that accurate results were attainable in mddRBSA (mPBSA), the
stability of Dyn A 1-17 in mPBSA was determined at room tentpegaand at 37T over ten
hours. The dynorphin concentration remained constant throughout (dakeowoi.s There was
no appearance of metabolites over time, however, the Dyn A 1-17asdandid contain peaks
for the Dyn A 1-8, 1-13, and 2-17 metabolites even at the initiad @ timepoint. The
concentrations of these compounds were constant and did not increaseldustapility study
(Figure 5.5 and 5.6). The presence of dynorphin metabolites in Dy 7Asiandards could be
contaminants from the synthetic process. The metabolite peaksseen even when fresh Dyn
A 1-17 standards were made and analyzed immediately. The aaticerst also did not change
over time which would have been expected if the Dyn A 1-17 was uridgrdegradation in

mMPBSA.

If the peaks were due to contaminants from the synthetic promessvould expect an
increase in the fragment concentrations when higher Dyn A 1-17ectvatons were used.
However, the same concentrations were observed when both 1 iM and 3% iIMI17 stocks
were analyzed. Another explanation is that in-source fragnmmtet occurring, producing
smaller peptidic ions at the electrospray source. This @renonly reported phenomena when
analyzing peptides by electrospray and is especially confargueptides with multiple charge
sites [36-38]. Data for these fragments (1-8, 1-13, and 2-1Rgisfore presented as percent
increase in concentration during the study duration (4 hours) to accotiné fimitial metabolite

concentrations present due to contamination or in-source fragmentation.



Dynorphin Metabolites detectedin
Dyn A 1-17 StandardsinmPBSAat25 C

Dynorphin Concentration ( M)

Dyn A1-6 Dyn A1-8 Dyn A1-13 Dyn A 2-17

Dynorphin Metabolite AverageConc( M) Standard Deviation

DynA1-6 0.008 0.00018
DynA1-8 0.039 0.00038
DynA1-13 0.202 0.00758
DynA2-17 0.454 0.05171

Figure 5.5 Dynorphin metabolite concentrations in Dyn A 1-17 standards (1 iM) in m&BSA

25 C. Values were constant over time as represented by the standard deviatiOns (n=



Dynorphin Metabolites detectedin
Dyn A 1-17 StandardsinmPBSAat37 C

Dynorphin Concentration ( M)

Dyn A 1-6 DynA1-8 Dyn A1-13 Dyn A 2-17

Dynorphin Metabolite Average Conc( M) Standard Deviation

DynA1-6 0.002 0.00053
DynA1-8 0.038 0.00007
DynA1-13 0.202 0.00337
DynA2-17 0.443 0.02070

Figure 5.6 Dynorphin metabolite concentrations in Dyn A 1-17 standards (1 iM) inAnd&BS

37 C. Values were constant over time as represented by the standard deviatiOns (n=



For Dyn A 1-6 which is not present as a contaminant, the change ientmaton from t =0 to t

= 240 minutes is plotted.

Once the stability of the parent peptide was establisheditiro metabolism could be
investigated in rat brain and rat spinal cord samples. Téeetsice was placed in mPBSA and
prior to the addition of Dyn A 1-17, a basal sample was collectedraigzad via LC-MS/MS.
No dynorphin peaks were observed in this sample with either {(iEgyee 5.7 A & B). Dyn A
1-6 was the most abundant metabolite of Dyn A 1-17 in the presenceeefdeparate rat brain
slices, although the overall concentrations and time course obaofista varied as can been
seen in Figure 5.8. Dyn A 1-13 and Dyn A 2-17 were produced to a much lessetleteDyn
A 1-6, exhibiting 23.0% and 27.8% increases, respectively, from the ieNls observed due
to in-source fragmentation. Dyn A 1-8 did not significantly insesaver time. The average
percent increase for Dyn A 1-8, 1-13, and 2-17 following 4 hour incubaditbrrat brain slices

is summarized in Table 5.1.

Dyn A 1-6 is produced by the cleavage of the ®Agg’ bond by dynorphin converting
enzyme (DCE) [39, 40]. DCE was first isolated from human catedminal fluid (CSF) and
human spinal cord. The presence of Dyn A 1-6 as a metabolitg iorain was previously
confirmed in Chapter 3 of this thesis via analysis by copper coatpie with capillary
electrophoretic separation and UV detection [41]. Dyn A 1-6 haslssa identified as a
metabolite in the rat striatum via microdialysis samplingReedet al [23]. Dyn A 2-17 is
thought to arise following cleavage of the N-terminal tyrosipa Imon-specific aminopeptidase
[42-43]. Dyn A 1-13 was previously identified in human plasma [41], how#&vkas not
previously been detected in rat brain. The cleavage of thE-Iys” bondto produce this

metabolite may be due an endopeptidase present in the brain tissue [17, 23].
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Figure 5.7 Basal rat brain (A) and rat spinal cord (B) slices spiked whihriternal standard
(bradykinin). Overlays of extracted ion chromatograms for Dyn A 1-6, 1-8, 1-13, 1177, 2

and bradykinin. Only one peak is observed for bradykinin.
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Dynorphin Metabolite Average Percent Increase

DynA1-8 2.01%

(+/- 1.40)

DynA1-13 23.0%
(+/- 4.65)

DynA2-17 27.8%
(+/-11.2)

Table 5.1 Average percent increase of dynorphin metabolites 4 hour followingtinoutfa

Dyn A 1-17 with rat brain slices. Standard deviations in parentheses, n = 3.



In addition to investigating the metabolism of Dyn A 1-17 in rat brain slices, the
metabolism in rat spinal cord slices was also investigated. Again Dyn A §-6bsarved as the
most abundant metabolite. The time course of Dyn A 1-6 appearance was even radréaari
in the rat brain samples (Figure 5.9). In the first rat (Figure 5.9, blue diamondsyntite1D6
appears to undergo additional metabolism itself after two hours in the presercgpofakbcord,
shown by the decrease in concentration after the two hour sample. In the thirgunat 0O,
green triangles), Dyn A 1-6 is only produced to a small degree (less than/thg d¥iprotein)
until just after 2 hours when a rise in the metabolite concentration occurs. Dyn A 1-1-3and 2
were also produced, only to a much lesser degree. Again, an increase in Dyn A 1-8
concentration was not observed. The average percent increase for Dyn A 1-8, 1-1B7and 2

following 4 hour incubation with rat spinal cord slices is summarized in Table 5.2.

Some of the differences observed here can be attributed to mntestavariability.
Factors such as the age and weight of the animal canhatentetabolism. The isolation of the
spinal cord was also a more tedious surgery. Unlike the brainhvidieasily removed as a
whole organ and then sliced in a reproducible way), often the sgirdah@s removed in small
segments. Therefore, there was more variability witanetp the section of the spinal cord that
was used in each experiment. Additionally, the viability of theuds over the course of the
study also plays a significant role in these studies. Ratatemrvous system tissues are known
to degrade more rapidly than the CNS tissues of other mammpkares (bovine and human
for example). This would explain the increase in variabilityeoled at the later timpoints of
the metabolism studies. Interestingly, Dyn A 1-6 was not gbden rat spinal cord using the
CE method [41]. The detection of this peptide in these experimentsgs likely due to the

improvements in sensitivity when using mass spectrometry versus UViaetethe limits of
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Dynorphin Metabolite Average Percent Increase

DynA1-8 1.04%
(+/-0.14)
DynA1-13 35.6%
(+/-20.8)
DynA2-17 17.4%
(+/-0.88)

Table 5.2 Average percent increase of dynorphin metabolites 4 hour following inoutifat

Dyn A 1-17 with rat spinal cord slices. Standard deviations in parentheses, n = 3.



detection are 0.2 nM using LC-MS/MS versus 2.5 iM with the CE UV method. Sensisivity a

well as selectivity are further increased by using MRM.

5.3.2In vitro metabolism of Dyn A 1-17 in the presence of BBMECs

In addition to investigating the metabolism of Dyn A 1-17 in the presence of iratich
spinal cord, the metabolism in the presence of BBMECs was also explored. witletiut added
Dyn A 1-17 were used as a control, and no dynorphin peaks were obsethiedcontrol wells
throughout the duration of the experiment (data not shown). Percerdasedre each of the
metabolites was again calculated to account for the initiald@idragmentation produced at the

electrospray source.

The time course of Dyn A 1-17 metabolism is seen in Figure 5.10leak decrease in
Dyn A 1-17 concentration over time is apparent. In order to idetiiéy appearance of
metabolites over time, LC-MS/MS data is presented as perugpise over the duration of each
four hour study. No appreciable increase in Dyn A 1-8, 1-13-bf concentrations were
observed as summarized in Table 5.3. Low amounts of the peptides weemtpior the
duration of the study due to in-source fragmentation; however, in eactheofvells, the
concentration did not change over time. The concentration of Dyn A 1-6vbodel increase
over time as can be seen in Figure 5.11. The presence of Dy&as a major metabolite of 1-
17 agrees well with the previously reported metabolism in théren and rat spinal cord.
Therefore characterizing the transport of this metabolitehat Hlood brain barrier could
contribute to a better understanding of the role dynorphin may pleguiropathic pain and other

neurological disorders.



Dyn A 1-17 Metabolismin the Presence of BBMECs
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Figure 5.10 Metabolism of Dyn A 1-17 in the presence of BBMECs following a 1 iM @pike

3). Experiment performed in mPBSA at 7.



Dynorphin Metabolite Average Percent Change

DynA1-8 2.19%
(+/- 0.503)

DynA1-13 -0.869%
(+/-1.31)

DynA2-17 -1.15%
(+/-0.903)

Table 5.3 Average percent increase of dynorphin metabolites 4 hour following inoutifat

Dyn A 1-17 with BBMECs. Standard deviations in parentheses, n = 3.
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5.3.3 Blood brain barrier permeability of Dyn A 1-6, a major metabolite of Dyn A 1-17

Dyn A 1-6 has been identified as a major metabolite of thenpgeptide Dyn A 1-17 in
both the central nervous system [17, 41, 44] (brain and spinal cord)llaaswe peripheral
tissues (blood and plasma) [41, 45-47]. For this reason, the BBB pditpedyn A 1-6 was
investigated, using BBMECs grown on polycarbonate membranes and monnSde-by-
Side™ diffusion chambers. Fluorescein was utilized as a low permigatmiitrol following all

experiments to examine monolayer integrity.

Most permeability experiments performed with Side-by-8fdeiffusion chambers use
PBSA; however, as described in Chapter 4, the more basic dynorphin peptiubited ion
suppression likely due to sulfate and/or phosphate adduct formation SA.PBlrherefore,
modifications were made to the cell media to decrease ffeist @nd improve ionization. The
concentration of phosphate was decreased and magnesium chlorideubstisuted for
magnesium sulfate. Table 5.4 lists the components of PBS and #B84&ll as the components
of the modified media (MPBSA). To ensure that mPBSA did nat thiéeintegrity of the cell
monolayer, the permeability value for fluorescein was determbegore commencing with the
Dyn A 1-6 transport experiments. Fluorescein permeability was ctddutabe 3.42 x IT0cm/s
(*/- 2.90 x 10 n = 4). This value agrees well with previously reported liteea[33, 34]

indicating that the modifications did not have a negative impact on tight junctiontintegr

Next, Dyn A 1-6 permeability was screened by the above metBoth the directional
and temperature dependence of Dyn A 1-6 permeability were deeetm The apparent
permeability coefficient of Dyn A 1-6 was calculated to g ® 6.59 x 10 cm/s {/- 1.74 x 10

n = 4), in the apical to basolateral direction, apgl#6.43 x 10 cm/s {/- 1.61 x 10 n = 4), in



) n ) n ) n
) 1 ) ] ) ]
0. 0"
7" %! 7"* %!
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Table 5.4. A comparison of phosphate buffered saline (PBS), phosphate buffered saline with
additives (PBSA, typically used for transport studies), and the modificatidB®A Rmployed

in these studies to improve electrospray ionization of highly basic dynorphin geptide



the basolateral to apical direction. There was no differencthe permeability based on
direction (Figure 5.12). A decrease in permeability was obsetve€aP,,p= 1.11 X 10 cm/s
(/- 2.90 x 1, n = 4, p < 0.005) indicative of a carrier-mediated transport sy$temure 5.13).
Fluorescein was utilized as a control following the end of eagberiment. Values for

fluorescein permeability are presented in Figure 5.14.

An interesting observation was made when the fluorescein pleilityeaontrols were
analyzed following studies with Dyn A 1-6. It was found that thempability values for
fluorescein were increased following the Dyn A 1-6 exposure d€.3MHowever, at 4C the
permeability coefficient of fluorescein was not affected bypbeptide. This effect was further
investigated by incubating mounted monolayers for 2 hours in mMPBSA &. Following the
2 hour incubation, 0, 20, and 100 iL of mMPBSA were removed and replaced witiA y6
resulting in final concentrations in the chamber of 0, 18.6, and 46.6 iM. flitrescein
permeability increased in a linear fashion with increasimgpsure to Dyn A 1-6, R= 0.9995
(Figure 5.15). The permeability values for Dyn A 1-6 in the apacllsolateral and basolateral
to apical directions fall along this line, as shown by the purpleosamtge data points in Figure
5.16, suggesting that this peptide is responsible for increasing BBBegkility. A similar
phenomenon was observed by Thompson and Audus with the opioid peptide |ekeipleatin
[33, 34], and the reported values for fluorescein permeability both wdhwathout leucine

enkephalin pretreatment are also plotted in Figure 5.16.

It has been reported previously that leucine enkephalin can indteapermeability of
low molecular weight, membrane impermeant molecules such asssuamnd fluorescein in a
concentration-, energy-, and temperature-dependent manner [33, 34, 4@Jbolies of Leu-

enkephalin did not exhibit this effect nor did metabolically stablags. It is also well known



that there exists a saturable peptide transport system fdk, divtgrosinated peptides at the
blood brain barrier [49-51], and that this system is responsible fdrr#ne to blood efflux of the
small opioid peptide leucine enkephalin. Thompson and Audus found that non-opiottepepti
capable of utilizing this transport system did not alter BBB permealitydrescein or sucrose
suggesting that binding this efflux system is not responsiblBB& opening. However, the use
of naloxone, a mu- and delta-opioid antagonist, was shown to attenuatertased transport
caused by the Leu-enkephalin [33-34]. This indicates that opmo&ptor activity (delta or mu)
may play a role in the ability of these peptides to open thg. BByn A 1-17 preferentially acts
at the kappa-opioid receptor, while Dyn A 1-6 shares affinity ier kappa, mu, and delta
receptors. Dyn A 1-6 has not been implicated in the neurotoxityn 1-17; however, it may
be responsible for opening the blood brain barrier, allowing for isetertansport of the parent
peptide. Further studies would be necessary to determine the mechanism resfooribiblByn

A 1-6-induced increase in BBB permeability.



Bi-directional Permeability of Dyn A 1-6

Papp (cm/s x 10 -5)
N

Apicalto Basolateral Basolateralto Apical

Figure 5.12 Bi-directional apparent permeability coefficients of Dyn Ari64(in each

direction).



Temperature Dependence of Dyn A 1-6 Permeability

Papp (cm/s x 10 -5)

37 C 4 C

Figure 5.13 Temperature dependence of the apical to basolateral transpartfoll By(n =4 at

each temperature) p < 0.005.



Effectof Dyn a 1-6 on Fluorescein Permeability

Papp (cm/s x 10 4)

18.6 M DynA1-6 186 MDynA1-6 186 MDynA1-6 No Dyn A 1-6
Ato B Bto A Ato B exposure
37 C 37 C 4 C

Figure 5.14 Effect of pre-treatment with 18.6 iM Dyn A 1-6 on the BBB permeadiilthe low

molecular weight, low permeability marker, fluorescein (10iM), n=4.
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Figure 5.16 Effect of pre-treatment with varying Dyn A 1-6 concentrati@nson the BBB
permeability of the low molecular weight, low permeability marker, flsceen (10 iM).
Fluorescein permeability without Dyn A 1-6 incubatieg (), fluorescein perntgdbilowing
240 min Dyn A 1-6 pretreatment Ato B ( ) and B tc®A ( ), and fluorescein permgabilit
following 120 min Dyn A 1-6 pretreatment at@ (A ). Also shown are literature values for the

permeability of fluorescein along)(and following pre-treatment with leucine enkephatih (



5.4 Summary

The metabolism of Dyn A 1-17 has been characterized in the prestnaebrain and
spinal cord slices as well as in the presence of BBMERH vitro model of the BBB. Dyn A
1-6 was found to be the predominant metabolite in each of these sysiémgransport of this
metabolite across the BBB was then characterized and was tmuedbi-directional. Dyn 1-6
transport was decreased atC4indicating energy (ATP) driven transport mechanism. The
metabolite was also found to increase the permeability of the Wicad barrier to a low
molecular weight, low permeability control substance, fluoresceilch 8ffects suggest a role of
this dynorphin metabolite in the opening of the blood brain barrier, andtjadiiea role of the
metabolite in the neurotoxic effects of Dyn A 1-17. Furthediss would be necessary to

determine the mechanism by which this opening occurs.
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Chapter Six:

Work towards the development of an immunoaffinity microchip electrophorsis device for

the investigation of the neuropharmacology of Dyn A 1-17



6.1 Introduction

The past decade has led to an increasing interest in combiningields of
immunochemistry and separation science, in particular capillyn@crochip electrophoresis
(CE and ME respectively), and there are several comprehensii@vsepublished on the
advances in this area [1-4]. One of the touted advantages ofapapdhd microchip-based
electrophoretic separation techniques is the small sample volguieeraents, especially in the
case of volume-limited biological samples. In the case of thectien of low abundance
biomarkers, however, this is also its significant drawback. Nanolnjection volumes
characteristic of CE and ME can result in only a few moleailésw concentration compounds
being injected. This necessitates sufficiently concentraBosisve detection options and/or
concentration prior to analysis. Thus, improvements in limits afctien are essential for the
use of CE and ME for the analysis of low concentration compounidseoést. Immunoaffinity
techniques have been employed in combination with electrophoresivariety of formats.
Offline immunoextraction prior to separation is a common method; howthsrchapter will
focus on the coupling of immunoextraction directly to the separation tpehni This can be

accomplished in both the capillary and microchip format and several approatthesdeitailed.

Many depictions of antibody immobilization on the surfaces of sievices use a similar
cartoon, characteristically a Y-shaped molecule, to illesttae entire antibody chemically
attached to the capillary or microchip substrate. Figure 6.1tdepicartoon antibody structure
indicating important structural elements including the Fc or congtagiment, the two FAb
fragments responsible for antigen binding, and the flexible hingerrggined by disulfide

bonds. While intact antibodies can be immobilized directly, the orientation of the antibody
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Figure 6.1 Typical antibody schematic illustrating several impor&gions of the molecule.

Figure adapted from [27].



the support surface can be problematic. If attachment chessiate not specific, antibodies can
in effect “lay down” on the support, hindering the availabilityreé binding site and decreasing
the available surface area on which other antibodies can bind [1prdér to reproducibly
immobilize intact antibodies, modifications must be made to both thebiization surface and
the Fc portion of the antibody. One method of immobilizing whole adids is to use proteins
expressed in the coat of bacteria, namely protein A and G. Thegnprare expressed in
bacteria to protect the organisms from immune responses in theworgasism. Both proteins
recognize the Fc portion of the antibody. When these proteingmanebilized onto solid
supports they can ensure the proper orientation of antibodies; howe\ivitsedetween
protein A and protein G and antibodies is not ubiquitous. The IgG antibafdsesne species,

for example, do not react with protein A.

Another popular method for immobilizing intact antibodies exploits Higl binding
affinity of biotin and avidin (or streptavidin). As depicted in Figé@, glass surfaces of
capillaries or microchip substrates can be silanized and ttteratad with aN,N,’-carbonyl-
diimidazole (CDI). Avidin protein is then immobilized via adramine. Antibodies are
biotinylated and will then bind the avidin modified surface. Biotitigtag however, can be
carried out at any free amine group and often times this chignmésinot specific enough.
Therefore hydrazine chemistries are typically exploited ttebeontrol the site of biotinylation.
Biotin hydrazine is commercially available. Following oxidatiortted carbohydrate moiety on
the Fc region of the antibody, preferential biotinylation of toberdgion can be achieved, thus
controlling the antibody-surface chemistry. Hage’s group utilibedimmobilization method to

create immunoaffinity restricted access medias (IA-RAM) [5]. Antiesdire first immobilized
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Figure 6.2 Reaction of biotin hydrazine with the carbohydrate moiety on thagrednt of an
intact antibody. Following this reaction, antibodies are immobilized on a sitheubstrate

functionalized with avidin. Figure adapted from [27].



on spherical silica particles containing small pores. Therspleae then treated with papain for
digestion. Due to steric hindrance, only the antibodies on the outenpof the supports are
digested, thus “disabling” their antigen binding capabilities. Thbadies within the restricted
access area remain intact, selectively enabling the deicespture small analytes of interest

and not proteins or other macromolecules (Figure 6.3).

Therefore, antibody fragments are commonly employed in immunosorbetitods.
Digestion of antibodies is achieved using either pepsin or papain. e3tiking fragments from
these two enzymatic reactions are illustrated in Figure 6.4. Pepsin produceAlohé&&gment
that must be further reduced. FAb fragments retain their anbiopeling sites and are more
easily immobilized via the free thiol group. Linker molecules a@iten used to bind the free
thiol. This decreases steric hindrance that could interfeire amtigen binding. One popular
method for the immobilization of FAb fragments onto glass substwilees the bifunctional
cross-linker 4-(N-maleimidomethyl) cyclohexane-1-carboxyliesBeo-N-hydroxysuccinimide
ester (SSMCC). This is often used when glass capillarissilistrates have been silanized, for
example with aminopropyl triethoxy silane. The maleimide functiphaf SSMCC reacts with
the free thiol groups on the digested antibody fragments, and the sudeimster is then free to
react with amine groups on the substrate surface (Figure 6.BeseTchemistries can be
performed on the walls of treated capillaries at the samlae[6-10] (Figure 6.6) or microchip

ports (Figure 6.7).

In addition to direct coupling of the antibodies to the separation demoeobilization
on other solid supports such as glass beads [11] and filter pagesesilsle. Other examples

have utilized sepharose beads [12] functionalized with cyanogens bromide. Tharbeads



Figure 6.3 Antibodies immobilized via the Fc fragment using hydrazine chemizpain
digests the antibodies on the outer sphere (a) while the antibodies within the paiasntaut.

This allows the preferential binding of small analytes over large proteins diggicchéndrance.

Figure used with permission from [5].
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Figure 6.4 Digestion of antibodies with papain and pepsin to produce smaller antigen binding

fragments for immobilization via free thiol groups. Figure adapted from [27].
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Figure 6.6 Schematic of on-capillary immunoaffinity extraction includindpady digestion
(1), antibody immobilization (2), affinity capture of analyte (3), and elution of boungkeardand

capillary electrophoresis of bound analytes (4). Figured used with permissioféfrom
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Figure 6.7 Schematic of online microchip immunoaffinity extraction. The Baceslves
several steps including: 1. antibody immobilization, 2. sample incubation, 3. affaptyre of
analyte, 4. elution of bound antibody, 5. electrophoretic separation on-chip, and 6. downstream

detection.



reacted with the primary amine groups on whole antibodies and then patkedmall
microreactors or segments of fused silica capillary theattiached to the separation capillary by
frits and low volume connectors. Similarly in the microchip systantibody fragments can be
immobilized directly into glass micro-fabricated immunoaffinitorts or onto glass fiber filter
papers than can subsequently be placed on chip [13-15]. Monolithic suppataléa been
functionalized via epoxy groups reacted with the amine groups of wholeodies in
poly(methyl methacrylate) (PMMA) microchips for the detectmin human serum albumin

(HSA), IgG, green fluorescent protein (GFP), and amino acids [16, 17].

The application of these techniques to pharmaceutical and biologiogles of interest
has been pioneered largely by the work of Dr. Terry Phillips, Drb&tw Guzman, and Dr.
David Hage. Research in the Phillip’s laboratory has utilizedunoaffinity CE and ME for a
variety of applications including the analysis of cellular re¢efollowing stimulation [6, 8, 9,
18], analysis of proteins and peptides from microdialysates [10]fandinical applications
including analysis from tissue biopsies [15], cytokine cleargmoéles in plasma and cerebral
spinal fluid (CSF) [19], hormone analysis in blood, saliva, and urine [2M@], cgclosporine
determination in tears [21]. Kalish and Phillips also reportedranuinoaffinity based method
for the detection of neurotrophins in the serum of head trauma patibets previously such
determinations have only been possible directly from brain tissu&lBr[f]. Guzman and co-
workers have utilized immunoaffinity techniques for the deternonatif endogenous versus
exogenously administered erythropoietin (EPO) and EPO analogs [11012¢r groups have
utilized immunoaffinity techniques for the quantitation of enatiomezrompounds when
immunoassays would not be able to distinguish between such spg&jiesHage’s group has

developed HPLC immunoaffinity sandwich assays [23, 24]. Using thededse they were



able to determine free versus bound drugs, such as warfarin, inesamgh varying

concentrations of serum albumin [23].

While most applications involve antibody immobilization and the deteadf labeled
antigens, it is also possible to modify supports with the antigemtefesst and detect the
presence of antibodies. For example, work by Seé¢gémodified magnetic nanobeads with the
antigens of Helicobacter pylori (H. pylori), a gram negabeeterium responsible for chronic
active type B gastritis and peptic ulcer diseases [25]. M&gbeads were held in place at the
inlet of the capillary by an external magnet. Antigen immpdilon, incubation with serum
samples, and secondary labeled antibody attachment were allnpeatif@n-capillary prior to
separation. This method enabled the detection of anti-H pylori lg@gman serum. Similarly,
a microchip method has also been developed for the determination okempn serum of
patients taking the anti-inflammatory drug. In this systemi-reagroxen antibodies were
fluorescently labeled off-chip. Serum samples were reactddthese antibodies on-chip and
the antigen-antibody complex as well as free antibody wasctet by laser-induced

fluorescence detection (LIF) [26].

Previous chapters in this thesis have described both CE and LC348&¢hods for the
detection of Dyn A 1-17 and four of its metabolites. These methodsveowstill lack the
sensitivity necessary to quantitate endogenous concentrationpifomolar) of the peptides of
interest. As stated in previous sections of this thesis, immurysaasacommonly employed for
the detection of neuropeptides, and detection limits in the low Lngange are typically
achieved. While these assays boast low limits of detectiogss-ceactivity significantly hinders
their applicability to metabolism studies. Therefore, combinings#msitivity of immunoassay

with the efficiency of electrophoretic separation has the patdntrevolutionize investigations



of peptide metabolism and transport at the blood brain barrier. Inybart the incorporation of
immunoaffinity ports onto miniaturized platforms (microchips) enalitsgrated sample clean-
up and preconcentration prior to electrophoretic separation on a siegiee (Figure 6.7).
Further, the inclusion of on-chip labeling and integrated sampiamy microdialysis probes will
result in a micro total analysis systenTAS) that has the potential for on-animal applications.
Continuous, real-time monitoring of neurochemical processes in afvakl; moving animals

can be correlated to animal behavior using telemetry and time-stamped video.

For application of this approach in an on-animal separation based sgssam, the
processes described above must be extensively characterized antzeapti To that end,
Chapter 2 of this thesis focused on the development of a CE separfaflym A 1-17 from
several of its metabolites. The current chapter will rewramunoaffinity techniques employed
for both capillary and microchip electrophoresis (CE and ME respggt as well as describe
the characterization of the immunoaffinity portion of an integratecrochip device for the
detection of dynorphin peptides. Some shortcomings of current micrptdtiprms will be
addressed, particularly as they relate to detection optionspochipr substrates, and the

practicalities of separating closely related species such aseepgidbolites.



6.2 Materials and Methods

6.2.1 Reagents

All dynorphin peptides and antibodies were purchased from Bachemg @€iPrussia,
PA, USA). Goat anti-rabbit IgG was purchased from Sigma (&tisl- MO, USA). Alexa
Fluor 633 was obtained from Molecular Probes, Invitrogen (Carlsbad, Cadifdd8A). All

other reagents were obtained from Sigma (St. Louis, MO, USA).

6.2.2 Antibody screening with traditional microplate ELISAs

A standard enzyme linked immunosorbent assay (ELISA) was pedotmescreen
antibodies to various dynorphin peptides. Several solutions were maddingclPBS, PBS
with 0.05% Tween 20, carbonate coating buffer and caesin blocking solutgtru¢tions to
follow). The carbonate coating buffer consisted of sodium carbonate (4@)5 sodium
bicarbonate (35.7 mM), and sodium azide (3.0 mM), pH 9.8. Caesin blocking solution was made
by combining 5.2 g NaOH, 80.0 g casein (Difco Skim Milk Powder), 4.6 g H@§ 8.0 g
sodium azide, and 27.8 g NaCl in 4 L®{ pH 7.5. Note: caesin should be added slowly as it
will take time to dissolve. Also, when adjusting the pH with H@esin may precipitate.

Therefore, add a small amount of HCI, stir to resuspend caesin, and then test the pH.

All reagents plated were 10 unless otherwise noted. The procedures used in these
studies were adapted for these studies with assistance frofeBy Phillips (NIH) and Dr.
Brooke Barrett (Middaugh group, University of Kansas) [27]. All migsiwere first diluted in
carbonate coating buffer to a final concentration of §0nL, and incubated in each well of a
96-well plate overnight at £. Samples were removed, and wells were filled with 256aesin

blocking solution for 30 minutes at room temperature to prevent non-gpadgorption in the



following steps. Wells were then emptied and the primary antiblddted in blocking buffer
was added at a range of concentrations (0.625, 1.25, 2.5, 5, 10, 20, ajichéPand allowed to

react for 1 hour at room temperature.

Following incubation with the primary antibody, wells were wastigde times with
PBS containing 0.05% Tween 20 and once with PBS buffer alone. Ai@esedcondary antibody
(goat anti-rabbit 1gG) diluted in PBS was added and allowedact fer 30 minutes at room
temperature. Next, wells were washed three times with PB$5% Tween 20 and once with
PBS buffer alone. The substrate, 3,3’,5-tetramethylbenzidine (T&3,added and incubated
for 30 min at room temperature. Two molar HCI was then added tehubke reaction. Plates
were read with a UV SpectraMax M5 microplate spectrophotom@tetecular Devices,

Sunnyvale, CA) at 450 nm within 10 minutes of HCI addition.

In this work, anti-dynorphin A 1-17 was purchased from Bachem anchetédy ELISA
in a traditional 96-well plate format. The following dynorphin petidere screened: Dyn A 1-
17, 2-17, 1-13, 1-8, and 1-6 as well as leucine enkephalin. Bradykininsgdsas a negative
control since this peptide differs structurally from the opioid piestof interest. Reactivity with
bradykinin would be unexpected, and since it is also a neuropeptide, sgrémmits reactivity

with anti-Dyn A 1-17 is of interest. Blank wells (PBS only, no peptide added)sareeported.
6.2.3 Antibody screening with magnetic beads

Dynorphin antibodies were prepared for attachment to magnetic rai®béaa
procedures described previously [27]. Commercially available antibeadiee reconstituted in
18 M deionized (D.l.) water from a benchtop Milli-Q Synthesis Al@t&Y Purification

System (Millipore, Billerica, MS, USA) as per product instroeti. EZ-LinkK™ Sulfo-NHS-LC-



LC-Biotin (Pierce Biotechnology, Rockford, IL, USA) was dissolvadcalcium chloride and
heated to 458C. Equal volumes of antibody and biotin were then combined and allowetk to
for 1 hour. The biotinylated antibody solution was dialyzed overnigdt & against PBS.
Streptavidin-coated magnetic beads (Polysciences Inc., Warrington, PAwése washed with
PBS and mixed with biotinylated antibody solution in a 1:1 ratyov@@ume). After 30 minutes,
the beads were washed three times with PBS. When not in useodifeed beads were stored

in PBS at 4C.

Antibody screening was performed for each dynorphin peptide oéstteEqual volume
of antibody-coated beads and peptide were combined in a polypropylerceantrifuge vial
and heated (37C) on a benchtop shaker for 2 hours. Following the incubation period, the
microcentrifuge vial was placed in a magnetic base colgt¢hia beads and any bound antigen
to the side wall of the tube. The unbound fraction was then collentedan empty
microcentrifuge vial and the beads were washed three tinlePBiS. Following the last wash,
HCI (0.1 N) was added to the vial to elute the captured antigens déltiion buffer was
incubated with the beads and again heated@3n a benchtop shaker for 15 minutes. The vial

was then placed back in the magnetic base and the bound fraction collected for labeling.

Labeling with Alexa Fluor 633 was then accomplished under basic conditions (10 mM
sodium borate, pH 9.5) for efficient labeling. A 200aliquot of the bound fraction was diluted
in separation buffer (10 mM sodium borate, pH 9.5) to raise the pH, andbéhel of a 1
mg/mL Alexa Fluor solution (inN,N-dimethyl formamide, DMF) was added and allowed to

mix at 4 C overnight. The labeled fractions were then analyzed on a MieralyK



microfluidic electrophoresis system (Micralyne, Edmonton, Canada)ighdescribed in more

detail in the next section.

6.2.4 Determination of dynorphin and metabolites by microchip electrophoresis

6.2.4.1 ME with LIF Detection

Microchip analysis was performed on a Micralyn€K microfluidic electrophoresis
system (Micralyne, Edmonton, Canada). The system is equipped ghthpéatinum electrodes
and a 635-nm, 8-mW red diode laser. Detection was achieved usingilamigescence
confocal microscope coupled with a Hamamatsu H5773-03 photomultiplieatab&6-bit data
acquisition. The system was also equipped with a chip stagefitethto accept Micralyne
standard 16 mm x 95 mm x 2.2 mm deep microchips (described beldw)eniire system was
run on a personal computer running Microsoft Windows 2000 with a compidéd/iew

interface.

Low fluorescence “Borofloat” glass chips were purchased froordfline. The standard
chip format was made of two 20n deep x 50 m wide semi-circular channels arranged in an
offset T. Each channel has a port (2.0 mm diameter x 0.1 mn aeiépend into which buffers
and samples can be loaded. The separation channel was 8 cm ienigtial (7.5 cm to the
detector). A variety of separation voltages were investigatethe separation of the dynorphin
peptides. On-chip injections were performed by applying 1.0 kV bettiesample (S) and
sample waste (SW) reservoir for 5.0 seconds while maintainingpuffer (B) and detection
reservoirs at ground to prevent leakage of the sample into the separation chanrratioSepal

injection of a discrete plug of analytes was achieved by applyisgparation voltage (1.0 and



3.5 V) between the buffer and detection reservoirs while maintagrmgnd at the sample and

sample waste reservoirs.

Dynorphin peptides were derivatized with Alexa Fluo833 prior to detection. Stock
solutions of Alexa Fluor were made in DMF (1 mg/mL). Dynorphin stock solutions, also 1
mg/mL, were made in PBS. Equal parts (v/v) of peptide and dye eeenbined and allowed to
react overnight at 4C. Labeled peptide solutions were stored in RQaliquots at -20 C and
thawed immediately prior to use. Fresh labeled peptides waeceel at the beginning of each

week.

6.2.4.2 ME with amperometric detection

The fabrication of glass-PDMS microchips with pyrolyzed photstesirbon electrodes
has been described previously [28, 29]. The following chemicals wexk ass received for
fabrication procedures: AZ 1518 positive photoresist and AZ 300 MIF deve(Qbarant,
Somerville, NJ, USA); S1818 positive photoresist and Microposit 351 develblaiochem,
Newton, MA, USA); SU-8 10, SU-8 2 negative photoresist and SU-8 develgioChem);
100 and 127mm silicon (Si) wafers (Silicon, Boise, ID, USA); antheg 184 (Ellsworth
Adhesives, Germantown, WI, USA). In addition, the following were zeiili for microchip
construction: Pt wire (22 gauge) (Fisher Scientific, Fairlawh, BSA), high-temperature fused
silica glass plates (4 in x 2.5 in x 0.085 in; Glass Fab, Roch&bterUSA), conductive epoxy
(ITW Chemtronics, Kennesaw, GA, USA), and colloidal silver liquiddPella, Redding, CA,

USA).

PDMS electrophoresis channels were fabricated using SU-8 10veeghbtoresist that

was spin coated on a 100 mm Si wafer and subjected to a kefph@acedure. A negative tone



transparency film was placed over the coated wafer, broughbantbcontact, and exposed to a
near-UV flood source. Following exposure, both wafers were post-bakeeloped in SU-8
developer, rinsed with isopropanol, and dried under nitrogen. A 10:1 ratio of PDM%ador
all analyses. A simple “T” device containing a 3.5 cm gsapan channel (from the T
intersection to the end of the separation channel) and 0.75 cm sidenvasremployed. The

width and depth of the electrophoresis microchannels were 50 and 14 mm, respectively.

Fabrication of pyrolyzed photoresist electrodes has been describaduphg by our
group[29]. Briefly, either AZ 1518 or S1818 positive photoresist was aiycally coated on a
fused silica glass plate. The coated plate was prebaked, theectoxtr a positive transparency
film, and exposed to a near-UV flood source. After exposure the whgedeveloped, rinsed
with 18.2 M water, dried under N\ and subjected to a post-bake procedure. A Lindberg/Blue
M Three-Zone Tube Furnace (Cole-Parmer, Vernon Hills, IL, UBAg utilized for pyrolysis.

The furnace was continuously flushed with nitrogen at 5 psi to prandinert atmosphere. The

temperature of the furnace started under ambient conditions andateased at the rate of 5.5
C/min to 925 C, held for 1 h, and then allowed to cool to room temperature. The resultant

width of the PPF electrodes was 40 mm and the height was detdrmith a surface profiler to

be 0.6 mm.

Electrophoresis was carried out in unmodified PDMS microchannels uaing
programmable Jenway Microfluidic Power Supply (Dunlow, Essex, UKhe Bbuffer was
degassed (Fisher Ultrasonic Cleaner, Fisher Scientific) #acei with a 0.22 mm teflon filter
before use. The PDMS channels were first flushed with 0.1 N N@®B-5 min, then rinsed
with 18.2 M H,0O, and finally filled with buffer by applying a vacuum. Eleginoresis was

performed by applying a high voltage (+ 1400 V) at the buffer vesgiB) and a fraction of this



high voltage (+ 1200 V) at the sample reservoir (S), whereas thelesavaste and detection
reservoirs were grounded. A gated injection method was used fadfution of the sample plug
and was achieved by floating the high voltage at the buffer resdorothe duration of the

injection before returning it to + 1400 V.

Amperometric detection was accomplished using a CHI 802B EC analy2H
Instruments, Austin, TX, USA) and the current response was recordhepthisibuilt-in software
package. A three electrode system (working, Ag/AgCl refereand Pt wire auxiliary) was
used. For all data reported, the working electrode was sepaieatial of + 900 mV (versus

Ag/AgCl) and end channel alignment was used.

6.2.5 Conventional capillary electrophoresis for the separation of pain-related nedespept

Separations were performed on a Beckman Coulter PACE/MDQ (BfaJSA) with
LIF detection at 488 nm. The system was controlled using 32 E@itatare, and all subsequent
data analysis was performed with this software as well. d=sifiea capillaries (50 im id x 360
im od) were obtained from Polymicro Technologies (Phoenix, AZ, USW) cut to a 50 cm
length (40 cm to detector). A small window was burned through the pdionating 10 cm
from the capillary end for LIF detection. Pressure injectiwase performed at 6.9 kPa for 5.0
seconds, and a separation voltage of 20 kV was applied with the antdue iafection end.

Buffer was composed of 150 mM boric acid, and 7.5 mM sodium dodecyl! sulfate (SDS), pH 9.5.



6.3 Results and Discussion

6.3.1 Antibody Screening

Commercial antibodies are available to a variety of dynorphin gespti Prior to
immobilization in a capillary or microchip format, the cross-twdg of the antibodies were
screened to determine the reactivity with Dyn A 1-17 ande@labmpounds (i.e. metabolites).
In this work, the reactivity of anti-Dyn A 1-17 towards the dynorpgheptides was determined
using the ELISA protocol described in section 6.2.2 of this thesis.reBpense from incubation
with 20 g/mL antibody is presented in Figure 6.8. As can be seen, sagtificoss-reactivity
with the des-tyrosine metabolite (Dyn A 2-17) occurs. No nagcivas observed with smaller
dynorphin peptides, suggesting that the epitope for binding is someathire C-terminal end
of the peptide or is contingent upon a structural element thabsent in shorter peptide
fragments. Thus if an immunoaffinity microchip analysis sysienmto be made for the
investigation of dynorphin metabolism, additional antibodies must be incteddreat will react

with the smaller, N-terminal metabolites.

To this end, an antibody to Dyn A 1-8 was purchased and evaluatedsantieeELISA
protocol (section 6.2.2) as the above anti-Dyn A 1-17. In this assay, irmeactevity was not
observed with any of the dynorphin metabolites (Figure 6.9). One possitdmatxph would be
that the quality of the antibody itself was poor. However, anotheilgeseason, particularly in
the case of such a small antigen, would be that immobilizafidime peptide on the microplate
actually buried the epitope, preventing the antibody from reactithgewen its intended antigen,
as seen by the lack of reactivity with Dyn A 1-8. In oraedétermine if this was the case, an

additional assay in a solution format was performed utilizing magnetic beadlysi8neas
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performed offline by microchip electrophoresis with laser induced fluoresakgtection. This
protocol is detailed in section 6.2.3 of this thesis. A schematic of the process iisisttogure
6.10, and the chip design is presented in Figure 6.11. With this assay, reactivity with1Eg/n A
was observed; however, cross-reactivity with other N-terminal metadolés not (Figure 6.12
A and B). Therefore it would still be necessary to screen and immobilize adidstititiendies
before creating a fully functional immunoaffinity separation deviceHervestigation of Dyn

A 1-17 metabolism.

6.3.2 Determination of dynorphin peptides by microchip electrophoresis

6.3.2.1 Amperometric detection of copper-complexed dynorphins

The simplest microchip substrates for use with amperometriectomt are
polydimethylsiloxane (PDMS) or PDMS-glass hybrid devices. PB#MS can be reversibly
sealed over a glass or PDMS substrate that has a metalrbmn calectrode previously
microfabricated or micromolded onto it (Figure 6.13). Our group twasdf a variety of uses for
such devices including the detection of reactive oxygen speciesasugeroxynitrite [30],

neurotransmitters [28, 29], and small peptides [31, 32].

Chapter 3 of this thesis described the optimization of a CE sigpawat dynorphin
peptides using copper complexation and UV detection. Copper complexatidhehasique
capability of rendering even the des-tyrosine metabolites of Myn17 electroactive. It has
been shown previously in our group, with angiotensin peptides and leucine dimkeiblad
amperometric detection of the peptide-copper complexes followkhg Geasible and improves
limits of detection in comparison to UV detection [33-35]. Gawebal were able to detect des-

Tyr Leu-enkephalin at a dual carbon fiber electrode in an all PDMS chipwfath
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performed for screening anti-Dyn A 1-8 reactivity. Dyn A 1-8 (greengtes) binds to the

antibody-coated beads. Unbound peptides (red triangles) are removed in step 2 ofdkgs proc
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Figure 6.12 Reactivity of dynorphin peptides with anti-Dyn A 1-8 following iog-hntibody
screening with magnetic bead assay (A). Microchip electropheragfr@yn A 1-8 following
antibody binding, elution, and labeling with Alexa Fluo633 prior to injection and detection

on-chip.
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precomplexation with copper) [31]. Follow up work demonstrated the use of PDMS microchips
with a dual carbon paste electrode for the separation of the tripeptide T@RKsiIsom des-Tyr-
Leu-enkephalin [32]. Both experiments, however, were performed at extrbiglely

concentrations (high hundreds of micromolar) and further characterizatsonovperformed.

Unfortunately, several issues arose when analyzing dynorphin-coppaplexed
peptides by microchip electrophoresis with amperometric detectiFirst, even the smallest
metabolite investigated, Dyn A 1-6, exhibited extremely broa#tpeagrating over minutes as
opposed to the seconds normally observed in ME (Figure 6.14). This est@wen with
inclusion of the surfactant SDS which has been shown previously to pmw@mnon-specific
adsorption. Secondly, only extremely high concentrations of dynorphie detected under
these conditions. This is likely due to non-specific adsorption of ghnmormpeptides to the
PDMS surface of the microchip channels. Peptides have been shovousgiyeto adsorb to the
surface of PDMS. Lachet al compared the behavior of substance P (SP) on PDMS and Pyrex

microchips and observed considerable adsorption of SP to the PDMS surface [36].

One might assume that a simple solution would therefore be tgehha microchip
substrate material, especially since a commonly stated advasftageh devices is fabrication
from a variety of materials. Electrodes for detection, howeaer not easily incorporated into
other microchip materials such as glass and plastic. The pemtérermal-bonding typically
employed for bonding the chips made of these substrates chsrigeted by the raised electrode
material. Also the high temperatures used for bonding can desieoglectrodes. Therefore,

laser induced fluorescence detection on all glass microchips was invasiigétese studies.
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Figure 6.14 Detection of copper complexed Dyn A 1-6 (299 on a glass-PDMS Microchip
for amperometric detection with a pyrolyzed photoresist carbon electrodet{detvoltage =
+900 mV versus Ag/AgCl). Background electrolyte: 25 mM sodium borate, pH 9.0. Sample

buffer: 25 mM sodium borate, 3 mM tartaric acid, 2 mM CuSiBi 9.0.



6.3.2.2 Laser induced fluorescence detection of Alexa Fltagged dynorphins

The detection of peptides by laser induced fluorescence detevtmnas tagging of the
peptides with a fluorescent moiety prior to analysis. An dihadamily of dyes is the Alexa
Fluor tags (Molecular Probes, Invitrogen). These compounds are sulfonateatides of
commonly used dyes (coumarins, cyanine, rhodamine, and xanthenes, iesciugrthat offer
improved stability and brighter fluorescence. These dyeslsvdess pH sensitive, making the
use of a variety of background electrolytes feasible. Alexa Flu683 has been used
extensively by Dr. Terry Phillips in his work with both conventionad anicrochip separations
[6-7, 9, 13-15, 26]. Primarily the applications in his group focus on awskipeptides, and
proteins of neurochemical interest. Work with small peptides (legsn MW = 1000) has not

been extensively explored.

Conjugation of this dye to small peptides presents a challeng&dogléctrophoretic
separation, as evidenced by the co-migration of Dyn A 1-6 and D$nAlA shown in Figure
6.15. This is especially true in a miniaturized device that ls&paration channel that is only 8
cm in length. The dynorphin peptides used in these studies rangeleoubar weight from
711.82 to 2147.52 g/mol. When these small peptides are tagged with Alexa RMW =
1200 g/mol), the mass to charge ratios are made increasinglgrsirn fact, for some of the
peptides of interest, the dye is larger than the peptide. it¢alf all intents and purposes, the
mass to charge ratio of the dye is really what is beitegeal under such conditions. Ultimately

the resulting AF-dynorphin peptides are very similar and thereforeutiffecresolve in an 8 cm
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Figure 6.15 Detection of Alexa Fluor633-labeled Dyn A 1-6 and Dyn A 1-17 (eachdgdmL)
on a glass microchip (8 cm separation channel). Run buffer consisted of: 20 mM soditen bora

0.1% IgePal, pH 9.0, with a 1.0 second injection and 2.5 kV applied separation voltage.



channel. A smaller Alexa Fluordye, AF 532 (MW = 721) was therefore investigated. Tagging
was performed in the same manner as with the AF-633 and alyiersystem with a 532 nm
laser was utilized. A significant decrease in sensitivitg wlaserved using the AF-532 dye, and

there were no improvements with respect to dynorphin resolution observed (Figure 6.16).

To improve upon the resolution of AF-633-tagged dynorphin peptides, a vdriatjfer
conditions were investigated. These are summarized in Table Gst, different background
electrolyte systems, including sodium tetraborate, boric acidbtrniate EDTA, and sodium
phosphate, were explored. These investigations included a wide rangdéeofcbutentrations
as well as pH values in the hopes of slowing the electroosmotic (Bofy for improved
resolution. Concentrations of buffers greater than 20 mM oftenedsualbubble formation and

currents that were too high for the system; therefore these were not explored.

In addition to investigating various background electrolytes and fluemestyes, two
surfactants were evaluated in the run buffers. As discussdubpi€® 2, phytic acid was used to
prevent adsorption of the basic peptides to the negatively charge gjtanpk of the capillary
wall. This compound unfortunately increases the background currenficsigtty which was
found to be problematic in the microchip format. Fortunately, a aireifect can be achieved
with detergents, without the corresponding increase in currentth&se studies, two surfactants
were investigated: Brij 35 and Igepal CA-630 (structures shown in Figure 6.17). Brij 35 was
found to not be very effective at preventing adsorption, and therefoneatsvas not explored
extensively. No peaks were observed upon initial peptide injectiohgivist additive in the run
buffer, and then after several runs, the labeled peptide would leachthe glass surface
resulting in a large increase in background fluorescence. IgeRelwever, gave more

promising results. It is a non ionic, non-denaturing detergent that has been slpperent
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Figure 6.16 Detection of Alexa Fluor532-labeled dynorphin peptides, 1-6, 1-8, 1-13, 1-17,
and 2-17 (each 5g/mL) on a glass microchip (8 cm separation channel). Run buffer consisted
of: 20 mM sodium borate, 0.1% IgePal, pH 9.0, with a 1.0 second injection and 1.0 kV applied

separation voltage.



Background Concentration Surfactant(s) Organic
Electrolyte ( M) pH (0.1% viv) Modifier

Sodium
Tetraborate 5 9.0 IgePal
Sodium
Tetraborate 10 8.0 IgePal
Sodium
Tetraborate 10 8.5 IgePal
Sodium
Tetraborate 10 9.0 IgePal
Sodium
Tetraborate 10 9.0 Brij 35
Sodium Acetonitrile
Tetraborate 10 9.0 (5%)
Sodium
Tetraborate 10 95 IgePal
Sodium
Tetraborate 10 10.0 IgePal
Sodium
Tetraborate 15 9.0 IgePal
Sodium
Tetraborate 20 95 IgePal
BoricAcid 10 9.0 IgePal
BoricAcid 20 9.0 IgePal
Tris Borate
EDTA 10 8.3 IgePal
Sodium
Phosphate 10 25 IgePal
Sodium
Phosphate 10 7.0 IgePal

Table 6.1 Summary of buffer conditions investigated to improve resolution of dynorphin

metabolites.



Brij-35

O
HO
10
lgcPal
@
HO

Figure 6.17. Structures of two surfactants (Brij 35 and IgePal) investigatbtEf separation of

dynorphin and metabolites.



non-specific adsorption onto glass microchip surfaces. Based on the sharp peaklstepes

with the dynorphin peptides, it did in fact prevent adsorption to the glass channels. The mos
promising separation was achieved with 10 mM sodium borate and 0.1% IgePal, pH 9.0 (Figure
6.18). However, complete resolution of the key metabolites was not achieved underany of t

conditions investigated.

Alterations to the chip format or derivatization chemistry could @veae some of this
challenge. Serpentine separation channels are a popular meansdasing N by lengthening
the separation channel in a microchip device while maintaininguéell small footprint of the
microchip. Additionally, investigating peptide tagging with smatflaorescent probes would

potentially enable improved resolution amongst these closely relatedspeci

6.3.3 Future directions toward an immunoaffinity microchip device for pain neuropeptides

Current limitations with the resolution of small peptides atigging with a large Alexa
Fluor dye, the adsorption of peptides to PDMS, and the difficulties atedcwith the
integration of electrochemical detectors within glass matritave stalled the progress of an
immunoaffinity microchip electrophoresis system for the investigatof Dyn A 1-17
metabolism; however, progress is being made by our group in eachsefateas and will be
addressed in the following chapter. Additionally, the applicatiomofiunoaffinity techniques
to a broader biological application is under consideration, that isnmanoaffinity microchip
for the investigation of neuropeptides implicated in neuropathic pain“pain pathway chip”.
Preliminary work towards that end was accomplished using the mhowal CE format utilizing
a smaller fluorescent label, fluorescein isothiocyanate (FIWMi@&/ ~ 390 g/mol). A CE

separation of two neuropeptides, Dyn A 1-17 and SP, was achieved and is shown in Figure 6.19.
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Figure 6.18. Detection of Alexa Fluor633-labeled dynorphin peptides, 1-6, 1-8, 1-13, 1-17,
and 2-17 (each 2.59/mL) on a glass microchip (8 cm separation channel). Run buffer consisted
of: 10 mM sodium borate, 0.1% IgePal, pH 9.0, with a 1.0 second injection and 2.0 kV applied

separation voltage.
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Figure 6.19 Conventional CE separation of FITC-labeled Dyn A 1-17 and substance P (SP)
each 500 nM on a 60 cm capillary. Run buffer consisted of: 150 mM boric acid, 7.5 mM SDS,

pH 9.5, and a 20.0 kV applied separation voltage.



These results will lay the ground work for future projects itigasng the relationship between

dynorphin and substance P and their involvement in neuropathic pain.

6.4 Summary

Immunoassays were performed to screen anti-dynorphin antibodiestagaasel of
dynorphin peptides. Anti-Dyn A 1-17 was shown to cross-react with AyY-17. Had this
assay been performed to quantify the amount of Dyn A 1-17 in a lwalaample of interest, a
falsely elevated level could easily have been reported farA§-17 since any 2-17 present in
the sample would have contributed to the overall peptide signal. Thasvaben highlights a
key drawback to such techniques for investigations of neuropeptidesnaarkers for disease,
especially when the role of a peptide’s metabolite(s) ischedrly understood. The work
presented here characterizes one component of the overall goatdgodrating a dynorphin

immunoaffinity port into a microchip device.

Additionally, a variety of microchip formats have been explored Her deparation of
Dyn A 1-17 from its metabolites. Each of these experimel@signs offers certain advantages.
PDMS-glass hybrid chips offer the ease of integrating atretdemical detector within a chip,
which is essential for the future of on-animal total analggs&ems. All glass chips with LIF
detection exhibit improved sensitivity, which will enable quanttatof endogenous levels of
low-abundant neuropeptides. However, each format also carriest wignificant drawbacks
such as peptide adsorption to PDMS substrates and difficulty imegolagged-dynorphin
peptides on short separation channels. The following chapter will ssdtlie future work

necessary for the development of such immunoaffinity microchip devioce further



characterization of dynorphin metabolism as well as the apgltgabf such techniques to

neuropeptides in general.
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Chapter Seven:

Future directions



7.1 Thesis summary

This thesis describes the development of methods for the deteati®yn A 1-17 and
four of its key metabolites: Dyn A 1-6, Dyn A 1-8, Dyn A 1-13, angh[A 2-17 in biological
samples. In chapter 3, capillary electrophoresis with on-capiiapper complexation and UV
detection is used to investigate dynorphin metabolism in human pksmvell as rat brain and
spinal cord slices. The method ultimately involved the incorporation yifcpacid to prevent
peptide adsorption to the capillary wall and sulfobutyl etheyclodextrin to improve resolution

of such closely related species.

Chapter 4 describes the development of an LC-MS/MS assay forpihymgoeptides
from cell culture samples, including special considerations regaralnization in the cell media.
A description of mass spectrometric parameter optimizationoiotighly discussed as well as
liquid chromatographic conditions for the separation of dynorphin pepditgsin appropriate
internal standard. This method is utilized in Chapter 5 to chaictee dynorphin metabolism
in rat brain and spinal cord slices as well as with aatéture model of the blood brain barrier
(BBB). Dyn A 1-6 is identified as the major metabolite of Dyri-17. Its transport was then
characterized at the blood brain barrier using the bovine brairovessels endothelial cell

(BBMEC) BBB model.

Chapter 6 lays the groundwork for developing an immunoaffinity micpodbvice for
determining dynorphins. Traditional ELISAs were used for antitsxigening to determine
reactivity. Initial studies using a PDMS-glass hybrid watip with amperometric detection
demonstrated significant peptide adsorption. An all glass microeftip LIF was also

investigated, following tagging with Alexa Fluor633. However, incomplete resolution was



obtained under a variety of buffer conditions that were investigakedure directions of the
project will continue optimization of the microchip separation and fuitther develop an
immunoaffinity microchip for investigating neuropeptides implicatedaaropathic pain. These

experiments are described in more detail in the next section.

7.2 Future directions

7.2.1 Mass spectrometric detection of dynorphin peptides

In addition to the studies described in Chapter 5 of this thesis,caddiimass
spectrometry studies could further confirm the presence of Di#6As the major metabolite of
Dyn A 1-17. Matrix-assisted laser desorption ionization masgrspeetry (MALDI MS) would
also be an additional method to confirm the presence of the Dy6 Métabolite. While not
guantitative, the molecular weight identification would provide additicuglport to the data
presented in chapters. Identification of the 7-17 fragment wiodillder confirm the presence of

this metabolite as well.

The effect of opioid peptides on low molecular weight peptide transpald further
be investigated using the BBMEC culture model described in Chaptadéitional dynorphin
peptides should be evaluated for their propensity to alter the igtefthe blood brain barrier.
Studies to elucidate the mechanism by which this opening occurg vatad be useful in

examining the role this family of peptides may play in the central nervoussyst



7.2.2 Microchip modifications for improved resolution of dynorphin metabolites

While the studies presented here demonstrate the difficultisgparating closely
related species on miniaturized devices, several design madifisatould potentially alleviate
these complications. Considerable attention in microchip researchbéen devoted to
increasing separation length while maintaining the desirabldl $oodprint of these devices
using serpentine channels [1-4]. In this way, improved resolution candoenplished without

compromising the portability of the device.

Peptide adsorption was the most significant drawback to the use RPDMS
microchip. This further hinders the use of electrochemical detestnce the incorporation of
electrodes is most easily accomplished in a PDMS device wheegsible sealing over the
electrode is rather simple. Electrode materials typicphlgduce defect sites during glass
bonding and leaking around the electrode is a significant issue. g@up is working to
fabricate electrodes embedded into a glass substrate to tallékia effect. Additionally
investigating smaller fluorescent tagging systems could Wwélp the assay as well. Because
dynorphin peptides are relatively small (molecular weights ofZXiD), the large Alexa Fluor
tags (MW = 1200) used in these studies, significantly diminishd#ifigrences in the mass to

charge ratio of these compounds, decreasing resolution by CE.



7.2.3 Immunoaffinity microchip electrophoresis for neuropeptides implicated in neurmpaii

Dynorphin is one of several neuropeptides involved in pain signaling pahdpi
Substance P (SP) is also known to play a role in pain processing. Capsaiaiateti release of
SP has been previously reported and some work suggests that dyrdacilates this release
[6]. Therefore, in addition to investigating the role of dynorphin irwier conditions such as
neuropathic pain, the interplay between dynorphin and substance P shooigiodered (Figure
7.1). Immunoaffinity microchip electrophoresis is an attractivéhotefor such applications. In
particular some of the complications with separating dynorphin migtg can be avoided.
Dynorphin and substance P differ structurally (Figure 7.2) makingatépaan easier task even
if large fluorescent tags are utilized. Antibody characéion is also simplified considerably
when investigating two un-related species. An antibody to capaste & these compounds
should still be screened for cross-reactivity in a conventional imnsgagdor comparison with

a novel chip-based assay.

Prior to the fabrication of a fully integrated device, the s¢jmaraf the two peptides
on a microchip device should be optimized. As an intermediate stemeofxtraction (most
conveniently using antibody-functionalized magnetic beads) can be pedawonassure that
elution conditions do not alter the eletrophoretic behavior in any \Bayh SP and Dyn A 1-17
antibodies can then be incorporated into a microchip device for aritdigrated immunoaffinity
pain microchip. This would make it possible to investigate the ttterabetween these two
peptides at the blood brain barrier. The effect of both peptides ontBBBport would be of
interest to the role that each plays in neuropathic pain, assvéllein vivorole of the peptides

on the release of excitatory amino acids and the effect on fluoresceirapédityie



Figure 7.1. Cartoon depiction of the possible mechanism by which dynorphin potentiates
neuropathic pain. Normal conditions are represented on the left and the downsteessroéff

dynorphin upregulation, following nerve injury, is represented on the right. Used with

permission from [5].
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Figure 7.2 Structures of Dyn A 1-17 (MNHyr-Gly-Gly-Phe-Leu-Arg-Arg-lle-Arg-Pro-Lys-

Leu-Lys-Trp-Asp-Asn-GIn-OH) and SP (N#Arg-Pro-Lys-Pro-GIn-GIn-Phe-Phe-Gly-Leu-Met-

NH,)



As mentioned in previous sections of this thesis, miniaturizatiam electrophoresis
system enables portability and improved temporal resolution. Previaksinvour group has
developed a microchip device capable of on-line microdialysis sagnpind on-chip
derivatization with NDA/CN[7-9]. Therefore, the long term goal of this project, in addition to
other projects in our group, is the creation of a fully functional ®-Imicrodialysis
immunoaffinity microchip electrophoresis device for on-animal studee correlate animal
behavior with the physiological role of neuropeptides (SP and DyiilX) and excitatory

amino acids (glutamate and aspartate).



7.3 References

[1] Ramsey, J. D., Jacomson, S. C., Culberston, C. T., Ramsey, An3l.,Chem2003, 75,
3758-3764.

[2] Roman, G. T., McDaniel, K., Culberston, C. The Analysf006, 131, 194-201.

[3] Skelley, A. M., Mathies, R. AJournal of Chromatography 2003, 1021, 191-199.

[4] Skelley, A. M., Scherer, J. R., Aubrey, A. D., Grover, W. H., lve®eq]., Ehrenfreund, P.,
Grunthaner, F. J., Bada, J. L., Mathies, REPNAS2005, 102, 1041-1046.

[5] Lai, J., Ossipov, M. H., Vanderah, T. W., Malan, J., T. P. , Porrecd]dt. Interventions
2001, 1, 160-167.

[6] Arcaya, J., Cano, G., Gomez, G., Maixner, W., Suarez-RocaEutgpean Journal of
Pharmacologyl 999, 366, 27-34.

[7] Huynh, B. H., Fogarty, B. A., Martin, R. S., Lunte, S. KMnal. Chem2004, 76, 6440-6447.

[8] Huynh, B. H., Fogarty, B. A., Nandi, P., Lunte, S. N..,Pharm. Biomed. AnaR006, 42,
529-534.

[9] Nandi, P., Desai, D. P., Lunte, S. Mlectrophoresi®010, 31, 1414-1422.



