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Murine interleukin-6 (miL-6) was expressed in Excheriehia coli in the insoluble fraction of cell lysutes. Approximately equil umeunts of two poly-
peptide species. reactive with unti-IL-6 antibodies, weére produced. The two forms of miL-6 were isolated and found to huve identicnl N-terminal
sequences initinled by Met-Phe-Pro-Thr-Ser-Gln-, Peplide mapping ufter endoproteinuse glu-C digestion led 1o isolation and characterization of
the C-terminul peptides from each of the two farms und nllowed the source of the heterogencity 1o be identified ns a C-terminul uddition of three
amino aeids, Gin-Lys-Leu, to wuthentic mIL-6. Inspection of the nucleotide sequence of the plusmid containing the miL-6 gene and expression
‘of the plusmid in other strains suggested that the addition of three amine acids wis caused by  readthrough of the termination codan arising
from an unexpected suppressar mutation in the original host strain, Although the C-terminus of [L-6 is critiea! Tor the netivity of this sytukine,
the IL-6 variant with extended C-terminus was fully active in two separate bioussays. This suggests that the additional umine ueids do not disrupt

: : the structure or function of this important region of the malesule. ‘ : ‘

Recombinant mEL-6; C-terminal extension: Bioactivity

1. INTRODUCTION

Interleukin-6 (1L-6) is a cytokine whose wide variety
of biological functions suggests a central role in the host
defense against infection and inflammation. Among the
various activities originally described separately and
later attributed to this single polypeptide are the final
differentiation of B-cells into IgG-secreting cells {1},
plasmacytoma and B-cell hybridoma growth induction
[2], and induction of acute-phase proteins in hepato-
cytes [3]. The mature murine IL-6 molecule is a 187
amino acid polypeptide. with two disulfide bridges.
Human and murine 1L-6 are 42% homologous at the
amino acid level with highest homology restricted to the
middle and the C-terminal regions [4,5]. Studies with
deletion mutants have shown that the C-terminus of the
polypeptide is critical for bioactivity of this ¢ytokine
[16,18]. In order to obtain sufficient amounts of pure
murine IL-6 for structure elucidation and for studies
with a mouse model of inflammation, we exptessed the
mature form of mIL-6 in E. coli. , ‘

Proteins expressed in E. coli by recombinant DNA
technology are occasionally found to contain structural
modifications which lead to heterogeneity of the desired
product. Some of the well recognized modifications
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leading to heterogeneity are: incomplete removal of in-
itiator methionine from the N-terminus {6], proteolytic
truncation of either the N- or C-terminus {7,8] and
deamidation [9,10] or oxidation [10} of sensitive amino
acid residues. Here we present an additional form of
modification leading to heterogeneity; the addition of
amino acids to the C-terminus due to partial read-

. through of the termination codon. The variant, con-

taining three additional amino acids (Gln-Lys-Leu) at
the' C-terminus, accounted for 50-60% of the total IL-6
expressed and had -activity equal to the wild-type in
several different assays. As recent studies of IL-6 had
demonstrated that the C-terminal tetrapeptide is ab-
solutely required for biological activity, the question of
whether the C-terminal extension might have biological
activity was of considerable. interest. We found equi-
valent biological activity and suggest that maintenance
of an a-helical structure at the C-terminus is important
for activity. ‘

2. MATERIALS AND METHODS

2.1, Cloning, expression and purification of mIL6 ‘

The murine [L-6 gene was cloned from a ¢cDNA library prepared
from mouse J774.1 monocyte/macrophage cells [11]. An expression
plasmid was constructed and used to transform E. coli strain GE81 as
described elsewhere [12]. Mature TL-6 was éxpressed ai aboui 5-10%
of 1otal cell protein in an insoluble form and was identified on SDS-
PAGE as a close doublet of bands both of which reacted with anti-
murine and. anti-human IL-6. The purification of the correctly ter-
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minated nnd C-terminally cmmi«ed forms of mll-ﬁ h deweribed
elsewhere [12). ‘

1.2, Neterminal sequence ann!,yxtx and amino aeid anolysis

IL-6 samples. for N-terminal sequence or amino aeid analysiy were
devalted by C4 reveese phas¢ chromatography (Vedae €4) In 3 grus
dient of 0=70% acetonitrile with 0.1% TFA and sequenced on an ABI
Maodel 470A gus-phase sequencer equipped with a Medel |20A PTH
analyzer. Amino sacld analysiv was. by pre-<olumn phenylumhm-
cyanate derivatization (Waters Pico:Tag).

1.2, Pepiide mapping anel determination af the Crterminuy
Samples were dialyzed against 25 mM ammonium bicarbonate, pH
8 overnight. Each sample was made 3 M in guanidine hydroéhloride
{GAC1) and endoproteinuse Ghu-C in water was added 1o get 4 1:25
ratia by welghl of Glu-CimiL.6. After 17 h, additlonal proteinase was

‘added (1:50) and the incubatlon cantinued for 24 more h, Aliquots of

the cligesis to be compared before and after reduction with DTT were
first brought 10°'S M GnCl then treated with either 100 mM DTT or
water for 30 min av453*C, Peptide mapping und isolation were done
on a Cl8 reverse phase column (Pep-RPC HRS/S, Pharmacia) in n
gradient of acetonlirile with 0.1% TFA. Peptidesto be analyzed were
brought almost to dryness ina Savant Speed-Vae prior ta N-terminal
sequence or ammo acid compositon analysis,

2.4, Bioassays

The BY cell stimulation nssay was performed according 10 Aarden

et al, [14), 1L-6 activity was also measured by its ability ta stimulate
ptoduction by primary hepatocytes as previously described [15),

3. RESULTS

3.1. Purification and initial characterization of mIL-6

The mIL-€ was expressed in the insoluble fraction of
the E. coli cell lysate producing a closely spaced doublet
at about 23000 Da on SDS-PAGE (Fig. 1A, lanc 4),
Each of the forms was approximately equally repre-
sented in the doublet and both reacted with anti- IL 6
antibody (Fig. 1B, lane 4).

A washed inclusion body preparation (Fig. 2, lane 4)
was prepared and was dissolved in 4 M GnCl at pH
7.5-8.0 prior to chromatography on Sephacryl S-200.
An 1L-6 fraction was obtained which upon dialysis
resulted in a soluble, active mIL-6 preparation. Optimal
refolding was from 25 mM Na acetate, pH 5.5 and at-
tempts to refold: from material solubilized with reduc-
ing agents present or without the gel filtration step
resulted in reduced recovery of IL-6. The IL-6 prepara-
tion at this stage contained both forms of the protein
(Fig. 2, lane 5). Two-dimensional gel electrophoresis of
the preparation at this point revealed that the two forms
had different isoclectric points as well as appatent
molecular mass (data not shown). The form with the
higher pl (7.8) had the higher molecular mass while the
species with lower pl (7.1) had the lower mass.

In order to characterize further the two IL-6 forms,
they were separated using cation exchange chroma-
tography. Based upon elution order from a Bakerbond
CBX column, they were designated CBX1 and CBX2.

N-terminal sequencinig of the separated IL-6 species

venfled that each had methionine at its N-terminus and
amino acid analysis suggested no gross differences bet-
ween the compositions of the two molecules.
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Fig, 1, Expression of mil-6in E. cali strains. Total cell lysates from
various expression strains were evaluated by (A) SDS-PAGE (13} and

-{B) Wesiern blot analysis, Lane 1, GEBI/pBR32Z; 2. GEI96/

PNB217; 3, W3LI0/pNBR17; 4, GERI/pNB217; 5, M. W, standards.

3.2. Verification of disulfide bond homogeneity ‘
~In order to determine whether the two IL-6 variants
had different disulfide bonding patterns, the digested

" peptides were compared on peptide maps with and

without first treating the digest with 100 mM dithio-
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Fig. 2. SDS-PAGE analysis of mIL-6 purification steps. Lane 1,
molecular weight markers; 2, soluble fraction of £. coli cell lysate; 3,
insoluble pellet from- E. coli (GE81) cell lysate; 4, washed inclusion
body ' preparation; 5, mlL-6 fraction from ~Sephacryl’ S-200

- chromatography; 6, purified, correctly terminated mlL-6 peak from

cation exchange chromatography (CBX1); 7, purified, extended C-
terminal variant of miL-6 peak from cation exchange (CBX2),
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threitol (DTT) in the presence of § M GnCl (Fig. 3). In
cach case, two peptides disappeared from the ehro-
matogram representing the unreduced digest and four -

new peptides appeared in each DTT reduced digest.
One of the two peptides which disappeared after redue-
tion was identified by amino acid analysis as peptides
70-84 and 85-96, one of the disulfide linked peptide
pairs expected in miL-6, The sccond expected disulfide
linked peptide pair was not identified, but identification
of one of the two correct pairs combined with the iden-
‘tical change in peptide maps between the reduced and
unreduced digests suggests that both CBX1 and CBX2
have the same, correct S-S bond pattern,

2.3. Identification of C-terminal herérogeneuy
The glu-C peptide maps of CBX1 and CBX2 revealed
only one unique peptide for cach form (Fig. 4); pepndc
3 was present in the CBXI peptide map but absent.in
the CBX2 map and peptide 4 was present in the CBX2
map: but missing in the CBXl map. These two peptides
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Fig. 3. Endoproteinase Glu-C peptide maps of reduced and non-

reduced  digests. CBX2(A) and CBXI{B) -weré each digesied as

described in Section 2, and aliquots compared before and after reduc-

tion with DTT. Peptide 10 was identified as peptide 70-84 disulfide

linked to peptide 85-96 (numbered according to [4]). Peptide 7 was

not conclusively identified. The same four new peptides (arrows) ap-
peared in each digest upon rediction with DTT.
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were identified by amino acid analysis and automated -
sequencing to be the respective Caerminal peptides for
CBX1 and CBX2. Peptide 3 from the CBXI1 digest had
the correct C-terminal sequence for miL.-6, (FLKV-
TLRSTRQT). Paptide 4, recovered from the CBX2 ©
digest, had the sequence FLKVTLRSTRQTQKL,
revealing three adelitional. amino acids at the C-
terminus of CBX2. Inspection of the nucleotide se-
quence in the plasmid at the 3' end of mll-6 cDNA
suggested a mechanism for this result. T

In the DNA sequence of TAG stop ¢codon and an ad-
jacent Hindlll site (AAGCTT) were apparently read
through resulting in a glutamine (Q) insertion for the
TAG codon, and lysine (K), leucine (L) for. the
AAGCTT (Fig. 5). A TAA codon following the
Hindl1I site caused termination. Such a readthrough of
a UAG codon is consistent with an amber suppressor
mutation in E. coli strain GE81. In support of this
hypothesis, this: plasmid results in the ‘expression of a
single mIL-6 immunoreactive band corresponding in
size to unmodified mature [L-6 when transformed into
two other strains without the suppressor mutanon.
GE196 and WCBllO (Fig. 1). ‘
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- r1g. 4. Endoproteinase ‘Glu-C peptide maps of CBXI and CBX2.

CBX1 and CBX2 were digested and chromatographed as ‘described in
Materials and Methods. Peptides 3 and 4 (arrows) were identified as
the C-terminal peptides respectively of CBX1 and CBX2.
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Fig. 5. Alignment of nueleotide and amine acld sequences at the G
terminuy, Readthrough of the TAG stop codon into the HindHT site
resulted in Corerminal exiension Q-K-L. An adjacent TAA stop codon
in the p)asnud DNA lerminaxed transtation as deseribed. in the texu
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'Fig. 6, Comparison of the bioactivities of CBX1 and CBX2 in the B9
cell stimulation assay. S000 B9 cells maintained in Iscove's Modified
Dulbecco’s Medium (IMDM), 5%  FCS, §x10°% M mercap-
toethanol, penicillin and streptomycin (100 ul) were placed in 100 ul
of concentrations of IL-6. After 54 h, cells were labeled with |
uCizwell [*H]thymidine: Closed circles (J) represent CBX! and closed
squares (B) représent CBX2. One unit was the amount of 1L-6 re-
quired to induce 50% maximal stimulation.

3 4 Activities of the native and extended mIL-6

Two assays, based on different cell types, were used
to evaluate the relative activities of the native and C-
terminally extended forms of mIL-6. Using B9 hybn~
doma cells, the specific activity of rmIL-6 in this assay
ranged between 4.3 x 107 and 2.8 x.10® units per milli-
-gram and was dependent upon the age of the B9 culture
not the preparation of 1L-6. In comparative assays
(n=4), no significant difference was seen between the
two forms. A representative assay is-shown in Fig. 6. In

the hepatocyte stimulating factor assay, the ability of -

‘1L-6 to  specifically ' stimulate 'the production of

fibrinogen by primary hepatocytes was measured and a
specific activity of 1.2 x 10® units/mg was found. Again
in comparative assays (n=4), no difference in activity
was seen. :
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4. DISCUSSION

The expression of proteins by recombinant DNA

‘technology has provided & major improvement in the

availability of these important biomolecules as re-
agents, therapeutics and drug targets as well as for
structure-function studies. While mutations in the gene

- sequence and post-transiational modifications are wide-

ly recognized as potential causes of recombinant pro-
tein heterogeneity, this instance of a translational error
points out the less obvious possibility of C-terminal ex-
tension when expressing and isolating reeambm:\nt pro-
teins,

This novel mIL-6 variant with a C-termmal addition
provided us with the opportunity to determine the ef-
fect of this structural modification on the biological ac-
tivity of this cytokine. Recently, it has become clear that
residues in the C-terminal region including those very
close to the C-terminus of human IL-6 are required for
the activity of this cytokme (16-18]. Antibodies which
neutralize 1L-6 activity bind an epitope near the C-
terminus [17] and deletion mutants with as few as four
of the C-terminal amino acids missing completely lose

©activity [16}. The latter finding suggests that the ex-

treme Ceterminal residues are either directly involved in
a function required for ‘activity or that they are
necessary to maintain some structure required for ac-
tivity. Bioassays comparing the native and C-termirially
extended variant of mIL-6 revealed that the specific ac-
tivity was unaffected by addition of the tripeptide, Gln-
Lys-Leu. The finding that this addition does not alter
the biological activity of IL-6, argues that this
modification has not caused disruption of the structure
at the C-terminus nor the overall fold of the protein and
suggests that the charged C-terminal carboxyl is not
directly mvolved in receptor binding. In addition, the
bulk of the extra three amino acids, including a charged
residue, must introduce neither steric nor electrostatic
constraints on the ability of 1L-6 to bind to its receptor.

The IL-6 receptor belongs to a structurally homo-
logous famnly to cytokine receptors [19,20]. The protem
fold of the cytokine ligands for this receptor family is
known [21] or predicted to be four helix bundles
[19 22]. In'a model of binding for these receptor- -ligand
pairs, Bazan [22] has proposed that there is interaction

- of a recognition helix of the cytokine with a ‘rigid

groove' in the receptor. Mutation analysis of one of
these ligands, human growth hormone (hGH), identi-
fied residues on the face of the C-terminal helix, helix

, which form the primary receptor binding structure
[23] Alignment of conserved sequence patterns in helix
D of helical cytokine structures with hGH, identified
exposed residues in IL-6 which might be important in
receptor binding [22]. Of the four C-terminal residues
of rat [24], murine [25] and human [1,5] IL-6 (X-Arg-
Gln-X), arginine is conserved and aligns with one of
these exposed residues. It might therefore be respon-
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sible for the loss of activity upen deletion of the four C-
terminal residues. Alternavively, maintenance of a com-

plete recognition helix including all four C-terminal

residues ¢ould be the impertant requirement for func-

tion, Several models of sccondary structure predict an

a-helix at the Coterminus of EL-6 [16,19). The addi-
tonal residues, Gin-Lys-Leu, of the fully active variant
reparted here are each amino acids found most fre-
quently in the a-helix {26) and therefore are unlikely to
disrupt an important a-helu.al strucmre at. the C-
rerminus,
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