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Compound CU201 [SUIM-(p-Arg-Arg-Pro-Hyp-Gly-Igl-Ser-p-Igl-Oic-Arg),, where SUIM = suberimidyl;
Hyp = trans-4-hydroxyproline; Igl=a-(2-indanyl)-glycine; Oic=octahydroindole-2-carboxylic acid], is
a dimeric analog of the potent bradykinin antagonist peptide B9430. It blocks the Gqq11 signal of
the heterotrimeric G proteins, stimulates c-Jun kinases, and induces apoptosis in lung cancer cells

with neuroendocrine features. CU201 shows potent inhibition for small-cell lung cancer cells in vitro

(EDsp=0.15 wM), as well as for small-cell lung cancer SHP-77 tumor growth in vivo. An HPLC method

gf%‘;rds" was developed, as part of a study supported by the National Cancer Institute’s (NCI's) Rapid Access to
B201 Interventional Development (RAID) program, to assess the purity and stability of CU201. Impurities and
LC-MS degradation products were characterized by LC/MS. The identity of a major impurity, with 1 mass unit dif-
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ferent from CU201, was confirmed by high resolution LC/MS and the investigation of model compounds.
Susceptible linkages in the peptide chains were revealed by the degradation study.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Compound CU201 [SUIM-(D-Arg-Arg-Pro-Hyp-Gly-Igl-Ser-
D-Igl-Oic-Arg),, where SUIM=suberimidyl; Hyp=trans-4-
hydroxyproline;  Igl=a-(2-indanyl)-glycine;  Oic=octahydro-
indole-2-carboxylic acid], is a dimeric analog of the potent
bradykinin antagonist peptide B9430 [1-3]. The chemical struc-
ture of CU201 is shown in Fig. 1. It was found that the dimeric
analog has higher potency in binding to the bradykinin (BK)
receptors than the monomeric peptide B9430. The basic character
of the amidine in the cross-linking element is essential for the high
receptor binding activities [1].

Small cell lung cancers (SCLCs) and many nonsmall-cell lung
cancers (NSCLCs) have neuroendocrine features, including the
secretion of neuropeptides and expression of cell surface recep-
tors, which together create autocrine and paracrine growth loops.
In SCLC, neuropeptides bind to a family of transmembrane recep-
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tors and activate heterotrimeric G proteins consisting of Gag11
and Gy12,13. Low levels (ca. 10nM) of CU201 inhibit intracellular
Ca?* release in response to bradykinin, indicating blockage of the
Gqq11 signaling pathway and resulting in inhibition of cell pro-
liferation. CU201, however, also stimulates the Gq12,13 pathway
which, in turn, induces apoptosis. CU201-induced apoptosis was
frequently preceded by unique changes in apparent nuclear DNA
binding and by c-Jun kinase and caspase-3 activation. The com-
pound is termed a “biased agonist” because it inhibits proliferation
signals and stimulates apoptotic signals [2]. A further study of the
“biased agonist” mechanism has been reported in a recent research
paper [4]. The effects of CU201 as a BK antagonist, partial agonist
and anti-proliferation agent are a function of the expression and
density of the BK receptors.

CU201 shows potent inhibition for small-cell lung cancer cells
in vitro (ED59=0.15 wM) [2,5], as well as for small-cell lung can-
cer SHP-77 and nonsmall-cell lung cancer A549 tumor growth in
vivo [6]. The significant suppression of growth of human lung can-
cers in athymic nude mice models when CU201 was administered
by intratumoral, s.c., or i.p. routes, at a dose of 5mg/kg/day, has
been reported [6]. CU201 also inhibits head and neck squamous
cell carcinoma (HNSCC) growth through interference of epidermal
growth factor receptor (EGFR) signaling pathway [7]. At the concen-
tration at which CU201 inhibits the growth of cancer cells, it has no
effect on the growth of normal lung cells in vitro. CU201 offers the
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Fig. 1. Structure of CU201, SUIM-(D-Arg-Arg-Pro-Hyp-Gly-Igl-Ser-p-Igl-Oic-Arg),, where SUIM =suberimidyl; Hyp = trans-4-hydroxyproline; Igl=a-(2-indanyl)-glycine;

Oic=octahydroindole-2-carboxylic acid.

potential of becoming a new form of targeted therapy for tumors
with neuroendocrine properties [2].

As part of a study supported by the National Cancer Insti-
tute’s (NCI's) Rapid Access to Interventional Development (RAID)
program, an HPLC method was developed to assess the purity
and stability of CU201. Impurities and degradation products were
characterized by LC/MS. The identity of a major impurity, with 1
mass unit different from CU201, was confirmed by high resolution
LC-Time of Flight (TOF)/MS, along with investigation of model com-
pounds. Susceptible linkages in the peptide chains were revealed by
the degradation study. Solution stability was evaluated at several
pH levels.

The pharmacokinetics of CU201 in mouse was studied by Feng
et al. [6,8]. Following an i.v. administration of 5 mg/kg of CU201,
the kinetic profile was found to conform to a two-compartment
model with an initial half-life of 14 min and a terminal half-life of
44 . The study was conducted using a low resolution Finnigan LCQ
ion trap mass spectrometer, with an assay based on monitoring
the MS/MS transition of parent ions. The HPLC chromatogram in
Feng’s article, however, did not indicate the separation of CU201
from any hydrolysis degradants [8]. The apparent metabolic sta-
bility of CU201 was conflicted by a later report which disclosed
that the amidine groups of CU201 spontaneously hydrolyzed in
plasma within a few hours and the hydrolysis product (the suberyl
derivative) was the persistent species in plasma [5]. It is likely that
the reported pharmacokinetic profile was reflecting the collective
level of CU201 and its hydrolysis degradants. The findings of the
current study, with the aid of high resolution mass spectrometry,
may warrant a re-examination of the pharmacokinetic determina-
tions.

2. Materials and methods
2.1. Chemicals and reagents

CU201 (NSC 734868) was provided by NCI (Bethesda, MD, USA).
Compound suberyl-bis-B9430 was a generous gift from Drs. L. Gera
and ].M. Stewart (University of Colorado, School of Medicine, Den-
ver, CO, USA). Formic acid (HCOOH), trifluoroacetic acid (TFA),
deuterated water (D,0), sodium deuteroxide (NaOD), and L-N6-
(1-iminoethyl) lysine hydrochloride (ImEtLys HCl) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). HPLC grade acetoni-
trile (ACN), methanol (MeOH), monobasic potassium phosphate
(KH2POy4), sodium chloride (NaCl), and ammonium hydroxide
(NH40H) were purchased from Mallinckrodt (Paris, KY, USA). Diba-
sic potassium phosphate (K;HPO4) was purchased from VWR
International (West Chester, PA, USA). Phosphoricacid (H3PO4) was
purchased from EMD Chemicals (Gibbstown, NJ, USA). Water was
purified through a Millipore Super-Q Pure Water System (Waltham,
MA, USA). For LC-TOF/MS impurity identification, reagents used
were: HPLC grade ACN purchased from EMD Chemicals, Fluka
ammonium formate (HCOONH,4) for HPLC and Reidel-de Haén
formic acid, both purchased from Sigma-Aldrich, and deionized
water obtained from a Picosystem UV Plus purification system
(Hydro Services & Supplies, Inc., Durham, NC, USA).

2.2. HPLC
An Agilent 1100 HPLC system (Wilmington, DE, USA) equipped

with a solvent degasser, quaternary pump, autosampler, and a
diode array detector was used in the study. Agilent ChemStation for
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LC 3D (Rev. A. 10.01) software was used for instrument operation
control and data collection. The HPLC was performed on a Phe-
nomenex Luna C8 column (3 wm, 150 mm x 4.6 mm LD., Torrance,
CA, USA). The column was held at ambient temperature (23 £+ 1°C).
The mobile phase was a combination of solvent A (0.1% formic acid
in water, v/v) and solvent B (0.1% formic acid in ACN, v/v). The fol-
lowing gradient program was used: solvent B started from 10% and
linearly increased to 35% in 25 min, then returned to 10% for 10 min
before the next injection. The injection volume was 5 L. For all
gradient segments, the elution flow rate was 0.5 mL/min, and the
detection wavelength was set at 266 nm.

LC-MS was performed on a ThermoQuest system consisting of
a Surveyor LC pump, autosampler, PDA UV detector, and a Finnigan
LCQ-DUO ion trap mass spectrometer (San Jose, CA, USA). The PDA
UV detector was used for recording UV-vis spectra. The mass spec-
trometer was equipped with an electrospray ionization (ESI) probe
operating at atmospheric pressure. Positive ion mode was used, and
signals in the mass range of m/z 200-2000 were collected. The LC
conditions used in the LC-MS system were the same as those used
in the Agilent 1100 LC-UV system.

High resolution mass spectrometry was performed onan Agilent
MSD/TOF, Model G1969A, which included an Agilent 1100 HPLC
system consisting of autosampler, binary pump, column heater,
and diode array detector. The system used Agilent TOF software for
instrument control and data acquisition and Analyst QS software
for data analysis. The reversed-phase separation was performed
on a HAISIL 300 C18 5 um, 250 mm x 4.6 mm analytical column
with a matching 20 mm x 3.2 mm guard column (Higgins Analyt-
ical, Inc.) at a temperature of 50°C with UV detection at 265 nm.
A 10-pL aliquot of compound dissolved in deionized water at
2.5mg/mL was analyzed under gradient HPLC conditions. Mobile
phase A was ACN/25 mM ammonium formate in water (adjusted
with formic acid to pH 3.8) in 20/80 (v/v) ratio, and mobile phase
B was ACN/25mM ammonium formate in water (adjusted with
formic acid to pH 3.8) in 50/50 (v/v) ratio. The linear mobile phase
gradient was 20% B to 70% B in 30 min with a flow rate of 1.0 mL/min.
Electrospray ionization (ESI) was used in positive ion mode. Data
were acquired in a mass range of m/z 100-3200 with reference mass
correction enabled.

2.3. Sample preparation

For impurity profiling, the solid samples of CU201 were dis-
solved in ACN/H;0 (1:1, v/v) with 0.1% of formic acid (v/v) in the
solvent mixture.

The forced degradation samples were prepared by dissolving
CU201 at a concentration of 0.5 mg/mL in: (1) ACN/H,0 (1:1, v/v)
with 0.1% of formic acid (v/v), heated at 80°C for 2h; (2) H,0,
heated at 80°C for 2 h; (3) 0.005N NH4OH solution, kept at room
temperature overnight.

The solution stability samples were prepared by dissolving
CU201 at a concentration of 0.5mg/mL in the following seven
kinds of solvents: H,0, H,O with 0.1% formic acid (v/v), methanol,
methanol with 0.1% formic acid (v/v), pH 2 phosphate buffer, pH
5 phosphate buffer, and a phosphate buffered saline (PBS) solution
(pH 7.4). The phosphate buffers were made from 50 mM of KH,PO4,
and pH was adjusted with H3PO4 to pH 2 and pH 5. The PBS solu-
tion was made of 10 mM K,HPO4, 138 mM NaCl, and 2.7 mM KCl,
and then its pH was adjusted to 7.4. All the test solutions were kept
at ambient temperature (23 +1°C) except that the PBS solution
was kept at controlled temperature at 25 and 37 °C. The test solu-
tions were injected into the HPLC periodically to obtain the kinetic
profiles.

For impurity identification, arginine free base (Arg), argi-
nine hydrochloride (Arg HCl), and L-N®-(1-Iminoethyl) lysine
hydrochloride (ImEtLys HCl) were used as model compounds for

Table 1

Chromatographic purity of four lots of CU201 drug substance.
Components C/2 C/3 S/4 S/5
CU201 81.6 76.5 79.8 76.0
MA 134 16.8 16.9 209
Other impurities 5.0 6.7 3.3 3.1

Lot C/2 and C/3 are acetic acid salts, and lot S/4 and S/5 are trifluoroacetic acid salts.

investigation. For the LC-MS study, the three samples were dis-
solved individually at 1 mg/mL in H,0. The NMR sample of ImEtLys
HCl was prepared by dissolving the compound in D,0 at 1 mg/mL,
and subsequently adjusted to approximately pH 6 with NaOD.

3. Results and discussion
3.1. HPLC method development

Reversed-phase HPLC (RPLC) is widely used for the analysis
of peptide and protein samples [9]. A special feature of large
biomolecule separation by RPLC is rapid change of retention (k)
with change in organic solvent modifier. This behavior makes it
difficult to maintain constant retention times with isocratic condi-
tions. Gradient elution is normally required for separating peptide
and protein samples. Because CU201 contains basic amino acids,
low pH mobile phase is preferred to suppress residual silanol reac-
tivity and curtail peak tailing. The low pH conditions can also
prevent the formation of mixed conformation and ionization states
of the peptide that would cause the appearance of multiple bands
and broad or misshaped peaks. RPLC was attempted for separa-
tion of impurities and forced degradation products using C18 and
C8 columns (3 pm, 150 mm x 4.6 mm, Phenomenex Torrance, CA,
USA). A mixture of ACN and water was used as the mobile phase,
with trifluoroacetic acid (TFA) or formic acid as mobile phase addi-
tives. In isocratic runs, the retention of CU201 varied dramatically
with minute percentage changes in ACN. Gradient elution was pre-
ferred in order to obtain a reproducible retention time. Among the
conditions tested, the C8 column with 0.1% formic acid in water and
ACN gave the optimal separation. The gradient program was 10% to
35%ACNin 25 min, followed by equilibration at 10% for 10 min. This
condition resolved a major impurity closely eluting after CU201.
This major impurity amounted to approximately 15% in most drug
substance batches. Several minor impurities that eluted before
CU201 were well separated from the CU201 peak and the major
impurity peak (Supplemental Fig. 1) under the given conditions, the
HPLC was not able to separate some major degradation products.
Further efforts to improve separation were not pursued because
the peptide was not sufficiently pure and stable to be developed as
a useful drug product (see Table 1 and discussion in Section 3.3).
This HPLC method has been used to monitor the peptide’s stability
and to elucidate the major degradation routes by LC-MS.

3.2. Characterization of impurities and degradation products

3.2.1. Characterization of major impurities/degradation products
MA and DA

Four different lots of the CU201 drug substance were analyzed
using the HPLC method described above in Section 3.1. Table 1
presents the chromatographic purity results of the four lots. As
shown in Table 1, there is a major impurity, labeled as MA, in all
four lots varied from 13% to 21%. The total amount of other impuri-
ties varied from 3 to 7%. A representative chromatogram of lot —C/3
is provided in Supplemental Fig. 1.

Since LC parameters were compatible with MS detection, they
were directly adapted to a Finnigan LCQ-DUO ion trap mass spec-
trometer to identify the impurities. Fig. 2 shows the LC-MS total
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Fig. 2. TIC chromatogram (top panel) of CU201 lot —C/3, 0.5 mg/mL in ACN/H,O (1:1) with 0.1% formic acid, fresh. The mass spectra of CU201 and impurities C, MA and DA

are displayed under the chromatogram.

ion current (TIC) chromatogram and the mass spectra of CU201
and three impurities at 13.2 min (C), 16.3 min (MA), and 17.5 min
(DA).

The mass spectrum of CU201 has three significant ions at m/z
1407.5, 939.0, and 704.6 (Fig. 2). Since CU201 has multiple sites
that can be protonated, these ions may represent the corresponding
doubly, triply, and quadruply charged precursor ions.

In order to obtain charge state information, zoom scans were
subsequently performed. This high resolution scan mode for LCQ
series detectors gives better mass resolution and thus can reveal the

charge state of an ion. In addition, zoom scan can provide slightly
better mass accuracy for multiply charged ions. The zoom scan
spectra (Supplemental Fig. 2) indeed confirmed the charge state
of these three ions: the mass difference between the isotopic peaks
is 0.5 unit for the m/z 1407 ion, indicating that the ion had two
positive charges; the mass difference between the isotopic peaks
is 0.33 unit for the m/z 939 ion and 0.25 unit for the m/z 704 ion,
indicating +3 and +4 charge states.

The theoretical mass of the monoisotopic molecule (Aisotope) of
CU201 is 2811.57, and that of the most abundant isotopic molecule

Table 2
Summary of CU201 and impurity MA zoom scan data and calculated molecular mass.
Charge state +2 +3 +4
CU201
Run 1 1407.16 938.41 704.08
Run 2 1407.15 938.42 704.08
Run 3 1407.10 938.38 704.05
Average 1407.14 938.40 704.07
Molecular mass calculated from the average of 3 runs 2812.27 2812.21 2812.28
Average molecular mass calculated from the 3 charge states 2812.25
Impurity MA
Run 1 1407.66 938.75 704.30
Run 2 1407.68 938.78 704.31
Run 3 1407.62 938.73 704.3
Average 1407.65 938.75 704.30
Molecular mass calculated from the average of 3 runs 2813.31 2813.26 2813.21
Average molecular mass calculated from the 3 charge states 2813.26
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Fig. 3. (a) Total ion chromatogram (LC-TOF/MS) of CU201, lot —C/2, (b) high resolution mass spectra of the doubly charged molecular ions of major component CU201 at

20.8 min, and (c) impurity MA at 22.7 min.

(A+1 isotope) is 2812.57. As the zoom scan spectra were obtained
from a low resolution mass spectrometer, some isotopic peaks,
especially at the higher charge states (i.e., +3, +4), were not well
resolved. Since the most abundant isotope A+1 would have the
least interference from the adjacent peaks, it was used to calculate
the molecular mass of CU201. The molecular mass values calculated

from the three ions in zoom scan mode (Supplemental Fig. 2, m/z
1407.16, 938.41, and 704.08) are 2812.27, 2812.21, and 2812.28.
The average value is 2812.25, which is consistent with the theoret-
ical value of the A+ 1 isotope of CU201.

The appearance of the mass spectrum of impurity MA is almost
identical to that of CU201, with ions at m/z 1407.7,939.2, and 704.8

Table 3
Summary of the high resolution mass data for CU201 and impurity MA.
Charge state 2 +3 +4 Average
CU201 (theoretical exact mass: 2811.5714)
Measured m/z of the monoisotopic ion 1406.7927 938.1993 703.9016
Calculated mass 2811.5698 2811.5745 2811.5752 2811.5732
A calculated—theoretical (mass units) —-0.0016 0.0031 0.0038 0.0018
A (ppm) -0.5691 1.1026 1.3516 0.6284
Impurity MA (theoretical exact mass: 2812.5554)
Measured m/z of the monoisotopic ion 1407.2869 938.5296 704.1483
Calculated mass 2812.5582 2812.5654 2812.5620 2812.5619
A calculated—theoretical (mass units) 0.0028 0.0100 0.0066 0.0065
A (ppm) 0.9955 3.5555 2.3466 2.2992
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to pH 6.

(Fig. 2). The identity of this impurity was first suspected to be a
conformer of the large peptide CU201, probably formed from the
trans/cis conversion of the proline residue [10,11]. However, care-
ful examination of the zoom scan data showed that the multiply
charged ions for impurity MA were slightly but consistently higher
than those for CU201. Table 2 provides a statistical summary of
three zoom scan spectra data for charge states +2, +3, and +4 ions
of CU201 and impurity MA. The average molecular masses calcu-
lated from multiple runs and multiple charge state ions of these two
components are 2812.25 for CU201, and 2813.26 for impurity MA.
These molecular masses represent the (A+1) molecule of CU201

and impurity MA. It is apparent that the molecular mass of MA is
approximately 1 mass unit higher than the mass of CU201 and plau-
sible that one of the NH groups in CU201 has been replaced by an
oxygen atom in impurity MA.

To confirm the proposed identity of MA, high resolution MS
is necessary since accurate mass data would provide information
on molecular compositions. Therefore, LC-TOF/MS was applied to
obtain accurate measurements of the masses of CU201 and impu-
rity MA. Fig. 3 shows the chromatogram and high resolution mass
spectra of the doubly charged ions of CU201 and impurity MA.
Table 3 shows the molecular masses calculated from charge states
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Fig. 5. Proposed identities of forced degradation products.
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Fig. 6. TIC chromatograms of CU201, lot —C/3 forced degradation samples. (a) 0.5 mg/mL in ACN/H,0 (1:1) with 0.1% formic acid, heated at 80°C for 2 h, (b) 0.5 mg/mL in
H,O0, heated at 80°C for 2 h, and (c¢) 0.5 mg/mL in 0.005 N NH4OH, stored at room temperature overnight.

+2, +3, and +4 for CU201 and impurity MA. The average calculated
mass of CU201 was 2811.5732. The deviation from its theoret-
ical mass (Cy36H202N40026=2811.5714) is 0.6 ppm. For impurity
MA, the average calculated mass was 2812.5619. The deviation
from the theoretical mass of the proposed molecular formula
(C136H201N39027 =2812.5554) is 2.3 ppm. The accurate mass data
for MA is consistent with data for the proposed molecular formula.

The molecule of CU201 (Fig. 1) has eight possible sites where
the NH could be replaced by an O without cleaving the peptide
chain. These sites are the two amidinyl =NH in the suberimidate
bridge and the six guanidinyl=NH in the six arginine residues.
As models of the amidine and guanidine structures, ImEtLys HCI,
and Arg, and Arg HCl were selected for investigation. ImEtLys HCI
(see structure A in Fig. 4) was dissolved in water at 1 mg/mL and
monitored by LC-MS. The pH of the sample solution was 2. The
compound remained unchanged after 4 h at room temperature, as
shown by a single compound with the protonated molecular ion for
the intact ImEtLys at m/z 188 in the LC/MS chromatogram. No other
decomposition products were detected. When the solution was
adjusted with base (NaOH) to pH 11, a new component withm/z 189
emerged instantly, and increased to 10% in 4 h at room temperature
(LC-MS chromatograms and spectra not shown). The compound
was also monitored by "H NMR on a Varian 400 (400 MHz) instru-
ment by dissolving it in D,O at 1 mg/mL. The solution was at
approximately pH 2. The '"H NMR spectrum of the D,0 solution (pH
2) is shown in Fig. 4a. The structure of ImEtLys and signal assign-
ments are also noted on the figure. The NMR spectrum indicates
that the ImEtLys is intact in the D, 0 solution at pH 2. NaOD was
subsequently added to adjust the pH to approximately 6, and the
NMR spectrum of the solution was recorded 1 h later. New signals

of the 9-CH3 and 6-CH, emerged, indicating the formation of the
amide component (component B in Fig. 4b). The LC-MS and NMR
results demonstrate that the amidine structure is labile in mildly
acidic to basic aqueous solutions (pH 6-11) and readily changes
to the amide structure. However, it is reasonably stable in acidic
solutions (pH 1-2).

In contrast, the guanidine structure is much more stable in both
the mildly acidic and the basic aqueous solutions. The 1 mg/mL Arg
HCl water solution had a pH of 6, and the 1 mg/mL Arg water solu-
tion had a pH of 9. Both solutions were stable at room temperature
for atleast 6 h, showing only the [M +H]|* ion of Arg at m/z 175 when
monitored by LC/MS. Results of the investigation of ImEtLys HCl and
Arg/Arg HCl support the conclusion that the impurity MA is gener-
ated in CU201 by replacing the amidinyl =NH in the suberimidate
with an oxygen (=0). The structure of MA is shown in Fig. 5.

The impurity at 17.48 min (DA in Fig. 2) has a set of multiply
charged ions that correspond to 2 mass units higher than that
of CU201 (Supplemental Fig. 2, zoom scan of DA). The retention
time was identical to that of the authentic di-amide form of CU201
(suberyl-bis-B9430). As discussed above, the amidinyl =NH groups
in the suberimidate link in CU201 are much less stable than that of
the guanidine =NH groups. Subsequent forced degradation studies
also indicated that DA was a significant degradation product from
CU201 (Fig. 6). Therefore, DA was identified to be the degradant in
which both of the amidine groups were converted to amides. The
structure of DA is also shown in Fig. 5.

3.2.2. Characterization of other degradation products
Forced degradation was performed on the drug candidate CU201
to investigate susceptible linkages in the peptide. Fig. 6 shows the
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TIC chromatogram of the forced degradation solutions. The condi-
tions employed were acidic, neutral, and basic aqueous solutions of
CU201. The full scan mass spectra of nine major degradation prod-
ucts are shown in Fig. 7. Although some impurities and degradation
products were not well separated from each other or from CU201,
they could be discerned from the mass spectra. With zoom scan
to reveal the charge states of each ion, groups of ions from a sin-
gle component could be easily found. For example, in the full scan
spectrum of the peak at 12.9 min, ions 1338.8, 670.6, and 447.6
(Fig. 7B) could be attributed to one component, B, because their
zoom scan data showed that they are in charge states of +1, +2,
and +3, respectively, and their m/z values 1338.56 (Supplemental
Fig. 3B), 669.69, and 446.79 (data not shown) fit in the pattern of
M+H*, (M+2H%*)/2, and (M+3H"*)/3.Ions 1183.0 and 592.6 could also
be attributed to one component, G, for the same reason. For com-
ponents with molecular mass in the range of 1000-2000, the most
abundant peak is the monoisotopic peak (A), and for components
with molecular mass in the range of 2000-3000, the most abun-
dant peak is the A+1 isotopic peak [12]. Thus, the most abundant
ion observed for each component may be the A ion or the A+1 ion,
depending on the mass of the component. Determining whether
an observed molecular mass represents the monoisotopic ion A or
the isotopic ion A+1 is crucial in determining the molecular for-
mula of a degradation product. Zoom scan revealed that the singly
charged molecular ions for components B, B”, G, C, H, D, and F are

c\xcalibur\.. \c3inh2ohtd_060106151545
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1338.81,1337.87,1183.00, 1492.76,1040.61, 1493.72,and 1026.58,
respectively. Their molecular masses are between 1000 and 2000.
Therefore the observed most abundant ions are their monoisotopic
ions. Zoom scan also indicated that ions 1329.60 and 1330.17 are
doubly charged for components I and J, thus their molecular masses
are within the 2000-3000 range. The most abundant ions observed
are their A+1 isotopic ions. The zoom scan spectra of these nine
major degradation products are shown in Supplemental Fig. 3.
Fig. 5 shows the proposed identities of major impurities and
degradation products. As indicated by the degradant peak intensi-
ties (Fig. 6) and by the identities of the major degradation products,
one of the labile groups in the peptide is the amidine group, which
easily converted to an amide under mildly acidic to basic pH. This
conversion resulted in the major impurity/degradation products
MA and DA. Other susceptible linkages in CU201 are around the
arginine residues. Hydrolysis between Arg and the suberimidate
resulted in products B and C. Hydrolysis of the MA variant of CU201
resulted in product D. In neutral heated solution, a significant prod-
uct was B”. It has a molecular mass of 1337.8, 1 mass unit less
than the mass of product B. A possible formation pathway of B”
is one in which the —C(=0)—CH(R)—NHj, in the Arg residue in the
N-terminal is oxidized to an intermediate, —C(=0)—C(=NH)R, then
further oxidized to a—C(=0)—C(=0)R di-one structure [ 13]. Hydrol-
ysis between Arg and Arg resulted in product G, and that between
Arg and Pro resulted in products F and H. The Arg in the C termi-
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Fig. 7. Full scan mass spectra of major degradation products of CU201 lot —C/3.
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Table 4
Solution stability results for CU201.

Solution ty2 (h) too (h) First order kinetic equation coefficient r2
Water (measured pH ~5) 31.2 1.95 0.9594

Water with 0.1% formic acid No decay observed in 36 h

Methanol 44.4 6.4 0.9755

Methanol with 0.1% formic acid No decay observed in 36 h

50 mM phosphate buffer, pH 2 No decay observed in 36 h

50 mM phosphate buffer, pH 5 No decay observed in 36 h

Phosphate/saline solution (PBS), pH 7.4, 25°C 74.5 113 0.9671

Phosphate/saline solution (PBS), pH 7.4, 37°C 21.8 33 0.9562

Sample CU201 lot —C/3 was used for the PBS solution study. Sample CU201 lot —C/2 was used for all other solution studies. All solutions were at 0.5 mg/mL. The solutions
were kept at ambient temperature (23 + 1 °C) except that the PBS solutions were controlled at 25°C and 37 °C. The parameters t;; and tgo were obtained from the first order

kinetic model.

nal group of the peptide is also easily hydrolyzed. The detectable
products I and ] are derived from the MA and DA variant forms of
Cu201.

3.3. Solution stability

CU201 is more stable in acidic solutions than in neutral and basic
solutions, as indicated by the results for the three conditions used in
the forced degradation solutions (Fig. 6). In HPLC analysis for drug
substance samples, CU201 was dissolved in ACN:water (1:1, v/v)
with 0.1% formic acid. The solution was stable in this acidic sample
diluent for at least 36 h at room temperature. To further examine
the factors that affect stability, CU201 was dissolved in solvents
with various pH levels, ionic strength, and aqueous/organic solvent
compositions. PBS at pH 7.4 was used as the medium to simulate the
in vivo environment and iv preparation admixture. Kinetic profiles
were obtained by periodically injecting the test solution to HPLC.
Table 4 shows the t), and tgg values of all solutions tested. (The
parameters tyj, and tgg represent the amount of time required for
the sample to decay 50% and 10%, respectively). The ¢, and tgg
of CU201 in water are 31.2 and 1.95 h, respectively, when the pH
of the solution is approximately 5. The results in Table 4 indicate
that CU201 is more stable in acidic or other media with higher ionic
strength. The first order kinetic plots of the PBS solution at 25 and
37°C are presented in Supplemental Fig. 4.

The synthetic procedure for preparing the peptidic dimer CU201
involved a neutralization step, after the removal of protecting
groups. Consequently, large quantities of the impurity MA (about
15% historically) were generated during the process, as a medium
of pH <2 is needed to preserve the integrity of the amidine groups
in CU201.

4. Conclusion

Impurities and major degradation products in CU201 drug sub-
stance were characterized by LC-MS. High resolution MS and model
compounds were employed to identify the major impurity, MA.
Susceptible linkages in the peptide drug were revealed from the
degradation products, and conditions that affect stability were
investigated. The major impurity, MA, which typically accounted
for 15% of the drug substance samples, is the hydrolysis product
in which the cross-linking amidine (RC(=NH)NHR’) was converted
to an amide (RC(=0)NHR’). Further hydrolysis resulted in the sec-
ond degradation product, DA, in which both amidine groups in

the cross-linking bridge became amides. The hydrolytic lability of
CU201, coupled with the unavoidable presence of high levels of
impurities in the drug substance, posed an immense hurdle for drug
development. The suberimidyl group, adopted to enhance activ-
ity, inadvertently contributed to the major flaw of the designed
molecule.
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