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ABSTRACT
Purpose Erwinia chrysanthemi L-asparaginase (ErA) is an en-
zyme commonly used in the treatment regimen for Acute
Lymphoblastic Leukaemia (ALL). Biopharmaceutical prod-
ucts such as ErA must be monitored for modifications such
as deamidation, typically using ion-exchange chromatography
(IEX). Analysis of clinical-grade ErA using native IEX resolves
a number of enzymatically-active, acidic variants that were
poorly characterised.
Methods ErA IEX variants were isolated and fully
characterised using capillary electrophoresis (cIEF), LC-MS
and LC-MS/MS of proteolytic digests, and structural tech-
niques including circular dichroism, small-angle X-ray scat-
tering (SAXS) and ion-mobility mass spectrometry (IM-MS).
Results LC-MS, MS/MS and cIEF demonstrated that all
ErA isolates consist mainly of enzyme lacking primary-
sequence modifications (such as deamidation). Both SAXS
and IM-MS revealed a different conformational state in the
most prominent acidic IEX peak. However, SAXS data also

suggested conformational differences between the main peak
and major acidic variant were minor, based on comparisons
with crystal structures.
Conclusions IEX data for biopharmaceuticals such as ErA
should be thoroughly characterised, as the most common
modifications, such as deamidation, may be absent.
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ABBREVIATIONS
AHA L-aspartic acid-β-hydroxamate
ALL Acute Lymphoblastic Leukaemia
CCS Collision Cross Section
CD Circular Dichroism
CID Collision-Induced Dissociation
cIEF Capillary Isoelectric Focussing
DP Drug Product
DS Drug Substance
EcA Escherichia coli L-asparaginase
ErA Erwinia chrysanthemi L-asparaginase
ESI Electrospray Ionisation
HPLC High-Pressure Liquid Chromatography
I(q) Scattering Intensity
IEX Ion-Exchange Chromatography
IM-MS Ion Mobility-Mass Spectrometry
LC-MS Liquid Chromatography-Mass Spectrometry
LC-MS/MS Liquid Chromatography-Tandem Mass

Spectrometry
MES 2-(N-morpholino)ethanesulfonic acid
MS Mass Spectrometry
MWCO Molecular Weight Cut-Off
P(r) Pair-Distance Distribution Function
PBP Pheromone-Binding Protein
PDB Protein Data Bank
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PTM Post-Translational Modification
q Scattering Vector
Rg Radius of Gyration
SAXS Small-Angle X-ray Scattering
SDS-PAGE Sodium Dodecyl Sulphate Polyacrylamide Gel

Electrophoresis
TOF Time-of-Flight
UPLC Ultra High Pressure Liquid Chromatography
Vc Volume of Correlation
WT Wild-Type
XIC Extracting Ion Current

INTRODUCTION

The enzyme L-asparaginase (EC 3.5.1.1) catalyses the pro-
duction of free aspartic acid (Asp) using the substrate aspara-
gine (Asn). L-asparaginase is produced commercially from two
organisms, Erwinia chrysanthemi (ErA) and Escherichia coli (EcA)
(1), and both enzymes (ErA and EcA) are used clinically in the
treatment of acute lymphoblastic leukaemia (ALL) (2, 3). ErA
is marketed as Erwinase® or Erwinaze® (4) and is an impor-
tant part of the overall ALL treatment regimen. As ErA is
immunologically distinct from EcA, patients who develop hy-
persensitivity reactions to EcA may often be successfully treat-
ed after a switch to ErA.

The enzyme ErA exists as a 140 kDa homotetramer in its
active form. The native tetramer has an apparent isoelectric
point of pH 8.6 (5), and the inactive 35 kDa subunit consists of
327 amino acids. The crystal structure of the enzyme has been
previously determined to 1.8 Å resolution (6–8) and the active
site is known to involve a number of residues, including
Thr15, Ser62, Glu63, Thr95, Asp96, and Ala120 (6).
Recently, the manufacturing process for ErA has been inves-
tigated and validated using modern analytical techniques (9).

Biopharmaceutical manufacturing processes, such as that
for ErA, can have an impact on the amount of product-related
variants in the final clinical material (10). These product-
related variants, often present in only minor quantities, may
include forms carrying post-translational covalent modifica-
tions (PTM) such as deamidation or methionine oxidation,
or may reflect the presence of protein-protein aggregation
(11). Understanding and controlling the amounts of these
product-related variants is a major challenge in the develop-
ment and manufacture of biopharmaceutical products. In
particular, protein deamidation is a common process-
induced PTM (10, 12, 13).

Analysis and quantitation of deamidation in proteins is typ-
ically achieved using ion-exchange HPLC (IEX) (14), capillary
electrophoresis (15) or liquid chromatography-mass spectrom-
etry (LC-MS) techniques (16). However, deamidation can
sometimes be artefactually induced by extreme pH conditions
during proteolytic digestion prior to LC-MS (17), making

quantitative MS analyses difficult. Typically in routine sam-
ples during biopharmaceutical development and
manufacture, IEX (18, 19) or capillary isoelectric focussing
(20, 21) are used for quantification of acidic variants including
deamidated species. For IEX in particular, it can be difficult
and time-consuming to ascertain what PTMs are present in
the various acidic and basic peaks (22, 23). IEX is used rou-
tinely in the analysis of ErA manufacturing samples (24) and a
relationship between the time used for thawing cells and IEX
results was established.

Recently, deamidation in ErA has been studied in detail,
including characterisation of recombinant deamidated ErA
mutants (25) and development of a fully denaturing cIEF
method for quantitation of deamidation in ErA samples (26).
Using cIEF, acidic species (including deamidation) were found
to be very low in routine ErA samples. However, the extent of
acidic species in ErA manufacturing samples (1.5–4.0% by
cIEF) was lower than the typical numbers obtained using
IEX (8–15%). Based on this lack of agreement between the
two techniques, there was an unanswered question about what
the IEX acidic species represented, apart from deamidation.
The aim of the present work was to isolate the ErA acidic-
variant peaks using IEX, and fully characterise them using a
variety of analytical and structural techniques.

MATERIALS AND METHODS

All reagents were from Sigma (Dorset, UK) unless otherwise
indicated.

Source of Enzyme

Samples of ErA Drug Substance (DS) for fractionation were
provided by Porton Biopharma Limited, Porton Down, UK.
The composition of ErA DS is approximately 45 mg/mL
protein in 10 mM sodium chloride. The DS is stored at
−20°C and upon thawing, the typical pH of the protein solu-
tion is 7.8–8.4. ErA DS is later formulated and lyophilised to
generate the final Drug Product (DP) form, consisting of
(nominal) 10 mg protein per vial with 0.5 mg sodium chloride
and 5 mg glucose monohydrate.

Generation of IEX Peak Isolates

Samples of the isolated IEX peaks C, D and F were generated
as follows. Frozen (−20°C) aliquots of purified ErA drug sub-
stance (DS) were used as the starting material. A semi-
preparative WCX-10 column (Dionex, Leeds, UK) with di-
mensions 9×250mm, was used for the isolation with aWaters
HPLC workstation (Elstree, UK). The mobile phase consisted
of two buffers: buffer A was 10 mM sodium chloride in
20 mM sodium phosphate pH6.2, and buffer B was

Structural Analysis of L-asparaginase IEX Variants 3637



300 mM sodium chloride in 20 mM sodium phosphate
pH 6.2. The flow rate through the column was 3 mL/min
using a gradient (Table I), and the absorbance was monitored
at 220 nm. Multiple chromatographic cycles were used, with
4mg protein injected per cycle. Peaks were collectedmanually
during each cycle into glass Duran bottles. During the repeat
cycles, peaks were kept segregated on ice at 2–8°C, and con-
currently concentrated using Millipore (Watford, UK)
Amicon Ultra-15 regenerated cellulose 10 kDa MWCO spin
concentrators.

When the total volumes of the three peak isolates from all
chromatographic cycles (C, D and F) had been reduced to
approximately 1000 μL, they were analysed for protein con-
centration using absorbance at 280 nm, and desalted into
10 mM sodium phosphate pH 7.2 using NAP-10 columns
(GE Healthcare, Amersham, UK). The volume needed to
achieve 5 mg/mL protein concentration was calculated for
each desalted isolate, and the concentration was continued
in Ultra-4 regenerated cellulose 10 kDa spin concentrators.
The volumes of the final 5 mg/mL concentrates were carefully
measured and topped up with 10 mM sodium phosphate
pH 7.2 if required, to accurately achieve the desired 5 mg/
mL concentration. Samples were aliquoted into 50 μL por-
tions (250 μg protein per aliquot) and frozen at −20°C until
further analysis.

Analytical IEX

Samples of the isolated peaks C, D and F were analysed using
the previously-described IEX method (24) to ensure that they
were enriched in the peak of interest. The IEX buffers were
prepared as described for preparative IEX above. Samples
were also analysed pre- and post-refolding experiments.
Analytical traces were integrated using Empower 2 (Waters,
Elstree, UK).

Capillary Isoelectric Focussing (cIEF)

The cIEF analyses were conducted according to the N-
ethylurea-urea method described previously (26). Briefly, a
master mix was prepared containing 8 M urea, 2.2 M N-

ethylurea, 0.35% methylcellulose (ProteinSimple, Toronto,
Canada), and 4% Pharmalytes 3–10. A 200 μL aliquot of
master mix was combined with 1 μL of low-pI marker (5.85)
and 1 μL of high-pI marker (9.5) and protein sample was
added to a final target concentration of between 0.1 and
0.2 mg/mL. Samples were vortexed to ensure proper mixing,
spun briefly at 13,000 rpm in an Eppendorf table-top centri-
fuge to remove air bubbles, and injected into a iCE3 instru-
ment (ProteinSimple) with FC cartridge. Samples were fo-
cussed at 1.5 kV for 1 and 12–13 min at 3 kV, and the
resulting data traces were integrated using Empower 2 with
Savitsky-Golay smoothing.

Circular Dichroism (CD) Analyses

Circular Dichroism analyses of the IEX peak isolates were
conducted using a Jasco J-715 spectropolarimeter at Alta
Bioscience (Birmingham, UK). Samples were shipped on dry
ice and held frozen at −20°C until the time of analysis. The
analyses were carried out between 190 and 280 nm, and ap-
propriate blank buffers (10 mM sodium phosphate pH 7.2)
were provided for the analysis.

Asparaginase Activity Assay

The asparaginase activity of ErA samples was determined
using the UV Activity assay as described previously (27).
Briefly, the assay was performed in borate buffer in the pres-
ence of substrate by measuring the change in the amide bond
absorption at 225 nm. As L-asparagine is depleted in the sam-
ple, the UV absorbance decreases and the slope of the absor-
bance curve is compared to a standard ErA sample with
known activity.

Km and kcat Determination

The Michaelis constant (Km) and catalytic constant (kcat) of the
ErA IEX isolates was determined using the substrate L-
aspartic acid-β-hydroxamate (AHA) as described previously
(28).

Small-Angle X-ray Scattering

The ErA IEX Isolates for Peaks D and F only were analysed
using static Small-Angle X-ray Scattering (SAXS). The SAXS
experiments were conducted at Diamond Light Source
(Didcot, UK). Samples were centrifuged for 10 min at 10°C
prior to analysis. The samples were loaded onto a 96-well
plate for measurement, with each well containing approxi-
mately 25 μL of solution. SAXS data were collected at 15°C
on beamline B21 using 12.4 keVX-rays and a Pilatus (Dectris,
Switzerland) 2M area detector. Data were collected as a series
of 30 frames of 10 s duration. Data reduction was performed

Table I Gradient Table for Semi-Preparative IEX

Time (min) Flow (mL/min) %A %B

0 3 93 7

4 3 93 7

24 3 84.8 15.2

26 3 0 100

28 3 93 7

30 3 93 7
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in a standard manner using software developed at Diamond
and data analysis was performed using the software ScÅtter
(www.bioisis.net). For background (buffer) measurements, all
30 frames were averaged. The SAXS from the background
(buffer) was subtracted from the corresponding protein SAXS
measurement. Protein datasets were inspected for radiation
damage and none was observed in any dataset. No aggrega-
tion was detected in any of the protein datasets, so all 30
frames were averaged.

LC-MS of Double-Digests

Samples were co-digested with two proteolytic enzymes and
analysed using UPLC- TOF-MS. For the digestion, 250 μg of
each peak isolate was first denatured with RapiGest™ deter-
gent (Waters, Elstree, UK) for 20 min at 65°C. The samples
were then incubated at 37°C with Glu-C protease (Promega,
Southampton, UK) at 1:25 w/w enzyme:substrate ratio for
22 h, followed by addition of trypsin (Promega) again at
1:25 w/w enzyme:substrate ratio for 3 h. The digest reactions
were stopped with the addition of an equal volume of 6 M
Guanidine HCl, filtered, and analysed. The UPLC column
was a Waters (Elstree, UK) Acquity BEH C18 with dimension
2.1×150 mm and 1.7 μm particle size. The flowrate was
0.4 ml/min, column temp was at 60°C, and the mobile phase
consisted of a 0–42% gradient of 0.1% TFA/acetonitrile
(Solvent B) in Solvent A (0.1% TFA/H2O) over 60 min.
The effluent was monitored at 220 nm, and the detector was
interfaced with aWaters LCT Premiere Time of Flight (TOF)
mass spectrometer, which had been calibrated with a sodium
iodide-cesium iodide solution in the 100–4000 mu range.
Mass spectrometer settings included a capillary voltage of
3200 V, cone voltage of 25 V, and N2 desolvation flow at
900 l tr/h at 350°C. M/z was monitored between 100 and
4000 mu using MassLynx (Waters) software, and masses were
corrected by periodic sampling of a leucine-enkephalin refer-
ence solution (LockSpray™) during data acquisition. The
resulting TIC chromatogram was processed by Waters
BiopharmaLynx software™ and the results tabulated based on
the predicted fragmentation profile from the GluC/Trypsin
substrate specificities, including standard possible covalent mod-
ifications (oxidation, deamidation, etc.) and expected
salt/solvent adducts of intact fragments.

LC-MS/MS of Double-Digests

GluC-Trypsin digests were also analysed using LC-MS/MS.
Digests were prepared as described above, and split in
half. The first portion of the material was analysed as
described for LC-MS above. The second half of the
material was analysed as follows. A 2 μg portion of
each sample was buffer exchanged into MS compatible
buffers using HyperCarb tips (ThermoFisher, Hemel

Hempstead, UK) according to supplied protocol (to remove
3 M Guanidine Hydrochloride). Following this, samples were
dried and resuspended in 10 μl of 0.1% TFA (LC-MS grade)
and 5 μl was analysed using MS analysis.

TheMaXis Ultra high resolution quadrupole time-of-flight
(Q-ToF) system (Bruker Daltonics, Coventry, UK) with an
online UltiMate 3000 RSLCnano HPLC (ThermoFisher)
was used to acquire spectra. Collision Induced Dissociation
(CID) was used to generate MS/MS spectra. A 150 mm×
75 μm ID PepMap reversed phase column (ThermoFisher)
was used. Data were acquired over 79 min using the gradient
listed in Table II. Buffer A was 0.1% formic acid (FA) and 3%
acetonitrile (ACN) (LC-MS grade), and Buffer B was 0.1%
FA, 97% ACN. MS and MS/MS scans (m/z 50–2000) were
acquired in positive ion mode. Lock mass calibration was per-
formed using HP 1221.990364. Line spectra data were then
processed into peak list by Data Analysis (Bruker Daltonics)
using the following settings. The sum peak finder algorithm
was used for peak detection using a signal to noise (S/N) ratio
of 10, a relative-to-base peak intensity of 0.1% and an abso-
lute intensity threshold of 100.

Data were analysed in Data Analysis software (Bruker
Daltonics) and used to create .mgf files. The .mgf files were
then searched in MASCOT using Mascot Daemon (Matrix
Science, Boston, USA). MS andMS/MS tolerance were set at
0.15Da, and searched against the SwissProt database with the
Eubacteria Taxonomy selected. Variable modifications select-
ed were Oxidation (M), Deamidation (NQR) and Gln->Pyro-
glu conversion (N-term). Enzymes selected were Glu-C +
trypsin, with 5 missed cleavages allowed. Charge states
searched were 2+, 3+ and 4+. A peptide ion score of ≤10 as
a cut-off as calculated by Mascot was also used to filter the
results. High resolution extracted ion chromatograms (hXIC)
were generated in DataAnalysis (Bruker Daltonics) for com-
parative quantification of peptides.

Sodium Dodecyl Sulphate Polyacrylamide Gel
Electrophoresis (SDS-PAGE)

Samples were run on SDS-PAGE using Invitrogen (Paisley,
UK) Novex™ pre-cast NuPage (Invitrogen) 4–12% Bis-Tris

Table II LC-MS/MS Gradient Details

%B Time (min) Flow rate (μl/min)

4 0–5 0.3

4–40 5–60 0.3

40–90 60–61.1 0.3

90 61.1–67 0.3

90–4 67–68.1 0.3

4 79 0.3
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gels, 1.0 mm. Samples were diluted to 0.1 μg/mL protein
using NuPage 4x sample buffer, NuPage 10x reducing agent
and water, and heated at 70°C for 10 min. A sample loading
of 10 μL per well (1 μg per well) was used for the protein
samples. Gels were run using MES running buffers and elec-
trophoresed at 200 V constant voltage for 35 min, and stained
using Invitrogen SafeStain before imaging using a Bio-Rad
(Hemel Hempstead, UK) GS-800 densitometer.

Ion Mobility Mass Spectrometry

Prior to mass spectrometry analysis all samples were buffer
exchanged five times into 200 mM Ammonium acetate.
Samples were then diluted to 5 μM and either infused into
the mass spectrometer using borosilicate capillaries prepared
in-house, or further buffer exchanged into denaturing solvent
(50% acetonitrile, 0.1% formic acid) using ZipTip pipette tips
(Merck, UK). All samples were analysed using a Synapt
HDMS mass spectrometer (29) (Waters, UK). Instrument
tuning parameters for denaturing conditions were: capillary
voltage 1.2 kV, source temperature 40°C, Trap 6.0 V,
Transfer 4.0 V. For native and ion mobility analyses instru-
ment tuning parameters were: capillary voltage 1.2 kV, source
temperature 40°C, Trap 8.0 V, Transfer 6.0 V, Bias 20 V,
TWave velocity 285 m/s, TWave height 11 V, IMS gas pres-
sure 0.52 mbar and backing pressure 4.8 mbar.

Mass spectrometry data were processed using MassLynx
(Waters, UK). Arrival time distributions were converted to
collision cross sections (CCS) by calibrating against known
CCS values from the standard proteins ConA, BSA and
β-lactoglobulin. CCS calibration was performed using
Amphitrite (30).

RESULTS AND DISCUSSION

Ion-exchange chromatography (IEX) is a technique routinely
used in the study of protein samples, and in particular to assess
the presence of charge-variant species during biopharmaceu-
tical development and manufacture. Many separations are
now conducted using HPLC columns with polymeric, nonpo-
rous, chromatographic media that have grafted ion-exchange
functionalities (14). Such media are designed to eliminate
competing retentive elements from the analysis, leaving ion-
exchange as the dominant separationmechanism. During the-
se kinds of analyses it is usually reasonable to assume, there-
fore, that size-based differences in chromatographic peaks are
negligible and that any separation observed is due to differ-
ences in protein charge.

In a typical IEX analysis of purified ErA frommanufacture
(Fig. 1), a reproducible peak signature is observed. The meth-
od is run under native, non-denaturing conditions and there-
fore the peaks that elute are a representation of the different

ErA charge variants present in the original sample. A number
of acidic peaks (or acidic species) elute prior to the main band.
These acidic species, labelled for convenience as Peaks C, D
and E, have an apparently lower isoelectric point (pI) com-
pared to the main product peak, labelled Peak F. Using SE-
HPLC, ErA peaks C, D and F were shown to consist solely of
unaggregated enzyme (data not shown). The peaks eluting
later than Peak F in the IEX assay are known to be due to
the presence of protein-protein aggregates and were not in-
vestigated further in this work. Understanding the nature of
the acidic species peaks, in particular C and D, compared with
Peak F, was the main focus of this work. It should be noted
that Peak E, due to its close proximity to the very large
component Peak F, could not be isolated and therefore
was not studied in detail. During semi-preparative chro-
matography, in order to avoid contamination of the
Peak F isolate with Peak E, collection of Peak F only
started several minutes after its first appearance (but while
the UV signal in the detector was still saturated, indicating F
was continuing to elute).

Deamidation is one of the most common PTMs giving rise
to charge heterogeneity in bacterial, non-glycosylated pro-
teins. The effects of deamidation at selected sites in ErA has
been studied previously (25) and was demonstrated not to
negatively impact the enzyme activity or kinetic properties.
A denaturing capillary isoelectric focussing (cIEF) technique
(26) was developed using ErA and deamidated variants as
model proteins. Using this cIEFmethod, purified ErA samples
from manufacture were shown to have low levels (1.5–4.0%)
of deamidated (low-pI) peaks. These levels of deamidation in
ErA determined by cIEF were much lower than the typical
acidic species content (UV absorbance at 220 nm) observed
using IEX (8.0–15.0%). It was previously postulated that the
IEX acidic species peaks C, D and E (24) represented
deamidated ErA species. However, the lack of correlation
between the two measures (IEX and cIEF, data not shown)
suggested that the IEX acidic species may reflect a variety of
modifications to ErA, of which deamidation was only a small
component. Therefore, it was decided to isolate and study
these IEX peaks in detail.

Fig. 1 Typical purified ErA IEX chromatographic profile. The peaks of interest
are labelled (c, d, e and f).
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The ErA peaks C, D and F were isolated using semi-
preparative chromatography, concentrated and desalted prior
to analysis using IEX to ensure enrichment in the peak of
interest. The analytical IEX chromatograms (Fig. 2) of these
isolates demonstrated that the peaks C and D had been
enriched from approximately 3 and 10% respectively in the
parent material to ≥60% each in the isolated materials. The
peak F isolate was found to be essentially free of other acidic
species by IEX. For peak isolates of C and D, repeated at-
tempts to further enrich the purity by IEX were unsuccessful,
resulting in either near-total loss of enzyme or similar levels of
IEX purity (data not shown). The reasons for the apparent
contamination of C and D isolates with peak F material were
unclear, but may be due to equilibrium between the different
IEX species, or to a lack of resolution during semi-preparative
isolation. It should be noted that the isolates maintained a

consistent chromatographic profile when analysed by IEX,
so any equilibrium effect did not alter the overall composition
of the isolates. However, ErA is a tetrameric enzyme and
multiple forms may be present within a single IEX peak.
Due to these factors and considerations, it was decided to
proceed to characterisation of these isolates.

In order to illustrate the stability of the isolated fractions,
the isolates D and F were measured using analytical IEX at
both the time of isolation (t=0) and after 6 months long-term
storage at−20°C (Fig. 2b and c), without significant change in
the chromatographic profile. All of the analytical techniques
employed to study these isolates were conducted during this
6 month time window. These data indicate that the composi-
tion of the isolates did not change during the storage period
and illustrate the suitability of these isolates for the study.

The three isolates were found to compare well in terms of
enzymatic activity (Table III) and electrophoretic mobility as
measured by SDS-PAGE (Fig. 3). All three peak isolates ap-
peared comparable to the reference material by SDS-PAGE.
The peak isolates further compared well in terms of enzymatic
constants (Table IV). The peak C isolate had a slightly lower
kcat compared to the peak D and F isolates, but reasons for this
were not immediately apparent.

The three peak isolates were analysed using the denaturing
cIEF in the presence of 8M urea and 2.2 MN-ethylurea. The
results (Fig. 4) demonstrated that in all three peaks, unmodi-
fied (pI 7.35) ErA was themain species (82, 93 and 100% inC,
D and F isolates respectively), with several minor peaks
representing modified ErA (putative deamidated species) pres-
ent in Peak C and D isolates only. These results strongly sug-
gested that the IEX acidic peaks C and D represent forms of
ErA due to other changes, and not due to deamidation as
previously believed. Mathematically, the levels of modified
species measured by cIEF in Peaks C and D equate to roughly
1–1.5% in the parent material, which is in line with
previously-determined levels of cIEF low-pI species in ErA
(26).

The observed lack of putative deamidation in the IEX peak
isolates C and D led to further investigation using LC-MS.
Samples were digested using two proteolytic enzymes and
analysed using reversed-phase LC and time-of-flight (TOF)
MS. In all three samples analysed (IEX Peak isolates of C, D
and the main peak F), no significant levels of deamidation
were observed (see BiopharmaLynx-processed peak lists in

Fig. 2 Analytical IEX chromatograms for isolated semi-preparative IEX frac-
tions. Each fraction is shown with an overlay of the parent ErA material used
for isolation. The three fractions enriched in the various IEX peaks C (a), D (b)
and F (c) are shown.

Table III Enzymatic Activity of IEX Peak Isolates

Sample Activity
(U/mL)

Protein A280
(mg/mL)

Specific activity
(U/mg)

Fraction C 3726.1 5.0 745.2

Fraction D 3971.8 5.0 794.4

Fraction F 3762.5 5.0 752.5
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Supplementary Tables). The only significant PTM that was
observed by LC-MS (Table V) was methionine oxidation;
however, the levels of oxidation were low and consistent be-
tween the three IEX Peak isolates (C, D and F) suggesting this
was a method-induced artefact. Other PTMs not observed in
these samples, but included in the LC-MS search criteria were
hydroxylation (Lysine), formylation (Lys), carbamylation (Lys
& Arg), and acetylation (Lys), all of which could have de-
creased the positive charge on the surface. One peptide
(QFSNMASE) was observed to contain pyro-Glu at the N-
terminus consistently in all isolates, but this was shown to be
an artefact induced by the digestion procedure (data not
shown). Critically, the levels of various PTMs observed in all
IEX peak isolates were sub-stoichiometric, ruling out assign-
ment of any of the IEX peaks as representing one change in
isolation. A small amount of the succinimide (deamidation
intermediate) was observed at the theoretically-labile residue
N281; however, the levels were consistent among all three peak
isolates. This result is likely to be an assay artefact, due to
exposure (25 h) of this residue to slightly basic conditions of
the digestion procedure.

The results obtained using LC-MS were further confirmed
with LC-MS/MS. As for the LC-MS results discussed above,

LC-MS/MS only detected deamidation of low abundance
compared to the unmodified peptide. Typical XIC chromato-
grams of a deamidated and non deamidated peptide identi-
fied in the LC MS/MS are shown in Fig. 5 (further
information provided in Supplementary Information).
Routinely, deamidated peptides are detected using ESI MS/
MS, due to the high sensitivity of the instruments and the
background chemical deamidation that occurs during sample
preparation and sample analysis. The levels detected in the
ErA IEX peak isolates were consistent with background
deamidated peptides from typical proteomic experiments
and analysis.

Taken together, the cIEF, LC-MS and LC-MS/MS data
indicated that primary-structure modifications were not the
primary cause for the separation of various IEX species.
Therefore, it was decided to investigate higher-order structural
and conformational influences on the IEX charge-based sep-
aration, with the rationale that slight changes in salt bridges or
hydrogen bonding could cause apparent differences in pI (and
therefore IEX retention time) in the native state. This rationale
was further supported by refolding experiments (Fig. 6) con-
ducted with the peak isolate samples. Peaks were exposed to a
mixture known for efficiency of denaturation with ErA samples
(8 M urea with added 2.2 M N-ethylurea) (26) before renatur-
ation by dialysis into 18.2 MΩ water and analysis using IEX.
The results of these experiments demonstrated that isolated

Fig. 3 SDS-PAGE analysis of isolated IEX peaks. The lanes in the gel corre-
spond to the samples as follows:MMark12 Standard, C Peak C, D Peak D, F
Peak F, BL blank, S ErA reference material. The minor band at 66 kDa is likely
to represent incomplete denaturation during SDS sample preparation.

Table IV Km and kcat Data for IEX
Peak Isolates Sample Km (μM) Km 95% confidence

interval (μM)
kcat (s

−1) kcat 95% confidence
interval (s−1)

Fraction C 256 244–269 420 411–429

Fraction D 265 250–281 512 499–525

Fraction F 259 241–276 503 489–518

Fig. 4 Capillary isoelectric focussing of IEX peak isolates. The pI values
corresponding to the various cIEF peaks are indicated in the figure. The main
peak (pI 7.35) integration area percent, as determined using Empower 2, is
shown on the right hand side of the figure.
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Peak D could be converted into Peak F after unfolding and
refolding, but Peak F remained as Peak F post-denaturation.
This suggested that Peak D may simply be an alternative con-
former of Peak F, and that the differences between the IEX
peaks were truly conformational in nature.

The peak isolate samples were therefore analysed using
structural techniques. First, samples were examined using
the low-resolution technique circular dichroism (CD) spectros-
copy (data not shown). Using CD, it appeared that Peak C
and Peak F were structurally similar, in contrast to Peak D
particularly in the 210–225 nm region of the spectrum.
Repeat analyses of Peak D indicated potentially significant
differences in the spectra in the 210–225 nm trough region,
but the reproducibility of the CD analyses was poor.

Due to the variability and lack of specificity in the CD data,
orthogonal, higher-resolution structural techniques were
employed. Samples of Peak isolates D and F were further
analysed using small-angle X-ray scattering (SAXS) at
beamline B21 at Diamond Light Source (Didcot, UK).
SAXS is a sensitive technique for the analysis of the structure
of macromolecules in solution. The D and F samples were
sufficiently pure and monodisperse for SAXS measurement,
with no evidence of protein aggregation observed, as evi-
denced by the linearity of the Guinier analysis of the data
(see Supplementary Information). In Table VI, the radius-
of-gyration (Rg) and scattering intensity at zero scattering vec-
tor (q=0) were approximated using Guinier analysis of the
data (31, 32). The Rg values for the two peak isolates are

Table V LC-MS Significant Modifications in ErA Peak Isolates from IEX. Differences in Modifications Seen in GluC/Trp Digests of P125WCX Peaks C, D and F.
Data are Expressed as the Fraction (percent) of Parent ion Intensities. Proteolytic Fragments (TF1, etc.) are Numbered Consecutively Based on All Possible Cut
Sites in the Molecule, Based on the Two Proteases Used to Digest the Sample

Proteolytic Frag. No. AA sequence Modification % in Peak C % in Peak D % in Peak F

TF 22–27a SAYFLHLTVKSDKPVVFVAAMRPATAISADGPMNLLE Oxidation 7.2 10.1 6.6

TF 32–34b GRGVMVVLNDR Oxidation 2.4 2.4 2.7

TF 55 GIVYAGMGAGSVSVR Oxidation 2.9 2.9 2.5

TF 67 ILLMLALTR Oxidation 4.7 4.5 5.7

TF 62–66 TGNGIVPPDEELPGLVSDSLNPAHAR Deamidation/ Succinimide 3.3 3.4 3.4

a The values given also include the oxidation of the homologous, less intense partial digest fragment ions TF23-27 AND TF26-27
b The values given also include oxidation of the partial digest fragment ion TF33-34

Fig. 5 LC-MS/MS results demonstrating low levels of deamidation present in all three IEX peaks. (a) An extracted ion chromatogram (EIC) of unmodified
peptide TGNGIVPPDEELPGLVSDSLNPAHAR (885.7868 m/z) [M+3H]3+ and deamidated peptide TGDGIVPPDEELPGLVSDSLNPAHAR (886.1136 m/z)
[M+3H]3+. There is a clear difference in retention time between the unmodified (ca 47 min) and deamidated peptide (ca. 49 min). (b) An overlay of EIC for
modified and deamidated peptide for each of the isolated peaks(c,d,f). Levels of the deamidated peptide are consistent between the three IEX Peaks.
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different with Peak D greater than Peak F, suggesting Peak D
is less compact than Peak F.

These observed differences were also evident in the nor-
malised SAXS Kratky plots (Fig. 7). The dimensionless or
normalised Kratky plot (33) provides a semi-quantitative as-
sessment of the state of the biomolecule in solution. For most
compact, globular particles obeying Guinier’s approximation,
a peak maximum in the normalised Kratky plot should be
observed at a qRg (product of the scattering vector q and the

radius of gyration) value of
ffiffiffi

3
p

with a magnitude of 1.104.
This value is independent of particle size, composition and
concentration, and is depicted by the cross-hairs in the nor-
malised Kratky plots shown in Fig. 7. Deviations from this
value indicate particle flexibility (34) or asymmetry (35). The
maximum for peak isolate F was observed to agree with the
theoretical Guinier prediction, indicating a perfectly globular

protein. However, the Kratky maximum for peak isolate D
was slightly shifted away from that of peak isolate F, indicating
that peak D may not be perfectly globular. It is likely that D
simply has a different surface-to-volume ratio compared with
F.

The idea that peak isolate D may simply have a larger
surface-to-volume ratio was explored by using Porod-Debye
analysis (not shown, a plot of q4 versus q4 times the scattering
intensity, I(q)). Porod-Debye plots may be used to determine
the particle volume as well as the Porod exponent, a guide to
the overall particle shape. A Porod exponent of 4.0 indicates a
perfectly globular protein. The results for peak isolates D and
F (Table VI) show that D has a slightly larger particle volume
compared with F, and that D has a Porod exponent slightly
lower than the theoretical ideal of 4.0. The SAXS data can be
further interrogated to calculate the volume of correlation, Vc,
(Table VI) which is sensitive to conformational changes (36)
and corroborates the differences between D and F in Rg.
Taken together, these interrogations of the SAXS data strong-
ly suggested that the main differences between the two IEX

Fig. 6 Analytical IEX Chromatograms for IEX Peak Isolate Refolding Exper-
iment. Peak isolates were exposed to strong denaturant (8 M urea plus added
2.2 M N-ethylurea) and dialysed back into 18.2 M4 water before analysis by
IEX. The IEX traces pre- and post- refolding are shown for Peak D (a) and
Peak F (b).

Table VI Parameters Calculated from Guinier and Porod-Debye Analyses
of Small-Angle X-ray Scattering Data for IEX Isolates of Peaks D and F

Sample
name

Radius of
gyration, Rg (Å)

Porod particle
volume (Å3)

Porod
exponent

Vc (Å
3) Molecular

mass (kDa)

Peak D 32.9 192742 3.9 712.6 127

Peak F 31.6 181675 4.0 683.8 121

Fig. 7 Normalised Kratky Plots from Small-Angle X-ray Scattering Analysis of
IEX Peak Isolates. The data are presented for analyses of 1.25mg/mL enzyme
samples in entirety (a) and as a close up to the area of interest (b). The cross
hairs indicate the position of an ideal globular protein obeying Guinier’s ap-
proximation. The nomenclature of the two axes is as follows: q, scattering
vector; I(q), scattered intensity; Rg, radius of gyration; I(0), scattering at zero
angle. The parameters Rg and I(0) were obtained from Guinier analyses of the
collected SAXS data (not shown).
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peak isolates, D and F, were conformational in nature with
Peak D occupying a comparatively less compact state than F.

SAXS data were also used to calculate the pair distance
distribution function P(r). The P(r) distribution is a histogram
of the set of electron–electron pair distances of the protein in
solution. The P(r) distributions for peak isolate D and F sam-
ples were calculated and compared to the calculated P(r) func-
tion for the ErA crystal structure (Fig. 8) from the Protein Data
Bank (PDB ID: 1O7J) (7). The P(r) curves for the Peak D and
F isolates appear to compare well to each other. However,
Peak F is shifted slightly towards smaller distances consistent
with being more compact than D. Based on the resolution
limit of the SAXS data used to calculate the P(r)-distributions,
the two structures differ at a resolution of approximately 51Å.
However, these differences are subtle indicating the solution
structure is not in a different global arrangement compared
with the crystal structure. Small differences observed for pro-
teins by SAXS observed in the Kratky or P(r) treatments of the
data have been shown to have significance (37–39). It is worth
noting that the crystal structure 1O7J represents ErA without
bound substrate and waters. For comparison purposes the
ErA structure with bound L-glutamate (1HFW) was also used
to calculate P(r) (data not shown) to investigate if any observed
differences were due to substrate binding, but no effect of
substrate binding on P(r) was found.

The peak isolates were also analysed using Ion Mobility
Mass Spectrometry (IM-MS). To assess whether the two sam-
ples had different intact masses, a mass spectrumwas obtained
under denaturing conditions. No major differences in mass
were observed between the two samples (Fig. 9). The experi-
mentally determined mass was in very close agreement with
the mass calculated from the protein sequence (Theoretical

mass of 35054.09 Da). To probe any further differences be-
tween these samples, they were both analysed using native and
IM-MS. Native mass spectrometry can be used to preserve
non-covalent interactions within proteins and is one of the
most accurate methodologies for obtaining the oligomeric
state of proteins and protein complexes (40). IM-MS separates
ions based on their size, charge and overall shape and can
report on the conformational dynamics of the system under
study (41). The nativeMS analysis revealed that both samples,
D and F, existed as a tetramer in solution. There were no
major differences in the mass between the two as calculated
from the native MS spectra and no evidence of protein-
protein aggregation from this analysis.

Ion mobility mass spectrometry (IM-MS) analysis, howev-
er, revealed a difference between the two samples. Sample D
had a smaller collision cross section (CCS) compared to F (as
calculated from the arrival time distribution peak tops shown
in Fig. 9, panel c) indicating that D had an overall more
compact conformation (Fig. 9). More significantly, however,
the peak width of the CCS distribution for D was much
broader than that of F (Fig. 9, panel c), indicating that D
was sampling a wider range of conformations compared to
F. Differences in the IM-MS full-width half-maximumof these
peaks is indicative of increased conformational heterogeneity,
as observed for other proteins (42, 43). These results strongly
indicate that D has more conformational heterogeneity com-
pared to F, an observation that fits well with the SAXS data
and is probably the more relevant measure from the IM-MS
experiments. At first glance, the observation that D had a
more compact conformation compared with F based on
CCS is contrary to the SAXS results described above.
However, recently published results (44) demonstrated that

Fig. 8 Pair Distance Distribution
Function, P(r). The SAXS derived
P(r)-distribution gives a histogram of
distances between all pairs of
scattering electrons in the particle.
The light grey curve represents the
P(r) data for IEX Peak F and the dark
grey, IEX Peak D. The red line
represents the P(r) data calculated
from the ErA crystal structure (PDB
entry 1O7J).
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there is a poor correlation between the square of Rg values
and CCS measurements, a conclusion that is further support-
ed by this work.

Slight conformational differences between the IEX peak iso-
lates were measurable by multiple techniques. Based on these
analyses, it appears that separation of ErA peaks during IEX
analysis of ErA may be due to conformational changes in the
enzyme. Both the IM-MS and the SAXS data suggest a different
conformational state in Peak D compared with Peak F. In any
case, the data suggest that for Peak D the observed conforma-
tional differences give rise to either increased exposure or
shielding of certain residues to give an apparent decrease in pI,
with early elution from the IEX column. Although the IEX
peaks C and E were not evaluated using SAXS or IM-MS, peak
D is the most prevalent in routine ErA samples (ca. 6–10% by
peak area) compared with the other two peaks (ca. 3–5% for the
sum of both). Therefore, peak D, which has been shown to be
conformationally different to the main peak F, represents the
bulk of the ErA modifications being measured by IEX.

The conditions that give rise to these conformational differ-
ences may occur during manufacture. The manufacturing pro-
cess for ErA is complex and lengthy (9), with potential oppor-
tunities for generation of product variants. Furthermore, pre-
vious work had shown that ErA purified from Erwinia cells
using affinity chromatography, and thus avoiding the standard
manufacturing process, was virtually free of Peak D by IEX
(data not shown), as was the recombinantWTErA expressed in
E. coli and also purified by affinity chromatography (25). Early
research on ErA using fluorescence studies (45) indicated that
exposure to high pH conditions caused a loosening of the en-
zyme structure. Similarly, CD studies of E. coli L-asparaginase
(EcA), an enzyme with 46% identity (46) and high homology to

ErA, indicated that exposure to pH levels greater than 10 de-
graded the secondary structure of the enzyme (47). The subunit
interactions in the L-asparaginase tetramer (48) have been
shown to be dominated by electrostatic interactions, which
may be disrupted by local fluctuations in pH. Away from L-
asparaginase, a similar situation was observed for the
pheromone-binding protein (PBP) from the silkworm Bombyx
mori (49). PBP was found to change conformation on exposure
to certain pH conditions, and these conformational changes
were observed by both IEX chromatography as well as CD.

CONCLUSIONS

The ion-exchange method routinely used for ErA product
release measures acidic species (8–15%) that elute prior to
the main peak. The most prominent of these acidic species
has been shown to be a conformational variant as measured
by multiple methods. This variant may be a consequence of
the manipulations normally performed in the course of rou-
tine biopharmaceutical manufacture (and ErA in particular).

During biopharmaceutical development, ion-exchange
HPLC is typically deployed to evaluate and measure the ex-
tent of primary-sequence modifications, such as deamidation,
which are important to monitor from a regulatory perspective.
It is perhaps easy to assume that acidic peaks resolved by ion-
exchange are necessarily due to deamidation. This study on
ErA ion-exchange peaks underscores the importance of
gaining a holistic understanding of peaks resolved using ion-
exchange analytical methods. The characterisation methods
presented here should be considered during routine biophar-
maceutical product development.

Fig. 9 Mass spectrometry analysis of ErA samples. (a) Denaturing mass spectra for F and D L-asparaginase samples coloured in green and purple respectively. (b)
Native mass spectra of the F and D samples. In both cases the protein oligomeric states is that of a tetramer. (c) Overlay of the CCSs for the+24 and+25 charge
states for F and D samples after quadrupole isolation.
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