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Abstract

C-terminal Lys or Arg residues whose presence was expected based on gene sequence information are often
absent in proteins isolated from mammalian cell culture. This discrepancy is believed to be due to the activity of
one or more basic carboxypeptidases. Internal Arg/Lys residues that become C-terminal upon proteolysis or
zymogen activation, such as in the two-chain form of tissue plasminogen activator, may also be removed from the
mature protein. Charge heterogeneity results when this type of processing is incomplete; such heterogeneity can be
detected by isoelectric focusing or ion-exchange chromatography. The absence of C-terminal basic residues is not
usually a regulatory concern, as plasma-derived proteins are often similarly processed.
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1. Introduction

In theory, the characterization of recombinant
proteins is a straightforward matter, as the
requisite genetic engineering provides an ex-
pected amino acid sequence, with potential sites
of modification identified based on known con-

sensus sequences [1]. In practice, however, a
number of variations from the expected structure
can be found. Variants may result from either
known or novel types of in vivo (posttranslation-
al) modification [2] or from spontaneous (non-
enzymatic) protein degradation, such as
methionine oxidation [3], diketopiperazine for-
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mation [4], aspartate isomerization and deamida-
tion of asparagine residues [5], or succinimide
formation [6.7].

This review will cover a type of posttransla-
tional processing that is becoming a common
analytical protein chemistry experience: the re-
moval of Lys or Arg residues from the C-ter-
minus of a protein obtained through mammalian
cell culture. Several examples of this type of
processing have been reported, and some suc-
cessful approaches for identifying such variants
are reported herein.

2. Experimental conditions
2.1. CNBr/C+4 assay

Samples were exchanged into 0.1% formic
acid by dialysis, then 88% formic acid was added
to bring the samples to a final solution of 20%
formic acid. CNBr (Pierce) was dissolved in 20%
formic acid at a concentration of 50 mg/ml, then
added to sample(s) at a 5:1 (CNBr:protein)
weight ratio. After stirring 20 h at room tem-
perature in the dark, the CNBr was removed
under a nitrogen stream. Samples were reconsti-
tuted in 20 pl 88% formic acid, then diluted with
water to 300 wl final. C-terminal CNBr frag-
ments were resolved using a Vydac C4 (250 x 2.1
mm) column. The system was equilibrated for 20
min at 100% solvent A [0.1% trifluoroacetic acid
(TFA) in water|, then, 6 min after sample
injection, a linear gradient to 25% solvent B
(0.1% TFA in acetonitrile) was developed over
50 min by a Hewlett-Packard 1090 system. The
flow-rate was 0.20 ml/min. with a constant
temperature of 40°C.

2.2. Cation-exchange chromatography

A Pharmacia Mono$S column (50 X 5 mm) was
equilibrated with 95% solvent A (20 mM sodium
phosphate, pH 6.9)-5% solvent B (solvent A +
100 mM NaCl) at 40°C with a flow-rate of 1.0
m}/min. Upon injection of 72 ug from three lots
of rhuMAb HER2, a gradient from 5 to 40%

solvent B was developed over 40 min to clute
peak fractions.

2.3. Materials

Tissue plasminogen activator (tPA) purified
from Chinese hamster ovary (CHO) cells trans-
fected with the human tPA gene was produced at
Genentech (Activase). Bowes melanoma tPA
was provided by Desire Collen (University of
Leuven). thuMAb HER2 is a recombinant
humanized antibody produced in transfected
CHO cells [8]. TFA was purchased from Pierce,
while acetonitrile was from Burdick and Jackson.
Vydac C4 (214TP52) and C18 (218TP38) col-
umns were purchased from The Separations
Group.

3. Results
3.1. Antibodies and antibody-related proteins

rCD4-IgG is a recombinant chimeric homo-
dimeric protein, secreted from transfected CHO
cells, with the C,1 and C,,2 regions of a human
IgG, heavy chain replaced by residues 1-180 of
the human CD4 receptor [9]. A CNBr cleavage/
C4 RP-HPLC method was developed to identify
the C-terminus of the mature CHO-expressed
protein; in that study, the expected C-terminal
Lys residues were found to be completely absent
[10]. This approach can be used for any protein
with human IgG, heavy chains such as thuMAb
HER?2 [11], as shown in Fig. 1. In this example,
CNBr cleavage after Met*' liberated C-terminal
peptides that were isolated by RP-HPLC and
characterized. Peak A contains the expected
heavy chain C-terminal CNBr peptide (residues
432-450: HEALHNHYTQKSLSLSPGK), but
the major product (peak B) is a des-Lys*”’
peptide (residues 432-449: HEALHNHYTQK-
SLSLSPG). Minor additional peaks were ob-
tained that resulted from formylation of the
peptide during the CNBr/formic acid incubation.

We and others have reported this type of
processing with antibody and antibody-like pro-
teins from a variety of sources (Table 1). The
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Expected IgG1 heavy chain C-terminus: -CSVMHEALHNHYTQKSLSLSPGK

Observed C-terminal CNBr peptides: HEALHNHYTQKSLSLSPGK (+ Lys450)
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Fig. 1. Isolation of C-terminal CNBr peptides from 25 mg of
a human IgG, antibody by C4 RP-HPLC. Peak A: residues
432-450 (+ Lys*™*). Peak B: residues 432-449 ( — Lys**).

absence of the C-terminal Lys residues from
these proteins is not due to cloning errors, but,
rather appears to be due to the action of car-
boxypeptidase(s). The penultimate residues
(Gly) do not appear to be removed, suggesting
that the responsible carboxypeptidase(s) are
specific for basic residues. Plasma-derived anti-
bodies also typically lack the heavy chain C-
terminal Lys residues [12,13].

Incomplete removal of C-terminal Lys res-

Table 1
Examples of C-terminal Lys/Arg processing

idues from IgG heavy chains causes charge
heterogeneity, as forms with 0, 1 or 2 Lys
residues will result. Such charge variants can be
resolved by cation-exchange chromatography
[14.15]. For example, rhuMAb HER?2 shows five
charge specnes (Fig. 2). The main peak (peak 3)
has no Lys*’ residues, while the more basic
peaks 4 and 5 have one or two Lys*”° residues,
respectively (data not shown). The more acidic
peaks 1 and 2 are deamidated at Asn> in one
light chain; peak 1 has no Lys*** residues, while
peak 2 has one Lys*" residue.

3.2. Two-chain tPA

The activation of serine protease zymogens,
including many of the coagulation/fibrinolytic
proteins, occurs by proteolysis of arginyl bonds,
converting the zymogen to a two-chain form
whose polypeptide chains remain associated by
disulfide bonds. Tissue plasminogen activator
(tPA) is synthesized as a single-chain 527-residue
polypeptide; depending on the cell culture con-
ditions employed, proteolytic cleavage can occur
between Arg””> and Ile”’®, converting tPA to a
two-chain form. Two CHO-expressed recombi-
nant forms were produced at Genentech, a
primarily two-chain product and a primarily
single-chain product (the latter is licensed as
Activase). tPA isolated from the Bowes
melanoma cell line is largely a two-chain prod-
uct.

Protein Susceptibie Cell line/source Ref.
residue

CD4-1gG Lys Transfected CHO [10}
rhuMAb HER2 Lys Transfected CHO [11]
OKT3 MAb Lys Hybridoma/ascites [14]
OKT3 MAb Lys Hybridoma/cell culture [14]
CEM231 MAb Lys Hybridoma/ascites [15]
CEM231 MAb Lys Hybridoma/cell culture [15]
Hu-anti-Tac MAb Lys Transfected SP2/0 [16]
2-Chain tPA Arg Transfected CHO

2-Chain tPA Arg Bowes melanoma

huEPO Arg Human urine [17]
rhuEPO Arg Transfected CHO [17]
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Fig. 2. Cation-exchange chromatography of three lots of rhuMAb HER2. Chromatographic conditions are given in Section 2.2.

Tryptic peptide mapping of the two CHO-
expressed forms showed peptides with or without
Arg?” (residues 268-275: QYSQPQFR and
268-274. QYSQPQF, respectively) as shown in
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Fig. 3. Detail showing differences between single-chain and
two-chain  CHO-expressed tPA  tryptic maps. Chromato-
graphic details are given in Ref. [18]. (A) Two-chain tPA
digest. (B) Smgle-cham tPA digest. The peaks marked
+Arg”  and —Arg’" contain  residues  268-275
(QYSQPQFR) and 268-274 (QYSQPQF), respectively.

Fig. 3. The 268-274 (des-Arg’") peptide pre-
dominates in the two-chain form, whereas the
single-chain material gave the 268-275 peptide
almost exclusively. Evidently, cleavage of the
Arg™”* ~11e”” bond in the two-chain forms ex-
poses Arg>”" to basic carboxypeptidase(s) in the
cell culture fluid. No evidence for further pro-
cessing at the C-terminus of the heavy chain
(residues 1-274/275) was evident in peptides
from the tryptic map. In both single-chain and
two- chain tPA the light chain C-terminus (-Met-
Arg-Pro™’) is unprocessed (unpublished data).
The predominantly two-chain melanoma-derived
tPA shows roughly equivalent levels of the
Arg’” peptides (Fig. 4). Figs. 3 and 4 differ
slightly because different RP-HPLC columns
(albeit from the same vendor) were used.

4. Discussion

When derived from mammalian cell culture,
proteins that might be expected to terminate
with Arg or Lys residues may be processed such
that these residues are absent in the purified
product. A number of antibody structural studies
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Fig. 4. Detail showing differences between Bowes melanoma
tPA and single-chain CHO-expressed tPA tryptic maps.
Chromatographic details are given in Ref. [17]. (A)
Melanoma tPA digest. (B) Single-chain CHO tPA digest.
The peaks marked + Arg™ and —Arg””" contain residues
268-275 (QYSQPQFR) and 268-274 (QYSQPQF), respec-
tively.

have demonstrated the absence of heavy chain
C-terminal Lys residues [11,14-16]. The absence
of an expected C-terminal Arg residue from
urinary and recombinant (CHO-expressed)
human erythropoeitin (huEPO) has also been
reported [17]. Similarly, as shown for tPA,
conversion of serine protease zymogens to two-
chain forms upon cleavage after Arg or Lys
residues during cell culture may allow basic
carboxypeptidase processing to occur at the
newly exposed Arg/Lys C-terminus. Incomplete
processing of basic residues will cause charge
heterogeneity that can be detected by ion-ex-
change chromatography or isoelectric focusing
[14], although additional factors (e.g., deamida-
tion, phosphorylation or sialic acid variability)
may also contribute to the overall charge hetero-
geneity.

C-terminal processing may also be detected by
detailed characterization of peptide maps using
the LC-MS approach (peptide digestion fol-
lowed by RP-HPLC separation with on-line mass
specttometric detection) [19]. In electrospray
mass spectrometry, the major observed ion
roughly corresponds to the number of basic
groups [20]; the N-terminus and a C-terminal

Lys/Arg side-chain usually provide two basic
groups for tryptic peptides. The number of basic
groups is reduced by one in peptides that result
from basic carboxypeptidase processing; as a
consequence, the processed form(s) of C-termi-
nal peptides may be overlooked unless the inves-
tigators actively look for any potentially minor
des-Arg/Lys singly protonated form. Automated
methods for C-terminal analysis [21] may also
assist in C-terminal processing studies.

Basic carboxypeptidases are known to regulate
peptide hormonal activity (e.g. bradykinin, the
enkephalins and anaplylatoxins) [22]. However,
no biological effect(s) have been reported for the
C-terminal processing of the proteins described
in this report. The presence or absence of C-
terminal Lys residues on antibody heavy chains
is not likely to influence antigen binding, which
is mediated by the distant complementarity-de-
termining regions [23], nor are binding to the
Fcy receptor or complement Clq likely to be
affected, as these involve residues in the hinge-
Cy2 region and C,2 domains, respectively
[24,25].

In general, the absence of C-terminal Lys or
Arg residues is unlikely to be considered a cause
for concern, as similar processing affects plasma-
or urinary-derived proteins such as antibodies
[12,13] and huEPO [17]. Variation in the extent
of C-terminal processing can lead to production
lots with different charge distributions. The
charge variants generated by incomplete process-
ing of the Lys/Arg residue(s) may be isolated by
cation-exchange chromatography; assaying these
tractions for potency or clearance will help assess
the appropriate level of concern for this type of
heterogeneity.

The responsible carboxypeptidase(s) have not
yet been identified. The lack of processing
beyond the Lys/Arg residue(s) suggests that an
enzyme similar to one or more of several known
basic carboxypeptidases may be responsible;
such basic carboxypeptidases include pancreatic
carboxypeptidase B, plasma carboxypeptidase N,
membrane-bound (extracellular) carboxypepti-
dase M, and carboxypeptidase H of secretory
granules [22]. Plasma plasminogen-binding and
urinary basic carboxypeptidases have also been
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identified [26,27]. Basic carboxy-peptidase activi-
ty has been reported for hybridoma cell culture
supernatants and ascites fluid [14,15]; antibodies
purified from ascites tend to be completely
processed. It is also possible that the activity
seen during cell culture results from release of a
cytosolic enzyme from damaged cells, as is the
case for the sialidase isolated from CHO cell
culture [28]. Isolation and characterization of the
responsible carboxypeptidase(s) should allow
susceptible proteins to be cultured in the pres-
ence of inhibitors, generating unprocessed ma-
terial that could be used for investigations as to
the effect(s) of the C-terminal processing.
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