
M E T H O D S   I N  M O L E C U L A R  B I O L O G Y™

Therapeutic
Proteins

Methods and Protocols

Edited by

C. Mark Smales
Protein Science Group, Department of Biosciences,

University of Kent, Canterbury, Kent, UK

and

David C. James
School of Engineering, University of Queensland, St. Lucia,

Queensland, Australia

Sarepta Exhibit 1035, page 1



© 2005 Humana Press Inc.
999 Riverview Drive, Suite 208
Totowa, New Jersey 07512

www.humanapress.com

All rights reserved. No part of this book may be reproduced, stored in a retrieval system, or transmitted in
any form or by any means, electronic, mechanical, photocopying, microfilming, recording, or otherwise
without written permission from the Publisher. Methods in Molecular BiologyTM is a trademark of The
Humana Press Inc.

All papers, comments, opinions, conclusions, or recommendations are those of the author(s), and do not
necessarily reflect the views of the publisher.

This publication is printed on acid-free paper. ∞
ANSI Z39.48-1984 (American Standards Institute)

Permanence of Paper for Printed Library Materials.

Cover illustration:  Figure 2 from Chapter 21, “Solid-State Protein Formulation: Methodologies, Stability,
and Excipient Effects,” by Yuh-Fun Maa and Scott P. Sellers.

Cover design by Patricia F. Cleary.

For additional copies, pricing for bulk purchases, and/or information about other Humana titles, contact
Humana at the above address or at any of the following numbers: Tel.: 973-256-1699; Fax: 973-256-8341;
E-mail: orders@humanapr.com; or visit our Website: www.humanapress.com

Photocopy Authorization Policy:
Authorization to photocopy items for internal or personal use, or the internal or personal use of specific
clients, is granted by Humana Press Inc., provided that the base fee of US $30.00 per copy is paid directly
to the Copyright Clearance Center at 222 Rosewood Drive, Danvers, MA 01923. For those organizations
that have been granted a photocopy license from the CCC, a separate system of payment has been arranged
and is acceptable to Humana Press Inc. The fee code for users of the Transactional Reporting Service is:
[1-58829-390-4/05 $30.00 ].

Printed in the United States of America. 10 9 8 7 6 5 4 3 2 1

Library of Congress Cataloging in Publication Data
Therapeutic proteins : methods and protocols / edited by C. Mark Smales and David C. James.

p. ; cm. —  (Methods in molecular biology ; 308)
Includes bibliographical references and index.
ISBN 1-58829-390-4 (alk. paper) eISBN 1-59259-922-2
1. Protein drugs—Laboratory manuals.     I. Smales, C. Mark. II. James, David C. (David
Cameron), 1963-    .  III. Series: Methods in molecular biology (Clifton, N.J.) ; v. 308.
[DNLM:  1. Proteins—therapeutic use.  2. Proteins—chemical synthesis.  3. Proteins—
isolation & purification.     QU 55 T3976  2005]
RS431.P75T475 2005
615'.3—dc22 2004021242

Sarepta Exhibit 1035, page 2



Top-Down Characterization by LC/MS 435

435

From: Methods in Molecular Biology, vol. 308: Therapeutic Proteins: Methods and Protocols
Edited by: C. M. Smales and D. C. James © Humana Press Inc., Totowa, NJ

34

Top-Down Characterization of Protein Pharmaceuticals
by Liquid Chromatography/Mass Spectrometry

Application to Recombinant Factor IX Comparability—
A Case Study

Jason C. Rouse, Joseph E. McClellan, Himakshi K. Patel,
Michael A. Jankowski, and Thomas J. Porter

1. Introduction
Recombinant protein pharmaceuticals have revolutionized the treatment of a vari-

ety of medical ailments, including cancer, autoimmune diseases, and hemostatic dis-
orders. Proteins manufactured with eukaryotic expression systems may be complex
and heterogeneous because of posttranslational modifications (PTMs) and differential
proteolytic processing. At one time, detailed characterization and definition of the
protein structure were difficult, and the manufacturing process defined the product.
If process changes were made, clinical trials were required to demonstrate product
equivalence prior to regulatory agency acceptance of the product manufactured by the
modified process. To adopt new manufacturing processes in a timely manner,
the biopharmaceutical industry and regulatory agencies have worked together over
the last few years to develop new guidance documents based on knowledge gained
from industry experience in the manufacture and clinical testing of protein pharma-
ceuticals (1,2). Manufacturers of protein pharmaceuticals consistently strive to deliver
the highest quality product in a cost-efficient manner. This can be accomplished
through optimization of the production process and incorporation of new technologies to
enhance product purity and yield. Process improvements may include a change of the
host cell line, enhancement of the cell culture medium or cell culture management,
or modifications to the purification process. In some cases, an additional manufactur-
ing site is brought online to augment production capacity.

Steady advancements in analytical techniques and methodology now allow a pro-
tein pharmaceutical to be considered a “defined biologic” (formerly known as “well-
characterized protein”). This designation provides the opportunity to demonstrate the
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436 Rouse et al.

“comparability” of the product manufactured by a new process to that produced with
the original manufacturing process. Establishing structural and functional compara-
bility by a protocol that includes predefined acceptance criteria can minimize the need
to conduct extensive preclinical or clinical testing. Successful demonstration of
comparability can therefore improve product development timelines or accelerate the
implementation of changes to a commercial manufacturing process.

Mass spectrometry (MS) has emerged as an integral component of comparability
programs because it is a rapid, highly informative analytical technique capable of
detecting structural changes in peptides and proteins with high selectivity and sensi-
tivity. MS is especially powerful in protein structural analysis when interfaced with
reversed-phase high-performance liquid chromatography (RP-HPLC). The structure
of recombinant proteins is traditionally assessed through RP-HPLC peptide mapping,
which typically involves disulfide bond reduction, cysteine alkylation, and enzymatic
digestion, followed by RP-HPLC profiling of the component peptides. The established
combination of peptide mapping with MS, which links peptide RP-HPLC elution time
with molecular weight and structure, provides verification of the intended amino acid
sequence, definition of the N and C termini, and site-specific detection and character-
ization of the PTMs or degradation products (Table 1).

Top-down characterization (3) is a newer MS approach for protein identification
and characterization that involves accurate mass determination of intact proteins, pro-
tein subunits, or large proteolytic fragments with the option of gas-phase ion fragmen-
tation of the intact species. This approach is complementary to peptide mapping with
MS (Note 1) and, when gas-phase ion fragmentation is employed, the structural end-
points are very similar to in-solution proteolysis. However, in contrast to peptide map-
ping, the top-down approach provides 100% amino acid sequence coverage, because
an accurate mass determination for a particular protein isoform (or related gas-phase
fragment ion) is a direct link to its amino acid composition, N and C termini, and
PTMs (Table 1). Additionally, the top-down strategy has the potential to reduce the
number of upstream sample handling and separation steps. If top-down analysis is
performed in the liquid chromatography (LC)/MS mode, the simple HPLC profiles, as
compared to that of a peptide map, allow protein recovery determination and efficient
data analysis. Because intact proteins are more resistant than peptides to the colli-
sional activation processes that occur during MS analysis, labile PTMs (e.g., sulfate
and carboxylate on tyrosine-O-sulfate and γ-carboxyglutamate, respectively) are
largely retained. This phenomenon results in a representative distribution of the pro-
tein isoform heterogeneity in the mass spectrum.

Thorough protein characterization by the top-down strategy ideally requires a mass
analyzer with high-resolving power and accurate mass-measurement capabilities for
unambiguous mass determinations of whole proteins or related gas-phase fragment
ions (6). With high-resolution tandem mass spectrometry (MS/MS) and specialized
fragmentation techniques, initial top-down characterization strategies focused on the
generation of extensive, systematic gas-phase fragmentation from intact proteins. This
provided almost complete amino acid sequence in several studies for protein identifi-
cation and site-specific PTM characterization (Note 2). Alternatively, the top-down
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438 Rouse et al.

approach has successfully been implemented on stock and customized mass analyzers
with modest resolving power using MS, MS/MS, and the standard collision-induced
dissociation (CID) technique, which induces cleavage at the weaker backbone amide
bonds (Note 3). Many advances in MS during the last 5 yr have centered on improving
the performance of conventional mass analyzers (Table 2). The latest hybrid quadru-
pole time-of-flight (QTOF) mass analyzers (Fig. 1) feature resolving powers above
10,000 (m/Δm) with sensitivity in the low-femtomole range, an extended mass range,
and stability for accurate mass measurements (24,25). These capabilities make this
instrument effective for top-down characterization of intact proteins, especially for
the exact mass determinations of intact protein isoforms with high sensitivity (Note 6).

Table 2
Mass Analyzer Comparisona

Mass accuracy
Ionization mode Resolving power External Calibration

MS instrument and mass analyzer (m/Δm) (Daltons [%])

Bruker Reflex MALDI-TOF      900 (Insulin)b ±0.6 (0.01)
     600 (Trypsinogen)c ±3.0 (0.01)

Waters Micromass ESI-Quadrupole      450 (Insulin) ±0.6 (0.01)
 Platform II      450 (Trypsinogen) ±2.4 (0.01)

Waters Micromass ESI-QTOF (V-Optics) 10,500 (Insulin)   ±0.1 (0.002)
 Q-Tof-2    2300 (Trypsinogen)   ±0.5 (0.002)

Waters Micromass ESI-QTOF (W-Optics) 21,000 (Insulin)     ±0.06 (0.001)
 Q-Tof API-US    2450 (Trypsinogen)   ±0.2 (0.001)

aUsed at Wyeth BioPharma.
bInsulin = 5729.601 Daltons (bovine).
cTrypsinogen = 23,981.0 Daltons (bovine).

Fig. 1. (opposite page) Schematic of the Waters Micromass Q-Tof-2 mass spectrometer.
This instrument was used for all RP-HPLC/MS analyses of activated rFIX samples. FIX activa-
tion products in the eluent from the HPLC (flowing 0.100–0.133 mL/min) are desolvated and
ionized via the Z-Spray ESI source. The gas-phase analyte ions are accelerated into the QTOF
mass analyzer by the potential difference between the ion source block and the extractor cone.
All ions are then focused by the hexapole ion bridge. Ions ranging from m/z 800 to 4000 are
selected with the quadrupole mass filter (Note 4). These ions then enter the collision cell at the
appropriate axial translational energy of 5 or 10 eV. Through cooling collisions with argon gas
at approx 6 × 10–5 mbar, the ion beam becomes more monoenergetic and collimated prior to
orthogonal acceleration into the TOF analyzer. The orthogonal acceleration ion optics (Note 5)
successively accelerate segments of the quadrupole ion beam into the TOF analyzer for mass
measurement every 88 μs (for this work), which is the necessary time for detection of all ions
from m/z 800 to 4000. In the reflectron TOF mass analyzer, the m/z measurement is based on
the time it takes an accelerated ion to traverse the total distance from the pusher region through
the reflectron to the MCP detector.
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440 Rouse et al.

In our experience, the QTOF mass analyzer, when combined with the powerful
maximum entropy (MaxEnt-1) mass deconvolution software (28,29), has provided the
unique capability to baseline resolve the mass signals of multiple, variably processed,
glycosylated isoforms of recombinant glycoproteins with mass accuracies better than
0.005% (Note 7). The overall isoform profiles of proteins, ranging in mass up to 150 kDa,
were found to correlate with structural information from other assays. Thus, our top-
down characterization strategy (Fig. 2), which involves the QTOF mass analyzer and
MaxEnt-1 software, is built upon accurate mass determinations and protein isoform
mass profiles for full-length glycoproteins (if possible), protein subunits, or large pro-
teolytic fragments as an efficient method to survey the global structural heterogeneity.
However, instead of fragmentation of intact protein isoforms in the QTOF mass ana-
lyzer, our strategy depends on the previously established structural framework, as
determined by the MS-characterized peptide map and N- and O-glycan profiles, to
provide the specific structural details that complement the intact mass information
(Table 1).

Our version of top-down protein characterization has become an important factor
in our structural studies and comparability assessments of product candidates and com-

Fig. 2. Our top-down characterization strategy for recombinant proteins.
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Top-Down Characterization by LC/MS 441

mercial products during evaluation of new reference materials, process scale-up, pro-
cess improvements, and implementation of new manufacturing facilities. The precise
mass determination and isoform profiles acquired by RP-HPLC/electrospray ioniza-
tion (ESI) QTOF MS, in conjunction with comprehensive product release assay data,
have supported the structural comparability and consistency in the samples under
evaluation (Note 8). The side-by-side analysis of protein samples with LC/MS mini-
mizes sample handling and provides data sets that are optimal for comparative pur-
poses. We have used this top-down characterization approach in comparability studies
with protein pharmaceuticals, such as recombinant human bone morphogenetic
protein-2 (30) and the clotting factor, B-domain deleted factor VIII (BDDrFVIII)
(31,32; Note 9). Additionally, this technique has been extremely useful in the charac-
terization of recombinant monoclonal antibodies (mAbs) during product development
(30,33; Note 10).

Fig. 3. Sequence and domain structure of FIX. Sites of PTMs are highlighted in shaded
boxes. The 12 γ-carboxyglutamates are indicated in the Gla domain. The epidermal growth
factor (EGF) domains contain two unique O-glycans at Ser53 and Ser61 and one β-hydroxy-
aspartate at Asp64. The activation peptide (AP) contains tyrosine-O-sulfate at Tyr155, two
N-linked glycans at Asn157 and Asn167, and O-linked glycans at Thr159, Thr169, Thr172, and
Thr179 (Notes 12 and 13). Phosphorylation at Ser158 (open box) is found in plasma-derived
FIX but not in rFIX. rFIX is the Ala148 (underlined) isotype. SP = serine protease domain.
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442 Rouse et al.

This chapter presents the application of our top-down characterization approach for
assessing structural comparability of a well-characterized glycoprotein, recombinant
human factor IX (rFIX; 34), produced at two manufacturing sites (Note 11). rFIX is a
multidomain protein that contains numerous PTMs (Fig. 3). Specific proteolytic cleav-
age of rFIX at two peptide bonds was employed to liberate the activation peptide (AP;
Fig. 4). Chromatographic separation of the rFIX fragments permitted acquisition of
mass spectra of reduced complexity when compared to the mass spectrum of intact
rFIX. This procedure improved the signal-to-noise ratio and resolution of the rFIX
isoforms, which made accurate mass assignments possible for the full range of species
present. The experimental methods employed for the top-down characterization of
rFIX, including data evaluation and MS acceptance criteria for the determination of
structural comparability, are presented here.

2. Materials
2.1. Equipment

1. HPLC System: Alliance 2695 equipped with a 2487 UV/Vis detector (Waters Corpora-
tion, Milford, MA).

2. Chromatography column: Symmetry C4 RP-HPLC column (3.9 × 150 mm, 5 μm, part no.
186000286, Waters Corporation).

3. HPLC flow splitter: Low pressure micro-splitter valve (P-451, Upchurch Scientific, Oak
Harbor, WA).

Fig. 4. Activation of FIX with FXIa. L, light chain; AP, activation peptide; H, heavy
chain; CT, C-terminal peptide. FXIa cleaves FIX after Arg145 and Arg180 to generate FIXa—
the enzymatically active product of activation. Under the conditions employed in this work,
low-level cleavages were observed in the CT region of the HC, generating CT peptides (Notes 14
and 15).

Sarepta Exhibit 1035, page 10



Top-Down Characterization by LC/MS 443

4. Syringe pump: Pump 22 (Harvard Apparatus, South Natick, MA).
5. Mass Spectrometer: Q-Tof-2 (Micromass MS Technologies, Waters Corporation,

Milford, MA), a hybrid QTOF mass analyzer equipped with a Z-spray ion source for ESI
(Fig. 1).

2.2. Software
1. MassLynx 3.5 for NT (Micromass MS Technologies, Waters Corporation) is the Q-Tof-

2 instrument control, data acquisition, calibration, and mass spectrum processing
software.

2. Probabilistic maximum entropy analysis (MaxEnt-1 module, Micromass MS Technolo-
gies, Waters Corporation) is used to deconvolute the multiple-charged mass data (typical
for an ESI mass spectrum) into a zero-charge mass spectrum. This software enables
straightforward elucidation of molecular weight values for the different protein isoforms
without prior knowledge of the protein species present in the sample.

3. Protein Analysis Worksheet (PAWS), version 2000.06.08 for Windows 95/98/NT/2000
(Genomic Solutions, Ann Arbor, MI), is used for the determination of theoretical mass
values (monoisotopic and average mass) for intact proteins and subunits based on the
predicted amino acid sequences and PTMs.

2.3. Reagents
1. rFIX test materials: multiple batches of rFIX manufactured at sites 1 and 2 were chosen

for analysis. Only batches meeting the quality-control release test specifications were
eligible for top-down MS analysis and other characterization tests. Representative data
obtained for one rFIX batch from each manufacturing site are presented in this chapter.

2. Enzyme: human factor XIa (hFXIa; HCXIA-0160, Haematologic Technologies, Inc.).
3. HPLC-grade solvents: Water (Purelab Plus UV, US Filter, type PL5112 02), trifluoro-

acetic acid (TFA, 1-mL vials, cat. no. 28904, Pierce), and acetonitrile (HPLC grade,
cat. no. AX0145-1, EMD Chemicals, Inc.).

4. Chromatography mobile phases: 0.1% (v/v) TFA in water (mobile-phase A) and 0.1% (v/v)
TFA in 95% acetonitrile, 5% water (mobile-phase B).

5. Q-Tof-2 mass axis calibrant: sodium iodide (NaI, Sigma) at 2 mg/mL in 50:50 2-propanol:
water (v/v) is prepared daily.

6. Insulin solution: bovine insulin (Sigma) at 2 pmol/μL in 50:50 acetonitrile:water (v/v)
with 2% (v/v) formic acid is prepared daily.

7. Trypsinogen solution: bovine trypsinogen (Sigma) at 2 pmol/μL in 50:50 aceto-
nitrile:water with 2% (v/v) formic acid is prepared immediately prior to each analysis.

8. Formulation buffer: 10 mM L-histidine, 260 mM glycine, 1% (w/v) sucrose, and
0.005% (w/v) polysorbate 80, pH 6.8.

9. NaCl and CaCl2.

3. Methods
3.1. Activation of rFIX (Fig. 4)

1. Activation of rFIX with hFXIa is performed in a formulation buffer supplemented with
0.1 M NaCl and 5 mM CaCl2 at an enzyme-to-substrate ratio of 1:100 (w/w) at 37°C for
1 h and 15 min (35,36; Note 16). The final concentration of rFIX is 2.2 mg/mL.

2. After incubation, snap-freeze the activation reaction in liquid N2, and store at –80°C until
LC/MS analysis.
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Table 3
RP-HPLC Gradient

Time
(min) %A %B

Initial 90   10
1 90   10
10 40   60
10.1   0 100
12   0 100
12.1 90   10
25 90   10

Fig. 5. RP-HPLC separation of the rFIX activation products (Notes 14 and 17).
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3.2. Chromatography of AP and FIXa (Fig. 5)
1. The activation reaction is thawed and injected (approx 250 μg, 114 μL) onto a Symmetry

C4 RP-HPLC column and eluted at a flow rate of 1.0 mL/min with the gradient shown in
Table 3 (see Fig. 5 and Note 15).

2. The effluent (1 mL/min) from the HPLC system is split postcolumn so that 0.100–
0.133 mL/min is directed into the ESI probe of the Q-Tof-2 through 0.005 in. inner diam-
eter (ID) peek tubing. The remaining effluent is directed to waste.

3.3. Mass Analysis of AP and rFIXa
The set up of a multiuser Q-Tof-2 for precise protein mass determinations by LC/MS

is a 2-d process. Day 1 involves cleaning and configuring the instrument, setting the
acquisition parameters, and assessment of instrument performance. At the end of d 1,
the instrument temperature is allowed to equilibrate overnight with all voltages on and
all gases flowing. Activities on d 2 involve mass calibration of the instrument, activa-
tion of temperature compensation mode, and optimization of ESI parameters for pro-
tein LC/MS. At the end of d 2, the ion source block and desolvation gas temperatures
are increased for LC/MS, and the instrument temperature is allowed to equilibrate
overnight. On d 3, the instrument is ready for LC/MS data acquisition.

1. Q-Tof-2 instrument preparations (d 1). All experiments utilize the standard ESI probe
and the Z-spray ion source. Flush the metal capillary in the ESI probe with 50:50
acetonitrile:water (v/v), then rinse the exterior of the ESI probe tip with 100% methanol.
Close the isolation valve, and remove the external sample cone, cone gas nozzle, and
grounding baffle. To ensure full sensitivity, clean these parts in accordance with the
manufacturer’s instructions, which includes a scrubbing step with 10% (v/v) formic acid
in water and sequential ultrasonication steps in 10% (v/v) formic acid in water, 50:50
methanol:acetone (v/v), and 100% 2-propanol. After this cleaning procedure, dry the
external sample cone, cone gas nozzle, and grounding baffle with high-purity nitrogen
gas, and reinstall all components. Reboot the host and embedded computers with the
manufacturer’s shutdown and start-up procedures, and reinitialize the MassLynx soft-
ware before the acquisition of multiple back-to-back LC/MS runs. All ion source, qua-
drupole, and TOF parameters should match the predetermined historical values. Set the
capillary voltage on the ESI probe to 3000 V. Maintain argon gas at a pressure of approx
6 × 10–5 mbar in the collision cell region. Adjust the nitrogen flow rates for the desolvation
gas (drying gas) to 400 L/h and cone gas (curtain gas) to 50 L/h. Set the ion source block
temperature to 80°C and desolvation gas temperature to 120°C. Set the in/out position of
the ESI probe to the furthest distance from the sample cone to minimize ion source con-
tamination. Infuse insulin, trypsinogen, and NaI solutions with a syringe pump through
0.005 in ID PEEK tubing at 5 μL/min for performance testing and calibration. Use the
MassLynx “sample list” interface to acquire all MS data. Optimize the left/right position
of the ESI probe to between 1 and 4 mm from the sample cone for the best signal. Adjust
the valve that controls the nitrogen gas for ESI nebulization (at the probe tip) for the best
signal. Optimal signal is found between 1/4 and 1/2 turn from the closed position when
solutions are flowing at 5 μL/min.

2. Q-Tof-2 acquisition parameters (d 1). Activate the manual pusher, which determines the
duty cycle of the TOF in sampling the quadrupole ion beam. Set the pusher unit to pulse
every 88 μs to enable spectral acquisition out to m/z 4000. Set the MS profile parameters
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to transport all ions between m/z 800 and 4000 through the quadrupole mass filter and
hexapole collision cell with optimal sensitivity (Note 18). This is achieved with the fol-
lowing settings: dwell time at m/z 1000 is 20%; ramp time from m/z 1000–2000 is 60%;
and dwell time at m/z 2000 is 20%, where the indicated percentage is the percent of total
scan time. (The dwell and ramp values are indicated as “mass,” not m/z, in MassLynx.)
Utilize a total scan time of 5 s for LC/MS analyses of intact glycoproteins; accumulate
signal for 4.9 s, and set the interscan delay to 0.1 s for data upload (Note 19).

3. Q-Tof-2 performance assessments (d 1). Assess mass analyzer resolving power with the
insulin solution using a cone voltage (CV) of 37 V and a collision energy (CE) of 10 eV.
Evaluate the resolving powers for the multiple-charged species at m/z 956.4, 1147.5, and
1434.4. Determine the resolving power with the peak-width definition, m/Δm, where m is
the m/z value of a prominent isotope peak, and Δm is the peak width (as m/z) at half height
(FWHM). The resolving power calculated for each insulin species should exceed 10,000
and match historical values. Optimize the left/right ESI probe position so that the counts
for the most abundant insulin ion (m/z 1147.5) are between 400 and 450 counts per 5 s
scan. It is important to keep the counts for the most intense ion below 450 counts per 5 s
scan to avoid signal saturation of the time-to-digital converter (TDC) and prevent an
apparent loss in resolving power. Ascertain the instrument sensitivity for proteins with
the trypsinogen solution using a CV of 50 V and CE of 10 eV. Optimize the left/right ESI
probe position so that the counts for the multiple-charged trypsinogen species at m/z 2181
are as intense as possible, and evaluate the number of counts per scan (assuming 5 s total
scan time). Accept counts above 250 (minimum); typical values range between 350 and
500 after ESI probe position and nebulizer gas optimization. Ensure that the trypsinogen
signals and total ion current (TIC) trace are stable for each successive scan. After per-
forming all cleaning, set-up, and assessment procedures, and prior to mass axis calibra-
tion, allow the instrument temperature to equilibrate overnight with all voltages on and
all gases flowing.

4. Q-Tof-2 external calibration and temperature compensation set-up (d 2). With the instru-
ment temperature at equilibrium, ensure that the dynamic calibration (DXC) temperature
compensation circuitry is not activated. The DXC temperature compensation adjusts
(in real time) mass axis calibration drift during LC/MS caused by changes in instrument
and room temperatures. Activate analog channel 4, which connects the TDC to the tem-
perature sensor on the TOF mass analyzer. The temperature sensor monitors the thermal
expansion and contraction of the flight tube. Infuse the trypsinogen solution, and acquire
data for 5–10 min before calibration to warm up the acquisition electronics. After moving
the ESI probe far to the right of the sample cone to prevent contamination with NaI,
infuse the NaI calibration solution. Acquire NaI mass data with a CV of 37 V, a CE of
10 eV, and the same instrument and scan settings as described in Subheadings 3.3.1. and
3.3.2. for 3 min. Keep the most intense NaI-related peaks (e.g., m/z 1971.6) below 450 counts
(assuming 5 s total scan time) to avoid signal saturation of the TDC acquisition unit but
above 400 counts to obtain optimal peak shapes and sensitivity for the species above m/z
3000. Combine (sum together) all NaI mass spectra acquired over the 3 min, smooth the
combined spectra (three-channel window, one smooth, and Savitzky–Golay algorithm),
and center the data (centroid method at the 80% level by area). Use MassLynx to derive
the calibration equation with a fourth order polynomial curve fit. Activate the DXC tem-
perature compensation circuitry immediately after finalizing the calibration parameters
in the software. The DXC constant is determined by the manufacturer’s installation engi-
neer, and it typically ranges from 70 to 100 ppm/°C. Repeat the analysis of the trypsino-
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gen solution to reoptimize the ESI probe position (move closer to the sample cone) and
nebulization gas flow. Combine the trypsinogen mass spectra acquired over 1 min, smooth
(14-channel window, 1 smooth, and Savitzky-Golay algorithm), and center the data (cen-
troid method at the 80% level by area). Check the mass accuracy of the m/z 2181 peak;
the measured value should be within 0.002% of the theoretical value of 2181.089. Raise
the ion source block temperature to 115°C and desolvation gas temperature to 275°C.
These temperatures are optimized for ESI of HPLC effluent flow rates between 0.100 and
0.150 mL/min. Allow the instrument temperature to equilibrate overnight before LC/MS
analysis with all voltages on and all gases flowing.

5. LC/MS mass spectral acquisition (d 3). Prior to LC/MS, the instrument temperature must
be at equilibrium. Connect the analog output signal from the 2487 UV/Vis detector to
analog input 1 on the Q-Tof-2 to provide UV data complementary to the TIC trace. Con-
nect the HPLC outlet tubing to the flow splitter, and set the HPLC to flow at 1 mL/min at
initial solvent conditions (Table 3). All tubing is 0.005 in ID PEEK. Adjust the split flow
rate from the flow splitter to the ESI probe to be between 0.100 and 0.150 mL/min;
the remaining 0.85–0.9 mL/min should pass to waste or, if desired, to a fraction collector.
Do not connect the flow splitter outlet tubing to the ESI probe at this time. Once the flow
splitter is adjusted, maintain the flow from the HPLC at 1 mL/min; otherwise, the flow
splitter will have to be readjusted. If necessary, readjust the valve controlling the nitrogen
gas for ESI nebulization. The optimal signal is found between one-half and one turn from
the closed position for flow rates 10 μL/min or more for the trypsinogen solution. Upon
starting a LC/MS acquisition, infuse the trypsinogen solution at 10 μL/min from the
syringe pump into the ESI probe for 2 min before connecting the flow splitter outlet
tubing to the ESI probe. The effluent from the flow splitter should not be connected to the
mass spectrometer until after the sample flow-through has passed through the outlet tub-
ing. After this occurs, connect the flow splitter outlet tubing to the ESI probe, and acquire
LC/MS data. After all chromatographic peaks have eluted, disconnect the flow splitter
outlet tubing from the ESI probe, reconnect the syringe pump outlet tubing, and infuse the
trypsinogen solution again (10 μL/min for 2 min) prior to stopping the LC/MS data acqui-
sition. Acquisition of trypsinogen at the beginning and end of each LC/MS data file pro-
vides instant evaluation of run-to-run instrument sensitivity and determination of mass
accuracy variation and drift for all experiments (Note 20). LC/MS experiments can be
performed for several days without much deterioration in mass accuracy and sensitivity.
Day-to-day performance is tracked with freshly prepared trypsinogen solutions.

6. LC/MS spectral processing. Each chromatographic peak contains multiple mass spectra.
Combine all mass spectra across a chromatographic peak using MassLynx. Ultimately,
this mass spectrum is submitted to the MaxEnt-1 module for mass deconvolution. If there
is visible chemical background under the mass spectral signals, execute background sub-
traction in MassLynx in advance of mass deconvolution (Note 21). The specific back-
ground subtraction parameters for activated rFIX species are shown in Table 4. No mass
spectral smoothing is performed because it is incompatible with MaxEnt-1.

7. MaxEnt-1 mass deconvolution. Conversion of the multiple-charged data to zero-charge
data provided for the straightforward identification of the C-terminal (CT), FIXa, and AP
isoforms in each chromatographic peak. Use the “uniform Gaussian” damage model in
MaxEnt-1. Select the input m/z range in MassLynx; choose all charge states of the
protein(s) by default. For intact proteins, mass accuracy can be increased by limiting the
input m/z range to the 10 to 12 most abundant charge states that have well-defined peak
shapes. Measure the average peak width at half the height for an abundant, fully resolved,
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multiple-charged ion that is centrally located in the selected input m/z range. Use the
default 33%/33% as the “left/right minimum intensity ratio.” This limits the consider-
ation of adjacent peaks in the same series based on their relative heights; 33% implies that
the adjacent peak to the left or right of any particular peak in the multiple-charged enve-
lope is at least 33% as intense. Produce a “survey” zero-charge mass spectrum with
MaxEnt-1 at a resolution of 10.0 Daltons per channel and a wide output mass range
between 5000 and 160,000 Daltons to establish the presence of all protein components in
the chromatographic peak. Stop MaxEnt-1 after several iterations. If necessary, the har-
monic artifacts, which are peaks at half and twice the mass of each protein component,
may be reduced by raising the left/right minimum intensity ratio to approx 66%/66%.
Repeat the MaxEnt-1 survey mass deconvolution until optimized. Use 33%/33% for
polypeptides of lower mass, particularly if they are glycosylated, because the abundances
of the charged ions are not likely to have the ideal protein-charge envelope with gradual
intensity changes. Produce the final zero-charge mass spectrum with MaxEnt-1 for each
specific protein component found in the survey at a resolution of 1.0 Daltons per channel
with an appropriate narrower output mass range. Set the output mass range to include
approx 3000 to 5000 Daltons on either side of the approximate survey-derived mass for
each large protein and to include approx 300 to 500 Daltons on either side of the approxi-
mate survey-derived mass for smaller protein subunits. The specific MaxEnt-1 param-
eters used for activated FIX species are shown in Table 4. Unless otherwise noted, use
the same parameters determined from the survey deconvolution. Allow MaxEnt-1 to iter-
ate to convergence. Center the resulting peaks with the centroid method at the 80% level
to obtain masses accurate to the tenths place. Ensure that the MaxEnt-1 deconvolution is
a precise representation of the data; the isoform peaks and their ratios in the zero-charge
mass spectrum should match or closely resemble an average of those in the multiple-
charged data series. Higher mass accuracy and more exact zero-charge profiles are
obtained by the judicious use or absence (if possible) of background subtraction (Note 21).
It is important to use the identical input m/z range and MaxEnt-1 deconvolution

Table 4
Background Subtraction and MaxEnt-1 Mass Deconvolution Parameters
for the Mass Spectra of the Activated rFIX Species

Procedure/rFIX species APa FIXab CTc

Background subtraction Not required Required Not required
Polynomial order 50
Below curve %   1

MaxEnt-1 mass deconvolution
Input m/z range 1700–3000  1039–3814 1000–2200
Output mass range   9000–14,000 43,000–46,000    9000–12,000
Resolution (Dalton/channel) 1   1 1
Peak width at half height (Dalton) 1.45 0.80 1.50
Minimum intensity ratios 33/33 66/66 33/33

 (left%/right%)

aSee Fig. 7.
bSee Fig. 8.
cSee Table 7.
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parameters (i.e., output mass range, resolution, peak width, minimum intensity ratio, and
80% centroid) for each protein species when processing LC/MS data for comparability.

8. LC/MS analysis for rFIX comparability. Optimize the CV and CE parameters for LC/MS
of the AP and FIXa chromatographic species to ensure full retention of labile PTMs and,
in severe cases, to prevent peptide-bond fragmentation (Note 22). Test a range of CV
values at a CE of 5 and 10 eV with repeat injections of activated rFIX. Choose the optimal
CV and CE parameter combinations for each FIXa species based on the balance between
signal strength and minimal analysis artifacts (e.g., the loss of N-linked glycan antennal
arms or sialic acid residues). For AP, a reduced CV of 20 V and CE of 5 eV were required
to minimize N-linked glycan trimming caused by energetic collisions (see Fig. 6 and
Note 23). For FIXa, a CV of 37 V and a CE of 10 eV was required to achieve strong signal
strengths (Fig. 6). To assess comparability of AP, all batches of activated rFIX are injected
for LC/MS analysis with a CV of 20 V and CE of 5 eV. For FIXa and CT, all batches of
activated rFIX are reinjected for LC/MS analysis with a CV of 37 V and CE of 10 eV.
Perform all LC/MS experiments side-by-side in 1 d, if possible, to minimize retention
time and mass drift.

3.4. Evaluation of Mass Data for Comparability
1. Overall comparability assessment. Our comparability programs include product release

testing, animal pharmacokinetic studies, forced protein degradation, biophysical analy-
ses, nonroutine HPLC assays, and top-down characterization with MS. A final review of
comparability includes the analysis of results from all of these tests.

2. Comparability acceptance criteria for top-down characterization. Because MS analysis is
not routinely performed as part of product release testing, an extensive batch history on
which to base quantitative and statistical acceptance criteria was not available. However,
criteria were set according to the known instrument specifications and qualitative isoform
content. Typically, our first approach is to take a bird’s-eye view of the mass envelopes
generated for each protein sample, then compare sections of the overall mass profiles.
If there are new species detected in the new material, these species and their potential
impact are evaluated further in the context of the results from other testing. Frequently, a
change in the proportion of existing isoforms is acceptable if it is found to be inconse-
quential in other tests, such as bioactivity or pharmacokinetics. Large differences in the
levels of existing species would require further investigation into the manufacturing pro-
cess parameters. Specific acceptance criteria for this study were:

• The RP-HPLC chromatograms of rFIX activation products generated from site 2 rFIX
must be comparable to those generated from site 1 rFIX with no new species detected.

• No new species should be detected in the mass spectra of site 2 material when compared
with those of site 1 material.

• Masses of the isoforms found in rFIX from manufacturing site 2 must agree with the
masses of the analogous isoforms found in rFIX from site 1 within a specified mass (mass
= x Daltons, where x = 1 for AP; 2 for FIXa, and 1 for the CT peptides).

• The measured masses must agree with the theoretical masses according to instrument
specifications.

• Analogous mass spectra of activation products from sites 1 and 2 must contain similar
peak distributions.

3. Isoform selection. There is a potential for “data overload” because a large number of
isoform signals are generated from top-down MS analysis of complex glycoproteins.
To assess comparability, we selected important and representative isoforms across the
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mass range. Certainly, specific comparisons of selected mass signals in the absence of an
overall evaluation of the mass spectra and in the absence of a screen for previously
uncharacterized new species can give misleading results. Identical mass signals can be
pulled out of spectra that are otherwise very different, and this should be avoided.

4. rFIX comparability results. The RP-HPLC chromatographic profiles of hFXIa-activated
rFIX batches manufactured at site 2 were comparable to those of hFXIa-activated rFIX
batches manufactured at site 1 (Fig. 5). All minor and major peaks were present in the
chromatograms, and no new peaks were detected in chromatograms of activated rFIX
from site 2.

Zero-charge mass spectra from the AP region of each respective RP-HPLC chro-
matogram (Fig. 5) are presented in Fig. 7. The peak distribution in the mass spectrum
of the AP from site 2 rFIX batches was similar to that of the AP from site 1 rFIX, and
no new peaks were observed. The major peaks in each mass spectrum represent the
microhetereogeneity found in the N-glycans at the two fully occupied N-glycosylation
sites. The theoretical and observed masses for selected isoforms are presented in Table 5.
The observed differences in AP glycoform masses between the site 2 and site 1 batches
for analogous species were 1 Dalton or less. Additionally, the measured masses for
each AP glycoform when compared to their respective theoretical masses showed mass

Fig. 7. Analysis of AP from activated rFIX by RP-HPLC/ESI-QTOF MS. Zero-charge mass
spectra of the AP region (Fig. 5) that compares rFIX material from sites 1 and 2. See Table 5
for information relating to the identity of the peaks in the mass spectra. The AP region was
summed and then deconvoluted to obtain a zero-charge mass spectrum.
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differences of 0.005% or less, consistent with the specifications of the Q-Tof-2 mass
spectrometer.

Zero-charge mass spectra from the FIXa region of each RP-HPLC chromatogram
(Fig. 5) are presented in Fig. 8. The peak distribution in the mass spectra of the FIXa
from site 2 rFIX batches were similar to those of the FIXa from site 1 rFIX, and no
new peaks were observed. The major peaks in each mass spectrum represent FIXa
with 11 and 12 4-carboxyglutamic acid (Gla) residues and partial β-hydroxylation at
Asp64. The theoretical and observed masses for selected isoforms are presented in
Table 6. The observed mass differences between site 1 and 2 batches for analogous
FIXa isoforms were 2 Daltons or less. Additionally, the measured masses for each
FIXa isoform in comparison to their respective theoretical masses showed mass differ-
ences of 0.005% or less, similar to the specifications of the Q-Tof-2 mass spectrometer.

The peak distribution in the mass spectra of the CT peptides derived from site 2
rFIX were like those of the CT peptides derived from site 1 rFIX (data not shown);
no new peaks were observed. The theoretical and observed masses of the CT peptides
from representative rFIX batches from sites 1 and 2 are presented in Table 7.
The mass difference between the masses of CT peptides and their respective theoreti-
cal masses was less than 1 Dalton. The measured masses for each CT peptide vs their
respective theoretical masses showed mass differences of 0.005% or less, which is
consistent with the measurements of the Q-Tof-2 mass spectrometer.

Table 5
Masses of AP Glycoforms Observed via RP-HPLC/ESI-QTOF MS

Theoretical mass Site 1 Site 2
AP identitya (Dalton)b (Dalton)c (Dalton)

3A/3SA/1F; 3A/3SA/1F   9956.7   9957.0   9957.0
3A/3SA/1F; 3A/3SA/1F + 1 R 10322.0 10322.1 10322.2
3A/3SA/1F; 4A/4SA/1F 10613.3 10613.2 10613.3
3A/3SA/1F; 4A/4SA/1F + 1 R 10978.6 10978.4 10978.4
4A/4SA/1F; 4A/4SA/1F 11269.9 11270.0 11270.0
4A/4SA/1F; 4A/4SA/1F + 1 R 11635.2 11635.1 11635.2
4A/4SA/1F; 4A/4SA/1F + 2 R 12000.6 12000.8 12000.9
4A/4SA/1F; 4A/4SA/1F + 1 Od 12217.7 12217.6 12217.8
4A/4SA/1F; 4A/4SA/1F + 3 R 12365.9 12366.0 12366.0
4A/4SA/1F; 4A/4SA/1F + 2 Od 13165.6 13165.5 13165.5

aAbbreviations: A, antennae; SA, sialic acid (N-acetyl neuraminic acid); F, fucose; R, poly-N-acetyl
lactosamine (GalGlcNAc); O, O-linked glycan.

bTheoretical masses were calculated for the selected AP glycoforms using PAWS and are reported
as average masses.

cObserved masses were calculated using MaxEnt-1 as described in the text.
dO-glycosylation is found at Thr159, Thr169, and Thr172 with partial occupancy and is composed of

Gal-GalNAc (i.e., core 1) with one and two sialic acids (N-acetyl neuraminic acid). For the AP region
denoted in Fig. 5, the minor peak (averages 20% from integration of AP region) represents AP with
both N- and O-glycosylation, whereas the major peak represents AP with N-glycosylation only.
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Fig. 8. Analysis of FIXa by RP-HPLC/ESI-QTOF MS. Zero-charge mass spectral profiles
of the FIXa peak (Fig. 5) comparing rFIX material from sites 1 and 2. See Table 6 for informa-
tion relating to the identity of the mass spectral peaks. The FIXa region was summed, back-
ground subtracted, and then deconvoluted to obtain a zero-charge mass spectrum.

Table 6
Masses of FIXa Isoforms Observed via RP-HPLC/ESI-QTOF MS

Theoretical mass Site 1 Site 2
FIXa identitya (Dalton)b (Dalton)c (Dalton)

L1-145, H181-415, 12 Gla, β-OHd,e,g 43739.5 43738.4 43739.2
L1-142, H181-415, 11 Gla, β-OHd,f,g 43981.7 43980.0 43980.9
L1-142, H181-415, 12 Gla, β-OHd,f,g 44025.7 44025.4 44025.8
L1-145, H181-415, 11 Glad,f 44336.1 44334.9 44335.9
L1-145, H181-415, 12 Glad,f 44380.1 44379.3 44380.0
L1-145, H181-415, 12 Gla, β-OHd,f,g 44396.1 44396.7 44397.1

aAbbreviations: L, light chain; H, heavy chain; Gla, 4-carboxyglutamic acid; β-OH, β-hydroxylation.
bTheoretical masses were calculated for the selected isoforms with disulfide bonds included using

PAWS and are reported as average masses.
cObserved masses were calculated using MaxEnt-1 as described in the text.
dThe O-linked glycan at Ser53 is Glc(Xyl)2.
eThe O-linked glycan at Ser61 is Fuc.
fThe O-linked glycan at Ser61 is Fuc-GlcNAc-Gal-NeuAc.
gβ-hydroxylation is present at Asp64.

453
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Based on top-down characterization data, the primary structure and PTMs of rFIX
manufactured at sites 1 and 2 were judged comparable. The mass spectra of analogous
rFIX fragments were similar to each other with no new species detected, and all masses
met the acceptance criteria. The LC/MS data agree with the results of forced degrada-
tion testing, biophysical analyses, bioactivity assays, and the nonclinical pharmacoki-
netic study. These results indicate that there is no significant impact on rFIX structure
and function when this protein pharmaceutical is manufactured at the new manufac-
turing facility.

4. Notes
1. Recently, top-down characterization and peptide mapping with MS have been employed

in parallel experiments to comprehensively characterize complex mixtures of proteins
(4,5). Peptide mapping and sequencing with MS was shown to be more effective than the
top-down approach in providing identifications for the mixture of unknown proteins
owing to the increased dynamic range of peptide mapping-based techniques. However,
the sequence information from the top-down techniques helped to confirm the assign-
ments of the major protein species detected by peptide mapping. Accurate mass determi-
nations from the top-down approach revealed the PTMs in the mass profile and allowed
full-length species to be distinguished from N or C-terminally truncated isoforms. Both
reports emphasize that the precise mass measurements from the top-down approach pro-
vided additional attributes that strengthened the protein identifications and helped define
the intact protein structures more thoroughly.

2. Detailed structural information for intact proteins was initially accomplished with Fou-
rier transform-ion cyclotron resonance (FT-ICR) MS/MS (7). To date, extensive contigu-
ous amino acid sequence and PTM information for several intact proteins up to 45 kDa
(8–14) have been demonstrated using FT-ICR with activated ion—electron capture dis-
sociation (AI-ECD)—an exclusive technique for FT-ICR instruments (15). The FT-ICR
mass analyzer features very high-resolving powers that exceed 105 and mass accuracies
less than 0.001% for peptides and less than 0.005% for proteins (7). The AI-ECD tech-
nique induces cleavages at NH–αCHR bonds along the protein backbone in an indis-
criminate manner and breaks the intramolecular noncovalent bonds between two fragment

Table 7
Masses of CT Peptides Observed via RP-HPLC/ESI-QTOF MS

Theoretical mass Site 1 Site 2
CT peptide identity (Dalton)a (Dalton)b (Dalton)

Val328-Thr415   9770.1   9769.9   9770.4
Val328-Thr415c   9788.1   9787.5   9787.7
Ser319-Thr415 10814.4 10814.4 10814.7

aTheoretical masses were calculated for the CT peptides with disulfide bonds included using
PAWS and are reported as average masses.

bObserved masses were calculated using MaxEnt-1 as described in the text.
cThe peptide bond, Arg338-Ser339 for this CT peptide is presumed to be hydrolyzed based on the

observed 18-Dalton mass increase. However, a disulfide bond between Cys336 and Cys350 keeps this
CT peptide intact as Val328-Thr415.
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ions to maximize the number of cleaved sites (15,16). For proteins larger than 70 kDa,
limited proteolysis was performed to generate smaller polypeptide fragments, ranging in
size from 5 to 48 kDa, which were more amenable to gas-phase sequencing with FT-ICR
MS/MS (17).

3. There are several reports specifying the use of a modified quadrupole ion-trap mass ana-
lyzer that is capable of systematically converting the unresolved multiple-charged pro-
tein fragment ions to all single-charged ions by gas-phase ion/ion proton transfer reactions
(18). This provides straightforward spectral interpretation in the absence of high resolu-
tion, resulting from the uniformity of the charge states (19). Abundant sequence informa-
tion (20,21) and site-specific PTM characterization (22,23) for whole proteins up to
26 kDa have been demonstrated with this customized system.

4. In the analysis of large polypeptides, only the ions between m/z 800 and 4000 are allowed
to pass through the first-quadrupole mass filter, whereas ions less than m/z 800 are desta-
bilized and filtered out using the MS profile settings.

5. QTOF mass analyzers have increased sensitivity when compared with other instrument
types because of their inherently high-duty cycles. Recent improvements in the orthogo-
nal acceleration ion optics for Q-Tof-2 mass analyzers combined with improved ion beam
spatial and kinetic energy distributions have increased resolving powers to above 10,000
(m/Δm) for ESI-generated ions without compromising sensitivity. In the “pusher” unit of
a Q-Tof-2, a voltage gradient is applied across the ion beam through separate “pusher”
and “puller” pulses in an attempt to minimize turnaround time and improve resolution.

6. Fragmentation of intact proteins on a QTOF with CID has resulted in limited stretches of
amino acid sequence information, which is not adequate for thorough characterization.
However, these “sequence tags” were extremely valuable for the identification of
unknown proteins and their attributes when combined with the accurate mass measure-
ment (26,27).

7. Depending on the glycoprotein, these mass signals will coalesce fully or partially when
analyzed by matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) MS.

8. Although top-down characterization provides the means for rapid analysis of new species
and changes in the isoform profile, a comparability assessment is supported only after the
results from all routine testing and nonroutine studies are obtained and evaluated together.

9. BDDrFVIII, although considerably less complex than full-length rFVIII, still poses an
analytical challenge because it has a molecular weight of 170 kDa (80-kDa light chain
and 90-kDa heavy chain) and modifications, including tyrosine sulfation, N- and O-linked
glycans, and N- and C-terminal processing (31). The intact light chain was analyzed by
online RP-HPLC/ESI-QTOF MS, but the intact heavy chain was too complex and
exceeded the capabilities of the QTOF. Proteolytic cleavage with thrombin into 6, 43, 50,
and 73 kDa domains followed by online RP-HPLC/ESI-QTOF MS was required for analy-
sis of the entire molecule and permitted a comparability evaluation of materials produced
by two manufacturing processes (32).

10. For certain mAbs, minor N-terminal processing and low-level modifications were diffi-
cult to identify with the initial peptide-map characterization because of small or coeluting
peaks in a complex profile. However, these modifications were readily apparent in the
mass profile from the complementary top-down approach. mAbs, before and after disul-
fide bond reduction, were analyzed off-line by nanoelectrospray ionization interfaced to
the QTOF mass analyzer. This allowed valid mass determination for the intact mAb tet-
ramer and the light- and heavy-chain subunits, respectively. Modifications detected on
the intact mAb tetramer were easily localized on the light or heavy chain. The intact, as
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well as the reduced and alkylated, mAbs were also analyzed online by RP-HPLC/ESI-
QTOF MS to obtain complementary mass information from chromatographically resolved
species. The accurate mass data verified structural composition, whereas the isoform pro-
files revealed the N-glycosylation patterns in the Fc domain of the heavy chain, C- and
N-terminal heterogeneity of both the light and heavy chain, and other PTMs (30,33).

11. rFIX manufactured at the two manufacturing facilities was also compared by product
release testing, forced degradation studies, biophysical analyses, bioactivity testing, and
nonclinical pharmacokinetics.

12. Site-specific assignments for the glycans on the AP were previously determined by
subdigestion of the RP-HPLC-fractionated, de-N-glycosylated AP with endoproteinase
Glu-C, followed by N-terminal sequencing and MALDI-TOF MS postsource decay
sequencing.

13. The low-abundance AP species containing the O-glycan at Thr179 was not observed after
FXIa activation. This is presumably a result of steric hindrance of the Arg180-Val181 cleav-
age site. This form of the AP was found after Lys-C cleavage of rFIX.

14. Activation of rFIX with hFXIa predominantly generates AP (Ala146-Arg180) and FIXa by
cleavage of the Arg145-Ala146 and Arg180-Val181 bonds (Fig. 4). FIXa consists of L chain
(Tyr1-Arg145) linked to H chain (Val181-Thr415) by one disulfide bond. The heterogeneous
AP elutes across two peaks, and the FIXa elutes in the major peak (Fig. 5).

15. Along with the major cleavages, there are low-level cleavages observed in the HC at the
Arg318-Ser319, Arg327-Val328, and Arg338-Ser339 peptide bonds, generating a species
referred to as FIXaγ. FIXaγ consists of the light chain linked to HCγ by one disulfide
bond. HCγ is Val181-Arg318, Val181-Arg327, or Val181-Arg338. The CT peptides remain
bound noncovalently in nondenaturing conditions. Under the denaturing conditions of
RP-HPLC, the FIXaγ/CT peptide complex is dissociated. The CT peptides, Ser319-Thr415,
Val328-Thr415, and Ser339-Thr415, elute as a shoulder on the main peak. The N-terminal
portion of FIXaγ (FIXaγ minus the CT peptides) coelutes with FIXa.

16. To control for any potential experimental variables that might impact the results, all acti-
vation reactions should be carried out with the same lot of hFXIa side-by-side in the same
experiment.

17. The early eluting AP peak contains N- and O-linked glycans; the later eluting AP peak
contains N-linked glycans with low levels of O-linked glycans. In this work, the mass
spectra were summed across the entire AP region of the chromatogram. Representative
chromatograms of the activation products of one batch from each site are shown in Fig. 5.

18. The MS profile provides control of the RF voltages on the multipole devices for trans-
porting a specific m/z range of ions to the TOF analyzer. The m/z range between 800 and
4000 is the typical region where the multiple-charged ions for intact proteins are detected
on the Q-Tof-2. There are sharp (0.75) and gradual (2) cut-off values associated with the
low- and high-mass values, respectively, which are important when setting up the MS
profile. When the low-mass value is set to 1000, all ions above m/z 750 are transmitted,
and all ions below m/z 750 are filtered out. For the high-mass value, 2000 is required for
optimal sensitivity to m/z 4000. By not transmitting all of the ions below m/z 750, the
sensitivity is further maximized for the higher m/z protein ions.

19. More specifically, one mass spectrum is uploaded to the computer hard drive every 4.9 s.
This mass spectrum represents the signal accumulation in the TDC from the TOF across
m/z 800 to 4000 for all orthogonally accelerated ion packets during this period. Longer
total scan times of 5 s minimize the repetitive 0.1-s interscan delay, which helps maxi-
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mize the signal. Faster total scan times of 2 s (1.9-s signal accumulation and 0.1-s
interscan delay) are employed if peptides or both peptides and proteins are anticipated in
an LC/MS experiment, because the chromatographic peak widths for peptides are typi-
cally more narrow than those of proteins. The identical total scan time that is utilized in
LC/MS is also used for instrument calibration. Instrument testing with trypsinogen and
insulin is always performed with total scan times of 5 s.

20. Embedded trypsinogen masses in an LC/MS data file also allow the use of the MassLynx
“lock mass” feature for correcting mass accuracy drift. Do not use NaI at high-ion source
block temperatures, because it will quickly contaminate the RF hexapole and reduce
sensitivity.

21. The chemical background is usually minimal in LC/MS, and visible chemical noise may
represent either incomplete protein desolvation, small-molecule and metal-ion adducts of
the protein, overlapping charge species, or unresolved protein isoforms. Use a “polyno-
mial order” of 0 or 1 with a “below curve %” (i.e., the percentage of data points below the
zero line) of 35 or 40 to remove level and constant background from the mass spectrum.
Use higher polynomial order values, such as 10, 20, 50, 75, and 99 on a mass spectrum
with more complex patterns of chemical noise. Choose the “make graph of fitted polyno-
mial” option to view the straight line or curve fit overlaid with the mass spectral data.
The straight line or curve should attempt to mirror the mass spectral data and noise pat-
tern. It should be positioned below the mass spectral data trace but not exceed the root-
mean-square of the noise.

22. CV is analyte-dependent, and it represents the ion acceleration potential between the ion
source block and extractor cone. The region between the ion source block and the extrac-
tor cone in the Q-Tof-2 is turbulent, as the two apertures bridge pressures between approx
760 and approx 10–5 to 10–4 Torr, respectively. High-CV potentials are usually required
for sensitive protein analysis, but these can induce in-source artifacts for proteins with
labile PTMs and Asp-Pro peptide bonds. CE represents the axial translational energies of
ions that enter the collision cell. The collision cell region contains argon gas at
approx 6 × 10–5 Torr (see Fig. 1). For high resolution and accurate mass analysis, CEs of
5 to 10 eV are utilized to collisionally cool ions against argon. At a CE of 10 eV, fragmen-
tation artifacts for sialylated glycopeptides and proteins with labile PTMs can occur from
increased collisional activation events.

23. For both CV and CE, careful selection of both parameters is required to ensure mass
spectrometric artifacts from energetic collisions are kept to a minimum. The AP
glycoform profile in Fig. 6, panel B is skewed as a result of the increased energies of
collision caused by the higher voltages employed. New peaks representing the loss of
sialic acid residues, entire antennal arms, and O-linked glycans were observed. A CV
of 20 V and a CE of 5 eV (Fig. 6, panel A) was used in acquiring AP spectra, because the
sensitivity was maintained and the in-source and collision cell fragmentation events were
minimized. The glycoform profile at a CV of 20 V and a CE of 5 eV suited well with
the N-glycan profile data obtained with high-performance anion-exchange chromatogra-
phy-PED. Unfortunately, a CV of 20 V and CE of 5 eV was not ideal for the higher
molecular weight FIXa species (Fig. 6, panel C); a CV of 37 V and CE of 10 eV is
required for proper focusing and optimal detection as shown by the increased resolving
power for FIXa in Fig. 6, panel D. Because the ion energetics were different for AP and
FIXa, each batch of activated rFIX was analyzed twice by RP-HPLC/ESI-QTOF MS
using the parameter sets, 20 V CV and 5 eV CE and 37 V CV and 10 eV CE, for the AP
and FIXa, respectively.
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