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Harnessing enzymatic activity for in vivo imaging and inhibitor discovery 

By 

Conner R. Bardine 

Abstract 

Enzyme function is ubiquitous in living organisms. Assays and biomarkers utilizing 

enzyme activity have become a pillar of chemical biology with relevance to the discovery of new 

biology, clinical diagnostics, and streamlining research and industrial pipelines. This thesis 

project seeks to develop assays and probes harnessing enzyme activity to expand the current 

repertoire of biomarkers and inhibitory drugs. 

Chapter1 describes restricted interaction peptides (RIPs) as a platform technology for 

tracking protease activity in vivo in real time. We show the proof of concept for this, as we 

harness the catalytic activity of proteases for tracking various biological events and disease 

states. This chapter evinces the most characterized and furthest along adaptation of the RIP 

technology, tracking immune activation via imaging with positron emission tomography (PET) by 

harnessing granzyme B (GZMB) catalysis 

Chapter 2 continues the concept of harnessing enzyme activity to aid the field of nuclear 

medicine and radioimaging by detailing the development of a lipoic acid ligase that conjugates 

radiofluorine onto proteins of interest that contain a specific peptide substrate sequence. This 

approach would potentially expand the toolbox and broaden the pipelines of proteins amenable 

to radioimaging. 

Chapter 3 describes the inhibition, as opposed to the amplification, of enzyme activity by 

developing substrates and enzyme functional assays for screening inhibitory drugs against the 

SARS-CoV-2 major protease (Mpro). 
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CHAPTER 1 

IN VIVO MEASUREMENT OF GRANZYME B PROTEOLYSIS FROM ACTIVATED IMMUNE 

CELLS WITH PET 
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IN VIVO MEASUREMENT OF GRANZYME B PROTEOLYSIS FROM ACTIVATED IMMUNE 

CELLS WITH PET 

 

1.1 Abstract 

The biology of human granzymes remains enigmatic in part due to our inability to probe 

their functions outside of in vitro assays or animal models with divergent granzyme species. We 

hypothesize that the biology of human granzymes could be better elaborated with a translational 

imaging technology to reveal the contexts in which granzymes are secreted and biochemically 

active in vivo. Here, we advance toward this goal by engineering a Granzyme targeting 

Restricted Interaction Peptide specific to family member B (GRIP B) to measure secreted 

granzyme B (GZMB) biochemistry with positron emission tomography. A proteolytic cleavage of 

64Cu-labeled GRIP B liberates a radiolabeled form of Temporin L, which sequesters the 

radioisotope by binding to adjacent phospholipid bilayers. Thus, at extended time points 

postinjection (i.e., hours, not seconds), tissue biodistribution of the radioisotope in vivo reflects 

relative units of the GZMB activity. As a proof of concept, we show in three syngeneic mouse 

cancer models that 64Cu-GRIP B detects GZMB from T cells activated with immune checkpoint 

inhibitors (CPI). Remarkably, the radiotracer detects the proteolysis within tumors but also in 

lymphoid tissue, where immune cells are activated by a systemic CPI. Control experiments with 

an uncleavable analogue of 64Cu-GRIP B and tumor imaging studies in germline GZMB 

knockout mice were applied to show that 64Cu-GRIP B is specific for GZMB proteolysis. 

Furthermore, we explored a potential noncytotoxic function for GZMB by applying 64Cu-GRIP B 

to a model of pulmonary inflammation. In summary, we demonstrate that granzyme 

biochemistry can be assessed in vivo using an imaging modality that can be scaled vertically 

into human subjects. 
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1.2 Introduction 

The human granzymes consist of five serine proteases (A, B, H, K, M) that are 

expressed primarily within the secretory vesicles (i.e., granules) of lymphocytes involved in the 

host defense, namely, natural killer (NK) and cytotoxic T cells (CTLs).1 In these cell types, 

granzymes are best understood to be pro-apoptotic effectors against problematic cells, for 

example, cancer cells or cells infected with pathogens. To impart cytotoxicity, lymphocytes 

degranulate after docking with a target cell to release granzymes transiently into a pericellular 

space.2,3 Co-secreted with granzymes are perforin molecules, which form a channel in the 

plasma membrane of the target cell to facilitate the granzyme transit into the cytoplasm.4 

Granzyme biochemistry subsequently triggers cell death through several mechanisms, for 

example, proteolytic activation of caspases or direct DNA damage (granzyme B), and SET-

mediated activation of DNA cleavage (granzyme A).5–8 

Despite decades of research, granzymes in many ways remain an enigmatic enzyme 

class. For example, virtually no biological functions are defined for the so-called “orphan” 

granzymes H, K, and M.9 Moreover, the secretion of granzymes (including A and B) in 

abundance during conditions unrelated to host defense has suggested noncytotoxic signaling 

functions.10 These data align with a developing narrative suggesting that dysregulated 

granzyme secretion and proteolysis may contribute to the pathobiology of chronic human 

disorders, for example, systemic autoimmune diseases.11 Thus, the canon that granzymes are 

primarily cytotoxic effectors is being challenged by a more complex biological model in which 

secreted granzymes can also persist in extracellular space to perform noncytotoxic signaling 

functions. 

More fully elaborating the complex biology of granzymes is challenging in part due to the 

inadequacy of preclinical models to study their functions.12 In vitro coculture approaches are 

reductionist models of the more elaborate multicellular conversation occurring in human 

immunology. In vivo mouse models, for example, germline knockout mice, have revealed roles 



4 
 

for granzymes A and B in host defense, but they carry with them the caveat that mice express a 

larger repertoire of granzymes than humans, which may confound efforts to reveal other 

granzyme functions due to compensatory effects. Moreover, mouse granzymes are 

evolutionarily divergent from their human counterparts and bear different protein substrate 

preferences.13 Thus, any findings in mice by nature will require some corroboration in human 

cell lines and patients. Collectively, these considerations underscore that an expansion of our 

knowledge of granzyme biology will ultimately require in vivo technologies that can also be 

scaled to humans. 

In humans, studies of granzymes are generally limited to expression analysis at the 

protein and mRNA level in biopsied tissue or from biofluids. Missing from the field are 

technologies that enable measurements of granzyme biochemistry in vivo with a spatiotemporal 

control. We hypothesized that an imaging tool could address this unmet need were it capable of 

selectively capturing when and where immune cells present biochemically active granzymes in 

the extracellular niche. 

Although inducible fluorescent imaging probes have a rich history in biomedical research 

as tools to study protease biology, the limited sensitivity and resolution of fluorescent 

tomography limits its application in clinically relevant animal models and humans.14,15 Nuclear 

imaging with positron emission tomography (PET) offers an attractive alternative, as γ-photons 

are not scattered by tissue and thus produce high-resolution tomographic images of deep 

tissues. However, developing a protease-activated radiotracer for PET comes with the special 

design challenge that radioactive decay is continuous and cannot be masked and then 

conditionally revealed by a proteolytic event. We proposed instead to design an imaging probe 

in which enzyme catalysis causes probe sequestration in nearby tissues, akin to the 

biochemical trapping mechanism utilized for metabolic radiotracers like 18F-fluorodeoxyglucose. 

We hypothesized that a “restricted interaction peptide” (RIP) specifically cleaved by an 

extracellular granzyme could be leveraged to enable in vivo measurements of biochemistry on 
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PET.16 In general, RIPs consist of three domains from N to C terminus, namely, (1) a nontoxic 

antimicrobial peptide (AMP) coupled to a radioisotope, (2) a specific endoprotease cleavage 

site, and (3) a peptide “masking” domain that prevents the AMP from adopting its preferred 

helical conformation that tightly binds phospholipid bilayers (Figure 1A). Upon proteolytic 

cleavage of the full length, pro-peptide form of the RIP, the radiolabeled AMP is liberated, 

undergoes a spontaneous conformational shift, and deposits within any nearby membrane. 

1.3 Results 

To identify an optimal cleavage sequence to install in a RIP targeting GZMB, we 

performed multiplex substrate profiling using mass spectrometry (MSP-MS) against 

recombinant human GZMB.17,18 The MSP-MS library contains 228 tetradecameric peptides, 

which is a physicochemically diverse population of rationally designed substrates with maximum 

sequence diversity (Fig. 1.1b). On the basis of the observation that most proteases require two 

optimally positioned amino acids for substrate recognition and cleavage, physicochemical 

diversity was generated in the peptide library through an incorporation of all neighbor (XY) and 

near–nearbor (X*Y, X**Y) amino acid pairings. With an incubation of native GZMB at various 

time points, cleavages were identified by peptide sequencing via liquid chromatography tandem 

mass spectrometry (LCMS-MS).19 A statistical analysis that considers both cleaved and 

uncleaved positions in the peptide library was subsequently performed to construct an iceLogo 

representation of the preferred substrate sequence spanning the granzyme B P4–P4′ sites (Fig. 

1.1c, Supplemental Fig 1.S1). 

The iceLogo results suggested that four sequences with conserved sites of P2 = P and 

P1 = D (i.e., XXPDXXXX) were equally specific and efficient GZMB substrates. Of these, we 

nominated the sequence IEPDVSQV for two reasons. First, the P4–P1 sequence was 

previously discovered by our group to be specific to GZMB using an orthogonal approach, 

namely, a positional scanning synthetic combinatorial library, and we showed this sequence is 

specifically recognized by GZMB versus other human granzymes.20,21 Second, the IEPD 

https://pubs.acs.org/doi/full/10.1021/acscentsci.1c00529#fig1
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tetrapeptide has been studied in vivo as part of a covalent reversible aldehyde radiotracer 

targeting GZMB, and the tetrapeptide aldehyde appeared to be effective at labeling GZMB and 

stable in vivo.22,23 

The kinetics of IEPDVSQV cleavage by GZMB was assayed in vitro using a fluorescent 

quenched peptide substrate, and the incorporation of the P1′-P4′ sequence VSVQ significantly 

improved the catalytic efficiency (kcat/Km) compared to previously reported values for IEPD 

alone (∼8000 vs ∼3300 M–1 s–1, see Fig. 1.1d).21 Furthermore, the GZMB-optimized substrate 

was incubated with various other relevant proteases (Fig. 1.1e). No cleavage was observed 

with any of these proteases after 1 h compared to significant cleavage by GZMB, highlighting 

the specificity of the optimized GZMB cleavage sequence. To generate the full-length GRIP B 

probe, we chose to flank this sequence using Temporin L as the membrane-interacting domain 

and the PAR1 peptide as the masking domain (Fig. 1.1f).16 Importantly, the full-length GRIP B 

was efficiently cleaved by a recombinant human GZMB showing that neither Temporin L nor the 

masking domain interfered with the proteolysis (Supplemental Figure 1.S2). 
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Figure 1.1: The development and in vitro characterization of GRIP B, a restricted 
interaction peptide to measure GZMB proteolysis in vivo with imaging.  a.   A schematic 
showing a generalized structure of a restricted interaction peptide, and the in vivo mechanism of 
action.  Cleavage of the full length pro-form by a dedicated endoprotease liberates a tagged 
(e.g. radiolabeled) antimicrobial peptide, which irreversibly interacts with nearby phospholipid 
membranes.  Thus, the stable accumulation of peptide at extended time points post injection 
(i.e. hours, not seconds) can reflect the relative units of enzyme activity in a region of interest.  
b. A schema showing the workflow of the MSP-MS study to identify a GZMB cleavage 
sequence.  Proteolytic products from GZMB activity were produced by incubating the enzyme 
with a physicochemically diverse library of 228 tetradeca-peptides. Peptide sequencing by LC-
MS/MS allowed for the determination of GZMB generated cleavages. c. An iceLogo showing the 
consolidated results of an MSP-MS analysis of the P4-P4’ substrate preferences for human 
GZMB. d. A plot showing the Michaelis-Menten kinetics of human granzyme B proteolysis of the 
IEPDVSVQ peptide. Coverage of the non-prime and prime sites of GZMB yielded an optimized 
substrate with improved catalytic turnover by approximately 2-fold compared to IEPD alone. e. A 
plot showing the IEPDVSVQ peptide is specifically cleaved by GZMB and not by various other 
relevant proteases. f. The final amino acid sequence of GRIP B 

 

We confirmed that the proteolytically cleaved version of GRIP B effectively bound 

membranes. A N-terminal, 5FAM-tagged version of GRIP B was synthesized and incubated with 

viable MC38 cells and recombinant human granzyme B or vehicle. Flow cytometry showed that 

the intact GRIP B had a low interaction with cell membranes, while a preincubation of GRIP B 

with 20 nM recombinant GZMB, followed by a coincubation with MC38 cells in Hanks’ Balanced 

Salt Solution (HBSS) at 37 °C for 30 min, resulted in fluorescently labeled cell membranes (Fig. 

1.2a). The insertion of the cleaved GRIP B peptide into lipid micelles was further confirmed by 

measuring the intrinsic tryptophan fluorescence (Supplemental Fig. 1.S3a). Circular dichroism 

data of full-length GRIP B are indicative of a disordered peptide, showing the efficacy of the 

masking domain to disrupt the α-helical secondary structure (Supplemental Fig. 1.S3b). 

Circular dichroism of activated GRIP B confirms that the activated peptide retains the α-helical 

secondary structure of the cell-penetrating peptide Temporin L upon cleavage of the masking 

domain (Supplemental Fig. 1.S3c). Lastly, we verified that full-length or proteolytically cleaved 

GRIP B did not display toxicity toward human red blood cells in vitro (Fig. 1.2b). 
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To couple GRIP B to a chelator for radiolabeling, the peptide was reacted with 1,4,7,10-

tetraazacyclododecane-1,4,7,10-tetratacetic acid mono-N-hydroxysuccinimide ester (DOTA-

NHS-ester) on a solid support, which ligated to the amino group on the N-terminal 

phenylalanine. DOTA-GRIP B was subsequently deprotected, cleaved from the resin, and 

purified with semiprep high-performance liquid chromatography (HPLC) (Supplemental Fig. 

1.S4). 

DOTA-GRIP B was next radiolabeled with copper-64, since its half-life (t1/2 ≈ 13 h) 

would enable studies over a long window of time post injection to identify the optimal time point 

for imaging. 64CuCl2 was incubated with DOTA-GRIP B in 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) buffer for 30 min at room temperature. The reaction 

was monitored for completeness via instant thin-layer chromatography and purified using HPLC 

(Fig. 1.2c). The decay-corrected yield was consistently greater than 95%, with a purity of 

greater than 99%. The specific activity was ∼0.4 Ci/μmol over three radiosyntheses. An 

incubation of 64Cu-GRIP B with the recombinant human GZMB showed a conversion within 30 

min to one radiolabeled product that comigrated on the HPLC with the cold-cleaved DOTA-

peptide fragment (Fig. 1.2d). Lastly, the serum stability was tested in vitro in mouse serum. We 

observed on HPLC that 64Cu-GRIP B was greater than 98% stable over 4 h at 37 °C 

(Supplemental  Fig. 1.S5). 
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Figure 1.2: In vitro mechanism of action studies and the synthesis of 64Cu-GRIP B.  a. 
Mean fluorescence intensity data showing the extent of cell labeling by 5FAM-GRIP B in the 
presence or absence of GZMB by incubation at 37oC for 30min. The data were collected using 
MC38 cells in triplicate. *P<0.01.  b. A bar graph representing the extent of red blood cell lysis 
due to treatment with vehicle (0.1% DMSO), the full length GRIP B pro-peptide, and the 
proteolytically activated truncated peptide.  Triton-X is included as a positive control. c. An 
HPLC trace showing the overlay of the radioactive trace (blue) with the UV trace of the DOTA-
GRIP B precursor.  The trace was collected 30 min after the start of the reaction.  d.  A 
radioactive HPLC trace showing the conversion of 64Cu-GRIP B to one major product after a 30 
min incubation with 400 nM recombinant human GZMB.   
 

To understand tracer pharmacokinetics and normal tissue biodistribution, we first 

injected 64Cu-GRIP B intravenously in balb/c mice and conducted a 60 min dynamic PET 

acquisition (Fig. 1.3a). A region-of-interest analysis showed the probe cleared from a blood pool 

with t1/2 ≈ 8 min. The dominant mode of clearance was renal, and as with the thrombin RIP 

probe, the only substantial radiotracer accumulation outside of the kidneys was observed in the 

liver. We next conducted a biodistribution to evaluate the radiotracer distribution in normal 

tissues out to 24 h postinjection. The biodistribution data corroborated the imaging findings 

showing the highest level of tissue-associated activity in the kidney and liver (Supplemental 

Table 1.S1). 

We evaluated the effect of immunomodulatory therapies on the 64Cu-GRIP B 

biodistribution in mice bearing subcutaneous CT26 tumors, a mouse colorectal cancer cell 

line.24 Mice were treated with three intraperitoneal infusions of vehicle or anti-PD1 plus anti-

CTLA4 checkpoint inhibitors (CPIs) over 11 d. The radiotracer was injected on day 14, and the 

tumor uptake was monitored over several time points out to 24 h postinjection on PET. An ROI 

analysis of static PET/computed tomography (CT) images showed that the 64Cu-GRIP B 

uptake in the treated tumors steadily rose from 0.5 to 2–4 h postinjection (Figure 3B). Notably, 

the radioactivity persisted in tumors out to 24 h postinjection, which is consistent with a 

mechanism of irreversible radiotracer trapping at the tumor. Moreover, the tumoral uptake of 

64Cu-GRIP B was significantly higher in the CPI versus vehicle-treated arm at 2 h postinjection. 

Time activity curves derived from a dynamic PET acquisition showed that the tumoral 
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accumulation of 64Cu-GRIP B in CPI-treated mice was rapid, reaching a level of ∼5% ID/cc 

within 10 min postinjection (Fig. 1.3c, Supporting Table 1.S2). Furthermore, a compartmental 

modeling showed that k3 ≫ k4 and k4 ≈ 0, which are properties known to be associated with 

radiotracers like 18F-fluorodeoxyglucose that are irreversibly sequestered in tissues 

(Supplemental  Fig. 1.S6).25 By comparison, the radiotracer uptake in vehicle tumors was 

significantly lower and did not change over time. 

We conducted a biodistribution study at 2 h postinjection to determine relative changes 

in tracer uptake between tissues in the vehicle and treated groups. These data showed ∼50% 

induction of radiotracer uptake in the tumors from treated mice compared to control mice (Figure 

3D, Supporting Information Figure 7, and Supporting Information Table 2). We also observed a 

significant increase in the tracer uptake within the spleen, which is consistent with a stimulation 

of T cells by systemic immune CPIs that we and others have documented.26–28 Digital 

autoradiography (DAR) showed that 64Cu-GRIP B was significantly higher in the treated versus 

control tumor. Although the comparatively lower resolution of pseudocolor from DAR limits the 

ability to rigorously compare the GRIP B localization to the GZMB protein expression on 

immunofluorescence (IF), qualitatively the regions of the radiotracer binding in tissue appeared 

to coalign with the expression of GZMB and the T cell marker CD3 (Fig. 1.3e). 
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Figure 1.3: 64Cu-GRIP B detects T cell activation in vivo elicited by immune checkpoint 
inhibition. a.  A time activity curve showing the renal clearance of 64Cu-GRIP B in a male 
C57Bl6 mouse bearing a subcutaneous CT26 tumor.  b.  Representative transaxial CT and 
PET/CT images showing the accumulation over time of 64Cu-GRIP B in a CT26 tumor exposed 
to anti-PD1 and anti-CTLA4 CPI.  Also shown is the uptake of 64Cu-GRIP B in a tumor bearing 
mouse treated with vehicle.  c.  A time activity curve from a dynamic PET acquisition showing 
the tumoral uptake of 64Cu-GRIP B in CT26 tumors from mice treated with vehicle or CPI.  
*P<0.05 d.  A plot showing the % change in 64Cu-GRIP B uptake per organ in treated versus 
untreated mice.  e. Digital autoradiography and immunofluorescence showing the co-localization 
of 64Cu-GRIP B with GZMB and T cells within CT26 tumor slices from mice exposed to vehicle 
or CPI. 
 

We tested if the post-treatment changes in the tumoral uptake of 64Cu-GRIP B are 

driven by the proteolysis of 64Cu-GRIP B. To achieve this, we prepared 64Cu-D-GRIP B, a 

probe that harbors a d-aspartic acid within the GZMB protease site (IEPdVSQV) to prevent 

cleavage by GZMB. The probe was functionalized with DOTA and radiolabeled with copper-64 

using an approach similar to that for the synthesis of 64Cu-GRIP B (Supplemental  Fig. 1.S8). 

Biodistribution studies showed that the CPI treatment did not cause an increase in the tumoral 

uptake of 64Cu-D-GRIP B compared to the control (Figure 4A). 

We compared the biodistribution of 64Cu-GRIP B or 64Cu-D-GRIP B in mice bearing MC38 

(mouse colorectal cancer) or EMT6 (mouse mammary breast carcinoma) xenografts. The mice 

were treated with vehicle or anti-PD1 and anti-CTLA4 CPIs following the schema used for the 
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CT26 cohort. Biodistribution data showed a significant increase in the tumoral uptake of 64Cu-L-

GRIP B in both cohorts, while 64Cu-D-GRIP B was not induced in tumors compared to controls, 

as expected (Fig. 1.4a and Supplemental Tables 1.S3–7). Moreover, the absolute levels of the 

64Cu-D-GRIP B uptake in treated tumors were low and comparable with the baseline uptake of 

64Cu-L-GRIP B in untreated tumors (Fig. 1.4b). The basal 64Cu-D-GRIP B uptake in the spleen 

was also low and unaffected by a treatment with immune checkpoint inhibitors (Fig. 1.4c,d). 

To confirm that GZMB is responsible for post-treatment changes in the 64Cu-GRIP B 

biodistribution, we inoculated germline homozygous GZMB knockout mice29 with CT26 tumors 

and assessed the relative biodistribution of 64Cu-L-GRIP B in mice after a treatment with a 

vehicle or CPIs. We observed no significant post-treatment changes in the radiotracer uptake 

among tumors and spleen exposed with CPI compared to vehicle (Fig. 1.4e,f, Supplemental  

Table 1.S8). 
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Figure 1.4: 64Cu-GRIP B biodistribution in vivo is dependent on GZMB proteolytic activity.  
a. A bar graph summarizing the post treatment effects on the tumoral uptake of 64Cu-GRIP B (or 
64Cu-L-GRIP B) and 64Cu-D-GRIP B, an uncleavable negative control tracer bearing D-amino 
acids in the GZMB cut site.  Three cohorts of mice bearing subcutaneous CT26, MC38 or EMT6 
mice were studied.  CT26 and MC38 were implanted in male C57Bl6 mice, and EMT6 were 
implanted in female Balb/c mice.  *P<0.05, **P<0.01.  b. Representative transaxial PET/CT and 
CT images from the MC38 cohort showing the tumoral uptake of 64Cu-L-GRIP B and 64Cu-D-
GRIP B in mice treated with vehicle or CPI.  c. A bar graph showing the post treatment effects 
on the splenic uptake of 64Cu-GRIP B and 64Cu-D-GRIP B in mice treated with vehicle versus 
CPI.  These data were taken from the CT26 cohort and similar trends were observed in the 
other mouse cohorts. *P<0.01 d.  Autoradiography and H&E showing the relative intensity of 
64Cu-L-GRIP B and 64Cu-D-GRIP B uptake in spleen sections.  e. A bar graph summarizing the 
post treatment effects on the tumoral and splenic uptake of 64Cu-GRIP B in germline GZMB-/- 
treated with vehicle or CPI.  The GZMB-/- were inoculated with CT26 tumors for this study. f. 
Representative transaxial PET/CT and CT images from the CT26 cohort showing the tumoral 
uptake of 64Cu-L-GRIP B in C57Bl6 mice treated with CPI or germline GZMB-/- mice treated 
with vehicle or CPI. 

 

Tumors enriched with comparatively higher levels of GZMB activity could be expected to 

more significantly debulk compared to GZMB-poor tumors. Thus, we next asked if post-

treatment changes in the tumoral uptake of 64Cu-GRIP B correlated with antitumor effects. The 

tumoral uptake of 64Cu-GRIP B at day 11 was significantly anticorrelated with the percent 

change in tumor volume at day 11 compared to day 0 (Fig. 1.5a). 64Cu-GRIP B tumor-to-blood 

ratios at day 11 also significantly correlated with the percent change in tumor volume. In 

contrast, neither the tumoral uptake nor the tumor-to-blood ratio of 64Cu-GRIP B correlated with 

percent changes in the tumor volume in the GZMB knockout mouse background (Fig. 1.5b). 
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18 
 

Figure 1.5: Post treatment changes in tumoral uptake of 64Cu-GRIP B correlates with the 
magnitude of volumetric tumor response to CPI in wild type mice, but not in GZMB-/- 
mice.  a.  Scatter plots showing the correlation between fold change in tumor volume from day 
11 to day 0 and 64Cu-GRIP B tumoral uptake (left) or tumor to blood ratio (right).  The data were 
collected from two cohorts of wild type mice bearing CT26 tumors. b. Scatter plots showing the 
correlation between fold change in tumor volume from day 11 to day 0 and 64Cu-GRIP B tumoral 
uptake (left) or tumor to blood ratio (right).  The data were collected from two cohorts of GZMB-
/- mice bearing CT26 tumors.  

 

Though not well-defined, noncytotoxic functions for secreted GZMB have been proposed 

in several physiological processes, including inflammation.30–32 To test if 64Cu-GRIP B can 

localize potentially pathogenic reservoirs of secreted GZMB due to inflammation, we next 

performed 64Cu-GRIP B PET/CT on wild-type mice that had received intratracheal instillations 

of lipopolysaccharide (LPS). PET/CT was performed 4 d after the instillation, a time point at 

which a T cell recruitment to the lungs has occurred.33,34 An ROI analysis showed a significantly 

higher radiotracer accumulation in the lungs of mice treated with low (0.1 mg/kg) and high (3 

mg/kg) doses of LPS compared to a vehicle (Fig. 1.6a,b). Autoradiography and 

immunofluorescence of the lungs showed a visually higher radiotracer binding in the LPS-

treated lung. Consistent with the autoradiography, the overall levels of GZMB, CD3, Ly6G, and 

NKp46/NCR1 staining were higher in the lung parenchyma of LPS versus vehicle-treated mice 

(Fig. 1.6c, Supplemental  Fig. 1.S9).  

We observed regions in the lung that were positive for GZMB but lacked evidence of 

64Cu-GRIP B binding. We hypothesize these regions harbor high levels of GZMB positive 

immune cells that are not actively secreting GZMB. Since 3 mg/kg LPS can trigger a system-

wide T cell activation, we further examined a radiotracer uptake in a larger panel of mouse 

organs. Ex vivo biodistribution studies showed that 64Cu-GRIP B was significantly higher in 

numerous tissues in the LPS-treated versus vehicle mice at either dose, including lymphoid 

organs like the spleen and thymus (Fig 1.6d, Supplemental Table 1.S9). Remarkably, the 

system-wide impact on T cell activation due to the intratracheal instillation of LPS was also 
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visually obvious by a comparison of maximum intensity projections between treatment arms 

(Fig. 1.6e). 
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Figure 1.6: 64Cu-GRIP B PET detects secreted GZMB elicited by an endotoxin mediated 
inflammatory response.  a. Representative 64Cu-GRIP B PET/CT studies showing higher 
radiotracer accumulation in the lungs of mice treated with 0.1 or 3.0 mg/kg LPS compared to 
mice that received sham.  b.  Region of interest analysis of the right lung lobe shows 
significantly higher radiotracer uptake in LPS treated versus sham treated mice (n = 3/arm). 
*P<0.01 c. Autoradiography, immunofluorescence, and H&E of the right lung lobe shows higher 
tracer accumulation in the treated lung, as well as higher GZMB and CD3 staining.  d. A bar 
graph showing the percent change in radiotracer uptake per organ between the LPS versus 
sham treated mice (n = 4/arm).  All changes were determined to be statistically significant, P < 
0.05. e. Representative maximum intensity projections showing the system wide changes in 
tracer biodistribution due to treatment with 3.0 mg/kg LPS.  
 

1.4 Discussion 

In this report, we show that granzyme biochemistry can be detected in vivo with nuclear 

imaging. This was achieved by a development of 64Cu-GRIP B, a peptide-based chemosensor 

whose biodistribution was engineered to be controlled by the proteolytic activity of secreted 

GZMB. Crucial to the design of GRIP B was the discovery of a highly efficient P4–P4′ substrate 

sequence for GZMB that gates the activation of the probe. Subsequently, in vitro and in vivo 

studies demonstrated that GZMB cleaves GRIP B and that changes in the tissue uptake of 

64Cu-GRIP B are driven by immune cell activation and the secretion of GZMB. Applying 64Cu-

GRIP B in vivo identified in real time multiple organs with elevated GZMB, a feature that we 

expect will enable a more holistic mapping of complex human immunology through quantitative 

imaging. Moreover, the exploratory study that applied 64Cu-GRIP B to an inflammatory model in 

which the secreted GZMB has an unknown significance shows how this imaging technology 

may be used to begin a probing of noncytotoxic functions for this enzyme class. 

These imaging data come at an exciting time, as ongoing work from other laboratories 

have shown that active site-directed inhibitors of GZMB can also be rendered into Ga-68 or F-

18 radiopharmaceuticals designed to detect GZMB in vivo.22,23,35 As with 64Cu-GRIP B, the 

tumoral uptake of these active site inhibitors is enhanced by a systemic CPI treatment, and the 

magnitude of post-treatment changes in the tumoral uptake is anticorrelated with volumetric 

tumor responses. The development of 64Cu-GRIP B complements these innovations by 
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enabling a readout of enzyme turnover to pair with the measurement of biochemically active 

GZMB molecules provided by the peptide aldehydes. The unique mechanism of GRIP B may 

also enable an imaging at extended time points postinjection (i.e., >4 h), which could improve 

the signal-to-background and/or reveal occult tumors through a catalytic amplification of probe 

retention. 

Our data suggest that 64Cu-GRIP B may have a role in monitoring an early treatment 

response to immunotherapies. The documentation of early tumor responses to CPIs is currently 

a challenge clinically with standard of care 18F fluorodeoxyglucose (FDG) PET and CT. In the 

case of PET, the immunoresponsive tumor newly perfused with metabolically active cytotoxic T 

cells tends to consume the same or more 18F FDG than it did in its pretreatment state, which 

mimics the imaging findings of an unresponsive, progressing tumor.36 Pseudoprogression is 

also observed on CT in up to 10% of all patients,37 presumably due to the transient increase in 

cellularity within the immunoresponsive tumors. Custom algorithms (e.g., PERCIMT, iRECIST) 

are under development to better interpret 18F FDG PET/CT post-immunotherapies, but the 

challenges with 18F FDG PET/CT have rightly motivated a swell of new experimental 

radiotracers to more clearly distinguish responsive from nonresponsive tumors.38–41 The 

detection of a system-wide T-cell activation in normal tissues also implies that 64Cu-GRIP B 

might be useful for the identification of patients at risk for developing immune-related adverse 

events. Direct detection of extracellular GZMB proteolysis may have advantages over 

biomarkers that measure immune cell markers (e.g., CD4, CD8) but do not distinguish between 

indolent or activated T cells.42 We are currently translating 64Cu-GRIP B into patients to study 

these applications. 

Lastly, these data provide an important confirmation that the RIP platform can be 

engineered to image functionally discrete proteases beyond thrombin. The versatility of the RIP 

platform to conjugate with chemically discrete payloads may also permit radiolabeling with other 

diagnostic (e.g., Zr-89, F-18) or therapeutic (e.g., Lu-177, Ac-225) radioisotopes. The granzyme 
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family has divergent, highly specific substrate specificities from which we expect the RIP 

technology’s activity-based accumulation benefits. Moving forward, we aim to expand this 

platform to enable a preclinical imaging with other modalities (e.g., fluorescence tomography) 

and develop imaging probes to detect the other granzyme species. 

1.5 Methods 

General Methods 
All reagents were purchased from commercial sources and used without further purification. 

64Cu-hydrochloride acid was purchased from University of Wisconsin Madison. Recombinant 

human GZMB was purchased from Sigma-Aldrich. The mouse cancer cell lines CT26 and 

EMT6were purchased from ATCC. MC38 was purchased from Kerafast. Antimouse PD-1 

(CD279) (BE0146) and antimouse CTLA-4 (CD152) (BE0164) were purchased from Bio X Cell; 

Anti granzyme B (ab4059) was purchased from Abcam; anti-CD3 (MCA1477) was purchased 

from Bio-Rad; AF488 anti-Rabbit (A21206), AF546 anti-Mouse (A111081), and AF633 anti-

Mouse (A21052) secondary antibodies were purchased from Invitrogen. AF2225 anti-mouse 

NKp46/NCR1 was purchased from R&D system. BE0075-1 anti-mouse Ly6G was purchased 

from Bio X Cell. AF488 anti-RAT (A48269) and AF647 anti-goat (A21446) were purchased from 

Invitrogen. 4′,6-Diamidino-2-phenylindole (DAPI) (D1306) was purchased from Life 

Technologies Corporation. Antibodies for immunofluorescence. All cell lines were cultured 

according to manufacturer’s instructions. Active, human MMP-9 was purchased from Millipore 

Sigma. Human, activated Complement C 1s protease was purchased from Millipore Sigma. 

Thrombin from human plasma was purchased from Sigma-Aldrich. Active, human placenta 

cathepsin B was purchased from Sigma-Aldrich. Active, human recombinant caspase-8 was 

purchased from Enzo Lifesciences. Active, human recombinant caspase-3 was purchased from 

Enzo Lifesciences. Recombinant human granzyme A was purchased from R&D Systems. 

Recombinant human granzyme K was purchased from Enzo Lifesciences. 
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Multiplex Substrate Profiling by Mass Spectrometry 
Human GZMB (100 nM) was incubated with a library containing 228 synthetic tetra-

decapeptides (500 nM). Aliquots (10 μL) were removed at three time intervals and subsequently 

quenched with 10 μL of 8 M guanidinium hydrochloride. Aliquots were then flash frozen until all 

time points were taken. Prior to the mass spectrometry, samples were desalted using C18 tips 

(Rainin). Aliquots were then analyzed by LC-MS/MS sequencing using a Quadrupole Orbitrap 

mass spectrometer (LTQ Orbitrap XL) coupled to a 10 000 psi nanoACQUITY Ultra 

Performance Liquid Chromatography (UPLC) System (Waters) for a peptide separation by 

reverse-phase liquid chromatography (RPLC). Peptides were separated over a Thermo ES901 

C18 column (75 μm inner diameter, 50 cm length) coupled to an EASY-Spray ion source and 

eluted by the application of a flow rate of 300 nL/min with a 65 min linear gradient from 2–50% 

in Buffer B (acetonitrile, 0.5% formic acid). Survey scans were recorded over a 325–1500 m/z 

range and up to the three most-intense precursor ions (MS1 features of charge ≥2) were 

selected for a higher-energy collisional dissociation (HCD) at a resolution of 30 000 at m/z 200 

for MS/MS[CB2]. Data were acquired using Xcalibur software and processed as previously 

described.17,43 Briefly, raw mass spectrometry data were processed to generate peak lists using 

MSConvert. Peak lists were then searched in Protein Prospector ver. 6.2.2 against a proprietary 

database containing the sequences from the 228 tetra-decapeptide library.44 Searches used a 

mass accuracy tolerance of 20 ppm for precursor ions and 30 ppm for fragment ions. Variable 

modifications included a N-terminal pyroglutamate conversion from glutamine or glutamate and 

an oxidation of tryptophan, proline, and tyrosine. Searches were subsequently processed using 

the MSP-xtractor software (http://www.craiklab.ucsf.edu/extractor.html), which extracts the 

peptide cleavage site and spectral counts of the corresponding cleavage products. Spectral 

counts were used for the relative quantification of peptide cleavage products. Human GZMB 

samples were processed as three biological replicates per time point, and a nonenzyme control 

was used for each replicate to remove unspecific cleavages from the data analysis. 

http://www.craiklab.ucsf.edu/extractor.html
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Fmoc-Solid-Phase Peptide Synthesis 
A quenched fluorogenic peptide synthesized of the sequence NH2-K(MCA)IEPDVSQVK(DNP)-

COOH (MCA = 7-methoxycoumarin-4-acetic acid, DNP = 2-dinitrophenyl) was synthesized by 

an Fmoc solid-phase synthesis on a Biotage SyroII peptide synthesizer at ambient temperature. 

The synthesis scale was at 12.5 μM using a preloaded lysine DNP Wang resin, where the DNP 

quencher was linked to the epsilon nitrogen of the lysine. Coupling reactions were performed 

with 4.9 equiv of O-(1H-6-chlorobenzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluoro-

phosphate (HCTU), 5 equiv of Fmoc-amino acid–OH, and 20 equiv of N-methylmorpholine 

(NMM) in 500 μL of N,N-dimethylformamide (DMF) for 8 min while being shaken. Each amino 

acid position was double-coupled, and subsequent Fmoc deprotection was performed with 500 

μL of 40% 4-methylpiperadine in DMF for 10 min followed by six washes with 500 μL of DMF for 

3 min. The final amino acid coupling contained the fluorophore, lysine (MCA), where MCA was 

linked to the epsilon nitrogen of the lysine. Peptides were cleaved from Wang’s resin with 500 

μL of solution composed of 95% trifluoroacetic acid, 2.5% water, and 2.5% triisopropylsilane for 

1 h while being shaken. The crude peptide product was then precipitated in 30 mL of cold 1:1 

diethyl ether/hexanes and then solubilized in a 1:1:1 mixture of DMSO/water/acetonitrile. The 

solubilized crude was purified by high-performance liquid chromatography (HPLC) using an 

Agilent Pursuit 5 C18 column (5 mm bead size, 150 × 21.2 mm) on an Agilent PrepStar 218 

series preparative HPLC. The mobile phases A and B were water + 0.1% trifluoroacetic acid 

(TFA) and acetonitrile + 0.1% TFA, respectively. The purified peptide product had the solvent 

removed under a reduced atmosphere and was solubilized into a DMSO stock with a final 

concentration of 10 mM. The purity was confirmed by liquid chromatography–mass 

spectrometry, and the stock was stored at −20 °C. Fluorescently labeled 5FAM-GRIP B was 

purchased from CPC Scientific at 95–98% purity. 
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Synthesis of DOTA-GRIP B 
DOTA-GRIP B (Dota-hexanoic acid-FVQWFSKFLGKIEPDVSQVQDPNDQYEPF-COOH) was 

synthesized first by the use of standard solid-phase peptide synthesis conditions as outlined 

above. The resin-bound peptide with N-terminal hexanoic acid was triply coupled with 2 equiv of 

dota-NHS, 5 equiv of HCTU, and 20 equiv of N,N-diisopropylethylamine (DIPEA) for 12 h. The 

DOTA-GRIP B probe was then cleaved, purified, and analyzed as described for the fluorogenic 

peptide. 

In Vitro Kinetics 
Kinetic measurements were performed in Corning black 384-well flat-bottom plates and read on 

a BioTek H4 multimode plate reader. The proteolysis of the quenched fluorogenic peptide (NH2-

K(MCA)IEPDVSQVK(DNP)-COOH) by GZMB was performed at a final enzyme concentration of 

5 nM in phosphate-buffered saline (PBS). Michaelis–Menten kinetics were performed in 

triplicate at 37 °C, and activity was monitored for 1 h. The Vo value was calculated at 1–30 min 

in RFU/s. Initial velocities were then converted to molar per second using a standard curve of 

cleaved substrate. Specificity experiments were done with all final enzyme concentrations of 5 

nM and final quenched fluorogenic peptide concentration of 60 μM. The specificity assay buffer 

was PBS with 1 mM dithiothreitol (DTT). Kinetics were performed in quadruplicate at 37 °C, and 

the activity was monitored for 1 h. 

Intrinsic Tryptophan Fluorescence Spectroscopy Measuring Lipid Insertion 
The fluorescence of the tryptophan within the full-length and activated GRIP B was monitored in 

the presence or absence of lipid micelles on a BioTek H4 multimode plate reader. Sodium 

dodecyl sulfate (SDS) was solubilized as a 5 mg mL–1 stock. Full-length and activated GZMB-

RIP were solubilized in PBS to a final concentration of 0.01 mg mL–1 with a final peptide/lipid 

molar ratio of 1:40. Tryptophan emission spectra of the peptide/lipid suspension were acquired 

with an excitation wavelength of 295 nm and by scanning from 310 to 450 nm. The bandwidth 

was 5 nm for both excitation and emission. The spectra of the peptides in PBS in the absence of 

SDS lipids were acquired at the same concentration of 0.01 mg mL–1. 
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Circular Dichroism of Activated GRIP B 
Spectra were acquired on a Jasco J-810 spectrometer with samples maintained at 310 K. 

Spectra were recorded from 250 to 200 nm using a spectral bandwidth of 1 nm and a scan rate 

of 100 nm min–1. The buffer was 20 mM Na2HPO4. Final peptide concentrations were 0.1 

mg/mL, and SDS lipid concentrations were kept at a minimum of a 1:40 peptide/lipid molar ratio. 

Spectra were treated using Jasco spectra analysis software, where a spectrum of the peptide-

free suspension was subtracted and means-movement smoothing with a convolution width of 

five points was applied. 

Toxicity Assay Measuring Hemolysis of Human Erythrocytes 
Blood from healthy anonymous donors was harvested from Trima Leukoreduction chambers 

(Vitalant). Erythrocytes were isolated from the anonymous blood samples. Full-length GRIP B 

and activated GRIP B were measured for their hemolytic activity on healthy human erythrocytes 

in triplicate. Aliquots of human erythrocytes were suspended in PBS (pH 7.4) and incubated with 

serial dilutions of both peptides, which were initially solubilized in DMSO. DMSO and 1% Triton 

X-100 were incubated in parallel as negative and positive controls, respectively. The incubation 

was for 1 h at 37 °C. After the incubation, the samples were centrifuged for 5 min at 2000g, after 

which the supernatant was collected. The supernatant was measured for the release of 

hemoglobin by the erythrocytes using a BioTek H4 multimode plate reader, monitoring the 

optical density of the supernatant at a wavelength of 540 nm. 

Flow Cytometry with 5FAM-GRIP B 
MC38 cells (2 × 105/well) were seeded into a 12-well plate and incubated at 37 °C for 48 h. 

5FAM-GRIP B (200 nM) and GZMB (20 nM) were dissolved in HBSS and incubated at 37 °C for 

2 h. The 200 nM RIP with/without 50 nm GZMB in HBSS (300 μL) was added into the well with 

the cells, followed by an incubation at 37 °C for 30 min. The probe solution was removed, and 

cells were washed with PBS four to five times. Trypsin (100 μL) was added, followed by 3 min of 

incubation at 37 °C. PBS was added into the wells, and all cells were collected and washed with 

PBS for one time before being further diluted with PBS (300 μL) and passed through a cell 
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strainer. Experiments were performed on a BD FACSCanto II Cell Analyzer. Data were 

analyzed by the use of FlowJo and Prism 8.0. 

Radiosynthesis and In Vitro Characterization of 64Cu-GRIP B 
Into a 1.5 mL reaction vial was added 5 mCi of 64Cu-chloride (aqueous), and the pH was 

adjusted to 7.0 with Na2CO3 (2 M). A solution of DOTA-GRIP B (50 μg in 20 μL of DMSO) and 

0.1 M NH4OAC buffer (200 μL) was added into this reaction vial. The reaction mixture was 

incubated at 50 °C for 30 min. The reaction progress was monitored by analytical HPLC 

equipped with an Agilent Pursuit analytical column (C18, 200 Å, 4.6 mm × 10 cm, 5 μm) or 

Phenomenex Luna analytical column (C18, 100 Å, 4.6 mm × 250 cm, 10 μm) (70:30 

MeOH/H2O to 95:5 MeOH/H2O over 10 min). The crude reaction was purified using a C18 Sep-

Pak cartridge and eluted with a small volume of CH3CN. The CH3CN was then removed at 50 

°C under vacuum and a gentle stream of N2(g) to afford neat 64Cu-GRIP B. The chelation 

efficacy is usually greater than 90% based on the HPLC. A formulation comprising 10% DMSO, 

10% tween 80, and 80% saline was adopted for further mice studies. The cleavage of 64Cu-

GRIP B by granzyme B was verified in vitro by an addition of the radiotracer (∼200 μCi) to the 

recombinant granzyme B (10 nM) in 500 uL of PBS. The vial was then incubated at 37 °C. Rad-

HPLC was used to monitor the cleavage of the radiotracer at the dedicated time points. 

Animal Studies 
All animal experiments were approved by the Institutional Animal Care and Use Committee at 

UCSF. Four to six week old male or female balb/c mice and C57BL6/J mice were purchased 

from Jackson Laboratory and housed with free access to the water and food. All mice were 

inoculated with 5 × 106 CT26, MC38, or EMT6 cells in a mixture of media and Matrigel 

(Corning) (v/v 1:1) subcutaneously into the left shoulder. Antimouse PD-1 (CD279) (BE0146) 

and antimouse CTLA-4 (CD152) (BE0164) were purchased from Bio X Cell and stored at 4 °C 

during the treatment studies. Mice bearing subcutaneous tumors received antimouse CTLA-4 

(200 ug) or/and antimouse PD-1 (200 ug) and as a combination therapy or PBS as the vehicle 
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on days 5, 8, and 11 following the tumor inoculation. Mice were weighed, and the tumor volume 

was measured with calipers on the same day of the treatment. On day 14, all mice were used 

for PET/CT or BioD studies. 

GZMB Homozygous Knockout Mice 
Germline homozygous GZMB knockout cluster mice were created with a homozygous null 

mutation in the GZMB gene. GZMB knockout cluster mice were generously donated by Dr. T. 

Ley.29 

Small Animal PET/CT 
64Cu-L-GRIP B or 64Cu-D-GRIP B (∼100 μCi/mouse) in 100–150 μL of 10% DMSO and 10% 

Tween 80 in saline was injected via tail vein. After a period of uptake time, mice were 

anesthetized with isoflurane (∼2%) and imaged with a microPET/CT scanner (Inveon, 

Siemens). For a static imaging, mice were scanned for 30 min for a PET data acquisition and 10 

min for a CT data acquisition. For the dynamic acquisitions, the mice were anesthetized, 

positioned on the scanner bed, and injected intravenously with a radiotracer. The dynamic 

acquisition was performed for 60 min followed by a 10 min CT acquisition. 

List-mode PET data were histogrammed to generate sinograms that were reconstructed using a 

2D ordered subsets expectation maximization algorithm provided by the scanner manufacturer. 

An attenuation correction was applied using the coregistered CT data that were acquired 

immediately following the PET data acquisition. The CT data were acquired using the following 

setting: 220° angular coverage with 120 steps, X-ray tube operating at 80 kVp and 0.5 mA with 

each angular step exposure time set as 175 ms. All reconstructed three-dimensional (3D) PET 

volume image voxels were calibrated to becqerel per milliliter using a precalibrated 

quantification factor. AMIDE software was used for the reconstruction of PET/CT data and an 

image analysis. 

Biodistribution Studies 
At dedicated time points post-radiotracer injection, mice were euthanized with CO2(g) 

asphyxiation, and the blood was collected by a direct cardiac puncture. Tissues were harvested, 
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weighed, and counted on a γ-counter (Hidex). The amount of radioactivity in the tissues was 

determined by comparison with a standard of known activity. The samples were decay-

corrected and expressed as the percentage of the injected dose/weight of the harvested tissues 

(%ID/g). 

Digital Autoradiography 
Tumors or designated tissue were flash frozen in an optimal cutting temperature (OCT) in dry 

ice. The tissues were sectioned with a microtome (Leica) into slices with 10–20 um thickness 

and directly mounted on glass slides (VWR). A GE Storage Phosphor Screen was exposed by 

such slides with radioactive tissue. After 10 half-lives of copper-64, the screen was developed 

on a phosphorimager (Typhoon 9400). The images were further analyzed by using Fiji software. 

Histology 
Hematoxylin and eosin (H&E) staining and immunofluorescence staining were performed by the 

Pathology core facility at UCSF and Acepix Biosciences. For IF studies, tumor samples were 

soaked in acetone at −20 °C for 20 min, followed by a soak in MeOH at 4 °C for 10 min. Antigen 

retrieval was conducted with citrate buffer 10 mM pH = 6, and samples were blocked with a 

universal blocking buffer plus 5% goat and donkey serum. The primary antibodies, namely, anti-

GZMB (ab4059, Abcam) (1:50), anti NKp46/NCR1(1:1000, R&D system), anti Ly6G (1:5000, 

Bio X Cell), and anti-CD3 (MCA1477, Bio-Rad) (1:100), were added into samples and incubated 

at 4 °C overnight. Such primary antibodies were detected by AF488 anti-Rabbit (A21206, 

Invitrogen) (1:200), AF546 anti-Mouse (A111081, Invitrogen) (1:200), AF488 anti-Rat (A48269, 

Invitrogen) (1:500), AF647 anti-goat (A21446, Invitrogen) (1:500), and AF633 anti-Mouse 

(A21052, Invitrogen) (1:200) secondary antibodies by an incubation with samples. DAPI Nucleic 

Acid Stain (D1306, Life Technologies Corporation) was used to stain the nucleus by being 

incubating with samples (10 min at room temperature). Immunofluorescence results were 

performed by the Gladstone Institutes’ Histology & Light Microscopy Core. Images of whole 

sections were acquired on a VERSA automated slide scanner (Leica Biosystems), equipped 
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with an Andor Zyla 5.5 sCMOS camera (Andor Technologies). Individual images were created 

with the ImageScope software (Aperio Technologies). 

Statistics 
All statistical analyses were performed by using PRISM v8.0 or ORIGIN software. A statistically 

significant difference was determined by an unpaired, two-tailed Student’s t test. Changes only 

at the 95% confidence level (P < 0.05) were regarded as statistically significant. 
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1.6 Supplementary Materials 

 

Figure 1.S1: A heat map showing the preferred cleavage sites for recombinant human 
granzyme B as predicted with multiplex substrate profiling mass spectrometry where 1-8 
represents P4-P4', respectively. 
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Figure 1.S2: Stacked HPLC traces showing the cleavage of GRIP B by recombinant 
human GZMB.  The single product peak at ~7.7 minutes comigrates with the peptide standard 
FVQWFSKFLGKIEPD.  The data are reflective of three independent experiments. 
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Figure 1.S3: Tryptophan insertion experiments and circular dichroism. 
A. Probing membrane interaction dynamics with SDS-micelles through tryptophan intrinsic 
fluorescence reveals partial interaction of the full-length propeptide, and complete internalization 
of the activated GRIP B. B. Circular dichroism of full-length GRIP B shows a spectrum indicative 
of a disordered peptide, suggesting that the masking domain is effective in disrupting the alpha 
helical secondary structure of the cell penetrating peptide module. C. Circular dichroism of 
activated GRIP B reveals the characteristic spectra of alpha helical peptides, showing that the 
probe retains the secondary structure of Temporin L. 
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Figure 1.S4:  The structure of DOTA-GRIP B. The 2-D chemical structure of the synthetic 
GRIP B probe. 
 

 

 

 

 

Figure 1.S5.  A plot showing the stability of 64Cu-GRIP B in mouse serum.  The probe was 
incubated at 37o C, and the radioactive species were separated and quantified on RAD-HPLC.   
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Figure 1.S6. An example of a compartmental analysis of tumoral uptake of 64Cu-GRIP B.  
The analysis was performed using a 1 hour dynamic PET acquisition from a Balb/c mouse 
bearing a MC38 tumor with was treated with CPI.  The analysis show k3 > k4 and k4 ~ 0.  These 
data are representative of similar outcomes for C57Bl6 mice bearing CT26 tumors. 
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Figure 1.S7: Representative coronal 64Cu-GRIP B PET/CT images of mice bearing CT26 
tumors and treated with vehicle or checkpoint inhibitors. The position of the CT26 tumor is 
indicated with an orange arrow. 
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Figure 1.S8: Analytical HPLC data showing the synthesis of 64Cu-D-GRIP B.  The blue 
trace shows the RAD peak from the complex reaction mixture.  The black peak shows the UV of 
the DOTA-D-GRIP B starting material.   
 

 

 

 

 

 

 

 

 



39 
 

 

 
Figure 1.S9: Immunofluorescence data showing increased staining for the neutrophil 
marker Ly6G in LPS versus vehicle treated lung tissue.  No obvious difference was 
observed between arms in the intensity of the natural killer cell marker NKp46/NCR1. The 
stained slides were adjacent to the slices shown in Figure 6. 
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Table 1.S1: A tabular representation of the biodistribution data collected at various time 
points post injection of 64Cu-GRIP B in tumor naïve male C57BL/6 mice.  The data 
represent the mean ± standard deviation, n = 4 per time point.  
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Table 1.S2:  A summary of the SUVmean values acquired from region of interest analysis 
of dynamic PET acquisitions.  The data are reported as SUVmean ± standard deviation. 
 

 

 

 



42 
 

Table 1.S3: A tabular representation of the biodistribution data collected 2h post 
injection of radiotracer 64Cu-L-GRIP B in male balb/c mice bearing CT26 tumor after 
receiving 3 antibody/PBS treatment. The P value indicates the result of an unpaired, two-
tailed Student’s t test between the two different arms (n = 8/group). 
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Table 1.S4: Biodistribution data collected 2 hours post injection of 64Cu-D-GRIP B in male 
C57Bl6 mice bearing MC38 tumors.  The data are expressed as mean %ID/g ± standard 
deviation, n = 8 per treatment arm. 
 

 

 

 

Table 1.S5: Biodistribution data collected 2 hours post injection of 64Cu-D-GRIP B in male 
C57Bl6 mice bearing MC38 tumors.  The data are expressed as mean %ID/g ± standard 
deviation, n = 5 per treatment arm. 
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Table 1.S6: Biodistribution data collected 2 hours post injection of 64Cu-GRIP B in female 
Balb6 mice bearing EMT6 tumors.  The data are expressed as mean %ID/g ± standard 
deviation, n = 5 per treatment arm. 
 

 

 

Table 1.S7: Biodistribution data collected 2 hours post injection of 64Cu-D-GRIP B in 
female Balb6 mice bearing EMT6 tumors.  The data are expressed as mean %ID/g ± 
standard deviation, n = 5 per treatment arm. 
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Table 1.S8: Biodistribution data collected 2 hours post injection of 64Cu-GRIP B in male 
or female GZMB-/- mice bearing CT26 tumors.  The data are expressed as mean %ID/g ± 
standard deviation, n = 6 per treatment arm. 
 

 

 

Table 1.S9: A summary of the biodistribution data acquired in C57Bl6 mice subjected to 
an intratracheal instillation of lipopolysaccharide at 0.1 or 3 mg/kg. The data are 
expressed as mean %ID/g ± standard deviation, n = 5 per treatment arm. 
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CHAPTER 2 

ENZYMATIC RADIOLABELING OF BIOMOLECULES VIA AN ENGINEERED LIPOIC ACID 

LIGASE 
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ENZYMATIC RADIOLABELING OF BIOMOLECULES VIA AN ENGINEERED LIPOIC ACID 

LIGASE 

2.1 Abstract 

Positron emission tomography (PET) is an imaging modality that has made strong 

impacts in the clinic due to its ability to quantitatively and accurately measure disease 

biochemistry. PET, unlike ex-vivo tissue analysis that requires surgical resection, is a wholistic, 

noninvasive technology that does not suffer from tissue heterogeneity and has impacted cancer 

treatments via diagnostics, patient selection for targeted therapies, and quantifying patient 

responses. The most common PET radiotracer, fluorine-18 (18F) has made remarkable impacts 

in the field of immunoPET due to its sensitivity and high resolution images. Although 18F-

conjugated antibodies have found much success, there is currently minimal widespread use of 

other 18F protein probes in the clinic. This can be attributed to the fact that there is an unmet 

need for more straightforward and consistent 18F radiofluorination techniques for more diverse 

protein scaffolds. Here, we describe a method that could broaden the application and targets of 

radiofluorination by developing a pipeline for enzymatically radiolabeling 18F onto proteins of 

interest that contain a specific recognition sequence. We engineered a variant of lipoic acid 

ligase (LP1A) to accommodate diverse scaffolds of 18F small molecules. Finally, the ligase was 

used in an application of a clinical molecule, Certolizumab pegol, which was expressed with the 

LP1A recognition sequence, enzymatically radiolabeled with the LP1A construct, and then 

imaged in an inflammatory murine model. Thus, we hope to have provided the radioimaging 

community with a potential avenue for radiolabeling other proteins of interest. 
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2.2 Introduction 

PET is an imaging modality that has led to a regime change in clinical diagnostics, 

patient selection for immunotherapeutics, and quantitating responses to various therapies. 

Fluorodeoxyglucose (FDG) PET is the current imaging standard that is used for a broad range 

of cancer treatment regimes.1 Fluorine-18 (18F) has unique characteristics due to his high 

positron decay ratio (97%), which leads to superb sensitivity. The low energy of the positrons 

(635 KeV) leads to high resolution images. F18 also benefits from a worldwide network of 

production that eases the barrier of clinical translation. With a half-life of ~109.7 minutes, this 

radionuclide allows quick imaging ~4-6 hours post-injection. Although all of these characteristics 

lead to beneficial properties in the clinic, the rapid decay associated with the half-life of 18F 

provides challenges, as the in vivo clearance of proteins conjugated with 18F must be matched 

to those of the radionuclide itself. 

The vast majority of these immunoPET probes have been IgG antibodies labeled with 

radiotracers that have extended halflifes such as 89Zr, 124I, and 64Cu.2 This approach has 

shown clear clinical efficacy, but it is not without flaws. IgGs have significant circulation times in 

vivo (7-21 days) and they require an arduous protocol where PET imaging is acquired several 

days after probe injection to minimize background. Because of the long half-life of these 

radionuclide conjugated antibodies, patients are exposed to higher radiation doses ((~39.8-49.5 

mSv3,4 compared to ~7 mSv5 for an 18F-FDG scan). Due to these caveats, lower molecular 

weight scaffolds such as Fabs have been introduced that still retain the high affinity binding 

properties of full length antibodies, but have much shorter circulating half-lifes of 1-12 hours. 

These minimized half-lifes allow for same day imaging and the utilization of the shorter half-life 

radiotracer 18F. 

18F engineered protein scaffolds have found much success, including: affibodies, 

nanobodies, diabodies, and Fabs.6–9  With examples of these constructs finding success, it 

further highlights the stark contrast where there are little to no other 18F protein probes that are 
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widely used in the clinic.10,11 This evinces an unmet need where there is a lack of consistent and 

reliable radiofluorination techniques for other diverse protein constructs.10 

 The chemical conditions that are necessary for the formation of a stable, covalent 

carbon-18F bond are too severe for directly labeling the majority of proteins. Due to this obvious 

setback, researchers have developed numerous other radiofluorination protocols, summarized 

in Table 1. This list does not fully encapsulate the entirety of the literature regarding 18F 

conjugation6,7,9,12–14, it provides a broad example of the main philosophies and methodologies 

currently in use. The simplest approach is to ligate an 18F-prosthetic, synthesized immediately 

before protein-of-interest (POI) labeling, onto endogenous residues. A hallmark of this approach 

utilized N-succinimidyl 4-18F-fluorobenzoate (Table 2.1, line 1), where an activated ester 

promiscuously reacts with any lysines exposed on the POI. This approach, albeit its popularity, 

suffers from multistep syntheses, low yields, large POI amounts required, and a severe lack of 

control over reactivity sites. This approach has even been shown to lead to reduced binding and 

immunoreactivity of antibody scaffolds.15 A similar approach has been used with cysteines and 

several prosthetics that take advantage of maleimide conjugations, including 18F-FBAM and 

18F-FPEGMA.15,16 This approach has many caveats, as solvent-exposed cysteine are 

exceedingly rare, requiring the engineered variants that include them.15 Introducing unnatural 

cysteine creates very reactive residues that can lead to complications in expression and 

conjugation, yet it highlights a promising progression for the field of radiofluorine conjugation– 

the introduction of unnatural, reactive residues and tags onto a POI can be a advantageous 

approach. 
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Table 2.1: Published conditions for the formation of carbon 18-F bonds 
 
 Methodology Amount 

of peptide 

(nmol) 

Solvent(s) Time 

(mins) 

Conjugation 

Temp (°C) 

Yield (%) 

1 [18F]-

SFB/Lysine15 

135 MeCN/NaHPO

4 (aq) (pH 8.5) 

110 50 21-30 

2 [18F]-

Benzaldehyde/

Oxime17 

25-100 Na(OAc)2 (pH 

2.5) 

90 60 40 

3 [18F]-

FBAM/Cystein

e15 

5 MeOH/PBS 70 60 23 

4 [18F]-trans-

Cyclooctene/ 

Tetrazine18 

10 DMSO/Ethanol 90 40 70 

5 [18F]/SiFA19 10-25 MeCN/DMSO 25 RT 46 

6 Al[18F]/NOTA2

0 

363 Na(OAc)2 (pH 

4) 

45 105 50 

7 [18F]/Aryltrifluo

roborate12 

50 DMF/Pyridazin

e(aq) (pH 2) 

30 45 50 
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 Rather than relying on single residue conjugation which currently relies on the 

functionality reactive amino acids, carrying all the caveats described above, other approaches 

have been proposed where reactive sites can be introduced through unnatural amino acids21,22 

or by engineering endogenous site-specific tags that utilize protein ligation14,23–25. Perhaps the 

furthest along approach in this regard is copper-free click chemistry. Copper-free click chemistry 

conjugates a tetrazine moiety onto a POI, and the ligates an 18F-trans-cyclooctene.26 This 

protocol has many advantages, as the chemical reactions have a high yield at mildly high 

temperatures and also requires minimal POI (~10nmol). Yet, it should be noted that this method 

introduces a large hydrophobic moiety into the protein, which can directly impact 

pharmacokinetics of the diagnostic or therapeutic molecule. All the methods described above 

require preceding radiosynthesis of 18F-prosthetics. Methods that do directly radiofluorinate 

POIs at the site of the cyclotron have been reported which significantly streamlines the protocol. 

On the other hand, each of these methods require a preceding conjugation of an acceptor group 

onto the protein beforehand, and  also rely on harsh reaction conditions such as acidic pH and 

extremely high temperatures (i.e. protein-NOTA/DOTA conjugations and Al-18F), while others 

rely on extremely large amounts of peptide precursor.7,13,20 These methods introduce further 

complications, such as increased uptake of Al-18F affibody in the kidney.27 

In an ideal scenario, radiofluorination would utilize a straightforward, high yielding 

prosthetic group during synthesis. The coupling of the 18F-prosthetic group onto the POI would 

be rapid, site specific, and high-yield under physiologically relevant conditions (aqueous, 

ambient temperature, neutral to physiological pH, etc). The resulting radiolabeled protein of 

interest would be stable and provide limited to no difference in protein pharmacokinetics, while 

the conjugation would require efficiently low amounts of protein reactant. This further highlights 

an unmet need, as there is no single methodology in existence that fulfills each of these criteria. 

Here, we strive towards the goal of approaching this unmet need by developing a pipeline for 

rapid, reliable, kit-based methodology for radiofluorination under mild conditions. This method 
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should be accessible to researchers and clinicians alike, and be able to be utilized with a broad 

range of protein constructs, promoting the discovery and use of a broad array of protein 

radiotracers in the clinic. 

Here, we take advantage of work previously done in the Craik lab in collaboration with 

he Drake and VanBrocklin groups to show a proof-of-concept methodology where radiolabeling 

was enzymatically catalyzed.23 In this case, an 18F-prosthetic was ligated onto proteins that 

were tagged with a 13-amino acid sequence (LAP-tag, Fig. 2.1). The ligation was shown to be 

rapid and high yielding in aqueous condition at physiological pH and ambient temperature. In 

these conditions, minimal protein loss is observed. The enzyme, lipoic acid ligase (LP1A), 

shows exquisite specificity, only ligating when the 13 amino acid tag is present, and only 

catalytic amounts of the ligase are required. Previously, the methodology revolved around the 

generation of a 7-(4-18F-fluorophenyl)-7-oxyheptanoic acid (FPOA). This FPOA ligation utilizes 

enzymatic amplification leading to a radiofluorinated product, which is a significant advance in 

the field of radiofluorination. To allow for more diverse radiofluorine containing small molecule 

scaffolds, W37ILPLA-His6 was utilized.23 Here, we also describe the progress in optimizing the 

FPOA starting scaffold for the efficient ligation using the W37I variant, as well as showing the 

proof of concept of this platform with an inflammatory rheumatoid arthritic murine model. 

 

2.3 Results 

One of our first goals was to identify efficient precursors for the FPOA small molecule 

and then develop a full synthesis sequence and kit components to make 18F-FPOA on an 

ELIXYS system. 
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Figure 2.1: Summary of [18F]FPOA Radiosyntheses Using Precursors 1, 3, 5, and 6. 
Optimal reagents shown for each precursor along with encountered impurities (2, 5-COOH, 7). 
 

Precursor 5 was purchased from a commercial source (Rieke Metals). Various typical 

conditions for nucleophilic aromatic radiofluorinations were explored using radio-TLC to 

measure radiofluorination yields. A summary of the conditions/regents screened is: Solvents 

including tButanol (tBuOH), Dimethylsulfoxide (DMSO), Acetonitrile (MeCN), Bases/eluents 

including Potassium carbonate / Kryptofix (K2CO3 / K2.2.2), a reaction volume of 1.0 mL, base to 

precursor ratios of 0.3-2.0, and temperatures including 130 °C, 150 °C, 180 °C. The optimal 

conditions identified, which gave radiofluorination yields of 71% (n=2), were 4.5-5.0 mg 

precursor 5, 1.0 mg K2CO3 / 6.0 mg K2.2.2; 1.0 mL acetonitrile; 180 ⁰C; 10 min. 

Precursor 6 was synthesized by CalChem (San Diego, CA) on a 250 mg scale; the 

identity of the compound was confirmed by 1H NMR and mass spectrometry and its purity was 

measured to be >95% by analytical HPLC. Various radiofluorination conditions based on 

literature precedent for boronate pinacol esters were explored28,29 and radiofluorination yields 
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were measured using radio-TLC. A summary of the conditions/reagents screened is: the solvent 

Dimethylformamide (DMF), Catalysts including Cu(OTf)2 + pyridine, Cu(OTf)2(py)2 + pyridine, 

Cu(OTf)2(py)2, bases/eluents including K2CO3 / K2.2.2, Tetrabutylammonium bicarbonate 

(TBAHCO3), Potassium acetate (KOAc), Potassium oxalate (K2C2O4), Potassium triflate (KOTf) / 

K2CO3, reaction volumes including 0.53-1.04 mL, base to precursor ratios including 1.36-6.8, 

and temperatures of 110 °C, 120 °C. 

Initial radiofluorination tests were executed using 1.4-2.8 mg of precursor 6 and low 

radiofluorination yields of ≤25% were obtained. Raising the amount of precursor 6 to 3.23-4.29 

resulted in higher radiofluorination yields of 51-70%. The optimal conditions identified, which 

gave radiofluorination yields of 63 ± 6 % (n=17) were 3-3.8 mg precursor 6, 14-15 mg 

Cu(OTf)2(Py)2 catalyst with 30 µL pyridine additive, 0.5 mL DMF as solvent, 6 mg KOTf and 100 

µg K2CO3 as base, 120 °C, 20 mins. 

Precursor 3 was synthesized by CalChem on a 250 mg scale; the identity of the 

compound was confirmed by 1H NMR and mass spectrometry and its purity was measured to be 

>95% by analytical HPLC. Various radiofluorination conditions based on literature precedent for 

iodonium salts were explored30 and radiofluorination yields were measured using radio-TLC. A 

summary of the conditions/reagents screen is: solvents including DMF, DMSO, bases/eluents 

including K2CO3/K2.2.2, TBAHCO3, Tetraethylammonium bicarbonate (TEAB), reaction volumes 

including 0.4 mL, 0.5 mL,  base to precursor ratios of 4-20,  and temperatures of 120 °C, 150 

°C. 

The optimal conditions identified, which gave radiofluorination yields of 41 ± 7 % (n=6) 

were 2 mg of precursor 3, 0.5 mL DMSO as solvent, 4.2 mg TEAB as base/eluent, 150 °C, 20 

mins. In summary, three potential [18F]FPOA precursors were tested for radiofluorination and 

optimal conditions identified for each one. Precursor 5 met the criteria of radiofluorination yields 

of >50% in ≤ 10 mins reaction time and was investigated further in SA 1.2. Precursor 3 achieved 

radiofluorination yields of 41 ± 7 % after 20 mins reaction time and precursor 6 achieved 
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radiofluorination yields of 63 ± 6 % after 20 mins reaction time. Both precursors 3 and 6 were 

also investigated in SA 1.2 due to the difficulties encountered purifying [18F]FPOA using 

precursor 5. Precursor 4 was not investigated as satisfactory radiofluorination yields were 

achieved with precursors 3, 5, and 6. 

Extensive optimization studies were undertaken with the aim of generating an ELIXYS 

sequence to synthesize [18F]FPOA from 5. Although radiofluorination yields of [18F]FPOA were 

found to be >50% in 10 minutes, it was discovered that the hydrolyzed precursor (5-COOH, Fig. 

2.1) co-eluted with the desired product ([18F]FPOA) during purification by reverse-phase semi-

preparative HPLC (SP-HPLC). This was confirmed by comparing the HPLC UV chromatogram 

of freshly prepared 5-COOH with a non-radioactive reference standard of [18F]FPOA. The co-

elution of the undesired byproduct 5-COOH greatly lowered the chemical purity and thus the 

effective specific activity of [18F]FPOA. As a consequence, the required threshold for effective 

specific activity of 1000 Ci/mmol could not be achieved. 

Due to the difficulties encountered purifying [18F]FPOA synthesized from precursor 5, ELIXYS 

sequences for [18F]FPOA synthesis were developed for both precursors 3 and 6 despite their 

lower radiofluorination yields. In both cases reliably purifying [18F]FPOA proved to be 

challenging. In the case of precursor 6, an impurity was discovered to nearly co-elute with 

[18F]FPOA on reverse-phase HPLC, complicating purification. Based on literature precedent29 

and previous experience with radiofluorination of analogous aryl Bpin precursors, the impurity 

was presumed to be 7 (Fig. 2.1), the product of competing protodeboronation of 6. Using the 

optimized SP-HPLC conditions developed, satisfactory chemical purities and effective specific 

activities could be achieved. However the synthesis was not reliable, presumably due to 

variations in the amount of 7 formed during the radiofluorination step and this impurity was 

frequently observed in the [18F]FPOA product, lowering effective specific activities to <1000 

Ci/mmol. Similarly for precursor 5, a close eluting impurity was observed which complicated 
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[18F]FPOA purification and again, despite extensive attempts to optimize the purification 

conditions, prevented the development of a reliable [18F]FPOA synthesis. 

At this juncture, four productive precursors for [18F]FPOA synthesis had been identified 

(1, 3, 5, 6), however the use of each one had been stymied by chemically similar impurities 

which proved difficult to remove. Reviewing the impurities generated for each precursor, it was 

decided to refocus efforts on [18F]FPOA synthesis using precursor 1. The rationale was that the 

known major interfering impurity from 1 was the dimethylaniline 2 whose affinity for reverse-

phase solid phases could presumably be altered via protonation under strongly acidic 

conditions. In contrast, the presumed impurities generated from precursor 5 (5-COOH) and 3/6 

(7) could not be similarly manipulated as they do not contain ionizable moieties. A further 

extensive optimization of purification conditions for [18F]FPOA synthesized from precursor 1 was 

completed and an optimal protocol was identified. Following deprotection, the crude reaction 

mixture was acidified via the addition of 1% trifluoroacetic acid (TFA) and passed over a C18 

SPE cartridge, trapping [18F]FPOA and various impurities. The C18 cartridge was then 

sequentially washed with 20% MeCN in 1% TFA, 30% MeCN in 1% TFA, and finally 40% MeCN 

in 1% TFA. The semi-purified product was then washed from the cartridge and terminally 

purified via SP-HPLC. See table 1 for a summary of the full optimized [18F]FPOA synthesis from 

1. 
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Table 2.2: Summary of ELIXYS Sequence for [18F]FPOA Synthesis 
 
Step 1 [18F]Fluoride trapped on QMA light solid-phase extraction cartridge and 

subsequently eluted into ELIXYS reaction vial with a solution of K2CO3 (1 mg) 
and K2.2.2 (6.2 mg) in 1:1 MeCN/H2O (1 mL) 

Step 2 [18F]Fluoride and eluent mixture azeotropically dried using 2 x additions of 
MeCN (1 mL each), forming K2.2.2

18F complex 

Step 3 Precursor 1 in anhydrous DMSO (0.5 mL) added and resulting solution 
heated at 130 °C for 5 mins 

Step 5 Solution diluted with 1% aqueous TFA (3.5 mL) and resulting crude reaction 
mixture passed over C18 plus short cartridge 

Step 6 C18 plus short cartridge washed with 20:80, v:v, MeCN:0.1% aqueous TFA (3 
mL) 

Step 7 C18 plus short cartridge washed with 30:70, v:v, MeCN:0.1% aqueous TFA (3 
mL) 

Step 8 C18 plus short cartridge washed with 40:60, v:v, MeCN:0.1% aqueous TFA (3 
mL) 

Step 9 C18 plus short cartridge eluted with MeCN (2 mL) into second ELIXYS reactor 
and MeCN evaporated 

Step 10 1:1 6 M HCl/ MeCN (2 mL) added and resulting solution heated at 130 °C for 
5 mins for affect hydrolysis/deprotection of ester moiety 

Step 11 Hydrolysis reaction was diluted in 1:1 MeCN/ water (2 mL) and purified via 
semi preparative HPLC using a Hamilton PRP-1 10 mm 250 x 10 mm column 
eluted at 6 mL/min with 40:60:0.1% MeCN/ water/ TFA 

Step 12 Purified [18F]FPOA diluted with 40 mL of water and reformulated into MeCN 
(2 mL) using C18 plus short extraction cartridge 

 

Following the establishment of an optimized [18F]FPOA synthesis, three sequential 

qualification syntheses were executed, measuring time-of-synthesis, decay-corrected yield, 

radiochemical purity by HPLC, chemical purity by HPLC, and effective specific activity. (Table 

2.3) 
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Table 2.3: Summary of [18F]FPOA Qualification Syntheses 
 

Date Reaction 
time 

(mins) 

Decay-
corrected 

Yield 

Radiochemical 
purity 

Chemical 
purity 

Effective 
specific 
activity 

(Ci/mmol) 

01/15/21 121 16.9 >99% 40% 2250 

01/20/21 120 33.3 >99% 85% 1820 

01/22/21 122 32.1 >99% 46% 1920 

 

During the three-in-series validation syntheses, uniformly high radiochemical purities 

(>99%) and effective specific activities (>1000 Ci/mmol) were obtained, meeting the acceptance 

criteria. The chemical purity varied between 40-85%, presumably due to varying amounts of 

impurity 2 generated during the syntheses. Despite the chemical purities falling below the 

desired threshold of 95%, the high effective specific activities made us confident that high 

conjugation yields to LAP-tagged peptides could be achieved. Decay-corrected yields were 

within expectations for 2/3 syntheses; the yield of 16.9% on 01/15/21 was lower than expected. 

Taken together, it was judged that these features were sufficient to proceed onto conjugation 

[18F]FPOA to peptides. 

Due to stability issues encountered with the W37ILpLA enzyme (vide infra), no attempts 

were made to generate kit components for this methodology. However, as assessment can be 

made of the suitability of the reagents for [18F]FPOA synthesis for inclusion within a kit. A list of 

all required reagents for the optimized synthesis, along with suppliers and maximum amounts 

available commercially. (Table 2.4) 
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Table 2.4: Materials Required for [18F]FPOA Radiosynthesis 
 
Material Amount used per 

[18F]FPOA 
synthesis 

Supplier Maximum amount 
available 

Precursor 1 5.0 mg N/A N/A 

K2.2.2 6.2 mg Sigma Aldrich 1 g 

K2CO3 1 mg Sigma Aldrich 5 g 

MeCN 10.2 mL Sigma Aldrich 100 mL 

DMSO 0.5 mL Sigma Aldrich 100 mL 

HCl (12 M) 0.5 mL Sigma Aldrich 1 L 

TFA 0.1 mL Sigma Aldrich 100 mL 

Water (HPLC 
grade) 

55.5 mL Sigma Aldrich 4 L 

QMA SPE cartridge 1 Waters Box of 50 

C18 plus short SPE 
cartridge 

2 Waters Box of 50 
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Apart from precursor 1 all materials are available commercially in sufficient quantity for 

kit production. With respect to precursor 1, the starting material required for its production (ethyl 

7-[4-(N, N-dimethylamino)phenyl]-7-oxoheptanoate) is available on a multi-gram scale from 

Rieke Metals. The 1-step synthesis required to synthesize 1 is amenable to scale-up due to the 

straightforward synthesis and work-up, high yield (~75%) and purification via recrystallization. 

At the outset of work on this aim, we decided to simplify our planned purification scheme 

for the radiofluorinated final products. Previously,23 nickel-affinity chromatography was used to 

purify the radiofluorinated protein products of ECR from the ligation reaction mixture. While 

effective, the procedure was time-consuming and generated the products in a 250 mM 

imidazole solution, potentially requiring further buffer exchange prior to use. Instead, we decided 

to use nickel-affinity chromatography to remove W37ILplA from the reaction mixture and then 

employ size-exclusion chromatography (SEC) to terminally purify the final product. If the 

radiofluorinated protein product was sufficiently resolved from W37ILplA via SEC, then even the 

nickel-affinity chromatography step would not be required. 

With this optimization of the purification protocol in mind, we scaled-up production of 

W37ILplA with the His6 tag still attached. W37ILplA was cloned into a PQE-2, ampicillin-resistant 

bacterial vector, which was then transformed into BL21 bacterial cells. The plasmid was purified 

and characterized to verify it contained the correct W37ILplA sequence. 10 mL overnight cultures 

of BL21 cells with the expression vector were started in LB-broth containing ampicillin. Each 10 

mL starter culture was then added to 1 L LB media with ampicillin and shaken at 200 rpm at 

37oC. OD was monitored and upon OD600=0.6, isopropyl ß-D-1-thiogalactopyranoside was 

added to induce W37ILplA expression. Upon initiation of induction, cells were shaken at 200 rpm 

at 30 oC for 4 hours. Cell-containing media was then centrifuged to pellet cells, which were 

subsequently resuspended in lysis buffer. Resuspended cells were then disrupted using 

sonication and the resultant cell lysate centrifuged. The supernatant was decanted and 

incubated with Nickel-NTA beads overnight while rotating at 4oC. Beads were then washed with 
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20 mM imidazole and then eluted with 500 mM imidazole and at least ten 1.5 mL fractions were 

collected. Fractions were analyzed via SDS-gel and fractions containing bands at ~39 kDa, the 

molecular weight of W37ILplA, were carried forward. Fractions containing W37ILplA correlating 

bands were buffer exchanged into PBS, pooled, and purified via SEC. Purified product was then 

verified for purity using FPLC, SDS-PAGE, and anti-His-tag staining immunoblotting (Fig. 2.2). 

Yield was verified by BCA assay to determine protein concentration. 

 

 

Figure 2.2: W37ILplA Production. A: Analysis of purified W37ILplA via SDS-PAGE demonstrating 
high purity, ii) FPLC chromatogram from W37ILplA purification. 
 

W37ILplA production was executed on a 6 L scale, generating 102 mg of the enzyme at a 

concentration of 17 mg/mL. With W37ILplA in hand, a non-radioactive enzymatic activity assay for 

W37ILpIA was developed based on a previously reported protocol for another LpIA variant.31 The 

W37ILpIA enzyme (500 nM) was incubated with LAP peptide (750 μM), ATP (300 mM), and 

Mg(OAc)2 (2 mM) with various concentrations of non-radioactive reference standard FPOA (10, 

50, 100, 250, and 500 μM; n =3 for each concentration) at 30 ⁰C. At 1, 3, 5, 10, 15, and 30 

minute time-points, aliquots were taken and quenched with an EDTA solution to a final 

concentration of 50 mM. The conversion of LAP to the ligated LAP-FPOA species was 

measured via HPLC and peak intensities were converted to molar concentrations using a 
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standard curve of LAP-FPOA. Molar concentration was calculated over time for each FPOA 

concentration to calculate molar velocities that were then used to plot Michaelis-Menten curves 

and derive the kinetic values KM, kcat, and Vmax. The Michaelis-Menten curve from the initial 

W37ILplA solution (prior to storage) is shown in figure 2.3; values of KM = 59 µM, kcat = 0.086 sec-1 

and Vmax = 0.043 were calculated from this data. (Fig. 2.3) 

The W37ILplA produced was then combined with ATP (final concentration, 3 mM) and 

Mg(OAc)2 (final concentration, 5 mM) to generate the Ligation Reagent. To simplify the 

composition of the Ligation Reagent, it was decided to reconstitute the [18F]FPOA in 9:1, v:v, 

PBS:DMSO prior to addition of the Ligation Reagent, rather than include DMSO in this solution. 

The efficiency of the Ligation Reagent for [18F]FPOA ligations to a known model system was 

then investigated. Due to COVID-related restrictions at the time of these studies, it was not 

possible to generate 2G10-LAP for these studies; instead, the isolated LAP peptide was used 

and the ligation data benchmarked against that reported previously.1 The LAP peptide (5 µM, 1 

nmol) was incubated with the Ligation Reagent (containing 2.5 µM W37ILplA) and [18F]FPOA 

reconstituted in 9:1, v:v, PBS:DMSO (90 µCi – 2.6 mCi); the final reaction volumes for these 

tests were 200 µL and the solutions were incubated at 30 °C for 10 mins prior to analysis via 

TLC using the previously reported method.4 Ligation yields of 84% (90 µCi [18F]FPOA), 91% 

(850 µCi [18F]FPOA), and 72%  (2.6 mCi [18F]FPOA) were measured. Previously, using 2G10-

LAP as a model system, far higher amounts of LAP-tagged protein (10 nmol) had been required 

to achieve high ligation yields with >2 mCi [18F]FPOA. Thus, achieving ligation yields of 72% 

using W37ILplA and [18F]FPOA with only 1 nmol LAP suggests a significant improvement of this 

second-generation ECR protocol. 
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Figure 2.3: Michaelis-Menten curve for freshly prepared W37ILplA stock solution. 
The stability of the W37ILplA stock solutions at 4 °C and -80 °C after 2 months storage was also 
evaluated using the enzymatic activity assay described above (Fig. 2.4). The enzymatic activity 
was retained at -80 °C, however activity was significantly reduced after only 2 months at 4 °C. 
At this juncture, restrictions imposed by the COVID-19 pandemic required cessation of enzyme 
activity measurements for the -80 °C sample and no data for -20 °C storage could be acquired. 
When it was possible to measure the activity of the -80 °C sample again, in parallel with the 
Cimzia-LAP labeling studies, it was discovered that its activity had decreased by ~88% (V500µM = 
0.0043 µM/sec, compared to 0.036 µM/sec for freshly prepared W37ILplA), indicating that even 
storage at -80 °C was not sufficient for long-term storage. 
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Figure 2.4: Michaelis-Menten curves for W37ILplA solutions stored at 4 °C and -80 °C for 2 
months. 
 

Overall, we demonstrated that it was possible to significantly scale-up the production of 

W37ILplA and that the [18F]FPOA / W37ILplA system achieved higher ligations to a model LAP 

system than the previously reported iteration of ECR. However, the long-term stability studies 

revealed that, even when stored at -80 °C, W37ILplA exhibits instability which impacts its use for 

the ECR method. Unfortunately due to interruptions caused by the COVID-19 pandemic it was 

not possible to obtain a full picture of W37ILplA stability across all proposed temperatures. That 

being said, the instability observed precluded the development of ECR-based kits. Further 

research into W37ILplA stability under a range of buffers and conditions is required to determine 

whether the enzymatic reagent is suitable for centralized production, storage, and distribution. 

We were able to simplify the purification protocol for ECR by retaining the His6 tag on 

W37ILplA and ensuring that the protein to be labeled was not His6 tagged. Hence, terminal 

purification of 18F-labeled proteins could be achieved either via SEC alone (if the molecular 

weight was sufficiently different from W37ILplA), or by simply passing the ligation reaction mixture 

through a nickel-affinity column prior to SEC. W37ILplA proved unsuitable for long-term storage 
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even at -80 °C, preventing us from pursuing kit development as originally proposed. Hence no 

high activity radiosynthesis with 2G10-Fab-LAP were executed.  

The goal of the project changed from simply generating a set of instructions for 

introducing the LAP-tag to a protein of interest to engaging a commercial contract research 

organization (CRO) to produce a LAP-tagged protein. We chose to work with Cimzia 

(certolizumab pegol), a PEGylated Fab’ antibody fragment which targets Tumor Necrosis Factor 

α (TNFα) due to the previous experience of Dr. VanBrocklin’s group with this model. Previously, 

zirconium-89 radiolabeled Cimzia derivatives have been used to image TNFα expression in 

rodent inflammation models with a view to creating a PET drug capable of measuring response 

to therapy for diseases such as rheumatoid arthritis.16 The favorable imaging characteristics of 

fluorine-18 along with the appropriate half-life of Cimzia makes development of a 

radiofluorinated Cimzia derivative an attractive goal. 

We engaged LakePharma (CA, USA), a CRO specializing in producing custom 

biologics, and agreed to terms for the supply of ~20 mg of LAP-tagged Cimzia. Using the 

publicly available amino acid sequence for certolizumab, we provided Lake Pharma with a 

target amino acid sequence for certolizumab-LAP, introducing the LAP-tag at the C-terminus of 

the protein as we had done previously for 2G10-LAP.28 Following production and purification of 

certolizumab-LAP, site-specific PEGylation based on a previously published protocol7 was 

executed by LakePharma to generate Cimzia-LAP. Initially, LakePharma generated an 

expression vector for certolizumab-LAP using their proprietary expression vector system and 

scaled this to 0.03 L. Using their TunaCHOTM platform for transient protein production, 

certolizumab-LAP was then produced in CHO cells and purified via protein A solid-phase 

extraction. This process was then scaled up to the 1.0 L DNA scale to generate sufficient 

certolizumab for PEGylation studies. 

PEGylation of certolizumab-LAP to generate Cimzia-LAP required site-specific 

conjugation of a single 40 kDa branched PEG-maleimide polymer (MPEG2-LYS-MAL), which 
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was purchased from JenKem technologies, to a cysteine residue on certolizumab-LAP. Crude 

PEGylation reactions were analyzed using SDS-PAGE to measure conversion and assess the 

number of PEG moieties conjugated per certolizumab. Initial attempts to replicate the published 

PEGylation conditions resulted in poor PEGylation yields and little evidence of the formation of 

Cimzia-LAP. Responsive to these results, various PEGylation conditions were screened on a 

small scale and the efficacy of PEGylation assessed using SDS-PAGE. Conditions investigated 

included:  Reducing agent: tris(2-carboxyethyl)phosphine (TCEP), cystamine, no reducing 

agent, concentration of reducing agent, ratio of certolizumab to PEG-maleimide: 1:1 to 1:14, and 

conjugation time. The optimal PEGylation conditions identified were: reduction with 10 mM 

TCEP for 30 minutes at ambient temperature, buffer exchange into 20 mM sodium phosphate, 

150 mM NaCl, pH 7.2 while also removing TCEP, incubation with PEG-maleimide for 3 hours at 

molar ratio of 1:3 (certolizumab:PEG-maleimide), andpurification via size-exclusion 

chromatography. 

SDS-PAGE was used to analyze the composition of the SEC fractions obtained and 

revealed that all relevant fractions contained a mixture of mono-, di-, and tri-PEGylated species 

which could not be further separated. At this juncture, due to time constraints, it was decided to 

move forward with the mixture of PEGylated material obtained for labeling and imaging studies. 

These results provide a benchmark to compare results obtained by labeling Cimzia-LAP via 

ECR and using the resulting imaging agent in equivalent studies. Hence, despite the inability to 

obtain purely mono-PEGylated Cimzia-LAP, meaningful data on the performance of ECR can 

be obtained using the Cimzia-LAP mixture from LakePharma. 

Overall, LakePharma provided 33.7 mg (370 nmol) of Cimzia-LAP mixture, sufficient for 

30-40 labeling reactions, demonstrating that LAP-tagged proteins are accessible from CROs. 

Although difficulties were encountered with PEGylation of certolizumab, this aspect of Cimzia 

production is not related to the ECR method and does not impact its general application to a 
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range of target proteins. The Cimzia-LAP mixture of mono-, di-, and tri-PEGylated species was 

carried forward for the studies. 

The goal after a change of scope was to optimize the synthesis of [18F]LAP-Cimzia prior 

to preclinical imaging studies (SA3.2). Initial attempts to ligate [18F]FPOA to the Cimzia-LAP 

produced in SA2.3 gave low conjugation yields by TLC (<25%) and no [18F]LAP-Cimzia could be 

isolated following purification by size-exclusion chromatography (SEC). To further investigate 

the root cause for the observed low yields, we measured the enzymatic activity of our W37ILplA 

stock solutions, which had been stored at -80 °C, using the assay described in SA2.1. 

Unfortunately, the assay revealed that enzymatic activity had decreased by ~88%. In addition, 

protein concentration measurements also revealed significantly lower W37ILplA concentrations 

than expected, indicating that the enzyme had precipitated during storage. At this juncture, due 

to time constraints, it was decided to move away from optimizing the conjugation of [18F]FPOA 

to Cimzia-LAP as originally envisaged in SA3.1 and instead focus on producing sufficient 

[18F]LAP-Cimzia for the preclinical studies in SA3.2. Cimzia-LAP (76.5 µM, 20 nmol) was 

incubated with [18F]FPOA (14.6-25 mCi) and W37ILplA (2.5-6.8 µM) in PBS with 3 mM ATP and 5 

mM Mg(OAc)2 (~200 µL final volume). Despite the concentration of W37ILplA being as high as 

could be achieved using the available enzymatic stock solutions, poor ligation yields were 

measured by TLC (5-26%) and only minimal amount of material could be isolated after SEC 

(180-200 µCi). Due to the low isolated yields, no QC tests were executed and there was 

insufficient material to be deemed usable for the proposed studies in SA3.2. Overall, the lack of 

stability W37ILplA even when stored at -80 °C prevented any significant optimization of [18F]LAP-

Cimzia synthesis and, due to time and resource constraints, no further batches of the enzyme 

could be produced. 

An established transgenic TNFα mouse model was purchased from Taconic Biosciences 

for imaging studies to test [18F]LAP-Cimzia and [18F]SFB-Cimzia. These mice develop chronic 

inflammatory arthritis by the age of 20 weeks, and the condition progressively deteriorates as 
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they age. As such, it has been used previously to image TNF α accumulation in arthritic joints 

using Cimzia-derived PET drugs.6 However, the issues prevented any imaging data being 

acquired with [18F]LAP-Cimzia as usable amounts of this radiotracer could not be isolated. In 

addition, it was not feasible to measure the immunoreactivity or serum stability of [18F]LAP-

Cimzia as had been envisaged. 

It was possible to acquire data using Cimzia-LAP labeled using [18F]SFB, the current 

gold standard in the field. [18F]SFB was synthesized on ELIXYS using a previously published 

protocol.32 Approximately 8 mg of Cimzia-LAP was then labeled with this [18F]SFB (50.9 mCi) 

under standard conditions for this conjugation (pH 9 buffer, ambient temperature). The resulting 

conjugate was then purified via SEC to generate [18F]-SFB-Cimzia-LAP in a non-decay-

corrected yield of 34% from [18F]SFB. The radiochemical purity of the final product was >99% by 

analytical SEC. 37-week old transgenic TNFα were injected with [CD1]  µCi of [18F]-SFB-Cimzia-

LAP. Two hours after injection mice were imaged by PET/CT using a 20-minute acquisition time 

to generate the images (Fig. 2.5a); for comparison, images acquired using commercially 

available Cimzia also labeled with [18F]SFB ([18F]SFB-Cimzia) are also shown (Fig. 2.5b). 

Comparable uptake in knee joints, heel joints, and paws is exhibited using both Cimzia 

radiotracers, supporting the conclusion that introduction of the LAP-tag does not affect the 

affinity of Cimzia for TNF α. 



76 
 

 

Figure 2.5: Imaging of transgenic TNF α mice. (a) [18F]SFB-Cimzia-LAP and (b) [18F]SFB-
Cimzia. Sagittal, coronal, and axial viewpoints included for both cohorts. Areas of PET 
radiotracer uptake in knee joints, heel joints, and paws, indicating areas of TNF α infiltration, are 
highlighted with arrows. 
 
2.4 Discussion 

All-in-all significant progress was made in many aspects of developing ECR into a 

commercial product, however the instability of the W37ILplA to storage (even at -80 °C) hindered 

progress for many of the later goals. We successfully developed a reliable method for producing 

high molar activity [18F]FPOA in reasonable radiochemical yields on the ELIXYS module. We 

scaled-up W37ILplA production to a batch of 102 mg, far greater than our targeted 25 mg batch 

scale and sufficient for ~400 radiosyntheses. We also established an enzymatic activity assay 

for W37ILplA and utilized it to start assessing enzymatic stability at various storage temperatures. 

Unfortunately these studies were interrupted by the COVID-19 pandemic, and when we were 

able to restart them we discovered that the enzyme had lost ~88% of its activity despite rigorous 

storage conditions of -80 °C. This was highly unexpected as we had not previously observed 

loss of enzymatic activity for the wild-type enzyme under similar storage conditions. Further 

investigation is required to establish a root cause for the loss of activity and to develop 

conditions which permit long-term storage. Until this issue is resolved, developing an ECR kit is 
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not feasible. Additionally, we employed a CRO to generate a LAP-tagged protein, Cimzia-LAP. 

Introducing the LAP-tag proved straightforward, demonstrating that this aspect of the ECR 

method should not prevent its use by other groups. Our goal was to optimize the radiosynthesis 

of [18F]LAP-Cimzia, test it in an established preclinical murine model and benchmark the data 

against [18F]SFB-Cimzia. These studies were severely impacted by the instability of our W37ILplA 

stocks which resulted in poor ligation yields for [18F]FPOA to Cimzia-LAP and prevented us 

producing sufficient [18F]LAP-Cimzia for the preclinical studies. After the completion of the 

funding period, we were able to produce another batch of W37ILplA and use it to produce 

[18F]LAP-Cimzia for preclinical studies. This data is not reported herein as it did not fall within 

the funding period of this award, however we expect to report it via publication in due course. 

2.5 Methods 

FPOA Synthesis 

Precursor 5 was purchased from a commercial source (Rieke Metals). Various typical conditions 

for nucleophilic aromatic radiofluorinations were explored using radio-TLC to measure 

radiofluorination yields. Solvents include: tButanol (tBuOH), Dimethylsulfoxide (DMSO), 

Acetonitrile (MeCN). Bases/eluents include: Potassium carbonate / Kryptofix (K2CO3 / K2.2.2), a 

reaction volume of 1.0 mL, base to precursor ratios of 0.3-2.0, and temperatures include 130 °C, 

150 °C, 180 °C. The optimal conditions identified, which gave radiofluorination yields of 71% 

(n=2), were 4.5-5.0 mg precursor 5, 1.0 mg K2CO3 / 6.0 mg K2.2.2; 1.0 mL acetonitrile; 180 ⁰C; 10 

min. 

Precursor 6 was synthesized by CalChem (San Diego, CA) on a 250 mg scale; the 

identity of the compound was confirmed by 1H NMR and mass spectrometry and its purity was 

measured to be >95% by analytical HPLC. Various radiofluorination conditions based on 

literature precedent for boronate pinacol esters were explored28,29 and radiofluorination yields 

were measured using radio-TLC. A summary of the conditions/reagents screened is: the solvent 

Dimethylformamide (DMF), Catalysts including Cu(OTf)2 + pyridine, Cu(OTf)2(py)2 + pyridine, 
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Cu(OTf)2(py)2, bases/eluents including K2CO3 / K2.2.2, Tetrabutylammonium bicarbonate 

(TBAHCO3), Potassium acetate (KOAc), Potassium oxalate (K2C2O4), Potassium triflate (KOTf) / 

K2CO3, reaction volumes including 0.53-1.04 mL, base to precursor ratios including 1.36-6.8, 

and temperatures of 110 °C, 120 °C. 

Initial radiofluorination tests were executed using 1.4-2.8 mg of precursor 6 and low 

radiofluorination yields of ≤25% were obtained. Raising the amount of precursor 6 to 3.23-4.29 

resulted in higher radiofluorination yields of 51-70%. The optimal conditions identified, which 

gave radiofluorination yields of 63 ± 6 % (n=17) were 3-3.8 mg precursor 6, 14-15 mg 

Cu(OTf)2(Py)2 catalyst with 30 µL pyridine additive, 0.5 mL DMF as solvent, 6 mg KOTf and 100 

µg K2CO3 as base, 120 °C, 20 mins. 

Precursor 3 was synthesized by CalChem on a 250 mg scale; the identity of the 

compound was confirmed by 1H NMR and mass spectrometry and its purity was measured to be 

>95% by analytical HPLC. Various radiofluorination conditions based on literature precedent for 

iodonium salts were explored30 and radiofluorination yields were measured using radio-TLC. A 

summary of the conditions/reagents screen is: solvents including DMF, DMSO, bases/eluents 

including K2CO3/K2.2.2, TBAHCO3, Tetraethylammonium bicarbonate (TEAB), reaction volumes 

including 0.4 mL, 0.5 mL,  base to precursor ratios of 4-20,  and temperatures of 120 °C, 150 

°C. 

Ligase Expression 

W37ILplA was cloned into a PQE-2, ampicillin-resistant bacterial vector, which was then 

transformed into BL21 bacterial cells. The plasmid was purified and characterized to verify it 

contained the correct W37ILplA sequence. 10 mL overnight cultures of BL21 cells with the 

expression vector were started in LB-broth containing ampicillin. Each 10 mL starter culture was 

then added to 1 L LB media with ampicillin and shaken at 200 rpm at 37oC. OD was monitored 

and upon OD600=0.6, isopropyl ß-D-1-thiogalactopyranoside was added to induce W37ILplA 

expression. Upon initiation of induction, cells were shaken at 200 rpm at 30 oC for 4 hours. Cell-
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containing media was then taken and centrifuged to pellet cells, which were then resuspended 

in lysis buffer. Resuspended cells were then sonicated and the resultant cell lysate centrifuged. 

The supernatant was decanted and incubated with Nickel-NTA beads overnight while rotating at 

4oC. Beads were then washed with 20 mM imidazole and then eluted with 500 mM imidazole 

and at least ten 1.5 mL fractions were collected. Fractions were analyzed via SDS-gel and 

fractions containing bands at ~39 kDa, the molecular weight of W37ILplA, were carried forward. 

Fractions containing W37ILplA correlating bands were buffer exchanged into PBS, pooled, and 

purified via SEC. Purified product was then verified for purity using FPLC, SDS-gel, and anti-

His-tag staining western-blot (Figure 1). Yield was verified by BCA assay to determine protein 

concentration. 

In-Vitro Kinetics 

The W37ILpIA enzyme (500 nM) was incubated with LAP peptide (750 μM), ATP (300 mM), and 

Mg(OAc)2 (2 mM) with various concentrations of non-radioactive reference standard FPOA (10, 

50, 100, 250, and 500 μM; n =3 for each concentration) at 30 ⁰C. At 1, 3, 5, 10, 15, and 30 

minute time-points, aliquots were taken and quenched with an EDTA solution to a final 

concentration of 50 mM. The conversion of LAP to the ligated LAP-FPOA species was 

measured via HPLC and peak intensities were converted to molar concentrations using a 

standard curve of LAP-FPOA. Molar concentration was calculated over time for each FPOA 

concentration to calculate molar velocities that were then used to plot Michaelis-Menten curves 

and derive the kinetic values KM, kcat, and Vmax. 
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CHAPTER 3 

SCREENING FOR NOVEL SARS-COV-2 MAJOR PROTEASE NON-COVALENT AND 

COVALENT INHIBITORS 
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SCREENING FOR NOVEL SARS-COV-2 MAJOR PROTEASE NON-COVALENT AND 

COVALENT INHIBITORS 

3.1 Abstract 

Antiviral therapeutics to treat SARS-CoV-2 are much desired for the on-going pandemic. 

A well-precedented viral enzyme is the main protease (MPro), which is now targeted by an 

approved drug and by several investigational drugs. Retaining liabilities, and facing viral 

resistance, there remains a call for new chemical scaffolds against MPro.  We virtually docked 

1.2 billion non-covalent and a new library of 6.5 million electrophilic molecules against the 

enzyme structure. From these, 148 inhibitors were found from 19 different series, the most 

potent having an IC50 of 29 μM and 20 μM, respectively. Several series were optimized, in 

several cases resulting in inhibitors active in the low μM range. Subsequent crystallography 

confirmed the docking predicted binding modes and may template further optimization of 

compounds that have been shown to be antiviral. Together, these compounds reveal new 

chemotypes to aid in further discovery of MPro inhibitors for SARS-CoV-2 and other future 

coronaviruses. 
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3.2 Introduction 

SARS-CoV-2 encodes two cysteine proteases that have essential roles in hydrolyzing 

viral polyproteins into nonstructural proteins, enabling virus replication. The main protease 

(MPro, or 3CL protease) cleaves 11 different sites in viral polyproteins and is considered to be a 

particularly promising antiviral drug target. While MPro is highly conserved across other 

coronaviruses such as SARS-CoV-1 and MERS, it has no close human homolog. This makes it 

attractive for potential pan-coronavirus targeting, and for selective toxicity. 

         The therapeutic potential of MPro inhibitors was substantiated by the approval, in 

December 2021, of Paxlovid.  Paxlovid combines nirmatrelvir, which covalently inhibits MPro, 

with ritonavir, which slows nirmatrelvir’s metabolism.1 Nirmatrelvir was developed from PF-

00835231, an inhibitor of the SARS-CoV-1 MPro in response to the 2002 SARS outbreak. 

Meanwhile, other potent MPro inhibitors are advancing through the drug development pipeline.  

Among them is the orally active MPro inhibitor S-2176222, which has entered clinical trials. 

Other inhibitors show much promise3–7, including a non-covalent MPro inhibitor from the 

international Covid-19 Moonshot consortium that may be characterized as an advanced clinical 

candidate, and more experimental molecules that are relatively potent but have not proceeded 

far from hit to lead8. 

Notwithstanding these successes, both the resistance that may be expected to emerge, 

and the liabilities of the established inhibitors support the discovery of new scaffolds. 

Accordingly, we targeted the structure of MPro for large library docking, seeking to find new 

starting points for lead discovery. Docking a library of over 1.2 billion “tangible” (make-on-

demand) lead-like molecules and 6.5 million tangible electrophiles led to MPro inhibitors in over 

50 scaffolds, with affinities ranging from the low mM to 200 mM. Crystal structures for eight of 

the new inhibitors bound to MPro largely confirmed the docking predictions, while cell-based 

antiviral activity for two of the new inhibitors supports their further optimization 
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3.3 Results 

MPro is the fifth nonstructural protein (Nsp5) encoded by SARS-CoV-2 and is a 

homodimeric cysteine protease with a catalytic diad of Cysteine 145 and Histidine 41. MPro has 

a P1 primary specificity determinant of glutamine and also has a preference for aliphatic 

residues in the P4 and P2 positions, while alanine and serine in the P1’ position. As with many 

other cysteine proteases, the catalytic Cys145 is primed by proton transfer to His41, such that 

acylation then occurs where Cys145 nucleophilically attacks the peptide substrate’s carbonyl 

carbon and the scissile bond is broken, releasing the prime side peptide chain with an amine 

terminus. The thioester bond is then hydrolyzed by an attacking water to reveal the nonprime 

side peptide product with a carboxylic acid terminus, regenerating the protonated active site 

cysteine, and thus free enzyme is able to repeatedly turnover. 

Crucial to inhibitor testing was the design and synthesis of an optimal substrate9 (Fig. 

3.1). The endogenous Nsp substrates of MPro were compiled and a consensus sequence was 

observed that closely matched the individual sequence of the Nsp7 cleavage site (ATLQAIAS) 

(Fig. 3.1c). This sequence was flanked with an N-terminal Lysine-MCA fluorophore and a C-

terminal DNP-quencher. Noting the preference for nonpolar residues at multiple sites, we were 

concerned that this substrate would have low solubility. Accordingly, two D-Arginines were 

coupled N-terminal to the Lysine-MCA to increase solubility (Fig. 3.1a). This Nsp7-like substrate 

yielded a favorable Km of 12 M and a kcat/Km of 93,000 M-1 s-1, 3.5-fold better than that of the 

commonly used commercial substrate (Nsp4: AVLQSGFR; kcat/Km = 26,500 M-1 s-1)10; this 

substrate was used in all enzyme inhibition assays (Fig. 3.1b). The more efficient Nsp7-like 

substrate described here is readily synthesized and provides the field with an optimized MPro 

substrate. 

 In early proof-of-concept testing, we observed intolerance of MPro activity to high 

concentrations of DMSO, which can occur owing to delivery of substrate and candidate 

inhibitors from DMSO stocks (the sensitivity to DMSO may reflect oxidation of the catalytic 
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cysteine). The increased solubility of the D-Arginine-modified substrate reduced this DMSO 

effect by reducing the amount of organic solvent necessary to deliver the substrate. In addition, 

we found that ethanol and acetonitrile were more tolerated by the enzyme, though these 

solvents had issues with volatility (Fig. 3.S2a). These observations highlight the importance of 

controlling and minimizing compound solvent concentrations for MPro activity assays and 

provide other solvents when DMSO is not suitable for in-vitro biochemical assays. It was also 

noted that the presence of detergent was crucial for retaining Mpro activity in our in-vitro assays. 

Removing the 0.05% Tween-20 resulted in no observed substrate cleavage. Activity was then 

recovered by increasing addition of bovine serum albumin (BSA), highlighting the need of 

detergent or enzyme stabilizing additives (Fig. 3.S2b). 
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Figure 3.1: Substrate design for assay development. (a)The chemical structure of the 
optimized NSP7 substrate. (Top) A schematic of the substrate sequence highlights the role of 
each residue (Bottom). The substrate contains the P4-P4’ NSP7 extended substrate sequence 
(Blue), the fluorophore (Yellow), the fluorescent quencher (Purple), and the residues for 
increasing solubility (Green). (b) The Michaelis-Menten kinetics for the NSP7 substrate with 
MPro yield parameters indicative of an optimized, efficient substrate. (c) A list of the viral 
polypeptide NSP sequences (P4-P4’) that are cleaved by MPro. (Left) The sequenceLOGO 
highlighting the substrate specificity of MPro, yielding a P4-P4’ consensus 
sequence:ATLQ(S/A)XXA. 
 

Seeking new inhibitors, we began with a SARS-CoV-2 MPro crystal structure in complex 

with a covalent alpha-ketoamide inhibitor (PDB 6Y2G).11 To define hot-spots for ligand docking 

in the active site, we generated a complex of SARS-CoV-2 MPro bound to a non-covalent 

SARS-CoV MPro inhibitor (PubChem: SID87915542) (non-covalent inhibitor complex structures 

were at that time unavailable). The crystal structure of the non-covalently ligated SARS-CoV 
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MPro (PDB 3V3M)12 was structurally aligned onto the SARS-CoV-2 structure, the atomic 

coordinates of the alpha-ketoamide inhibitor were replaced with those of SID87915542 and the 

complex was energetically minimized. After calibration of the docking parameters13, 

approximately 225 million neutral molecules, mainly from the lead-like subset of the ZINC15 

library14 (molecular weight (MWT) ranging from 250-350 amu and calculated (c)logP <4.5) were 

docked against MPro. Another 110 million molecules with 350 < MWT > 500 were docked in a 

separate screen. Docked molecules were filtered for intramolecular strain15 and selected for 

their ability to hydrogen bond with Gly143, His163, or Glu166, and make favorable non-polar 

contacts with Met49 and Asp187. Ultimately, 120 molecules were purchased from the lead-like 

docking screen, 105 (87.5%) of which were successfully synthesized. Another 89 molecules 

were synthesized from the higher molecular weight molecules.  

Initially, 175 compounds were experimentally tested against MPro at a single 

concentration of 100 M using the fluorescence-based substrate cleavage assay. 19 molecules 

(11%) showed >30% inhibition of enzyme activity. Subsequently, we determined full dose 

response curves for 14 molecules, with IC50 values ranging from 97 to 300 M (Table 3.1, Table 

3.S1, Fig. 3.S2.1, Fig. 3.S2.2). As mentioned above, DMSO was observed to lower enzyme 

activity, consequently the actives were re-tested against MPro from 30 mM acetonitrile (ACN) or 

ethanol (EtOH) stocks. Ten compounds showed clear dose-response with IC50 values ranging 

from 30 to 325 M. Of note, although not explicitly targeted with this docking campaign, three 

initial docking hits (ZINC338540162: IC50[ACN] = 30 M, ZINC271072260: IC50[ACN] = 143 M 

and ZINC795258204: IC50[DMSO] = 177 M) may inhibit MPro covalently as they contain 

warheads (nitrile or aldehyde) known to attack the catalytic Cys145 .  
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Table 3.1: Hits from the first non-covalent docking screen. 
 

 

We focused on four initial hits (ZINC346371112: IC50[ACN] = 98 M, ZINC301553312: 

IC50[EtOH] = 63 M, ZINC813360541: IC50[ACN] = 90 M and ZINC553840273: IC50[ACN] = 88 

M) for structure-based optimization. We used the SmallWorld search engine (NextMove 

Software, Cambridge UK)16 to identify purchasable analogs of these inhibitors within a 12 

billion compound version of the REAL library (https://enamine.net/compound-collections/real-

compounds/real-space-navigator), docking each analog into the MPro structure to assess 
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complementarity. Between 10-20 analogs of each of the four inhibitors were selected for testing 

(Fig. 3.2, Table 3.S1).  

Crystal structures of the non-covalent inhibitors. To investigate how the docked poses of 

the new inhibitor scaffolds corresponded to true binding modes, and to template future 

optimization, crystal structures of three of the optimized non-covalent inhibitors were 

determined. For the ‘0237 analog, SG-0001 (IC50 = 55µM), the obtained crystal structure 

showed placement of the tetrahydrobenzoxazepine in the P2 subpocket (Fig 3.2c) as 

suggested in the docked pose of the parent compound (Fig 3.2a), while the isoquinoline group 

forms a hydrogen bond with His163 in the P1 subpocket. The crystal structure of MPro in 

complex with the ‘0541 analog ‘5548 superposed with high fidelity to the docking-predicted pose 

of this compound (Fig. 3.2e). Here, the compound’s central hydantion scaffold hydrogen-bonds 

with the backbone amine of Glu166 and Gly143. The crystal structure of MPro in complex with 

‘6137 confirms this interaction pattern and shows placement of the isoquinoline into the P1 

subpocket as well as insertion of the hydrophobic (1-methyl)-tetraline into the P2 pocket.    
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Figure 3.2:. Non-covalent compound optimization to low-μM potencies. 
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A second docking screen for non-covalent inhibitors of MPro.  As several groups have 

identified potent inhibitors, several with scaffolds resembling our own, and have published an 

extraordinary amount of structure-activity-relationship (SAR) data, we thought to perform a 

second docking campaign.  Here, we tried to incorporate insights emerging from our own results 

and those from other studies3,8 emphasizing the discovery novel chemotypes. 

The new docking screen targeted the SARS-CoV-2 MPro crystal structure in complex 

with MAT-POS-b3e365b9-1 (MPro-x11612.pdb), a non-covalent ligand reported by the 

Moonshot consortium. Compared to the previous docking template (PDB 6Y2G), the MAT-POS-

b3e365b9-1-bound site is slightly smaller, with the 2-turn alpha helix between Thr45 and Leu50, 

and the loop between Arg188 and Ala191 shifted inwards by roughly 2 Å, constricting the shape 

of the P2 sub-pocket. After calibration of docking parameters, ensuring the model prioritizes 15 

previously reported MPro inhibitors against different decoy sets13,17, 862 million neutral 

compounds with 18-29 non-hydrogen atoms from the Enamine REAL database were docked.  

The high-ranking docked molecules were filtered for novel chemotypes by removing 

those with ECFP4-based Tanimoto coefficients (Tc) greater than 0.35 to 1,717 SARS-CoV-2 

MPro inhibitors (Methods). Roughly 9,500 of these were graphically evaluated for favorable 

contacts, and 146 compounds were purchased from Enamine. Of these, 17 (12%) inhibited 

MPro with IC50 values < 200 M (Table 3.2). To our knowledge, none of the new activities fell 

into scaffolds that have been previously reported for MPro. Compared to the first docking 

screen, several initial hits from the second screen showed slightly higher activity, such as 

Z3535317212, with an IC50 value of 29 μM (estimated Ki of 15 μM). For ‘7212, the docked pose 

suggests hydrogen bonds between the compound’s central dihydrouracil scaffold and Glu166 

as well as Gly143, in addition to hydrogen bonds between the compound’s pyridinol (Fig. 

3.S2.3). Five docking hits (Z5420225795: IC50 = 40 M, Z1669286714: IC50 = 110 M, 

Z1355254448: IC50 = 110 M, ZINC5420738300: IC50 = 160 M, Z2195811405: IC50 ~200 M) 

share a common ketoamide functional group predicted to form one hydrogen bond to Glu166, 
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however, we note that ketoamide might also inhibit MPro through covalent linkage to Cys145. 

Taken together, the actives from this campaign explored ten different scaffold classes with IC50 

values better than 150 μM (estimated Ki values better than 75 μM).  These scaffolds represent 

new points of departure for MPro inhibitor discovery. 
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Table 3.2: Hits from the second non-covalent docking screen. 
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A covalent docking screen targeting MPro Cys145.  We aimed to target the catalytic 

Cys145 proximal to the binding site as the crystal ligand of PDB 6Y2G did with an α-ketoamide 

warhead in early crystal structures of MPro11. Three Cys-reactive covalent warheads, 

aldehydes, nitriles, and -ketoamides, were prioritized for covalent docking by covalent docking 

(DOCKovalent)18. Each chemical group was searched in the ZINC15/ZINC2014,16 1.4 billion 

databases. Dockable 3D molecules were built, specifically for covalent docking with DOCK 

3.7/DOCKovalent (Methods). The molecules and their DOCKovalent files for the final 6.5 million 

molecules are available at http://covalent2022.docking.org. 

We then virtually screened 3.6 million nitriles, 1.5 million aldehydes, and 1.4 million α-

ketoamides, all newly built, against MPro (PDB 6Y2G)11. The top-ranked molecules were filtered 

for torsional strain15, for favorable enzyme interactions, and clustered for chemical similarity 

using an ECFP4-based best first clustering algorithm. Remaining molecules were visually 

prioritized for favorable interactions with His41, Cys145, Gly143, Thr26, or Glu166. Ultimately, 

35 aldehydes, 41 nitriles, and 21 -ketoamides were selected for synthesis, of which 27, 31, 16, 

respectively, were successfully synthesized and tested for activity against MPro.  Those 

compounds with percent inhibition >33% at 100 μM were tested in full concentration-dose-

response. 

 Defining actives as molecules with IC50s less than 200 μM, the hit rate for covalent 

docking was 18% (13 actives/74 compounds tested); the most potent had an IC50 of 20 μM 

(Fig. 3.3). Eight others had IC50 values 25 to 100 μM.  Initial nitriles and aldehyde docking hits 

had activities as low as 20 M in compound ‘5103, and 55 M in compound ‘3620, respectively. 

The ketoamide docking screens resulted in two actives of the same chemotype with weaker 

IC50s of ~200 μM.  

The covalent inhibitors were diverse, docking to fill different enzyme subpockets (Fig. 

3.3, Fig. 3.S3). In the P1’ pocket, hydrophobic interactions were made by compounds ‘3620, 

‘6345, ‘6792. Hydrogen bonding with His163 in the P1 pocket was made by ‘5103, ‘0431, ‘2961.  



99 
 

Several compounds, such as ‘0892 and ‘0292, fit into the P2 pocket, making non-polar 

interactions with Met49 and Phe181. Other compounds, like ‘5156, fit down the ‘tunnel’ of the 

binding site between the P1 and P2 pockets as in ‘5156, hydrogen-bonding to Glu166. Many 

compounds, such as ‘3620 and ‘6792, hydrogen-bonded with the peptide backbone atoms of 

Cys145, Ser144 and Gly143. 
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Figure 3.3: Covalent hits from 6.5 million virtual screen. Dose response curves for (a) 
aldehyde (b) nitrile and (c) ketoamide docking hits. IC50 values shown. All measurements done 
in triplicate. 
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We sought to optimize several of the new covalent inhibitors, focusing on the 55 M 

aldehyde ‘3620 (Table S1). These analogs were identified through multiple strategies, including 

simply seeking readily available “make-on-demand” congeners that fit in the enzyme site, using 

SmallWorld and Arthor (NextMove Software, Cambridge, UK)16,  or testing perturbations to 

what seemed to be key interactions. From these studies emerged 36 analogs with IC50s better 

than ‘3620, the most potent of which had an IC50 of 1 M (‘7021). Other analogs ranging from 2 

to 48 M had changes to different benzene substituents or bicyclic systems of ‘3620 (Fig. 3.4, 

Table 3.S2).  

In its docked pose, the pyridine nitrogen of ‘7021 hydrogen bonds in the pocket (Fig. 

3.4c). To test the importance of this interaction, the phenyl analog of the pyridine, compound 

‘4218, was synthesized and tested. This molecule lost all measurable activity (IC50 > 200 μM), 

consistent with the importance of the pyridine hydrogen bonds (Fig. 3.4c). Meanwhile, removing 

non-polar groups from the distal phenyl ring of ‘7021, as in analogs ‘9313 and ‘9112, increased 

IC50 values to 22 M and 35 μM, respectively, indicating more hydrophobic bulk was preferred in 

the shallow subsite in which this substituted phenyl was docked.  

 Crystal structures of the covalent inhibitors. To investigate how the docked poses of the 

covalent inhibitors corresponded to true binding modes, and to template further optimization, 

crystal structures of five aldehyde inhibitors were determined: ‘7021 (IC50 = 1 μM), 

analog_18/’9105 (IC50 = 6 μM), ‘8252 (IC50 = 6 μM), analog_6/’9121 (IC50 = 12 μM), and 

‘7356 (IC50 = 26 μM) (Fig. 3.4b, Fig. 3.4d, Fig. 3.S4). The structures of these compounds 

recapitulated the docking predictions with high fidelity (Fig. 3.4b). Consistent with the docking, 

and with the results of the analogs, the pyridine nitrogen in each inhibitor hydrogen bonds with X 

(Fig. 3.4c), while the hydroxyl of what had been the aldehyde warhead hydrogen bonds in the 

oxyanion hole of the enzyme, and the ether-alkyl linker hydrogen bonds with His41. The 

hydrophobic groups on the distal aryl ring interact with residues in the P2 site (Fig. 3.4d). 
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Figure 3.4: Compound optimization of aldehyde ‘3620. (a) Docked pose of docking hit ‘3620. 
(b) Crystal structure (pink carbons) and docked pose (blue carbons) comparison for analog 
‘7021 (RMSD X Å; PDB X). (c) Hypothesis testing analogs of ‘7021 included removing the nitro 
in ‘9313 and the chlorine in ‘9112, both with weaker inhibition. Analog ‘4218 replaced the 
pyridine with a benzene eliminating inhibition. The pyridine of ‘7021 is shown with its docked 
pose (purple carbons) forming hydrogen bonds with backbone atoms of MPro (tan carbons). (d)  
Crystal structures of additional ‘3620 analogs. (e) Analogs with different benzene substituent 
orientations (‘7021, ‘6690, ‘6117) inhibit MPro at similar potencies. Substituents oriented like 
‘9220 were weaker inhibitors. (f) Examples of the most potent larger hydrophobic analogs of 
‘3620. IC50 values shown. All measurements done in triplicate. 
 

Lead inhibitors are antiviral with pan-coronaviral MPro inhibition.  With the progression 

covalent and non-covalent series, we tested several compounds in an RT-qPCR viral infectivity 

assay in vero cells.  Compounds ‘7021 and ‘7356 had antiviral IC50 values of 6.2 μM and 19.5 

μM, respectively, reflecting their in vitro IC50 values of 1 M and 26 M, respectively (Fig. 3.5a, 

Table 3.S3). Encouragingly, the cell viability remained high for the two compounds. Meanwhile, 



103 
 

no measurable antiviral activity was observed for the covalent aldehyde ‘6690 (IC50 = 2 μM), 

the covalent nitrile ‘5103 (IC50 = 20 μM), and the non-covalent ‘6137 (IC50 = 8 μM). What 

separates the antiviral actives from the inactives remains unclear. We also tested ‘7021 for its 

ability to inhibit MPros of other coronaviruses, SARS-CoV-1 and MERS. ‘7021 inhibited the 

SARS-CoV-1 MPro with an IC50 of 8 μΜ, very similar to that of SARS-CoV-2 MPro IC50 of 1 

μM, however was a weaker inhibitor for the MERS MPro with an IC50 of 50 μM (Fig. 3.5b, 

Table 3.S4).  
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Figure 3.5: Antiviral activity and pan-coronaviral MPro inhibition by covalent analogs. (a) 
‘7021 and ‘7356 inhibit SARS-CoV-2 infectivity with minimal impacts on cell viability. (b) ‘7021 
also inhibits SARS-CoV-1 and MERS-CoV MPro. All measurements done in triplicate. 
 

3.4 Discussion 

From this study emerged 148 inhibitors with IC50 values less than (better than) 150 μM 

covering 19 different scaffold classes.  Of these, 15 inhibitors in 3 scaffolds inhibited the enzyme 

with IC50 values less than 10 μM.  We present an optimized MPro substrate for future inhibitor 

characterization. We note that to dock the electrophile library, we first had to create it, drawing 

on aldehydes, nitriles, and ketoamides in the expanding library of tangible molecules.  This 

resulted in a library of over 6.5 million new electrophiles, which is openly available to the 
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community at https://covalent2022.docking.org. Crystal structures of eight of the new inhibitors 

closely corresponded to the docking predictions. Two of the new aldehyde inhibitors had 

antiviral activities close to those of their enzymatic IC50 values, suggesting that further 

optimization of this class for on-enzyme potency may presage antiviral activity.  

While the strengths of this study were the identification of multiple new MPro inhibitor 

scaffolds, with subsequent crystal structures supporting the docking predictions, this work also 

revealed liabilities of docking screens.  In contrast to campaigns against G protein coupled 

receptors19–21 and other integral membrane receptors22 which were in the 25 to 60% range as 

previously demonstrated.  Moreover, the activities of the better MPro docking hits were in the 20 

to 100 μM range, not the low- to mid-nM range of the integral membrane proteins. Here, the 

MPro docking campaigns resemble those against other soluble proteins such as -lactamase20,23 

and the macrodomain of SARS-CoV-224, or even against allosteric sites in GPCRs25,26. For 

physics-based scoring functions like that used in DOCK3.7, well-enclosed binding sites 

characterized by a key polar interaction are more amenable to ligand discovery than the more 

open, flatter sites such as those in MPro. This both reflects the physical characteristics of the 

site, and the sorts of molecules in our docking libraries, where chemical space coverage is best 

in the fragment and lead-like ranges and erodes among larger and more hydrophobic molecules 

better suited to sites like MPro’s.  

 These caveats should not distract from the key observations of this study.  Large library 

docking of both lead-like molecules and covalent electrophiles has revealed 19 scaffold families 

of MPro inhibitors, the best of which act in the low μM range.  Whereas neither hit rates nor 

affinities rose to levels seen against targets with well-defined binding sites, eight crystal 

structure of characteristic lead molecules confirmed the docking poses, when the docking was 

right it was right for the right reasons. These structures may template the further optimization of 

these new MPro inhibitors, several of which show initial antiviral activity against the virus.   
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3.5 Methods 

Non-covalent molecular docking  

The protein template was modeled based on the crystal structure of the MPro dimer in complex 

with a covalent alpha-ketoamide inhibitor (6y2g.pdb). All water molecules except for HOH 585 

and HOH 602, which are located at the dimeric interface, were deleted. The binding pocket of 

the crystal structure’s chain A was selected for docking. The alpha-ketoamide inhibitor was 

replaced by the non-covalent SARS-CoV inhibitor SID87915542. Here, the SID87915542-bound 

MPro crystal structure (3v3m.pdb) was aligned onto the SARS-CoV-2 MPro crystal structure in 

order to project SID87915542 into the SARS-CoV-2 MPro binding site. Next, the modeled 

protein-ligand complex and selected water molecules were prepared for docking with the protein 

prepwizard protocol of Maestro (Schrödinger v. 2019-3). Protons were added with Epik and 

protonation states were optimized with PropKa at pH 7. The C-terminus (Ser301) of each 

protein monomer structure was capped with N-methyl groups while the N-termini (Ser1) were 

positively charged. Subsequently, the modeled complex was energetically minimized using the 

OPLS3e force field. To better accommodate the modeled non-covalent ligand SID87915542, 

the CE atom of Met49 was displaced by 1.7Å from its initial position in the covalently ligated 

crystal structure (6y2g.pdb). 

Computational docking was performed using DOCK3.7. Precomputed scoring grids for 

efficient quantification of van der Waals interaction between MPro and docked molecules were 

generated with CHEMGRID. Using the AMBER united-atom partial charges, electrostatic 

potentials within the binding pocket were computed following the numerical solution of the 

Poisson-Boltzmann equation with QNIFFT. The partial charges of the hydrogen at the epsilon 

nitrogen of His163, as well as the hydrogen atoms of the backbone amines of Gly143 and 

Glu166 were increased by 0.4 elementary charge units (e). In turn, the partial charges of oxygen 

atoms of the corresponding backbone carbonyl groups were decreased by 0.4e to maintain the 

initial net charge of each residue. The low dielectric protein environment was extended by 1.2Å 
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from the protein surface [cite]. Similarly, the low dielectric boundary was extended by 0.7Å from 

the protein surface for the calculation of ligand desolvation scoring grids with Solvmap. The 

atomic coordinates of SID87915542 (3v3m.pdb), the alpha-ketamide inhibitor of the initial 

crystal structure (6y2g.pdb), BDBM512845 (4mds.pdb) as well as fragment hits MAT-POS-

7dfc56d9-1 (MPro-x0161) and AAR-POS-d2a4d1df-5 (MPro-x0305) obtained from the Covid-19 

Moonshot screening efforts were used to generate 80 matching spheres for ligand placement in 

the docking calculations.     

The obtained docking parameters were evaluated based on their ability to prioritize 34 

previously reported ligands of SARS-CoV MPro obtained from the Chembl database [cite], 

against a background of 1,805 property matched decoys generated with the DUDE-Z approach 

[cite]. In addition, an ‘Extrema’ set [cite] of 194,921 molecules, including compounds with net-

charges ranging from -2 to +2, was screened against the docking model in order to assess the 

parameters’ ability to prioritize neutral molecules. 

Using the ZINC15 database, 225,327,212 neutral molecules mainly from the lead-like 

chemical space, i.e. molecular weight (MWT) between 250 and 350 amu and calculated (c)logP 

< 4.5, from the make-on-demand compound libraries from Enamine and WuXi, were screened. 

Thereby, 219,305,079 molecules were successfully scored with each molecule sampling on 

average 3,588 orientations and 425 conformations which resulted in the evaluation of 

approximately 148 trillion complexes in roughly 70 hours on a 1,000-core computer cluster. In 

addition, 110,898,461 molecules with 350 < MWT < 500 and clogP < 4.5 from ZINC15 were 

screened in a separate docking campaign. 107,486,710 compounds were successfully scored, 

each exploring on average 4,175 orientations and 540 conformations within the binding pocket. 

Nearly 90 trillion complexes were scored in roughly 45 hours using a 1,000-core cluster. 

From each docking screen, the predicted binding poses of the 500,000 top-ranked 

molecules were analyzed for internal molecular strain using the approach described in Shuo et 

al. [cite]. Molecules that passed the strain criteria (total strain <6.5 TEU; maximum single torsion 
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<1.8 TEU [cite]), were judged by their ability to form hydrogen bonds with Gly143, His163 (P1 

subpocket) or Glu166 and proximity to residues forming the P2 subpocket such as Met49 or 

Asp187.  

Finally, 120 compounds, selected from the lead-like docking screen, were ordered from 

Enamine, of which 105 were successfully synthesized (87.5%) in addition to 100 molecules of 

larger MWT that were ordered from the second docking screen, 89 of which were successfully 

synthesized by Enamine.  

A second docking campaign for non-covalent inhibitors was performed against the 

crystal structure of MPro in complex with MAT-POS-b3e365b9-1 (MPro-x11612) from the Covid-

19 Moonshot consortium. All water molecules except HOH6 and HOH300 were removed and 

the protein-ligand complex structure was prepared for docking following the protein prepwizard 

protocol of Maestro (Schrödinger v. 2019-3) as described above.  

As in the previous docking campaign, the partial charges of the hydrogen atoms at the 

epsilon nitrogen of His163 and the backbone amine of Glu166 were increased by 0.4e, whereas 

the partial charges of corresponding backbone carbonyl oxygen atoms were decreased by 0.4e 

to maintain the net charge of each residue. For calculating electrostatic scoring grids, the low-

dielectric volume of the protein was extended by 1.9Å from the protein surface (based on 

surface mapping spheres generated by Sphgen). In addition, the low dielectric boundary was 

extended by 1.0Å from the protein surface for calculating ligand desolvation scoring grids with 

Solvmap [cite]. The atomic coordinates of MAT-POS-b3e365b9-1 were used to generate 45 

matching spheres for ligand placement with DOCK3.8. The performance of the obainted 

docking grids was evaluated by their ability to enrich 15 previously reported SARS-CoV-2 MPro 

inhibitors over 650 property matched decoys [cite DUDE-Z] or an Extrema set containing 

153,256 molecules with net charges ranging from -2 to +2, molecular weight between 300 and 

500 amu. Finally, 862,382,088 neutral compounds with 18-29 heavy atoms from the Enamine 

REAL chemical library were screened using the ZINC22 database [link]. Molecules with strained 
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conformations as estimated by the method by Shuo et al. (total strain > 8 TEU, maximum single 

strain > 3 TEU), were excluded by the docking program. 778,517,250 molecules were 

successfully scored, each sampled in approximately 836 conformations and 3,439 orientations, 

leading to the evaluation of roughly 905.8 trillion complexes within 481h on a 1000-core 

computer cluster. 

21,284,498 compounds scored lower than -35 kcal/mol and the poses of top scoring 

5,004,192 compounds were extracted. 214,580 compound formed favorable interactions with 

key residues such as His163, Glu166 and the P2 subpocket, 181,866 of which obtained ECFP4-

based TC coefficients of less than 0.35 to the 1,716 known SARS-CoV and SARS-CoV-2 MPro 

inhibitors reported in the literature (cite: Moonshot, PMC8014119, 10.1021/jm0603926, 

10.1038/s41586-020-2223-y, 10.1038/s41586-020-2223-y, 10.1126/science.1085658, 

https://doi.org/10.1101/2020.09.15.275891, PMC1112131, PMC2258912, PMC2745596, 

PMC3486288, PMC3569073, PMC7098070, PMC7111201, PMC7112044, PMC7119080, 

PMC7127700, PMC7134594, PMC7164518, PMC7179937, PMC7294525, PMC7571312, 

PMC7574915, PMC7931627, PMC7979488, PMC8099175, PMC8291137, PMC8353992, 

PMC8610012). Finally, roughly 9,000 top-ranking compounds were visually inspected and 167 

molecules were ordered from Enamine, 146 of which (87.4%) were successfully synthesized.  

 

Covalent molecular docking 

Cysteine-reactive warheads of aldehydes, nitriles, and alpha-ketoamides were searched in the 

ZINC20/Enamine REAL databases of 1.4 billion molecules using their respective SMARTS 

patterns (ketoamides O=[CR0]([#6])[CR0](=O)N[#6]; aldehydes [CX3H1](=O)[#6]; nitriles [CX4]-

C#N). This returned 25.7 million nitriles, 2.5 million aldehydes, and 1.5 million ketoamides. 

Molecules were filtered to have at least 1 ring, and to be fragment to lead-like molecular weights 

(<350). Three-dimensional dockable conformations were generated with molecules in their 

transition-state form and a dummy atom in place for the covalent docking algorithm to indicate 
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which atom should be modeled covalently bound to the Cys sulfur. Aldehydes were formatted 

with OH, nitriles with X, and ketoamides had both a negative and a neutral X. Overall, 6.5 million 

molecules were docked – 3.6 million nitriles, 1.4 million ketoamides, and 1.5 million aldehydes. 

The receptor was prepared in BlasterMaster in DOCK3.7.  Pose reproduction of the 

truncated covalent molecule of PDB 6Y2G (smiles of dockable ligand: 

O=C1NCC[C@H]1CC[C@](O)([SiH3])C(=O)NCc2ccccc2) was checked for the docking setup. 

Default blastermasted-generated grids were used for electrostatic (radius size 1.9Å) and VDW 

scoring, and no matching spheres were used in docking calculations as they are not used by the 

covalent docking DOCKovalent algorithm. For covalent docking, the Cys145 SH was indicated 

as the anchor for molecules screened. The distance was slightly relaxed from the C-C bond 

distance to 1.85Å. For His41 protonation, aldehydes, nitriles, and neutral ketoamides used HID, 

while negative ketoamides used HIP. Each warhead was docked separately with a total 6.5 

million molecules screened. Accordingly, each warhead was also processed separately.  

 

For the aldehydes, the top 300,000 ranked molecules were evaluated for torsional strain 

(cite), and those with a total torsional strain greater than 9.8 (around 3.7 incurred due to strain 

on atom types on the warhead and this was disregarded, therefore total energy was 6) and 

single torsional strain greater than 2.5 were excluded (155,386 left). Molecules making more 

than 1 hydrogen bond to the protein, having no hydrogen bond clashes, no unpaired hydrogen 

bond donors (56,969 left) were prioritized (cite open eye interaction filter). Remaining molecules 

were clustered for chemical similarity based on ECFP4-based Tanimoto coefficient (Tc) of 0.5. 

Viable poses filling the P1’, P1 or P2 sites were selected during visual inspection. A total of 35 

aldehydes were selected for make-on-demand synthesis of which 27 were successfully 

synthesized.  

For the nitriles, the top 100,000 ranked molecules were evaluated for torsional strain 

(17,424 left), then interaction filter (6,201 left). Clustered? Lastly, we visually filtered for 
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favorable to hydrogen bonds formed to His41, Gly143, Thr26, Glu166, or Cys145, of which 41 

ordered for parallel synthesis (31 arrived for testing).  

For the ketoamides (Shuo) the top 393,000 ranked molecules with scores less than 0.0 

were evaluated for torsional strain (121,234 left), than the same interaction filter as nitriles 

(37,267 left). Clustered? Visual inspection of remaining molecules focused on those making 

hydrogen bonds with His41, Cys145, Gly143, Thr26. In total 21 molecules were purchased and 

16 were successfully synthesized.   

 

Make-on-demand synthesis 

X non-covalent and X covalent compounds purchased from docking screens could be 

successfully synthesized by Enamine, Ltd. for a total fulfilment rate of X%. The purities of 

molecules were at least X% and typically above X% (SI analytical) 

 

Compound optimization 

Optimization of docking hits ZINC346371112, ZINC301553312, ZINC813360541, 

ZINC553840273, ‘3620, ‘0431, ‘4589, ‘5103, ‘5156, ‘6246, ‘6792, ‘0292, ‘2826/’0892, and 

‘6634/’4072 were attempted and IC50 values can be found in X. Analogs were designed for 

desired chemical perturbations or searched in SmallWorld and Arthor catalogs and synthesized 

by Enamine. For ‘3620, compounds were also designed from the ‘7356 and ‘3620 crystal 

structures and were modeled with covalent docking or with Maestro (v. 2021-X, Schrödinger, 

LLC) ligand alignment. 

 

Protein purification  

As previously described.11  
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MPro Inhibition assay  

A fluorescence-quenched substrate with the sequence H2N(d-Arg)(d-Arg)-K(MCA)-ATLQAIAS-

K(DNP)- COOH was synthesized via the Fmoc solid-phase peptide synthesis as previously 

described27. Kinetic measurements were carried out in Corning black 384-well flat-bottom 

plates and read on a BioTek H4 multimode plate reader. The quenched fluorogenic peptide had 

a final concentration of KM = 12.7 μM, and MPro had a final concentration of 50 nM. The 

reaction buffer was 20 mM Tris, 150 mM NaCl, 1 mM EDTA, 0.05% Tween-20 (v/v), and 1 mM 

DTT, pH 7.4. Compounds were incubated with protease prior to substrate addition at 37 °C for 1 

h. After incubation, the substrate was added, and kinetic activity was monitored for 1 h at 37 °C. 

Initial velocities were calculated at 1 to 30 min in RFU/s. Velocities were corrected by 

subtracting the relative fluorescence of a substrate-only control, and fraction activity was 

calculated using a substrate-corrected no-inhibitor control where DMSO was added instead of a 

drug. Kinetics measurements were carried out in triplicate. SARS-CoV-1 and MERS major 

protease were both purchased from Bio-Techne (catalogue #: E-718-050 and E-719-050, 

respectively). KM was derived with the NSP7 substrate for each protease (supp figure), which 

was the substrate concentration used for each protease for comparative dose-response curves. 

Enzyme concentration was 50nM for SARS-CoV-1 and 100nM for MERS. The same assay 

buffer described above was used for all kinetic assays with each protease. 

 

Data availability 

All crystallographic structures have been deposited in the PDB as <codes>. The identities of 

compounds docked in non-covalent screens can be found at ZINC15/ZINC20 

(http://zinc15.docking.org and http://zinc20.docking.org) and ZINC22 ( < website >). The 30 

million covalent compounds have been deposited in covalent2022.docking.org along with their 

DOCKovalent files. Active compounds may be purchased from Enamine (other vendors?). All 

other data are available from the corresponding authors on request. 
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Code availability 

DOCK3.7 and DOCK3.8 are freely available for non-commercial research from the authors; 

commerical licenses are available via the UC Regents. An open source web-based version of 

the program is available without restriction to all (https://blaster.docking.org), as are the Arthor 

and Small World analoging tools used in this study.   

 

3.6 Supplementary Materials  

Table 3.S1: All compound tested from docking screens and compound optimization. 

https://docs.google.com/spreadsheets/d/1QDRiKRKuLjryJVnP5OKZpSSL76Ag8FHt/edit#gid=1

443882961) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://docs.google.com/spreadsheets/d/1QDRiKRKuLjryJVnP5OKZpSSL76Ag8FHt/edit#gid=1443882961
https://docs.google.com/spreadsheets/d/1QDRiKRKuLjryJVnP5OKZpSSL76Ag8FHt/edit#gid=1443882961
https://docs.google.com/spreadsheets/d/1QDRiKRKuLjryJVnP5OKZpSSL76Ag8FHt/edit#gid=1443882961
https://docs.google.com/spreadsheets/d/1QDRiKRKuLjryJVnP5OKZpSSL76Ag8FHt/edit#gid=1443882961
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Table 3.S2. Analogs of covalent docking hit ‘3620 with improved potencies. 
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Table 3.S3. Antiviral activities. 
a Efficacy in RT-qPCR viral infectivity assay in X cells. 
b Reduction in cell viability (cytotoxicity). 
 

 

Table 3.S4. Pan-viral enzymatic activities of ‘7021. 

 

. 

 

Figure 3.S1: Solvent effect on enzymatic activity 
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Figure 3.S2.1: Non-covalent docking hits from first virtual screen. 
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Figure 3.S2.2: Non-covalent docking hits from first virtual screen. 
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Figure 3.S2.3: Non-covalent docking hits from second virtual screen 
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Figure 3.S2.4: Non-covalent docking hits from second virtual screen. 
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Figure 3.S3: Docked poses of covalent hits. (A) Aldehydes. (B) Nitriles. (C) Ketoamides. 
Covalent bonds between the warhead and Cys145 and not explicitly modeled in docking. 
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Figure 3.S4: Pan-viral enzymatic activities. 
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