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Peptide libraries have proven to be useful in applications such as substrate profiling, drug candidate
screening and identifying protein–protein interaction partners. However, issues of fidelity, peptide
length, and purity have been encountered when peptide libraries are chemically synthesized. Biochem-
ically produced libraries, on the other hand, circumvent many of these issues due to the fidelity of the
protein synthesis machinery. Using thioredoxin as an expression partner, a stably folded peptide scaffold
(avian pancreatic polypeptide) and a compatible cleavage site for human rhinovirus 3C protease, we
report a method that allows robust expression of a genetically encoded peptide library, which yields pep-
tides of high purity. In addition, we report the use of methodological synchronization, an experimental
design created for the production of a library, from initial cloning to peptide characterization, within a
5-week period of time. Total peptide yields ranged from 0.8% to 16%, which corresponds to 2–70 mg of
pure peptide. Additionally, no correlation was observed between the ability to be expressed or overall
yield of peptide-fusions and the intrinsic chemical characteristics of the peptides, indicating that this sys-
tem can be used for a wide variety of peptide sequences with a range of chemical characteristics.

� 2009 Elsevier Inc. All rights reserved.
Introduction results in a low efficiency of the chemical coupling reaction [25–
Peptide libraries are commonly used in a variety of endeavors
including identifying peptide–DNA interactions [1], as surrogates
for screening protein–protein interactions [2–5], and as a basis
for finding potential peptidic drug molecules. Peptide libraries
have also been used for profiling substrate specificities of proteases
[6–11], phosphatases [12–14], kinases [15–18], and other drug tar-
gets [19–22]. Thus production of high quality peptide libraries is of
wide interest for many applications.

Typically, peptides for libraries have been produced via solid-
phase synthesis, which involves sequential coupling of amine-pro-
tected amino acids to resin-bound amino acids. The resulting li-
braries generally contain peptides no longer than 15–20 amino
acids, which can prove limiting in applications requiring longer
peptides. The length constraints for chemically synthesized pep-
tides are the result of coupling and deprotection efficiencies at
each step, such that an exponential decrease in sequence fidelity
is observed as a function of length. In addition, enantiomerization
of nineteen of the 20 naturally occurring amino acids and the asso-
ciated difficulties in purification of the isomers set practical limits
to peptide lengths in library synthesis [23,24]. Sometimes peptide
sequences are restricted due to steric clash of adjacent amino acids
with bulky chemical catalysts or intermolecular aggregation which
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27]. Overall, chemically synthesized peptide libraries of longer
lengths tend to have decreased sample quality, be costly and have
increased production time.

Genetically encoded peptide libraries offer several advantages
in library design. The resulting libraries can contain longer peptide
lengths and significantly increased yields while avoiding the more
common limitations of chemical synthesis. Biological synthesis of
peptides of longer lengths can be particularly important for pro-
duction of isotopically labeled peptides for use in heteronuclear
nuclear magnetic resonance (NMR) spectroscopy. The principle
advantages of biological production result from the fidelity of pro-
tein machinery, particularly because the ribosome is not limited in
sequence or length of synthesized peptides and has an error rate of
only 0.01% error per amino acid added [28]. Genetically encoded
peptide libraries have not been widely used due to difficulties in
the expression and purification of small peptides. This problem
has been overcome by the use of protein-expression fusion part-
ners such as glutathione-S-transferase [29], maltose binding pro-
tein [30], and thioredoxin [31] being the three most widely used
fusions. While fusion proteins often promote production, this
method can be time consuming and requires post expression pro-
tease processing and purification of the peptide from the protease.
However, the addition of fusion partners has resulted in the
improvement of the overall yields by enhancing solubility of the
peptide of choice.

We report a method that allows robust expression of a geneti-
cally encoded peptide library that addresses the issues of purity,
yield, length of the purified peptide, and batch-to-batch variability
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which we have observed with chemically synthesized peptides, in
addition to high cost and extended time of production. This genet-
ically encoded system features thioredoxin as a fusion tag for the
stably folded peptide scaffold avian pancreatic polypeptide (aPP).
aPP is a 36 amino acid peptide that contains a hydrophobic core
and hydrogen bond network between the a-helix and polyproline
helix of the peptide [32,33] (Fig. 1A and B). These properties are
responsible for its fold and stability. Previous work has demon-
strated that the presence of the hydrophobic core and hydrogen
bond network render aPP insensitive to mutations over much of
the amino acid sequence [34,35] or to a C-terminal truncation
[33,36].

A common difficulty with peptide expression is residual amino
acid overhangs following the protease cleavage event. The native
sequence of aPP allows inclusion of an N-terminal cleavage site
for human rhinovirus 3C protease, a highly specific protease, with-
out any unwanted amino acid additions to the peptides. Human
rhinovirus 3C protease cleaves the sequence LEVLFQ-GP, generat-
ing a gly-pro overhang upon cleavage. In aPP the first two amino
acids are gly-pro, so no residual amino acids are left upon cleavage.
Combining this optimized expression system with methodological
synchronization of site-directed mutagenesis, protein-expression
and purification, a 20-member aPP variant library of peptides 27
amino acids in length was generated. This method allowed produc-
tion of the desired library with overall improved yields, purity, and
cost, all on a time frame that is comparable to synthetic peptide li-
brary methods on the same production scale.

Materials and methods

Cloning of recombinant peptide-fusion variants

In order to create the parent vector, pET32-peptide, for the pep-
tide-fusion DNA variants, the aPP gene was amplified by PCR from
the pJC20[35] vector (from Alana Schepartz and Doug Daniels).
Using the forward primer 50-GTACAACCATGGCTGGAAGTGCTGTTT-
CAGGGTCCGTCCCAGCCGACCTACCC-30 that included the human
Fig. 1. aPP structure. (A) aPP backbone (lightest gray) has a hydrophobic core created by
on the a-helix (dark gray). (B) aPP’s internal hydrogen bond network, highlighted in dash
just 36 amino acids long.
rhinovirus 3C cleavage sequence (bold) and NcoI endonuclease
restriction site (italics) and the reverse primer 50-TCGAGCCTC-
GAGCTAGTAACGGTGACGGGTAACAACGTTCAGG-30 which encodes
the XhoI restriction site (italics) and stop codon (bold), the desired
gene was produced. This gene product was then ligated into the
thioredoxin fusion tag-, 6� His purification tag-containing vector,
pET32b (Novagen) via restriction sites NcoI and XhoI. Insertion
was confirmed by sequence analysis (Genewiz, Inc.).

The newly constructed vector, pET32-peptide, was used for
PCR-based site-directed mutagenesis via Quikchange� (Stratagene)
to create the variable peptide sequences. Initial base constructs, B3
and B3II were created using two sets of primers. Mutational sites
include Q4, T6, L17, I18, Y21, D23, Q25, L24, and Y27. Secondary
base constructs B3DQ and B3NQ were produced from the B3 parent
sequence by mutating sites D10, D11, and D16 while B3IQ and
3INQ were produced from the B3II sequence using two sets of
primers. Remaining peptide sequences were produced from single
step mutagenesis at position D11 utilizing one set of primers. The
nucleotide sequences were optimized for expression in Escherichia
coli and all constructs were verified via sequence analysis.

Expression and purification of recombinant peptide-fusion variants

DNA sequences encoding desired peptide sequences were
transformed into E. coli strain BL21(DE3) competent cells (Nova-
gen) for expression. These cells were inoculated into 2� YT media
containing 100 lg/mL ampicillin (Sigma). Cells were grown at
37 �C until an OD600 of 0.6 was reached. Isopropyl b-D-1-thiogalac-
topyranoside (IPTG), (Anatrace) was then added to a final concen-
tration of 1 mM. Cells were allowed to grow at 37 �C for an
additional 3 h and then harvested by centrifugation at 5000 rpm
(Sorvall SLC-4000 rotor) for 10 min.

Cells were resuspended in lysis buffer (50 mM NaH2PO4, pH 8.0,
300 mM NaCl, 2 mM imidazole) and lysed using a microfluidizer
system (Microfludics). The resulting solution was then centrifuged
at 15,000 rpm (Sorvall SS-34 rotor) for 1 h at 4 �C to remove cellu-
lar debris. Lysates were passed over HiTrapTM Chelating HP columns
three prolines located on the poly-proline helix (medium gray) and various residues
ed lines, is responsible for the impressive structural stabilization of a peptide that is



Fig. 2. Schematic representation of expression vector, pET32-peptide. The
sequences encoding T7 promoter, a fusion partner thioredoxin (TrxA), 6� His tag,
human rhinovirus 3C protease cleavable linker, peptide, and ampicillin resistance
are shown.
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(GE Healthcare) charged with nickel. aPP, B3, B3DQ, B3DE, B3DK,
B3DR, B3NE, B3NQ, B3NK, and B3II bound proteins were washed
and eluted using a step gradient that consisted of a wash step using
50 mM NaH2PO4, pH 8.0, 300 mM NaCl, 10 mM imidazole and an
elution step using 50 mM NaH2PO4, pH 8.0, 300 mM NaCl,
250 mM imidazole. Peptide-fusions B3, B3DK, B3DR, B3NQ, B3NE,
B3NK, and B3II eluted proteins were subjected to ion-exchange
chromatography to obtain additional purity. The previously eluted
proteins were diluted 1:5 using buffer A (20 mM Tris, pH 8.0, 2 mM
dithiothreitol (DTT)) and bound to Macro-Prep HighQ cartridge
(Bio-Rad) at 5% buffer B (buffer B: 20 mM Tris, pH 8.0, 2 mM
DTT, 1 M NaCl). Peptide-fusion proteins were eluted via a linear
gradient that ranged from 50 to 350 mM NaCl over 240 min at a
flow rate of 3 mL/min. Peptide-fusions B3NR, B3IQ, B3IK, B3IE,
B3IR, B3IL, 3INQ, 3INE, 3INR, and 3INK were purified on a HiTrapTM

Chelating HP columns (GE Healthcare) charged with nickel ions,
using a gradient from 0 to 50 mM imidazole over 300 min. All pep-
tide-fusions were analyzed by 16% SDS–PAGE gels that were
stained with Coomassie brilliant blue (Sigma). Peptide-fusions
were stored at �20 �C until required for cleavage and separation.

Expression and purification of human rhinovirus 3C protease

The human rhinovirus 3C protease gene in the pGEX vector (GE
Healthcare) was transformed into E. coli strain BL21(DE3) compe-
tent cells (Novagen) for expression. These cells were inoculated
into 2� YT media containing 100 lg/mL ampicillin (Sigma). Cells
were grown at 37 �C until an OD600 of 0.6 was reached. IPTG was
then added to a final concentration of 1 mM. Cells were allowed
to grow at 20 �C for 18 h and then harvested by centrifugation at
5000 rpm (Sorvall SLC-4000 rotor) for 10 min.

Cells were resuspended in binding buffer (20 mM NaH2PO4, pH
7.4, 150 mM NaCl, 2 mM DTT) and lysed using a microfluidizer sys-
tem (Microfludics). The resulting solution was then centrifuged at
15,000 rpm (Sorvall SS-34 rotor) for 1 h at 4 �C to remove cellular
debris. Lysates were passed over GSTrapTM FF column (GE Health-
care) and washed with 50 mM Tris–HCl, 5 mM reduced glutathi-
one, 2 mM DTT to remove loosely binding contaminants. The
majority of the protease was eluted using 50 mM Tris–HCl,
15 mM reduced glutathione, 5 mM DTT followed by a second elu-
tion step of 50 mM Tris–HCl, 35 mM reduced glutathione, 5 mM
DTT to release remaining protease and recharge the column.

The elution was diluted 1:5 using buffer A (20 mM Tris, pH 8.0,
2 mM DTT) and bound to Bio-Rad Macro-Prep HighQ cartridge at
2% buffer B (buffer B: 20 mM Tris, pH 8.0, 2 mM DTT, 1 M NaCl).
Protease was eluted via a linear gradient from 20 to 100 mM NaCl
over 50 min at a flow rate of 3 mL/min.

Peptide-fusion cleavage by human rhinovirus 3C protease and
separation from fusion partners

Peptide-fusion and protease were incubated at 4 �C for a 5-h
digestion period in a 1:25 protease to protein ratio. Reverse-phase
HPLC was carried out on the cleaved peptide-fusion samples to
separate the peptide from the protein components. Cleaved pep-
tide-fusion samples were filtered through 0.22 lm syringe filter
and loaded onto a Waters Sunfire Prep C18 column (10 � 50 mm,
5 lm, and 300 Å). Separation of the peptide from fusion protein
and contaminants was carried out by reverse-phase HPLC on a Shi-
madzu HPLC system equipped with a SPD-20AV Prominence UV/
Vis detector and LC-20AT Prominence liquid chromatograph. The
mobile phase was 0.1% trifluoroacetic acid in water (buffer A), with
an elutant of 0.1% trifluoroacetic acid in acetonitrile (buffer B). The
column was developed with a three phase gradient consisting of a
steep change in organic (5–30% buffer B over 2.5 min) for buffer
component elution, a shallow step (30–45% buffer B over 15 min)
for peptide elution, followed by a steep gradient (45–100% buffer
B over 4 min) to regenerate the column and elute larger proteins
such as thioredoxin and human rhinovirus 3C. Absorbance was
monitored at 214 and 280 nm.

Mass spectrometry

To determine peptide molecular weight and degree of purity,
peptide samples were analyzed using electrospray mass spectrom-
etry. Lyophilized peptide samples were resuspended in water to a
peptide concentration of 50 lM. Five milliliters of sample was ana-
lyzed using an Esquire-LC electrospray ion trap mass spectrometer
(Bruker Daltonics, Inc.) set up with an ESI source and positive ion
polarity. This system was equipped with an HP1100 HPLC system
(Hewlett–Packard). Scanning was carried out between 200 and
2000 m/z, and the final spectra obtained were an average of 10
individual spectra. Equipment used was located at the Mass Spec-
trometry Center of the University of Massachusetts at Amherst.

Results

Construction of peptide-fusion expression vector and aPP variants

A peptide-expression system for the library of aPP-based pep-
tides was generated as thioredoxin fusion proteins. A goal of this
project was to streamline all steps in the process of cloning,
expression and purification. In order to limit subsequent sub-clon-
ing events, the parent vector (Fig. 2) was created through a single
PCR reaction that resulted in the gene for a human rhinovirus 3C
protease cleavage site (LEVLFQ) and the truncated aPP sequence
(GPSQPTYPGDDAPVEDLIRFYNDLQQY). This gene product was then
ligated into the thioredoxin fusion gene and 6� His purification tag
containing vector, pET32b via restriction sites NcoI and XhoI. The
resultant thioredoxin–peptide-fusion construct then served as
the first base sequence for further mutagenesis.

aPP variant sequences were created by mutating codons for 6–
12 of the amino acids in the truncated 27 amino acid peptide scaf-
fold (Fig. 3A) via a Quikchange� (Stratagene) mutagenesis strategy.
This limited library was designed as aPP mimics of natural prote-
ase-inhibiting peptides. Mutations included the desired variations
in the original peptide sequences and took into consideration ami-
no acids that are known to be structurally important for scaffold



Fig. 3. Structure of peptide library. (A) Amino acid sequences of the 20-member peptide library. Highly interrogated residues, which vary relative to the starting B3 sequence,
are bold. (B) Cartoon representation of truncated aPP peptide scaffold with sites of mutations shown in stick representation and highly interrogated site D11 represented in
spheres.
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stability. Sites of mutagenesis are throughout the truncated aPP se-
quence and are spread across the aPP structural elements (Fig. 3B).
Mutational sites include Q4, T6, D10, and D11 on the polyproline
helix and D16, D17, I18, Y21, D23, L24 Q25, and Y26 on the a-helix.
In addition D11, was selected as a site to be extensively interro-
gated. By focusing our investigation in one region, we were able
to produce many variants in a limited number of mutagenic steps.
Moreover, all mutational oligonucleotides were designed to limit
cost and allow rapid production of the new peptide encoding
DNA constructs. These designs focused on producing an array of
peptide sequences using the minimum number of rounds of muta-
genesis. If mutagenesis had been performed by sequential means,
123 rounds of mutagenesis would have been necessary to build
the complete library. In contrast, our method required only 29
round of mutagenesis. Mutations were quickly assessed by grow-
ing the transformed E. coli cells for 8 h and plasmid prepping the
DNA in time for same day sequencing by an outsourced company
(Genewiz Inc.). Upon sequence analysis, one out of two or more
clones tested obtained the desired mutations. The success rate
was directly related to the thoroughness of the DpnI digestion step
during the Quikchange� protocol (data not shown).

Expression and purification of recombinant peptide library

Once the desired genetic mutations were verified, the vectors
were transformed into the BL21(DE3) strain of E. coli, expressed
and harvested. The resulting cell pellets were lysed and prepared
for purification. Various avenues were tested to optimize the puri-
fication of the peptide-fusion from other bacterial proteins. This
was done in order to minimize the potential additive loss of pro-
tein during each purification step. Therefore, nickel-affinity col-
umn chromatography using a step gradient alone or in
combination with ion-exchange methods as well as nickel-affinity
column chromatography using linear gradients were explored in
order to obtain a peptide-fusion sample of adequate purity without
sacrificing yield. For example, peptide B3NK was purified on a nick-
el-affinity column using a step gradient and ion-exchange methods
while peptide B3NR was purified by a nickel-affinity column using
a linear imidazole gradient only (Fig. 4). It is clear that a two-step
purification yields protein of higher purity compared to nickel-
affinity chromatography alone. However, since only a few contam-
inants are removed by the ion-exchange chromatography step in
spite of a significant loss of sample, the single-step linear gradient
using nickel-affinity chromatography became the preferred meth-
od of purification.

Once the peptide-fusions were purified to a satisfactory degree,
cleavage of the peptide from its fusion partner and linkers was
accomplished by the highly specific human rhinovirus 3C protease
(Fig. 5). Various protease to peptide-fusion ratios were examined
for optimal cleavage in minimal time. As a 5-h digestion with a
1:25 protease to protein ratio was sufficient for full cleavage of
peptide from the fusion tag, this method emerged as the time-opti-
mized protocol. In order to separate the liberated peptide from the
other components in solution, reverse-phase HPLC was employed.
By employing a three phase gradient which changes in organic
phase from steep for buffer component elution, to shallow for pep-
tide elution, to a second steep phase to regenerate the column and
elute larger proteins such as thioredoxin and human rhinovirus 3C
protease, the peptide was separated during a 21.5 min gradient.
For example, cleaved peptides B3DE, B3II, and B3NR, all were suc-
cessfully separated from the contaminating proteins and cleaved
thioredoxin fusion partners via the three phase gradient (Fig. 6).
Major peaks in the chromatogram correspond to buffer compo-
nents (peak 1) and larger proteins such as the thioredoxin tag
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Fig. 4. Peptide-fusion purifications. (A) SDS–PAGE gels of peptide-fusion B3NK purified using nickel-affinity chromatography with a step gradient (load, L; flow through 1, F1;
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and protease (peak 3) as verified by SDS–PAGE analysis. To verify
the peptide identity and purity from the expected peptide samples
(peak 2) on the reverse-phase HPLC chromatogram, electrospray
ionization mass spectrometry (ESI-MS) was performed. The spectra
indicate peptides are of the expected molecular weights (3119.1–
3201.3 Da) (Fig. 7). In addition, the chromatogram for the liquid
chromatography that is in line with the mass spectrometer showed
only a single peak. Averaging of spectra from all regions of the peak
resulted in uniform mass spectra indicating only one molecular
species was present. These data suggest that the purified peptides
are of extremely high purity.

In order to assess the overall utility of the peptide library con-
struction system, the total amount of peptide fusion that was ex-
pressed in raw E. coli lysates is compared to the overall yield of
each of the purification methods (Table 1). Total peptide yield ran-
ged from 0.8% to 16% from the overall expression. A major contrib-
utor to low peptide yield is likely loss of protein at the step of
column loading as the flow through during initial purification
due to overloaded resin. In addition, other contributing losses are
observed at the ionic exchange and reverse-phase HPLC portions
of the purification. The ability to be expressed and the overall yield
after purification for each peptide were compared to different pep-
tide features including charge, isoelectric point, and amino acid
characteristics. Peptide charge ranged from �0.06 to �4.06 and
isoelectric point from 3.77 to 6.92. The number of acidic residues
in the peptide sequences ranged from two to five while one to
three basic residues, six to 12 polar residues and seven to nine
hydrophobic residues were present in the various sequences.
Favorably, no correlation between the expressibility of the pep-
tide-fusion and intrinsic chemical characteristics of the peptides
was found. Likewise, no correlation between peptidic character
and overall yield of pure peptide was observed. This suggests that
our system can be used for a wide variety of peptide sequences
with a range of chemical characteristics.

Discussion

During chemical synthesis of peptides, sequence errors are a
likely result due to the imperfect coupling efficiency at each step.
For chemically synthesized peptides, the contaminants are extre-



Fig. 6. HPLC purification chromatograms of cleaved peptide-fusion samples. (A–C) SDS–PAGE gel of uncleaved and cleaved peptide-fusion with corresponding HPLC
separation chromatograms. Peak 1 consists of buffer components, peak 2 is eluted peptide indicated by * and peak 3 is cleaved thioredoxin and human rhinovirus 3C protease.
(A) B3II, (B) B3DE, (C) B3NR, and (D) SDS–PAGE gel of peaks 1 and 3 from HPLC separation. (E) Mass spectra of HPLC peak 2, the purified peptide B3II, MW = 3119.1 Da.

Fig. 7. Mass spectra of peptides. (A) B3NQ MW = 3143.2 Da, (B) B3II MW = 3119.1 Da, (C) B3DE MW = 3174.2 Da, and (D) B3DR MW = 3201.3. Spectra show double (+2) triply
(+3), and quadruply (+4) charged ions.
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mely similar to the desired product in size and chemical character-
istics and are therefore difficult to separate based on chromatogra-
phy. Peptides produced by biochemical synthesis by the
E. coli ribosome are expected to be very homogeneous due to the
ribosome’s low error rate. In the system described here, any
contaminants that remain after affinity purification and protease



Table 1
Peptide expression, yield, and chemical characteristics. Total peptide fusion expressed is compared to the overall yield of the peptide as a function of purification method used.
Peptide characteristics such as charge, isoelectric point (IEP), the number of acidic, basic, polar, and non-polar amino acid residues are also tabulated.

Peptide % Peptide in lysate Purification method Potential yield (mg) Yield (%) Charge IEP Acidic Basic Polar Non-polar

aPP 26.1 Ni step 43 3.5 �2.15 4.75 5 3 12 9
B3 11.5 Ni/IE 2 1.0 �4.06 4.42 5 1 6 7
B3DQ 44.5 Ni step N/A N/A �4.06 4.49 5 1 6 7
B3DE� 45.0 Ni step 50 5.0 �4.05 4.62 5 1 6 7
B3DK 45.9 Ni/IE 14 0.8 �2.06 5.40 4 2 6 7
B3DR 9.3 Ni/IE 5 1.4 �2.06 5.40 4 2 6 7
B3NQ 25.4 Ni/IE 11 1.1 �1.06 6.00 2 1 9 7
B3NE 20.9 Ni/IE 28 2.3 �2.06 5.33 3 1 8 7
B3NK 11.5 Ni/IE 8 1.0 �0.06 6.92 2 2 8 7
B3NR 24.5 Ni gradient 20 1.7 �0.06 6.92 2 2 8 7
B3II� 45.0 Ni/IE 70 5.8 �4.23 3.77 5 1 6 9
B3IQ 32.2 Ni gradient 31 3.9 �3.23 4.10 4 1 7 9
B3IE 35.9 Ni gradient 32 16.0 �4.23 3.98 5 1 6 9
B3IK 36.1 Ni gradient 25 2.5 �2.23 4.49 4 2 6 9
B3IR 37.6 Ni gradient 35 2.9 �2.23 4.49 4 2 6 9
B3IL 30.8 Ni gradient 40 4.0 �3.23 4.10 4 1 6 10
3INQ 27.0 Ni gradient 30 3.0 �1.24 4.53 2 1 9 9
3INE 36.6 Ni gradient 28 2.8 �2.23 4.25 3 1 8 9
3INK 19.2 Ni gradient 25 2.5 �0.24 6.14 2 2 8 9
3INR 29.7 Ni gradient 33 3.3 �0.24 6.14 2 2 8 9

Percent peptide in raw E. coli lystates was calculated using GeneTools (SynGene). *Indicates % peptide calculated was estimated by inspection of the stained SDS–PAGE gels.
Ni, nickel-affinity chromatography; IE, ionic exchange chromatography; acidic, basic, polar and non-polar represent the number of amino acids in the 27-residue peptide that
have the particular chemical characteristic.

1 Abbreviations used: LC–MS, liquid chromatography–mass spectrometry; HPLC,
high-performance liquid chromatography
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cleavage of the biochemically synthesized peptide-fusions are un-
likely to be chemically similar to the peptides. Our method for pro-
duction of peptides uses reverse-phase HPLC purification as the
final step. Because the non-peptide components are not chemically
related to the peptides themselves, HPLC purification allows for
simultaneous removal of the fusion partner, the protease, and
any residual components of the buffer solution. This makes a sim-
ple, two-step purification possible. In addition, because of the high
fidelity of biochemical synthesis, the homogeneity of our peptides
is very impressive. This results in a library of extremely high
purity.

All of the peptide-fusion proteins described here were purified
using a six-histidine affinity tag. Following nickel-affinity chroma-
tography using a step gradient purification the peptide-fusions
were approximately 50% pure. We probed the effect of more exten-
sively purifying the peptide-fusions to >95% purity by subsequent
anion-exchange chromatography or to 80% purity by using a linear
gradient of imidazole on the nickel-affinity column. Employing re-
verse-phase HPLC, we were able to robustly purify the cleaved pep-
tide to homogeneity after either of these protocols. This finding
significantly shortened our production time by obviating the ion-
exchange purification step.

An additional advantage of the method described is that it is
unnecessary for the peptide and the protease to be tagged with
the same affinity tag, as is the case in some commercial protein-fu-
sion purification systems. The method described here is compati-
ble with any fusion partner and any protease. Since both the
fusion partner and the protease are likely to be much larger than
peptide products, it will be possible to separate the product from
the contaminants in the final reverse-phase HPLC purification step.
This fact is of particular importance in production of peptide li-
braries where additional amino acids at either the N- or C-termini
can have significant effects on the overall properties of the peptide.
Since any protease can be used, the overhanging amino acids from
the protease cleavage site can be matched with the desired peptide
sequence, or a protease that does not leave any overhang can be se-
lected [37]. The fact that this method is not dependent on use of
any particular affinity tags or on utilizing matching affinity tags
also limits sub-cloning steps that are necessary to use the library
production method.
This method of peptide production using genetically encoded
peptides offers clear advantages in the length and fidelity of pep-
tides that can be produced and the resultant purity of the final
samples. In the field of chemical peptide synthesis, the concept
of ‘‘difficult” sequences (e.g. hydrophobic sequences) exists. Con-
versely, the genetically encoded production method described here
was insensitive to peptide sequence such that every sequence at-
tempted worked the first time with no optimization of expression
or purification procedure required. In order to make this method
truly competitive with chemical synthesis, it is essential that li-
braries can be produced on the same general time scale as chemi-
cal synthesis. The scheduling strategy for the 20-member library
we present here lays the foundation for production of much larger
libraries using the same processes. To this end, we have time-opti-
mized our expression, purification and characterization protocols.
Using the protocols we report and have routinely executed, we
have constructed a map for methodological synchronization
(Fig. 8). By coordinating mutagenesis cycles, sequencing, transfor-
mation, expression, purification, and characterization, this peptide
library can be produced rapidly. We generated this map reflecting
the methods that were actually used, however, we have also per-
formed sequencing reactions after an 8-h growth of cultures fol-
lowed by mini-prepping of DNA for sequencing. If this were
applied to each peptide construct, it would save one day from each
segment of the mutagenesis portion of the plan. In addition, we
have developed methodology so that Quikchange� mutagenized
plasmids can be directly transformed into an expression strain of
bacteria (such as BL21(DE3)) rather than into a cloning strain,
which can save one step in the protocol. With these developments,
the entire library could be generated even more rapidly. As pre-
sented, this methodological synchronization scheme allows con-
struction of 20 peptide-expressing plasmids and purification of
the resultant peptides to homogeneity in a 5-week period using
one chromatography system, one HPLC and one liquid chromatog-
raphy–mass spectrometry (LC–MS).1



Fig. 8. Methodological Synchronization. An experimental map showing how synchronization of Quikchange� based mutagenesis and protein preparatory procedures allows
the production of 20 peptides in a 5-week time frame. Mutagenesis daily cycle (top) outlines the number of days in which cloning steps such as Quikchange� mutagenesis,
transformation, DNA purification and sequencing proceeds. 1:3, 2:3, and 3a:3 represent mutagenesis steps to create first peptide construct B3. Protein daily cycle (bottom)
outlines the number of days in which expression, purification, and characterization for each peptide proceeds. The resultant DNA constructs are represented in light gray and
purified peptides are represented in dark gray.
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In this work, we have used no more than two liters of E. coli culture
per peptide and have accepted losses at the affinity purification step.
Nevertheless, the protocols discussed here could facilely be scaled up
to produce even greater yields of pure peptide. For some of the pep-
tide-fusions we have constructed, the yield of the expressed fusion
protein as a fraction of total E. coli proteins is high enough (45% of total
E. coli protein) that we can nearly envision skipping purification of the
fusion protein altogether. By co-expressing the protease and the fu-
sion protein it may be possible to perform a one-step purification
by HPLC to yield large quantities of pure peptide.
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