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Abstract

The production of bioactive peptides and small protein fragments is commonly achieved via solid-phase chemical
synthesis. However, such techniques become unviable and prohibitively expensive when the peptides are large
(e.g., >30 amino acids) or when isotope labeling is required for NMR studies. Expression and purification of
large quantities of unfolded peptides in E. coli have also proved to be difficult even when the desired peptides are
carried by fusion proteins such as GST. We have developed a peptide expression system that utilizes a novel fusion
protein (SFC120) which is highly expressed and directs the peptides to inclusion bodies, thereby minimizing in-cell
proteolysis whilst maintaining high yields of peptide expression. The expressed peptides can be liberated from the
carrier protein by CNBr cleavage at engineered methionine sites or through proteolysis by specific proteases for
peptides containing methionine residues. In the present systems, we use CNBr, due to the absence of methionine
residues in the target peptides, although other cleavage sites can be easily inserted. We report the production of
six unfolded protein fragments of different composition and lengths (19 to 48 residues) derived from the virulent
effector kinases, Cla4 and Ste20 of Candida albicans. All six peptides were produced with high yields of purified
material (30—40 mg/l in LB, 15-20 mg/l in M9 medium), pointing to the general applicability of this expression
system for peptide production. The enrichment of these peptides with N, N/!3C and even ’N/!3C/?H isotopes
is presented allowing speedy assignment of poorly-resolved resonances of flexible peptides.

Abbreviations: CNBr — cyanogen bromide; NMR — nuclear magnetic resonance; NOE — nuclear Overhauser effect;
RP-HPLC - reversed-phase high pressure liquid chromatography; GST — glutathione-S-transferase; Ni-NTA —
nickel nitrilotriacetic acid; PCR — polymerase chain reaction; CRIB — Cdc42/Rac - Interactive Binding; mCRIB —
minimal CRIB motif; cCRIB — peptide sequence comprising the C-terminal extension to the CRIB motif; eCRIB
— a peptide comprising the mCRIB and cCRIB sequences; OD — optical density; E. coli — Escherichia coli.

Introduction in translation (Gong and Yanofsky, 2002) and other

important biological processes such as controlling en-

Peptides constitute a group of biomolecules for which
there is an increasing demand in many fields of biolog-
ical, medical and pharmaceutical research. Peptides
are products of protein splicing but also have roles
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zymatic activity (Fox et al., 1992). Peptides have been
implicated in a variety of diseases, including (among
others): diabetes (Tyrberg and Levine, 2001), neu-
rodisorders (Jacobsen, 2002), asthma (Bolin et al.,
1995), renal disease (Meyer et al., 1998), certain can-
cers (Disis et al., 2001) and heart failure (Nathisuwan
and Talbert, 2002). Interest in pharmaceutical peptides
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has been longstanding, insulin being an obvious ex-
ample, but problems with production, administration
and bioavailability has precluded major advances in
the past. Recent developments, particularly in per-
oral delivery (Sood and Panchagnula, 2001) and un-
derstanding of endothelial, epilethlial and enzymatic
interference, have stimulated a new model of clini-
cal treatment, termed ‘biotherapy’, based on synthetic
peptides and their involvement in biological events
(Lauta, 2000).

The increasing popularity of large-scale genomic
and proteomic programs is further likely to increase
the demand for peptides in target validation. Peptides
are very useful tools for investigating protein-protein
interactions. Indeed, the bound conformations of pep-
tides in complex with target proteins are commonly
used as templates for drug discovery (Mazitschek
et al., 2002). In addition there is increasing evidence
for the existence of peptide-like, or naturally unfolded,
proteins which are encoded by the genomes and en-
dowed with critical functional activities (Wright and
Dyson, 1999; Uversky, 2002; Dunker et al., 2002).

Given the increasing demand for peptides in phar-
maceutical and biotechnology research, it is somewhat
surprising that the main source of peptides still comes
from synthetic techniques. Although solid-phase syn-
thesis can produce good yields of peptides, the cost
of synthetic peptides becomes unviable and/or pro-
hibitively high when the desired peptide is greater than
30 residues. Moreover, uniform isotopic enrichment
with PN/13C or 2H for NMR studies is practically
impossible for larger peptide fragments by solid state
synthesis. Majerle et al. (2000) have demonstrated that
isotope-labeled peptides could be prepared based on
an expression system first described by Kuliopulos et
al. (1994) using a fusion-protein system together with
CNBr cleavage for peptide release. It was shown that
recombinant peptide production had potentially many
advantages over the solid-phase method of peptide
synthesis, especially for isotope-labeled peptides of 10
residues in size. However, there is still the question of
expression yields and whether the available method is
suitable for the production of peptides of larger sizes.

A number of other publications have reported alter-
native peptide expression systems and described their
utility for the production of one or two specific pep-
tides (Kuliopulos et al., 1994; Baker et al., 1996;
Campbell et al., 1997; Kohno et al., 1998; Jones et al.,
2000; Fairlie et al., 2002; Sharon et al., 2002; Lind-
hout et al., 2002; Sprules et al., 2003). In general, the
target peptides are fused to a highly expressed carrier

protein in order to overcome the problem of low yields
of peptide production. In some cases a carrier protein
with low solubility has been exploited to direct the
peptide to the inclusion bodies, thereby minimizing
proteolysis and simplifying purification (Kuliopulos
et al., 1994, 1998; Majerle et al., 2000; Jones et al.,
2000). In this paper, we report the use of a novel
carrier protein derived from the N-terminal oligonu-
cleotide binding domain of S. nuclease for peptide
expression. This protein domain is small with 120
residues and is highly expressed into the inclusion
bodies. We show that this new expression system gen-
erates superior or at least similar yields of purified
peptides for a variety of peptide sequences of differ-
ing lengths and amino acid compositions (Figure 1).
In particular, the high yields of peptide production
allowed isotopic enrichment, including triple-labeling
with 1N/13C/2H, of the targeted peptides needed for
the study of peptide-protein complexes by use of NMR
spectroscopy.

Methods

Construction of the fusion protein expression vector

A small fusion sequence, termed SFC120, was used
as the carrier protein to express the six CRIB peptides
summarized in Figure 1. SFC120 was adopted from
the N-terminal oligonucleotide binding domain of S.
nuclease which comprises 120 residues. The cDNA
was amplified by standard PCR methods while the re-
striction enzyme site of Nco I was generated in the
5’-end and the two restriction enzyme sites of EcoR
I and BamH I were generated in the 3’-end. The PCR
product was double-digested by Nco I and BamH I and
ligated into the pET15M vector, which was modified
from the pET-15b vector (Novagen) by removing the
EcoR I site. The constructed fusion protein expression
vector was defined as pTSN-6A (Figure 2).

The DNA fragments encoding the CRIB peptides
from Cla4 and Ste20 were amplified from a cDNA li-
brary by PCR or synthesized as oligonucleotides using
the codon preference of E. coli. The DNA fragments
were digested with EcoR I and BamH I, and subcloned
into the pTSN-6A vector. The expression constructs
were transformed into the BL21(DE3) expression host
and confirmed by DNA sequencing. A single methio-
nine residue was inserted between the SFC120 fusion
protein and the desired peptide sequence to facilitate
release of the peptides by CNBr cleavage. A His-tag
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Figure 1. Summary of the CRIB peptide fragments of the Candida Ste20 and Cla4 proteins chosen for expression. The ‘extended’ CRIBs, eCla4
and eSte20 comprise 48 and 44 residues, respectively. The minimal CRIB fragments, mCla4 and mSte20, comprise 21 residues and contain the
CRIB consensus sequence (highlighted). The C-terminal CRIB fragments (cCla4 and cSte20) are derived from the sequence segments to the

C-terminus of the consensus CRIB motif.

with six histidines can be placed at the N-terminus of
SFC120 to simplify purification of the fusion protein
by adsorption onto a Ni-NTA agarose column (QIA-
GEN). In the present case, the His-tag SFC120 vector
was used to express the eCRIB fragments (eSte20 and
eCla4). The generic non-His-tag SFC120 was used
to express the mCRIB and cCRIB fragments (mCla4,
mSte20, cCla4, and cSte20).

Expression of isotopically enriched fusion
protein-CRIB fragments in E. coli: >N and 3C/N
CRIB peptides

Expression of the peptide fragments was achieved by
transformation of the appropriate plasmid into E. coli
BL21(DE3) competent cells. An overnight culture
grown in 2YT containing 100 pg/ml ampicillin (25
ml) was used to inoculate 1 1 of M9 minimal media
(100 wg/ml ampicillin) supplemented with BME vi-
tamins solution (10 ml/l of 100x stock — SIGMA).
I5N-labeled peptides (mCla4, mSte20, cCla4, cSte20,
eSte20, eCla4) were expressed using 15(NH4)ZSO4
(2 g/1) as the sole nitrogen source. Uniformly labeled
ISN/13C eSte20 was expressed using 'S(NHy),SO04
(2 g/1) and '3Cq glucose (2 g/l) as the sole nitrogen
and carbon sources in the M9 media, respectively.
The cells were grown at 37 °C to a cell density of
ODgpop = 0.8 and induced by adding IPTG to a fi-
nal concentration of 1 mM. The cells were incubated
for 4-12 h at 37°C and collected by centrifugation
(8000 rpm for 20 min).

Expression of *H/" N/'3C-labeled eCla4

A uniformly N/13C enriched eCRIB peptide from
Cla4 (Figure 1) was obtained with 70% random frac-
tional deuteration by growing the cells in 99.9% D,0O
on minimal medium (with BME vitamins and ampi-

cillin) containing 2 g/ ('>’NH4)2S04 and 2 g/l 3Cg
glucose as the sole sources of nitrogen and carbon.
Prior to growth on this medium the cells were adapted
to 2H in the following manner (100 pwg/ml ampicillin
was used throughout and all minimal media solutions
contained (ISNH4)2SO4, B glucose and BME vita-
mins). First a colony was picked from a LB plate and
grown in 3 ml of LB for 3 h or until ODggp = 0.5. A
50 pl aliquot was transferred to 3 ml of minimal media
in 100% H,0 and grown at 37 °C until ODgpp = 0.5,
when another 50 pl aliquot was transferred to a 3 ml
culture of 50% DO minimal media. After growth at
37 °C to ODgpp = 0.5, a 200 pl aliquot was used
to inoculate 25 ml of 99.9% D,O at 37 °C. At an
ODgop = 0.5 this 25 ml solution was used to inocu-
late 1 1 of minimal media in 99.9% D,0O, which was
then induced with 1 mM IPTG at ODggg = 0.7 and
harvested after 12-16 h growth at 37 °C by centrifu-
gation. A summary of the purification protocols for the
peptides are summarized in Figure 3 and described in
detail in the following sections.

Purification of non His-tag fusion peptides: mCRIB
and cCRIB peptides

Thawed cell pellets were resuspended in 6 M urea in
20 mM Tris, 100 mM NacCl buffer, pH 8.0 for 4 h and
then sonicated for 45 s on ice. The solution was then
centrifuged at 7 K rpm for 20 min. An equivolume of
100% cold ethanol was added to the supernatant and
the solution allowed to stand at 4 °C for at least 2 h.
After centrifugation, the pellet containing precipitated
DNA and large proteins was discarded and another
equivolume of cold ethanol was added to the collected
supernatant and allowed to stand overnight. The so-
Iution was centrifuged at 8,500 rpm and the pellet
containing the relatively pure fusion-peptide fragment
subjected to SDS-PAGE analysis. If necessary the pel-
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Figure 2. The Construction of the expression vector (pTSN-6A) for expression of the CRIB peptides. One unique protein domain, SFC120, was
used as the carrier protein. P denotes the promoter, either 77 or Tac. His-tag with six histidines can be placed at either N-terminal or C-terminal

side of the SFC120 carrier protein to simplify the purification step.

let was resuspended in 6 M urea and applied to a
Sep-Pak column (Waters) to remove any impurities.
The fusion protein was then lyophilized.

Purification of His-tag fusion peptides: eCRiBs

Cell pellets were resuspended in 6 M urea in Tris-
HCL buffer at pH 8.0 by gentle shaking for ~ 4 h
and briefly sonicated on ice. After centrifugation at
7 K rpm for 20 min the supernatant was applied to a
Ni-NTA agarose column (QIAGEN) previously equi-
librated with the lysis buffer. The column was then
washed with ~ 20 column volumes of 6 M urea in
Tris buffer at pH 6.3 to eliminate non-specific binding
to the column. The His-tagged fusion protein was then
eluted with 6 M urea in 20 mM Tris buffer at pH 4.5.
The solubilized fusion protein was then lyophilized to
dryness.

Peptide cleavage and Reversed-Phase HPLC
purification

CNBr cleavage was used to release the target peptide
from the fusion protein. The fusion protein was dis-
solved in 70% TFA and CNBr added to a final molar

ratio of 100:1 and the solution allowed to stand for ~
24 h. The samples were then diluted with water (x 10)
and lyophilized to dryness and purified by RP-HPLC
on a C18 column using an acetonitrile-water gradient
containing 0.1% TFA. The peptides were lyophilized
and confirmed by electrospray mass spectrometry.

NMR sample preparation

Free peptides were prepared for NMR by resus-
pending the lyophilized peptides into the appropri-
ate NMR buffer (50 mM Phosphate, 50 mM NaCl,
5 mM MgCl,, 0.02% NaNs, pH 6.0, 95% H20/5%
D,0). Typical concentrations of the NMR samples
was 1.2 mM.

The complex of unlabelled Cdc42 with 2H/'3C/19N-
eCla4 or ’N-eSte20 was formed by adding a slight
excess of Cdc42 (activated with the GTP analogue
GMPPCP) to the labeled peptide in ~ 10 ml of NMR
buffer (details of the Cdc4?2 purification and activation
will be published elsewhere). After 3 h incubation, the
complex was concentrated to ~ 400 nl with a YM-10
centricon. The final concentration of the peptides in
complex with Cdc42 was ~ 0.7 mM.



NMR measurements

NMR spectra were recorded at 25 °C on a Bruker
DRX 500 spectrometer equipped with a triple reso-
nance probe and triple axis pulsed field gradients. 'H-
I5N heteronuclear single quantum coherence (HSQC)
spectra (Bodenhausen and Ruben, 1980) were ac-
quired with States-TPPI to achieve quadrature detec-
tion in the indirect dimension (Marion et al., 1989).
Coherence selection was achieved using pulsed field
gradients (Muhandiram and Bax, 1994). A flip back
pulse and coherence selection was used to minimize
the water signal (Grzesiek and Bax, 1993). Sweep
widths and t; increments varied depending on the
peptide. However, resolution in the indirect dimen-
sion was typically 10 Hz/point prior to processing.
Typically 4-8 scans were acquired per t; increment.
Data sets were zero-filled once in each dimension and
apodized with a 90 ° shifted sine-squared function. 'H
chemical shifts were referenced to external DSS and
the 1N shifts referenced indirectly.

Results and discussion

Choice of peptides and strategy

Figure 1 summarizes the fragments of the Ste20 and
Cla4 proteins chosen for expression based on in-
teractions with Cdc42 reported for highly homolo-
gous kinase-Cdc42 interactions in humans (Thompson
et al.,, 1998; Zhang et al., 1997; Zhao et al., 1998;
Stevens et al., 1999). The peptide sequences termed as
the extended-CRIB fragments (eCla4 and eSte20, Fig-
ure 1), which comprise the CRIB motif and residues
to its C-terminus, exhibit similar affinity for Cdc42
compared to the full-length kinases. The high-affinity
e CRIB fragments were then separated into two frag-
ments, comprising the minimal CRIB motif (mCla4
and mSte20) and the C-terminal fragments (cCla4 and
cSte20). In total, six target peptide sequences were
chosen for expression and purification using the new
expression system: eSte20, mSte20, cSte20, eCla4,
mCla4 and cCla4 (Figure 1).

Our previous attempts to express and isotopically
enrich recombinant eCRIB fragments from Ste20 and
Cla4 had limited success. Expression as a His-tag
was unsuccessful, presumably due to in-cell proteol-
ysis. Using a GST-fusion protein, as reported by other
groups for human eCRIB peptides (Abdul-Manan
et al., 1999; Mott et al., 1999; Morreale et al., 2000;
Gizachew et al., 2000) was unsuccessful except for the
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Figure 3. Summary of the purification protocols for the SFC-fusion
protein and the CRIB fragments.

eCla4 fragment; but even in this case the yield was
poor such that isotopic enrichment was viable only
using the isotope-labeled rich media, e.g., BIOexpress
(CIL) or Celtone (Martek). Since we wanted to study
a large number of small CRIB peptides by heteronul-
cear NMR, the use of such media is prohibitively
expensive. To overcome the poor peptide expression, a
problem commonly encountered in recombinant pep-
tide production, we used an insoluble fusion protein
that is expressed in high yields in E. coli but is directed
to the inclusion bodies, thereby minimizing protease
degradation in the cell whilst maintaining high yields
of peptide expression (Kuliopulos et al., 1994; Ma-
jerle et al., 2000; Jones et al., 2000). Direction of the
fusion peptide to the inclusion bodies also guarantees
relatively pure fusion protein and thus simple purifi-
cation by ethanol precipitation. A His-tag sequence
can be further introduced (as demonstrated later for the
eCRIB peptides) to simplify purification of the fusion
protein.

Expression and purification of SFC120-peptide fusion
proteins

Examples of the high level of expression of the
SFC120-peptide fusion proteins are shown in Figures
4A and 4C, for the cCla4 (non-His tag) and eSte20
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Figure 4. SDS-PAGE gel of the fusion protein expression. (A) expression of SFC120-mCla4. M: Molecular weight marker; 1: Uninduced;
2: ITPG induced. (B) purification of SFC120-mCla4. M: Molecular weight marker; 1: Cell lysate. 2: Pellet after 1st alcohol precipitation; 3:
Pellet after 2nd alcohol precipitation. (C) Expression of His-SFC120-eSte20. M: Molecular weight marker; 1: Uninduced; 2: ITPG induced.
(D) Purification of His-SFC120-eSte20 from Ni-NTA agarose column. M: Molecular weight marker; 1: Flow through; 2—-5: Wash fractions, 6:

Elution.

(His tag) peptides, respectively. High expression of
the desired fusion protein is evident after induction
with IPTG. The amount of fusion protein for both
expressions can be estimated to be ~ 60% of the to-
tal protein content (from SDS-PAGE). All the CRIB
peptide fragments exhibited similar high expression
profiles, indicating the generality of the SFC120 se-
quence as an efficient carrier for peptides of variable
lengths. Relatively pure SFC120-peptide fusion pro-
tein is desired to eliminate side products from the
CNBr cleavage. The purification protocols differed de-
pending on the fusion protein construct (Figure 3). The
His-tag fusion protein (e.g., eSte20, Figures 4C and
4D) was easily purified using the Ni** affinity column
(Figure 4D). A small amount of fusion protein was lost
whilst washing extensively with 6 M urea pH 6.3 and
can be minimized by reducing the wash volume (Fig-
ure 4D). However, the amount lost during the wash
stage is minor compared to the yield obtained after
elution with 6 M urea at pH 4.5 (Figure 4D, lane 6).
The eluted fusion protein was > 98% pure (estimated
from SDS-PAGE).

Direction of the SFC120-peptide fusion protein to
the inclusion bodies meant that virtually pure fusion
protein for the non His-tag fusion protein (cCRIBs
and mCRIBs) could be obtained after two rounds of
ethanol precipitation (Figure 4B shows cCla4 purifi-
cation). We found that for 1 1 of cells it was best to
resuspend the thawed pellets in 60—-100 ml of 6 M
urea to obtain pure peptide after the second ethanol
precipitation. In general only a small amount of fu-
sion protein remained in the first ethanol precipitation

(see Figure 2B, lane 2) and, if necessary, can be re-
claimed virtually pure by Sep-Pak purification. The
majority of the fusion protein is precipitated after the
second addition of ethanol, and is the major species
present (> 95%). The minor impurities were success-
fully separated from the fusion protein by application
over a Sep-Pak (Waters) column. However, in this case
removal did not affect quality of the final pure peptide.

Cleavage and purification of the CRIB peptides

The desired CRIB peptide was liberated from the
SFC120 carrier protein by CNBr cleavage. As
described above, only pure fusion proteins were
subjected to CNBr cleavage since potential cleav-
age of contaminating proteins containing methionine
residues may interfere with the purification of the
desired peptide in subsequent HPLC protocols.
Another potential problem with CNBr cleavage
can arise from the cleavage at Met sites within the car-
rier (SFC120) protein. In this study, the carrier protein
contained two Met residues, resulting in three peptide
fragments from the carrier protein alone after CNBr
cleavage. With the exception of the eCla4 peptide,
overlap with cleavage products of the carrier protein
was not a problem. In all cases the major product of
CNBr cleavage was the desired CRIB peptide, which
was confirmed by electrospray mass spectroscopy. The
high purity of the CRIB fragments after HPLC purifi-
cation is exemplified by their signature 'H-1SN HSQC
NMR spectra (Figures 5 and 6) which exhibit no de-
tectable impurities. The eCla4 fragment was the only
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Figure 5. 'H-1SN HSQC spectra of 1>N-labelled mCRIB and cCRIB fragments of Ste20 and Cla4. (A) ¢Ste20, (B) mSte20, (C) cCla4, (D)
mCla4. Assignments (see Figure 1 for numbering) based on I5N edited 3D TOCSY and NOESY experiments are shown.

peptide that required further purification due to over-
lap with CNBr cleavage products from the SFC120
carrier protein. Pure eCla4 was obtained by using
His-tagged Cdc42 (activated with GMPPNP) attached
to a Ni’* agarose column as a pulldown for eCla4
(unpublished observations). Such a technique can be
employed as an alternative method for purifying pep-
tides after CNBr cleavage if they have high affinity for
a target protein.

Typical yields of the purified peptides chosen for
expression in this study were very high, ranging from
30—40 mg/1 in LB medium. Significantly, high quanti-
ties of pure peptides were also obtained from growths
in M9 minimal media (15-20 mg/l in M9 media grown
in H>O) facilitating uniform isotopic enrichment of the
peptides with '3C and 1SN for NMR studies. Indeed,
we found that enough peptide for NMR studies could
be isolated from only 0.5 1 of M9 minimal media, mak-

ing this expression system attractive as an alternative
to other systems requiring more expensive isotope la-
beled media. Moreover high yields, up to 12 mg/l, are
obtained for growth in M9 with 99.9% D,O. Previous
workers have reported expression of CRIB fragments
of similar length to the eCRIB’s reported here (Abdul-
Manan et al., 1999; Mott et al., 1999; Morreale et al.,
2000; Gizachew et al., 2000). In those studies, GST
was used as a fusion carrier, however, expression
was significantly lower than reported here, requiring
special minimal media (BIOexpress (CIL) or Celtone
(Martek)) for enrichment. This is demonstrated by the
yield of pure peptide we obtained for eCla4 when
expressed as a GST-fusion protein with a thrombin
cleavage site (~ 5 mg/l in LB medium). In addi-
tion our attempts to express and purify eSte20 in the
same manner were unsuccessful — probably due to the
presence of protease sites in the eSte20 sequence. No
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Figure 6. IH-I5SN HSQC spectra of eCRIB fragments. (A) I5N-eSte20, B) ISN/13C-eSte20 in complex with unlabelled Cdc42 activated
with GMPPCP, (C) 2H/!SN/13C-eCla4 in complex with unlabelled Cdc42 activated with GMPPCP. Note the increased spectral width and
linebroadening accompanied with the formation of a complex (A and B). The incorporation of 2H at non-labile sites increases 'H relaxation
rates, giving rise to sharper THN signals and allowing triple resonance techniques to be applied for backbone assignment of eCla4 in complex

with Cdc42 (C).

attempts were made to express the m- and c-CRIB
peptides in the GST-fusion vector.

NMR characterization of the CRIB peptides

The NMR spectra for the mCRIB and cCRIB frag-
ments of Ste20 and Cla4 are shown in Figure 5. The
NMR spectra give the expected number of signals
for each peptide taking into consideration the first
two residues are not visible due to solvent exchange
effects. Moreover there are no minor components
present, indicating the peptides produced are very
pure which can be essential for certain applications.
Assignments for the peptides are indicated on the
spectra and were obtained in a sequential manner from
homonuclear 'H-'H 2D and 3D ’N-edited TOCSY
and NOESY spectra recorded on PN labeled samples.
Analysis of all the peptides by the chemical shift in-
dex indicated that no significant secondary structure
was present. Thus, our vector is capable of produc-
ing high quantities of unfolded, small peptides without
substantial proteolysis.

The 'H->N HSQC spectra for the eCRIB frag-
ments are shown in Figure 6. The spectrum of free 1’N
eSte20 (Figure 6A) exhibits poor resonance disper-
sion — characteristic of an unfolded polypeptide. Upon
addition of unlabelled Cdc42 in excess (Figure 6B)
the resonance dispersion of eSte20 dramatically in-
creases, concomitant with increased linewidths (N.B.,
signals from the unlabelled Cdc42 are not detected in

this experiment). The NH linewidths range from 18-
20 Hz in the free form to as much as 35 Hz in the
complex and are the consequence of the increased ro-
tational tumbling time for the complex. This spectrum
is consistent with the formation of a tight, irreversible
complex between Cdc42 and eSte20. Enrichment of
eSte20 with 1>N/13C enabled '*C/'SN backbone as-
signments via HNCA, HN(CO)CA triple resonance
experiments. Figure 6C shows the N-'H HSQC
spectrum of 2H/">N/!13C eCla4 in complex with Cdc42
(activated with GMPPCP). The effects of deuteration
on the '"HN linewidths due to increased relaxation
times and therefore narrow peaks is evident. Incor-
poration of *H for non-labile proteins is crucial to
overcoming the size limitations of NMR (generally
< 20kDa for non-deuterated systems) and particularly
critical for the study of peptides bound irreversibly to
large target proteins by NMR.

Comparison with other peptide expression systems

A number of publications have described the expres-
sion of peptide for NMR studies (Campbell et al.,
1997; Kohno et al., 1998; Jones et al., 2000; Ma-
jerle et al., 2000; Sharon et al., 2002; Lindhout et al.,
2002; Fairlie et al., 2002). The targeted peptides were
produced together with a small and highly expressed
carrier protein and the peptide release was achieved
via CNBr cleavage (Campbell et al., 1997; Jones et al.,
2000; Majerle et al., 2000; Sharon et al., 2002; Lind-



hout et al., 2002; Fairlie et al., 2002) or by a specific
protease (Kohno et al., 1998). In general, the expres-
sion yields of purified peptides are similar to, or lower
than, those reported here (vide-infra). In addition, en-
richment of peptides with the >N and '*C isotopes has
been reported (Sprules et al., 2003) for a GST-carried
peptide with a Precission Protease (Amsersham Bio-
sciences) cleavage site, although the yields are not as
high as reported here for purified peptides.

We note that much of the previous work described
above have dealt with the expression of one, or at
most, two target peptides using a number of different
carrier proteins. In contrast, we attempt to evaluate the
applicability of one carrier system for the expression
of different peptides of varying lengths and sequences.
Indeed, the high expression we observe is demon-
strated for all six peptides, ranging from 19 to 48
residues irrespective of amino acid compositions.

Of all the expressions systems used to generate
peptide fragments, only a small number have been
demonstrated to work successfully with a number of
different peptides. The commonly used GST-fusion
(Amsersham Biosciences) and ubiquitin fusion (Baker
et al.,, 1996) systems generally have low yields of
expression and are therefore not always suitable for
growth in M9 and require expensive rich media. In
contrast, we have clearly shown that high levels of
expression are obtained for all the peptides studied
herein even for growth on minimal media recipes.
Thus, Lindhout et al. (2002) achieved yields of 80 mg/1
in LB medium of fusion-protein using the 56-residue
GB1 domain of protein G, whilst the same expression
system was shown to generate high yields (10 mg/l)
of pure peptide in the M9 medium (Campbell et al.,
1997). Sharon et al. (2002) reported a yield of 6-
12 mg/L for a 23 residue gpl120 V3 peptide, but a
rich media was required for isotopic labeling, and it
is unclear if the achieved yield was for isotopically
enriched peptides. Kohno et al. (1998) described the
use of an ubiquitin fusion system, but the yields for the
production of the 14 residue mastoparan-X in minimal
(M9) media was very low (0.3-0.6 mg/l). Both Jones
et al. (2000) and Majerle et al. (2000) use the strat-
egy of directing the peptides to the inclusion bodies.
Jones et al. (2000) reported a yield of 5-10mg/1 for
two relatively large peptide fragments of 50 residues.
Majerle et al. (2000) however, reported substantially
lower yields (~ 6 mg/l in LB) for a peptide of 11
residues than we demonstrate here for six peptides
ranging from 19 to 48 residues in length. Fairlie et al.
(2002) have recently described the use of a mutated
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SH2 domain as a carrier protein for the expression of
six recombinant peptides of 14 residues in length, but
comparisons are difficult to make since only growths
on LB were reported and the yields were given only for
the fusion-protein (25-75 mg/l), which is comparable
to the yields of pure peptides in LB media achieved
with our expression system.

Conclusions

In this paper we describe a strategy for generating
large quantities of purified peptides by carrying pep-
tides into cell inclusion bodies via a new and highly
expressed fusion protein. We have successfully ap-
plied this strategy for the production of six peptides
of varying lengths (from 19 to 48 residues) derived
from the CRIB motifs of Candida Cla4 and Ste20.
Thus, isotopic enrichment with '3C/'SN/2H can be
obtained at significantly lower costs than using rich
media alternatives and is demonstrated herein. In the
present work, the absence of methionine residues in
any of the desired peptides facilitated use of CNBr
cleavage for the release of the peptides by an engi-
neered Met residue. However, a variety of cleavage
sites, e.g. specific for formic acid and by specific pro-
teases such as thrombin can be used as alternatives
for peptide release (both have recently been applied in
our laboratory — unpublished results). The described
peptide production strategy will be particularly use-
ful for NMR studies of peptides and their interactions
with target proteins. Our expression system may also
be applicable for the production of larger recombinant
peptides, such as naturally unfolded proteins, which
have recently been shown to have important func-
tional activities (Wright and Dyson, 1999; Uversky,
2002; Dunker et al., 2002). Overall, the efficacy of the
new peptide expression system may make it attractive
for any applications that require significant quanti-
ties of pure peptides, particularly as a cost-effective
alternative to solid-state synthesis.
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