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Abstract

In this work, we show that a prodrug enzyme covalently photoconjugated to live cell receptors 

survive endosomal proteolysis and retain its catalytic activity over multiple days. Here, a fusion 

protein was designed with both an anti-epidermal growth factor receptor (EGFR) affibody and the 

prodrug enzyme cytosine deaminase, which can convert prodrug 5-fluorocytosine to the anticancer 

drug 5-fluorouracil. A benzophenone group was added at a site-specific mutation within the 

affibody, and the fusion protein was selectively photoconjugated to EGFR receptors expressed 

on membranes of MDA-MB-468 breast cancer cells. The fusion protein was next labeled with 

two dyes for tracking uptake: AlexaFluor 488 and pH-sensitive pHAb. Flow cytometry showed 

that fusion proteins photocrosslinked to EGFR first underwent receptor-mediated endocytosis 

within 12 h, followed by recycling back to the cell membrane within 24 h. These findings were 

also confirmed by confocal microscopy. The unique crosslinking of the affibody-enzyme fusion 

proteins were utilized for two anticancer treatments. First, the covalent linking of the protein 

to the EGFR led to inhibition of ERK signaling over a two-day period, whereas conventional 

antibody therapy only led to 6 h of inhibition. Second, when the affibody-CodA fusion proteins 

were photocrosslinked to EGFR overexpressed on MDA-MB-468 breast cancer cells, prodrug 

conversion was found even 48 h post-incubation without any apparent decrease in cell killing, 

while without photocrosslinking no cell killing was observed 8 h post-incubation. These studies 

show that affinity-mediated covalent conjugation of the affibody-enzymes to cell receptors 

allows for prolonged expression on membranes and retained enzymatic activity without genetic 

engineering.
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INTRODUCTION

Because of the considerable negative side effects of anticancer drugs, many modern 

chemotherapy approaches seek to localize drug activity to cancerous tissues, for example 

by biasing drug accumulation through active targeting. Antibody-targeted enzyme prodrug 

therapy hones a few techniques into one approach1. First, an enzyme is conjugated to an 

antibody so that the conjugate localizes to a solid tumor environment. This step is followed 

by systemic administration of prodrugs, which are nontoxic molecules that are converted 

into toxic species by a chemical transformation in the body. By using a bacterial enzyme 

(e.g. beta-lactamase or cytosine deaminase), prodrug molecules may be converted to drug 

molecules without a competing background reaction in the human patient. Thus, although 

the prodrug itself has no inherent selectivity for the cancer, the overabundance of enzyme at 

the tumor causes selective conversion and toxicity, along with reduced systemic side effects.

However, one of the main roadblocks to clinical acceptance has been the need to administer 

enzymes multiple times per patient due to loss of activity. Because it is known that cancer 

cells begin DNA repair within 24 h of drug-induced strand breaks, the ability to administer 

multiple effective prodrug doses is critical for reducing tumor size1. Unfortunately, while 

the presence of the antibody on the enzyme conjugate allows homing to tumor tissue, 

the antibody also promotes receptor-mediated endocytosis, resulting in catabolic processes 

that degrade the enzyme2–6. Eventually, repeat dosings become ineffective because the 

body produces antibodies that clear the antibody-enzyme conjugate before it can reach the 

tumor1,7,8.
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In this work, we utilize a method of affinity-mediated covalent photoconjugation to both 

confine an enzyme to a cancer cell and, significantly, maintain its expression and activity 

over multiple days by escaping proteolysis. A number of exquisite reactions have been 

shown to work both on live cell membranes and in live animals, but these tend to focus on 

small molecule labels rather than full proteins9–15. Here, we hypothesized that a covalent 

bond could mimic the neonatal Fc receptor (FcRn), which is responsible for prolonging 

the circulation of abundant proteins like albumin and IgG. Because the FcRn binds tightly 

to the internalized protein, the protein does not desorb from its receptor and is instead 

recycled out of the cell16,17. Thus, inducing covalent binding of a protein to a target receptor 

would similarly allow the protein to escape proteolysis and instead be recycled back to 

the membrane as a permanent fusion to the membrane protein. Thus, rather than losing 

activity, the enzyme remains presented on the membrane as a functional protein unit over 

longer time scales, where it can convert multiple prodrug doses into toxic drugs without the 

need for additional enzyme administrations. Finally, while the work shown here is aimed 

toward prodrug therapy applications, this method more generally describes a method to 

modify potentially any specific cell receptor with a unique biological tag without genetic 

engineering.

RESULTS AND DISCUSSION

In order to show retention of prodrug enzyme activity after photoconjugation to a cell 

receptor, a fusion protein was created consisting of cytosine deaminase (CodA) and an 

affibody capable of photocrosslinking to epidermal growth factor receptor (EGFR), its 

target ligand. In previous work, we showed that the EGFR-binding affibody ZEGFR:1907 

(henceforth known as wildtype, or WT)18, once mutated specifically at its N23 position to a 

cysteine, could then be conjugated directly with benzophenone (BP). Upon photoirradiation 

with either long UV or NIR light in the presence of upconverting nanoparticles, the BP 

modified affibodies (N23BP) became covalently conjugated either to pure EGFR or to 

EGFR expressed on cells in both 2- and 3D models19 . In the work shown here, N23BP 

EGFR binding affibodies were fused with cytosine deaminase (CodA), a bacterial enzyme 

encoded by the CodA sequence of E. coli20 that can convert 5-fluorocytosine (5-FC) prodrug 

to toxic 5-fluorouracil (5-FU) and thus has been used frequently in ADEPT (Antibody 

Directed Enzyme Prodrug Therapy)21. As with the affibodies alone, the fusion proteins 

were expressed in the E. coli strain BL21(DE3) and purified from cell lysate by Ni-NTA 

bead capture. The purified proteins were then reacted with maleimide-benzophenone (BP), 

followed by removal of excess BP through 20 kDa MWCO dialysis cups (Thermo Fisher). 

Using similar protocols, proteins were expressed consisting of WT affibody fused CodA 

(WT-CodA), as well as CodA alone without affibody. Each of these proteins possessed 

expected molecular weights when analyzed by SDS-PAGE (Figure 1).

The affibody-enzyme fusions were next characterized to ensure that they possessed EGFR-

binding and photocrosslinking similar to free affibodies. First, non-covalent affinity for 

EGFR was tested by microscale thermophoresis measurements (MST). For this, the purified 

soluble fragment of EGFR was conjugated to AlexaFluor 647 (Thermo Fisher) and mixed 

with various concentrations of affibody-enzyme fusion proteins ranging from 10 μM to 100 

pM. From these measurements, KD values were obtained showing KD = 25 nM ± 0.66 nm 
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and 44 nM ± 1.02 nm for WT-CodA and N23BP-CodA, respectively (Figure S1). While 

these values are approximately an order of magnitude larger than those of the reported 

free affibody (KD ~ 2.8 nM)18 , they are still well within nanomolar range. Interestingly, 

the N23BP-CodA fusion proteins actually showed more favorable binding to EGFR than 

BP-substituted N23BP affibody alone19, which may be attributed to reduced solubility of 

the small affibodies after conjugation with benzophenone and dyes. Finally, temperature-

dependent circular dichroism studies showed that the melting temperature of both affibody-

enzyme fusion proteins (~80°C) were similar to the reported value for free CodA (85°C ± 

2°C)22, which shows that the enzyme structure is not likely to be compromised as a result of 

affibody fusion (Figure S2).

Next, the affibody-CodA fusion proteins were tested for photocrosslinking to pure EGFR. 

For this, wild-type affibody-enzyme (WT-CodA), BP-modified mutant affibody-enzyme 

(N23BP-CodA), and the enzyme itself (CodA) were each mixed with purified soluble 

fragment of EGFR and irradiated with 890 μW/cm2 of 365 nm light for 30 min, which is 

within recommended limits23 and does not harm biological samples, as found in previous 

studies by us and others19,24,25. Following deglycosylation and thermal denaturation (see 

Methods), each mixture was run on a SDS-PAGE gel. While the WT-CodA reaction with 

EGFR yielded only individual bands corresponding to either the affibody-enzyme alone (57 

kDa) or the soluble purified deglycoslyated EGFR fragment (40 kDa), the BP-containing 

N23BP-CodA fusion protein showed successful photocrosslinking to EGFR after irradiation 

as observed by the appearance of a new band >100 kDa which is the sum of the molecular 

weights of EGFR and N23BP-CodA. Free EGFR and free N23BP-CodA are also evident 

as separate bands on the gel, indicating that the reaction is not quantitative, which was also 

seen previously18. Thus, these results show that despite the affibody being fused to cytosine 

deaminase, the BP containing affibody was successfully photocrosslinked to EGFR (Figure 

1B).

The next step was to track the fate of the fusion proteins once bound or crosslinked to 

receptors on live cells. Anticipating receptor-mediated endocytosis, the fusion proteins were 

conjugated with either of two dyes: pH-tolerant, green-fluorescent AlexaFluor 488 (AF488, 

Thermo Fisher), or the pH-sensitive dye pHAb (Promega), which shows strong emission 

in the red (580 nm) at pH < 6.5 (endosome) but has low photoluminescence at pH > 

6.5 (cytosol/external fluid) (Figure S3)26. To attach the dyes, the affibody-enzyme fusion 

proteins were first reacted with either NHS-AF488 or NHS-pHAb at 10:1 molar ratios of 

dye:protein for 2 h at room temperature, followed by dialysis to remove any unreacted 

fluorophore. On average, this approach yielded a degree of labeling of ~1.2 moles of 

dye per mole protein as determined from UV-Vis spectra (Figure S4). Next, each form 

of affibody-CodA (WT, N23BP) was incubated with EGFR-positive MDA-MB-468 human 

breast carcinoma cells (~30,000 cells/well). After 3 h of incubation, the cells were irradiated 

with 890 μW/cm2 of 365 nm light for 30 min. Finally, cells were harvested at 2, 4, 6, 12, 

or 24 h (cells incubated for only 2 h were not irradiated) by washing three times to remove 

excess affibody-enzyme, trypsinized, and fixed with 4% paraformaldehyde. The cells were 

then transferred to PBS and the cell suspension was analyzed in a BDFACSCelesta flow 

cytometer (BD Biosciences) with simultaneous 488 laser and 561 laser excitations for 

tracking AF488 and pHAb, respectively.
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While cells incubated with WT-CodA showed only a short increase in AF488 fluorescence 

at 2 h followed by a steady decrease (Figure 2), the cells that were treated with N23BP-

CodA demonstrated a marked, progressive increase in fluorescence per cell over a time 

period as long as 24 h. These results are consistent with our previous results where 

N23BP affibodies were retained in 2- and 3D tumor models while WT affibodies showed a 

significant decrease in EGFR binding after 4 h19. The pHAb fluorescence of the WT-CodA 

proteins followed a similar trend, peaking at 2 h and decreasing thereafter. In direct contrast, 

however, the pHAb fluorescence of the N23BP-CodA shows that the photoconjugated 

N23BP-CodA proteins are first taken into endosomes – reaching a maximum fluorescence 

at 12 h incubation – followed by a decline at 24 h. To confirm both the specificity of 

EGFR targeting and that fusion protein uptake is an EGFR-mediated process, the above 

experiment was repeated with addition of equimolar free Epidermal Growth Factor (EGF), 

which led to reduced retention of N23BP-CodA in cells. This effect, which is attributed to 

competition of EGF and affibody-enzyme for EGFR binding sites27,28, was also observed 

for the accumulation of dye conjugated WT-CodA affibody-enzymes (Figure S5).

In addition to flow cytometry, confocal microscopy was utilized to examine the fate of 

affibody-enzymes in MDA-MB-468 cells. The cells were grown on poly(D-lysine) coated 

glass coverslips (Corning BioCoat) and incubated with either AF488-pHAb-N23BP-CodA 

or AF488-pHAb-WT-CodA. After 3 h, the cells were irradiated for 30 min as described 

above. At 4, 12, and 24 h total incubation, the cells were washed and incubated with the 

nuclear stain 4’,6-diamidino-2-phenylindole (DAPI) for 10 min. The cells were washed 

an additional three times with PBS before mounting the cells with Prolong Gold antifade 

mountant (Thermo Fisher) and then imaging with a Nikon A1R Laser Confocal Microscope. 

For cells with WT-CodA, significant fluorescence was observed in both the green and red 

channels at 4 h, corresponding to AF488 and pHAb, respectively (Figure 3). However, both 

channels showed marked decrease in fluorescence at 12 and 24 h. For the cells with N23BP-

CodA, bright fluorescence was observed in both the green and red channels at 4 h and 12 

h. At 24 h, however, a strong green fluorescence was observed with a dim red fluorescence, 

which is consistent with the theory that the photocrosslinked affibody-enzyme is being 

recycled back to the cell membrane. To quantify the relationship between AF488 and pHAb 

fluorescence, colocalization analysis was performed on the images from the green and red 

channels without thresholding. A heat map of normalized pixel intensities is shown in Figure 

3, along with a Pearson Correlation Coefficient to provide a measure of colocalization. For 

the WT-CodA, a PCC of 0.601 was found at 4 h, which is consistent with considerable 

pixel overlap. At 12 and 24 h, however, the PCC decreases to 0.494 and 0.313, with likely 

capture of green AF488 emission in the red channel. For N23BP-CodA, high PCC values of 

0.720 and 0.814 were obtained at 4 h and 12 h. At 24 h, when green fluorescence is mostly 

present, the PCC drops to 0.409. Thus, the N23BP-CodA appears to retain its structure 

at 12 h when non-covalently bound proteins would otherwise be degraded, while the red 

fluorescence drops away at 24 h as was observed in the flow cytometry studies, indicating 

that the N23BP-CodA leaves the endosome intact.

Having shown that the affibody-enzyme remains attached to the EGFR receptor after 

irradiation, we next sought to determine the intracellular signaling effect of covalently 

attaching the affibody fusions to EGFR, as EGFR inhibition is a potential method for 
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treating certain cancers, including lung, colorectal, and head and neck29. While extracellular 

signal-regulated kinases (ERK) signaling can be detected using Western blot30 , this 

technique provides only a static snapshot of cellular activities; instead, to measure ERK 

activity in living cells in real-time, a genetically encoded Forster Resonance Energy 

Transfer (FRET)-based sensor named EKAR (Extracellular Signal Regulated Kinase 

Activity Reporter) was used31,32. Upon initiation of ERK activity, the CFP-YFP-containing 

EKAR sensor undergoes a conformational change to reduce the intramolecular distance 

between the donor-acceptor dye pair, thereby leading to an increase in FRET mediated 

fluorescence. Thus, in order to monitor ERK signaling in MDA-MB-468 cells, the cells 

were first transfected with the EKAR sensor (see Materials and Methods). The transfected 

cells (Figure S6) were next seeded at a density of 10000 cells/well and incubated with 100 

nM of N23BP-CodA or Cetuximab (a clinically approved anti-EGFR monoclonal antibody) 

followed by 30 min UV photocrosslinking after 3 h. The cells were imaged at 0.5, 2, 6, 

12 and 24 h. After 24 h, the old media was removed and 100 nM EGF in fresh media 

was added to the cells, and FRET fluorescence was imaged again at 0.5, 2, 6, 12, and 24 

h post-addition. To obtain a background EKAR FRET intensity, two comparison studies 

without N23BP-CodA were performed: one control received a simple media change after 24 

h while the other received 100 nM EGF in fresh media. At each time point, the cells were 

imaged using Molecular Devices ImageXpress. Fluorescence was measured and converted 

into a quantitative signal via a custom MATLAB software.

As shown in Figure 4, photocrosslinking affibody-enzyme to MDA-MB-468 cells resulted 

in EGFR inhibition that was prolonged past 24 h. In contrast, addition of Cetuximab led 

an initial decrease in ERK activity that was dissipated after only 6 h. When fresh EGF was 

added after 24 h to cells photocrosslinked to N23BP-CodA, only mild increases in ERK 

activity were observed due to the presence of other growth factors in the media, similar to 

a control sample without EGF. In contrast, cells treated with Cetuximab follwed by fresh 

EGF at 24 h showed a larger gain in ERK activity similar to untreated cells with fresh EGF. 

This data further supports the result that photocrosslinking fusion proteins to EGFR prevents 

detachment and catabolism of the targeting ligands such that EGF cannot bind and minimal 

increases in ERK activity. As a result, EGFR inhibition lasts much longer than for current 

antibody therapies.

Finally, having established both the photocrosslinking of the N23BP-CodA affibody-enzyme 

to EGFR on living cells and retention of protein expression before and after endocytosis, 

the enzymatic activity of the fusion proteins was then leveraged for cell killing by prodrug 

conversion. First, as determined by measuring cytosine conversion to uracil by UV-Vis 

spectroscopy, the KM and kcat of the affibody-enzyme fusion proteins (N23BP and WT) 

were within 70% of those displayed by the native enzyme (Figure S7, Table S1)33 . Next, 

prodrug therapy experiments were run against MDA-MB-468 cells in vitro. In 96-well 

plates, cells were incubated with 1 μM of WT-CodA, N23BP-CodA, or CodA alone. As 

before, after 3 h the cells were irradiated with 365 nm light for 30 min followed by further 

incubation to a total time of 8, 24, or 48 h. When each time point was reached, the excess 

affibody-enzymes were removed by washing the cells three times with PBS, and 2 mM of 

5-FC was added. Three control samples were also included, one without 5-FC, one without 

UV, and one with neither 5-FC nor UV. A few wells also contained just 5-FC (prodrug) 
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and 5-FU (drug) to establish baseline toxicities. After 12 h incubation with 5-FC, excess 

prodrug was removed, cells were washed with PBS, and viability was measured by MTT 

assay. Cells treated with WT-CodA or free CodA showed ~70-80% ±1-4% viability (Figure 

5A, slightly less than the 5-FC baseline viability of 85% ± 2%. However, photocrosslinked 

N23BP-CodA proteins incubated with 5-FC showed a marked decrease in viability to 

~50-55% ± 2.5%, similar to the baseline 5-FU toxicity (47% ± 2.6%). The differences in 

cell viability between N23BP-CodA and WT-CodA were found to be statistically significant, 

with p < 0.05 by Student’s t-test for all samples (N=3). Without either UV irradiation or 

5-FC addition, little toxicity was observed. Interestingly, this same trend was found at all 

the enzyme incubation time points, even 48 h after adding the affibody-enzymes to the 

MDA-MB-468 cells. In order to increase the cytotoxic effect of the affibody-enzyme system, 

the cells were incubated with the affibody-enzymes for 3 h, followed by UV irradiation for 

30 min and incubated further for a total of 8 h. Next, the cells were dosed with 2 mM 5-FC 

for 24, 48, and 72 h with fresh 5-FC added every 12 h. In this assay, cells treated with WT-

CodA or free CodA showed a viability of 66-74% ± 1.5-4% (Figure 5B) while the baseline 

viability for 5-FC for all these time points was 77-84% ± 1-3%. The cells incubated with 

N23BP-CodA affibody-enzymes showed a much lower viability of 35-50% ± 1-3%, close to 

the 5-FU viability for these timepoints (30-45% ± 0.5-4%). The differences in cell viability 

between N23BP-CodA and WT-CodA were found to be statistically significant, with p < 

0.05 by Student’s t-test for all samples (N=3). Thus, this affibody-enzyme photocrosslinking 

strategy holds promise for longer-term retention of prodrug activation by prolonging the 

expression, lifetime, and activity of the affibody-enzymes on the cell membrane.

CONCLUSION

This work shows the possibility of using a direct, gene-free affinity-mediated covalent 

chemistry approach to tag receptors on live cells with unique protein segments while 

retaining expression over multiple days. This result was shown by first synthesizing an 

affibody-CodA construct that could form covalent photocrosslinks with EGFR through 

coupling of an attached benzophenone. Flow cytometry measurements showed that affibody-

enzymes photocrosslinked to EGFR on live MDA-MB-468 cells were first internalized, 

but then were recycled outside of endosomal compartment. Without photoconjugation, 

WT affibody-enzymes showed internalization followed by rapid proteolysis. In addition, 

confocal microscopy images revealed high colocalization of dually-dye-labeled affibody-

enzyme fusion proteins, showing the fidelity of the protein structure during and after 

internalization by the cell. These photocrosslinkable affibodies were also found to inhibit 

ERK activity caused by EGF addition for a longer time period than Cetuximab, a 

commercial anti-EGFR antibody used for cancer therapy. Finally, photocrosslinkable 

affibody-enzyme proteins were found to function as effective agents for prodrug therapy 

even two days after crosslinking, as shown by continued prodrug activation and cell killing. 

In contrast, the WT affibody-enzyme proteins showed minimal cell killing even after only 8 

h of incubation with cells. Thus, while non-photocrosslinked fusion proteins are internalized 

and eventually proteolyzed by the cell, covalently conjugating the N23BP-CodA to EGFR 

enables the fusion protein to successfully evade degradation.
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The reported work may both improve upon targeted cancer therapies and expand the 

cell bioconjugation toolkit. First, a major limitation of antibody-directed enzyme prodrug 

therapy (ADEPT) is that enzyme activity is lost at the tumor site after endocytosis and 

proteolysis by the cancer cells. In this work, by covalently conjugating the enzyme to a cell 

receptor to prevent dissociation, the enzyme could avoid lysosomal degradation and could 

either return to the cell surface or maintain viable inside the cell as a result of receptor 

recycling, and prodrug conversion was shown days after adding the targeted enzyme to 

cells. As opposed to non-covalent association, we believe that covalently conjugating the 

fusion protein masks its presence to the cell. Thus, as the EGFR is recycled out of the 

endosome, the fusion protein goes along for the ride, escaping the harsh environment of the 

endosome and lysosome. We are still investigating the exact location of the photoconjugated 

affibody post-uptake. In addition, this work shows how photocrosslinking expressed proteins 

to membrane proteins results in their display on cell surfaces for any application requiring 

modification of cell receptors, all without modifying genetic machinery of the cell.

MATERIALS AND METHODS

Amplification of CodA Gene.

E. coli strain BL21(DE3) was used as the template for amplifying CodA gene encoded 

for cytosine deaminase. The sequence for the forward and the reverse primers (NEB) 

were 5’-aagcttGGCGGTGGCTCGAATAACGCTTTACAAACAATTATTAAC-3’ and 3’-

ctcgagACGTTTGTAATCGATGGCTTCT-5’, where the bold regions are the annealing 

nucleotides. The primers incorporate a HindIII site at the 5’ position and an XhoI site at 

the 3’ position of the amplified sequence. The amplification was done using a standard 

PCR technique (Applied Biosystems, Gene Amp, PCR systems 9700) where primers were 

annealed at 65°C (Figure S8).

Expression, Synthesis, and Purification of Affibody-enzyme Fusion Proteins.

The codon sequence for WT and N23BPC affibody (in vector Pet21b+) was digested 

for 1 h at 37°C using the restriction enzymes HindIII and XhoI. The two plasmids 

(amplified CodA and the digested WT and N23BPC) were ligated using a standard ligation 

mixture supplied by NEB. E. coli BL21 (DE3) was made competent using an Eppendorf 

Eporator (4309000019) at 1300 V, followed by transformation of the ligated plasmid. The 

transformed E. coli were then grown on an ampicillin (selection marker) coated agar plate 

overnight.

A single colony from the overnight plate was pricked and suspended in 5 mL Luria Broth 

(LB) supplemented with 5 μL ampicillin and allowed to grow for 12 h. 500 μL of this culture 

was then transferred to 50 mL of LB supplemented with 50 μL of ampicillin and allowed 

to grow for 2 h, after which the OD600 of the culture was measured. At OD 0.7, 50 μL 

of the inducer solution 1 M isopropyl β-D-1 thiogalactopyranoside (IPTG, GoldBio) was 

added. The culture was allowed to grow further for 3 more hours, after which the culture 

was centrifuged (10000g for 5 min), and the supernatant discarded. The bacterial pellet 

from this culture was then resuspended in 25 mL equilibration buffer (5 mM imidazole 

in water) and sonicated at 25% power (1 min and 1 min off, total on: 4 min) to lyse the 
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pellets (Branson Ultrasonic Cell Disruptor). The lysed cells were then centrifuged (12000g 
for 20 min) and 200 μL of HisPur Ni-NTA suspension (Thermo Fisher) was added to the 

lysate and incubated for 1 h at RT on a rotisserie shaker. The Ni-NTA beads were then 

centrifuged (700g for 2 min) and washed 5x with a wash buffer (25 mM imidazole in water) 

and finally the adsorbed fusion affibodies were eluted by incubating the elution buffer (250 

mM imidazole in water) with the beads for 10-15 min on a rotisserie shaker.

The concentrations of the newly purified affibody-enzyme fusions were measured using a 

Nanodrop Lite Spectrophotometer (Thermo Fisher), then reacted with 20:1 molar excess of 

4-N-maleimido benzophenone (VWR) overnight in the dark at RT. Excess benzophenone 

and imidazole were removed using 20k MWCO Zeba spin desalting columns (Life 

Technologies) and the final affibody-enzyme fusion concentration was measured by UV-

Vis spectroscopy. The purified fusion affibodie-enzymes were then stored at −20°C in 10 

μL aliquots with 5% glycerol. 10 μL of the purified fusion affibody-enzymes were then 

denatured with 2% w/w SDS and heating for 10 min at 70°C in a thermocycler (GeneAmp 

PCR Systems 9700, Applied Biosystem). The samples were then loaded into polyacrylamide 

gel (Thermo Fisher) and electrophoresed for 35 min at 200V in MES running buffer (50 mM 

MES, 50 mM Tris base, 1% SDS, 1mM EDTA). The gel was washed thrice in boiling water, 

followed by staining with Coomassie (Simply Blue Stain, Thermo Fisher). The gels were 

then imaged with a Typhoon FLA 9500 scanner to check for sample purity.

Microscale Thermophoresis (MST) Measurements.

Extracellular domain of purified human EGFR (Sino Biological, 10001-H08H) was 

conjugated to NHS- AF647 (Thermo Fisher) in 10:1 ratio. The excess dye was removed 

using 20k MWCO dialysis cups (Thermo Fisher), leading to a final degree of labeling of 

1:1. Labeled AF647-EGFR was then mixed with sixteen different concentrations (50 μM to 

100 pM) of unlabeled N23BP-CodA and WT-CodA affibody-enzymes in PBS with 0.05% 

Tween in Low-Adhesion Microcentrifuge Tubes (Genemate). The mixtures were then loaded 

onto micro-capillaries (NanoTemper, Monolith NT.115 Series) and the signal from each 

were measured using the MST instrument (NanoTemper). The signals were then fit to a 

binding model using the instrument software to obtain respective Kd values.

Photocrosslinking of Affibody-enzyme fusions with EGFR.

200 nM of purified human extracellular EGFR (Sino Biological, 70 kDa) was mixed 

with 5 μM of N23BP-CodA and WT-CodA affibody-enzymes in a microcentrifuge tube 

and irradiated with 890 μW/cm2 365 nm light for 30 min. The mixtures were then 

deglycosylated with PNGase F (NEB, this removes all the N-linked oligosaccharides, which 

contribute about 30 kDa of the EGFR molecular weight34) for 2 h at 37°C. The samples 

were denatured with 2% w/v SDS and heated at 70°C for 10 min. The samples were then 

loaded onto 4-12% Bis-Tris polyacrylamide gels (Thermo Fisher) and electrophoresed for 

35 min at 200 V in MES running buffer (50 mM MES, 50 mM Tris base, 1% SDS, 1 mM 

EDTA). The gel was washed thrice in boiling water, followed by staining with Coomassie 

(Simply Blue Stain, Thermo Fisher). The gels were then imaged with Typhoon FLA 9500 

scanner to check for the photo-crosslinked products.
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Circular Dichroism (CD) Measurements.

Affibody-enzymes were diluted to 10 μM in PBS and measurements were obtained at 222 

nm as temperature was raised from 20 to 90°C at 1 °C/min in a Applied Photophysics 

Chirascan Plus CD instrument. Temperature inside the cuvette was monitored using a 

thermocouple probe.

Affibody-enzyme Kinetic Activity Assays with Cytosine.

The enzymatic assay for N23BP-CodA, WT-CodA, and CodA were performed by varying 

substrate concentration and measuring the absorbance using a UV-VIS spectrophotometer 

(Agilent Technologies, Cary Series 100). A stock of 10 mM cytosine was prepared in 50 

mM Tris-HCl at pH 7.5. Varying concentrations (250, 200, 150 and 100 μM) of cytosine 

solution were prepared from the stock and mixed with 50 nM of the enzyme and enzyme-

affibodies. The reaction was run for 15 min with OD267 (cytosine) and OD260 (uracil) 

readings taken every 12 s. The concentration of cytosine was calculated for each time point 

and the kinetic parameters KM and kcat were calculated using the methods of initial rates and 

double reciprocal plots.

Conjugation of AlexaFluor 488 (AF488) and pHAb to Affibody-Enzymes.

The affibody-enzymes (N23BP-CodA and WT-CodA) were conjugated to 1:10 molar excess 

NHS-AlexaFluor 488 (Thermo Fisher) and the pH-sensitive NHS-pHAb (Promega) in 

separate tubes for 2 h at RT in the dark in PBS. The mixtures were then transferred to 

a 20k MWCO dialysis cups (Thermo Fisher) and excess dye was removed by dialysis. 

After 36 h dialysis, the degree of labeling for both the dye-conjugated affibody fusions 

were calculated using UV-Vis spectrophotometry (Agilent Technologies, Cary Series 100), 

by using the absorbance at 545 nm for the endotracker pHAb and 495 nm for AF488 as 

compared to the absorbance at 280 nm for both affibody-fusions.

Flow Cytometry Measurements.

MDA-MB-468 cells were grown to confluence at 37°C under 5% CO2. The cells were 

trypsinized with 0.025% Trypsin-EDTA (Gibco) and 500 μL of the cell suspension was 

seeded at 25,000 cells per well in 24-well cell culture plates (Corning). The cells were 

then allowed to grow in the wells for 36 h at 37°C and 5% CO2. The media was then 

removed and the cells were washed with PBS. The cells were then incubated with 1 μM 

AF488-conjugated affibody-enzymes and pHAb-conjugated affibody-enzymes separately in 

media for 2, 4, 6, 12, and 24 h. After 3 h, the wells were irradiated with 890 μW/cm2 365 nm 

light for 30 min, after which the wells were placed back in the incubator. At each timepoint, 

the media was removed and the cells were washed thrice to remove excess dye-conjugated 

affibody-enzymes. The cells were then trypsinized with 0.025% Trypsin-EDTA (Gibco) and 

fixed with 4% paraformaldehyde. Before flow cytometry, the paraformaldehyde solution was 

removed and the cells were resuspended in DPBS. The fluorescence from the cells was 

measured using BD FACSCelesta instrument (BD Biosciences). For measurement of AF488 

fluorescence, a 488 nm laser was used, while for measuring the phAb fluorescence a 561 nm 

laser was used. The raw data was then analyzed using Flowing Software (OmicX).
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Culture of MDA-MB-468 Breast Cancer Cells.

MDA-MB-468 breast carcinoma cells were procured from the American Type Culture 

Collection (ATCC) and grown in 75 cm2 culture flasks at 37°C under 5% CO2 in the 

presence of Dulbecco’s Modified Eagle Media (DMEM, with glucose and glutamine, phenol 

red but no sodium pyruvate, Gibco) supplemented with 10% fetal bovine serum (FBS, 

Gibco) and 1% penicillin-streptomycin (Thermo Fisher).

Confocal Microscopy.

MDA-MB-468 cells were grown to confluence at 37°C under 5% CO2. The cells were 

trypsinized with 0.025% Trypsin-EDTA (Gibco) and 500 μL of the cell suspension was 

seeded at 20,000 cells per well in 24-well cell culture plates (Corning) with a poly-L-lysine 

coated glass coverslip (Corning BioCoat) already placed in each well. The cells were 

then allowed to grow in the wells for 36 h at 37°C and 5% CO2, after which the media 

was removed and the cells were washed with PBS. The cells were then incubated with 

1 μM AF488-conjugated affibody-enzymes (both N23BP-CodA and WT-CodA) and pHAb-

conjugated affibody-enzymes (N23BP-CodA and WT-CodA) separately in media for 4, 12 

and 24 h. After 3 h, the wells were irradiated with 890 μW/cm2 365 nm light for 30 min, 

after which the wells were placed back in the incubator. After each time point, the media 

was removed, and the cells were washed with PBS to remove excess dye-affibody enzymes. 

The cells were then incubated with 1 μg/mL of 4’,6-diamidino-2-phenylindole (DAPI) for 10 

min to stain the cell nucleus. The cells were again washed thrice with PBS. The cells were 

then mounted with ProLong Antifade agent (Thermo Fisher) on a glass slide and imaged 

with a Nikon A1R Laser Confocal Microscope at 20X magnification.

Transfection of the MDA-MB-468 cells with the EKAR Sensor.

The EKAR sensor contains three critical domains. The first is a phospho-binding domain 

that upon phosporalation induces a conformational change that reduces the distance 

bettween a CFP (donor) and a YFP (acceptor) FRET pair on either ends of their peptide 

sequence. It also has a ERK docking domain, and thirdly it includes a peptide sequence that 

mimics the domain of Cdc25C, a common target of ERK (Figure S9)35.

500,000 MDA-MB-468 cells were seeded in a standard 6-well plate (Corning) in 2.5 mL of 

media. 7.5 μL of Lipofectamine Reagent (Thermo) was dissolved in 125 μL of Opti-MEM 

(with HEPES, 2.4 g/L of Sodium Bicarbonate and Glutamine) in Tube 1 and 5 μL of P3000 

reagent (Thermo) and 2.5 μg of the EKAR plasmid was dissolved in 125 μL of Opti-MEM 

in Tube 2. The contents of the two tubes were then mixed at RT for 10-15 min. 250 μL 

of the mixture was then added to the cells and this was replaced with fresh media after 

24 h. The cells were then imaged for DNA expression by fluorescence microscopy, 48 h 

post-transfection. The cells were then trypsinized and sorted in a BDFACS Aria Fusion 

into Fluorobrite Dulbecco’s Modified Eagle Media (DMEM, with glucose, glutamine and 

sodium bicarbonate but no phenol red) supplemented with 10% fetal bovine serum (FBS, 

Gibco) and 1% penicillin and streptomycin (Thermo).
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Monitoring of ERK Activity.

The MDA-MB-468 cells were grown to confluence, after which the cells were washed once 

with DPBS (Gibco) and then trypsinized with 0.025% trypsin-EDTA (Gibco). 200 μL of the 

cell suspension in media was seeded in 96-well cell 3603 imaging (Corning) at density of 

10,000 cells/well. The cells were then grown for 24 h at 37°C under 5% CO2. The N23BP-

CodA affibody-enzyme, Cetuximab (ThermoFisher) and EGF (Sino Biological) were diluted 

in Fluorobrite DMEM to a final conc of 100nM. After removal of old media from the wells, 

100 μL of the appropriate protein solution (N23BP-CodA and Cetuximab) was added and 

the wells were imaged after 0.5, 2, 6, 12, and 24 h by a Molecular Devices ImageXpress 

microscope. After 3 h, cells were irradiated with 890 μW/cm2 of 365 nm light for 30 min. 

After 24 h, the old media was removed and 100 nM of EGF in fresh media was added and 

the wells were imaged after 0.5, 2, 6, 12 and 24 h post-EGF addition. As controls, there were 

wells which did not receive any sort of treatment and wells in which only EGF was added. 

Both CFP and FRET measurements from all the wells with the samples and also a blank 

well, with cell-free media for background correction were recorded. Briefly, the following 

filter sets were used for FRET measurements: FRET (Semrock MOLE 0189), excitation: 

438/25, dichroic, emission: 542/25. CFP (Semrock 2432B NTE ZERO), excitation: 438/25, 

dichroic, emission 483/25. The images were imported into the program, after which the 

background fluorescence was subtracted from each image. Pixels with an intensity above 

800 units were classified as cells. FRET ratio was calculated as FRET intensity over CFP 

intensity by averaging all the relevant pixels, and reported as ERK activity. Each image was 

recorded at 10X magnification and measurements were done in quadruplicates. Here, the 

normalized FRET signal was used rather than raw FRET to ensure that overexpression of 

CFP fluorescence was not causing excess fluorescence in the FRET images. The signal from 

the images were converted into quantitative signal via a custom MATLAB software36.

Prodrug Cytotoxicity (MTT) Assays.

The MDA-MB-468 cells were grown to confluence, after which the cells were washed 

once with DPBS (Gibco) and then trypsinized with 0.025% trypsin-EDTA (Gibco). 200 

μL of the cell suspension in media was seeded in 96-well cell culture plates (Corning) at 

density of 2000 cells/well. The cells were then grown for 24 h at 37°C under 5% CO2. 

The N23BP-CodA and WT-CodA affibody-enzymes and CodA enzyme itself were diluted 

in DMEM to a final conc. of 1 μM. After removal of old media from the wells, 100 μL of 

the appropriate protein solution (N23BP-CodA, WT-CodA, CodA, or no protein) was added. 

The cells were then incubated at 37°C under 5% CO2 with the enzyme/affibody-enzyme. 

After 3 h, cells were irradiated with 890 μW/cm2 of 365 nm light for 30 min. For the (−)UV 

controls, cells were not irradiated with UV. When the timepoint was reached (8, 24, or 

48 h after introducing the protein), the cells were washed thrice with PBS to remove any 

excess enzyme/affibody-enzyme. In a separate experiment, cells were incubated with the 

affibody-enzymes just for 8 h. Next, 100 μL of 2 mM 5-FC was added to each well, while 

for control wells 100 μL was added instead. To measure the effect of 5-FC and 5-FU on 

cells, some wells were treated with only 5-FC and just 5-FU, without any protein. Excess 

5-FC was removed after 12 h and the cells were washed with PBS and 100 μL of 1 mg/mL 

(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) (MTT) in media was added 

to each of the wells.

Roy et al. Page 12

Bioconjug Chem. Author manuscript; available in PMC 2023 June 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In the other viability experiment, after incubation of 5-FC for 12 h, another dose of 2mM 

5-FC was added instead of adding MTT. The wells were incubated with 5-FC for a total of 

24, 48, and 72 h, with fresh dose of 5-FC after every 12 h. After 4 h of MTT addition, the 

media was removed from each well carefully to avoid disturbing the formazan crystals at 

the bottom. The crystals were dissolved in 100 μL isopropyl alcohol (IPA), and absorbance 

from the wells was measured at 570 nm in a Tecan Safire II Multimode Plate reader. 

The readings were then normalized to the cells that were treated with neither enzyme, nor 

enzyme-affibody, nor 5-FC/5-FU to calculate the fractional viability. All experiments were 

performed in triplicate.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) SDS-PAGE of purified affibody-enzyme fusion proteins: (left to right) ladder, N23BP-

CodA, WT-CodA, and free CodA. The molecular weights of the ladder proteins are (top 

to bottom): 200, 150, 100, 75, 50, and 37 kDa. (B) SDS-PAGE of affibody-enzyme fusion 

proteins photocrosslinked with the soluble extracellular fragment (ECF) of EGFR. Only the 

combination of N23BP-CodA and UV leads to the formation of a new band (red arrow). 

The affibody bands and the free EGFR ECF bands are shown in green and blue arrows, 

respectively. Left to right: Ladder, (+) N23BP-CodA (+) EGFR (−) UV, (+) N23BP-CodA 

(+) EGFR (+) UV, (−) affibody (+) EGFR (+) UV, (+) WT-CodA (+) EGFR (−) UV, and (+) 

WT-CodA (+) EGFR (+) UV. Ladder molecular weights are same as for (A).
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Figure 2. 
Representative flow cytometry histograms of MDA-MB-468 cells showing the change in 

fluorescence intensity of (A) AF488 and (B) pHAb conjugated to N23BP-CodA (solid line) 

and WT-CodA (dotted line) at various times after incubation. Samples were irradiated at 

the 3 h mark; 2 h samples were not irradiated. Samples were run in triplicate (n=3), but 

representative plots are shown for clarity. (C, D) Change of mean fluorescence intensity with 

time of (C) AF488 and (D) pHAb conjugated to N23BP-CodA (solid line) and WT-CodA 

(dashed line). Dotted line shows fluorescence from N23BP-CodA with EGF added. (E) 

Ratio of AF488:pHAb fluorescence for N23BP-CodA (solid), WT-CodA (dashed), and 

N23BP-CodA + EGF (dotted) as function of time. For C-E, error bars represent standard 

error; in some cases, the error range is smaller than the data marker.
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Figure 3. 
(A-C) Confocal microscopy images of MDA-MB-468 breast cancer cells treated with 

AF488-pHAb-N23BP-CodA for (A) 4 h, (B) 12 h, and (C) 24 h. The pixel map shows 

the colocalization of the two dyes (x: green, y: red) with the reported Pearson Correlation 

Coefficient (PCC). (D-F) Confocal microscopy images of MDA-MB-468 breast cancer cells 

treated with AF488-pHAb-WT-CodA for (D) 4 h, (E) 12 h, and (F) 24 h, with pixel map 

showing colocalization and PCC.
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Figure 4. 
ERK activity inhibition in the presence of N23BP-CodA compared with Cetuximab. The 

time points used for the experiments are 0.5, 2, 6, 12, and 24 h, with UV irradiation after 

3 h. Red: (+) N23BP-CodA; Blue: (+) Cetuximab; Gray: (−) treatment, (−) EGF; Black: 

(−) treatment, (+) EGF. The solid lines represent the time points before EGF addition and 

the dotted lines indicate time points after EGF addition or media change (gray only). Each 

sample was run in quadruplicate and the error bars indicate standard error (n=4).
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Figure 5. 
(A) Cell viability fraction of MDA-MB-468 cells in combination with affibody-enzyme 

fusion proteins, 5-fluorocytosine prodrug, and UV light, as measured by MTT assay for 

different affibody-enzyme incubation times. Top dotted line: baseline viability of cells 

incubated with 5-FC prodrug (0.854). Middle dotted line: baseline viability of cells 

incubated with 5-FU drug (0.467). Left to right at each timepoint: (+)WT-CodA (+)5-

FC (+)UV, (+)N23BP-CodA (+)5-FC (+)UV, (+)CodA (+)5-FC (+)UV, (+)N23BP-CodA 

(+)5-FC (−)UV, (+)N23BP-CodA (−)5-FC (+)UV, and (+)N23BP-CodA (−)5-FC (−)UV. 

Error bars represent standard error. (B) Cell viability fraction of MDA-MB-468 cells in 

combination with affibody-enzyme fusion proteins, 5-fluorocytosine prodrug, and UV light, 

as measured by MTT assay for different 5-fluorocytosine incubation time points. Left to 

right at each timepoint: (+) N23BP-CodA, (+) WT-CodA, (+) CodA, (+) 5-FC, (+) 5-FU 

(no 5-FC). Error bars represent standard error. All experiments were performed in triplicate 

(n=3).
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