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Abstract: We report a generic PCR-based DNA-assembly procedure for engineering protein-encoding DNA

sequences. The method relies upon the use of overlapping single-stranded DNA oligonucleotides used as

exchangeable units for assembling variants of a target protein-encoding sequence. The procedure enables

the generation of protein chimeras from any number of protein-encoding DNA sequences and can easily

be adapted for automation and high throughput protein engineering.
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INTRODUCTION

Understanding protein structure-function relationship

is an essential requirement for biomedical sciences and

a prerequisite for designing new therapies and

commodities. The modular nature of protein structures

has been recognized more than a decade ago  and[1,2]

recent examination of the accumulating protein

structural data showed apparent saturation of new folds

in the current protein data bank (PDB) library . These[3]

findings come in line with many studies which

examined the modular nature of available protein

structures  Recognizing the universal nature of[4-10]

modular protein structures has also been registered at

the functional level where a limited set of interacting

domains is suggested to direct the function of cellular

regulatory systems . In fact, such studies and others[11]

brought the concept of plug and play to the protein

structural world based on an increasing recognition of

the universal nature of the protein modules at both of

the structural and the functional levels . [12-15]

G protein coupled receptors (GPCRs) are well

known transmembrane  receptors comprising about 5%

of the human genome and constituting the most

populous family in cell signalling . Members include[16-18]

receptors  for  many  hormones, neurotransmitters as

well  as  sensory  receptors with considerable

therapeutic significance as the majority of clinically

approved drugs are directed at GPCRS . There are[19]

several families of GPCRs,  the  most  widespread  and

best characterised is the A-family, typified by rhodopsin

for which available crystal structure shows the

characteristic 7transmembrane architecture of the

family . The much less understood, B-family, includes[20]

receptors for a number of 30 to 50 amino acid

neuropeptides and hormones . The main determinant[21]

of ligand binding for family B receptors is their N-

terminus, which is distinguished by three conserved

disulphide bonds. An NMR structure has recently been

published for the extra-cellular N-terminal domain of

one member of this family, corticotrophinreleasing

factor (CRF), which will facilitate studies of other

members of the family . GPCRs have well[22]

documented  structural  and  functional characteristics[19,

, where the internal loops and the proximal portions23-27]

of the C-terminal tail engage with the G proteins,

whereas ligand binding is localized to residues in the

membrane spanning regions or the external loops and

the N-terminus . [17]

Calcitonin-gene related peptide (CGRP) is a 37

amino acid vasodilatory neuropeptide which is produced

by alternative splicing of the gene encoding calcitonin

(28 for review). Although calcitonin and CGRP share

little sequence homology, they contain a number of

conserved elements in their secondary structure and,

with adrenomedullin and amylin, form part of a family

of peptides . Calcitonin and CGRP interact with[28]

distinct family-B GPCRs, the calcitonin receptor (CTR)

and the calcitionin receptor-like receptor (CLR). As

their name suggests, these have about 50% sequence

homology. However, in order to bind CGRP, CLR

requires the association of an additional single-pass

transmembrane protein called RAMP1. 

CLR interaction with RAMP1 shows an example of
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protein modular unit interaction. CLR acts as a receptor

for calcitonin gene related peptide (CGRP) when

associated with RAMP1, but when interacting with

either of the related proteins RAMP 2 or RAMP3, CLR

forms a receptor for adrenomedullin (AM), another

peptide member of the CGRP/calcitonin family . In[29,30]

spite of the overall similarities between the two

proteins, there are marked differences between the

pharmacology of CLR and CTR, in the presence or

absence of RAMPs .[28,31]

The use of chimeric receptors consisting of domains

of various GPCRs is well established for studying

structural and mechanistic properties of these essential

proteins . This technique is particularly well suited to[18]

the study of the specificity of binding of ligands to the

N-termini of CTR and CLR, given the ease with which

a homology model can now be generated from the CRF

receptor. However, the ability to generate specific

chimeras is very much limited with the available

mutagenesis techniques . [32]

Available protein engineering procedures usually

rely upon individual amino acid changes introduced

orderly or at random but do not often result in a simple

exchange of specific modular protein structures .[33-35]

Although some available approaches reflected the

importance of modular protein engineering they came

short of presenting a generic technique for exchanging

protein modules at a universal plug and play level .[36,37]

Here we report a simple procedure for creating

chimeras between CTR and CLR to serve the needs of

our structure function studies. Our procedure is generic

and is designed for exchanging modules between

proteins as universal exchangeable units to facilitate

plug and play protein engineering studies. 

Procedure and Results: Our approach is based on the

DNA shuffling methods proven to be very useful in

protein engineering studies . The method is[38-42]

particularly useful to exchange specific regions between

protein sequences sharing a degree of similarity.

Identifying this similarity can either be through simple

amino acid sequence alignment  or structure-based[43]

alignment and homology modelling . [44-47]

In its simplest form our method enables exchanging

selected regions between two proteins. These regions

could be short amino acid sequences, whole domains or

larger modules. We used the procedure to exchange

short amino acid sequences between the N-termini of

CTR and CLR. The sequences to be exchanged extend

over 140 amino acids at the N-terminus where segments

between 12 and 25 amino acids were targeted for

exchange. Initially, CTR and CRL amino acid sequences

were aligned to determine the differences and

similarities between the two N-termini (Figure 1).

Taking into consideration the structural properties of the

regions to be exchanged; seven segments contig was

designed for each of CTR and CLR N-terminus regions

where specific consensus amino acids were allocated as

termini of the corresponding segments in the contigs

(Figure 2). The key in the design was to synchronize

the CTR contig with the CLR contig so that

corresponding fragments have the same overlapping

termini which mean they can be used in place of each

other to build the target region. The DNA encoding the

region in each case was used to design a contig of 7

singlestranded DNA oligonucleotides that can be used

in a PCR reaction to build the region and create a

clonable DNA segment flanked by two restriction

enzymes RE1 and RE2 (Figure 3.1). In this case, we

selected BssSI and Bsu36I to be the unique sites

flanking the CTR/CRLR contig region. These sites will

be used to replace the flanked wild-type fragment with

the assembled contig fragment in each case. Such

replacement enables expression and binding studies to

investigate the effect of the generated chimeras on the

properties of the receptors. 

A key element in the design of this oligonucleotides

contig is to create a degree of overlap between the

adjacent fragments so that, when mixed together under

appropriate conditions, they anneal in a specific order,

based  upon  DNA complementarities. When annealed

together, the single-stranded oligonucleotides not only

assemble a contig of specific order but also create 3`ing

points at the annealing regions. Such priming enables

DNA polymerase to fill in the single stranded regions

in the assembled contig to create a double stranded

DNA contig (Figure 3). Rounds of PCR assemble the

contig segments in order while the peripheral segments

work as primers for amplifying the completed contig. In

this way; each fragment in the oligonucleotide contig set

becomes exchangeable with the corresponding fragment

in the other contig which enables creating various

chimeras for the target region simply by using

CTR/CLR-contig segments in place of each other

according to the required combination. 

Figure 4 shows DNA sequences of each of the 7

oligonucleotide segments in the CTR and the CLR

contigs.  CTR and CLR oligonucleotide contig segments

were synthesized with standard phosphoramidite

chemistry as single-stranded oligonucleotides at 1 micro

mole scale, purified using polyacrylamide gel

electrophoresis and reconstituted in DNAase-free water

at a concentration of 1 micro mole/micro litre. We

standardized the conditions for the oligonucleotide

contig assembly and amplification by building CTR and

CLR N-termini from contigs segments at first without

any exchanges. We used Pfu polymerase in a standard

PCR reaction according to manufacture’s 
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Fig. 1: Amino acids sequence alignment of the N- terminus regions of CTR and CLR. Consensus amino acids are

boxed and two unique restriction enzymes are shown.

Fig. 2: Designing amino acid contigs for the N- termini of CTR and CLR. Each contig was built from seven

overlapping fragments. The relative positions of the overlap regions were boxed on constructs depiction in

each case and the exact amino acids sequence is shown at the contig fragment termini. RE1 and RE2

represent recognition sites for BssSI and Bsu36I respectively.

Fig. 3: Depiction of how the oligonucleotides CTR/CLR N-terminus contig segments overlap. Arrows represent

original single stranded coting fragments while recangle boxes represent complementary regions filled by

DNA polymerase and complementary at overlap points is indicated by solid vertical lines.

recommendations (Stratagene) for this purpose.

Equimolar amounts of the 7 contig oligonucleotide

segments  in  each  case  were mixed up in a

thin-walled 0.25 ml PCR tube (Applied Biosystems).

Working on ice, a PCR premix, containing the four

deoxynucleotides, Pfu polymerase buffer and Pfu

polumerase (2 units), was mixed with the contig

segments. Applied Biosystems’ 9800 Fast Thermal

Cycler was used to conduct 55 cycles of PCR.

Denaturation done at 94 C, annealing at 55 C, and o o
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Fig. 4: Oligonucleotide sequences of the CTR and the CLR cotigs fragments. A- CTR contig fragments.

Fig. 4: Oligonucleotide sequences of the CTR and the CLR cotigs fragments. B- CLR contig fragments.
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Fig. 5: PCR- assembeled contigs. A- schematic depiction of the segment identity of the assembeled cotigs. B- contig

amplification products as seem on 1% agarose gel compared to DNA molecular weight markers.

extension at 72 C, followed by one 10 minutes cycle ato

72 C. Then we used the same standard conditions too

create three CTR/CLR chimeras by combining selected

contig fragments as shown in Figure 5A. Figure 5B

shows the amplification products for CTR and CLR

unchangeable contig assemblies as well as the

amplification products for the 3 CTR/CLR chimeras

depicted in Figure 5A. The right size PCR product was

dominant and consistent in all of the reactions. Qiagene

gel extraction kit was used to purify right size products



Res. J. Cell & Mol. Biol., 1(1): 1-8, 2007

6

from the agarose gel where each was eluted in a 10

microlitre volume using DNAase-free water. Zero

Blunt® TOPO® Cloning Kit (Invitrogen) was used to

clone each gel purified contig amplicon, according to

manufacturer’s instructions. M13 and SP6 primers were

used to sequence cloned contigs using ABI 3700 DNA

Sequencer according to standard procedures (Applied

Biosystems). Results confirmed the sequencing identity

of the contigs amplicons showed in Figure 5B. 

BssSI and Bsu36I restriction enzymes (New

England Biolabs) were used to release the cloned

assembled contig fragments from the pCR-BluntII

vector (Invitrogen) using a doubledigest reaction

according to manufacturer instructions. Wild type CTR

and CLR constructs in pCR DNA3.1 vector were also

double digested with BssSI and Bsu36I where, using

agarose gel electrophoresis, the wild-type backbone of

each construct was gel purified using Qiagene gel

extraction kit. Complete CTR and CLR chimeric

constructs were then created by ligating the relevant

BssSI/Bsu36I-cut chimeric contig fragments into the

wild-type backbone cut with the same enzymes using

T4 DNA ligase (New Englad Biolabs) according to

manufacturer’s instructions.

MATERIALS AND METHODS

Single stranded oligonuucleotides were synthesized

using the Applied Biosystems 3400 DNA Synthesizer

using standard phosphoramidite chemistry at 1 micro

mol synthesis scale. They were gel purified using

PAGE in order to  insure high purity. All

oligonucleotides   were reconstituted in DNAse-free

water at a concentration of 1 micro mole/micro litre.

Amplification of the assembled product was achieved

at a twostep PCR reaction. In the first reaction

equi-molar amounts of each of the oligonucleotide

segments were mixed together in a standard PCR

reaction using Pfu  (Stratagene) according to

manufacturer’s recommendations. Annealing temperature

was 50 C and 55 cycles were used tp amplify theo

corresponding product. PCR product was gel purified

on 2% Nusieve agarose (FMC). The right size

assembly product was cut and purified using Qiagene

gel purification kit (Qiagene) then used as a template

for the second PCR in which small size flanking

primers were used to amplify the assembled product.

The gel purified chimeras were cloned into Zero Blunt

TOPO cloning vector (Invitrogen) according to

manufacturer procedure. Sequence was obtained using

cloning vector primers in a standard Applied

Biosystems DNA sequencing system which uses the

Sanger  dideoxynucleotide termination sequencing

method with "BigDye™" terminators.

RESULTS AND DISCUSSIONS

The method we presented here aimed to introduce
a simple plug and play approach to the protein
engineering procedures. Inspired by the modular nature
of protein structures, the method can serve short amino
acid sequence exchanges as well as larger scale domain
and module substitutions. Although we used standard
phosphoramidite chemistry to  synthesize the
single-stranded DNA segments of the contigs, such
segments may be generated with other procedures[48-50]

so that the length of the segments in the contig may be
extended beyond the 100 or so nucleotides used in our
experiment. In fact this assembled contig approach for
protein engineering is very convenient for large-scale
highthroughput  engineering projects where desired
chimeras could be generated from synchronized contigs
by a simple mixing process. The number of possible
chimeras (C) can be calculated with the simple formula
C=X . Where X=number of created contigs andn

n=number of segments in each contig. In Figure 6, an
example of a group of five exchangeable-segment
contigs is depicted, where each contig consists of 7
overlapping fragments. Such contig set can generate 57

chimeras. The variation amongst the resulting chimeras
will depend upon the variations between the
exchangeable fragments which are directly related to
the differences between the parents sequences used to
design the contigs. On automating contig design,
fragment synthesis and PCR-based contig assembly, this
approach would facilitate high throughput protein
engineering. In contrast to random engineering
approaches, the known identity of individual contig(s)
segments enables precise engineering practices that are
also versatile. Specific chimeras may be generated at a
time which helps systematic investigation of
structure-function relationships. Although we tested the
feasibility of the method on two protein sequences with
a significant degree of similarity, the approach is not
limited to such cases. Based on the growing knowledge
of protein modules and their universal properties ,[10]

synchronized contigs could be built from DNA
segments encoding naturally unrelated protein modules.
In such cases, novel combinations could be generated
between naturally distant proteins to craft completely
unprecedented chimeras. Using appropriate selection
and characterization procedures , novel desired[51-52]

protein moieties can be identified. 
This work was supported by a grant from the

British Heart Foundation.
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