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Abstract

A widely applicable strategy is presented for efficient and rapid production of small water soluble peptides ex-
pressed as fusion proteins with the immunoglobulin-binding domain of streptococcal protein G. A simple extraction
and purification scheme that includes a protease cleavage step to release the target peptide is described. The yield
of authentic target peptide exceeds 10 mg per liter of culture. Production of U-'3C, 15N and highly deuterated
U-13C, N isotope labeled peptide is demonstrated for the 11 residue S2 peptide, corresponding to the C-terminus
of the a-subunit of transducin, and the coiled coil trimerization domain from cartilage matrix protein (CMPcc),
respectively. Heteronuclear two-dimensional NMR spectra are used for initial peptide characterization.

Abbreviations: CMPcc — 43 residue coiled coil domain of chicken cartilage matrix protein plus four additional
non-native N terminal residues; S2 — 11 residue peptide analog of the C-terminus of a-subunit of bovine transducin;
GB1 — immunoglobulin-binding domain of streptococcal protein G; GEV-CMPcc — vector for expression of the
fusion protein GB1 linked to CMPcc; GEV-S2 — vector for expression of the fusion protein GB1 linked to S2;
CNBr - cyanogen bromide; Fxa — factor Xa protease; ESMS — electrospray mass spectrometry.

Introduction

Small peptides are important in numerous biologi-
cal processes like peptide hormones in signal trans-
duction, antimicrobial peptides in host defense, or
peptide inhibitors in enzyme regulation. Biological
action of these peptides involves complex formation.
Characterization of the bound form of the peptides
is key to a detailed understanding of such processes.
Moreover, noncovalent peptide-protein complexes can
serve as models for understanding protein-protein in-
teraction where the binding domain of one protein is
represented by a peptide, e.g., in studies aiming at
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structure and dynamics of antibody-antigen complexes
(Tugarinov et al., 1999).

NMR is a powerful method for characterizing the
structure, dynamics, and interactions of biological
macromolecules. However, to make use of the full po-
tential of NMR methods, biomolecules labeled with
NMR active stable isotopes, in particular with 15N,
13C, and 2H, are required. Multidimensional, mult-
inuclear NMR experiments reduce spectral overlap,
greatly simplify resonance and NOE assignments, and
allow for spectral editing or filtering schemes. The lat-
ter is particularly important when studying complexes
by allowing exclusive retention of NMR signals of
selected molecules or moieties based on appropriate
isotope labeling strategies (Walters et al., 2001).

The bound conformation of small ligands that
weakly bind to complexes far too large for liquid state



194

NMR methodology, e.g., membrane anchored recep-
tors, may still be accessible with transferred NOE
(Clore and Gronenborn, 1982; Ni, 1994) or transferred
dipolar coupling measurements (Koenig et al., 2002)
on the free form of the ligand. 13C and/or N la-
beled peptides are required to measure heteronuclear
transferred dipolar couplings. Interpretation of two-
dimensional NOESY spectra of transiently binding
small peptides often suffer from peak overlap due to
low dispersion of 'H spectra of the unfolded peptide.
The overlap problem can be overcome by the use of
three-dimensional heteronuclear pulse schemes if iso-
tope labeled peptide is available. Transverse and lon-
gitudinal relaxation times of heteronuclei (3¢, BN)
and steady state heteronuclear NOEs ('H-13N or 'H-
13C) reflect motional properties of the backbone and
side chains of polypeptides on the pico- to millisecond
time scales (Kay, 1998). Probing the dynamic proper-
ties of peptides does greatly benefit from availability
of isotope labeled material (Alexandrescu et al., 1998;
Campbell et al., 2000).

Genetic engineering followed by efficient expres-
sion of isotope labeled biomolecules in milligram
amounts has been indispensable for recent successes
in biological NMR applications. Much effort has
been devoted to recombinant expression and refold-
ing of medium size proteins (Gardner and Kay, 1998).
However, recombinant production of small peptides
in sizable quantities still presents a formidable chal-
lenge. Although, small peptides can be produced
chemically by solid-state synthesis (Merrifield, 1995),
this process becomes prohibitively expensive even for
uniformly labeled short peptides.

Direct expression of short peptides in bacterial
hosts in many instances is susceptible to rapid prote-
olytic degradation. However, gene fusions have been
successfully engineered coding for hybrid proteins
with the target peptides being part of a larger protein
(Itakura et al., 1977; Goeddel et al., 1979), which
are sufficiently stable and well characterized for re-
combinant production. Proteins that express well and
allow rapid purification by affinity chromatography
are attractive fusion partners.

Numerous expression vectors to produce fusion
proteins are commercially available that allow easy
in-frame insertion of a target DNA sequence. Ex-
amples include fusions with maltose binding pro-
tein (di Guan et al., 1988), glutathione S-transferase
(Smith and Johnson, 1988), ketosteroid isomerase
(KSI) (Kuliopulos and Walsh, 1994), and thioredoxin
(LaVallie et al., 1993), etc. However, design of fu-

sion proteins for production of small peptides requires
balancing several aspects. The final yield of purified
peptide depends on the expression level and stability
of the fusion protein, but also on the relative size of
the target peptide to fusion partner. A small molecular
weight of the fusion partner enhances the yield of the
target peptide and is particularly desirable if expen-
sive isotope enriched growth media are used. Fusion
proteins containing multiple repeats of the peptide se-
quence of interest might further increase peptide yield
(Kuliopulos and Walsh, 1994; Jonasson et al., 1998).
Provisions must be made to allow release of the intact
peptide from the fusion protein by either chemical or
enzymatic means. Sequence modifications at the N-
and/or C-termini, resulting from the strategy chosen
to release the target peptide, may affect the properties
of short peptides and should be avoided. The solubil-
ity, localization and purification scheme of the fusion
peptide is often influenced by the properties of the
fusion tag. For production of peptides that are toxic
to the host and for highly hydrophobic peptides like
membrane spanning segments of membrane proteins,
a fusion partner with a bias towards formation of inclu-
sion bodies is desirable. A fusion tag that accumulates
to high levels in the cytoplasm or that directs the fusion
into the periplasmic space might be more appropriate
for production of soluble peptides.

In spite of a wealth of information, expression of
fusion proteins is a complex process and does not al-
ways follow simple predictions. It might be necessary
to test several strategies with different fusion tags in
search for a highly efficient protocol that works for
a given peptide. It is unlikely that a universal fusion
tag and purification strategy will emerge that would
allow production of any given peptide. Instead there
is a strong need for several different systems that can
be tried and perhaps modified in the quest for a suit-
able expression scheme to attain the target peptide of
interest.

Here we describe the highly efficient recombinant
production and purification of isotope labeled soluble
peptides that are expressed as C-terminal fusions to
the immunoglobulin binding domain of streptococcal
protein G (GB1 domain) in E. coli. The peptides were
inserted as gene fusions into the GEV2 vector, a pET
based system originally designed for high yield pro-
duction and rapid NMR characterization of isotope
labeled fusions of the GB1 domain with proteins of
interest (Huth et al., 1997). A specific protease cleav-
age site is introduced immediately prior to the peptide
sequence allowing easy recovery of peptide molecules
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G S I E G R I R E N
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Figure 1. An illustration of the expression vector GEV-S2 contain-
ing the synthetic S2 gene fragment cloned between the BamHI and
Xhol restriction sites of a pET21-based vector GEV2 (Huth et al.,
1997). Amino acid sequence of the linker region and the target S2
peptide are shown and the factor Xa cleavage site is indicated by an
arrow.

exactly matching the desired sequence without any
modifications of the N-terminus.

Materials and methods

Construction of GEV-S2 and GEV-CMPcc expression
vectors

The oligonucleotide coding for a factor Xa (Fxa)
cleavage site immediately followed by the S2 pep-
tide and a stop codon and the complementary strands
were synthesized and purified (Midland Certified
Reagent Co., Midland, TX). The nucleotide se-
quence was biased for optimal codon usage in E. coli
(www.kazusa.or.jp/codon). The oligonucleotides were
designed to provide 5 BamHI and 3’ Xhol cohesive
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Figure 2. Steps in the purification of the S2 peptide analyzed by
20% SDS-PAGE. Lane 1, protein standard Mark 12 (Novex, Carls-
bad, CA); lanes 2 to 4, supernatant of the cell lysate of E. coli BL21
transformed with GEV-S2 plasmid harvested prior to induction (lane
2) and 3 hours post-induction (lanes 3 and 4); lane 5, GB1-S2 fusion
protein after size-exclusion chromatography; lane 6, Fxa digest of
GB1-S2 fusion protein (note that only the GB1 domain containing
the linker region is visible).

ends for cloning into the GEV2 vector (Figure 1)
(Huth et al., 1997). 2.4 nmol of each oligonucleotide
were annealed in 40 pl of buffer (10 mM Tris-HCI,
pH 7.5, 0.1 mM EDTA) at 95 °C for 5 min followed
by cooling to 25 °C over 55 min prior to ligation to the
vector.

The gene coding for the 43 residue CMPcc (Ar-
graves et al., 1987), a stop codon, and four non-native
residues (GSHM) flanking the N-terminus of CM-
Pcc was PCR amplified from a previously engineered
vector (Wiltscheck et al., 1997). The primers were de-
signed to provide a 5 BamHI site followed by a Fxa
cleavage site and a 3’ Xhol site in the CMPcc insert for
cloning into the GEV2 vector (Huth et al. 1997).

Expression and purification of labeled fusion proteins

E. coli BL21-Gold (DE3) (Stratagene, La Jolla, CA)
were transformed with the GEV-S2 plasmid. Cells
were grown in a modified minimal medium for uni-
form N and/or 13C labeling with '’NH4Cl and/or
[13Ce] glucose as the sole nitrogen and carbon sources,
respectively. The medium contained 1.2 g 17! NH4Cl,
0.5% glucose, 0.02% yeast extract, 100 mg 17! car-
benicillin, 0.1 mg 1~! biotin, 2 mg 1~! thiamin, 2 mM
MgSOy4, 0.1 mM CaCl,, and 1 ml trace elements per
liter. 100 ml of trace elements solution contained per
liter 600 mg CaCl, - 2H,0; 600 mg FeSO4 - 7TH,0;
500 mg EDTA; 115 mg MnCl; - 4H,0; 80 mg CoCl, -
6H>0; 70 mg ZnSO4 - 7TH70; 30 mg CuCl;, - 2H,0;
25 mg (NH4)6Mo07024 - 4H>0; and 2 mg H3BO3.
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Cells were grown in 50 ml of medium at 37 °C
overnight. Cultures were diluted 20 fold with medium
and grown to late exponential phase at 37 °C. Expres-
sion was induced at ODggp = 0.7 with 2 mM isopropyl
B-thiogalactosidase (IPTG) for 3 h. Cells were har-
vested by centrifugation at 6000 x g for 20 min at 4 °C.
Pelleted cells were kept at —70 °C for at least 1 h,
thawed and resuspended in 1 x PBS, and then heated
for 5 min at 80 °C. The cell suspension was chilled on
ice for 10 min and spun at 20000 x g for 30 min at4 °C.
The supernatant containing the fusion protein was
extensively dialyzed against deionized water using a
3000 MWCO Slide-A-Lyzer cassette (Pierce, Rock-
ford, IL), filtered (0.22 wm), and concentrated using
Centriprep YM-3 concentrators (Millipore, Bedford,
MA).

The GB1-S2 fusion protein was purified by size-
exclusion chromatography on a Superdex-75 column
(2.6 x 60 cm; Amersham Biosciences, Piscataway, NJ)
in Factor Xa buffer (20 mm Tris-HCI, pH 8, 100 mM
NaCl without 2 mM CaCl,). Peak fractions of the fu-
sion protein were pooled and concentrated to about
20 mg protein per ml using Centriprep YM-3 devices.
An apparent molecular weight of about 6 kDa was es-
timated for the GB1-S2 fusion protein by SDS-PAGE
(Figure 2). However, electrospray mass spectrometry
(ESMS) confirmed the expected molecular weight of
8990 g mol~! of the doubly labeled fusion protein.

CMPcc was expressed in E. coli BL21(DE3) (No-
vagen, Madison, WI). Cells were grown in 1 1 of
M9 medium adapted for growth in deuterium oxide
(>97% 2H) (Vanatalu et al., 1993). Fed-batch fer-
mentation was performed in a 2.5-1 bioreactor (Infors,
Basel, Switzerland) equipped with on-line measure-
ment of oxygen. Total consumption of 13C — glucose
and NH4CI per liter of fermentation medium was
3.75 g and 1.5 g, respectively. Gene expression was
induced at ODgop = 2.4 with 1.5 mM IPTG for 4 h
(final ODggpg = 3.8).

The GB1-CMPcc fusion was isolated by affinity
chromatography at room temperature using a 20 ml
column packed with IgG Sepharose 6 Fast Flow
(Amersham Biosciences, Piscataway, NJ) following
an established protocol for isolation of GB1 fusions
(Huth et al., 1997). Fractions containing the fusion
protein were pooled, lyophilized, and resuspended in
Factor Xa buffer containing 2 mM CaCl,.

Enzymatic digestion and peptide purification

The fusion protein was subjected to Factor Xa cleav-
age (New England Biolabs, Beverly, MA) at 20 °C
using a protein: enzyme weight ratio of 1000:1. The
digest was stopped after 16 h by freezing the sample
at —20 °C.

The cleaved S2 peptide was separated from the
GB1 domain, monitored at 215 nm, on a Superdex
30 column (2.6 x 60 cm; Amersham Biosciences,
Piscataway, NJ) in 20 mM sodium phosphate buffer,
pH 6.7, 0.020 mM EDTA, and 0.01% NaNj3. S2 pep-
tide containing fractions were pooled and concentrated
to about 3 mg ml~! by lyophilization. The peptide
was desalted by applying the sample on the same
Superdex 30 column equilibrated in deionized wa-
ter. The pure S2 peptide was lyophilized. The final
yield was ~ 15 mg U-13C, N labeled S2 peptide
per liter of minimal medium. ESMS confirmed the
expected molecular weight of 1362 g mol™! of the
doubly labeled peptide.

Following enzymatic cleavage, CMPcc was re-
duced with 300 mM DTT for 30 minutes at 80 °C
and centrifuged for 10 min at 5000 x g at 22 °C.
The supernatant was adjusted between pH 4 to 5 with
10% trifluoroacetic acid (TFA) and applied to a Vy-
dac C4 reverse-phase HPLC column (2.2 x 25 cm;
GraceVydac, Hesperia, CA). Protein was eluted with
a linear acetonitrile gradient (0 to 90%) in water con-
taining 0.1% TFA. The fraction with reduced CMPcc
was lyophilized and resuspended in 50 mM Tris-HCI
buffer, pH 8.0, and 0.5 M NaCl. Oxidation with a
glutathione redox system (5 mM oxidized and 2 mM
reduced glutathione) for 5 days resulted in trimeric
CMPcc. The buffer was exchanged to 100 mM Tris-
HCI, pH 7.1 and 150 mM NaCl and the protein was
concentrated using Centricon YM-3 devices. The fi-
nal yield was ~ 48 mg CMPcc peptide per liter of
deuterated M9 medium. Note that the target peptide
in this instance contains four additional residues at
the N-terminus that are not part of the natural CMPcc
sequence, nevertheless we refer to this 47 residue pep-
tide as CMPcc. These four non-native residues were
added to create a peptide that exactly matches the se-
quence of the 47 residue CMPcc peptide used in a
previous NMR study (Wiltscheck et al., 1997).

NMR characterization

Two-dimensional NMR spectra on S2 and CMPcc
were acquired on Bruker DMX600 and DRX800 spec-
trometers, respectively, using actively shielded x,
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Figure 4. Two-dimensional Ig-13¢ projection of a HNCO-TROSY
spectrum of oxidized trimeric CMPcc (highly deuterated, u-Bc,
15N) recorded at 800 MHz 'H frequency at 50 °C. HV (i)-C’(i—1)
correlations are labeled for 37 of the 46 non-proline residues of
CMPcc. The residues of the N-terminal tag (GSHM) and residues
1 to 3, 7 and 8 of the native CMPcc sequence are not observed due
to fast solvent exchange of the amide protons and/or high mobility
of the N-terminus of the peptide.
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y, z gradient triple resonance probes. Spectra were
processed with the NmrPipe software package (De-
laglio et al., 1995).

U-13C, N labeled S2 peptide (2.5 mM) was
studied in 10 mM Hepes, 20 mM KCl buffer (90%
H,0/10% D,0) at pH 6.6 and T = 20 °C (Fig-
ure 3). A 'H-13C CT-HSQC (Santoro and King, 1992;
Vuister and Bax, 1992) without proton decoupling in
the t; dimension was recorded with 106 x 512 com-
plex data points, and total acquisition times of 28 ms
(t1) and 68 ms (tp). Quadrature in the t; dimension
was achieved using the Rance-Kay recipe (Kay et al.,
1992). Apodization was performed with 63°-shifted
sine bell (t;) and squared sine bell (t;) window func-
tions. The data matrix was zero-filled to 512 x 2, 048
points and Fourier transformed. A 'H-'SN HSQC
without proton decoupling in the t; dimension was
recorded with 65 x 1, 024 complex data points, result-
ing in total acquisition times of 120 ms (t;) and 114 ms
(t2). Quadrature in the t; dimension was achieved in
the States-TPPI manner. Data were apodized with 72°-
shifted sine bell (t;) and squared sine bell (t;) window
functions, prior to zero filling (256 x 2, 048 points)
and Fourier transformation.

Trimeric, highly deuterated U-'3C, N labeled
CMPcc (1.5 mM) was studied in 100 mM Tris-HCI,
150 mM NacCl buffer (90% H,0/10% D,0) at pH 7.1
and T = 50 °C (Figure 4). A two-dimensional 'H-
13C HNCO-TROSY (Pervushin et al., 1997; Yang and
Kay, 1999) was recorded with 35 x 1, 024 complex
data points, with acquisition times of 23.8 ms (t;) and
85 ms (t2). Quadrature in the indirect dimension was
achieved in the States manner. Data were apodized
with 75°-shifted sine bell (t;) and squared sine bell
(tp) window functions and zero filled to 128 x 2, 048
points.

Results and discussion

Genetically engineered gene fusions coding for short
soluble target peptides linked to the GB1 domain of
streptococcal protein G enable extraordinarily effi-
cient, time- and cost-effective recombinant production
of a wide variety of isotopically labeled peptides for
NMR studies. Six different soluble peptides have been
produced as fusions with the GB1 domain in our lab-
oratories. This manuscript describes plasmid design
and purification of the S2 and CMPcc peptides. One
of the other four water-soluble peptides produced by
following closely the same strategy is a 22-mer pep-
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tide that corresponds to the 20 N-terminal residues of
RNAse A flanked by an N-terminal Gly-Ser dipep-
tide, termed S-peptide. Recombinant production of the
GB1-S-peptide fusion protein resulted in about tenfold
higher yield of S-peptide (22 mg per liter of minimal
medium) as compared to a previously reported system,
where the S-peptide was expressed as part of a fusion
with a 6 kDa carrier protein in E. coli (Alexandrescu
et al., 1998). The remaining three peptides represent
31, 33 and 37 residue-long overlapping fragments of
the extracellular domain of the CD4 glycoprotein of
human T cells. The final yield of CD4 peptides was
about 4 mg per liter of complex medium, ~ 3- and
11-fold less than that obtained for the S2 and CMPcc
peptides, respectively. Most likely, the 3-fold lower
glucose concentration used in the medium for the ex-
pression of the GB1-CD4 fusions contributes in part
to the lower yields (M. Rogowski and S. Grzesiek,
unpublished result).

Peptides containing about fifty residues or more
are often sufficiently resistant against proteolytic
degradation in the host cell and allow direct expres-
sion in E. coli. However, even production of such
peptides as part of a fusion protein with GB1 can sig-
nificantly increase the yield of peptide. For example,
the amount of the 47 residue peptide CMPcc obtained
per liter of growth medium is roughly threefold higher
if peptide production is based on expression of the
GEV-CMPcc vector as described in this manuscript in
comparison to direct expression of CMPcc using the
pET-15b based vector described by Wiltscheck et al.
(1997) (M. Rogowski, unpublished data).

The GB1 domain of streptococcal protein G ex-
hibits an extraordinary stable three-dimensional struc-
ture and an extreme thermal stability with a melting
temperature of 87 °C (Gronenborn et al., 1991). GB1
on its own expresses at very high levels in E. coli
and nearly the same level of expression and accumu-
lation pattern during induction is observed for several
other GB1 fusions, where GBI is linked to proteins
of moderate size (Huth et al., 1997). Similarly, high
level expression of GB1 fusions with short peptides
is observed under conditions originally optimized for
expression of GB1. The three-dimensional structure of
GBI is largely preserved when fused to small target
proteins as indicated by similar chemical shift values
(Huth et al., 1997). We speculate that the extremely
stable fold of the GB1 domain may in part play a
role in the stability of the soluble target peptides when
fused to the GB1 domain. However, to our knowledge
the exact mechanism by which the target peptide is

protected from degradation in the host cell remains
unknown.

Factor Xa protease, based on its specificity and
the design of the fusion protein, is one among a few
proteases that permits the release of the target protein
without additional N-terminal residues. This method
of releasing the target polypeptide using Fxa together
with the high-level expression as a GB1 fusion protein
nearly constitutes a perfect system for rapid produc-
tion of unlabeled and isotope labeled soluble peptides.
Fxa is known to hydrolyze the peptide bond following
the tetrapeptide sequence Ile-Glu-Gly-Arg (Nagai and
Thogersen, 1987). Cleavage of the GB1-peptide fu-
sions presented here with commercially available Fxa
proved to be very efficient even at a protein to enzyme
weight ratio of 1000:1, well below the manufacturer’s
recommendation. Digests were basically complete af-
ter 4 hours. Apparently, the cleavage site on the folded
fusion protein is readily accessible for the enzyme.
However, despite the high specificity of Fxa, the
enzyme does occasionally attack secondary cleavage
sites (Nagai and Thogersen, 1987). A much-reduced
rate of cleavage was observed after the sequence IIGR
(residues 84—87 of the mature HIV-1 protease; J.M.
Louis, unpublished data) and after RSGR and IDGR
sequences within the Rep catalytic domain of TYLC
(Campos-Olivas et al., 2002). Thus, caution should
be exerted when the target peptide or protein also
bears the dipeptide sequence GR. Enterokinase with
a specificity Asp-Asp-Asp-Asp-Leu, where the cleav-
age occurs after the C-terminal Leu residue is a good
alternative to Fxa in such cases.

Two alternative protocols are available for easy
purification of the fusion protein, using either IgG
affinity or size exclusion chromatography. Both meth-
ods allow close to 100% recovery of the fusion protein
in a simple one-step procedure. Another advantage of
GB1-peptide fusions is the moderately small size of
the GB1-domain and linker region (total of 66 amino
acids) resulting in significantly higher yields of the
target peptide. This point becomes particularly impor-
tant if bacteria are grown in expensive isotope labeled
substrates.

The obvious advantages of short peptides uni-
formly or selectively labeled with NMR active iso-
topes in many biomolecular NMR applications has
triggered an intensive search for cost-effective and
practical strategies to produce such peptides in mil-
ligram amounts. Over the last few years several fusion
protein based strategies have been proposed. Soluble
peptides have been obtained from fusion proteins that
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accumulate in the cytoplasm (Ottleben et al., 1997;
Jonasson et al., 1998; Alexandrescu et al., 1998;
Williamson et al., 2000), in the periplasmic space (Ue-
gaki et al., 1996; Tripet et al., 1996), or in inclusion
bodies (Kuliopulos and Walsh, 1994).

In the case of membrane spanning peptides or pep-
tides that are toxic to the host, fusion partners that tend
to direct the fusion protein into inclusion bodies seem
to be the preferred choice (Jones et al., 2000; Majerle
et al., 2000; Opella et al., 2001). Proteins in inclusion
bodies are largely protected from degradation by cel-
lular proteases. Protein recovery and purification are
possible under denaturing conditions either using high
concentrations of guanidine hydrochloride or urea. In
some cases it may still be possible to isolate the target
peptide by exchanging the protein, subsequent to its
initial purification under denaturing conditions, into a
suitable buffer at a low protein concentrations for pro-
tease cleavage. On the other hand, chemical cleavage
with cyanogen bromide, frequently used for release of
target peptide after solubilization of inclusion bodies,
indiscriminately severs all methionyl peptide bonds
in the fusion protein and converts the methionines
at the C-termini of the resulting fragments into ho-
moserine (lactone) (Gross, 1967). Depending on the
design of the fusion protein this might add an un-
natural homoserine (lactone) at the C-terminus of the
target peptide.

Strategies for the expression of small peptides
differ greatly with respect to the carrier protein, accu-
mulation site, cleavage strategy, and most importantly
yield of purified peptide per liter of medium. Ta-
ble 1 summarizes published fusion strategies used for
recombinant production of peptides smaller than 50
residues in length in E. coli. The GB1 domain is one of
the smallest carrier proteins producing a high peptide
yield. For soluble peptides, the cloning, expression
and purification steps using the GB1 fusion system
prove to be one of the simplest procedures available.
Fusion proteins containing repeats of the target pep-
tide are expected to give a higher yield than the GB1
fusion system. However, such systems involve a more
complex purification scheme and the resulting pep-
tides carry some modifications (Kuliopulos and Walsh,
1994; Jonasson et al., 1998). For hydrophobic pep-
tides, the GB1 fusion strategy may not be the system
of choice. For example, a gene fusion encoding GB1
linked to a hydrophobic peptide corresponding to the
M2 proton channel of the influenza A virus (Lamb
et al.,, 1985) failed to give significant expression as
compared to a fusion with the KSI domain (J.J. Chou

and J.M. Louis, unpublished result). The somewhat
lower yield for the three water-soluble CD4 peptides
also indicates that the expression level of GB1-peptide
fusions depends on the sequence composition of the
target peptide. The strategies listed in Table 1 may help
to choose an appropriate system for the production of
a given target peptide or to inspire newer methods.
The extremely slow rotational diffusion of mem-
branous particles prohibits direct characterization of
membrane proteins by liquid state NMR. However, the
bound structure of a ligand that interacts only tran-
siently with a membrane protein can be obtained from
high resolution NMR experiments on the free form of
the ligand. For example, residual dipolar couplings
can be used to characterize the membrane protein
bound ligand (Koenig et al., 2002; Koenig, 2002).
In case of small peptides moving freely in solution,
internuclear dipolar couplings average to zero due to
fast isotropic rotational diffusion. Transient binding
of a peptide to a practically immobilized membrane
protein that is aligned with respect to the magnetic
field can transfer a small degree of alignment to the
peptide (Koenig et al., 2000). In a partially aligned
peptide, dipolar couplings between pairs of nuclei
no longer average to zero. Most importantly, these
residual dipolar couplings carry precise information
on the structure and orientation of the bound ligand.
Provided the peptide alignment is sufficiently weak,
the high-resolution character of the NMR spectrum
is preserved and the largest, i.e., mainly one-bond,
dipolar couplings can be measured as changes of the
corresponding J splittings (Tjandra and Bax, 1997,
Tjandra et al., 1997). Use of residual dipolar couplings
in molecular dynamics based calculation of peptide
structure is feasible only, if a large number of dipo-
lar couplings is available. Uniform labeling of the
peptide with 13C and PN is a key requirement for
rapid detection of a sufficiently large set of one-bond
heteronuclear '3C-"H and '>N-'H dipolar couplings.
In case of the short S2 peptide, heteronuclear 'J
splittings are conveniently extracted from the vertical
traces of two-dimensional 'H coupled HSQC spectra.
All expected 'H-13C correlations were identified in the
TH-13C CT-HSQC spectrum of the U-13C, 1N doubly
labeled S2 peptide. Peaks were assigned based on pre-
viously determined proton chemical shifts (deposited
at the BMRB database, accession code 5376). Isotope
labeling with '3C allows recording of the complete
CT-HSQC with two scans in as little as 9 min. The Ca-
Ha region is presented in Figure 3A and shows only
very little peak overlap. 'H-'SN correlations of nine



backbone amides and of the side chain NH, of Asn4
are observed in the 'H-'SN HSQC of isotope labeled
S2 peptide in Figure 3B. The backbone amine protons
of Ilel and the backbone amide proton of Arg2 are
not detected due to fast chemical exchange with the
solvent.

The spectra of free S2 peptide shown in Figure 3
were recorded prior to photo activation of the peptide-
binding meta II state of rhodopsin. Light exposure of
rhodopsin results in distinct changes of the 'J split-
tings and allows to extract a total of 38 residual dipolar
couplings which characterize the rhodopsin bound S2
peptide (Koenig et al., 2002).

Availability of partially deuterated U-'3C, 1N Ia-
beled biomolecules (Gardner and Kay, 1998) as well
as a new class of multidimensional NMR experiments
that are based on transverse relaxation optimized spec-
troscopy (TROSY) (Pervushin et al., 1997) have sig-
nificantly increased the size of proteins and protein
complexes amenable to solution NMR (Kay, 2001).
Triply labeled peptides are needed to take full advan-
tage of the TROSY methodology for investigation of
small peptides in the context of noncovalently bound
large complexes. As demonstrated here for CMPcc,
a fusion of a small soluble peptide with GBI is an
attractive system for efficient recombinant production
of such triply labeled peptides. A two-dimensional
'H-13C HNCO-TROSY of trimeric CMPcc is shown
in Figure 4. High mobility of the N-terminus of the
peptide is reflected by the absence of HY (i)-C'(i—1)
correlations for several N-terminal residues in agree-
ment with previous NMR experiments on CMPcc
(Wiltscheck et al., 1997).

Conclusions

GB1-peptide fusions allow efficient recombinant pro-
duction of small soluble peptides in E. coli. A sim-
ple purification scheme involving a specific protease
cleavage step to yield a high amount of the target pep-
tide characterizes the system. Finally, GBI1-peptide
fusions provide an affordable way to make isotope
labeled peptide for NMR studies.
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