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Isolation of single chain antibody fragment (scFv) clones from naïve Tomlinson I + J phage display libraries that
specifically bind a small biomarker molecule, L-Carnitine, was performed using iterative affinity selection proce-
dures. L-Carnitine has been described as a conditionally essential nutrient for humans. Abnormally high concen-
trations of L-Carnitine in urine are related to many health disorders including diabetes mellitus type 2 and lung
cancer. ELISA-based affinity characterization results indicate that selectants preferentially bind to L-Carnitine in
the presence of key bioselecting componentmaterials and closely related L-Carnitine derivatives. In addition, the
affinity results were confirmed using biophysical fluorescence quenching for tyrosine residues in the V segment.
Small-scale production of the soluble fragment yielded 1.3 mg/L using immunopure-immobilized protein A
affinity column. Circular Dichroism data revealed that the antibody fragment (Ab) represents a folded protein
that mainly consists of β-sheets. These novel antibody fragments may find utility as molecular affinity interface
receptors in various electrochemical biosensor platforms to provide specific L-Carnitine binding capability with
potential applications in metabolomic devices for companion diagnostics and personalized medicine applica-
tions. It may also be used in any other biomedical application where detection of the L-Carnitine level is
important.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

L-Carnitine (HMDB00062) is a quaternary amine that occurs
naturally in most mammalian tissues. It is not an essential amino acid;
as it can be synthesized in the body; but it has been described as a
conditionally essential nutrient for humans, which is considered to be
a valuable small biomolecule.

L-Carnitine facilitates entry of long-chain fatty acids into mitochon-
dria for utilization as fuel and facilitates removal from mitochondria of
short-chain and medium-chain fatty acids that accumulate as a result
of normal and abnormal metabolism (Liu et al. 2004).

L-Carnitine and its acyl esters may act as antioxidants either by
having a primary anti-oxidant activity through inhibiting free radical
generation, scavenging the initiating free radicals, or terminating the
radical propagation reactions. More likely, however, it may function as
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a secondary antioxidant through repairing oxidized polyunsaturated
fatty acids esterified in membrane phospholipids (Arudini, 1992;
Arudini et al., 1995).

Related compounds, such as L-propionyl L-carnitine, have been
shown to exhibit antioxidant activity by chelating metals (Reznick
et al. 1992) and inhibiting the age-associated increase in lipid peroxida-
tion (Kalaiselvi and Panneerselvam 1998; Rani and Panneerselvam
2002). Experimental data demonstrate an age-associated decrease of
tissue levels of L-Carnitine in animals, including humans, and an associ-
ated decrease in the integrity of themitochondrialmembrane (Costell &
Grisolia, 1989; Liu et al. 2002; Maccari et al. 1990). Since L-Carnitine is
essential for translocation of fatty acids into the mitochondrial matrix,
it is expected that L-Carnitine deficiency would cause disorders in
fatty acid utilization (Iossa et al. 2002). L-Carnitine deficiency is associ-
atedwith cardiomyopathy (Tripp et al. 1981;Waber et al. 1982), and its
administration protects the myocardium against diphtheria toxin,
ischemia, myocardial infarction and adriamycin-induced damage
(Ferlini et al. 1999).

Data are available concerning brain L-Carnitine status of old rats.
One report (Maccari et al. 1990) showed that aged Sprague-Dawley
rats (30 months) exhibited a statistically significant decrement of total
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L-Carnitine levels in the brain, serum, heart, and tibialmuscle, accompa-
nied by a marked increment in the liver. Another report (Hansford and
Castro 1982) demonstrated that L-Carnitine levels in muscles of old
male Wistar rats were significantly lower than those in young animals.

L-Carnitine was described as an essential nutrient for pre-term
babies, certain types (non-ketotic) of hypoglycemics, kidney dialysis
patients, cirrhosis, in kwashiorkor, type IV hyperlipidemia, heartmuscle
disease (cardiomyopathy), and propionic or organic aciduria (acid urine
resulting from genetic or other anomalies). In all these conditions and
the inborn errors of L-Carnitine metabolism, L-Carnitine is essential to
life and L-Carnitine supplements are valuable. L-Carnitine therapy
may also be useful in a wide variety of clinical conditions. L-Carnitine
supplementation has improved the health status of some patients
who presented with angina secondary to coronary artery disease. It
may beworth a trial in any form of hyperlipidemia ormuscle weakness.
L-Carnitine supplements may be useful in many forms of toxic or
metabolic liver disease and in cases of heart muscle disease (Scaglia
and Longo 1999).

Changes in L-Carnitine metabolism have been demonstrated with
alterations in nutritional state and ketosis in animals (Bøhmer 1967;
Bøhmer et al. 1966; McGarry and Foster 1977; McGarry et al. 1975;
Pearson and Tubbs 1964; Snoswell and Mclntosh 1974) and humans
(Frohlich et al. 1978; Genuth and Hoppel 1979, 1981; Maebashi et al.
1977;Maebashi et al. 1978,Maebashi et al. 1976). In diabetic and fasting
ketotoic animals, studies have shown alterations in tissue and blood
concentrations of free Carnitine and Acylcarnitine (Bøhmer et al.
1966; Brass and Hoppel 1978; Pearson and Tubbs 1967; Snoswell and
Mclntosh 1974). Studies in human fasting ketosis and diabetic ketosis
have shown a decrease in plasma free L-Carnitine and an increase in
the long-chain and short-chain Acylcarnitine (Frohlich et al. 1978;
Genuth and Hoppel 1979; Hoppel and Genuth 1980).

L-Carnitine is considered to be a potential biomarker identified and
documented in the HMDB database (http://www.hmdb.ca) as lung
cancer-related biomarkers (Yang et al. 2010; Wishart et al. 2009).

In addition, a survey of serum L-Carnitine concentrations was made
in cancer and non-cancer patients for the purpose of determining the L-
Carnitine profile. The acid-soluble Acylcarnitine concentration was
significantly lower in cancer patients than in controls (6.7 vs
11.5 nmol/ml).When percentages and ratioswere calculated for the rel-
ative proportions of Acyl-Carnitines, large variations were found to
occur among cancer types. Acyl-Carnitine ratio (the sum of acid-
soluble and acid-insoluble acyl-Carnitine divided by non-esterified Car-
nitine) ranged from 0.17 in leukemia to 0.30 in breast cancer cases.
Since Acyl-Carnitine concentration and ratio are reflective of the meta-
bolic state, the depressed Acyl-Carnitine ratio in cancer patients may
be due to decreased production, increased utilization, or increased
excretion of acid-soluble Acyl-Carnitine. Elevated concentrations of
non-esterified L-Carnitine and total L-Carnitine were observed in
two patients, and some of the lowest Acyl-Carnitine concentrations
and ratios were observed in advanced cancer cases. The therapeutic
regimen and/or the neoplastic process itself may be responsible for
the observed differences in the serum L-Carnitine profile (Sachan and
Dodson 1987).

Phage display has the capacity to rapidly isolate recombinant
antibodies against protein targets and other molecules of significant
size. The techniques of phage display can be adapted to allow the isola-
tion of antibodies against very small compounds. Antibodies generated
in this way have many uses including the detection and quantitative
analysis of the target chemical moiety in samples such as foods, water
and body fluids (Shaw and Kane 2009).

Single chain Fv (scFv) is defined as a recombinant fusion protein that
consists of variable domains from a heavy chain (VH) and a light-chain
(VL) connected by an artificial linker (Luo et al. 1997). This small mole-
cule could be used as an in vitro anti-small biomarker antibody for
diagnostic purposes. Furthermore, it shows increased accessibility to
tumor cells in vivo, and may therefore be a significant method for use
in drug, radionuclide and hormone delivery systems (Luo et al. 1996;
Wang et al. 2001).

The aim of the present work was to isolate and develop specific
(scFv) antibodies for high-value biomarkers of L-Carnitine. The pre-
pared antibody fragment molecules are hoped to primarily provide
specific L-Carnitine binding capability to a metabolomic device, whose
design and testing are currently underway and which is aimed at diag-
nostic purposes formultiple diseases using serum and/or urine samples.

2. Materials and methods

The Tomlinson I+ J human single fold synthetic naïve phage display
single chain antibody fragment libraries (in phagemid/scFv format -
fused to the pIII minor coat protein of M13 bacteriophage), helper
phage KM13, positive control anti-ubiquitin ScFv in bacterial strain
TG1 (labeled TG1-antiubi) E. coli strains TG1 and HB2151 for selection
of specific antibody clones and for production of soluble single
chain scFv, respectively, were obtained from The Medical Research
Council (MRC), Cambridge, England (Lee et al. 2007). The size of
the library I is 1.47 × 108 phagemid clones in E. coli TG1 cells, and
has a high proportion of functional antibody fragments with approx-
imately 96% of clones containing inserts. The library J size is
1.37 × 108 with approximately 88% of clones containing inserts. L-
Carnitine (HMDB00062), L-Palmitoylcarnitine (HMDB00222) and L-
Hexanoylcarnitine (HMDB00756), Trypsin from bovine pancreas and
polyethylene Glycol n6.000 were purchased from Sigma (St Louis,
MO). Anti-M13 horseradish peroxidase (HRP) conjugate, Protein A
horseradish peroxidase (HRP) conjugate, Protein L horseradish peroxi-
dase (HRP) conjugate, ImmunoPureA Purification Kit, were purchased
from Pierce, (Rockford, IL, USA). TMB (3.3′,5.5′-tetramethylbenzidine)
solution was purchased from Becton Dickinson Biosciences. L-
Carnitine is a quaternary ammonium salt, which has a significant ability
to adhere to surfaces. For antigen immobilization by absorption on plas-
tic, NuncMaxiSorp 96-well plates were purchased from VWR Scientific
(Nunc cat. no.442404). Isopropyl-beta-D-thiogalactoside (IPTG) was
purchased from Gold Biotechnology, USA. For PCR screening process,
we used GoTaqG2Hot Start ColorlessMasterMix,whichwas purchased
from Promega, USA.

2.1. Selection of anti L-Carnitine phage clones

The stock libraries I & J and stock helper phage KM13 were first
expanded in order to obtain sufficient quantities for future use of several
rounds of selections. Each library stock was amplified in 2xTY medium
containing 100 μg/ml ampicillin and 4% glucose. Phage particles were
rescued by super infectionwith 2 × 1011-12 phage helper units. Purifica-
tion of phage repertoire is done using the Poly Ethylene Glycol (PEG)
precipitation method (Lee et al. 2007; Marks & Hoogenboom, 1991).

The selection procedures for Libraries I and Jwere done separately to
ensure selecting the most L-Carnitine antigen binding clones. The
selection procedure was described previously in detail (Harrison et al.
1996; Chames et al. 2002), with some modifications. In summary, the
Maxisorp 96-well plate was coated with 100 μg/ml of L-Carnitine in
PBS. The efficiency of coating is highly dependent on the antigen
concentration, the buffer and the incubation temperature. Tendency of
concentration dependency is highly increased as the absorption
capacity of the surface increases upon using higher concentration of L-
Carnitine. This greatly enhances the immobilization of the com-
pound towards better efficiency. The quaternary ammonium com-
pounds have been adsorbed on almost any surface resulting in the
formation of monolayers. The plate was incubated at 4 °C overnight.
1012–13 phage units of the library were mixed together with equal
volume of 5% Marvel milk powder (w/v) in PBS final specified concen-
tration, and incubatedwith end-to-end rotation for 1 h at room temper-
ature, then allowed to stand for a further 1 h. The 96-well plate was
washed ten times for the first selection and twenty times for the
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following rounds of selections with PBST wash buffers. Finally, bound
phages were eluted by adding trypsin (0.1 mg/ml)-PBS and rotating
for 10min (up to 60min) at room temperature. An aliquot of the eluted
phages was used to infect fresh exponentially growing culture of E. coli
TG1 cells, and incubated at 37 °C in a water bath (without shaking) for
30min to allow optimal infection. Phage particles for subsequent round
of selection were rescued by super infection with helper phage, ampli-
fied, and used for further rounds of selection as instructed in the
Tomlinson (I + J) protocol. Three rounds of selection experiments
were carried out for selection of scFv-phage cloneswith specific binding
to L-Carnitine.
2.2. Polyclonal and monoclonal phage ELISA

Polyclonal phage ELISA was carried out using 50 μl PEG precipitated
phage from the end of third round of selection appropriately diluted
with 2% MPBS. The diluted phage mixture was incubated in a 96-well
plate coated with 0.1 mg/ml of antigen (L-Carnitine) in PBS. The ELISAs
were performed essentially as described (Lee et al. 2007). L-Carnitine
Bound phage-scFv was detected using 1 in 5000 dilution of HRP-anti-
M13 in 2%MPBS (Pierce, (Rockford, IL, USA)) and TMB-ELISA colorimet-
ric assay detection reagents (BD).

In addition, Monoclonal Phage ELISA was carried out by inoculating
individual colonies from the titration plates of the third round of selec-
tion into 100 μl 2xTY medium containing 100 μg/ml ampicillin and 4%
glucose in 96 cell-well plates. The plate was incubated shaking over-
night at 37 °C. Then a small inoculum (about 2 μl) from each well was
transferred from this plate to a second 96 cell-well plate containing
2xTY with ampicillin and 4% glucose per well. After the optimized
time incubation, 1010 helper phage was added to each well. After
1 h. incubation, spinning and re-suspending pellet in 2xTY contain-
ing 100 μg/ml ampicillin and 50 μg/ml kanamycin, the plate was
incubated shaking overnight at 30 °C. 50 μl of the supernatant from
each well in the overnight inoculated plate was tested by using
phage ELISA.
2.3. Detection of the soluble antibody fragments

Soluble fragments can be produced in E. coli HB2151. Glycerol stock
of HB2151 bacteria was streaked onM9minimal medium glucose plate
and incubated for 36 h at 37 °C. A single colony was picked and grown
overnight in 5 ml 2xTY medium at 37 °C, 250 rpm. This culture was di-
luted 100-fold into 5 ml of 2xTY medium. Grow at 37 °C, 250 rpm until
OD600=0.4. 10 μl of eluted phage from the highest titer of the previous
experiment with both libraries were inoculated with and infect expo-
nentially growing HB2151 bacteria (OD 600 of 0.4) for 30 min at 37 °C
in awater bath. The TYE plateswith 100 μg/ml ampicillin and 1% glucose
are subcultured 50 μl, 50 μl of 1:102, 50 μl of 1:104, 50 μl of 1:106 dilu-
tions of the infected HB2151 and are incubated overnight at 37 °C. Indi-
vidual colonies were picked into 100 μl 2xTY 100 μg/ml ampicillin and
1% glucose in 96 cell-well plates and grow shaking (250 rpm) overnight
at 37 °C. Small inocula (about 2 μl) were transferred from this plate to a
second 96 cell-well plate containing 200 μl 2xTY containing 100 μg/ml
ampicillin and 0.1% glucose per well. Grow shaking (250 rpm) at 37 °C
until the OD600 is approximately 0.9 (about 3 h). Isopropyl β-D-
thiogalactoside; IPTG; induction was done with final concentration
1 mM. 50 μl of the supernatant of the overnight induced plate from
each well was transferred to a coated-96 well flexible Maxisorp
assay plate with 100 μl-100 μg/ml/well of L-Carnitine for ELISA in
3% BSA-PBS using a 1:5000 dilution of Protein A-HRP or Protein L-
HRP to detect binding using TMB reagent as previously mentioned.
Flexible Maxisorp format provides flexible use of components with
small sample sizes. MaxiSorp plates are hydrophilic and ideal for
antibody assays.
2.4. Phagemid DNA sequencing, translation and alignment

Phagemid DNA sequencing of 22 randomly picked clones was
performed using the QIA prep Spin M13 Kit (QIAGEN Inc., Valencia,
CA). The phagemids were sequenced by the Molecular Biology Services
Unit, Centennial Centre for Interdisciplinary Science (CCIS), The Univer-
sity of Alberta. The sequence check was done by using the following
primers: pHEN seq [Reverse] (5′ CTA TGCGGC CCC ATT CA 3′), Linker
VH Seq. primer [Reverse] (5′ TCC GCC TGA ACC GCC TCC 3′), and RBS-
VH Seq. primer: [forward] (5′ AAG GAG ACA GTC ATA ATG 3′). Readily
available web based tools were used for translation. The DNAPLOT soft-
ware was used for alignment of DNA sequences, which was developed
by Hans-Helmar Althaus and Werner Müller, and was modified for
alignment to V BASE in collaboration with Ian Tomlinson.

2.5. PCR screening for the selected clones

To check individual clones for the presence of full length V inserts.
All PCR reactions were carried out using GoTaqG2 Hot Start Colorless
Master Mix, LMB3 primer [forward]: (5′ CAG GAA ACA GCT ATG AC
3′), and pHEN seq. primer [Reverse]: (5′ CTA TGC GGC CCC ATT CA 3′).
The reaction was done at annealing temperature of 55 °C, 2 min exten-
sion for VH and VL together.

2.6. Small-scale expression and purification of soluble Ab fragments

For the production of soluble antibody fragments from selected
positive L-Carnitine binding clone, E.coli HB2151 non-suppressor strain
clones producing the highest amount of soluble Fragments detected in
the previous step (D-4-1 clone), were used to inoculate culture flask
containing 2xTY/ampicillin/0.1% glucose. The culture was grown with
shaking (250 rpm) at 37 °C until the OD600nm was approximately
0.9. IPTGwas added to a final concentration of 1 mM. Shaking was con-
tinued at 200 rpm, at 30 °C overnight to harvest antibody fragments
secreted into culture supernatant and the E. coli periplasm by osmotic
shock. The induced bacterial culture was centrifuged at 30,000 ×g
at 4 °C for 30 min and the supernatant containing secreted antibody
fragments was collected, and clarified by filtration. The resulting super-
natant was concentrated by ammonium sulfate precipitation followed
by dialysis [10 kDa cut dialysis system] into binding/loading buffer at
4 °C overnight. The antibody fragments were purified using protein A
immobilized on agarose resin (Immunopure kit, according to
manufacturer's; Pierce; instructions). To extract the soluble fragments
secreted into the E. coli cell periplasm, the bacterial pellet from the
above centrifugation stepwas re-suspended in 1/50 the original culture
volume of ice-cold 50 mM Tris–HCl, pH 8.0, containing 20% sucrose,
1mMEDTA (with 1 tablet/50ml culture of Halt Protease Inhibitor cock-
tail EDTA-free) The suspension was agitated gently for 30 min in an ice
bath or cold room, centrifuged for 30 min at 30,000 ×g at 4 °C and the
supernatant collected (periplasmic fraction of Ab protein) and main-
tained at 4 °C. To obtain the osmotic shock fraction, the resulting pellet
from the previous periplasm extraction step was again re-suspended in
the same volume [1/50] of ice-cold 5 mMMgSO4, 1 mM EDTA, and suf-
ficient volume of Halt Protease Inhibitor. The suspension was agitated
gently for 15 min in an ice bath or cold room, centrifuged for 30 min
at 30,000 ×g at 4 °C, and the supernatant containing the osmotic
shock fraction of Ab proteins was collected. Supernatants from both
the periplasmic and osmotic shock fractions containing the soluble frac-
tion Ab proteins were collected filtered through disposable 0.45 μm
filters and dialyzed (10 kDa cut dialysis system) into binding/loading
buffer. Soluble Ab fragments enriched in the periplasmic/osmotic
fractions were then purified on ImmunoPure® immobilized protein
Acolumns (Pierce). Finally, all eluted protein fractions (supernatant,
periplasmic and osmotic shock) were collected and dialyzed to PBS
buffer, pH 7.4, and simultaneously concentrated to 1.0–1.5 mL using
Amicon 15 ml-30 K to get the effluent then use 10K concentrator
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(Pierce). Purity of expressed and extracted soluble Ab fragments was
evaluated by 12% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE). The expressed soluble and purified protein from
selected clone was then retested using polyclonal ELISA, fluorescence
quenching assay aswell as Circular Dichroism to determine the binding
affinity and ellipticity of the purified soluble fragments.

2.7. Detection of the binding affinity of L-Carnitine soluble antibody
fragments using tyrosine fluorescence quenching assay against different
antigens

Soluble antibody fragments were mixed with PBS buffer pH 7.4 to
reach 1 μM final concentration in a 96-well microplate. L-Carnitine, L-
Palmitoylcarnitine, L-Hexanoylcarnitine and Ubiquitine (as a negative
control) in PBSwere added to the protein samples to obtain final ligand
concentrations of 10, 20, 40, 80, 100, 150 and 200 μM. The final volume
was 100 μL. A glass beadwas inserted into eachwell, and themicroplate
was covered with protective film, and incubated for 30 min at 25 °C.
After that time, the microplate was transferred to a rotating platform
and vigorously rotated for 1 h at room temperature. From each well,
80 μl of samples and control was transferred to a 1-cm fluorescence
cell. Fluorescence spectra were collected on a PTI MODEL-MP1 spectro-
fluorometer using 10 mm path length cell at 280 nm (excitation wave-
length), and the scan range was 300–420 nm. Spectral data were
collected using fluorescence software, and data analysis was performed
using ORIGIN 6.1 software (Origin- Lab., Northampton, MA, USA). Data
from the fluorescence experiments were used to determine the
apparent binding constant of the selected antigens to the purified anti-
body fragments using the Stern–Volmer equation (Van de Weert and
Stella 2011):

F0−F
F

¼ Ka LA½ �

Where F0 and F are thefluorescence intensities in the absence and in
the presence of quencher, Ka is the formation constant of the donor–
acceptor (antigen–antibody) complex and [LA] is the concentration of
the ligand added. Excitation and emission slits were set at 2 nm. All
spectra were collected with samples having final optical densities
(1 cm) b0.3 at maximum absorbance of added ligand and were
corrected for the inner filter effect. From the slope of the linear plot of
((F0 – F)/F) versus [LA], binding constant values were estimated. The
results are expressed as mean values ± SD.

2.8. Circular Dichroism analysis for L-Carnitine soluble antibody fragments

CD spectroscopy was performed on a Jasco J-810 spectro-
polarimeter. The spectra were recorded using a 1-mm path length cell
(equilibrated at room temperature) in a wavelength range from 190
to 260 nm with 1-nm resolution at 20 nm/min scanning speed and
1−s response time. Raw ellipticity data, given in millidegrees (mdeg),
was smoothed using the Jasco software, exported, and converted to
molar ellipticity, [θ]. To convert from mdeg to molar ellipticity [θ] in
deg. cm2/dmol, Equation 1 (Greenfield 2007) was used,

θ½ � ¼ Mdeg x MRWð Þ
Pathlength x Carnitine sdAb½ �

Where the mean residue weight, MRW = (molecular weight of the
antibody in Da/number of backbone amino acids), Pathlength = cell
path length in mm, and [Carnitine sdAb] = concentration of antibody
in mg/ml.
3. Results

3.1. Polycolonal and monoclonal phage ELISA

In these experiments, phage was quantified by tittering after each
round of the three selection experiments. The concentration of phage
used for each round of selection was constant at 2 × 1011–12 particles/ml.
The phage count titration is measured according to the empirical
equation = titer phage/ml × OD260 nm × 100 × 22.14 × 1010.

The results showed that the relative eluate yield of binding phage
particles was increased significantly from the first to the third round
of affinity selection for libraries I (1.9 × 1012 to 3.18 × 1013) and J
(1.3 × 1012 to 3.5 × 1013), respectively. These results clearly indicate
that isolation and enrichment of L-Carnitine binding phages was
accomplished.

Polyclonal phage ELISA was carried out using 50 μl PEG precipi-
tated phage from the end of third round of selection. The results
showed that the selectivity for the phages separated from both
library I and J is significantly high (Fig. 1-A) using 100 μg/ml of L-
Carnitine antigen and Ubiquitine as an antigenic negative control.
The absorbance difference for the library I-selected phage for L-
Carnitine was 0.06–0.07 and for Library J-selected phage was 0.07–
0.08 comparing to Ubiquitine absorbance which was 0.003 for both
library I and J, respectively.

Monoclonal Phage ELISA was carried out by inoculating individual
colonies from the titration in 96-well plates of the third round of
selection. The results of the monoclonal phage ELISA show that positive
clones, shown in Fig. 1-B, with specific binding to adsorbed L-Carnitine
as an antigen on the surfaces of the wells have been selected from both
Tomlinson I + J libraries. As illustrated in Fig. 1-B-1. The absorbance
difference for the library I-selected phage clone D-4 for L-Carnitine
was 0.06–0.07. In Fig. 1-B-2, and for Library J-selected phage H(8)-1
was 0.14–0.15 Ubiquitine absorbance which was 0.005–0.006 for both
library I and J respectively.

3.2. Detection of the soluble antibody fragments

In the monoclonal Phage ELISA experiment, it has been illustrated
that the clones D-4 from Library I and Clone H-8(1) from Library J
have a significant selectivity for L-Carnitine phage/scFv fragment selec-
tivity. Soluble fragments were produced by transforming the selected
clones to E. coli HB2151. IPTG induction was done with final concentra-
tion 1 mM. 50 μl of the supernatant of the overnight induced plate from
each well was transferred to a coated-96 well flexible Maxisorp assay
plate with 100 μl-100 μg/ml per well of L-Carnitine for ELISA in 3%
BSA-PBS using a 1:5000 dilution of Protein A-horse radish peroxidase;
(HRP) or Protein L-HRP to detect binding using TMB reagent. Our results
revealed that the soluble antibody fragments which are produced from
Library I are muchmore selective and better detected by protein A than
the antibody fractions which were produced by library J. As illustrated
in Fig. 2, a significant increase in the mean absorbance difference for
the library I soluble fragments upon using protein A as a detector for
the soluble antibody fragments (0.34) than using protein L (0.1),
respectively. On the other hand, there is a significant increase in the
mean absorbance difference for the the library J soluble fragments
upon using protein A (0.25) than when using protein L (0.05),
respectively.

3.3. Phagemid DNA sequencing, translation and alignment

The phagemid DNA sequences were examined on the selected L-
Carnitine-binding scFv clones to check the structure if they have full
length VH and VL inserts or not. Of the 22 phage clones randomly
picked for sequencing, all clones from Tomlinson I libraries had dis-
tinct amino acid sequences (Fig. 3-A; B). The translation of the DNA
sequences into amino acid sequences and subsequent protein



Fig. 1. A: polyclonal phage ELISA determined binding properties of L-Carnitine selected phage from Tomlinson I & J libraries. L-Carnitine Antigen concentration used in selection was
100 μg/ml. Data represent mean ± standard deviation from triplicate measurements using Ubiquitine as –ve control. B: Monoclonal phage ELISA: B-1: Monoclonal phage ELISA deter-
mined binding properties of L-Carnitine selectedphage best selective clonesD-4, E-5, F-7 fromTomlinson I library. L-Carnitine Antigen concentration used in selectionwas 100 μg/ml. Data
represent mean ± standard deviation from triplicate measurements using Ubiquitine as –ve control. B-2: Monoclonal phage ELISA determined binding properties of Carnitine selected
phage best selective clones D-4, H-8(1), H-8(2) from Tomlinson J library. L-Carnitine Antigen concentration used in selection was 100 μg/ml. Data represent mean± standard deviation
from triplicate measurements using Ubiquitine as –ve control.
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alignment were accomplished using readily available free web-
based tools: (http://web.expasy.org/translate/;http://www.vbase2.
org/vbase2_search.php).

The results show that the clones have a complete VL sequence
attached to the designed linker but missing a new insert for VH
sequence other than the short one for the original library design. Nucle-
otide sequences or amino acid inserts were used for further studies. VL
sequence contains 101 amino acids with 93.06% homology among the
whole VL sequences for C-4-1, 2, 3, 4 and 6 clones. However, D-4-5
has 92.07% homology, as illustrated in (Fig. 3-B). The CDR regions are
detected and the length of CDR1, CDR2 and CDR3 for the clones is the
same. D-4-1 clone is expressed in soluble form for Small-scale expres-
sion and purification of soluble Ab fragments.

Deduced amino acid sequences (including depiction of CDR) of sol-
uble fragments with binding specificity to L-Carnitine are isolated
from Tomlinson I Library. This alignment was done by using the
DNAPLOT software to align the nucleotide sequence of the rearranged
V gene to its closest germline segment counterparts.
3.4. PCR screening for the selected clones

Another way to investigate the individual clones for the presence of
full length V inserts is to carry out PCR reaction screening. These
reactions were carried out using LMB3 primer [forward] and pHEN
seq. primer [Reverse], in order to check the presence and/or absence
of both VH and VL. Our data revealed that the six clones give PCR prod-
ucts around 650–700 bp, which correspond to one V insert in addition
to the linker as illustrated in (Fig. 4). According to the Tomlinson
protocol, PCR product size = 935 pb corresponds to the presence of

http://web.expasy.org/translate/;http://www.vbase2.org/vbase2_search.php
http://web.expasy.org/translate/;http://www.vbase2.org/vbase2_search.php


Fig. 2.Monoclonal ELISA determined binding properties of Carnitine selected soluble frag-
ments produced from D-4 clone from Tomlinson I & H-8(1) clone from J libraries using
Horse radish peroxidase conjugated protein A and L. L-Carnitine Antigen concentration
used in selection was 100 μg/ml. Data represent mean ± standard deviation(n = 4).

Fig. 4. Agarose gel electrophoresis analysis of VL and VH assembly. Lane M, 1Kb plus DNA
ladder marker; lane 1–6, reaction products from the PCR using the purified D4-1-6
phagemide.LMB3 primer (forward): CAG GAA ACA GCT ATG AC & pHEN seq primer
(reverse): CTA TGC GGC CCC ATT CA; annealing temperature= 55 °C for 2 min extension
for VH and VL together. For VH and VL together, the insert should 935 bp In our PCR
product with insert = 650–700 bp, without insert = 329 bp.
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both VH and VL insert, while 329 pb corresponds to the absence of both
of the V inserts.

3.5. Small-scale expression and purification of soluble Ab fragments

Highly purified 1.3 mg/L of antibody soluble portions were obtained
in the form of the 98% purified soluble ScFv fragments (SDS-PAGE 12%),
through small scale expression andmulti-step purification of the eluted
protein fractions (supernatant, periplasmic and osmotic shock). As
Fig. 3. A: Illustrative DNA sequences of the L-Carnitine selective U-4-1 clone with the sequence
sertion in the provided Tomlinson Library with pIT2 vector. B: Sequence analysis for VL fragme
nitine binders based on the Vbase2 software. D-4-1, 2, 3, 4 and 6 have 93.06% homology in the o
the previous clones. The length of CDR1, CDR2and CDR3 for the clones is the same. Black sequen
corresponds to sequence differences.
illustrated in Fig. 5-A, a very clear band of around 16 kD of the purified
antibody fragment was detected as a VL-linker soluble fraction. Molec-
ular weights can be affected by complementarily determining region
(CDR) length. Dimerizationmay occur forminghighermolecularweight
detected bands as seen around 32 kD.

In addition, to investigate the selectivity of the purified Ab fraction to
L-carnitine antigen, polyclonal ELISA determined binding properties of
L-Carnitine specific soluble fragments (secreted, periplasmic and
osmotic shock portions). As illustrated in Fig. 5-B, a significant increase
in the absorbance difference (the indicator for the efficiency of the
selectivity of the Ab fragments) to reach 0.86 for the secreted soluble
Ab fragments and 0.72 for the periplasmic and osmotic shock eluted
soluble Ab fragments against L-Carnitine as the selected antigen. Very
of inserted VL and absence of any new insertion for VH fragment other than the short in-
nt of anti-L-Carnitine soluble scFv. Six sequences were selected among the 40 anti-L-Car-
verall sequence. D-4-5VL clone exhibits approximately 92.07% homology in sequencewith
ce has 100% homology. Red sequence corresponds to the CDR regions and green sequence

Image of &INS id=
Image of &INS id=
Image of Fig. 4


Fig. 5. A: Analysis of sample purity by SDS-PAGE: One microgram of soluble D-4 clone
expressed Ab fragments (10 & 20 μl) were loaded in eachwell of a 12% SDS-PAGE. Expect-
edmolecular weights: VL, 16 k Da. Molecularweights can be affected by complementarity
determining region (CDR) length. Dimerization may occur forming higher molecular
weight detected bands. B: polyclonal ELISA determined binding properties of L-Carnitine
specific soluble fragments (secreated, periplasmic and osmotic shock portions) during
small-scale production of the Ab fragments. L-Carnitine Antigen concentration used in
selection was 100 μg/ml. Ubiquitine antigen was used as negative control for binding
efficiency. Data represent mean ± standard deviation from triplicate measurements.
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low, almost no selectivity has been detected for the same ELISA test
using Ubiquitine as negative control for the selective antigen.

3.6. Detection of the binding affinity of L-Carnitine soluble antibody
fragments using tyrosine fluorescence quenching assay against different
antigens

Results of the monoclonal phage/scFv ELISA and polyclonal Phage/
ScFv clearly indicate that there is significant affinity of the antibody
fragments to L-Carnitine antigen.

To confirm the efficiency and selectivity of the purified soluble L-
Carnitine Ab fraction, we examined the binding affinity of the Ab
fragments using tyrosine fluorescence quenching biophysical assay.
The presence of five tyrosine residues in the VL fragmentwas confirmed
by the sequence check. The binding affinity to L-Carnitine and L-
Hexanoylecarnitine as positive, strong chemically related compounds
was confirmed. In addition, other antigens were tested to check the
selectivity of the Ab, those antigens are:L-Palmitoylcarnitine (Fig. 6-C)
whose structure is chemically related to the main L-Carnitine molecule
except for the presence of a very long aliphatic side chain, and
Ubiquitine (as a negative control; see Fig. 6-D). L-Carnitine showed a
strong binding affinity while L-Hexanoylecarnitine showed a lower
affinity compared with L-Carnitinewhen tested with a tyrosine fluores-
cence quenching assay towards the purified soluble fractions of L-
Carnitine antibody. The binding induces a conformational change in
the antibody fragments as illustrated in (Fig. 6; A-B). To specify the
binding affinity to each of the tested antigens, our data revealed that
the Kd values, which correspond to the dissociation constant and
are used to identify the binding affinity are 0.8 μM and 1 μM for L-
Carnitine and L-Hexanoylecarnitine, respectively. The characteristic
tyrosine fluorescence emission spectrum, which presents in the VL of
the antibody, was significantly quenched by L-Carnitine. No binding
has been detected when L-Palmitoylcarnitine or Ubiquitine were used
as antigens indicating there is neither affinity nor selectivity for both
of the antigens, respectively. These fluorescence quenching studies
indicated that the purified antibody fragments work at a very high
selectivity and affinity towards the desired antigen. Analysis of the
secondary structure of the purified L-Carnitine soluble Ab by Circular
Dichroism spectroscopy (CD) (Fig. 7) showed that the Ab fragment rep-
resents a folded protein that mainly consists of β-sheets. The obtained
pattern corresponds to the typical secondary structure of functional
ScFvs (Umetsu et al. 2003; Correcirc and Ramos 2009; Lupinek et al.
2009).

4. Discussion

Themain purpose for using Tomlinson A and J libraries was to select
the phage which produces an scFv fragment that specifically recognizes
and attaches to L-Carnitine. Surprisingly we obtained soluble antibody
fragments, which consist of a VL insert, linker but without a VH
insert. Through the screening process for the selected clones, the data
confirmed that the structure of the scFv for L-Carnitine contains only a
VL fragment attached to the linker.

Having consulted the providing company (Life Sciences on behalf of
the MRC Laboratory of Molecular Biology and the MRC Centre for
Protein Engineering, Cambridge, UK), it was confirmed that the effect
of getting these soluble fragments is other than getting scFv fragments.
It is not uncommon that the scFv constructs aremissing either a VH or a
VL domain. This would have occurred during the construction of the
library, and the library originators found this phenomenon, too. This
does not prevent antigen binding, and specific binders of just VH or VL
domains were seen by the originators.

L-Carnitine is a Cationic quaternary amine that occurs naturally in
most mammalian tissue. In cationic surfactants, a cation is the surface-
active species. The majority of cationic surfactants are based on the
nitrogen atom carrying the cationic charge. Both amine and quaternary
ammonium-based products are common. The amines only function as a
surfactant in the protonated state; therefore, they cannot be used at
high pH values. Quaternary ammonium compounds, ‘quats’ on the
other hand, are not pH sensitive. The majority of the applications for
quaternary ammonium cpds are related to their very strong affinity
for surfaces, which makes them powerful surfactants (Malik et al.
2011). The quaternary ammonium compounds have been adsorbed on
almost any surface resulting in the formation ofmonolayers. Depending
on the unique ability for L-Carnitine to adhere to surfaces, MaxiSorp
plates were used in the selection steps in addition to ELISA tests in
order to immobilize the antigen without using any other chemically
modified reaction such as Biotinylation.

Binding efficiency is measured as the fraction of input phage that
binds the target molecule. The results obtained showed that the relative
eluate yield of binding phage particles was increased from the first
to the third roundof selection through successful selection experiments.
The results clearly indicate that isolation and enrichment of L-Carnitine
binding phages was accomplished.

Phage antibody selections involve the sequential enrichment of a
specific binding phage from a large excess of non-binding clones. This
is achieved by multiple rounds of phage binding to the target antigen,
washing to remove non-specific phage and elution to retrieve specific

Image of Fig. 5
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binding. Anymethod that separates clones that bind from those that do
not can be used as a selection method. Many different selection
methods have been used. The most popular procedure, which has
been proved to be highly sensitive and efficient, is the one we used in
Fig. 6. Soluble antibody fragmentsweremixedwith PBS buffer pH7.4 to reach 1 μM final concen
whichwere used as antigens, including L-Carnitine (Fig. 6-A), L-Hexanoylcarnitine (Fig. 6-B), L-
added to the protein samples to obtain final ligand concentrations of 10, 20, 40, 80, 100, 150 a
MODEL-MP1 spectrofluorometer using 10 mm path length cell at 280 nm (excitation waveleng
software, and data analysis was performed using ORIGIN 6.1 software.
our method, selection on immobilized antigen coated onto solid
support. Other selection methods are used in other studies including
columns or BIAcore sensor chips (Clackson et al. 1991; Marks et al.
1991; Griffiths et al. 1994; Malmborg et al. 1996), selection using
tration in a 96-wellmicroplate. The calculated amounts of stock solution of the compounds
Palmitoylcarnitine (Fig. 6-C), and Ubiquitine (as a negative control; (Fig. 6-D) in PBS were
nd 200 μM and the final volume was 100 μl. Fluorescence spectra were collected on a PTI
th), and the scan range was 300–420 nm. Spectral data were collected using fluorescence

Image of Fig. 6


Fig. 6 (continued).
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biotinylated antigen (Hawkins et al. 1992), panning on fixed prokayotic
cells (Hanes and Plückthun 1997) and on mammalian cells (Cai and
Garen 1995).

The phagemid DNA sequences were examined to investigate if
the selected L-Carnitine binding scFv clones have full length VH
and VL or not. The results illustrated using the phagemid DNA se-
quence check; PCR product screening and the size of the purified sol-
uble Ab fragment separated on SDS-PAGE confirmed that all the
selected clones incorporating one V segment, which is VL insert
(Fig. 3).

Image of Fig. 6


Fig. 7. The Circular Dichroism spectrum of L-Carnitine ScFv was recorded in a wavelength
range from 190 to 260 nm (x-axis) and is expressed as mean residue ellipticity (y-axis).
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Based on the above results, we selected some of the positive L-
Carnitine binding clones for small scale production of soluble scFv
antibody fragments in the non-suppressor HB2151 E. coli strain
according to the Tomlinson library protocol. Soluble scFv fragments pro-
tein expression levels for these clones were in the range 1.1 to 1.3 mg/l
of culture. These yields are in general agreement with published yields
in the range of 0.1 to 5.0 mg per liter of E. coli culture for clones isolated
from the Tomlinson libraries (Kennel et al. 2004;Wu et al. 2007; Lobova
et al. 2008).

The outcome of any selection procedure is a mixture of binding
ligands with differing properties. It may be necessary to screen the
purified antibodies to identify those variants with the most optimal
characteristics. The best screening assay that could be used in this
condition is, ELISA; as it is fast, robust, sensitive and amenable to auto-
mation. The purpose of these ELISA experiments was to determine
whether the soluble scFv proteins would still recognize and bind to L-
Carnitine epitopes after expression and purification (that is, in the
absence of the phage particles to which they were fused during initial
screening and monoclonal fusion phage/scFv ELISA experiments). The
results of the polyclonal phage and followed by monoclonal phage/
scFv ELISA revealed that positive clones with highly specific binding
to immobilized L-Carnitine antigen have been selected from both
Tomlinson I + J libraries. ELISA has become extraordinarily useful
because it allows rapid screening and quantitation of a large number
of samples for the presence of the desired antigen or the antibody
recognizing it. ELISA, however, remains popular because of its ease of
performance and automation, accuracy, and the ready availability of
inexpensive reagents. An alternative approach with ease-of-use and
suitable for screens with multiple conditions or clones screened simul-
taneously is the Thermal Shift Assay (TSA) (Niesen et al. 2007). For
the clones derived from D-4 in this study, TSA assays were done to
determine if all clones would have similar biding capacities. Although
clones from D-4 (1 to 6) showed differential shifts in response to
Carnitine (not shown), quantitative results are not readily available
and CloneD-4-1was chosen for further testing due to higher expression
levels and solubility.

Five tyrosine amino acid molecules have been detected in the VL
segment of all the purified and sequenced checked phagemides.
Tyrosine is often regarded as a rather simple fluorophore. However,
under some circumstances tyrosine can also display complex spectral
properties. Tyrosine can undergo excited-state ionization, resulting in
the loss of the proton on the aromatic hydroxyl group. This component
is shown in the difference emission spectrum that displays a maximum
near 345 nm. The important point is that the phenolic group of tyrosine
can ionize even at neutral pH, and the extent to which this occurs
depends on the base concentration and exposure of tyrosine to the
aqueous phase. Quenching of tyrosine by phosphate and other
bases can thus proceed by both static complex formation and by a
collisional Stern-Volmer process (Alev‐Behmoaras et al. 1979; Schnarr
and Helene 1982).

In addition to tyrosine quenching technique used for screening,
Circular Dichroism (CD) was used to determine the extent of purity
and structure of the purified Ab fragments. One of themain applications
of CD for the study of proteins is the estimation of secondary structure of
them. Our highly purified soluble antibody fragment was well-behaved
when conventional CD analysis was used on far-UV spectrum. The
spectra were collected from 190 to 250 nm.The spectrum for L-
Carnitine Ab translated as β sheet protein, which has a negative band
between 210 and 220 nm and a positive band between 195 and
200 nm. (Correcirc and Ramos 2009).

5. Conclusion

Wehave developed a soluble antibody fragment that, due to its high
affinity and specificity to small molecule L-Carnitine, could be used as a
tool to elucidate the role of L-Carnitine in health and disease and to de-
velop new therapeutic agents and/or diagnostic tools for L-Carnitine-
mediated diseases.

Phage display is a well-established approach for the identification of
bioactive peptides and antibody fragments from large, highly diverse
libraries. The specificity, selectivity, and potency of peptides and anti-
bodies discovered in this way may have clinical advantages over
traditional small molecule chemotherapeutics, and “targeted therapeu-
tics” is a growing area (Kupsch et al. 1999; Brissette et al. 2006; Almagro
and Fransson 2008; Lonberg 2008).

Naïve libraries have been used for isolation of anti-antigen antibod-
ies, but they generally yield lower affinity antibodies than needed for
sensitive assay development. We managed to purify high-affinity
soluble antibody fragments from naïve libraries. An in-vitro affinity
maturation step may be required to increase the affinity of the purified
Ab (Shaw and Kane 2009).
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