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Ziconotide is the synthetic version of w-conopeptide MVIIA, a 25-amino acid cone snail
toxin from Conus magus. Its cysteine residues form 3 disulfide bridges, while its arginine, lysine
residues and amidated C-terminal make it highly basic. It is a potent analgesic recently approved
for the treatment of intense refractory pain in humans. The development of an analytical method
for the qualitative and quantitative determination of this peptide in complex matrices is,
therefore, of interest to many.

High performance liquid chromatography (HPLC) — tandem mass spectrometric (MS/MS)
analyses of intact and modified ziconotide were carried out in this study. The chromatographic
performance of various columns for reversed-phase HPLC separation of ziconotide was
investigated. The peak shape and retention of ziconotide on the columns used were compared.
The effects of solvent composition on the charge state distribution and response of ziconotide
were investigated. Optimization of various mass spectrometric parameters such as spray voltage,
sheath gas and auxiliary gas flows was also conducted.

Analysis of intact ziconotide showed that the extensive cross-linking from multiple

disulfide bridges reduces the structural information that can be derived from the MS/MS
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spectrum of ziconotide. Modification of the analyte by reducing the disulfide bonds and
alkylating the resulting sulfhydryl groups eliminate cross-linking and increase the probability of
fragmentation during collision-induced dissociation (CID). Fragment ions resulting from typical
peptide bond cleavage (e.g., b and y ions) were observed after modification of ziconotide and the
internal standard, o-conotoxin GVIA. The limit of quantitation obtained from the modified
peptide experiments was 0.500 ng on column.

The HPLC-MS method developed for the analysis of intact ziconotide was successfully
validated. The validated method was then used to evaluate the degradation of ziconotide in a test
solution similar in composition to the commercially available drug formulation, Prialt® (Elan
Pharmaceutical, Inc.) The plot of the natural logarithm of ziconotide concentration versus
storage time at 50°C and half-life calculations indicated that the degradation of ziconotide could
be a first- or pseudo first-order reaction. Results pertaining to the rate of degradation of a drug
substance provide useful information for proper handling and storage of the ziconotide drug

solution.
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CHAPTER 1
INTRODUCTION

Background of Study

Conotoxins and Ziconotide

Conopeptides or conotoxins are small peptide toxins produced by cone snails for prey
capturing and defense.™ 2 There are about 100 different conotoxins in the venom of each of the
500 living species of Conus, with very little sequence similarity between species.”® These
unique conopeptides consist of 10 to 30 amino acids and most have multiple disulfide bonds.*®
They are broadly categorized into two groups based on the number of disulfide bonds present
and then further subdivided based on their pharmacological targets.* Conopeptides which act
selectively at a number of sites, including sodium and calcium channels and nicotinic
acetylcholine receptors, have been reported.>® The use of these conopeptides as tools in
pharmacological research and as potential therapeutic agents in humans is currently being
explored.®®

Ziconotide (MW = 2.6 kDa) is the synthetic version of @w-conopeptide MVIIA, a 25-amino
acid cone snail toxin from Conus magus (Figure 1-1).°** Its cysteine residues form 3 disulfide
bridges and are arranged in a 4-loop cysteine scaffold which is a characteristic feature of most w-
conotoxins, while its numerous lysine and arginine residues and amidated C-terminal make it
highly basic.>*? It is a potent peptide analgesic recently approved for the treatment of severe
chronic pain in humans when administered intrathecally.®® Toxins belonging to the omega
family of conopeptides block cell membrane calcium channels and ziconotide specifically blocks
the N-type voltage-sensitive calcium channels.” "
Analysis of these highly diverse cone snail toxins has been facilitated by reversed- phase

high performance liquid chromatography (RP-HPLC) with ultraviolet-visible (UV-vis)
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2,14,15 1,8,16,17

spectrophotometry and mass spectrometry (MS) for detection. The presence of
multiple disulfide bonds and post-translational modifications in several of these conopeptides
requires derivatization methods and tandem mass spectrometric (MS/MS) analysis for enhanced

1,18-20

structural characterization. Nuclear magnetic resonance (NMR) spectroscopy has also

1721 However, the detection and

been employed in the structural determination of conotoxins.
quantitation of ziconotide, the conotoxin of interest in this study, in biological samples has only
been carried out using a radioimmunoassay method.** Radioimmunoassay techniques involve
competition between unlabeled antigen in a sample matrix and a known amount of radiolabeled
antigen for antibody binding sites.?* As the concentration of the unlabeled antigen increases,
more radiolabeled antigen is displaced and the ratio of antibody-bound radiolabeled antigen to
unlabeled antigen decreases. The concentration in an unknown sample is quantified against the
inhibition obtained with standard solutions containing known amounts of antigen. A 3-kDa
peptide analog, w-conotoxin GVIA (Figure 1-2), was chosen as the internal standard (IS) in the

ziconotide analysis discussed in the succeeding chapters.

High Performance Liquid Chromatography

Reversed-phase high performance liquid chromatography has become an essential tool in
the separation and analysis of peptides from complex sample matrices. RP-HPLC separates
peptides based on hydrophobicity with the non-polar compounds retained longer in the stationary
phase and eluted later than polar compounds. Eluates from the HPLC column can then be
directly introduced into a mass spectrometer and analyzed, a technique called on-line LC/MS.?*
There are several advantages to separating a mixture by RP-HPLC prior to mass spectrometric
analysis. These include easier data interpretation from generation of mass spectra of single

components and improved sensitivity through concentration of a large volume of dilute sample
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upon injection onto the column and separation of analytes from salts, buffers and other
contaminants.® The separation efficiency of RP-HPLC is influenced by the type of resin, size of
column and the length and slope of the gradient used.”® As the need to analyze limited volume
of samples emerged, small diameter columns that employ reduced flow rates have become
popular for RP-HPLC with current methods using flow rates of 500 nL/min or less and column
26, 27

diameters between 50-100 pm.

Electrospray lonization

The development of atmospheric pressure ionization techniques such as electrospray
ionization (ESI) and chemical ionization (CI) has greatly facilitated LC/MS applications to
bioanalytical studies.?® Electrospray ionization, in particular, involves the generation of charged
droplets from a solution sprayed through a high-voltage capillary (Figure 1-3).° As the solvent
evaporates upon application of drying gas, heat or both and the droplets shrink in size, analyte
ions shrink and split through coulombic repulsion until they are transformed into gas phase
iOl’]S.ZB' 29

The introduction of this technique has allowed for the analysis of most large, non-volatile

and thermally labile compounds such as various classes of biomolecules directly from the liquid
phase.*> 3 The generation of multiply-charged ions also enables mass spectrometers with
limited mass to charge (m/z) ranges, such as ion traps, to analyze high molecular weight
molecules.®* One of this technique’s most practical attributes is its ability to couple MS and
liquid separation techniques.

Signal enhancement from the use of small diameter capillary columns and low flow rates,

coupled with improvements in sensitivity and selectivity provided by MS techniques, have

facilitated the detection of peptides present at attomole levels in a complex sample mixture.*
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Quadrupole lon Trap Mass Spectrometry

The operation of the linear ion trap is based on the theory of the 3-D quadrupole ion trap.®
The linear ion trap is composed of 4 parallel hyperbolic shaped rods, divided into 3 sections as
opposed to the configuration of the 3D ion trap which consists of a ring and 2 endcap
electrodes.®* For trapping of ions, a radio frequency (RF) electric field is applied radially and a
static electric field using DC voltages is applied axially.>* The application of these voltages
creates a homogenous field throughout the trapping region. These modifications have improved
the ion storage capacity and trapping efficiency of the linear ion trap when compared to a 3-D
trap.®

Once ions are trapped, a particular m/z can be isolated and fragmented by applying the
appropriate supplementary frequency. Like its predecessor, the 3-D ion trap, mass analysis in
the linear ion trap involves ejecting the trapped ions in an increasing m/z order by linearly
ramping the RF amplitude. However, the trapped ions are ejected in the radial direction (instead
of axially in the 3D trap) along the x-axis, through the 2 parallel slots in the center of the x-rod
pairs.** Ejected ions are then detected by a conversion dynode and an electron multiplier placed
on each side of the trap. The use of a dual detector system ensures detection of the maximum
number of ions, thus improving sensitivity. The enhanced detection efficiency together with the
improved storage capacity and trapping efficiency of the linear ion trap offer advantages such as
greater sensitivity, increased dynamic range and improved MS" performance.

Objectives of Research

The development of an HPLC-ESI-MS" method to detect ziconotide in complex biological
matrices is a very promising alternative to radioimmunoassay techniques. The initial goals of
this research project were to optimize the HPLC-ESI-MS method and to evaluate its figures of

merit for the analysis of intact and modified ziconotide in biological samples. The evaluation of
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a stability-indicating assay for ziconotide in commercial-type formulations using the validated
HPLC-ESI-MS method for the intact peptide was carried out when method limitations were
encountered for the original application.

Analysis of Intact Ziconotide

The optimization of various HPLC and mass spectrometric parameters such as solvent
composition, column chemistry, spray voltage, auxiliary and sheath gas flows for the analysis of
intact ziconotide is discussed in Chapter 2. The use of small diameter columns and low flow
rates to improve the sensitivity of the method is explored. The figures of merit and limitations of
the HPLC-ESI-MS method developed are also discussed in this chapter. Analysis of intact
ziconotide showed that the extensive cross-linking from its multiple disulfide bridges reduces the
structural information that can be derived from its MS/MS spectrum.

Analysis of Modified Ziconotide

Modification of ziconotide by reduction and alkylation of its disulfide bonds eliminates
cross-linking and yields fragment ions that are more structurally relevant. Optimization of the
parameters affecting reduction and alkylation is presented in Chapter 3 together with the figures
of merit and limitations of the HPLC-ESI-MS method for the modified conopeptide. Application
of the reduction and alkylation method to ziconotide supplemented in horse plasma was also
explored and is discussed in this chapter.

Development of a Stability-Indicating Assay for Ziconotide in Commercial-Type
Formulations

The HPLC-ESI-MS method for the analysis of intact ziconotide was validated and
evaluated as a stability-indicating assay for ziconotide in test solutions similar in composition to

the commercially available drug formulation, Prialt® (Elan Pharmaceutical, Inc.). The results of
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the validation study and the determination of a possible rate of reaction for the degradation of

ziconotide exposed to harsh oxidative conditions are discussed in Chapter 4.
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CKGKGAKCSRLMYDCCTGSCRSGKCNH2
1 5 10 15 20 25

Figure 1-1. 3-D structure of ziconotide (left) and its amino acid sequence (right). The N-
terminus on the 3-D structure is shown in red, C-terminus in blue, and disulfide bonds
in gold.*® The color scheme used for the amino acids was matched to that of the 3-D
structure.
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CKSXGSSCSXTSYNCCRSCNXYTKRCYNH,

1 5 10 15 20 25 |
[ 1

Figure 1-2. Amino acid sequence of w-conotoxin GVIA. The disulfide bonds are shown in gold
and X denotes hydroxyproline residues.

23



Heated Metal
ESI Dmplm Transfer Capillary

Spray Needle JFeE e @
2:5kV "f‘? " Mass
Spectromewr
A‘)
@ @ ®
@@ T
afe}

R
" o
‘Oxidation Exccss Charge on Surface

(/) Solvent and neutralized ions 1)

ESI Solution
»

Reduction
Eoii

Tfay Current (i)
- —

2-5kV
power supply

Figure 1-3. Schematic of the electrospray ionization process. This ionization technique
produces gaseous analyte ions from a liquid flow introduced into a small capillary
that is at a potential difference relative to a counter electrode, from which ions are
generated then sampled into the mass analyzer. Adapted from Cech and Enke?®
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CHAPTER 2
HPLC-ESI-MS/MS ANALYSIS OF INTACT ZICONOTIDE

Introduction

Ziconotide, the synthetic version of o-conotoxin MVIIA, is a potent peptide analgesic that
has recently been approved for the treatment of severe chronic pain in humans.® The
development of an analytical method for determining this peptide in complex matrices, like
biological fluids, is of interest to many. At present, the only method available for the detection
and quantitation of ziconotide in biological samples is radioimmunoassay which involves the use
of a ziconotide-specific antibody and a radioiodinated ziconotide derivative.™*’

Radioimmunoassay is a sensitive and specific technique used mainly for the detection of
hormones which are present in micromolar to picomolar range in the blood.*® * However, the
cost of generating specific antibodies and radioactive labeled antigens and safety issues involved
in handling radioactive substances present some limitations to RIA.

Reversed-phase high performance liquid chromatography (RP-HPLC) coupled to mass
spectrometry (MS) has been widely employed for the analysis of peptides and proteins in
biological samples.?” % The size of RP-HPLC columns and flow rates have been greatly reduced
over the years to allow for the analysis of samples in limited amount. The lower flow rate
required for small diameter columns reduces the amount of solvent that reaches the detector,
resulting in a higher peptide concentration in the peak and hence, improved sensitivity.*

The development of an HPLC-MS method for the qualitative and quantitative
determination of ziconotide will be discussed in this chapter. HPLC-tandem mass spectrometry
(MS/MS) analysis of ziconotide will be presented. The optimization of various HPLC and mass

spectrometric parameters will also be discussed together with the figures of merit of the method

developed.
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Experimental Section

Chemicals and Reagents

The conopeptides w-conotoxin MVIIA (0.1 mg, > 95% purity by HPLC) and w-conotoxin
GVIA (0.1 mg, 98.3% purity by HPLC) were purchased from Sigma-Aldrich (St. Louis, MO).
Glacial acetic acid (HAc), trifluoroacetic acid (TFA), formic acid (FA) and HPLC-grade
acetonitrile (ACN) were obtained from Thermo Fisher (Fair Lawn, NJ). Water used for solution
preparation was purified by RiOs™ reverse osmosis and Milli-Q polishing systems (Millipore,
Billerica, MA). Water used for peptide solution preparation was also vacuum-degassed to
remove dissolved oxygen in order to minimize possible oxidation of ziconotide.

Instrumentation

A Surveyor Autosampler/HPLC system interfaced to a Thermo Finnigan (San Jose, CA)
linear ion trap (LTQ) mass spectrometer equipped with an lon Max electrospray ionization (ESI)
source was employed for HPLC-MS/MS analyses. The HPLC system includes a quaternary, low-
pressure mixing pump with vacuum degassing, an autosampler with a temperature-controlled
tray and a column oven. The ESI needle is oriented at 45° with respect to the axis of the ion
transfer capillary. This configuration and the presence of the ion sweep cone prevent large
droplets and particulates from entering the ion transfer capillary. A diagram showing the ion
source interface, ion guide, mass analyzer and the dual detector system of the LTQ mass
spectrometer is shown in Figure 2-1. The mass spectrometer and all peripheral components are
controlled through the Xcalibur software (Thermo Scientific, San Jose, CA).

Solvent flow from the HPLC system was split with a stainless steel tee (Upchurch
Scientific, Oak Harbor, WA) in order to achieve optimal flow rates (5 to 7 pL/min) for the small
diameter column used for low flow ESI-MS analysis of ziconotide. A 0.5 um pre-column filter

(Upchurch Scientific, Oak Harbor, WA) was placed before the split tee to prevent small particles
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from clogging the system. The flow coming out of the other end of the tee was connected to the
divert valve on the LTQ mass spectrometer while the flow on the other end was sent to waste.
The flow rate into the column was adjusted by connecting 15 or 50 cm of a 50 um inner diameter
(i.d.) Peeksil tubing (Upchurch Scientific, Oak Harbor, WA) at the waste end of the split tee.
This instrumental set-up is illustrated in Figure 2-2. Black PEEK tubing (1/16” x 0.004”) with a
smaller i.d. than the red PEEK tubing (1/16” x 0.005”) used before the column, was connected
post-column to minimize peak broadening. This PEEK tubing was purchased from Thermo
Fisher (Fair Lawn, NJ).

Optimization of Mass Spectrometric Parameters

Mass calibration was performed with a calibration solution consisting of caffeine, MRFA
(L-Methionyl-arginyl-phenylalanyl-alanine) and Ultramark 1621. The calibration solution was
prepared according to the recommended procedure outlined in the Finnigan LTQ Getting Started
manual and infused directly into the mass spectrometer at 3 pL/min.** Mass spectrometric
parameters were optimized using the automatic, semi-automatic and manual tuning features of
the LTQ. A 10 ng/pL ziconotide solution in 40:60 ACN: H,O with 0.1% HAc: 0.01% TFA was
used as the tune solution for experiments involving conventional electrospray. Conventional
electrospray, in this case, refers to analyte solution flow rates of 75 or 200 uL/min. The
ziconotide solution was placed in a 250 pL Hamilton syringe (Reno, NV) and flow from the
syringe (10 to 20 puL/min) was teed in with 75 or 200 pL/min of 40:60 ACN: H,0 with 0.1%
HACc: 0.02% TFA before introduction into the mass spectrometer. A 1 ng/uL ziconotide solution
in 50:50 ACN: H,0 with 0.1% formic acid was used as the tune solution for low flow
experiments. The tune solution, in this case, was infused directly into the mass spectrometer at 5
pL/min. Signal intensity from the total ion current (TIC) or specific ions of ziconotide was

monitored during tuning. Manual tuning was first performed to determine the optimum ESI
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probe position and gas flows. Automatic tuning was then employed to optimize the voltages for
the capillary, tube lens and various multipoles and lenses making up the ion optics of the LTQ.
Semi- automatic tuning was used to determine if further improvement in signal could be
achieved by moderate adjustments in the voltages obtained from automatic tuning.

Optimization of HPLC Parameters

Isocratic elution with solvents containing various concentrations of methanol with 0.5%
HAC in water (i.e., 10:90, 20:80, 50:50 and 70:30 MeOH:H,0 mixtures) was employed for the
HPLC-low flow ESI-MS analysis of ziconotide. The peak shape and retention time obtained
with the various solvents were evaluated. Gradient elution with 0.5% HAc in 10:90, 20:80 and
30:70 MeOH: H,0 mixtures at the start of the gradient was also performed. Chromatographic
separation was achieved with a Targa C1g column (0.3 x 200 mm, 5 pum particles, 120 A pore
size) from Higgins Analytical (Mountain View, CA). The effects of using acetonitrile with 0.1%
FA and other acids such as 0.01% TFA and a combination of HAc and TFA as the organic
mobile phase on the peak shape and retention of ziconotide were also explored.

The effects of varying the TFA concentration of the mobile phase on the charge state
distribution and response of ziconotide and w-conotoxin GVIA were systematically investigated
using conventional electrospray. A solution containing 1 ng/uL each of ziconotide and the
internal standard (IS), w-conotoxin GVIA, was used for the evaluation. Reversed-phase HPLC
was performed with an Atlantis® dCig column (2.1 x 150 mm, 5 um particles, 300 A pore size)
with a guard column (2.1 x 20 mm, 5 um particles) from Waters Incorporation (Milford, MA).
The following TFA concentrations were used: 0.01, 0.02, 0.025, 0.03, 0.05, 0.075 and 0.1%.
The effects of varying the acetic acid composition (0.01, 0.025, 0.05, 0.075 and 0.1%) of the

mobile phase while keeping TFA at 0.01% were also investigated.
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The peak shape and retention time of ziconotide after elution from the Atlantis® dCjs
column using 0.1% HAc: 0.02% TFA as the acid component of the mobile phase were compared
to those from a Jupiter Proteo C;, column (Phenomenex, Torrance, CA). The Jupiter Proteo Ci;
column (2 x 150 mm, 4 um particles, 90 A pore size) was used with a Security Guard™ cartridge
(4 x 2 mm, Cy,) to protect the analytical column. The chromatogram of ziconotide eluted with
0.1% formic acid in the mobile phase from a new Jupiter Proteo C;, column was also compared
to that obtained with 0.1% HAc: 0.02% TFA. A smaller diameter Atlantis® dCyg column (1 x
150 mm, 5 pum particles, 300 A pore size) that required lower flow rates (75 pL/min) of analyte
solution was used to determine if improvement in the amount of ziconotide detected could be
achieved.

Preparation of Calibration Standards

Serial dilution of a 40 ng/pL aqueous ziconotide solution was carried out to prepare 11
calibration standards with concentrations ranging from 0.05 to 10 ng/uL. A fixed amount of an
aqueous internal standard, m-conotoxin GVIA, was added to each standard to achieve a final
concentration of 1 ng/pL in solution. The calibration standards were prepared fresh in 1:99
ACN: H,0 with 0.1 % HAc: 0.01% TFA before each analysis. Six calibration curves from
separate sample dilutions were prepared and analyzed. Quality control (QC) samples with
ziconotide concentrations at 0.06, 0.6 and 6 ng/pL were prepared in duplicate and analyzed with
each calibration curve.

HPLC-ESI-MS/MS Analysis

Manual loop injections of 2 pL of 1 ng/pL ziconotide in 1:99 MeOH:H,0 with 0.5% HAc
were carried out with isocratic and gradient elution for analyses involving low flow electrospray

Isocratic elution with acidified solvents was performed for 30 min. Pre-mixed solvents were
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used for isocratic elution to minimize variability in response caused by inefficient online solvent
mixing at low flow rates. Gradient elution with various acidified solvents was also employed for
the analysis of ziconotide. The gradient included a 1 min aqueous hold at the start of the run,
increase in percentage of the organic solvent from starting conditions to 90% for the next 10 min,
and a 4 min organic hold. The column was then allowed to equilibrate to starting conditions for
15 min. The post-column flow rate after splitting was 7 pL/min. The column oven was set to 30
°C while the autosampler tray was maintained at 12 °C.

Gradient elution with 0.1% HAc: 0.02% TFA in water as solvent A and 0.1% HAc: 0.02%
TFA in ACN as solvent B, with solvent B raised from 2 to 70% in 9 min was carried out for
conventional electrospray experiments. This was followed by a 6.5 min column equilibration to
initial solvent composition. A flow rate of 200 puL/min was used. Using the partial loop
injection mode, 10 pL of the sample was loaded into the column. External and internal syringe
needle washes with 0.1% HAc: 0.01% TFA in 50:50 ACN: water were incorporated in the
autosampler method to eliminate carry-over. The column oven and autosampler tray
temperatures were the same as those used in the low flow experiments. Similar gradient and
instrument conditions were employed in the evaluation of other solvent systems.

Electrospray ionization in the positive mode was employed for both conventional and low
flow experiments. Spray voltage for the fused silica capillary used during low flow electrospray
analyses was set at 4.25kV while the capillary voltage was at 40 V. The capillary temperature
was maintained at 160 °C while a sheath gas flow of 25 arbitrary units was used. A lower spray
voltage, 3.75 kV, was used for the metal capillary installed for analyses at higher flow rate to
prevent arcing. The capillary voltage was set to 45 V. The capillary temperature was maintained

at 300 °C. Sheath gas flow was set to 40 and that of the auxiliary gas to 10 arbitrary units.
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Mass spectra for low flow electrospray experiments were acquired for 30 min. The LTQ
was programmed for full scan MS then full scan MS/MS (m/z 400 — 1400) of m/z 661, the
quadruply-charged ion of ziconotide. The precursor ion isolation width in full-scan MS/MS
mode was set to 3 m/z with collision energy (CE) at 30% and activation energy (q) at 0.250. The
LTQ mass spectrometer was set to acquire for 10 min for conventional electrospray analyses.
Sample from the chromatographic column during the first 2 min and last 0.5 min was diverted to
waste. The LTQ was programmed for full-scan MS (m/z 500 — 1600) then full-scan MS/MS (m/z
500 - 1400) of m/z 661 and m/z 760, the +4 ions of ziconotide and w-conotoxin GVIA,
respectively. The rest of the parameters used for full-scan MS/MS of the precursor ions were
similar to those employed in low flow experiments.

MS Data Analysis

Extracted ion chromatograms (EICs) for the various ions of ziconotide and the IS, -
conotoxin GVIA, were generated using the Xcalibur software. Chromatograms were processed
using a 3-point boxcar smoothing calculation which is available with the software. The peaks for
the various charge states of ziconotide and the IS, as well as that of oxidized ziconotide, were
manually integrated to determine the area for each. The sum of the contributions of the +3 and
+4 ions of oxidized ziconotide was used for its EIC. The ratio of the peak area of the +4 ion of
ziconotide to that of the IS was plotted against ziconotide concentration to generate the
calibration curve. Weighted least squares linear regression (WLSLR) was used for data fitting,
with 1/x? as the weighting scheme of choice.** ** GraphPad Prism® Version 5.01 (San Diego,
CA) was used for data processing.

The need to apply weighting was determined by following the statistical evaluation scheme

employed by Almeida et al..** The evaluation was conducted to establish if a particular data set
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exhibited equal variance across the whole range of values being considered, a condition termed
as homoscedasticity and to justify the use of weighting if homoscedasticity was not obeyed.*®
An F-test (see Equation 2-1) and a plot of y-residual (difference between experimental and fitted
area ratios of the +4 ions of ziconotide to w-conotoxin GVIA) versus concentration were
evaluated to determine if homoscedasticity was obeyed.
Fexp = S2°/51° (2-1)
Frap (f1, f2; 0.99)
where s;°: variance of the lowest calibration standard
s,%: variance of the highest calibration standard
Fap: Value from F-table at 99%confidence level
f1, fo: degrees of freedom, equal to n-1
n: number of replicates
The choice of the appropriate weighting scheme, on the other hand, is based on plots of
percent relative error (%RE) versus concentration and the %RE sum.** The percent relative error
compares the concentration calculated (Ccac) from the regression equation obtained for each
weighting factor, w;, with the nominal standard concentration (Cpominal), See Equation 2-2. The
%RE sum is defined as the sum of the absolute values of %RE and is found to be a useful
indicator of goodness of fit of the resulting regression line after application of a weighting
factor.”* %
% RE = [(Ccatc — Crominal)/ Cnominar] X 100 (2-2)
Results and Discussion
Optimized Mass Spectrometric Parameters for Ziconotide Analysis

When tuning the LTQ to optimize the signal for ziconotide, manual tuning to determine the
best ESI probe position and optimum gas flows was first carried out. The total ion current for

ziconotide was monitored while adjusting the ESI probe to a position that yielded the highest
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signal for ziconotide. The ESI probe was positioned closer to the ion transfer capillary for
optimum response during low flow electrospray analyses. The same procedure of monitoring the
TIC for ziconotide was carried out to determine the optimum gas flows. A sheath gas flow of 40
(arbitrary units) and auxiliary gas flow of 20 (arbitrary units) showed the highest signal for
ziconotide for experiments conducted at 200 pL/min. The use of auxilliary gas was found to
lessen the contribution of TFA adducts, as seen in Figure 2-3. Nitrogen was applied as an inner
coaxial gas when sheath gas was used.** It facilitated nebulization of the sample solution.
Aucxiliary gas aided in focusing the spray plume and improved desolvation.** In contrast,
auxiliary gas was not required for low flow electrospray.

Comparisons of the normalized response of ziconotide (average of 200 scans) at various
spray voltages, tube lens offset voltages and capillary temperatures were carried out to determine
the optimum setting for these parameters. The effects of the tube lens offset voltage on the
response and charge state distribution of ziconotide are illustrated in Figure 2-4. Comparison of
these mass spectra and the normalized response of the +3 and +4 ions of ziconotide at m/z 661
and m/z 881, respectively, established 160 V as the optimum tube lens offset voltage for
conventional electrospray. The response of m/z 661 was slightly higher at 100 V but
contributions from TFA adducts were more significant. Lower normalized responses were
obtained for both the +3 and +4 ions of ziconotide at 200 V. The abundance of the higher m/z
ions (+2 and +3) was observed to be greater than that of the lower m/z ions (+4 and +5) at higher
tube lens offset voltage. Tuning for the tube lens offset voltage ensures maximum transmission
of ions from the electrospray ion source to the mass analyzer.*> Comparison of the results
obtained from various capillary temperatures (i.e., 250, 275 and 300 °C) showed an increase in

the abundance of TFA adducts as the temperature was decreased. In order to achieve sufficient
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desolvation of the sample and minimize the contribution of TFA adducts, a capillary temperature
of 300 °C was used. A lower temperature was required for analyses involving low flow
electrospray.

Optimized HPLC Parameters for Ziconotide Analysis
Effect of Various Solvent Systems and Flow Rates on Ziconotide Response

Isocratic elution of 1 ng/pL ziconotide in 1:99 MeOH:H,0 with 0.5% HAc using 70:30
MeOH: H,0 with 0.5% HAc yielded the most satisfactory peak shape for ziconotide compared
to acidified 10:90, 20:80 and 50:50 MeOH:H,0 mixtures (Figure 2-5). Peaks eluted with 10:90,
20:80 and 50:50 MeOH:H,0 mixtures were retained in the column extensively. The retention
times of ziconotide peaks eluted with 0.5% HAc in 50:50 and 70:30 MeOH:H,0O mixtures follow
the expected order of elution based on the organic composition of the solvent. A higher organic
composition of the mobile phase facilitates earlier elution of peptide peaks and this was
observedwith the ziconotide peaks eluted with 0.5% HAc in 50:50 and 70:30 MeOH:H,0
mixtures. This was not the case, however, with the peaks obtained from 0.5% HAc in 10:90 and
20:80 MeOH:H,0 mixtures. The retention time for ziconotide peak eluted with acidified 10:90
MeOH:H,0 was shorter than that of acidified 20:80 MeOH:H,0. Inspection of the mass spectra
of peaks eluted with 0.5% HAc in 10:90 and 20:80 MeOH:H,0 mixtures (bottom panel in Figure
2-6) showed greater signal of background ions than ziconotide. The increased background signal
could have caused the incorrect elution order of ziconotide observed with these solvents.

Gradient elution of ziconotide at low flow rates with solvents containing 0.5% HAc and
various methanol concentrations at the start of the gradient was also conducted to evaluate the
effect of gradient elution on the peak shape and retention of ziconotide on the Targa column (0.3
x 100 mm, 5 pm particles, 120 A pore size). Peaks that showed signs of tailing were obtained

even with gradient elution (Figure 2-7). The mechanism of peptide and protein retention is based
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on their adsorption to hydrophobic surfaces such as the stationary phase in C;, or C1g columns
and desorption from the surface once a specific organic composition is reached.”® Retention of
peptides and proteins on columns changes abruptly when the concentration of organic solvent
required to desorb them from the hydrophobic surface is reached and this results to sharper
peaks. The absence of narrow peaks from the gradient elution of ziconotide suggests potential
silanol interactions with the stationary phase of the column which could be causing the tailing
observed. The mass spectra of ziconotide peaks from the gradient elutions showed the +4 ion
(m/z 661) as the most abundant ion.

Interest in the methanol — acetic acid solvent system was influenced by efforts to repeat the
results of HPLC-low flow ESI-MS/MS experiments conducted at the University of North Texas
(UNT) Health Science Center as a result of collaboration with the University of Florida Racing
Laboratory. Good peak shape (minimal tailing) and retention of ziconotide and one of its
MS/MS product ions were obtained with loop injections of 3 puL of 5 ng/uL ziconotide, gradient
elution and low flow electrospray analysis using the same Targa column and split flow system
(data not shown). Loop injection of a 10 ng/uL ziconotide solution yielded a peak with an area
twice as much as that of the peak for 5 ng/uL. These promising preliminary results led us to
pursue and repeat the experiments that were conducted at UNT but differences in the HPLC
system and instrumental set-up details could have prevented a successful repetition of
experimental results.

Isocratic elution using 15:85 ACN:H,0 with 0.1% FA, 0.01% TFA and 0.1% HAc: 0.05%
TFA as acid components of the mobile phase was also explored. Improvement in peak shape
was observed with the addition of TFA to the mobile phases but its ionization suppression effects

were observed with a decrease in peak area of ziconotide (Figure 2-8). The corresponding mass
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spectra of ziconotide peaks from the isocratic elution with 15:85 ACN:H,O containing various
acid components exhibited differences in the identity and abundance of ions present (Figure 2-9).
The use of 0.1% HAc: 0.05% TFA as acid component of the mobile phase showed the +3 and +4
ions of ziconotide as the abundant ions in the mass spectrum and the signal contribution from
TFA adducts to be minimal.

The inability to achieve significant retention of ziconotide on the Targa column and the
challenges imposed by modifying a standard HPLC system to carry out gradient elution at low
flow rates led us to study and carry out experiments at high flow rates to evaluate how ziconotide
behaves at conditions compatible with the HPLC-MS system available. There was a need to
achieve significant column retention because polar components of biological samples like salts
and other unwanted contaminants elute early during a gradient run. Longer retention time of the
analyte of interest is desired to minimize contamination and/or potential signal suppression from
these other sample components mentioned. The use of low flow rates is often not compatible
with many standard HPLC systems, especially in a gradient mode. The contribution of
extracolumn volumes in the injector and connecting tubing to band spreading also becomes more
significant at low flow rates.?® The succeeding sections, therefore, pertain to experiments
conducted at high flow rates (i.e. 75 and 200 puL/min).

With the tendency of ziconotide to be retained in the column and the ability of TFA to
improve peak shape, solvent systems with varying concentrations of TFA and varying
concentrations of acetic acid in a solvent mixture with TFA were evaluated for their effects on
the charge state distribution and response of ziconotide and w-conotoxin GVIA. A solution

containing 1 ng/pL each of ziconotide and the IS was used for the evaluation. The optimized
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MS parameters were used in the analyses. The conopeptide w-conotoxin GVIA was chosen as
the 1S because of its similar ESI-MS/MS characteristics to ziconotide.

Results from the various concentrations of TFA (i.e., 0.01, 0.02, 0.025, 0.03, 0.05, 0.075
and 0.1%) used are illustrated in Figure 2-10. The predominant charge state observed for
ziconotide with TFA in the mobile phase was the +3 ion (m/z 881). The +4 (m/z 661) and +5
(m/z 529) ions were also present. A TFA adduct at m/z 918 was also observed in the mass
spectrum of ziconotide. The highest peak area for the +3 ion of ziconotide was observed at
0.025% TFA. There was a good trend in the peak area across the TFA concentrations used,
increasing as 0.025% was approached and decreasing towards high concentrations. High
concentrations of TFA are known to cause signal suppression when used with an electrospray
interface.’

The +3 charge state (m/z 1014) was also the most predominant ion for m-conotoxin GVIA
(see Figure 2-11). The +4 ion (m/z 760) and a TFA adduct (m/z 1050) were also observed. The
+5 ion (m/z 609) was only detected with 0.01% TFA in the mobile phase. The highest signal for
the +3 ion of the IS was obtained with 0.025% TFA as well. The use of HAc and TFA mixture
as the acid component of mobile phases for HPLC-MS studies of conopeptides has been
reported.*® *® The effects of varying the HAc composition (0.01, 0.025, 0.05, 0.075 and 0.1%) of
the mobile phases while keeping TFA at the lowest concentration, 0.01%, were investigated in
this study (see Figure 2-12). The highest response for ziconotide with minimal contribution from
TFA adducts were found at 0.1% HAc. The average peak areas for the +3 and +4 ions was
comparable at this HAc concentration and the only TFA adduct observed was at m/z 918.
Significant contribution from other TFA adducts at m/z 689 and m/z 955 was observed at HAc

concentrations lower than 0.1%. Similarly, the highest response for o-conotoxin GVIA with
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minimal contribution from TFA adducts was observed at 0.1% HAc also (see Figure 2-13). The
+3 and +4 charge states were the predominant ions in the mass spectra of the peptide at this HAc
concentration. The signal for the only TFA adduct observed at m/z 1013 decreased as the HAc
concentration was increased. Based on the evaluation of the mobile phase acid composition
conducted and considerations for minimizing signal suppression and system contamination with
TFA, 0.1% HAc with 0.01% TFA proved to be a good choice for the acid component of the
mobile phases.

The use of a smaller diameter Atlantis® dCyg column (1 x 150 mm, 5 um particles, 300 A
pore size) was explored to determine if improvements in sensitivity could be achieved. As
shown in Figure 2-14, the lowest amount of ziconotide detected on the small diameter column
(50 pg), was greater than the lowest amount detected on the larger diameter column (20 pg).
There was no enhancement in detection sensitivity observed with the use of small diameter
column, in this case. The corresponding mass spectra of the ziconotide peaks detected are
presented in Figure 2-15.

Effect of Column Chemistry on Peak Shape and Retention of Ziconotide

The need to use a column with minimal silanol group interaction became evident as
ziconotide exhibited a tendency to be retained in the column due to its basicity. Electrostatic
interactions of residual silanols with cationic species cause peak tailing which may result in loss
of chromatographic resolution.”® Analysis of ziconotide with a new Jupiter Proteo Cy, column
using 0.1% HAc: 0.01% TFA as the acid component of the mobile phases showed a peak with
significant tailing (Figure 2-16). Its peak shape was improved when the TFA concentration was
increased to 0.02%. With the reduction of peak tailing observed with 0.02% TFA, 0.1% HAc:
0.02% TFA was used as the acid component of the HPLC solvents for the rest of the experiment

conducted. The history of column use seemed to have an effect on the peak shape for ziconotide
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analyzed using the Atlantis dC;s column. Good peak shape was not obtained with a new Atlantis
dCys column as compared to one that had been previously used for analysis of plasma extracts of
small drug molecules (data not shown). The peak shape obtained with this particular column
even with 0.1% HAc: 0.02% TFA in the solvents was not as good as that from the Jupiter Proteo
Cy2 column (Figure 2-16). The use of formic acid was also evaluated on the Jupiter Proteo C;2
column prior to any column treatment with TFA and results showed extensive retention of
ziconotide on the column (Figure 2-16).

The importance of the purity of silica in the choice of column for ziconotide analysis was
emphasized by comparing the peak shape obtained with the Jupiter Proteo Cy, column and
Atlantis dC;g column using the optimum solvent system. The minimal tailing of the ziconotide
peak obtained with the Jupiter Proteo Cy, column using 0.1% HAc: 0.02% TFA in the HPLC
solvents, compared to that from the Atlantis dC;g column, indicates that fewer residual silanol
groups are present in this particular column. Improvement in peak shape was also observed with
a combination of acetic acid and trifluoroacetic acid in the solvents compared to formic acid.

Weighted Least Squares Linear Regression

The use of weighted least squares linear regression counteracts the greater influence of the
higher concentrations on the fitted regression line for analyses of drug molecules in biological
samples.*** The need to apply weighting, in this case, is supported by the residual versus
concentration plot (Figure 2-17) and results from the F-test (Table 2-1). The residual plot
showed that the variance was not randomly distributed around the concentration axis. Greater
variance was observed for ziconotide standards with higher concentrations compared to those at
lower concentrations. Results from the inter-day assay of 6 calibration curves consisting of 11
standards with concentrations ranging from 0.05 to 10 ng/pL were included in the plot. Data for

0.08, 0.3 and 0.8 ng/pL standards were excluded to show the distribution of the low
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concentration calibrators more clearly. A data entry for the 3.0 ng/pL standard was excluded due
to pipetting error. The experimental F-value (Fexp = 1.73 X 10 was also significantly higher
than the tabulated value (Fp = 10.97). These results suggested that homoscedasticity was not
met and supported the need to use WLSLR.

Figure 2-18 shows the percent relative error plots for unweighted (Model 1) and weighted
(Models 2-5) regressions of ziconotide standards from the inter-day assay. The %REs for
concentrations less than 0.5 ng/uL obtained with Model 1 were much greater than those obtained
for the other models. The best accuracy and %RE distribution scatter especially at the low
concentration range of the curve was obtained with models that employed 1/x* (Model 2) and
1/y? (Model 3) as the weighting factors.

The regression parameters of the calibration curve generated for each weighting factor
(with all the calibration standards included) and the respective sums of the relative errors are
summarized in Table 2-2. The most adequate approximation of variance was achieved with the
weighting factor 1/x* (Model 2) which provided the least %RE sum for the data. Considering
this result and that of the %RE distribution scatter, 1/x* was chosen as the weighting factor.
Generation of the Response Curve for Ziconotide

Eleven ziconotide standards with concentrations ranging from 0.05 to 10 ng/pL, containing
1 ng/pL of the IS, w-conotoxin GVIA, were analyzed using HPLC-ESI-MS/MS. The area ratio
of the quadruply-charged ions of ziconotide at m/z 661 to w-conotoxin GVIA at m/z 760 was
plotted against ziconotide concentration to generate the calibration or response curve (Figure 2-
19). Reagent blanks were not analyzed with the calibration curve standards due to carry-over
issues especially after injection of the highest concentration calibrator. Solvent blanks of 50:50

ACN: H,0 with 0.1% HAc: 0.01% TFA were injected instead. Calibration curves from six
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independent sample dilutions were prepared and analyzed, one set per day, for six different days.
These calibration curves were employed for the determination of the figures of merit of the
method and the validation study discussed in detail in Chapter 4. Quality control (QC) samples
were analyzed with each calibration curve and the quantitation results for the QCs were used in
the validation study.

The regression parameters for the six response curves are shown in Table 2-3. A data
entry for the 3.0 ng/pL standard was excluded due to pipetting error. The slope and y-intercept
values obtained were reproducible. The range of y-intercepts obtained, however, did not contain
zero. Possible suppression of ziconotide’s signal due to the 1S signal could occur at very low
concentrations and account for the negative y-intercepts.>* Figure 2-20 shows the response of
the +4 ion of the IS at m/z 760 with increasing ziconotide concentration.

Analysis of back-calculated concentrations of calibration standards yielded percent relative
standard deviations (%RSDs) of less than 5.9% and %REs of less than 3.3% (Table 2-4). All the
calibration curves satisfied the Food and Drug Administration’s (FDA) requirement that at least
67% of the calibrators should have %REs and %RSDs of < 15% except at the lower limit of
quantitation (LLOQ) where a value of < 20% is still considered passing.

The limit of detection (LOD) and LLOQ were determined from peak area values for m/z
661 recorded from 10 blank analyses. The blank solution, in this case, is the solvent used in
preparing the ziconotide standards, 0.1% HAc: 0.01% TFA in water. The average (Sp) and
standard deviation (Sp) of the blank measurements were calculated and incorporated into
equation 2-3, where S_op corresponds to the signal required for the LOD.

Stop = Spi + 3(Swl) (2-3)
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The constant 3 in equation 2-3 represents a confidence level of detection of 89% or greater,
and is the value recommended in literature.®*>* The signal at LOD is then incorporated into
equation 2-4 to determine the concentration at LOD (Cop), wherein m is the slope of the
calibration plot for the peak area of m/z 661 vs. ziconotide concentration (data not shown).

CLop = (SLop - Spi)/m (2-4)
The LOD for intact ziconotide using the HPLC-ESI-MS method developed was found to be 6 pg
on column.

The lower limit of quantitation was calculated as 10 times the standard deviation of the
blank measurement, sy (Equation 2-5).

CiLioq = (10 x sp)/m (2-5)
The LLOQ for intact ziconotide obtained by using the above equation was determined to be 20
pg on column.

Higher values for LOD and LLOQ were obtained when the FDA guidelines were used to
evaluate the ziconotide standards analyzed and results from injections of up to 0.001 ng/uL
ziconotide solution were considered. The LLOQ according to the FDA is the lowest
concentration that can be determined with acceptable accuracy (%RE < 20%) and precision
(%RSD < 20%).> The lowest calibrator, 0.05 ng/uL, satisfied these criteria and was determined
to be the LLOQ. This concentration corresponds to 0.5 ng on column, compared to the 20 pg
obtained from blank measurements. A 0.01 ng/uL ziconotide solution was also analyzed with
initial calibration curve runs but it did not satisfy the FDA’s guidelines for precision and
accuracy after performing calculations. The limit of detection was determined from the
ziconotide concentration that exhibited a signal to noise ratio (S/N) of at least 3. The LOD using

this definition corresponds to 20 pg on column. The presence of other components in the
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conopeptide solutions analyzed could have contributed to the differences in LOD and LLOQ
values obtained. The response of ziconotide was linear from 0.05 to 10 ng/uL.

Representative extracted ion chromatograms of ziconotide and the internal standard, ®-
conotoxin GVIA, are shown in Figure 2-21 with the corresponding mass spectra in Figure 2-22.
A peak that eluted earlier than ziconotide was identified as its oxidized form. Its chromatogram
and mass spectrum were also included in Figures 2-21 and 2-22, respectively.

One of the identified degradation pathways of ziconotide involves oxidation of its
methionine residue.™ °® Methionine is first oxidized to its sulfoxide and under strong oxidizing
conditions, to a sulfone (Figure 2-23).>" Reagents like 95% performic acid oxidize methionine to
methionine sulfone.®® The mass of the early eluting peak was found to be 16 Da more than the
mass of ziconotide. The addition of 16 Da in mass is commonly associated to oxidation or the
incorporation of oxygen to the original structure of a compound. The mass shift observed, in this
case, corresponds most likely to the oxidation of the methionine residue of ziconotide to its
sulfoxide form. The product ion spectra of the +4 ions of ziconotide and the 1S are shown in
Figure 2-24. The extensive cross-linking from the multiple disulfide bonds of ziconotide makes
it less susceptible to collisional fragmentation. The only product ions identified from its MS/MS
spectrum resulted from loss of water molecules. Without the aid of analysis software,
identifying the rest of the fragments obtained will be difficult.

Conclusion

A robust and sensitive HPLC-ESI-MS method was developed for the analysis of intact
ziconotide. The use of a high purity silica column with low concentration of trifluoroacetic in
the HPLC solvents improved the peak shape of ziconotide. The use of acetic and TFA as acid

components of the mobile phases enhanced the specificity of detection for ziconotide. Two of
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the characteristic ions of ziconotide were present in significant abundance in its mass spectrum
when a combination of HAc and TFA was used compared to a single predominant ion when TFA
only was added to the mobile phases. Increasing the percentage of HAc improved the response of
the ziconotide ions. Optimization of mass spectrometric parameters such as gas flows, tube lens
offset voltage and capillary temperature help reduce the signal contribution of TFA adducts
which resulted to enhanced signal for ziconotide ions. The limit of quantitation for this method
was found to be 0.5 ng of intact ziconotide on column while the limit of detection was 0.02 ng.
The presence of multiple disulfide linkages, however, limits the structural information that can

be derived from its MS/MS spectrum.
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Figure 2-2. Instrument set-up for the HPLC-low flow ESI-MS analysis of ziconotide. Solvent
flow from the HPLC is split to achieve optimum flow rates for the Targa C;g column
(0.3 x 100 mm, 5 um particle size). Sample is loaded onto a 2 puL sample loop and
during injection, solvent flow transports the sample into the column and electrospray
source then into the mass spectrometer. Figure is not drawn to scale.
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Figure 2-3. Response of ziconotide and TFA adduct with and without auxiliary gas flow.
Signal contribution from the predominant TFA adduct of ziconotide was reduced
when auxiliary gas was used with the sheath gas. The data are an average of 3
replicate analyses and error bars represent the standard deviation of the replicates.
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Figure 2-4. Effects of various tube lens offset voltages on the full scan mass spectra of
ziconotide: (A) 100 V, (B) 160 V and (C) 200 V. The optimum tube lens offset
voltage was determined at 160 V where the signal for both the +3 and +4 ions of
ziconotide are abundant and contribution from TFA adducts is minimal. spray
voltage: 3.75 kV, capillary temperature: 300 °C, sheath gas: 40, auxiliary gas: 20,
NL: normalized level
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Figure 2-5. Extracted ion chromatograms of m/z 661 from low flow isocratic elution of
ziconotide using 0.5% HAc in (A) 70:30, (B) 50:50, (C) 20:80 and (D) 10:90 MeOH:
H,O mixtures. The best peak shape was obtained with 0.5% HAc in 70:30
MeOH:H,0 as the mobile phase. The peak, however, elutes early in the
chromatographic run. RT: retention time, MA: manually integrated area
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Figure 2-6. Mass spectra of ziconotide peaks that were eluted isocratically with 0.5% HAc in
(A) 70:30, (B) 50:50, (C) 20:80 and (D) 10:90 MeOH: H,0 mixtures.
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Figure 2-7. Extracted ion chromatograms of m/z 661 from low flow gradient elution of
ziconotide with 0.5% HAc in (A) 70:30, (B) 20:80 and (C) 10:90 MeOH: H,0
mixtures as starting mobile phase compositions. Better peak shape was obtained with
0.5% HACc in 70:30 and 20:80 MeOH:H,0 compared to acidified 10:90 MeOH: H,0.
All peaks, however, exhibited tailing. RT: retention time, MA: manually integrated
area
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Figure 2-8. Extracted ion chromatograms of m/z 661 from low flow isocratic elution of
ziconotide using 15:85 ACN:H,0O with various acidic components. The best peak
shape was obtained with 0.1% HAc: 0.05% TFA in the mobile phases. Lower peak
areas were obtained with solvents containing TFA compared to that with formic acid
only. RT: retention time, MA: manually integrated area
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Figure 2-9. Mass spectra of ziconotide peaks from isocratic elutions using 15:85 ACN:H,O with
various acidic components. Differences in the identity and abundance of ions present
in each mass spectrum were observed. The use of 0.1% HAc: 0.05% TFA as acid
component of the mobile phase yields a good abundance of ziconotide ions and
minimal signal contribution from TFA adducts.
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Figure 2-10. Response of ziconotide ions and a TFA adduct with increasing TFA concentration
in the mobile phases. The +3 ion of ziconotide at m/z 881 was the most predominant
charge state. The highest response for this ion was obtained with 0.025% TFA. The

data are an average of 3 replicate analyses and error bars represent standard deviation
of the replicates.
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Figure 2-11. Response of w-conotoxin GVIA ions and a TFA adduct with increasing TFA
concentration in the mobile phases. The +3 ion of the IS at m/z 1014 was the most
predominant charge state. The highest response for this ion was obtained with
0.025% TFA. The data are an average of 3 replicate analyses and error bars represent
standard deviation of the replicates.
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Figure 2-12. Response of ziconotide ions and its TFA adducts with increasing HAc
concentration in mobile phases with 0.01% TFA. The highest response for ziconotide
with minimum contribution from TFA adducts was obtained with 0.1% HAc. The
signal for the +3 and +4 ions of ziconotide were comparable in this case. The data

are an average of 3 replicate analyses and error bars represent standard deviation of
the replicates.
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Figure 2-13. Response of m-conotoxin GVIA ions and a TFA adduct with increasing HAc
concentration in mobile phases with 0.01% TFA. The highest response for the +3
and +4 ions of the 1S with minimum contribution from the only TFA adduct observed
was obtained with 0.1% HAc. The data are an average of 3 replicate analyses and
error bars represent standard deviation of the replicates.
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Figure 2-14. Extracted ion chromatograms of m/z 661 for the lowest amount of ziconotide that
can be detected on Atlantis dC;g columns with the same length but varying internal
diameters. Improvement in the detection sensitivity of ziconotide was not observed
with use of a smaller diameter column (top panel), in this case. The limit of detection
obtained with the larger diameter column (bottom panel) was less than that of the
small diameter column.
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Figure 2-15. Mass spectra of peaks corresponding to the lowest amount of ziconotide that can be
detected on 150 mm Atlantis dC;g columns with internal diameters of 1 mm (top
panel) and 2.1 mm (bottom panel).
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Figure 2-16. Comparison of the peak shape of ziconotide obtained with various columns and
acid composition of the HPLC solvents.
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Figure 2-17. Plot of y-residual vs. ziconotide concentration. Data from the inter-day assay of
ziconotide standards were used. The greater variance of the standards with higher
concentrations compared to those with lower concentrations supported the need for

weighting.
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Table 2-1. Test for homoscedasticity using the F-test.

[Ziconotide Standard] A A Response 2
ng/uL “e 'S (Acic/Ais)
0.05 58891 951096 0.0479  5.44x10°

68344 917115  0.0530
66233 911003  0.0507
59962 787271  0.0533
67539 913997  0.0541
67095 937598  0.0504
10.0 15627335 977477 10.001  9.40x 1072
15686759 955908 9.972
15417215 962997 9.605
14488562 837191 10.395
14553122 938112 9.704
15233215 936254 9.607
Fexp = S10.0°/S0.05° = 9.40 X 10%/5.44 x 10 =
1.73 x 10*
Fuap (5, 5, 0.99) = 10.97

A;ic: peak area of the +4 ion of ziconotide (m/z 661)
As: peak area of the +4 ion of w-conotoxin GVIA (m/z 760)
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Figure 2-18. Plots of percent relative error (%RE) vs. ziconotide concentration for unweighted
(Model 1) and weighted (Models 2-5) linear regressions of ziconotide standards.
Data from the inter-day assay of ziconotide standards were used. The best accuracy
and %RE distribution scatter was achieved with 1/x* (Model 2) as the weighting

model.
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Table 2-2. Regression parameters of the calibration curves generated for each weighting factor
(w;) and the respective sum of the relative errors (X%RE) for the inter-day assay data.

Model Wi m + std. error b + std. error R? Y%RE
1 1 1.653 +0.012 0.001 £ 0.050 0.997 598.16
2 1/x? 1.647 £0.012 -0.0132 + 0.0015 0.997 243.76
3 1/y2 1.645 + 0.013 -0.0128 £ 0.0015 0.997 245.00
4 1/x 1.659 £ 0.010 -0.016 + 0.007 0.997 252.75
5 1ly 1.659 + 0.010 -0.016 + 0.007 0.997 251.22

n = 65, m = slope, b = y-intercept, R = correlation coefficient
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Figure 2-19. Graphical representations of the area ratio of the +4 ions of ziconotide to
o-conotoxin GVIA vs. ziconotide concentration. The top panel shows the average of
six separate dilutions and the error bars represent standard deviation of the
measurements. The line equation and standard deviation of the slope and y-intercept
are shown. The bottom panel shows each of the six response curves, results of which
were averaged to generate the first plot. The inset shows a blow-up of the calibration
range from 0.05 to 0.8 ng/pL.
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Table 2-3. Regression parameters for the six calibration curves of ziconotide.

Calibration Curve m#+std. error b +std. error R’
1 1.600 £ 0.019 -0.0147 £ 0.0023 0.9993
2 1.647 + 0.026 -0.013 £ 0.003 0.9994
3 1.668 + 0.019 -0.0119 £ 0.0024 0.9976
4 1.67£0.05 -0.013 + 0.006 0.9901
5 1.60 + 0.03 -0.013 + 0.004 0.9991
6 1.695 + 0.016 -0.0138 + 0.0020 0.9981
n = 11 except for CC4 with n=10, m = slope, b = y-intercept, R* = correlation coefficient
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Figure 2-20. Response of ziconotide and w-conotoxin GVIA (IS) across the calibration curve.
The data are an average of 6 separate dilutions corresponding to each of the calibrator
analyzed in 6 separate days. The error bars represent the standard deviation of the
measurements.
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Table 2-4. Precision and accuracy of ziconotide calibration standards assayed during a six-day

period.

Nominal Concentration, 0 Average Cglculated %RSD %RE

ng/uL Concentration, ng/uL
0.050 6 0.051¢ 4.5 3.2
0.080 6 0.077s 5.8 -3.0
0.10 6 0.097, 5.3 -2.1
0.30 6 0.29 2.2 -1.2
0.50 6 0.49 4.4 -0.075
0.80 6 0.79 4.7 -0.91
1.0 6 0.99, 2.1 -0.62
3.0 5 3.0 3.0 0.84
5.0 6 5.1 3.0 2.0
8.0 6 8.2 3.6 2.5
10 6 9.85 3.1 -1.2

%RSD = (SD/ X ) x 100 where SD: standard deviation and X : mean
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Figure 2-21. Extracted ion chromatograms (A) oxidized ziconotide, (B) ziconotide and
(C) w-conotoxin GVIA for the 0.5 ng/uL calibration standard. Chromatograms were
processed using a 3-point boxcar smoothing calculation. RT: retention time in min,
MA: manually integrated area
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Figure 2-22. Full-scan mass spectra of (A) oxidized ziconotide, (B) ziconotide and (C) o-

conotoxin GVIA. Insets show the isotopic distributions of the +4 charge state of
ziconotide (Z) and w-conotoxin GVIA (G) obtained with zoom scan.
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Figure 2-23. Methionine oxidation under (a) mild and (b) strong oxidizing conditions.

Hydrogen peroxide, iodine and dimethylsulfoxide are examples of mild oxidants
while 95% performic acid is a strong oxidant.® Adapted from Reubsaet et al.”’
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Figure 2-24. Product ion spectra of the +4 ions of ziconotide at m/z 661.0 (top) and w-conotoxin
GVIA at m/z 760.4 (bottom) at 30% collision energy. The product ions identified
were mostly due to water losses.
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CHAPTER 3
HPLC-ESI-MS" ANALYSIS OF REDUCED AND ALKYLATED ZICONOTIDE

Introduction

The extensive cross-linking of ziconotide and the internal standard (1S), m-conotoxin
GVIA, via the six cysteine residues in each molecule, reduces the structural information that can
be derived from their collision-induced dissociation (CID) spectra. Experiments which involved
reduction of disulfide bonds linking the cysteine residues of the conopeptides and alkylation of
the resulting sulfhydryl groups in order to eliminate cross-linking and increase the likelihood of
fragmentation during CID will be reported in this chapter.

The presence of six cysteine residues, which form three disulfide bridges with a distinct
pattern, is a common structural feature of m-conopeptides.? **2%*° Disulfide bond formation is a
post-translational modification that plays an important role in imparting stability to the peptide
conformations and maintaining certain biological functions such as specific receptor
interactions.'® “® © This modification is especially abundant in some hormones, enzymes,
plasma proteins and venoms such as those from spiders, snakes or cone snails.” ®*

Techniques employed to elucidate the structure of these disulfide-rich peptides include
conventional methods® such as Edman degradation and amino acid analysis, cDNA sequencing®

49 and mass Spectrometry (Ms)l, 16, 18, 48, 62'

High energy CID, in particular, has been used to
characterize and sequence disulfide-linked peptides.®® * Results for low energy CID conditions,
however, indicate that the presence of disulfide bonds makes the peptides less susceptible to
collisional fragmentation, making reduction and alkylation prior to MS-based structure
confirmation essential * ®

Reduction, which is typically performed with dithiothreitol (DTT) or tris-(2-carboxyethyl)-

phosphine (TCEP), involves the cleavage of disulfide bonds and addition of hydrogen to the
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thiolate anion resulting in 2 sulfhydryl groups per disulfide bond. Dithiothreitol, which is the
reducing agent used in the experiments described in this chapter, react as the thiolate ion and
reduce disulfide bridges through a thiol interchange.®” The mechanism involved in the reduction
process involving dithiols is illustrated in Figure 3-1. Thiols, like DTT, work best for these
reactions at high pH compared to TCEP, which can be employed at low pH.®*® Thiol-disulfide
exchange, which is responsible for disulfide scrambling in peptides with tightly clustered
disulfides, however, is minimized in acidic conditions.?® It is for this reason that the use of
TCEP was explored and evaluated in various applications.® % ©

In order to minimize disulfide scrambling for reduction conducted with DTT at basic pH,
alkylation is performed immediately after reduction. Alkylating agents like iodoacetamide
(IAM) attack the thiolate ion and in the process, compete with disulfide exchange.®* Alkylation
protects the sulfhydryl groups formed and prevents them from reforming disulfide bonds. The
alkylation process is also favored in basic conditions.® ®® A general representation of reduction
and alkylation is shown in Figure 3-2.

Reduction and alkylation combined with high performance liquid chromatography
(HPLC)-mass spectrometric analysis has emerged as an important technique in the analysis of
conopeptides. Jakubowski et al. compared the mass profiles and CID spectra before and after
the global reduction and alkylation of unpurified cone snail venom to determine the amino acid
sequence of several conopeptides and ascertain those which contain cysteine.*® Using the same
global reduction and alkylation procedure and HPLC/MS, screening for post-translational
modifications in conotoxins was achieved by the same group.’® A differential alkylation

procedure using substituted maleimides followed by HPLC and tandem mass spectrometric
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(MS/MS) analysis was used by Jones et al. to establish disulfide bond connectivity in a group of
conopeptides.*®

The optimization of parameters (e.g., reagent concentration, reaction time, temperature)
affecting reduction and alkylation will be discussed in the sections that follow. Analysis of the
major products of reduction and alkylation of the conopeptides by HPLC/MS/MS was carried
out in order to identify potential fragment ions for quantitation. The optimized reduction and
alkylation method was then evaluated for the analysis of ziconotide plasma extract.

Experimental Section

Chemicals and Reagents

The conopeptides w-conotoxin MVIIA (0.1 mg, > 95% purity by HPLC) and w-conotoxin
GVIA (0.1 mg, 98.3% purity by HPLC), DL-dithiothreitol, and iodoacetamide were purchased
from Sigma-Aldrich (St. Louis, MO). Glacial acetic acid (HAc), ammonium hydroxide
(NH4OH), trifluoroacetic acid (TFA), HPLC-grade acetonitrile (ACN), methanol (MeOH) and
isopropanol (IPA) were obtained from Thermo Fisher (Fair Lawn, NJ). Water used for solution
preparation was purified by RiOs™ reverse osmosis and Milli-Q polishing systems (Millipore,
Billerica, MA). Water used for peptide solution preparation was also vacuum-degassed to
remove dissolved oxygen in order to minimize possible oxidation of ziconotide.

Evaluation of Ziconotide Extraction Recovery with ZipTip Cyg Pipette Tips

The extraction recoveries of a ziconotide standard solution from ZipTip Cyg pipette tips
(Millipore, Billerica, MA) using various elution solvents were evaluated. Prior to sample
loading, the resin in the tip was wet with 20 uL of 100% ACN and equilibrated with 20 pL of
0.02% (v/v) TFA in water. The sample, 10 pL of 0.234 uM ziconotide in 0.02% TFAq), Was

applied to the resin bed by aspirating and dispensing 5 times to ensure maximum binding of the
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peptide. Contaminants were removed by washing the resin with 10 uL of 0.02% TFA in water,
4-5 times. The purified conopeptide was eluted with 10 uL of solvent, aspirated and dispensed 3
times. Ten microliters of 0.183 uM of the internal standard (1S), ®-conotoxin GVIA, in the
corresponding elution solvent was added before final dilution to 40 uL. Percent extraction
recoveries from elution with 0.02% TFA in 15:85, 20:80, 25:75, 50:50 and 80:20 ACN: H,0 and
0.02% TFA in 50:50 IPA: H,O mixtures were then compared. To avoid peak-splitting on
analysis, the final ACN concentration from elution with 0.02 % TFA in 50:50 ACN:H,0 was
adjusted to 25% before final dilution.

ZipTip extract of 10 uL of 0.02% TFA in water mixed with 10 pL each of 0.234 uM
ziconotide and 0.183 uM ®-conotoxin GVIA in the appropriate elution solvent, and 10 uL of
elution solvent, constituted the control solution. Ten microliters of 0.02% TFA in water was
added to the control solution for extraction with 0.02% TFA in 50:50 ACN: H,0O, instead of 10
pL of elution solvent, to adjust the ACN concentration to 25%. Responses of the ziconotide
extracts were compared to the average response of the control solutions to determine percent
recoveries. The solvent that yielded the best recovery was used for the elution of reduced and
alkylated ziconotide from the ZipTip resin.

Optimization of Parameters Affecting Reduction

The effects of reducing agent (DTT) concentration, reduction time and temperature on the
response and identity of ziconotide reduction products were investigated. Reduction of 30 uL of
2.95 uM aqueous ziconotide solution with 20 uL of aqueous DTT solution at various
concentrations (i.e., 0.60, 1.2, 2.4, 4.8 and 9.6 mM) was carried out in a water bath held at 60 °C

for 30 min. The mixture was allowed to equilibriate to room temperature for 1 min. Six
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microliters of 0.1% TFA in water was then added to a 30-uL aliquot of the reduction mixture to
quench the reaction and reduce disulfide scrambling.

Thirty microliters of the reduction mixture treated with 0.1% TFA in water were applied to
the resin bed of pre-conditioned Cig ZipTips by aspirating and dispensing 10 uL at a time of the
30 pL sample for 5 times. The resin bed was washed with 10 uL of 0.02% TFA in water, 4-5
times to remove remaining contaminants. The purified conopeptide was then eluted with 30 uL
of 0.02% TFA in 50:50 ACN:H-0, by aspirating and dispensing 10 pL thrice each time. Finally,
the organic composition in the final solution was adjusted to 25% by adding 30 uL of 0.02%
TFA in water to the extract before LC-MS analysis.

Following the same reduction and ZipTip extraction procedures described above, the effect
of carrying out reduction at 5, 10, 30 and 60 min to the extent of reaction was explored. The
effect of various temperatures (i.e., 30, 45, 60 and 75 °C) on the extent of reduction and
formation of unwanted side products was also tested. Reduction time for m-conotoxin GVIA
was also optimized.

Blank and control solutions analyzed with each run were processed identically to the
ziconotide samples. Blank solutions contained all reagents present in the sample except
ziconotide. Control solutions contained all reagents present in the sample except DTT. The
blank, in this case, was composed of 30 uL of degassed, deionized water mixed with 20 uL of
the appropriate DTT q) solution while the control was made up of 2.95 uM ziconotide solution
mixed with 20 pL of degassed, deionized water. Both were extracted with ZipTips which were
eluted with 0.02% TFA in 50:50 ACN:H,0 with the final ACN concentration adjusted to 25%.
Blank, control and sample solutions were processed and analyzed one after the other to minimize

response differences due to time variability.
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Optimization of Parameters Affecting Alkylation

Using the optimal conditions determined for the reduction of ziconotide, parameters that
may affect the results of alkylation were also optimized. These include the concentration of the
alkylating agent, iodoacetamide, alkylation time and temperature. Reduction of 30 uL of 2.95
uM aqueous ziconotide solution with 20 pL of 0.60 mM DTT g was carried out at 60 °C for 10
min. A 30-uL aliquot of the reduction mixture was made basic with 0.1 M NH,OH (2 uL, pH
10.5) before alkylation. Ten microliters of 3.2 mM 1AM(,q) Was then added and alkylation
proceeded for 15, 30, 45, and 60 min in the dark at room temperature. The reaction was
quenched with the addition of 8 uL of 0.1% TFA in water and exposure to light. The resulting
products were extracted using pre-conditioned Cyg ZipTips with 0.02% TFA in 50:50 ACN:H,0
as eluent. The final ACN concentration in the extract was adjusted to 25% prior to HPLC-MS
analysis. The same procedures for sample loading, washing away of contaminants and sample
elution used in the optimization of reduction parameters were followed. Alkylation reactions
without NH4OH and without 0.1% TFA in water for quenching the reaction were also performed.

The alkylation temperature (i.e., 22, 30, and 60 °C) and 1AM concentrations (i.e., 3.2, 6.4,
12.8 and 25.6 mM) were also varied to assess the effects of these variables on the response and
identity of the products of reduction and alkylation of ziconotide. Blank and control solutions
were processed identically to the ziconotide samples. The blank consisted of 30 uL of degassed,
deionized water mixed with 20 puL of 0.60 mM DTT q) solution while the control had 2.95 uM
ziconotide solution mixed with 20 uL of degassed, deionized water. Reduction, alkylation,
extraction and analysis of all solutions were conducted one after the other to minimize response

differences due to variations in time.
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Generation of the Response Curve for Reduced and Alkylated Ziconotide

Six standard solutions of aqueous ziconotide with concentrations ranging from 0.035 to 1.8
uM were prepared and mixed with a fixed amount of internal standard. Thirty microliters of
each solution and 30 pL of 0.66 uM ®-conotoxin GVIA were reduced with 40 uL of 0.60 mM
DTT for 20 min at 60 °C. The mixture was allowed to equilibrate to room temperature for one
minute. Sixty microliters of the reduction mixture were made basic with the addition of 4 uL of
0.1 M NH4OH. Twenty microliters of 3.2 mM IAM were then added and alkylation proceeded
for 15 min in the dark at room temperature. The alkylation mixture was exposed to light and 30
uL of it was applied to the resin bed of a pre-conditioned Cig ZipTip by aspirating and
dispensing 10 pL at a time of the 30 puL sample for 5 times. Contaminants were washed away
with 10 uL of 0.02% TFA in water, aspirated and dispensed 4-5 times. The purified conopeptide
was then eluted with 30 uL of 0.02% TFA in 25:75 ACN:H,0, by aspirating and dispensing 10
uL thrice each time. Ten microliters more of 0.02% TFA in 25:75 ACN:H,0 was added to
provide sufficient sample volume for LC-MS analysis. Blank and control solutions were
analyzed identically to the ziconotide samples.

Application of the Reduction and Alkylation Method to Ziconotide Plasma Extract

The optimized reduction and alkylation method was used for a preliminary analysis of
blank horse plasma supplemented with ziconotide. The extraction method developed for
ziconotide in horse plasma at Dr. Laszlo Prokai’s laboratory in the University of North Texas
Health Science Center was slightly modified and employed in this experiment.®® One hundred
microliters of 25 ng/uL aqueous ziconotide solution was added to 1 mL of blank horse plasma
and diluted to 2.5 mL with 0.5% acetic acid before loading onto a pre-conditioned PD-10

desalting column (GE Healthcare, Piscataway, NJ). The column was washed with 3.5 mL of
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0.5% HACc to remove high molecular weight compounds, followed by 5 mL of 0.5% HAc to
elute the low molecular weight fraction containing ziconotide. A Waters C;g Sep-Pak® cartridge
(Waters Corporation, Milford, MA) was washed with 3 mL ACN and 5 mL of 0.5% HAc for
conditioning. The low molecular weight (MW) eluate from the PD-10 column was then loaded
onto the C;g cartridge and the cartridge was washed with 5 mL of 0.5% HAc. The cartridge was
dried for 10 min at a pressure of 20 in Hg. Ziconotide was eluted afterwards with 1% HACc in
40:60 MeOH:H0 and dried under Ny at 60 °C. The residue was dissolved in 100 pL of
degassed, deionized water. A portion (50 pL) was placed in a 250 pL, 11 mm polypropylene
autosampler vial covered with crimp seals that include Teflon/red rubber septa (National
Scientific, Rockwood, TN) for LC-MS analysis.

Another portion (30 pL) was reduced with 20 puL of 0.60 mM DTT for 10 min at 60 °C.
The mixture was allowed to equilibrate to room temperature for a minute. The reduction mixture
(30 pL) was then made basic with 2 uL of 0.1 M NH4OH and alkylated with 10 pL of 3.2 mM
IAM for 15 min in the dark at room temperature. The alkylation mixture was exposed to light
and 30 uL was extracted with a pre-conditioned Cyg ZipTip following the optimized sample
loading, washing and sample elution procedure described in the analysis of calibration standards.
Considering 100% recovery and taking into account the dilutions in the sample treatment, 100
pL of 15 ng/pL ziconotide solution was added to 3 mL of 1% HAc in 40:60 MeOH:H,0, dried
under Ny at 60 °C and reconstituted with 100 pL of degassed, deionized water to estimate
extraction recovery. This resulting solution served as the control solution and the amount of
ziconotide in solution is equivalent to the ideal amount (1.5 pg) present in the extract before

drying the sample.
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HPLC-ESI-MS/MS Analysis

A Surveyor Autosampler/HPLC system interfaced to a Thermo Finnigan (San Jose, CA)
linear ion trap (LTQ) mass spectrometer equipped with an electrospray ionization source (ESI)
was employed for LC-MS analyses. Chromatographic separation was achieved with a Jupiter
Proteo Cy, column (2 x 150 mm, 4 um particle size, 90 A pore size) from Phenomenex
(Torrance, CA) with a Security Guard™ cartridge (2 x 4 mm, C;,) to protect the analytical
column. The column oven was set to 30 °C while the autosampler was maintained at 12 °C.
Mobile phase A was 0.1% HAc: 0.02% TFA in water while mobile phase B was 0.1% HAC:
0.02% TFA in acetonitrile. Gradient elution with solvent B raised from 2 to 70% in 9 minutes
was employed for the ZipTip extraction recovery and reduction and alkylation analyses. A
longer gradient, with solvent B raised from 2 to 60% in 20 min was used to resolve the reduction
products of ziconotide. Both gradients were followed by a 6.5 min column equilibration to
initial solvent conditions. A flow rate of 200 uL/minute was used. Using the partial loop
injection mode, 10 pL of the sample was loaded onto the column. External and internal syringe
needle washes with 50:50 ACN: water were incorporated in the autosampler method to prevent
carry-over from previous injections.

Electrospray ionization in the positive mode was employed. The spray needle voltage was
set at 3.75kV while the capillary voltage was at 45 V. The capillary temperature was maintained
at 300 °C. Sheath gas flow was set to 40 and that of the auxiliary gas to 10 arbitrary units. The
LTQ mass spectrometer was set to acquire data for 10 min for the 9-min gradient and 20 min for
the longer gradient used to resolve the products of ziconotide reduction. Sample from the
chromatography column during the first 2 min and last 0.5 min was diverted to waste. The LTQ

was programmed for full-scan MS then full-scan MS/MS (m/z 500 — 1400) of m/z 661 and m/z
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760, the quadruply-charged ions of ziconotide and w-conotoxin GVIA, respectively. The
precursor ion isolation width in full-scan MS/MS mode was set to 3 m/z with collision energy
(CE) at 30% and activation energy (q) at 0.250.

Full-scan MS and full-scan MS/MS (m/z 400 — 1500) of m/z 748 and m/z 848, the +4 ions
of the reduced and alkylated ziconotide and w-conotoxin GVIA, respectively, were also
performed. Collision energy of 35% and activation energy of 0.250 were employed for its
analysis. A precursor ion isolation width of 2 m/z was used. The same scan modes and MS/MS
parameters were used for analyzing the reduction products of ziconotide. An nth order triple
play (full scan, zoom scan, CID at 35% CE) data dependent acquisition mode was employed for
charge state confirmation and MS?® analysis was performed to identify product ions whose m/z
correspond to more than 1 ion when compared to theoretical values.

MS Data Analysis

Base peak chromatograms (BPCs) of the products of ziconotide reduction and extracted
ion chromatograms (EICs) of intact and modified ziconotide and w-conotoxin GVIA were
generated using the Xcalibur software. Chromatograms were processed using a 3-point boxcar
smoothing calculation. Extracted ion chromatograms were generated by plotting the response of
each charge state or product ion versus time using the full-scan MS or MS/MS filters, resulting
in a peak area for each ion. Peak areas for the various ions were then manually integrated. The
area ratios of the sum of the +3 and +4 ions of ziconotide to IS were used for ZipTip extraction
recovery evaluation. The response of the reduction products of ziconotide was obtained from
base peak chromatograms while those of reduction and alkylation were from the sum of the peak

areas for the +3, +4 and +5 ions of modified ziconotide and w-conotoxin GVIA.
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The ratio of the peak area of the +4 ion of modified ziconotide to that of the IS was plotted
against ziconotide concentration to generate the response curve. Weighted least squares linear
regression was used for data fitting, with 1/x? as the weighting scheme of choice. GraphPad
Prism® Version 5.01 (San Diego, CA) was used for data processing. One-or two-way analysis
of variance (ANOVA) in Microsoft Excel (Redwood, WA) established statistical differences at
95% confidence level for the experimental parameters. Two-way ANOVA with replication was
used in this study.

Results and Discussion
Comparison of Extraction Recoveries with ZipTip Cig Pipette Tips

Extraction recoveries of intact ziconotide from ZipTip Cyg resin using the following elution
solvents were compared: 0.02% TFA in 15:85, 20:80, 25:75 and 50:50 ACN: H,O mixtures.
Response of the ziconotide extracts was compared to the average response of the control
solutions and percent recoveries were calculated according to Equation 3-1. The ratio of the total
areas of the peaks for the +3 and +4 charge states of ziconotide to those for the +3 and +4 charge

states of the IS was used to determine the response of the extract and control solutions.

{Area ratio of m/z 661+881

760+1014 }
Percent recovery = extract x 100 (3-1)

{Average area ratio of m/z 661+881 }
control

760+1014

A graph of the average extraction recoveries obtained from the different solvents is
presented in Figure 3-3. The average percent recovery with 0.02% TFA in 50:50ACN:H,0 was
slightly higher (88.3 £ 17.5) compared to that of 0.02% TFA in 25:75 ACN:H,0 (81.1 + 5.2).
The final organic composition in extracts eluted with 0.02% TFA in 50:50ACN:H,0 was

adjusted to 25% before analysis because splitting of the ziconotide peak was observed at ACN
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concentrations of more than 40% in the reconstitution solvent (data not shown). Values obtained
for the seven extractions with 0.02% TFA in 50:50 ACN:H,O, however, were less precise as
indicated by the higher standard deviation of its percent recovery. Average percent recoveries
with 0.02% TFA in 15:85 and 20:80 ACN:H,O were lower at 65.3 + 7.1 and 68.0 £ 3.5,
respectively, compared to that obtained with 0.02% TFA in 25:75 ACN:H,0. The use of 0.02%
TFA in 80:20 ACN: H,0 and 50:50 IPA: H,O, a more non-polar solvent, for ziconotide elution
was also evaluated but no improvement in percent recoveries was observed for either. Since the
highest recovery was obtained with 0.02% TFA in 50:50ACN:H,0, it was chosen as the elution
solvent for the succeeding experiments in optimizing reduction and alkylation parameters.

Optimized Conditions for Ziconotide Reduction

The starting amounts of reagents used in the reduction and alkylation experiments for this
study were based from the work of Yen et al..® The same reference was used as the basis for the
reduction and alkylation procedure employed by Moller et al. in the determination of a novel
framework or pattern of cysteine residues in conotoxins.”* Yen and co-workers used a 25-fold
molar excess of DTT and a 75-fold molar excess of IAM versus cysteine residues for reduction
and alkylation of 5 to 30 pL of 2-20 pmol/pL peptide or protein solution (0.01 to 0.6 nmol).*°

The identity and response of the products of ziconotide reduction were determined and
compared at the various reaction conditions investigated. The net reactions undergone by
ziconotide (Z) during reduction and alkylation are represented in Figure 3-4. The m/z of the
various charge states of ziconotide after reduction of 1, 2, or 3 disulfide bonds were calculated
and summarized in Table 3-1. The m/z of the corresponding oxidation products of the intact and
reduced ions are shown in Table 3-2. The resulting m/z after the addition of 1 or 2 oxygen atoms

were determined to account for all the possible products of oxidation. Knowing the expected m/z
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for the various reduction and oxidation products of ziconotide helped in the identification of the
ions observed from the mass spectra of the reduced peptide.

Reductions of 2.95 uM ziconotide with increasing DTT:Z molar ratios at 136, 271, 542,
1085 and 2169, for 30 minutes at 60 °C were compared. These molar ratios correspond to DTT
concentrations of 0.60, 1.2, 2.4, 4.8 and 9.6 mM, respectively. The plot of average peak area
versus DTT: Z molar ratio for the products of ziconotide reduction is shown in Figure 3-5. The
peak areas obtained for the product of interest, the triply-reduced ziconotide, were not
significantly different across the various concentrations used. Doubly-reduced and oxidized
ziconotide were observed as side products. The peak areas for the doubly-reduced ziconotide
were also not significantly different but those for oxidized ziconotide decreased with increasing
DTT concentrations. Since no statistical difference was established for the response with
increasing DTT:Z molar ratios, the lowest DTT concentration (0.60 mM), was used for
subsequent analysis. Statistical difference at the 95% confidence level of the various responses
being compared was established with one-way ANOVA. When the results of the analysis
showed P-value > 0.05 and F < Fisical, the group averages for the particular parameter being
investigated are not significantly different, while P-value < 0.05 and F > Fisical Signify that the
group averages are statistically different.

The results for reduction with 0.60 mM DTT performed at 5, 10, 30 and 60 min at 60 °C
are illustrated in Figure 3-6. Peak areas of the triply-reduced ziconotide were not statistically
different at various reduction times but contribution from the oxidized product was less at 5 and
10 min. Peak areas of the doubly-reduced peptide were not significantly different at the
reduction times investigated. Since a good yield for the desired product and minimal

contribution from side products were obtained with reduction at 10 min, subsequent experiments
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were performed at this reaction time. The choice between 5- and 10-min reduction times was
based on ensuring a more complete reaction at 10 versus 5 min.

Comparison of the response for reduction conducted at various temperatures showed that
yields for the desired product were comparable at 60 and 75 °C but the least amount of side
products was obtained at 60 °C (Figure 3-7). Reduction carried out at 30 °C only showed the
unreduced ziconotide while reduction at 45 °C yielded some unreduced, doubly- and triply-
reduced peptide. Based on the results of this evaluation, 60 °C was chosen as the reduction
temperature.

Finally, results of reduction conducted for 10 min at 60 °C with increasing DTT:Z molar
ratios were compared to those obtained at 30 min (Figure 3-8). Two-way ANOVA was used to
determine if there is interaction between DTT concentration and reduction time that could affect
the response of the various products. Average peak areas of the triply-reduced ziconotide at
various DTT concentrations (0.60, 1.2, 2.4, 4.8 and 9.6 mM ) were significantly higher for
reduction at 30 min compared to those at 10 min. However, the average peak areas for the
doubly-reduced and oxidized products were also higher at 30 min. When responses for the
various DTT concentrations used were compared, results showed no significant differences.
Considering the effect of concentration and reduction time, results from the two-way ANOVA of
the response for the completely reduced peptide showed no interaction between the two
variables. Results from this study supported further the choice of 10 min as the reduction time.
Analysis with the internal standard, w-conotoxin GVIA, required the alkylation time to be
adjusted to 20 min due to incomplete reduction of the IS at 10 min.

The base peak chromatogram and mass spectra of the products of ziconotide reduction are

shown in Figures 3-9 and 3-10, respectively. Reduction was conducted with 20 pL of 0.60 mM
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DTT, for 10 min at 60 °C, which are the optimal conditions determined. The m/z of the +3 and
+4 ions of the oxidation product observed corresponds to the m/z of ziconotide ions with a
singly-reduced disulfide bond and an additional 16 daltons (Da), which is attributed to oxygen.
The base peak chromatogram of blank solutions did not show any peaks at the retention times
where the products of ziconotide reduction elute, while that of the control solutions showed a
peak at 6.57 min that corresponds to the intact ziconotide. The blank solution consisted of the
ZipTip Cyg extract of 30 pL of degassed, deionized water mixed with 20 uL of 0.60 mM DTT ()
while the control was the extract of 2.95 uM ziconotide solution mixed with 20 uL of degassed,
deionized water. Both were processed and analyzed identically as the ziconotide samples.

Optimized Conditions for Ziconotide Alkylation

Optimization of alkylation time, temperature and concentration of the alkylating agent,
iodoacetamide were also carried out. The addition of ammonia solution before alkylation was
carried out to enhance alkylation efficiency. The use of ammonia at this step was reported by
Yen and co-workers.®® To aid in the identification of the alkylation products, m/z of the various
ions of ziconotide after reduction and addition of 2, 4, and 6 carbamidomethyl moieties were
calculated and summarized in Table 3-3. The m/z of the corresponding oxidation products of
modified ziconotide ions are presented in Table 3-4.

Using the optimal conditions for reduction, alkylation at different times was performed
with 3.2 mM IAM in the dark and at room temperature. The response of the completely reduced
and alkylated ziconotide was comparable at 15, 30, 45 and 60 min. alkylation times (Figures 3-
11). Response of the completely reduced and alkylated ziconotide, in all the optimization
studies, pertains to the sum of the peak areas of the +3, +4 and +5 ions of the completely

modified peptide. These ions correspond to m/z 997, 748 and 599, respectively and are
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represented as [ZAg+3H]*", [ZAs+4H]*" and [ZAs+5H]*. Contribution from the TFA adduct of
the oxidation product of modified ziconotide ([(ZA¢+O+112)+4H]**, m/z 780), was highest at 60
min. Its signal, however, was quite variable as indicated by the error bar on the plot.

The response of two other side products of the reduction and alkylation of ziconotide were
also plotted against alkylation time; these are the doubly-reduced and alkylated ziconotide
([ZAs+4H]*, m/z 719) and the oxidation product of the modified peptide ([(ZAg+O)+4H]*", m/z
752). The signals from these two were found to be small. Responses of the side products were
also plotted separately from the most predominant signal to provide a better illustration of their
abundance and any trends in response (Figure 3-12). Since the response of the desired product at
15 min was not significantly different from that at 1 hr, 15 min was used as the alkylation time
for the succeeding analyses.

The effect of alkylation temperature on the extent of reaction and identity of products
formed was investigated next. Alkylation was carried out with 3.2 mM 1AM, for 15 min. in the
dark at 21, 30 and 60 °C. There was no statistical difference in the peak areas obtained for the
completely reduced and alkylated ziconotide at the temperatures evaluated (Figure 3-13). The
average peak area for the major product at 30 °C seemed higher than at room temperature (21
°C) but variability in its signal was also greater. lons corresponding to the doubly-reduced and
alkylated peptide and oxidation product of the completely modified ziconotide were observed at
all temperatures. The signal due to the doubly-reduced and alkylated ziconotide at 30 °C was
also highly variable. The TFA adduct of [(ZAg+O)+4H]*", in this case, was only detected at 60
°C. The better precision of the response for the completely reduced and alkylated ziconotide and

the absence of TFA adduct at room temperature supported the choice for alkylation temperature.
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The major reduction and alkylation product was not included in the plot shown on Figure 3-14 to
illustrate the response of the side products more clearly.

The responses of triply-reduced and alkylated ziconotide obtained with increasing IAM:Z
molar ratios at 15-min alkylation time was plotted and compared against the results at 60-min
(Figure 3-15). Results from the two-way ANOVA showed that no significant difference was
observed among the average peak areas for the desired product at various IAM:Z molar ratios
and at the two alkylation times considered. Responses were also not statistically different when
the effect of both IAM:Z molar ratios and alkylation times were considered together. These
results suggest that no interaction between the two variables being investigated exists.

A plot of the average peak areas for the side products observed with increasing IAM:Z
molar ratios and at the two alkylation times being compared is presented in Figure 3-16. The
signals for both [ZA4+4H]*" and [(ZAs+O)+4H]*" were low and not significantly different across
the various iodoacetamide concentrations used. The responses obtained at 15- and 60-min.
alkylation times for these two side products were also similar. Greater variability was observed,
however, for the response of the TFA adduct of the oxidation product of modified ziconotide
([(ZAs+O+TFA)+4H]*") at both 15- and 60-min. alkylation times. The TFA adduct signal was
generally lower across the different IAM: Z ratios at 15-min. than 60-min except at IAM
concentration of 6.4 mM (1205 IAM: Z molar ratio). The highest signal for the TFA adduct was
observed at the highest IAM concentration used (i.e., 25.6 mM). Standard deviation of these
data was also the greatest. Since the response for the major product, triply-reduced and alkylated
ziconotide, did not change significantly at increasing IAM concentrations and alkylation times of

15- and 60-min., the optimized conditions for alkylation were determined to be 3.2 mM IAM at
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15 min. in the dark and at room temperature. Contributions from side products were also
minimal at these conditions.

Reduction and alkylation reactions were also conducted without adding NH,OH to make
the solution basic and without adding 0.1% TFA in water to quench the reaction. The responses
of the major and side products at these two conditions were compared to the products of
reduction and alkylation carried out with NH,OH and with TFA added (Figure 3-17). The
response of modified ziconotide obtained without NH;,OH was significantly lower compared to
that with NH,OH. This result showed that making the reaction mixture basic with NH,OH
before alkylation helped enhance the efficiency of the reaction. On the other hand, the response
of modified ziconotide without the addition of TFA was slightly higher than that with TFA
present. The TFA adduct of the oxidation product of modified ziconotide was also not observed
when alkylation was conducted without adding 0.1% TFA to quench the reaction. The
importance of adding NH,OH to the reaction mixture before alkylation and the improvements
observed without quenching the alkylation process with TFA were established from the results of
the analyses described.

Identification of Potential Fragment lons for Quantitation

The extracted ion chromatograms and full-scan mass spectra of modified ziconotide and ®-
conotoxin GVIA are shown in Figures 3-18 and 3-19, respectively. The +3, +4 and +5 charge
states of the completely reduced and alkylated conopeptides were observed in each mass
spectrum with the +4 ion as the most predominant. The net reactions undergone by ®-conotoxin
GVIA during reduction and alkylation followed the representation adapted for ziconotide (Figure
3-4). The inclusion of other ions in the mass spectrum of the reduced and alkylated ziconotide

such as the doubly-reduced and alkylated ions of the peptide at m/z 719 (+4) and 958 (+3) and
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the oxidation product of the modified peptide at m/z 752 (+4) could have resulted from co-
elution of the peaks for these products and that of the product of interest. The ion at m/z 775
(+4) with a corresponding +3 ion at m/z 1033 was not successfully identified. The use of a
shorter gradient for the chromatographic separation of reduction and alkylation products
shortened the analysis time but limited the complete resolution of the various products.
Obtaining the peak areas of the ions of interest from extracted ion chromatograms circumvented
some of the issues associated with co-elution and facilitated the determination of the response
solely from the ion or ions of interest. The presence of other reduction and alkylation products
was not observed in the mass spectrum for the internal standard. A small contribution from the
+4 ion of modified ziconotide was observed in the mass spectrum of the IS due to some degree
of overlap of the peaks of the 2 conopeptides.

Isolation and fragmentation of the +4 charge states of modified ziconotide and ®-
conotoxin GVIA through CID at 35% collision energy were performed to identify potential
fragment ions for quantitation. The product ion spectra for the +4 ions of the modified
conopeptides are shown in Figure 3-20. The MS/MS product ions were identified with the aid of
ProteinProspector’s MS-Product software™ that provided theoretical average masses for peptide
fragments which are needed for reliable mass assignment. The majority of the fragment ions
were b and y ions from peptide bond cleavage. Table A-1 summarizes the observed and
theoretical m/z of the various product ions of modified ziconotide together with their relative
intensities and calculated mass differences (see Appendix A). The same information for the
product ions of modified w-conotoxin GVIA is summarized in Table A-2 (see Appendix A).
The difference between the observed and theoretical m/z (Am) was limited to < 0.5 Da for

identification of the fragment ions. The 3 most intense product ions of m/z 748, the +4 ion of
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modified ziconotide, were m/z 900.42, 937.32, and 716.30, corresponding to y»3>*, y24-H,0%",
and y1o-NH3?*, respectively while those of m/z 848, the +4 ion of modified m-conotoxin GVIA,
were m/z 1004.21, 1033.22 and 1033.92, corresponding to y»4*", a;g-NH5**, and y5°",
respectively. These ions could be used as diagnostic ions for the qualitative and quantitative
determination of ziconotide and w-conotoxin GVIA.

When the m/z of a product ion corresponded to that predicted for several possible CID
products, the fragment ion actually responsible for the observed peak was confirmed by
performing MS?® analysis. As an example, the ion at m/z 900.42, the most abundant one seen
following CID of m/z 748 might be attributed to 3 different product ions: bis-H.0** (m/z 900.09,
Am = 0.33), bis-NH5*" (m/z 900.59, Am = 0.17), and y»3>* (m/z 900.73, Am =0.31). Comparison
of the product ions obtained after MS® analysis of m/z 900.42 with theoretical m/z values
generated using ProteinProspector’s MS-Product software confirmed its identity as y»3>".
Generation of the Response Curve for Modified Ziconotide

Six ziconotide standards with concentrations ranging from 0.035 to 1.8 M containing a
fixed concentration of 0.20 uM w-conotoxin GVIA (IS) in the reduction mixture were alkylated,
extracted and analyzed using HPLC-ESI-MS and MS/MS. Peak areas of the most abundant ions
(i.e., +4 charge states) in the full scan mass spectra of the modified conopeptides were obtained
from corresponding extracted ion chromatograms. The ratios of the area of the +4 ion of
ziconotide to that of the IS were plotted against ziconotide concentrations, using a weighted
linear fit, to generate the calibration curve for modified ziconotide (Figure 3-21).

Since each solution had to be reduced, alkylated, extracted and analyzed one after the
other, only 8 solutions including blank and control solutions were processed in duplicate and

included in the run. Out of the 6 standard solutions, only 4 yielded quantifiable signal. No
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signal was detected for the +4 ion of modified ziconotide in the lowest calibrator (0.035 pM)
while its signal to noise ratio (S/N) was less than 10 in the next calibration standard (0.059 pM).
Analysis of back-calculated concentrations of calibration standards yielded absolute values of <
4.0% for the % relative error (%RE) and % relative standard deviation (%RSD) of 1.0 to 16.3%
(Table 3-5). With a %RSD of 16.3%, the standard at 1.2 uM failed to satisfy the Food and Drug
Administration’s (FDA) 15% acceptance criteria for %RSD. The limited number of replicates
analyzed for each standard contributed to the high %RSDs obtained for some calibrators.

Using the results from back-calculation of the calibration standard concentrations and the
FDA guidelines, the lower limit of quantitation (LLOQ) for the reduced and alkylated ziconotide
was found to be 0.50 ng on column. This corresponds to the lowest calibration standard
analyzed that yielded a quantifiable signal (%RE < 20%, %RSD <20%). The limit of detection
(LOD) was determined from the ziconotide concentration that exhibited a signal to noise ratio
(S/N) of at least 3. As mentioned in Chapter 2, the constant 3 represents a confidence level of
detection of 89% or greater, and is the value recommended in literature.®>* The LOD, in this
case, corresponds to 0.25 ng on column.

The LOD and LLOQ determined from peak areas of the +4 ions of modified ziconotide
(m/z 748) and IS (m/z 848), which were recorded from 10 blank analyses were also evaluated for
comparison. The average (Sp) of the area ratios of m/z 748 to m/z 848 and the resulting standard
deviation (sp) from the blank measurements were calculated and incorporated into equation 3-1,
where S op corresponds to the signal required for the LOD.

Stop = Sbi + 3(sn) (3-1)

The signal at LOD is then incorporated into equation 3-2 to determine the concentration at LOD

(CLob), where m is the slope obtained from the plot shown in Figure 3-21.
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Crop = (SLop - Spi)/m (3-2)

The LOD for the reduced and alkylated ziconotide was found to be 0.13 uM or 0.57 ng on
column.

The lower limit of quantitation was calculated as 10 times the standard deviation of the
blank measurement, s, (Equation 3-3).

CiLiog = (10 X Sp)/m (3-3)
The LLOQ for modified ziconotide obtained by using the above equation was determined to be
0.42 uM or 1.8 ng on column. This calculated value, however, was higher than the LLOQ
obtained from the experimental results (0.50 ng) using the FDA guidelines. The LOD (0.57 ng)
from the blank measurements was also higher than 0.25 ng, which corresponds to the
concentration with a S/N of at least 3.

Using the ratio of the blank signals for m/z 748 to m/z 848 could have contributed to the
difference in LOD and LLOQ values obtained from calculations and experimental results. The
equations presented above which include the signal and standard deviation of blank
measurements are intended for LOD and LLOQ determination involving linear response
curves.”t The area ratio of m/z 748 to m/z 848 was used for calculations since plot of the area of
m/z 748 versus ziconotide concentration did not yield a linear plot. A quadratic fit best describes
the relationship between peak area and modified ziconotide concentration, in this case.

The ratio of the total peak areas of the 3 major fragment ions of modified ziconotide (m/z
716, 900.5, 937.5) to that of the IS (m/z 1004, 1033, 1034) against ziconotide concentration was
also plotted and considered for the determination of LLOQ and LOD. However, using the line
equation for the plot described, the %RSD calculated for 2 of the calibration standards (0.59 and

1.8 uM) failed the FDA acceptance criterion of 15%. There was also no improvement in the
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LOD and LLOQ when the response of product ions of modified ziconotide and IS were used.
This is contrary to what was expected since isolation and fragmentation of a precursor ion should
result to improved signal to noise ratio which helps increase the sensitivity of a method.”” This
improvement, however, is associated with applications involving analyses of compounds in
complex sample matrices where MS/MS facilitates the reduction of chemical noise contribution.

Base peak chromatograms of blank and control solutions for reduction and alkylation are
shown in Figure 3-22. The absence of any distinct peak in the blank chromatogram at the elution
times of the modified conopeptides indicates the absence of possible interference from the blank
solution. The peak that is starting to appear at 6 min in the blank chromatogram corresponds to a
polyethyleneglycol (PEG) contaminant peak. The peak observed in the control chromatogram
corresponds to the unmodified or intact ziconotide. Difference in peak areas observed for the
modified and unmodified ziconotide could be attributed to differences in ionization efficiency
(see Figures 3-18 and 3-22).

Reduction and Alkylation of Ziconotide Plasma Extract

A preliminary analysis of ziconotide extract from blank horse plasma using the reduction
and alkylation method developed was conducted. Extraction of the peptide from blank horse
plasma using a PD-10 desalting column and Cig cartridge was shown to be fairly successful.
Comparison of the total peak area of the +3 (m/z 881), +4 (m/z 661), and +5 (m/z 529) charge
states of intact ziconotide from the actual extract and control solution showed an average percent
recovery of 71.41% + 26.21% for a supplemented concentration of 2.5 pg/mL ziconotide in 1
mL of horse plasma. This average was only from duplicate analysis of both extract and control
solutions. Representative extracted ion chromatograms of the 3 major ions of intact ziconotide

for the extract, control and blank matrix and their respective mass spectra are shown in Figures

95



3-23 and 3-24. A sample of blank horse plasma processed in the same way as the extract
constituted the matrix blank.

The full-scan mass spectra of the extract and control solution showed the +3 and +4 ions of
intact ziconotide as the most abundant ions. The presence of other ions, specifically m/z 627 and
835, was also observed. The masses of these ions when compared to m/z 661 and 881,
respectively, differ by 136 Da. This mass difference could correspond to the loss of 8 ammonia
(17 Da) groups. The acidic conditions used during extraction would easily favor protonation and
cleavage of the amine groups from the 4 lysine and 2 arginine residues, N-terminal and amidated
C-terminal of ziconotide, thus accounting for the loss observed. The pH of peptide or protein
solutions is said to greatly affect unfolding and denaturation.’” The possible unfolding of
ziconotide, in this case, provides access to the basic amine groups for protonation. The presence
of these ions (i.e., m/z 627, 835) in the extracted matrix blank, however, may indicate
contamination.

Results from the HPLC/MS analysis of the reduction and alkylation product of the solid
phase extraction (SPE) extract showed the presence of reduced and alkylated ziconotide (Figures
3-25 and 3-26). However, the response for modified ziconotide was low. Failure to account for
changes in peptide concentration during reduction and alkylation led to the use of the same DTT
and 1AM concentrations as those used during optimization wherein the peptide concentration
was lower than that present in the extract analyzed. The low signal for modified ziconotide
could also indicate the need to optimize reduction and alkylation in the actual sample matrix.

Other ions of significant abundance (i.e., m/z 705, 940) were also present in the mass
spectra of the reduced and alkylated extract. These ions were found to correspond to the

completely reduced and alkylated forms of m/z 627 and 835, respectively, which further lose 2
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water molecules. The m/z of the completely reduced and alkylated species of m/z 627 and 835,
are 714 and 952. The detection of m/z 705 and 940 in the mass spectra of the blank could be due
to contamination.

Conclusion

The reduction and alkylation conditions for ziconotide were systematically optimized. The
reduction conditions were found to be optimal at 10 min and 60 °C with the use of 0.60 mM
dithiothreitol while complete alkylation was achieved with 3.2 mM iodoacetamide at room
temperature for 15 min in the dark. Reduction time had to be adjusted to 20 min when the
internal standard, w-conotoxin GVIA was added to the reaction mixture. The optimized
conditions for alkylation were used for the analysis of a mixture of ziconotide and the IS with the
volume of reagents doubled. Reduction of the disulfide bonds and alkylation of the resulting
sulfhydryl groups eliminate cross-linking and increase the probability of fragmentation during
CID of the conopeptides.

Tandem HPLC/MS/MS analyses of modified ziconotide yielded structurally relevant
fragment ions (i.e.,b and y ions) as compared to that of the intact peptide. The availability of
software such as ProteinProspector’s MS Product software aided in the reliable assignment of
masses to the fragment ions generated. The 3 most intense product ions of the CID of ziconotide
could be used as diagnostic ions for the qualitative and quantitative determination of the
conopeptide.

The limit of quantitation obtained for modified ziconotide, however, restricted the
application of the method to complex sample matrices. Because of the low effective dose of
ziconotide, concentrations of the peptide in biological samples are expected to be in the ng/mL or

pg/mL range. Nevertheless, the feasibility of analyzing ziconotide from blank horse plasma
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extracts supplemented with ziconotide standard using the reduction and alkylation method
developed was tested and positive results were obtained. Ziconotide was detected from the
plasma extract although the intensity of the signal obtained was low compared to what was
actually expected from the amount supplemented. Further optimization of the extraction,
reduction and alkylation methods using plasma samples is recommended to improve product

yield.
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Figure 3-1. Mechanism involved in the reduction of disulfide bridges by dithiols. The dithiol
undergoes deprotonation forming a thiolate anion. The anion then attacks a disulfide
bond, cleaving the disulfide bond in the process and forming sulfhydryl groups.
Overall, the oxidation of the dithiol to the cyclic disulfide facilitates the reduction of
other disulfides in solution. Adapted from Lamoureu, et al.®’
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Figure 3-2. Representation of disulfide bond reduction and alkylation of the resulting sulfhydryl
groups.
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Figure 3-3. Extraction recoveries of ziconotide from ZipTip C;g pipette tips using various
elution solvents. Mixtures of acetonitrile and water with 0.02% TFA constituted the
solvents. The 0.02% TFA in 50:50 ACN: H,0 elution solvent exhibited a higher but
comparable extraction recovery with 0.02% TFA in 25:75 ACN: H,0. The data are
an average of 7 separate extractions and error bars represent standard deviation of the
extractions.
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Z — ZHZn E— ZH(2n-x)Ax

n: number of disulfide bonds reduced
x: number of carbamidomethylated cysteine residues
A: carbamidomethyl group

Figure 3-4. Representation of the net reactions for the reduction and alkylation of ziconotide .
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Table 3-1. The m/z of the various charge states of ziconotide after reduction of its disulfide

bonds.
Ave. MW  Charge State m/z of Added Mass m/z of CfS"af'tler Reduction
of 7 (CS) CS per -S-S- of "X" -S-S-

Reduced 1 2 3
2639.1 1+ 2640.1 2.02 2642.2 2644.2 2646.2
2+ 1320.6 1321.6 1322.6 1323.6
3+ 880.7 881.4 882.1 882.7
4+ 660.8 661.3 661.8 662.3
5+ 528.8 529.2 529.6 530.1

X: number of disulfide bonds -S-S-: disulfide bond

m/z of CS = (Ave. MW of Z + CS*1.01)/CS
m/z of CS after reduction = (m/z of CS*CS + 2.02*X -S-S- reduced)/CS

Table 3-2. The m/z of the oxidation products of the various ions of intact and reduced

ziconotide.
m/z after
CS m/z of Oxidation m/z of CS after Reduction of "X" -S-S- and Oxidation
CS Add'n Add'n of Additionof 1 O Additionof 2 O
of 10 20 1 2 3 1 2 3

1+ 2640.1 2656.1 2672.1 2658.2 2660.2 2662.2 26742 2676.2 2678.2
2+ 13206 1328.6 1336.6 1329.6 1330.6 1331.6 1337.6 1338.6 1339.6
3+ 880.7 886.1 891.4 886.7 887.4 888.1 892.1 892.7 8934
4+ 660.8 664.8 668.8 665.3 665.8 666.3 669.3 669.8  670.3
5+ 528.8 532.0 535.2 532.4 5329 533.3 535.6 536.1 536.5

X: number of disulfide bonds -S-S-: disulfide bond O: oxygen

m/z of CS after addition of 10 = (m/z of CS*CS + 16)/CS

m/z of CS after addition of 20 = (m/z of CS*CS + 32)/CS

m/z of CS after reduction and addition of 10 = (m/z of CS*CS + 2.02*X -S-S- reduced + 16)/CS

m/z of CS after reduction and addition of 20 = (m/z of CS*CS + 2.02*X -S-S- reduced + 32)/CS
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Figure 3-5. Response of the various products of ziconotide reduction with increasing DTT:Z
molar ratio. Reduction of 2.95 uM ziconotide was conducted for 30 minutes at 60°C.
There was no statistical difference in the peak areas for the triply- and doubly-
reduced peptide but lower response was observed for the oxidized product at higher

DTT: Z molar ratios. The data are an average of 6 replicate analyses and error bars
represent standard deviation of the measurements.
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Figure 3-6. Response of reduced and oxidized ziconotide with increasing reduction times.
Average (n = 6) peak areas of the completely reduced ziconotide for 5, 10 and 30
minutes showed no significant difference but contribution from the oxidized product

was minimal at 5 and 10 minutes. Error bars represent the standard deviation of the
replicates.
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Figure 3-7. Response of reduced and oxidized ziconotide with increasing reduction
temperatures. Good yields of the desired product were observed at 60 and 75°C but
the least amount of side products was obtained at 60°C. The data are an average of 6
replicate analyses and error bars represent standard deviation of the measurements.
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Figure 3-8. Response of reduced and oxidized ziconotide at 10- and 30-minute reduction times
with increasing DTT concentrations. Responses (n = 6) of the triply-reduced
ziconotide at 10- and 30-minute reduction times were statistically different while
there were no significant difference at various DTT concentrations. There was no
interaction between the two variables based on statistical analysis.
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Figure 3-9. Base peak chromatogram of the various products of ziconotide reduction. Reduction

was carried out with 0.60 mM DTT

for 10 min at 60 °C, the optimum conditions

determined. Peaks a, b, and ¢ correspond to mass spectra A, B and C, respectively.

RT: retention time, MA: manually i

ntegrated area
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Figure 3-10. Full-scan mass spectra of reduced and oxidized ziconotide(A-C). The average
molecular mass of the oxidation product corresponds to the addition of 16 Da to the
mass of a singly-reduced peptide. A gradient of 2-60% B in 20 min was used to
resolve the various products.
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Table 3-3. The m/z of the various charge states of ziconotide after reduction and alkylation of its

disulfide bonds.
m/z of m/z of CS after Reduction m/z of CS after Addition
CS S of "X" -S-S- of "Y" IAM
1 2 3 2 4 6

1+ 2640.1  2642.2 2644.2 2646.2 2756.3 2872.4 2988.6
2+ 1320.6 13216 1322.6 1323.6 1378.7 1436.7 1494.8
3+ 880.7 881.4 882.1 882.7 919.4 958.2 996.9
4+ 660.8 661.3 661.8 662.3 689.8 718.9 747.9
5+ 528.8 529.2 529.7 530.1 552.1 575.3 598.5

X: number of disulfide bonds -S-S-: disulfide bond

Y: number of carbamidomethyl moieties

m/z of CS after reduction = (m/z of CS*CS + 2.02*X -S-S- reduced)/CS

m/z of CS after alkylation = (m/z of CS after reduction*CS + 57.06*Y IAM added)/CS

Table 3-4. The m/z of the oxidation products of the various ions of reduced and alkylated

ziconotide.
cs m/z of CS after Addition m/z of CS after Addition of "Y" IAM and Oxidation
of "Y" IAM Addition of 1 O Addition of 2 O
2 4 6 2 4 6 2 4 6

1+ 2756.3 28724 2988.6 27723 2888.4 30025 2788.3 29044 30185
2+ 1378.7 1436.7 14948 1386.7 144477 1502.8 1394.7 1452.7 1510.8
3+ 9194 958.2 996.9 9248 9635 1002.2 930.1 968.8 1007.5
4+  689.8 718.9 747.9 693.8 7229 7519 6978 726.9 7559
5+ 552.1 575.3 598.5 555.3 5785 6017 5585 581.7 6049
Y: number of carbamidomethyl moieties
m/z of CS after alkylation = (m/z of CS after reduction*CS + 57.06*Y IAM added)/CS
m/z of CS after alkylation and addition of 10 = (m/z of CS after reduction*CS + 57.06*Y |IAM
added + 16)/CS
m/z of CS after alkylation and addition of 20 = (m/z of CS after reduction*CS + 57.06*Y |IAM
added + 32)/CS
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Figure 3-11. Average peak area (n = 6) for the reduction and alkylation products of ziconotide at
increasing alkylation times. Responses for the completely reduced and alkylated

product at various alkylation times were comparable. Error bars represent standard
deviation of the replicates.
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Figure 3-12. Response of the side products of modified ziconotide at different alkylation times.

Contribution from the TFA adduct of the oxidation product of modified ziconotide
was highest at 60 min. but its signal was irreproducible.

112



200
B [ZA4+4H]4+

B [ZA6+3H]3+, [ZA6+4H] 4+,
ZA6+5H] 5+

B [(ZA6+0)+4H]4+

150 +

O[(ZA6+0O+TFA)+4H]4+

100

Peak Area x 10*

A
o

21 30 60
Alkylation Temperature, °C

Figure 3-13. Response of the various ions of reduced and alkylated ziconotide at different
alkylation temperatures. There was no significant difference in the peak areas (n = 6)
obtained for the major product at the temperatures evaluated. Response at 30 °C
seemed higher than at room temperature but the greater variability in signal resulted
to the choice of room temperature for alkylation. Error bars represent SD.
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Figure 3-14. Response of the side products of modified ziconotide at various alkylation
temperatures. The average peak area for [ZA,+4H]*" at 30 °C was also variable. The
TFA adduct of [(ZA+0)+4H]*" was only observed at 60 °C.
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Figure 3-15. Average peak areas (n = 6) of the triply-reduced and alkylated ziconotide with
increasing IAM: Z molar ratios at 15- and 60-min. alkylation times. The responses
were not significantly different at various IAM: Z molar ratios and at the alkylation
times considered. Results from two-way ANOVA did not indicate interaction
between the two variables.
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Figure 3-16. Signal contributions of the side products of ziconotide modification with increasing
IAM: Z molar ratios at 15- and 60-min. alkylation times. The responses (n = 6) for
[ZAs+4H]* and [(ZAs+O)+4H]** were low and not significantly different at various
IAM: Z molar ratios and at the alkylation times considered. Response for
[(ZAs+O+TFA)+4H]*" was generally variable and its highest contribution was
observed at the highest IAM concentration used. Variability of this data was also the
highest. Error bars represent standard deviation.

116



200

W [ZA6+4H]4+
W [ZA6+3H]3+, [ZA6+4H]4+,
150 [ZA6+5H]5+
< H [(ZA6+0)+4H]4+
E O [(ZA6+O+TFA)+4H]4+
g 100
<
X
8
o
50
0 —=
no NH40H, with NH40H, with NH40H,
with TFA no TFA with TFA

Figure 3-17. Response comparison of the major and side products of modified ziconotide with
and without the addition of NH;OH to enhance alkylation efficiency and the addition
of TFA to quench the reaction. The data are an average of 3 replicate analyses and
error bars represent standard deviation of the measurements.
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Figure 3-18. Extracted ion chromatograms of the +4 charge states of the reduced and alkylated
ziconotide (top) and w-conotoxin GVIA (bottom). These data correspond to initial
concentrations of 1.8 uM for ziconotide and 0.66 uM for w-conotoxin GVIA.
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Figure 3-19. Full-scan mass spectra of the modified conopeptides, ziconotide (top) and ®-
conotoxin GVIA (bottom). The +4 charge states of the completely reduced and
alkyalted conopeptides were the most aboundant ions. The +3 and +5 ions of the
modified conopeptides were also present. The doubly-reduced and alkylated
ziconotide ([ZAs+4H]*, [ZA4+3H]*") and the oxidation product of the completely
modified ziconotide were also observed in its mass spectrum. Insets show the
isotopic distributions of the +4 ions of the modified ziconotide and w-conotoxin
GVIA.
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Figure 3-20. Full-scan MS/MS spectra of the +4 ions of modified ziconotide at m/z 748 (top)and
w-conotoxin GVIA at m/z 848 (bottom). Product ions matching the theoretical
product ions proposed for the peptides are labeled in red and marked with red stars;
those in black and marked with black stars correspond to more than one product ion.
The observed b and y ions are also shown in the amino acid sequences.
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Figure 3-21. Graphical representation of the area ratio of the +4 ions of modified ziconotide to
®-conotoxin GVIA versus ziconotide concentration. The data are an average of two
separate extractions and the error bars represent standard deviation of the duplicate
extractions. The line equation and standard deviation of the slope and y-intercept are
shown.
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Table 3-5. Precision and accuracy of calibration standards for the analysis of reduced and
alkylated ziconotide.

[Ziconotide] Amt. on Column  Peak Area Calculated [Z] % Relative  %RSD
uM ng of m/z 748/848 uM Error
0.035 0.15 nd
0.059 0.25 0.03704*
0.12 0.50 0.07935 0.118 -0.39 4.6
0.59 2.5 0.8152 0.593 1.9 14.7
1.2 5.0 1.757 1.22 53 16.3
1.8 7.5 2.505 1.70 -2.4 0.9
® nd: not detected *SIN< 10

vol. of alkylation
® Amt. on Column = [Z] x Z sol’n vol. x reduction mix vol. X mix extracted X injection vol. x MW of Z x 1/1000

total vol. of total vol. of total vol. of
reduction mix  alkylation mix extract

® Amt.on Column = 0.12pmol x 30pL x 60pL x 30pL x 10pL x 2639.13pg x 1ng
pL 100 pL 84 uL 40 uL pmol 1000 pg

® A 100 percent recovery at each step of the extraction was considered when the amount of peptide on column
was calculated.
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Figure 3-22. Representative base peak chromatograms of reduction and alkylation blank (top)
and control (bottom) solutions. The blank contained all components of the reduction
and alkylation mixture except the conopeptides while the control contained all
reagents used in the modification except DTT and IAM. Only the time window
where the modified conopeptides eluted is shown. The peak that is starting to appear
at 6 min in the blank chromatogram corresponds to PEG contaminant. The peak in
the control chromatogram corresponds to the unmodified ziconotide.
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Figure 3-23. Extracted ion chromatograms (EIC) of the 3 major ions of intact ziconotide for the
(A) Cyg solid phase extraction (SPE) extract, (B) control and (C) matrix blank. A 1-
mL blank horse plasma supplemented with 2.5 pg ziconotide and diluted to 2.5 mL
with 0.5% HACq) Was loaded onto a PD-10 desalting column. The low MW eluate
was then loaded onto a pre-conditioned C;g SPE cartridge and eluted with 1% HAc in
40:60 MeOH: H,0. The extract was dried and the residue was dissolved in 100 pL of
degassed, deionized water. An aqueous solution containing 1.5 pg of ziconotide
added to 3 mL of 1% HAc in 40:60 MeOH: H,O and processed identically as the
extract comprised the control solution. The peaks at 4.65 and 4.62 min correspond to
oxidized ziconotide. RT: retention time, MA: manually integrated area
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Figure 3-24. Full-scan mass spectra of the major peaks in the EIC of (A) ziconotide SPE extract,
(B) control and (C) matrix blank. The most abundant ions in the mass spectra of the
extract and control solution correspond to the +3 and +4 charge states of ziconotide.
lons corresponding to loss of 136 Da from m/z 661 and 881 were also observed. The
presence of these ions in the mass spectrum of the blank could indicate
contamination.
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Figure 3-25. Extracted ion chromatograms of the 3 major ions (m/z 599, 748, and 997) of
reduced and alkylated ziconotide from plasma extract (top) and matrix blank
(bottom). A supplemented concentration of 2.5 pg/mL ziconotide in 1 mL of horse
plasma was extracted, reduced and alkylated, then analyzed. Peak for the modified
ziconotide was detected but its response was low.
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Figure 3-26. Full-scan mass spectra of modified ziconotide from plasma extract (top) and matrix
blank (bottom). The +3 and +4 charge states of the completely reduced and alkylated
ziconotide were present in the mass spectra of the extract. The presence of ions at
m/z 705 and 939 in the mass spectrum of the blank could be due to contamination.
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CHAPTER 4
DEVELOPMENT OF A STABILITY-INDICATING METHOD FOR ZICONOTIDE IN
COMMERCIAL-TYPE FORMULATIONS

Introduction

The limited sensitivity of the reduction and alkylation procedure employed with the high
performance liquid chromatography (HPLC)-electrospray ionization (ESI)-mass spectrometry
(MS) method for detecting modified ziconotide, described in the last chapter, led us to pursue the
development of a stability-indicating assay for intact ziconotide in commercial-type
formulations.

In order to establish that the performance characteristics of the HPLC-ESI-MS method
developed were reliable and suitable for the analysis of intact ziconotide, the method had to be
validated. The Biopharmaceutics Coordinating Committee in the Center for Drug Evaluation
and Research, in cooperation with the Center for Veterinary Medicine at the Food and Drug
Administration (FDA), has prepared a guidance for industry document that provides general
recommendations for bioanalytical method validation.>® The important parameters in a
validation study include accuracy, precision, sensitivity, selectivity, reproducibility and
stability.>

Accuracy describes the closeness of the measured value (M,) to the true value (T,) (i.e.,
concentration) and is often reported as percent relative error or % RE (see equation below).** "3

% RE = [(M, - T\)/T,] x 100 (4-1)
Precision, on the other hand, describes the closeness of the results obtained from replicate
measurements. It is commonly expressed as the percent coefficient of variation (%CV) or

percent relative standard deviation (%RSD) (see Equation 4-2).%% 3

% CV = %RSD = (SD/ X ) x 100 (4-2)
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where SD: standard deviation and X : mean

The guidance document recommends analyzing a minimum of three concentrations within
the method’s linear dynamic range, with at least five replicates per concentration, to determine
accuracy and precision.” The mean value for each set of quality control (QC) samples should

have a difference of < 15% from the actual value except at the lower limit of quantitation

(LLOQ), where a deviation of <20% is allowable.”™ At least 67% of the QC samples should

satisfy the acceptance criteria for the analysis to be considered successful.

Accuracy and
precision during a single run are assessed as intra-day statistics while values from analyses
performed on different days are considered as inter-day statistics.

The highest and lowest concentrations that can be determined with acceptable accuracy
and precision define the limits of quantitation (LOQ) or working dynamic range of an analytical
method.>® ® The acceptance criteria are set at < 20% for LLOQ and < 15% for the upper limit of
quantitation (ULOQ).> The limit of detection (LOD) is the lowest concentration or weight of
analyte that can be detected at a known confidence level.** " A simplified definition of this
limit which is often encountered in literature is the analyte concentration with a signal to noise
ratio (S/N) of at least three.”

A selective analytical method allows for the differentiation and quantitation of an analyte
in the presence of other components in the sample.>® ™ A method is said to be sensitive if it can
detect small differences in analyte concentration or if small changes in concentration produce
great changes in the response function.”®> ”® Chemical stability refers to the extent to which a
compound retains its chemical integrity.” Environmental factors such as temperature, light, air
and humidity influence stability as well as other factors like nature of the container, pH of the

solution and presence of other chemicals.”™ "
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The effects of harsh oxidative conditions like exposure to high temperature and presence of
oxygen on the degradation of ziconotide were investigated in the work reported in this chapter.
The conditions chosen were aimed at simulating actual situations to which ziconotide drug
formulations might be exposed during transit by personnel who are unaware of the stability
considerations for the drug. In the commercially available Prialt formulation of ziconotide (25 or
100 pg/mL) which contains I-methionine as a protective oxygen scavenger at a concentration of
50 pg/mL, one of this formulation’s identified degradation pathways involves oxidation of its
methionine residue.”® As discussed in Chapter 2, methionine is first oxidized to its sulfoxide and
under strong oxidizing conditions, to a sulfone.”’

Stability studies on ziconotide drug formulations or admixtures with other analgesics have
employed HPLC with ultraviolet-visible (UV-Vis) spectrophotometry for ziconotide detection.>®
" In these studies, stability was defined as the time period during which the samples retained at
least 90% of the initial ziconotide concentration. Generally, 90% of the labeled potency is
recognized as the minimum level of acceptable potency for drugs.’

UV-Vis spectrophotometric detection relies on the absorption of light by certain functional
groups known as chromophores.®® The lesser degree of specificity associated with assigning
structures based on their retention times and UV-Vis absorption maxima prompted us to evaluate
HPLC-ESI-MS as a stability-indicating method for ziconotide analysis. Mass spectrometry
enhances detection specificity through its ability to identify structures based on mass-to-charge
(m/z) ratios and mass shifts following modification.

The validation of an ESI-HPLC-MS method and its application to the analysis of

ziconotide solutions similar in composition to the commercial drug formulation are discussed in
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the sections that follow. Calculations involved in determining the rate constant of degradation
ofziconotide at 50 °C are also presented and discussed.
Experimental Section

Chemicals and Reagents

The conopeptides, w-conotoxin MVIIA (0.1 mg, > 95% purity by HPLC) and w-conotoxin
GVIA (0.1 mg, 98.3% purity by HPLC), and the amino acid L-methionine (BioChemika Ultra
division) were purchased from Sigma-Aldrich (St. Louis, MO). Glacial acetic acid (HAc),
trifluoroacetic acid (TFA), sodium hydroxide (NaOH) pellets, hydrochloric acid (HCI),
isopropanol (IPA) and HPLC-grade acetonitrile (ACN) were obtained from Thermo Fisher (Fair
Lawn, NJ). A sterile, preservative-free, saline solution (0.9% w/v sodium chloride) was acquired
from Baxter Healthcare Corporation (Deerfield, 11). Water used for solution preparation was
purified by RiOs™ reverse osmosis and Milli-Q polishing systems (Millipore, Billerica, MA).
Water used for peptide solution preparation was also vacuum-degassed to remove dissolved
oxygen in order to minimize possible oxidation of ziconotide.

Method Validation

Quality control samples at concentrations of 0.06, 0.6, and 6 ng/pL (n = 5) were analyzed
with each of the 6 calibration curves discussed in Chapter 2. Eleven calibration standards with
ziconotide concentrations ranging from 0.05 to 10 ng/uL, and containing 1 ng/uL of the internal
standard (1S), m-conotoxin GVIA, were included in each calibration curve. The intra- and inter-
day accuracy and precision of the optimized HPLC-ESI-MS method for intact ziconotide were
evaluated from the results of the QC samples and the 6 calibration curve runs. Results from

analyses conducted within 24 hr constituted the intra-day statistics while those from six
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independent experiments constituted the inter-day statistics. Concentrations were calculated from
the equation of the line derived from the corresponding calibration curve.
Effect of Time in Autosampler Rack on Ziconotide Stability in Simple Solution

The effect of time spent in the autosampler (thermostatted to12 °C) on the concentration of
ziconotide was determined to assess for post-preparative stability. The formation of degradation
products was also monitored. The calibrators and quality control samples were recapped at the
end of the first set of injections and those from the first 3 sets of calibration curves were re-
analyzed after sitting in the autosampler for 12 hr while those from the last 3 sets were re-
analyzed after 24 hr.

Effect of Harsh Oxidative Conditions on Ziconotide Stability in Commercial-type
Formulations

A ziconotide solution similar in composition to the commercially available drug
formulation, Prialt® (Elan Pharmaceutical, Inc.), was prepared and used for evaluating the effect
of harsh oxidative conditions on the degradation of ziconotide. Prialt® is formulated as a sterile,
preservative free, isotonic solution for intrathecal administration.” Prialt has to be delivered
directly to the spinal fluid via an external or implanted pump due to the potential adverse effects
of intravenous administration.® A 20 mL vial of Prialt® contains 25 pg/mL of ziconotide
acetate, 50 pg/mL of L-methionine (a protective oxygen scavenger) and 9 mg/mL of sodium
chloride with the pH adjusted to between 4.0 and 5.0.°% "®

L-methionine (5 mg) was first dissolved in sterile, preservative-free 0.9% (w/v) saline
solution to prepare a 50 pg/mL methionine solution. Preparation of the test solution involved
dissolution of 0.1 mg ziconotide standard in 4.0 mL of sterile, preservative-free 0.9% (w/v)

saline solution containing 50 pg/mL L-methionine. The pH of the solution was adjusted to 4.0-

5.0 with the addition of a drop of 0.01 M HCI. An aseptic technique that involved wiping the

132



opening of a container with an alcohol (70% IPA) swab prior to solution transfer was conducted
to prevent bacterial contamination. Sampling and appropriate dilution of the test solution to 0.5
ng/uL ziconotide were performed within minutes of preparation to determine the initial
ziconotide concentration. A fixed amount of the IS was added to the test solution samples to
achieve a final concentration of 1 ng/uL in solution. The solution was diluted with 0.1 % HAc:
0.01% TFA in 1:99 ACN: H,0. Concentration of ziconotide in this sample was quantified
against a calibration curve determined using 9 standards ranging in concentration from 0.05 to
0.60 ng/uL. Quality control samples at concentrations of 0.10, 0.30 and 0.50 ng/uL were
prepared in duplicate and analyzed with the calibration curve.

Using aseptic technique, 250 pL aliquots of the test solution were pipetted into limited
volume glass inserts with polypropylene bottom spring (Restek, Bellefonte, PA). The inserts
were then placed in 4-mL amber screw thread vials (Fisher, Fair Lawn, NJ) and tightly capped
with poly(tetrafluoroethylene) or PTFE/silicone closures 13-425 (Fisher, Fair Lawn , NJ). Vials
were placed in a calibrated Robbins Scientific hybridization oven model 1000 (SciGene,
Sunnyvale, CA) set at 50.0 °C + 0.2 °C. The glass insert top is designed to be flush with the vial
cap. The inserts used in this experiment were smaller than those specified for the vial size,
leaving the ziconotide solution in contact with 4.21 to 4.34 cm® of air. The volume of air inside
the vials was approximated using the volume displacement method. The volume of water
displaced by the glass insert and the volume of ziconotide solution in the insert were subtracted
from the volume of water in the vial to determine the volume of air.

Vials were removed from the oven at the following time points: 0.5, 1, 2, 4, 6, 8, 16, 24,
48, 72, 96, 120, 144, 168 and 192 hr. The vials were allowed to cool for 5 min before aseptically

transferring five 10-uL aliquots into five separate 2 mL plastic microcentrifuge tubes (Thermo
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Fisher, Fair Lawn, NJ) containing 440 pL of 1:99 ACN: water with 0.1% HAc: 0.01% TFA.
The centrifuge tubes were placed in a refrigerator kept at 5 °C until sample collection and
dilution for the vial kept in the oven for 48 hr were completed. Aliquots from a zero hr sample
vial were also diluted, refrigerated and submitted for HPLC-MS analysis like the other samples.
A fixed amount of the IS was added to each sample before analysis to achieve a final
concentration of 1 ng/pL.

HPLC-ESI-MS/MS Analysis

A Surveyor Autosampler/HPLC system interfaced to a Thermo Finnigan (San Jose, CA)
linear ion trap (LTQ) mass spectrometer equipped with an electrospray ionization source (ESI)
was employed for LC/MS analyses. The same instrument was used in the studies reported in
Chapters 2 and 3. Chromatographic separation was achieved with a Jupiter Proteo C;, column (2
x 150 mm, 4 pm particle size, 90 A pore size) from Phenomenex (Torrance, CA) with a Security
Guard™ cartridge (4 x 2 mm, C;,) to protect the analytical column. The column was set to 30
°C while the autosampler was maintained at 12 °C. Gradient elution with 0.1% HAc: 0.02%
TFA in water as solvent A and 0.1% HAc: 0.02% TFA in acetonitrile as solvent B, with solvent
B raised from 2 to 70% in 9 min was carried out. This was followed by a 6.5 min column
equilibration to initial solvent composition. A flow rate of 200 uL/min was used. Using the
partial loop injection mode, 10 pL of the sample was loaded into the column. External and
internal syringe needle washes with 0.1% HAc: 0.01% TFA in 50:50 ACN: water were
incorporated in the autosampler method to eliminate carry-over.

Electrospray ionization in the positive mode was employed. The spray needle voltage was

set at 3.75kV while the capillary voltage was at 45 V. The capillary temperature was maintained
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at 300 °C. Sheath gas flow was set to 40 and that of the auxiliary gas to 20 arbitrary units. The
use of auxiliary gas was found to lessen the contribution of TFA adducts.

The LTQ mass spectrometer was set to acquire for 10 min. Sample from the
chromatographic column during the first 2 min and last 0.5 min was diverted to waste. The LTQ
was programmed for full-scan MS then full-scan MS/MS (m/z 500 — 1600) of m/z 661 and m/z
760, the quadruply-charged ions of ziconotide and w-conotoxin GVIA, respectively. The
precursor ion isolation width in full-scan MS/MS mode was set to 3 m/z with collision energy at
35% and activation energy (q) at 0.250.

MS Data Analysis

Extracted ion chromatograms (EICs) for the various ions of ziconotide and the internal
standard, o-conotoxin GVIA were generated using the Xcalibur software (Thermo Scientific,
San Jose, CA). Chromatograms were processed using a 3-point boxcar smoothing calculation.
The peaks for the various charge states of ziconotide and the IS, as well as that of oxidized
ziconotide, were manually integrated to determine the area for each. The sum of the
contributions of the +3 and +4 ions of oxidized ziconotide was used for its EIC. The ratio of the
peak area of the +4 ion of ziconotide to that of the IS was plotted against ziconotide
concentration. Weighted least squares linear regression (WLSLR) analysis was used for data
fitting, with 1/x? as the weighting scheme of choice.**** GraphPad Prism® Version 5.01 was
used for data processing.

Results and Discussion
Intra- and Inter-day Accuracy and Precision of Quality Control (QC) Samples

The intra- and inter-day accuracy and precision of quality control samples at ziconotide

concentrations of 0.06, 0.6 and 6 ng/pL (n =5) analyzed with each of the 6 calibration curves
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shown and discussed in Chapter 2 are summarized in Table 4-1. All the QC samples for the six
analyses performed yielded %RSDs < 7.3% and %REs < 5.4% except for the 0.06 ng/uL QC in
calibration curves 4 and 5 which yielded 12% and 11% absolute relative error, respectively. The
higher %REs obtained for the QCs mentioned were due to inclusion in the calculations of a
replicate not satisfying the acceptance criterion for %RE of < 15% for the purpose of data set
completeness. The inter-day statistics also exhibited very good agreement among all 30 replicate
measurements of QC samples (%RSD < 6.5); the concentrations calculated were very close to
those of the nominal, as well (% absolute RE < 5.0). Overall, the results of the analysis of QC
samples and calibrators signify the accuracy, precision and robustness of the HPLC-ESI-MS
method developed for the analysis of intact ziconotide.
Post-Preparative Stability of Ziconotide

The post-preparative stability of ziconotide standards and quality control samples after
remaining in the autosampler (thermostatted to 12 °C) for 12 and 24 hr were evaluated. The first
three calibration curves used for method validation were re-analyzed 12 hr after initial analysis
while the last three curves were re-analyzed after 24 hr. The slopes of the curves from the time-
delayed analysis were lower than those analyzed immediately (Table 4-2). This decrease can be
attributed to the lower peak areas of ziconotide in the re-injected samples and slight changes in
the IS response. The precision and accuracy of all the calibrators and QC samples still pass the
FDA criteria of < 15%, even at the LLOQ, signifying that ziconotide prepared in 1:99 ACN:
water with 0.1% HAc: 0.01% TFA remains stable for at least 24 hr at 12 °C.

Tables 4-3 and 4-4 summarize the results for the time-delayed analysis of the calibration
standards and quality control samples, respectively. The low %RSDs and % REs obtained for

the calibrators were comparable to those of the calibration curves analyzed immediately. The
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slightly higher %RSDs obtained for the re-injected QCs can be attributed to the oxidation of
ziconotide over time. A comparison of the response of oxidized ziconotide from quality control
samples which were analyzed immediately and those with time delays in the analysis is shown in
Figure 4-1.

Effect of Harsh Oxidative Conditions on Ziconotide Degradation

The validated method was then used to evaluate the degradation of ziconotide in a test
solution similar in composition to the commercially available drug formulation. Aliquots of the
test solution in smaller glass inserts placed in 4-mL, capped vials were exposed to harsh
oxidative conditions (i.e., temperature of 50 °C, presence of atmospheric oxygen) and removed
from storage at various times for analysis. Samples were diluted fifty-fold in 1:99 ACN: H,O
with 0.1% HAc: 0.01% TFA and stored at 5 °C before analysis at the end of the second day.
Sampling was continued until 192 hr for the initial run and 144 hr for the repeat experiment due
to the limited sample available.

Ziconotide concentrations in the samples were quantified against a calibration curve from
0.05to 0.6 ng/uL. The undiluted ziconotide concentrations were obtained from the average
calculated concentrations (n =5, 9 or 10) with the use of appropriate dilution factor. These were
divided by the initial ziconotide concentration which was obtained from a sample analyzed right
after preparation of the test solution. The resulting percentages of initial concentration were
plotted against storage time using an exponential function (Figure 4-2), specifically at 0.5, 1, 2,
8, 16, 24, 48, 96, 120, and 144 hr. Only those time points with n =9 or 10 were included in the
plot. Q-test at 95% confidence level was performed to determine if a certain replicate would be
excluded. The rate constant for the degradation of ziconotide at 50 °C was determined from k

and it was found to be 4.8 + 0.8 x 10%/hr. The time during which the samples retained at least
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90% of the initial ziconotide concentration was determined from the intersection of the lower and
upper 95% confidence limit (CL) and 90% ziconotide and this was found to be approximately
equal to 17 to 48 hr. The 95% confidence limit takes into account the uncertainty associated
with the measurements made.” This result indicates that it would take 17 to 48 hr of exposure at
50 °C for the concentration of a 25 pg/mL ziconotide solution to be reduced to 90% of the initial,
which is generally recognized as the minimum acceptable potency level for a drug. Table 4-5
summarizes the results of monitoring the changes in ziconotide concentration in test solution
samples exposed to harsh oxidative conditions at various times. The test solution initially
contained 25 pg/mL of ziconotide and 50 pg/mL of L-methionine in sterile, preservative-free
0.9% saline solution with pH adjusted to between 4.0 and 5.0. Calculations were based on the
measured initial concentration.

Assuming a first-order rate of decomposition for ziconotide, a plot of the natural logarithm
(In) of the undiluted ziconotide concentration in molarity versus time was constructed (Figure 4-
3). The test solutions had to be diluted for analysis but their original concentrations were used
for plotting. Figure 4-3 shows several points lying on or near the straight line that described the
relationship between In ziconotide concentration and time. This supports the assumption that the
degradation of ziconotide could be a first-order or pseudo first-order reaction. The slope of this
plot is the negative of the rate constant (k) of the reaction of interest.”” Therefore, the rate
constant for the degradation of ziconotide at 50 °C was determined to be 4.9 + 0.7 x 10°%hr. This
value agreed well with the rate constant obtained from the exponential plot, 4.8 + 0.8 x 10/hr.
The possibility that the degradation of ziconotide could be a pseudo first-order reaction as well is

supported by having an excess of L-methionine in solution. Performing the experiment with a
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higher concentration of L-methionine would help establish if the rate of degradation of
ziconotide is affected by the amount of L-methionine present in solution.

Using the equation for the half-life (t1,) of a first-order reaction (see Equation 4-3) and the
rate constant obtained, the half-life of the degradation of ziconotide was calculated to be 141 hr.
The time it takes for the percentage of initial ziconotide concentration to reach 50% was
estimated from the intersection of the lower and upper 95% CL and 50% ziconotide (Figure 4-4)
and was found to be approximately equal to 120 — 214 hr. Data for time points 168, 192 and 216
hr were calculated using the line equation for the % of initial ziconotide concentration vs. time
(Figure 4-2) and included in the plot shown in Figure 4-4 to extend the 95% CL band for
extrapolating the time when 50% of the initial ziconotide concentration had been reached. The
calculated half-life value of 141 hr is within the range of half-life values estimated from the
intersection of the lower and upper 95% confidence limit and 50% of initial ziconotide
concentration. This comparability in half-life values also supported the assumption that the
degradation of ziconotide could be a first-order or pseudo first-order reaction. The wide range of
values obtained was a result of taking the average of the measurements from 2 separate
experiments which were conducted several months apart. Effort was undertaken to repeat the
exact conditions in the initial experiment but comparison of the results from the 2 experiments
suggested that an underlying instrumental or solution preparation condition could account for the
differences observed.

ti2 = In 2/k (4-3)

In order to estimate the effect of temperature on the shelf-life of a material, Qar is

calculated (Equation 4-4).”° The Q,r value is a multiplier or divisor used to estimate the changes

in the reaction rate constant with changes in temperature (AT). The estimate that for every 10°C
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decrease in storage temperature, the shelf-life doubles is based on Qa1 calculations, for instance.
However, this statement is only true if the activation energy (E,) of the reaction(s) that causes

|.76

degradation is 15 kcal/mol.” The activation energy for many chemical processes involved in the

degradation of a drug substance or product is typically within the range of 10 to 25 kcal/mol.” &
Qat = exp [Eo/RT (AT/T + AT)] (4-4)

where R: universal gas constant, 1.987 cal/deg mole
T: temperature (in Kelvin) whose effect is being investigated

The stability of ziconotide at room temperature and at various activation energies was
determined from calculations involving Qr and published stability data for ziconotide stored in
naive pumps at 37 °C (Table 4-6).”” Naive pumps are pumps that have not been exposed to
ziconotide. These results were compared to calculations performed on stability data at 50 °C
which were obtained from the experiment described in this chapter (Table 4-7). Since the
activation energy of the reaction involved in the degradation of ziconotide is not known,
calculations were carried out at activation energies of 10, 15, 20 and 25 kcal/mol. The room
temperature used in Qar calculations is the designated controlled room temperature which is 25
OC.81

The stabilities of ziconotide at room temperature obtained from data for a diluted 25 pg/mi
ziconotide formulation at 37 °C turned out to be greater than those calculated using the
experimental stability data at 50 °C. The stability at room temperature for a degradation reaction
with E, of 25 kcal/mole calculated from data at 37 °C, for example, is 59 days compared to 12 -
35 days if calculations were based from stability data at 50 °C. Comparison of these values
yielded an absolute relative error of 44-80%. This difference in results could be attributed to the

variability of the results obtained and the possible effects of temperature on peptide
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conformation which may result in non-Arrhenius behavior.®* The prediction of shelf-life using
results from stability studies conducted at high temperatures tends to be complicated more by the
effect of temperature on protein conformation. Reliance on stability studies carried out at the
recommended storage conditions, therefore, is often required for establishing the expiry of
biotechnology-derived products.®? The calculations performed in this chapter involving rate
constants and Qs are based on the assumption that the system under study follows the
Arrhenius equation. The Arrhenius equation (Equation 4-5) defines the relationship between the
rate at which a reaction proceeds and its temperature.”
k= Aexp “E¥RD where k: rate constant (4-5)
A: pre-exponential factor or frequency factor
E.: activation energy

R: universal gas constant, 8.314 x 10°® kJ/mol K
T: temperature in Kelvin

When the corresponding 90% stability at 50 °C was calculated at various activation
energies using the published stability data at 37 °C, a fair agreement between one of the
experimental and calculated results at activation energy of 25 kcal/mol was obtained (Table 4-8).
Comparison of the calculated and experimental 90% stabilities, 3 vs. 0.71 to 2.0 days,
respectively, yielded an absolute relative error of 31 to 75%. This result could indicate that the
activation energy for the reaction involved in the degradation of ziconotide at 50 °C is
approximately 25 kcal/mol or greater.

A peak that elutes at the same time as oxidized ziconotide was detected on the
chromatograms of the test solution samples. Figure 4-5 shows the extracted ion chromatograms
for ziconotide, its oxidized form and the internal standard, m-conotoxin GVIA, for the test

solution stored at 50°C for 144 hr while their mass spectra are presented in Figure 4-6. The mass
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spectra of the early eluting peak confirmed the presence of oxidized peptide. A mass shift of 16
daltons (Da) was observed for both the +3 and +4 charge states of ziconotide. The addition of 16
Da in mass is commonly associated to oxidation or the incorporation of oxygen to the original
structure of a compound. The mass shift observed, in this case, corresponds most likely to the
oxidation of the methionine residue of ziconotide to its sulfoxide form.

Changes in response of the oxidized form, reported as percentage of the total ion signal for
ziconotide, were plotted with the changes in response of the +3 and +4 charge states of
ziconotide (Figure 4-7). The total ion signal was taken as the sum of the peak areas of the
various charge states of ziconotide, its TFA adducts and oxidized ziconotide. The sum of the
response of the +3 (m/z 886) and +4 (m/z 665) ions of oxidized ziconotide obtained from
extracted ion chromatograms was used in calculating its contribution to the total ion signal. The
decrease in response of ziconotide was observed to be accompanied by slight increases in the
response of the oxidized form. The percentage decrease in ziconotide over time, however, was
not compensated for by the increase in oxidized product. Several possibilities could have
contributed to the insignificant increase of the amount of oxidation product. These include the
presence of L-methionine which reduces the oxidation of ziconotide, degradation of ziconotide
through pathways other than oxidation, formation of degradation products that could not be
separated or even detected by the method employed and loss of material due to adsorption.

The appearance of additional peaks in the chromatograms of the various samples was
monitored for the formation of other possible degradation products of ziconotide. As shown in
Figure 4-5, no additional peaks were observed even for the longest stored sample at 50 °C. The
mass spectra of oxidized ziconotide for the various samples were also monitored to determine if

methionine oxidation had proceeded to the formation of the sulfone derivative. With the ability
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of mass spectrometry to differentiate compounds based on their masses, the addition of one or
two oxygen molecules to the methionine residue of ziconotide should be easily distinguished.
However, mass spectra of the peak corresponding to oxidized ziconotide for all test solution
samples only confirmed the presence of methionine sulfoxide (1 oxygen added) and not
methionine sulfone.

Conclusions

The HPLC-ESI-MS method optimized for the analysis of intact ziconotide was
successfully validated and applied to the evaluation of ziconotide degradation. The intra- and
inter-day accuracy and precision of quality control samples exhibited low percent relative errors
and percent relative standard deviations that satisfy the method validation guidelines required by
the FDA. All six calibration curves satisfied the guidelines for the minimum number of
standards that needs to meet the accuracy and precision criteria for an analysis to be considered
passing. Post-stability studies on ziconotide determined that solutions prepared in 1:99 ACN:
H,0 with 0.1% HAc: 0.01% TFA remain stable at 12 °C for at least 24 hr. Application of this
validated method to the analysis of test solution samples similar in composition to the
commercial drug formulation, which were exposed to harsh oxidative conditions at various
times, facilitated the determination of a rate constant for the degradation of ziconotide at 50 °C.
This rate constant was determined to be 4.9 + 0.7 x 10°%hr. This result indicates that exposure of
a 25 pg/mL ziconotide solution to 50 °C for 17 to 48 hr will reduce the concentration to 90% of
the initial. The resulting plot of In ziconotide concentration versus storage time at 50 °C and
agreement between the half-life calculated using the derived rate constant and that determined
from changes in percent initial concentration supported the assumption that the degradation of

ziconotide could be a first- or pseudo first-order reaction. Additional experiments need to be
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performed to establish the reproducibility of the results obtained for the degradation of
ziconotide at 50 °C. Results pertaining to the rate of degradation of a drug substance, such as the
ones presented here, provide useful information for proper handling and storage of ziconotide
drug solution.

Compared to UV-vis spectrophotometry, mass spectrometry as a detection technique also
offered greater specificity for the identification of compounds that elute from a column.
Identification is based on mass-to-charge ratios of compounds and mass shifts which often
correspond to structure modification as opposed to structure assignments based on UV-vis
absorption maxima and retention times which may not be unique for a particular compound and

requires the use of standards for identity confirmation.
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Table 4-1. Intra- and inter-day accuracy and precision of quality control samples.

Calibration Intra-day Nominal Concentration (ng/uL)
Curve Statistics (n=5) 0.060 0.60 6.0
1 Mean 0.060, 0.57, 5.7
SD 0.001, 0.04, 0.2
%RSD 2.8 7.3 3.6
%RE 0.13 -4.6 -3.9
2 Mean 0.056 0.57; 5.9
SD 0.002, 0.02, 0.0s
%RSD 35 3.8 1.0
%RE -5.4 -4.6 -0.352
3 Mean 0.0595 0.59, 6.0g
SD 0.0035 0.00g 0.1
%RSD 6.1 15 2.2
%RE -0.89 -15 1.3
4 Mean 0.052 0.58; 6.05
SD 0.001, 0.02 0.1
%RSD 3.0 4.8 2.6
%RE -12 -2.8 0.90
5 Mean 0.053s 0.60, 6.05
SD 0.002; 0.02, 0.1¢
%RSD 4.4 3.2 2.7
%RE -11 1.2 0.86
6 Mean 0.059 0.59; 5.9
SD 0.0025 0.01, 0.2
%RSD 4.2 3.1 4.4
%RE -0.68 -15 -0.91
Inter-day
Statistics (n=30)
Mean 0.057, 0.58¢ 5.9
SD 0.003; 0.02¢ 0.1,
%RSD 6.5 44 3.2
%RE -5.0 -2.3 -0.35

Intra-day statistics were obtained from 5 replicate samples for each concentration analyzed on a
single run (n=5). Inter-day statistics were obtained by analyzing 6 batches of the QCs consisting
of 5 replicate samples per batch (n=30). All replicates were prepared individually.
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Table 4-2. Regression parameters for the time-delayed analysis of the six calibration curves of

ziconotide.
Calibration Curve m = std. error b + std. error R’ Time Delay, hours
1 1.453 + 0.028 -0.010 + 0.004 0.9940 12
2 1.52 +0.03 -0.015 + 0.004 0.9985 12
3 1.561 +0.018 -0.0132 + 0.0023 0.9981 12
4 1.584 + 0.025 -0.021 + 0.003 0.9989 24
5 1.570 £ 0.023 -0.0191 + 0.0030 0.9989 24
6 1.600 + 0.025 -0.014 + 0.003 0.9996 24

n = 11 except for CC4 with n=10, m = slope, b = y-intercept, R* = correlation coefficient

Table 4-3. Precision and accuracy of ziconotide calibration standards which were re-injected
after 12 and 24 hr of initial analysis.

Nominal Concentration,

Average Calculated

ng/uL n Concentration, ng/uL ¥RSD YRE
0.050 6 0.051 4.6 3.6
0.080 6 0.0764 5.7 -4.6
0.10 6 0.098,4 2.9 -1.6
0.30 6 0.2% 2.7 -1.3
0.50 6 0.51; 2.8 2.2
0.80 6 0.7% 3.0 -0.51
1.0 6 0.99; 2.8 -0.29
3.0 5 3.0 2.2 2.6
5.0 6 5.1, 3.5 2.3
8.0 6 7.95 3.7 -0.63
10 6 9.8y 3.3 -1.5

Calibration curves 1-3 were re-analyzed after 12 hr of initial run while 4-6 were analyzed after

24 hr.
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Table 4-4. Intra- and inter-day accuracy and precision of time-delayed analysis of quality
control samples.

Set Intra-day Nominal Concentration (ng/uL)
Statistics (n=5) 0.060 0.60 6.0
1 Mean 0.059, 0.584 6.03
SD 0.002; 0.045 0.2,
%RSD 4.5 7.6 35
%RE -1.4 -1.9 0.48
2 Mean 0.0585 0.585 5.9,
SD 0.004, 0.021, 0.2
%RSD 7.0 3.7 4.3
%RE -2.5 -2.6 -1.0
3 Mean 0.0564 0.60, 5.8g
SD 0.0024 0.02, 0.2
%RSD 4.9 3.6 45
%RE -6.2 0.3 -2.1
4 Mean 0.055¢ 0.57, 5.9,
SD 0.002, 0.01, 0.09
%RSD 4.4 3.0 1.6
%RE -1.4 -3.9 -1.1
5 Mean 0.056, 0.59,4 5.9,
SD 0.005,; 0.02¢ 0.3,
%RSD 9.1 4.4 5.0
%RE -6.6 -0.98 -1.2
6 Mean 0.059, 0.604 5.9
SD 0.001, 0.01, 0.1
%RSD 1.7 2.0 2.7
%RE -1.7 0.70 -1.6
Inter-day
Statistics (n=30)
Mean 0.057,4 0.59, 5.9,
SD 0.003; 0.0254 0.2
%RSD 5.8 4.3 35
%RE -4.3 -1.4 -1.1

The first 3 sets of QCs were analyzed after 12 hours of initial run while sets 4-6 were analyzed
after 24 hr. Intra-day statistics were obtained from 5 replicate samples for each concentration
analyzed on a single run (n=5). Inter-day statistics were obtained by analyzing 6 batches of the
QCs consisting of 5 replicate samples per batch (n=30). All replicates were prepared
individually.
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Figure 4-1. Response of oxidized ziconotide from QC samples analyzed immediately and with
time delay. Samples analyzed with calibration curves 1-3 were re-analyzed after 12
hr while those with curves 4-6 were re-analyzed after 24 hr. The increase in oxidized
ziconotide response of those analyzed with time delay contributed to the lower

precision of QC samples in these batches.
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Figure 4-2. Changes in ziconotide concentration vs. time for test solutions stored at 50 °C and
kept in-contact with air. The percentage of initial ziconotide concentration was
plotted against storage time using an exponential function. The data are an average of
9-10 dilutions from 2 sample vials obtained from 2 separate experiments. Error bars
represent the standard deviation of the replicates. The value for 90% stability was
estimated to be 17 to 48 hr from the intersection of 90% ziconotide and the lower and
upper 95% CL. The equation for the exponential decay and standard deviations of Y,
and k are also shown. Y,: % of initial ziconotide concentration at time = 0 hr; k: rate
constant
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Table 4-5. Results of analysis of test solution samples stored at 50°C and kept in contact with air
at various times.

Time, Ave. Calc’d  Undiluted [Zic], % of % of [Zic]; Undiluted
hr " 1zic], ng/uL ng/ul [Zic]; SD [Zic], X 10° M
0 10 0.42, 21.9 100.9 25.; 7.95

0.5 10 0.43, 215 102.6 28.9 8.15
1 10 0.42¢ 21.3 1016 27.4 8.0g
2 10 0.414 20.5 99., 29.0 7.8g
4 5 0.30g 15, 73.5 1.8o 5.84
6 5 0.53, 26.7 127.3 2.6¢ 10.,
8 10 0.423 21, 100.; 29.4 8.0
16 10 0.40,4 20., 96.4 30.0 9.7
24 10 0.39; 194 94.¢ 337 7.5,
48 9 0.335 16.g 79.9 37.9 6.35
72 5 0.35g 17.9 85.3 7.0 6.75
96 10 0.27,4 13.; 65.3 225 5.2

120 10 0.25; 126 59.5 275 4.75

144 9 0.20, 10., 47 9 31, 3.8;

168 5 0.18; 9.3, 44.4 1. 3.55

192 5 0.055 2.73 13,9 1, 1.04

[Zic]undiluted = calculated [Zic] x 500 puL/10 pL
[Zic] in molarity = [Zic] in ng per uL/(FW of ziconotide x 1000)
FW of ziconotide = 2639.13 ng/nmol
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Figure 4-3. Plot of In [Ziconotide]undilued (iN Molarity) versus time. The rate constant for the
degradation of ziconotide at 50 °C corresponds to the negative of the slope of the plot
and was determined to be 4.9 + 0.7 x 10°/hr. The data are an average of 9-10
dilutions from 2 sample vials obtained from 2 separate experiments. Error bars
represent the standard deviation of the replicates. The line equation and standard
deviations of the slope and y-intercept are also shown.
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Figure 4-4. Changes in ziconotide concentration vs. time for 0 to 216 hr to extrapolate time to
reach 50% ziconotide. Data for 168, 192 and 216 hr were calculated from the line
equation of % initial [ziconotide] vs. time for O to 144 hr in order to extend the 95%
CL band. The time it takes to reach 50% of the initial ziconotide concentration was
extrapolated from the intersection of the lower and upper 95% CL and 50%
ziconotide. This was determined to be 120 — 214 hr.
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Table 4-6. Room temperature stability derived from Q7 calculations and stability data at 37 °C.

Ziconotide Stability at 37 °C Calculated Stability
Es, keal/mol Q2 in Naive Pumps, days at 25°C, days
10 1.83 13 24
15 2.48 32
20 3.35 44
25 4.54 59

The 90% stability of ziconotide at 37 °C was multiplied with the Q1. values for the various
activation energies considered to obtain an estimate of the stability at room temperature.
Stability was determined from the intersection of the lower 95% CL and 90% ziconotide.”’

Table 4-7. Room temperature stability derived from Q. calculations and stability data at 50 °C.

Ea Ziconotide Stability Calculated Stability
kcal/mol Qs at 50°C, days at 25°C, days
Lower 95% CL  Upper 95% CL  Lower 95% CL  Upper 95% CL
10 3.06 0.71 2.0 2 6
15 5.36 4 11
20 9.38 7 19
25 16.42 12 33

The 90% stability of ziconotide at 50 °C was multiplied with the Qo5 values for the various
activation energies considered to obtain an estimate of the stability at room temperature.
Stability was determined from the intersection of the lower and upper 95% CL and 90%
ziconotide.

Table 4-8. Comparison of experimental and calculated stability data at 50 °C.

Ea Zic Stability ~ Calc’d Stability Exp'tl Stability
kcal/mol Qu3 at 37°C, days  at 50°C, days at 50°C, days
Lower 95% CL  Upper 95% CL
10 1.83 13 7 0.71 2.0
15 2.47 5
20 3.34 4
25 4.51 3

The experimental value for 90% stability was obtained from the intersection of the lower 95%
confidence limit and 90% ziconotide in Figure 4-2. Calculated stability data were obtained by
dividing the published stability of ziconotide at 37 °C with the Q3 values for various activation
energies.
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Figure 4-5. Extracted ion chromatograms of (A) oxidized ziconotide, (B) ziconotide and
(C) ®-conotoxin GVIA from a test solution sample stored at 50 °C for 144 hr. RT:
retention time in minutes, MA: manually integrated area
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Figure 4-6. Full-scan mass spectra of (A) oxidized ziconotide, (B) ziconotide and
(C) w-conotoxin GVIA.
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Figure 4-7. Summed response of the +3 and +4 charge states of ziconotide and oxidized
ziconotide in test solutions stored at various times at 50 °C. The decrease in response
of ziconotide was observed to be accompanied by slight increases in the response of
the oxidized form. The total ion signal corresponds to the sum of the peak areas of
the various charge states of ziconotide [i.e., m/z 1320 (+2), m/z 881 (+3), m/z 661 (+4)
and m/z 528 (+5)], its TFA adducts [i.e., m/z 689 (+4), m/z 918 (+3) and m/z 955.5
(+3)] and its oxidized form [i.e., m/z 665 (+4) and m/z 886 (+3)].

156



CHAPTER 5
CONCLUSIONS AND FUTURE DIRECTIONS

A robust and sensitive HPLC-ESI-MS method for the analysis of intact ziconotide was
developed and validated. The limit of detection for this method was 0.02 ng of ziconotide on
column. Tandem mass spectrometric analysis of intact ziconotide was also performed but the
extensive cross-linking from its multiple disulfide bridges limits the structural information that
can be derived from its MS/MS spectra. Reduction and alkylation of the disulfide bonds of
ziconotide was carried out to eliminate the cross-linking and render the conopeptide more
susceptible to collision-induced dissociation. Fragmentation of the reduced and alkylated
ziconotide yielded more structurally relevant ions (i.e., b and y ions from typical peptide bond
cleavage) compared to that of the intact peptide. The limit of quantitation (0.50 ng on column)
obtained for modified ziconotide, however, restricted the application of the method to complex
sample matrices such as biological fluids. A stability-indicating assay for the quantitative
determination of ziconotide in commercial-type formulations was successfully developed using
the validated HPLC-ESI-MS method for intact ziconotide. The degradation of ziconotide in test
solutions exposed to harsh oxidative conditions was evaluated. Results pertaining to the rate of
degradation of ziconotide may provide useful information for proper handling and storage of the
drug solution.

The detection and quantitation of ziconotide in complex sample matrices will definitely
benefit from the enhancement in detection sensitivity offered by nanoflow electrospray
ionization. Nanoelectrospray ionization (NSI) decreases detection limits up to two orders of
magnitude compared to ESI.®® The reduction of interference effects from salts and other species
with the use of NSI has also provided improved sensitivity for peptides in samples contaminated

by high levels of salts.?*® The use of a nanobore or nanoscale liquid chromatography will
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ensure accurate delivery of specified solvent compositions especially when using gradient
elution, which in turn will provide accuracy and precision for experimental results. Care must be
observed when modifying regular-bore or standard HPLC equipment for low flow rate
experiments. This is because the contribution of extracolumn volumes in injectors and
connecting tubing to bandspreading becomes more significant.?®

The reduction and alkylation method developed should be optimized for ziconotide in
plasma extracts if ziconotide will be detected from plasma samples, for instance. The presence
of more abundant peptides other than ziconotide in plasma samples would require the use of
other reagents like denaturing agents, buffers, chelating agents, etc. to eliminate possible
interference from other matrix components and prevent aggregation and other unwanted
interactions.?® " Enzyme digestion of the reduced and alkylated ziconotide can also be explored
for the generation of diagnostic fragment ions for the qualitative and quantitative determination
of ziconotide.

Lastly, monitoring the degradation of ziconotide at 50 °C through several stages of half-
life will improve the accuracy of the half-life determined. Performing the degradation study at
another temperature will also provide relevant information about the rate of degradation of
ziconotide which will help establish the accuracy of results obtained at 50 °C. Repeating the
experiment conducted with a higher concentration of the oxygen scavenger, L-methionine, will
help establish if the rate of degradation of ziconotide is affected by the amount of L-methionine

present in solution.
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APPENDIX
LIST OF FRAGMENT IONS

The following list of fragment ions was obtained from collision-induced dissociation (CID)
of the +4 ions of the reduced and alkylated w-conopeptides: ziconotide and w-conotoxin GVIA.
ProteinProspector’s MS-Product software was used to generate the theoretical m/z of the
fragment ions observed. The difference between the observed and theoretical m/z (Am) was
limited to < 0.5 daltons (Da) for identification of the fragment ions (see Equation A-1).

Fragment ions matching the theoretical fragment ions proposed for the peptide are labeled in red
while those in black correspond to more than one fragment ion. The relative intensity of the 3

most abundant fragment ions are also in bold font.

Am = /(Observed m/z — Theoretical m/z)/ (A-1)
Table A-1. Fragment ions of the +4 ion of modified ziconotide after CID at 35% collision
energy.
Observed  Relative Theoretical Fragment ions
m/z Intensity m/z (Am)
5+ 5+
das ssr ESSASL B0y er 020,
553.06 4.74 553.01 b14>* (0.05)
606.19 8.87 606.4 bis>* (0.21)
657.81 10.36 657.77, 658.27 y11-H20%* (0.04), y11-NH3*" (0.46)
666.45 33.85 666.78 y112*(0.33)
675.62 3.99 675.80, 675.87 yo3't (0.18), az** (0.25)
676.33 4.02 675.87 a12°" (0.46)
684.58 5.77 684.17 a7 (0.41)
687.40 4.49 687.50, 687.83 bi7-H,0%* (0.10), b17-NHs** (0.43)
693.32 7.66 693.50 b17** (0.18)
699.46 5.41 699.08, 699.33 bas-H,0* (0.38), bos-NH3** (0.13)
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Table A-1 Continued

Observed Relative Theoretical Fragment ions
m/z Intensity m/z (Am)
wom so i e 010y O BT
707.72 20.62 707.84 ya2i't(0.12)
712.17 33.92 712.52 big> (0.35)
716.30 86.15 715.81 y12-NH3** (0.49)
796.26 7.05 796.28 y1o°* (0.02)
739.00 52.24 -
819.78 17.15 819.97, 820.00 yo0° (0.19), bys-H,0% (0.22)
828.57 38.61 829.00 b1s** (0.43)
829.25 14.83 829.00 b14** (0.25)
832.98 12.57 832.98 y21-H,0* (0.00)
838.59 40.68 838.99 y21>* (0.40)
839.35 20.53 838.99 y21>* (0.36)
846.91 8.73 847.01 bo1** (0.10)
869.99 5.91 870.03, 870.36 baa-H,0* (0.04), boo-NH3%" (0.37)
881.43 12.18 881.71 y22>* (0.28)
888.99 8.76 889.05, 839.38 bas-H20% (0.06), bas-NHs>* (0.39)
889.88 4.70 889.38 bas-NHs** (0.50)
3+ 3+ 3+
T S Gl
*000.42 100.00 900.836?7030.59, bs-H,0%* ((;l.igz,(g%%-gmﬂ (0.17),
901.13 34.72 900.73 y23>* (0.40)
931.55 41.83 931.77 bas-H,0%* (0.22)
932.23 26.19 932.10 bas-NH3>* (0.13)
937.32 87.82 937.45 y24-H,0%* (0.13)
937.96 83.03 937.78 bys>* or y24-NH3>* (0.18)
1154.43 5.13 1154.34 y10-H20 (0.09)
1264.84 4.13 1261.50 ba1-NHs?* (0.34)

* MS® of m/z 900.4 confirmed the identity of the fragment ion as yo3°".
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Table A-2. Product ions of the +4 ion of modified w-conotoxin GVIA after CID at 35%
collision energy.

Observed  Relative Theoretical Fragment ions
m/z Intensity m/z (Am)
625.73 1.98 625.78 y4 (0.05)
726.49 1.17 726.88 ys (0.39)
753.55 0.84 753.59 yai't (0.04)
775.41 2.53 775.35 yo5'+(0.06)
801.22 0.89 801.24, 801.57 y1s-H20* (0.02), y15-NH3z*" (0.35)
807.03 15.64 806.90, 807.24, 807.40 bas+H,0" Q.13 yis™ (021),
yo2s+ (0.37)
807.76 10.00 807.40 yo + (0.36)
824.46 7.26 -
834.05 5.43 -
835.94 1.70 835.94 as-NHj3 (0.00)
889.56 1.06 889.67 y20°* (0.11)
918.54 2.26 918.70 y21>* (0.16)
947.58 2.33 947.72 y22>* (0.14)
967.08 4.57 966.74 y23>* (0.34)
977.64 2.61 978.12 y142* (0.48)
998.15 7.31 998.11 a17> (0.04)
998.78 6.34 998.44, 998.77 Yaa-H20%* (0.34), y24-NHz*" (0.01)
1004.21  100.00 1044.44 ya2iot (0.23)
1004.87 32.76 -
1027.25 17.83 1027.47 y25-H20% (0.22)
1028.16 5.85 -
1033.22 86.65 1033.13 a1s-NH5”" (0.09)
1033.92 27.05 1033.47 yo5°" (0.45)
1034.66 6.56 -
1059.27 5.50 1059.71 yis2+ (0.44)
1094.88 0.84 1094.74 y16-NH3> (0.14)
1154.22 1.61 1154.27 a11(0.05)
1192.99 1.93 1192.80 byo?* (0.19)
1201.90 1.83 1201.85 y18-NH3** (0.05)
1209.68 10.01 -
1210.39 12.60 1210.36 yis2+ (0.03)
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Table A-2 Continued

Observed  Relative Theoretical Fragment ions
m/z Intensity m/z (Am)

1210.97 6.29 -

1253.23 6.4 -

1254.27 5.83 1253.90 yie°t (0.37)
1334.07 1.21 1334.00 y202t (0.07)
1377.47 0.63 1377.54 y2.2* (0.07)
1420.93 0.54 1421.08 y222* (0.15)
1449.23 0.31 1449.60 y232* (0.37)
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