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This work features the use of amber suppression-mediated unnatural amino acid (UAA) incorporation into
proteins for various imaging purposes. The site-specific incorporation of the UAA, p-azido-L-phenylalanine
(pAzF), provides an azide handle that can be used to complete the strain promoted azide-alkyne click cyclo-
addition (SPAAC) reaction to introduce an imaging modality such as a fluorophore or a positron emission to-
mography (PET) tracer on the protein of interest (POI). Such methodology can be pursued directly in mammalian

cell lines or on proteins expressed in vitro, thereby conferring a homogeneous pool of protein conjugates. A
general procedure for UAA incorporation to use with a site-specific protein labeling method is provided allowing
for in vitro and in vivo imaging applications based on the representative proteins PTEN and PD-L1. This approach
would help elucidate the cellular or in vivo biological activities of the POI

1. Introduction

Most protein conjugation methods target the reactive side chains of
amino acids such as lysine [1,2] or cysteine [2]. However, reliance on
native moieties lacks specificity as one peptide or protein usually has
multiple copies of the same amino acid residue [3]. This results in het-
erogeneous conjugate mixtures that compromise the in vitro and in vivo
performance of protein conjugates as diagnostic tools or potential
therapeutics [2-4].

To overcome this problem, the suppression of the amber, ochre, and
opal stop codons for unnatural amino acid (UAA) incorporation has
become prevalent as an orthogonal and site-specific protein tagging
strategy (Fig. 1) [5,6]. To date, over 50 different UAAs have been
designed and incorporated for various purposes [7]. Spanning across
species, tRNA/aminoacyl-tRNA synthetase pairs have been evolved over
the years to be functional in bacteria [2,8], yeast [2], mammalian cells
[2,5], fruit flies [9,10], or C. elegans [10,11]. Amber suppression allows
for a site-selective reaction as the UAA incorporation occurs at a specific
amino acid site which has been permanently mutated in the original
genetic sequence [12]. The stop codon can be generated through the
mutation of an existing amino acid or by insertion between two existing
residues in the genetic sequence anywhere within the protein. The stop
codon is then charged by a tRNA/synthetase orthogonal pair designed to
specifically incorporate UAAs [6]. Recently, the incorporation efficiency
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has increased as well due to the advancement of molecular biology that
combines the coding fragments of the tRNA/synthetase pair along with
those for the required release factors within one plasmid [6,13]. The
UAA specific release factors compete with release factor 1 in the or-
ganisms’ natural machinery to prevent amber codon recognition and
terminating translation [13-15].

As a result, UAA-based site-specific protein labeling has found great
applications in antibody-drug conjugates (ADCs), which as a homoge-
nous pool of proteins facilitates conjugation optimization [15,16] and
provides additional advantages in delivery due to the superior phar-
macokinetics.[2,4,17] Despite these well-known applications
[2,4,8,15,18], few UAA-based protein conjugates have been employed
for imaging studies so far [19]. Most often, imaging strategies have
focused on the use of either fluorescent fusion proteins such as GFP [20]
or other protein tags such as Halo-tag [21,22] and Snap-tag [23] for
stepwise in situ conjugation with small molecule fluorophores. As a
more facile and general labeling approach, the UAA incorporation can
either utilize fluorescent amino acids [24] that directly fulfill the im-
aging purpose or amino acids with an orthogonal and specifically
reactive side chain to serve as a handle for conjugation with a diverse set
of fluorophores. One such representative, p-azido-L-phenylalanine
(pAzF), possesses an azide group that undergoes a bio-orthogonal “click”
chemistry reaction either catalyzed by copper (I) or is strain- induced
[19,25]. Due to the toxic nature of copper in live cells, the use of strain
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promoted azide-alkyne cycloaddition (SPAAC) has recently become
more popularly utilized [26].

Our lab has recently developed a pAzF-based protein conjugation
platform that makes use of strain-promoted SPAAC for site-specific
appendence of proteins with imaging modalities derivatized by bicyclo
[6.1.0]non-4-yne (BCN) (Fig. 2) [8,26]. We further expanded on this
work by fluorescently labeling a tumor suppressor protein, phosphatase
and tensin homolog (PTEN), to pursue live cell tracking of PTEN’s
spatiotemporal distribution. PTEN is of interest to us due to its tumor
suppressor function and the various structural conformations this pro-
tein can adopt [27-29]. Yet, it is still greatly debated with respect to how
the intracellular PTEN activity is regulated due to the many dynamic
post-translational modifications it can undergo at real-time and the lack
of tools available to image the intrinsically-expressed PTEN [27,30].
With this UAA labeling method, the location of intracellular PTEN can
be identified, and further expanded on to study specific PTEN activity in
the cell. For in vivo application of this technique, we turned our attention
to programmed death-ligand 1 (PD-L1), which is an immune-checkpoint
protein and has been closely associated with immune response evasion
by tumor cells [31]. Despite the recent success of immunotherapies
targeting these checkpoint proteins, clinical side-effects emergence
suggests the potential off-target effects. Thus, technology to help image
PD-L1 would significantly aid in discovering these off-target effects. We
have utilized the antigen-binding fragment (Fab) of an «PD-L1 antibody,
which retains the strong binding affinity and allows for effective imag-
ing. The small size of the Fab provides better tissue penetration and in
vivo circulation kinetics for the imaging needs versus the full length
antibody [8,32]. The following protocol provides details for construct-
ing site-specific pAzF-incorporated protein conjugates first on PTEN and
then on aPDL1-Fab, as well as the respective imaging applications in
vitro and in vivo (Fig. 2).
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2. Methods and materials
2.1. Molecular cloning to introduce TAG codon Site-Specifically

Create a stock solution of 100 mM pAzF (Click Chemistry Tools,
catalogue #1406-1G) in deionized Hy0. Use concentrated NaOH to
bring the pH value of the solution to ~ 9-10 to ensure full solubility of
pAZF. Store the stock solution at —20 °C until needed.

2.1.1. Preparation of protein expression plasmids

For most proteins of interest, the related expression plasmids can be
either obtained directly from Addgene or constructed through fusion-
based PCR assembly. For PTEN, the mammalian expression plasmid
pcDNA3 was directly obtained from Addgene (plasmid #78777) [33]
(Fig. 3B). For aPD-L1 Fab antibody fragment, the coding sequence was
synthesized by IDT based on previously published results [34]. The
sequence was then cloned into the E. coli expression plasmid pBAD with
restriction enzymes (Nhel, Apal) and T4-ligase mediated ligation (New
England Biolabs (NEB)).

The pair of orthogonal tRNA synthetase/tRNA is usually introduced
into the cellular synthetic machinery for incorporation of the desired
unnatural amino acid through a separate coding plasmid for expression
in E. coli or mammalian cells. For incorporation of the unnatural amino
acid pAzF into PTEN in mammalian cells, we acquired the pMAH vector
(as a gift from the Ai lab) [35]. This enables the expression of a poly-
specific aminoacyl-tRNA tyrosyl synthetase with Y371/D182S/F183M/
D265R mutations and four copies of amber suppression tRNAs for pAzF
incorporation (Fig. 3B). For charging pAzF onto aPD-L1 protein in E.
coli, we constructed a pULTRA plasmid [4,8] that encodes the tRNA/
archaea Methanococcus jannaschii tyrosyl aminoacyl-tRNA synthetase
pair which was optimized to aminoacylate pAzF in the prokaryotic
system.
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Fig. 1. A general scheme to demonstrate the mechanism of unnatural amino acid (UAA) incorporation through amber-mediated suppression. Figure was adapted with
permission from Wang,Q., Parrish,A.R., & WangL. (2009). Expanding the genetic code for biological studies. Chemical Biology, 16(3), 323-336. Copyright (2009) Elsev-

ier Ltd.
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Fig. 2. Site-specific amber suppression on the protein of interest to incorporate p-azido-l-phenylalanine (pAzF), followed by SPAAC reaction with the bicyclo[6.1.0]
non-4-yne (BCN) moiety of the imaging modality of choice. For PET imaging, 1,4,7-triazacyclononane-N,N’,N"-triacetic acid (NOTA) was employed here. For
fluorescent imaging, tetramethylrhodamine (TAMRA) was used for live-cell applications.
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Fig. 3. (A) PTEN protein structure (PDB 1D5R) created via Pymol, with the site of UAA indicated by X in the sequence. (B) The Plasmid vector maps for PTEN and the
vector for tRNA/synthetase. (C) Live-cell imaging results with the first row showing cells having received pAzF treatment, with TAMRA fluorescence. The second row
was a vehicle control without pAzF treatment, which displayed no discernible fluorescence as the lack of pAzF prevented amber suppression. The transmission
channel confirms the presence of fluorescence within the HEK293 cells, and the blue channel indicates Hoechst nuclear staining. (D) The SDS-PAGE based in-gel
fluorescence detection of TAMRA labeling and the western blot detection of PTEN protein. The lanes are marked as: 1. Ladder; 2. Untransfected HEK293 cells; 3.
Transfected HEK293 cells with the treatment of pAzF; 4. Vehicle control using transfected HEK293 cells but without pAzF treatment.

97



H.E. Lightle et al.

2.1.2. Site-Directed mutagenesis to introduce amber codon

The TAG mutation can be introduced using a PCR primer and would
be facilitated through commercially available kits such as Q5 (NEB),
QuikChange (Agilent), or In-Fusion (Takara Bio). The following steps are
exemplified with the use of Q5-directed mutagenesis (NEB).

1. To introduce the TAG codon mutation, non-overlapping DNA
primers were designed using NEBasechanger (NEB) to replace the tar-
geted mutation site with the TAG codon. Specifically, the phenylalanine
in the linker sequence between PTEN and the N-terminal FLAG tag was
chosen for a test expression (Fig. 3A). Whereas for aPD-L1, the heavy
chain HC_K129 was mutated to minimize protein folding disruption, as
revealed by in silico screening [8] (Fig. 4A).

2. Set up PCR using a T100™ Thermal Cycler (Bio-Rad) with the
following conditions as optimized from NEB Site-directed Mutagenesis
procedure:

Denaturation: 98 °C for 30 s.

Annealing: 25 cycles, 98 °C for 10 s.

60 °C for 30 s («PD-L1) or 67 °C for 30 s (PTEN).

72 °C for 4 min.

Extension: 72 °C for 2 min.

3. To remove the unmutated parent vectors, add 1 pL of the PCR
product to a total volume of 10 pL master mix (5 pL total of 2x Kinase,
Ligase, and Dpnl (KLD) Reaction Buffer; 1 uL 10x KLD Enzyme Mix, 3 L
Nuclease-free Water). Mix well and incubate at room temperature for 5
min.

4. Transform the KLD treated DNA into NEB 5-alpha competent cells
(catalogue #C2987H) through chemical heat-shock transformation. Add
5 pL of KLD mix to thawed cells and incubate on ice for 30 min. Heat
shock the cells at 42 °C for 30 s, and place back on ice for 5 min.

5. Add 950 pL of SOC media (NEB, catalogue #B9020S) to cells to
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help with their recovery. Incubate the mixture at 37 °C for 60 min while
shaking at 250 rpm. Plate 100 uL of these cells evenly onto an LB agar
plate that was pre-treated with Ampicillin (VWR, catalogue
#1C19014825). Incubate the plate overnight at 37 °C.

6. Pick the colonies from the agar plate and inoculate in 10 mL of
culture media treated with Ampicillin. Grow cultures overnight at 37 °C.
Extract the plasmids using a ZymoPURE II Plasmid Miniprep kit (Zymo
Research, catalogue #D4210). Verify the correct TAG codon mutation
by Sanger sequencing (Azenta).

7. For longer storage of the plasmid-containing E. coli, mix the cell
culture with 50% glycerol at 1:1 ratio and store this at —80 °C as stock
solutions.

8. For plasmids to be used for expression in mammalian cells, inoc-
ulate the related E. coli stock in at least 200 mL of LB media culture. After
overnight shaking at 37 °C, extract the plasmids with a ZymoPURE II
Maxiprep kit (Zymo Research, catalogue #D4203) which provides the
endotoxin filtration.

2.2. Protein expression in e. Coli or mammalian cells with Site-Specific
UAA incorporation

Here, we showcase the pAzF incorporation into proteins expressed
by both prokaryotic (pBAD for oPD-L1) and eukaryotic systems
(pcDNA3 for PTEN). For proteins expressed in E. coli, we will also
introduce follow-up purification procedures. For purification of UAA-
containing protein agents expressed in mammalian cells, particularly
antibodies, there are reported protocols on the use of HEK293 or CHO
cells for scaled up production of UAA-incorporated proteins [17,36]. In
this work, we will focus on live mammalian cell labeling and imaging
suitable for most academic labs.
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Fig. 4. (A) aPD-L1 protein structure with the potential mutation sites highlighted for in silico simulation. (B) In vitro PAGE gel characterization and MS charac-
terization of protein before and after conjugation. (C) In vitro ELISA to confirm affinity was not compromised by the mutation and the conjugation. (D) In vivo PET
imaging result. The white arrow is pointed to the spleen and the yellow arrow points to brown adipose tissue. Figure was adapted with permission from Wissler,H.L.,
EhlerdingE.B., Lyu,Z., Zhao,Y., Zhang,S., Eshraghi,A., et al. (2019). Site-specific inmuno-PET tracer to image PD-L1, Molecular Pharmaceutics, 16, 2028-2036. Copyright

(2019) American Chemical Society.
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2.2.1. E. Coli expression

1. Inoculate the E. coli stock with the desired plasmids in 8 mL of 2x
YT media that contains 100 ug/mL ampicillin (for pBAD) (VWR, cata-
logue 1C19014825) and 100 pug/mL spectinomycin (for pULTRA) (Fisher
Sci, catalogue J61820-06). Incubate the solution by shaking at 37 °C,
250 rpm overnight. Notably, 2xYT media was found by us and other
colleagues to particularly facilitate the expression of proteins incorpo-
rating UAAs compared to other medium.

2. Dilute the starter culture in 800 mL of 2x YT media containing the
same concentrations of antibiotics and 1 mM pAzF and continue to shake
at 37 °C, 250 rpm.

3. After 2-3 h begin to check the OD600 detected on a Cell Density
Meter. Once the OD600 reading reaches 0.8 — 1.0, induce the culture
with 0.2% L-arabinose to activate expression of the pULTRA plasmid
and 0.5 mM IPTG (Combi-Blocks, catalogue #SS-7533) to stimulate
expression of the pBAD vector. Incubate the mixture for 24 h at 18 °C,
200 rpm to allow for maximum expression.

4. Harvest the cells by centrifuging at 4 °C and 4000 x g for 30 min.
Discard the supernatant and freeze the cell pellets at —80 °C for at least
three hours. Briefly thaw and resuspend the pellets using a periplasmic
lysis buffer (20% sucrose, 30 mM Tris (pH 8.0), 1 mM EDTA, and 0.2
mg/mL lysozyme). Mix all the components by pipetting up and down.
The suspension is then incubated at 37 °C, 250 rpm for 20 min to allow
for complete lysis.

5. Pellet insoluble debris by centrifuging at 4 °C, 4000 x g for 30 min.
Once finished, the supernatant is filtered through a 2.0 pm membrane to
remove any remaining debris.

6. Purify the Fab proteins from the cell lysates by passing through a
CH1 affinity column (Thermo Fisher, catalogue #1943462005) and
eluting the proteins out with an elution buffer of 100 mM glycine, pH
2.8. Neutralize the eluent immediately with 1 M Tris Buffer. Confirm the
correct Fab identities and purity using SDS-PAGE and LC-MS.

2.2.2. Mammalian cell expression

1. Seed HEK293 cells at 50-70% confluency into an eight-well
chambered cover glass (Cellvis C8-1.5P) at a dilution of
80,000-100,000 cells/well in DMEM (Fisher Sci, catalogue
#MT10013CV) supplemented with Corning® 10% fetal bovine serum
(VWR, catalogue #45000-736) and 1x Antibiotic/Antimycotic Solution
(AAS) (Fisher Sci, catalogue #SV3007901) for a final volume of 100 uL
in each well.

2. Incubate the plated cells overnight at 37 °C with 5% CO2 to allow
attachment to the plate.

3. Perform transfection of HEK293T cells using Xfect Transfection
Reagent (Takara Bio, catalogue #631318) according to the manufac-
turer’s instructions with final DNA amount of 0.4 pg each for the
pcDNA3-FLAG-TAG-PTEN and pMAH-POLY-eRF1 (E55D) plasmids per
well. The transfected cells were incubated again at 37 °C with 5% CO
for 6-8 h to allow for maximum transfection efficiency.

4. Dilute the 100 mM pAzF stock in supplemented DMEM to a final
concentration of 2 mM. After 6 h, replace the existing media in each
transfected well with 100 uL of fresh pAzF-containing DMEM. Incubate
for another 16-24 h for sufficient pAzF incorporation.

2.3. Individual applications for imaging

The azide side chain of pAzF site-specifically incorporated on PTEN
(N terminal) ((Fig. 3A) and aPD-L1 Fab antibody (HC-K129 site)
(Fig. 4A) can now undergo the SPAAC reaction. The reaction introduces
a fluorophore TAMRA onto PTEN for live cell fluorescent imaging
observation, which is aimed at elucidating the protein’s cellular loca-
tion. Such bioorthogonal reaction also occurs on «aPD-L1 Fab in vitro to
empower its radioactive function which is needed for in vivo
immunoconjugate-based positron emission tomography (immune-PET)
imaging of mice (Fig. 4D).
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2.3.1. In situ protein labeling for mammalian cell imaging (Fig. 3C-3D)

1. With the treated 8-well plate from section 2.2.2. step 4, add 100 uL
of 1 uM endo-BCN-PEG4-TAMRA linker (BroadPharm, catalogue #BP-
22456) to complete the SPAAC-mediated labeling on PTEN expressed
inside HEK293 cells.

2. Incubate the well plate for a minimum of 30 min to allow for
maximum labeling. Remove solution from wells and wash away excess
linker from the wells using PBS (VWR, catalogue #45000-434).

3. Add 100 pL 1x Hoechst dye (Fisher Sci, catalogue #H1399) to each
well and let it incubate for 10 min at room temperature. Remove the
solution from wells and replace with a final 100 pL PBS for imaging.

4. Image cells using a laser-scanning confocal microscope (Olympus)
equipped with a 60x objective. Observe the nuclear staining by Hoechst
under excitation 392 nm/ emission 440 nm. The TAMRA-labeled PTEN
was monitored under excitation 552 nm/emission 558 nm (Fig. 3C).
Image processing was completed using ImageJ software.

5. To further verify the proper UAA incorporation and labeling of
PTEN by TAMRA, additional in vitro assays can be performed. The
TAMRA-labeled PTEN cellular samples prepared as listed above can be
lysed and analyzed on sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE). The TAMRA fluorescence coupled with
western blotting was used to detect the expression of the mutated PTEN
in HEK239 cells and to confirm the labeling by TAMRA (Fig. 3D).

5a. SDS-PAGE In-Gel Fluorescence.

5a.1. Prepare TAMRA-labeled PTEN as stated in sections 2.2.2 and
2.3.1 and scale up to 10% HEK293 cells in a 6-well plate with a final well
volume of 2 mL to ensure protein overexpression. With the TakraBio
Xfect transfection kit, use a DNA concentration of 2 ug per plasmid. The
remaining concentrations and steps stay the same.

5a.2. After the 30 min BCN-TAMRA incubation, wash cells once with
PBS. Add 200 pL. mammalian protein extraction reagent (VWR, cata-
logue #P168501) with protease inhibitor to each well and shake at 4 °C
for 20 min.

5a.3. Collect lysed cells and centrifuge at 10,000 g for 10 min.
Remove supernatant containing extracted proteins and keep on ice to
prepare samples for SDS-PAGE gel.

5a.4. Use a BCA assay to determine protein concentration of each
sample. Prepare samples containing 60 pg protein mixed with 1x LDS
sample buffer (Fisher Sci, catalogue #B0007) and DTT (Ambeed, cata-
logue #A587635). Boil samples at 90 °C for 10 min. Load onto Sure-
PAGE™, Bis-Tris, 10x8, 4-12% gel (GeneScript, catalogue #M00653)
and run at 140 V for 40 min.

5a.5. Once finished, image gel with a ChemiDoc MP imaging system
(BioRad) with the rhodamine setting.

5b. Western Blotting for PTEN Detection.

5b.1. Activate a blotting membrane (Fisher Sci, catalogue #45-004-
110) with 100% methanol immersion for 30 s. Place the membrane
within two pieces of western blotting filter paper (Fisher Sci, catalogue
#PI88620) and soak in 1x NuPAGE™ transfer buffer (Fisher Sci, cata-
logue #NP00061) for 5 min. Set up the transfer with the gel ran in steps
5a using a TransBlot SD Semi-Dry Transfer Cell (BioRad) set at 20 V for
1h.

5b.2. Remove the membrane from transfer cell and place it in 5%
BSA/PBS blocking buffer with constant shaking for 1-2 h at room
temperature or overnight at 4 °C.

5b.3. Incubate the blocked membrane for 1 h with the anti-PTEN
primary antibody (Biolegend, catalogue #655002) that was 1:500
diluted in 5% BSA. Wash the membrane 3x with 0.05% tween containing
PBS (PBST) for 10 min each time.

5b.4. Incubate the membrane for 1 h with the complementary sec-
ondary antibody anti-mouse Alexa Fluor488 (Invitrogen, catalogue
#834253) that was diluted 1:2000 in 5% BSA. Wash the membrane 3x
with PBST for 10 min each time. Image the final membrane with the
same ChemiDoc MP imaging system on the Alexa488 setting.
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2.3.2. Protein conjugation and radiolabeling for in vivo PET imaging
(Fig. 4B)

1. The previously expressed Fab fragments from section 2.2.1 were
buffer exchanged using an Amicon filter (Sigma Aldrich, catalogue
#UFC801008) and concentrated to 2.5 mg/mL (0.50 mM) in PBS buffer.
Mix and incubate the protein solution with 500 uM NOTA-BCN at 4 °C
for 12 h for complete SPAAC conjugation.

2. Purify the antibody-conjugate using the size-exclusion column on
FPLC or through a Zeba-spin desalting column (VWR, catalogue
#P189883) for a minimum of two rounds using PBS as the equilibrium
buffer. Reconfirm antibody-conjugate identities and purities via LC-MS
and SDS-PAGE analysis. The affinity of mutated or conjugated aPD-L1
towards PD-L1 fusion protein was tested via traditional ELISA assay and
was comparable to that of wild-type aPD-L1 antibody.

3. The NOTA-aPD-L1 conjugate was radiolabeled and purified using
64CuCl,, as previously reported [4,8].

4. Mice (Crl: NU (NCr)-Foxnlnu, Envigo) used for PET imaging were
purchased at age 4-6 weeks old (Jackson Labs) and sorted n = 3 per
group. PET scans were acquired at time points of 15 min and 45 min
respectively using an Inveon microPET/CT scanner.

3. Results and discussion
3.1. Live-Cell imaging of PTEN

The SPAAC conjugation of TAMRA dye towards the N-terminal pAzF
expressed on PTEN was efficiently achieved with the observation of
clear red fluorescence in live HEK293 cell images (Fig. 3C). After car-
rying out the same set of SPAAC conjugation, we did not observe any red
fluorescence from the control cell samples which had been transfected
with the same set of plasmids but not treated with pAzF (Fig. 3C). The
high cell permeability of TAMRA molecules also resulted in small
speckles in the control wells. However, this background was negligible
compared to the significant signal in the treated wells. The additional
characterization with the cell lysates verified the TAMRA labeling was
specific to the amber-suppressed PTEN (Fig. 3D). The in-gel fluorescence
assay revealed the presence of TAMRA only in the lane that received
PAZF treatment and not in the vehicle control lane. A follow-up western
blotting assay further confirmed that the TAMRA fluorescent band
observed in the fluorescent channel corresponds to the protein band
PTEN (Fig. 3D).

Furthermore, PTEN has been previously found to be expressed in
both the cytoplasm and the nucleus of mammalian cells [27,37].
Hoechst stain was used to ensure proper nucleus identification here. As
shown in Fig. 3C, the TAMRA fluorescence can be seen throughout the
cellular space surrounding the nucleus indicating the cytoplasmic
location of PTEN. There is also overlap with the Hoechst nuclear staining
indicating that some PTEN may either reside or translocate in the nu-
cleus as well. We demonstrated that this protein labeling method can be
used to study PTEN’s cellular location and probe its function based on
spatiotemporal distribution. In addition, the existence of PTEN as a
homodimer was documented but under studied [29] and it is possible
that the percentage of PTEN dimerization could be dependent on its
subcellular distributions as well, which remains to be revealed by this
UAA-based live cell imaging.

3.2. PET imaging of PD-L1

The initial mutation site on this antibody Fab fragment was revealed
through in silico screening using the RosettaBackrub algorithm and was
determined to be HC-K129 (Fig. 4A). Consistent with the predicted
stability, the Fab mutant fragment yield remained significant after UAA
incorporation. The wild-type aPD-L1 Fab had a yield of 4.2 mg/L and the
Fab mutant had an expression yield of 2.5 mg/L8. After complete con-
struction and SPAAC conjugation, the oPD-L1 conjugates were
confirmed to be stable and withstood little to no effect on their binding
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properties (Fig. 4C)%. The corresponding PET imaging revealed that the
Fab fragments provide a higher clearance rate from organs along with
lesser nonspecific levels of radiolabeled fragments remaining in non-
targeted locations (Fig. 4D). In vivo application of the radiolabeled
conjugates suggested the expression of PD-L1 immune checkpoint in the
spleen and brown adipose tissues (BAT) (Fig. 4D)8. The finding of the
expression of PD-L1 in the spleen was consistent with other reports,
which suggested that PD-L1 expression could occur in secondary
lymphatic organs and not only extralymphatic organs, as was previously
regarded to be the primary expression site. This finding further indicates
the expression of PD-L1 may be utilized by the mentioned organs in
suppressing unwanted T-cell responses, as such the spleen and adipose
tissue®. Finally, the PET imaging results also show the spleen and BAT
tissues as the off targets of immune checkpoint antibodies could be the
partial cause of the clinically observed immunotherapeutic toxicity.

4. Conclusion

In summary, we have developed an imaging platform using site-
specific protein labeling based on amber suppression-mediated genetic
incorporation of UAA. We demonstrated the applications on represen-
tative proteins of interest, PTEN and oPD-L1, respectively. Notably, in
silico simulation was shown to be a facile method to select the optimal
incorporation site, in the case of site-specific labeling of aPD-L1, which
can be potentially extended to all future proteins of interest. The suc-
cessfully incorporated pAzF unnatural tag served as the handle or an
anchoring point to flexibly react with different imaging modalities, with
the help of the bioorthogonal SPAAC reaction either happening in vitro
or in situ in mammalian cells. With respect to the biological discoveries,
live-cell fluorescent imaging of PTEN through this method enabled the
real time tracking of PTEN’s cellular location, affirming the previous
findings of this specific protein’s cellular behaviors while opening the
door to more future discoveries regarding PTEN’s spatiotemporal dy-
namics. The in vivo PET imaging with oPD-L1-Fab on the other hand
revealed PD-L1’s unexpected distribution on secondary lymphatic or-
gans, which along with the level uncovered on adipose tissues may help
elucidate the mysterious clinical toxicities observed for the current
cancer immunotherapy.
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