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Abstract

Non-enzymatic deamidation of asparagine and glutamine residues in proteins and peptides are reviewed by first
outlining the well-described reaction mechanism involving cyclic imide intermediates, followed by a discussion of
structural features which influence the reaction rate. The second and major part describes analytical techniques that
allow studying deamidation in proteins using recombinant human growth hormone and recombinant hirudin as

examples. Finally, the significance of non-enzymatic deamidation with respect to the production of pharmaceutical
proteins is discussed.
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1. Introduction accelerated at basic pH values, significant re-

action rates have been observed at neutral pH

Non-enzymatic deamidation of asparagine
(Asn) and glutamine (Gln) residues in peptides
and proteins is a well-documented phenomenon
which may occur under physiological conditions
[1,2]. While hydrolysis of the amide bond is

* Corresponding: author.

especially when Asn is followed by a Gly residue
[3-7]. As a general rule, Asn deamidates more
easily than Gin in corresponding positions [8].
The deamidation reaction has been studied for
various reasons and we review some of these
aspects in the following. Major emphasis is given
to the description of analytical methods that can
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be employed to detect and characterize products
as well as reactive intermediates of the deamida-
tion reaction after first outlining the reaction
mechanism involving cyclic imide intermediates
and discussing structural features which. facilitate
deamidation. The examples of recombinant
human growth hormone (thGH) and recombi-
nant hirudin, a specific thrombin inhibitor, will
serve to outline analytical stiategies which led to
the localization of deamidation sites as well as to
the characterization of succinimide inter-
mediates. The review concludes with a discussion
of the significance of deamidation with respect to
production and stability of pharmaceutical pro-
teins.

2. Reaction mechanisin

A number of studies on synthetic peptides has
established the pronounced influence of the
amino acid C-terminal to a given Asn or Gin
residue on tieir respective rates of deamidation
[1-8]. An early review of this subject showed
that half-lives of the internal Asn under physio-
logical conditions (pH 7.4) ranged from 6 to 507
days and those of GlIn in similar positions from
96 to 3409 days based on the analysis of 70
pentapeptides [1]. Subsequent work provided
strong evidence that Gly when following Asn in
synthetic penta- or hexapeptides facilitated
deamidation as compared to amino acids with
branched hydrophobic side chains such as Val,
with half-lives differing by a factor of 70 between
Val-Ser-Asn-Gly-Val (t,,,=5.8 h) and Val-Ser-
Asn-Val-Val (t,,- = 420 h) at pil 7.3 and 37°C [7].
Detailed quantitative analyses of the reaction
products permitted further insight into the re-
action mechanism which was shown to involve
formation of a five-membered cyclic imide inter-
mediate undergoing subsequent hydrolytic ring
opening to give L-aspartic acid (Asp) and L-iso-
aspartic acid (iso-Asp) in a ratio of about 1:3
[4.9] (Fig. 1). In addition, small amounts of
p-aspartic acid and D-iso-aspartic acid were ob-
served, indicating slow racemization of the cyclic
imide. Further confirmation of this reaction
mechanism was obtained when subjecting a

synthetic peptide containing a cyclic imide to
slightly basic pH and analyzing the reaction
products. Formatiop of the corresponding iso-
Asp and Asp containing isomers in a ratio of 3:1
proved to be in accordance with the proposed
reaction mechanism [4].

Morc recently, isolation and characterization
of cyclic imide intermediates from proteins un-
dergoing deamidation at Asn—Gly [10] or iso-
merization at Asp—Gly sites [11-13] have con-
firmed that this reaction mechanism also takes
place in larger mo'ecules with more complex
three-dimensional structures. The fact that incu-
bation of recombinant human or bovine growth
hormone (thGH or rbGH) under physiological
conditions leads to dehydration to the corre-
sponding imide at a specific Asp—Gly site con-
firmed the reversible character of the reaction as
proposed by Geiger and Clarke [4]) (Fig. 1).
These authors also showed that at pH 7.4 and
37°C the rate of formation of the respective
iso-Asp or Asp-containing peptides was 38-fold
faster for Val-Tyr-Pro-Asn-Gly-Ala than for Val-
Tyr-Pro-Asp-Gly-Ala indicating that deamida-
tion at Asn—Gly sites proceeds more rapidly than
isomerization at Asp—Gly sites. This is in agree-
ment with the fact that an amide has better
leaving group properties than a carboxylic acid.

It is to be expecied that cyclic imides occur in
numerous other proteins undergoing deamida-
tion or isomerization according to the mecha-
nism shown in Fig. 1 both in vitro during
production, purification and storage as well as in
vivo as part of their normal metabolism, since
Asn—Gly sites are quite frequent in natural
proteins [14]. Furtherinore, cyclic imide forma-
tion at an Asp—Gly site has recently been dem-
onstrated to occur in the joining peptide portion
of pro-opiomelanocortin extracted from mouse
or porcine pituitary glands [13]). The reaction
mechanism depicted in Fig. 1 has thus been
supported by a number of detailed in vitro
studies but it can not be ruled out that other
mechanisms may also occur in vivo.

Cyclic imide formation according to the mech-
anism of deamidation described above necessita-
tes a significant change in local protein structure
and it is not surprising that Gly and to a lesser
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Fig. 1. Pathways for spontaneous deamidation, isomerization and racemization for aspartyl- and asparaginyl hexapeptides related

to adrenocorticotropin (adapted from Ref. [4]).

extent Ser with their small side chains are more
tolerant to this structural change. Also consistent
with the above mechanism is that the nature of
the amino acid N-terminal to Asn has only a
minor influence on the rate of deamidation [7]
aithcugh some controversy concerning this point
remains in the literature {8]. The reaction mech-
anism is also consistent with the fact that Gin
residues deamidate more slowly than Asn, since
formation of a six-membered cyclic imide is
entropically less favorable. In a few cases some
cleavage of the peptide bond following an Asn
residue has been observed giving rise tc addi-
tional minor reaction products [4,7,12].

While the reaction mechanism of deamidation
involving cyclic imides has been well established,
there may exist other pathways for deamidation
in cases where the surrounding amino acids do

not favor cyclic imide formation. At present
none of these other mechanisms has been eluci-
dated in molecular detail although a number of
hypotheses have been proposed based on known
three-dimensional structures of proteins under-
goiag deamidation [15,16]. It may well be that
deamidation in these cases is facilitated by favor-
able steric arrangements of functional groups
providing acid—base catalysis for the hydrolysis
of the amide bond and that no stable inter-
mediates can be isolated.

3. Structural determinanis
The influence of amino acid sequence on

deamidation in proteins has been investigated by
analyzing 1000 protein sequences from a data-
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base with respect to amino acids adjacent to
known deamidation sites [15]. The results ob-
tained support most of the conclusions drawn
from the peptide studies outlined above but also
indicate that the influence of neighbouring
groups may be more complex in proteins than in
short peptides due to their three-dimensional
structures. While Gly and Ser were found to be
thie most destabilizing C-terminal amino acids for
deamidation of Asn, Ser and to a lesser extent
Thr and Lys also appeared to favor deamidation
of Asn when located at its N-terminal side (Fig.
2). Although effects on deamidation half-lives of
the residuc N-terminal to Asn and Gin were
reported in an early study [8], their influence was
later questioned [7] and further experimental
studics will be necessary in order to elucidate
this issue with respect to proteins.

A statistical evaluation of pairs and tripiets of

Before Asn

mMI<EDNX-ZMOITOTE>» Cr X = 6O

amino acids in over 1400 protein sequences [14]
indicated that most of the amino acid combina-
tions which favored deamidation occurred at
lower frequencies than the expected statistical
average, supporting the notion that they have
been climinated by evolutionary processes. Sur-
prisingly, huwever, combinations of Asn-Gly
and Glu-Asn-Gly appeared at rather high fre-
quencies and the authors suggested that these
labile sites may function as biological clocks
controlling protein ageing. Studies on the A and
B subunits of chicken and bovine eye lens a-
crystallins have recently provided supportive
evidence for such a biological role, in that
deamidation of Asn-146, which occurs in the
inner eye lens in the absence of protein turnover,
is relaied to age, since aB-crystallin from a five
year old bovine was partially deamidated while
no deamidation was observed in calf aB-crys-
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Fig. 2. Frequency with which each amino acid occurs on the amino (solid, left bars) and carboxyl (solid, right bars) sides of labile
Asn residucs of proteins. Hatched bars indicate expected frequency for that amino acid before or after Asn (reprinted from Ref.

(15} by permission of Oxford University Press).
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tallin [17]. Fig. 3A shows the amino acid se-
quence of the B, chain of bovine a-crystallin
with the Asn-Gly site underlined [18].

While studies on small synthetic peptides have
contributed significantly to our understanding of
the deamidation reaction mechanism, it is ulti-
mately tiie three-dimensional structure of a pro-
tein which determines whether deamidation will
be favored or not. Structure determination by
X-ray crystallography of succinimide-containing
synthetic peptides has provided detailed insights
into the conformational constraints that are
imposed on the peptide backbone and the adja-
cent side chains as a result of cyclization [19]. So
far, no such structural data of a succinimide
intermediate in a protein have been obtained,
it likely due to the instability of such inter-
mediates. However, a number of studies on

A
Met Asp lle Ala e His  His
Pro Phe His Ser Pro Ser Arg
His Leu Llew Glu Ser Asp Leu
Pro Phe Tyr Leu Arg 'Pro Pro
lle Asp Thr Gly Leu Ser Glu
Ser Val Asn Leu Asn Val Lys
Val Lys Val LlLeu Gly Asp Val
Glu Arg GIn Asp Glu His Gly
Lys Tyr Arg lle Pro Ala Asp
Ser Leu Ser Ser Asp Gly Val
Gin Ala Ser Gly Prc Glu Arg
Lys Pro Afa Val Thr Ala Ala
B
Gly Asp val Glu Lys Gly Lys
Gin Cys His Thr Vval Giu Llys
Asn Leu His Gly Leu Phe Gly
Phe Thr Tyr Thr Asp Ala Asn
Glu Glu Thr Leu Met Glu Tyr
Pro Gly Thr Lys Met lle Phe
Arg Glu Asp Leu lle Ala  Tyr

Lys
Gly
Arg
Lys
Leu
Ala
Leu

265

deamidation sites in proteins of known three-
dimensional structures has been performed in
order to derive structural models of the inter-
mediates involved. One of the first proteins in
which deamidation has been studied in detail is
horse heart cytochrome c (Fig. 3B) [20-22] and
Wright [15] recently proposed a reaction mecha-
nism for deamidation of Asn-103 based on a
structural mod=al derived from the three-dimen-
sional structure of the homologous albacore
cytochrome c [23]. At least three deamidation
sites were observed with Asn-103 reacting most
rapidly. The C-terminal Glu-104 residue was
proposed to facilitate deamidation through in-
tramolecular assistance of its side chain carboxyl-
ic acid moiety. In addition, flexibility of the
C-terminal region in the protein may contribute
to the ease with which deamidation occurs, since

Trp e Arg Arg Pro Phe Phe
Phe Asp GIn Phe Phe Gly Glu
Pro Ala Ser Thr Ser Leu Ser
Phe fLeu Arg Ala Pro Ser Trp
Arg Lteu Glu Lys Asp Arg Phe
Phe Ser Pro Glu Glu Leu Lys
Glu val His Gly Lys His Glu
lle Ser Arg Glu Phe His Arg
Asp Pro Leu Ala e Thr Ser
Thr Val Asn Gly Pro Arg Lys
ile Pro e Thr Arg Giu Glu
Lys Lys
lle Phe Val GIn Lys Cys Ala
Gly Lys His Lys Thr Gly Pro
lys Thr Gly GIn Ala Pro Giy
Asn Lys Gly e Thr Trp Lys
Glu Asn Pro Lys Lys Tyr Ille
Gly e Lys Lys Lys Thr Glu
Lys Lys Ala Thr Asn Glu

Fig. 3. (A) Amino acid sequence of a-crystallin B, chain from bovine [18]. The Asn-146,Gly-i47 site involved in age-related
deamidation is underlined. (B) Amino acid sequence of cytochrome ¢ from horse heart 120]. The Asn-103,Glu-104%°°" site which
is involved in deamidation and the second deamidation site at Asn-54 are underlined. Scquences are represented with 15 amino

acid residues per line.
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reaction rates in the related synthetic tetrapep-
tide Gly—Thr-Asn-Glu (half-life at pH 7.4 and
37°C: 16 days) were found to be similar to those
in the protein [15,24]. This early work on cyto-
chrome c showed also that deamidation is an
ordered process where transiormation of Asn-
103 into Asp favors the subsequent deamidation
of Asn-54 adding another level of complexity to
the situation in proteins where structural changes
induced by deamidation of one residue may
influence further deamidation reactions.
Recombinant hirudin is 2 more recent example
of a protein where deamidation has been studied
in detail and the three-dimensiona! structure of
the hirudin-human «-thrombin complex has
been determined by X-ray crystallography. (Fig.
4) [25-27]. Treatment of the recombinant
hirudin variant rHV2-Lys47 (referred to as
hirudin throughout this review) at pH 9 resulted
in deamidation of Asn-53 and Asn-33 which are
beth followed by Gly residues (Fig. 5) [28].

Prolonged treatment under these conditions led
to further deamidation at Asn-52 presumably
influenced by the newly formed Asp-53. In view
of the mechanistic studies described above, it
was most likely that deamidation at Asn-33 and
Asn-53 occurred via ¢yclic imide intermediates
which was later confirmed experimentaily [10].
Fig. 4 shows that both Asn-53 and Asn-33 as well
as Asn-52 are located on the surface of the
molecule in solvent-exposed loop or extended
structures thus facilitating formation of the more
rigid imide ring structures. Partial solution struc-
tures of free hirudin by NMR-spectroscopy
[29,30] indicated also that the regions around
Asn-33 and Asn-53 are highly flexible, as their
mobility prevented acquisition of high resolution
NMR data. These examples show that deamida-
tion rate constants determined for short synthetic
peptides may serve as guidelines to look for
“hot-spots” in a protein of known sequence (e.g.
hirudin) but that other mechanisms may play a

Fig. 4, Rcpresentation of the three-dimensional structure of rHV2-Lys-47 as determined by X-ray crystaliography of its complex
with human a-thrombin [25,26]. The human «-thrombin structire has been removed for clarity. The seven Asn residues
(Asn-12.20,26,33,77,52 and 53) are highlighted in green and Asn-33, Asn-52, and Asn-53 are numbered. The highly flexible
C-terminal tail (cc:ntaining Asn-52 and 53) and loop around Asn-33 are shown to the right and the bottom left of the figure,
respectively. The region around Asn-33 (residues 32-35) was found to be disordered upon crystallographic [25,26] and NMR
[29.30] analysis. The C-terminal tail (residues 49-65} was well defined in the crystal structure of the complex (except for residues
52-54) but disordured in the solution structure of frie hirudin [29,30]. Disulfide bonds are represented in white.
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Fig. 5. Primary structure of hirudin variant rHV2-Lys-47 including disulfide bonds. The two Asn residues deamidating most
rapidly (Asn-33 and Asn-53) are marked (*), and the cleavage sites for V8 protease are indicated by arrows. Cleavage was found
after Glu-43, Glu-49 and Glu-61 but not following Glu-8, Gin-17, Glu-57, Glu-58 and Glu-62 (reprinted with permission from

Ref. [10]. Copyright 1993, American Chemical Society).

role depending on the structural environment of
a particular Asn residue (e.g. cytochrome c).

4. Analytical methods

4.1. Detection and isolation of deamidated
forms and cyclic imide intermediates

Deamidation of Asn and Gln residues intro-
duces additional negative charges into a protein.
Separations of deamidated forms from the par-
ent molecule are therefore mainly based on
techniques which are sensitive to changes in
surface charge such as anion-exchange high-per-
formance liquid chromatography (anion-ex-
change HPLC) [11,28], cation-exchange chroma-
tography [31], isoelectric focusing {(IEF) [32],
alkaline urea gel electrophoresis [17,33], capil-
lary electrophoresis coupled on-line to electro-
spray mass spectrometry [34] and thin layer
chromatography on silica plates [7]. Reversed-
phase HPLC which is based on hydrophobic
interactions between solutes and the stationary
phase has also been employed as a separation
technique [4,35] with selectivity adjustments
being made by modifying the mobile phase from
the customary acidic conditions (0.1% trifluoro-

acetic acid, pH=2) to, for example, a pH 6.5
mobile phase (30 mM sodiumi phosphate). All of
these separation methods are complementary
and are often used in combination to resolve
deamidated forms of peptides or proteins.

A first indication as to whether a proiein is
partially deamidated or undergoing deamidation
during cell culture, purification or storage can be
obtained by IEF in polyacrylamide gels [36].
This technique has a high resolution with respect
to a protein’s isoelectric point (p/) which is
related to its overall surface charge. Performing
IEF in immobilized pH gradients has resuited in
excellent resolution of protein variants differing
by as little as 0.01 pH units in their pIs [37]. Such
high resolution is generally not required when
studying deamidation processes, since thc re-
suiting forms differ from each other and the
original proatein in their pIs by ca. 0.1 pH units
[32] (Fig. ©; Table 1). However, interpretation
of results obtained by IEF can be ambiguous,
since most natural and recombinant proteins
appear to be heterogenous in IEF for various
reasons such as different amounts of sialic acid in
giycoproteins, the presence of phosphorylated
and/or sulfated amino acids, N- or C-terininal
modifications, lipidation etc. It is thus not easy
to discriminate whether an additional band on an
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Fig. 6. Isoelectric focusing of recombinant hirudin (rHV2-
Lys-47) in an immobilized pH gradient between pH 3.8-4.8
after incubation in 0.1 M Tris-HCI, pH 9, at 4°C for 4, 5, 6.
7, 10 and 12 days, respectively (lanes 8-3). Lane (1) pf
standards and lancs (2) and (9) purified hirudin (reprinted
with permission from Ref. [32]. VCH Verlagsgesellschaft
mbH).
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IEF gel is due to deamidation or other modi-
fications. Incubation of the protein at different
pH values may allow discrimination between
these possibilities, since deamidation progresses
faster under basic conditions but proof as to
which modification was at the origin of the
observed shift in p/ is only possible once the
different forms have been isolated in pure form
and in sufficient amounts to perform detailed
structurai analyses.

Combining IEF with immunoblotting tech-
niques has the advantage that protein hetero-
geneity can be analyzed early in a production
process, for example by taking samples during
culture of a recombinant microorganism or cell
line. Controlling a purification process with this
methodology is also of interest, since it may
identify steps where deamidation or other pro-
tein modifications occur and thus allow the
manipulation of different process parameters in
order to minimize these reactions. The limitation
of IEF with subsequent immunoblotting or stain-

Table 1

Calculated isoclectric points of hirudin and its deamidated
forms

Number of deamidation sites Calculated pf

None (Asn-33,52.53) 4.30
One (Asp-33 or Asp-53, Asn-52) 4.17
Two (Asp-33 and Asp-53, Asn-52) 4.06

Three (Asp-33,52,53) 3.97

ing of protein bands is that the method will only
provide semi-quantitative results, since the linear
range of detection is rather limited. More recent
developments of IEF in narrow diameter capil-
laries promise to overcome this problem, since
proteins are detected by ultraviolet light absor-
bance and may be further characterized by mass
spectrometry [34,38-42]. Capillary IEF may thus
prove to be a useful tool for quantitative deami-
dation studies in the future.

IEF has only found limited application as a
preparative technique although the use of im-
mobilized pH gradients allows the separation of
mrilligram-quantities of protein. Arion-exchange
HPLC is more commonly used for this purpose
although it generally shows lower resolution than
IEF. In work related to hirudin, Tuong ei al.
{28] employed union-exchange HPLC to partially
separate 11 different deamidated forms which
were generated upon incubation at pH 9 (see
Fig. 9), and Johnson et al. used both anion-
exchange and reversed-phase HPLC to study
deamidation of recombinant human growth hor-
mone (thGF) [35]. These examples will be
discussed in more detail in section 4.2.

Isolation and characterization of cyclic imide
intermediates of the deamidation reaction have
been more difficult primarily because these com-
pounds are sensitive to basic pH, and their
physical characteristics are very similar to the
parent molecule (e.g. no difference in charge). In
the case of hirudin, formation of a cyclic imide at
position Asn-53,Gly-54 changed the pl/ by as
little as 0.01 pH unit, a difference that is barely
detectable by IEF even in a very shallow im-
mobilized pH gradient. In the few detailed
studies that have been performed on cyclic
imides in proteins, isolation was based on their
slightly increased hydrophobicity upon reversed-
phase HPLC [10,11,13] (Fig. 7). Identification of
this unusual modification in purified proteins has
only recently become possible due to the advent
of mass spectrometric ionization techniques
which allow precise mass measurements of high-
molecular-mass compounds {43,44].

Peptide mapping by reversed-phase HPLC is a
powerful tool to detect and analyze cyclic imide
intermediates. The appearance of additional
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Fig. 7. Reversed-phase HPLC analysis of ideatical amounts
of hirudin (yHV2-Lys-47) and two succinimide containing
forms. (A) Starting material from which the succinimide
containing forins (depicted by an arrow) were prepared. (B)
Highly purified hirudin after elimination of succinimide
intermediates (f, = 11.55 min). (C) Hirudin form containing
a succinimide between Asn-33 and Gly-34 (¢, = 11.66 min).
(D) Hirudin form containing a succinimide between Asn-53
and Gly-54 (t, = 11.83 min) (reprinted with permission from
Ref. [10]. Copyright 1993, American Chemical Society).

peaks in a tryptic peptide map of rhGH pointed
to a modification which was subsequently iden-
tified as a cyclic imide between Asp-130.Gly-131
using mass spectrometry [11]. Digestion of
hirudin with endoprotease Glu-C (V8 protease)
and analysis of the generated peptides by re-
versed-phase HPLC indicated a modification in
one of the peptide fragments (residues 50-61)
which was later identified as a cyclic imide
between Asn-53 and Gly54 by mass spectromet-
ric analysis (Fig. 8) [10]. It is to be expected that
the more widesprecad use of reversed-phase

HPLC coupled on-line with electrospray ass
spectrometry [45,46] for peptide mapping will
further contribute to the detection of modifica-
tions such as succinimides in a larger number of
both natural and recombinant proteins. Novel
approaches to separating proteins and peptides
such as capillary zone electrophoresis will also
find more widespread applications as a comple-
ment to reversed-phase HPLC to analyze protein
modifications. Although capillary electrophoresis
is a powerful separation technique with multiple
applications in biochemical research [47], it is
still quite tedious to obtain structural informa-
tion from the separated compounds because of
the difficulty to recover sufficient material for
subsequent analyses. Recent advances in on-line
coupling of capillary electrophoresis to mass
spectrometry may, however, overcome this limi-
tation [34,48-50].

4.2. Identification of deamidation sites and iso-
aspartic acid linkages

The localization of deamidation sites in a
protein or peptide necessitates analytical meth-
ods wi*h resolution at the amino acid level. Two
methods most often employed are amino acid
sequencing by automated Edman degradation
and more recently mass spectrometry with col-
lision-activated dissociation (CAD). Further-
more, enzymatic methylation of iso-aspartic acid
linkages by protein isoaspartyl methyltransferase
(PIMT, EC 2.1.1.77) has provided a sensitive
and specific way of localizing such unusual struc-
tures in deamidated proteins and peptides
[31,35,51-53].

Hirudin and rhGH may serve as exampies to
outline the strategies for identifying multiple
deamidation sites and cyclic imide intermediates
in proteins [10,28,35]. Hirudin, when incubated
at pH 9 and 37°C to accelerate deamidation,
produces a number of deamidated forms that
have been partially resolved by anion-exchange
HPLC, resulting in eleven fractions (Fig. 9).
Each of these fractions was subjected to analysis
by liquid secondary-ion mass spectrometry
(LSIMS) after chemical esterification of car-
boxylic acid groups in methanolic hydrochloric
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acid. Esterification of hirudin gave a measured
mass of 7061.5 Da which corresponds closely to
its molecular mass plus 11 additional methyles-
ters (calculated mass: 7061.8 Da, see Table 2)
indicating that the reaction conditions did not
induce artefactual deamidations or cyclic imide
formations at a measurable level. This allowed
determination of the number of carboxylic acid
groups in each form based on the 15 additional
mass units {or each methylester due to the
conversion ¢f a COOH into a COCH;-group
showing that fractions F1-F4 contained a single
additional acidic group, F5-F7 two and F8-F11
three such giroups (Table 2, Ref. [28]). In addi-
tion, fragmentation of the deamidated and
methylated forms by CAD provided sufficient
sequence information to localize the deamidation
site in fractions F3 and F4 to Asn-53 and to show
that Asn-52 was the third deamidation uite ap-
pearing in fractions F8~F11. The second deami-
dation site (Asn-33) was identified by amino acid

sequence analysis of fraction F2. The above
studies provided evidence that deamidation was
most rapid at the two Asn-Gly sites (Asn-33 and
Asn-53) while Asn-52 was deamidated much
more slowly following deamidation of Asn-53.
Interestingly, none of the other four Asn (Asn-
12,20,26 and 37) or three Gln residues [Gln-
11,38 and 65 (C-terminus)] in hirudin were found
to be deamidated even after 168 h at pH 9 and
37°C (see Fig. 5). This was in agreement with the
stabilizing effects of Leu-13 and Val-21 with their
branched hydrophobic side chains on Asn-12 and
Asn-20 and the fact that all of the four Asn
residues are located in the compact N-terminal
part of hirudin close to intramolecular disulfide
bonds (see Fig. 4) which limits the conformation-
al flexibility necessary to undergo succinimide
formation. The greater stability of the Gln res-
idues towards deamidation was in accordance
with results of the peptide studies mentioned
earlier.
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ABSORBANCE AT 214 nm
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0 20 40
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Fig. 9. Anion-exchange HPLC of hirudin (rHV2-Lys-47) after incubation in 0.17 M Na,HPO,, pH 9. at 37°C for 0 h (a), 6 h (b),
24 h (c), and 168 h (d). Three groups of peaks with one (I), two (II) and three (111) deamidation sites are labelled and individual
fractions (F1-F11) are marked (see Table 2) (reprinted with permission from Ref. [28]. Copyright 1992, American Chemical

Society).

The formation of iso-Asp iinkages via cyclic
imides in peptides and proteins can be selectively
detected by methylation with PIMT. The use of
radiolabeled S-adenosyl-L-[methyl-*H]methion-
ine provides a means of detecting methylated
peptides or proteins and to determine the num-
ber of incorporated methyl-groups. Enzymatic
methylation has been used to follow formation of
iso-Asp upon aging of natural and recombinant
human growth hormone at pH 7.4 and 37°C [35].
The results of these studies showed that both
the natural and the recombinant form of the
protein generate 1.8 methyl-accepting sites per
day and per 100 molecules resulting in approxi-
mately 27% of the molecules containing one

iso-Asp linkage after 14 days of aging. Tryptic
mapping of methylated, aged rhGH by RP-
HPLC showed the generation of two principal
methyl-accepting sites (Fig. 10). The corre-
sponding tryptic peptide fragments were iden-
tified by amino acid composition analysis and
their identity confirmed either by coelution with
synthetic counterparts containing the iso-Asp
linkage {site 1) or by fast atom bombardment
mass spectrometry at high resolution (mono-
isotopic mass measurements) and amino acid
sequencing (site 2). The characteristic 3:1 ratio
between the iso-Asp- and Asp-containing pep-
tides was in accordance with previous observa-
tions made on synthetic peptides [4] and indi-
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Table 2

Molecular mass determinations of hirudin and its eleven deamidated forms before and after carboxymethylation (sce Fig. 9) [28]

Before carboxymethylation

After carboxymethylation

Fraction Measured AM? Mceasured AM® Number of deamidated
MH"' (amu) (amu) MH' (amu) (amu) residues
hirudin 6907.5 7061.5" 0
F, 6907.2 -0.3 7076.5 15.0 1
F, 6907.5 0.0 7076.4 14.9 1
F, 6907.9 0.4 7076.4 14.9 1
F, 6907.8 0.3 7076.7 15.2 1
F, 6908.7 1.2 7090.9 29.4 2
F, 6908.7 1.2 70911 29.6 2
F, 6908.7 1.2 7001.7 30.2 2
F, 6909.9 2.4 7106.8 45.3 3
F, 6909.8 2.3 7106.8 45.3 3
Fio 6Y09.8 2.3 7107.0 45.5 3
F,, 6909.5 2.0 7106.4 44.9 3

"Mass difference with respect to hirudin,

"Expected value for hirudin (11 carboxylic acid groups) 7061.8.

cated that a succinimide intermediate wa< ina-
volved (see Fig. 1). Site 1 was generated by
isomerization of Asp-130 which is followed by
Gly and site 2 by deamidation at Asn-149,Ser-
150 in rhGH corrobarating the fact that Ser
facilitates deamidation via the cyclic imide
mechanism. Asn-152, on the contrary, which is
followed by an Asp residue was not found to be
deamidated although it resided within the same
tryptic fragmeunt of thGH thus underlining the
pronounced influence of local sequence on the
rate of deamidation. Iso-Asp-149 was the major
methyl-accepting site in the protein accounting
for 58% of the incorporated radioactivity as
compared to 22% for site 1. The remaining
20% of incorporated radioactivity was assigned
to a number of smaller peaks in the chromato-
gram of which some were present in the starting
material before aging (see Fig. 10, upper trace).
Results on Asn-Ser-containing peptides have
shown that peptide cleavage after an Asn res-
idue may occur under slightly basic conditions
(pH 7.3) with the reaction rate being ca. 10-fold
slower than the deamidation rate {7].

4.3. Charucterization of reactive succinimide
intermediates

While reactive cyclic imide intermediates have
been shown to be implicated in deamidation
reactions at Asn residues in small synthetic
peptides, there was until recently no direct
evidence for such intermediates in preparations
of purified recombinant or natural proteins. The
advent of new ionization methods for mass
spectrometry of high-molecular-mass compounds
has had a significant impact on the bioche:nical
analysis of proteins and the presence of cyclic
imides in purified proteins was demoiistrated in a
few cases using this technique [10,11,13]. Re-
combinant human and bovine growth hormones,
recombinant  hirudin and natural pro-
opiomelanocortin have been studied in particular
detail with respect to deamidation and cyclic
imide formation. Recombinant hirudin and
thGH will serve as examples to describe the
analytical methodology which led to the identifi-

al. [11] focused on the above mentioned Asp-
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Fig. 10. Reversed-phase HPLC of tryptic frapments of aged
and control recombinant human growth hormone (Met-
rhGH) with or without prior methylation by protein carboxyl
methyltransferase. Met-rhGH had been aged for 14 days at
pH 7.4, 37°C. Methylation was performed at a protein
concentration of 10 pM using 5 pM protein carboxyl
methyltransferase and 200 M [*H]S-adenosyl-L-methionine
(200 dpm/pmol). The lower panel shows mecthylation of a
blank trypsin digest. Site 1 corresponds to iso-Asp-130 and
site 2 to iso-Asp-149 (reprinted with permission from Ref.

[35]. Copyright The American Society for Biochemistry and
Molecular Biology).

130,Gly-131 site in thGH where isomerization to
iso-Asp had been observed previously [35].
Aging of thGH was this time performed in the
lyophilized state (the protein was lyophilized
from pH 7.2 phosphate buffer) at 45°C and the
cyclic imide isolated by a combination of anion-
exchange and reversed-phase HPLC. Tryptic
digestion at pH 8.2 and analysis of the resulting
peptides by reversed-phase HPLC revealed two
additional peaks in the aged protein. The more
prominent of the two peaks was subsequently

AN

273

identified as fragment Leu-128-Glu-Asp-Gly—
Ser—-Pro—-Arg-134 (measured mass: 755.3 Da;
expected mass: 773.3 Da) by fast atom bombard-
ment mass spectrometry with CAD. The mass
reduction of 18 mass units was in agreement with
the loss of a weler molecule. Dehydration was
subsequently localized to the Asp-Gly site by
tandem mass spectrometry of fragments origina-
ting from the molecular ion (m/z 755.3). These
results together with the earlier studies by John-
son et al. {35] established that iso-Asp formation
at this site involved a cyclic imide intermediate
which was present as a by-product in the lyophil-
ized protein during accelerated stability studies.

Recombinant hirudin is another example
where detailed analyses applying mass spec-
trometry ied to identification of two cyclic imide
intermediates that were present at levels well
below 1% in the purified protein [10]. Inter-
mediates were isolated by reversed-phase HPLC
employing extremely shallow acetonitrile gra-
dient slopes (see Fig. 7) and site 1 was identified
by LSIMS with CAD in the ion source of the
mass spectrometer (Fig. 11). These analyses
detected a mass difference of ca. 17 mass units
between the expected mass and the measured
mass of hirudin and localized it to the Asn-
53,Gly-54 site in agreement with the loss of an
NH; moiety from the Asn residue upon cyclic
imide formation (see Figs. 1 and 5). Furthermore
direct analysis of an endoprotease Glu-C digest
of the two hirudin by-products in comparison
with the parent molecule by electrospray mass
spectrometry confirmed that one cyclic imide was
localized in the C-terminal (residues 50-61) and
another in the N-terminal part (residues 1-43) of
the molecule (Fig. 12B and C). Amino acid
sequence analyscs confirmed the position of one
cyclic imide at Asn-53,Gly-54 (major site ac-
counting for approximately 66% of the by-prod-
ucts) and identified the second site to reside at
Asn-33,Gly-34, since Edman degradation did not
proceed beyond these sites with appreciable
efficiency presumably due to iso-Asp formation
as a result of the strongly acidic and basic
reaction conditions during sequencing (iso-Asp is
refractory to Edman degradation). As these sites
had previously been shown to deamidate most
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Fig. 11. Liguid secondary-ion mass spectrometry (LSIMS) of (A) hirudin (rHV2-Lys-47) and (B) a mixture of the two cydlic
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. Ccpyn’ght 1993, American Chemical Society).



R. Bischoff, HV.J. Kolbe | J. Chromatogr. B 662 (1994) 261-278 275

rapidly at pH 9 [28], detection of succinimide

interimediates in these two positions was

agreement with the reaction mechanism depicted

in Fig. 1. The above examples show that cyclic

in imides may constitute by-products in purifie

pharmaceutical proteins known to be susceptible

A
198] Amino acids Measured rHV2.Lysd7 am
A 149 5004.1 Da 5 £003.5 Da +0.6Da
-—
C2+ » B :143 4393.4 Da 4+ 43935Da - 0.1Da
]
< C  :50.61 1388.0 Da 1387.4 Da +0.6Da
<
g E  :62-65 551.2 Da 550.6 Da +0.6Da
g
g
a8 A A 8
o 1E S+ I 3+
Q +
2l 4 v v
o
B
T’ 5+
(2= '
v
»
M'
e Mu W“M k m./Z'
" e@p. ' ge8 "i@@s ' 1200 "ades
B
160" * Amino acids Measured rHV2-Lysd7 Am
A 1149 49860Da 50035Da -17.5Da
o C 2+ —» B 1143 4375.8Da 43935Da -17.7Da
&5
R C 5061  1387.2Da 13874Da -02Da
QL
g E :62-65 §51.2Da 550.6Da +0.6Da
o
o
5
= E -— A
® 4 14 54+
Q
> ¥
=
it
D
[e5] B A
44 44
« ¥ v
15! .
et lbmen g, A MyhwianT D/ Z
9 T T A ) ¥ ¥ L) L} LU 1] L] L] L I- .:“
6@l ge® ' 1eed 1200 1480

Fig. 12. Electrospray mass spectrometry (ESMS) of V8 protcoiytic digests of (A) hirudin (tHV2-Lys-47), (B) hirudin form with
succinimide between Asn-33 and Gly-34, and {C) hirudin form with a succinimide between Asn-53 and Gl;-54. The measured
molecular masses of fragments corresponding to labeled peaks are listed in comparison to expected values derived from hirudin.
Peaks labeled with asterisks were derived from the internal calibration standard gramicidin S. Fragment D (vesidues 44-49) was
not observed (reprinted with permission from Ref. [10]. Copyright 1993, American Chemical Society).
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Fig. 12 (continued)

to deamidation at Asn or isomerization at Asp
residues.

5. Conclusions

Clinical use of recombinant proteins as thera-
peutic agents has become widesprecad and con-
trol of consistent quality is of utmost importance.
This represents a considcrable challenge to ana-
lytical biochemists sincc biological macromole-
cules can be modified in numerous ways as a
result of the different reactivities of their func-
tional groups [55]. Analytical methods \ .ich
allow detection of protein heterogeneity, isola-
tion of modified forms for further analyses and
characterization of the modification that leads to
the observed change in physical or biological
properties of a given protein are therefore cru-
cial.

The present review is mainly concerned with
deamidation of Asn residues and with isomeriza-
tion at Asp—Gly sites as one of the more com-
mon modifications found in both natural and
recombinant proteins {2]. Deamidation of Asn
and isomerization of Asp residues can be consid-

ered to be natural modifications of proteins,
since they have been observed in numerous
proteins isolated from natural sources, notwith-
standing the fact that it is often difficult to
appreciate whether the modification was present
in the starting material or whether it was due to
the purification conditions or subsequent hand-
ling of the protein. An interesting insight into
this question has been obtained through early
work on dipeptides secreted into the urine of
normal individuals [56,57] where by far the
major dipeptide found was iso-Asp—Gly. This
unusual dipeptide, which survived due to its
resistance to proteolytic attack, can only be the
result of ongoing decamidation and/or isomeriza-
tion of protcins in the organism and thus has to
be considered part of the normal turnover of
proteins. The recent isolation of a succinimide
intermediate of a natural protein supports this
view [13]. Proteins which are used as parenteral
drugs may thus undergo deamidation reactions
as part of their in vivo metabolism and it has to
be assumed that cy:lic imide intermediates are
formed and hydrolyzed during their residence in
the organism.

Pharmaceutical production has to address the
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question of partial deamidation and isomeriza-
tion during the production process or during
long-term storage, since function, stability or
immunogenicity of a given proteiit may be al-
tered [58]. In order to control or to avoid
deamidations by altering conditions of product-
ion or storage, it is necessary to apply a range of
analytical techniques that allow to follow the
generation of such forms rapidly and specifically.
The examples of recombinant proteins described
in this review summarize analytical strategies on
how to approach this task but further work will
be needed to render these aralyses less time-
consuming and costly. On-line techniques such
as reversed-phase HPLC or capillary electro-
phoresis coupled to mass spectrometry are prom-
ising approaches which may contribute to reach
this goal and improvements in these areas will
allow to perform detailed structural analyses of
proteins in a time frame that is compatible with
routine quality control. In cases where deamida-
tion and/or isomerization cannot be completely
avoided it may be necessary to assure that ihe
modified forms do not differ significantly from
the parent molecule in critical pharmacological
properties.
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