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Summary

An approach to produce “C- and "N-enriched proteins is described. The concept is based on intra-
cellular production of the recombinant proteins in Escherichia coli as fusions to an IgG-binding domain,
Z, derived from staphylococcal protein A. The production method provides yields of 40-200 mg/l of
isotope-enriched fusion proteins in defined minimal media. In addition, the Z fusion partner facilitates
the first purification step by IgG affinity chromatography. The production system is applied to isotope
enrichment of human insulin-like growth factor II (IGF-II), bovine pancreatic trypsin inhibitor (BPTI),
and Z itself. High levels of protein production are achieved in shaker flasks using totally defined
minimal medium supplemented with "*C,-glucose and (*NH,),SO, as the only carbon and nitrogen
sources. Growth conditions were optimized to obtain high protein production levels and high levels of
isotope incorporation, while minimizing "*C,-glucose usage. Incorporation levels of C andfor "N
isotopes in purified IGF-II, BPTI, and Z were confirmed using mass spectrometry and NMR spectro-
scopy. More than 99% of total isotope enrichment was obtained using a defined isotope-enriched
minimal medium. The optimized systems provide reliable, high-level production of isotope-enriched
fusion proteins. They can be used to produce 20-40 mg/l of properly folded Z and BPTI proteins. The
production system of recombinant BPTI is state-of-the-art and provides the highest known yield of
native refolded BPTI.
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Introduction

Uniform biosynthetic enrichment with "N and "“C
isotopes facilitates analysis of macromolecular structures
by NMR spectroscopy (Fesik et al., 1990,1991; Clore and
Gronenborn, 1991,1994; Tkura et al., 1992; Grzesiek and
Bax, 1993; Qian et al., 1993; Wagner, 1993). The recent
availability of uniformly isotope-enriched protein samples
has allowed NMR spectroscopy to be applied to larger
proteins and to produce more precise structure determina-
tions than is possible using proton NMR exclusively.

*To whom correspondence should be addressed.

Isotope-enriched protein samples are a prerequisite for
carrying out many modern protein NMR experiments,
including multidimensional heteronuclear NMR (Clore
and Gronenborn, 1991,1994), isotope-edited studies of
macromolecular complexes (Fesik et al., 1990,1991; Ikura
et al., 1992; Qian et al., 1993; Clore and Gronenborn,
1994), '*N-relaxation studies of internal motions in pro-
teins (Kay et al., 1989; Peng and Wagner, 1992), measure-
ments of conformation-dependent coupling constants
(Montelione and Wagner, 1989; Montelione et al., 1989,
1992a; Griesinger and Eggenberger, 1992; Grzesiek and

Abbreviations: BPTI, bovine pancreatic trypsin inhibitor; DTT, dithiothreitol; Gdn-HCI, guanidinium hydrochloride; IAA, B-indole acrylic acid;
IGF-11, insulin-like growth factor II; PBS, phosphate-buffered saline; PDMS, plasma desorption mass spectrometry; PFPA, pentafluoro propionic
acid; RP-HPLC, reversed-phase high performance liquid chromatography; Z, IgG-binding protein domain derived from staphylococcal protein A.
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Fig. 1. Structural genes of the plasmids used for production of iso-
tope-enriched recombinant Z proteins under control of the trp promo-
ter. The following abbreviations are used in the figure: trp LE = the
portion of the structural gene encoding a peptide sequence from the
TrpLE gene product of E. coli; A t, terminator=the t, transcriptional
terminator derived from bacteriophage A; and A t1t2 terminator = the
t1t2 transcriptional terminator derived from bacteriophage A. Origins
and features of the production plasmid vectors are described in the
Materials and Methods section. (A) The expression cassette in plasmid
pHAZY:BPTI used for producing TrpLE-Z-BPTI. (B) The express-
ion cassette in plasmid pDHZ used for producing Z. (C) The express-
ion cassette in plasmid pKP 533 used for producing TrpLE-Z-IGF-
II.

Bax, 1993; Vuister et al., 1993), and triple-resonance
experiments for determining sequence-specific resonance
assignments (Montelione and Wagner, 1989, 1990; Ikura
et al., 1990; Clore and Gronenborn, 1991,1994; Boucher
et al., 1992; Logan et al., 1992; Montelione et al., 1992b;
Clowes et al., 1993; Grzesiek and Bax, 1993; Lyons et al.,
1993; Brutscher et al., 1994; Logan et al., 1994). The
resulting "*C resonance assignments are useful for charac-
terizing secondary backbone structure (Spera and Bax,
1991; Wishart et al., 1991) and for protein structure re-
finement (de Dios et al., 1993; Laws et al., 1993). Multidi-
mensional NMR experiments using °N and/or “C fre-
quency labeling also provide crucial techniques for resolv-
ing complex NOESY spectra (Kay et al., 1990; Clore and
Gronenborn, 1991,1994; Muhandiram et al., 1993) and
for identifying bound water molecules in proteins (Clore
et al., 1990; Kriwacki et al., 1993).

While significant progress has been made in recent
years in developing multidimensional NMR experiments
that exploit heteronuclear scalar coupling interactions and
frequency labeling, practical applications of these tech-
niques are limited by the requirement to first produce and

purify large amounts (5-50 mg) of isotopically enriched
protein. The main obstacle for isotope-enriched protein
production in most recombinant production systems in
general use today is the high cost of the labeled media
components, e.g., “C-glucose, "*C-acetate, isotope-en-
riched amino acids or hydrolysates of isotope-enriched
yeast and algae, limiting possibilities for upscaling to
controlled multi-liter fermenters. The less well controlled
conditions of shaker flask cultivations, combined with the
requirement to use fully "N- and/or "C-enriched media
components, often results in low protein production
levels. Reduced yields in defined minimal media are some-
times observed even for systems that are highly efficient
under optimal fermenter conditions. The production of
"N-,"*C-enriched proteins therefore requires an efficient
system, able to provide high-level production of the de-
sired protein using isotopically enriched minimal growth
media in small-scale bioreactors.

In this paper we describe a bacterial production system
for "N-,"*C-enriched recombinant proteins, which is ex-
tensively used in our, as well as many other, laboratories.
The system is based on intracellular production of the
recombinant protein in Escherichia coli as a fusion to an
IgG-binding domain analogue, Z, derived from staphylo-
coccal protein A (Nilsson et al., 1987; Altman et al.,
1991). In this production system, the product gene is
fused at the 3' end of the gene encoding Z and transcrip-
tion is initiated from the efficient promoter of the E. coli
trp operon (Yansura, 1990). This allows for high-level
intracellular production of fusion protein, which can be
purified by IgG affinity chromatography (for reviews, see
Nilsson and Abrahmsén (1990) and Nilsson et al. (1991)).
Using this approach we have achieved high-level (40-200
mg/l) production in defined minimal media of three iso-
tope-enriched proteins: the Z-domain, Z-insulin-like
growth factor Il (Z-IGF-II), and Z-bovine pancreatic
trypsin inhibitor (Z-BPTI). The Z-domain is a small,
proteolytically stable protein (Nilsson and Abrahmsén,
1990) of 72 amino acid residues, without disulfide bonds.
Z exhibits high solubility in aqueous buffers and can be
reversibly unfolded (Samuelsson et al., 1994). IGF-1I
contains 67 amino acid residues, is extremely unstable in
E. coli (Hammarberg et al., 1989,1991), and is very hard
to refold with high yields (Yamashiro and Li, 19895).
BPTI is a well-studied protein of 58 amino acid residues
comprising three disulfide bonds. In spite of its high
conformational stability (Makhatadze et al., 1993), the
protein has been hard to produce efficiently in E. coli
(Altman et al., 1991).

Several recombinant systems for the production of

~ isotope-enriched proteins have been described previously,

including prokaryotic systems in E. coli (Venters et al.,
1991; Abeygunawardana et al, 1993; Reilly and Fair-
brother, 1994) and eukaryotic systems based on Chinese
hamster ovary cells (Hansen et al., 1992; Archer et al.,



1993). The fusion system presented in this paper provides
another robust system for production of isotopically
enriched proteins. In general, different recombinant pro-
teins behave differently in the various production systems
available for isotope enrichment, and it is important that
a set of such systems is available to the NMR commu-
nity. The major advantage of the Z fusion system described
here is the high production level obtained. The system
also provides a simple approach for purification of the
resulting fusion protein using IgG affinity chromatogra-
phy. and supports the production of a correct and native
N-terminus by the choice of an appropriate cleavage
method.

Materials and Methods

Mazerials

(*NH,),SO, [99% "N] and “*C-glucose [99% *C] were
products of Cambridge Isotope Laboratories (Woburn,
MA) or Isotec, Inc. (Miamisburg, OH). The antibiotics
ampicillin, tetracycline and kanamycine were purchased
from Sigma Chemical Co. (St. Louis, MO). All other re-
agents used were of analytical grade.

Strains and plasmids

E. coli strains RV308 (Maurer et al,, 1980), RV308
ompT (L. Isaksson, personal communication), and
MM294 (Neidhart, 1987) were used as bacterial hosts for
DNA constructions and protein production. Z-BPTI was
produced using the vector pHAZY:BPTI (Altman et al.,
1991; see Fig. 1A), modified to provide a clean chymo-
tryptic cleavage site at the N-terminus of the BPTI se-
quence. For the production of Z, the vector pDHZ (Ceder-
gren et al., 1993; see Fig. 1B) was used. Both pDHZ and
pHAZY:BPTI are based on pBR322 (reviewed in Balbas
et al. (1986)) and encode ampicillin- and tetracycline-
resistant phenotypes in E. coli. For the production of Z-
IGF-II, the vector pKP533 (Fig. 1C) was used. This vec-
tor has a pUC-based origin of replication with a high
copy number (Balbas et al., 1986), and kanamycine resis-
tance as its phenotypic selectable marker. In these three
similar production vectors, transcription is initiated from
derivatives of the efficient E. coli trp promoter (Yansura,
1990).

Production and purification of Z-IGF-11

A culture of E. coli RV308 ompT containing plasmid
pKP533 was grown in a totally defined medium using
3C,-glucose as the only carbon source and (*NH,),SO, as
the sole nitrogen source. The growth medium utilized,
1xMJ, is a variant of a previously published defined
minimal medium (Lundstréom et al., 1990). The medium
contained: 2.5 g/l ("NH,),S0,, 9 g/l KH,PO,, 6 g/l K,H-
PO,, 0.5 g/l sodium citrate, and 1 g/l MgSO,. The pH was
adjusted to 6.6 before autoclaving, and the MgSO, was
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autoclaved separately. Subsequently, 1 ml trace element
solution (see Table 1, solution A), 0.65 ml vitamin sol-
ution (see Table 1, solution B) and 0.07 g of thiamine
were added. After cooling to room temperature, 2 to 5 g
sterile-filtered '*Cy-glucose (amounts according to opti-
mization) dissolved in water and 60 mg/l kanamycine
were added. The citrate is used as a metal chelator and is
known not to be transported into E. coli (Neidhart, 1987).

Starter cultures were inoculated from frozen cultures,
stored at —80 °C, and grown overnight at 30 °Cin 2x YT
medium (Miller, 1972) supplemented with 60 mg/l of
kanamycine. A 50 ml preculture of 1 x MJ containing the
enriched precursor components was inoculated with 1 ml
of the culture from the 2x YT medium and allowed to
grow overnight before using the complete preculture to
inoculate the final 1 | growth volume. Cultures of 500 ml
were grown In 2 1 baffled shaker flasks at 33 °C for 24-26
h with 300 rpm aeration.

The purification was performed using IgG affinity
chromatography as the first step. Harvested cells were
resuspended in 6 M Gdn-HCI, pH 6.5, at ambient tem-
perature and were shaken for 4 h in order to disrupt the
cell membranes and dissolve inclusion bodies. The Gdn-
HCl cell suspension was diluted to a Gdn-HCI concentra-
tion of 1 M, using | x TST (50 mM Tris-HCI, pH 7.4, 150
mM NaCl, 0.05% Tween 20) and centrifuged before pas-
sing the supernatant over an IgG-Sepharose-6FF affinity
chromatography column (Pharmacia Biotech, Uppsala,
Sweden), 5x 8 cm (id x h), at a flow rate of 300 ml/h. The
column was washed with 10 column volumes of 1 xTST
buffer to remove unspecifically bound proteins. Then the

TABLE 1
TRACE ELEMENTS AND VITAMIN SOLUTIONS FOR 1xMJ
MEDIUM

Component Amount

Trace elements: Solution A (autoclaved)
FeCl; x 6H,0 162 g
ZnSO,x 7H,0 24¢
CoCl,x 6H,0 42
Na,Mo0O, x2H,0 42¢
CuSO,x 5H,0 48 ¢
H,BO, 1.2¢g
MnSO, 30¢g
HCl 30 ml
H,0 570 ml

Vitamins: Solution B (adjusted to pH 7.2, sterile filtered)
Pantothenic acid, calcium salt 04g
Choline chloride 04¢g
Folic acid 04¢g
Myo-inositol 08¢g
Nicotinamide 04¢g
Pyridoxal hydrochloride 04¢g
Riboflavin 0.04 g
Thiamine hydrochloride 04¢g
H.,O 800 ml
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pH was lowered and the buffer capacity was decreased by
washing the column with 2 column volumes of 5 mM
ammonium acetate, pH 5. Finally, fusion protein was
eluted by 0.2 M acetic acid, pH 2.8, and lyophilized.

Lyophilized Z-IGF-II fusion protein was redissolved at
a protein concentration of 0.1 mg/ml in buffer A (0.1 M
acetic acid, 0.12 M Tris, 2 M Gdn-HCI, 10% ethanol, pH
7.5) supplemented with 30 mM reduced DTT. After a 1
h incubation at 37 °C, the DTT was removed by desalting
the protein on a Sephadex G25 column (Pharmacia Bio-
tech) equilibrated in buffer A. After desalting, the pH was
adjusted to 8.3 using solid Tris base, followed by a 16 h
air oxidation performed in a 5 | Erlenmeyer flask with
continuous mixing by a magnetic stirrer. Subsequent to
the oxidation step, the pH was adjusted to 1.6 using
concentrated HCI. The acidified protein solution was then
desalted into solution C (0.1 M HCI and 10% ethanol,
pH 1.6) and lyophilized to reduce the volume before
CNBr cleavage. The cleavage was performed at room
temperature in solution C and at a final CNBr concentra-
tion of 150 mM. The reaction was quenched after 3 h by
rapid freezing and residual CNBr and cyanide were re-
moved by lyophilization.

The isotope-enriched native IGF-II was separated from
the remaining Z fusion partner by again using IgG affin-
ity chromatography. The lyophilized cleavage mixture
was dissolved in 0.2 M acetic acid, pH 2.8. The solution
was adjusted to pH 8.5 prior to the IgG affinity step,
using NaOH and solid Tris base. Final purification of
IGF-II was performed by reversed phase HPLC on a
4.6x250 mm Kromasil C; column (Eka Nobel, Surte,
Sweden), using a linear gradient from 35 to 40% aceton-
itrile in 0.25% PFPA over 25 min, at a flow rate of 1 ml/
min.
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Production and purification of Z

Uniformly "N- and ""N-,"*C-enriched Z were produced
using an approach similar to that employed in the Z-IGF-
II production. A similar two-step inoculum procedure was
used to grow the E. coli strain RV308, transformed with
production plasmid pDHZ (Fig. 1B). Cell cultures were
grown as described for the Z-IGF-II production, except
that 15 mg/! tetracycline was used as the selective agent.
Induction was performed by addition of 25 mg/l B-indole
acrylic acid at mid logarithmic growth phase (OD =0.5-1
at 600 nm). Cells were grown for an additional 12 h and
then harvested by centrifugation at 4000 x g for 10 min.
The cell pellet was resuspended in 1 xTST and subse-
quently disrupted by sonication for 5x 30 s using a Sonifer
Cell Disruptor B15 (Branson, St. Louis, MO) equipped
with a microtip. After centrifugation at 10000 x g for 10
min, the supernatant was passed over an IgG Sepharose-
6 FF column equilibrated with TST. The column was
washed with 10 column volumes of TST and 2 column
volumes of 5 mM ammonium acetate, pH 5.5. The pro-
tein was then eluted with 0.3 M acetic acid, titrated to pH
3.2 using ammonium acetate.

Production and purification of Z-BPTI

Uniformly “N-enriched BPTI and [C30V,C51A]-BPTI
were produced as Z-BPTI fusion proteins. E..coli strains
RV308 were transformed with production plasmid
pHAZY:BPTI (Fig. 1A) containing the BPTI gene (Hurle
et al., 1990; Altman et al., 1991) and were grown over-
night in 10 ml 2x YT medium. Cells were harvested by
centrifugation and used to inoculate 1xMIJ minimal
media containing 15 mg/l tetracycline, 1 ml/l trace el-
ement solution A, and 1 ml/ vitamin solution B, using
250 ml cultivations in 1 1 baffled shaker flasks. Cells were
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Fig. 2. SDS-PAGE analysis of isotope-enriched recombinant proteins. Marker proteins are shown with their respective sizes as molecular
weight x 107, (A) Z-IGF-II production. Lane 1: sizes of position of marker proteins (data not shown); lane 2: a marker consisting of ZZ-insulin-like
growth factor I cleaved with hydroxylamine (Moks et al., 1987), where the bands correspond to ZZ-IGF-I (22.1 kDa), ZZ (14.5 kDa) and 1GF-1
(7.6 kDa); lane 3: crude extract of the production of *C-,"*N-Z-IGF-II, where the major protein band corresponds to the product. (B) Z-production
before and after induction. Lane 1: sizes of molecular weight marker proteins (data not shown); lane 2: crude extract of '*C-,'’'N-Z before induction;
lane 3: crude extract of *C-,'*N-Z after induction; lane 4: purified *C-,"*'N-Z. (C) Z-BPTI production. Lane 1: sizes of position of molecular weight
marker proteins (data not shown); lane 2: whole cell lysate showing high-level expression of 15 kDa Z-BPTI fusion protein; lane 3: purified *N-
enriched BPTI.



grown at 37 °C using 3 g/l of glucose. The protein pro-
duction was induced by adding 20 mg/l of B-indole acrylic
acid at mid log phase, ODyy,=1.0.

The purification of Z-BPTI and Z-[C30V,C51A]-BPT1
fusion proteins was carried out using a scheme derived
from the one described by Altman et al. (1991). Cells
from 250 ml flask cultivations were harvested 6-7 h after
induction by centrifugation at 5000x g for 30 min. The
cells were lysed by resuspension in 25 ml 6 M Gdn-HCI
in Pi buffer (50 mM KH,PO,, 150 mM NaCl, 1 mM
EDTA, pH 6.5), and by sonication. The sonicated cell
suspension was then diluted to 150 ml with ice-cold Pi
buffer. The cell debris and precipitations were removed by
centrifugation at 20000x g. Next, the supernatant was
loaded directly onto a 10 ml (bed volume) IgG-Sepharose
column, pre-equilibrated at 4 °C with 1 x TST buffer. The
column was washed with 10 column volumes of TST
buffer, followed by 2 column volumes of 5 mM ammon-
ium acetate at pH 4.8. Finally, the Z-BPTI (or Z-[C30V,
C51A]-BPTI) fusion protein was eluted with 0.5 M acetic
acid at pH 3.3.

The purified fusion protein was refolded at pH 8.7
using a mixture of reduced and oxidized glutathione, as
described by Altman et al. (1991). The refolding solution
was then applied to a 10 ml (bed volume) chymotrypsin
affinity column, equilibrated in TEA buffer (100 mM
triethanolamine, 300 mM NaCl, 10 mM CaCl,, pH 7.8).
The immobilized chymotrypsin acts both to cleave the
fusion protein at the junction between the Z and BPTI
moieties and to bind to the BPTI protein, thereby facili-
tating the purification. Incorrectly folded BPTI molecules
are also eliminated in this step. The mature, folded mol-
ecules were eluted from this column using 0.5 M acetic
acid at pH 2.5, and were further purified by ion exchange
chromatography on a MonoS HR 10/10 column (Phar-
macia, Uppsala, Sweden) using a linear gradient of 0.5 to
5 M ammonium acetate at pH 4.0 (Hurle et al., 1990).
Under these conditions, the Z-BPTI fusions elute in ap-
proximately 3 M ammonium acetate.

Protein analysis

Amino acid compositions were determined by acid
hydrolysis, followed by analysis using a Beckman 6300
amino acid analyzer equipped with a System Gold data
handling system (Beckman, Fullerton, CA). Protein homo-
geneity was evaluated by SDS-PAGE (Laemmli, 1970) or
by RP-HPLC.

Mass spectrometry

Molecular masses of IGF-II and BPTI were deter-
mined using a **Cf plasma desorption mass spectrometer
(PDMS), Bio-Ion 20 (Applied Biosystems, Foster City,
CA). The proteins were bound to a nitrocellulose-coated
foil, dried by spinning the foil and analyzed in the posi-
tive ion mode at an acceleration voltage of 18 kV (Fors-
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berg et al., 1990). The molecular mass of Z was deter-
mined using a JEOL SX 102 mass spectrometer equipped
with electrospray. The errors in the measured masses by
both techniques are estimated to be less than 0.1%.

NMR spectroscopy

Samples for NMR spectroscopy were prepared in aque-
ous solutions of 0.5-2 mM protein concentration. NMR
spectra were obtained with a Varian Unity 500 spectrom-
eter.

Results

Basic concept

A general system was designed for high-level produc-
tion of uniformly “N- and/or *C-enriched recombinant
proteins in E. coli. Utilizing the efficient E. coli trp pro-
moter for initiating transcription (Yansura, 1990; Altman
et al., 1991), three similar Z production vectors were used
to produce isotopically enriched IGF-II, BPTI and Z
itself. In this system, the protein product of interest is
produced as a fusion to Z, a single IgG-binding domain
based on staphylococcal protein A. By utilizing a fusion
protein approach, we retain the efficient E. coli trp LE
(Yansura, 1990) translation initiation sequence (Fig. 1) in
all our constructs, increasing the probability to retain
high-level protein production from the transcribed mRNA
of the hybrid system. It is well established that fusion to
the TrpLE leader peptide also enhances the probability to
form inclusion body precipitates of the product by de-
creasing its solubility (Yansura, 1990), allowing high-level
production with minimal proteolytic degradation. How-
ever, the major influence in forming inclusion bodies is
associated with the high production level from the
TrpLE-Z expression vectors (Altman et al., 1991) and the
solubility properties of the fused product. Indeed, two of
the three examples below, TrpLE-Z-IGF-1I and TrpLE-Z-
BPTI, form intracellular inclusion bodies in E. coli and
one, TrpLE-Z, does not, even though production levels
are rather similar. The latter can be explained by the
extremely high solubility of Z itself at neutral pH
(Samuelsson et al., 1994), compensating for the inherent
insolubility of the smail TrpLE portion.

In order to fully exploit the general advantages de-
scribed for the production system, an initial screening of
some basic growth parameters must be performed. We
have found the growth parameters to be product depend-
ent, and a screening of basic parameters was performed
for each of the proteins produced. The growth medium
IxM]J is based on a medium originally developed for
controlled growth reactor conditions (Lundstrém et al.,
1990). This minimal medium is of unusual complexity
compared with standard minimal media, e.g. M9. The
advantage of using such a medium is that the additive of
vitamins and trace elements allows cell growth in the
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Fig. 3. Plasma desorption mass spectrometry (PDMS) analysis of *N-,""C-IGF-1I as described in the Materials and Methods section. From right
to left, the three peaks correspond to the 1+, 2+ and 3+ ions of IGF-11, respectively. The measured molecular mass (7880.5) corresponds to >99%

"*N,"C enrichment (see Table 2).

absence of undefined carbon-containing supplements such
as yeast extract. The production system was initially
optimized for high-level production with minimal glucose
utilization. The parameters evaluated in each optimization
were host strain, glucose usage, temperature, and aer-
ation; where appropriate promoter induction parameters
were evaluated as well. Here, we describe the optimization
performed for the isotopic enrichment of Z-IGF-II in
more detail. The production of the other two isotopically
enriched protein products was optimized similarly.

Production of isotope-enriched IGF-II

For the production of Z-IGF-II, the optimization was
based both on monitoring inclusion body formation by
microscopy and on SDS-PAGE analysis of crude cell
lysates (Fig. 2). Glucose concentrations were varied be-
tween 2-10 g/l. Levels of remaining glucose in the growth
media were tested by glucose-sensitive BM-Gilycemie test
strips (Boehringer, Mannheim, Germany). Under pre-
optimized growth conditions, glucose utilization is maxi-
mized at a concentration of 4 g/l, as defined by all detect-
able glucose being used up and no significant increase of

TABLE 2

cell density being observed on increasing the glucose
content of the media. Higher glucose levels result in the
presence of residual glucose in the media and production
of undesired acid metabolites in the completed cultivation
as detected by a lowered pH (data not shown). The tem-
perature dependence on inclusion body formation was
evaluated over the temperature range 30-37 °C. Early
appearance of inclusion body formation seems to result
in hampered growth rates. Formation of inclusion bodies
was monitored using phase contrast microscopy (Zeiss,
Oberkochen, Germany) at 1000x magnification. A com-
promise between a reasonable growth rate and efficient
inclusion body formation was found at 33 °C. The #p
promoter is poorly repressed in the vector-strain combina-
tion utilized to produce Z-IGF-1I fusion protein, most
likely due to the high copy number of the vector (data
not shown). The constitutive expression of the fusion
protein combined with the minimal media conditions
results in long cell doubling times and relatively low cell
densities. Maximum cell densities of about 2 (ODgy, in a
1 cm cuvette) were reached after as long as 24-26 h of
incubation.

LEVELS OF ISOTOPE ENRICHMENT AS DETERMINED BY MASS SPECTROMETRY

Protein Theoretical molecular mass (Da) Experimental molecular mass (Da)
Unenriched protein Isotope-enriched protein Measured by mass spectrometry  Total isotope enrichment (%)
BN-,PC-IGF-11 7475.4 7880.4 7880.5 >99
BN-,*C-Z 8209.1 8668.7 8660.0 >99
N-Z 8209.1 8310.8 8313.0 >99
“N-BPT! 6513.0 6595.0 6596.7 >99




The TrpLE-Z-IGF-II fusion protein is produced at
very high levels (Fig. 2A), mainly in the form of inclusion
bodies. E. coli RV308 ompT, lacking the outer membrane-
located OmpT protease (Grodberg and Dunn, 1988), was
used for the production. Earlier results concerning expres-
sion of unenriched recombinant IGF-II in E. coli have
shown the advantages of using an OmpT protease nega-
tive strain for secreted ZZ-IGF-11 (Hammarberg et al.,
1991). Even though the intracellular fusion protein ap-
proach used in this work results in the formation of insol-
uble inclusion bodies, giving potential protection against
proteolytical degradation, we found that the recovery of
native IGF-II increased significantly in the RV308 ompT
strain compared to RV308 (data not shown), which is
consistent with findings showing degradation of recombi-
nant y-interferon by the OmpT protease during recovery,
using intracellular production in E. coli (Sugimura and
Higashi, 1988).

Production levels are expressed as milligram fusion
protein per liter of growth medium (mg/1) that was re-
covered after the initial IgG affinity chromatography step.
IGF-II was produced both as uniformly "N and "“N,"*C
doubly enriched protein. The production level of *N-
enriched TrpLE-Z-IGF-II was 200 mg/l, which is similar
to the production using corresponding unenriched me-
dium (data not shown), and the production level of °N-,
BC-enriched TrpLE-Z-IGF-1I was 90 mg/l.

The protein purity of the *N-,*C-IGF-II preparation
after refolding, CNBr cleavage, and final purification was
estimated by reversed phase HPLC analysis to be at least
995%. The total yield at this homogeneity was 1.4 mg/l
fermentation, as determined by quantitative amino acid
analysis. This indicates a relatively low recovery (i.e. ~3%)
of the "N-,"C-IGF-II purified at fusion protein level.
This low yield is primarily attributable to the well-known
difficulties in refolding and purifying the hydrophobic
IGF-II molecule (Yamashiro and Li, 1985; Hammarberg
et al., 1991), rather than the enrichment procedure per se.
Mass spectrometric analysis (Fig. 3) confirmed >99%
total isotopic enrichment in this ""N-,"*C-IGF-11 sample
(Table 2).

Production of isotope-enriched Z

N- and ""N-,"*C-enriched Z domain was produced in
a shaker flask under conditions similar to those used to
produce Z-IGF-II. Also for this protein product, the
optimization was performed to minimize the amount of
glucose necessary, and at 4 g/l the cell density was found
to be maximum, no glucose was detectable upon harvest
and the pH remained at 7. The effective one-step purifica-
tion scheme results in material that is >95% homogene-
ous on SDS-PAGE (Fig. 2B), with >99% total isotopic
enrichment (Table 2). The yields of purified °N- and “C-,
"N-Z were approximately 40 mg/l growth volume, as
determined by quantitative amino acid analysis and by
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Fig. 4. Cross sections along w, through NOESY and TOCSY cross
peaks of isotope-enriched proteins, showing heteronuclear coupling
and providing site-specific information about levels of isotopic enrich-
ment. (A) Cross section through a NOESY cross peak of '*C-,"*N-
enriched Z at the w, frequency of the Ala® HP resonance. The sample
was dissolved at a protein concentration of 2.5 mM in 90% H,0, 10%
D,O at pH 6.5 and 30 °C. The NOESY mixing time was 200 ms with
broadband "*C and "N decoupling in the o, dimension. No hetero-
nuclear decoupling was used in the ®, dimension. This cross peak
exhibits one large *C-HP® splitting for the 99% of molecules that are
isotope enriched in "*C at this site. (B) Cross peak from the same
NOESY spectrum of “C-,"N-enriched Z at the o, frequency of the
H™ resonance of Ala*. This cross peak exhibits one large "N-H¥
splitting for the 99% of molecules that are isotope enriched in '*N at
this site. (C) Cross section through a NOESY cross peak of “N-
enriched Z at the o, frequency of the Ala* H resonance. The sample
was dissolved at a protein concentration of 3.0 mM in 90% H,O, 10%
D,0 at pH 6.5 and 30 °C. The NOESY mixing time was 200 ms with
broadband "N decoupling in the ®, dimension and no heteronuclear
decoupling in the ®, dimension. This cross peak exhibits one large
"N-HM splitting for the 99% of molecules that are isotope enriched in
'*N at this site. (D) Cross section through a TOCSY cross peak of
"*N-enriched [C30V,C51A]-BPTI at the w, frequency of the Thr? H®
resonance. This sample was produced using a minimal medium differ-
ent from that described in the text, which included 0.8 g/l yeast extract
as a vitamin source. The protein concentration was 1.0 mM in 90%
H,0, 10% D,0 at pH 6.5 and 30 °C. The proton TOCSY mixing time
was 45 ms with broadband '*N decoupling in the ®, dimension and
no heteronuclear decoupling in the ®, dimension. This cross peak
exhibits one large "N-HM splitting for the 80% of molecules that are
isotope enriched in "N, and a central singlet peak for the 20% of
molecules containing "N at this site. Different residues exhibit differ-
ent apparent degrees of "N enrichment in this experiment, ranging
between 60-80%, which is consistent with the more precise and accu-
rate value of 65-69% determined by mass spectrometry (data not
shown).

absorbance measurements. The overall recovery yield of
Z was estimated to be 90-95% of the protein present in
the cells when harvested.
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Production of isotope-enriched BPTI

N-enriched BPTI was produced using MJ media. The
result of SDS-PAGE analysis of a purified isotope-en-
riched sample is shown in Fig. 2C. The yields of fusion
protein using this production system were 70~100 mg/l of
fermentation media, representing approximately 95% of
the BPTI fusion protein present in the cells when har-
vested. The final yield of purified *N-enriched BPTI was
10-20 mg/l. Mass spectrometry analysis shows that the
BPTI has >99% "N enrichment (Table 2). Similarly, the
same method was used to enrich BPTI and Z-[C30V,
C51AJ-BPTI with “C and "N using 1 g/t "NH,Cl and 3
g/l of PC-glucose (data not shown).

Analysis of isotope-enriched proteins by @, heteronuclear-
decoupled NOESY and by heteronuclear 2D NMR experi-
ments

Isotope enrichment was verified for certain samples
using 2D proton NOESY or TOCSY experiments, mod-
ified to provide broadband decoupling of **C and N in
the w, dimension but not in the ®, dimension. The result-
ing NOESY (or TOCSY) cross peaks exhibit large one-
bond heteronuclear splittings in the , dimension for the
ensemble of proton spins directly connected to "N or *C
and a central multiplet arising from the ensemble of pro-
tons not directly coupled to a heteronucleus. Cross sec-
tions along ®, through these NOESY cross peaks there-
fore provide estimates of the degree of isotopic enrich-
ment of the heteroatom that is covalently bound to the
directly observed proton. Examples of such measurements
are shown in Fig. 4. Representative 2D NMR spectra,
including "N-HSQC, "“C-HSQC, and triple-resonance
HCC(CO)NH-TOCSY, of these isotope-enriched proteins
are presented in Fig. 5.

Discussion

Different recombinant proteins behave differently in
the various protein production systems currently avail-
able, and no single production system is best for every
protein. Rather, the modern protein NMR spectroscopist
requires a battery of protein expression systems from
which to choose in evaluating the most efficient system
for any particular protein production problem. In this
paper we have shown successful high-level production of
uniformly isotope-enriched Z fusion proteins. The highly
buffered, totally defined growth medium described here
(i.e. MJ medium) allows cell growth for prolonged times,
providing means of producing relatively high cell densities
under the strained conditions imposed by minimal media.
Both the induceable (for TrpLE-Z and TrpLE-Z-BPTI
production) and the constitutive (for TrpLE-Z-IGF-1I
production) variants of the zrp promoter-based expression
vectors used in this study show consistent high protein
production under defined media conditions. Although

several other systems have been described for production
of isotope-enriched proteins in E. coli (e.g. those de-
scribed by Venters et al. (1991), Abeygunawardana et al.
(1993) and Reilly and Fairbrother (1994)), the Z fusion
production system is competitive with these and is one of
the first tested for each new recombinant protein studied
in our laboratories. Recently, this Z fusion technology
has been extended to enrich BPTI mutant proteins, hu-
man insulin-like growth factor I, the Kunitz inhibitor
domain of the human Alzheimer protease precursor pro-
tein (APP-KI), the albumin-binding domain of strepto-
coccal protein G, and human a-lactalbumin with *N and
BC isotopes (data not shown). The Z fusion production
system and MJ growth medium together provide a gen-
eral and robust system for the production of isotope-
enriched recombinant proteins.

The disadvantage of Z fusions, as with any other fu-
sion protein production technology, is the necessity to
cleave the fusion product in order to release the product
of interest. Even though this must be taken into consider-
ation when selecting which production system to use for
a given protein product, we do not feel that this is a
major drawback. There are several readily available and
well-documented cleavage methods of both chemical and
enzymatic nature (for a review see Nilsson et al. (1992)).
In this paper we have used cleavages with cyanogenbro-
mide to release IGF-II and chymotrypsin to release BPTI.
Both methods are simple, work with high efficiency and
produce chemically homogeneous protein products.

A fusion protein approach provides many potential
advantages for the expression and purification of recom-
binant proteins (for a review see Nilsson et al. (1992)).
Even though other fusion systems may be useful for iso-
tope enrichment of proteins for NMR analysis, these may
not behave as well as the Z fusion system under defined
media conditions. The Z domain, besides functioning as
a handle for affinity chromatography, also serves to in-
crease the solubility of the fusion partner during the re-
folding process (Samuelsson et al., 1994). The Z domain
itself is extremely stable and soluble and does not form
visible inclusion bodies, even at the high expression levels
described here. The solubilizing action of the Z fusion
partner is crucial in the IgG purification step, since both
IGF-IT and BPTI are not very soluble under reduced
conditions. The fusion protein approach, besides being a
valuable purification and analytical tool, thereby also
facilitates folding of the enriched protein.

The multiple step inoculum procedure described in the
Methods section is important to achieve reproducible high
levels of isotope incorporation, since the isotope enrich-
ment efficiency can drop significantly through carry-over
effects from unenriched components present in starting
cultures. This potential problem is overcome in our proto-
col by growing the seed culture on enriched media com-
ponents. A first culture in unenriched media allows cell
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Fig. 5. Heteronuclear NMR spectra of isotope-enriched proteins. (A) '"N-HSQC spectrum of 100% "°N-,”C-enriched IGF-II recorded at 0.5 mM
protein concentration in a buffer containing 90% H,0, 10% D,0, 20 mM KH,PO,, 50 mM NaCl, 0.1 mM EDTA and 0.5 mM NaN; at pH 2.5
and a temperature of 55 °C. (B) HCC(CO)NH-TOCSY spectrum (Montelione et al., 1992b) of 100% ""N-,"*C-enriched Z at 2 mM protein con-
centration in a buffer containing 90% H,0, 10% D,0, 5§ mM KH,PO, and 0.5 mM NaN,; at pH 6.5 and a temperature of 30 °C. (C) "C-HSQC
spectrum of "N-,*C-enriched BPTI at 1 mM protein concentration in D,0, pH 6.6, and a temperature of 10 °C. (D) "N-HSQC spectrum of 100%
"N-enriched BPTI recorded at 1 mM protein concentration in a solvent containing 90% H,0 and 10% D,0 at pH 6.0 and a temperature of 36 °C.

growth without imposing the growth limitations of a
defined minimal medium. Then, these cells are used to
inoculate a second culture in enriched media. This second
culture is used both to adapt the E. coli cells to minimal
media conditions and to exclude carry over of unenriched
nutrient components. The second culture is then grown
and used to inoculate the large fermentation in MJ mini-
mal medium. Isotopic enrichment exceeding 99% and
relatively high protein production levels were achieved for
Z-1GF-11, Z-BPT]I, and Z itself using this procedure. An
alternative inoculation strategy using a complex isotope-
enriched medium (Celltone®) for the starting culture has
been recently described by Reilly and Fairbrother (1994).
Our two-step inoculation method has the advantage of
adapting the culture to minimal medium conditions prior
to large-scale fermentation, precluding the requirement
for isotope-enriched complex media like Celltone.

The production level of "N-labeled Z-IGF-II was
equal to that obtained for unenriched protein. In the case
of N-,"*C-labeled protein roughly a 50% decrease in
production was observed. Even though the effect was
reproducible, we do not believe that this is a PC isotope
effect. Instead, the quality of *C-glucose batches seems to
vary and this may show up as an apparent isotope effect.
Indeed, similar yields were obtained for ’N-,"*C- and '*N-
enriched Z.

The purification of IGF-II results in relatively low
yields compared to the Z and BPTI purifications. We
believe that these low yields reflect the inherent difficulties
in refolding and purifying IGF-II and are not a property
of the enrichment procedure itself. In fact, our yields of
recovery of correctly folded IGF-II (~3%) are significant-
ly higher than what was obtained in the refolding and
purification of chemically synthesized IGF-II (Yamashiro
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and Li, 1985). The final recovery of the much more sol-
uble Z protein, lacking internal disulfides, is extremely
high (~40 mg/l) in this system. While 10-20 mg/l final
yields of disulfide-intact BPTI were obtained, 50-75% of
the potentially recoverable mass of BPTI present in these
purified fusion protein samples was lost in the refolding,
fusion cleavage, and purification steps. These yields were
achieved only by avoiding lyophilization of the fusion
protein subsequent to IgG-Sepharose purification.

Mass spectrometry provides a rapid and accurate analy-
sis of total isotope incorporation (Fig. 3). Since protein
mass spectrometry analysis requires only small amounts
of sample, it is highly recommended as a standard ana-
lytical procedure in the production of isotope-enriched
proteins. The ®, heteronuclear decoupled NOESY and
TOCSY experiments also provide useful tools for estimat-
ing isotope enrichment levels, with an accuracy of about
1 10%. These experiments have the advantage of measur-
ing isotope enrichment at specific sites in the protein, and
of determining “C- and ""N-enrichment levels indepen-
dently in partially *N-,"C-enriched samples, which can-
not be done easily by mass spectrometry. However, it is
generally difficult to detect less than about 5-10% of
unenriched sites in these 2D NMR spectra.

Conclusions

In summary, this paper describes Z fusion production
systems and biochemical protocols useful for isotopic
enrichment of proteins for NMR studies. We, and other
laboratories, are already utilizing these production sys-
tems and protein samples in NMR studies of protein
structure and dynamics and in NMR pulse sequence
development (see for example Montelione et al. (1992b)
and Lyons et al. (1993)). The Z fusion system is another
high-level production system, which should be included in
the set of production systems tested by spectroscopists
when considering biosynthetic enrichment of a new pro-
tein product for NMR studies. The optimized systems
described here provide reliable, high-level production of
isotope-enriched fusion proteins. They can be used to
produce 10-40 mg/l of isotope-enriched Z and BPTI
proteins, and are available from the laboratories of the
corresponding authors for producing samples useful for
NMR methods development and biophysical studies.
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