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a b s t r a c t

To effectively support the development of a Chikungunya (CHIKV) virus-like particle (VLP) vaccine, a
sensitive and robust high-performance liquid chromatography (HPLC) method that can quantitate CHIKV
VLPs and monitor product purity throughout the manufacturing process is needed. We developed a sen-
sitive reversed-phase HPLC (RP-HPLC) method that separates capsid, E1, and E2 proteins in CHIKV VLP
vaccine with good resolution. Each protein component was verified by sodium dodecyl sulfate polyac-
rylamide gel electrophoresis (SDS-PAGE) and matrix-assisted laser desorption/ionization time-of-flight
(MALDI-ToF) mass spectrometry (MS). The post-translational modifications on the viral glycoproteins E1
and E2 were further identified by intact protein mass measurements with liquid chromatography–mass

CrossMark
LP
hikungunya
HIKV
nalytical characterization

spectrometry (LC–MS). The RP-HPLC method has a linear range of 0.51–12 �g protein, an accuracy
of 96–106% and a precision of 12% RSD, suitable for vaccine product release testing. In addition, we
demonstrated that the RP-HPLC method is useful for characterizing viral glycoprotein post-translational
modifications, monitoring product purity during process development and assessing product stability
during formulation development.
. Introduction

Chikungunya virus is a mosquito-borne alphavirus. It is
n enveloped positive-stranded RNA virus with a diameter of
0–75 nm that causes acute illness including fever, rash and severe
rthralgia. Although rarely fatal, CHIKV causes incapacitating and
rolonged joint pain that presents serious economic and social

mpact. Since the first isolation of CHIKV in Tanzania in 1952, spo-
adic outbreaks occurred in Central and Southern Africa and South
ast Asia between 1960s and 1990s. Outbreaks resurged between
004 and 2007 in Reunion Islands, India and Europe with hundreds
f thousands of reported cases [1–3]. Due to the disease severity, the
igh infection rate during outbreaks, and the extensive geographic
istribution, there is an urgent need for an effective CHIKV vaccine.
n 2011, Nabel et al. reported the expression of CHIKV virus-like
articles (VLPs) in human embryonic kidney cells [4]. Vaccination
sing these CHIKV VLPs protected Rhesus macaques from chal-

∗ Corresponding author. Tel.: +1 215 652 9762.
E-mail address: sha ha@merck.com (S. Ha).

ttp://dx.doi.org/10.1016/j.chroma.2014.05.087
021-9673/Published by Elsevier B.V.
Published by Elsevier B.V.

lenge with wild-type virus. Additionally, serum antibodies from
the vaccinated macaques provided protection from a lethal dose
of CHIKV in a mouse model. These results established the proof-
of-concept that CHIKV VLPs were sufficient to elicit a protective
humoral response against CHIKV infection. The success of these
experiments warranted further characterization of the CHIKV VLPs.

Traditionally, vaccines composed of VLPs are characterized by
SDS-PAGE for purity and quantified by colorimetric protein assays
such as Bradford, bicinchoninic acid (BCA) or Lowry assay. Both
approaches have disadvantages. SDS-PAGE is labor and time inten-
sive. Colorimetric protein assays can be sensitive to detergents,
reducing agents or certain salts. In addition, the colorimetric pro-
tein assays measure total protein concentration, and are therefore
not specific for the antigenic components of the vaccine product.
To effectively support process and formulation development, it is
highly desirable to have a sensitive and robust method available
that can be automated to measure both vaccine purity and antigen-

specific vaccine mass.

High-performance liquid chromatography (HPLC) has become
an attractive analytical tool due to its high sensitivity and repro-
ducibility. HPLC methods have been applied for the identification
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nd quantitation of virus proteins and VLPs including influenza
irus [5–8], lentivirus [9], Sendai virus [10], poliovirus [11,12],
uman papillomavirus VLP [13], adenovirus types 3 and 5 [14,15],
nd Hepatitis B VLP [16]. However, due to the hydrophobic nature of
ost viral glycoproteins and the presence of lipids with enveloped

irus, it has been technically challenging to achieve good resolution
nd recovery for all the viral components [9,10,17].

The CHIKV VLP has three structural proteins and is organized as
ollows: an outer surface composed of 240 copies of glycoproteins
1 and E2 embedded in a lipid bilayer surrounding a nucleocapsid
ade of 240 copies of capsid protein [18]. Our goal was to develop
RP-HPLC assay that would separate E1, E2 and capsid proteins

f CHIKV VLPs. This method would serve to evaluate and quan-
itate the mass and purity of the vaccine product. Additionally,
his method would be a tool to assess both protein degradation
nd post-translational modifications for formulation and process
evelopment.

. Materials and methods

.1. Chemicals and reagents

HPLC grade acetonitrile (ACN), 2-propanol, trifluoroacetic acid
TFA), 0.1% TFA in acetonitrile, and 0.1% TFA in water were
urchased from Fisher (Fair Lawn, NJ, USA). Zwittergent 3–12
etergent and C18 ZipTip were from Millipore (Billerica, MA,
SA). Trypsin was from Promega (Madison, WI, USA). Formic acid,
mmonium bicarbonate (NH4HCO3), �-cyano-4-hydrocinnamic
cid (CHCA), iodoacetamide were from Sigma-Aldrich (St. Louis,
O, USA). Dithiothreitol (DTT) and GelCode Blue Stain Reagent
ere from Thermo Scientific (Pittsburgh, PA, USA). SilverQuest

taining Kit was from Invitrogen (Carlsbad, CA, USA). The expres-
ion and purification of CHIKV VLPs from the mammalian and
he insect cell systems were described by Wagner et al. [19].
riefly, HEK293 cells were transiently transfected with a plasmid
NA encoding the CHIKV structural genes. The cell culture super-
atant was clarified, concentrated and purified with Q Sepharose
L anion exchange column. In the insect cell system, the high-pH
dapted Spodoptera frugiperda insect cells (SfBasic) were infected
y baculovirus encoding the CHIKV structural genes. The cul-
ure supernatant was clarified, concentrated and purified with
ephacryl S-400 HR size exclusion column and Q-Sepharose XL
nion exchange column.

.2. RP-HPLC

Samples containing CHIKV VLPs were analyzed on XBridge

EH300 C4 column (3.5 �m, 4.6 × 150 mm, 300 ´̊A, Part #
86004504, from Waters) held at 60 ◦C with a linear AB gradient
lution. Mobile phase A contained 0.1% TFA in water. Mobile phase
contained 30% ACN, 70% 2-propanol and 0.1% TFA. The separa-

ion was carried out with a 60-min gradient ranging from 0% to
00% mobile phase B followed by a 7-min re-equilibration with
obile phase A at a flow rate of 1 mL/min. Eluted proteins were

etected by fluorescence at excitation at 280 nm and emission at
50 nm. Samples were incubated with 5% Zwittergent 3-12 deter-
ent and injected at a volume of 100 �L. In the linearity study,
he reference standard was diluted at 5.1–120 �g/mL in the pres-
nce of 5% Zwittergent 3-12 detergent. It was noted that in the
arly applications, for example studies that monitored the degra-

ation and post-translational modifications, sample pre-treatment
as not yet implemented. However, since Zwittergent was used to

mprove recovery, the lack of Zwittergent should not impact the
haracteristics of eluted E1 and E2.
r. A 1364 (2014) 192–197 193

2.3. Protein identification: RP-HPLC peak collection, SDS-PAGE,
in-gel digestion, and MALDI-ToF MS

CHIKV VLP fractions were collected from RP-HPLC run, dried in a
Savant SpeedVac equipped with a cold acetone vapor trap. The frac-
tions were then reconstituted in SDS-PAGE sample loading buffer
and analyzed using a NOVEX gel apparatus in NOVEX 4–20% tris-
glycine 1.5 mm gels. The gels were stained using either SilverQuest
Staining Kit or GelCode Blue Stain Reagent.

For protein identification by MALDI-ToF MS, gels were first
stained using GelCode Blue Stain. Protein bands were then excised
along with a blank portion of the gel used as a negative control. Gel
bands were placed into individual eppendorf tubes and crushed.
They were destained by three cycles of dehydration with 25 mM
ammonium bicarbonate (NH4HCO3)/50% ACN (v/v) and rehydra-
tion with 25 mM NH4HCO3. Destained gel pieces were dried in a
Savant SpeedVac, reduced in 10 mM DTT/25 mM NH4HCO3 at 55 ◦C
for 1 h, and alkylated with 55 mM iodoacetamide/25 mM NH4HCO3
at room temperature for 45 min in the dark. Gel pieces were washed
with 25 mH NH4HCO3 and dried in a Savant SpeedVac. The pieces
were incubated in a solution of high purity trypsin (5 ng/�L in
25 mM NH4HCO3) for 16 h at 37 ◦C. The resulting tryptic peptides
were eluted from the gel pieces by vortexing with a solution of 5%
formic acid/50% ACN (v/v). The extracted peptides were prepared
for analyses by MALDI-ToF MS with C18 ZipTips per the manufac-
turer’s instructions. Peptides were eluted from the ZipTips with
1 �L of matrix consisting of 8 mg/mL of CHCA in 0.05% TFA/50%
ACN (v/v) and spotted onto a MALDI target. Samples were ana-
lyzed on a Bruker Autoflex III operated in reflector mode and spectra
were acquired in positive ion mode in an m/z range of 700–4000
using a laser power of 76%. Proteins were identified by comparing
observed masses to theoretical tryptic masses of the E1, E2, and
capsid proteins.

2.4. Characterization of post-translational modifications: Intact
protein mass analysis by LC–MS

The proteins in the VLP samples were separated and analyzed
by LC–MS using a Waters Acquity LC system coupled to a Synapt
G2 mass spectrometer (Waters, Milford, MA). The mobile phases
were slightly modified as stated below. Mobile phase A was 0.1%
formic acid (v/v) in water and mobile phase B was 0.1% formic acid
(v/v) in 30% ACN/70% isopropanol. Because TFA caused ion sup-
pression, formic acid was used as the mobile phase modifier. In
order to increase the signal intensity for intact protein accurate
mass measurement, we used 10 consecutive injections of 25 �L of
the sample. These injections were made with a short 2 min iso-
cratic flow of 5% mobile B. Following the last injection, the proteins
were eluted using a linear gradient of 5–80% of mobile phase B in
18 min at a flow rate of 0.2 mL/min. Mass spectra were obtained
in positive mode by spraying the eluent into the mass spectrome-
ter using an ESI source. The capillary, source cone, and extraction
cone voltages were set at 3 kV, 20 V, and 4 V, respectively. Nitrogen
was used as a desolvation gas at a flow rate of 800 L/h. The source
and desolvation temperatures were set at 110 and 450 ◦C, respec-
tively. The instrument was operated in Sensitivity mode and spectra
were acquired in an m/z range of 1000–2500. Data acquisition
and analysis (deconvolution) were performed with Waters MassL-
ynx 4.1 software. Protein spectra were deconvoluted to obtain the
observed intact protein masses. MaxEnt deconvolution parameters
were set with output mass range of 40,000–60,000 and resolu-
tion of 0.1 Da/channel. Minimum intensity ratios were 33% for both

the left and right parameters. A uniform Gaussian model was used
with width at half height of either 1 or 0.8 Da. For spectra with
width at half height of 1 Da, a maximum of 10 iterations were
used. For spectra with width at half height of 0.8 Da, a maximum of
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Fig. 1. (A) RP-HPLC chromatogram with fluorescent detection of a representa-
tive  CHIKV VLP at 12 �g load. The sample was  prepared with 5% Zwittergent
3–12  detergent and analyzed on XBridge BEH300 C4 cloumn at 60 ◦C. Structural
proteins—capsid,  E1, and E2 were baseline separated. (B) SDS-PAGE gel for peak
identification.  Lanes 1 and 5 show the molecular weight markers. Lanes 2 and 6
show the whole unfractionated sample. Lanes 4, 7, and 9 show the collected RP-
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1 iterations were used. Post-translational modifications were
dentified by comparing observed masses to theoretical masses of
xpected N-glycoforms with and without acylation.

. Results and discussion

.1.  RP-HPLC development

CHIKV  VLPs contain lipophilic and hydrophobic glycoproteins,
aking it challenging to develop an LC method that could elute the

lycoproteins with minimal carry-over. We  screened several HPLC
olumns with different combinations of mobile phases. We  found
hat while capsid protein could be readily eluted off of the HPLC
olumn with 0.1% TFA in acetonitrile, E1 tended to stick to the col-
mn and required a strong organic solvent such as 2-propanol to
lute it. In addition, TFA was necessary in the mobile phase to pro-
ote VLP interaction with the stationary phase. The lack of TFA in

he mobile phases led to the elution of VLPs in the void volume of
he column. It is interesting to note that TFA, at the concentration
sed, did not cause aggregation of the CHIKV proteins. Instead, TFA
ppeared to help disassemble the VLPs and facilitate the binding of
roteins to the stationary phase. A Waters XBridge BEH300 C4 col-
mn  with 70% 2-propanol in the elution mobile phase had the best
ecovery for all three CHIKV proteins, while column temperature
f 60 ◦C improved peak sharpness.

Even  with these optimized HPLC condition, we  still observed
arry-over of E1 and E2 between HPLC runs. In order to minimize
arry-over we screened different sample pre-treatment methods.

e discovered that pre-incubation of sample with 5% Zwittergent
-12 detergent increased the peak area of E1 by 130% and E2 by 60%
nd decreased the total carry-over to 4%. Zwittergent 3-12 deter-
ent is believed to solubilize and stabilize the glycoproteins and
revent non-specific binding during chromatography. Thus, incu-
ation with 5% Zwittergent 3-12 detergent was used as a routine
ample pre-treatment method.

In order to characterize the RP-HPLC chromatogram and identify
hich antigen protein was present in the individual peak, frac-

ions were collected, concentrated and analyzed by SDS-PAGE and
ALDI-ToF MS  along with the corresponding unfractionated sam-

le. The proteins on the gel were identified as E1, E2 and capsid
rotein (from top to bottom in the gel in Fig. 1B) and the three
eaks in the RP-HPLC chromatogram were confirmed as capsid, E1
nd E2 from left to right (Fig. 1A).

.2. Intact protein mass analysis of E1 and E2

The ability to separate E1 and E2 by RP-HPLC chromatog-
aphy allows us to characterize post-translational modifications
f these viral glycoproteins by mass spectrometry. Both E1 and
2 of CHIKV contain N-glycosylation and both glycoproteins are
xpected to contain acylation based on sequence similarity with
emliki Forest virus (SFV) [18,20]. N-glycosylation directs the traf-
cking of glycoproteins from endoplasmic reticulum (ER) to Golgi
nd then to the cell membrane. Elimination of glycosylation neg-
tively impacts virus infectivity and replication [21]. Acylation is

 post-translational modification of cysteine with fatty acids via a
hioester bond. It is proposed to assist E2 C-terminus transit from
nsertion in the endoplasmic reticulum bilayer to anchoring on the
ytoplasmic face. As acylation is required to form a critical epitope
or nucleocapsid binding [22], the lack of this post-translational

odification results in defective virus assembly and budding [23].

Post-translational  modifications present on CHIKV VLP proteins

ere identified by LC–MS using accurate mass measurements of the
ntact protein antigens. Fig. 2 shows the deconvoluted spectra for
1 and E2. Multiple masses were observed with each representing
HPLC fractions along with their identification as the structural CHIKV VLP proteins
capsid, E1, and E2. E1 front peak was collected and analyzed. However, it was not
visible on the gel due to its low abundance.

different glycosylation and acylation modifications. Based on
known glycoprotein acylation and expected N-linked glycans, we
identified glycoprotein modifications in several major peaks by
matching the observed mass to the theoretical molecular weight.
Due to the mass heterogeneity of both E1 and E2, the deconvo-
luted masses of the minor peaks were less accurate. Therefore
those peaks were not assigned though we  expected other types
of N-glycosylation or acylation to exist as well. We  detected one
N-glycosylation and one acylation—either palmitoylation (Pal) or
stearoylation (Stear), for the majority of E1 (Fig. 2A, top trace).
A small portion of glycosylated but deacylated E1 eluted slightly
before the main population (E1 front peak in Figs. 1A and 2A bot-
tom trace). This is not surprising as protein acylation is a reversible
process and enzymatic depalmitoylation of viral glycoprotein has
been demonstrated [24]. Fig. 2B shows that E2 contained two
N-glycosylations and three acylations. The observation that E2 con-
tained one hybrid glycan and one oligomannose is consistent with
the glycan composition of the well-studied Sindbis virus (SINV)
expressed in mammalian cells [25]. We  did not detect a prefer-
ence of either palmitoylation or stearoylation for CHIKV E1. This is
in contrast to the report of exclusive selection of stearate for SFV
E1 [20,26]. It is unknown whether the selection of different fatty
acids is due to the difference in sequence or the expression host.
3.3.  Evaluation of E1 and E2 recoveries from RP-HPLC

Recovery of viral membrane protein from HPLC has been a tech-
nical challenge for many researchers. For example, 5–50% recovery
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Fig. 2. Intact protein mass analyses of E1 and E2 by LC–MS. The deconvoluted pro-
tein masses of E1 and E1 front peak are shown in (A), and the deconvoluted protein
mass  of E2 is shown in (B). E1 front peak is labeled in Fig. 1A chromatogram. The
post-translational modifications are identified for the major E1 and E2 peaks.

Table 1
Assay  precision as evaluated by the total peak area.

Injection # Day 1 Day 2 Day 3

1 1.33 × 109 1.32 × 109 1.10 × 109

2 1.35 × 109 1.34 × 109 1.08 × 109

3 1.34 × 109 1.34 × 109 1.08 × 109

Average 1.34 × 109 1.33 × 109 1.09 × 109

{ 
Repeatability 0.84% 1.1% 0.89%

Intermediate precision 12%

was shown with RP-HPLC for most membrane associated Sendai
virus proteins [10], and less than 32% recovery for influenza viral
proteins [27]. The use of a high concentration of formic acid in
the mobile phase was  reported to solubilize membrane proteins
and improve recovery [11,12]. However, acid induced cleavage
along the peptide backbone was a concern. Recently, the uses of
non-porous silica-based column and monolithic column have been
reported to minimize non-specific adsorption and increase recov-
ery for influenza virus protein analysis [5,7].

We evaluated the recoveries of E1 and E2 from RP-HPLC in com-
parison to capsid protein using UV absorbance. Capsid protein was
selected as the reference since it eluted readily from the chromatog-
raphy with minimal carry-over issue. Although the fluorescent
signal detected in the RP-HPLC assay provides high sensitivity, the
fluorescence is sensitive to the local environment of the protein.
Because of this, the signal is not proportional to the number of tryp-
tophan residues in each protein. To calculate the relative recovery,
we measured the UV absorbance of each peak at 280 nm and cal-
culated the stoichiometry of E1, E2 and capsid protein using the
theoretical extinction coefficient of each protein [28]. With Zwitter-
gent 3-12 detergent pre-treatment, we achieved 94% recovery for
E1 and 95% recovery for E2. This brought the detected molar ratio of
E1:E2:capsid to 1:1:1, consistent with the theoretical composition
of the VLPs.

3.4.  RP-HPLC assay performance assessment

The International Conference on Harmonisation (ICH) outlines
expectations on pharmaceutical product development and regis-
tration. ICH Q2(R1) requires that an analytical assay that is intended
for quantitative measurement of the active moiety of a drug sub-
stance or drug product needs to demonstrate linearity, accuracy
and precision [29].

To  evaluate linearity, a series of CHIKV VLP reference standards
of 5.1–120 �g/mL were injected at 100 �L volume onto the column.
The total peak area of capsid, E1 and E2 showed a linear response
to the protein load with an R2 of 1.000.

Precision was  determined by injecting a sample containing
107 �g/mL CHIKV VLP in triplicate each day in three different
days. The repeatability, calculated as the relative standard devi-
ation (RSD) of the total peak area within each day, was  1.1%. The
intermediate precision, calculated as the RSD of the averaged peak
area within three days, was  12% (Table 1). The retention time did
not drift during the analysis.

Accuracy was  evaluated by measuring the same sample pre-
pared at low, middle and high concentrations within the standard
curve range. The accuracy was  defined as the percentage of mea-
sured mass compared to the theoretical mass. The accuracy was
96–106% across the linear range of the assay (Table 2).

In  summary, this RP-HPLC method is linear, precise and accu-
rate between 0.51 and 12 �g. The linear range of this method is

appropriate for CHIKV VLP drug substance or drug product test-
ing. For example, in the recent phase I clinical study of CHIKV VLPs
sponsored by National Institute of allergy and Infectious Diseases
(NIAID), the drug product concentration is 40 �g/mL VLP. If we
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Table 2
Assay accuracy evaluated at three concentration levels.

Theoretical mass (�g) Measured mass (�g) Accuracy

Low 0.64 0.61 96%
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Middle 3.2 3.1 98%
High 10.7 11.4 106%

nject 100 �L volume of the Zwittergent3-12 detergent treated drug
roduct for RP-HPLC analysis, the total protein mass is 2.0 �g which

s within the linear range of this quantitative method.

.5. Impurity monitoring to support process development

Monitoring impurity clearance throughout the manufactur-
ng process is vital for successful vaccine product development.
raditionally, SDS-PAGE has been used to monitor purity for sub-
nit vaccines. We  demonstrate here that RP-HPLC can be applied
o analyze purification intermediate samples to support process
evelopment. Fig. 3 shows an overlay of two process intermediate
amples. The chromatograms clearly show that capsid, E1 and E2
re enriched in the downstream sample (solid line). This method
an also be used to assess lot-to-lot consistency for qualitative and

uantitative analysis of impurity. Because RP-HPLC can be auto-
ated and has a high throughput, it is an ideal alternative to the

raditional SDS-PAGE method.
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3.6. Monitoring E2 degradation to support formulation
development

The function and stability of alphaviruses are greatly impacted
by pH. At pH 6.0, alphaviruses undergo an irreversible confor-
mational change that exposes the E1 fusion loop and triggers
membrane fusion [18]. Consistent with this we observed that
CHIKV VLPs aggregated when exposed to pH 6.0 (data not shown).
In order to develop a stable vaccine, formulation studies were car-
ried out under various conditions. Storing CHIKV VLPs at 25 ◦C and
pH 9 for one week led to a ∼20% decrease in reactivity/binding to a
neutralizing Ab. Interestingly, the pH 9.0 stressed sample presented
an altered elution profile on RP-HPLC (Fig. 4). While capsid and E1
eluted similarly as the control, an E2 degradant peak was detected
that eluted slightly earlier than the regular E2, suggesting that the
degradant is more hydrophilic. Proteins are prone to deamidation
at high pH and deamidation introduces a net increase in surface
charge. Thus, we speculate at pH 9.0 E2 undergoes deamidation
and that this chemical modification affects CHIKV VLP antigenic-
ity. RP-HPLC can then be used as a rapid method to monitor the
chemical stability of CHIKV VLP.

3.7. Monitoring glycoprotein post-translational modifications as
Cell substrate influences viral glycoprotein post-translational
modification. For example, the N-glycosylation pathway in insect

 Time (min)
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E2

30 40 50 60

ple (dotted line) and a downstream process intermediate sample (solid line). It is
le above the baseline. It is evident that the RP-HPLC can be used to track impurity

me (min)
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E2 Degradant

pH 9.0, 25°C, 1W
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he E2 degradant peak elutes earlier than E2, suggesting E2 undergoes deamidation
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[31] P.C. Kulakosky, P.R. Hughes, H.A. Wood, Glycobiology 8 (1998) 741.
[32] Adapted Lepidopteran Insect cells for the Production of Recombinant Proteins,

U.S. Provisional Patent Application 61/779,845. Filed March 13, 2013.
[33] Adapted Lepidopteran Insect cells for the Production of Recombinant Proteins,
ig. 5. RP-HPLC traces of two purified CHIKV VLP samples derived from two different
odifications. Additionally, different impurity profiles are seen in these two sampl

ells diverges from mammalian starting from the intermediate of
lcNAcMan3GlcNAc2Fuc in the Golgi. Instead of elongating the

ntermediate to produce complex glycans as in mammalian cells,
nsect cells trim the non-reducing GlcNAc to produce the major
-glycan Man3GlcNAc2Fuc (paucimannose) [30,31]. To express
HIKV VLP in insect cells, Wagner et al. developed a novel insect
ell line—SfBasic by adapting Sf21 in elevated culture pH [19,32,33].
2 from VLPs expressed in this cell substrate had different elution
rofile compared to HEK293 expressed VLP (Fig. 5). Further studies
re being conducted to characterize the post-translational modifi-
ation of the glycoproteins derived from SfBasic cell line. While the
mpact of post-translational modifications on immunogenicity or
tability of CHIKV VLPs is unknown, it is important to monitor these
odifications to ensure product lot-to-lot consistency throughout

he vaccine development cycle.

. Conclusion

We  developed a RP-HPLC method that separates capsid, E1 and
2, and allowed the characterization and quantitation of CHIKV
LP components. This assay is accurate, and has a linear range of
.51–12 �g protein and a precision of 12% RSD. This method can
e applied as a release test for dose of CHIKV VLP vaccine prod-
ct. Because this method provides good separation, we  are able to
haracterize the post-translational modifications of the two  viral
lycoproteins. We  demonstrated that this RP-HPLC method could
upport process development by monitoring product purity, and
upport formulation development by monitoring the product pro-
ein degradation.

cknowledgements

The authors would like to thank Indresh Srivastava (NIH Vaccine
esearch Center) for providing CHIKV VLPs expressed from HEK293
ells, and James Wagner, Patrick McHugh and Shyamsundar Subra-
anian for supplying CHIKV VLPs from SfBasic. The authors would

lso like to thank Maya Salnikova and Cecilia Giovarelli for per-
orming the pH stability study.
eferences

[1] A.M. Powers, C.H. Logue, J. Gen. Virol. 88 (2007) 2363.
bstrates. The change in E2 retention time is likely due to different post-translational

[2]  O. Schwartz, M.L. Albert, Nat. Rev. Microbiol. 8 (2010) 491.
[3] M.C. Jaffar-Bandjee, D. Ramful, B.A. Gauzere, J.J. Hoarau, P. Krejbich-Trotot, S.

Robin, A. Ribera, J. Selambarom, P. Gasque, Expert Rev. Anti Infect. Ther. 8 (2010)
987.

[4]  W.  Akahata, Z.-Y. Yang, H. Andersen, S. Sun, H.A. Holdaway, W.-P. Kong, M.G.
Lewis, S. Higgs, M.G. Rossmann, S. Rao, G.J. Nabel, Nat. Med. 16 (2010) 334.

[5]  V. Garcia-Canas, B. Lorbetskie, M. Girard, J. Chromatogr. A 1123 (2006) 225.
[6]  B. Lorbetskie, J. Wang, C. Gravel, C. Allen, M.  Walsh, A. Rinfret, X. Li, M.  Girard,

Vaccine 29 (2011) 3377.
[7] L. Urbas, B. Kosir, M.  Peterka, B. Pihlar, A. Strancar, M.  Barut, J. Chromatogr. A

1218 (2011) 2432.
[8] J.C. Kapteyn, A.M. Porre, E.J.P. de Rond, W.B. Hessels, M.A. Tijms, H. Kessen,

A.M.E. Slotboom, M.A. Oerlemans, D. Smit, J. van der Linden, P. Schoen, J.L.G.
Thus, Vaccine 27 (2009) 1468.

[9] J.M. Ball, V.S.V. Rao, W.G. Robey, C.J. Issel, R.C. Montelaro, J. Virol. Methods 19
(1988) 265.

10] R. van der Zee, S. Welling-Wester, G.W. Welling, J. Chromatogr. 266 (1983) 577.
11]  J. Heukeshoven, R. Dernick, J. Chromatogr. 252 (1982) 241.
12] J. Heukeshoven, R. Dernick, Chromatographia 19 (1984) 95.
13] Y. Yuan, E. Shane, C.N. Oliver, J. Chromatogr. A 816 (1998) 21.
14] L. Urbas, B.L. Jarc, M.  Barut, M.  Zochowska, J. Chroboczek, B. Pihlar, E. Szolajska,

J. Chromatogr. A 1218 (2011) 2451.
15]  R.J. Whitfield, S.E. Battom, M.  Barut, D.E. Gilham, P.D. Ball, J. Chromatogr. A 1216

(2009) 2725.
16] D.O. O’Keefe, A.M. Paiva, Anal. Biochem. 230 (1995) 48.
17] R. van der Zee, T. Hoekzema, S. Welling-Wester, G.W. Welling, J. Chromatogr.

368 (1986) 283.
18] J.E. Voss, M.-C. Vaney, S. Duquerroy, C. Vonrhein, C. Girard-Blanc, E. Crublet, A.

Thompson, G. Bricogne, F.A. Rey, Nature 468 (2010) 709.
19] J.M. Wagner, J.D. Pajerowski, C.L. Daniels, P.M. McHugh, J.A. Flynn, J.W. Balliet,

D.R. Casimiro, S. Subramanian, PLOS One 9 (2014) e94401.
20] L.V. Kordyukova, M.V. Serebryakova, L.A. Baratova, M.  Veit, Virology 398 (2010)

49.
21]  R.L. Knight, K.L.W. Schultz, R.J. Kent, M.  Venkatesan, D.E. Griffin, J. Virol. 83

(2009) 5640.
22] L. Ivanova, M.J. Schlesinger, J. Virol. 67 (1993) 2546.
23] K. Gaedigk-Nitschko, M.J. Schlesinger, Virology 183 (1991) 206.
24] M.  Veit, M.F.G. Schmidt, Virology 288 (2001) 89.
25] P. Hsieh, M.R. Rosner, P.W. Robbins, J. Biol. Chem. 258 (1983) 2548.
26] M.  Veit, H. Reverey, M.F.G. Schmidt, Biochem. J. 318 (1996) 163.
27] M.A. Phelan, K.A. Cohen, J. Chromatogr. 266 (1983) 55.
28] C.N. Pace, F. Vajdos, L. Fee, G. Grimsley, T. Gray, Protein Sci. 4 (1995) 2411.
29] ICH Harmonised Tripartite Guideline—Validation of Analytical Procedures:

Text and Methodology Q2(R1), International Conference on Harmonisation
(ICH), Geneva, 2005.

30] T.A. Kost, J.P. Condreay, D.L. Jarvis, Nat. Biotechnol. 23 (2005) 567.
U.S. Provisional Patent Application 61/792,613. Filed March 15, 2013.

Sarepta Exhibit 1006, page 6

http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0005
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0005
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0005
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0005
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0005
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0005
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0005
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0005
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0005
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0005
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0010
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0010
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0010
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0010
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0010
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0010
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0010
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0010
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0010
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0010
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0015
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0015
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0015
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0015
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0015
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0015
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0015
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0015
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0015
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0015
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0015
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0015
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0015
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0015
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0015
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0015
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0015
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0015
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0015
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0015
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0015
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0015
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0015
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0015
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0015
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0015
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0020
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0020
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0020
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0020
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0020
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0020
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0020
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0020
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0020
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0020
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0020
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0020
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0020
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0020
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0020
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0020
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0020
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0020
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0020
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0020
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0020
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0020
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0020
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0020
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0020
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0020
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0020
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0025
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0025
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0025
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0025
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0025
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0025
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0025
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0025
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0025
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0025
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0025
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0025
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0030
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0030
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0030
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0030
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0030
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0030
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0030
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0030
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0030
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0030
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0030
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0030
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0030
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0030
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0030
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0030
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0030
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0030
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0030
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0030
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0035
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0035
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0035
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0035
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0035
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0035
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0035
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0035
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0035
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0035
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0035
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0035
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0035
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0035
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0035
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0035
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0035
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0035
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0040
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0040
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0040
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0040
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0040
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0040
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0040
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0040
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0040
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0040
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0040
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0040
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0040
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0040
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0040
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0040
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0040
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0040
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0040
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0040
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0040
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0040
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0040
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0040
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0040
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0040
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0040
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0040
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0040
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0040
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0040
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0045
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0045
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0045
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0045
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0045
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0045
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0045
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0045
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0045
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0045
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0045
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0045
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0045
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0045
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0045
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0045
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0050
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0050
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0050
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0050
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0050
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0050
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0050
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0050
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0050
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0050
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0050
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0050
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0050
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0055
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0055
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0055
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0055
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0055
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0055
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0055
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0055
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0055
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0060
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0060
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0060
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0060
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0060
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0060
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0060
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0060
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0065
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0065
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0065
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0065
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0065
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0065
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0065
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0065
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0065
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0065
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0065
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0065
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0070
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0070
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0070
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0070
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0070
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0070
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0070
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0070
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0070
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0070
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0070
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0070
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0070
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0070
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0070
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0070
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0070
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0070
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0070
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0070
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0075
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0075
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0075
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0075
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0075
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0075
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0075
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0075
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0075
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0075
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0075
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0075
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0075
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0075
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0075
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0075
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0080
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0080
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0080
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0080
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0080
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0080
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0080
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0080
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0080
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0085
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0085
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0085
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0085
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0085
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0085
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0085
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0085
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0085
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0085
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0085
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0085
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0085
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0085
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0085
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0090
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0090
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0090
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0090
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0090
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0090
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0090
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0090
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0090
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0090
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0090
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0090
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0090
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0090
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0090
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0090
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0090
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0090
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0090
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0090
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0090
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0090
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0095
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0095
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0095
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0095
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0095
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0095
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0095
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0095
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0095
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0095
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0095
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0095
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0095
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0095
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0095
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0095
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0095
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0095
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0095
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0095
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0095
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0100
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0100
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0100
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0100
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0100
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0100
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0100
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0100
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0100
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0100
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0100
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0100
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0105
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0105
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0105
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0105
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0105
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0105
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0105
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0105
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0105
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0105
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0105
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0105
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0105
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0105
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0105
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0110
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0110
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0110
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0110
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0110
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0110
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0110
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0110
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0110
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0115
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0115
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0115
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0115
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0115
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0115
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0115
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0115
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0120
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0120
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0120
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0120
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0120
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0120
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0120
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0120
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0125
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0125
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0125
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0125
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0125
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0125
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0125
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0125
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0125
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0125
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0125
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0125
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0130
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0130
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0130
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0130
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0130
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0130
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0130
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0130
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0130
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0130
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0130
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0135
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0135
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0135
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0135
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0135
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0135
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0135
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0135
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0135
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0140
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0140
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0140
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0140
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0140
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0140
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0140
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0140
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0140
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0140
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0140
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0140
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0140
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0140
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0140
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0170
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0170
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0170
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0170
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0170
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0170
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0170
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0170
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0170
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0170
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0170
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0170
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0170
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0170
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0170
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0170
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0170
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0170
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0170
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0170
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0150
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0150
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0150
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0150
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0150
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0150
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0150
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0150
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0150
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0150
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0150
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0155
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0155
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0155
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0155
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0155
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0155
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0155
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0155
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0155
http://refhub.elsevier.com/S0021-9673(14)00945-5/sbref0155

	Development and application of a reversed-phase high-performance liquid chromatographic method for quantitation and charac...
	1 Introduction
	2 Materials and methods
	2.1 Chemicals and reagents
	2.2 RP-HPLC
	2.3 Protein identification: RP-HPLC peak collection, SDS-PAGE, in-gel digestion, and MALDI-ToF MS
	2.4 Characterization of post-translational modifications: Intact protein mass analysis by LC–MS

	3 Results and discussion
	3.1 RP-HPLC development
	3.2 Intact protein mass analysis of E1 and E2
	3.3 Evaluation of E1 and E2 recoveries from RP-HPLC
	3.4 RP-HPLC assay performance assessment
	3.5 Impurity monitoring to support process development
	3.6 Monitoring E2 degradation to support formulation development
	3.7 Monitoring glycoprotein post-translational modifications as a result of a change in cell substrates

	4 Conclusion
	Acknowledgements
	References




