UC Berkeley

UC Berkeley Electronic Theses and Dissertations

Title

Delivery of Therapeutically Relevant Cargo to Mammalian Cells Using Cell-Permeant
Miniature Proteins

Permalink
https://escholarship.org/uc/item/8203b48K
Author

Knox, Susan Laura

Publication Date
2021

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/8203b48k
https://escholarship.org
http://www.cdlib.org/

Delivery of Therapeutically Relevant Cargo to Mammalian Cells Using Cell-
Permeant Miniature Proteins
By

Susan L. Knox

A dissertation submitted in partial satisfaction of the
requirements for the degree of
Doctor of Philosophy
in
Chemistry
in the
Graduate Division
of the

University of California, Berkeley

Committee in charge:
Professor Alanna Schepartz, Chair

Professor Matthew B. Francis
Professor Randy Schekman

Summer 2021



Delivery of Therapeutically Relevant Cargo to Mammalian Cells Using Cell-
Permeant Miniature Proteins

© Copyright 2021
by

Susan L. Knox



Abstract

Delivery of Therapeutically Relevant Cargo to Mammalian Cells Using Cell-
Permeant Miniature Proteins

by
Susan L. Knox
Doctor of Philosophy in Chemistry
University of California, Berkeley
Professor Alanna Schepartz, Chair

Despite the growing interest in protein-based therapeutics, one of the major
limitations towards their development is the fact that proteins cannot simply diffuse into
the cell interior. Instead, most proteinaceous cargo must be taken up via the biological
process of endocytosis. Proteins become engulfed by the endocytic vesicle that travels
into the cell and many of these protein cargoes remained trapped within endosomes.
While some protein therapeutics, such as Cerezyme and Fabrazyme, take advantage of
this entrapment to exhibit their functions within the endocytic pathway, the inability to
access the cytosol and other organelles within the cell prevents development of
intracellular-targeting proteins. A number of delivery vehicles have been proposed,
including liposomes, nanoparticles, polymers, and cell-penetrating peptides (CPPs).
Unfortunately, each of these techniques must be optimized for their respective cargo
and target and may still suffer from overall low cytosolic delivery. Cell-permeant
miniature proteins (CPMPs) provide a promising solution as they reach the cytosol
intact at high concentrations, have a defined mechanism, and can deliver protein cargo.

Here, | describe progress from the evaluation of CPMPs alone to delivery of
therapeutically relevant proteins and enzymes in both mammalian cells and mice. First,
| present a summary of CPMP development, from designing miniature proteins that
installed structural elements of traditionally flexible CPPs, to describing mechanistic
details of endosomal uptake and escape, to delivering enzymatic cargo to the liver of
mice. Next, | describe fluorescence correlation spectroscopy (FCS) in conjunction with
flow cytometry experiments for monitoring proteins in live cells and evaluating
endosomal escape. This methodology is followed by FCS studies that establish
diffusion properties of free dye and CPMPs to assess whether intact CPMPs reach the
cytosol of Saos-2 cells. The following chapter illustrates that among a panel of CPPs
and CPMPs, the CPMP ZF5.3 is a superior delivery vehicle for a model cargo in
multiple cell lines. Next, | describe the development and use of ZF5.3 conjugated to
argininosuccinate synthetase (ZF-AS), an enzyme involved in an inborn error of
metabolism. ZF-AS was the first ZF5.3-containing molecule to participate in animal
studies to evaluate clinical utility of CPMPs. To continue improving cellular delivery of
therapeutically relevant proteins, | describe functional and cellular uptake studies in



which ZF5.3 is appended to the well-studied endonuclease Cas9 and initial
development towards ZF5.3 conjugates of NS1, a monobody that binds Ras proteins
with high affinity. Finally, | conclude with remarks on CPMP-mediated delivery.
Together, these projects demonstrate that the CPMP ZF5.3 is a superior delivery
vehicle compared to canonical and cyclic CPPs, illustrate ZF5.3-mediated delivery of
three protein cargos, and support further ZF5.3 clinical development as a tool for
protein-based therapeutics.
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CHAPTER 1

Cell-Permeant Miniature Proteins: Development and Applications

This chapter is based on a manuscript in preparation “Discovery and Application of
Genuinely Cell-Permeant Proteins” and has been adapted with permission from all co-
authors.



1.1 Introduction

Delivery of extracellular proteinaceous cargo into mammalian cells could improve
treatment of a wide range of diseases, but crossing the plasma membrane presents a
challenge. While small molecules can passively diffuse through the lipid-filled
membrane,’? larger cargo cannot, requiring separate means of cellular access. As
more biologics are FDA-approved, there is increasing interest in developing new ways
to traffic material that cannot passively diffuse through the membrane into cells.

One such material of interest is proteins—investigations of macromolecular uptake
into cells began in 1965 when Ryser and Hancock determined that histones and basic
amino acids stimulate the uptake of serum albumin into cells.? After a lull in interest,
Frankel and Pabo and Green and Lowenstein independently concluded in 1988 that
Tat, derived from the transactivator of transcription from the HIV-1 virus, induced viral
expression when added exogenously to cells.*® After penetratin, another cell
penetrating peptide (CPP), was reported in 1994, many groups focused their efforts
towards the CPP space and using new constructs to deliver cargo.5’

Since the mid-1990s, thousands of putative CPPs have been identified and
developed,? including but not limited to supercharged proteins,® cyclic peptides,'®-"3
hydrocarbon stapled peptides,' and miniature proteins.'>-'® The majority of these
molecules contain a series of positive residues (either Lys or Arg) that convey cell
permeability, possibly through electrostatic interactions with sulfated proteoglycans on
the cell surface.®2%2" Futaki et al. tested this hypothesis through study of Arg-rich
sequences, suggesting that RNA-binding proteins should translocate through cell
membranes since they are rich in Arg residues.?? Indeed, the group showed that
multiple Arg-rich proteins accumulated in the cytoplasm and nucleus at comparable
levels to the minimal transduction sequence of Tat, Tatus-60).2? In addition, comparison
to polyarginine sequences, from Args to Argie, showed that Args was the most efficient
of these peptides and could be attached to carbonic anhydrase for delivery into cells.??
More recently, cyclic peptides have been identified as intracellular delivery tools with
improved proteolysis resistance as compared to linear peptides.?> While two of these
macrocycles, CPP9 and CPP12, were reported to have high delivery efficiencies,!?24
they were unable to deliver protein cargo to cells.?

While these studies highlight the ability of a variety of peptides and proteins to
internalize into cells, they do not assess localization within the cell. The most common
mechanism by which CPPs and other cationic molecules enter cells is through
endocytosis, a process that prevents interaction of the entrapped molecules with the
cytosol or nucleus.?® A molecule must escape from the endosome to enter the cell’s
cytosol and traffic to other regions of the cells. However, many CPPs remain trapped in
endosomes where they are degraded or recycled back into extracellular space.?”28 A
peptide-based delivery tool that reliably traffics material to the cytosol would greatly
expand the existing druggable space.?®



Since the mid-2000s, the Schepartz laboratory has contributed to this body of work
with the design and implementation of cell-permeant miniature proteins (CPMPs)."%-
19.25.30.31 This chapter details the group’s efforts to establish a peptide-based drug
delivery tool through appending elements of cell-permeability onto a structured scaffold,
optimizing cellular uptake, and demonstrating utility through the delivery of protein
cargo. One of our CPMPs, ZF5.3, escapes endosomes with unprecedented
efficiency,’'® and does so via a defined and underexploited mechanism using the
homotypic fusion and vacuole protein sorting (HOPS) complex.° These studies, taken
together, establish that cell-permeant miniature proteins not only have increased uptake
but also high endosomal escape efficiencies to reach the cytosol,’>-'° have a defined
mechanism for cytosolic access,® and can deliver protein cargo.?53'

1.2 Introducing Structure to CPPs

In the mid-2000s, the best CPPs were unstructured variants of oligoarginine
peptides containing 8—12 Arg residues (Args-12)?? that reached cellular levels equal
t01222.32 or above'®'8 Tat. Oligoarginines were reported to increase toxicity and
decrease stability of proteins to which they are attached,3334 and their lack of structure
hampered identification of structural determinants of cell permeability. Daniels et al.
suspected that introduction of structure to CPPs would aid in the identification of cell-
permeant properties, improve stability in the protease-rich cellular environment, and
decrease toxicity.'® Similar to cyclic peptides, Argn molecules were thought to form
larger macromolecular structures,? displaying guanidino groups in favorable
conformations for interactions with the cell membrane. However, unlike a cyclic peptide,
encodable peptides were appealing so that the tag could be easily appended to protein
cargo via genetic fusion.

In the search for a structured, protease-resistant, peptide-based delivery vehicle,
Daniels et al. first established that type-Il polyproline helices (PPIl) containing arginine
and proline residues (Figure 1.1) could convey cell-permeant properties.'® Several
natural proline-rich sequences permeate cells with low efficiency, supporting the use of
this scaffold in the initial design effort.>>2¢ The short and stable PPII helices containing 3
residues/turn allow incorporation of charged amino acids on one of three distinct faces
of the helix.'® A series of (PRR), and (PPR), variants were evaluated to understand the
relationship between number of arginine residues and helicity. The design of these
peptide structures resulted in aligned faces of either proline or arginine residues and
both series retained helicity from 5-90 °C. Ultimately, the (PPR), series was less cell-
permeable than (PRR), molecules as evaluated by flow cytometry and was no longer
pursued. (PRR)s and (PRR)s were similarly permeable to Args, Arg1o, and Arg12. Live
cell confocal microscopy images depicted diffuse cytoplasmic and nuclear staining,
while the lack of co-localization with the endocytic marker dextran implied that the
peptides reached the cytosol.

To show that well-folded miniature proteins could serve as scaffolds for cell-
permeability, the (PRR), motif was grafted into avian pancreatic polypeptide (aPP)."®
The 15 amino acid (aa) sequence (PRR)s replaced the 11 aa PPII helix of avian



pancreatic polypeptide®’—* (aPP, 36 total residues) to create RR5-aPP (Figure 1.1).
Modifying this construct slightly to remove the 4 aa extension on the N-terminus (named
RR3-aPP) resulted in a miniature protein that was most cell-permeable.’® In addition to
high uptake, the RRn-aPP series exhibited melting transitions near 40 °C, correlating
well with the transition of aPP itself.'® This study showed that it was possible to design
encodable cell-penetrating peptides retaining PPII helices for uptake into HelLa cells and
that these helices could be grafted onto small, structured proteins.'®

Building upon the observation that additional arginine residues improved cellular
access of aPP, a subsequent study enhanced cell permeability by grafting three to five
arginine residues in positions that contributed minimally to the protein’s stability
alongside one native arginine residue in the original PPII helix of aPP."® The resulting
aPP*R1 aPPSR1 and aPPSR' designs (Figure 1.1) contained 4, 5, and 6 arginine
residues, respectively on the solvent exposed face of the a-helix. The secondary
structure of aPP*R" and aPP°R! matched that of aPP by circular dichroism (CD);
however, the spectrum for aPP®R! indicated that it was less a-helical, possibly due to
helical disruption from the additional Arg residues.'® Confocal microscopy images
indicated that the fluorescence colocalized with dextran and diffuse fluorescence
implied either endosomal escape or an alternative, non-endocytic entry pathway.

Next, Smith et al. established another generation of cationic miniature proteins that
access the interior of cell by grafting 2—4 arginine residues onto PPII helix of the
transcription factor YY2 and at the same locations in the PPII helix as aPP (Figure
1.1)."° The constructs FUYY24R1 and FluYY25RT were shown to be cell-permeant at similar
levels to FUaPPSR1 .19 The introduction of multiple arginine residues decreased the Ty,
but did not disrupt folding.®

These introductory studies provide evidence that structured peptides containing
arginine residues at discrete locations increase cellular permeability as well as
endosomal escape (or an alternative entry mechanism for cytosolic access). It is
important to be clear that at this point in time, it was not certain where inside the cells
these miniature proteins were located due to the limitations in microscopy techniques.
Ultimately, these experiments influenced the rational design of a translatable a-helical
motif that promotes endosomal escape.

1.3 A Translatable Motif that Promotes Endosomal Escape
1.3.1 Methods for Measuring Endosomal Escape

There are two discrete challenges that molecules face when attempting to
access the cell interior: (1) uptake into the endosomal pathway, and (2) endosomal
release, or the ability to actually reach the cytosol. To evaluate whether miniature
proteins or other CPPs reach the cytosol, it is necessary to design assays that can
distinguish between endosomal uptake and escape. Our contributions to assessing
endosomal escape are summarized below, and a broader review of assays that
measure total cellular uptake and those that determine cytosolic localization is
summarized in Deprey et al.?°



As many have noted,?2° traditional confocal microscopy struggles to differentiate
between cellular delivery and access to organelles within the cell. Fixation methods can
alter signal distribution within the cell (e.g. fluorescence moving from endosomes to
cytosol due to membrane permeation by harsh reagents) and peptides bound to the cell
membrane can result in false positive signals. Our group mitigates these problems by
treating cells with trypsin to remove surface bound material before live cell imaging.'®

To design an assay that provides a readout of cytosolic access, Appelbaum et al.
and Holub et al. built upon two observations (1) dexamethasone (Dex) binds cytosolic
glucocorticoid receptor (GR), which can be detected by transcription of luciferase in cell
lysate** and (2) Dex treatment leads to nuclear accumulation of GR-green fluorescent
protein (GR-GFP)*. Holub et al. improved upon these two independent assays by
developing a GR assay called glucocorticoid-induced eGFP induction (GIGI), which
utilizes a transient transfection of GR-GFP. In the absence of Dex, GR-GFP is cytosolic
and nuclear, but upon addition of Dex, the nuclear GFP signal increases.'® Two
modifications enhanced the initial assay: (1) a variant of GR, GR*, with improved affinity
for Dex and Dex-tagged materials is expressed and (2) instead of encoding luciferase
asin Yu et al.,** eGFP is encoded to allow 6—-24 h measurement times and conduct the
assay in living cells.'” Live cell microscopy then determines whether a molecule
localized to the cytosol by assessing nuclear accumulation of GR-GFP with peptide-Dex
conjugates through calculation of a translocation ratio (TR, the median GFP signal in
the nucleus divided by the median signal within 2 um of the cytosolic region surrounding
the nucleus).'>'” A TR near 1 mean equal intensity in the nucleus and surrounding
cytosol. The assay works in multiple cell lines (HeLa, HEK293T, U20S), but a stable
cell line, U20S(GIGI), was generated to eliminate the transfection step and make the
assay high throughput.'” GIGI is an amplified assay that provides information on
cytosolic release and while it can be assessed using adherent cells under the
microscope, a cell lysate can also be evaluated by a plate reader. While this assay is
amplified, indirect, and qualitative, it is useful for molecules whose cytosolic access is
low?® and provides a good first analysis of endosomal escape of Dex-tagged
molecules.’

Glucocorticoid-induced eGFP translocation (GIGT) is a nonamplified version of
this assay that uses high-content images in live cells and further improves on the Yu et
al. assay** by eliminating the need for transcription and translation (minimizing a time
delay), instead directly quantifying translocation of GR* fusion from cytosol to nucleus in
live cells.”

To increase the rigor in which delivery into the interior of cells is evaluated,
LaRochelle et al. were the first to use fluorescence correlation spectroscopy (FCS) in
live cells to compare cytosolic concentrations achieved by CPPs and CPMPs,'8:25:30.31.46
FCS directly and absolutely quantifies the material inside the cytosol, whereas other
assays only provide comparative measurements.'®2%46 FCS generates an
autocorrelation curve from fluctuations in fluorescence intensity. This curve can be fit to
an appropriate model of diffusion to calculate the concentration in various organelles,



the size, and the mobility of the molecules being studied.*® Previous work using FCS in
the CPP field evaluated penetratin and MTS peptide, but high background and pH
sensitive dyes limited the technology.#”#® Using both flow cytometry and FCS
measurements, total cellular uptake and cytosolic concentrations can be compared,
allowing a fuller picture to be drawn. FCS drawbacks include that protein degradation
may be of concern (depending on the protein being studied) and the assays are time
consuming, but this technique provides a precise measurement and high-quality data
that other endosomal escape assays simply cannot achieve.

Similar to observations comparing flow cytometry data with cytosolic
concentrations determined by FCS,2%3149 the comparison of cytosolic delivery assessed
by a biotin ligase assay using various protein uptake strategies also showed that
endosomal uptake does not correlate with cytosolic delivery and that there are cell line-
dependent differences.? Additional assays continue to be described®'-%? and will no
doubt have significant contributions to the screening of putative CPPs and CPMPs.

1.3.2 A Motif that Promotes Access to the Cytosol

To evaluate whether Arg-containing miniature proteins reached the cytosol,
Appelbaum et al. used the GIGI assay.'® Variants of miniature protein aPP (containing
two innate Arg residues near the C-terminus) were designed to carry 1-6 Arg residues
at the solvent-exposed a-helical surface of the hairpin fold. The Arg substitutions did not
alter folding in seven out of eight designs as determined by CD (addition of 6 Arg
decreased both helicity and Ty, similar to the observation with aPP®R1).15 apPp
containing 4 or 5 Arg and tagged with a rhodamine fluorophore (R) exhibited higher
uptake by flow cytometry. Specifically, constructs with five Arg placed on either two (5.2)
or three (5.3) faces of the alpha helix—deemed aPP5.2R (equivalent to aPP*R") and
aPP5.3R—were taken up with higher efficiency than TatR or ArgsR. Structurally
compared to Tat and Args, aPP5.2 and aPP5.3 contained twice the mass and one less
overall positive charge (7 rather than 8).'® This study suggested that simply increasing
overall charge of protein transduction domains does not correlate with increased uptake
into cells.

aPP5.3 was identified as one of only four miniature protein variants containing
arginine residues that accessed the cytosol using the GIGI assay.'>'” GIGI studies
revealed that approximately the same amount of aPP5.3P¢x TatP®*, and ArgsP®* reach
the cytosol due to similar translocation ratios.' To establish whether aPP5.3 was intact
within cells, whole-cell lysates generated by HelLa cell treatment with streptolysin O
(SLO, generates membrane pores but not in cytoplasmic vesicles) were evaluated by
HPLC.'S The analysis indicated no cleavage of aPP5.3R, whereas retention times varied
for TatR and ArgsR, consistent with observations that unstructured CPPs degrade®? and
supporting the hypothesis that structured peptides would improve cellular stability.'®
This suite of experiments provided motivation to evaluate the translatability of the 5.3
arginine (penta-Arg) motif.



Zinc finger nucleases have been implemented in genome therapies,>* providing
incentive to engineer cell permeability into a zinc finger protein for cell-permeant
therapeutic application. CP1 is a zinc finger peptide containing a CyszHis2 zinc binding
site.%® Appelbaum et al. grafted the penta-Arg motif onto this peptide to generate ZF5.3.
Flow cytometry results showed that ZF5.3R experienced higher uptake than TatR and
ArgsR in Hela cells, even at 500 nM (many CPPs require micromolar concentrations to
access cells®57),1518 As assessed by FCS, ZF5.3 reached the cytosol at delivery
efficiencies >70%.'® For comparison, Tat® and ArgsR exhibited delivery efficiencies of
2% and 4%, respectively. Cytosolic fractionation and UPLC analysis of the cytosol
showed that the cytosolic fraction comigrated with ZF5.3R in buffer and that 70%
remained intact (aPP5.3R remained 12% intact), supporting the SLO assay that ZF5.3R
does not degrade within cells.'>'® FCS experiments indicated penta-Arg-containing
miniature proteins reach the cytosol with efficiencies >50%, which is approximately 10-
fold higher than those of Tat and Args, and similar to hydrocarbon-stapled peptides.'®
These results suggest that CPMPs overcome the bottleneck of endosomal escape to
reach the cytosol in high quantities.

1.3.3 Summary

The ultimate goal of this work was to develop a structured cell penetrating
peptide based on the scaffold of miniature proteins. By increasing the number of
arginine residues on multiple miniature proteins, the total cellular uptake and cytosolic
concentrations also increased. Multiple accounts?%3'49 support that measuring total
cellular uptake (by means of flow cytometry, for example) does not correlate with
cytosolic concentrations, again, showing that the uptake and endosomal release are two
discrete biological pathways. Ultimately, ZF5.3 exhibited the highest delivery efficiency
(>70%) and is the best candidate to apply to the delivery of larger cargoes. The levels
that ZF5.3 reach in the cytosol rival those of stapled peptides, which have clinical trials
in humans.%® With evidence that CPMPs accesses the cytosol at high nanomolar
concentrations, it became interesting to determine the mechanism by which CPMPs
enter cells and reach the cytosol.

1.4 A Portal into the Cell

It is well appreciated that cargo require 2 discrete steps: (1) uptake and (2)
endosomal escape.?52%-3149 We have used a variety of techniques to understand how
miniature proteins complete these cellular processes.

1.4.1 Cellular Uptake

Previous studies show that Tat and Args bind to cell-surface proteoglycans,®®
which suggests a mechanism of uptake based on direct interaction of CPPs with the cell
membrane. To confirm endocytosis was a major pathway for access into the cell as
described for other cationic peptides,>® cell uptake of fluorescein-labeled (Flu) miniature
proteins Fl'aPP5R! and FluaPP®R" was shown to be temperature- and ATP-dependent.’®
To evaluate the mechanism of subsequent aPP variants, Appelbaum et al. compared



incubation of cells at 4 °C and 37 °C.' Uptake of miniature proteins aPP5.2 and aPP5.3
improves at 37 °C, similar to Tat and Args and suggesting that the internalization process
is ATP-dependent. When analyzed by confocal microscopy, rhodamine-tagged aPP5.2
and aPP5.3 colocalize with the endosomal marker transferrin-AlexaFluor488,6%61 with
Pearson’s Ragsr values of 0.739 (aPP5.2) and 0.637 (aPP5.3) compared to Pearson’s
Rass,r values of 0.779 and 0.661 for Tat and Args, respectively.'® These results imply
that miniature proteins and canonical CPPs traverse similar pathways of uptake into
endosomes.

To evaluate specific modes of endocytic uptake, Appelbaum et al. treated cells
with inhibitors of various cellular processes before assessment of uptake and cytosolic
delivery.'s Clathrin-mediated endocytosis, pinocytosis, and caveolin-mediated
endocytosis all depend on dynamin,®? which is inhibited by dynasore (prevents GTPase
activity such that coated pits necessary for endocytosis do not form)® and methyl-3-
cyclodextrin (MBCD, depletes cellular cholesterol).®* Clathrin-coated pit formation
requires actin remodeling,®? which is inhibited by N-ethyl-isopropyl amiloride (EIPA).5°
Actin remodeling is required for some dynamin- and cholesterol-independent endocytic
pathways.

Dynasore inhibited uptake of aPP5.3R, ZF5.3R, TatR, and ArgsR, implying these
molecules are taken up by cells in a dynamin-dependent manner.'> MBCD treatment
inhibited aPP5.3R, ZF5.3R, and TatR uptake, yet enhanced ArgsR uptake, suggesting that
the mechanisms of entry are not identical. EIPA also decreased the uptake of the two
CPMPs and two CPPs, suggesting that actin metabolism is necessary as part of the
uptake mechanism.'® When evaluated using GIGI, dynasore, MBCD, and EIPA
decreased the GR*-GFP TR of aPP5.3P® and TatP®*; dynasore and EIPA reduced TR
of ArgsP®*, but not MBCD. In other words, the CPMPs cannot reach the cytosol when the
inhibitors are present and cannot find an alternative pathway to endocytosis (except for
perhaps ArgsP®*)."® Therefore, endocytosis is the primary uptake pathway for aPP5.3
and Tat and not one based on passive diffusion.

1.4.2 Endosomal Escape

Once inside of the cell, miniature proteins escape from the endosome. To
evaluate if endosomal acidification was required for endosomal escape, Appelbaum et
al. tested bafilomycin inhibition of vesicular ATPase (preventing endosomal
acidification)®®-¢” and indeed did see that acidification was required.'® Not only do
endosomes acidify as they mature, but endosomal protein and lipid markers change
during pathway progression.®® Early endosomes are characterized by Rab5+ vesicles,
while late endosomes contain Rab7.%8 In evaluating overlap between rhodamine signal
of miniature proteins with GFP-fused endosomal markers (Rab5-GFP or Rab7-GFP),
aPP5.3R colocalized with both Rab5+ and Rab7+ endosomes.'®

When Rab5%°t (an inactive GTPase mutant®®) was used to stop endosomal
maturation, Tat®®* could not reach cytosol but both ArgsP®* and aPP5.3P®* could,
implying yet again that miniature proteins and CPPs themselves have differing



mechanisms as they traverse the endosomal pathway.'® The phosphoinositide 3-kinase
(involved in intracellular trafficking) inhibitor wortmannin’® decreased the ability of
ArgsPe* and TatP®* to get to the cytosol, but did not decrease ability of aPP5.3P* to
reach the cytosol.’® ZF5.3 behaved similarly in these assays. Again, while there are
differences in the endosomal escape mechanism, some of the cellular pathways are
similar. These studies suggested that CPMPs escape from early and late endosomes,
but we were interested in providing a more detailed mechanistic pathway.

To this end, Steinauer et al. asked whether CPMPs (aPP5.3 and ZF5.3) or other
CPPs (D-Args (a proteolytic resistant version of Args’'), SAH-p53-8, and CPP12)
promoted endosomal rupture to escape from endosomes. Two assays were analyzed to
assess both subtle and major forms of endosomal rupture: (1) galectin recruitment and
(2) Lys9 leakage.3° Endosomal rupture allows B-galactosides to move from the lumen of
the endosome to the cytosol, resulting in recruitment of galectin proteins (Gal) to repair
the endosomal damage. Gal3 and Gal8 are recruited to Rab7+ and Lamp1+, which are
present in late endosomes.”?"® This process can be observed by fusing eGFP to
galectin. No CPMP or CPP damaged endosomes at low micromolar concentrations,
indicating that major endosomal damage does not contribute to the escape mechanism
of CPMPs or CPPs.*

In the second assay, Lys9—uwhich is taken up by endosomes but remains
trapped without access to the cytosol’*’>—was used to evaluate transient damage.
Lipofectamine RNAIMAX induces endosomal damage’®’® and was used as a positive
control; the molecule showed a dose-dependent increase in the amount of Lys9 that
reaches cytosol.>° No dose-dependency was observed with L-leucyl-L-leucine methyl
ester (LLOMe)’?, which could be due to Lys9 only getting out of endosomes prior to
lysosomal stage. Below 2 uM there was no significant endosomal leakage of Lys9. At
higher concentrations (2.4 uM), leakage was observed for aPP5.3 and ZF5.3, but not
SAH-p53-8, D-Args, or CPP12.3% While aPP5.3 and ZF5.3 can cause minimal
endosomal damage but do not cause cellular toxicity (ECso values >20 uM3°).

To understand the mechanism by which CPMPs access the cytosol, Steinauer et
al. designed an siRNA screen to evaluate genes whose knockdown affected either total
cellular uptake or cytosolic concentrations. This genome-wide siRNA screen used a
high throughput GIGT assay'’ to evaluate whether Dex-tagged CPPs reach the
cytosol.>® Saos-2 (GIGT) cells were transfected with a Dharmacon human genome
library, incubated with aPP5.3°¢*, and their cytosolic localization evaluated using the
GIGT protocol in fixed cells.?° Live cell flow cytometry and FCS were completed on the
final 28 hits to evaluate uptake and cytosolic access of ZF5.3R" since it is more stable
and reaches cytosol more efficiently.’®3° In summary, six genes strongly inhibited
cytosolic access, 13 moderately inhibited cytosolic access, and one gene promoted
cytosolic access. SAH-p53-8R was also evaluated in this manner: both ZF5.3 and the
stapled peptide had 5 common genes that regulate cytosolic delivery (VSP39, LYPLAT,
CASC1, INA, and KLHDC10).*°



One of these shared genes, VPS39 encodes a subunit of a six protein complex
known as the homotypic fusion and protein sorting (HOPS) membrane-tethering
complex that recruits the remainder of the HOPS complex in Rab7+ endosomes (the
HOPS complex is required for fusion of Rab7+ maturing and late endosomes with
lysosomes).”® The class C core vacuole/endosome tethering (CORVET) complex
shares four of six subunits with the HOPS complex, but is required for Rab5+ early
endosomal fusion with maturing endosomes.”® Both VPS39 and VPS41 (the other
unique subunit to HOPS) decreased ZF5.3R and SAH-p53-8R cytosolic delivery whereas
CORVET-specific subunits (TGFBRAP1 and VPS8) did not.3* TGFBRAP1 depletion
increased both overall uptake and cytosolic localization of ZF5.3R and SAH-p53-8R.
Similar results were observed with D-Args® and CPP12R, but ZF5.3R and SAH-p53-8R
may depend on the HOPS pathway more strongly given the larger differences in
cytosolic concentrations.®® These studies imply that HOPS activity is necessary for
endosomal escape but CORVET is not.

To evaluate if an active HOPS complex is required for endosomal escape,
HOPS-dependent delivery of dextran to lysosomal compartments was quantified using
fluorescence colocalization.®® Dextran will only be delivered to lysosomal compartments
if endosomal fusion of Rab7+ endosomes occurs (dependent on an active HOPS
complex). Alexa Fluor 488-tagged dextran was added to cells which were stained with
Magic Red (becomes fluorescent in presence of active cathepsin B which is an enzyme
in mature lysosomes’®). CPP or CPMP addition to the cells did not affect HOPS activity;
these five molecules did not inhibit or enhance HOPS-mediated fusion suggesting
active, functional HOPS complex is required.®® Knockdown of VPS39 decreased the
colocalization of ZF5.35R with Lamp1-GFP indicating that HOPS activity is required to
move ZF5.3R to Lamp1+ endosomes prior to escape to the cytosol.3°

Within the endosomal system, ZF5.3R colocalizes minimally with Rab5-GFP
(early and maturing endosomes), but strongly with both Rab7-GFP (maturing and late
endosomes) and Lamp1-GFP (late endosome/lysosome).3® When Rab7 is bound to
GTP, it interacts with HOPS to mediate fusion with lysosomes, providing a connection
between endosomal escape at the late endosome stage.”® Using YM201636, an
inhibitor of the phosphoinositide kinase PIKfyve that enlarges Rab7+ endolysosomes,&°
confocal microscopy and line profiles across the enlarged vesicles showed that the
ZF5.3R signal was distinct from the GFP signal, indicating that the ZF5.3R lies within the
endosome and not on the surface.3® CPMPs localize to intraluminal vesicles (ILVs) as
indicated by colocalization of ZF5.35R with N-(lissamine rhodamine B
sulfonyl)phosphatidylethanolamine (N-Rh-PE, an ILV marker)3!.30

Taken together, these results suggest three possible models for endosomal
escape: a direct shuttle model where CPMPs directly bind HOPS and as endosomes
mature are released to the cytosol, a fusion-mediated escape model where HOPS-
mediated fusion results in leakage of CPMPs, and an ILV-mediated escape model
where back-fusion releases CPMP into the cytosol. Other CPPs (including CPP12) have
shown similar models utilizing compartments inside of endosomes for ultimate release
to the cytosol.8283
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1.5 Applications
1.5.1 Stapled Peptides

Hydrocarbon stapled peptides were introduced in 20008 and have entered
clinical trials;%® the staple helps to confer both structure and protease resistance in a-
helical peptides.®* To determine the endosomal escape efficiencies of a series of well-
studied stapled peptide inhibitors of the HDM2-p53 interaction,8® LaRochelle et al.
employed FCS. SAH-p53-4 binds HMD2 with high affinity in vitro,'* but cannot be taken
up by Jurkat T-cells. SAH-p53-6 — 8 bind HDM2 with similar affinities (K4 ~50—-60 nM),
possess an overall +1 charge, and are taken up at similar levels by Jurkat T-cells. Yet
even with these similarities, only SAH-p53-8 causes death of HDM2-addicted SJSA-1
cells in culture, indicative of inhibition of the HDM2-p53 interaction.' This implies that
while these peptides can be taken up by cells, only SAH-p53-8 can reach the cellular
environment necessary to exhibit its function. This hypothesis was confirmed by flow
cytometry and FCS analysis,'® which showed that the SAH-p53- series accessed the
cytosol at concentrations were 8 >> 6~7 >4. SAH-p53-8 had over 50% delivery
efficiency within 30 min in HelLa cells. Interestingly, some unstapled (containing alkene
side chain but no cyclization) peptides reached the cytosol at higher levels than SAH-
p53-7 but less than SAH-p53-8."8

To build upon these observations, Quach et al. engineered the penta-Arg motif
into SAH-p53-4 (-2 overall charge) to create a cell-permeant variant.*® The design
BP1.1 incorporated the canonical penta-Arg motif with Arg substitutions ati,i+4,i+7,i
+10, i+ 11 (residues 14, 18, 21, 24, 25; +3 charge) mirroring the motif in aPP5.3 and
ZF5.3. Results indicated that uptake and endosomal escape are two different biological
processes; FCS analysis indicated this construct did not appreciably reach the cytosol.*°
It is possible that the extra constraint of the stapled peptide put the Arg residues in a
distinct conformation from aPP5.3 and ZF5.3. Additional penta-Arg placements were
evaluated, maintaining an overall charge of +4.4° BP1.4R (5 Arg on one face of the helix
but distributed axially throughout peptide) exhibited the highest uptake determined by
flow cytometry, possibly resulting from more favorable interactions with surface
proteoglycans. However, little material reached the cytosol. BP1.6R (Arg ati, i + 3, i + 4,
i+7,and i+ 8; one face of helix near C-terminus) reached cytosol at 284 + 23 nM,
comparable to SAH-p53-8R (256 + 33 nM).*° It is possible that the N-termini of these
constructs were too flexible — again, showing that structure is important (the original
hypothesis of developing CPMPs with structure vs unstructured CPPs). In assessing
cell viability of disease-relevant cell line (HDM2 expressing SJSA-1 cells); BP1.6 was
the most potent in cell viability, even when compared to SAH-p53-8."44° There may be
some off-target toxicity at higher uM concentrations. These studies show that it is
necessary to recognize every molecule is unique when designing cell-permeant
versions that contain multiple arginine residues. For hydrocarbon stapled peptides,
arginine residues should be placed between and/or near the staple for enhanced cell
uptake and cytosolic release.

1.5.2 Beta Peptides
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The concept of strategically placing arginine residues to increase cellular uptake
of miniature proteins was also applied to B-peptides, which incorporate 3 amino acids
containing an additional carbon in their backbone. 3-peptides retain the ability to form
helices and unlike their a-peptide counterparts, impart additional stability through
improved gauche interactions and limited recognition by cellular proteases.?¢ Previous
studies examined B3-peptide delivery with no cellular functions,®”-8° but Harker et al.
was interested in expanding this strategy for 3-peptides to exhibit cellular access and
biological function. Using similar strategies as Daniels and Schepartz and Smith et
al.’®1° py incorporating B3-homoarginine (B%hR) residues to distinct locations on a 14-
helix (in this case within the salt bridge to retain helical structure), B3-peptides were able
to reach the cell interior.®® These B3-peptides containing B3hR (B53-12SB; and B53-
12SB3) were designed to bind HDM2 and shown to inhibit the interaction of HDM2 with
a p53-derived peptide containing fluorescein (p53AB™") in vitro.?® The oncogene HDM2
binds tumor suppressor protein p53 and provides a therapeutically-relevant interaction
for inhibition.8® A subsequent study described B-peptides containing diether and
hydrocarbon bridges (similar to stapled peptides) that were taken up by cells and had
affinity for hDM2, yet the B3-peptide B53-12SB3 containing the cationic patch had the
highest cellular uptake and colocalized with endosomes.®! These studies illustrate that
the concepts learned from design of CPMPs including specific positioning of arginine
residues can be extended to B-peptides.

1.5.3 Delivery of Protein Cargo

We know from previous studies, that miniature proteins can deliver small
molecules, including a range of fluorophores (e.g. rhodamine, fluorescein, SiR) and
dexamethasone. We began exploring the biological space by evaluating delivery to the
cytosol using the model cargo SNAP-tag conjugated to a variety of CPPs and CPMPs
(Figure 1.2).25 SNAP-tag (20 kDa) is a self-labeling enzyme derived from human DNA
repair protein Of-alkylguanine-DNA alkyltransferase (hAGT).%?-°* In addition to
analyzing uptake and cytosolic delivery using miniature proteins (aPP5.3 and ZF5.3 as
ZiF), we wanted to compare these delivery tools to other molecules, namely
unstructured peptides (Args, penetratin) as well as cyclic peptides (CPP9 and CPP12).
Using a pH-sensitive dye to estimate cytosolic access, the trafficking of CPP9 and
CPP12 was reported to be similar to aPP5.3 by Qian et al.,'? warranting analysis by
FCS to determine exact cytosolic concentrations. The self-labeling enzyme provided a
facile handle to append a fluorophore and the majority of constructs were generated as
genetic fusions. For those that could not be expressed as a genetic fusion, (e.g. cyclic
peptides with nonproteinogenic amino acids), sortase-based conjunction was
completed.?®

Delivery of SNAP-tag tagged with either of two penta-Arg-containing miniature
proteins was compared to several canonical CPPs and cyclic peptides. The wild-type
SNAP-tag containing a rhodamine fluorophore (SNAPR) had minimal levels of total
cellular uptake (as determined by flow cytometry) and cytosolic accumulation (<2 nM,
quantified by FCS).25 ZF5.3-SNAPR exhibited a 17-fold increase in cellular uptake

12



compared to SNAPR, whereas CPP9-SNAPR had comparable levels of total cellular
uptake as SNAPR alone. This study showed that ZF5.3-SNAPR experienced the highest
cellular uptake in multiple cell lines (Saos-2, HeLa, and SK-HEP-1) and remained intact
even after it reached the cytosol. In analyzing FCS data, ZF5.3-SNAPR reached the
cytosol at the highest concentrations (58 + 6.1 nM with a 1 yM delivery concentration).
The only other SNAP conjugate to reach appreciable levels (>20 nM), was Penetratin-
SNAPR (23 + 2.9 nM).?° These studies show that the delivery efficiency of ZF5.3 alone
compared to when it is appended to protein cargo decreases from 70% to
approximately 6%. This could be due to differences in size between the peptide and
protein conjugate, similar to experiments with nanoparticles in which smaller particles
deliver more cargo into the interior of the cell than larger ones.®® Both time- and
concentration-dependent changes were present with increasing incubation time and
concentration of ZF5.3-SNAPR, but no increases were observed for CPP12-SNAPR for
either time or concentration.?® It was also of interest to determine whether SNAP would
remain active once it reaches the cytosol or whether the acidification of the endosome®?
would render it inactive during its cellular journey. After a 1 uM 30 min uptake with CPP-
SNAP conjugates, the dye SNAP-Cell© 505-Star incubated with cells for 45 min. Diffuse
fluorescence was observed in confocal microscopy images and an increase in SNAP-
Cell© 505-Star signal was exhibited by ZF5.3-SNAPR and Pen-SNAPR and implying that
SNAP-tag is still active when it reaches the cytosol.?> aPP5.3-SNAPR and Args-SNAPR
had punctate fluorescence, indicative of being trapped within endosomes. These
studies, taken together, support that ZF5.3 is the delivery vehicle that results in the
highest cellular uptake and cytosolic concentrations even when compared to canonical
CPPs, resonating with peptide data corresponding to ZF5.3.18:25.30

To show that additional proteins could be delivered using CPMPs, we evaluated
APEX2 delivery using ZF5.3. APEX2 (27 kDa) is an enzyme that biotinylates nearby
proteins and is used in determining protein-protein interactions (Figure 1.2).%° After
confirming that the addition of ZF5.3 or the rhodamine (R) tag did not impede in vitro
activity, cells were treated with 1 yM APEX2 proteins. There was a 2-fold increase in the
total cellular uptake of ZF5.3-APEX2R compared to APEX2 alone.?® ZF5.3-APEX2R
reached average cytosolic concentrations of 17 £ 1.0 nM and while APEX2 alone
reached concentrations of 4.7 + 0.41 nM. Additionally, ZF5.3-APEX2 was active in cells
using an AmplexRed assay (this assay could not state where ZF5.3-APEX2 was
present, just that the enzyme could still turn over inside the cell). Ultimately, these
studies illustrate that delivery vehicle and cargo identity (size, charge, complexity, etc.)
play a role in how much material reaches the cytosol.

1.5.4 Enzyme Replacement Strategy

Previous studies demonstrated that monomeric, non-biologically relevant proteins
can be delivered to the cytosol of cells,?® but the question whether CPMPs could deliver
therapeutically-relevant cargo remained unanswered. Citrullinemia type | (CTLN-I)
results from the absence or deficiency of argininosuccinate synthetase (AS), an
essential component of the urea cycle (Figure 1.2), and results in the harmful
accumulation of ammonia in blood and cerebrospinal fluid. ZF5.3 can deliver AS, a
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cytosolic enzyme made up of four 46 kDa monomers that converts aspartic acid and
citrulline into argininosuccinic acid, to the cytosol of cells in culture and the livers of
healthy mice.®' The fusion protein ZF5.3-AS is catalytically active in vitro and stabilized
in mouse plasma. Additionally, it traffics to the cytosol of cultured Saos-2 and SK-HEP-1
cells, achieving cytosolic concentrations greater than 100 nM (3—10-fold higher than the
concentration of endogenous AS). When injected into healthy C57BL/6 mice, ZF5.3-AS
reaches the mouse liver to establish concentrations almost 200 nM above baseline.
These studies demonstrate that ZF5.3 can deliver a complex protein enzyme to the
cytosol at therapeutically relevant concentrations and support its application as an
improved delivery vehicle for cytosolic enzyme replacement therapies.

Additional applications that have been studied (unpublished results) include
monobodies for inhibitors of protein-protein interactions (e.g. AS27, NS1), transcription
regulators (e.g. MeCP2), and gene editors (e.g. Cas9). These results will soon allow us
to draw more complete conclusions about the impact of cargo size and charge.

1.6 Conclusions

The low efficiency of endosomal release is the most significant problem facing
the development of next-generation biologics.®” Uptake into the endocytic pathway
appears to depend predominantly on overall charge.?®°® Endosomal release is a
different beast entirely, and may depend on (a) protein size; (b) folding energy; and (c)
the engagement of endosomal remodeling machinery, which may itself be protein
dependent. Ongoing and future work will demonstrate the ability of our vehicles to
deliver a range of cargo with varying size, oligomerization, charge, etc. The applications
described herein explore penta-Arg motifs in stapled peptides, discrete arrays of
arginine residues in B-peptides, conjugates of CPMPs with proteins, and enzyme
replacement strategies. ZF5.3 itself has the highest endosomal release compared to a
number of canonical CPPs and cell penetrating peptides?® and additional groups have
observed high cytosolic delivery of both aPP5.3 and ZF5.3.72190 While many of the
applications described herein utilize proteinaceous material, we foresee that ZF5.3
could be used as a platform technology to deliver milieu of molecules, such as
antibodies (or antibody fragments), RNA, small molecule inhibitors, etc. We also
anticipate that as we continue to study the mechanism of CPMPs, we will identify
additional determinants of cytosolic access, including endosomal escape pathways.

An additional challenge is the limited number of studies completed in animals of
cell-penetrating peptides. Many of the journal articles from the cell-penetrating peptide
literature, even in the recent past, only evaluate cell delivery.5”8210-111 |n order to push
the field forward, there is a need to understand the effects of these delivery vehicles in
animals, including whether they reach the organs of interest and/or exhibit toxicity.
These future in vitro and in vivo studies may make it possible to correlate cytosolic
concentration with uptake/efficacy and predict the best cellular delivery strategies.
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The following chapters describe FCS methodology, diffusion parameters of free
dye and CPMPs, and delivery of SNAP-tag, argininosuccinate synthetase, and Cas9,
detailing our efforts towards cellular and animal studies with ZF5.3-containing proteins.
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1.7 Figures

Unstructured CPPs
Tat,, ., GRKKRRQRRRPQ
Arg, RRRRRRRR

PPII Helices
(PRR), /\/\/w
(PPR),

1 5 10 15 20 25 30 35
aPP GPSQPTYPGDDAPVEDLIRFYNDLQQYLNVVTRHRY
RR5-aPP RRPRRPRRPRRPGRRAPVEDLIRFYNDLQQYLNVVTRHRY

RR6-aPP RRPRRPRRPRRPRRPGRRAPVEDLIRFYNDLQQYLNVVTRHRY

RR3-aPP GPRRPRRPGRRAPVEDLIRFYNDLQQYLNVVTRHRY
aPp#i GPSQPTYPGDDAPVRDLIRFYRDLQRYLNVVTRHRY
apPp>rt GPSQPTYPGDDAPVRDLIRFYRDLRRYLNVVTRHRY
aPperL GPSQPTYPGDDAPVRDLRRFYRDLRRYLNVVTRHRY
aPP5.2 GPSQPTYPGDDAPVRDLIRFYRDLQRYLNVVTRHRY
aPP5.3 GPSQPTYPGDDAPVRDLIRFYRDLRRYLNVVTRHRY
1 5 10 15 20 25 30 35
YY2 APPLPPRNRGEDASPEELSRYYASLRHYLNLVTRQRY
YY24R1 APPLPPRNRGEDASPRELSRYYRSLRHYLNLVTRQRY
YY23Rt APPLPPRNRGEDASPRELRRYYRSLRHYLNLVTRQRY
Zinc Fingers —|:'|> :1/'\ M‘_
ZF WYSCNVCGKAFVLSAHLNQHLAVHTQAT
ZF5.3 WYSCNVCGKAFVLSRHLNRHLRVHRRAT

1 5 10 15 20 25

Stapled Peptides
SAH-p53-8 QSQQTF‘NLWRLL-QN

BP1.1 RSQERFERLWRRLHEEN
BP1.6 LSQETFERLWRRLERR
B-Peptides

B53-12 OILEIZOIFE
B53-12S5B3 RILRIZRIFE

Figure 1.1. Cell penetrating peptides (CPPs) and cell-permeant miniature proteins
(CPMPs) described in this chapter. Colors: green = structural residue, red = arginine
residue. aPP*R' and aPP5.2 are the same sequence. The aPP helix was obtained from
1ppt (RCSB PDB) and the zinc finger helix from 2EOZ (RCSB PDB). For stapled
peptides, the black rectangle and bracket indicates the location of the staple. For -
peptides, B3-homoamino acids are identified by the single-letter code used for the
corresponding R-amino acid. O = ornithine, Z = 3-(S)-3-amino-4-(2-
trifluoromethylphenyl)butyric acid.
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AS27 APEX2

11.6 kDa 27.0 kDa
pl 5.12 pl 5.50
SNAP-tag
20.1 kDa
pl 6.48

Argininosuccinate synthetase ZF5.3
46.5 kDa (monomer) 3.4 kDa
pl 8.08 pl 11.44
80—
9 Bl AS27
& 60- Bl APEX2
5 [ SNAP-tag
Q
E 40— Bl AS
- Bl ZF5.3
o
2 204
)
(]
0-

Figure 1.2. Proteins delivered to mammalian cells using CPMPs with respective size
(kDa) and isoelectric point (pl) information (without CPMP attached). Protein Data Bank
files for each protein: AS27 = 5dc4 (structure of AS25, similar to AS27) APEX2 = 1vOh
(parent structure of APEX2), SNAP-tag = 3kzz, argininosuccinate synthetase (AS) =
2nz2. Delivery efficiencies (concentration within the cytosol divided by incubation
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concentration) of protein cargo when attached to ZF5.3, averaged among cell type,
incubation concentration, and incubation time.
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CHAPTER 2

Quantification of Protein Delivery Using Fluorescence Correlation Spectroscopy
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2.1 Abstract

Fluorescence correlation spectroscopy (FCS) is a quantitative single-molecule
method that measures the concentration and rate of diffusion of fluorophore-tagged
molecules, both large and small, in vitro and within live cells, and even within discrete
cellular compartments. FCS is exceptionally well-suited to directly quantify the efficiency
of intracellular protein delivery—specifically, how well different “cell-penetrating”
proteins and peptides guide proteinaceous materials into the cytosol and nuclei of live
mammalian cells. This chapter provides an overview of the procedures necessary to
execute robust FCS experiments and evaluate endosomal escape efficiencies:
preparation of fluorophore-tagged proteins, incubation with mammalian cells and
preparation of FCS samples, setup and execution of an FCS experiment, and a detailed
discussion of and custom MATLAB® script for analyzing the resulting autocorrelation
curves in the context of appropriate diffusion models.

2.2 Introduction
2.2.1 Motivations for improving the delivery of intact, active proteins to the
cytosol and nucleus

There is enormous current interest in effective strategies for delivering protein,
DNA, and RNA therapeutics to the cell interior." With some important exceptions, most
proteins and protein-RNA complexes are too large and too polar to diffuse passively
across cellular membranes, and instead must enter, circumnavigate, and exit the
endocytic pathway to reach the cytosol and internal organelles. The exceptions to this
rule — most notably, the Tat transactivator from HIV-122 and the Antennapedia
homeodomain (Antp HD)* but others have been identified since® — have inspired the
synthesis of literally hundreds of potential “cell-penetrating” peptides that have been
studied across the globe.5-'® Much has been learned in the thirty years since the cell-
penetrating activities of Tat and Antp HD were discovered.'® But despite early promise,
there is still no general strategy to deliver diverse proteins to the cytosol or nucleus
reproducibly and at concentrations that permit their use as therapeutics or research
tools. Therapeutic enzymes that operate within the boundaries of the plasma membrane
exist — Cerezyme and Fabrazyme are two examples'® — but these replacement
enzymes operate within lysosomes, vesicles within the cell that are topologically
separated by a membrane barrier from the cell interior.?° It is well appreciated that the
biochemical problem hindering protein delivery is endosomal release, and that a general
and effective strategy for delivering proteins and their complexes to the cell interior
would establish a fundamentally new therapeutic modality.”-20-22

Although cell-penetrating peptides (CPPs) have been studied for decades, it has
been very difficult to optimize their structures and improve activity without a method to
directly assess how well they guide a cargo protein out of the endocytic pathway and
into the desired cellular compartment, often the cytosol or nucleus. Many indirect
methods exist for estimating how much of a protein or protein complex traffics to the cell
interior, but only one provides this information directly, quantitatively, and relatively
quickly — fluorescence correlation spectroscopy (FCS).2"-23 In recent years, we have
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used FCS to study and optimize the delivery efficiency of a family of proteins that carry
a defined array of five arginine side chains on a folded a-helical scaffold; we call these
molecules cell-permeant miniature proteins (CPMPs).824-2% This chapter provides a
"how-to” guide for executing robust FCS experiments: preparation of fluorophore-tagged
CPMP-protein conjugates, a workflow for mammalian cell work, and a detailed
discussion of FCS protocols and analysis, including a custom MATLAB® script to
analyze FCS traces with appropriate diffusion models.

2.2.2 FCS is a unique and useful tool for quantifying protein delivery

Directly measuring the absolute concentration of a protein in the cytosol of a live
cell is exceedingly difficult. As a result, multiple assays have been developed to
estimate the concentration of a given protein within the cytosol and thereby indirectly
inform on the efficiency of intracellular protein delivery. These assays rely on various
proxies for absolute protein concentration, including reporter gene expression,
luminescence, fluorescence, or enzyme activity, and some adapt nicely to high-
throughput analyses.?539-39 A recent review by Deprey et al. summarizes many of these
methods and provides an overview of current macromolecule delivery strategies.?
Although useful for high-throughput analyses, virtually all of the aforementioned
methods estimate cytosolic delivery via the amplification of an otherwise low signal
(such as a cytosolic fluorescence signal amplified by a multi-turnover enzymatic
reaction) and/or provide relative readouts, not absolute measurements. These features
complicate the development of the structure-activity relationships needed to optimize
the sequence of a putative CPP or CPMP because they fail to separate delivery
efficiency from the activity of the protein cargo being delivered. Flow cytometry (FC)
provides even less useful information as it fails to distinguish uptake into the endocytic
pathway from endosomal release.?6-2%2% Although biochemical fractionation followed by
analytical detection can directly measure the concentration of a molecule in the cytosol,®
this method is exceptionally time-consuming and requires multiple controls to ensure
the absence of cross-contamination. Fluorescence correlation spectroscopy, unlike the
aforementioned techniques, provides direct, absolute, and quantitative information
about cytosolic or nuclear delivery.

2.2.3 Introduction to FCS

Fluorescence correlation spectroscopy (FCS) was developed by Magde et al.
and used initially to detect DNA denaturation by monitoring the time-dependent
fluorescence fluctuations of ethidium bromide, a small molecule whose emission
intensity increases when it binds DNA.4%4! The theory that underlies FCS and myriad
applications of this technique have been reviewed extensively elsewhere.2.22.:40.42-47
Briefly, FCS collects information on how the fluorescence emission of a population of
single molecules fluctuates over time. These time-dependent fluctuations can be fit to
an autocorrelation function to provide quantitative information about the concentration
and diffusion rate of molecules in the population within a complex biological
environment.?!?2 FCS also provides insight into the kinetic and thermodynamic
properties of the fluorescent molecule in solution; the temporal relaxation of fluctuations
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provides kinetic information such as rate constants and the fluctuations of amplitudes
allows for thermodynamic analysis.?' Advantages of fluorescence as a detection method
in live cells include high sensitivity (detection in the low nM range), rapid
measurements, and low background.?'

While the earliest FCS experiments monitored the biophysical properties of
fluorescent molecules in vitro, recent applications provide workflows that allow FCS to
interrogate the properties of molecules in cellulo. The earliest FCS experiments related
to protein delivery studied the cell-penetrating peptides (CPPs) penetratin (whose
sequence is derived from Antp HD) and fibroblast growth factor-derived MTS
peptide.*®4% Subsequent FCS studies have probed CPP behavior in large and giant
unilamellar vesicles,%°-52 determined the hydrodynamic particle sizes of peptide-
containing nanocarriers,?? calculated diffusion properties,>*-% and analyzed CPPs on
the plasma membrane.*” FCS can also be used to analyze cytosolic extracts after cell
lysis.58-60

We have used FCS in combination with flow cytometry (FC) to differentiate
between CPPs that are simply taken up by the endocytic machinery and those that are
effectively released into the cytosol and/or nucleus.?6:282%61 The data obtained from FC
and FCS experiments are used together to calculate an endosomal escape ratio
(EER)? that provides a measure of endosomal escape and allows straightforward
comparisons between different CPPs or CPMPs:

EER = [cytosol]/TCU Equation 2.1

where [cytosol] is the cytosolic concentration (in nM) determined by FCS and TCU is the
total cellular uptake (in median fluorescence intensity units, MFI) determined by FC.
Analysis of the EERSs for a variety of CPPs and CPMPs fused to a common protein
cargo revealed that CPMPs escape endosomes and traffic into the cytosol and nucleus
with very high efficiency,®24-2% perhaps because they access a novel portal for
endosomal release.?® This chapter describes a live cell fluorescence correlation
spectroscopy method that is used in partnership with flow cytometry to calculate EER
values representing cytosolic (or nuclear) delivery of a fluorophore-tagged peptide or
protein.

2.3 Equipment and Materials
2.3.1 Synthesis of fluorophore-tagged CPPs and CPMPs

Methods to generate fluorophore-tagged CPPs or CPMPs that are suitable for
FCS measurements have been described.®2626¢ CPMPs themselves are most easily
prepared using solid-phase peptide synthesis; in this case the fluorophore can be
appended during synthesis (using custom monomers or orthogonal protecting groups)
or post-synthesis. The fluorophore chosen for FCS experiments must be bright and
sufficiently photostable to withstand laser powers of several 100 kW/cm?.2244 FCS-
suitable fluorophores span a range of emission wavelengths; the optimal fluorophore
will depend on the experimental question and FCS laser setup.t>-%7 For example, non-
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specific lipid-fluorophore interactions may influence the results of single-molecule
spectroscopy experiments.®® We have had success with Lissamine rhodamine B, which
is available in forms suitable for many different bio-orthogonal reactions (e.g. Invitrogen,
L20). Once an appropriate fluorophore is selected, multiple methods exist for generating
CPMP-protein conjugates; the ones that we find most useful are summarized below.

2.3.2 Preparation of fluorophore-tagged CPP- or CPMP-protein fusions

There are several ways to prepare a covalent conjugate between a CPMP, a
protein of interest, and a FCS-appropriate fluorophore.** We have found two strategies
particularly useful. In one, a bacterial expression plasmid encodes a CPMP-protein
fusion that includes a C-terminal substrate for a sortase transpeptidase.?%%°7° Once
purified, reaction of this fusion protein with a suitable fluorophore-tagged peptide co-
substrate generates a fluorophore-tagged CPMP-protein conjugate, often in high yield.
In a second strategy, a bacterial expression plasmid encodes a fusion protein that
consists of both a CPMP and a self-labeling enzyme such as a SNAP-, Halo-, or CLIP-
tag upon reaction with a fluorophore-containing substrate.2%".72 It is important to ensure
the method generates a single product—a homogeneous sample in which the
fluorophore is linked to a single, pre-determined amino acid side chain—as FCS
experiments performed with non-specifically and heterogeneously tagged proteins can
be difficult to analyze.** Several groups have developed methodology for protein
modification, including the incorporation of fluorophores, which is outside the scope of
this chapter and is reviewed extensively elsewhere.”3-76

Calculating the fractional labeling of a fluorophore-tagged CPP- or CPMP-protein fusion

As described in more detail in Section 2.6, FCS provides information on the
absolute concentration of a fluorophore-tagged protein within one or more internal
cellular compartments. If only a fraction of the protein is labeled with a fluorophore, FCS
will underestimate the efficiency of cellular delivery. Hence, it is essential to quantify the
fractional labeling of a fluorophore-tagged CPP- or CPMP-protein fusion. This value is
simply the ratio between the fluorophore concentration in the protein sample ([F],
established spectrophotometrically) and the protein concentration ([P], established
using a Bradford (e.g. Bio-Rad, 5000002) or Pierce (e.g. Thermo Scientific, 22660)
assay). One must ensure that the fluorophore spectroscopic signal does not interfere
with the protein concentration assay. This ratio is then used to calculate the actual
concentration of a fluorophore-tagged CPP- or CPMP-protein fusion in the cytosol
according to Equation 2.2:

[cytosol]corr = [cytosol]gcs * % Equation 2.2

where [cytosol]corr is the corrected cytosolic concentration, [cytosol]rcs is the cytosolic
concentration determined by FCS autocorrelation analysis, and [P] and [F] are the
concentrations of protein or fluorophore in a fluorophore-tagged CPP- or CPMP-protein
fusion sample, respectively.
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2.3.3 Cell Culture Work
Equipment and Instrumentation

Cell counter for plating (e.g. Cellometer Auto T4, Nexcelom)
COz incubator at 37 °C with 5% CO: (e.g. Autoflow NU-8700, NuAire)

Materials

6- or 12-well dish (07-200-83, Corning™ 3516; 07-200-82, Corning™ 3513)
Complete media (see Table 2.1)

Penicillin/streptomycin (p/s) (15140, Gibco)

Fetal Bovine Serum (FBS), heat inactivated (F4135, Sigma)

Sodium pyruvate (100 mM, 100X) (11360, Gibco)

Fluorophore-labeled proteins/peptides

Dulbecco's phosphate-buffered saline (DPBS) (14190-144, Gibco)
Treatment media (see Table 2.1)

Hoechst 33342 (H3570, Invitrogen)

Fibronectin from bovine plasma (F1141, Sigma)

8-well microscopy slide (Thermo Scientific; Lab-Tek Chambered Coverglass
borosilicate, 155411)

Digital micrometer (e.g. from Mitutoyo, 293-831-30)

1X TrypLE (no phenol red) (12604, Gibco)

Trypsin Quenching Media (also the plating media, see Table 2.1)
Dulbecco’s modified eagle medium (DMEM) without phenol red, high glucose,
with 25 mM HEPES (21063, Gibco)

Polystyrene round bottom 96-well plate (353077, Falcon)

2.3.4 Flow Cytometry
Equipment and Instrumentation

Flow cytometer with appropriate excitation lasers, e.g. Attune™ NxT Acoustic
Focusing Cytometer (Thermo Fisher Scientific)

Attune™ NxT software (Thermo Fisher Scientific)

FlowJo software (Version 7.6.1, FlowJo, LLC)

Attune Focusing Fluid (1X), 10 L (A24904, Thermo Fisher Scientific)

Attune Wash Solution (A24974, Thermo Fisher Scientific)

Attune Shutdown Solution (A24975, Thermo Fisher Scientific)

2.3.5FCS
Equipment and Instrumentation

The methods described here are specific for the LSM 880 Airyscan NLO/FCS
Confocal Microscope, which is a ZEISS Axio Observer Z1 inverted microscope
equipped with an Airyscan 32-channel GaAsP photon detector that operates at very low
laser power, making it suitable for live cell imaging.”® The instrument we use is
equipped with a C-Apochromat 40x/1.2 W Korr FCS M27 objective, but other lenses can
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be used. The live-cell incubation chamber is Nunc™ Lab-Tek™ chambered coverglass.
Other groups have used older ZEISS models*®8' and it is also possible to create a non-
commercial setup.”®8 Figure 2.1 illustrates the essential components of the LSM 880,
including the halogen lamp (the light source) and transmission photomultiplier (T-PMT,
a transmitted light detector). In the microscope setup, the laser hits a dichroic mirror that
reflects the beam through the objective and to the sample. The fluorophore emits
photons that pass through the dichroic mirror and travel through the pinhole, finally
reaching the detector. These photons originate from the in-focus area of the sample,
known as the confocal volume. The dimensions of the confocal volume of the laser must
be measured at the beginning of each FCS session (described in Sections 2.4.3 and
2.6).

Materials
Alexa Fluor 594 hydrazide (100 nM standard solution in MilliQ water) (A10438,
Life Technologies)

2.4 Methods

The following methods (Figure 2.2) are generally appropriate for multiple cell
lines (e.g., Hela, Saos-2, SK-HEP-1), concentrations of fluorophore-tagged protein or
peptide, and treatment durations. The protocol described here is specific for Lissamine
rhodamine B-tagged peptides or proteins. Many of the procedures described herein
have been summarized previously.?’

2.4.1 Cellular Treatment

Day 1

1. Plate cells in a 6-well dish (a 12-well dish can also be used; the surface area of a
12-well dish is 2.7-fold lower than a 6-well dish) using clear media with FBS but
no p/s at a density such that the cells will be 60-80% confluent on the following
day. Uptake is highly dependent on cell density, and thus this parameter must be
controlled to ensure the most robust comparisons. See Table 2.1 for media
pertaining to specific cell lines and seeding densities. The final volume in a 6-well
dish should be 1-2 mL (0.5-1 mL for a 12-well dish).

2. Incubate overnight at 37 °C with 5% CO:..

Day 2

3. Prepare sample treatments (500 uL/well) at various concentrations (typically 0.5—
3 uM) with samples diluted into Treatment Media (see Table 2.1).

4. Aspirate media, wash wells with 2 mL DPBS twice, aspirating media in between.

5. Add treatment solutions and incubate at 37 °C with 5% CO- for desired time
(typically 30—120 min). Note: it is difficult to perform a time course study with this
workflow in a single day, so we suggest running experiments defined by different
incubation times on separate days. A non-treated control is recommended to
ensure the sample cells are healthy prior to treatment.
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6. During the incubation, measure the thickness of an 8-well microscopy slide
(155411, Thermo Scientific) using a digital micrometer to adjust the correction
collar of the microscope. Note that adjusting the correction collar based on slide
thickness helps focus the microscope for maximum brightness (the brightness is
the number of photon counts emitted per second by a molecule, also defined as
the count rate).

7. Also during incubation, prepare solutions of fibronectin from bovine plasma (to
coat the microscopy dish) and Hoechst 33342 (nuclear stain). Prepare a 1:100
dilution of fibronectin by adding 10 pL of 1 mg/mL fibronectin to 990 uL DPBS
(final concentration 0.1 mg/mL). In addition, make a 1:100 dilution of 10 mg/mL
Hoechst 33342 stain by adding 1 pL of stain to 99 uL of DPBS (the final
concentration will be 300 nM in each well after dilution with treatment solution).
Fibronectin coating ensures that the cells can efficiently adhere to the glass
surface of the microscopy dish and its concentration may need to be adjusted
depending on the cell line.

8. Add 200 L of the fibronectin solution from Step 7 to each well of the microscopy
dish that will contain live cells and incubate at 37 °C with 5% CO2 during the
uptake and cellular workup. Note that the wells used to evaluate in vitro
standards need not be coated with fibronectin. It may be necessary to coat the
microscopy dish prior to addition of the fluorophore-tagged protein to ensure that
the fibronectin has sufficient time to adhere during a rapid uptake experiment
(less than 30 min).

9. During the last five minutes of the incubation, add 1.85 pL Hoechst 33342
solution from Step 7 to each well (again, final concentration of 300 nM/well) and
gently rock to ensure complete mixing. Incubate at 37 °C with 5% COx- for five
minutes.

10.Wash cells three times with 1 mL of DPBS, aspirating between washes.

11.Add 500 pL of 1X TrypLE to each well and incubate at 37 °C with 5% CO: for the
time in Table 2.1 (cell line dependent) until all cells are lifted from the dish.
Extended incubations in TrypLE without FBS quenching may result in cell death.
This step is important to both detach the cells and ensure the removal of surface-
bound peptides and proteins.8?

12. Transfer cells from each well into 15 mL Falcon tubes and rinse each well twice
with 1 mL of Trypsin Quenching Media (Table 2.1), adding each media wash to
the corresponding Falcon tube.

13. Centrifuge the cell suspensions at 200 g for 3 min at room temperature.

14. Aspirate the supernatant and resuspend the cells in 1 mL clear DMEM (no
phenol red, 25 mM HEPES, no FBS, no sodium pyruvate, no p/s).

15. Centrifuge the cell suspensions at 200 g for 3 min at room temperature.

16.During the above pelleting, remove the fibronectin solution from the microscopy
dish and wash three times with 200 uL of DPBS. Allow the third wash of DPBS to
sit in the dish until ready to plate cells. Note: do not let the dish dry during this
step.

17. After pelleting, aspirate the supernatant and resuspend the cells in 600 pL clear
DMEM (no phenol red, 25 mM HEPES, no FBS, no sodium pyruvate, no p/s).
The HEPES is necessary to prolong cellular lifetime.
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18. After aspirating the last DPBS wash from a well, add 300 pL of the cell
suspension to the well on the microscopy dish. Note: the amount of cell
suspension to be plated is dependent on the viability of the cells after the
treatment. Ideally, cells are fully viable (>90%) after the treatment and the
majority will re-adhere to the microscopy dish. If treatment with the protein of
interest decreases cell viability, optimal treatment concentration ranges should
be determined from independent, quantitative cell viability studies.

19.Incubate the microscopy dish at 37 °C and 5% CO> for ~15—20 min or until the
flow cytometry portion of the experiment is completed.

20. Centrifuge the Falcon tubes with the remaining 300 uL of cells at 200 x g for 3
min at room temperature.

21.Aspirate the supernatant and resuspend the cells in 200 uL of DPBS.

22. Transfer the cell suspension into an Eppendorf tube (1.5 mL) or a polystyrene
round bottom 96-well plate (#353077, Falcon) for flow cytometry analysis.

2.4.2 Flow cytometry of cells treated with a fluorophore-tagged CPP- or CPMP-
protein fusion

Perform flow cytometry at room temperature on at least 10,000 cells, using a flow
rate of 500 uL/min to collect the cell suspension. The procedure below makes use of an
Attune NxT Acoustic Focusing Flow Cytometer and 1.5-mL Eppendorf tubes or 96-well
plates. Flow cytometry provides information about total cellular uptake of a fluorophore-
tagged CPP- or CPMP-protein fusion relative to a non-treated control.

1. First gate non-treated live cells on the basis of forward scatter (FSC) and side

scatter (SSC) to identify the healthy cell population and eliminate dead cells.
Note that different cell types can display different FCS and SSC characteristics
due to differences in granularity and size. A detailed explanation of how to define
a gating strategy is found in the Attune NxT Flow Cytometer user manual.83 Once
a gate for the healthy cell population is defined, the gating parameters can be
reused for each experiment with that cell type.

2. Monitor the Hoechst 33342 and Lissamine rhodamine B channels (if both laser

lines are available). Obtain the fluorescence intensities of at least 10,000 cells in
the population (a healthy, non-treated cell population should be used as a
control). The violet laser (Thermo Fisher, Upgrade Kit 100022777) excites at 405
nm and the instrument can detect emission of 440 + 50 nm to monitor the nuclear
stain. For Lissamine rhodamine B, we prefer the yellow laser (Thermo Fisher,
Upgrade Kit 100022779) which excites at 561 nm to allow detection of 585 + 16
nm emission.

3. Export the data for use with FlowJo (see Section 2.5). Note that the instrument

user manual illustrates how to obtain descriptive statistics from the Attune NxT
software.®3

2.4.3 FCS of cells treated with fluorophore-tagged CPP- or CPMP-protein fusions

1. Once at the microscope, set the temperature of the incubator (XL unit) to 37 °C if
available. Note: it may be possible to extend cell lifetimes if the instrument is also
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equipped with a CO2 chamber (such as Heating Insert P S1 and CO»-Cover PM
S1, ZEISS). The experiments described herein do not make use of an instrument
equipped in this way; however, we have found that including HEPES in the
DMEM buffer can extend cellular lifetime when using an instrument that lacks a
CO2 chamber.
. Select the 40X water immersion lens (C-Apochromat 40x/1.2 W Korr FCS M27
objective) and carefully unscrew the objective to adjust the correction collar to the
measured dish thickness (see Section 2.4.1 Step 6 for measurement
procedure). Screw the lens back into the turret and add a drop of MilliQ water to
the objective.
. Add 200-400 uL of 100 nM Alexa Fluor 594 hydrazide in MilliQ water standard
solution to the well that was measured with the digital micrometer and then
mount the microscopy dish. Ensure that the lens is positioned below the standard
well. The Alexa Fluor 594 standard solution should be used at the start of each
session to optimize microscope parameters (see Step 6) and calculate the
confocal volume of the laser (see Section 2.6).
. In the FCS workspace, the following parameters should be applied (note that
these parameters are specific for Lissamine rhodamine B-tagged materials but
can be adjusted depending on the fluorophore used):
a. Summary of Acquisition Parameters: The laser used for FCS will depend
on the fluorophore being analyzed. For rhodamine-tagged materials, a
DPSS 561-10 nm laser can be used. Follow the instructions published by
the manufacturer to determine measure time, bleach time, laser strength,
and pinhole settings. ZEISS recommends starting with a bleach time of 0
s’® and we follow this suggestion. Higher laser strengths may increase
apparent diffusion times due to saturation of the fluorescence intensity,
which is discussed further in a chapter by Petrov and Schwille.?® The
pinhole diameter varies depending on the excitation wavelength.”®
b. Summary of Correlation Parameters: Correlation parameters - including
binning times, the maximum correlation time, and the number of tau
channels - must be defined as they are used to obtain autocorrelation
functions. We set binning to 0.20 ps, the maximum correlation time to
1000 s, and the tau channels to 8. The ZEISS manual describes how to
display the autocorrelation function (the temporal autocorrelation function
defined in Equation 2.5).7®
. Change the measure time to 60 s (or a timeframe long enough to complete the
following operation) and click ‘Start Experiment’. Increase the Z-position until a
rapid spike in signal intensity occurs (typically between 4-5 mm if the lens was
zeroed at the minimum Z-position). The signal intensity should be between 800—
1100 kHz. Note: do not begin measurements until the microscope reaches 37 °C,
as diffusion is highly temperature-dependent.®
. Set the pinhole to 1 Airy unit (AU) and adjust it in both the X- and Y-directions
with the coarse and fine programs. This process ensures the pinhole of the 561
nm laser is positioned for maximum intensity.
. Change the measure time to 5 s and record ten 5-s traces of the 100 nM Alexa
Fluor 594 standard. Note that, with this protocol, no fitting (based on a specific
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diffusion model) of the autocorrelation curves is completed at the microscope,
although the ZEISS software has the capabilities to perform fitting operations as
well.

8. To image live cells, position the stage such that the objective lens is below a well
that contains cells. Use the live brightfield (PMT channel) and the Hoechst 33342
channels to focus the cells in the Z-direction. The nuclei should be in focus prior
to initiating FCS measurements. It is important that cells are flat and adhered
properly to ensure that cytosolic or nuclear selection is accurate and that the
movement of the stage will not detach cells from the dish. SK-HEP-1 cells need
to incubate longer than Saos-2 and Hela cells at 37 °C before they are flat.

9. Obtain an image of the cells using the brightfield, Hoechst 33342, and rhodamine
channels.

10.Click the FCS tab and select “positions” so that the crosshair of the laser can be
positioned in specific cellular locations. Select several cytosolic (or nuclear)
locations with the crosshair for sequential measurements. Avoid bright punctae
as these typically represent endosomes. Sudden spikes in fluorescence intensity
during an FCS measurement typically originate from endosomes traversing
through the focal volume or by moving cells if they have not adhered properly. If
the detector receives too many photons, it will shut down automatically.

11.Begin the experiment, collecting ten 5-s traces at each chosen position within the
cell. The count rate (the number of photons hitting the detector) and an
autocorrelation curve of the count rate will be generated.

12.Complete Steps 8-11 for all samples, collecting data for as many cells as
possible.

13.Save all images as .Ism files and export FCS curves as .fcs files.

14.Turn off lasers and clean optics once completed.

2.5 Analysis

Flow cytometry data can be analyzed using FlowJo software (Version 7.6.1,
FlowdJo, LLC). Confocal images can be opened using FIJI (https://imagej.net/Fiji), which
allows one to examine individual channels or create a composite image. FCS data can
be analyzed using various diffusion models (described in Section 2.6).

2.6 Theory/Calculation
2.6.1 Introduction

Fluorescence correlation spectroscopy (FCS) is a biophysical tool that measures
the concentrations of fluorescently labeled molecules in the pico- to nanomolar range,
as well as their diffusion coefficients. Traditionally, diffusion coefficients are measured
by monitoring the rate of a system’s relaxation back to equilibrium from an initial state
displaced from equilibrium.?' FCS can determine these quantities from a system at
steady state, whether that system is at equilibrium or not, by taking advantage of the
spontaneous local fluctuations from Brownian motion and the Poisson process for
chemical reactions.?'?? The local fluctuations are observed using a fluorescence-based
readout by fluorescently tagging the molecule of interest. Since the average
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concentrations in the system, (e.g. within the cytosol of a living cell) remain constant in
space and time at long-time periods, the system can be understood as an average of
randomly selected 7 (time) intervals.?’ During these intervals, molecules constantly
diffuse in and out of the local subvolume, resulting in local changes in concentration and
therefore, fluctuations in fluorescence. The optical properties of the laser used to excite
the fluorophore create a detection volume—known as the confocal volume—which is
equivalent to the local subvolume described above. One criterion that must be met for
FCS is that diffusing fluorescent molecules must be able to freely traverse areas of high
(inside the confocal volume) and low (outside the confocal volume) excitation
intensities; to meet this criterion, the confocal volume must be less than the volume in
which the particles are confined (within the cell).?" Since the volume of a mammalian
cell (typically 100-10000 fL8586) is greater than the confocal volume (typically 0.57-0.75
fL28), this condition is met.

To extract meaningful information (such as the diffusion coefficient, D), a
statistical analysis of the fluctuation data needs to be completed. Experimental
measurements count photons during specific time intervals, 7.2! The autocorrelation
function G(7) (Equation 2.3) is an ensemble average and is independent of t because
the system is in steady state. The average product of fluctuation amplitude at
successive time points is a decreasing function of 7 as fluctuations regress to the steady
state—that is to say there will be a decrease in fluctuations over time (Figure 2.2).2’

2.6.2 Theory

Multiple models exist for characterizing molecular diffusion; we have found FCS
experiments involving fluorophore-tagged CPP- or CPMP-protein fusions can be
analyzed effectively using 3D diffusion and anomalous 3D diffusion models for in vitro
and in cellulo measurements, respectively. Descriptions of other diffusion types have
been extensively reviewed by Schwille and Haustein, Regner ef al., and Metzler et al.,
among others.?287-%0 |n puffer, fluorescently labeled molecules do not encounter many
obstacles in their diffusion paths and so a simple 3D diffusion model can be used to fit
the autocorrelation curves and calculate diffusion times and concentrations, described
by:

1

T T
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G(t) = (%) = Equation 2.3

where G(t) is the autocorrelation function, N is the average number of molecules in the
confocal volume, 7 is time, 4 is the diffusion time, and s is the shape factor. In
contrast, diffusion within a cell cannot be described by Brownian motion because the
crowded cell interior hinders the movement of molecules. Instead, fluorescent
molecules in cellulo are described by anomalous diffusion. This equation is similar to 3D
diffusion but includes an anomalous diffusion coefficient:

G(r) = (1) . z + G () Equation 2.4
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where « is the anomalous diffusion coefficient and G(«) is background autocorrelation.

G(0) is a thermodynamic property that provides information regarding
concentration and brightness of fluorescent molecules in a system. Fluorescent
molecules interact negligibly with each other, so the motion of each molecule is only
correlated with itself. This situation describes the ideal system in which the number of
molecules in the observation volume can be described by a Poisson distribution,
thereby allowing G(0) to represent the absolute number of molecules of a fluorophore in
the observation region (or confocal volume).?? If the confocal volume is known (see
Section 2.6.3 for determination), the concentration of the fluorophore can be calculated.
The amplitude of G(0) varies inversely with the number of fluorescent molecules in the
observation volume. If the confocal volume decreases, a given fluorophore can be more
concentrated for the FCS experiment (i.e. measurements would still be sensitive in
higher nM ranges).?

Before beginning FCS measurements in cells, it is advisable to conduct in vitro
characterization of fluorescently labeled proteins and peptides dissolved in buffer. A
theoretical diffusion coefficient of a spherical, globular macromolecule can be calculated
from its respective molecular weight using the Stokes-Einstein equation, as described
before.?8:88 Diffusion coefficients can be measured by FCS and compared to the
calculated values. Measured values should match the theoretical ones, especially for
proteins that are assumed to be spherical. If they do not, the protein might not behave
as expected in solution, i.e., it could be multimeric. Free, small molecule fluorophores
typically exhibit zqifr values that are smaller than those for fluorophore-labeled proteins.
In cellulo, the tqir of any given protein may be larger than that of the pure protein
dissolved in buffer.

2.6.3 Calculations

A temporal autocorrelation is applied to the fluorescence intensities obtained
over the course of the 5-s experiment, which normalizes how the fluorescence changes
over short periods of time:

(F()F(t+7))

G ==

Equation 2.5

where F(t) is the fluorescence at time t and (F(t)F(t + 7)) is an average of how the
fluorescence changes from its mean intensity.?>%° The measured temporal correlation
function can then be fit to the appropriate diffusion model (such as Equation 2.3 or 2.4).

The intensity and temporal autocorrelation curves generated by the ZEISS
software at the microscope’® are exported for use with a custom MATLAB® script.
Based on the diffusion model selected (the equation mode), the script averages the
autocorrelation data of the ten 5-s traces, calculates the least squares residuals, and
generates a best fit line of G(r). Using G(7), t4iff is determined from the inflection point.
The count rate data is used to generate intensity plots. This MATLAB® script produces
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files containing the following: fit parameters, average correlation curve and standard
deviation, intensity, percent bleaching, and correlation times. In addition, the agreement
(standard deviation between curves that is normalized after averaging over small
window from 0.03—-0.06 ms) and noise (function of t; represents the standard deviation
of correlation in the intercept region at 0.3—0.75 ms and is normalized by magnitude)
are generated. The MATLAB® script is available from GitHub
(https://github.com/schepartzlab/FCS).

For quantitative FCS, the confocal volume of the laser must be known. It can be
measured in multiple ways, including using a dilutional series of a sample with a known
concentration or calculating the volume from the FCS fit of a sample with a known
diffusion coefficient.?6-2687 We use the latter method; the advantage of using a well-
characterized fluorophore is that the sample concentration does not have to be known,
as long as it falls within the dynamic range of FCS. For the 561-nm laser, Alexa Fluor™
594 hydrazide serves this purpose well.

Briefly, to calculate the confocal volume, the autocorrelation data obtained from a
100 nM sample of Alexa Fluor™ 594 hydrazide are fit to a 3D diffusion model
(Equation 2.3, MATLAB® script equation mode = 2). Because the diffusion coefficient
D of the reference fluorophore is known (5.20 x 106 cm? s'),2 fitting these data to
Equation 2.3 allows one to extract the shape factor s and the effective confocal volume
Verr, according to Equations 2.6 and 2.7

wy = /(4D7g4¢) Equation 2.6
Verr = 132wy 3 % (1/s) Equation 2.7

where w;is the lateral extension (or radius) of the effective confocal volume.?® The final
concentration C in the effective confocal volume Ve can be calculated as follows:

C =N/(NA*Vesp) Equation 2.8
where NA is Avogadro’s number (6.022 x 1023 mol ).

In our experimental setup using the LSM 880 in combination with the DPSS 561-
nm laser, Ve ranges from 0.57-0.75 femtoliters. Slight day-to-day variations in the
volume are expected as the volume depends on the coverglass thickness and the
adjustment with the correction collar. Because of this inherent variability, it is crucial to
determine Vs at the beginning of each experiment and for each new microscopy dish
using the same experimental settings, such as temperature and laser power, as for any
subsequent in cellulo experiments.

To analyze in cellulo FCS experiments, set the MATLAB® script equation mode
to 9. The script will use Equation 2.4 to generate G(7) and determine the number of
molecules in the confocal volume and tqir. The fit autocorrelation curves are evaluated
to retain only high-quality data points, as described previously.?®¢ We exclude
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autocorrelation curves that exhibit diffusion times (zqifr) that are more than 10-fold higher
than the value calculated for the same protein in buffer. The observed in cellulo diffusion
time of a protein is expected to be longer than its in vitro diffusion time because of the
crowded cellular environment. If the diffusion time in cellulo is smaller than the value in
vitro, protein degradation should be suspected and evaluated if possible. Finally, traces
with poor signal—counts per molecule (cpm) below 1 kHz and/or low anomalous
diffusion coefficients (a < 0.3)—are also discarded. We typically retain at least 75% of
the collected data with these cutoff parameters. Use Equation 2.8 to calculate the
cytosolic or nuclear concentration of the fluorophore-tagged protein or peptide.

With the median fluorescence intensity obtained from flow cytometry and the
cytosolic concentrations calculated from FCS, applying Equation 2.1 allows comparison
of different fluorophore-tagged CPMP- or CPP-protein conjugates to understand
endosomal escape.

2.7 Conclusions

FCS has real advantages for quantifying protein delivery, as it is both quantitative
and sensitive, but the technique is unquestionably challenging for novices. First, the
setup needed to modify a confocal microscope for FCS is costly and requires genuine
expertise, especially for custom-built models. Second, the experiment itself demands a
pure, unique, and site-specifically labeled protein, whose synthesis and purification can
be challenging, especially for large or fragile proteins and enzymes (although novel
methods to achieve this goal continue to appear).44°' Third, the interpretation of FCS
data can be complicated by artifacts related to intracellular protein aggregation or
degradation, which may artificially decrease or increase both the calculated values for
the diffusion coefficient D and intracellular concentrations. Additional techniques may be
used to identify degradation events.?® Despite these challenges, when applied properly
and with suitable controls, FCS provides information that is difficult to achieve in any
other way, and can improve understanding of how (and how well) delivered proteins
traffic within and between cellular compartments. FCS can also be used in combination
with genetic knockdown strategies to identify genes whose expression modulates the
efficiency of endosomal release.?® In conclusion, FCS is a robust technique that
provides quantitative information about the concentration of a fluorescent species in a
sample with numerous biological and biophysical applications.
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2.8 Figures
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Figure 2.1. Microscope set up for FCS. In brief, an inverted microscope allows FCS
analysis of a live cell sample and the setup uses a pinhole to differentiate out-of-focus
and in-focus light. T-PMT is the transmission photomultiplier. Figure was created with

BioRender.com.
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Figure 2.2. Workflow for flow cytometry (FC) and FCS experiments. In brief,
adherent mammalian cells are treated with fluorophore-labeled protein and labeled with
Hoescht 33342 to stain the nuclei. After stringent washing steps, cells are lifted from the
culture dish using TrypLE and then quenched with FBS-containing media. Cells are
centrifuged, washed several times prior to a final sedimentation, and split into samples
for resuspension for flow cytometry and replating onto a microscopy slide for FCS
studies. At the microscope and using the stained nuclei to find the focal plane, the user
selects locations in either the cytosol or nucleus for the laser. In addition to expected
signal and autocorrelation, several sample fluorescence intensity (FI) and
autocorrelation curves are shown that could indicate a different mode of diffusion.
Figure was created with BioRender.com.
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2.9 Tables

Table 2.1. Information needed to prepare various mammalian cell lines for FCS
experiments.?

. . Plating & Approximate
. Seedl_n g Complete Media Treatment Trypsin Trypsin
Cell Line Density (refer to the ATCC Medi Q hi Incubati
(cells/well) website) edia uenching ncubation
Media Time (min)
Eagle’s Minimum
HelLa Essential Medium Clear DMEM C)(I1eg(;DFhéI§M
(CCL-2, 120,000 (30-2003, ATCC) (11965, Gibco), o ohenol’ 10
ATCC) with 10% FBS, 1X | no FBS, no p/s il
ols red, no p/s)
; Clear
McCoy’s 5A I\(/Ié:ﬁggzs}%A McCoy’s
(M8403, Sigma) with ’ (15% FBS,
Saos-2 15% FBS, 1X p/s HyClone), no no phenol
(HTB-85, 120,000 ’ ) phenol red, no 10
1X GlutaMAX, 1X red, no p/s,
ATCC) ; FBS, no p/s,
sodium pyruvate . and no
(35050, Gibco) | @nd nosodium | iim
’ pyruvate
pyruvate)
Minimum Essential Clear MEM
SK-HEP-1 Medium Eagle C'r?:rfo'\l"ri':j" "o | (10% FBS,
(HTB-52, 150,000 (51411C, Sigma) pFBS and 7no no phenol 3
ATCC) with 10% FBS, 1X ' /s red, and no
pls P p/s)

aThe precise media chosen will depend on the experiment and cell type. FBS aids in
cell health, but may interfere by non-specifically binding fluorophore-labeled proteins

and modulating their uptake. It may make sense in some contexts to include FBS and/or

p/s. HEPES is necessary for CO2-buffering in the plating media to extend cellular
lifetimes. To avoid spectral interference with FCS, ensure that the treatment, plating,
and trypsin media do not contain phenol red.”” The addition of GlutaMAX and sodium
pyruvate aid in the growth of Saos-2 cells.
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CHAPTER 3

Diffusion of Free Dyes and Cell-Permeant Miniature Proteins Using Fluorescence
Correlation Spectroscopy

Parts of this chapter are included in

Steinauer, A.; LaRochelle, J. R.; Knox, S. L.; Wissner, R. F.; Barry, S.; Schepartz, A.
HOPS-dependent endosomal fusion required for efficient cytosolic delivery of
therapeutic peptides and small proteins. PNAS. 2019, 7116 (2), 512-521.

and have been adapted with permission from all co-authors.
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3.1 Abstract

Fluorescence correlation spectroscopy (FCS) can be used to directly and
absolutely quantify the concentration of fluorophore that reaches the cytosol of cells. To
understand diffusion-related properties of cell-permeant miniature proteins (CPMPs)
and cell penetrating peptides (CPPs) tagged with a dye, it is necessary to study these
molecules at consistent temperatures and compare them to corresponding parameters
of free dye. This chapter supports experiments conducted in Steinauer et al., illustrating
that CPMPs and CPPs exhibit longer diffusion times in cells as compared to themselves
and free dye in solution. We evaluated a panel of five dyes, similar in size and charge to
the dye used to label CPMPs and CPPs. Studied by confocal microscopy, flow
cytometry, and FCS, only two out of these five dyes passed final FCS analysis for
calculations to determine diffusion coefficients in cells. The in vitro D calculated for
SNAP-Cell TMR Star and Atto590 chloroalkane correspond well to another standard,
small molecule dye. Within the cell, D of SNAP-Cell TMR Star was approximately 2-fold
larger compared to CPMPs and suggesting CPMPs reach the cytosol intact. Studies
using CPMPs and CPPs at 37 °C confirmed that diffusion is temperature-dependent, as
D became larger as the temperature increased. The experiments described herein
support delivery of intact CPMPs and CPPs.

3.2 Introduction

Fluorescence correlation spectroscopy (FCS) is a biophysical technique that can
quantify the amount of material that reaches the cytosol of a cell and provide
information on the mobility and size of the molecule under study." Fluctuations in
fluorescence intensity can be analyzed by generating an autocorrelation curve, a
measure of self-similarity over time. The inflection point of the autocorrelation curve is
proportional to the size of the molecule to which a fluorophore is attached—which can
be used as a check to ensure that the fluorophore is still attached—and provides the
diffusion time (zaifr).2 Tair can be converted to a diffusion coefficient (D), which is
inversely proportional to the size of the molecule.® Molecules that are smaller would be
expected to have a larger diffusion coefficient as the molecule traverses through more
space in a shorter period of time. Typical small molecules (such as calcein) at similar
molecular weights to fluorophores (~500-900 g/mol) exhibit diffusion coefficients
between 3.0 and 3.8 x 106 cm? s™! in buffer.# In the cell, anomalous diffusion is a result
of the crowded cellular environment—a molecule moving through the cell may
encounter organelles, proteins, or other molecules.® These interactions with cell
components generally result in the decrease of the molecule of interest’s D, evidenced
by calcein (D decreases to 1.5 x 10 cm? s™! in endosomes of cells).®

Cell-permeant miniature proteins (CPMPs) and cell penetrating peptides (CPPs)
have been studied in live cells using FCS to determine the amount of material that
reaches the cytosol.! To validate previous analyses using HPLC-and UPLC-based
methods which concluded CPMPs do not degrade within the cell,”-” our goal was to
determine diffusion coefficients of free dye and compare them to D of CPMPs. We
analyzed five dyes similar in size and charge to the fluorophore used to tag CPMPs
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(Figure 3.1). We hypothesized that FCS autocorrelation traces of free dye in cells would
exhibit shorter diffusion times than those obtained for CPMPs.

Additionally, it was important to measure molecules at 37 °C and not at 25 °C as
previously completed since diffusion is a temperature-dependent process." Alexa
Fluor™ 594 hydrazide exhibits a diffusion coefficient of 3.88 x 10 cm? s' at 25 °C in
water® but this value rises to 5.20 x 10 cm? s™! at 37 °C since increased temperature is
directly proportional to kinetic energy. We wanted to evaluate the CPMPs aPP5.3R and
ZF5.3R, as well as the CPPs CPP12R, SAH-p53-8R, and D-Args® to confirm that
diffusion is dependent on temperature and provide evidence of intact peptides within the
cell.

3.3 Methods

3.3.1 Cell Preparation for Flow Cytometry and Fluorescence Correlation
Spectroscopy

Saos-2 cells (120,000) were plated in McCoy’s 5A without phenol red,
supplemented with 15% fetal bovine serum (FBS), and without penicillin/streptomycin
(p/s) 24—48 h prior to the experiment. On the day of the experiment, the cells were
washed twice with 1 mL DPBS and incubated with 1 mL of 50-100 nM dye solution (100
nM of Lissamine Rhodamine B sulfonyl chloride and 5 pL Lipofectamine RNAIMAX
incubated for 5 min prior to addition to cells) in clear McCoy’s 5A (without phenol red,
FBS, or p/s) for 30 min at 37 °C with 5% CO.. Cells were washed three times with 1 mL
DPBS and 500 pL/well of TrypLE Express (without phenol red) were added and the
cells incubated at 37 °C, 5% CO2 until cells were lifted, up to 10 min total. Cells were
added to 15 mL Falcon tubes and centrifuged in 3 mL McCoy’s 5A (supplemented with
15% FBS) at 200 g for 3 min. Cells were resuspended in 600 uL McCoy’s 5A
(containing HEPES) and 300 pL of this suspension were added to a fibronectin-coated
borosilicate 8-well dish for FCS analysis. Cells adhered at 37 °C and 5% CO2 for
approximately 15 min prior to confocal microscopy and FCS. The second half of the
suspension was centrifuged at 200 g for 2 min, resuspended in 200 yL DPBS, and
analyzed by flow cytometry.

3.3.2 Flow Cytometry

Flow cytometry was performed on an Attune NxT flow cytometer (excitation laser:
561 nm, emission filter: 585 £ 16 nm) at room temperature. At least 10,000 cells were
analyzed for each sample. Flow cytometry data was analyzed using the Attune NxT
software.

3.3.3 Fluorescence Correlation Spectroscopy (FCS)
FCS was conducted on an LSM 880 (Carl Ziess). FCS measurements for 100 nM
Alexa Fluor™ 594 hydrazide (in water) were obtained at 37 °C. Fluorescent fluctuations

over time were recorded on a GaAsP detector and traces were converted to
autocorrelation curves using a custom MATLAB script. The FCS traces for each dye
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50-100 nM (1-5) analyzed were obtained (in DMEM containing 25 mM HEPES). The fit
autocorrelation traces from live-cell measurements were then evaluated and filtered as
described before.! Briefly, we discarded traces that displayed poor signal with counts
per molecule (cpm) below 1 kHz and/or low anomalous diffusion coefficients (a < 0.3).°
With these parameters, we typically retained at least 75% of the collected data points.
Traces were collected for both nucleus and cytosol for each condition but only those
which passed analysis are reflected here (those which did not pass were discarded). In
vitro data was fit to 3D diffusion while in cellulo data were fit to an anomalous model of
3D diffusion.?

3.3.4 Peptide Diffusion Times using FCS

To measure diffusion times using FCS, peptides (CPP12R, SAH-p53-8R, ZF5.3R,
aPP5.3R, and D-ArgsR) were prepared at 100 nM in DMEM. Diffusion times were
measured in serum-free DMEM without phenol red (containing 25 mM HEPES, pH 7.2)
at 37 °C in triplicate. Alexa Fluor™ 594 hydrazide was analyzed in Milli-Q water. The
diffusion times were then converted to diffusion coefficients.

3.3.5 Calculation of Diffusion Coefficients of Dyes and Peptides

The diffusion coefficient (D) of Alexa Fluor™ 594 at 37 °C was calculated using
Equation 3.1:

t+273.15
n(t)

D(T) = D(25°C) - 298510 ®Pa-s-K1 Equation 3.1

where t = 37 °C, D of Alexa Fluor™ 594 at 25 °C is 3.88 x 10 cm? s',8 and the
viscosity (n) of water is 0.6913 mPa s at 37 °C.

Diffusion times (td4itr) can be converted to D using Equation 3.2:

W = /4D gig Equation 3.2

where w is the radius of the confocal detection volume (2.97 x 10" cm, determined from
D and tqir of Alexa Fluor™ 594 hydrazide).

zqif Of dyes 1-5 and peptides (both in vitro and in cellulo) obtained by FCS analysis
were converted to D by rearranging the previous equation into Equation 3.3:
(4)2

D = Equation 3.3

4Tgiff

3.4 Results and Discussion
3.4.1 Diffusion of Free Dyes In Vitro and In Cellulo

To provide evidence whether peptide degradation occurs in the cell, we chose to
evaluate the diffusion coefficients of small molecule fluorophores and compare them to
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the diffusion coefficients we observe for CPMPs. CPMPs are typically labeled with
Lissamine rhodamine B sulfonyl chloride (1) to track the location of CPMP within the cell
using confocal microscopy, flow cytometry, and FCS. This version of rhodamine is
impermeant to cells on its own, which we confirmed by the absence of signal in the
rhodamine channel using confocal microscopy (Figure 3.2). Interestingly, even in the
presence of Lipofectamine RNAIMAX, a reagent that is used to permeabilize
membranes for transfections,® 1 did not reach the cell interior. The trypsinization step in
our protocol may provide means for the dye to diffuse back out of the cell resulting in
the lack of rhodamine fluorescence.

To determine the diffusion coefficient of a red, cell-permeant dye similar in size
and charge to 1 in the cytosol and nucleus of Saos-2 cells, we assessed four potential
dyes (Figure 3.1). SNAP-Cell TMR-Star (2) exhibits the same charge as 1, carrying one
positive and one negative charge to form an overall neutral molecule. Atto590
chloroalkane (3) has been used as a fluorescent substrate for HaloTag in cells'! and
carries a +1 charge. Instead of the chloroalkane, another form of Atto590 with a +1
charge contains a N-hydroxysuccinimide (NHS) ester (4) that can react with primary
amines.'? Finally, Rhodamine B (5) is the parent scaffold for 1, but includes a carboxylic
acid that can cyclize to turn the fluorophore on or off depending on the local
environment.

Saos-2 cells were treated with 50-100 nM of free dye for 30 min at 37 °C with 5%
CO2, washed with DPBS, lifted using TrypLE, and replated for confocal microscopy.
Both 2 and 4 contain signal in the rhodamine channel: 4 is more diffuse (representative
of cytosolic presence) while 2 is more punctate (representative of being trapped within
endosomes). 4 shows dose-dependency as the treatment concentration increases from
50 nM to 100 nM. Dyes 1, 3, and 5 are not cell permeable as there is no difference in
the images compared to nontreated cells. No signal was observed for 3 even though the
NHS ester version was permeable (Figures 3.2 and 3.3A) and others have reported the
use of the chloroalkane as cell-permeant."

We next turned to flow cytometry to provide a more quantitative picture of the
total cellular uptake of this panel of dyes (Figure 3.3A). Saos-2 cells were treated with
50-100 nM of free dye for 30 min at 37 °C with 5% CO., washed with DPBS, lifted using
TrypLE, and resuspended in DPBS for flow cytometry analysis. As observed with
confocal microscopy, treatment of Saos-2 cells with 1 did not result in material that
accessed the cell interior, even in the presence of Lipofectamine RNAIMAX. 50 nM of 2
increased the median fluorescence intensity (MFI) 81-fold above nontreated cells. 3
exhibited MFI of 990 + 24 AU, more uptake than expected from the absence of signal in
the rhodamine channel using confocal microscopy. Dye 4 shows a dose-dependency in
cellular uptake—when the treatment concentration increased from a 50 to 100 nM, the
MFI increased by 3.3-fold. Finally, as expected, 5 was unable to traverse the cell
membrane and failed to reach the interior of cells.

Flow cytometry cannot distinguish between material trapped within endosomes
and that which reaches the cytosol, but FCS can be used to probe whether a
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fluorescent molecule reaches intracellular locations such as the cytosol or nucleus.
Saos-2 cells were treated with 50-100 nM of free dye for 30 min at 37 °C with 5% COz,
washed with DPBS, lifted using TrypLE, and replated for FCS. We were unable to
obtain FCS traces for 1, 1 in the presence of Lipofectamine RNAIMAX, and 5. Cells
treated with 100 nM of 4 were too bright to complete FCS measurements as the GaAsP
detector shut down even at lower laser intensities. Dyes 2 and 3 reached the cytosol
and nucleus (Figure 3.3B). It was expected that 3 would reach the interior of the cell
based on previous reports,'" but the confocal and flow cytometry data indicated minimal
material was present inside the cell. The FCS data confirms that 3 can in fact traverse
cell membranes. There were no significant differences between the concentrations
obtained in the cytosol or nucleus for either 2 or 3, and these dyes reached similar
cytosolic concentrations.

The in vitro diffusion coefficients for 1, 2, and 4 were all on the same order of
magnitude as each other and the Alexa Fluor™ 594 hydrazide standard (Table 3.1).
Since these dyes are all approximately the same size, these results were expected.
Only two dyes out of the entire panel provided autocorrelation curves that could be fit to
an equation of anomalous diffusion,? so these were the only dyes in which we could
derive diffusion coefficients (Table 3.1). We were unable to fit nuclear autocorrelation
traces of 50 nM 4 since some traces had high tqi (indicating sticking to organelles) and
therefore failed to pass analysis. There were no significant differences between cytosol
and nuclear zqirt for dyes 2 and 3. We note that the tqir for 2 are shorter than those
obtained with 3 and could vary due to interactions of the dyes within the cell since 3
carries an alkyl chain that could participate in additional hydrophobic interactions. As
expected, tqirr Of 2 increased in the cytosol and nucleus compared to in vitro due to the
crowded cellular environment resulting in anomalous diffusion. The increase in tqif
corresponds to a smaller D and indicates that 2 cannot move around the cellular
environment as freely. When compared to CPMPs aPP5.3R and ZF5.3R (where R is the
Lissamine rhodamine B tag), the D of 2 is approximately 2-fold higher (D =71 + 13 and
88 + 10 um? s™" in cytosol for aPP5.3R and ZF5.3R, respectively). To observe significant
changes in diffusion times, others have reported that the mass ratios should be at least
eight.? The CPMPs are only 5-6-fold more massive than dyes 2 and 3, making changes
in diffusion based on molecular weight more difficult to observe. The data, taken
together, support the hypothesis that the fluorescent signal from CPMPs evaluated by
FCS in Saos-2 cells is not simply free dye but intact CPMP.

3.4.2 Diffusion Times of CPMPs and CPPs at 37 °C

Diffusion depends on the size of the molecule and its local environment
(concentration gradient, temperature, etc.). D of aPP5.3R, ZF5.3R, and SAH-p53-8R in
Dulbecco’s modified eagle’s medium (DMEM) (203.1, 190.5, and 233.9 um? s,
respectively) and in HelLa cells (44.1, 74.0, and 47.1 ym? s™', respectively) were
previously reported at room temperature.’ These data indicate that CPMPs and CPPs
exhibit D approximately 2.6-5 times as long in vitro compared to in cellulo. Since the
FCS measurements described in Steinauer et al. were conducted at 37 °C, it was
important to evaluate whether temperature affected the diffusion times of CPMPs and
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CPPs as expected. In vitro t4ir and their corresponding D values (calculated using
Equation 3.2) for aPP5.3R, ZF5.3R, D-ArgsR, SAH-p53-8R, and CPP12R are listed in
Table 3.2.

Compared to 1 and Alexa Fluor™ 594 hydrazide, the CPMPs and CPPs exhibit
longer (approximately 2-fold) diffusion times (and therefore smaller D values) in vitro.
The D of CPMPs (231 + 2 to 262 + 3 um? s™') are slightly slower than smaller peptides
(306 = 1 to 323 + 2 um? s'), which is expected given the size difference between the
constructs (28—36 amino acids for CPMPs versus 8-14 amino acids for CPPs).
Increasing the temperature from 25 °C to 37 °C should increase D, which is observed
with the increase of D for aPP5.3R, ZF5.3R, and SAH-p53-8R compared to LaRochelle et
al." Inside the cytosol, the observed D of each CPMP and CPP decreases by 3- to 82-
fold. Specifically, we observe cytosolic D that were more than 50 times smaller for D-
ArgsR and CPP12R, compared to D commonly observed for aPP5.3R, ZF5.3R, and SAH-
p53-8R." Such a large decrease in D may be a sign of supramolecular aggregation or
binding to intracellular factors.

3.5 Conclusions

To provide evidence whether peptide degradation occurs in the cell, we chose to
determine in cellulo diffusion coefficients of dyes 1-5 and compare them to the diffusion
coefficients observed for CPMPs. Dyes 1 and 5 were not cell permeable as determined
by confocal microscopy and flow cytometry. 3 did not exhibit signal via confocal
microscopy but flow cytometry revealed that minimal levels reach the cell interior.
Additional studies using FCS supported that 3 accesses the cytosol and nucleus of
Saos-2 cells. The in vitro D calculated for 2 and 3 correspond well to another small
molecule dye used as a standard (Alexa Fluor™ 594). Within the cell, 2’s D was
approximately 2-fold higher compared to aPP5.3R and ZF5.3R and supports the
hypothesis that the fluorescent signal from CPMPs evaluated by FCS in Saos-2 cells is
not simply free dye. Studies using CPMPs and CPPs at 37 °C confirmed that diffusion is
temperature-dependent, as D became larger as the temperature increased. The
experiments described herein establish FCS-derived parameters for dyes and CPMPs
both in DMEM as well as within the cell.
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3.6 Figures

2

Atto590 Chloroalkane Atto590 NHS Ester Rhodamine B
3 4 5

Figure 3.1. Structures of dyes studied (counter ions not shown).

60



Rhodamine Hoescht 3342 Overlay Brightfield

=
Vs

100 nM
@)
50 nM

50 nM

50 nM

»

100 nM

BAEE
.

100 nM

7

Non-
treated

Figure 3.2. Total cellular uptake of dyes 1-5 assessed using confocal microscopy in
Saos-2 cells after a 30 min incubation. Scale bar = 30 ym.
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Figure 3.3. (A) Bar plot illustrating total cellular uptake of dyes 1-5 during a 30 min
incubation at 37 °C. MFI values represent the median fluorescence intensity of cells
(10,000 cells each). Error bars represent the standard error of the mean. The MFI of
each treatment condition was compared to nontreated cells using a one-way analysis of
variance (ANOVA) followed by Dunnett’'s multiple comparisons test. ****p < 0.0001, ***p
<0.001, **p =0.01, *p < 0.05, ns = nonsignificant. (B) Cytosolic access of dyes 2 and 3
assessed using fluorescence correlation spectroscopy after a 30 min incubation. The
average cytosolic and nuclear concentrations of 2 or 3 were compared using an
unpaired t test. cyt = cytosol, nuc = nucleus.

3.7 Tables

Table 3.1. Diffusion times (zqiff) and diffusion coefficients (D) of dyes measured in vitro
and in cellulo using FCS. In vitro diffusion parameters were calculated from 1-3
autocorrelation curves. Cytosol diffusion parameters were calculated from 5-9
autocorrelation curves. Diffusion parameters in the nucleus were calculated from 3—4
autocorrelation curves. N.D. = not determined (as a result of the dye not reaching the
cell interior, the dye unable to be evaluated by FCS, or not obtained).

Molecule In Vitro t4is | In Vitro | Cytosol | Cytosol | Nucleus | Nucleus
(ms) D Tdiff D Tdiff (MS) D
(Mm?s® | (ms) | (um?s7) (um? s7)
1
)
1 0.0428 + 515+5 | N.D. N.D. N.D. N.D.
0.0004
2 0.0450 490 09+ 3327 09+04 |42+ 11
0.2
3 N.D. N.D. 4+1 8+2 2707|102
4 0.0523 + 422 +2 | N.D. N.D. N.D. N.D.
0.0003
5 N.D. N.D. N.D. N.D. N.D. N.D.
Alexa 0.0424 5202 N.D. N.D. N.D. N.D.
Fluor 594
hydrazide
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@Calculated using Equation 3.1.

Table 3.2. In vitro diffusion times (zqir) and diffusion coefficients (D) of 100 nM CPMPs
and CPPs at 37 °C compared to free fluorophores (at 100 nM). In cellulo D of CPMPs
and CPPs measured in the cytosol of Saos-2 cells. Error is standard error of the mean.
N.D. = not determined.

Molecule In vitro In vitro D | Cytosol D
Tdiff (MS) (um?s1) | (um?s™)
aPP5.3R 0.0953 = 23112 86 + 7.1
0.0009
ZF5.3R 0.0843 262+3 82+ 10
0.0009
D-ArggR 0.0722 306 + 1 44 +0.37
0.0001
SAH-p53-8R 0.0682 32312 57 + 21
0.0004
CPP12R 0.0692 + 318+ 2 3.9+0.29
0.0004
Lissamine Rhodamine B Sulfonyl 0.0428 + 515+ 5 N.D.
Chloride (1) 0.0004
Alexa Fluor™ 594 hydrazide 0.0424 5202 N.D.

@Calculated using Equation 3.1.
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4.1 Abstract

New methods for delivering proteins into the cytosol of mammalian cells are
being reported at a rapid pace. Differentiating between these methods in a quantitative
manner is difficult, however, as most assays for evaluating cytosolic protein delivery are
qualitative and indirect and thus often misleading. Here we make use of flow cytometry
to determine the relative total cellular uptake that seven different previously reported
“cell-penetrating peptides” (CPPs) transport a model protein cargo—the self-labeling
enzyme SNAP-tag—as a first step in understanding how much material gets into the
cell. Our results suggest that the cell-permeant miniature protein ZF5.3 can deliver
SNAP-tag in the highest quantities to three different cell lines. While ZF5.3-SNAP-Rho
consistently reaches the interior of cells, we do see subtle cell line dependent
differences in uptake among the remaining CPPs.

4.2 Introduction

There have been hundreds of reports of cell-penetrating peptides (CPPs) that
encompass a wide variety of structures and methods of uptake. While some peptides
stimulate endocytosis to reach the interior of the cell, others access the cytosol through
direct penetration of the cell membrane. To render CPPs that utilize endocytosis tools
for therapeutic prospects, the molecules must not only be taken up by the cell, but also
escape from the endosomes that encapsulate them at the beginning of their journey. It
is important to conduct a head-to-head comparison of the abilities of CPPs to deliver
cargo into cells to understand whether these vehicles can move the field of protein
delivery forward. Flow cytometry and fluorescence correlation spectroscopy (FCS) are
used to study delivery, measuring total cellular uptake and cytosolic concentrations,
respectively. Both methods are compatible with live cells and provide direct, quantitative
information.

Here, we utilize the cargo SNAP-tag, which is a self-labeling enzyme derived
from human DNA repair protein O8-alkylguanine-DNA alkyltransferase (hAGT)."-3
SNAP-tag has been engineered to be stable inside cells and avoid proteolysis.? This
enzyme provides a proof-of-concept to evaluate differences in uptake between
previously described CPPs and cell-permeant miniature proteins (CPMPs). Specifically,
unstructured CPPs Rs and penetratin,*® cyclic CPPs CPP9 and CPP12,%7 and CPMPs
ZF5.3, aPP5.3, and ZiF8-'0 were analyzed (Figure 4.1). In addition to direct
comparisons between delivery vehicles, we wanted to show that delivery of cargo is not
cell line specific through the evaluation of Saos-2, HeLa, and SK-HEP-1 cells. Rg,
penetratin, ZF5.3, aPP5.3, and ZiF were expressed at the N-terminus of SNAP-tag with
a C-terminal Hise tag for immobilized metal affinity chromatography. CPP9 and CPP12
were appended to SNAP-tag by sortase labeling. SNAP-tag conjugates reacted with
benzylguanine rhodamine (Rho) to generate fluorescently labeled proteins for flow
cytometry analysis. As a whole, our results demonstrate that the CPMP ZF5.3 promotes
the efficient uptake of appended protein cargo across multiple cell lines, while other
CPMPs, unstructured CPPs, and cyclic CPPs do so to a lesser extent.
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4.3 Methods
4.3.1 Cell Culture

Saos-2, HeLa, and SK-HEP-1 cell stocks were purchased from the American
Type Culture Collection (ATCC). Saos-2 cells were cultured in McCoy’s 5A medium
supplemented with 15% fetal bovine serum (FBS), sodium pyruvate (1 mM), penicillin
(100 units/mL), and streptomycin (100 pg/mL). HeLa cells were cultured in DMEM
supplemented with 10% FBS, penicillin (100 units/mL), and streptomycin (100 pg/mL).
SK-HEP-1 cells were cultured in EMEM supplemented with 10% FBS, penicillin (100
units/mL), and streptomycin (100 pg/mL). All cell cultures were maintained at 37 °C in a
humidified atmosphere at 5% CO..

4.3.2 Flow Cytometry

One day prior to performing uptake experiments, ~40,000 Saos-2, HelLa, or SK-
HEP-1 cells in 1 mL of their respective media (McCoy’s 5A medium supplemented with
15% FBS for Saos-2, DMEM supplemented with 10% FBS for HeLa, or EMEM
supplemented with 10% FBS for SK-HEP-1) were plated into 12-well tissue culture
treated plates and allowed to adhere overnight. The following morning, the cells were
washed three times with DPBS, and the media was replaced with 500 pL of respective
medium (without FBS supplementation) containing 1 uM solutions of each rhodamine-
labeled SNAP-tag conjugate. The cells were incubated for 30 min at 37 °C and 5% CO..
The cells were washed three times with DPBS prior to lifting with 500 pL of trypsin for 5
min at 37 °C. The cells were then transferred to a 15 mL Falcon tube containing 1 mL of
respective medium supplemented with FBS (15% for Saos-2 and 10% for HeLa and SK-
HEP-1) and centrifuged at 500 g for 2 min. The cells were then washed by
resuspension in DPBS and again sedimented at 500 g for 2 min. The cells were finally
suspended in 100 yL of DPBS and transferred to microcentrifuge tubes prior to
obtaining flow cytometry measurements. Flow cytometry measurements were
performed using an Attune NxT flow cytometer equipped with a 561 nm laser for
excitation of rhodamine.

4.4 Results and Discussion

The differences in the overall uptake of each SNAP-tag conjugate were studied
using flow cytometry. Saos-2 cells were treated with 1 uM of each Rho-labeled SNAP-
tag conjugate for 30 min at 37 °C, washed with DPBS, lifted with TrpLE to remove
surface-bound protein, washed again, and resuspended in DPBS for flow cytometry
analysis. The treatments led to evenly distributed populations of fluorescent cells with
the median fluorescence intensity of this distribution over 3-5 independent replicates
shown (Figure 4.2). Overall, the CPPs and CPMPs studied fall into four categories:
cells treated with CPP9-SNAP-Rho were not measurably more fluorescent than cells
treated with SNAP-Rho. Cells treated with CPP12-SNAP-Rho and aPP5.3-SNAP-Rho
showed comparable levels of fluorescence throughout the cell interior, reaching values
approximately 2-fold higher than that observed when cells were treated with SNAP-Rho.
Cells treated with Re-SNAP-Rho and ZiF-SNAP-Rho exhibited higher levels of total
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cellular fluorescence that were nearly 5-fold higher than that of cells treated with SNAP-
Rho. The highest levels of total intracellular fluorescence were observed when cells
were treated with Pen-SNAP-Rho (an 11-fold increase relative to cells treated with
SNAP-Rho) and ZF5.3-SNAP-Rho (a 17-fold increase relative to cells treated with
SNAP-Rho).

To broaden these findings, we repeated the flow cytometry experiments in two
other common cell lines (HeLa and SK-HEP-1) and obtained similar results, implying
that the level to which each SNAP-tag conjugate is taken up by endocytosis is
comparable within this set of cell lines (Figure 4.2). Subtle cell line differences exist in
that ZF5.3-SNAP-Rho reached a MFI of 2942 + 210 AU in SK-HEP-1 cells, higher than
Saos-2 cells (2141 + 86 AU) and HelLa cells (1251 + 9 AU). In Saos-2 and Hel.a cells,
Pen-SNAP-Rho exhibited the second highest cellular uptake, but Re-SNAP-Rho
experienced the second highest MFI in SK-HEP-1 cells. The differences between
SNAP-tag conjugates in HelLa cells were more subtle than in the SK-HEP-1 and Saos-2
cell lines.

Overall, these results are consistent with previous flow cytometry studies
demonstrating that the overall cellular uptake of ZF5.3 is significantly higher than that of
unstructured CPPs and other CPMPs.%'! Our results are also consistent with flow
cytometry studies demonstrating that the total levels of ZiF-mediated protein delivery
are similar to those achieved by unstructured CPPs.'° In addition, we found the overall
uptake of Pen-SNAP-Rho to be significantly higher than that of Rs-SNAP-Rho, which
contradicts several uptake studies performed with molecules lacking an appended
cargo.'?" Finally, in light of a previously published report,” we were surprised to find
that the overall uptake of cyclic CPP-SNAP-tag conjugates (CPP9-SNAP-Rho and
CPP12-SNAP-Rho) were significantly lower than those measured for any other tested
unstructured CPP or CPMP conjugate. The SK-HEP-1 cell line resulted in the highest
cellular uptake by flow cytometry out of all cell lines studied. As a whole, our results
demonstrate that the CPMP ZF5.3 promotes the efficient uptake of a large appended
protein cargo across multiple cell lines, while other CPMPs, unstructured CPPs, and
cyclic CPPs do so to a lesser extent.

4.5 Conclusions

Despite the increasing number of reported methods for protein delivery,’® most
assays used to assess trafficking into the cytosol are qualitative and indirect and can
therefore be misleading. These limitations make evaluating progress in the field of
protein delivery extremely challenging. In this chapter, we analyze the relative
efficiencies with which unstructured CPPs, CPMPs, and synthetic cyclic CPPs transport
a model, self-labeled enzyme into the cell using flow cytometry. It is important to note
that flow cytometry cannot provide information on individual cellular compartments and
includes the fraction of material present in endosomes. Additional studies building upon
these flow cytometry experiments (not described here) found that the extent of cytosolic
trafficking of protein cargo cannot be ascertained accurately using confocal microscopy,
flow cytometry, or enzymatic activity assays—the compartmental resolution and
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precision afforded by FCS were required to distinguish conjugates that accumulate in
the cytosol in appreciable levels from those that do not.'®

4.6 Figures

Vehicle Library

cell-permeant miniature proteins (CPMPs)

ZF5.3: MYSCNVCGKAFVLSRHLNRHLRVHRRAT

aPP5.3: MGPSQPTYPGDDAPVRDLIRFYRDLRRYLNVVTRHRY
ZiF: MLEPGEKPYKCPECGKSFSASAALVAHQRTHTGKKTS

cyclic peptides (cCPPs) unstructured CPPs (uCPPs)
CPP9: cyclo(fORrRrQ)-PEG, R8: MRRRRRRRR
CPP12: cyclo(FF®ORrRrQ)-PEG, || Pen: MRQIKIWFQNRRMKWKK

Figure 4.1. Vehicle library for evaluating cellular uptake. Each vehicle is conjugated to
SNAP-tag. For ZF5.3 and aPP5.3, the residues comprising the 5.3 motif are shown in
red. For CPP9 and CPP12, lowercase letters represent d-amino acids, ® represents |-
naphthylalanine, and PEG2 represents a 2-unit ethylene glycol spacer.

A Legend
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Figure 4.2. Total cell uptake of Rho-tagged SNAP-tag conjugates in HeLa and SK-
HEP-1 cells assessed by flow cytometry. (A) Bar plots illustrating the relative uptake of
each Rho-tagged SNAP-tag conjugate after 30 min incubation and treatment with
trypsin to remove surface bound protein in Saos-2 cells, (B) bar plots illustrating the
relative uptake of each Rho-tagged SNAP-tag conjugate in SK-HEP-1 cells and (C) bar
plots illustrating the relative uptake of each Rho-tagged SNAP-tag conjugate in HelLa
cells. MFI values represent the average median fluorescence intensity of cells
determined from 3-12 individual replicates (10,000 cells each). Error bars represent the
standard error of the mean. MFI values corresponding to each SNAP-tag conjugate
were statistically compared to non-treated cells. ****p < 0.0001, ***p < 0.001, **p < 0.01,
*p < 0.05; one-way ANOVA followed by post hoc Dunnett’s test.
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5.1 Abstract

Citrullinemia type | (CTLN-I) results from the absence or deficiency of
argininosuccinate synthetase (AS), a 46 kD enzyme that acts in the cytosol of
hepatocytes to convert aspartic acid and citrulline into argininosuccinic acid. AS is an
essential component of the urea cycle, and its absence or deficiency results in the
harmful accumulation of ammonia in blood and cerebrospinal fluid. No disease-
modifying treatment of CTLN-| exists. Here we report that the cell-permeant miniature
protein (CPMP) ZF5.3 (ZF) can deliver AS to the cytosol of cells in culture and the livers
of healthy mice. The fusion protein ZF-AS is catalytically active in vitro, stabilized in
plasma, and traffics successfully to the cytosol of cultured Saos-2 and SK-HEP-1 cells,
achieving cytosolic concentrations greater than 100 nM. This value is between 3—10-
fold higher than the concentration of endogenous AS (11 £ 1 to 44 + 5 nM). When
injected into healthy C57BL/6 mice, ZF-AS reaches the mouse liver to establish
concentrations almost 200 nM above baseline. These studies demonstrate that ZF5.3
can deliver a complex protein enzyme to the cytosol at therapeutically relevant
concentrations and support its application as an improved delivery vehicle for
therapeutic proteins that function in the cytosol, including enzyme replacement
therapies.

5.2 Introduction

Protein-based drugs represent the fastest growing segment of the modern-day
pharmacopeia. More than one quarter of all new drugs approved over the past three
years are biologics." These new molecular entities—which include antibodies, antibody-
drug conjugates, cytokines, fusion proteins, growth factors, and enzymes—treat
diseases ranging from lymphomas to macular degeneration to asthma, and are
projected to account for 35% of the global pharmaceutical revenue by 2025.23 Yet
despite this enormous impact on human health, the full potential of protein therapeutics
cannot yet be realized for one simple reason: most proteins cannot readily reach the cell
interior — the cytosol. This singular limitation hinders the development of protein
therapeutics that replace, inhibit, or activate therapeutic targets within the cytosol,
nucleus, or interior organelles. Although it has been thirty years since the first reports of
cell penetration by the HIV protein known as Tat,*5 the reality is that most
proteinaceous materials are taken up by cells into the endocytic pathway, and within the
endocytic pathway they remain.®’ There is little question that a more complete
understanding of the mechanisms by which proteinaceous materials escape
endosomes would accelerate the design of next-generation protein therapeutics that
effectively target the large fraction of the proteome that remains undruggable.®

The enormous interest in promoting protein delivery has led to multiple reports of
peptide-based materials capable of “endosomal release”.®” Unfortunately, few of these
reports compare different delivery vehicles under identical conditions and in a manner
that allows a direct and quantitative assessment of how much material reaches the
cytosol.® Fewer still evaluate whether the material that reaches the cytosol remains
intact. Recently it was reported that the cell-permeant miniature protein (CPMP) ZF5.3
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(ZF) traffics with unprecedented efficiency to the cytosol and nucleus without cytotoxic
effects,1011 even when fused to protein cargo.® A head-to-head comparison of seven
putative cell-penetrating peptides (CPPs), macrocycles'?, and CPMPs as delivery
vehicles for the model cargo SNAP-tag (188 aa, 20 kD) established that the CPMP
ZF5.3810.11 could deliver SNAP-tag to the cytosol at concentrations 2- to 9-fold higher
than any other vehicle tested.® Subsequent work showed that the efficacy of ZF5.3 as a
delivery vehicle may be related to a previously unrecognized portal for endosomal
escape that demands the homotypic fusion and vacuole protein sorting (HOPS)
complex, an essential component of the endocytic machinery.® These studies provide
evidence that ZF5.3-enzyme fusions can escape endosomes with unprecedented
efficiency, and suggest that they do so via a defined and underexploited mechanism.
Here we ask whether ZF5.3 can deliver a therapeutically relevant cargo, a complex,
multimeric enzyme that is lost or mutated in patients with citrullinemia type 1 (CTLN-1).

The metabolic disorder CTLN-I results from loss or depletion of argininosuccinate
synthetase (AS), a tetrameric enzyme that converts citrulline and aspartic acid to
argininosuccinic acid within the cytosol of hepatocytes (Figure 5.1A)."3 AS is an
essential component of the urea cycle, and its absence or deficiency blocks the
conversion of ammonia, a byproduct of amino acid catabolism, into urea.' Without AS,
ammonia accumulates in blood and cerebrospinal fluid, resulting in multiple neurological
effects that include permanent brain damage.' Current treatments for CTLN-I include
diet control, nitrogen scavenger therapy, hemodialysis, and liver transplantation, but all
are symptomatic—none of these treatments target the underlying cause of disease.'®
Enzyme replacement therapy would provide a disease-modifying alternative to current
symptomatic treatments with the potential to significantly improve patient quality of life.
Previous studies have described the delivery of adeno-associated virus (AAV) vectors
encoding AS to mice and extracellular vesicles (EVs) containing AS to hepatocytes.'®!”
Although these approaches highlight the feasibility of AS enzyme replacement therapy,
obstacles remain that hamper their implementation as therapeutics.’®24 We
hypothesized that fusion of the CPMP ZF5.3 to AS would generate a fusion protein with
improved ability to traffic directly into the cell cytosol, an essential first step in
circumnavigating concerns with delivery via AAV vectors and EVs.

Here we show that ZF-AS, a fusion protein containing both ZF5.3 and AS, retains
the ability to oligomerize, is catalytically active in vitro, and resists rapid proteolysis in
plasma. Quantitative analysis of intracellular trafficking using fluorescence correlation
spectroscopy’!?® reveals that ZF-AS traffics to the cytosol of Saos-2 and SK-HEP-1
cells to achieve cytosolic concentrations as high as 111 £ 19 nM; this concentration is
3—10-fold higher than the endogenous concentration of AS in mouse liver homogenate
(11 £ 1 to 44 £ 5 nM). When injected into healthy C57BL/6 mice, ZF-AS reaches the
mouse liver to achieve concentrations almost 200 nM above baseline. These studies
provide proof-of-concept that the CPMP ZF5.38%-"" can deliver a complex, multimeric
enzyme to the cytosol of cultured cells and internal mouse organs.

5.3 Results and Discussion
5.3.1 Expression, purification, and characterization of AS and ZF-AS
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Ouir first task was to prepare samples of AS and ZF-AS that were suitable for
both in vitro analysis of enzyme activity and plasma stability as well as the optimization
of enzyme-linked immunosorbent (ELISA) assays to detect these materials within serum
and liver. The sequence encoding human AS (411 aa, 46.5 kD) and its N-terminal
fusion with ZF (27 aa, 3.2 kD) were cloned into a pET-32a expression vector
downstream of a Hise-SUMO tag, overexpressed in BL21-Gold (DE3) competent E. coli,
and purified by immobilized metal affinity chromatography (IMAC). The SUMO-tag was
subsequently removed using SUMO protease?® and the final materials were purified to =
90% homogeneity using size exclusion chromatography (SEC) (Figure 5.2A). Protein
identities were confirmed by LC/MS (Figure 5.2C). When analyzed by high-resolution
preparative gel filtration, AS co-eluted with phosphorylase B (97.2 kD) and aldolase
(158 kD) standards (Figure 5.2D). ZF-AS eluted slightly earlier than AS and aldolase,
suggesting that both AS and ZF-AS assemble predominantly into tetramers in the
micromolar concentration range and that the fusion of ZF to the AS N-terminus did not
measurably alter the tetramer equilibrium dissociation constant (Figure 5.2D).%"

We next assessed whether ZF-AS could recapitulate the essential biochemical
and biophysical metrics associated with AS. Although point mutations near the AS
active site (such as A118T and T119I) lead to modest (< 5 °C) decreases in thermal
stability (Tm) as assessed by differential scanning fluorimetry (wild-type Tw =49 °C),%® no
reports describe the effects of N- or C-terminal fusions on thermal stability. The
apparent Tw of purified AS determined by circular dichroism (CD) spectroscopy (48.1 °C)
was in line with previous reports (49 °C)?® and only modestly higher than the value
determined for ZF-AS (46.6 °C) under identical conditions (Figure 5.1B). Although the
melting transitions of both AS and ZF-AS were irreversible, their pre-melt wavelength-
dependent CD spectra were virtually identical and consistent with significant a-helical
secondary structure, as expected (Figure 5.2E). The time-dependent proteolytic
stabilities of AS and ZF-AS in mouse plasma were also virtually identical, with close to
70% fully intact protein remaining after 6 hours (Figure 5.3).

Samples of ASR" and ZF-ASR" used for confocal microscopy, flow cytometry,
and FCS were prepared in a three-step process. AS and ZF-AS were first expressed as
fusion proteins containing both a N-terminal Hiss-SUMO tag and a C-terminal LPETGG
tag; these materials were then subjected to a sortase-catalyzed transpeptidation
reaction?®-3! with GGGKR"°, a tetrapeptide containing Lissamine rhodamine B (Rho) at
the C-terminus. To streamline the synthesis, we designed a one-pot reaction to
simultaneously remove the Hise-SUMO tag and append GGGKR™ (Figure 5.4A) to
produce ASRM and ZF-ASRM. Reaction duration, temperature, and buffer composition
were varied to optimize yield and purity (Figure 5.5); we found that dialyzing SUMO
protease, sortase, and AS or ZF-AS into the same HEPES-containing buffer at pH 7
prior to the one-pot reaction resulted in the highest yield of labeled and purified product.
Final materials were purified by SEC and analyzed by electrospray mass spectrometry
(Figure 5.4B and C).

5.3.2 ZF-AS fusion proteins are catalytically active
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Argininosuccinate synthetase (AS) plays a critical role in the segment of primary
metabolism known as the urea cycle, which eliminates excess nitrogen through the
combined action of six enzymes and two mitochondrial transporters.3? As the third
enzyme in this pathway, AS converts aspartic acid, citrulline, and ATP into
argininosuccinic acid.? The two-step enzymatic reaction leads ultimately to the release
of argininosuccinic acid, PP;, and AMP (Figure 5.1A), and can be followed
spectrophotometrically by monitoring the release of either pyrophosphate or AMP .33
Historically, AS activity has been quantified using a discontinuous assay that monitors
urea production3* or citrulline utilization,3® or continuously by monitoring the
pyrophosphate-dependent oxidation of nicotinamide adenine dinucleotide (NADH).36
While PP; is a byproduct of the initial AS-catalyzed activation of aspartic acid, AMP
release occurs only upon formation of the final product argininosuccinic acid. Thus, we
chose to monitor release of AMP by coupling its production to NADH oxidation in a well-
validated enzyme-linked assay that uses myokinase to convert AMP to ADP (Figure
5.6).3” The catalytic constants determined in this way are summarized in Table 5.2.

First we sought to compare the catalytic constants of recombinant AS and ZF-AS
to previously determined values for AS isolated from E. coli and human or bovine
liver.15:33.38-42 Reported values of kcat for AS vary from <0.1 to 1 s1,33:38.39.41.42 while Ky
values range from 0.01 to 112 puM.33:39-43 The catalytic constants determined for human
AS purified from BL21-Gold (DE3) cells fell cleanly within this range, with kcat and Kw
values of 0.39 £ 0.01 s and 52 + 5 uM, respectively (Figure 5.1C-E, Figure 5.6E).
The catalytic constants determined for ZF-AS also fell in this range, with respect to both
Keat (0.16 £ 0.01 s7') and Km (33 = 10 uM), although we note that the k.ot measured for
ZF-AS is 2.4-fold lower than that of AS. Heat-denaturation of AS and ZF-AS at 95 °C led
to completely inactive enzymes, with no significant time-dependent change in
absorbance at 340 nm for either sample (Figure 5.6F). The kinetic constants of ASR"
and ZF-ASRM also fell within the expected ranges, with kcat values of 0.44 + 0.02 s and
0.32 £ 0.05 s and Kwu values of 34 + 8 uM and 6 + 8 uM, respectively, for ASR"® and
ZF-ASRre_ Although the AS C-terminus participates in hydrophobic interactions and a
single salt bridge within the tetrameric complex visualized by crystallography,?’ the
uniformity of the kinetic constants determined for ZF-AS, ASR"°, and ZF-ASR" indicate
that the enzyme tolerates the addition of ZF to the N-terminus and the addition of a
LPETGGGKR" tag to the C-terminus. Overall, these kinetic studies provide confidence
that both ZF-AS and ZF-ASRM can process aspartic acid and citrulline into
argininosuccinic acid in vitro. In addition to the activity studies described here, we
confirmed that ZF-AS and AS displayed comparable catalytic activities when spiked into
a liver homogenate (Figure 5.7).

5.3.3 Evaluation of uptake by Saos-2 cells using flow cytometry and confocal
microscopy

With purified, catalytically active, Rho-labeled materials in hand, we turned to
confocal microscopy and flow cytometry to assess the relative uptake of ZF-ASR"° and
ASRM by Saos-2 cells, which are well-suited for subsequent analysis by fluorescence
correlation spectroscopy (FCS).?5 Briefly, cells were treated for 1 h with 1-3 yM purified
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ZF-ASRM or ASRM° washed, treated with trypsin to eliminate cell surface-bound material,
imaged using confocal microscopy (Figure 5.8A and B), and assayed en masse via
flow cytometry (Figure 5.8C and D). When visualized using confocal microscopy, Saos-
2 cells show clear evidence of punctate rhodamine fluorescence when treated with
increasing concentrations of ZF-ASR" (Figure 5.9), whereas little punctate fluorescence
is observed in cells treated with ASR" (Figure 5.8B and Figure 5.9). The difference in
overall uptake is more evident when ZF-ASRM- and ASRM°-treated Saos-2 cells are
evaluated en masse using flow cytometry (Figure 5.8C and D). The median
fluorescence intensity (MFI1) of Saos-2 cells treated with ASRM increases modestly if at
all (1.6-fold) as the incubation concentration increases from 1 to 3 uM, while the MFI of
Saos-2 cells treated with ZF-ASR" increases 7.4-fold over the same concentration
range. Overall, treatment of Saos-2 cells for 1 h with ZF-ASR"® resulted in higher MFI
values than observed when cells were treated with ZF-SNAPR"® at all concentrations (1—
3 uM) and time points (0.5 and 2 h).® Although work is still necessary to fully assess the
cargo requirements of cytosolic delivery using ZF5.3, is possible that the higher overall
uptake of ZF-ASRM relative to ZF-SNAPRM is related to differences in overall charge
that may affect association with the plasma membrane.44-46

5.3.4 Evaluation of cytosolic trafficking of ASR" and ZF-ASR"° using fluorescence
correlation spectroscopy (FCS)

After assessing cellular uptake by confocal microscopy and flow cytometry, we
used FCS28925 to track the concentration-dependent endosomal release of ZF-ASR™
and ASR" into the cytosol of Saos-2 cells (Figure 5.8E and Figure 5.10). These
experiments revealed that treatment of Saos-2 cells with 1 to 3 yM ZF-ASR"° leads to
cytosolic ZF-ASRM concentrations between 35 + 4 nM and 111 + 19 nM after 1 h. ZF-
ASRM° achieves the highest cytosolic concentration at 2 uM; the minimal differences
between 2 yM and 3 uM may illustrate saturation of the cellular mechanism required for
endosomal release.? By contrast, the cytosolic concentrations achieved by ASRM fell
between 26 + 6 nM and 77 £ 30 nM and were not dose-dependent. The largest
difference in cytosolic concentrations achieved by ASR™ and ZF-ASR (4-fold) was
observed at an incubation concentration of 3 uM. It is notable that the cytosolic
concentrations achieved by ZF-ASR™ are lower than previously observed for ZF-
SNAPR even at shorter incubation times.® This difference may reflect the fact that ZF-
ASRM° js a tetramer of 49.9 kD monomers and ZF-SNAPR" is a monomer (23.3 kD).
Cytosolic fractionation experiments confirmed that ZF-ASR™ remains intact when
delivered to the cytosol of Saos-2 cells (Figure 5.11).

We also assessed whether cytosolic delivery of ZF-ASR" demanded a covalent
linkage between AS and ZF5.3. Specifically, we evaluated whether ZF5.3 (unadorned
by a fluorescent tag) would increase the ability of ASR" to (1) localize within the
endosomal pathway (“uptake”); and (2) reach the cytosol (“endosomal release”). Saos-2
cells were incubated for 1 h with 1 yM ASR" plus 0—1 uM ZF5.3; the total cellular
uptake of ASR" was determined by flow cytometry and the concentration of ASR™ in the
cytosol was determined using FCS (Figure 5.12A). Increasing amounts of ZF5.3 led to
a dose-dependent increase in the total cellular uptake of ASR" (Figure 5.12B) but no
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change in the amount of ASR" that reaches the cytosol (Figure 5.12C). These results
confirm that efficient cytosolic delivery of ZF5.3-AS demands a covalent linkage
between AS and ZF5.3, and are fully consistent with the previous observation that
ZF5.3 does not increase the amount of Lys9R"° that reaches the cytosol when the two
are co-delivered.®

5.3.5 Evaluation of uptake by SK-HEP-1 cells using flow cytometry and confocal
microscopy

Next we turned to SK-HEP-1 cells, human hepatic adenocarcinoma cells that
naturally express low levels of AS, providing a disease-relevant system.*” SK-HEP-1
cells were treated with between 0.5 and 3 uM ZF-ASR" or ASRfor 1 or 2 h, washed,
treated with trypsin, and evaluated using confocal microscopy, flow cytometry, and FCS
(Figure 5.13, Figure 5.14, Figure 5.15A and B). Cells treated with ASR" show no
increase in punctate fluorescence with incubation time but a minimal increase with
respect to concentration (Figure 5.14). By contrast, ZF-ASR" showed both time- and
dose-dependent increases in punctate fluorescence (Figure 5.14). The median
fluorescence intensity (MFI) of cells treated with 0.5 to 3 uM ASR"increased modestly
from 4540 + 50 to 6860 £ 110 AU over this concentration range, whereas the MFI of
cells treated with analogous concentrations of ZF-ASR" exhibited dose dependency
and increased from 11000 + 1000 AU to a maximum of 38000 + 2000 AU (Figure 5.13C
and E). The decrease in overall uptake at 3 yuM could be the result of cell death (Figure
5.15C). The overall uptake of both ASR"® and ZF-ASR™ was also time-dependent, as
observed previously,® with higher uptake observed at longer incubation times (Figure
5.13E).

5.3.6 Evaluation of cytosolic trafficking of ASR"® and ZF-ASR" in SK-HEP-1 cells
using FCS

After assessing cellular uptake by confocal microscopy and flow cytometry, we
used FCS8925 to track the endosomal release of ZF-ASR" and ASR" by monitoring the
concentration of each protein within the SK-HEP-1 cytosol as a function of dose (1-3
puM) and time (1-2 h) (Figure 5.13A and Figure 5.15D). These experiments revealed
several important observations. First, the FCS data revealed that ASR" itself reaches
the SK-HEP-1 cytosol more efficiently than previously studied proteins lacking ZF.° The
concentration of ASR™ in the cytosol averages 47 + 6 nM, which is 24-fold larger than
that achieved by SNAP-tagR"® under comparable conditions (2 = 1 nM in Saos-2 cells)
despite the difference in molecular mass.® Importantly, the amount of ASR"° that traffics
into the cytosol is independent of both dose (0.5-3 uyM) and incubation time (1-2 h).
Second, the improvements in cytosolic trafficking of AS due to ZF (no significant
differences at 2 and 3 uM) are smaller than previously observed for the model protein
SNAP-tag (approximately 2.3-fold at 2 and 3 uM).°® At lower concentrations the dose-
response was non-linear, with maximal cytosolic concentrations of ZF-ASR™ observed
at 1 uM with a 1 h incubation (Figure 5.13F). ZF-ASR" reaches the SK-HEP-1 cytosol
at concentrations greater than 50 yM under all experimental conditions, whereas a 3 uyM
dose is required for ASR" to reach this threshold. A final observation is that there are
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subtle cell line-dependent differences; in Saos-2 cells, an incubation concentration of 2
UM led to the highest cytosolic concentration of ZF-ASR°, whereas only 1 uM dose was
required to reach this concentration in SK-HEP-1 cells. Taken together, these data
indicate that ZF can transport AS into the cytosol of multiple cell lines to achieve
concentrations that approximate that of endogenous AS in a healthy C57BL/6 mouse
liver (Figure 5.16). We note that the presence of Zn?* is essential for delivery of ZF-AS:
when prepared in the absence of Zn?*, the concentration of ZF-ASRM that reaches the
cytosol falls to the level achieved by ASR" alone (Figure 5.15E and F). This finding is
consistent with previous reports that disruption of the a-helix in aPP5.3 also lowers
delivery efficiency.*8

5.3.7 Endotoxin Analysis and Removal

The outer membrane of Gram-negative bacteria such as E. coli is replete with
lipopolysaccharides (LPS) known as endotoxins.*® LPS is released from lysed bacteria®®
and can co-purify with proteins isolated from E. coli.>'-%? Interaction of the hexa-acyl
chain of LPS with Toll-like receptor 4 (TLR4) in complex with myeloid differentiation
factor 2 (MD-2) activates the innate immune response in mammalian cells and can
cause myriad detrimental effects, including cytokine storm.53-5¢ Indeed, AS has been
reported to itself bind LPS.'357 Our experiments necessitated that endotoxin levels be
reduced to less than five endotoxin units (EU) per kilogram of mouse (1 EU/mL protein)
prior to animal studies.58-%% We initially quantified endotoxin levels using a Limulus
amebocyte lysate (LAL), which exploits the endotoxin binding activity of Factor C in the
innate immune response of horseshoe crabs.®! Using the LAL assay, we quantified the
level of endotoxin contamination in samples of AS and ZF-AS isolated from BL21-Gold
(DE3) cells (Figure 5.17A—C). This assay revealed endotoxin levels of 9.3 £ 1.1 EU/mL
(AS) and 9.6 £ 0.3 EU/mL (ZF-AS), significantly higher than those in MilliQ water and
buffer (0.068 + 0.001 and 0.067 + 0.000 EU/mL, respectively), limiting the potential dose
in a mouse study to <1 yM (0.25 mg/kg).

We made use of the engineered BL21(DE3) E. coli strain ClearColi® and
extensive wash steps to reduce the endotoxin contamination of AS and ZF-AS in
preparation for animal studies (Figure 5.18A). ClearColi® lacks multiple genes required
for lipid A biosynthesis (AgutQ, AkdsD, AlpxL, AlpxM, ApagP, AlpxP, and AetpA).>362 To
evaluate the level of endotoxin contamination in materials generated in ClearColi®, we
used an engineered HEK293 cell line (HEK-Blue™ hTLR4, InvivoGen) that reports on
the direct interaction of endotoxin with TLR4 and MD-2 of the innate immune system
with a chromophore that is monitored at 640 nm (Figure 5.18B).55:°6.63.64 \We first
assessed the endotoxin levels of the SUMO protease used during the purification
workflow of AS and ZF-AS (Figure 5.18C). The endotoxin levels in the SUMO protease
samples decreased from 59 + 6 EU/mL for material expressed in BL21-Gold (DE3) cells
to 0.03 £ 0.02 EU/mL for material produced in ClearColi®, a 2,000-fold reduction. In T7
Express cells, just an additional wash step decreased endotoxin levels almost 60-fold.

We next assessed the levels of endotoxin contamination in samples of AS and
ZF-AS expressed in different E. coli strains (Figure 5.18C). Expression of AS and ZF-
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AS in ClearColi® led to endotoxin levels that were reduced by 16,500-fold (AS) or
2,000-fold (ZF-AS) from levels observed for samples expressed in BL21-Gold (DE3)
cells. The level of endotoxin contamination in the final ZF-AS sample (0.091 £ 0.006
EU/mL) was suitable to allow mouse dosing at 3 mg/kg. The ClearColi®-derived
proteins AS and ZF-AS exhibited kcat values (0.40 + 0.02 s"and 0.19 + 0.01 s,
respectively) similar to the enzymes purified from BL21-Gold (DE3) cells (Figure 5.1D).
The Kwu values of ClearColi® purified proteins did slightly decrease by 1.6- and 3-fold
compared to AS and ZF-AS purified from BL21-Gold (DE3) cells, respectively (Figure
5.1E).

5.3.8 Delivery to Healthy Mice

With endotoxin-free material in hand, we next asked whether ZF-AS purified from
ClearColi® would reach the liver of C57BL/6 mice when administered in vivo. A set of
thirty C57BL/6 mice were injected intravenously via the tail vein with 3 mg/kg ZF-AS (15
mice) or vehicle (phosphate buffered saline (pH 7.4)) (15 mice), and the time-dependent
concentrations of AS-containing proteins in serum and liver were evaluated using
organ-specific ELISAs detecting an internal AS epitope (Figure 5.19). These assays
were optimized to quantify dilutions of ZF-AS at concentrations between 1.6 and 200
nM (in serum) and 0.1 and 6.0 nM (in liver) (Figure 5.20). Mice injected with 3 mg/kg
ZF-AS showed a total ZF-AS concentration in serum of 390 + 1706 nM (19400 £ 8300
ng/mL) above baseline (vehicle signal) within the first five minutes of dosing. The rapid
loss of ZF-AS from serum observed here is consistent with the previous observation
that intravenous injection of 0.11-0.43 mg/kg rat-liver purified AS remains in serum for
less than 15 min post-dose.®® Mice injected with vehicle alone showed an initial liver
concentration of AS-containing protein of roughly 410 + 40 nM (19300 + 1700 ng/mL),
which was defined as baseline. We note that this value does not rigorously reflect the
concentration of endogenous AS in the liver as the ELISA was optimized to quantify ZF-
AS, not AS. Mice injected with 3 mg/kg ZF-AS showed a total ZF-AS concentration in
the liver of 190 + 60 nM above baseline at short times; this value decreased to baseline
values over the course of 1 h. Although the rapid clearance of ZF-AS from the liver is
not ideal, this initial study shows definitively that ZF-AS is non-toxic to mice at 3 mg/kg,
stable in plasma, and reaches the liver at concentrations close to 200 nM within 1 h of
dosing. Experiments to assess the efficacy of ZF-AS versus AS in an established
mouse model for CTLN-I (Ass7™mice)®® will be described in due course.

5.4 Conclusions

Previous work has provided evidence that a fusion of the cell-permeant miniature
protein (CPMP) ZF5.3 (ZF) with the small model protein SNAP-tag can enter cells and
escape from endosomes with greater efficiency than fusions to either canonical
(penetratin) or macrocyclic (CPP9 and CPP12)'? delivery vehicles.® Here we report that
ZF is also capable of delivering a large and complex urea cycle enzyme,
argininosuccinate synthetase, to the cytosol of cells in culture and the livers of healthy
mice. The fusion protein ZF-AS is catalytically active in vitro, stabilized in plasma, and
traffics successfully and in fully intact form to the cytosol of cultured cells, achieving
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cytosolic concentrations greater than 100 nM. This value is between 3—10-fold higher
than the concentration of endogenous AS (11 + 1 to 44 + 5 nM). When injected into
healthy C57BL/6 mice, ZF-AS reaches the mouse liver at concentrations almost 200 nM
above baseline. These studies demonstrate that ZF5.3 can deliver a complex protein
enzyme to the cytosol at therapeutically relevant concentrations and support its further
development as an improved vehicle for cytosolic enzyme replacement therapies.
These studies should also motivate efforts to establish more detailed design rules for
protein endosomal escape’" that are guided by directly quantifying delivery efficiency,
not activity.

5.5 Methods

5.5.1 Materials
Plasmid Design, Protein Expression, and Protein Purification

DNA primers and gBlocks® for Gibson Assembly® were purchased from
Integrated DNA Technologies, Inc (Coralville, IA). A Gibson Assembly® Cloning Kit,
Phusion® High-Fidelity DNA Polymerase, deoxynucleotide (ANTP) solution mix, Dpnl,
T4 polynucleotide kinase, and T4 DNA ligase were purchased from New England
BioLabs (Ipswich, MA). DNA sequencing was performed by Quintara Biosciences. E.
coli BL21-Gold (DE3) cells were purchased from Agilent (Santa Clara, CA). ClearColi®
cells were from Lucigen (Middleton, WI). TALON resin was from Takara Bio USA, Inc.
(Shiga, Japan). LB Broth Powder (Lennox and Miller), 2M N,N-diisopropylethylamine
(DIEA) in N-methylpyrrolidone (NMP), and Lissamine Rhodamine B sulfonyl chloride
(mixed isomers) were purchased from Thermo Fisher Scientific (Waltham, MA).
Standard Fmoc-protected amino acids (all possessing the L-configuration) were
purchased from Novabiochem. Fmoc-Lys(Mtt)-OH, H-Rink Amide-ChemMatrix® resin,
Phosphorylase B, aldolase, and ovalbumin were purchased from MilliporeSigma
(Burlington, MA). Trifluoroacetic acid (TFA), O-(benzotriazol-1-yl)-N,N,N’,N'-
tetramethyluronium hexafluorophosphate (HBTU), 1-hydroxybenzotriazole hydrate
(HOBL), piperidine, carbenicillin disodium salt, kanamycin sulfate, ampicillin sodium salt,
Super Glycerol, HEPES, 1M Tris HCI solution (pH 7.4), and dithiothreitol (DTT) were
purchased from AmericanBio (Canton, MA). SOC outgrowth media was purchased from
New England BioLabs (Ipswich, MA). Any kD™ Mini-PROTEAN® TGX™ Precast
Protein Gels (10- or 15-well) were purchased from Bio-Rad Laboratories (Hercules,
CA). All other reagents were obtained from commercial sources and used without
further purification, unless otherwise stated.

Plasma Stability Assay

Plasma was collected from C57BL/6 male mice (containing lithium heparin as the
anticoagulant) and supplied by Charles River Laboratories (Wilmington, MA). 10% Mini-
PROTEAN® TGX™ Precast Protein Gels (15-well) were purchased from Bio-Rad
Laboratories (Hercules, CA). iBlot™ transfer stack (PVDF) were obtained from
ThermoFisher Scientific (Waltham, MA). ASS1 (D404B) XP® Rabbit mAb #70720 and
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HRP-linked anti-Rabbit IgG antibody (7074S) were from Cell Signaling Technology
(Danvers, MA). Anti-ASS1 antibody (EPR12399(B)) and Recombinant Anti-ASS1
antibody (EPR12398) were from Abcam (Cambridge, UK). ASS1 antibody (HPA020934)
was from MilliporeSigma (Burlington, MA). Anti-SNAP-tag antibody (polyclonal,
P9310S) was purchased from New England BioLabs (Ipswich, MA). Milk, non-fat, dry,
Omniblock™ was from AmericanBio (Canton, MA). Amersham ECL Prime Western
Blotting Detection Reagent was from Cytiva (Marlborough, MA). All other reagents were
obtained from commercial sources and used without further purification, unless
otherwise stated.

Activity Assay

Beta-nicotinamide adenine dinucleotide reduced disodium salt (NADH) and
adenosine-5'-triphosphate (ATP) were purchased from MP Biomedicals (Burlingame,
CA). Pyruvate kinase/lactate dehydrogenase enzymes from rabbit muscle and
myokinase from rabbit muscle were obtained from Sigma-Aldrich (St. Louis, MO).
Adenosine 5’-monophosphate was purchased from Acros Organics (Fair Lawn, NJ).
Phosphoenolpyruvic acid monopotassium salt was obtained from Alfa Aesar (Ward Hill,
MA). All other reagents were obtained from commercial sources and used without
further purification, unless otherwise stated.

Liver Homogenate Activity Assay

C57BL/6 mouse liver was obtained from Charles River Laboratories. L-[U-"4C]
aspartic acid (NEC268E050UC), Optiplate-96 HB (6005290), and Microscint 40
scintillation fluid (6013641) were obtained from Perkin Elmer (Waltham, MA). Tris HCI
(T718), adenosine triphosphate (ATP, A2383), KCI (P9333), arginase (A3133), and
argininosuccinic acid (A5707) were purchased from Sigma-Aldrich (St. Louis, MO). L-
citrulline (110470250) was from Acros (Belgium). Roche (Basel, Switzerland) supplied
phosphoenolpyruvate (PEP, P10108294001) and pyruvate kinase (10109045001). 96-
well Millipore Multiscreen 0.45 um Hydrophilic Low Protein Duapore Membrane plates
(MAHVN4550) were from Millipore (Burlington, MA). BT AG 50W-X8 Cation Exchange
Resin (1435441) was obtained from Bio-Rad (Hercules, CA). All other reagents were
obtained from commercial sources and used without further purification, unless
otherwise stated.

Cell Culture and Assays

Saos-2 and SK-HEP-1 cells were purchased from American Type Culture
Collection (ATCC, Manassas, VA). McCoy’s 5A medium (with and without phenol red),
Minimum Essential Medium Eagle (EMEM, with and without phenol red), and fibronectin
were purchased from MilliporeSigma (Burlington, MA). Nunc™ Lab-Tek™ | Chambered
Coverglass slides (8 Well, 0.8 cm?), TrypLE, fetal bovine serum (FBS), Dulbecco’s
modified eagle medium (DMEM, with and without phenol red), minimum essential media
(MEM,with and without phenol red), Hoescht 33342 stain, GlutaMAX, sodium pyruvate,
and TrypLE were purchased from Thermo Fisher Scientific (Waltham, MA).
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Penicillin/streptomycin and Dulbecco’s phosphate-buffered saline (DPBS) were from
Life Technologies (Carlsbad, CA). All other reagents were obtained from commercial
sources and used without further purification, unless otherwise stated.

Endotoxin Testing

ToxinSensor™ Chromogenic Limulus Amebocyte Lysate (LAL) Endotoxin Assay
Kit was obtained from GenScript Biotech (Piscataway, NJ). HEK-Blue™ hTLR4 cells
that contained 250X HEK-Blue™ Selection, Normocin™ (50 mg/mL), and HEK-Blue™
Detection were purchased from InvivoGen (San Diego, CA). All other reagents were
obtained from commercial sources and used without further purification, unless
otherwise stated.

Mouse Enzyme-Linked Immunosorbent Assays

Read Buffer T, Donkey anti-Goat-SulfoTag, and MSD Standard Bind Plate were
obtained from MSD (Mumbai, India). Superblock was from ScyTek Laboratories (West
Logan, UT). ASS1 (D404B) XP® Rabbit mAb #70720 was from Cell Signaling
Technology (Danvers, MA). ASS1 Polyclonal Primary Antibody was from Thermo Fisher
Scientific (Waltham, MA). All other reagents were obtained from commercial sources
and used without further purification, unless otherwise stated.

5.5.2 Equipment

For plasmid and fluorophore quantification, a ND-1000 spectrophotometer
(NanoDrop) was used. An Allegra X-14R Centrifuge (VWR) was used for protein
purification. ChemiDoc MP and ChemiDoc XRS (Bio-Rad) instruments were used for
imaging SDS-PAGE gels and Western blots. AKTA Pure FPLC (Cytiva, with a HiLoad™
Superdex 200 16/600 pg column) was utilized for protein purification. A Biotage
Initiator+ Alstra (Biotage) and HPLC (Agilent, using a semiprep Grace Vydac C18
(218TP) column) were used for peptide synthesis and purification. A LC-MS Waters
Xevo QTOF high-resolution MS was used for identification of argininosuccinate
synthetase (AS) and ZF5.3-AS (ZF-AS) and a Waters Synapt G2-Si mass spectrometer
equipped with an electrospray ionization source was used for identification of ASR" and
ZF-ASR"_ Circular dichroism studies were completed with a Circular Dichroism
Spectrometer (Aviv). The iBlot™ Transfer System (Thermo Fisher Scientific) was used
for Western blots. A Synergy 2 Plate Reader (BioTek) was utilized for enzyme activity
studies. A Packard Topcount NxT (PerkinElmer) was used for scintillation counting. For
cellular uptake, confocal microscopy, and fluorescence correlation spectroscopy, an
Attune NxT Flow Cytometer (Thermo Fisher Scientific) and LSM 880 (Zeiss) were used.
Finally, the enzyme-linked immunosorbent assays were analyzed on a MSD Sector
Imager (MSD).

5.5.3 Sequences of Expressed Proteins

Note that ZF5.3 is abbreviated as ZF.
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Hise-SUMO-AS Protein Sequence
MHHHHHHSDSEVNQEAKPEVKPEVKPETHINLKVSDGSSEIFFKIKKTTPLRRLMEAFA
KRQGKEMDSLRFLYDGIRIQADQTPEDLDMEDNDIIEAHREQIGGMSSKGSVVLAYSG
GLDTSCILVWLKEQGYDVIAYLANIGQKEDFEEARKKALKLGAKKVFIEDVSREFVEEFI
WPAIQSSALYEDRYLLGTSLARPCIARKQVEIAQREGAKYVSHGATGKGNDQVRFELS
CYSLAPQIKVIAPWRMPEFYNRFKGRNDLMEYAKQHGIPIPVTPKNPWSMDENLMHIS
YEAGILENPKNQAPPGLYTKTQDPAKAPNTPDILEIEFKKGVPVKVTNVKDGTTHQTSL
ELFMYLNEVAGKHGVGRIDIVENRFIGMKSRGIYETPAGTILYHAHLDIEAFTMDREVRK
IKQGLGLKFAELVYTGFWHSPECEFVRHCIAKSQERVEGKVQVSVLKGQVYILGRESP
LSLYNEELVSMNVQGDYEPTDATGFININSLRLKEYHRLQSKVTAK

Hise-SUMO-ZF5.3-AS (Hise-SUMO-ZF-AS) Protein Sequence
MHHHHHHSDSEVNQEAKPEVKPEVKPETHINLKVSDGSSEIFFKIKKTTPLRRLMEAFA
KRQGKEMDSLRFLYDGIRIQADQTPEDLDMEDNDIIEAHREQIGGYSCNVCGKAFVLS
RHLNRHLRVHRRATGSGMSSKGSVVLAYSGGLDTSCILVWLKEQGYDVIAYLANIGQK
EDFEEARKKALKLGAKKVFIEDVSREFVEEFIWPAIQSSALYEDRYLLGTSLARPCIARK
QVEIAQREGAKYVSHGATGKGNDQVRFELSCYSLAPQIKVIAPWRMPEFYNRFKGRN
DLMEYAKQHGIPIPVTPKNPWSMDENLMHISYEAGILENPKNQAPPGLYTKTQDPAKA
PNTPDILEIEFKKGVPVKVTNVKDGTTHQTSLELFMYLNEVAGKHGVGRIDIVENRFIGM
KSRGIYETPAGTILYHAHLDIEAFTMDREVRKIKQGLGLKFAELVYTGFWHSPECEFVR
HCIAKSQERVEGKVQVSVLKGQVYILGRESPLSLYNEELVSMNVQGDYEPTDATGFINI
NSLRLKEYHRLQSKVTAK

Hise-SUMO-AS-LPETGG Protein Sequence
MHHHHHHSDSEVNQEAKPEVKPEVKPETHINLKVSDGSSEIFFKIKKTTPLRRLMEAFA
KRQGKEMDSLRFLYDGIRIQADQTPEDLDMEDNDIIEAHREQIGGMSSKGSVVLAYSG
GLDTSCILVWLKEQGYDVIAYLANIGQKEDFEEARKKALKLGAKKVFIEDVSREFVEEFI
WPAIQSSALYEDRYLLGTSLARPCIARKQVEIAQREGAKYVSHGATGKGNDQVRFELS
CYSLAPQIKVIAPWRMPEFYNRFKGRNDLMEYAKQHGIPIPVTPKNPWSMDENLMHIS
YEAGILENPKNQAPPGLYTKTQDPAKAPNTPDILEIEFKKGVPVKVTNVKDGTTHQTSL
ELFMYLNEVAGKHGVGRIDIVENRFIGMKSRGIYETPAGTILYHAHLDIEAFTMDREVRK
IKQGLGLKFAELVYTGFWHSPECEFVRHCIAKSQERVEGKVQVSVLKGQVYILGRESP
LSLYNEELVSMNVQGDYEPTDATGFININSLRLKEYHRLQSKVTAKLPETGG

Hise-SUMO-ZF5.3-AS-LPETGG Protein Sequence
MHHHHHHSDSEVNQEAKPEVKPEVKPETHINLKVSDGSSEIFFKIKKTTPLRRLMEAFA
KRQGKEMDSLRFLYDGIRIQADQTPEDLDMEDNDIIEAHREQIGGYSCNVCGKAFVLS
RHLNRHLRVHRRATGSGMSSKGSVVLAYSGGLDTSCILVWLKEQGYDVIAYLANIGQK
EDFEEARKKALKLGAKKVFIEDVSREFVEEFIWPAIQSSALYEDRYLLGTSLARPCIARK
QVEIAQREGAKYVSHGATGKGNDQVRFELSCYSLAPQIKVIAPWRMPEFYNRFKGRN
DLMEYAKQHGIPIPVTPKNPWSMDENLMHISYEAGILENPKNQAPPGLYTKTQDPAKA
PNTPDILEIEFKKGVPVKVTNVKDGTTHQTSLELFMYLNEVAGKHGVGRIDIVENRFIGM
KSRGIYETPAGTILYHAHLDIEAFTMDREVRKIKQGLGLKFAELVYTGFWHSPECEFVR
HCIAKSQERVEGKVQVSVLKGQVYILGRESPLSLYNEELVSMNVQGDYEPTDATGFINI
NSLRLKEYHRLQSKVTAKLPETGG
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Hise-SUMO Protease Protein Sequence
MHHHHHHLVPELNEKDDDQVQKALASRENTQLMNRDNIEITVRDFKTLAPRRWLNDTI
IEFFMKYIEKSTPNTVAFNSFFYTNLSERGYQGVRRWMKRKKTQIDKLDKIFTPINLNQS
HWALGIIDLKKKTIGYVDSLSNGPNAMSFAILTDLQKYVMEESKHTIGEDFDLIHLDCPQ
QPNGYDCGIYVCMNTLYGSADAPLDFDYKDAIRMRRFIAHLILTDALK

Sortase-Hiss Protein Sequence
MQAKPQIPKDKSKVAGYIEIPDADIKEPVYPGPATREQLNRGVSFAKENQSLDDQNISIA
GHTFIDRPNYQFTNLKAAKKGSMVYFKVGNETRKYKMTSIRNVKPTAVEVLDEQKGKD
KQLTLITCDDYNEETGVWETRKIFVATEVKLEHHHHHH

5.5.4 Expression and Purification of Proteins
pET-32a Plasmid Construction

The sequence of argininosuccinate synthetase (AS) from human or ZF-AS with a
N-terminal Hise-SUMO tag were codon optimized for E. coli expression, cloned into a
linearized pET-32a vector, and expressed in the BL21-Gold (DE3) E. coli strain or
ClearColi®.

Primers for linearization of commercial pET-32a for Gibson Assembly reactions:®
5-ATGTATATCTCCTTCTTAAAGTTAAACAAAATTATT-3’
5-TAACAAAGCCCGAAAGGAAG-3'

Primers for insertion of C-terminal LPETGG tag using pET32a_Hise-SUMO-AS or
pET32a_Hise-SUMO-ZF-AS:

Forward: TTGCCTGAGACAGGTGGATAACAAAGCCCGAAAGGAAG

Reverse: CTTTGCTGTCACTTTGGATTG

Transformation of Proteins in BL21-Gold (DE3) Cells

1 pL of plasmid (concentrations 2100 ng/uL) containing either Hise-SUMO-AS,
Hise-SUMO-ZF-AS, Hise-SUMO-AS-LPETGG, Hise-SUMO-ZF-AS-LPETGG, Hiss-
SUMO protease, or Sortase-Hiss were added to a thawed tube of BL21-Gold (DE3)
cells and incubated on ice for 15 min. The cells were heat shocked at 42 °C for 30 s and
put back onto ice for 2 min. 450 yL of SOC outgrowth media were added and the cells
recovered for 1 h at 37 °C and 200 RPM. 150 pL of the recovered cells were added to
carbenicillin or kanamycin containing agar plates and incubated at 37 °C overnight.

Expression of AS Containing Proteins in BL21-Gold (DE3) Cells

Hise-SUMO-AS, Hise-SUMO-ZF-AS, Hiss-SUMO-AS-LPETGG, and Hiss-SUMO-
ZF-AS-LPETGG were expressed in BL21-Gold (DE3) E. coli. For each L expressed,
one starter culture containing 5 mL LB Lennox, 5 yL 1000X carbenicillin, and 1 colony of
the respective bacteria containing the appropriate plasmid was prepared. These
cultures incubated at 37 °C and 200 RPM for 3.5 h. After the initial incubation, the starter
culture was added to 1 L of LB Lennox and 100 mg of ampicillin; the bacteria incubated
at 37 °C and 200 RPM until the ODsoo reached 0.6-0.8. At this time, the cultures were
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inoculated with 1 mM IPTG and the temperature was reduced to 18 °C. Expression
occurred overnight.

Purification of AS Containing Proteins in BL21-Gold (DE3) Cells

The following buffers were used for purification: stock buffer (50 mM sodium
phosphate monobasic monohydrate, 300 mM NaCl, 10% glycerol, pH 7.5), wash buffer
(stock buffer + 1 mM DTT), elution buffer (stock buffer + 1 mM DTT and 250 mM
imidazole), and dialysis buffer (30 mM HEPES, 500 mM NaCl, 1 mM DTT, 10%
glycerol, pH 7.5, and 100 uM ZnCl; for ZF-containing constructs). The overnight cell
culture was spun down for 30 min at 4000 RPM and 4 °C; the supernatant was removed.
Cell pellets were resuspended in 15 mL of wash buffer (1 tablet cOmplete, mini EDTA-
free protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO) was added per L of
culture). The lysate was sonicated for 8 min total (30 s on, 30 s off) at 30% duty cycle.
The lysate was cleared by centrifugation for 45 min at 4 °C and 10,000 RPM. 1 mL
fractions of Talon resin were added to Eppendorf tubes (3 mL of Talon resin/L of
culture). These were centrifuged at max speed for 3 min and the supernatant was
removed. The lysate was combined with the Talon resin and added to a 50 mL Falcon
tube. The tube rotated on a rotisserie at 4 °C for 1 h. The slurry was added to a column
and the flowthrough was drained (flowthrough was collected in a 50 mL Falcon tube for
SDS-PAGE). The resin was washed 3X with 30 mL wash buffer. Each wash step was
collected for SDS-PAGE analysis. The protein was eluted with 3 X 5 mL fractions of
elution buffer. SDS-PAGE samples were prepared of the elution fractions as well as for
other steps of the purification (20 yL sample + 5 yL 5X SDS-page loading dye). SDS-
PAGE was completed (200 V for 25-30 min). Fractions containing protein were
combined and dialyzed overnight at 4 °C. The following day, the protein was
concentrated using Amicon spin filters (10 or 30 kDa MWCO) and subsequently
quantified using Pierce™ 660 nm reagent. Protein was stored at -80 °C until further use.
Hise-SUMO-AS yielded 7.3 mg/L culture, Hise-SUMO-ZF-AS yielded 2.7 mg/L culture,
Hise-SUMO-AS-LPETGG yielded 5.4 mg/L culture, and Hiss-SUMO-ZF-AS-LPETGG
yielded 6.3 mg/L culture.

Expression of Hise-SUMO protease in BL21-Gold (DE3) Cells

Hise-SUMO protease was expressed in BL21-Gold (DE3) E. coli. For each L
expressed, one starter culture containing 5 mL LB Lennox, 5 yL 1000X carbenicillin,
and 1 colony of the respective bacteria containing the appropriate plasmid was
prepared. These cultures incubated at 37 °C and 200 RPM for 3.5 h. After the initial
incubation, the starter culture was added to 1 L of LB Miller and 100 mg of ampicillin;
the bacteria incubated at 37 °C and 200 RPM until the ODeoo reached 0.6—0.8. At this
time, the cultures were inoculated with 1 mM IPTG and the temperature was reduced to
18 °C. Expression occurred overnight.

Purification of Hise-SUMO protease in BL21-Gold (DE3) Cells
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The following buffers were used for purification: resuspension buffer (50 mM
HEPES (pH 8), 150 mM NaCl, 10% glycerol), wash buffer (50 mM HEPES (pH 8), 500
mM NaCl, 10% glycerol), elution buffer (50 mM HEPES (pH 8), 150 mM NaCl, 250 mM
imidazole, 10% glycerol), and dialysis buffer (50 mM HEPES (pH 7), 500 mM NacCl,
10% glycerol, 1 mM DTT). Since this enzyme is a protease, no protease inhibitors were
incorporated into the purification. The protein was kept on ice to prevent degradation.
Overnight cultures were spun down at 4300 RPM for 30 min at 4 °C. The supernatant
was removed and the cell pellet was resuspended in resuspension buffer. The cell
slurry was sonicated for 8 min (cycles of 30 s on/30 s off) at 30% duty cycle. The cell
lysate was added to a 50 mL Falcon tube and centrifuged for 45 min at 10,000 RPM
and 4 °C. 1 mL fractions of Talon resin were added to Eppendorf tubes (3 mL of Talon
resin/L of culture). These were centrifuged at max speed for 3 min and the supernatant
was removed. The lysate was combined with the Talon resin and put into a 50 mL
Falcon tube. The tube rotated on a rotisserie at 4 °C for 1 h. The slurry was added to a
column and the flowthrough was drained (flowthrough was collected in a 50 mL Falcon
tube for SDS-PAGE analysis). The resin was washed 4X with 20 mL of wash buffer.
Each wash step was collected for SDS-PAGE and future analysis. The protein was
eluted with 3 X 5 mL fractions of elution buffer. SDS-PAGE samples were prepared of
the elution fractions as well as for other steps of the purification (20 uL sample + 5 pL
5X SDS-page loading dye). SDS-PAGE was completed (200 V for 25 min). Fractions
containing protein were combined and dialyzed overnight at 4 °C. The following day, the
protein was concentrated using Amicon spin filters (10 kDa MWCOQO) and subsequently
quantified using Pierce™ 660 nm reagent. Protein was stored at -80 °C until further use.

SUMO Cleavage

SUMO protease was added in 1.14 molar excess to a Hise-SUMO-containing
protein (Hiss-SUMO-AS or Hise-SUMO-ZF-AS) in a 3-5 mL reaction volume (30 mM
HEPES pH 7.5, 500 mM NaCl, and 10% glycerol). The reaction occurred for 4 h at room
temperature. Any precipitation that occurred was spun down and only supernatant was
concentrated for size exclusion chromatography (SEC).

Expression and Purification of SNAP-tag-Hiss in BL21-Gold (DE3) Cells
SNAP-tag-Hiss was expressed and purified as detailed in Wissner et al.®
Expression of Sortase-Hiss in BL21-Gold (DE3) Cells

Sortase was cloned into a pET30b vector as a C-terminal Hiss fusion protein.
Sortase was expressed in BL21-Gold (DE3) E. coli. For each L expressed, one starter
culture containing 5 mL LB Lennox, 5 yL 1000X kanamycin, and 1 colony of the
respective bacteria containing the appropriate plasmid was prepared. These cultures
incubated at 37 °C and 200 RPM for 3.5 h. After the initial incubation, the starter culture
was added to 1 L of LB Miller and 100 mg of kanamycin; the bacteria incubated at 37 °C
and 200 RPM until the ODgoo reached 0.5—-0.6. At this time, the cultures were inoculated
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with 0.5 mM IPTG and the temperature was reduced to 30 °C. Expression occurred
overnight.

Purification of Sortase-Hiss

The following buffers were used for purification: resuspension buffer (20 mM Tris
pH 7.4, 150 mM NacCl, 10% glycerol), wash buffer (20 mM Tris pH 7.4, 500 mM NacCl,
10 mM imidazole, 10% glycerol), elution buffer (20 mM Tris pH 7.4, 150 mM NaCl, 200
mM imidazole, 10% glycerol), and dialysis buffer (60 mM HEPES (pH 7), 500 mM NacCl,
10% glycerol, 1 mM DTT). Overnight cultures were spun down at 4300 RPM for 30 min
at 4 °C. The supernatant was removed and the cell pellet was resuspended in 20 mL
resuspension buffer (also containing 1 protease inhibitor tablet per L LB media). The
cell slurry was sonicated for 8 min (cycles of 30 s on/ 30 s off). The cell lysate was
added to a 50 mL Falcon tube and centrifuged for 45 min at 10,000 RPM and 4 °C. 1 mL
fractions of Talon resin were added to Eppendorf tubes (3 mL of Talon resin/L of
culture). These were centrifuged at max speed for 3 min and the supernatant was
removed. The lysate was combined with the Talon resin and put into a 50 mL Falcon
tube. The tube rotated on a rotisserie at 4 °C for 1 h. The slurry was added to a column
and the flowthrough was drained (flowthrough was collected in a 50 mL Falcon tube for
SDS-PAGE). The resin was washed 3X (25 mL each) with wash buffer. Each wash step
was collected for SDS-PAGE and future analysis. The protein was eluted with 3 X 5 mL
fractions of elution buffer. SDS-PAGE samples were prepared of the elution fractions as
well as for other steps of the purification (20 L sample + 5 pL 5X SDS-page loading
dye). SDS-PAGE was completed (200 V for 25 min). Fractions containing protein were
combined and dialyzed overnight at 4 °C. The following day, the protein was
concentrated using Amicon spin filters (10 kDa MWCO) and subsequently quantified
using Pierce™ 660 nm reagent. Protein was stored at -80 °C until further use.

Synthesis of GGGKRho

GGGKRM was synthesized as previously described.® Briefly, using a Biotage
Alstra, Fmoc-Lys(Mtt)-OH was coupled to Rink amide ChemMatrix resin using HBTU,
HOBt, and 2M DIEA in NMP, followed by Fmoc deprotection and subsequent coupling
of three Fmoc-Gly-OH residues to generate Fmoc-GGGK(Mtt). After the final coupling
step, the resin was washed 3X with DMF and then 3X with DCM to shrink the resin. The
resin dried overnight at room temperature. To deprotect the Mtt group on the Lys
residue, 3% TFA in DCM was added to the vessel (3X, 15 min). The resin was washed
3X alternating between DCM and DMF with a final 3 rinses using DMF. The resin was
transferred to a 50 mL round bottom flask. The vessel was flushed with nitrogen and 3
equivalents of Lissamine rhodamine B sulfonyl chloride, DIPEA (6 equiv), anhydrous
DMF were added to the vessel to label the peptide overnight at room temperature. The
next day, the resin was washed thoroughly with DMF. The Fmoc group of the N-terminal
glycine residue was deprotected in 20% piperidine in DMF (2X, 15 min) and
subsequently cleaved from the resin using 95% TFA, 2.5% TIPS, and 2.5% water for 3
h. The peptide was ether precipitated, brought up in ACN:H2O, and lyophilized.
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GGGKR was purified by HPLC over a Grace Vydac C18 (218TP) column and identified
by mass spectrometry.

One-Pot Cleavage and Labeling Reaction

To optimize the concurrent SUMO cleavage and sortase labeling reaction,
various concentrations of GGGKR" (200 and 500 uM), temperature (4 °C, 25 °C, 37 °C),
and time (2—17 h) were assessed (Figure 5.5). In addition, buffer composition and pH
were analyzed. When all proteins were dialyzed into the same buffer overnight at 4 °C
(50 mM HEPES, pH 7.0, 10% glycerol, 500 mM NaCl, 1 mM DTT), the labeling reaction
was optimal with limited precipitation during the course of the reaction. Final reaction
conditions included 35 uM desired protein, 40 uM SUMO protease, 75 uM sortase, and
500 uM GGGKRM. To generate ASR™, the reaction took place for 2 h at room
temperature. For ZF-ASRM°, the reaction took place for 4 h at room temperature. On
average, the labeling efficiency for ASR" was 29% and ZF-ASR"™ was 28%.

Size Exclusion Chromatography (SEC)

A HiLoad® 16/600 Superdex® 200 pg column (stored and operated at 4 °C) was
washed with 2 column volumes (CV) of degassed and sterile filtered MilliQ water. The
column equilibrated in 30 mM HEPES pH 7.5, 500 mM NaCl, and 10% glycerol (Buffer
A) for 1.5 CV. The product of the SUMO cleavage or concurrent cleavage and labeling
reaction was concentrated to 500 pyL and applied to a 5 mL sample loop. The sample
loop was washed with 25 mL of Buffer A as the sample was injected onto the column.
The system flow rate was 0.2 mL/min and fractions were collected in 0.5 mL aliquots for
a total of 1.5 CV. Fractions were analyzed using SDS-PAGE analysis and those
containing protein were pooled, concentrated, quantified by Pierce™ 660 nm reagent,
and stored at -80 °C. Final protein samples were assessed by SDS-PAGE and purity
was determined by densitometry analysis in FIJI (Version 2.0.0).

Determination of Labeling Efficiencies for FC and FCS Correction Factors

The purification scheme described above was unable to separate rhodamine-
labeled proteins (denoted as ASRM and ZF-ASR") from unlabeled, so the calculated
labeling efficiencies were used as a correction factor for flow cytometry and FCS
studies. ASR"® and ZF-ASR"™ were quantified using Pierce™ 660 nm reagent. The
concentration of appended fluorophore (Lissamine rhodamine B) was calculated by
measuring the absorbance of the sample at 670 nm and applying Beer’s law (molar
absorptivity of Lissamine rhodamine B = 112,000 M" cm-). The ratio of
protein:fluorophore was calculated and used as a correction factor in the determination
of total cellular uptake and cytosolic concentrations.?®

5.5.5 Determination of Oligomerization State

The C-terminus of AS is involved in the tetramer formation of the protein.?” To
assess whether appending ZF to the N-terminus affected oligomerization, we compared
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the SEC chromatograms using a HiLoad® 16/600 Superdex® 200 pg (Figure 5.2D) to
standards of ovalbumin (45 kD), phosphorylase B (97.2 kD), and aldolase (158 kD).
These standards are close to the sizes of the monomer, dimer, and tetramer forms of
AS, respectively. A HiLoad® 16/600 Superdex® 200 pg was washed with filter-sterilized
and degassed water for 1.5 CV (180 mL) followed by a 1.5 CV equilibration in 30 mM
HEPES (pH 7.5), 500 mM NaCl, 1 mM DTT, 10% glycerol. Prior to addition on the
column, each protein solution was centrifuged for 3 min at 21,000 RCF. The
supernatant was removed, any pellet discarded, and 200-500 pL of 4 mg/mL standards
(ovalbumin, phosphorylase B, and aldolase) were injected onto the AKTA Pure FPLC at
4 °C. 200 pL of ZF-AS (49.9 kD, 3.2 mg/mL) and 300 pL of AS (46.5 kD, 1.9 mg/mL)
were injected onto the column. The system flow was set at 0.4 mL/min. The absorbance
at 280 nm was monitored as a function of column volume.

5.5.6 Circular Dichroism (CD) Analysis

4 mL AS and ZF-AS (at 40 pg/mL) were dialyzed into buffer (50 mM sodium
phosphate monohydrate monobasic (pH 7.51), 300 mM NaCl, <10% glycerol, and 1 mM
DTT) at 4 °C overnight. Buffer, AS (47.2 uyg/mL), or ZF-AS (29.9 pg/mL) were added a 1
cm cuvette containing a stir bar. To obtain initial spectra, wavelength scans were
performed from 215-300 nm on buffer, AS, and ZF-AS at 25 °C using an Aviv CD
spectrometer. Figure 5.2E shows the signal in molar ellipticity for AS and ZF-AS with
buffer signal subtracted. For the temperature melt, the signal was monitored at 225 nm
from 25 to 65 °C in 5 °C increments. At each temperature, the sample equilibrated for 5
min and the signal was averaged over 1 min prior to collection. Raw data (in m°) were
converted to molar ellipticity ([©], in deg*cm?*dmol') by

[0] = m°*M/(10 L = C) Equation 5.1

where M is the mean residual weight (for AS it is 113.49 g/mol, for ZF-AS is it 113.17
g/mol), L is the pathlength of the cuvette (in cm), and C is the concentration of the
sample (in g/L).” The Tmwas determined by fitting the molar ellipticity as a function of
temperature to a Boltzmann sigmoidal curve in Prism (Version 8.4.3)

5.5.7 Plasma Stability
Anti-AS Antibody Sensitivity Analysis

Four commercial anti-AS antibodies were selected (from Sigma, Cell Signaling
Technology, and Abcam) that targeted different portions of the AS protein (either the N-
terminus, middle of the AS, or C-terminus). Specifically, antibody HPA020934 (Sigma)
recognizes a central AS epitope (between residues 164 and 241), antibody ASS1
(D404B) XP® Rabbit mAb (Cell Signaling Technology, CST) recognizes an epitope
near the C-terminus containing Glu401, antibody Abcam1 (EPR12399(B), Abcam)
recognizes an epitope between residues 350 and 411, and antibody Abcam2
(EPR12398, Abcam) recognizes an epitope near the N-terminus of AS. A 2-fold serial
dilution of either AS or ZF-AS was prepared (0—100 nM). A gel was run for 1 hr at 150 V
with 15 yL of each sample added to the lane (samples prepared with 20 pL of protein
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and 5 pL of 5X Laemmli buffer). Western blot analysis was completed for each
commercial antibody as described below.

Stability of AS and ZF-AS in Mouse Plasma

To determine the stability of AS and ZF-AS in mouse plasma, 100 nM of AS, ZF-
AS, and SNAP-tag were added to 100% plasma from C57BL/6 mice. The plasma was
pre-warmed to 37 °C. The plasma incubated for six hours at 37 °C (samples were
parafiimed to prevent evaporation) and 20 uL samples were prepared for timepoints at
0, 5, 30, 60, 160, 260, and 360 minutes. During each time point, samples were flash
frozen in a mixture of acetone/dry ice and stored at -80 °C. All samples were thawed on
ice and spun down at max RPM for 3 min and 4 °C. The supernatant was removed and
of this, 3 pyL of 5X Laemmli buffer were added to 3 pL of supernatant and 9 L of MilliQ
water (final plasma concentration of 25%). To the original sample tube (containing any
pellet or insoluble material), 12 pL of denaturing solution (8 M urea and 1% (w/v)
sodium dodecyl sulfate) were added; 3 pL of 5X Laemmli buffer were also added. A
10% SDS-PAGE gel was run for 1 h at 150 V with 12 pL of each sample added to the
lane. Western blot analysis was completed as described below using the CST C-
terminal anti-AS antibody or NEB polyclonal anti-SNAP-tag antibody. Data was
analyzed by evaluating densitometry in FIJI (Version 2.0.0). The 0 min time point was
used to normalize all other subsequent time points. The samples from the soluble
fraction (supernatant) and those from the pellet were normalized separately, and then
the normalized values were added together to incorporate total intact AS, ZF-AS, or
SNAP-tag protein from both the supernatant and pellet. This sum was normalized to the
0 min time point (defined as 1).

Western Blot Analyses

SDS-PAGE was completed for the sample. A 5% milk in 1X TBST buffer solution
was prepared for use as blocking buffer. The gel was transferred to the iBlot® setup and
the blot occurred for 5 min. After 5 min, the blot paper was transferred to a container
with the milk solution. The blot was blocked for 1 h at room temperature with shaking.
15 mL of a 1:1000 dilution of anti-AS (or anti-SNAP-tag) antibody were added to the
container. The primary antibody solution incubated overnight at 4 °C with shaking. The
next day, the primary antibody solution was removed and the blot paper was washed 3X
with 1X TBST for 5 min. A 1:1000 dilution of secondary antibody (anti-rabbit IgG-HRP)
was prepared in 15 mL of 5% milk. The secondary antibody incubated at room
temperature with shaking for 1 h. The primary antibody solution was removed and the
blot paper was washed 3X with 1X TBST for 5 min. A 1:1 ratio of HRP substrate and
peroxide solution (Amersham ECL Prime Western Blotting Detection Reagent) was
prepared, added to the container with the blot paper, and incubated for 5 min with
shaking at room temperature. Blots were imaged on a ChemiDoc MP using a
chemiluminescent filter and the ladder was imaged using Epi-White illumination.

5.5.8 Activity Assay
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Determination of Michaelis-Menten parameters Ky and kcatfor AS and ZF-AS catalytic
activity

The catalytic activities of AS and ZF-AS were determined using a continuous
spectrophotometric assay described by McMurry et al.3” This coupled assay links the
time-dependent production of AMP to the oxidation of NADH and the associated
decrease in absorbance at 340 nm (Figure 5.6A). Here, the production of AMP by AS
or ZF-AS drives the subsequent coupled enzymatic reactions forward: myokinase
converts one molecule of AMP to two molecules of ADP; pyruvate kinase uses one
molecule of ADP to dephosphorylate phosphoenolpyruvic acid (PEP) to generate
pyruvate and ATP; NADH reduces pyruvate to lactate and generates NAD™, which is
detected at 340 nm.

Assay validation

To validate the assay, we (1) determined the minimum [AS] necessary to
observe a time-dependent decrease in absorbance at 340 nm; (2) confirmed that the
conversion of citrulline and aspartate into argininosuccinic acid limited the rate of the
time-dependent decrease in absorbance at 340 nm; and (3) ensured that at the assay
concentrations the time-dependent decrease in absorbance at 340 nm was linear.

To determine the minimum [AS] necessary to observe a time-dependent
decrease in the absorbance at 340 nm, we set-up test reactions containing 100 mM
HEPES pH 7.5, 1 mM DTT, 10 mM MgCl, 2.5 mM ATP, 1 mM phosphoenolpyruvic acid
(PEP), 0.2 mM NADH, 0.5 U myokinase, 3.6 U pyruvate kinase/lactate dehydrogenase,
1 mM aspartate, and 1 mM citrulline in a 96-well plate format. Reaction mixtures that
lacked AS or ZF-AS were first monitored for two min at 37 °C to ensure that the
absorbance at 340 nm was stable. Reactions were then initiated by the addition of 50
nM AS or ZF-AS and the absorbance at 340 nm was monitored every 16 s over the
course of 10 min on a BioTek Synergy 2 plate reader. All reactions were performed in
triplicate. Error was plotted as standard error (SE). Subsequent experiments were
performed at 100 nM AS or ZF-AS, and this concentration produced a larger change in
absorbance as a function of time (Figure 5.6B). In addition to identifying reaction
conditions, these controls established that both AS or ZF-AS and the substrates
citrulline and aspartate must be present to observe a decrease in absorbance at 340 nm
(Figure 5.6B).

We next sought to validate that the observed decrease in absorbance at 340 nm
reflected only the AS or ZF-AS catalyzed conversion of aspartate and citrulline into
argininosuccinate and not any subsequent steps. Reactions were set up as described
above alongside those containing 2-fold higher concentrations of the downstream
enzymes myokinase, pyruvate kinase, and lactate dehydrogenase. For the 1X samples,
0.5 U myokinase and 3.6 U pyruvate kinase/lactate dehydrogenase were used, while for
2X reactions, 1 U myokinase and 7.2 U pyruvate kinase/lactate dehydrogenase were
used. All reagents except for AS or ZF-AS were added to a 96-well plate. Reaction
mixtures that lacked AS or ZF-AS were first monitored for two min at 37 °C to ensure
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that the absorbance at 340 nm was stable. Reactions were then initiated by the addition
of 100 nM AS or ZF-AS and the absorbance at 340 nm was monitored every 16 s over
the course of 6 min (Figure 5.6C). The assay was performed in triplicate on a 96-well
plate at 37 °C. Error was plotted as standard error of the mean (SEM). The slopes (rate
of change in absorbance as a function of time) of the 1X and 2X reactions were not
significantly different according to an unpaired t-test (P < 0.05) conducted using Prism
Version 8.4.3, confirming that the change in absorbance at 340 nm reflects the rate at
which AMP is generated upon the conversion of citrulline and aspartate to
argininosuccinic acid.

To validate an enzyme activity assay, there are two additional criteria that must
be met. First, the initial reaction slopes must be linear to allow for quantification of
product.®® We established previously that the reaction of 100 nM AS or ZF-AS resulted
in a linear slope (Figure 5.6B). Second, the amount of AMP produced from the AS or
ZF-AS reaction must be within a linear range. This means that the production of AMP
must be linear with respect to the absorbance at 340 nm (Absazao). This control also
further validates that the rate limiting step is due to the production of AMP and not from
any other product of a coupling enzyme in the assay.

To determine the absorbance response for increasing amounts of AMP, 100 mM
HEPES pH 7.5, 1 mM DTT, 10 mM MgCl, 1 mM phosphoenolpyruvic acid (PEP), 0.2
mM NADH, 0.5 U myokinase, 3.6 U pyruvate kinase/lactate dehydrogenase, 1 mM
aspartate, and 1 mM citrulline were used. All reagents except for AMP were added to a
96-well plate. Reactions were initiated with the addition of either 0-1 mM AMP and
absorbance was monitored every 16 s at 340 nm (for NADH) over 10 min. The assay
was completed in triplicate on a 96-well plate at 37 °C. Error was plotted as standard
error (SE).

An AMP standard curve was created by adding AMP directly to the coupling
enzymes to determine at what concentrations of AMP produced a linear response within
the range of the output assay. Within AMP concentrations of 0-0.06 mM, the response
was linear (Figure 5.6D). The Absaso values obtained from the concentrations of AMP
within the linear range (0-0.06 mM) correspond to the Abss4o values produced by the
addition of 100 nM AS or ZF-AS in the assay. This set of experiments established the
linearity of the activity assay and completed validation.

Calculating Km and kcatfor AS and ZF-AS

With a validated assay in hand, we moved on to calculating Michaelis-Menten
parameters Ku and kcat.5% We set up a series of reactions containing 100 mM HEPES
pH7.5,1 mMDTT, 10 mM MgCl, 2.5 mM ATP, 1 mM phosphoenolpyruvic acid (PEP),
0.2 mM NADH, 0.5 U myokinase, 3.6 U pyruvate kinase/lactate dehydrogenase, 1 mM
aspartate, and 0-0.5 pM citrulline, and verified that the absorbance at 340 nm was
stable over the course of two min. Reactions were then initiated by the addition of 100
nM AS or ZF-AS and absorbance was monitored at 340 nm every 16 s for 10 min. The
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assay was completed in triplicate on a 96-well plate at 37 °C. Error was plotted as
standard error (SE).

The absorbance of NADH at 340 nm was converted into the amount of NADH (in
umol) using Beer’s law:

A = ebc Equation 5.2

where A is the absorbance, ¢ is the molar absorptivity (6220 L/mol*cm for NADH), b is
the path length (0.314 cm for the 96-well plate (Corning™ 3631)), and c is the
concentration in M.

Since one mole of AMP is produced per two moles of NADH, ¢ must be divided
by 2 to obtain the [AMP]. Initial velocities (Vo) of the reaction at different concentrations
of citrulline (Figure 5.6E) were calculated using the slopes of the [AMP] as a function of
time graphs at each concentration of citrulline,

V, = A[AMP]/t Equation 5.3
where t is time in s.

We obtained Michaelis-Menten kinetics at steady-state by applying the following
equation,®

Vo = Vinax (IS1/([S] + Km) Equation 5.4

where V, is the initial velocity of the reaction, Vmax is the maximum velocity of the
reaction, [S] is substrate concentration, and Kw is the substrate concentration at which
the reaction rate is half its maximal value. Error was represented as standard error.
Michaelis-Menten curves were constructed using non-linear regression analysis of the
initial velocity plots in Prism (Version 8.4.3) and subsequently used to define Vmax and
Kw.

We calculated kcat using the following equation,
keat = (Vax/[ElT) Equation 5.5
where [E]r is the total enzyme concentration in the assay (100 nM).

The error associated with the kcatand Kw values in the Prism (Version 8.4.3)
analysis was converted from standard error (SE) to standard error of the mean by
dividing the SE by the square root of the number of samples (n=3).

Additional Validation of Heat-Denatured Enzymes

1 MM AS and 1 yM ZF-AS were heat inactivated by incubating at 95 °C for 10
min. These enzymes were used as described in the section “Calculating Ky and kcat for
AS and ZF-AS.” The graphs in Figure 5.6F illustrate the absorbance at 340 nm as a
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function of time. Linear regression was used to fit the absorbance data at each citrulline
concentration in Prism (Version 8.4.3). The slopes were not significantly different from
the blank (containing no enzyme), indicating that the heat-denatured enzymes were
inactive.

5.5.9 Activity of AS and ZF-AS in Mouse Liver Homogenate

We assessed whether ZF-AS was active in liver homogenate, utilizing an
established radioactive method to detect enzymatic activity.’® In this assay, liver from
C57BL/6 mice is homogenized and AS or ZF-AS is added to the homogenate. AS (or
ZF-AS) reacts with [4C]-aspartic acid and citrulline, allowing downstream enzymes in
the urea cycle (present in the homogenate) to produce labeled fumarate and malate
(Figure 5.7A and B). ['*C]-aspartate is retained in a cation exchange column, while only
the ['4C]-labeled fumarate and malate are eluted and subsequently analyzed using a
scintillation counter to quantify radioactivity.

C57BL/6 mouse liver was homogenized in 10 mM Tris HCI (pH 7.5) and 3 mM
argininosuccinic acid at 4°C using a Bead Ruptor 24 Elite Homogenizer (4 m/s, 2
cycles, 15's, 10 s dwell at 4°C). Each liver was prepared and stored separately at < -70
°C. Livers were weighed for total protein quantification using Coomassie reagent. To a
96-well U-bottom assay plate, the following were added (90 pL total reaction
volume/well): 10 pL liver homogenate (final concentration 1.5 mg/mL), 10 yL AS or ZF-
AS (9X final assay concentration, in 10 mM Tris HCI (pH 7.5)), 50 pL incubation buffer
(final assay concentration 55 mM Tris HCI (pH 8.5), 5.5 mM L-citrulline, 4.4 mM ATP,
6.6 mM MgCly, 20.2 mM KCI, and 20.2 mM phosphoenolpyruvate), and 20 yL 225 yM
L-[U-"4C] aspartate (final concentration 50 uM). 32 units of arginase and 20 units of
pyruvate kinase were added immediately prior to incubation. The plate incubated with
shaking at 37 °C for 30 min. The reaction was quenched by adding 20 uL of 18%
sulfosalicylic acid to each well. Column elution was performed at room temperature
using a 96-well Millipore Multiscreen 0.45 ym Hydrophilic Low Protein Duapore
Membrane plate, manually preloaded with Bio-Rad AG 50W-X8 Dowex Resin. 50 uL of
deionized water passed over the resin and were added to the plate using vacuum
filtration; this wash was discarded. 60 pL of the reaction mixture was added to the
membrane/resin plate and vacuum filtered onto an Optiplate-96 HB. The filter plate was
washed with 100 uL of deionized water and captured onto the Optiplate. 200 pL of
Microsint 40 (Perkin Elmer) was added to the Optiplate (total volume of 350 yL, 10 pL
unrecovered). The Optiplate was placed on a plate shaker and mixed for 1 min (at room
temperature). The radioactivity was quantified on a Packard Topcount NxT using a '4C
radiolabel protocol to read counts per minute (cpm); each well was read for 1 min. The
radioactive signal (cpm) obtained from all wells containing 1.5 mg/mL liver homogenate
with no enzyme added were averaged and defined as baseline. The baseline
represents the amount of endogenous AS activity present in the mouse liver
homogenate. The baseline was subtracted from the radioactive signal from samples
where either 0.3-4.4 uM AS or ZF-AS (or 1.1-4.4 yM SUMO protease) were added. To
obtain the percent increase above baseline, the baseline-corrected signal was divided
by the baseline signal and multiplied by 100%.
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5.5.10 Cell Culture and Assays
General Information

Saos-2 cells were cultured in McCoy’s 5A medium supplemented with 15% fetal
bovine serum (FBS), sodium pyruvate (1 mM), penicillin (100 units/mL), and
streptomycin (100 pg/mL). SK-HEP-1 cells were cultured in Eagle’s modified essential
media (EMEM) supplemented with 10% FBS, penicillin (100 units/mL), and
streptomycin (100 pg/mL). All cell cultures were maintained at 37 °C in a humidified
atmosphere at 5% CO.. Procedures for flow cytometry and fluorescence correlation
spectroscopy (FCS) were performed using the method described by Knox et al.?®

Flow Cytometry

100,000-120,000 Saos-2 cells were plated on a 6-well dish (or 80,000 SK-HEP-1
cells). After 48 h, cells were washed twice with clear McCoy’s 5A (Saos-2) or clear MEM
(SK-HEP-1) (2 mL each time). Cells incubated with 0.5-3 uM ZF-ASRM or ASR"° for 1 or
2 h. With 5 min left of the incubation (at either 55 min or 115 min), 300 nM Hoechst
3342 was added to the wells for 5 min (and incubated at 37 °C with 5% CO2). During
incubation, a fibronectin-coated microscopy slide was prepared using a 1:100 dilution of
fibronectin by adding 10 pL of 1mg/mL fibronectin to 990 yL DPBS (final concentration
0.1mg/mL). This microscopy slide incubated at 37 °C until use. After incubation, cells
were washed three times with DPBS and lifted with 1 mL clear trypsin (TrypLE) to
remove surface-bound protein. Cells were transferred into a 15-mL Falcon tube and the
cells were washed with 2 mL FBS-containing clear McCoy’s 5A (Saos-2) or clear MEM
(SK-HEP-1). Cells were centrifuged at 200 g for 3 min. Media was removed and cells
were washed once with 1 mL clear DMEM (no FBS), and then sedimented at 200 g for
3 min. Cells were resuspended in 600 uL clear DMEM and 300 uL of this suspension
were plated onto the microscopy dish (for FCS, see “Confocal Microscopy and
Fluorescence Correlation Spectroscopy (FCS)”). The other 300 uL were centrifuged at
200 g for 3 min and resuspended in 200 uL DPBS. The resuspension was transferred to
an Eppendorf tube and flow cytometry was completed using the Attune NxT flow
cytometer. 10,000 cells were analyzed for each sample. Data was analyzed using
FlowJo 10.6.2 and the median fluorescence values with standard error of the mean
were reported. The median calculated from the raw data was multiplied by a correction
factor to account for differences in rhodamine labeling efficiencies between ASR™ and
ZF-ASRM,

Confocal Microscopy and Fluorescence Correlation Spectroscopy (FCS)

FCS was completed as previously described.?2° 100,000-120,000 Saos-2 cells
(or 80,000 SK-HEP-1 cells) were plated in clear McCoy’s 5A (clear MEM for SK-HEP-1)
on a 6-well dish. After 48 h, cells were washed twice with 2 mL clear McCoy’s 5A (clear
MEM for SK-HEP-1). Cells incubated with 0.5-3 yM ZF-ASR"® or ASR"° for 1-2 h.
During the last 5 min of the incubation, Hoechst 3342 was added to the wells for a final
concentration of 300 nM. During incubation, a fibronectin-coated slide was prepared by
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adding 10 pL of 1 mg/mL fibronectin to 990 yL DPBS (final concentration 0.1 mg/mL).
This microscopy slide incubated at 37 °C until use. Cells were washed three times with
DPBS and lifted with clear trypsin (TrypLE) to remove surface-bound peptide. Cells
were transferred into a 15-mL Falcon tube and the well was washed with 2 mL FBS-
containing clear McCoy’s 5A (FBS-containing clear MEM for SK-HEP-1). Cells were
centrifuged at 200 g for 3 min. Media was removed, cells were washed once with 1 mL
clear DMEM, and cells were sedimented at 200 g for 3 min. Cells were resuspended in
600 pL clear DMEM and 300 uL were plated onto the microscopy dish. Cells adhered at
37 °C with 5% CO> for 40 min. Confocal microscopy was completed to analyze cell
morphology and localization of dye. FCS measurements were obtained on an LSM 880
using ZEN software and traces were analyzed using MATLAB as previously
described.?112% The cytosolic concentration calculated from the raw data was multiplied
by a correction factor to account for differences in rhodamine labeling efficiencies
between ASR" and ZF-ASRM°. Autocorrelation curves (Figure 5.10 and 5.15D) were
displayed starting at T = 102 ms as that is the timescale for anomalous diffusion and the
point in which the y-intercept is equal to 1/number particles in the confocal volume.

Cytosolic Fractionation

On day 1, Saos-2 cells (5 X 108 cells) were plated in clear McCoy’s media
supplemented with 15% FBS in a T175 flask. On day 2, the cells were washed with 25
mL DPBS three times and treated with 1 uM ASRM or ZF-ASR"° (diluted in clear McCoy'’s
media, no FBS) or clear McCoy’s media (as a non-treated control). The cells incubated
at 37 °C with 5% CO- for 1 h. After incubation, cells were washed with 25 mL DPBS
three times and lifted off of the dish with 4 mL clear TrypLE Express for 10 min. The cell
slurry was then added to a Falcon tube containing 8 mL clear McCoy’s media
supplemented with 15% FBS and centrifuged at 200 g for 3 min. The supernatant was
removed, cells were washed with 3 mL of DPBS, and sedimented again at 200 g for 3
min. A second wash was performed under the same conditions. Next, cells were
resuspended in 1 mL cold isotonic sucrose buffer (290 mM sucrose, 10 mM imidazole
pH 7.0, 1 mM DTT, and 1 cOmplete protease inhibitor cocktail per 10 mL buffer) and
centrifuged at 200 g for 3 min. The cells were then suspended in 150 pL of isotonic
sucrose buffer, transferred to 0.5 mL microtubes containing 1.4 mm ceramic beads
(Omni International) and homogenized using a Bead Ruptor 4 (Omni International) for 8
s at speed 1. Homogenized cells were transferred to polycarbonate ultracentrifuge
tubes and centrifuged at 350 kg for 30 min at 4 °C to isolate the cytosolic fraction. 20 pL
of each cytosolic fraction was mixed with 5 pL of 5X SDS loading dye, boiled for seven
min, and 20 yL was loaded onto a 10% SDS-PAGE gel. In addition to the non-treated,
ASRMo_treated, and ZF-ASRMo-treated samples, 100 nM of either ASRM° or ZF-ASR" were
added to non-treated cytosol. The gel ran at 200 V for 30 min. Western blot analysis
was performed using an anti-AS antibody (Cell Signaling Technology) as described
above.

Evaluation of ZF Zn?* Dependence in SK-HEP-1 Cells
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The sequence of ZF is derived from an optimized zinc finger module.%71.72
Isolated zinc finger modules coordinate a single Zn?* ion via a conserved Cys;His, motif
that contributes significantly to the stability of the canonical BRa fold.”® Equilibrium
dissociation constants for Zn?* binding can range from 2 to 5.7 pM.”%7475 Indeed, the
extent of a-helical secondary structure of ZF increases in the presence of Zn?*, as
judged by CD.'° To evaluate whether total uptake and cytosolic delivery of ZF-ASR
was also Zn?*-dependent, we prepared samples of ZF-ASR" in the absence of Zn?*,
treated SK-HEP-1 cells with 1 uM of both materials for 1 h, and evaluated the cells
using the methods described above for both flow cytometry and FCS (Figure 5.15E and
F).

5.5.11 Endotoxin Analysis
Limulus Amebocyte Lysate Assay

To test for the presence of endotoxin in AS and ZF-AS samples derived from
BL21-Gold (DE3) cells, ToxinSensor™ Chromogenic Limulus Amebocyte Lysate (LAL)
Endotoxin Assay Kit was used according to GenScript Biotech’s instructions. Briefly, this
method utilizes a chromogenic endpoint determination and can detect up to 0.01
EU/mL. A standard curve was generated using the Abssssnm signal from serial dilutions
of E. coli endotoxin standard prepared in endotoxin-free water (0.1, 0.25, 0.5, 1 EU/mL).
Abss4snm of 500 nM samples of AS and ZF-AS purified from BL21-Gold (DE3) cells were
obtained. The amount of endotoxin present in the samples was calculated using the
standard curve obtained from the experiment (y=0.6726x-0.08382). We note that the
absorbances for 500 nM AS and ZF-AS were higher than the value of 1 EU/mL, so the
values reported are the minimum endotoxin present in the samples. Values of endotoxin
contamination (in EU/mL) reported in Figure 5.17C correspond to the levels in 3 yM of
protein sample after size exclusion chromatography.

AS and ZF-AS Expression and Purification in ClearColi®

pET32a_Hise-SUMO-AS and pET32a_Hiss-SUMO-ZF-AS were transformed and
expressed according to the manufacturer’s (Lucigen) instructions. Glycerol stocks of
ClearColi® with the pET32a_Hiss-SUMO-AS and pET32a_Hiss-SUMO-ZF-AS plasmids
were used to grow a 27 g pellet of Hise-SUMO-AS (10 L culture) and a 19 g pellet of
Hise-SUMO-ZF-AS (15 L culture) according to the manufacturer's protocol for
expression. The pellet was resuspended in 150 mL of Buffer A (50 mM sodium
phosphate monohydrate pH 7.5, 300 mM NaCl, 1 mM TCEP, 10% glycerol, 30 mM
imidazole) that also contained protease inhibitor mix (Proteoloc Protease Inhibitor
Cocktail, 44204, Expedeon) and base muncher (ab270049, Abcam). The pellet was
disrupted with a single passage using a Constant Systems Cell Disruptor at 27k psi and
the cleared lysate was centrifuged at 14,000 RPM for 30 min at 4 °C. 5 mL of Talon
resin was washed with endotoxin-free water and added to the cleared lysate. This slurry
incubated for 1 h at 4 °C with rotation. During the 1 h incubation, half of Buffer A was
mixed with 0.1% Triton X-114 and stored on ice at 4 °C. The Talon resin was centrifuged
and washed with 50 mL Buffer A (no Triton X-114). The sample was then loaded on to
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an OmniFit (15815344, Fisher Scientific) column attached to an AKTA FPLC previously
treated with NaOH and equilibrated with endotoxin free water, followed by Buffer A
(pump A), and Buffer B (pump B, 50 mM sodium phosphate monohydrate pH 7.5, 300
mM NaCl, 1 mM TCEP, 10% glycerol, 250 mM imidazole). The sample on the column
was washed with 40 column volumes (CVs) of Buffer A with 0.1% Triton X-114 followed
by 60 CVs of Buffer A (no Triton X-114). The protein was eluted with 100% Buffer B.
Fractions containing protein (as determined by SDS-PAGE) were dialyzed overnight at
4 °C in Snakeskin 3 kDa MWCO membrane (11552541, Fisher Scientific) in 1 L of
dialysis buffer (30 mM HEPES pH 7.5, 500 mM NaCl, 10% glycerol).

SUMO Protease Expression and Purification in ClearColi® Cells

SUMO protease was transformed and expressed according to Lucigen
instructions. Briefly, pET32a_Hiss-SUMO protease was electroporated into ClearColi®
cells. 40 mL Miller Broth starter cultures containing 1X carbenicillin shook overnight at
37 °C. 4 L of media containing ampicillin (100 mg/L media) were inoculated with starter
cultures and grown until an ODegoo ~0.6—0.8. The cultures were then induced with 1 mM
IPTG, and incubated at 200 RPM and 30 °C for 4 h. After 4 h, the media was spun down
and supernatant media was removed. Purification took place as described above
(SUMO Protease Expression and Purification in BL21-Gold (DE3) Cells) with the
following amendments: all instruments, plastic and glass, magnetic stirrers, spatulas
soaked in 0.1 M NaOH overnight and were thoroughly washed with endotoxin-free
water prior to use. All buffers were prepared in sterile/pyrogenic Corning bottles and
filter sterilized prior to use. Talon resin was washed with 40 CVs of lysis/binding buffer
and 0.2% Triton X-114 followed by 40 CVs of lysis/binding buffer prior to elution.

SUMO Cleavage of ClearColi® Hise-SUMO-AS and Hiss-SUMO-ZF-AS

SUMO protease was added in 1:1 molar ratio with either Hise-SUMO-AS or Hise-
SUMO-ZF-AS for 3 h at room temperature. Cleavage was assessed via SDS-PAGE.
The protein was concentrated to 3—5 mL for SEC on a Sephadex 75 16/60 column. The
AKTA FPLC and SEC column were treated with 0.1 M NaOH overnight and washed
thoroughly with endotoxin-free water. The cleavage mixture was injected onto the SEC
column and run at 0.5 mL/min (in 50 mM sodium phosphate monohydrate pH 7.5, 300
mM NaCl, 1 mM TCEP, 10% glycerol). Fractions eluted into endotoxin-free 96-deep well
plates. Fractions with protein (determined via SDS-PAGE) were pooled and
concentrated (using 10 kDa MWCO Vivaspin filters) at 4 °C. Final protein samples were
quantified and stored at -80 °C. 28.5 mg of AS (2.85 mg/L culture) and 14.4 mg of ZF-
AS (0.96 mg/L culture) were obtained and used for mouse studies after endotoxin
analysis using the HEK-Blue endotoxin assay.

HEK-Blue Endotoxin Assay
The Lucigen user manual for ClearColi® indicates that the modified LPS

molecule of ClearColi® can be detected by LAL, requiring use of an alternative assay to
quantify endotoxin.”® The HEK-Blue™ hTLR4 cell line (InvivoGen) produces results only
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if the endotoxin triggers an immune response and elicits a response from TLR-4
receptors.55%6.6364 This assay can distinguish between standard endotoxin in BL21-Gold
(DE3) cells and ClearColi® modified endotoxin. The endotoxin contamination of AS, ZF-
AS, and SUMO protease derived from BL21-Gold (DE3), T7 Express, and ClearColi®
cells was determined in HEK-Blue™ hTLR4 cells following protocols supplied from
InvivoGen. Briefly, HEK-Blue™ hTLR4 cells were cultured in high glucose (4.5 g/L)
DMEM containing 2 mM L-glutamine, 10% (v/v) FBS, 100 U/mL penicillin, 100 pg/mL
streptomycin, 1X HEK-Blue™ Selection, and 100 pg/mL Normocin™. Serial dilutions of
proteins (0—3 puM) and endotoxin standards (0—1 EU/mL) were prepared and added to a
96-well plate. 11,000 HEK-Blue™ hTLR4 cells were added and incubated at 37 °C and
5% CO2 for 23 h. HEK-Blue™ Detection was added to the plate and incubated for 3 h at
37 °C and 5% CO.. Absorbance at 640 nm was measured using a BioTek Synergy 2
plate reader. A standard curve of absorbance at 640 nm as a function of concentration
of endotoxin standard (0.01-0.1 EU/mL to support assay linearity) was generated.
Absorbance values for the protein samples (AS, ZF-AS, SUMO protease) that fell within
the range of the standard curve were used to calculate the amount of endotoxin
contamination (EU/mL) using the linear regression obtained from the endotoxin
standard curve using Prism (Version 8.4.3). Values of endotoxin contamination (in
EU/mL) reported in Figure 5.18C correspond to the levels in 3 uM of protein sample.

5.5.12 Quantification of Endogenous [AS] in C57BL/6 Mouse Liver

Endogenous AS in C57BL/6 mouse liver was quantified using an enzyme-linked
immunosorbent assay (ELISA). 6.10-10,0000 ng/mL standards were made with purified
AS. 4 unique mouse liver homogenates were analyzed by preparing homogenates in
1:10-1:10,000,000 dilutions. All sample dilutions (homogenates, AS standards, antibody
dilutions) were prepared in Assay Buffer (Superblock). All steps were performed at
ambient temperature. Except for blocking (150 pL/well) and washes (3 x 300 pL/well),
50 pL/well reagent volume was used for all steps. Similarly, except for blocking (2—2.5
h), secondary antibody (40 min), and washes, all reagent/sample incubations were 1 h
with gentle shaking. In between each ELISA step, unbound reagents were removed by
washing the plate with Wash Buffer (1X PBST). First, MSD Standard Bind 96-well plates
were coated with 1 yg/mL ASS1 (D404B) XP Rabbit mAb in 1X PBS. Following binding
of samples (either AS standards in buffer or liver homogenate), the presence of AS was
detected using 1,000 ng/mL ASS1 Polyclonal Primary Antibody (Thermo Fisher
Scientific, PA5-18679). Signal was developed by incubating plates with a secondary
antibody (0.5 pg/mL Donkey anti-Goat-SulfoTag (R32AG-1, MSD)). Following the
addition of 2X MSD Read Buffer, plates were read within 5 min on the MSD Sector
Platform. Data was analyzed in SoftMax Pro GxP 5.4 and graphs were fit to a 5-PL
regression function with fixed weighting,

y = ((min —max)/(1 + (x/EDsy)" i”'”“’pe)asymme'fry factory + max Equation 5.6
where min is the minimum asymptote, max is the maximum asymptote, EDsg is the

inflection point (or effective dose), Hill’s slope represents information about the AS and
anti-AS antibody interaction, and the asymmetry factor is due to the asymmetry of the
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shape of the graph.”” In Figure 5.16, A = min, B = Hill’s slope, C = inflection point, D =
max, and G = asymmetry factor. The Hook effect’® was observed for purified AS (at
high concentrations of 12500-100000 ng/mL), so these data points were excluded from
analysis.

The linear range for the AS standards was determined to be 19000 £ 1000 to
219000 + 5000 au, corresponding to 12.2 ng/mL to 1562 ng/mL AS (0.26-33.57 nM).
The ECL signal for the individual mouse livers assessed was within the standard linear
range at dilution factors of 1:10 and 1:100. To calculate the concentration of AS within
the liver, the ECL signals of dilutions 1:10 and 1:100 were used as the y value in the 5-
PL regression fit from known concentrations of AS in buffer:

1.31
y = ((1080 — 255000)/(1 + (=)~ )**3) + 255000 Equation 5.7

44.5

Solving for x produces a result in ng/mL. For example, for Liver 1, the average y-value
at a 1:10 dilution was 68300 + 2500 au. When solving for x using Equation 5.7, 45.1
ng/mL AS was present in liver homogenate. Since this liver homogenate sample was a
1:10 dilution, the x value must be multiplied by 10 to obtain the concentration of
endogenous AS in neat liver homogenate (451 ng/mL). This value was converted to nM
using the molecular weight of AS (46,530 g/mol).

5.5.13 Dosing of ZF-AS into C57BL/6 Mice

Mouse studies were completed by Charles River Laboratories and complied with
all applicable sections of the Final Rules of the Animal Welfare Act Regulations (Code
of Federal Regulations, Title 9), the Public Health Service Policy on Humane Care and
Use of Laboratory Animals from the Office of Laboratory Animal Welfare, and the Guide
for the Care and Use of Laboratory Animals from the National Research Council. 15
male, naive C57BL/6 mice (Charles River Laboratories, Raleigh, North Carolina) were
dosed with 3 mg/kg ZF-AS (stock solutions were diluted to the appropriate
concentration with phosphate buffered saline (pH 7.4)) while an additional 15 mice
(same breed and sex as above) were treated with phosphate buffered saline (pH 7.4,
vehicle). Animals received a single bolus, intravenous injection via the tail vein of either
vehicle or ZF-AS (3 mg/kg) on Day 1. Mice were euthanized at time points 0.083, 0.5, 1,
4, and 24 h. Approximately 0.4 mL of whole blood was collected from each animal after
euthanasia via the vena cava with no anticoagulant. After clotting at room temperature,
blood samples were processed to serum through centrifugation at room temperature.
The blood samples processed for plasma were maintained on ice until processed and
the samples were centrifuged under refrigerated (2—8 °C) conditions. The resulting
plasma was separated into two aliquots containing plasma in the first aliquot and the
remaining cell pellet in the second aliquot. Serum was stored at -60 to -90 °C prior to
analysis. Next, liver tissue was rinsed with saline, blotted dry, and weighed before
processing it into the left lobe, median lobe, and right and caudate lobes (combined).
After weighing each lobe, the samples were frozen in liquid nitrogen and stored at -60 to
-90 °C until analysis.
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5.5.14 Enzyme-Linked Immunosorbent Assays for Determination of [ZF-AS] in
Mouse Serum and Liver
Determination of ZF-AS Standard Curve for Mouse Serum

The ELISA described above was used to determine a standard curve of ZF-AS
for mouse serum. Briefly, MSD Standard Bind 96-well plates were coated with 1 ug/mL
ASS1 (D404B) XP Rabbit mAb for 1 h. Unbound reagents were washed away three
times with 300 pL of 1X PBST. 150 yL Superblock was added to each well and
incubated for 1 h at room temperature. Unbound reagents were washed away three
times with 300 yL of 1X PBST. 160 pL of 0—10,000 ng/mL ZF-AS in mouse serum were
added to the plate and incubated for 1 h. The plate was washed three times with 300 pL
of 1IX PBST. 50 pL of 1,000 ng/mL ASS1 Polyclonal Primary Antibody (Thermo Fisher
Scientific, PA5-18679) were added and the plate incubated for 1 h. The plate was
washed three times with 300 pL of 1X PBST. 50 pL of 0.5 pg/mL Donkey anti-Goat-
SulfoTag (R32AG-1, MSD) were added to the plate. Following a 1 h incubation, the
plate was washed three times with 300 yL 1X PBST and subsequently 150 uL of 2X
Read Buffer T (MSD) were added to the plate. The plate was read within 5 min on the
MSD Sector Platform. The ELC signal obtained from 78.1-10000 ng/mL (1.6—200 nM)
ZF-AS in mouse serum was within the linear range and used as a standard curve, fit
using a 4-PL regression in SoftMax Pro GxP 5.4

y = ((min —max)/(1 + (x/EDsy)Hi's slopeyy 4 max Equation 5.8

where min is the minimum asymptote, max is the maximum asymptote, EDsg is the
inflection point (or effective dose), and Hill's slope represents information about the ZF-
AS and anti-AS antibody interaction.”” Figure 5.20 shows a representative curve for
serum obtained from analysis, in which A = min, B = Hill's slope, C = inflection point,
and D = max.

Determination of ZF-AS Standard Curve for Liver Homogenate

The ELISA described above was used to determine a standard curve of ZF-AS
for mouse liver homogenate (represented by results obtained in Superblock). Briefly,
MSD Standard Bind 96-well plates were coated with 1 yg/mL ASS1 (D404B) XP Rabbit
mADb for 1 h. Unbound reagents were washed away three times with 300 pL of 1X
PBST. 150 puL Superblock was added to each well and incubated for 1 h at room
temperature. Unbound reagents were washed away three times with 300 pL of 1X
PBST. 100 pL of 0—-300 ng/mL ZF-AS in Superblock were added to the plate and
incubated for 1 h. The plate was washed three times with 300 uL of 1X PBST. 50 uL of
1,000 ng/mL ASS1 Polyclonal Primary Antibody (Thermo Fisher Scientific, PA5-18679)
were added and the plate incubated for 1 h. The plate was washed three times with 300
uL of 1X PBST. 50 L of 0.5 ug/mL Donkey anti-Goat-SulfoTag (R32AG-1, MSD) were
added to the plate. Following a 1 h incubation, the plate was washed three times with
300 puL 1X PBST and subsequently 150 pL of 2X Read Buffer T (MSD) were added to
the plate. The plate was read within 5 min on the MSD Sector Platform. The ELC signal
obtained from 4.69-300 ng/mL (0.1-6.0 nM) ZF-AS in Superblock was within the linear
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range and used as a standard curve for ZF-AS material present in mouse liver
homogenate, fit using a 4-PL regression in SoftMax Pro GxP 5.4. Figure 5.20 shows a
representative curve for liver homogenate obtained from analysis, in which A = min, B =
Hill's slope, C = inflection point, and D = max.

Determination of [ZF-AS] in Mouse Serum and Liver

Serum samples from individual mice (either vehicle or 3 mg/kg ZF-AS-treated)
were assessed to detect the amount of ZF-AS present in the samples. Appropriately
sized liver sections were added to homogenization tubes containing homogenization
beads. Homogenization buffer was added in a 1:3 ratio (tissue:buffer). Tissues were
homogenized using the Precellys Evolution at 5,000 RPM for 30 s; 2 cycles with a 60 s
rest between each cycle. This was performed 3 times. Then the tubes were centrifuged
under refrigeration for 10 min at 16,000 RCF. The supernatant was removed, split into 3
equally sized aliquots, and stored at -70°C.

Reagents were thawed at room temperature. For serum quality controls (QCs),
stock concentrations of 200, 1200, and 8000 ng/mL ZF-AS in assay buffer were used;
for liver homogenate QCs, stock concentrations of 10, 50, and 240 ng/mL ZF-AS in
assay buffer (PBS) were used. 50 yL of Coating Solution (1 pg/mL ASS1 XP Rabbit
mADb in 1X PBS) were added to each well of a MSD Standard Bind Plate (MSD, L15XA-
3). The plate incubated at room temperature on an orbital shaker for 1 h. The plate was
washed 3X with 300 pL/well of wash buffer (1X PBST). 150 yL of Superblock (Scytek,
AAA999) was added to each well. The plate incubated for 1.25 h on an orbital shaker at
room temperature. The plate was washed 3X with 300 yL/well of wash buffer. 50 L of
1:20 standards (for serum: 78.1-320,000 ng/mL ZF-AS in assay buffer; for liver
homogenate: 2.34-160,000 ng/mL ZF-AS in assay buffer), 1:20 QCs (example
preparation: 10 uL of the neat QC diluted with 190 pL of Superblock), blanks, and
diluted samples (either serum or liver homogenate diluted to be within the linear range
of the respective ELISA) were added in duplicate to the plate. The plate incubated at
room temperature on an orbital shaker for 1 h. The plate was washed 3X with 300
pL/well of wash buffer. 50 pL of the primary detection antibody (1 pg/mL ASS1
Polyclonal Antibody in Superblock) were added to each well and the plate incubated at
room temperature on an orbital shaker for 1 h. Next, the plate was washed 3X with 300
uL/well of wash buffer. 50 pL of the secondary detection antibody (1:1001 Donkey anti-
Goat-SulfoTag in Superblock) were added to each well and the plate incubated at room
temperature on an orbital shaker for 1 h. The plate was washed 3X with 300 pL/well of
wash buffer. 150 yL of 2X Read Buffer T (R92TC-1; per vendor recommendations, this
reagent (stock 4X) was diluted with an equal volume of DI water prior to use) were
added to each well and the plate was analyzed using an MSD Sector Imager. Data was
fit to the standard curve for either serum or liver homogenate to determine the
concentration of ZF-AS present in vehicle- or ZF-AS-treated mice. For kinetic analysis,
Phoenix pharmacokinetic software using a non-compartmental approach was applied,
consistent with intravenous bolus route of administration for parameter estimation.
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Figure 5.1. (A) Argininosuccinate synthetase (AS) catalyzes the conversion of aspartic
acid and citrulline into argininosuccinic acid during the first cytosolic step of the urea
cycle. (B) Graphs illustrating the change in molar ellipticity at 222 nm of AS and ZF-AS
as a function of temperature. The apparent Tm of each protein (48.1 °C for AS and 46.6
°C for ZF-AS) was determined by fitting the melting curve to a Boltzmann sigmoidal
curve in Prism (Version 8.4.3); the melts were not reversible. (C) Plot illustrating the
initial velocity (Vo) of NADH production (as determined by the absorbance at 340 nm) as
a function of citrulline concentration (0—500 puM) in reactions containing 100 nM AS, ZF-
AS, ASRMo or ZF-ASRM (all expressed in BL21-Gold (DE3)). (D) Bar graph showing Kcat
values for AS, ZF-AS, ASRM° and ZF-ASRM, as determined from the best fit of the initial
velocity data to the Michaelis-Menten equation (expressed in either BL21-Gold (DE3)
for biochemical analyses or ClearColi® for mouse studies). (E) A bar graph representing
Kwu values of AS, ZF-AS, ASR"°, and ZF-ASR" with respect to citrulline (expressed in
either BL21-Gold (DE3) for biochemical analyses or ClearColi® for mouse studies). V,
plots were fit to a standard Michaelis-Menten equation using Prism (Version 8.4.3). For
the V, plots, error bars represent the standard error. Error bars in the kcat and Kwu bar
graphs represent the standard error of the mean.
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Figure 5.2. (A) Workflow used to generate and purify AS and ZF-AS. IMAC =
immobilized metal affinity chromatography, SEC = size exclusion chromatography (B)
SDS-PAGE analysis illustrating the purity of AS and ZF-AS after each step of the
workflow. Final samples of AS and ZF-AS were 93 and 90% pure, respectively. (C)
LC/MS analysis of purified AS and ZF-AS. (D) Analytical fast protein liquid
chromatography (FPLC) elution profiles of AS, ZF-AS, ovalbumin (45 kD),
phosphorylase B (97.5 kD), and aldolase (158 kD) from a HiLoad® 16/600 Superdex®
200 pg column in 30 mM HEPES (pH 7.5), 500 mM NacCl, 10% glycerol, and 1 mM DTT
at 4 °C. Aldolase elutes as a mixture of a monomer and a dimer. (E) Wavelength-
dependent circular dichroism (CD) spectra of purified AS (1.01 yuM) and ZF-AS (0.60
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M) in 50 mM sodium phosphate (pH 7.5), 300 mM NacCl, 10% glycerol, and 1 mM DTT.
Measurements < 210 nm could not be obtained due to the presence of glycerol and high
salt.
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Figure 5.3. (A) Detection of 0-100 nM AS and ZF-AS in buffer (30 mM HEPES (pH
7.5), 500 mM NacCl, and 10% glycerol) by commercially available anti-AS antibodies
(1:1000 dilution in 5% milk). Antibody HPA020934 (Sigma) recognizes a central AS
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epitope (between residues 164 and 241); antibody ASS1 (D404B) XP® Rabbit mAb
(Cell Signaling Technology, CST) recognizes a C-terminal epitope containing Glu401;
antibody Abcam1 (EPR12399(B), Abcam) recognizes an epitope between residues 350
and 411, near the C-terminus of AS; antibody Abcam2 (EPR12398, Abcam) recognizes
an epitope near the N-terminus of AS. (B) Workflow used to determine the time-
dependent stability of 100 nM AS, ZF-AS, or SNAP-tag in C57BL/6 mouse plasma at 37
°C. (C) Representative Western blots illustrating time-dependent loss of AS and ZF
(detected using the D404B CST anti-AS antibody), as well as SNAP-tag (detected
using antibody P9310S, New England BioLabs) in mouse plasma over 6 h at 37 °C.
Bands were visualized with Amersham ECL Prime Western Blotting Detection Reagent
(RPN2232, GE Healthcare) which reacts with horseradish peroxidase conjugated to a
secondary rabbit IgG antibody (CST). Blots were imaged on a ChemiDoc MP using a
chemiluminescent filter and the ladder was imaged using ambient light. (D) Bar plot
quantifying Western blot detection of AS, ZF-AS, or SNAP-tag after incubation in mouse
plasma. Aliquots removed at the indicated times were diluted 4-fold prior to SDS-PAGE
analysis (10% gel). Using FIJI (Version 2.0.0), the density of the band at t = 0 min was
normalized to 1 and all subsequent band densities were compared to t = 0 min.
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Figure 5.4. (A) Workflow used to purify ASR"° (47.8 kD) and ZF-ASR™ (51.2 kD) from
Hise-SUMO-AS-LPETGG and Hise-SUMO-ZF-AS-LPETGG expressed in BL21-Gold
(DE3) E. coli after SUMO cleavage and sortase-catalyzed transpeptidation. (B) SDS-
PAGE analysis of ASR" and ZF-ASR" purified by size-exclusion chromatography. SEC
is unable to separate the rhodamine-tagged proteins ASR"™ and ZF-ASR° from the
SUMO-cleaved sortase substrates AS-LPETGG and ZF-AS-LPETGG. The material
referred to as ASR"° is 95% pure (determined using FIJI V2.0.0) and is composed of a
mixture of ASR™ (labeled) and AS-LPETGG (unlabeled), with a Rho labeling efficiency
of approximately 29%. The material referred to as ZF-ASR" is 87% pure and is
composed of a mixture of both ZF-ASR (labeled) and ZF-AS-LPETGG (unlabeled),
with a Rho labeling efficiency of approximately 28%. (C) LC/MS analysis of purified
ASRM (expected m/z 47810, observed 47813) and ZF-ASR™ (expected m/z 51188,
observed 51191). Table 5.1 denotes additional masses observed in the spectra.
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Figure 5.5. SDS-PAGE analysis of products resulting from one-pot cleavage (using
SUMO protease) and GGGKRM labeling (using sortase) reactions performed at (A) 37
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°C, (B) room temperature (RT), and (C) 4 °C. Each temperature evaluated resulted in
varying degrees of precipitation of the protein. (D) When SUMO protease, sortase, and
Hise-SUMO-ZF-AS-LPETGG were prepared in the same buffer (50 mM HEPES, pH 7.0,
10% glycerol, 500 mM NaCl, 1 mM DTT), minimal precipitation occurred and the two
reactions proceeded smoothly at RT to generate ZF-ASR"°. Analogous reactions were
also performed with ASR"°. Preparative-scale one-pot cleavage/labeling reactions were
performed at RT for 4 h. Uncleaved protein represents Hise-SUMO-ZF-AS-LPETGG and
Hise-SUMO-ZF-ASR™, while cleaved protein indicates ZF-AS and ZF-ASR, HSZAS =
Hise-SUMO-ZF-AS-LPETGG, S = sortase, SP = SUMO protease, ON = overnight.
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Figure 5.6. (A) Reaction scheme illustrating the series of coupled enzymatic reactions
used to monitor the catalytic activity of AS and ZF-AS. This continuous
spectrophotometric assay quantifies the production of AMP by AS and ZF-AS by
monitoring the time-dependent loss in absorbance of NADH. AS = argininosuccinate
synthetase, MK = myokinase, PK = pyruvate kinase, LDH = lactate dehydrogenase (B)
Plots illustrating the time-dependent loss in NADH absorbance in the presence of either
50 or 100 nM AS or ZF-AS. Reaction occurs only when both substrates (citrulline and
aspartic acid) and enzyme (AS or ZF-AS) are present. (C) Plots illustrating the lack of
dependence of the reaction rate (time-dependent loss in NADH absorbance) on the
concentration of the enzymes that comprise the coupled assay. Reactions contain 100
nM of AS or ZF-AS and either 1X or 2X MK, PK, and LDH. Blank reactions include 1X
or 2X enzyme mix (MK, PK, and LDH) but not AS or ZF-AS. (D) Plot illustrating that the
absorbance of NADH at 340 nm is linearly related to [AMP] between 0 and 0.06 mM. (E)
Plots illustrating the time-dependent loss in NADH absorbance in presence of 0-500 uM
citrulline and 100 nM AS or ZF-AS. (F) Plots illustrating the lack of time-dependent loss
in NADH absorbance in the presence of 0—500 uM citrulline and 100 nM heat denatured
(incubated at 95 °C for 10 min) AS or ZF-AS.
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Figure 5.7. AS and ZF-AS are active when added to mouse liver homogenate. (A) The
activity of AS and ZF-AS was assayed by monitoring the conversion of ['“C]-aspartic
acid, citrulline, and ATP to ["4C]-argininosuccinic acid, AMP, and PP;. ['*C]-
Argininosuccinic acid is subsequently converted to ['*C]-fumarate by argininosuccinate
lyase (ASL) and into ['“C]-malate by fumarase. (B) Livers (containing endogenous AS,
ASL, and fumarase) of C57BL/6 mice were homogenized. ['4C]-aspartic acid and either
0.3—4.4 uyM AS or ZF-AS were added to the homogenate and the mixture incubated for
30 min. After incubation, the homogenate was applied to a cation exchange column
(Bio-Rad BT AG 50W-X8 Resin) which retains only ['“C]-aspartic acid; the eluted ['“C]
labeled fumarate and malate were then quantified with a scintillation counter (Packard
Topcount NxT). (C) Bar graph showing the percent increase over baseline signal of the
combined ["“C]-fumarate and ['“C]-malate signal observed after incubation with
increasing AS, ZF-AS, or SUMO protease after 30 min incubation with mouse liver
homogenate. Since mouse liver homogenate contains endogenous AS, we analyzed
the percent increase of radioactivity above the endogenous activity of AS (defined as
baseline). The average percent increase above baseline of each AS condition (0.3—4.4
MM) was statistically compared to the average percent increase above baseline of each
ZF-AS condition (0.3—4.4 yM) using an unpaired t-test, two-tailed using Prism (Version
8.4.3). The average percent increase above baseline of each SUMO protease condition
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(1.1-4.4 uM) was statistically compared to the average percent increase above baseline
of either AS or ZF-AS conditions (1.1—4.4 yM) using an unpaired t-test, two-tailed. ****p
<0.001, **p <0.01, *p =< 0.05, *p < 0.1.
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Figure 5.8. (A) Scheme illustrating confocal microscopy, flow cytometry, and
fluorescence correlation spectroscopy (FCS) workflow. Saos-2 cells were treated with
1-3 uM of ASRMe or ZF-ASR" for 1 h. Cells were washed, treated with trypsin, and either
screened using flow cytometry or re-plated and imaged using confocal microscopy and
FCS. (B) Total cellular uptake of ASR" and ZF-ASR" assessed using confocal
microscopy. Live cell images of Saos-2 cells treated with 2 uM of the indicated protein
for 1 h. Scale bar = 10 um. (C) Histograms and (D) bar plots illustrating total cellular
uptake of 1-3 uM ASRM° or ZF-ASR™ during a 1 h incubation at 37 °C. Data for ZF-
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SNAPRM were previously published.® MFI values represent the median fluorescence
intensity of cells (10,000 cells each). Error bars represent the standard error of the
mean. The MFI values of ASR" at each concentration (1-3 uM) were statistically
compared to the MFI values of ZF-ASR™ at each concentration (1-3 uM). ****p <
0.0001, **p < 0.001, **p < 0.01, *p =< 0.05; one-way analysis of variance (ANOVA)
followed by Tukey’s multiple comparisons test. (E) Cytosolic access of ASR"® and ZF-
ASR assessed using fluorescence correlation spectroscopy. Bar plot illustrating the
cytosolic concentrations achieved in Saos-2 cells after a 1 h incubation with 1-3 yM of
ASRM and ZF-ASRM°. The average intracellular concentrations of each ASR" treatment
condition (1-3 pM) were statistically compared to the average intracellular concentration
of each ZF-ASRM treatment condition (1-3 uM) using an one-way ANOVA followed by
Sidak’s multiple comparisons test. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05.
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Figure 5.9. Saos-2 cells were treated with 1-3 uM ASR" or ZF-ASRM™ for 1 h. After
treatment, cells were washed, treated with trypsin to remove any surface-bound protein,
and re-plated on a fibronectin-coated microscopy slide. The lissamine rhodamine B
moiety of ASR"® and ZF-ASR™ was excited with a diode-pumped solid-state (DPSS)
561-10 nm laser; a 405 nm laser was used to excite Hoescht 33342 (representing the
nucleus); a halogen lamp was used to obtain brightfield images. The overlay panel
shows both the rhodamine (Rho) and Hoescht 33342 signals.
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Figure 5.10. Autocorrelation traces (G(t)) of 100 nM AlexaFluor594 (in MilliQ water),
ASRM° (in DMEM), and ZF-ASR (in DMEM) in vitro. In cellulo traces for ASR"® and ZF-
ASRM° in Saos-2 cells. In vitro traces (green, blue, pink) were fit to a 3D diffusion model
(black curve). In cellulo traces (blue, pink) were fit to a 3D anomalous diffusion model
(black curve). zqirf is the diffusion time in ms. All autocorrelation curves were obtained

using the methods described in Knox et al.?
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Figure 5.11. Cytosolic fractionation of Saos-2 cells after treatment with 1 yM ZF-ASRM°
and ASRMvisualized by Western blot using an anti-AS antibody (Cell Signaling
Technology). In addition to the non-treated, ASRM°-treated, and ZF-ASR°-treated
samples (lanes 1-3), 100 nM of either ASR™ (lane 4) or ZF-ASR™ (lane 5) were added

to non-treated cytosol.

120



A 1 uM

ASRho
+ZF5.3
—
1h
Saos-2 cells 37 °C

confocal

Wash

. microscopy
M%, flow
Replate cytometry

FCS
ek k ko nS -
£ 2.2 8.4
B 3000- C 5, N5 M
Jook ok ke E
S 2000- < 204
< =
= 9
L o
= 1000 :‘2 104
0- 0-
AS™e (M) 0 0 1010 10  AS™ (M) 10 10 10
ZF53(uM) 0 10 0 05 10 ZF53 (M) 0 05 1.0

Figure 5.12. Assessment of co-administration of ASR"® and ZF5.3. (A) Workflow of
experiment. Briefly, Saos-2 cells were treated with 1 uM ASR" with 0—1 yM ZF5.3 for 1
h and worked up as described in the Supplementary Information. (B) Bar plot illustrating
total cellular uptake of 1 uM ASR™ with 0—1 uM ZF5.3 during a 1 h incubation at 37 °C.
Unlabeled ZF5.3 was prepared as previously described.® MFI values represent the
median fluorescence intensity of cells (10,000 cells each). Error bars represent the
standard error of the mean. The MFI values of nontreated cells were statistically
compared to the MFI values of ASR"® of each treatment concentration. Additionally, the
MFI values of each ASR" treatment condition were statistically compared to the MFI
values to each other using an one-way analysis of variance (ANOVA) followed by
Tukey’s multiple comparisons test. (C) Cytosolic access of ASRM assessed using
fluorescence correlation spectroscopy. Bar plot illustrating the cytosolic concentrations
achieved in Saos-2 cells after a 1 h incubation with 1 uM ASRM with 0—1 uM ZF5.3. The
average intracellular concentrations of each ASR" treatment condition were statistically
compared to the average intracellular concentration of each treatment condition using
an one-way ANOVA followed by Tukey’s multiple comparisons test. ****p < 0.0001, ***p
< 0.001, **p =0.01, *p < 0.05, ns = nonsignificant.
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Figure 5.13. (A) Scheme of confocal microscopy, flow cytometry, and fluorescence
correlation spectroscopy (FCS) experiments. SK-HEP-1 cells were treated with 0.5-3
UM of ASRMe or ZF-ASRM for 1 or 2 h. Cells were washed, trypsinized, and either used
for flow cytometry or re-plated and evaluated by confocal microscopy and FCS. (B)
Total cell uptake of ASR" and ZF-ASR" assessed by confocal microscopy. Live cell
images of SK-HEP-1 cells treated with 2 uM of protein for 1 h. Scale bar = 10 ym. (C)
Bar plots illustrating total cellular uptake of ASR" and ZF-ASR" at 0.5-3 yM during a 1

h incubation. MFI values represent the median fluorescence intensity of cells (10,000
cells each). Error bars represent the standard error of the mean. The MFI values of
ASRM° at each concentration (0.5-3 uM) were statistically compared to the MFI values of
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ZF-ASRM at each concentration (0.5-3 uM). ****p < 0.0001, ***p < 0.001, **p < 0.01, *p
< 0.05; one-way analysis of variance (ANOVA) followed by Tukey’s multiple
comparisons test. (D) Bar plot of cytosolic concentrations in SK-HEP-1 cells witha 1 h
treatment of 0.5-3 uM of ASR"® or ZF-ASR"_ The average intracellular concentrations of
each ASR"™ treatment condition (0.5-3 uM) were statistically compared to the average
intracellular concentration of each ZF-ASR treatment condition (0.5-3 uM) using an
unpaired t-test, two-tailed. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05. (E) Bar
plots illustrating total cellular uptake of ASR" and ZF-ASR" at 0.5—-1 yM during a 1 or 2
h incubation. MFI values represent the median fluorescence intensity of cells (10,000
cells each). Error bars represent the standard error of the mean. MFI| values
corresponding to each AS conjugate were statistically compared to all other protein
samples. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05; one-way analysis of
variance (ANOVA) followed by Tukey’s multiple comparisons test. (F) Bar plot of
cytosolic concentrations in SK-HEP-1 cells with a 1 or 2 h treatment of 0.5—-1 pM of
ASRMo or ZF-ASRM. The average intracellular concentrations of each ASR™ treatment
condition (0.5-1 pM, 1 or 2 h) were statistically compared to the average intracellular
concentration of each ZF-ASRM treatment condition (0.5-3 uM) using an unpaired t-test,
two-tailed. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05.
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Figure 5.14. SK-HEP-1 cells were treated with 0.5-3 uM ASR" or ZF-ASR™ for 1 or 2 h.
After treatment, cells were washed, treated with trypsin to remove any surface bound
protein, and re-plated on a fibronectin-coated microscopy slide for confocal microscopy.
Lissamine rhodamine B (representing ASR™ or ZF-ASR"°) was excited with a diode-
pumped solid-state (DPSS) 561-10 nm laser; a 405 nm laser was used to excite
Hoescht 33342 (representing the nucleus); a halogen lamp was used to obtain
brightfield images. The overlay panel shows both the rhodamine (Rho) and Hoescht
33342 signals.
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Figure 5.15. (A) Histograms from flow cytometry of ASR"® and ZF-ASR" in SK-HEP-1
cells after a 1 h uptake. (B) Histograms from flow cytometry of ASR"® and ZF-ASRM in
SK-HEP-1 cells after a 2 h uptake. (C) Flow cytometry scatter plots showing cell health
of the SK-HEP-1 populations for non-treated cells and cells treated with 1-3 yM ZF-
ASR™_ The percentages on the graphs represent the fraction of total cells (10,000) that
were gated in the healthy cell population. (D) In cellulo autocorrelation traces (G(t)) of
ASRMe and ZF-ASR"° for SK-HEP-1 cells. Traces (blue, pink) were fit to a 3D anomalous
diffusion model (black curve). tqi is the diffusion time in ms. (E) Bar plot illustrating total
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cellular uptake of SK-HEP-1 cells incubated for 1 h with 1 yM ZF-ASR with or without
the presence of Zn?*. MFI values represent the median fluorescence intensity of cells
(10,000 cells each). Error bars represent the standard error of the mean. MFI values of
the two samples were statistically compared to each other using an unpaired t-test, two-
tailed. (F) Bar plot of cytosolic concentrations of SK-HEP-1 cells incubated for 1 h with 1
uM ZF-ASRMe with or without the presence of Zn?*. The average intracellular
concentrations of the two samples were statistically compared to each other using an
unpaired t-test, two-tailed. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05.
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Figure 5.16. (A) Scheme for detection of AS in mice using a modified sandwich
enzyme-linked immunosorbent assay (ELISA) performed using 96-well plates coated
with ASS1 (D404B) XP Rabbit mAB (Cell Signaling Technology). After addition of AS
(or liver samples), a second anti-AS antibody was added (ASS1 Polyclonal, Thermo
Fisher Scientific). Donkey anti-Goat-SULFO-TAG™ (MSD), an anti-lgG antibody,
allowed for the detection of AS proteins via electrochemiluminescence (ECL). The ECL
signal was analyzed with a MSD Sector Imager. (B) AS detection in Superblock to
provide a standard curve to calculate concentrations of AS in mice. Data were fit to a 5-
PL curve’ (y = ((A-D)/((1+(x/C)"B)*G))+D, where A = 4.613e+03, B = 0.729, C = 2.668,
D = 2.50e+05, and G = 4.244. R?=0.999). (C) AS detection of AS in liver homogenate
(four C57BL/6 mice analyzed). Data were fit to a 5-PL curve where for liver 1:
A=7.82e+04, B=1.12, C=47, D=180, and G=0.831; R?=1. Liver 2: A=7.91e+04, B=1.96,
C=49.4, D=179, and G=0.465; R?>=1. Liver 3: A=6.98e+04, B=1.52, C=63.9, D=174, and
G=0.606; R?=1. Liver 4: A=9.13e+04, B=1.19, C=45, D=185, and G=0.845; R?=1. (D)
Endogenous AS concentrations in liver homogenate at various dilution factors within the
linear response of the assay (dilution factors 1:10 and 1:100). The range of endogenous
AS in C57BL/6 mouse liveris 11 £ 1 to 44 + 5 nM.
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Figure 5.17. (A) Experimental scheme for the Limulus amebocyte lysate (LAL) assay.
The lipid tail of endotoxin binds to and activates Factor C (a protease present in LAL),
which allows for cleavage of a proprietary chromophore from a peptide. The production
of the chromophore is monitored by absorbance at 545 nm. (B) Graph showing the
absorbance at 545 nm as a function of endotoxin concentration (0.1-1 EU/mL). Linear
regression was performed using Prism (Version 8.4.3). Error is standard error. (C)
Determination via LAL assay of endotoxin contamination (EU/mL) of MilliQ water, buffer
(30 mM HEPES (pH 7.5), 500 mM NaCl, 10% glycerol), 3 uyM AS, and 3 yM ZF-AS.
Values were obtained using the linear regression in (B). Error is standard error of the
mean. The average endotoxin level of MilliQ water was statistically compared to the
average endotoxin level of each protein sample using an one-way ANOVA followed by
Dunnett’'s multiple comparisons test. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05.
(D) Example graph showing the absorbance at 640 nm as a function of endotoxin
concentration (0.0078-0.125 EU/mL). Linear regression was performed using Prism
(Version 8.4.3). Endotoxin standards were prepared and analyzed each time the assay
was conducted. Error is standard error.
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Figure 5.18. (A) SDS-PAGE analysis illustrating final purity of AS and ZF-AS from
ClearColi® for in vivo mouse study use. Final purity of both AS and ZF-AS was >99%.
(B) Experimental scheme for the HEK-Blue™ cell-based assay, which monitors the
binding of endotoxin to the TLR4 receptor and activates downstream cellular signals
(NF-kB production). When NF-kB is activated, a secreted embryonic alkaline
phosphatase (SEAP) is produced and secreted into the media. The absorbance of a
proprietary SEAP detection reagent is monitored at 640 nm. (C) Endotoxin levels
(EU/mL) as determined from the HEK-Blue hTLR4 response with HEK-Blue™
Detection. The HEK-Blue hTLR4 assay measures the interaction of the hexa-acyl chain
of endotoxin (and can distinguish the modified ClearColi® acyl chain). The buffer
(denoted as B) was 30 mM HEPES (pH 7.5), 500 mM NaCl, and 10% glycerol. SUMO
protease purified from the T7 Express E. coli strain with an initial 30-40 CV 0.1% Triton
X-114 wash during the IMAC step (Figure 5.2A) is denoted as SP, SUMO protease
further purified with an additional 88 CV 0.1% Triton X-114 wash during the IMAC step
is denoted as SPW, and SUMO protease purified from ClearColi® is denoted as SP.
Error is standard error of the mean. The average endotoxin level of MilliQ water was
statistically compared to the average endotoxin level of each protein sample using an
one-way ANOVA followed by Dunnett’'s multiple comparisons test. ****p < 0.0001, ***p <
0.001, **p <0.01, *p = 0.05.
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Figure 5.19. (A) Scheme for dosing of ZF-AS into C57BL/6 mice. Mice were injected
with either 3 mg/kg ZF-AS (in DPBS) or vehicle (DPBS) into the tail vein. Three mice
were sacrificed at each time point (0.083, 0.5, 1, 4, 24 h), their organs harvested, blood
processed to serum, and liver processed to homogenate. The concentration of ZF-AS
present in serum and liver samples was evaluated using an enzyme-linked
immunosorbent assay (ELISA). (B) Concentration of AS-containing proteins detected in
serum or liver over time.
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Figure 5.20. Linearity of ZF-AS in serum and liver homogenate (as detected in assay
buffer) detected by electrochemiluminescence (ECL) of the SULFO-TAG™ after ELISA.
ZF-AS was added to C57BL/6 serum or assay buffer (Superblock) and the signal
produced was monitored as a function of ZF-AS concentration. The curve produced for
assay buffer was used in liver determination during animal dosing. Data were fit to a 4-
PL regression function (y = ((A-D)/(1+(x/C)"B))+D). For serum, relative weighting was
used and A=261, B=1.20, C=1258, and D=5.97e+5; R2=0.99. For liver, A=123.9,
B=1.27, C=18.39, and D=3.97e+5; R?=1.00.
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5.7 Tables

Table 5.1. Mass identities of products obtained from AS and ZF-AS Rho labeling

reactions determined by electrospray mass spectrometry.

Observed Mass (m/z)

Protein Product

Expected Mass (m/z)

phosphorylation&
potentially at T219 of AS®"

47813 ASRho 47810
51191 ZF-ASRo 51188
46973 AS-LPET 46971
47047 AS-LPETG with a 47051
phosphorylation&
potentially at T219 of AS®"
50352 ZF-AS-LPET 50348
50428 ZF-AS-LPET with a 50428
phosphorylation&
potentially at T219 of AS®"
50504 ZF-AS-LPETG with a 50503
phosphorylation&
potentially at T219 of AS®"
50538 ZF-AS-LPETGG with a 50542

131




Table 5.2. Comparison of catalytic constants determined for AS and ZF-AS variants
purified from BL21-Gold (DE3) E. coli or ClearColi™ alongside literature values. Where
applicable, literature values were converted to kcat by multiplying the reported specific
activity (in ymol/(h*mg protein)) by the molecular weight of AS (46.530 mg/umol).

Expression

Protein System Keat (s™) Kwm (UM)

AS Beef liver 0.1-0.6%8 4643
AS (human) BL21(DE3)pLysS 0.98% 56-11239.40

AS Human liver 0.0006-1334142 0.01-303%341.42
AS BL21-Gold (DE3) 0.39+£0.01 52+5
AS ClearColi™ 0.40 £ 0.02 33+6

ASRno BL21-Gold (DE3) 0.44 £ 0.03 34+8

ZF-AS BL21-Gold (DE3) 0.16 £ 0.01 33+10

ZF-AS ClearColi™ 0.19 £ 0.01 113

ZF-ASRho BL21-Gold (DE3) 0.32+£0.05 618
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Cellular Delivery of Cas9 using ZF5.3
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6.1 Abstract

Next-generation therapeutics demand delivery tools that move proteins from
outside of the cell into the cytosol or nucleus. Cas9 has proven to be one of the foci of
next-generation therapeutics, but its large size limits its potential use when delivered as
a translated enzyme. Recently reported cell-permeant miniature proteins, including
ZF5.3, provide a pathway for material that can access the interior of cells. The
experiments described herein illustrate that N- and C-terminally labeled Cas9 remains
active in vitro and can access the interior of cells at higher levels than wild-type Cas9
alone. Even in the presence of sgRNA, the Cas9 protein containing a C-terminal ZF5.3
exhibited the highest cellular uptake in all conditions evaluated. The use of a non-
specific fluorophore label inhibited fluorescence correlation spectroscopy studies, and
this observation was applied to future protein designs in the lab.

6.2 Introduction

CRISPR-Cas technology has transformed genome-based therapies. First
described for its use in the bacterial adaptive immune system in 2007," CRISPR-Cas
systems have proven to be revolutionary technologies, leading to Jennifer Doudna and
Emmanuelle Charpentier winning the Nobel Prize in Chemistry in 2020.? Although Cas9
is just one of many base editing proteins, it is the most widely used of the Cas proteins.?
This RNA-programmable DNA endonuclease is a 160 kD monomer and classified as a
class 2 type Il CRISPR system.3# Type Il systems only require one protein for DNA
recognition and cleavage, beneficial for targeting genome manipulation.* CRISPR-Cas
technology, upon nuclear localization, allows for insertions, deletions, and mutations of
the genome through nonhomologous end joining and homology directed repair.?

Cas9 is a useful biochemical and biomedical tool. An engineered version of Cas9
known as dCas9 is not catalytically active, but its ability for DNA recognition allows for
spatio- and temporal-control using optogenetics and chemical induction methods.3 Not
only have Cas9 gene therapy applications been promising, but so have applications in
translational medicine, providing adoptive T cell immunotherapy creating chimeric
antigen receptors and universal cell donors.3 Current delivery methods of this next
generation therapeutic include both viral and nonviral strategies. Viral strategies include
lentivirus, associated-adenovirus, adenovirus, and extracellular vesicles.® Physical
nonviral strategies of microinjection and electroporation provide spatio-control; however,
these techniques are limited to in vitro studies.> Chemical means to deliver Cas9
include utilizing cell-penetrating peptides, lipid nanoparticles, and gold nanoparticles.
These chemical, nonviral strategies are beneficial as they pose no risk of viral
incorporation into the genome as the viral methods do.®

The challenges with current delivery methods include random integration of viral
fragments into the host genome, immune response, and limited quantification.5®
Development of a protein-based method for the delivery of Cas9 would eliminate the
need for transfection reagents and mitigate the chance that a plasmid containing Cas9
would integrate into the genome. Even the chemical, nonviral methods suffer from
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variable efficiencies and extensive optimization prior to use.® The use of a reliably
efficient chemical method would transform Cas9 delivery. Previous cell-penetrating
peptide (CPPs) efforts include utilization of a more traditional amphiphilic peptide’ to
deliver Cas9 to airway epithelial cells and usage of endosmolytic peptides.&?

There have been a number of strategies employed to move proteins into cells,
including the use of the endosmolytic peptide ppTG21. Endosmolytic peptides may
cause damage to the endosome’®'" and when codelivered with cargo such as Cas9,
allow the protein to escape from endosomes.'? This poses the question of whether the
integrity of endosomes remain intact with use of an endosmolytic peptide and how that
may affect normal cellular functions. An alternative strategy uses a delivery tool that
does not cause major or minimal damage of the endosomal membrane. ZF5.3 provides
a solution to this concern as it has been shown that at low micromolar concentrations,
this cell-permeant miniature protein (CPMP) does not disrupt endosomes.’® While the pl
of Cas9 is 9.0"4, it is anionic when complexed with guide RNA."®> Wissner et al.
described delivery of ZF5.3 conjugated to a protein exhibiting a low pl (SNAP-tag, pl =
6.5'), providing precedence that ZF5.3 can deliver anionic proteins. In addition to the
aforementioned benefits, ZF5.3 can reach the nucleus.’®'8 A nuclear localization
sequence (NLS) can deliver Cas9 into cells,®'":'® but it might be possible to
circumnavigate the use of an NLS by using a CPMP. ZF5.3 provides a means for (1)
cellular uptake, (2) endosomal escape, and (3) nuclear localization. These three
properties prevent the need for individual molecules to complete each of these three
necessary steps to exhibit the biological function of Cas9. These reasons provide
precedent that ZF5.3 will be able to deliver Cas9 to achieve protein-based DNA therapy.

Here, we appended the CPMP ZF5.3 to either the N- or C-terminus of Cas9 and
non-specifically labeled with Alexa Fluor™ 568 NHS ester to tag surface exposed
amines. Not only is ZF5.3 expected to enhance endosomal escape of Cas9, but it is
also predicted to eliminate the need for a nuclear localization sequence commonly
appended with RNP delivery.® Preliminary flow cytometry data indicated that even in the
presence of sgRNA, Cas9-ZF5.3 exhibited higher cellular uptake compared to Cas9
alone. Enzyme conjugates of Cas9 with ZF5.3 were active as determined using an in
vitro DNA cleavage assay.

6.3 Materials and Methods

6.3.1 Sequences of Proteins

Cas9-Hiss
MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAE
ATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIF
GNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNS
DVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFG
NLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLSDA
ILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYA
GYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELH
AILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEE
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VVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPA
FLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLL
KIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTG
WGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQG
DSLHEHIANLAGSPAIKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKN
SRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSD
YDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLIT
QRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIRE
VKVITLKSKLVSDFRKDFQF YKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGD
YKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIV
WDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKY
GGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVK
KDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPE
DNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIH
LFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGDHHH
HHH

Cas9-ZF5.3-Hise
MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAE
ATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIF
GNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNS
DVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFG
NLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLSDA
ILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYA
GYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELH
AILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEE
VVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPA
FLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLL
KIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTG
WGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQG
DSLHEHIANLAGSPAIKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKN
SRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSD
YDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLIT
QRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIRE
VKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGD
YKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIV
WDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKY
GGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVK
KDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPE
DNEQKQLFVEQHKHYLDEIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIH
LFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGDYSCN
VCGKAFVLSRHLNRHLRVHRRATHHHHHH

ZF5.3-Cas9-Hiss
MYSCNVCGKAFVLSRHLNRHLRVHRRATDKKYSIGLDIGTNSVGWAVITDEYKVPSKK
FKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMA
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KVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADL
RLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAIL
SARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYD
DDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLT
LLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKL
NREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGP
LARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKH
SLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFK
KIECFDSVEISGVEDRFNASLGTYHDLLKIKDKDFLDNEENEDILEDIVLTLTLFEDREMI
EERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFAN
RNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVKV
MGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQN
EKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGK
SDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVET
RQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKVREINNYHHA
HDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIM
NFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTG
GFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVK
ELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQK
GNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIEQISEFSKRVIL
ADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEV
LDATLIHQSITGLYETRIDLSQLGGDHHHHHH

6.3.2 Materials

E. coli BL21(DE3) pLysS cells were purchased from Agilent (Santa Clara, CA).
Ni-NTA agarose resin was from Qiagen (Germantown, MD). LB Broth Powder (Lennox)
were purchased from Thermo Fisher Scientific (Waltham, MA). Carbenicillin disodium
salt, ampicillin sodium salt, Super Glycerol, 1M Tris HCI solution (pH 8), and
dithiothreitol (DTT) were purchased from AmericanBio (Canton, MA). Super Optimal
broth with Catabolite repression (SOC) outgrowth media, Pvul HF (20,000 U/mL), EcoRlI
HF, and 10X CutSmart buffer were purchased from New England BioLabs (Ipswich,
MA). Any kD™ Mini-PROTEAN® TGX™ Precast Protein Gels (10- or 15-well) were
purchased from Bio-Rad Laboratories (Hercules, CA). Saos-2 cells were purchased
from American Type Culture Collection (ATCC, Manassas, VA). McCoy’s 5A medium
(with and without phenol red), cOmplete mini EDTA free protease inhibitor tablets, PD-
10 desalting columns, and fibronectin were purchased from MilliporeSigma (Burlington,
MA). Nunc™ Lab-Tek™ | Chambered Coverglass slides (8 Well, 0.8 cm?), TrypLE, fetal
bovine serum (FBS), Dulbecco’s modified eagle medium (DMEM, with and without
phenol red), Hoescht 33342 stain, GlutaMAX, sodium pyruvate, Alexa Fluor™ 568 NHS
ester, SYBR Safe DNA Gel Stain, Pierce™ 660 nm reagent, and TrypLE were
purchased from Thermo Fisher Scientific (Waltham, MA). Penicillin/streptomycin and
Dulbecco’s phosphate-buffered saline (DPBS) were from Life Technologies (Carlsbad,
CA). All other reagents were obtained from commercial sources and used without
further purification, unless otherwise stated.
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6.3.3 Expression and Purification of Cas9, ZF5.3-Cas9, Cas9-ZF5.3
Plasmid Construction

Cas9-Hiss, ZF5.3-Cas9-Hiss, and Cas9-ZF5.3-Hise were cloned into a pET32a
plasmid for expression in E. coli.

Transformation into BL21(DE3)pLysS Competent E. coli Cells

BL21(DE3)pLysS competent E. coli cells thawed on ice for 10 min. 2 pL of the
respective Cas9 conjugate plasmid (containing >100 ng/uL of either pET32a_Cas9,
pET32a_Cas9-ZF5.3-Hise, or pET32a_ZF5.3-Cas9-Hise) were added to cells. The cells
incubated on ice for 15 min. Cells were heat shocked at 42 °C for 30 s followed by a 2
min recovery on ice. 450 pL of SOC outgrowth media were added to the tube. The tube
incubated with 200 RPM shaking at 37 °C for 1 h. 200 pL of the cells were added to an
ampicillin-containing plate and incubated at 37 °C overnight.

Expression of Cas9 Conjugates

Starter cultures were prepared with 5 mL of LB Lennox, 5 pL of 1000X
carbenicillin, and 1 colony of bacteria containing the respective construct. After 3.5 h, 1
L of LB Lennox was added to a 2 L flask. 100 mg of ampicillin were added to the flask.
The starter culture was added to the flask and incubated at 37°C and 200 RPM. When
the ODeoo reached 0.6-0.8, IPTG was added for a final concentration of 0.2 mM (48 mg).
The temperature was reduced to 18 °C and the flask shook at 200 RPM overnight.

Purification of Cas9 Conjugates

The following buffers were used for purification: wash buffer (20 mM Tris pH 8.0,
1 M KCI, 20% glycerol, 1 mM DTT), elution buffer (20 mM Tris, 0.1 M KClI, 20% glycerol,
250 mM imidazole, 1 mM DTT), and dialysis buffer (20 mM Tris pH 8.0, 0.1 M KClI, 20%
glycerol, 1 mM DTT, with 100 uM ZnCl2 for ZF5.3-containing proteins). Overnight
cultures were spun down at 4100 RPM for 30 min at 4 °C. The cell pellet was
resuspended in 10 mL of wash buffer (1 tablet cOmplete, mini EDTA-free protease
inhibitor cocktail (Sigma-Aldrich, St. Louis, MO) was added per L of culture). The lysate
sonicated for 8 min (30 s on, 30 s off). Lysate was cleared by centrifugation for 30 min
at 4 °C and 4100 RPM. 2x1 mL fractions of Ni-NTA agarose beads were added to
Eppendorf tubes (2 mL Ni-NTA agarose beads per L culture). These were centrifuged at
max speed for 5 min and the supernatant was removed. The beads were washed 3
times with 1 mL wash buffer (centrifuged at max speed for 5 min). This was to pre-
equilibrate the beads with the wash buffer. The lysate was combined with 2 mL of pre-
equilibrated Ni-NTA agarose beads and added to a 50 mL Falcon tube. The tube was
rotated on a rotisserie at 4 °C for 1 h. The slurry was added to an empty column tube
and the flow through was drained by gravity. The resin was washed with 20 mL of wash
buffer 3X. The protein was eluted by 9X1 mL fractions of elution buffer (collected each
mL in a separate Eppendorf tube). SDS-PAGE samples were prepared of the elution
fractions as well as for other steps of the purification (20 uL sample + 5 yL 5X loading
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dye). SDS-PAGE was completed (200 V for 30 min). WT Cas9 had 20 pL loaded onto
the gel. ZF5.3-Cas9 had 15 pL loaded onto the gel. Any fractions containing the protein
of interest were combined and dialyzed overnight into dialysis buffer at 4 °C. The next
day, the protein was added to a 15 mL Falcon tube and centrifuged for 5 min at 4100
RPM and 4°C. Any precipitation was discarded and the supernatant was aliquoted,
protein concentration was determined using Pierce 660 nm reagent, and stored at -80
°C until subsequent use.

6.3.4 In Vitro Activity Assay
Linearization of dTomato Plasmid

5 ug of dTomato circular plasmid (1330 ng/pL) were combined with 5 yL 10X
CutSmart buffer, 1 uL of EcoRI HF or Pvul HF, and diluted to a final reaction volume of
50 uL with nuclease-free water. The reaction occurred for 2 h at room temperature. The
sample was spun down and supernatant was transferred into new Eppendorf tubes. The
enzyme pellet was discarded. Samples were analyzed using a 1% agarose gel (390 mg
agarose, 40 mL 1X agarose gel running buffer, 10 yL 10,000X SYBR Safe). 5 pL of the
sample (and dTomato circular plasmid at 100 ng/pL) was mixed with 3 pL of DNA gel
loading dye (6X). All 8 uL were added to the lanes. 2 pyL of 1 kb ladder was used. The
gel ran at 130 V for approximately 40 min. The gel was imaged using a ChemiDoc
XRS+ transilluminator. The concentration of the linearized dTomato plasmid was 68.6
ng/uL, determined using a NanoDrop.

Cas9 Activity Assay

Cas9, ZF5.3-Cas9, and Cas9-ZF5.3 were thawed on ice and centrifuged for 3
min at maximum RPM and 4 °C. If a pellet was observed, the supernatant was removed
and transferred into a separate Eppendorf tube. 20 yL of a 10 uM solution of sgRNA (5'-
GGGGCCACTAGGGACAGGAT-3’) was prepared from a 50 uyM stock. The reaction for
each enzyme was set up on a 25 pL scale. First, 4.2 yL of 9 yM Cas9, ZF5.3-Cas9, or
Cas9-ZF5.3 or 1.9 pL of 20 yM commercial Cas9 incubated with 5 pyL of the 10 uM
sgRNA stock for 20 min at room temperature. Next, 5 pyL of 5X cleavage buffer (100 mM
HEPES pH 7.5, 500 mM KCI, 25% glycerol, 2.5 mM EDTA, and 10 mM MgClz) were
added, followed by addition of 0.5 yM 50 mM DTT. 250 ng of linearized dTomato
plasmid (68.6 ng/uL) were added and nuclease free water was added for a final reaction
volume of 25 pL. The mixture was flicked several times and then spun down gently to
ensure mixing. The reaction incubated at 37 °C for 2-17 h (17 h = overnight). Samples
were stored at -20 °C until analysis. Samples were analyzed using a 1% agarose gel
(390 mg agarose, 40 mL 1X agarose gel running buffer, 10 yL 10,000X SYBR Safe). 8
WL of the samples (and dTomato linear plasmid at 10 ng/pL) were mixed with 4 L of
DNA gel loading dye (6X). All 12 yL were added to the lanes. 2 pL of 1 kb ladder was
used. The gel ran at 130 V for approximately 60 min. The gel was imaged using a
ChemiDoc XRS+ transilluminator.

6.3.5 Non-Specific Labeling of Cas9 Proteins
Buffer Exchange
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Prior to labeling, dithiothreitol (DTT) in the dialysis buffer needed to be removed
from the proteins so that it did not compete with the Alexa Fluor™ 568 NHS ester
reaction with primary amines. Tris was also not compatible with the labeling. Proteins
dialyzed for 17 hin 20 mM HEPES pH 8.0, 100 mM KCI, and 20% glycerol, at 4 °C or
were buffer exchanged into the same buffer using PD-10 desalting columns. After
labeling, the total protein content was quantified using Pierce 660 nm reagent. The final
concentration of Cas9 was 2.69 mg/mL, ZF5.3-Cas9 was 1.52 mg/mL, and Cas9-ZF5.3
was 2.75 mg/mL. Samples of both Cas9 and Cas9-ZF5.3 were prepared such that the
final concentrations were 1.51 mg/mL in 500 pL total volume.

Alexa Fluor™ 568 NHS Ester Labeling

Alexa Fluor™ 568 NHS ester was resuspended in 200 pL of anhydrous DMSO
and vortexed thoroughly (stock concentration 6.3 mM). 20 uL aliquots were stored in
amber Eppendorfs at -80 °C until use. 1.51 mg/mL Cas9 (10.7 yM), ZF5.3-Cas9 (10.5
pMM), and Cas9-ZF5.3 (10.5 uM) were thawed on ice. 1.99 pL of dye (3 equivalents)
were added to the Cas9 proteins. The samples incubated at 4 °C for 4 h. A dye sample
(for use in SDS-PAGE) was created with 1.9 yL of stock dye and 400 uL of Tris buffer
(20 mM Tris pH 8.0, 1 mM DTT, 100 uM ZnClz, 20% glycerol, 0.1 M KCI). A 10% SDS-
PAGE gel was run with each sample (20 pyL of sample and 5 pyL of 5X SDS loading dye,
20 pL loaded onto gel). All proteins were dialyzed into 20 mM Tris pH 8.0, 1 mM DTT,
100 uM ZnClz, 20% glycerol, 0.1 M KCI overnight at 4 °C. The following day, solutions
from dialysis were transferred to Eppendorf tubes. The samples were spun down at
21100 RCF for 3 min. There was a small pellet for ZF5.3-Cas9 but none observed for
Cas9 or Cas9-ZF5.3. The supernatant solutions were transferred into amber Eppendorf
tubes (labeled appropriately). 1.9 pL of Alexa Fluor™ 568 NHS ester stock and 400 uL
of Tris buffer were mixed. 20 yL samples from the fluorescently labeled proteins and
dye were combined with 5 pL of SDS-PAGE loading dye. Samples were heated at
100 °C for 5 min and then spun down. 8 uL of ladder and 20 uL of each sample were
added to a 10% SDS-PAGE gel. The gel ran at 200 mV for approximately 27 min.
Samples were stored at -80 °C until subsequent use.

6.3.6 Cell Culture and Assays
Cell Culture Information

Saos-2 cells were cultured in McCoy’s 5A medium supplemented with 15% fetal
bovine serum (FBS), sodium pyruvate (1 mM), penicillin (100 units/mL), and
streptomycin (100 pg/mL). Cell cultures were maintained at 37 °C in a humidified
atmosphere at 5% CO.. Procedures for flow cytometry and fluorescence correlation
spectroscopy (FCS) were performed using the method described by Knox et al."®

Flow Cytometry and Fluorescence Correlation Spectroscopy of Cas9 Proteins

40,000 Saos-2 cells were plated on a 12-well dish in clear McCoy’s media. The
next day, cells were washed twice with clear McCoy’s 5A. Cells incubated with 0.5-1 uM
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of Cas9, ZF5.3-Cas9, and Cas9-ZF5.3 (or RNPs: 0.5 yM of Cas9, ZF5.3-Cas9, or Cas9-
ZF5.3 with 0.5 uM sgRNA pre-incubated for 15 min at room temperature) for 30 min. After
25 min, Hoechst 3342 was added to the wells for a 5 min incubation and final
concentration of 300 nM. During incubation, a fibronectin-coated slide was prepared using
a 1:100 dilution of fibronectin by adding 10 pL of 1 mg/mL fibronectin to 990 yL DPBS
(final concentration 0.1 mg/mL). This microscopy slide incubated at 37 °C until use. After
incubation, cells were washed three times with DPBS, and lifted with 1 mL clear trypsin
(TrypLE) to remove surface-bound peptide. Cells were transferred into a 15-mL Falcon
tube containing 2 mL FBS-containing clear McCoy’s 5A. Cells were centrifuged at 200 g
for 3 min. The media was aspirated and cells were washed once with 1 mL clear DMEM,
and then sedimented at 200 g for 3 min. Cells were resuspended in 100 uL of DPBS and
analyzed by flow cytometry on an Attune NxT flow cytometer. 10,000 cells were analyzed
for each sample. Data was analyzed using FlowJo and the median fluorescence values
with standard error of the mean were reported. Cells were resuspended in 300 pL clear
DMEM and plated onto the microscopy dish. Cells adhered at 37 °C for 20 min. Confocal
microscopy was completed to analyze cell morphology and preliminary uptake. FCS
measurements were obtained on an LSM 880 using ZEN software and previously
published methods.'316.1920 Traces were analyzed using various diffusion models in
MatLab.

6.4 Results
6.4.1 Purification of Cas9 Conjugates

Cas9 has tolerated modifications at both C- and N-termini such that it retains its
catalytic activity,>?'-23 so we assessed appendage of ZF5.3 at both ends (Figure 6.1A).
We expressed fusion proteins with a C-terminal Hise-tag in BL21(DE3)pLysS competent
E. coli and purified the desired proteins from cell lysate using immobilized metal affinity
chromatography (Figure 6.1B and C). All protein constructs expressed in moderate
yields (>5 mg protein/L culture): Cas9-Hise (hereby referred to as Cas9, 159.3 kD)
resulted in 9 mg/L culture and was >99% pure. ZF5.3-Cas9-Hise (hereby referred to as
ZF5.3-Cas9, 162.4 kD) was >99% pure and produced 6 mg/L culture. Interestingly, the
C-terminal construct Cas9-ZF5.3-Hiss (hereby referred to as Cas9-ZF5.3, 162.4 kD)
produced about twice as much protein per L culture as the wild-type or ZF5.3-Cas9,
with a yield of 15 mg/L culture and 95.8% pure material.

6.4.2 In Vitro Cleavage Assay

With purified Cas9 proteins in hand, we next assessed their in vitro activity. Cas9
complexes with sgRNA to locate DNA sequences that are complementary to the
sgRNA. Once the correct sequence base pairs, Cas9 engages its nuclease function to
cleave the DNA.* The dTomato reporter plasmid (8960 bp) has been used in the
literature for readout of Cas9 activity both in vitro and in cellulo.?*

In vitro Cas9 activity was assessed by forming ribonucleoproteins (RNPs)

containing both the Cas9 protein and sgRNA, incubating RNPs with linearized dTomato
plasmid, and assessing cleavage activity by standard DNA electrophoresis. Our first
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step was to generate a linear plasmid using a restriction enzyme. The dTomato plasmid
(5 pg) incubated with 1 uL EcoRI HF for 2 h and was evaluated by gel electrophoresis.
Results of the EcoRI HF digest indicated minimal linearization; the linear product could
not be distinguished from the supercoiled DNA at the top of the gel of the uncut plasmid
(Figure 6.2A). We moved on and used Pvul HF (20 units) for the linearization, which
showed distinct band separation between the uncut and cut plasmid (Figure 6.2B).
Next, we incubated the linearized dTomato plasmid (246 ng) with an RNP of Cas9 and
sgRNA (1.33 ratio sgRNA:Cas9, incubated for 20 min at room temperature prior to
reaction) at 37 °C for either 2 h or overnight (Figure 6.2C and D). The product was
expected to produce fragments at 3474 bp and 5486 bp. While some of the 2 h
reactions worked, there was clear separation of the product bands near 5500 bp and
3500 bp for all overnight reactions with Cas9, ZF5.3-Cas9, and Cas9-ZF5.3. Since there
was a band between 8 and 9 kbp, not all of the linearized plasmid was cleaved by the
Cas9 enzymes (linearized plasmid expected at 8.96 kbp). Part of the limited cleavage
could be explained by the excess sgRNA added to the reaction; however, it would be
expected that Cas9 act catalytically to cleave additional sgRNA molecules. We
compared cleavage of our purified enzymes with commercial Cas9 and found the
commercial Cas9 activity was comparable to that of our enzymes. This study indicated
successful cleavage of dTomato plasmids with the Cas9 enzyme, indicating activity of
all enzymes in vitro.

6.4.3 Non-specific Labeling of Cas9 Conjugates

Confocal microscopy, flow cytometry, and fluorescence correlation spectroscopy
require the installation of a fluorophore.'® We chose to introduce a rhodamine-based
fluorophore (Alexa Fluor™ 568 NHS ester) to Cas9 conjugates using a non-specific
labeling approach. Alexa Fluor™ 568 NHS ester reacts with surface exposed amines.
Prior to labeling with an NHS ester, the reducing agent dithiothreitol (DTT) required
removal from the protein buffer so as to not compete with the Cas9 during the labeling
reaction. Of the 150 Lys residues and the N-terminus in Cas9, there are at least 6
surface exposed amines.?® Cas9, ZF5.3-Cas9, and Cas9-ZF5.3 were labeled with Alexa
Fluor™ 568 NHS ester for 4 h at 4 °C (Figure 6.3A) and excess dye was removed via
overnight dialysis at 4 °C. Fluorescence and SDS-PAGE analyses indicated the
presence of Alexa Fluor™ 568 at the expected molecular weights for the respective
fusion proteins (Figure 6.3B). The average number of labels per protein was calculated
by dividing the concentration of the Alexa Fluor™ 568 determined by NanoDrop at 560
nm by the concentration of the protein determined by Pierce 660 nm Reagent (Cas9 =
2.0, ZF5.3-Cas9 = 1.5, Cas9-ZF5.3 = 1.8), which confirmed there were surface exposed
amines for non-specific labeling to occur.

6.4.4 Evaluation of Overall Uptake via Confocal Microscopy and Flow Cytometry
With active enzymes in hand, we wanted to assess the total cellular uptake of the
various constructs. First, we assessed the enzymes alone. Saos-2 cells were treated

with 0.5 or 1 uM of Cas9, ZF5.3-Cas9, or Cas9-ZF5.3 for 30 min at 37 °C (Figure 6.4A).
After washing the cells, cells were lifted with trypsin (also used to remove surface-bound
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protein), washed, and either resuspended in DPBS for flow cytometry analysis or re-
plated in DMEM onto a dish for confocal microscopy. Confocal microscopy images
indicated that only the cells incubated with fluorescently-tagged proteins had
fluorescence present in the Alexa Fluor™ 568 (Rho) channel (Figure 6.4B). 1 uM of
Cas9 proteins containing ZF5.3 exhibited increased punctate fluorescence
(representative of endosomes) in comparison to cells treated with Cas9 alone, but it is
difficult to distinguish between uptake of the N- and C-terminally labeled proteins. Flow
cytometry experiments with 0.5 uM of these constructs in Saos-2 cells indicated that
Cas9-ZF5.3 resulted in a greater than 2-fold increase in total cell uptake in comparison
to Cas9 alone (Figure 6.4C). N-terminal ZF5.3-Cas9 also resulted in approximately a
two-fold uptake in comparison to Cas9. At 1 uM, Cas9-ZF5.3 had the highest cellular
uptake and was 1.8-fold higher than Cas9 alone. Slight decreases between 0.5 and 1
MM treatment conditions may be due to older protein samples from the second trial of 1
MM, but at both concentrations analyzed, the C-terminal ZF5.3 resulted in the highest
total cellular uptake.

Next, Cas9 proteins incubated with sgRNA for 30 min at room temperature to
generate RNPs (1:1 ratio of Cas9:sgRNA) to determine the effects of sgRNA on total
cellular uptake. Saos-2 cells were treated with RNPs (0.5 uM of Cas9, ZF5.3-Cas9, or
Cas9-ZF5.3 with 0.5 yM sgRNA pre-incubated for 15 min at room temperature) for 30
min at 37 °C. The total cellular uptake of each Cas9 protein when in the presence of
sgRNA decreased (Figure 6.4C). Interestingly, the only sample in which addition of
sgRNA did not significantly impact total cellular uptake was in cells treated with wild-
type Cas9. Similar to the results without sgRNA present, there was an approximate 2-
fold increase in total cellular uptake with the C-terminal ZF5.3 conjugate. The cellular
uptake may decrease so dramatically because of the changes in surface charge
properties when Cas9 is bound to RNA (Figure 6.4D). Other groups have not been able
to show uptake of Cas9 alone,'® which may illustrate the possibility of cell line
dependencies. Nonetheless, these experiments provide evidence that non-specifically
labeled proteins can be used to determine total cellular uptake and that ZF5.3 increases
the amount of Cas9 that reaches the interior of the cell.

6.4.5 Evaluation of Cas9 via FCS

The final goal of this project was to quantify the amount of Cas9 that reaches
either the cytosol or nucleus using FCS. Saos-2 cells were treated with 0.5 or 1 yM of
Cas9, ZF5.3-Cas9, or Cas9-ZF5.3 for 30 min at 37 °C (Figure 6.4A). After washing, the
cells were lifted with trypsin (also used to remove surface-bound protein), washed,
resuspended in DMEM, and re-plated onto a dish for FCS analysis. FCS methods were
completed as previously published.'316.19.20 Unexpectedly, the in vitro standards (in
DMEM) for Cas9, ZF5.3-Cas9, and Cas9-ZF5.3 produced diffusion times that were
greater than those calculated for in cellulo measurements (~0.2 ms compared to >0.1
ms). For reference, most SNAP-tag proteins conjugated to various CPPs and CPMPs
exhibited diffusion times <1 ms in vitro.?° Since Cas9 (160 kD) is much larger than
SNAP-tag, it is expected to have a larger diffusion time than SNAP-tag (20 kD); a
smaller in vitro diffusion time indicates the protein is likely free-dye or digested. With this
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observation and no traces that passed FCS analysis, it was concluded that non-specific
labeling for FCS purposes is not ideal. Indeed, others have shown for quantification
purposes there needs to be a homogenous protein mixture for FCS."9.26

6.5 Conclusions

The studies described herein illustrate that Cas9 labeled with N- or C-terminal
ZF5.3 remains active in vitro and can access the interior of cells at higher levels than
Cas9 alone. Using Alexa Fluor™ 568 NHS ester, Cas9, ZF5.3-Cas9, and Cas9-ZF5.3
were non-specifically labeled to produce fluorophore-labeled products for use with
confocal microscopy and flow cytometry. The Cas9 protein containing a C-terminal
ZF5.3 exhibited the highest cellular uptake in all conditions evaluated, even in the
presence of sgRNA. The non-specific label inhibited compatibility with FCS as it
generated a heterogeneous mixture of protein material. While the average protein
contains a certain number of labels, each individual protein may contain more or less.
Since FCS is such a quantitative technique, the use of a heterogeneous mixture is not
compatible. This observation continues to inform protein design strategies in the
Schepartz Laboratory.

Improvements for this project include the use of TALON resin and additional
cation column purification. A recent paper from the Doudna lab used Streptococcus
progenies Cas9 M1C/C80S for ASGPr ligand labeling (the protein contains two cysteine
residues for conjugation), which allows for cell-specific studies.® Future work includes
completing in cellulo studies to evaluate the ability of Cas9-ZF5.3 to turn off EGFP
expression in U20S cells.'® To improve nuclear access, nuclear localization tags, such
as that of SV40 large T antigen (PKKKRKV),2” may be appended if necessary.
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6.6 Figures
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Figure 6.1. (A) Protein constructs evaluated in this chapter. (B) Example purification
scheme of Cas9 fusion protein ZF5.3-Cas9. (C) SDS-PAGE analysis of Cas9, ZF5.3-
Cas9, and Cas9-ZF5.3 after final dialysis into 20 mM Tris (pH 8.0), 100 mM KCI, 20%
glycerol, and 1 mM DTT (with 100 uM ZnCl> for ZF5.3-containing proteins).
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Figure 6.2. (A) Linearization of dTomato plasmid (5 pg) with EcoRI HF (1 uL) for 2 h at
room temperature. (B) Linearization of dTomato plasmid (5 pg) with Pvul HF (20 units)
for 2 h. (C) Scheme of in vitro cleavage assay using Cas9 enzymes. (D) Gel
electrophoresis analysis of in vitro cleavage assay. O/N = overnight (17 h); comm. Cas9
= commercial Cas9.
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Figure 6.3. (A) Cas9 protein fluorophore labeling scheme. Excess dye is removed via
overnight dialysis at 4 °C. (B) SDS-PAGE analysis of the fluorophore labeling reaction
(Coomassie, left; UV, right). Dye = Alexa Fluor™ 568 NHS ester.
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Figure 6.4. (A) Scheme illustrating confocal microscopy, flow cytometry, and
fluorescence correlation spectroscopy (FCS) workflow. Saos-2 cells were treated with
0.5-1 uM of Cas9, ZF5.3-Cas9, or Cas9-ZF5.3 for 30 min. Cells were washed, treated
with trypsin, and either screened using flow cytometry or re-plated and imaged using
confocal microscopy and FCS. (B) Total cellular uptake of Cas9 proteins assessed
using confocal microscopy. Live cell images of Saos-2 cells treated with 1 uM of the
indicated protein for 30 min. (C) Histograms illustrating total cellular uptake of 0.5-1 yM
of Cas9, ZF5.3-Cas9, or Cas9-ZF5.3 during a 30 min incubation at 37 °C. MFI values
represent the median fluorescence intensity of cells (10,000 cells each). Error bars
represent the standard error of the mean. The MFI values of each Cas9 protein (at each
treatment condition) were statistically compared. ****p < 0.0001, ***p < 0.001, **p <
0.01, *p < 0.05; one-way analysis of variance (ANOVA) followed by Tukey’s multiple
comparisons test. (D) Surface charge analysis (blue = positive, red = negative) obtained
with PyMol (Version 2.4.1) of Cas9 without sgRNA (PDB 4cmp) and in the presence of
sgRNA (PDB 4un3).
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CHAPTER 7

Towards Cellular Delivery of Ras-Binding NS1 Using ZF5.3
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7.1 Abstract

While 20% of cancers carry activating mutations in Ras proteins, no approved
therapeutic directly targets Ras proteins. The Ras proteins provide challenges for both
small molecules and protein-based drugs, as they contain smooth surfaces and are
located within the cell. Previous studies identified a monobody, NS1, that binds to two
isoforms of Ras (H-Ras and K-Ras) with high affinity (>100 nM) in vitro. We
hypothesized that appending the cell-permeant miniature protein ZF5.3 to NS1 would
convey cell-permeant properties, allowing cellular delivery of purified NS1 into
mammalian cells. Since expression of a genetic fusion containing both ZF5.3 and NS1
proved to be non-trivial, we assessed tyrosinase-mediated oxidative coupling to
generate NS1-ZF5.3. We observed that ZF5.3 can be appended to proteins carrying a
surface accessible Cys via tyrosinase. This project was (and continues to be) completed
with support by Angel Vazquez-Maldonado, a rotation student in the Schepartz
Laboratory.

7.2 Introduction

The Ras family proteins are master regulators of cell proliferation and survival.
These GTPases bind and hydrolyze GTP and are active in their GTP-bound state and
inactive in their GDP-bound state." There are four isoforms of this family of proteins: H-
Ras, N-Ras, K-Ras4a, and K-Ras4b, which exhibit approximately 80% homology in their
primary sequences.’?> Many of the differences between these enzymes result from
varying C-terminal domains.! 20% of all cancers carry activating mutations in Ras
proteins, which provides motivation to target this family of proteins for inhibitor design.?
The most frequent mutation in Ras proteins results in the inhibition of GTP hydrolysis,
which diminishes the GTPase activity and changes the rate of guanine nucleotide
exchange.! H-Ras localizes to the cytosol where it can be found interacting with the
Golgi, caveolae, lipid rafts, and disorganized membranes." K-Ras splice variants K-
Ras4a and K-Ras4b localize to the plasma membrane, and K-Ras4a specifically
reaches the plasma membrane via a Golgi-independent cytosolic route.* As these Ras
proteins can be found in the cytosol, inhibitors would need to reach the interior of the
cell to exhibit their function.

Challenges in targeting Ras proteins include the lack of a small-molecule binding
pocket on the surface for traditional small molecule inhibitors and the intracellular locale
for protein-based therapeutics.® No approved treatment directly targets Ras,® providing
motivation to generate protein-based therapeutics that contain a delivery tool to provide
a means for the therapeutic to reach the cell interior.

NS1 is a monobody that binds Ras proteins, not differentiating between active
(GTP-bound) and inactive (GDP-bound) states.” This antibody mimetic exhibits high
affinity for H-RAS (~15 nM) and K-RAS (~70 nM) in vitro, but no affinity for N-RAS.” In
cellulo, NS1 decreases downstream signaling, including the ERK signaling pathway.’
The in cellulo studies were conducted in a cell line that expresses NS1 so that they are
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already inside of the cell. To expand the druggable proteome, it is necessary to design a
cell-permeant NS1 that retains Ras-binding for therapeutic applications.

The cell-permeant miniature protein (CPMP) ZF5.3 can deliver proteins to the
cytosol of mammalian cells and the livers of healthy mice.®° Additionally, among a panel
of cell-penetrating peptides and CPMPs, ZF5.3-labeled proteins reached the cytosol at
the highest cytosolic concentrations,® motivating its use as a therapeutic delivery
vehicle. We hypothesize that ZF5.3 will convey cell-permeant properties to NS1 in order
to inhibit intracellular Ras. In this chapter we begin developing strategies to generate
NS1 and NS1-ZF5.3 that contain a site-specific fluorophore for flow cytometry, confocal
microscopy, and fluorescence correlation spectroscopy. Our ultimate goal is to
determine the effects that ZF5.3 has on NS1 cellular delivery and cytosolic localization.

7.3 Methods
7.3.1 Protein Sequences

NS1-Hise-Cys
GSVSSVPTKLEVVAATPTSLLISWDAPAVTVDYYVITYGETGGNSPVQKFEVPGSKSTA
TISGLKPGVDYTITVYAWGWHGQVYYYMGSPISINYRTGSGHHHHHHC

His7-AviTag-TEV-NS1-GSGC
MHHHHHHHGSGLNDIFEAQKIEWHEGDYDIPTTENLYFQGMGSVSSVPTKLEVVAATP
TSLLISWDAPAVTVDYYVITYGETGGNSPVQKFEVPGSKSTATISGLKPGVDYTITVYA
WGWHGQVYYYMGSPISINYRTGSGC

His7-AviTag-TEV-NS1-ZF5.3-GSGC
MHHHHHHHGSGLNDIFEAQKIEWHEGDYDIPTTENLYFQGMGSVSSVPTKLEVVAATP
TSLLISWDAPAVTVDYYVITYGETGGNSPVQKFEVPGSKSTATISGLKPGVDYTITVYA
WGWHGQVYYYMGSPISINYRTGSGYSCNVCGKAFVLSRHLNRHLRVHRRATGSGC

ZF5.3-SGGY
Ac-WTSCNVCGKAFVLSRHLNRHLRVHRRATSGGY-NH:>

ZF5.3
Ac-WYSCNVCGKAFVLSRHLNRHLRVHRRAT-NH:

ZF5.3Rho
RhoKWYSCNVCGKAFVLSRHLNRHLRVHRRAT-NH:

7.3.2 Primers for pET32a Vector Linearization

The sequence of NS1 or NS1-GSGC with a N-terminal Hisz, followed by an
AviTag and TEV protease site were codon optimized for E. coli expression, cloned into
a linearized pET-32a vector, and expressed in the BL21-Gold (DE3) E. coli strain.
Primers for linearization of commercial pET-32a for Gibson Assembly reactions:®
5-ATGTATATCTCCTTCTTAAAGTTAAACAAAATTATT-3’
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5-TAACAAAGCCCGAAAGGAAG-3’

Primers for ZF5.3 deletion from pET32a_ZF5.3-NS1-Hiss-Cys
5-GGATCCGTCTCCTCCGT-3
5-CATATGTATATCTCCTTCTTAAAGTTAAACAAAATTAT-3

7.3.3 Polymerase Chain Reaction (PCR) to Delete ZF5.3 from pET32a_ZF5.3-NS1-
Hise-Cys

10 pL of 5X Phusion HF Buffer, 200 uM dNTPs, 0.5 uM forward primer, 0.5 yM
reverse primer, 112.1 ng of template DNA, 1.5 yL DMSO, and 0.5 pL Phusion DNA
polymerase were added to a PCR tube. Nuclease-free water was added to a final
volume of 50 pL. Four PCR reactions were set up, two containing the 1.5 pyL of DMSO
and two without. Both 62 and 63 °C were tested for annealing temperatures. Standard
PCR conditions were used.

After PCR, 2.5 pL of KLD reaction mixture was added to a tube of NEB® 5-alpha
F lg Competent E. coli (High Efficiency) and a transformation was completed. The plate
incubated at 37 °C overnight. The following day, starter cultures were prepared (5 mL LB
Lennox media, 5 yL 1000X carbenicillin, 1 colony) and grew overnight at 37 °C. A
miniprep was completed using Qiagen reagents and Sanger sequencing was submitted
to Genewiz using T7 forward and reverse primers. Correct plasmids (pET32a_NS1-
Hise-Cys) were stored at -20 °C until use.

7.3.4 Gibson Assembly

Gibson assembly was completed as described previously'®'" using a pET32a backbone
and gBlock™ gene fragment for insertion of His7-AviTag-TEV-NS1-GSGC or His7-
AviTag-TEV-NS1-GSG-ZF5.3-GSGC.

7.3.5 Protein Expression and Purification
Protein Expression

After transformation of pET32a_NS1-Hise-Cys, pET32a_ His7-AviTag-TEV-NS1-
GSGC, or pET32a_ His7-AviTag-TEV-NS1-ZF5.3-GSGC into BL21-Gold (DE3)
competent E. coli, starter cultures were set up in the morning containing 5 mL LB
Lennox media, 5 L 1000X carbenicillin, and 1 colony. After 3.5 h, the starter culture
inoculated 1 L of LB Lennox media and 100 mg of ampicillin. When the ODeoo was 0.6—
0.8, IPTG was added for a final concentration of 0.5 mM. The flasks shook overnight at
18 °C to allow expression to occur. The following day, the cultures were spun down at
4300 RPM and 4 °C for 30 min to pellet the bacteria.

Purification of NS1-Hise-Cys and His7-AviTag-TEV-NS1-GSGC
The following buffers were used for purification: stock buffer (20 mM Tris-HCI pH

7.5, 5 mM MgClz2), high salt wash buffer (20 mM Tris-HCI pH 7.5, 5 mM MgCl2, 150 mM
NaCl), wash buffer (20 mM Tris-HCI pH 7.5, 5 mM MgClz), elution buffer (20 mM Tris-
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HCI pH 7.5, 5 mM MgClz, 250 mM imidazole), and dialysis buffer (20 mM Tris-HCI pH
7.5, 5 mM MgClz, 1 mM dithiothreitol (DTT)). The pellet was resuspended in
approximately 20 mL of 20 mM Tris-HCI pH 7.5, 5 mM MgCl. containing 1 protease
inhibitor (1 tablet cOmplete, mini EDTA-free protease inhibitor cocktail). The lysate was
sonicated for a total of 8 min (30 s on, 30 s off) at 30% duty cycle. The lysate was
cleared by centrifugation for 45 min at 4 °C and 10,000 RPM. The cleared lysate was
combined with Talon resin (3 mL of Talon resin/L of culture) and added to a 50 mL
Falcon tube. The tube rotated on a rotisserie at 4 °C for 1 h. The slurry was added to a
column and the flowthrough was drained (flowthrough was collected in a 50 mL Falcon
tube for SDS-PAGE). The resin was washed 2X with 25 mL high salt wash buffer and
3X with 25 mL wash buffer. Each wash step was collected for SDS-PAGE analysis. The
protein was eluted with 9 X 1 mL fractions of elution buffer. SDS-PAGE samples were
prepared of the elution fractions as well as for other steps of the purification (20 yL
sample + 5 pL 5X SDS-PAGE loading dye). SDS-PAGE was completed (200 V for 25—
30 min). Fractions containing protein were combined and dialyzed overnight at 4 °C. The
following day, the protein was concentrated using Amicon spin filters (10 kDa MWCO)
and subsequently quantified using Pierce™ 660 nm reagent. Protein was stored at -80
°C until further use. The yield for NS1-Hise-Cys was 0.98 mg/L. The yield for His7-
AviTag-TEV-NS1-GSGC was 4.5 mg/L. Protein identity was confirmed via MS.

7.3.6 Peptide Synthesis

ZF5.3-SGGY, ZF5.3, and ZF5.3R"° were synthesized and purified as described in
Steinauer et al.’? Briefly, peptides were synthesized on a 50 pmol scale with H-Rink
amide resin (to generate a final product with a C-terminal amide). Resin was swelled in
dimethylformamide (DMF, 4.5 mL) at 70 °C for 20 min followed by microwave-assisted
(75 °C for 5 min) coupling of amino acids using standard Fmoc chemistry (4.5 mL DMF,
5 equivalents (equiv) N,N,N’,N'-tetramethyl-O-(1H-benzotriazol-1-yl)uronium
hexafluorophosphate (HBTU), 5 equiv 1-hydroxybenzotriazole hydrate (HOBt), 10 equiv
N,N-diisopropylethylamine (DIEA), and 5 equiv Fmoc-protected amino acid). Arginine,
cysteine, and histidine residues were coupled at 50 °C and arginine residues were
coupled twice. Fmoc deprotections were performed using 20% piperidine in DMF (4.5
mL) with microwave assistance (70 °C for 3 min, twice). The resin was washed
thoroughly with DMF (four times, 4.5 mL/wash) between each coupling and deprotection
step. Following synthesis, the resin was transferred to a custom glass reaction vessel
containing a stir bar. To prevent sticking of the resin to glass, both the reaction vessel
and stir bar were coated with SigmaCote before the resin was added.

ZF5.3-SGGY and ZF5.3 were acetylated at the N-terminus. The N-terminal Fmoc
group was deprotected in 4.5 mL 20% piperidine in DMF at room temperature for 20
min twice. The resin was washed with 4 mL DMF three times. A solution of acetic
anhydride, DIEA, and DMF (2 mL, in a 85:315:1600 volumetric ratio) were added to the
resin and stirred at room temperature for 45 min. The resin was washed with 4 mL DMF
three times. Next, the resin was washed three times with alternating DMF (10 mL) and
dichloromethane (DCM, 10 mL). After the final DCM rinse, the resin was washed with 5
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mL methanol and dried overnight under nitrogen. The resin was stored at -20 °C until
cleavage.

To generate ZF5.3R", the N-terminus of ZF5.3 (on resin in a glass reaction
vessel) was deprotected with 20% piperidine in DMF (2X, 15 min, room temperature).
Boc-Lys(Fmoc)-OH (5 equiv) was coupled with 7-azabenzotriazol-1-
yloxy)trispyrrolidinophosphonium hexafluorophosphate (PyAOP) (5.0 equiv), HOAt (5.0
equiv), and DIEA (10.0 equiv) in DMF (4 mL) at RT for 45 min. The side chain of the N-
terminal amino acid was deprotected with 20% piperidine in DMF (2X, 15 min, room
temperature). Next, the resin was washed with alternating DMF (10 mL) and DCM (10
mL) three times and washed several times with DMF. The glass reaction vessel was
purged with nitrogen and the resin was washed five times with 5 mL anhydrous DMF
under nitrogen atmosphere. 10 equiv of Lissamine rhodamine B sulfonyl chloride were
added to anhydrous DMF (3 mL) and added to the resin. 10 equiv of anhydrous DIEA
were subsequently added to the vessel. The reaction proceeded under nitrogen
atmosphere overnight at room temperature. The next day, the resin was washed with
alternating DMF (10 mL) and DCM (10 mL) three times and washed with DMF until no
excess Lissamine rhodamine B was observed in the wash solution. The resin was
washed with 5 mL methanol to shrink the resin and then dried overnight under a stream
of nitrogen.

Since all peptides contained cysteines, the cleavage cocktail was comprised of
trifluoroacetic acid (TFA, 81.5%), thioanisole (5%), phenol (5%), water (5%),
ethanedithiol (2.5%), and triisopropylsilane (TIPS, 1%). Peptides were cleaved in the
described cocktail (4.5 mL) at room temperature for 3 h. (3 h, RT). Cleaved peptides
were precipitated in diethyl ether (40 mL, chilled to —80 °C), sedimented, redissolved in
a mixture of water and acetonitrile (ACN, max. 20%), frozen at -80 °C, lyophilized to
dryness, and reconstituted in 1-1.5 mL dimethylsulfoxide (DMSOQO) prior to purification by
HPLC.

For HPLC purification of peptides, the peptide stocks in DMSO were filtered
through a 0.45 pm filter prior to application onto a semiprep Grace Vydac C18 (218TP)
column. Peptides were detected at 214 and 280 nm. ZF5.3Rho was additionally
detected at 560 nm. Samples were eluted using solvent gradients of water in ACN
containing 0.1% TFA over 20—25 min. Peptide identities were confirmed using either an
Agilent Infinity [l LC/6530 Accurate-mass Q-TOF LC/MS or electrospray ionization mass
spectrometry (QB3 Berkeley). Fractions containing the peptide of interest were frozen at
-80 °C, lyophilized to dryness and stored at -20 “C until use.

To ensure proper zinc finger folding, lyophilized ZF5.3 peptides were dissolved in
nitrogen-purged 10 mM Tris buffer, pH 7.44. 2 equivalents of DTT were added to reduce
cysteine residues and the solution reacted at room temperature for 15 min. 2
equivalents of ZnCl2 (using a 1 M ZnCl2 solution) were added to induce folding. ZF5.3
peptides were stored at 4 “C. Reconstituted peptide identities were confirmed using an
Infinity Il LC/6530 Accurate-mass Q-TOF LC/MS.
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7.3.7 Tyrosinase Reactions

Tyrosinase isolated from common button mushroom (Agaricus bisporus) was
purchased from Sigma Aldrich. Stock tyrosinase solutions (2 mg/mL) were prepared
with 50 mM phosphate buffer (sodium phosphate monobasic monohydrate), pH 6.5. 50
ML aliquots were stored at -80 °C until use.

The control proteins'® Y200C sfGFP and nanoluciferase (NanoLuc) containing a
GGY tag (hereby referred to as Luc-GGY) were generously provided by Marco Lobba at
UC Berkeley. SNAP-tag-Hiss was expressed and purified as previously described.®

For small scale (50 pL) test reactions, 167 nM tyrosinase, 10 yM Cys-containing
protein (Y200C sfGFP, NS1 proteins, SNAP-tag), and 0—-150 yM Tyr-containing protein
(Luc-GGY, ZF5.3-SGGY, ZF5.3, ZF5.3R") were reacted in 50 mM phosphate buffer (pH
6.5) at room temperature (or 30 “C) for 30 min. A positive control'® testing conjugation
of Y200C sfGFP to Luc-GGY via tyrosinase was conducted. 1.5 equiv of SNAP-Cell®
TMR-Star were added to SNAP-tag containing reactions where indicated. To assess
whether coupling occurred, SDS-PAGE analysis was conducted. SDS-PAGE samples
were prepared using 20 yL of reaction and 5 pL of 5X loading dye. An AnyKD gel was
run for 25-30 min at 200 V, stained, and destained. Coomassie staining was imaged
using a ChemiDoc MP.

7.3.8 TEV Protease Cleavage

For small scale (50 pL/aliquot) test reactions, a variety of conditions were
screened, including buffer (20 mM Tris pH 7.5, 5 mM MgCl2 or 20 mM Tris pH 7.5, 5
mM MgClz, 1 mM DTT), molar ratio, time, and temperature (room temperature, 4 °C, or
30 °C). Molar ratios of 1:50, 2:50, and 4:50 of TEV protease:NS1 protein were
evaluated. Reactions were set up with 20 yM His7-AviTag-TEV-NS1-GSGC and the
appropriate amount of TEV protease (QB3 Facility) depending on the molar ratio
studied (diluted to final volume using 20 mM Tris pH 7.5, 5 mM MgCl2 or 20 mM Tris pH
7.5, 5 mM MgCl2, 1 mM DTT). Aliquots (50 uL) were removed at each time point (0-2.5
h or overnight) and frozen at -80 “C until SDS-PAGE analysis. SDS-PAGE samples
were prepared using 20 yL of reaction and 5 pL of 5X loading dye. An AnyKD gel was
run for 25-30 min at 200 V, stained, and destained. Coomassie staining was imaged
using a ChemiDoc MP.

7.3.9 Maleimide Labeling

Reaction with maleimides requires the absence of DTT and a pH between 7 and
7.5. An aliquot of His7-AviTag-TEV-NS1-GSGC (in 20 mM Tris pH 7.5, 5 mM MgClz, 1
mM DTT) was thawed on ice. 10 kDa Amicon spin filters were equilibrated with 20 mM
Tris, 5 mM MgClz, pH 7. 200 pL of His7-AviTag-TEV-NS1-GSGC were added to the spin
filter and the protein was washed with 5X sample volume (1000 pL) 20 mM Tris, 5 mM
MgClz, pH 7. The sample was concentrated to approximately 200 yL and quantified with
Pierce™ 660 nm reagent. 50 uM His7-AviTag-TEV-NS1-GSGC and 500 yM Atto 550
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maleimide in 20 mM Tris pH 7, 5 mM MgCl. (250 pL total volume) reacted for 2 h at
room temperature (50 pL aliquots removed for each time point and frozen at -80 °C until
further use). Precipitation was observed during the course of the reaction. SDS-PAGE
samples were prepared using 20 uL of reaction and 5 yL of 5X loading dye. An AnyKD
gel was run for 25-30 min at 200 V, fluorescence imaged using a ChemiDoc MP,
stained, destained, and Coomassie staining imaged using a ChemiDoc MP.

7.4 Results and Discussion

Preliminary expression experiments indicated difficulty in purifying NS1
genetically fused to ZF5.3 (possibly due to interactions with the negative fibronectin
scaffold) as the purification resulted in precipitation of the protein (ZF5.3-NS1-Hise-Cys).
We wanted to design a separate strategy that would allow conjugation of ZF5.3 to NS1
after expression and purification from E. coli. There have been multiple reports of
Agaricus bisporus tyrosinase (abTyr)-mediated oxidative coupling that allows for a
tyrosine-containing protein to be coupled to a cysteine residue on a partner protein.'314
The reactivities of the partner proteins suggest that the tyrosine and cysteine need to be
solvent accessible for the reaction to proceed. This tyrosinase coupling strategy is
attractive as tyrosinase is commercially available and would allow the generation of
conjugates that may not favor genetic fusion.

To test the substrate scope of abTyr, we evaluated whether ZF5.3-SGGY could
be used as a Tyr-containing protein partner. We synthesized ZF5.3-SGGY by solid
phase peptide synthesis, where the second amino acid in ZF5.3 (Y) was mutated to a
threonine (T) to prevent modification within the ZF5.3 CPMP itself (Figure 7.1A and B).
The peptide was purified by reverse phase HPLC and brought up in a Zn?*-containing
buffer to preserve the zinc finger fold. ZF5.3-SGGY (0—100 uM) reacted with abTyr (167
nM) and Y200C sfGFP (10 uM) for 30 min at room temperature or 30 “C and the mixture
was analyzed by SDS-PAGE (Figure 7.1C-E). The reaction between Y200C sfGFP
(27.5 kD) and Luc-GGY (20.9 kD) via abTyr served as a positive control (band present
near 48 kD). In all cases, no coupling between ZF5.3-SGGY (3.7 kD) and Y200C sfGFP
was observed, supported by the absence of Coomassie-stained bands near 31.2 kD.
These reactions indicate that under these conditions, ZF5.3-SGGY is not a substrate for
abTyr-mediated oxidative coupling.

Since ZF5.3 (3.4 kD) itself contains a tyrosine residue at the second position, we
decided to evaluate whether it was accessible for abTyr-mediated oxidation and
subsequent conjugation to the model protein Y200C sfGFP (Figure 7.2A and B). Again,
the reaction between Y200C sfGFP and Luc-GGY via tyrosinase served as a positive
control. In the reactions containing 25—-100 yM ZF5.3, 10 uM Y200C sfGFP, and 167
nM abTyr, we observed the formation of a band near 30.9 kD that increased in intensity
as the concentration of ZF5.3 increased. The dose-dependent increase in the higher
molecular weight band suggests that ZF5.3 in fact can act as a substrate for abTyr in
and of itself and that the tyrosine in the second position is likely surface accessible. To
confirm whether ZF5.3 could be appended to additional proteins, we analyzed
conjugation to SNAP-tag (Figure 7.2C). SNAP-tag (20.1 kD) contains three Cys
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residues, with one of these present in the active site.'®>'% Indeed, we observed that
ZF5.3 labeling occurred multiple times through SDS-PAGE analysis and the presence
of two distinct product bands corresponded to molecular weights near 23.5 and 26.9 kD.
At 50 uM ZF5.3, there was a faint band near 30.3 kD that suggested at higher
concentrations of electrophile, the third cysteine residue of SNAP-tag was modified. The
presence of higher molecular weight products could be dimer formation, since the
bands correspond to a molecular weight near 40 kD. Additionally, we observed that
SNAP-tag can be appended to Luc-GGY.

To determine whether the ZF5.3 labeled the active site Cys, we evaluated
reaction of abTyr, ZF5.3, and SNAP-tag in the presence of SNAP-Cell® TMR-Star, a
benzylguanine dye that contains a rhodamine-based fluorophore and reacts with SNAP-
tag. We observed that the presence of SNAP-Cell® TMR-Star inhibited the reaction
since no conjugation product was observed with the Tyr-containing substrates, either by
Coomassie staining or fluorescence (Figure 7.2D). Even though no abTyr-mediated
oxidative coupling occurred, SNAP-Cell® TMR-Star still reacted with SNAP-tag,
evidenced by the presence of fluorescent bands near 20 kD. One possibility is that
ZF5.3 and Luc-GGY predominantly label the active site Cys and the addition of SNAP-
Cell® TMR-Star precludes the cysteine reaction with the quinone derivative. Previous
studies conclude that upon binding a benzylguanine substrate, SNAP-tag exhibits
conformational changes.® It is also possible that upon binding SNAP-Cell® TMR-Star,
the two additional Cys residues of SNAP-tag are no longer solvent accessible and
prevent reaction from proceeding.

Together, the data provides evidence that ZF5.3 conjugates to Cys-containing
proteins (if the Cys is solvent accessible) via tyrosinase-mediated oxidative coupling.
With evidence that ZF5.3 could label Y200C sfGFP and SNAP-tag, we moved on to
evaluating whether abTyr oxidative coupling could be used to append ZF5.3 to an NS1-
containing protein.

In our construct design for NS1, we kept in mind that residues near the N-
terminus are necessary for Ras binding, choosing to append ZF5.3 at the C-terminus of
the monobody. To generate a substrate for tyrosinase-mediated oxidative coupling, a
cysteine residue was placed at the C-terminus to generate NS1-Hise-Cys (Figure 7.3A).
The Hise tag was incorporated for use in immobilized metal affinity chromatography
(IMAC). While this construct expressed well, it did not participate in tyrosinase-mediated
oxidative coupling with either the model Tyr-containing protein Luc-GGY or ZF5.3,
illustrated by the lack of new band formation around 24.3 kD on an SDS-PAGE gel
(Figure 7.3B and C). Additionally, heating the reaction to 30 “C did not result in product
formation (data not shown).

A previous construct for expression and purification of NS1 for crystallization
included an N-terminal Hise tag followed by a biotin acceptor tag and TEV, allowing the
cleaved tag to produce NS1.” We generated a second construct that contained a C-
terminal Cys based on the previously described strategy: His7-AviTag-TEV-NS1-GSGC
(15.6 kD). We selected an AviTag as the biotin acceptor tag; when biotin and biotin
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ligase (BirA) are added, the Lys in AviTag reacts with the carboxylic acid on biotin."”” We
note that although there are commercially available biotin-fluorophores available, most
fluorophores are attached via the same carboxylic acid necessary for biotin ligation such
that the AviTag is not a viable option to append a small molecule fluorophore to the
fusion protein. The Cys at the C-terminus would allow for tyrosinase labeling with ZF5.3
or the incorporation of a maleimide, for multiple avenues to reach fluorescence
correlation spectroscopy studies (Figure 7.4). We inserted a gBlock™ gene fragment
containing His7-AviTag-TEV-NS1-GSGC into a pET32a backbone using Gibson
assembly, confirmed insertion using Sanger sequencing, expressed the protein in BL21-
Gold (DE3) competent E. coli, and purified using IMAC. After dialysis, the yield of Hisz-
AviTag-TEV-NS1-GSGC was 4.5 mg per L of culture.

With purified His7-AviTag-TEV-NS1-GSGC, we evaluated whether Luc-GGY and
ZF5.3 treated with abTyr could react with the C-terminal Cys (Figure 7.5). We observed
the presence of dose-dependent bands near 36.5 kD with the reaction mixture of 25-50
MM Luc-GGY, 10 pM His7-AviTag-TEV-NS1-GSGC, and 167 nM abTyr. The presence
of bands near 30 kD could be a dimer of His7-AviTag-TEV-NS1-GSGC as the protein
contains a series of tyrosine residues that may be surface accessible; however, this
dimer is not observed in the presence of ZF5.3 instead of Luc-GGY. Reaction of
tyrosinase-mediated oxidized ZF5.3 with His7-AviTag-TEV-NS1-GSGC resulted in a
band near the expected conjugation product, 18 kD. The reaction containing ZF5.3
precipitated upon reaction initialization but at the end of the 30 min incubation, addition
of base solubilized the precipitate. Ultimately, this experiment indicated that the C-
terminal Cys in the newly designed NS1 construct was available to participate in
reaction with an oxidized tyrosine residue.

To continue optimizing the workflow, we next evaluated TEV protease cleavage
to ensure that the His7-AviTag could be removed from the N-terminus (Figure 7.6A).
After cleavage, the construct design allowed for removal of any His-tagged proteins,
including TEV protease, His7-AviTag, and any unreacted His7-AviTag-TEV-NS1-GSGC,
using IMAC. TEV protease incubated with His7-AviTag-TEV-NS1-GSGC for up to 2.5 h
at room temperature (Figure 7.6B). This initial optimization showed dose- and time-
dependencies where more NS1-GSGC (10.8 kD) was generated at higher TEV
protease concentrations and longer incubation times. A molecular weight band near 17
kD at increased TEV protease concentrations suggests higher order structures such as
dimers may form. We observed that the presence of increased TEV protease, inclusion
of DTT, and higher temperature resulted in the best cleavage conditions (Figure 7.6C)
in which all starting material cleanly converted to NS1-GSGC. We proceeded with larger
scale reactions using a 2 h incubation at 30 “C in a DTT containing buffer.

As shown in Figure 7.4, the His7-AviTag-TEV-NS1-GSGC construct supports
development of fluorophore conjugates either using tyrosinase oxidative coupling or
maleimide chemistry. We assessed the reactivity of the C-terminal Cys residue to
determine whether we could append a fluorophore containing a maleimide (Figure
7.7A). Atto 550 maleimide incubated in 10-fold molar excess of His7-AviTag-TEV-NS1-
GSGC for up to 1 h at room temperature. SDS-PAGE analysis showed the presence of
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a fluorescent band near the molecular weight of His7-AviTag-TEV-NS1-GSGC within the
first 15 min of the reaction (Figure 7.7B). After 1 h, there were additional bands in both
the Coomassie-stained as well as the fluorescence images. Maleimides can react with
primary amines depending on the pH, so it may be favorable in the future to decrease
the reaction pH slightly below 7. Additionally, since the maleimide was in 10-fold molar
excess, the reaction might be tuned by decreased concentration of electrophile. While
precipitation occurred during the reaction and additional optimization is necessary,
SDS-PAGE indicated that Atto 550 maleimide can react with His7-AviTag-TEV-NS1-
GSGC to form a fluorescent product.

7.5 Conclusions

The experiments described in this chapter detail initial development towards the
generation of NS1 and NS1-ZF5.3 that contain a fluorophore compatible with FCS. We
were surprised to learn that tyrosinase can oxidize the native Tyr in ZF5.3 for
subsequent reaction with a Cys nucleophile on multiple proteins (Y200C sfGFP and
SNAP-tag). While NS1-Hise-Cys was unable to participate in tyrosinase-mediated
oxidative coupling, modifying this construct to His7-AviTag-TEV-NS1-GSGC allowed
reaction at the C-terminal Cys. Preliminary data (not shown) suggests that ZF5.3
containing a rhodamine fluorophore at the N-terminus (ZF5.3R"°) may not oxidize,
perhaps due to steric effects with the bulky fluorophore near the Tyr required for
oxidation. Additional ZF5.3 peptides containing Lissamine rhodamine B farther away
from the Tyr will be synthesized in the future. TEV protease cleaved the parent
construct to produce NS1-GSGC and the C-terminal Cys reacted with maleimides.

In addition to continuing to optimize tyrosinase labeling reactions, we generated
a pET32a plasmid containing His7-AviTag-TEV-NS1-ZF5.3-GSGC, in hopes of purifying
a genetic fusion containing ZF5.3. Similar to ZF5.3-NS1-Hise-Cys, this construct ended
up in the pellet after lysis at three different pHs (acidic, neutral, and basic). We are
currently evaluating pellet extraction methods. Ultimately, a finalized purification
strategy to NS1 and NS1-ZF5.3 will allow evaluation of the ZF5.3 benefit for delivering a
monobody to mammalian cells.
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Figure 7.1. (A) Structure of ZF5.3-SGGY. (B) Mass spectrometry analysis of ZF5.3-
SGGY using an Agilent Infinity Il LC/6530 Accurate-mass Q-TOF LC/MS. (C) Reaction
scheme for labeling of Y200C sfGFP with ZF5.3-SGGY via tyrosinase oxidative
coupling. (D) Tyrosinase oxidative coupling reaction with Luc-GGY, ZF5.3-SGGY,
Y200C sfGFP, and tyrosinase (either an old or new batch) at room temperature (RT)
analyzed by SDS-PAGE. (E) Tyrosinase oxidative coupling reaction with Luc-GGY,
ZF5.3-SGGY, Y200C sfGFP, and tyrosinase at 30 °C analyzed by SDS-PAGE.
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Figure 7.2. (A) Reaction scheme for labeling of Y200C sfGFP with ZF5.3 via tyrosinase
oxidative coupling. (B) Tyrosinase oxidative coupling reaction with Luc-GGY, ZF5.3,
Y200C sfGFP, and tyrosinase at room temperature (RT) analyzed by SDS-PAGE. (C)
Tyrosinase oxidative coupling reaction with SNAP-tag, Luc-GGY, ZF5.3, Y200C sfGFP,
and tyrosinase at room temperature (RT) analyzed by SDS-PAGE. (D) Tyrosinase
oxidative coupling reaction with SNAP-tag (with or without the presence of 15 uM
SNAP-Cell® TMR-Star), Luc-GGY, ZF5.3, Y200C sfGFP, and tyrosinase at room
temperature (RT) analyzed by SDS-PAGE.
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Figure 7.3. (A) Mass spectrometry analysis of NS1-Hise-C using an Agilent Infinity Il
LC/6530 Accurate-mass Q-TOF LC/MS. Protein lacks the N-terminal Met residue. (B)
Reaction scheme for labeling of NS1-Hise-C with Luc-GGY via tyrosinase oxidative
coupling. (C) Tyrosinase oxidative coupling reaction with Luc-GGY, NS1-Hiss-C, Y200C
sfGFP, and tyrosinase at room temperature (RT) analyzed by SDS-PAGE.
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(FCS). The parent construct His7-AviTag-TEV-NS1-GSGC (or His7-AviTag-TEV-NS1-
ZF5.3-GSGC) contains a C-terminal Cys residue that can participate in tyrosinase (tyr)
oxidative coupling or maleimide chemistry. The TEV cleavage site can be used to
remove the His7-AviTag tag via TEV protease, resulting in NS1-GSGC or NS1-ZF5.3-
GSGC. This material can then be used for Ras binding studies or reacted further using
abTyr-mediated oxidative coupling or maleimide chemistry to install a Rho-based
fluorophore. After TEV cleavage, TALON resin will capture any His7- or Hise-tagged
proteins (unreacted His7-AviTag-TEV-NS1-GSGC, His7-AviTag, TEV protease) and the
products of interest will remain in the flowthrough (NS1-GSGC or NS1-ZF5.3-GSGC).
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for a maximum of overnight (ON) at room temperature (RT) and were analyzed by SDS-

PAGE.
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Overcoming the challenges associated with cytosolic access would significantly
expand the existing druggable proteome. Over the past fifteen years, the Schepartz
Laboratory has continued to develop and employ cell-permeant miniature proteins
(CPMPs). These delivery tools are based on the principle that structure would provide
protease resistance and properly orient determinants of cell-permeability. Several
generations of CPMPs resulted in the development of a penta-Arg motif within multiple
CPMPs such as ZF5.3. CPMPs containing the penta-Arg motif reach the cytosol at
concentrations higher than canonical cell-penetrating peptides (CPPs)."-2 The
experiments described within this text contribute to the body of knowledge of CPMPs in
illustrating that ZF5.3 is an excellent protein delivery tool and has potential for clinical
applications.

Despite the increasing number of reported methods for protein delivery,* most
assays that assess trafficking into the cytosol are qualitative and indirect and can
therefore be misleading. These limitations make evaluating progress in the field of
protein delivery extremely challenging. In order to study endosomal escape and use a
quantitative technique, we employ fluorescence correlation spectroscopy (FCS). The
FCS and flow cytometry methodology described here established a protocol for
laboratory members and new users to ensure consistency in experimentation and gain
valuable insight from this direct and quantitative technique.

Using FCS, we confirmed that diffusion is temperature-dependent and observed
that free dyes may interact with organelles due to diffusion coefficients that were smaller
than expected. To provide evidence whether peptide degradation occurs in the cell, we
chose to determine in cellulo diffusion coefficients of a panel of free dyes and compare
them to the diffusion coefficients (D) observed for CPMPs. Within the cell, D of SNAP-
Cell TMR Star was approximately 2-fold higher compared to aPP5.3R and ZF5.3R, and
supports the hypothesis that the fluorescent signal from CPMPs evaluated by FCS in
Saos-2 cells is not simply free dye. The FCS experiments described in Chapter 3
established diffusion parameters for dyes and CPMPs both in vitro and in cellulo.

With a better understanding of CPMPs alone, the next chapters analyzed the
delivery of three protein cargoes that ranged in size (20-160 kD) and surface charge (pl
6.5-9.0): SNAP-tag, argininosuccinate synthetase, and Cas9. We analyzed the relative
efficiencies with which unstructured CPPs, CPMPs, and cyclic CPPs transport a model,
self-labeled enzyme (SNAP-tag) into the cell using flow cytometry. We showed that
SNAP-tag delivery is possible in multiple cell lines (HelLa, Saos-2, and SK-HEP-1), and
that ZF5.3-SNAP-Rho achieves the highest total cellular uptake across all cell lines
evaluated. ZF5.3 is also capable of delivering a large and complex urea cycle enzyme,
argininosuccinate synthetase (AS), to the cytosol of cells in culture and the livers of
healthy mice. The fusion protein ZF5.3-AS is catalytically active in vitro, stabilized in
plasma, and traffics to the cytosol of cultured cells, achieving cytosolic concentrations
greater than 100 nM. When injected into healthy C57BL/6 mice, ZF5.3-AS reaches the
mouse liver at concentrations almost 200 nM above baseline. Finally, Cas9 labeled with
N- or C-terminal ZF5.3 remains active in vitro and can access the interior of cells at
higher levels than Cas9 alone. Using Alexa Fluor™ 568 NHS ester, Cas9, ZF5.3-Cas9,
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and Cas9-ZF5.3 were non-specifically labeled to produce fluorophore-labeled products
for use with confocal microscopy and flow cytometry. The Cas9 protein containing a C-
terminal ZF5.3 exhibited the highest cellular uptake in all conditions evaluated, even in
the presence of sgRNA. FCS studies of Cas9 delivery in live cells suggested that while
compatible with flow cytometry, non-specific labeling is not suitable for FCS and
alternative fluorophore-labeling strategies should be employed in future protein designs.

The final protein target described in this work is the fibronectin-based monobody
NS1 that binds the Ras isomers H-Ras and K-Ras with high affinity. Initial optimization
to develop methods to conjugate ZF5.3 with NS1 indicated that the endogenous
tyrosine residue within ZF5.3 itself acts as a substrate for tyrosinase and through
oxidation, can couple to cysteine residues on multiple proteins. Additionally, a construct
containing NS1 with a C-terminal cysteine residue permits conjugation to the tyrosinase-
mediated oxidized binding partners Luc-GGY and ZF5.3. Labeling of the C-terminal
cysteine of NS1 with a maleimide indicated a secondary means of attaching maleimide-
containing cargo.

Together, these projects demonstrate that the CPMP ZF5.3 is a superior delivery
vehicle compared to canonical and cyclic CPPs, illustrate ZF5.3-mediated delivery of
three protein cargos, and support further ZF5.3 clinical development as a tool for
protein-based therapeutics.

Immediate future directions of the experiments described herein include
appending Cas9 with a site-specific fluorophore for quantifying nuclear access via FCS.
The site-specific fluorophore would allow comparisons between ZF5.3-containing Cas9
with wild-type protein alone. As site-specific incorporation of unnatural amino acids can
decrease protein yield, optimizing tyrosinase oxidative coupling to be compatible with
ZF5.3 and achieve high yields of conjugated protein would be beneficial. Finally,
purifying NS1 containing ZF5.3 and a fluorophore would allow for confocal microscopy,
flow cytometry, and FCS studies to evaluate the benefit of ZF5.3. Future work with NS1
provides preliminary conjugation methods and purification optimization for study of this
monobody using FCS to provide information on the benefit of ZF5.3 for cellular delivery
of NS1. These studies would demonstrate additional applications of ZF5.3 to establish it
as a platform technology.

Longer term goals include determining the mechanism by which ZF5.3-
containing proteins escape endosomes. Building upon the observations that ZF5.3
colocalizes with a marker for ILVs® and that ILVs are rich in a negatively charged lipid
known as bis(monoacylglycero)phosphate (BMP)8, | evaluated ZF5.3-lipid interactions
using commercially available lipid strips (Appendix 1). These initial studies support the
hypothesis that ZF5.3 binds selectively to negatively charged lipids such as BMP and
establish similar lipid interaction profiles of ZF5.3R"° and ZF5.3-SNAP. Understanding
more about the role of lipids in endosomal escape mechanisms will benefit the design of
a new generation of CPMPs and identification of additional targets to modulate for
cytosolic access of protein therapeutics.
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APPENDIX 1

Probing ZF5.3-Lipid Interactions Using Lipid Strips
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Introduction

Endosomal escape is a process not well understood by the drug delivery field.
While cellular uptake of cationic cell-penetrating peptides (CPPs) and cell-permeant
miniature proteins (CPMPs) is known to be influenced by the presence of negatively
charged proteoglycans on the surface of cells,’? stimulating endocytosis, the process
by which material traverses the endosomal pathway to reach the cytosol remains largely
a mystery.

One of the challenges in designing next generation cell-permeant miniature
proteins (CPMPs) includes determining the mechanism by which current CPMPs
escape from endosomes. Previously, Steinauer et al. identified the homotypic fusion
and protein-sorting (HOPS) complex as a required component for trafficking the CPMP
ZF5.3 to the cytosol of cells.® While HOPS allows ZF5.3 to enter Lamp1+ late
endosomes and lyosomes,? the actual mechanism by which ZF5.3 leaves these
intracellular vesicles is unknown. Additional observations in Steinauer et al. noted the
colocalization of ZF5.3 with rhodamine-labeled 1,2-dipalmitoyl-sn-glycero-3-
phosphoethanolamine (N-Rh-PE),® a marker of intraluminal vesicles (ILVs) within late
endosomes.* With the observation that ZF5.3 resides in ILVs, we explored the
interactions ZF5.3 exhibits with biologically relevant lipids using commercially available
lipid strips. We hypothesized that ZF5.3 would interact with negatively charged lipids,
such as bis(monoacylglycero)phosphate (BMP), a major component in ILVs.

Methods

Lipid strips were obtained from Echelon Biosciences (Membrane Lipid Strip™, P-
6002) and Avanti® Polar Lipids (BMP Snoopers®, 330502). ZF5.3R"°, SNAP-tag, and
ZF5.3-SNAP-tag were generated using previously described methods.3%% All incubation
steps described were completed with gentle shaking. For fluorescence-based detection,
lipid strips incubated with 3% bovine serum albumin (BSA) in TBST (3 g BSA/100 mL
TBST) for 1 h at room temperature. 1 yM of fluorescent probes in TBST were added to
the strips and incubated for 1 h at room temperature. The lipid strips were washed 4X
with TBST (5 min per wash) at room temperature. Fluorescent signal was imaged using
a ChemiDoc MP.

For chemiluminescence-based detection, lipid strips incubated with 3% bovine
serum albumin (BSA) in TBST for 1 h at room temperature. 1 yM of SNAP-tag and
ZF5.3-SNAP-tag in TBST were added to the strips and incubated for 1 h at room
temperature. The lipid strips were washed 3X with TBST (5 min per wash) at room
temperature. Anti-SNAP-tag antibody (NEB) (1:1000 dilution in TBST supplemented
with 3% BSA) was added to the lipid strips and incubated for 1 h at room temperature.
The lipid strips were washed 3X with TBST (5 min per wash) at room temperature. Next,
the lipid strips incubated with anti-rabbit IgG horseradish peroxidase (HRP)-linked
antibody (Cell Signaling Technology, at 1:1000 dilution in TBST) for 1 h at room
temperature. The lipid strips were washed 3X with TBST (5 min per wash) at room
temperature. The lipid strips incubated for 3 min with 4 mL total Clarity™ Western ECL
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Substrate (Bio-Rad) at room temperature prior to imaging chemiluminescence using a
ChemiDoc MP.

To quantify lipid interactions of Avanti lipid strips, images were analyzed using
Imaged (Version 2.0.0-rc-69/1.52p). A binary image was constructed after a background
subtraction with rolling ball radius of 50 pixels. To generate the binary image, the
threshold was adjusted so that only the signals (whether fluorescent or
chemiluminescent) remained. The band intensities were quantified by densiometry
analysis and normalized to the C11 TopFluor Fatty Acid reference molecule:

lipid signal

-1 Equation 1

average C11 TopFluor signal

The subtraction of 1 allows more negative values to correspond to weaker interactions
with a value of -1 indicating no interaction (due to no visible signal on the membrane).
More positive interactions indicate stronger binding of proteins to lipids.

Results and Discussion

As endocytosis progresses within the cell, the lipid content of endosomes
changes.” Early and late endosomes are comprised primarily of phosphatidylcholine
(PC) and phosphatidylethanolamine (PE), but late endosomes are characterized by the
presence of 20% BMP (also known as lysobisphosphatidic acid, LBPA).8 ILVs within
these late endosomes have an even higher content of BMP, reaching 77% of the total
lipid content.®"" Lipid strips contain a variety of biologically relevant lipids and can be
used to probe protein interactions with lipids.'>-'* To evaluate whether ZF5.3 selectively
associates with various lipids, we analyzed interactions of ZF5.3R"°, a rhodamine-
tagged ZF5.3,26.15 and ZF5.3-SNAP-tag® using commercially available lipid strips
(Figure 1A).

With the observations that (1) ZF5.3 colocalizes with ILVs?® and (2) ILVs are rich
in BMP," we probed ZF5.3-lipid interactions using Avanti® Polar Lipids BMP
Snoopers®, which contain a number of BMP isomers and biosynthetic precursors
(Figure 1B-C). As controls, we assessed GGGKR™ and N-Rh-PE, which should either
bind to nothing or late endosomal lipids, respectively. GGGKR" exhibited an interaction
with 18:1 bis(diacylglycero)phosphate (BDP) (S,S), possibly due to its relatively
hydrophobic structure. N-Rh-PE interacted with phosphatidylethanolamine (PE), a
component of both early and late endosomes.? ZF5.3R"° associated with a number of
BMP derived molecules, including 18:1 BMP (R,R), 18:1 BDP (S,S), 18:1 BMP (S,R),
and 18:1 BMP (S,S). Additionally, interactions with PE but not PC were observed.
Interestingly, ZF5.3R"° did not interact with synthetic precursors (hemi BMP) that contain
three (versus two) oleoyl or alkyl chains. The fluorescent signal of each test compound
is not strong, making it difficult to differentiate between interactions specific to GGGKR"
or ZF5.3R" since GGGKRM bound multiple lipids. At increased concentration (5 pM) for
signal optimization, ZF5.3R" exhibited a similar interaction profile to 1 uM treatment
(Figure 2).
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To improve signal through amplification, we moved to antibody-based detection
of SNAP-tag proteins. Previous studies indicate that the presence of ZF5.3 significantly
increases the amount of SNAP-tag protein that reaches the cytosol compared to SNAP-
tag alone.® Comparing the differences between SNAP-tag and ZF5.3-SNAP-tag
interactions would provide evidence of ZF5.3-specific interactions. Lipid strips were
treated with 1 yM of SNAP-tag proteins for 1 h, followed by 1 h incubation with an anti-
SNAP-tag antibody, rigorous washing, and 1 h incubation with anti-rabbit IgG
conjugated to horseradish peroxidase for chemiluminescent imaging (Figure 1D-E).
Indeed, the amplified assay produced a better response than fluorescence-based
detection. SNAP-tag alone exhibited minimal interactions with 14:0 hemi BMP (S,R) and
18:1 BDP (S,S). In addition to stronger associations with 14:0 hemi BMP (S,R) and 18:1
BDP (S,S), ZF5.3-SNAP-tag interacted with 18:1 BMP (R,R), 14:0 BMP (S,R), 18:1
Hemi BMP (S,R), 18:1 BMP (S,R), 18:1 BMP (S,S). ZF5.3-SNAP-tag exhibited
approximately equal affinity for both the S,R and S,S isomers of 18:1 BMP. Similar to
ZF5.3RM°_ signal was observed for PE but there was no binding to positively charged
PC. When analyzing the interactions of ZF5.3R"° and ZF5.3-SNAP-tag on the BMP
Snoopers®, we see that both ZF5.3-containing proteins share similar lipid interactions.
It is likely that ZF5.3 binds BMP derivatives due to favorable electrostatic interactions.

Among more general lipids present in the cell (Figure 1F), ZF5.3-SNAP-tag
strongly bound to cardiolipin (Figure 1G). This lipid is involved in mitochondrial
signaling, contains two phosphate groups, and may possess a -1 charge at
physiological pH."® Thorén et al. observed that carboxyfluorescein-penetratin (a
canonical CPP) could enter giant unilamellar vesicles that contained a small
concentration of cardiolipin (4%).'” Penetratin is a cationic peptide shown to adopt a
helical structure in the presence of cardiolipin'®'® and it is possible that the cardiolipin
promotes charge-based interactions with ZF5.3-SNAP-tag. Additional signal was
observed for the interaction between ZF5.3-SNAP-tag and phosphatidic acid (PA).
Other arginine-rich motifs have been shown to bind to PA?° so it is plausible that the
penta-Arg motif of ZF5.3 supports similar PA interactions.

The remainder of the panel of lipids that produced no signal in the presence of
ZF5.3-SNAP-tag include phosphatidylinositol (Pl) and its phosphate derivatives (PIP
molecules), sphingomyelin, and cholesterol. Pl contains a negatively charged
phosphate but its bulky inositol may preclude interactions with ZF5.3. Sphingomyelin,
like many of the other lipids present on the Echelon lipid strip, exhibits an overall neutral
charge. PIP derivatives contain increasing numbers of phosphates, but steric effects
from inositol may play a role in the lack of binding of ZF5.3-SNAP-tag. We expected
signal from the PE spot, but perhaps there are differences in the structures of the Egg
PE from Avanti and the corresponding lipid from Echelon. Given the amount of each
lipid spotted on the membrane, it is possible that a 1 uM treatment is not enough for all
lipids present so that only those in which the interactions are the strongest will produce
a signal.

To quantify the signal from the BMP Snoopers®, signals were analyzed using
densiometry, normalized to C11 TopFluor Fatty Acid, and plotted as a heat map (Figure
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3), where a more negative value indicates less interactions and a more positive signal
corresponds to stronger lipid interactions. ZF5.3-SNAP-tag exhibited the strongest
interactions with 18:1 bis(diacylglycero)phosphate (BDP) (S,S). BDP contains four acyl
chains and could promote hydrophobic interactions in addition to electrostatic ones.
ZF5.3-SNAP-tag experienced similar interactions with the S,R and S,S isomers of 18:1
BMP, yet a decreased interaction with the R,R isomer, suggesting that while the ZF5.3-
lipid interactions are driven predominantly by charge, stereochemistry may have
minimal effects.

Conclusions

The experiments described here indicate that ZF5.3 binds selectively to BMP
derivatives and other negatively charged lipids present in membranes. Since the lipids
that both ZF5.3R"° and ZF5.3-SNAP-tag bind to are similar, there may be similarities in
the endosomal escape mechanisms of ZF5.3 alone and when conjugated to protein
cargo. These findings will be used to inform experimental design for future in vitro lipid
experiments.
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Figure 1. (A) Avanti® Polar Lipids BMP Snoopers® layout. Reference compound (ref)
corresponds to C11 TopFluor fatty acid for strip orientation purposes and elicits a signal
using epi-green (520-545 nm excitation) illumination and a 675-725 nm filter. (B)
Workflow for fluorescence-based detection. (C) Avanti lipid strips treated with 1 yM
GGGKRM, N-Rh-PE, or ZF5.3R"° and imaged using epi-green (520-545 nm excitation)
illumination and a 675725 nm filter on a ChemiDoc MP. (D) Workflow for
chemiluminescence-based detection of SNAP-tag and ZF5.3-SNAP-tag. (E) Avanti lipid
strips treated with 1 yM SNAP-tag and ZF5.3-SNAP-tag and imaged using
chemiluminescence. (F) Echelon Biosciences Membrane Lipid Strip™ layout. (G)
Echelon lipid strips treated with 1 yM SNAP-tag and ZF5.3-SNAP-tag and imaged using
chemiluminescence.

188



Figure 2. Avanti lipid strips treated with 5 uM ZF5.3R"° and imaged using epi-green
(520-545 nm excitation) illumination and a 675725 nm filter on a ChemiDoc MP. Prior
to imaging, lipid strips were blocked with 3% BSA in TBST for 1 h, incubated with 5 yM
ZF5.3RM° for 1 h at room temperature, and were washed with TBST 4X (5 min each
wash).

A
3 ImagedJ _
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ZF5.3- ; oy = - - -
SNAP-tag - | - EN -
[ - _ - -
B
increasing
¢ 14:0Hemi 181 Hemi EggPE interaction ZF5.3-SNAP-tag
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18:1 18:1 Egg PC 0
Ref " BvP (RR) BDP(S,S)
Ref 14:0 18:1 18:1 05
BMP (S,R) BMP (S,R) BMP (S,S)  decreasing SNAP-tag
interaction

Figure 3. Quantification of lipid interactions using Avanti BMP Snoopers®. (A) The
signal generated from imaging the membrane was analyzed in ImageJ as described in
the Methods. (B) Normalized signal was plotted on a heat map, where the more positive
the number, the stronger interaction and the more negative the number, the weaker
interaction. Values at -1 indicate no signal observed on the membrane. ZF5.3-SNAP-tag
and SNAP-tag were quantified together to ensure direct comparison. The line containing
“X” is used as a spacer for the data. The interaction of the denoted protein with the
respective lipid matches the layout of the lipid strip. Data represents the average of two
trials.
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