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Abstract

Introduction

A versatile technique for labeling and imaging cells in culture and _in vivo_ is presented. A metabolically
biotinylated reporter protein is expressed on the cell surface which can then be tracked with any imaging
agent coupled to streptavidin. A model recombinant reporter protein incorporates the prokaryotic
Propionibacterium shermanii 1.3S transcarboxylase domain biotin acceptor peptide \(BAP) between an
N-terminal signal sequence and the platelet derived growth factor receptor transmembrane domain \
(TM)'. The BAP sequence provides a means to track any protein and the BAP-TM reporter allows for non-
invasive real time imaging of any cell type transduced to express it in culture or in vivo using a variety of
techniques including optical’2, magnetic resonance'? and positron emission tomogrophic imaging®.

Reagents

pXa-1 plasmid can be obtained from Promega \(Madison, WI). pDisplay vector, lipofectamine, and
primers 5'-ctcgtcagatcttcgaaactgaaggtaaca-3' \(upstream) and 5'-atactcccgeggggaaccttcgatgageteg-3'\
(downstream) as well as DH10B electrocompetent cells can be purchased from Invitrogen \(Carlsbad,
CA). Bgl Il, Sac Il restriction enzymes and their reaction buffer \(10x buffer 2), T4 DNA ligase and its
reaction buffer \(10x ligase buffer) as well as Tkb DNA ladder can be obtained from New England Biolabs
\(Beverly, MA). Quiagen gel purification, Miniprep and Maxiprep kits can be obtained from Qiagen \
(Valencia, CA). Protease inhibitor, anti-HA antibody can be purchased from Roche \(Indianapolis, IN).
Bradford reagent and 10% polyacrylamide minigels can be obtained from BIO-RAD \(Hercules, CA). ECL-
Anti-mouse antibody-horse radish peroxidase \(HRP) conjugate \(NA931V) can be obtained from
Amersham Biosciences \(Piscataway, N.J). Anti-mouse-Alexa594, Alexa660 and Alexa680 conjugates,
anti-biotin antibody and streptavidin-HRP can be obtained from Molecular Probes \(Eugene, OR). ECL
Reagent and SuperBlock buffer can be purchased from Pierce Biotech \(Rockford, IL). Fluorescent
mounting medium can be obtained from DakoCytomation \(Carpinteria, CA). Poly-lysine, sodium chloride,
ampicillin, Ponseau staining solution, paraformaldehyde \(PFA) and ethidium bromide can be purchased
from Sigma \(St. Louis, MO). Purina Biotin deficient diet 5836 can be obtained from Purina Test Diet \
(Richmond, IN). Thermostable high fidelity Pfu DNA polymerase and its buffer can be obtained from
Stratagene \(La Jolla, CA). Agarose can be purchased from ISCBioExpress \(Kaysville, UT). Fetal bovine
serum \(FBS), penicillin and streptomycin mix, Dulbecco's modified Eagle's medium \(DMEM) and
OPTIMEM, 10x phosphate buffere saline \(PBS) can be obtained from cellgro by Mediatech Inc. \
(Herndon, VA). Bacto-tryptone, Bacto-yeast extract and Baco-Agar can be obtained from Becton Dickinson
and Company \(Sparks, MD). Tissue culture plates, microscope cover glass and sodium dodecyl sulfate \
(SDS) can be obtained from Fisher Scientific \(Pittsburg, PA) Cell lysis buffer: 150 mM NaCl, 1% NP40,
0.5% deoxycholic acid, 0.1% sodium dodecyl sulfate in 50 mM Tris-HCI, pH 8. store at 4 0C. Make fresh
every 1-2 weeks. 50x TAE buffer: 2 M Tris-acetate, 50 mM EDTA \(pH 8.0). to prepare 1 L add 242 g Tris
base, 57.1 ml glacial acetic acid and 100 ml 0.5M EDTA, adjust to pH 8.0. Store at room temperature. 6x
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Gel loading buffer: 30% glycerol, 0.25% bromophenol blue and 0.25% xylene cyanol. Store at room
temperature. 4x polyacrylamide loading buffer: to make 8mL, 4mL Tris-HCI \(0.5M), pH 6.8, 1.6 mL 20%
SDS, 5mg Bromophenol blue, 1.6 mL glycerol, 0.8 mL beta-mercaptoehanol. Store at -20 C. 10x Running
buffer: to make 1L, add 30.2g Tris, 144 g Glycine, 10 g of SDS and increase the volume with ddH,0. 10x
Transfer buffer: To prepare 1 L, add 29 g Tris, 147 g Glycine and increase the volume with ddH,0 10x
TBST: To prepare 1L, 80 g of NaCl, 30 g Tris, pH 8, add 5 mL of Tween-20 and increase the volume with
ddH,0. SOB medium: To make 1L, 20 g bacto-tryptone, 5 g bacto-yeast extract, 0.5 g NaCl and increase
the volume with ddH,O0. Sterilize by autoclaving for 20-30 min. SOC medium: To SOB medium add 20 mM
of sterile glucose and store at -20 C. 1M solution of glucose is prepared by dissolving 18 g of Glucose in
100 mL of ddH,0 and is sterilized by filtration through 0.22-micron filter. Luria-Bertanu \(LB) medium. To
make 1 L, add 10g bacto-tryptone, 5g bacto-yeast extract, 10g NaCl and increase the volume with ddH,0).
Mix well and sterilize by autoclaving as above. LB-agar plates with ampicillin: To 1 L of LB medium, add
15 g of agar and sterilize as above. After cooling to around 60 C, add 500 pl of 100 mg/ml ampicillin \
(prepared in ddH,0 and stored at -20 C) and poor it into plates near flame. Once solidified, seal plates
with parafilm and store at 4 C. Make fresh every one month.

Equipment

Polymerase chain reaction is carried out using the multi block system \(MBS) satellite thermal cycler \
(Thermo Electron Corporation, Waltham, MA). Fluorescence microscopy is performed using a Zeiss LSM
510 confocal microscope \(Jena, Germany). Coronal fluorescence mediated tomographic images are
acquired using a continuous wave-type scanner capable of acquiring transillumination, reflectance and
absorption data \(Visen Medical, Woburn, MA). DNA transformation is performed using electroporator
2510 \(Eppendorf, Westbury, NY). FACS analysis is performed using FACS-Calibur cytometer \(Becton
Dickinson, San Jose, CA).

Procedure

1) Cloning of BAP in pDisplay. The BAP sequence is cloned between the N-terminal epitope of
hemagglutinin A \(HA), which is preceded by a signal sequence from the murine Ig kappa-chain V-J2-C,
and the C-terminal PDGF receptor transmembrane \(TM) domain generating the pBAP-TM plasmid
encoding the HA-BAP-TM protein \(BAP-TM reporter)’. 1a) Polymerase chain reaction. The PSTCD BAP
sequence \(387 bp) is first amplified by PCR from pXa-1 plasmid \(Promega, Madison, WI) as follows: for
each reaction, add 5 pl Pfu buffer \(10x buffer), 2.5 pl of each upstream and downstream primer \(10
uM), 1.5 ul dNTPs mix \(5 mM), 1 pl pXa-1 \(20 mg/L), 5 ul DMSO \(Critical, PCR of BAP is not successful
without it), 1 pyl Pfu DNA polymerase \(2.5 units/pl) and increase the volume to 50 pl with autoclaved
ddH,0. Set the conditions for the PCR as follows: an initial denaturation step at 95 °C for 3 min followed

by 35 cycles of 30 sec 95 °C denaturation, 30 sec 48 °C annealing, 1 min 72 °C extension and a final

extension step of 10 min. 1b) Purification of PCR product. First, make 1% agarose gel by boiling in a

microwave 1g of agarose in 100 pl 1xTAE buffer until dissolved. Add 5 pl ethidium bromide \(10 g/L) and
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poor the gel in the electrophoresis apparatus and wait 30 min to 1 h until gel solidifies. To the 50 pyl PCR
product, add 10 pl of 6x gel loading buffer and load it into a well \(7 mm or larger) of the agarose gel \
(8x10 cm minigel or larger). Also, load Tkb DNA ladder \(500 ng containing 1x GLB) in another lane. Run
the gel at 80V for about Thr at room temperature. Take out the gel from the apparatus and check the
corresponding size of the PCR product \(should be around 400 bp) using a UV light. Excise the portion of
gel containing this band using a razor blade and extract the DNA with Qiagen gel extraction kit as per the
manufacturer’s instructions. 1c¢) Preparing the plasmid and the PCR product for cloning. Since the PCR
primers are designed to introduce a Bglll site at the 5’ end and Sacll at the 3’ end of the BAP sequence,
digest the purified PCR product with these enzyme in a 100 pl reaction by adding 10 pl 10x NEB buffer 2 \
(reaction buffer for these enzymes), 20 units of each restriction enzyme and make up the rest of the
volume with ddH,0. At the same time, digest 5 pg pDisplay DNA under the same conditions. Incubate the

digestion reactions for 2-3 h \(or overnight ) at 37 °C. After this period, electrophorese the digested
pDisplay DNA on 1% agarose gel along side a 1 kb DNA ladder and extract the single band corresponding
to the digested pDisplay using Qiagen kit \(as above). Purify the digested PCR product using the Qiagen
kit without running it on the gel. Quantify the amount of DNA by using the method of choice in the
laboratory or by simply loading 2 pl of the digested backbone and PCR product along with a known
amount of the 1 kb DNA marker on 1% agarose gel and resolve by electrophoresis. Compare the band
intensity of the PCR product and the vector to the DNA standard and estimate the concentration of DNA
by eye. 1d) Ligation of the BAP-coding sequence in pDisplay to make pBAP-TM. In 20 pl reaction, add 2 pl
10x ligase buffer, 30 fmoles of digested pDisplay DNA, 90 fmoles of the PCR product \(above), 1 pl \(400
units/pl) of T4 DNA ligase and make up the rest of the volume with ddH,0. Incubate the ligation reaction

overnight at 14 °C \(or in a water batch stored in the cold room). Transform 1 pl of the ligation into
DH10B electrocompetent bacterial cells or equivalent as follow: take 1 pl of the ligation reaction and add
it to 30 pl of electrocompetent cells, transform by electroporation, increase the volume to 500 yl SOC
medium and incubate for Th at 37 °C with shaking. Plate 200 pl onto LB agar plate containing ampicillin
and incubate overnight at 37 °C. Pick 10 colonies from the plate and culture each in 4 mL LB containing
ampicillin \(50 mg/L) overnight at 37 °C with shaking. Purify the plasmid DNA from these cultures using
Qiagen miniprep kit. Digest 5 pl of each DNA with both Bgl Il and Sac Il restriction enzymes in 20 pl
reaction, as above. Electrophorese the digested DNA on a 1% agarose gel along with 1Tkb DNA ladder and
check for the clone that gives you 2 bands corresponding to the digested plasmid \(5.3 Kb) and the PCR
product \(around 400 bp). Transform the correct clone back into electrocompetent bacteria, pick a single
colony, and culture it as above. Make Glycerol stcok by adding 100 pl of glycerol \(sterilized by
autoclaving) to 900 pl of bacterial culture containing this clone. Quick freeze with dry ice/methanol bath
and store at -80 °C. Finally expand this clone in 200 mL of LB with ampicillin and purify the plasmid DNA
using Qiagen maxiprep kit. 2) Transfection of mammalian cells. In general, any gene delivery method,
transfection or infection, would work. Grow BHK-12 baby hamster kidney cells \(from Dr. William Bowers,
Univ. Rochester, NY, also available from ATCC, Manassas, VA) in DMEM supplemented with 10% FBS, 100
U penicillin and 0.1 mg of streptomycin per ml at 37 °C and 5% CO2 in a humidified atmosphere. Note:
any other mammalian cell type that is highly transfectable with lipofectamine can be used. Plate cells in
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p60 plates to achieve 70-80% confluency the next morning. Label 2 tubes. In tube 1, add 10 pl
lipofectamine to 200 pyl OPTIMEM; and in tube 2, 3 ug pBAP-TM DNA to 200 pyl OPTIMEM. Mix tube 1 and
2 and incubate for 45 min at room temperature. As a negative control, use pDisplay in tube 2 instead of
pBAP-TM. Increase the volume to 1.5 mL with OPTIMEM. Wash the plates with OPTIMEM, add the mix
and incubate at 37 °C for 4 hrs with occasional rocking of the plates. Then, remove the mix and add 3mL
of fresh growth media and return to 37 °C/5% CO, incubator. 3) Western Blotting. Forty-eight hrs post-
transfection, rinse the cell monolayer once with PBS and harvest cells by scraping into 1.5 mL PBS. Spin
down the cells at 300g for 5min and lyse them by adding 50 pl lysis buffer supplemented with 0.5 pl
protease inhibitor and incubating on ice for 30min. Centrifuge at 10,000g for 30 min \(at 4 °C), collect the
supernatant and quantify the total protein concentration of the cell lysate using the Bradford reagent
assay. Resolve 20-50 pg protein \(in lysate) by SDS-polyacrylamide gel electrophoresis \(SDS-PAGE) in
running buffer with molecular weight standards as described?. After transferring proteins onto
nitrocellulose membranes by electrolytic transfer in transfer buffer, stain membranes with Ponceau by
adding it to the membrane and mixing it for 1 min to verify even protein loading. Block the membrane
with 10% fat-free skim milk in TBST buffer for 1Thr at room temperature. To visualize the biotinylated
protein, BAP-TM \(MW 22 kDa), incubate the membrane with 1 pg/ml streptavidin-horseradish peroxidase
conjugate \(diluted in 5% fat-free skim milk in TBST) for 30 min at room temperature with shaking. Wash
the membrane 3x \(15 min each) with TBST and add ECL reagent and shake for 1 min. insert membrane
in a cassette, place film on top in the dark and develop by autoradiography. For the detection of BAP-TM
HA-tag, incubate membrane with 0.2 ug/ml anti-HA antibody \(diluted in 2% fat-free skim milk in TBST)
for 1 hr at room temperature. Wash as above and add ECL secondary antibody-HRP conjugate \(diluted
5,000 fold with TBST) for Thr at room temperature. Wash 3x with TBST, add ECL Reagent and develop as
above. 4) Cell surface staining. Place microscope cover glass \(circle diameter 15mm) in 12 well plate
and coat them with 0.1 pg/mL poly-lysine in PBS for Thr at 37 °C. Wash the coverglass with PBS and
store them at 37 °C until use. Transfect the cells as above and 24 hrs later, re-plate the cells on these poly-
lysine-coated glass coverslips. One may plate cells at different densities to select the ones that are most
suitable for cell surface staining. In general a confluency which allows one to look at a single cell is
preferable. 24 h later, transfer the coverslips into a clean 12 well plate and perform surface staining on
living cells or fixed non-permeabilized cells. 4a) Live cell staining. Wash cells once with DMEM and
incubate them with 0.4 pg/ml anti-HA antibody or anti-biotin antibody \(diluted in DMEM) for 6 min at
room temperature. Longer incubation may lead to higher background. Some antibodies do not work well
on live cells and may work better on fixed cells \(see below). Then, wash cells quickly 3x with DMEM and
incubate them with 20 pg/ml secondary antibody conjugated to Alexa594 for 30 min at room
temperature in the dark. Wash cells again with DMEM, fix them with 4% paraformaldehyde \(PFA) for 10
min, wash again with PBS and mount coverslips on microscope slide using fluorescent mounting
medium. Analyze cells by confocal fluorescence microscopy. 4b) Staining on fixed non-permeabilized
cells. Fix cells with 1.5% PFA for 10 min. Note: longer incubation or higher PFA concentration may lead to
indirect permeabilization. After washing 3x with PBS, block coverslips with either 10% normal goat serum
\(NGS) and 1% BSA for HA detection, or with SuperBlock blocking buffer for 1 hr at 37°C for biotin
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detection. Wash coverslips 3x with PBS, and incubate the non-permeabilized cells with either with 1
pg/mL anti-HA antibody diluted in 1% NGS or 10 pg/mL anti-biotin antibody diluted in 2% Superblock
buffer at 37°C for 1 hr. Wash again as above and incubate coverslips with 2 pg/mL secondary antibody
conjugated to Alexa594. Finally, wash coverslips and mount them on microscope slides as above, and
analyze by confocal fluorescence microscopy. 5) FACS analysis. Collect transfected cells expressing BAP-
TM or control cells \(from section 2, above) by treating them with trypsin. Pellet the cells by spinning
down at 300g for 5 min \(4 °C) using a microcentrifuge and wash them once with PBS. Incubate the cells
with 10pg/mL streptavidin-Alexa680 diluted in PBS for 20 min at 4 °C. To remove any non-specific
binding, include 0.5% of dialyzed BSA. Note: it is important to wash the cells free of serum and to dialyze
the BSA before use since they both contain endogenous biotin which might interfere with the binding of
streptavidin to biotinylated receptors. On the other hand, cells can be incubated with 20 pg/mL anti-biotin
antibody for 6 min at room temperature followed by washing and 30 min incubation with 5 pg/mL
secondary antibody conjugated to Alexa660 both diluted in PBS with 0.5% BSA. Here, there is no need to
dialyze the BSA since the antibody does not bind free biotin. As a positive control, stain the cells with
antibody to HA in a similar manner. Than, wash the cells, resuspend them in 200 pl PBS and analyze
them with FACS. _In vivo_ studies. All animal studies should be performed with relevant institutional
guidelines and regulations. Since mice have 10-100 times higher serum levels of biotin than humans'%17,
levels can be made comparable to humans by placing mice on a biotin-deficient diet for five days before
injection of imaging agents. In general, since an excess of streptavidin agents is administered, this step
may not be critical and normal diet may be sufficient to perform these mice studies. Infect Gli36 human
glioma cells, or another tumor cell line able to form tumors in mice with a lentiviral vector encoding BAP-
TM and eGFP in culture as follows:"'2. In general, any gene transfer method which has a high efficiency
of transduction can be used. Rinse the cells with PBS and resuspend them in culture media \(about 5
million cells in 200 pl) in an eppendorf tube. Add the viral vector so you have a multiplicity of infection \
(transducing units per cell) of 20 and incubate for 1 h at 37 °C. Then, increase the volume with culture
media and re-plate the cells. After 48 hrs, check eGFP expression. If the infection results are not
satisfactory, repeat the infection one more time on the same cells. If using lentiviral vectors or any other
vectors which confers stable gene expression on cells, keep the cells in culture, otherwise, infect the cells
and implant them 24 h later. Resuspend 5 million cells in 100 yL PBS, and implant them subcutaneously
in the back flanks of nude mice \(6 weeks old, weighing 25-27 g), which have been anesthetized by i.p
injection of a mixture of ketamine \(25 g/L) and xylazine \(5 g/L). Implant the BAP-TM-expressing cells
on one side of the mouse and control cells on the other side. About two weeks later, when tumors reached
a size of 3-5 mm in diameter, inject mice i.v. with 70 nmoles/kg body weight \(with respect to fluorophore)
streptavidin-Alexa680 conjugate and image 24 hrs later by FMT under general isoflurane anesthesia \(1-
1.5% at 2 L/min) 113, Similar protocol can be used for imaging with MR after injection of streptavidin
conjugated to magnetic nanoparticles \(MNP) '13_ Alternately a two-step protocol can be performed as
follows: inject mice with 70 nmoles/kg body weight of streptavidin. Wait 18 hrs to allow the streptavidin
to bind to biotin on the surface of tumor cells and for the unbound streptavidin to be cleared from
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circulation. Inject with similar amount of biotinylated-MNP and image with T2-weighted MR 24 hrs
later'3.

Timing
one week to one month

Anticipated Results

Western blotting and surface staining: Expect a sharp band around 22 kDa on western blots after
detection with either streptavidin-HRP or a combination of anti-HA and secondary antibody-HRP
conjugate \(Fig. 1a). When using streptavidin-HRP, two-three other fainter bands, depending on how long
the gel is run, are usually observed at around 80 and 120 kDa which corresponds to endogenous
mammalian biotinylated proteins®'4. A typical FACS analysis chromatogram and microscopy image of
surface labeled cells are shown in Figure 1b,c,d and e. _In vivo_ fluorescence mediated tomographic
imaging. FMT imaging of mice injected with streptavidin-Alexa680 usually reveals little fluorescence
signal for control tumor in contrast to BAP-TM expressing tumors which shows a clear detectable signal.
In general, there is 10-15 fold higher fluorescence in tumors expressing the BAP-TM as compared to
control tumors \(Fig. 2a and b). _In vivo_ magnetic resomance imaging. Injection with streptavidin-MNP
or streptavidin followed by biotin-MNP and imaging with T2-weighted MR should show a significant
decrease in the spin-spin relaxation time \(T2) in BAP-TM-expressing tumors as compared to control
tumors. A typical T2 value for control tumor is around 150 ms and for BAP-TM-expressing tumor is
around 80 ms \(Fig. 3a and b).
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Figure 1

Biotinylation of recombinant BAP-TM protein in mammalian cells. (a) BHK-12 cells were transfected with
pDisplay control or with BAP-TM expression constructs, then lysed and analyzed by western blotting
using streptavidin-HRP. The strong band at 22 kDa corresponds to the BAP-TM reporter protein. Other
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fainter bands correspond to endogenous mammalian biotinylated proteins. (b) Viable BHK-12 cells
expressing eGFP alone (control) or BAP-TM and eGFP were labeled with anti-biotin followed by secondary
antibody-Alexa-660 conjugate and FACS analyzed for both eGFP and Alexa660 fluorescence. (c-e) Gli36
cells on coverslips were infected with lentivirus vector encoding BAP-TM and eGFP and fixed with 1.5%
paraformaldehyde under non-permeabilizing conditions 48 h later. (c) eGFP fluorescence; (d) staining for
biotin with anti-biotin antibody followed by secondary antibody-Alexa594 and confocal microscopy. (e)
overlay image of c and d. Scale bar, 50 pm.
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Figure 2

_In vivo_ fluorescence quantitation of tumors expressing metabolically biotinylated mammalian surface
receptors. Glioma tumors expressing BAP-TM (left) or control tumor (right) were imaged by FMT 24 h
afteri.v. injection of streptavidin-Alexa680. (a) The 3D FMT image is displayed at different depths of the
coronal plane (z axis). The fluorescence signals are superimposed with the grayscale planar excitation
light image of the mouse. scale bar, 1 cm. (b) Quantitation of tumor associated streptavidin-fluorochrome
levels. The mean plus-or-minus S.E.M. for the control is 15 plus-or-minus 10 pmol and for the BAP-TM-

expressing tumor is 230 plus-or-minus 18 pmol (n = 3), with *p<0.001 as calculated by the student’s t-
TEST.
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Figure 3

T2-weighted MR imaging of tumor cells expressing either biotinylated surface reporter _in vivo_. (a — b)
Mice bearing glioma tumors expressing BAP-TM (right) or control tumor (left) were injected i.v. with
streptavidin-MNP conjugate and imaged with MR 24 h later: (a) A T2-weighted axial MR slice through the
tumor-bearing region of a typical mouse is shown. The BAP-TM expressing tumor shows significantly
lower T2 as compared to the control (i.e. there is a larger decrease in T2 from baseline). (b) T2 values
evaluated in the tumors shown in (a). The mean plus-or-minus S.E.M. for the control tumor is 160 plus-or-
minus 6 and for the BAP-TM-expressing tumor is 80 plus-or-minus 6 (n = 3) with *p<0.001.
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