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Abstract

Site-Specific Surface Immobilization of Proteins
and
Development of Synthetic Fluorescent Sensors for Studying the Cell Biology of Metals

by
Jessica Pui Yan Lee

Doctor of Philosophy in Chemistry
University of California, Berkeley
Professor Matthew B. Francis, Co-Chair
Professor Sanjay Kumar, Co-Chair

As the major building block of life, proteins have an extraordinary range of structures and func-
tions, which can be harnessed through their controlled immobilization. The covalent attachment of
proteins onto surfaces has broad applications in biotechnology and materials science, but current
strategies rely on nonspecific conjugation reactions. These reactions often affect protein proper-
ties and function. To address this problem, we have developed two site-specific immobilization
strategies that target only the N-termini of proteins: one for the functionalization of hydrogels
and one for the photopatterning of proteins on glass substrates. We have successfully applied the
novel hydrogel material for studying substrate stiffness-dependent cell behavior. We envision that
this site-specific immobilization strategy will be applicable to other hydrogel substrates and widely
adopted in the field of mechanobiology.

Metal homeostasis is vital for the survival and health of all living organisms. Monitoring metal
ion accumulation, efflux, trafficking and organelle distribution is essential for the understanding
of roles of sodium and copper ions in cell biology. Synthetic fluorescent sensors have been used to
investigate such molecular processes in high spatial and temporal resolution. We have developed
novel sodium sensors, which show significant improvements over the commerically-available sen-
sors in their sensitivities and affinities. They are able to reliably report sodium ion levels in live
cells. We have also expanded the molecular imaging tool box with a series of photostable copper(I)
sensors, which are able to report cellular copper(I) levels in real time.
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Chapter 1

N-terminal Specific Conjugation of Extracellular Matrix Proteins to
2-Pyridinecarboxaldehyde Functionalized Polyacrylamide Hydrogels

Abstract

Polyacrylamide hydrogels have been used extensively to study cell responses to the
mechanical and biochemical properties of their substrates. A key step in fabricating these substrates
is the conjugation of cell adhesion proteins to the polyacrylamide surfaces, which typically involves
nonspecifically anchoring these proteins via side-chain functional groups. This can result in a loss
of presentation control and altered bioactivity. Here, we describe a new functionalization strategy
in which we anchor full-length extracellular matrix proteins to polyacrylamide substrates using
2-pyridinecarboxaldehyde, which can be co-polymerized into polyacrylamide gels and used to
immobilize proteins by their N-termini. This one-step reaction proceeds under mild aqueous
conditions and does not require additional reagents. We demonstrate that these substrates can
readily conjugate to various extracellular matrix proteins, as well as promote cell adhesion and
spreading. Notably, this chemistry supports the assembly and cellular remodeling of large collagen
fibers, which is not observed using conventional side-chain amine-conjugation chemistry.

The studies described in this chapter were conducted in collaboration with Elena Kassianidou and
James I. MacDonald, and will be a part of a peer-reviewed publication.



1.1. Introduction

Cells are sensitive to the mechanical properties of their environment. In particular, the
stiffness of the extracellular matrix (ECM) substrate to which cells adhere can affect cell morphology,
adhesion, migration and stem cell differentiation.'® To study this behavior in culture, polyacrylamide
(PAAm) hydrogels are most commonly used because the compliance of this material can easily be
tuned to mimic stiffness values of soft tissues.>*”'* Additionally, PAAm does not promote protein
adsorption or cell adhesion, enabling improved control over substrate functionalization with cell-
adhesive ligands.*'*!!

The functionalization of PAAm with the ECM proteins required for cell adhesion has
been achieved using pendant N-hydroxysuccinimide (NHS) esters that acylate lysine residues,"
hydrazides that couple to periodate-oxidized glycans on proteins,'* non-covalent adsorption,'” and
biotin—streptavidin interactions.'® Perhaps the most common strategy uses a heterobifunctional
crosslinker, sulfo-SANPAH (1, Figure 1.1a-c), which inserts into the PAAm backbone following
photolysis of the aryl azide moiety.”* The resulting polymer-linked NHS ester is then used to
acylate amine groups on proteins. Although widely used, this process can create significant batch-
to-batch variability, and the immobilized NHS esters are subject to competitive hydrolysis under
protein attachment conditions. Moreover, NHS-esters can react with any amines on the proteins,
resulting in nonspecific tethering at multiple sites with uncontrollable and unpredictable adhesive
ligand presentation (Figure 1.1b). Furthermore, protein structure and activity may be affected if
functionally and structurally important lysine residues are engaged with the surface.

This conjugation approach has also contributed to a major controversy in the field,
questioning whether the density of these lateral tethers directly affects cell behavior and function."”"
It has been hypothesized that due to smaller pore size, stiffer substrates have shorter distances
between surface anchorage points. This reduces the local deformability of these proteins relative to
softer substrates, which have comparatively greater surface porosity and longer tethering distances,
implying that local tether density controls cell behavior."” In contrast, a subsequent study showed
that systematically varying PAAm porosity without altering stiffness does not significantly influence
protein tethering, substrate deformation, or stem cell differentiation, implying that cells respond
to bulk substrate stiffness rather than the degree of protein tethering.’® Nevertheless, anchoring
density was still observed to increase with increasing sulfo-SANPAH crosslinker concentration,
complicating data interpretation.'® Such studies have stimulated strong interest to develop ECM-
hydrogel conjugation strategies with predictable and well-controlled attachment chemistry and
ligand presentation.

This problem can be addressed by developing immobilization strategies that only anchor
the ECM proteins to the hydrogel surface once, thereby ensuring that each protein is tethered
predictably and with minimal perturbation of protein structure and function. Site-selective protein
immobilization strategies using native cysteine residues, small molecule or peptide fusion tags
have been developed for substrates other than PAAm, but they are generally incompatible with
commercially-available tissue-purified ECM proteins.*** As a result, there remains a significant
need for site-specific strategies to immobilize ECM proteins to hydrogel surfaces for cell culture
applications.

We report herein a novel and well-defined conjugation strategy in which native

2
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Figure 1.1. ECM protein conjugation on polyacrylamide (PAAm) substrates. (a-c) A scheme is shown for ECM
protein conjugation using sulfo-SANPAH (1). This reaction targets all available amines, resulting in heteroge-
neous protein attachment. (d-f) In this work, protein N-termini are coupled to 2-pyridinecarboxaldehyde
(2PCA)-modified PAAm gels, resulting in a more uniform presentation. Protein N-termini are shown in blue in (b)

and (f).

proteins are conjugated to PAAm hydrogels specifically through their N-termini using
2-pyridinecarboxyaldehyde (2PCA) groups (Figure 1.1d-f). We demonstrate that thisimmobilization
strategy is applicable to multiple widely used ECM proteins. Cells readily adhere and spread
on these substrates, and despite the presence of only a single protein-hydrogel tethering point,
cells recapitulate stiffness-dependent behavior. Moreover, 2PCA-conjugated surfaces remarkably
and uniquely support the assembly of attached collagen chains into large fibers, which can be
remodeled and bundled by attached cells in a manner reminiscent of collagen remodeling in tissue.

1.2. Results and Discussion
1.2.1. Conjugation of 2PCA to ECM Proteins

Our approach for site-specifically immobilizing ECM proteins to PAAm surfaces
uses a recently reported one-step N-terminal specific modification of native proteins with
2-pyridinecarboxyaldehyde (2PCA) derivatives (Figure 1.1d-f).” This reaction involves the

3
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Figure 1.2. 2PCA conjugation of ECM proteins in solution. The N-terminal modification of type I collagen (a, b),
fibronectin (c, d) and laminin (e, f) with 2PCA-fluorescein was monitored by SDS-PAGE. The SDS-PAGE gels were
fluorescently imaged (b, d, f) to visualize conjugated products and Coomassie stained (a, ¢, ¢) to show total protein
content. Benzylalkoxyamine (benzyl-ONH,) and fluorescein were used as controls, which show minimal fluores-
cence. Arrows indicate corresponding ECM protein subunits.

formation of cyclic imidazolidinone product 3 through the addition of an immediately adjacent
amide N-H group to imine intermediate 2 (Figure 1.1d). Importantly, this cyclization cannot
occur when 2PCA imines are formed with lysine side chain amines, confining the reaction to the
N-terminal position. In previous work, proteolytic digest and MS/MS analyses have confirmed
the N-terminal specificity of the reaction.” This site-selective reaction is expected to minimize
disruption of biologically active motifs and to improve presentation (Figure 1.1f). This is in contrast
to conventional conjugation chemistry using sulfo-SANPAH crosslinker, which conjugates matrix
proteins to PAAm surfaces via side-chain lysines.

Prior to using 2PCA for ECM protein-PAAm conjugation, we first assessed the ability of
2PCA to conjugate to the N termini of commonly used ECM proteins by incubating fluorescein
labeled 2PCA (2PCA-fluorescein) with type I collagen, fibronectin and laminin. We verified by
SDS-PAGE and fluorescent imaging that 2PCA-fluorescein is indeed covalently conjugated to all
three ECM proteins (Figure 1.2). To test whether the conjugation occurs through the 2PCA moiety,
benzylalkoxyamine was used to quench the aldehyde of 2PCA through oxime formation. ECM
proteins show greatly reduced fluorescence when excess benzylalkoxyamine was added. Incubation
with non-functionalized fluorescein also showed minimal fluorescence, suggesting no non-specific
binding of fluorescein (Figure 1.2b,d,f, indicated by arrows). Together with our earlier work,* these
results support the use of 2PCA to functionalize these ECM proteins specifically at their N-terminal
positions.

[o]
o HNT™ ﬁ\,‘/ NEt, A N 7
\)I\CI * K/N SN " CH,Cl, K//\NJ:NE\'(H
4 o 0
5: 2PCA-acrylamide

Figure 1.3. Synthesis of 2PCA-acrylamide (4) by coupling acryloyl chloride and piperazine-2PCA derivative S5.
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Figure 1.4. Storage modulus of PAAm substrates with varying acrylamide and bisacrylamide content. For 0.1% 2PCA
substrates, 0.1% 2PCA-acrylamide was added relative to acrylamide monomer content. Bars represent mean + 95%
confidence intervals for N > 3 gels per condition. Student’s unpaired ¢ tests of gels with the same acrylamide and
bisacrylamide content show no significant difference in storage moduli between PAAm substrates containing 0% and
0.1% 2PCA-acrylamide.

1.2.2. Mechanical Properties of 2PCA-PAAm Hydrogels

Having demonstrated that 2PCA can modify the N termini of ECM proteins, we next
asked whether we could use this technique for ECM-PAAm immobilization. We decided to
directly incorporate 2PCA into the growing PAAm chain during hydrogel polymerization and
crosslinking (Figure 1.1a) to provide precise control over total 2PCA density, with even surface
coverage. We therefore synthesized 2PCA-acrylamide 5 by coupling piperazine-2PCA derivative
4 and acryloyl chloride (Figure 1.3). We then added a small amount of the 2PCA-acrylamide
monomer into the usual acrylamide/bisacrylamide mixture before polymerization (at 0.1% of the
acrylamide monomer content). From a solvent screen, we identified that a minimal amount (<0.1%
v/v) of acetone could solubilize 2PCA-acrylamide while keeping the PAAm substrate clear and
uniform. Rheological measurements revealed that PAAm hydrogels polymerized with and without
0.1% 2PCA-acrylamide have statistically indistinguishable storage moduli, demonstrating that
the presence of 0.1% 2PCA does not alter the bulk stiffness. Additionally, the storage moduli of
PAAm hydrogels increase with acrylamide and/or bisacrylamide content whether or not 2PCA is
incorporated (Figure 1.4).

1.2.3. Cell Response to ECM Protein Density on 2PCA-PAAm Substrates

We used U20S human osteosarcoma cells as a model system to characterize our substrates,
as their adhesion and motility are highly sensitive to substrate stiffness and adhesivity.** Since the
extent of U20S cell spreading correlates with adhesion protein density, we asked whether we could
recapitulate this relationship with 2PCA-based immobilization (Figure 1.5). We studied changes
in U20S morphology on collagen-, fibronectin- and laminin-conjugated PAAm substrates as a
function of 2PCA-acrylamide content (which is expected to control the amount of immobilized
protein) at a constant stiffness of 5.8 kPa. In the absence of 2PCA, cells are poorly adherent and
rounded (Figure 1.5, red bars and PAAm images), as PAAm substrates do not support passive
adsorption of adhesion proteins.>!*!" We next attempted to conjugate the three ECM proteins to
2PCA-PAAm gel surfaces over a range of 2PCA concentrations. For all three proteins, U20S spread
area increases with 2PCA content, which suggests that higher 2PCA content leads to higher density
of immobilized ECM proteins (Figure 1.5). Because U20S cells spread well on 0.01% 2PCA-PAAm

5
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Figure 1.5. Dependence of U20S cell spreading on PAAm substrates containing variable amounts of 2PCA-acryl-
amide. Quantification (a-c) and representative fields of view (d-f) are shown for U20S spreading (green = LifeAct)
on 5.8 kPa PAAm substrates. Bars represent mean + SEM; *, p <0.05 with respect to PAAm; N> 144, 65 and 106 cells
per condition for collagen, fibronectin and laminin, respectively. Scale bars = 100 pm.

substrates conjugated with all three ECM proteins, we chose this formulation for use in subsequent
studies.

1.2.4. Cell Response to PAAm Substrate Stiffness

Many cell types, including U20S cells, increase adhesion and spread area with increases
in ECM stiffness.>*”***” As an additional proof of principle, we next asked whether cells respond

6
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Figure 1.6. Influence of substrate rigidity on the spreading of U20S cells cultured on PAAm gels with 0.01%
2PCA-acrylamide. (a-c) Cell spreading was quantified after U20S cells were seeded on PAAm substrates conjugated
with collagen (a), fibronectin (b) and laminin (c). Bars represent mean + SEM; *, p < 0.05 with respect to PAAm of
corresponding stiffness; N> 122, 90 and 65 cells per condition for collagen, fibronectin and laminin, respectively. (d-f)
High-magnification images of representative U20S cells cultured on 0.01% 2PCA-PA Am substrates conjugated with
collagen (d), fibronectin (e) and laminin (f), and subsequently stained for the focal adhesion protein vinculin (red),
F-actin (green), and nuclear DNA (blue). Cell adhesion on 0.08 kPa and 1.2 kPa substrates conjugated with laminin
were too weak for staining. Scale bars = 20 pm.

to substrate stiffness when adhesive ligands are end-tethered on the 2PCA-PAAm substrates. We
observed greater cell spreading on 2PCA-PA Am substrates relative to non-functionalized PAAm,
which further confirms that all three ECM proteins are immobilized on the gel surface through
2PCA. U20S spreading also dramatically increases with increasing 2PCA-PAAm stiffness, with
cells rounded on soft substrates and extensively spread on stiff substrates (Figure 1.6a-c). Cells on
stiff substrates show discrete and elongated focal adhesions, which become progressively smaller
and more diffuse on softer substrates (Figure 1.6d-f), recapitulating the behavior of U20S cells
cultured on alginate substrates.” Thus, 2PCA-PAAm substrates support the expected rigidity-
dependent spreading and adhesion seen on more conventional materials.

1.2.5. Collagen Fiber Formation on 2PCA-PAAm Substrates

Of the three matrix proteins considered, collagen is of particular interest because of its
high abundance in tissue and ability to self-assemble into a remarkable hierarchy of bioactive
higher-order structures, including sheets and bundles.”**” Whereas previous studies have shown
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Figure 1.7. Collagen fiber assembly on PAAm substrates. (a) Representative fluorescence images are shown for
0OG-Col immobilized on 5.8 kPa PAAm gels with various 2PCA-acrylamide content. Scale bars = 100 pm. The
reaction was analyzed by fluorescence intensity of OG-Col immobilized on substrates with or without 10 mM pipera-
zine-2PCA (S5) (b) and 40 mM benzylalkoxyamine (benzyl-ONH,) treatment (c). The fluorescence intensity of 0%
2PCA-PAAm without excess 2PCA or benzylalkoxyamine treatment (F ) was subtracted from the fluorescence inten-
sity (F) of the individual samples. Bars represent mean + SEM; *, p < 0.05 with respect to PAAm of corresponding
2PCA content; N > 6 gels per condition. (d) Representative SEM (d) and DIC (e) images are shown for 50 pg/mL
unlabeled collagen immobilized on 5.8 kPa 0.01% 2PCA-PAAm gels or sulfo-SANPAH activated PAAm gels. SEM
scale bars = 0.5 um. DIC scale bars = 20 pm. DIC inset scale bars = 4 pm. (f) Movie stills showing U20S behavior
on OG-Col immobilized PAAm substrates. 50 pg/mL collagen was conjugated to 5.8 kPa 0.0001% 2PCA-PAAm or
sulfo-SANPAH activated PAAm before U20S cell seeding (t = 0). PAAm with low 2PCA content is shown to
highlight interactions between the cells and collagen fibers. Fluorescence time-lapse imaging of LifeAct-tag RFP (red)
and OG-Col (green) started 7 h after cell seeding. Fluorescence contrast of sulfo-SANPAH activated PAAm substrate
is enhanced to show the lack of fiber formation. Time stamp is in hours:minutes. Scale bars =20 pm.
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that monomeric collagen directly deposited or adsorbed onto rigid surfaces can nucleate the
assembly of fibrils and small fibers,’** such structures are in general not observed when collagen
is covalently conjugated to PAAm hydrogels using sulfo-SANPAH.” A possible explanation is
that lysine residues required for triple helix formation (e.g., through interchain salt bridges) are
blocked in conjugation.’**> Moreover, one might anticipate that laterally immobilizing collagen on
the hydrogel surface could sterically preclude interchain assembly. In contrast, 2PCA conjugation
chemistry, which targets only the N-terminal amine rather than internal lysines and enables the
rest of the chain to protrude freely into solution, would circumvent both of these issues. This raises
the intriguing possibility that 2PCA-mediated conjugation could support or facilitate collagen fiber
assembly.

To investigate, we fluorescently labeled type I collagen with Oregon Green NHS ester at
low stoichiometry (OG-Col), leaving most amines free for subsequent conjugation (N-terminal
amine for 2PCA, N-terminal amine plus internal lysines for sulfo-SANPAH). We then incubated
2PCA-PAAm substrates with OG-Col for covalent conjugation. Fluorescence images revealed
the formation of fiber-like structures on the hydrogel surface, with the number and intensity of
these structures increasing as the 2PCA-acrylamide content of the substrates increased, suggesting
controlled 2PCA-dependent immobilization of collagen (Figure 1.7a-c). The presence of more fiber
bundles on PAAm substrates with higher 2PCA content is indirect evidence of immobilization of
structurally unperturbed collagen on the substrate.

To verify that collagen was conjugated to the PAAm substrate via the 2PCA moiety
rather than noncovalently adsorbed, we conducted two control experiments using (1) excess
benzylalkoxyamine to quench the aldehyde group of 2PCA prior to incubation in the collagen
solution, and (2) excess 2PCA to block the N-terminus of collagen competitively during incubation
in the collagen solution (Figure 1.7b,c). Both control surfaces showed reduced fluorescence relative
to samples without excess benzylalkoxyamine or 2PCA treatment. The overall fluorescence of
control substrates was comparable to that of PAAm substrates without 2PCA. Together, these
experiments confirmed that collagen was covalently tethered to 2PCA-PAAm gels through the
2PCA moiety.

Collagen fiber bundles were absent when 2PCA was omitted from the preparation (Figure
1.7a, far left) or when OG-Col was conjugated via sulfo-SANPAH to the PAAm surface (Figure
1.7a, far right). We were not able to quantify the amount of monomeric collagen on the substrates
by OG-Col fluorescence. This observation is in agreement with previous reports of fluorescent
quantification of collagen density on sulfo-SANPAH activated PAAm substrates.'® To verify fiber
formation independent of fluorescence, we performed scanning electron microscopy (SEM) and
differential interference contrast (DIC) microscopy on unlabeled surfaces, which confirmed the
abundance of fibrous structures on the 2PCA-PAAm surfaces. In contrast, these features were not
found on sulfo-SANPAH activated surfaces (Figure 1.7d,e).

Notably, despite the lack of observable collagen fibers, U20S cells are able to adhere, spread
and migrate on sulfo-SANPAH activated substrates (Figure 1.7f, top). This is expected, since several
studies have shown that cells can spread and migrate on substrates coated in denatured collagen.”**
Presumably, however, such surfaces would not easily allow cellular deformation and remodeling
of the fibers, which is key to many physiologically critical process including tissue compaction,
directional 3D migration, and wound healing.”®****” Indeed, time-lapse fluorescence imaging of
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Figure 1.8. ECM protein and U20S cell patterning on 2PCA-PAAm gels. (a) A scheme is shown for ECM protein
patterning through UV deactivation of 2PCA, ECM protein coupling and subsequent cell seeding. Fluorescence
microscopy images are shown for single cell (b) and collective cell (c) patterning on 5.8 kPa 2PCA-PAAm substrates
(fluorescence = LifeAct). Scale bars = 50 um and 100 pm for (b) and (c) respectively. (d) Bright field image of collec-
tive cell patterning on a 5.8 kPa 2PCA-PA Am substrate is shown. Scale bar = 100 pm. Mask designs are shown to the
right of cell images in (b) and (d). Solid red denotes masked areas.
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cells cultured on 2PCA-PA Am substrates with fluorescently labeled collagen fibers reveal that cells
interact and remodel fibers (Figure 1.7f, bottom). Such remodeling events are not observed on
surfaces in which collagen is immobilized by sulfo-SANPAH. Thus, 2PCA-PAAm surfaces have the
distinct ability to study stifftness-dependent behavior while at the same time presenting the adhesive
moiety as a “living” surface that mimics tissue presentation and allows cellular remodeling.

1.2.6. ECM Protein and Cell Patterning on 2PCA-PAAm Substrates

In addition to substrate stiffness, cell adhesive microenvironment geometry also affects
phenotype, including cell shape, migration, proliferation and differentiation. Since both substrate
stiffness and spatial organization of ECM proteins affect cell behavior, it would be useful to develop
cell culture substrates where these two parameters can be modulated independently. Surface
micropatterning has been used extensively to manipulate geometrical constraint of cells.’®*
Patterning of single cell and island of multiple cells are useful for investigating single cell behavior
and how spatially separated cells communicate respectively.*** In particular, micropatterning
on PAAm substrates has been mostly accomplished by microcontact-printing,'*!>4#:44" but
drawbacks include incomplete protein transfer from the stamp to PAAm substrates, limited spatial
resolution (only down to a few microns), non-site-specific conjugation chemistry, difficulty in large
scale production of patterned substrates, and time consuming preparation involving multiple steps.
Previous reports of ECM proteins photopatterned on PAAm are more reproducible and less time
consuming, but they rely on non-specific adsorption of proteins on the PAAm substrates.**** Hence,
there is a strong need for a fast and scalable protein photopatterning method on PAAm substrates.

While investigating cell spread area on 2PCA-PAAm substrates, we noticed that UV
irradiation (Sunray 400 SM, full power, 8 min) reduces U20S cell spreading. This observation
suggests that 2PCA can be deactivated by UV irradiation, so we took advantage of this UV
deactivation to photopattern proteins. Polymerized 2PCA-PAAm was first sandwiched between a
photomask and a silanized coverslip. Then, it was UV irradiated through the mask so that 2PCA
was deactivated only in UV-exposed areas. After removal of the mask and immobilization of ECM
protein, cells were finally seeded onto the patterned substrate (Figure 1.8a). Cells should only
spread on masked areas, where 2PCA is intact to conjugate to ECM proteins.

Because UV light can be refracted through a buffer or air medium, PAAm substrates were
placedindirect contact with the photomask to increase patterning resolution. A shortirradiation time
is needed so that the hydrogel is not dried out during UV irradiation. Hence, we used a deep UV light
source from a UV/ozone cleaner to deactivate 2PCA rapidly. Because UV/ozone cleaners generate
atomic oxygen, which is a very strong oxidizing agent, 2PCA was likely deactivated through aldehyde
oxidation to the carboxylic acid.*® We noticed that after irradiation, patterns were visible under alight
microscope even without protein or cells, albeit extremely subtle and only on the curved edges of the
hydrogel. This suggests that the high energy deep UV nonspecifically damages a thin surface layer of
PAAm substrates as well. Therefore, we screened irradiation time to achieve efficient cell patterning
while minimizing physical changes to the substrate surface. Using fibronectin as the cell adhesive
ligand, we were able to pattern single and collective islands of U20S cells on 2PCA-PAAm for all
irradiation times ranging from 2 - 12 min (Figure 1.8b-d). To remove unspecific adhesion of cells
on the irradiated area, washes can be further optimized by adjusting timing and rigor of wash steps.

Currently, the patterning resolution is limited by the resolution of the chrome quartz mask.
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In theory, ECM proteins other than fibronectin can also be patterned on PAAm substrates, but
irradiation times, ECM protein concentrations and wash steps will have to be optimized for efficient
patterning. Nonetheless, we have developed a fast and efficient bench-top cell photopatterning
strategy that can be performed in most laboratories. More importantly, this is the only reported
patterning technique that site-specifically immobilizes proteins on PAAm substrates.

1.3. Conclusions

We have developed a strategy to end-tether full-length ECM proteins to hydrogel surfaces
using 2PCA-mediated N-terminal conjugation. This approach recapitulates widely observed
relationships between adhesive ligand density, ECM stiffness, and cell spreading, while uniquely
allowing the assembly of collagen fibers that cells can remodel as they migrate. Importantly, this
conjugation chemistry eliminates multiple covalent anchoring points on the ECM proteins, thereby
fully decoupling the protein lateral tether density from bulk ECM stiffness — a major concern in
the preparation of such substrates. In that context, it is notable that we observe strong stiffness-
dependent behavior on 2PCA-conjugated PAAm substrates, despite the fact that the protein
is anchored at a single point. This is consistent with the notion that ECM stiffness regulates cell
adhesion and spreading independently of tether density." Irrespective of this interpretation, we
expect that this strategy should provide a useful alternative to traditional conjugation chemistries
and may be used to immobilize or photopattern a broad variety of proteins and peptides to hydrogel
surfaces for both basic and translational investigations.

1.4. Materials and Methods
1.4.1. General Procedures and Materials

Unless stated otherwise, all reagents and solvents used were of analytical grade
and were used as received from commercial sources. Type I bovine collagen (PureCol,
Advanced BioMatrix), human plasma fibronectin (Millipore) and mouse laminin
(Gibco) were also used as received. PBS, pH 7.4, was purchased from Fisher Scientific.

NMR spectra were recorded on a Bruker AVQ-400 spectrometer. 'H NMR chemical shifts are
reportedasdinunitsof parts per million (ppm) relativeto CDCI, (8 7.26). Multiplicitiesarereportedaas:
s (singlet), br.s (broad singlet), d (doublet), t (triplet), q (quartet), dd (doublet of doublets), dt (doublet
oftriplets), br (broad) or m (multiplet). Coupling constants are reported as a Jvalue in Hertz (Hz). °C
NMR chemical shifts are reported as § in units of parts per million (ppm) relative to CDCI, (8 77.2).

Epifluorescence images were acquired using an inverted Nikon Eclipse Ti microscope
equipped with a 10x air objective. DIC images were acquired using an inverted Nikon TE2000-E2
microscope equipped with a 60x oil objective. Time-lapse images were acquired every 15 min using
an inverted Nikon TE2000-E2 microscope equipped with a 20x air objective. Both microscopes are
equipped with a programmable stage and an incubator chamber to maintain constant temperature,
humidity and CO, levels. High magnification images were acquired using a Prairie Technologies
upright swept-field confocal microscope equipped with a 60x lens.
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1.4.2. ECM Protein Conjugation with 2PCA-Fluorescein in Solution

2PCA-fluorescein was synthesized as previously reported.” Stock solutions of 50 mM
fluorescein (free acid, Sigma) and 2PCA-fluorescein were prepared using DMSO (Sigma). A 250
mM stock solution of benzylalkoxyamine (Sigma, CDS001502) was prepared by the addition of
an appropriate volume of water and adjustment to pH 7.5 using 5 M NaOH. In a 50 uL reaction,
0.5 mg/mL ECM protein was incubated with 2PCA-fluorescein or fluorescein (final concentration
5 mM) in 40 mM phosphate buffer, pH 7.5, at 37 °C without agitation. 2PCA-fluorescein was
pre-incubated with benzylalkoxyamine (final concentration, 50 mM) for 4 h at 37 °C before the
addition of an ECM protein. After 12 h, all samples were centrifuged at 12,000 rpm to remove
any precipitate. Collagen and fibronectin samples were purified using a 10 kDa MWCO Amicon
Ultra-4 centrifugal filter spin concentrator (Millipore). Laminin samples were purified by acetone
precipitation. Samples were analyzed using SDS-PAGE (7.5% Mini-PROTEAN TGX gel, Bio-Rad,
or Bolt 8% Bis-Tris Plus gel, Life Technologies), Typhoon 9410 variable mode imager (Amersham
Biosciences) before staining with Coomassie Brilliant Blue R-250 (Bio-Rad) and Gel Doc EZ System
(Bio-Rad) after staining.

1.4.3. Synthesis of 2PCA-Acrylamide

6-((4-acryloylpiperazin-1-yl)methyl)picolinaldehyde (5). 6-(piperazin-1-ylmethyl)-2-
pyridinecarboxaldehyde (4) was synthesized as previously reported.”” In an oven-dried round
bottom flask, 5.5 mmol (1.0 equiv.) of 6-(piperazin-1-ylmethyl)-2-pyridinecarboxaldehyde (4) was
stirred in 30 mL of dichloromethane. The solution was cooled in an ice-water bath and turned from
cloudy to clear upon the addition of triethylamine (Sigma, 1.82 g, 2.5 mL, 18 mmol, 3.3 equiv.).
Acryloyl chloride (Sigma, 0.54 g, 487 uL, 6.0 mmol, 1.1 equiv.) was then added dropwise at 0 °C.
The reaction mixture was warmed to room temperature and stirred overnight. After evaporation
of solvent and triethylamine under reduced pressure, the resulting material was purified by flash
chromatography using 1.5% to 3% methanol in dichloromethane to afford product as a colorless
viscous oil (0.86 g, 60% yield). '"H NMR (400 MHz, chloroform-d): §, 9.93 (s, 1H), 7.81-7.70 (m,
2H), 7.60 (d, J = 7.2 Hz, 1H), 6.46 (dd, J = 16.8, 10.6 Hz, 1H), 6.14 (d, ] = 16.8 Hz, 1H), 5.57 (d, ]
= 10.6 Hz, 1H), 3.68 (s, 2H), 3.61 (s, 2H), 3.50 (s, 2H), 2.48-2.42 (m, 4H). *C NMR (100 MHz,
chloroform-d): §, 193.4, 165.22, 159.0, 152.2, 137.5, 127.8, 127.4, 127.3, 120.4, 63.7, 53.3, 52.7, 45.6,
41.7. HRMS (ESI) calculated for C ,H N.O, ([M+H]*) 260.1394, found 260.1388.

147718

1.4.4. Preparation of 2PCA-PA Am Substrates

12 mm #1 circular glass coverslips were plasma cleaned (Harrick Plasma, PDC-32G), then
silanized using a solution of 5% v/v acetic acid (Sigma) and 0.3% v/v PlusOne Bind-Silane (GE
Healthcare) in ethanol for 3 min at room temperature. The silanized coverslips were then rinsed
with 70% ethanol in water before drying with a Kimwipe. To ease the detachment of polymerized
PA Am gels, a flat piece of glass was made hydrophobic by spraying with Rain-X (original glass water
repellent) and drying with a Kimwipe. A series of 40% acrylamide and 2% bisacrylamide (Bio-Rad)
were combined in different percentages and diluted to the appropriate volume with ultrapure water.
A stock solution of 1.12 M 2PCA-acrylamide (molar equiv. of 40% acrylamide) was prepared in
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acetone and diluted in ultrapure water (Invitrogen) to appropriate concentrations before adding to
acrylamide/bisacrylamide solutions. Ammonium persulfate (Bio-Rad, 10% stock solution in water,
final concentration 0.1%) and tetramethylethylenediamine (Bio-Rad, 1:1000 v/v) were added to the
solutions immediately before sandwiching 30 uL of the polymerization solution between Rain-X
treated glass and silanized coverslips. After the solution was allowed to polymerize for 15 to 30
min at room temperature, the gels were removed from the Rain-X treated glass, placed in 24-well
plates (Falcon, cat# 353047) and rinsed in PBS for 10 min x 3 times. Substrates containing 2PCA-
acrylamide were directly incubated in 400 uL of 50 ug/mL collagen or 25 ug/mL fibronectin or
25 ug/mL laminin in PBS at 37 °C for 12 to 16 h before rinsing in PBS for 10 min x 3 times and
subsequent cell seeding. Substrates without 2PCA-acrylamide were submerged in 0.5 mL of 0.5 mg/
mL sulfo-SANPAH (Pierce) in PBS. They were then activated with 8 min UV exposure (Sunray 400
SM) and rinsed in PBS 5 min x 3 times before incubating in ECM protein solutions as described
above. The pH of ECM protein solutions was always checked and adjusted to pH 7.4, if necessary,
prior to incubation with PAAm substrates.

1.4.5. Mechanical Characterization of PAAm Hydrogels

Substrates were prepared as described in section 1.4.4, with the exception that for each
substrate, a 480 uL solution was polymerized in between and then detached from two Rain-X
treated 25 mm glass coverslips. Anton Paar Physica MCR 301 rheometer with 25-mm parallel plate
was used to determine substrate stiffness at 37 °C. The linear regime was determined based on
amplitude sweeps over the range ¢ = 0.1 to 10%. Frequency sweeps at 1% strain over 0.1 to 20 Hz
were recorded to extract storage, loss and complex moduli. Storage moduli at 0.1 Hz of 0.1% 2PCA-
PAAm substrates containing final acrylamide/bisacrylamide (A/B) percentages of 3% A/0.1% B,
4% A/0.075% B, 4% A/0.2% B, 8% A/0.3% B and 15% A/1.2% B were measured to be 0.08, 0.46, 1.2,
5.8 and 12 kPa respectively. At least three independent samples were measured per condition. Note
that the stiffness reported here is the storage modulus instead of the Young’s modulus.

1.4.6. Cell Line and Reagents

Immediate early promoter of cytomegalovirus (Pcmv IE) and LifeAct fused to TagRFP were
amplified by polymerase chain reaction from pCMV-LifeAct-TagRFP plasmid (Ibidi) and Pacl/
EcoRI restriction sites were incorporated at each end. The PCR product was subcloned into pFUG-
IP (kindly provided by D.V. Schaffer, University of California, Berkeley, CA) after removal of the
hUbC promoter and EGFP by digesting with Pacl/EcoRI. Viral particles were packaged in 293T
cells and used to infect U20S human osteosarcoma cells (ATTC) at a multiplicity of infection of
1.5 TU/cell. Cells expressing the vectors were sorted on a DAKO-Cytomation MoFlo High Speed
Sorter based on RFP fluorescence. Cells were cultured in DMEM (Gibco, cat# 11965) with 10%
fetal bovine serum (JR Scientific), 1% penicillin/streptomycin (Thermo Fisher Scientific) and 1%
MEM non-essential amino acids solution (Life Technologies Corporation) in a 37 °C incubator in
the presence of 5% CO,. U20S-RFP-LifeAct was used in all experiments described in this chapter.

1.4.7. Cell Spreading Experiments

Trypsinized U20S were seeded on substrates at a density of 9,000 cells/cm? in serum-
containing culture medium describe above. Cells were allowed to adhere and spread for 2 h before
removal of non-adhered cells by aspiration. Fresh culture media was added and live cells were
imaged 3-5 h after seeding. At least 5 fields of view were acquired per substrate. Using Image],
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projected cell area was determined based on Lifeact-RFP signal.
1.4.8. Immunofluorescence Staining

Forimmunostaining, all reagents were diluted in PBS. After fixing with 4% paraformaldehyde,
cells were washed twice with PBS and permeabilized with 0.5% Triton-X 100 (EMD Biosciences)
in 5% goat serum (Gibco) for 15 min at room temperature. Cells were rinsed twice and blocked
in 5% goat serum for 45 min at room temperature. Cells were then stained for focal adhesions
using mouse monoclonal anti-vinculin IgG (Sigma, V9131, 1:200 dilution) in 1% goat serum
overnight at 4 °C. After rinsing in 1% goat serum twice, cells were incubated with Alexa Fluor 633
labeled goat anti-mouse IgG (ThermoFisher, A21052, 1:400 dilution) in 1% goat serum for 1 h at
room temperature. Finally, F-actin and the nucleus were stained with Alexa Fluor 546 conjugated
phalloidin (Thermo Fisher, A22283, 1:200 dilution) and DAPI (ThermoFisher, 2.5 ug/mL) for 20
min at room temperature.

1.4.9. Characterization of Surface Available Ligands

To label collagen with a fluorophore, 1 mL of 3 mg/mL type I collagen was mixed with 9
mL of 0.1 M carbonate buffer, pH 9.2, and 13 uL of 26 mM Oregon Green 488 carboxylic acid,
succinimidyl ester (Molecular Probes, stock solution prepared in DMF). The collagen solution was
kept at 4 °C at all times to prevent gelation. The reaction was placed on a rotator for 14 h at 4 °C
before using a 10 kDa MWCO Amicon Ultra-4 centrifugal filter spin concentrator (Millipore) to
remove unconjugated fluorophore and exchange into 0.01 N HCI. Oregon Green-labeled collagen
(OG-Col) was further purified using a size exclusion column (NAP-10, GE Healthcare). Based on a
BCA assay and absorbance at 488 nm, the extent of labeling was estimated to be 4 fluorophores per
collagen monomer on average. 2PCA-acrylamide containing substrates were incubated with 50 ug/
mL total collagen (1:4, Oregon Green labeled: unlabeled) as described in section 1.4.4. As control
experiments, 2PCA-PAAm substrates were treated with 10 mM piperazine-2PCA (4) during OG-
Col incubation or preincubated with 40 mM benzylalkoxyamine in 50 mM acetate buffer, pH
5.0, for 20-24 h before OG-Col immobilization. After rinsing, U20S cells were seeded onto the
substrates and allowed to adhere for 3 h before acquiring fluorescence images. To ensure unbiased
determination of focal planes, focusing was done on adhered cells using bright field. Fluorescence
images were processed using rolling ball background subtraction and overall fluorescence was
quantified with Image] software (NIH).

1.4.10. Scanning Electron Microscopy

PAAm substrates were prepared as described in section 1.4.4, with the exception that for
each substrate, a 10 uL solution was polymerized in between a 5 mm Rain-X treated coverslip
and silicon wafers pre-treated with hydrophobic solution (OMS OptoChemicals). After overnight
incubation at 37 °C in 50 ug/mL collagen, the hydrogel substrates were fixed in 2% glutaraldehyde
for 1 h, rinsed in buffer (10 min x 3 times), then incubated in 1% osmium tetroxide, for 1 h at
room temperature in 0.1 M sodium cacodylate buffer at pH 7.2. After rinsing again in bufter (5
min x 3 times), the samples were dehydrated in ethanol, dried using the critical-point technique
(AutoSamdri 815, Tousimis), and sputter-coated with approximately 20 nm of gold and palladium
(Tousimis) before acquiring images using a Hitachi S-5000 scanning electron microscope.
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1.4.11. Protein and Cell Patterning

0.01% 2PCA-PAAm was prepared as described in section 1.4.4 using a 12 mm circular
coverslip. A 7 uL droplet of H O was then sandwiched between a polymerized hydrogel surface and
a chrome quartz photomask (aBeam Technologies) to ensure complete contact between the two
surfaces. The sandwich was then irradiated for 2 to 12 min with deep UV (Jelight 42 UVO cleaner).
After carefully removing the hydrogel from the mask using a razor blade and water, it was swelled
in PBS for 20 min at room temperature. At this stage, patterns on the 2PCA-PAAm substrate can be
confirmed with a light microscope. The hydrogel was then conjugated with 25 ug/mL fibronectin as
described in section 1.4.4 and seeded with U20S as described in section 1.4.7.

1.4.12. Statistical Analysis

All images and data are representative of the results of at least three or more independent
biological experiments. Data are reported as mean + SEM unless stated otherwise. Statistical
significance was determined using one-way ANOVA followed by the Tukey multiple comparisons
test. A Student’s unpaired ¢ test was used if statistical comparisons were made between two sets of
data. The significance level was set at p < 0.05.
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Chapter 2

Site-Specific Photopatterning of an Intrinsically Disordered Protein on Glass

Abstract

Intrinsically disordered proteins (IDPs) have emerged as an important class of protein
biomaterials. Due to their lack of well-defined structure and high degree of flexibility, it has been
challenging to elucidate how IDP conformation depends on environmental conditions. Site-specific
patterning of IDPs on a two-dimensional substrate would facilitate this process by rendering this
problem amenable to surface characterization techniques such as atomic force microscopy. To this
end, we have developed a protein patterning technique based on the photoinitiated azidophenol
conjugation with aniline functionalized substrates. We successfully labeled the N-terminus of an
IDP with azidophenol and used this moiety to photopattern the IDP to a glass surface. Finally,
we characterized the efficacy of this patterning technique using fluorescence imaging and laser
ablation inductively coupled plasma mass spectrometry. This bench-top photolithography method
is fast and generalizable to most proteins without the need for protein engineering or specialized
equipment.
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2.1. Introduction
2.1.1. Intrinsically Disordered Proteins (IDPs)

Throughout the 20™ century, well-defined protein structure was classically considered to
be necessary for protein function. In the past two decades, however, a class of proteins termed
intrinsically disordered proteins (IDPs) has emerged. They do not possess well-defined three-
dimensional structures, are structurally flexible and, depending on their environment, adopt an
ensemble of conformations, which is important for function. Their amino acid compositions
generally differ significantly from globular proteins. Most IDPs are highly charged and hydrophilic,
lacking a compacted hydrophobic core. Although they were recognized much more recently than
globular proteins, IDPs are highly abundant, with the fraction of disordered residues increasing
with increasing size of the proteome.” Several studies have predicted that 30-50% eukaryotic
proteins possess long (> 41 residues) disordered segments while 12% of all eukaryotic proteins
are fully disordered.*”® Despite their abundance, relatively little is known about their structural
conformations compared to globular proteins. The major reason is that IDPs cannot be studied
using conventional structural techniques, such as protein crystallography, because of their flexibility.
Therefore, there remains a need for a system to study the dynamic conformations of IDPs in order
to shed light on their structure-function relationships.

Neurofilments (NFs) are the most abundant cytoskeletal protein of large, myelinated axons.
They assemble into an intracellular network to protect axons from mechanical stress. They are
composed of three subunits: neurofilament heavy (NFH), medium (NFM) and light (NFL), which
are predicted tobe 112.5,102.5 and 61.5 kDa respectively in humans, and can heteropolymerize with
other intermediate filaments such as a-internexin or peripherin.”!* NF proteins are co-assembled
to form filaments with diameter of ca. 10 nm. The C-terminal sidearm domains of NFH and NFM
(NFH-SA and NFM-SA) are fully disordered and laterally project from the filament backbone.
Interestingly, the serine residues within their repetitive lysine-serine-proline (KSP) motif can be
heavily phosphorylated. These IDPs have been suggested to be important for axonal transport,
axonal growth, stabilizing filament network, and determining interfilament spacing, but their roles
are still unclear.'*¢

Not only is the understanding of the dynamic conformation of NF’s disordered
sidearm domains and how it relates to their physiological role important, they possess unique
characteristics that render them useful as biomaterials. Unlike globular proteins, IDPs adopt
an extended conformation due to their lack of defined secondary structure. Unlike synthetic
polymers, recombinantly expressed IDPs are homogeneous and their sequences can be engineered
to provide desired physical properties. Introduction of modification handles or protein fusions
can also be accomplished using molecular biological tools. Moreover, many IDP structures can
be induced in certain environments to promote specific substrate binding.*¢ In principle, they
could also serve as substrates for enzymes, offering a functionality that has been challenging to
incorporate into synthetic polymers. Thus, IDPs are very attractive platforms from which to build
smart materials. IDPs based on NFH sidearm domains, in particular, have been grafted onto silicon
oxide 2D substrates and gold nanoparticles to form polymer brushes with the goal of studying
their environment-dependent conformational changes and intermolecular interactions, as well as
generating stimuli-responsive smart materials.'”*®
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Figure 2.1. N-terminal specific photopatterning of intrinsically disordered proteins (IDP) on glass. (a) Schematic for
the N-terminal specific conjugation of azidophenol-2PCA to IDP is shown. (b) Schematic for the photoactivated
conjugation between azidophenol-IDP and aniline functionalized glass substrates is shown.

2.1.2. Site-Specific Protein Photopatterning Techniques

Currently, there are numerous protein patterning methodologies,'**' which typically

employ microcontact printing,?>* photolithography,*** dip-pen nanolithography,***” electron
beam lithography,”** or inkjet printing,’*! but they are not site-specific. In order to pattern IDPs
for the generation of uniform polymer brushes with maximal conformational flexibility, it is
important to develop patterning chemistry that is specific to the N- or C- terminus. Chemoselective
immobilization techniques have been coupled with aforementioned patterning techniques for site-
selective protein patterning.’**® These techniques, however, require protein engineering, such as
optimization of N-terminal residues, installation of peptide fusion tags or unique chemical handles.
Furthermore, these patterning techniques are not only time-consuming, but they also demand
expensive equipment.

With the goal of developing a site-specific protein patterning strategy without the need for
proteinengineeringorspecialequipment,weutilizedaphotoinitiatedbiocompatiblecouplingreaction
between azidophenols and anilines.”” Our approach involves the covalent conjugation between IDP,
whichislabeled withazidophenolon the N-terminus,and ananiline, whichisfunctionalized onaglass
substrate (Figure2.1).Inthischapter,wedescribethefourstepsinthedevelopmentofthisnovel protein
patterning method: 1) cloning, expression and purification of IDP, 2) selective modification of the
N-terminus with azidophenol, 3) UV-irradiation of desired regions for covalent protein conjugation
on aniline-glass, and 4) analysis of patterned substrates to evaluate photopatterning efficacy.

2.2. Results and Discussion
2.2.1. Cloning and Expression of IDP

We engineered an intrinsically disordered protein (IDP) construct containing the sidearm
domain (residues 431-1058) of the rat neurofilament heavy protein (NFH, Protein Data Bank
identification code FILRZ7, see Appendix A for the preparation of a truncated NFH-SA as a drug
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Figure 2.2. Engineered intrinsically disordered protein (IDP) sequence derived from disordered C-terminal sidearm
domain of the heavy subunit of the neurofilament complex. This IDP contains 50 KSP repeats (red) which can be
phosphorylated. N-terminal serine (green) or proline and cysteine (light blue) near the C-terminus are introduced as
conjugation handles. Tyrosine and tryptophan (brown) were introduced for protein quantification by absorbance at 280
nm. Strep-tag (blue) and 6xHistidine-tag (purple) were introduced to facilitate protein purification. Thrombin cleavage
site (yellow) was introduced for cleavage of affinity tags.

delivery agent). The C-terminus of the designed sequence includes a tyrosine and a tryptophan
for the determination of protein concentration by absorbance at 280 nm, a unique cysteine for
site-specific labeling, a Strep tag and a 6xHis tag for protein purification, as well as a thrombin
cleavage site for the removal of affinity tags (see Figure 2.2 and Section 2.4.2 for details of cloning).
This amphiphilic protein is highly charged with 141 negatively charged residues and 133 positively
charged residues at neutral pH, resulting in a theoretical pI of ca. 6 including affinity tags. A pEcoli-
Cterm 6xHN expression vector was modified to add tags before cloning in the neurofilament heavy
side-arm (NFH-SA) gene. To explore various N-terminal conjugation chemistries, two constructs,
one with N-terminal serine and the other with N-terminal proline, were made via site-directed
mutagenesis. Notably, protein expression levels were low or not observed until the sequence
between the ribosome binding site and the start codon was shorten to the original sequence in
the pEcoli-Cterm 6xHN vector. The construct of a previously reported recombinant expression
of NFH-SA has four cysteine residues in the N-terminus for covalent surface immobilization and
a poly-His-Asn tag at the C-terminus for purification.'” In contrast, the current constructs have a
unique cysteine near the C-terminus, both Strep tag and a 6xHis tag for protein purification, as well
as aromatic residues.

2.2.2. Purification and Characterization of IDP

A previous report of the purification of poly-His-Asn tagged NFH-SA utilized a Ni-NTA
resin.'” The Ni-NTA purified samples needed further purification by ion exchange chromatography
due to a lower molecular weight impurity’s affinity for Ni-NTA. Strep-Tactin affinity purification of
Strep-tagged proteins has been shown to result in purer protein compared with Ni-NTA purification
of 6xHis-tagged proteins,”®* so we used a Strep-Tactin column for the purification of the Strep-
tagged IDP. Notably, Coomassie stained SDS-PAGE gel shows that the 70 kDa NFH-SA band ran
similarly to the 120 kDa marker in the protein ladder. As previous reports of similar observations
have suggested, this is likely due to the lower affinity of highly charged IDPs for sodium dodecyl
sulfate (SDS) and their extended conformations.” Comparable to previously reported Ni-NTA
affinity purification of 6xHis tagged NFH-SA, NFH-SA was not only in the elution fractions, but
also in the flow through and wash fractions (Figure 2.3a). Increasing resin volumes of Ni-NTA or
Strep-Tactin from 0.4 to 1.0 mL did not increase protein isolation yields, suggesting that protein
loading did not exceed resin capacity (Figure 2.3b,c). One hypothesis is that the IDP is so dynamic
and flexible that it has large excluded volume and therefore prevents interactions with the resin.***!
Despite the low yield, IDP of high purity was eluted from the Strep-Tactin column without the need
for further purification. The identities of IDP with N-terminal serine or proline were confirmed by
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Figure 2.3. Purification and characterization of IDP. (a) Coomassie stained SDS-PAGE image is shown for large-scale
purification of IDP (N-terminal serine) using a Strep-Tactin cartridge. Cleared cell lysate was loaded onto the
cartridge, which was subsequently washed with buffer without d-desthiobiotin (FT: flow through; W1-W6: wash
fractions 1-6). IDP was eluted (E1-E6) with buffer containing 5 mM d-desthiobiotin. Coomassie stained SDS-PAGE
images are shown for small-scale gravitational Strep-Tactin column purification of IDP (N-terminal proline) using 0.4
mL (b) or 1.0 mL (c) Strep-Tactin resin. The same amount of lysate is loaded onto each of the two columns. Deconvo-
luted ESI-TOF MS spectra of IDP with N-terminal serine (d) and N-terminal proline (e) are shown. Expected masses
of IDP: 70140 Da (with N-terminal serine) and 70150 (with N-terminal proline). (f) Far-ultraviolet circular dichroism
spectrum of 1.7 uM IDP (N-terminal serine) in 10 mM pH 7.8 phosphate buffer is shown.

electrospray ionization time-of-flight mass spectrometry (ESI-TOF MS, Figure 2.3d,e). The far-UV
circular dichroism (CD) spectrum of NFH-SA shows a minimum at ca. 200 nm, which is typical of
an unfolded polypeptide chain with no secondary structures (Figure 2.3f).*> We were able to isolate
IDP with high purity using Strep-Tactin resin in one-step. Mass spectrometry and CD confirmed
the protein identities and the lack of secondary structures.

2.2.3. Modification of IDP
After testing two N-terminal conjugation reactions with N-terminal serine and proline
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Figure 2.4. Deconvoluted ESI-TOF MS spectra showing small molecule conjugation reactions with IDP. (a) Unla-
beled IDP with N-terminal serine was conjugated with azidophenol-2PCA 1. IDP with N-terminal serine (b) and N-ter-
minal proline (c) were first modified with Oregon Green 488 maleimide. After removal of excess dye, they were then
reacted with azidophenol-2PCA 1 to afford fluorescently labeled azidophenol-IDP 2.

IDP, 2-pyridinecarboxaldehyde (2PCA) was able to modify both N-termini in better yield than
transamination using N-methylpyridinium-4-carboxaldehyde benzenesulfonate salt (Rapoport’s
salt).** We found that the 2PCA concentration for optimal modification is 5 mM for N-terminal
serine and 10 mM for N-terminal proline. In previous studies, 2PCA modifies N-terminal
proline to the lowest extent compared with all other amino acids, likely due to steric constraint of
proline’s rigid pyrrolidine side chain.* We synthesized an azidophenol-2PCA (1, Figure 2.1a) by
coupling azidophenol NHS ester and piperazine-2PCA. Using azidophenol-2PCA, we were able
to label IDP N-terminus with the azidophenol moiety (azidophenol-IDP) in high yields (Figure
2.4a). The unique cysteine near the C-terminus can be selectively labeled with fluorophores for
fluorescence visualization or labeled with metal-bound chelators for quantitative analysis by laser
ablation inductively coupled plasma mass spectrometry (LA-ICP-MS). Dual labeling of IDP was
achieved by first incubating the protein with a fluorophore-maleimide or chelator-maleimide. After
removal of excess maleimide and confirmation of cysteine labeling with mass spectrometry, singly
labeled IDP was incubated in a solution of azidophenol-2PCA to yield doubly labeled IDP (Figures
2.4b,c and 2.13a). In the case of the Europium (Eu)-DOTA maleimide conjugation, a small peak
corresponding to the addition of two maleimide molecules is present (Figure 2.13a). This is likely
due to the maleimide reacting with one of the 129 lysine residues. Nevertheless, we were able to
install single or double labels on IDP in good yields.

2.2.4. Photopatterning and Visualization of IDP on Aniline-Glass

Due to its ability to aggregate at high concentrations (as well as salt-free conditions,
Figure 2.5e), IDP was photopatterned in solution between the photomask and aniline-glass at a
concentration of no more than 50 uM. Aniline-glass was fabricated as described previously without
modifications of the protocol.”” To allow for visualization of protein patterns on glass substrates,
fluorescent maleimides were conjugated to IDP either before (Figure 2.5a) or after (Figure 2.5b)
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Figure 2.5. Photopatterning of azidophenol-IDP on aniline modified glass substrates. (a,b) To visualize patterned
substrates, IDP can be fluorescently labeled before the photopatterning reaction (a) or patterned substrates can be
stained with fluorescent maleimide or antibody after the photopatterning reaction (b). (c) Fluorescence image of
photopatterning reactions between aniline glass and various concentrations of Oregon Green labeled azidophenol IDP
visualized by method (a) are shown. (d) Fluorescence image of photopatterning reactions between aniline glass and
various concentrations of unlabeled azidophenol IDP visualized by method (b) are shown. IDP was in 10 mM pH 7.8
phosphate buffer during irradiation. (e) IDP gelation at high concentrations and/or in water no salt. (f) The photomask

(ca. 10 x 10 cm) used in this study is shown.

patterning to label its unique cysteine. When IDP was fluorescently labeled before UV irradiation,
even though azidophenol-IDP was successfully patterned in a concentration dependent manner,
Oregon Green labeled IDP without the azidophenol moiety was also patterned to a similar
extent (Figure 2.5¢). A possible explanation is that UV irradiation of Oregon Green, which has
significant absorbance at the UV range, results in nonspecific radical reaction between the dye and
aniline. When unlabeled IDP was first UV irradiated and patterned on glass substrates, which was
subsequently stained with Oregon Green maleimide, the IDP control without azidophenol shows
minimal pattern (Figure 2.5d). This supports the hypothesis that when pre-labeled, the Oregon
Green moiety rather than the azidophenol moiety was responsible for patterning (Figure 2.5c¢).
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Figure 2.6. Visualization methods of photopatterning reactions. (a) Fluorescence image of substrates using 488 nm
excitation to visualize fluorescence signal from Oregon Green maleimide is shown. (b) The same substrates were
immunostained and imaged using 633 nm excitation to visualize fluorescence signal from antibody against 6xHis tag.
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Figure 2.7. Comparison of photopatterning on aniline and phenylazide modified glass substrates. Fluorescence image
of 22 uM unlabeled IDP with and without azidophenol in 50 mM pH 7.5 phosphate buffer irradiated on aniline or
azide modified glass is shown. Glass substrates were stained with 4 mM Oregon Green maleimide for fluorescence
visualization.

Because UV irradiation of unlabeled IDP leads to azidophenol-IDP patterning in a concentration
dependent manner with minimal patterning of the control IDP, we used this method in subsequent
studies.

We compared two methods of fluorescent visualization of surface-immobilized IDP: 1)
direct conjugation of IDP to a small molecule fluorophore (Figure 2.6a) and 2) immunofluorescence
using a primary antibody against 6xHis tag and a fluorescent secondary antibody (Figure 2.6b). Both
methods confirm the expected patterns, but the immunofluorescence image shows unpredictable
fluorescent patches, which may arise from nonspecific adhesion and aggregation of antibodies. We
therefore used small molecule fluorescent maleimide-based labeling for substrate visualization in
subsequent studies.

While testing various control experiments for the photopatterning reaction, we compared
aniline-glass and phenylazide-glass without tris(2-carboxyethyl)phosphine (TCEP) reduction of
phenylazide (Figure 2.7). Notably, IDPs with and without azidophenol moiety were both patterned
onto phenylazide-glass. Upon UV irradiation, phenylazide is known to generate a reactive nitrene,
which can participate in a variety of nonspecific chemistries via insertion into C—H, O—H, or
N—H bonds on proteins.* This explains why proteins can be nonspecifically photopatterned onto
phenylazide glass.

2.2.5. Optimization of Photopatterning Reaction Conditions

After confirming photopatterning of IDP, we optimized the reaction by screening salt
concentrations, buffers, pH and UV irradiation time. The patterning reaction offers best contrast
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Figure 2.8. Effects of salt concentration on photopatterning reaction between azidophenol-IDP and aniline glass
substrates. Azidophenol-IDP (20 uM) in 10 mM pH 7.8 phosphate buffer was irradiated through a mask. Glass
substrates were then stained with 3 mM Oregon Green maleimide and imaged.
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Figure 2.9. Effects of buffer and pH on photopatterning reaction between azidophenol-IDP and aniline glass
substrates. (a) Azidophenol-IDP (10 uM) in 50 mM of various buffers were irradiated through mask. Glass substrates
were then stained with 4 mM Oregon Green maleimide and imaged. (b) Fluorescence signal above background was
quantified by fluorescence intensity of irradiated area (F) subtracted by fluorescence intensity of masked area (F ) and
divided by F,.
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Figure 2.10. Time course of photopatterning reaction between azidophenol-IDP and aniline glass substrates. (a)
Fluorescence images of 10 uM unlabeled IDP in 50 mM pH 6.0 phosphate buffer irradiated for various durations on
aniline glass substrates is shown. Glass substrates were stained with 4 mM Oregon Green maleimide for fluorescence
visualization. (b) Fluorescence signal above background was quantified by fluorescence intensity of the irradiated area
(F) subtracted by the fluorescence intensity of masked area (F ) and divided by F . Data from duplicate samples (30
sec and 5 min) were averaged. Irradiation times shorter than 30 sec were not quantified due to the lack of signal above
background.
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Figure 2.11. Optimized photopatterning reaction of azidophenol-IDP on aniline modified glass substrates. (a) Fluores-
cence image of photopatterning reactions between aniline glass and various concentrations of unlabeled azidophenol
IDP in 50 mM pH 6.0 phosphate buffer are shown. The reaction was irradiated for 10 min and the glass substrates were
stained with 4 mM Oregon Green maleimide before imaging. (b) The photomask used in this study is shown. Each
transparent (white) bar on the photomask is 21 x 2 mm.

a
Step 1: Pattern IDP and stained with AF647-maleimide Step 2: Pattern IDP again and stained with OG488-maleimide

633 nm 488 nm 633 nm 488 nm

Step 1: Pattern IDP labeled with AF647
Step 2: Pattern IDP labeled with 0G488

Figure 2.12. Dual protein photopatterning. (a) Unlabeled IDP (20 uM) in 50 mM pH 6.0 phosphate buffer was first
patterned (10 min irradiation) on aniline glass substrate, which was then stained with Alexa Fluor 647 (AF647)
maleimide and imaged. Unlabeled IDP was photopatterned again with a complementary photomask (offset to the right
of the first photomask) using the same conditions as above. The substrate was then stained with Oregon Green 488
(OG488) maleimide and imaged with 633 nm and 488 nm excitation. (b) Using the same reaction conditions above,
AF647 labeled azidophenol-IDP was first photopatterned on an aniline glass substrate. OG488 labeled azidophe-
nol-IDP was then patterned and imaged.

at low salt concentration (no addition of NaCl) compared with 0.25, 0.5 and 1 M NaCl, so no
salt was added in subsequent studies (Figure 2.8). Fluorescence quantification of photopatterning
performed in different buffers at different pH values indicates that pH 6.0 (phosphate or Bis-Tris
buffer) is the optimal pH for this reaction (Figure 2.9), consistent with previous reports using this
reaction.” Therefore, the patterning reactions were done in pH 6.0 phosphate buffer in subsequent
experiments. Finally, the dependence of photopatterning efficacy on UV irradiation time was
evaluated and quantified. Usinga 6 W handheld UV lamp, patterns were not visible when irradiation
was shorter than 30 sec. Beyond 30 sec, however, the patterning signal compared with background
increased with increasing irradiation times until 10 min, when the signal plateaued (Figure 2.10).
Hence, an irradiation time of 10 min was applied for subsequent studies. IDP photopatterning with
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the optimized conditions and various IDP concentrations is shown in Figure 2.11.
2.2.6. Dual-Protein Patterning

With the validation of single protein patterning in hand, we next tested if we could pattern
multiple proteins using this photolithography technique. As a proof of concept, we patterned the
same IDP twice, but labeled them with different fluorophores. Using the optimized method above,
we successfully patterned azidophenol-IDP and stained the patterned substrate with Alexa Fluor
647-maleimide. The pattern was observable with the 633 nm but not the 488 nm filter, showing
that the fluorescence of Alexa Fluor 647 does not bleed into the 488 nm channel (Figure 2.12a,
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Figure 2.13. Quantification of photopatterned proteins on glass substrates using laser-ablation ICP-MS. (a) Deconvo-
luted ESI-TOF MS spectra are shown for IDP conjugated with Eu-DOTA-maleimide (top) and subsequently reacted
with azidophenol-2PCA 1 to afford azidophenol-IDP labeled with Eu for ICP-MS analysis. (b-d) Glass substrates
photopatterned with 20 uM IDP with and without azidophenol using optimized reaction conditions were analyzed by
laser-ablation ICP-MS. (b) Representative “!'Eu (red) and 'SEu (black) signal intensity traces of laser-ablation
ICP-MS across glass substrates patterned using IDP with (top) and without (bottom) azidophenol. The scales of the
y-axes are different. (c) Quantification of laser ablation ICP-MS data is shown. Bars represent mean + 95% confidence
intervals. N = 5 areas of ablation for each of the two samples. * denotes p < 0.0001 (Student’s unpaired ¢ test). (d)
Quantification of *'Eu and '*Eu signal (IDP with azidophenol) above background (IDP without azidophenol).
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left). A second round of azidophenol-IDP was then patterned using a different photomask with an
offset to the right of the first photomask. After staining the patterned substrate with Oregon Green
488-maleimide, the 488 nm channel showed comparable fluorescence intensities in areas of the first
and second patterned IDP (Figure 2.12a, right). These results can be explained by the nonspecific
adhesion of excess OG-488 maleimide on the initially patterned IDP/fluorophore. To rule out
the possibility that these results arise from nonspecific adhesion of excess dye, we patterned two
rounds of azidophenol-IDP that is pre-labeled with different dyes. The resulting substrate shows
two different colors of fluorescence corresponding to the two complementary photomasks used
(Figure 2.12b). Even though the dual-patterning experiment with prelabled IDPs did result in a
substrate with expected fluorescence patterns, more control experiments needed to be done to
verify that the photoreaction was specific to the azidophenol moiety instead of photoreactivity of
the dyes on IDP, as mentioned in the single protein patterning experiment.

2.2.7. Quantitative Analysis of Surface-Patterned IDP

We have relied on fluorescence to evaluate the efficacy of the photolithography technique
thus far, but fluorescence intensity is not ideal for surface quantification because it is subject to
quenching with the substrate surface and dyesin close proximity, which depends on the conformation
of immobilized IDP (extended brush or collapsed mushroom) as well as the surface density of IDP.
To evaluate the density of immobilized IDP independent of fluorescence, we utilized laser ablation
inductively coupled plasma mass spectrometry (LA-ICP-MS), which is a highly sensitive surface
chemical analysis technique with detection limit typically in the parts per billion (ppb) range for
rare earth metals.””*® We labeled IDP with Eu-chelated DOTA maleimide (Figure 2.13a and Section
2.2.3) and photopatterned it on aniline-glass. Using a laser beam focused on the patterned surface,
surface immobilized Eu was ablated into fine particles, which were transported to an ICP-MS
instrument for the analysis of signal intensity from two Eu isotopes '*'Eu and "**Eu (Figure 2.13b).
The signals from substrates patterned with IDP with and without azidophenol were quantified by

a b

10x20 wm and 15x30 um array 15x15 um array

C Plasma cleaned coverslip Aniline coverslip

_20pm 20 pm

Figure 2.14. High-magnification fluorescence characterization of glass substrates. (a, b) Epifluorescence images are
shown for glass substrates photopatterned with 20 uM azidophenol-IDP, then stained with 4 mM Oregon Green 488
maleimide. (¢, d) Plasma cleaned and aniline modified glass substrates were also stained with 4 mM Oregon Green
488 maleimide and imaged. Scale bars = 20 pm.
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separately integrating the signals from '*'Eu and '**Eu intensity traces (Figure 2.13c,d). Due to the
lack of appropriate matrix-matched standards for calibration, absolute quantification of Eu surface
density was not possible, so relative quantification compared with control from IDP without
azidophenol was determined. Eu signal above background for both isotopes were ca. 0.7, which
agrees well with fluorescence quantification (Figure 2.10b). The low signal above background may
also explain why we were unable to detect protein patterns using atomic force microcopy.

2.2.8. Fluorescence Microscopy Analysis of Glass Substrates

A signal to background ratio of 0.7 needs to be improved for useful applications of this
protein patterning technique. To investigate the reasons for such low signal to background, we
used a mask with features in the micron range to pattern IDP and an epifluorescence microscope
for imaging. Patterned substrates did indeed show expected fluorescent array from the photomask
used. The fluorescence was not even within the UV irradiated or masked areas, however, implying
the presence of surface defects (Figure 2.14a,b). Aniline-functionalized surface stained with Oregon
Green also showed such uneven fluorescence while plasma cleaned surface does not, suggesting
that surface defects arise from aniline functionalization (Figure 2.14c,d). Because low patterning
signal to background may be due to surface defects, improving the aniline functionalization step
may improve the efficacy of this novel patterning technique. Low patterning signal to background
may also be due to nonspecific adsorption of proteins onto the glass substrate, which is a common
problem in protein patterning methods. A more quantitative technique, such as protein radiolabeling
with '%, is required for determining the absolute surface density, which will indicate whether the
patterned protein density is low or the nonspecific absorption of the IDP is high.

2.3. Conclusions

In this chapter, we developed a site-specific protein photolithographic patterning technique
using the reaction between light-activated azidophenols and aniline functionalized glass. This
novel bench-top method does not require expensive equipment and takes only 30 min per pattern.
IDP from the neurofilament heavy protein was engineered and its overexpression was optimized.
Protein purification to high purity was achieved using a single affinity chromatographic step.
The N-terminal serine or proline of IDP was successfully labeled with the azidophenol moiety
to good yields via 2PCA conjugation. We were able to label the engineered IDP in two specific
locations for downstream analysis of the protein patterned substrates. Other than fluorescence
analysis, we developed a LA-ICP-MS technique to quantify the relative density of immobilized
proteins. Although IDP was successfully patterned, the signal to background needs to be improved
for this technique to be useful. Future efforts will focus on the fabrication of high-density aniline
functionalized glass with even surface, as well as preventing nonspecific protein absorption on the
substrate.

2.4. Materials and Methods
2.4.1. General Procedures and Materials

Unless otherwise noted, all reagents and solvents used were of analytical grade and were used
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as received from commercial sources. UV-visible spectrometry was performed using a NanoDrop
1000 (Thermo Scientific). Photomasks were either custom ordered (Mylar, Fineline Imaging) or
made with a sticker cutter. Epifluorescence images were acquired using an inverted Nikon Eclipse
Ti microscope equipped with a 20x air objective.

NMR spectra were recorded on a Bruker AVQ-400 spectrometer. 'H NMR chemical shifts
are reported as 8 in units of parts per million (ppm) relative to CDCI, (6 7.26). Multiplicities are
reported as: s (singlet), br.s (broad singlet), d (doublet), t (triplet), q (quartet), dd (doublet of
doublets), dt (doublet of triplets), br (broad) or m (multiplet). Coupling constants are reported as a
J value in Hertz (Hz). ®C NMR chemical shifts are reported as § in units of parts per million (ppm)
relative to CDCI, (8 77.2).

High-resolution electrospray ionization mass spectrometry (HR-ESI-MS) data were
obtained at the UC Berkeley QB3/Chemistry Mass Spectrometry Facility. Protein mass spectrometry
data were collected on an Agilent 6224 TOF LC/MS equipped with a Turbospray ion source and
connected to an Agilent 1260 Infinity Series HPLC system and a Poroshell 300SB-C18 column
(Agilent Technologies). Protein mass reconstruction was performed on the charge ladder with
Mass Hunter software (Agilent Technologies).

Sodium dodecyl sulfate-poly(acrylamide) gel electrophoresis (SDS-PAGE) analysis was
performed using 7.5% Mini-PROTEAN TGX gels (Bio-Rad). SDS loading buffer containing
[-mercaptoethanol was added to all electrophoresis samples, which were then boiled at 95 °C for
5 min to ensure complete denaturation and disulfide-bond reduction. Coomassie Brilliant Blue
R-250 (Bio-Rad) and Gel Doc EZ System (Bio-Rad) were used to stain and image SDS-PAGE gels.

2.4.2. Cloning of IDP (NFH-SA)

The expression vector was constructed by modifying the multiple cloning site of pEcoli-
Cterm 6xHN vector (Clontech, Cat. no. 631417) to introduce EcoRI and HindIII restriction
enzyme recognition sequences, an N-terminal serine (after methionine cleavage), a cysteine near
the C-terminus, aromatic residues, thrombin cleavage site and affinity tags. These features were
introduced between the Ncol and Notl sites on the original pEcoli-Cterm 6xHN vector using the
following forward primers:

VF1: 5- CATGGGTTAAGAAGGAATG -3

VE2: 5- AGCGAATTCAGGCTTGTCGACAAGCT -3

VE3: 5- TTATTGGTGCCTGGTTCCGCGTGGC -3’

VF4: 5- TCTTGGAGCCACCCGCAGTTCGAAAAAGC -3’

VF5: 5°- TAGCCATCACCATCACCATCACTAAGC -3’

and reverse primers:

VR1:5- CCAATTCTTCCTTACTCGCTTAAGTCC -3

VR2: 5- GAACAGCTGTTCGAAATAACCACGGACC -3’

VR3: 5- AAGGCGCACCGAGAACCTCGGTGGGCGT -3’
33



VR4: 5’- CAAGCTTTTTCGATCGGTAGTGGTA -3’
VR5: 5°- GTGGTAGTGATTCGCCGG -3.

The 5 ends of all primers, except for VF1 and VR5, were phosphorylated using T4
polynucleonide kinase (T4 PNK, NEB M0201S). After inactivation of T4 PNK, 50 pmol each of
the phosporylated primers, VF1 and VR5 were mixed in a PCR tube, heated at 95 C° for 5 min
and cooled to room temperature overnight to allow for annealing. Using T4 DNA ligase (NEB
MO0202T), the annealed DNA was inserted into purified pEcoli-Cterm 6xHN vector digested with
NcoI-HF (NEB R3193S) and NotI (NEB R3189S). The resulting modified expression vector was
then transformed into 5-a competent Escherichia coli cells (NEB, C2987H) and plated on LB plates
with 100 pg/mL ampicillin. After plasmid isolation and sequence confirmation, the modified
expression vector was digested with EcoRI-HF (NEB, R3101S) and HindIII-HF (NEB, R3104S)
and subsequently purified. NFH-SA (IDP) gene, cloned in pClneo with a HindIII restriction
enzyme site,'””* was excised by Apol (NEB, R0566S) and HindIII-HF digestion. The purified gene
insert was then ligated to the doubly digested modified expression vector using T4 DNA ligase.
The resulting modified expression vector with the NFH-SA gene insert was then transformed into
5-o. competent Escherichia coli cells. Sequences of the entire NFH-SA gene in plasmids isolated
from the transformants were confirmed using the T7 promoter sequencing forward primer and
following primers:

S1: 5°- CAGCTGAGGTCAAATCTCCAGTGGA -3
§2:5’- CCGTGAAGGAAGGTGCAAAATCCCT -3
§3:5’- GCCAAGAAGGAAGAGGCTAAAGAGA -3.

A frameshift is needed for desired protein expression, so site-directed mutagenesis
(QuikChange method) was performed to insert one base pair using PfuUltra II Fusion HS DNA
Polymerase (Agilent, 600670), Dpnl (NEB, R0176L), dNTP mix (NEB, N0447L), XL1-Blue
competent Escherichia coli cells (QB3 MacroLab) and the following primers:

forward: 5’- GGAATGAGCGAATTCACCTCCATGTCCACTC -3’
reverse: 5- GAGTGGACATGGAGGTGAATTCGCTCATTCC -3.

The sequence between the ribosome binding site and the start codon needed to be optimized
to increase protein expression levels. This was achieved using sequential Quikchange mutagenesis
with the following primers:

forward: 5- GAAGGAGATATACCGTTAAGAATGAGCGAATTCACC -3’
reverse: 5- GGTGAATTCGCTCATTCTTAACGGTATATCTCCTTC -3

and

forward: 5’- CTTTAAGAAGGAGATATACCATGAGCGAATTCACCTCC -3’
reverse: 5- GGAGGTGAATTCGCTCATGGTATATCTCCTTCTTAAAG -3.

IDP with N-terminal proline was also constructed using Quikchange mutagenesis with the
following primers:
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forward: 5- AAGAAGGAGATATACCATGCCCGAATTCACCTCCATGTCC -3’
reverse: 5- GGACATGGAGGTGAATTCGGGCATGGTATATCTCCTTCTT -3
2.4.3. Expression and Purification of IDP

For protein expression, plasmids were transformed into Rosetta (DE3) competent Escherichia
coli strain (Novagen, 70954) and plated on LB plates with 100 pug/mL ampicillin and 34 pg/mL
chloroamphenicol. A single colony or frozen cell stock was grown overnight in LB with antibiotics
and used to inoculate LB at a 1:100 dilution. The culture was shaken at 37 °C and was induced by
addition of 0.75 mM (final concentration) isopropyl p-D-1-thiogalactopyranoside (IPTG) when its
OD, , reached 0.5-0.6. The cells were harvested 3-5 h after induction by centrifugation at 5000 rpm
for 15 min and flash frozen for storage. Cell pellet from a 2 L culture was resuspended in 15 mL
of lysis bufter (100 mM pH 8.0 Tris, 150 mM NaCl, 1 mM EDTA, 1 mM DTT, 1 mM PMSF) and
lysed by sonication. Cell debris was removed by centrifugation at 14000 rpm for 30 min at 4 °C.
For large-scale purification, the clarified lysate was then applied to a Strep-Tactin cartridge (IBA,
2-1234-001) using an Akta Pure M FPLC system (GE Healthcare) at 4 °C. After protein injection,
the column was washed with wash buffer (100 mM pH 8.0 Tris, 150 mM NaCl, 1 mM EDTA) and
Strep-tagged IDP was eluted with wash buffer containing 5 mM d-desthiobiotin (Sigma). Flow
through and wash fractions containing IDP were re-injected on the Strep-Tactin column to increase
the yield of purified IDP. The elution fractions were combined and then buffer exchanged into 10
mM pH 7.8 phosphate buffer or 10 mM pH. 6.5 Bis Tris buffer using spin concentrators with a
10 kDa molecular weight cut-off (Amicon Ultra, EMD Millipore) and/or a NAP-5 Sephadex size
exclusion column (GE Healthcare). Protein concentrations were determined using the absorbance
at 280 nm and the theoretical extinction coeflicient 12490 M 'cm™. This protocol yielded ca. 5 mg
pure IDP per liter culture.

2.4.4. Circular Dichroism

CD spectrum was recorded from 190 to 250 nm on a Jasco-720 spectropolarimeter at 25 °C
using a cuvette with 1 mm path length. The signal of 1.7 uM IDP with N-terminal serine in 10 mM
pH 7.8 potassium phosphate buffer was buffer subtracted.

2.4.5. Synthesis of Azidophenol-2PCA
o
N3 NN P
HODM bNJ:Njﬁ(“
o

6-((4-(3-(3-azido-4-hydroxyphenyl) propanoyl) piperazin-1-yl) methyl) picolinaldehyde (1).
N-hydroxysuccinimidyl-3-(4-hydroxy-3-azidophenyl)propanoate (azidophenol-NHS ester)*” and
6-(piperazin-1-ylmethyl)-2-pyridinecarboxaldehyde (piperazine-2PCA)* were synthesized as
previously reported. Azidophenol-NHS ester (100 mg, 0.33 mmol, 1.0 equiv.) and piperazine-2PCA
(109 mg, 0.39 mmol, 1.2 equiv.) were added to a 20 mL scintillation vial. DMF (2 mL) was then
added to the vial to dissolve solid reagents. Upon addition of triethylamine (0.136 mL, 1.17 mmol,
3.5 equiv.), the solution color instantly changed from pale yellow to dark brown with precipitate.
After stirring the reaction mixture at room temperature in the dark for 2 h, DMF was removed
by rotary evaporation. The resulting residue was dissolved in dichloromethane and washed with
a saturated solution of sodium bicarbonate (2x), brine and dried with Na SO,. The solvent was
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removed under reduced pressure. Purification by flash column chromatography (silica gel, 3%
methanol in dichloromethane) yielded product 1 as a sticky oft white solid (92 mg, 0.23 mmol,
71%).'H NMR (400 MHz, chloroform-d) § 10.05 (s, 1H), 7.87 (d, J = 4.5 Hz, 2H), 7.78-7.59 (m, 1H),
6.97-6.72 (m, 3H), 6.32 (br.s, 1H), 3.79 (s, 2H), 3.69 (s, 2H), 3.47 (t, ] = 5.1 Hz, 2H), 2.90 (t, ] = 7.7
Hz, 2H), 2.60 (t, ] = 7.7 Hz, 2H), 2.50 (dt, J = 22.9, 5.2 Hz, 4H). *C NMR (101 MHz, chloroform-d)
0 193.4, 170.6, 152.4, 146.2, 137.6, 133.9, 127.6, 125.9, 120.6, 118.6, 116.2, 63.7, 53.2, 52.9, 45.3,
41.4, 34.9, 30.6. HRMS (ESI) calculated for C, H N O, ([M+H]*) 395.1826, found 395.1822. Using
a NanoDrop, the extinction coefficient at 280 nm was determined to be 4290 M'cm™, which was

used to quantify azidophenol-IDP conjugate sample concentrations.
2.4.6. Protein Modification

Procedure for cysteine alkylation with fluorescent maleimides. A solution of IDP (20 uM)
in 50 mM pH 7.5 phosphate buffer was incubated with 10 equiv. of Oregon Green 488 maleimide
(Thermo Fisher 06034) or Alexa Fluor 647 maleimide (Thermo Fisher A20347) for 1 h at room
temperature. Excess dye was removed using a spin concentrator with a 10 kDa molecular weight
cut-off.

Procedure for cysteine alkylation with Eu-DOTA maleimide. EuCl, in H,O (12 mM final
concentration, 1.0 equiv.) was added to a solution of DOTA-GA maleimide (CheMatech, C117,
1.05 equiv.) in 10 mM pH 4.5 acetate buffer. The reaction was incubated at room temperature for 15
min. A solution of IDP (70 uM final concentration, 1.0 equiv.) in 50 mM pH 6.0 Bis-Tris buffer was
incubated with the crude Eu-chelated DOTA maleimide solution (30 equiv.). Observed gelated IDP
was removed with a 0.22 um centrifugal filter (EMD Millipore) before removing excess maleimide
with a spin concentrator with a 10 kDa molecular weight cut-off.

Procedure for azidophenol-2PCA conjugation. A solution of IDP (20 uM) in 50 mM pH
7.5 phosphate buffer was incubated at 37 °C for 12-14 h with 5 mM or 10 mM azidophenol-2PCA
for N-terminal Serine and N-terminal proline IDP respectively. Undissolved particulates were then
removed using a 0.22 um centrifugal filter and the unreacted azidophenol-2PCA was removed with
a spin concentrator with a 10 kDa molecular weight cut-off.

2.4.7. IDP Photopatterning on Glass Surfaces

Aniline-glass substrates were prepared using glass slides or coverslips (Fisherbrand, plain,
25x75x 1 mm or 25 x 25 mm No. 2), 3-(4-azidophenyl)-N-(3-trimethoxysilylpropyl) propanamide
(azidophenyl silane) and TCEP for the reduction azidophenyl moiety to aniline as described
previously.”” Aniline-glass slides were cut into quarters for photopatterning experiments. IDP
solution (7 uL) was sandwiched between aniline-glass and a photomask and irradiated usinga 6 W
handheld 302 nm (UVB) UV lamps (UVP, USA) placed ca. 1 cm above the photomask for 5 min on
a bench top. After UV exposure, the photomask was removed and the patterned glass substrate was
placed on a coverslip rack inside a glass beaker. The beaker was then filled with 0.4% SDS solution
and was shaken on the orbital shaker for 10 min. The glass substrate was then rinsed in PBS for 5
min and H,O briefly before it was dried with a stream of N..

2.4.8. Analysis of Patterned Substrates

Visualization of patterned substrates with fluorphore maleimides. To visualize the
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patterned substrates by fluorescence, 7 uL of 4 mM fluorescent maleimide in 50 mM pH 7.5
phosphate buffer was sandwiched between two patterned glass substrates. After 1 h of incubation at
room temperature in the dark, the substrates were rinsed and dried as described above. Alternatively,
patterned IDP can be visualized by immunofluorescence staining using antibody against 6xHis tag.
Patterned substrates were first blocked with 1% bovine serum albumin (BSA) in PBS for 1 h. They
were then incubated in 6xHis epitope tag antibody (1:500 dilution in 1% BSA, Pierce MA1-21315)
for 30 min. After rinsing in PBS 5 times for 5 min each, the substrates were blocked again with 1%
BSA for 30 min and incubated in goat anti-mouse secondary antibody labeled with Alexa Fluor 633
(1:1000 dilution in 1% BSA, Thermo Fisher A-21052) for 1 h. The substrates were finally rinsed in
PBS 5 times for 5 min each and briefly in water. All immunostaining incubation steps were done
at room temperature with shaking. Fluorescent images of pattern substrates were collected using a
Typhoon 9410 variable mode imager (Amersham Biosciences) with a thin layer of H,O between the
patterned surface and the scanner. Fluorescence intensities were quantified with Image] software
(NIH) by averaging three or more UV exposed or unexposed areas on each substrate.

Quantification of immobilized IDP using LA-ICP-MS. Eu-DOTA labeled IDP with or
without azidophenol was patterned on aniline glass substrates as described above. The LA-ICP-MS
analysis was conducted by the NWR213 laser ablation system (ESI) coupled to a iCAP Q ICP-MS
system. Laser ablation of the glass surface was performed using a focused Nd:YAG laser beam
(wavelength 213 nm, repetition frequency 20 Hz, laser spot diameter 100 wm, scanning speed 50
um/s, laser frequency 2.00 J/cm?) with dwell time of 0.1 s. The relative amounts of "*'Eu and '**Eu
were quantified by integrating signal intensities for 10 s, excluding initial spike.
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Chapter 3

Green and Red Fluorescent Sensors for Imaging Sodium Levels in Living Cells

Abstract

In this chapter, we present the synthesis and spectroscopic characterization of green and
red fluorescent indicators, TG-Sodium and TM-Sodium, which are selective for Na* over excess
amounts of K*and other biologically relevant cations. Both sensors have K, values appropriate
for sensing intracellular Na* levels. TM-Sodium displays a 40-fold turn-on in response to Na* in
the presence of K*, the greatest dynamic range of all reported fluorescent Na* sensors. Confocal
microscopy experiments establish that TM-Sodium is the first small-molecule red-emitting Na*
sensor that is able to report sodium levels in living cells.

The X-ray crystal structure described in this chapter was solved in collaboration with Teera Chan-
tarojsiri.
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3.1. Introduction

Organisms devote a significant portion of their metabolic energy to maintain a large Na*
gradient between the inside and outside of cells. Cells in the resting state have [Na*] . “in the
10-40 mM range while [Na*]  _  isin the 120-450 mM range. This Na* gradient provides energy
for most transport systems across the cell membrane and is therefore critical in powering uptake
and efflux of intracellular ions, such as H*, K* and Ca?*, and molecules such as neurotransmitters
and glucose. Na" is not only essential in maintaining solute homeostasis, it is also the major charge
carrier during action potentials in electrically excitable cells, such as neurons, astrocytes and muscle

cells.'®

Molecular imaging with fluorescent sensors selective for Na* is an attractive technique to
study intracellular sodium. Molecular imaging is a non-destructive technique that measures Na*
levels with spatial and temporal resolution. By contrast, common techniques used to study Na*
in biological systems, such as flame photometry, atomic absorption spectroscopy, *Na counting,
electron microprobe analysis, ’Na NMR, and Na* selective microelectrodes, do not provide such
information.*"

There are several reported fluorescent Na* sensors suitable for use in aqueous systems. They
are, however, excited in the ultraviolet-visible or green region and/or have apparent dissociation
constants (K )inthe200mMrange, whichistoohightosenseNa*fluxesinmostbiological systems.>'**
Moreover, the most widely used Na* sensors, SBFI and Sodium Green, consist of one receptor
and two fluorophores and the large size of these sensors limit their membrane permeability.>'*!
Recently, ANG-2, a green Na* sensor developed by TEFLabs, became commercially available."
There has been one reported red Na* sensor, CoroNa Red, but it has a K, of 200 mM and it localizes
to the mitochondria due to the net positive charge of the sensor.'®**** CoroNa Red is no longer
commercially available, likely due to its high K , which limits its use in biological systems.'®" In this
report, we present the synthesis and characterization of a green fluorescent Na* sensor, TG-Sodium,
which is based on the TokyoGreen platform, and a red fluorescent Na* sensor, TM-Sodium, which
is based on the TokyoMagenta platform.*** Both Na* sensors have K values appropriate for sensing
intracellular Na* levels. Compared to ultraviolet-visible and green counterparts, red fluorescent
sensors allow deeper tissue penetration, minimize photodamage to biological samples and minimize
interference from background autofluorescence by biomolecules.”” They also allow dual-color
imaging with green fluorophores such as GFP. Furthermore, TM-Sodium is significantly smaller than
other published sensors as it only consists of one receptor and one fluorophore. The lower molecular
weight TG-Sodium and TM-Sodium may have improved membrane and tissue permeability.

3.2. Results and Discussion
3.2.1. Design and Synthesis of Sodium-Responsive Fluorescent Sensors

Our probe design is based on the receptor that is developed by Minta et al. The ring size of
1,7-diaza-15-crown-5 provides selectivity for Na* over K*. The two ortho-methoxy groups provide
ligands that cap the top and bottom of the crown ether, resulting in increased affinity to Na*.’
Due to the ease of synthesizing molecules with symmetry, the reported syntheses of this receptor
provides two identical handles for conjugation to fluorophores.®?® In order to reduce the size of the
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Figure 3.1. Synthetic route to the sodium receptor 8.

sensors, asymmetric Na* receptor 8 with a single bromine handle was synthesized. The key step is
the formation of 7 by macrocyclization of the asymmetric linear precursor 6 with diglycolyl chloride
(Figure 3.1). Owing to the rigidity of macrocycle 7, the '"H NMR analysis of 7 is inconclusive, so the
X-ray structural analysis was employed to confirm its identity (Figure 3.2 and Section 3.6). With
only a single aryl bromide handle, Na* receptor 8 can be coupled to TBS-protected xanthone 9 or
silicon-xanthone 10 to yield the green TG-Sodium and red TM-Sodium, respectively (Figure 3.3).
High temperature '"H NMR was necessary to characterize both sensors (Figure 3.4 and Figure 3.5).

3.2.2. Spectroscopic Properties and Responses to Sodium

We first synthesized and characterized TG-Sodium in vitro. To mimic physiological

Figure 3.2. Thermal ellipsoid plot of 7. Red, pink, blue and brown ellipsoids represent oxygen, nitrogen, carbon and
bromine atoms, respectively. Hydrogen atoms have been omitted for clarity.
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methanol-d, at

conditions, Na* titration is conducted in aqueous buffers with various Na* concentrations while
maintaining the ionic strength at 135 mM with K*.* In 10 mM pH 7.5 MOPS bufter with 0 mM
Nat*and 135 mM K*, TG-Sodium exhibits an absorption peak centered at 495 nm with a maximum
fluorescence emission at 512 nm (Figure 3.6a, Figure 3.7a and Table 3.1). The quantum yield (®)
of apo-TG-Sodium is low (@ = 0.0037) due to efficient photoinduced electron transfer (PeT)
Upon increasing Na* concentrations to 135 mM, its absorption and fluorescence
emission wavelengths remain at 495 nm and 512 nm, respectively. Because of less efficient PeT
quenching, however, ® of TG-Sodium in the presence of 40000 equivalent of Na* increases to 0.12,

quenching.'****

500 MHz.

resulting in a 20-fold increase in fluorescence (Figure 3.7a and Table 3.1).
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Figure 3.6. Absorption spectra of 5 uM TG-Sodium (a) and TM-Sodium (b). Spectra for [Na*] of 0 mM and 135 mM
in the presence of K™ are shown. Spectra were acquired in 10 mM pH 7.5 MOPS.
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are shown. Spectra were acquired in 10 mM pH 7.5 MOPS with excitation at 488 nm (a) or 580 nm (b).

e/ cm'M? )
) 0 equiv. Na* 2.93 x 104 0.0037
TG-Sodium -
40000 equiv. Na* 2.70 x 10* 0.12
) 0 equiv. Na* 3.44 x 10° 0.0028
TM-Sodium -
40000 equiv. Na* 1.85 x 104 0.1

Table 3.1. Extinction coefficients and quantum yields of TG-Sodium and TM-Sodium in 10 mM pH 7.5 MOPS in the
absence and presence of Na'. Sensor concentrations ranging from 2 uM to 8 uM were used. In order to adjust pH to
7.5 with KOH, MOPS buffer at pH 7.5 contains approximately 5 mM K.
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Figure 3.8. Normalized fluorescence responses of TG-Sodium (a) and TM-Sodium (b) to various metal ions. Bars
represent the difference between final integrated fluorescence emission (F) and initial integrated emission (F,) divided
by the initial integrated emission (F,). Orange bars represent the addition of an excess of biologically relevant metal
ion (200 mM for K*; 5 mM for Li*, Ca?* and Mg?*; 100 uM for all other cations) to a 5 uM solution of TG-Sodium or
TM-Sodium. Blue bars represent the subsequent addition of 100 mM Na* to the solution. Because Cu* was added in
the form of [Cu(MeCN),J[PF,] dissolved in an acetonitrile stock solution (2 mM), data for the acetonitrile control are
also shown. In the case of TM-Sodium, greater turn-on for the addition of Na* to the solution containing Cu* and aceto-
nitrile is due to the presence of acetonitrile and not Cu*. Excitation was provided at 488 nm for TG-Sodium and 580
nm for TM-Sodium. The collected emission was integrated over 498 to 650 nm for TG-Sodium and 590 to 700 nm for
TM-Sodium. Spectra were acquired in 10 mM pH 7.5 MOPS.
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Figure 3.9. Benesi-Hildebrand plots for the complexation of TG-Sodium (a) and TM-Sodium (b) with Na*. F is the
integrated fluorescence emission in the presence of Na' while F is the integrated fluorescence emission in the absence
of Na'. Linearity indicates 1:1 complexation between the sensor and Na'.!”** Excitation was provided at 488 nm for
TG-Sodium and 580 nm for TM-Sodium. The emission intensities were integrated from 498 nm to 650 nm for
TG-Sodium and from 590 nm to 700 nm for TM-Sodium. Spectra were acquired in 10 mM pH 7.5 MOPS. Benesi-Hil-
debrand plots were generated with the Na" titration data set shown in Figure 3.6.

Due to lower LUMO energy, the silicon substituted TG-Sodium analogue, TM-Sodium,
is expected to be bathochromically-shifted in both absorption and emission compared to TG-
Sodium.?*****In 10 mM pH 7.5 MOPS bufter with 0 mM Na*and 135 mM K*, TM-Sodium displays
red-shifted absorption profile with a major absorption peak at 490 nm and a minor absorption
peak at 590 nm (Figure 3.6b and Table 3.1). Upon excitation at 580 nm, TM-Sodium emits weakly
at 608 nm. P of apo-TM-Sodium is 0.0028. In MOPS bufter with 135 mM Na, its absorption peak
at 590 nm became the major band while its absorption peak at 490 nm became the minor band.
Upon addition of Na*, the maximum emission of TM-Sodium remains at 608 nm. In the presence
of 40000 equivalent of Na*, ® of TM-Sodium drastically increases to 0.11. TM-Sodium has a 40-
fold turn-on with 135 mM Na* in the presence of K, the highest of all reported fluorescent Na*
sensors (Figure 3.7b and Table 3.1).

The fluorescence response of TG-Sodium and TM-Sodium are selective towards Na* with
minimal interference from biologically relevant amounts of other metal ions (Figure 3.8). Even
physiological concentrations of K* (up to 200 mM) only minimally interfere with Na* detection.
The linearity of the Benesi-Hildebrand plots of both sensors indicates a 1:1 complexation between
sensor and Na* (Figure 3.9)."7* In the presence of K*, TG-Sodium and TM-Sodium have K, values
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Figure 3.10. Normalized fluorescence responses of 5 uM TG-Sodium (a) and TM-Sodium (b) to Na* for K, value
determination. The observed K, values in the presence of K* are 25 mM for TG-Sodium and 47 mM for TM-Sodium.
These graphs were generated with the Na™ titration data set shown in Figure 3.6.
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Figure 3.11. Normalized fluorescence responses of TG-Sodium (a) amd TM-Sodium (b) to Na* at different pHs. Spec-

tra shown are for 5 M sensor in the absence of Na" and presence of 200 mM Na* at pH of 5.2, 5.8, 6.4, 6.5, 7.0, 7.5,

7.9,8.2,8.8,9.4,10.0, 10.6 and 11.2. Excitation was provided at 488 nm for TG-Sodium and 580 nm for TM-Sodium.

The collected emission was integrated over 498 to 650 nm for TG-Sodium and 590 to 700 nm for TM-Sodium. Buffers

spanning the pH range were made with 50 mM phthalate, phosphate and MOPS.
for Na* of 25 mM and 47 mM, respectively, which are both appropriate for sensing Na* fluxes in
living cells (Figure 3.10). The pH profile of TG-Sodium and TM-Sodium agree with the reported
pK values of TokyoGreen and TokyoMagenta, which are 6.2 and 6.8, respectively (Figures 3.11).7>%
Because both the apo and Na*-bound sensors are more fluorescent in basic conditions, the fold
turn-on of TM-Sodium to Na* remains constant (38- to 43-fold) between pH 7 and pH 8. Hence,
TM-Sodium is suitable for use in Na* detection in cells.

3.2.3. Fluorescence Detection of Sodium in Living Cells

The only reported red sodium sensor, CoroNa Red, has not been widely used because of
its predominant localization to the mitochondria and its high K .'** Therefore, we next sought to

a
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Figure 3.12. Confocal microscopy images (a) and quantifications (b) of Na™ titration in human embryonic kidney
(HEK293T) cells stained with TM-Sodium. (a) Cells were stained with 20 puM TM-Sodium and then treated with 10
UM gramicidin in PBS with various [Na*] for 20 min before imaging. (b) The bar graph shows the quantification of
mean fluorescence intensity of each condition normalized to the control condition (N = 6 fields of cells per condition).
Bars represent mean + standard deviation; ** denotes p < 0.01.
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evaluate whether TM-Sodium is able to report Na*levels in living cells. Gramicidin is a pore-
forming antibiotic that allows equilibration of Na* inside and outside cells. In-cell calibration
with gramicidin in HEK293T cells demonstrates that TM-Sodium can reliably report Na* levels
in a concentration-dependent manner in living cells (Figure 3.12). Notably, TM-Sodium displays
uniform staining of HEK293T cells.

3.3. Conclusions

We have presented the synthesis and characterization of a green Na* sensor, TG-Sodium,
and a red Na* sensor, TM-Sodium. TM-Sodium features a robust and selective 40-fold turn-on in
response to Na*, even in the presence K*. Experiments with HEK293T cells demonstrate that is it
capable of detecting changes in Na*levels in a concentration dependent manner. TM-Sodium is
the first reported small molecule red sodium sensor that has the appropriate K, to be used for Na*
detection in cells. We are currently developing second generation of Na* sensors with improved pH
profile for biological studies.

3.4. Materials and Methods
3.4.1. General Procedures and Materials

All reactions utilizing air- or moisture-sensitive reagents were performed in dried glassware
under an atmosphere of dry N.. Silica gel P60 (SiliCycle) and Brockmann basic aluminum oxide
(Sigma-Aldrich) were used for column chromatography. SiliCycle 60 F ., silica gel (SiliCycle)
and basic aluminum oxide 60 F,,, (EMD) were used for analytical thin layer chromatography
and visualized by fluorescence quenching under UV light or by staining with iodine. 4-Bromo-
2-methoxyaniline was purchased from Oakwood Products (West Columbia, SC) and all other
chemicals were purchased from Sigma-Aldrich (St. Louis, MO) and used as received. Xanthone 9%
and xanthone 10*° were synthesized according to literature procedures. 'H and C NMR spectra
for characterization of new compounds were collected in CDCI,, CD,CN or CD,0OD (Cambridge
Isotope Laboratories) at 25 °C (or indicated otherwise) at the reported frequency at the College of
Chemistry NMR Facility at the University of California, Berkeley. All chemical shifts are reported
in parts per million and referenced to the residual solvent peak from CDCI, at 7.26 ppm, or CD,CN
at 1.94 ppm. Splitting patterns are indicated as follows: br, broad, d, doublet, dd, doublet of doublets,
dt, doublet of triplets, m, multiplet, q, quartet, s, singlet, t, triplet. High-resolution electrospray
ionization mass spectral (HRMS-ESI) analyses were carried out at the QB3 Mass Spectrometry
Facility at the University of California, Berkeley.

3.4.2. Small Molecule Synthesis
NO,
&“g@

N-(2-Methoxyphenyl)-4-nitrobenzenesulfonamide (1). O-anisidine (5 g, 40.6 mmol, 1.0 equiv.)
and pyridine (64 mL) were dissolved in 200 mL of dichloromethane. Nosyl chloride (13.5 g, 60.9
mmol, 1.5 equiv.) dissolved in 150 mL of dichloromethane was then added into the reaction
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mixture dropwise over 20 min at room temperature. The reaction mixture was stirred for 15 h
at room temperature. It was then washed with water (3x), brine and dried over Na SO, and the
solvent was removed by rotary evaporation. The crude residue was subsequently recrystallized in
absolute ethanol and yellow crystals were obtained (10.8 g, 35 mmol, 86%). '"H NMR (300 MHz,
chloroform-d) § 8.24 (d, ] = 9.0, 2H), 7.91 (d, J = 9.0, 2H), 7.56 (dd, J = 7.9, 1.6 Hz, 1H), 7.11 (td, J
=7.9,1.7 Hz, 1H), 7.03 (s, 1H), 6.94 (td, ] = 7.8, 1.3 Hz, 1H), 6.74 (dd, ] = 8.2, 1.3 Hz, 1H), 3.62 (s,
3H). “C NMR (101 MHz, chloroform-d) § 150.26, 150.08, 145.00, 128.69, 126.78, 124.79, 124.07,
122.42, 121.45, 110.93, 55.76. HRMS-ESI calculated for C ,H, O.N.S (M-H*), 307.0394, found,
307.0392.

N-(2-(2-(2-Hydroxyethoxy)ethoxy)ethyl)-N-(2-methoxyphenyl)-4-nitrobenzenesulfonamide
(2).1(26 g, 84 mmol, 1.0 equiv.), K,CO, (46.4 g, 336 mmol, 4.0 equiv.) and KI (30 g, 181 mmol, 2.2
equiv.) were dissolved in 300 mL of DMF. The mixture was heated to 70 °C and 2-[2-(2-chloroethoxy)
ethoxy]ethanol (17 g, 101 mmol, 1.2 equiv.) was then added to the heated reaction mixture in one
portion. The reaction mixture was stirred at 70 °C for 15 h. Most of the DMF was removed by rotary
evaporation. The residue was dissolved in ethyl acetate and washed with water. The aqueous layer
was extracted with diethyl ether (2x). The combined organic layer was washed with water (2x),
brine and dried over Na_ SO,, and the solvent was removed by rotary evaporation to give brown
oil. Purification by a plug of silica gel (100% ethyl acetate) gave 2 as a light brown oil (37 g, 0.84
mmol, quantitative yield). 'H NMR (400 MHz, chloroform-d) § 8.27 (d, ] = 8.8, 2H), 7.85 (d, ] =
8.8, 2H), 7.40 - 7.28 (m, 2H), 6.97 (td, ] = 7.6, 1.3 Hz, 1H), 6.77 (dd, ] = 8.3, 1.3 Hz, 1H), 3.71 (dq,
J =49, 1.6 Hz, 2H), 3.57 (ddd, ] = 8.6, 4.9, 2.8 Hz, 10H), 3.34 (s, 3H). HRMS-ESI calculated for
C..H. O N.NaS (M+Na'), 463.1146, found, 463.1147.

197724 8 2

NO,

2-(2-(2-(N-(2-Methoxyphenyl)-4-nitrophenylsulfonamido)ethoxy)ethoxy)ethyl
4-methylbenzenesulfonate (3). Product 2 (5.5 g, 12.5 mmol, 1.0 equiv.) was dissolved in 100 mL of
dichloromethane and cooled to 0 °C. Tosyl chloride (4.8 g, 25 mmol, 2.0 equiv.) was then added to
the solution as a solid. Lastly, triethylamine (2.5 g, 3.5 mL , 25 mmol, 2.0 equiv.) was added to the
reaction mixture, which was allowed to stir at 0 °C and warm up to room temperature overnight.
The reaction mixture was cooled to 0 °C again and quenched with 80 mL of water for 10 min. It
was then extracted with dichloromethane (2x). The combined organic layer was washed with water
(2x), brine and dried over Na,SO,, and the solvent was removed by rotary evaporation. Purification
by flash column chromatography (silica gel, 20%-40% ethyl acetate/hexanes) gave 3 as a viscous
light yellow oil (6.7 g, 11.3 mmol, 90% yield). "H NMR (300 MHz, chloroform-d) 6 8.26 (d, ] = 8.8
Hz, 2H), 7.84 (d, ] = 8.8 Hz, 2H), 7.78 (d, ] = 8.3 Hz, 2H), 7.37 - 7.24 (m, 4H), 6.95 (td, ] = 7.6, 1.3
Hz, 1H), 6.77 (dd, ] = 8.8, 1.3 Hz, 1H), 4.17 - 4.08 (m, 2H), 3.67 - 3.59 (m, 2H), 3.55 - 3.41 (m,
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8H), 3.34 (s, 3H), 2.43 (s, 3H). *C NMR (75 MHz, chloroform-d) § 155.97, 149.86, 146.31, 145.01,
133.63, 133.10, 130.62, 130.02, 128.92, 128.14, 125.82, 123.70, 121.10, 111.82, 70.83, 70.43, 69.41,
69.25, 68.91, 54.96, 49.61, 21.83. HRMS-ESI calculated for C, H, O, N NaS, (M+Na*), 617.1234,

26130
found, 617.1238.
NO,
oM HFSI)@/

Br °

N-(4-Bromo-2-methoxyphenyl)-4-nitrobenzenesulfonamide (4). Pyridine (39 mL) and 4-bromo-
2-methoxyaniline (5 g, 25 mmol, 1.0 equv.) were dissolved in 120 mL of dichloromethane. Nosyl
chloride (6.6 g, 30 mmol, 1.2 equiv.) dissolved in 100 mL of dichloromethane was then added into
the reaction mixture dropwise over 30 min at room temperature. The reaction mixture was stirred
for 7 h at room temperature. It was then washed with water (2x), brine and dried over Na SO,
and the solvent was removed by rotary evaporation. Purification by flash column chromatography
(silica gel, 75% dichloromethane/hexanes) gave 3 as a yellow solid (9.3 g, 24 mmol, 96% yield).
'H NMR (300 MHz, chloroform-d) § 8.32 - 8.21 (m, 2H), 7.99 - 7.86 (m, 2H), 7.44 (d, ] = 8.5
Hz, 1H), 7.08 (dd, ] = 8.6, 2.1 Hz, 1H), 6.96 (br s, 1H), 6.88 (d, J = 2.1 Hz, 1H), 3.64 (s, 3H). °C
NMR (101 MHz, chloroform-d) § 150.56, 150.42, 144.81, 128.68, 124.53, 124.27, 124.08, 123.37,
119.49, 114.66, 56.19. HRMS-ESI calculated for CBH O.N BrS (M-H"), 384.9499, found, 384.9497.

10 75" "2
NO, NO,
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Br

N-(4-Bromo-2-methoxyphenyl)-N-(2-(2-(2-(N-(2-methoxyphenyl)-4-
nitrophenylsulfonamido)ethoxy)ethoxy)ethyl)-4-nitrobenzenesulfonamide (5). K,CO, (29 g,
210 mmol, 4.0 equiv.), KI (8.7 g, 52 mmol, 1.0 equiv.), 3 (34 g, 58 mmol, 1.1 equiv.) and 4 (20
g, 52 mmol, 1.0 equiv) were dissolved in 200 mL of DMF. The reaction mixture was stirred at
70 °C for 15 h. Most of the DMF was removed by rotary evaporation. The resulting residue was
dissolved in dichloromethane and washed with water (3°), brine and dried over Na SO,. The
solvent was removed by rotary evaporation to give off-white solid, which was added into boiling
absolute ethanol. After cooling mixture to 0 °C, insoluble pure product was collected as a white
flufty powder (36 g, 45 mmol, 85% yield). "H NMR (400 MHz, chloroform-d) § 8.34 - 8.21 (m, 4H),
7.91 - 7.79 (m, 4H), 7.36 — 7.28 (m, 2H), 7.17 (d, J = 8.3 Hz, 1H), 7.07 (dd, J = 8.3, 2.1 Hz, 1H), 7.00
~ 6.88 (m, 2H), 6.78 (d, 1H), 4.13 - 3.46 (m, 8H), 3.44 (s, 4H), 3.36 (s, 3H), 3.33 (s, 3H). 3C NMR
(101 MHz, chloroform-d) § 156.62, 155.98, 149.99, 149.89, 146.31, 146.14, 134.75, 133.70, 130.67,
128.94, 128.92, 125.81, 125.23, 124.35, 124.02, 123.84, 123.72, 121.13, 115.66, 111.85, 70.39, 70.36,
69.17, 55.46, 54.98, 49.60, 49.56. HRMS-ESI calculated for C, H, O, )N ,BrNaS, (M+Na*), 831.0612,
found, 831.0626.
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4-Bromo-2-methoxy-N-(2-(2-(2-((2-methoxyphenyl)amino)ethoxy)ethoxy)ethyl)aniline (6). 5
(5.5 g, 6.8 mmol, 1.0 equiv.), K,CO, (9.4 g, 68 mmol, 10 equiv.) and 70 mL of DMF were added
into a 20 mL scintillation vial. Thiophenol (5.3 g, 4.9 mL, 48 mmol, 7.0 equiv.) was then added to
the reaction mixture. After stirring for 4 h at room temperature, the reaction mixture was poured
into water and extracted with ethyl acetate. The aqueous layer was extracted with ethyl acetate. The
combined organic layer was washed with water (2x), brine and dried over Na SO,, and the solvent
was removed by rotary evaporation. Purification by flash column chromatography (silica gel, 20%
ethyl acetate/hexanes) gave 6 as a viscous light brown oil (2.6 g, 5.9 mmol, 87% yield). '"H NMR
(300 MHz, chloroform-d) 8 6.95 (dd, J = 8.4, 2.1 Hz, 1H), 6.87 (td, ] = 7.5, 1.6 Hz, 1H), 6.83 (d, ] =
2.1Hz, 1H), 6.76 (dd, ] = 7.9, 1.5 Hz, 1H), 6.70 (dd, ] = 7.4, 1.6 Hz, 1H), 6.67 — 6.59 (m, 1H), 6.45
(d, ] = 8.4 Hz, 1H), 4.58 (s, 2H), 3.81 (s, 3H), 3.79 (s, 3H), 3.74 (q, ] = 5.2 Hz, 4H), 3.67 (s, 4H),
3.33 (t,J=5.4 Hz, 2H), 3.28 (t, ] = 5.4 Hz, 2H).*C NMR (75 MHz, chloroform-d) § 147.70, 147.12,
138.10, 137.37, 123.73, 121.24, 116.78, 112.79, 110.78, 110.03, 109.49, 107.97, 70.39, 70.35, 69.83,
69.60, 55.66, 55.41, 43.32, 43.23.

OY\O/YO
Qi B
_/

7-(4-Bromo-2-methoxyphenyl)-13-(2-methoxyphenyl)-1,4,10-trioxa-7,13-
diazacyclopentadecane-8,12-dione (7). Two pressure equalizing addition funnels with threaded
valves were charged with 6 (1.0 g, 2.3 mmol, 1.0 equiv.) and diglycolyl chloride (0.39 g, 2.3 mmol,
1.0 equiv) dissolved in anhydrous benzene separately (80 mL each). They were simultaneously
added dropwise into a stirred solution of anhydrous pyridine (1.9 mL) and anhydrous benzene
(200 mL) over 24 h. After addition has completed, the reaction mixture was heated to reflux for 5
h. After the solvent was removed under vacuum, the residue was dissolved in dichloromethane and
washed (2x) with 1 M HCL. It was then washed with water and brine, and dried over Na,SO,. The
solvent was removed by rotary evaporation to give an off white foamy solid. Purification by column
chromatography (basic alumina, 0-5% methanol in acetonitrile) gave 7 as a foamy white solid (0.39
g, 0.73 mmol, 32% yield). Recrystallization of purified 7 in absolute ethanol and diethyl ether as
co-solvent at -20 °C gave shiny colorless crystals appropriate for X-ray crystallography. '"H NMR
(400 MHz, chloroform-d) § 7.67 - 6.62 (m, 7H), 5.06 — 2.65 (m, 22H). HRMS-ESI calculated for
C H, ON Br (M+H"), 537.1231, found, 537.1231.

247730 7 2
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7-(4-Bromo-2-methoxyphenyl)-13-(2-methoxyphenyl)-1,4,10-trioxa-7,13-
diazacyclopentadecane (8). Product 7 (0.81 g, 1.5 mmol, 1.0 equiv.) was dissolved in 30 mL of
anhydrous THF and sodium borohydride (0.34 g, 9.1 mmol, 6.0 equiv.) was added to the solution
as a solid. Boron trifluoride diethyl etherate (47% solution, 1.7 g, 1.5 mL, 12 mmol, 8.0 equiv)
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dissolved in 20 mL of anhydrous THF was then added dropwise into the reaction mixture over 15
min at room temperature. The resulting mixture was then stirred at reflux for 2 h. After the reaction
mixture was cooled to room temperature, it was poured into water and the pH was brought up to 7
using 3 M KOH. The mixture was then extracted with dichloromethane (2x). The combined organic
layer was then washed with water and brine, and dried over Na,SO,. The solvent was removed by
rotary evaporation to give a viscous white oil (0.77 g, 1.5 mmol, quantitative yield), which was
used in the next step without further purification. '"H NMR (500 MHz, chloroform-d) 6 7.03 (d, ]
= 7.8 Hz, 1H), 7.00 - 6.81 (m, 5H), 3.82 (s, 3H), 3.81 (s, 3H), 3.72 - 3.59 (m, 10H), 3.50 — 3.37 (m,
10H). "C NMR (101 MHz, chloroform-d) 6 153.68, 153.12, 140.61, 139.80, 123.71, 122.49, 122.21,
121.18, 120.92, 115.28, 114.36, 111.98, 71.41, 71.18, 70.98, 70.81, 69.97, 69.80, 55.86, 55.58, 53.38,
53.26, 52.61. HRMS-ESI calculated for C. H, . O_N_BrNa (M+Na"), 531.1465, found, 531.1469.

247733 757 2

6-Hydroxy-9-(3-methoxy-4-(13-(2-methoxyphenyl)-1,4,10-trioxa-7,13-diazacyclopentadecan-
7-yl)phenyl)-3H-xanthen-3-one (TG-Sodium). In the glovebox, 8 (0.102 g, 0.20 mmol, 3.0 equiv.)
was dissolved in 1 mL of THF and xanthone 9 (30 mg, 0.066 mmol, 1.0 equiv.) was dissolved in 5
mL of THEF. Both dissolved compounds were then brought out of the glove box. Product 8 in THF
was cooled to -78 °C and 1.7 M fert-butyllithium in pentane (129 mL, 0.22 mmol, 3.3 equiv.) was
then added to the cooled solution dropwise. The resulting mixture was stirred for 8 min at -78
°C. Xanthone 9 dissolved THF was then added to the reaction mixture dropwise at -78 °C. After
addition has completed, the reaction mixture was warmed to room temperature and stirred for 30
min. 2 M HCI (2 mL) was then added to the reaction mixture, which was allowed to stir for 1 h
at room temperature. The mixture was poured into a saturated solution of NaHCO, and extracted
with ethyl acetate (2x). The combined organic layer was then washed with water (2x) and dried over
Na,SO,. The solvent was removed by rotary evaporation to give a red film. Purification by column
chromatography (basic alumina, 10-30% methanol in DCM) gave TG-Sodium as a red film (13
mg, 0.020 mmol, 31%). '"H NMR (500 MHz, acetonitrile-d, and 2 drops of methanol-d,, 75°C) &
7.47 (d, ] =8.1 Hz, 1H), 7.32 (d, ] = 8.0 Hz, 1H), 7.20 (t, ] = 8.0 Hz, 1H), 7.14 - 6.96 (m, 6H), 6.45
(dd, J=9.7,2.1 Hz, 2H), 6.37 (d, ] = 2.2 Hz, 2H), 3.83 (s, 3H), 3.81 (s, 3H), 3.72 (q, ] = 5.9 Hz, 4H),
3.63 (t, ] = 5.0 Hz, 2H), 3.57 (t, ] = 5.2 Hz, 2H), 3.52 (q, ] = 6.1, 5.7 Hz, 4H), 3.32 (dt, ] = 9.4, 4.6
Hz, 4H), 3.27 (br s, 1H), 3.25 (t, ] = 4.9 Hz, 2H), 3.21 (t, ] = 5.0 Hz, 2H). HRMS-ESI calculated for
C, H, O,N, (M+H"), 641.2857, found, 641.2869.

377741
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7-Hydroxy-10-(3-methoxy-4-(13-(2-methoxyphenyl)-1,4,10-trioxa-7,13-
diazacyclopentadecan-7-yl)phenyl)-5,5-dimethyldibenzo[b,e]silin-3(5H)-one (TM-Sodium).
In the glovebox, 8 (0.153 g, 0.30 mmol, 3.0 equiv.) was dissolved in 1 mL of THF and silicon xanthone
10 (50 mg, 0.10 mmol, 1.0 equiv.) was dissolved in 5 mL of THE Both dissolved compounds
were then brought out of the glove box. Product 8 in THF was cooled to -78 °C and 1.7 M tert-
butyllithium in pentane (194 mL, 0.33 mmol, 3.3 equiv.) was then added to the cooled solution
dropwise. The resulting mixture was stirred for 8 min at -78 °C. Silicon xanthone 10 dissolved
THF was then added to the reaction mixture dropwise at -78 °C. After addition has completed,
the reaction mixture was warmed to room temperature and stirred for 30 min. HCI (2 mL of 2
M solution) was then added to the reaction mixture, which was allowed to stir for 1 h at room
temperature. The mixture was poured into a saturated solution of NaHCO, and extracted with
ethyl acetate (2x). The combined organic layers were then washed with water (2x) and dried over
Na SO,. The solvent was removed by rotary evaporation. The resulting brown oil was purified by
column chromatography (basic alumina, 4-10% methanol in DCM) to give crude TM-Sodium as a
red/blue oil (33 mg, 48% crude yield), which was further purified by HPLC with Agilent Prep-C18
column to give TM-Sodium as a dark red film. "H NMR (500 MHz, acetonitrile-d, and 2 drops of
methanol-d,, 65°C) § 7.37 (d, ] = 8.1 Hz, 1H), 7.20 (t, ] = 7.9 Hz, 1H), 7.10 (d, ] = 7.9 Hz, 1H), 7.01
(m, 5H), 6.89 (m, 2H), 6.81 (d, ] = 7.5 Hz, 1H), 6.41 (d, ] = 8.5 Hz, 2H), 3.71 - 3.56 (m, 15H), 3.50
(s, 3H), 3.43 (d, ] = 5.4 Hz, 4H), 3.34 (d, ] = 5.8 Hz, 2H), 3.26 (d, J = 11.7 Hz, 2H), 0.51 (s, 3H), 0.46
(s, 3H). HRMS-ESI calculated for C. H_O_N_Si (M+H"), 683.3147, found, 683.3140.

397747 777 2

3.4.3. Spectroscopic Materials and Methods

Millipore water was used to prepare all aqueous solutions. For all studies, sensors were
diluted in aqueous bufters from a 2 mM stock in DMSO. All in vitro spectroscopic measurements
were performed in 10 mM MOPS buffer, pH 7.5, unless indicated otherwise. Fluorescence spectra
were obtained using a Quanta Master 4 L-format scanning spectrofluorometer equipped with an
LPS-220B 75 W xenon lamp and power supply, A-1010B lamp housing with an integrated igniter,
switchable 814 photon-counting/analog photomultiplier detection unit, and MD5020 motor driver
(Photon Technology International, Inc.) and UV spectra were acquired using a Cary Bio50 UV
spectrophotometer (Varian). Samples for emission and absorption measurements were contained
in 1 cm x 0.1 cm quartz cuvette (Starna). Absorption and emission spectra for TG-Sodium, TM-
Sodium, fluorescein and cresyl violet were obtained over a range of concentrations where a linear
correlation between concentration and absorption was observed. Extinction coefficients were
obtained by plotting absorbance versus sensor concentration. Quantum yields were determined by
reference to fluorescein (® =0.79 in 0.1 M NaOH) for TG-Sodium and cresyl violet (®

standard standard
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= 0.54 in methanol) for TM-Sodium. Quantum yields were calculated according to the equation
aanaara (GTAd o/ Grad . )(nsample/nstandard), where @ is quantum yield, Grad is the
slope of the plot of absorbance versus integrated emission intensity, and ) is the refractive index of
the solvent. The apparent dissociation constants (K) for Na* in the presence of K* were estimated
using the following equation: (F-F_ )/ (F_-F ) =[Na']/(K,+ [Na‘]), where F is the observed

fluorescence, F_is the fluorescence of the sensor in 135 mM Na*, and F s the fluorescence of
the sensor in 135 mM K.

) =0
sample

3.4.4. Preparation and Staining of Cell Culture

HEK 293T cells were maintained in exponential growth as a monolayer in Dulbecco’s
Modified Eagle Mediaum (DMEM, Invitrogen) supplemented with 10% fetal bovine serum (FBS,
Hyclone), and incubated at 37 °C in 5% CO,. One day before imaging, the cells were passaged
and plated in phenol red-free medium on a 4-well Lab Tek borosilicate chambered coverglass
slides (Nunc) and allowed to grow to 70% confluence. Before the imaging experiments, cells were
incubated with 20 pM TM-Sodium (from 2 mM stock in DMSO) in DMEM at 37 °C for 60 min.
TM-Sodium in DMEM was then removed from wells and cells were treated with 10 pM gramicidin
in DPBS containing 0, 20, 80 or 160 mM Na* for 30 min before being imaged.

3.4.5. Confocal Imaging Experiments

Confocal fluorescence imaging studies were performed with a Zeiss laser scanning
microscope 710 with a 10x air objective lens, with Zen 2009 software (Carl Zeiss). TM-Sodium
was excited at 594 nm with a He-Ne laser, and emission collected using a META detector between
597 and 734 nm. The cells were imaged at 37 °C. The focal plane with highest fluorescence intensity
was selected for each field of cells. Image analysis was performed in Image] (National Institute of
Health) and Zen 2009 software (Carl Zeiss).
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Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(l)]

R indices (all data)

Absolute structure parameter
Largest diff. peak and hole
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3.6. Experimental Details of the X-ray Structural Analysis

C48 H58 Br2 N4 O14
1074.80

100(2) K
0.71073 A
Orthorhombic
Pna2(1)
a=15278 A
b=14.461 A
c=22.362 A
4940.6 A3

4

1.445 Mg/m?
1.710 mm*'

2224

0.18 x0.10 x 0.08 mm?
1.68 to 25.70°.

a =90°.
B =90°.
v =90°.

-18<=h<=18, -16<=k<=17, -22<=|<=27

66732

8947 [R(int) = 0.0418]

100.0 %

Semi-empirical from equivalents
0.8753 and 0.7483

Full-matrix least-squares on F?
8947/1/614

1.046

R1=0.0362, wR2 = 0.0838
R1=0.0434, wR2 = 0.0870
0.452(6)

1.379 and -0.801 e.A3



Chapter 4

Engineering New and Improved Photophysical Properties into Copper Sensors

Abstract

We report the syntheses, spectroscopic properties and live-cell imaging of a new series of
Cu" sensors, which consist of benzyl linkers between the Cu*-selective receptor and the BODIPY
fluorophore. The new series of copper sensors, CS4, CS5 and CS7, feature robust turn-on in response
to Cu' and are highly selective towards Cu* over other biologically relevant metals. Live-cell imaging
experiments establish that CS4, CS5 and CS7, which have apparent dissociation constants spanning
2.5 orders of magnitude in vitro, are able to detect different pools of chelatable Cu’. Having an
appropriate K, of 0.079 pM, CS5 is the first fluorescent Cu* indicator that is able to detect both
exogenous and endogenous copper levels in HEK293T cells. Moreover, due to its greatly improved
photostability compared to previously reported Cu* sensors, CS5 is the first Cu* sensor that is able
to report Cu* levels in real time.
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4.1. Introduction

Due to its potent redox and catalytic activities, copper is an essential nutrient in all cell types
and it is well understood as an enzyme cofactor. High copper levels, however, can cause oxidative
stress, which is toxic to cells. Therefore, cells have evolved intricate systems to tightly control the
intracellular copper concentration and localization.'* Misregulation of copper has been implicated
in serious neurodegenerative disorders.’® In order to understand the roles of biological copper, we
need to understand its trafficking, which is not well understood due to the lack of tools.

In addition to the importance of copper as a tightly bound protein cofactor, it also exists
in a chelatable pool. Because of the high abundance of high affinity ligands in the cytosol, such
as metallotheoneins, metallochaperones and glutathione, the chelatable pool can be thought of
as a buffered pool of metal ions. These chelatable metal ions can be readily exchanged between
ligand sets.”'® Molecular imaging using small molecule fluorescent sensors with selectivity for
copper provides an attractive way to study the dynamic copper pool." Because this non-destructive
technique is able to detect copper with spatial and temporal resolution, it is an ideal technique to
explore copper accumulation, efflux, trafficking and organelle distribution.

Several small molecule fluorescent Cu* sensors have been reported, but only a few of them
have been used successfully in biological experiments.'>'® Moreover, none of them are able to
detect copper levels in real time. In order to detect copper mobility in real time, the fluorescent
sensor needs to be robust and photostability is crucial in obtaining a reliable readout after multiple
illumination cycles.'”** The C. Chang group has previously developed Coppersensor-3 (CS3), which
is the brightest and most sensitive small molecule fluorescent sensor for biological Cu* reported in
the literature (Figure 4.1a)."* CS3, however, suffers from rapid photobleaching and thus is only
suitable for snapshot imaging. A more photostable sensor would allow kinetic studies of copper
trafficking and overcome complications with heterogeneous cell populations. Here, we present the
design, synthesis and properties of a series of Cu*-selective sensors with improved photostability.

4.2. Results and Discussion
4.2.1. Design and Synthesis of Copper-Responsive Fluorescent Sensors

The design of the series of sensors in this work is based on previously published copper
sensors, CS1 and CS3, which consist of a BODIPY fluorescence scaffold and an azatetrathia
receptor.'>'® The thioether-rich receptor provides Cu'-selectivity due to preferred soft-soft

S0

CE@

Figure 4.1. a) Structure of CS3 with conventional numbering system for the BODIPY core. b) Scheme for the detec-
tion of Cu* with benzyl-linked copper sensors.
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Figure 4.2. Synthetic routes to benzyl-linked copper sensors.

interactions between ligands and metal centers. Fluorescence turn-on of these sensors is suggested
to operate through photoinduced electron transfer (PeT) mechanism, which is a widely accepted
mechanism for the behavior of many turn-on fluorescence sensors.* 2

To improve photostability, we have designed a series of benzyl-linked copper sensors, CS4,
CS5 and CS7 (Figure 4.1b and Figure 4.2). Upon excitation of CS3, hydrogen abstraction is likely to
occur at the methylene linker, resulting in a radical that is conjugated to the BODIPY fluorophore.
The delocalized radical may lead to photodegredation of the sensor. Instead of a methylene linker,
a benzyl linker was chosen because the aryl ring is orthogonal to the BODIPY fluorophore.>® We
reasoned that when the fluorophore is excited, the benzyl linker minimizes electronic coupling
between the excited fluorophore and the Cu*-selective receptor, which may result in improved
photostability. Figure 4.2 outlines the facile synthesis of a series of benzyl-linked copper sensors
with various substituents on the BODIPY fluorophore. Electronic properties of sensors can be
tuned by installing different substituents on the 2-, 4- and 6- positions of the BODIPY fluorophore
(Figure 4.1a). The synthesis of these sensors begin with condensation of 2,4-dimethylpyrrole or
3-ethyl-2,4-dimethylpyrrole with (chloromethyl)benzoyl chloride. This is followed by oxidation
and boron insertion, which occur in one-pot to form the BODIPY fluorophores with reactive
benzyl chloride handles. Nucleophilic displacement of chloro 1 and 2 with receptor 3 affords CS4
and 4. Substituting fluoro substituents with methoxy groups on the boron center of BODIPY yields
CS5 and CS7.

4.2.2. Spectroscopic Properties and Responses to Copper

Spectroscopic analysis of CS4, CS5 and CS7 in HEPES buffer at pH 7.4, demonstrates that

R R Mpe [ NIM A,/ nM e/ cm'M! D Fold K,

' ’ Apo | Cu*-bound | Apo | Cu*-bound Apo Cu*-bound | Apo | Cu*-bound turn-on | /pM

Cs4 H F 525 495 535 508 1.3x104| 2.8x10* | 0.051 0.21 7 12
CSs5 H OMe | 525 495 506 506 1.6x104| 3.9x10* | 0.053 0.30 12 0.079

CS7 | Ethyl | OMe | 545 520 535 532 2.8x10*| 5.5x10* | 0.033 0.45 27 1.1
CS3 - - 550 540 560 548 3.1x10*| 4.6x10* | 0.007 0.40 75 0.089

Table 4.1. Properties of benzyl-linked copper sensors (CS4, CS5 and CS7) and CS3. Spectroscopic measurements of
CS4, CS5 and CS7 were performed in 20 mM pH 7.4 HEPES. Spectroscopic measurements of CS3 were reported in
the literature'? (see Figure 4.2 for the structures of CS3, CS4, CS5 and CS7). Quantum yields were measured based on
fluorescein standard (@ =0.79 in 0.1 M NaOH). CS4 and CS5 were excited at 488 nm. CS7 was excited at 520
nm.

standard
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these sensors all exhibit robust turn-on in response to Cu*. Table 4.1 provides a summary of the
properties of these copper sensors. Apo-CS4 exhibits maximum absorption peak at 525 nm (¢ =
1.3 x10* cm'M™!) with a maximum fluorescence emission at 535 nm (® = 0.051). Upon addition of
Cu'*, the maximum absorption peak is hypsochromically shifted to 495 nm (¢ = 2.8 x 10* cm'M™).
The maximum emission peak is also hypsochromically shifted to 508 nm and quantum yield (®)
is increased to 0.21, thus resulting in a 7-fold fluorescence turn-on (Figure 4.3). Sensor 4 is found
to be too hydrophobic to be characterized in aqueous buffer, so it was deemed unsuitable for use in
biological systems.

Based on PeT mechanism, increasing electron density of the BODIPY (electron acceptor)
will decrease quenching efficiency of the amine lone pair of the receptor (electron donor). With a
more electron rich PeT acceptor, the quantum yield of the sensor should be greater and its turn-
on response may be greater. To this end, we synthesized and characterized CS5, which is a more
electron rich dimethoxy analogue of CS4.* Similar to CS4, apo-CS5 has maximum absorption
peak at 525 nm (& = 1.6 x 10* cm'M™) and maximum emission peak at 506 nm (® = 0.053). Upon
addition of Cu’, the maximum emission peak remains at 506 nm, but the quantum yield of 0.30
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Figure 4.3. Fluorescence response to Cu” and absorption spectra of CS4, CS5 and CS7. a) Normalized fluorescence
responses of 4 pM CS4, CS5 and CS7 to Cu’. Spectra shown are for buffered [Cu*] 0f 0, 0.4, 0.8, 1.2, 1.6,2.0,2.4, 2.8,
3.2, 3.6 and 4.0 uM. Spectra were acquired with excitation at 488 nm for CS4 and CS5, and 520 nm for CS7. b)
Absorption spectra of 4 pM CS4, CS5 and CS7. Spectra shown are for buffered [Cu*] of 0 uM (apo) and 4.0 uM (Cu”*
bound). All spectra were acquired in 20 mM pH 7.4 HEPES.
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results in a 12-fold turn-on (Figure 4.3).

CS7isan even more electron rich-analogue of CS5 because of additional diethyl substituents
on the pyrrole. Apo-CS7 has maximum absorption peak at a longer wavelength (545 nm, € = 2.8
x 10* cm'M™) and maximum emission peak at 535 nm (® = 0.033). Upon addition of Cu’, the
maximum emission peak is hypsochromically shifted to 520 nm (¢ = 5.5 x 10* cm'M™") and the
maximum emission peak is also hypsochromically to 532 nm. The quantum yield is increased to
0.45, which is the greatest in the series. CS7 also has the highest fluorescence turn-on of 27-fold in
the series (Figure 4.3). The quantum yields and fluorescence turn-on’s for CS4, CS5 and CS7 agree
with the hypothesis that the greater the electron density of the fluorophore, the higher the quantum
yield and the higher the turn-on with addition of Cu*. The maximum absorbance and quantum
yield can be modulated by different substituents on the pyrrole and boron center, respectively.

Because of their thioether rich receptor, the fluorescence response of CS4, CS5 and CS7 are
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Figure 4.4. Metal selectivity and Job’s plot of sensors with Cu*. (a) Normalized fluorescence responses of CS4, CS5
and CS7 to various metal ions. Bars represent the final integrated fluorescence emission (F)) over the initial integrated
emission (F,). Orange bars represent the addition of an excess of biologically relevant metal ion (2 mM for Ca*" and
Mg?*; 0.5 mM for Zn*', 50 uM for all other cations) to a 2 uM solution of CS4, CS5 or CS7. Blue bars represent the
subsequent addition of 2 uM of Cu™ to the solution. (b) Job’s plot of sensors and Cu”. The total concentration of sensor
and Cu” were kept at a constant 4 uM. The maximum fluorescence response at 0.5 mole fraction of CS4 indicates
formation of a 1:1 Cu’: sensor complex. Excitation was provided at 488 nm for CS4 and CS5, and 520 nm for CS7.
The collected emission was integrated over 498 to 650 nm for CS4 and CS5, 530 to 650 nm for CS7. All spectra were
acquired in 20 mM pH 7.4 HEPES.
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Figure 4.5. Normalized fluorescence response of 2 uM CS4, CS5 and CS7 to thiourea buffered Cu* solutions for K|,
value determination. For CS4 and CS5, excitation was provided at 488 nm and the collected emission was integrated
from 498 nm to 650 nm. For CS7, excitation was provided at 520 nm, and the collected emission was integrated over
530 to 650 nm. Spectra were acquired in 20 mM pH 7.4 HEPES.

selective towards Cu* and not interfered by the presence of biologically relevant amounts of other
cations, including Cu?** (Figure 4.4a). Job’s plots indicate that the binding ratio of Cu* and sensor is
1:1 for all three sensors (Figure 4.4b). Despite sharing the same receptor, the apparent dissociation
constants (K,) of CS4, CS5 and CS7 are surprisingly different, spanning 2.5 orders of magnitude
(Figure 4.5). Having a panel of probes with different K, valuesis useful for detection of copper at
different concentrations of chelatable copper, which is demonstrated in the following cell study.
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Figure 4.6. Confocal microscopy images (a) and quantifications (b) of human embryonic kidney (HEK293T) cells
stained with 2 pM CS4, CSS5 or CS7. Cells were grown in basal media (control), in the presence of the extracellular
Cu?' chelator bathocuproine disulfonate (BCS, 200 uM) for 19 h, treated with the intracellular Cu* chelator TEMEA
(100 uM) for 15 min, or in the presence of CuCl, (100 uM) for 19 hours. Bar graphs show quantification of mean
fluorescence intensity of each condition normalized to the control condition (N = 6 fields of cells per condition). Bars
represent mean = SEM; * denotes p < 0.05 and ** denotes p < 0.01 with respect to control cells.
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4.2.3. Fluorescence Detection of Copper in Living Cells

Previously reported reversible copper sensors for live-cell Cu* detection, CTAP-1 and CS1,
can detect copper overload in NIH-3T3 and HEK293T cells, respectively. CTAP-1 and CS1 have
K, of 39.8 pM and 3.6 pM respectively, which are too high to detect depleted copper levels."”'®
On the other hand, CS3 has a K, of 0.089 pM, which is low enough to detect copper depletion in
HEK293T cells, but too low to detect copper overload."” Considering that glutathione has a K, of
9.1 pM, sensors with K in the pM range or higher will not be able to compete with the glutathione
for Cu*. In order to compete with Cu*-chaperones, such as ATOX1 (K, 0f 0.017 pM), for labile Cu*,
the K, values of sensors have to be comparable to those of chaperones.” Therefore, an optimal K, is
required to detect both depletion and increased levels of Cu*.

Live-cell imaging of HEK293T cells stained with CS4, CS5 or CS7 shows that the probes are able to
report Cu' levels in cells (Figure 4.6). Furthermore, the copper pools that each of them can detect
correlate with their apparent dissociation constants, i.e. loose-binding sensor detects high copper
levels while tight-binding sensors detects low copper levels. CS5 has an appropriate K, 0f 0.079 pM
to detect both exogenous and endogenous copper levels in HEK293T cells.

4.2.4. Photostability of Benzyl-Linked Copper Sensors

We next sought to compare photostability of the series of benyzl-linked copper sensors
with CS3 by staining HEK293T cells with the sensors and continuously illuminating each field of
cells with a confocal microscope. Because three different laser lines are used, the photobleaching
rates of each sensor cannot be directly compared. Even after adjusting laser power and gain of the
confocal microscope to lower settings for the CS3, however, CS3 photobleaches much more rapidly
than the series of benzyl-linked copper sensors (Figure 4.7a). Notably, CS5 and CS7 have similar
photobleaching rates while CS4 is the most photostable, suggesting that the dimethoxy groups on
the boron center may contribute to lower photostability.
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Figure 4.7. (a) Photostabilities of CS3, CS4, CS5 and CS7 are compared by the decay of fluorescence intensity upon
continuous illumination of HEK293T cells stained with 2 pM copper sensors. Relative emission intensities are
normalized to the initial emission intensities of each copper sensor. Confocal microscope settings were chosen to
maximize signals in cells without pixel saturation. Laser power and gain for CS3 were at lower settings compared to
those of CS4, CS5 and CS7. Images were taken continuously for 50 cycles. (b) Normalized fluorescence intensities
from a real-time confocal imaging session of HEK293T cells stained with 2 pM CS5 were quantified. Cells were
treated on stage with the intracellular Cu* chelator TEMEA (100 pM) or DMSO vehicle (control) at t = 0. Images were
taken every minute for 20 min.
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4.2.5. Real-Time Fluorescence Detection of Copper

After establishing that the benzyl-linked copper sensors have improved photostabilities,
we next tested whether or not they are suitable for real-time imaging of Cu* levels in cells. To
this end, we stained HEK293T cells with CS5 and treated them with the intracellular Cu* chelator
tris((ethylthio)ethyl)amine (TEMEA, K qcah = 295X 10" M) on stage.”” As shown in Figure 4.7b,
the decrease in fluorescence in TEMEA treated cells is greater than the vehicle control. Therefore,
CS5 is able to report Cu* levels in real time.

4.3. Conclusions

We have presented the synthesis and characterization of a series of benzyl-linked copper
sensors in vitro and in cellulo. We found that the absorbance wavelength can be modulated by
substituents on the pyrrole. The electronic properties of sensors can also be tuned by substituents on
the pyrrole and boron center: the more electron-rich BODIPY, the less efficient PeT quenching and
therefore the brighter the sensor. The series of benzyl-linked copper sensors have K, values spanning
2.5 orders of magnitude and CS5 was found to be the first copper sensor that has the optimum K,
to detect both exogenous and endogenous copper levels in HEK293T cells. Furthermore, benzyl-
linked copper sensors are more photostable than CS3. We were able to use CS5 to monitor in real
time the decrease in copper level by addition of copper chelator. This is the first report of real-time
imaging of copper levels in cells. The ability of these new Cu*sensors to monitor changes in copper
levels and localization in real time will allow kinetic studies of copper trafficking.

4.4, Materials and Methods
4.4.1. General Procedures and Materials

All reactions utilizing air- or moisture-sensitive reagents were performed in dried glassware
under an atmosphere of dry N.. Silica gel P60 (SiliCycle) was used for column chromatography
and SiliCycle 60 F254 silica gel (precoated sheets, 0.25 mm thick) was used for analytical thin layer
chromatography and visualized by fluorescence quenching under UV light or by staining with
iodine. All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) and used as received.
BODIPY 1, BODIPY 2, and receptor 3,"® and tris((ethylthio)ethyl)amine (TEMEA)* were
synthesized according to literature procedures. 'H and “C NMR spectra for characterization of
new compounds were collected in CDCI, (Cambridge Isotope Laboratories) at 25 °C at the reported
frequency at the College of Chemistry NMR Facility at the University of California, Berkeley. All
chemical shifts are reported in parts per million and referenced to the residual solvent peak from
CDCI, at 7.26 ppm. Splitting patterns are indicated as follows: br, broad, d, doublet, dd, doublet
of doublets, dt, doublet of triplets, m, multiplet, q, quartet, s, singlet, t, triplet. High-resolution
electrospray ionization mass spectral (HRMS-ESI) analyses were carried out at the College of
Chemistry Mass Spectrometry Facility at the University of California, Berkeley.
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4.4.2. Small Molecule Synthesis

10-(4-((Bis(2-((2-(ethylthio)ethyl)thio)ethyl)amino)methyl) phenyl)-5,5-difluoro-1,3,7,9-
tetramethyl-5H-dipyrrolo[1,2-c:231’-f][1,3,2]diazaborinin-4-ium-5-uide (CS4). A dried round-
bottom flask was charged with BODIPY 1 (200 mg, 0.54 mmol, 1.0 equiv.), K,CO, (304 mg, 2.2
mmol, 4.0 equiv.) and KI (366 mg, 2.2 mmol, 4.0 equiv.). CH,CN (20 mL) was added to the round-
bottom flask and heated to 45 °C. Receptor 3 (508 mg, 1.62 mmol, 3.0 equiv.) in CH,CN (10 mL)
was then added to the heated solution in one portion. After the reaction mixture was allowed to
stir at 45 °C for 5 h, the solvent was removed by rotary evaporation and the residue was taken up in
ethyl acetate. The organic layer was then washed with water and brine, dried over Na,SO,, and the
solvent was removed by rotary evaporation. Purification by flash column chromatography (silica
gel, 0%-2% ethyl acetate/dichloromethane) gave CS4 as an orange film (177 mg, 0.27 mmol, 50%
yield). '"H NMR (300 MHz, chloroform-d) § 7.47 (d, ] = 7.8 Hz, 2H), 7.22 (d, ] = 7.8 Hz, 2H), 5.97 (s,
2H), 3.71 (s, 2H), 2.91 - 2.61 (m, 16H), 2.61 — 2.47 (m, 10H), 1.38 (s, 6H), 1.25 (t, ] = 7.4 Hz, 6H).
HRMS-ESI calculated for C, H_N_.BE.S, (M+H"), 650.2708, found, 650.2720.

3277477 73

10-(4-((Bis(2-((2-(ethylthio)ethyl)thio)ethyl)amino) methyl) phenyl)-5,5-dimethoxy-1,3,7,9-
tetramethyl-5H-dipyrrolo[1,2-¢:231’-f][1,3,2]diazaborinin-4-ium-5-uide (CS5). CS4 (70 mg,
0.11 mmol, 1.0 equiv.) was dissolved in 2 mL of dichloromethane in a 20 mL scintillation vial.
Anhydrous AICI, (73 mg, 0.55 mg, 5.0 equiv.) was then added to the vial and the reaction mixture
was sonicated for 5 min. 1 mL of methanol was added to the reaction mixture and stirred for 5 min
at room temperature. The reaction mixture was then poured into water and extracted with ethyl
acetate (2x). The combined organic layer was washed with water and brine, dried over Na SO,
and the solvent was removed by rotary evaporation. Purification by flash column chromatography
(silica gel, 20%-60% ethyl acetate/dichloromethane) gave CS5 as orange/red 0il (52 mg, 0.077 mmol,
70% yield). 'H NMR (400 MHz, chloroform-d) § 7.46 (d, ] = 7.6 Hz, 2H), 7.24 (d, ] = 7.6 Hz, 2H),
5.95 (s, 2H), 3.72 (s, 2H), 2.94 (s, 6H), 2.81 - 2.61 (m, 16H), 2.56 (q, J = 7.4 Hz, 4H), 2.52 (s, 6H),
1.39 (s, 6H), 1.25 (t, ] = 7.4 Hz, 6H). HRMS-ESI calculated for C,,H,,O N,BS, (M+H"), 674.3108,
found, 674.3115.
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10-(4-((Bis(2-((2-(ethylthio)ethyl)thio)ethyl)amino)methyl)phenyl)-2,8-diethyl-5,5-difluoro-
1,3,7,9-tetramethyl-5H-dipyrrolo[1,2-¢:21’-f][1,3,2] diazaborinin-4-ium-5-uide (4). A dried
round-bottom flask was charged with BODIPY 2 (100 mg, 0.23 mmol, 1.0 equiv.), K,CO, (129
mg, 0.93 mmol, 4.0 equiv.) and KI (154 mg, 0.93 mmol, 4.0 equiv.). CH,CN (10 mL) was added
to the round-bottom flask and heated to 50 °C. Receptor 3 (200 mg, 0.64 mmol, 2.8 equiv.) in
CH,CN (5 mL) was then added to the heated solution in one portion. After the reaction mixture
was heated to reflux for 2.5 h, the solvent was removed by rotary evaporation and the residue was
taken up in ethyl acetate. The organic layer was then washed with water and brine, dried over
Na,SO,, and the solvent was removed by rotary evaporation. Purification by two consecutive flash
column chromatography (silica gel, 7.5% ethyl acetate/hexanes) gave 4 as an orange film (88 mg,
0.12 mmol, 54% yield). '"H NMR (300 MHz, chloroform-d) § 7.46 (d, ] = 7.2 Hz, 2H), 7.23 (d, ] =
7.2 Hz, 2H), 3.72 (s, 2H), 2.82 - 2.62 (m, 16H), 2.56 (q, ] = 7.2 Hz, 4H), 2.53 (s, 6H), 2.29 (q, ] = 7.5
Hz, 4H), 1.31 - 1.22 (m, 12H), 0.97 (t, ] = 7.5 Hz, 6H).

10-(4-((Bis(2-((2-(ethylthio)ethyl)thio)ethyl)amino)methyl)phenyl)-2,8-diethyl-5,5-
dimethoxy-1,3,7,9-tetramethyl-5H-dipyrrolo[1,2-¢:2,1’-f][1,3,2]diazaborinin-4-ium-5-uide
(CS7). Product 4 (63 mg, 0.091 mmol, 1.0 equiv.) was dissolved in 2 mL of dichloromethane in a
20 mL scintillation vial. Anhydrous AICI, (36 mg, 0.27 mg, 3.0 equiv.) was then added to the vial
and the reaction mixture was sonicated for 5 min. Methanol (1 mL) was added to the reaction
mixture and stirred for 5 min at room temperature. The reaction mixture was then poured into
water and extracted with ethyl acetate (2x). The combined organic layer was washed with water and
brine, dried over Na,SO,, and the solvent was removed by rotary evaporation. Purification by flash
column chromatography (silica gel, 20%-35% ethyl acetate/dichloromethane) gave CS7 as red oil
(28 mg, 0.038 mmol, 42% yield). '"H NMR (300 MHz, chloroform-d) 6 7.45 (d, ] = 7.2 Hz, 2H), 7.24
(d,J=7.2Hz, 2H), 3.73 (s, 2H), 2.91 (s, 6H), 2.83 — 2.62 (m, 16H), 2.56 (q, ] = 7.5 Hz, 4H), 2.50 (s,
6H), 2.30 (q, ] = 7.5 Hz, 4H), 1.29 (s, 6H), 1.25 (t, ] = 7.2 Hz, 6H), 0.98 (t, ] = 7.5 Hz, 6H). HRMS-
ESI calculated for C,H O,N.BS, (M+H?"), 730.3734, found, 730.3740.

387761 27 3

4.4.3. Spectroscopic Materials and Methods

Millipore water was used to prepare all aqueous solutions. For all studies, sensors were
diluted in aqueous buffers from 2 mM stock in DMSO. All spectroscopic measurements were
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performed in 20 mM HEPES buffer, pH 7.4. Fluorescence spectra were obtained using a Quanta
Master 4 L-format scanning spectrofluorometer equipped with an LPS-220B 75 W xenon lamp
and power supply, A-1010B lamp housing with an integrated igniter, switchable 814 photon-
counting/analog photomultiplier detection unit, and MD5020 motor driver (Photon Technology
International, Inc.) and UV spectra were acquired using a Cary Bio50 UV spectrophotometer
(Varian). Samples for emission and absorption measurements were contained in 1 cm x 0.1 cm
quartz cuvette (Starna). Absorption and emission spectra for CS4, CS5, CS7 and fluorescein were
obtained over a range of concentrations where a linear correlation between concentration and
absorption was observed. Extinction coefficients were obtained by plotting absorbance versus sensor
concentration. Quantum yields were determined by reference to fluorescein (®___, . =0.79in 0.1
M NaOH) and were calculated according to the equation ®_ \ =® . (Grad_  /Grad . )
(nsample/nstandard), where @ is quantum yield, Grad is the slope of the plot of absorbance versus
integrated emission intensity, and n is the refractive index of the solvent. The binding affinities of
Cu* to CS4, CS5 and CS7 were measured according to literature procedure.'>'® Thiourea was used
as a competitive ligand to provide buffered Cu* solutions. Stability constants for thiourea binding
were taken from the literature: B ;= 2.0 x 10", #,= 2.0 x 10" and B,, = 3.4 x 10"*.” Cu* was added
in the form of [Cu(MeCN),][PF,] dissolved in an acetonitrile stock solution (2 mM). The apparent
dissociation constants (K,) were determined using the following equation: (F-F_ )/(F_ -F )
= [Cu']/(K, + [Cu*]), where F is the observed fluorescence, F__ is the fluorescence of the Cu*:CS
complex, and F__ is the fluorescence for the apo-sensor.

4.4.4. Preparation and Staining of Cell Culture

HEK 293T cells were maintained in exponential growth as a monolayer in Dulbecco’s
Modified Eagle Mediaum (DMEM, Invitrogen) supplemented with 10% fetal bovine serum (FBS,
Hyclone), and incubated at 37 °C in 5% CO,. Two days before imaging, the cells were passaged and
plated in phenol red-free medium on a 4-well Lab Tek borosilicate chambered coverglass slides
(Nunc) and allowed to grow to 60-80% confluence. Before the imaging experiments, cells were
incubated with 2 uM sensor (from 2 mM stock in DMSO) in DPBS at 37 °C for 15 min, washed
with DPBS (2x), and imaged in DPBS.

4.4.5. Confocal Imaging Experiments

Confocal fluorescence imaging studies were performed with a Zeiss laser scanning
microscope 710 with a 40x water objective lens, with Zen 2009 software (Carl Zeiss). CS4 and
CS5 were excited at 488 nm with an Argon laser, and emission collected using a META detector
between 493 and 630 nm. CS7 was excited at 514 nm with an Argon laser, and emission collected
using a META detector between 520 and 658 nm. CS3 was excited at 543 nm with a He-Ne laser,
and emission collected using a META detector between 548 and 680 nm. The cells were imaged at
37 °C. 15 x 2 uM z-stacks were collected, ensuring that all of the cellular fluorescence was included
within the z-stacks throughout the course of the experiment. Image analysis was performed in
Image] (National Institute of Health) and Zen 2009 software (Carl Zeiss).
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Appendix
Preparation of a Library of PEGylated Intrinsically Disordered Proteins

The studies described in this appendix were done in collaboration with Alexander C. Hoepker,
Ioana L. Aanei and Jenna M. L. Bernard.

A.1. Introduction

Protein-based nanomaterials have emerged as a promising class of drug delivery agents.'
Their advantages include the following: 1) monodisperse protein carriers can be recombinantly
produced, unlike synthetic polymers, 2) biophysical properties can be tuned by protein engineering,
3) unique conjugation handles on proteins can be inserted for site-specific and/or high cargo
loading, and 4) inherent biocompatibility. Current efforts have focused on self-assembled proteins
and globular proteins.> Even though there is ongoing research on self-assembling intrinsically
disordered proteins and peptides (IDP) as drug delivery scaffolds,* IDP monomers have not been
explored.

Unlike self-assembled and globular proteins, IDPs lack canonical secondary structures and
are flexible (see Section 2.1.1 for more information on IDPs). A key parameter in the success of drug
delivery is the ability of the agent to diffuse from the circulation by crossing the openings, called
fenestrations, of the epithelial barrier and subsequent biodistribution in different organs.” Even
though agent size has been shown to be a critical factor in determining its biodistribution,® other
factors, such as flexibility, are much less studied and understood. A few reports have implicated
that the flexibility of filomicelles influences their biodistributions.”® We envision that we can take
advantage of the flexibility of IDPs, which may facilitate diffusion through fenestrations, for drug
delivery applications.

Herein,weutilizedasequencefromtheneurofilamentheavyside-arm (NFH-SA),whichisafully
disordered IDP described in Section 2.1.1. Due to itslack of hydrophobic core, chemical modification

Full length IDP construct

SEFTSMSTHIKVKSEEKIKVVEKSEKETVIVEEQTEEIQVTEEVTEEEDKEAQGEEEEEAEEGGEEAATTSPPAEEAASPEKE TREBVKEEAKSBAE
ARSBAEAKSPAEAKSPAEVKSPAVAKSPAEVKSPAEVKSPAEAKSPAEAKSPAEVKSPATVKSPGEAKSPA EAKSPAE VKSRV EAKSPAEAKSPA
SVIKSEGEAKSPAEAKSPAEVKSPATVKSPVEAKSPAE VKSRV TVKSPAEAKSBYEVKSPA SV ESES £ ARSEA G A RSEA EARSBV A RSB £ A RSB
AEAKPPAEARSEAEARSEA E ARSEA EARSEAEAKSE\ £ \VRSE EK ARSBVKEGAKSLAEARSEEK ARSBVKEEIKPPAEVESBEK A RSBV KEEAR
BEEKAKTLDVESBEAKTPAKEEAKRPADIRSPEQVESBAKEEARSBEKEE TRTEKVAPKKEEVIESEVEEVKAKEPPKKVEEEKTPATPKTEVKESK
KDEAPKEAQKPKAEEKEPLTEKPKDSPGEAKKEEAKEKKAAAPEEETPAKLGVKEEAKPKEKAEDAKAKEPSKPSEKEKPKKEEVPAAPEKKD
TKEEKTTESKKPEEKPKMEAKAKEEDKGLPQEPSKPKTEKAEKSSSTDQKDSQPSEKAPEDKLYWCLVPRGSWSHPQEEK A SHEHEHHE

Truncated IDP construct

AWRGSPWAEAKSPAEAKSPAEVKSPAVAKSPAEVKSPAEVKSPAEAKSRAEAKSRAEVKSPATVKSPGEAKSPAEAKSPAEVKSRVEAKSPAEA
KSPASVKSPGEAKSPAEAKSPAEVIKSPATVKSPVEAKSPAE VKSRV TVKSPAEAKSRVEVKSRY WCA

Figure A.1. Engineered intrinsically disordered protein (IDP) sequences derived from disordered C-terminal sidearm
domain of the heavy subunit of the neurofilament complex. The full length IDP construct was described in section
2.2.1, and the truncated sequence is highlighted in green. An N-terminal alanine (grey), a tyrosine (orange), a trypto-
phan (orange) and a cysteine (light blue) were introduced in the truncated construct used in this chapter. This truncated
construct contains 25 lysines.
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of NFH-SA along the entire protein is possible. Poly(ethylene glycol) (PEG) has been extensively
used to passivate drug delivery agents to increase circulating lifetimes in blood. The size and surface
density of PEG have been found to be an important parameter in reducing the rate of clearance.”'
Therefore, our goalis to conjugate NFH-SA with various numbers of PEG chains of different sizes,and
characterize the biophysical properties of these modified IDPs for future use in drug delivery systems.

A.2. Results and Discussion
A.2.1. Truncated IDP Construct Design

We have selected a 150 residue highly repetitive sequence from NFH-SA (Figure A.1).
This sequence has a theoretical length of ca. 50 nm when stretched linearly, and it presents 25
lysine residues as sites for protein modification. We have introduced a unique cysteine near the
C-terminus as a site-specific conjugation handle. Since this sequence lacks aromatic amino acid
residues, a tyrosine and a tryptophan were also added for the determination of protein concentration
by absorbance at 280 nm, resulting in the sequence shown in the bottom of Figure A.1.

Because IDPs are often degraded in live cells, it is difficult to produce a large amount of
IDPs.”* As described in Section 2.4.3, the yield of the full length NFH-SA is quite low. With the
aims of increasing overexpression levels in Escherichia coli and facilitating protein purification, we

a
* Nhet Xhot *

6 =2/ N10 PR/AWR SPW—Blz— YWCA*

Nhet
ATAATAGCTAGCTTAGTTCCTCGTGCCTGGCGTGGCTCCCCGTGGG
CAGAGGCCAAGAGTCCAGCGGAAGCTAAGTCGCCAGCCGAAGTCA
AGTCGCCCGCCGTCGCGAAAAGCCCCGCAGAGGTGAAATCCCCGG
CCGAAGTCAAATCGCCGGCAGAAGCGAAATCCCCGGCAGAAGCAA
AAAGTCCTGCTGAGGTCAAATCGCCAGCAACCGTCAAATCCCCTGG
AGAGGCAAAATCTCCGGCAGAAGCCAAGTCCCCTGCCGAAGTGAA
GTCAC

Gibson Assembly
AGAAGCCAAGTCCCCTGCCGAAGTGAAGTCACCTGTCGAAGCCAA
GTCGCCGGCCGAAGCGAAGAGCCCAGCGAGCGTGAAAAGTCCTG
GTGAGGCTAAGTCCCCGGCGGAAGCGAAATCTCCAGCGGAAGTAA
AGAGTCCGGCCACCGTTAAATCCCCGGTAGAGGCCAAAAGCCCTG
CGGAAGTTAAATCGCCGGTGACGGTCAAATCACCCGCGGAAGCGA
AGTCCCCGGTGGAGGTGAAATCTCCGTACTGGTGTGCCTAATAGCT
CGAGATAATA
Xho1

6His ga MBP glNE g L VPR/AWRG [f3— YwcA*

| alt. Thrombin

|

f 1
MW 61.5 kD |

1

pl: 6.0 I
MW 16.2 kD

pl: 9.3

Figure A.2. Truncated IDP expression construct containing 6xHistidine-tag (6His, red), maltose-binding protein
(MBP, blue), 10xAsparagine (N10) linker and an alternative thrombin cleavage site (purple). (a) The gene for
MBP-IDP expression was constructed by Gibson assembly of two gBlocks gene fragments. Overlapping gene
sequence for Gibson assembly is shown in blue. (b) Molecular weights and pls of MBP-IDP and IDP after thrombin
cleavage are shown. * denotes stop codon.
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used maltose-binding protein (MBP) in conjunction with 6xHis as fusion tags at the N-terminus
of IDP'*'¢ A thrombin cleavage site was introduced to cleave the fusion tags from IDP (Figure
A.2). The most commonly used thrombin cleavage site has the sequence Leu-Val-Pro-Arg-Gly-Ser,
and the cleavage occurs between the arginine and the glycine residues. Glycine, however, is not
an ideal handle for N-terminal modifications developed in the Francis lab. Therefore, we used an
alternative thrombin cleavage site, Leu-Val-Pro-Arg-Ala-Trp, which will result in an N-terminal
alanine after thrombin cleavage.'” The cleaved target IDP has a molecular weight of 16.2 kDa and
a theoretical pI of 9.3, while the uncleaved protein (MBP-IDP) has a molecular weight of 61.5 kDa
and a theoretical pI of 6.0 (Figure A.2b). The details of cloning and overexpression of the MBP-IDP

lon

exchange m
_—

Ni-NTA
Lysate from purification - 1) Desalt 6His MBP
; B — e
overexpression 6His MBP m 2) Thrombin :
m Thrombin
cleavage
Figure A.3. Scheme for the purification of IDP.

a Ni-NTA
oo MBP-IDP

b lon Exchange (with reducing agent)
1200
1000 IDP monomer

|/

C lon Exchange (without reducing agent)
%00 ~—— IDP dimer
Z:: { j@— IDP monomer

Figure A.4. Fast protein liquid chromatography (FPLC) chromatograms of IDP purification. (a) Ni-NTA purification
of MBP-IDP is shown (see Figure A.4a, top, for LCMS and Figure A.4b, lane 2, for Coomassie-stained SDS-PAGE of
the Ni-NTA purified MBP-IDP). lon-exchange purification of IDP with (b) and without (¢) 10 mM of 3-mercaptoetha-
nol as a reducing agent (see Figure A.4a, middle, for LCMS). Addition of reducing agent eliminates the IDP dimer
peak. Absorbance at 280 nm (blue traces, y-axes) and conductivity (green traces) are shown.
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fusion are described in Section A.4.2 and A.4.3 respectively.
A.2.2. Purification and Characterization of IDP

The IDP purification protocol includes Ni-NTA affinity chromatography to isolate MBP-
IDP from cell lysates, thrombin cleavage and ion exchange chromatography to purify target IDP
from MBP and thrombin (Figure A.3). After Ni-NTA purification (Figure A.4a), the isolation of
MBP-IDP fusion was confirmed by mass spectrometry and SDS-PAGE (Figure A.5a, top, and A.5b,
lane 2). Imidazole was removed using a desalting column prior to thrombin cleavage. In the final
ion exchange purification, monomeric IDP was eluted at around 200 mM NacCl in the presence
of B-mercaptoethanol (Figure A.4b). Without addition of reducing agent, we observed significant
dimeric formation that elutes with little retention at the tail end of the loading step (Figure A.4c).
IDP dimerization was also observed in SDS-PAGE when no reducing agent was added to the
protein sample (Figure A.5b, lanes 1 and 3). The reversibility of the dimerization using reducing
agents supports the hypothesis that IDP is dimerized through a disulfide bond formed between the
cysteine residues introduced in the sequence. A yield of 13 mg IDP per liter culture can be obtained
using the described method.
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Figure A.5. Deconvoluted ESI-TOF MS spectra (a) and Coomassie-stained SDS-PAGE (b) of purified MBP-IDP and
IDP. Ni-NTA purified MBP-IDP (a, top, and b, lane 2) and ion-exchanged purified IDP with reducing agent (a, middle,
and b, lanes 1 and 3) are shown. The same ion-exchanged purified IDP samples stored for over a week at 4 °C were
used in lane 1 and lane 3, but the SDS-PAGE loading buffer of lane 1 contained DTT while that of lane 3 did not
contain any reducing agents. (a, bottom) Deconvoluted ESI-TOF MS spectra of IDP conjugation with Alexa Fluor 488
maleimide (AF488-mal).
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A.2.3. Modification of IDP

With the goal of investigating the effect of PEGylation on the conformation of IDP, we
constructed an IDP library with four different amine-reactive PEG reagents: a monodisperse 0.5
kDa PEG NHS-ester, a 1.2 kDa PEG NHS-ester, a 4 kDa branched PEG TFP-ester, and a polydisperse
5 kDa PEG-NHS ester. Since many biophysical characterization techniques, such as fluorescence
anisotropyand fluorescence correlation spectroscopy (FCS), require controlled fluorescencelabeling,
the unique cysteine near the C-terminus of IDP was alkylated with Alexa Fluor 488 maleimide to
excellent yield as confirmed by mass spectrometry (Figure A.5a, bottom). We then modified the
fluorescently labeled IDP with various concentrations of PEGylating agents in order to produce a
library with different extents of PEG addition. As shown in the mass spectra and SDS-PAGE of the
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Figure A.6. Deconvoluted ESI-TOF MS spectra of IDP samples modified with various equivalents of monodisperse
0.5 kDa PEG NHS-ester, 1.2 kDa PEG NHS-ester, and 4 kDa branched PEG TFP-ester with respect to IDP. The
number of PEG chains added is indicated in red. The MS spectra of IDP modified with 25, 50 amd 100 equivalents of
4 kDa branched PEG TFP-ester could not be deconvoluted.
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library (Figures A.6 and A.7), each reaction condition led to a statistical distribution of products
because any number of the 25 lysines and the N-terminus can be modified. The distributions in
the mass spectra can be fitted with Gaussian curves to quantify the average number of PEG chains
added and the effective protein charge (Z , Figure A.8 and Table A.1). As expected, the numbers of
PEG chains added increase with increasing concentrations of monodisperse PEGylation reagents.
Comparing between the three different reagents, fewer PEG chains were conjugated onto IDP as
the size of the PEG chain increases because of steric bulk. With the smallest 0.5 kDa PEG, up to 24
PEG chain addition could be observed with mass spectrometry (Figure A.6a), indicating that our
library spans a wide extent of PEGylation for future biophysical investigations of how PEGylation
affects IDP conformation.
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Figure A.7. Coomassie-stained SDS-PAGE of IDP samples modified with various equivalents of monodisperse 0.5
kDa PEG NHS-ester, 1.2 kDa PEG NHS-ester, 4 kDa branched PEG TFP-ester, and a polydisperse 5 kDa PEG
NHS-ester. The IDP sample modified with 5 equivalents of 1.2 kDa PEG-NHS (top left gel) was loaded in the same
lane as the ladder. The unmodified IDP used in bottom gel (unmod*) was an old sample, which showed significant
degradation, but was not used for PEGylation reactions. The faint staining and warped shape of bands with high PEG
equivalents are likely due to the presence of large amounts of conjugated PEG and free PEG that were not removed
before gel analysis.
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Figure A.8. Gaussian fit for the distribution of IDP samples conjugated with various equivalents of monodisperse 0.5
kDa PEG NHS-ester, 1.2 kDa PEG NHS-ester, and 4 kDa branched PEG TFP-ester with respect to IDP. Peaks from
ESI-MS spectra (Figure A.5) were integrated and their areas were used to construct column plots of the distribution of
PEG modifications. A Gaussian single peak fit (Gauss fit in Origin, blue curve) was applied to the plots using Origin
8.0 Software. The center and width of the peak were used in calculations of radius of gyration (vide infra) and for
obtaining the average number of PEG modification for each set of reaction conditions (Table A.1).
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0.5 kDa PEG Avg # of conjugated PEG Z .
5 equiv. 4.9 +0.7

10 equiv. 6.9 -1.3
25 equiv. 12.6 -7.0
50 equiv. 18.8 -13.2
100 equiv. 21.4 -15.8
1.2kDa PEG Avg # of conjugated PEG Z
5 equiv. 2.7 +2.9

10 equiv. 4.3 +1.3
25 equiv. 9.5 -3.9
50 equiv. 14.8 -9.2
100 equiv. 15.3 -9.7
4kDabranched PEG | Avg # of conjugated PEG Z;
5 equiv. 2.4 +3.2

10 equiv. 4.6 +1.0

Table A.1. The average number of conjugated PEG chains and the effective protein charge (Z_;) of IDP conjugated
with various equivalents of monodisperse 0.5 kDa PEG NHS-ester, 1.2 kDa PEG NHS-ester, and 4 kDa branched PEG
TFP-ester. The average number of PEG chains added was obtained using a Gaussian single-peak fit (Figure A.6). The
Z .- was calculated by subtracting the average number of conjugated PEG chains from the theoretical protein charge at
pH 7.5, which is 5.6.

A.3. Conclusions and Future Directions

We have successfully cloned, expressed and purified a 16 kDa IDP, and constructed
a PEGylated IDP library with different sizes of PEG chains. Biophysical characterization of the
library, including fluorescence anisotropy, fluorescence correlation spectroscopy (FCS), and
FOrster resonance energy transfer (FRET), will uncover the effect of size and density PEG chains
on the conformation of IDP. This information will shed light on the potential of using IDPs as drug
delivery agents.

A.4. Materials and Methods
A.4.1. General Procedures and Materials

Unless otherwise noted, all reagents and solvents used were of analytical grade and were
used as received from commercial sources. For the determination of protein concentrations, UV-
visible spectrometry was performed using a NanoDrop 1000 (Thermo Scientific). Protein mass
spectrometer data were collected on an Agilent 6224 TOF LC/MS equipped with a Turbospray ion
source and connected to an Agilent 1260 Infinity Series HPLC system and a Proswift RP-4H LC
column (Thermo Fisher, cat# 069477). Because of the hydrophilicity of IDP, we used the following
MeCN:H,O gradient containing 0.1% formic acid.

Minutes % MeCN
0 5
2 10
55 100
6 100

Protein mass reconstruction was performed on the charge ladder with Mass Hunter software
(Agilent Technologies).
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Sodium dodecyl sulfate-poly(acrylamide) gel electrophoresis (SDS-PAGE) analysis was
performed using either 12% or 4 - 12% NuPAGE Bis-Tris gels (Thermo Fisher) with MOPS or
MES bufter. SDS-PAGE loading buffer containing (3-mercaptoethanol or dithiothreitol (DTT) was
added to all electrophoresis samples (10-15 uL of 20 uM IDP), except for non-reducing gel samples.
Coomassie Brilliant Blue R-250 (Bio-Rad) and Gel Doc EZ System (Bio-Rad) were used to stain
and image SDS-PAGE gels.

A.4.2. Cloning

The inherent repetitive sequence of IDP made the synthesis of one contiguous gene block
difficult. We therefore used an alternative strategy involving two gene blocks (gBlocks: IDT
Technologies) with a 32 bp consensus sequence that allows for Gibson assembly (see Figure A.2a
for the two gene block sequences). gBlocks (100 ng each) and 10 pl of 2x Gibson master mix'® (a gift
from the M. Chang lab) was adjusted with water to a volume of 20 pl and was incubated at 50 °C
for 60 min. After DNA cleanup with QiaQuick (Qiagen), the assembly product was PCR amplified
(VENT polymerase from NEB, T = 61 °C) with forward and reverse primers: 5’- ATA ATA GCT
AGC TTA GTT CCT CGT GCC TGG CGT G -3’ and 5’- TAT TAT CTC GAG CTA TTA GGC
ACA CCA GTA CGG AGA TTT C -3’ The insert containing Nhel and Xhol restriction sites was
double digested. After the restriction enzymes were heat inactivated at 80 °C for 10 min, the double
digested insert was ligated (QuickLigase, NEB) with the pSKB3 vector containing MBP. Plating on
Kanamycin agar plates yielded individual colonies that were cultured, DNA purified (NucleoSpin,
Macherey-Nagel) and sequenced (Quintara BioSciences). The complete sequence is located at the
end of this appendix.

A.4.3. Protein Expression

Plasmids were transformed into E. coli BL21 (DE3) competent cells. Starter cultures (20 mL
of LB, 50 mg/L Kanamycin) were grown from single colonies, grown overnight at 37 °C, and used to
inoculate 1 L of TB media (50 mg/L Kanamycin). Cultures were grown to an optical density (OD)
of ca. 0.5, cooled for 20 min at 25 °C, induced with 0.5 mM IPTG, and expressed overnight (ca. 18
h) at 25 °C. Cells were harvested by centrifugation for 15 min at 4,000 rcf at 4 °C.

A.4.4. Protein Purification

The cell pellet was transferred to a 50 mL Falcon tube in PBS buffer, and spun down for 10
min at 4,000 rcf. The resulting pellet (ca. 5 g) was lysed in 30 mL of buffer A (20 mM pH 7.5 HEPES,
300 mM NacCl, 10 mM imidazole) supplemented with one tablet of EDTA-free SigmaFast Protease
Inhibitor (Sigma Aldrich), 2 mM PMSE and 10 mg lysozyme. The resuspended sample was lysed
with an Avestin C3 homogenizer followed by 20 min of centrifugation at 24,000 rcf at 4 °C. The
supernatant was filtered through a 40 mm Steriflip filter (Millipore), and loaded onto a 5 mL Ni-
NTA column (Protino, Machery Nagel) connected to an AKTA FPLC system (GE Healthcare Life
Sciences) that was pre-equilibrated with buffer A. The column was washed with 50 mL (10 CV)
of buffer A containing 10 mM f-mercaptoethanol. The protein was eluted with 20 mM pH 7.5
HEPES, 300 mM NaCl, 250 mM imidazole, 10 mM [-mercaptoethanol. Imidazole was removed
by exchanging against 20 mM HEPES (pH=7.5), 100 mM NaCl with a 10DG desalting column
(BioRad), and subsequently digested with 1 mg of thrombin protease (high purity from Bovine,
MP Biomedicals). Complete digestion was achieved at room temperature after 1 h as confirmed
by LC/MS. The protein mixture was diluted with salt-free 20 mM pH 7.5 HEPES bufter to 50
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mL ([NaCl] = ca. 5 mM) before loading it onto a 1 mL HiTrap SP HP cation exchange column
connected to an FPLC. The column was pre-equilibrated with 20 mM pH 7.5 HEPES containing 10
mM (-mercaptoethanol, washed with 10 mL (10 CV) of the same buffer and eluted with a gradient
from 0-1 M NaCl (50 mL total volume). The final IDP sample was obtained with a final desalting
column (10DG, BioRad) to obtain the protein at a final concentration of 270 uM in 20 mM pH 7.5
HEPES, 50 mM NaCl. The protein was >95% pure by SDS-PAGE and LCMS. The purified protein
was flash frozen with liquid N, in 20 ul aliquots and stored at -80 °C until use. We observed dimer
formation upon storage at room temperature, but it can be reversed using reducing agents such as
[-mercaptoethanol, Tris(2-carboxyethyl)phosphine (TCEP) or DTT.

A.4.5. Protein Modification

Procedure for cysteine alkylation with Alexa Fluor 488-maleimide. An 800 uL solution of
IDP (270 uM) in 20 mM pH 7.5 HEPES, 50 mM NaCl, was incubated with 4 equiv. of Alexa Fluor
488-maleimide (AF488-mal, Thermo Fisher A10254) in the presence of 5.6 mM TCEP (0.5 M,
Sigma) for 30 min at room temperature. Excess dye was removed using a desalting column (10DG,
BioRad) and 20 mM pH 7.5 HEPES, 50 mM NaCl.

Procedure for PEGylation. Monodisperse 0.5 kDa PEG NHS-ester (cat# 10260), 1.2 kDa
PEG NHS-ester (cat# 10304) and 4 kDa branched PEG TFP-ester (cat# 10458) were purchased
from Quanta BioDesign. Polydisperse 5 kDa PEG-NHS ester (Fmoc-PEG-SVA, MW 5000) was
purchased from Laysan Bio. NHS- or TFP-ester reagents (20 mM stock solutions in H,O) were
made fresh immediately before PEGylation reactions. PEG-NHS- or TFP- ester reagent (5-100
equiv.) was added to a 50 uL solution of AF488 labeled-IDP (152 uM) in 20 mM pH 7.5 HEPES,
50 mM NacCl. This buffer was also added to each reaction to reach a final volume of 150 uL. The
reactions were incubated at room temperature in the dark for 12 - 18 h before purification and
buffer exchange using spin concentrators with a 10 kDa molecular weight cut-oftf (Amicon Ultra,
EMD Millipore). The resulting PEGylated IDP was analyzed by SDS-PAGE (all samples) and LC/
MS (only samples with monodisperse PEG).
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A.6. Open Reading Frame Sequence of MBP-IDP Encoding pSKB3 Vector

CCATGGCCAGCAGCCATCATCATCATCATCACGATTACGATATCCCAACGAC-
CGAAAACCTTTACTTCCAGGGATCCGAAAACCTTTACTTCCAGGGATCCAAAATCGAA-
GAAGGTAAACTGGTAATCTGGATTAACGGCGATAAAGGCTATAACGGTCTCGCTGAAGTC-
GGTAAGAAATTCGAGAAAGATACCGGAATTAAAGTCACCGTTGAGCATCCGGATAAACT-
GGAAGAGAAATTCCCACAGGTTGCGGCAACTGGCGATGGCCCTGACATTATCTTCTGG-
GCACACGACCGCTTTGGTGGCTACGCTCAATCTGGCCTGTTGGCTGAAATCACCCCGG-
ACAAAGCGTTCCAGGACAAGCTGTATCCGTTTACCTGGGATGCCGTACGTTACAACGG-
CAAGCTGATTGCTTACCCGATCGCTGTTGAAGCGTTATCGCTGATTTATAACAAAGATCT-
GCTGCCGAACCCGCCAAAAACCTGGGAAGAGATCCCGGCGCTGGATAAAGAACTGAAAG-
CGAAAGGTAAGAGCGCGCTGATGTTCAACCTGCAAGAACCGTACTTCACCTGGCCGCT-
GATTGCTGCTGACGGGGGTTATGCGTTCAAGTATGAAAACGGCAAGTACGACATTAAAGAC-
GTGGGCGTGGATAACGCTGGCGCGAAAGCGGGTCTGACCTTCCTGGTTGACCTGATTA-
AAAACAAACACATGAATGCAGACACCGATTACTCCATCGCAGAAGCTGCCTTTAATAAAGG-
CGAAACAGCGATGACCATCAACGGCCCGTGGGCATGGTCCAACATCGACACCAGCAAAGT-
GAATTATGGTGTAACGGTACTGCCGACCTTCAAGGGTCAACCATCCAAACCGTTCGTTGGC-
GTGCTGAGCGCAGGTATTAACGCCGCCAGTCCGAACAAAGAGCTGGCAAAAGAGTTCCTC-
GAAAACTATCTGCTGACTGATGAAGGTCTGGAAGCGGTTAATAAAGACAAACCGCTGGGT-
GCCGTAGCGCTGAAGTCTTACGAGGAAGAGTTGGTGAAAGATCCACGTGTTGCCGCCAC-
TATGGAAAACGCCCAGAAAGGTGAAATCATGCCGAACATCCCGCAGATGTCCGCTTTCT-
GGTATGCCGTGCGTACTGCGGTGATCAACGCCGCCAGCGGTCGTCAGACTGTCGAT-
GAAGCCCTGAAAGACGCGCAGACTAATTCGAGCTCGAACAACAACAACAATAACAATAA-
CAACAACCTCGGGGCTAGC TCCCCGTGGGCAGAG-
GCCAAGAGTCCAGCGGAAGCTAAGTCGCCAGCCGAAGTCAAGTCGCCCGCCGTCGCGA-
AAAGCCCCGCAGAGGTGAAATCCCCGGCCGAAGTCAAATCGCCGGCAGAAGCGAAATC-
CCCGGCAGAAGCAAAAAGTCCTGCTGAGGTCAAATCGCCAGCAACCGTCAAATCCCCT-
GGAGAGGCAAAATCTCCGGCAGAAGCCAAGTCCCCTGCCGAAGTGAAGTCACCTGTC-
GAAGCCAAGTCGCCGGCCGAAGCGAAGAGCCCAGCGAGCGTGAAAAGTCCTGGTGAG-
GCTAAGTCCCCGGCGGAAGCGAAATCTCCAGCGGAAGTAAAGAGTCCGGCCACCGTTA-
AATCCCCGGTAGAGGCCAAAAGCCCTGCGGAAGTTAAATCGCCGGTGACGGTCAAATCAC-
CCGCGGAAGCGAAGTCCCCGGTGGAGGTGAAATCTCCGTACTGG GCCTAATAGCTC-
GAG

Underlined: restriction sites in order of sequence Ncol/BamHI/Nhel/Xhol

Bold: Start and Stop codons

Green: 6xHis affinity tag encoding sequence

Grey: TEV encoding sequence
Maltose Binding Protein encoding sequence

N,, linker encoding sequence

IDP encoding sequence
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