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Abstract

Capillary isoelectric focussing (cIEF) is normally run under denaturing conditions using
urea, to expose any buried protein residues that may contribute to the overall charge.
However, urea does not completely denature some proteins, such as the tetrameric enzyme
Erwinia chrysanthemi L-asparaginase (ErA), in which case electrophoresis-compatible
alternative denaturants are required. Here, we show that alkylureas such as N-ethylurea
provide increased denaturation during cIEF. The cIEF analysis of ErA in 8M urea alone
resulted in a cluster of ill-resolved peaks with isoelectric points (pl) in the range 7.4 — 8.5.
A combination of 2.0 — 2.2M N-ethylurea and 8M urea provided sufficient denaturation of
ErA resulting in a main peak with a pl of 7.35 and an acidic species minor peak at 7.0,
both comparing well with predicted pl values based on the sum of protein residue pKa
values. Recombinant deamidated ErA mutants were also demonstrated to migrate to pl
values consistent with predictions (pI 7.0 for one deamidation). The quantitation of ErA
acidic species in samples from full-scale manufacturing (1.0 — 3.5% of total peak area)
was found to be reproducible and linear. Use of alkylureas as denaturing agents in CE and

cIEF should be considered during biopharmaceutical assay development.

Keywords: deamidation; L-asparaginase; alkylurea; capillary isoelectric focussing;
capillary electrophoresis



1. Introduction

Capillary isoelectric focussing (cIEF) is a useful technique for the determination of protein
isoelectric point (pl). First described by Hjertén and Zhu [1], the technique has evolved
into one of the mainstays of protein analysis, particularly in the biopharmaceutical
industry, where there are numerous examples of its use [2, 3]. The technique is useful for
separation of glycoforms, characterisation of protein microheterogeneity and quantitation
of protein species which have charge modifications resulting in pl shifts in either the

acidic or basic direction [4].

The technique involves injection of a protein analyte into a capillary in the presence of
ampholytes and a polymeric matrix, usually methylcellulose-based. As in slab-gel IEF,
the ampholytes set up a pH gradient through the capillary when an electric current is
applied, using an acidic anolyte (usually dilute acid) and a basic catholyte (usually dilute
base). The separation occurs as proteins migrate to their point of zero net charge within
the capillary. The capillary is often neutral, hydrophilic and coated (with methylcellulose)
to reduce distortion during the separation [5]. Internal standards are usually employed to
enable calculation of analyte pl [6]. In most cIEF instruments, the separation is conducted
and the entire contents of the capillary are mobilised by pressure, chemical or other means
past a detection window [4]. This mobilisation step can lead to distortion and band
spreading as the column of fluid moves through the capillary. In recent years,
manufacturers have introduced whole-capillary imaged cIEF instruments [7, 8] which
avoid this distortion by capturing images of the entire capillary separation zone at 280nm
wavelength. This technique has the added advantage of being able to view the separation
in real-time such that the end of the focus time can be easily ascertained, and aids in

method development.



Isoelectric focussing, and cIEF in particular, are particularly attractive techniques with
regards to characterisation of protein deamidation. Deamidation is a frequently-occurring
degradation pathway in proteins and peptides [9], most frequently affecting asparagine
(Asn or N) residues and, to a lesser extent, glutamine (Gln or Q). In the deamidation of an
Asn residue, the C-terminal peptide bond nitrogen attacks the carboxylate group of the
side chain, creating a succinimide ring intermediate. This intermediate is then hydrolysed
to result in a mixture of aspartic acid (Asp or D) and iso-Asp [10]. The result of this
reaction is a lowering of the overall protein pl, due to the change of residue charge from
neutral (Asn) to negative (Asp). In some proteins, deamidation may reduce activity or
have other deleterious effects, and therefore is important to understand, monitor, and

control.

Recently, efforts have focussed on understanding the deamidation of the enzyme L-
asparaginase (E.C. 3.5.1.1) from Erwinia chrysanthemi (ErA) [11, 12]. ErA is a
140,000Da homotetramer with an isoelectric point of pH 8.6 in the native form [13]. Each
subunit of the tetramer consists of 327 amino acids, and the enzyme is only active in the
tetrameric form. ErA is a biopharmaceutical product marketed as Erwinase™ or
Erwinaze™ and is used in the clinical treatment of acute lymphoblastic leukaemia (ALL)
[14, 15]. Native capillary zone electrophoresis (CZE) and weak cation-exchange high-
performance liquid chromatography (WCX-HPLC) of ErA both give rise to a number of

acidic species which, in the main, cannot be definitively determined to be deamidated.

In cIEF method development for deamidation for proteins such as ErA, one difficulty is
the lack of available denaturants compatible with electrophoresis. Analysis under
denaturing conditions ensures that protein residues are exposed and therefore a true
measure of the protein charge is realised. The aim of the present work was to use cIEF

under denaturing conditions to understand the extent of any deamidation in ErA, as well as



develop a robust method of quantification of deamidation in this medically-important

enzyme product.

2.0 Materials and Methods

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

Production of Enzyme:

Purified samples of ErA were manufactured and provided by Development & Production,
Public Health England, Porton Down, UK. Recombinant wild-type (WT) ErA and ErA

mutants were produced using previously published procedures [12].

Capillary Isoelectric Focussing (cIEF) Analyses:

Analyses of ErA samples were performed using an whole-capillary-imaged cIEF system
(model iCE3 with PrinCE autosampler) from ProteinSimple (Toronto, Canada). The pl
markers used throughout this work were proprietary, small molecular weight, UV
absorbent markers (pl values 5.85, 6.1, 6.6, 9.5 and 9.77) obtained from ProteinSimple.
Samples were prepared immediately before analysis using the following procedure. A
master mix (MM) was prepared fresh daily with the composition 8M urea, 0.35%
methylcellulose, and 4% Pharmalytes 3-10. N-ethylurea was added to this MM as desired.
The analyte samples were prepared using 200uL MM with 1pL high-pl marker (9.5 or
9.77) and 1uL low-pl marker (5.85, 6.1 or 6.6), and protein sample was added to a target
concentration in the range 0.1 — 0.2mg/mL. These samples were vortexed briefly to
ensure complete mixing and centrifuged at 10,000rpm for 3min to remove air bubbles
before analysis. Samples were focussed for 1min at 1.5kV followed by 12 — 13min at

3kV, and A280 images of the capillary were taken using the ProteinSimple software. The



resulting electropherograms were first analysed using the iCE3 CFR software
(ProteinSimple) and pl values were assigned (linear relationship between the pl markers).
The data were downloaded into Empower 2 (Waters, Elstree, UK) processing software for
electropherogram integration. Empower data analyses were conducted using Savitsky-

Golay smoothing of the electropherogram traces.

Circular Dichroism Analyses:

Circular dichroism (CD) analyses were performed using a Jasco J-715 spectropolarimeter
at Alta Bioscience (Birmingham, UK). Samples were denatured in mixtures of urea and
ethylurea, held for at least 10min, and analysed by CD. The analyses were carried out
between 190 and 280nm, and appropriate mixtures of urea and ethylurea without protein

were used for blank analyses.

Computational Predictions of Theoretical pl Values:

Theoretical pl values were calculated using the ErA sequence [12] and the internet-based
tools at the FEuropean Molecular Biology Open Software Suite (EMBOSS,
http://www.ebi.ac.uk/Tools/seqstats/emboss_pepstats/) [16, 17, 18] or the tools available
at the Swiss Institute for Bioinformatics (SIB ExPASy,

http://web.expasy.org/compute pi/) [19 — 22].

Forced Deamidation of ErA:

Samples of high-concentration (35 — 40mg/mL protein by A280) ErA were combined with
2M NaOH at a ratio of 10:1 enzyme to base, and mixed gently. The samples were then
heated at 70°C for 1min using a dry heat block (Grant Instruments, Cambridge, UK),

removed and placed on ice. The samples were then immediately combined with master
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mix to proceed directly to cIEF analysis, with samples run as described above in duplicate

or triplicate.

3.0 Results and Discussion

In development of any denaturing cIEF method, the usual starting point is to attempt a
separation in urea, usually in the concentration range 3 — 8M. The main goal is to ensure
that the analyte protein is as unfolded as possible without inducing precipitation, so that
the analyst can compare the theoretical pl with the measured cIEF pl. ErA is known [23]
to be difficult to fully denature in 8M urea through previous work with analytical
ultracentrifugation. However, it was unclear whether the extent of denaturation in 8M
urea would be sufficient to expose enough surface charge to fully characterise charge
variants in cIEF. Therefore, samples of ErA were analysed using 8M urea as the
denaturant in 0.35% methylcellulose and 4% Pharmalytes 3-10. The profiles obtained
(Figure 1) were reproducible and demonstrated a number of peaks in the pl region of 8.4,
and a low-pl peak at 7.4. The cluster of peaks at pl 8.4 matched the previously-
determined native (not denatured) ErA isoelectric point of 8.6 [13]. Therefore it was
initially thought that the low-pl peak at 7.4 might represent deamidated or other degraded,

acidic species.

In order to further understand the electropherograms obtained for ErA in 8M urea, mutant
versions of ErA [12] were analysed in 8M urea. These mutant forms of the enzyme
included genetically-induced single deamidation sites (either N41D or N281D) as well as
a double-deamidated mutant (both N41D and N281D). Earlier work on these mutants had
demonstrated that the N281D deamidation resulted in a loss of stability at urea

concentrations greater than 2M, while variants with an intact Asnzgi were stable after



exposure to 7.2M urea [12]. The cIEF analyses of these mutants (Figure 2) in 8M urea
appeared to agree with these earlier observations, and suggested that the cIEF profiles of
mutants lacking the N281D deamidation did not represent fully-denatured enzyme. Those
mutants carrying the N281D mutation, and therefore fully denatured in 8M urea, were
found to have pl values in cIEF, as shown in Figure 2, that compared well with the range
of theoretical pl values calculated using protein sequence and amino acid side chain pKa
values (Table 1). However, those without the N281D mutation had apparent cIEF pl
values that were outside of these theoretical ranges. It is important to note that the
theoretical pl values calculated in Table 1 are presented for two different sets of pKa
values and algorithms; there is disagreement in the literature about the ‘correct’ values to
use. Therefore, for the purposes of this study we consider the two pl values in Table 1 for

each protein as upper and lower bounds of a possible range of theoretical values.

Furthermore, there are differences in the electropherogram profiles of these enzymes in
8M urea. The profiles in Figure 2 for the two enzymes without the N281D mutation are
very similar to that of the ErA presented in Figure 1, while those with the N281D mutation
appear somewhat different, as one predominant main band. This suggested that the low-pl
(7.4) peak identified in Figure 1 may not be due to an acidic modification to one or more
residue(s), but instead representative of complete protein denaturation, with the higher (pl
8.4) group of peaks representing partially-denatured species. Further supporting this idea
was the observation that the pl of the low-pl peak (7.4) in Figure 1 compares well with the

range of values expected for the wild-type enzyme shown in Table 1.

In order to arrive at suitable conditions for the cIEF analyses of deamidated variants of
ErA, a relatively complete unfolding of the enzyme structure was desired. It was thought
that accurate quantitation of the ErA charge variants could not be achieved if some of the

charged residues, such as the labile Asnagi, were still partially buried in the protein



structure during cIEF. Therefore the goal of this work was to define a set of conditions
under which all (or nearly all) ErA protein residues could participate in the charge-based
clIEF separation, such that each charge variant species (due to changes in charge at the
sequence level, and independent of charge differences due to structural effects) would
result in a separated cIEF peak. It is important to note that this strategy cannot necessarily
distinguish deamidation from other post-translational modifications (PTM) and that one
charge-variant peak, while being uniform in overall charge, may represent more than one

PTM.

Based on this strategy and these observations, it was concluded that the denaturing power
of 8M urea was not sufficient for cIEF analyses of ErA. Although the analyses of ErA as
described above were reproducible, due to the incomplete denaturation it was not clear
what the various cIEF peaks in the electropherogram represented with respect to
deamidation and PTMs. Therefore, it was decided that a more powerful denaturant was
required. Guanindine hydrochloride is an effective and powerful denaturant for ErA, but it
cannot be used for cIEF separations due to the ionic character of the molecule, particularly

at the high concentrations required for protein denaturation.

Previous work on two-dimensional gel electrophoresis [24] demonstrated the increased
chaotropic power of urea and thiourea mixtures for electrophoretic analysis of sparingly-
soluble membrane and nuclear proteins. A mixture of 8M urea with added 2M thiourea
improved the analysis and resolution of difficult proteins. The use of thiourea-urea
mixtures was therefore attempted in the context of ErA cIEF analysis. The data obtained
(data not shown) were encouraging, as lower-pl peaks (pl 7.4) were obtained for the WT
ErA samples with a lack of higher-pl species, but the high UV background caused by the

thiourea prevented this system from being taken into further development.



Alkylureas, such as N-methylurea and N-ethylurea, had been previously as well as more
recently investigated as protein denaturants by several investigators [25, 26]. These
compounds lack the UV-absorbing thione group found in thiourea, and have substituted
alkyl groups on one of the urea amines. The strength of the substituted ureas as
denaturants was found to increase with increasing alkyl chain length. However, the
solubility of these substituted ureas in water is appreciably lower than unsubstituted urea.
Therefore, similar to thiourea, these alkylureas are most effective as denaturants when

used in urea-alkylurea mixtures.

A cIEF screen of mixtures of 8M urea with N-methylurea, N-ethylurea and N-butylurea
was conducted. It was determined that 8M urea with added 2M N-ethylurea (Figure 3)
completely denatured ErA such that the electropherogram profile changed from that
shown in Figure 1 to a profile with one predominant peak at pI 7.4. As the concentration
of N-ethylurea was increased from zero up to 2M, the partially-denatured species grouped
at pl 8.4 were observed to disappear and the fully-denatured species at pl 7.4 appeared. A
similar effect was observed with N-butylurea (data not shown), but the butylurea
electropherogram baseline was not as stable as that for N-ethylurea, and the butylurea
proved more difficult to dissolve during sample workup. Addition of up to 2M N-
methylurea to 8M urea was not sufficient to cause complete denaturation as observed for

ethylurea.

In order to more fully understand the structural effects of ErA denaturation in mixtures of
urea and N-ethylurea, circular dichroism (CD) experiments were carried out in
concentration ranges similar to those described above for Figure 3. Due to the high
concentrations of urea and ethylurea present in these samples, reliable CD spectra were

not realised below between 210-220nm (Figure 4). However, the data obtained for the



higher wavelengths illustrate the increasing loss of protein structure as the ethylurea

concentration is increased, adding confirmation to the results observed by cIEF.

As a test of the urea-ethylurea system in ErA cIEF analyses, the recombinant ErA WT and
deamidated mutants were analysed using a mixture of 8M urea and 2.2M ethylurea as the
denaturant. A slightly increased concentration of N-ethylurea was utilised to ensure that
complete denaturation was observed and to provide a degree of robustness in the assay for
routine analyses. The data (Figure 5) confirmed that the more powerful denaturant had
fully exposed the surface charges in ErA and the mutants. Unlike in 8M urea alone, the
two single-deamidation mutants N41D and N281D both migrate to the same point (pI 7.0)
in the electropherogram, independent of the location of the mutation in the primary
sequence and consistent with the idea that the proteins are fully denatured. The double-
deamidation mutant migrates to a pl further into the acidic region (6.8) than the single-site
mutants, and the WT electropherogram constitutes one main peak at a pl of 7.35. All of
these cIEF determined pl values sit within the ranges calculated based on linear amino
acid sequence in Table 1, further suggesting that complete denaturation of all four proteins
has been achieved. The electrical current profile obtained during electrophoresis in urea-
alkylurea mixtures was not significantly different to the profile for urea alone (data not

shown), further adding to the potential of these compounds in cIEF.

In order to further explore the idea that ErA deamidation could be quantitated and
measured in the urea-ethylurea cIEF system, a forced degradation study was conducted.
In earlier work [12], it was shown that WT ErA could be irreversibly thermally denatured
at temperatures of 65 - 70°C, with accompanying loss of quaternary, and probably tertiary,
structure. It was known from these earlier experiments that even after brief exposure (1 —
2min) to these high-temperature conditions, the denatured enzyme remained soluble.

Therefore, a forced-deamidation experiment was designed by combining these thermal



conditions with high pH. High pH and the presence of hydroxyl ion is known to
accelerate the deamidation reaction, and ErA has one Asn residue in the sequence
GN23iGIVPPDEEL which is known to be labile to deamidation, with several other Asn

residues that are also prone to a lesser extent [11].

The data from the forced deamidation experiment (Figure 6) demonstrated that the urea-
ethylurea cIEF system is appropriate for understanding and quantification of ErA
deamidation. The control electropherogram depicts a typical ErA analysis, with a main
species at pl 7.35 and an acidic species at pl 7.0. Thermal denaturation and degradation
with sodium hydroxide generated peaks with pl values consistent with either one affected
residue (pI 7.0), two affected residues (pl 6.8), and three affected residues (pl 6.6).
Samples post-degradation were tested in SDS-PAGE (data not shown) to confirm that
truncation of the 35kDa subunit had not occurred and that the low-pl species represented
full-length polypeptide. The pl values from these forced-deamidation experiments

compare well with those of the deamidated mutants shown in Figure 5.

The control electropherogram in Figure 6 depicts a cIEF analysis of a typical ErA sample.
The low-pl peak at 7.0 represents an acidic variant of the main peak which, due to the
denaturing conditions employed, is likely to be a consequence of a charge difference at the
primary structure level. The levels of these acidic species, of which deamidation is the
most likely cause, in routine ErA analyses like this control sample are shown in Table 2.
The general acidic species content of these ErA samples, representing 9 individual ErA

batches, is low (under 4%).

In order to assess the robustness and reproducibility of assays using ethylurea in
denaturing cIEF, several further experiments were conducted. Samples were prepared

according to the procedure described above and subjected to repeat injections from the



same sample container. The reproducibility data (Figure 7) demonstrated the robustness
of the assay in 2.0M ethylurea but indicated that for the higher concentration of 2.2M
ethylurea, the percent acidic species quantified was on the increase after several hours
exposure to the assay reagents (ethylurea, urea and ampholytes). This apparent increase
was confirmed by further injections of materials at 24h and 48h post-sample preparation,
which showed a dramatic increase in the percent acidic species above those shown in
Figure 7 (data not shown). This effect may be due to a reaction of the unfolded protein
with the ampholytes, protein carbamylation during prolonged exposure to urea, or simply
an accelerated pH-induced deamidation reaction due to the exposure of labile residues to
solvent. As a consequence of these observations it was decided to prepare ErA samples

for analysis immediately before running the electrophoresis.

The linearity of the assay (Figure 8) was also assessed using samples of ErA prepared by
serial dilution and analysed in triplicate. The UV response of ErA main peak (pI 7.35) and
the acidic peak (pl 7.0) was linear across a broad range and demonstrated that the assay is

suitable for the quantitation of acidic or deamidated ErA variants.

4.1 Concluding Remarks

In designing an analytical procedure to quantify protein deamidation and acidic species
content, it is important to ensure that the protein structure is such that the influence on
charge from all residues is included. For most proteins, urea is sufficient for this purpose,
but for some difficult-to-denature proteins, additional chaotropic power is needed. For
isoelectric focussing applications, the additional denaturant must be compatible with the
high voltages utilised, ruling out many chaotropes such as guanidine hydrochloride and

potassium thiocyanate. For CE applications such as cIEF, the denaturant must also have a



low UV absorbance in the 220 — 280nm range so that the protein analytes can be detected.
Alkylureas, such as N,N-methylurea, N-ethylurea and N-butylurea, are compatible with
electrophoresis, having been used in two-dimensional gel electrophoresis as discussed
previously. In this work we demonstrate the utility of these compounds as denaturants for

cIEF using the difficult-to-denature enzyme ErA.

Using this technique, the resulting ErA pl values fell within the range of theoretical pls
(calculated by two techniques) for the wild-type and deamidated forms, allowing easier
interpretation of the electropherograms with respect to protein modifications including
deamidation. Although results for ErA acidic species cannot be definitively classed as
deamidation using this technique alone, the method has been proven to be capable of
detecting deamidated species, if present. The alkylureas should form a much-needed

additional tool in the development of cIEF assays for protein acidic species quantitation.

Acknowledgements

The authors would like to thank Roger Hinton, Head of Development & Production for
making facilities and funds available for this work, and Trevor Marks, Head of Process
and Analytical Development Group, for facilitating these studies. We should also like to
thank Jiagi Wu and Susan Wasley of ProteinSimple for helpful discussions. Further

thanks go to the entire Development & Production team at PHE Porton.

References

1. S. Hjertén, M. Zhu, Adaptation of the equipment for high-performance

electrophoresis to isoelectric focusing, J. Chromatogr. A 346 (1985) 265—270.



10.

. Z. Sosic, D. Houde, A. Blum, T. Carlage, Y. Lyubarskaya, Application of imaging

capillary IEF for characterisation and quantitative analysis of recombinant protein
charge heterogeneity, Electrophoresis 29 (2008) 4368-4376.

J. Lin, Q. Tan, S. Wang, A high-resolution capillary isoelectric focusing method
for the determination of therapeutic recombinant monoclonal antibody, J
Separation Sci. 34 (2011) 11, 1696—-1702.

T. Wehr, M. Zhu, R. Rodriguez-Diaz, Capillary isoelectric focussing, Methods in
Enzymology 270 (1996) 358-374.

T.-L. Huang, P.C.H. Shieh, N. Cooke, Isoelectric focusing of proteins in capillary
electrophoresis with pressure-driven mobilization, Chromatographia 39 (1994)
543-548.

J. Wu, T. Huang, Peak identification in capillary isoelectric focusing using the
concept of relative peak position as determined by two isoelectric point markers,
Electrophoresis 27 (2006) 3584-3590. doi: 10.1002/elps.200500889

Q. Mao, J. Pawliszyn, Capillary isoelectric focusing with whole column imaging
detection for analysis of proteins and peptides, Journal of Biochemical and
Biophysical Methods 39 (1999) 93—-110.

X. Fang, C. Tragas, Q. Mao, J. Pawliszyn, J. Wu. Recent developments in capillary
isoelectric focusing with whole-column imaging detection, Electrophoresis 19
(1998) 2290-2295. doi: 10.1002/elps.1150191307

D.W. Aswad, Deamidation and isoaspartate formation in peptides and proteins.
CRC Press, Boca Raton, FL 1995.

D.W. Aswad, M.V. Paranandi, B.T. Schurter, Isoaspartate in peptides and proteins:
formation, significance and analysis, Journal of Pharmaceutical and Biomedical

Analysis 21 (2000) 1129-1136.


http://www.sciencedirect.com/science/article/pii/S0076687996700186
http://www.sciencedirect.com/science/article/pii/S0076687996700186
http://www.sciencedirect.com/science/article/pii/S0076687996700186
http://www.sciencedirect.com/science/bookseries/00766879
http://www.sciencedirect.com/science/bookseries/00766879
http://link.springer.com/search?facet-author=%22T.%2B-L.%2BHuang%22
http://link.springer.com/search?facet-author=%22P.%2BC.%2BH.%2BShieh%22
http://link.springer.com/search?facet-author=%22N.%2BCooke%22
http://link.springer.com/journal/10337
http://www.sciencedirect.com/science/article/pii/S0165022X99000068
http://www.sciencedirect.com/science/article/pii/S0165022X99000068
http://www.sciencedirect.com/science/journal/0165022X
http://www.sciencedirect.com/science/journal/0165022X
http://www.sciencedirect.com/science/journal/0165022X/39/1

11.

12.

13.

14.

15.

16.

17.

18.

19.

D. Gervais, J. O’Donnell, M. Sung, S. Smith, Control of process-induced
asparaginyl deamidation during manufacture of Erwinia chrysanthemi L-
asparaginase, Process Biochemistry 48 (2013) 9, 1311-1316.

D. Gervais, N. Foote, Recombinant deamidated mutants of Erwinia chrysanthemi
L-asparaginase have similar or increased activity compared to wild-type enzyme,
Molecular Biotechnology 56 (2014) 10, 865-877.

J.C. Wriston, Asparaginase, Methods in Enzymology 113 (1985) 608-618.

M.E.J. Beard, D. Crowther, D.A.G. Galton, R.J. Guyer, G.H. Fairley, H.E.M. Kay,
P.J. Knapton, J.S. Malpas, R.B. Scott, L-asparaginase in treatment of acute
leukaemia and lymphosarcoma, Br Med J 1 (1970) 191-195.

R. Pieters, S.P. Hunger, J. Boos, C. Rizzari, L. Silverman, A. Baruchel, et al., L-
asparaginase treatment in acute lymphoblastic leukaemia: A focus on Erwinia
asparaginase, Cancer 117 (2011) 2, 238-249.

P. Rice, I. Longden, A. Bleasby, EMBOSS: the European molecular biology open
software suite, Trends in Genetics 16 (2000) 6, 276-7.

M. Goujon, H. McWilliam, W. Li, F. Valentin, S. Squizzato, J. Paern, R. Lopez, A
new bioinformatics analysis tools framework at EMBL-EBI, Nucleic Acids
Research 38 (2010) W695-9.

H. McWilliam, W. Li, M. Uludag, S. Squizzato, Y. Park, N. Buso, A.P. Cowley, R.
Lopez, Analysis tool web services from the EMBL-EBI. Nucleic Acids Research 41

(2013) W597-600.

B. Bjellgvist, G.J. Hughes, Ch. Pasquali, N. Paquet, F. Ravier, J.-Ch. Sanchez, S.
Frutiger, D.F. Hochstrasser, The focusing positions of polypeptides in
immobilized pH gradients can be predicted from their amino  acid

sequences, Electrophoresis 14 (1993) 1023-1031.



20.

21.

22.

23.

24

25.

26.

B. Bjellgvist, B. Basse, E. Olsen, J.E. Celis, Reference points for comparisons
of two-dimensional maps of proteins from different human cell types
defined in a pH scale where isoelectric points correlate with polypeptide
compositions, Electrophoresis 15 (1994) 529-539.

E. Gasteiger, C. Hoogland, A. Gattiker, S. Duvaud, M.R. Wilkins, R. D. Appel, A.
Bairoch, in J.M. Walker (Ed.) The Proteomics Protocols Handbook, Humana Press,
New York 2005, pp. 571-607.

P. Artimo, M. Jonnalagedda, K. Arnold, D. Baratin, G. Csardi, E. de Castro, S.
Duvaud, V. Flegel, A. Fortier, E. Gasteiger, A. Grosdidier, C. Hernandez, V.
Ioannidis, D. Kuznetsov, R. Liechti, S. Moretti, K. Mostaguir, N. Redaschi, G.
Rossier, I. Xenarios, and H. Stockinger, ExPASy: SIB bioinformatics resource
portal, Nucleic Acids Res 40 (2012) W1, W597-W603.

K.A. Cammack, D.I. Marlborough, D.S. Miller, Physical properties and subunit
structure of L-Asparaginase isolated from Erwinia carotovora, Biochem. J 126

(1972) 361-379.

. T. Rabilloud, C. Adessi, A. Giraudel, and J. Lunardi, Improvement of the

solubilisation of proteins in two-dimensional electrophoresis with immobilised pH
gradients, Electrophoresis 18 (2007) 3-4, 307-316.

S. Kumar, D. Sharma, R. Kumar, Effect of urea and alkylureas on the stability and
structural fluctuation of the MS80-containing Q-loop of horse cytochrome c,
Biochimica et Biophysica Acta 1844 (2014) 641-655.

N. Poklar, N. Petrov¢i¢, M. Oblak, G. Vesnaver, Thermodynamic stability of
ribonuclease A in alkylurea solutions and preferential solvation changes
accompanying its thermal denaturation: a calorimetric and spectroscopic study,

Protein Science 8 (1999) 832-840.


http://nar.oxfordjournals.org/cgi/content/abstract/gks400?ijkey=7gn09xCCI4f4Hlo&amp;keytype=ref
http://nar.oxfordjournals.org/cgi/content/abstract/gks400?ijkey=7gn09xCCI4f4Hlo&amp;keytype=ref

FIGURES

0.1
E i ol 8.4
S 0.08 Marker n
& H
N 0.06 |
®
2
_8 0.04 - Marker
o
g 0.02
| 7.4
> o || Ny
=) N
_002 1 | | 1
5 6 7 8 9 10

Figure 1. Typical ErA cIEF Profile in 8M Urea. The absorbance on the y-axis is
presented in AU. The positions of the major species at pl 7.4 and 8.4 are indicated, along

with the two internal standard pI marker peaks (pl 6.1 and 9.5).
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Figure 2. cIEF Analyses of ErA Recombinant Deamidated Mutants in 8M Urea. The
absorbance on the y-axis is presented in AU. The isoelectric point of the main species in

each trace is indicated, along with the position of the two marker peaks (pI 6.1 and 9.5).
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Figure 3. Effect of N-ethylurea on cIEF Profiles of ErA. The analyses were carried out
using the same sample of ErA diluted in different denaturants. All analyses contained 8M
urea as the denaturant, with additional added N-ethylurea as indicated in the figure. The
absorbance on the y-axis is presented in AU. The position of the two pl marker peaks (pl

6.6 and 9.77) is also indicated in the figure.
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Figure 4. Circular Dichroism Analyses of ErA in 8M urea containing various amounts of
N-ethylurea. The signals in the low-wavelength region had a high signal-to-noise ratio

(confirmed by analysis of a blank, data not shown) due to the presence of the two ureas.



0.4

585 |k 7.35
=) WT
< 03¢ —
§ 0.25 ﬁ?.o
o N41D [\ ”
S 02 = PP i 1 PRERED) | S
©
$ 015 | e
s N281D
2 01k
e 6.8
§ 0.05 |
N41D/N281D
0 E A Tra
-0.05 : - '
6 6.5 7 7.5 8
pH

Figure 5. cIEF Analyses of ErA Deamidated Mutants in Urea-Ethylurea denaturant. The
concentrations of urea and N-ethylurea were 8.0M and 2.2M respectively. The pl values

for the major peaks are indicated. The pl markers used in this experiment were 5.85 and

9.50.
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Figure 6. cIEF Analyses of ErA Forced Deamidation. The treated sample was created by
mixing a 10uL aliquot of 38mg/mL ErA with 1uL 2M NaOH, mixing and heating for
exactly 1min at 70°C immediately prior to mixing with master mix and analysis. The
control sample was not heated or adjusted with NaOH. The pl values determined during
integration are depicted in the figure, along with the position of the two pl markers (5.85

and 9.5).
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Figure 7. Reproducibility of cIEF Analyses of ErA. The analyses were carried out using
8M urea plus additional N-ethylurea (2.0 or 2.2M) as the denaturant. The chromatograms
were integrated and the acidic peak at pl 7.0 was quantified for all runs. Limits
representing plus and minus two standard deviations (SD) around the mean are shown for

both data series.
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Figure 8. Linearity of cIEF Analyses of ErA. The analyses were carried out using 8M
urea plus additional N-ethylurea (2.2M) as the denaturant in all runs. The chromatograms
were integrated and the peaks (acidic peak at pl 7.0 and main peak at 7.35) were
quantified for all runs. Each data point in the graph represents the mean of three replicate
runs. Limits representing plus and minus one standard deviation (SD) around the mean
are shown for each data point. The pl 7.35 data corresponds to the left-hand axis and the

pl 7.0 data to the right-hand axis.



Table 1. Predicted pl Values for ErA and Recombinant Deamidated Mutants. Values
were calculated using the ErA sequence and the web servers at the Swiss Institute of

Bioinformatics or the European Molecular Biology Open Software Suite.

Predicted | Predicted
Protein pl pl
(EMBOSS) | (ExPASYy)
ErA WT 7.87 7.23
ErA N41D 7.18 6.68
ErA N281D 7.18 6.68
ErA N41D
N281D 6.81 6.36




Table 2. Acidic Species Content of ErA Batches from Full-Scale Manufacture
Measured Under Denaturing Conditions. The data were gathered from cIEF analyses
of ErA samples using 8M urea and 2.2M ethylurea as the denaturant system. The
peak areas for the main (pI 7.35) and acidic (pI 7.0) species were integrated and
data are presented as area percent of the pl 7.0 peak. Each batch was analysed in

triplicate, and the data are presented as the mean and one standard deviation of the

analyses of each batch.

pl 7.0 Area Standard
Percent Deviation for

(Mean) Three

Batch (n=3) Replicates
A 3.4% 0.2%
B 2.4% 0.1%
C 1.5% 0.6%
D 1.2% 0.2%
E 0.9% 0.3%
F 1.6% 0.1%
G 2.7% 0.3%
H 3.5% 0.0%
I 2.2% 0.2%
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