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Abstract
Genetic Engineering of Amphiphilic Intrinsically Disordered Proteins
by
Jamie M Gleason
Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor Matthew B Francis, Chair

Due to the widespread use of surfactants, there have been renewed efforts to develop
bio-derived and bio-degradable alternatives. However, the large-scale production of
designer bio-surfactants for medical or environmental purposes remains a challenge
regarding economic viability compared to their synthetic counterparts. This work
shows that the previously studied and characterized intrinsically disordered protein
(IDP) that was genetically modified to self-assemble into micelles (IDP-2Yx2A) has
promise to be used as a vehicle for traditionally unusable hydrophobic drugs for in
vivo delivery to mice. Additionally, this work created a scalable and versatile pro-
duction method for these amphiphilic proteins and has allowed for the development
of different iterations and mutant sequences that were easily attained. The protein
sequence was separated and explored by its two opposing hydrophilic and hydropho-
bic domains. Variants with increased overall charges and systematically decreased
hydrophilic domain lengths were produced and examined for their sizes, morpholo-
gies, and critical micelle concentrations (CMCs). Additionally, to explore the role
of the hydrophobic domain on self-assembly properties, we developed a bioconjuga-
tion method to attach N-terminal cysteine peptides of varying hydrophobicities to
the C-terminal tyrosine residue of the hydrophilic domain. This represents a facile
method for creating a large number of hydrophobic library members to be screened
as IDP-based bio-surfactants.



Dedicated to my mother, Laurie Gleason. Growing up with you as my role model is
why I am here today.
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Chapter 1

Insoluble Expression of Amphiphilic
Intrinsically Disordered Proteins

Genetically encode
hydrophobic tail (2Yx2A)

Fana

IDP IDP-2Yx2A

IDP-2Yx2A micelle

Portions of this chapter are based on the following publication: Klass, S. H.*; Gleason
J. M.*; Omole, A. O.; Onoa, B.; Francis, M. B. Biomacromolecules 2022, 23, 1462-
1470.1

1.1 Abstract

Due to the widespread use of surfactants, there have been renewed efforts to develop
bio-derived and bio-degradable alternatives. However, the large-scale production
of designer bio-surfactants for medical or environmental purposes remains a chal-
lenge regarding economic viability compared to their synthetic counterparts. In
this chapter, a scalable and versatile production method for bio-surfactants based
on a hydrophilic intrinsically disordered protein (IDP) sequence with a genetically
engineered hydrophobic domain (2Yx2A) is developed. This new expression system
replaces the original solubilizing fusion protein, maltose binding protein (MBP), with
the inclusion body directing fusion protein ketosteroid isomerase (KSI). By installing
KSI at the N-terminus of IDP-2Yx2A, the entire fusion protein is sent to insoluble in-
clusion bodies during expression. Due to the insoluble nature of the fusion protein, it
is easily purified by centrifugation after cell lysis. This system reduces the amount of
solvent needed in the initial purification step and avoids stability issues encountered
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with soluble proteins. A methionine residue is installed between the two protein do-
mains to remove the KSI fusion protein from the IDP-2Yx2A sequence via cyanogen
bromide (BrCN) cleavage. Overall, this represents a simplified and cost-effective
method for producing the self-assembling IDP-2Yx2A sequence that we believe can
also be applied to many different iterations and mutant sequences.

1.2 Introduction

Intrinsically disordered proteins (IDPs) and intrinsically disordered protein regions
(IDRs) are defined by the lack of traditional secondary and tertiary structural mo-
tifs. Understanding these proteins has been vital in exploring their roles in cellular
regulation, disease, and phase separation for forming membrane-less organelles.2™
Some of these behaviors have instigated use of IDPs as self-assembling proteins. In
contrast to many self-assembling proteins, such as virus-like particles, IDPs do not
rely on the direct interactions of amino acids with secondary, tertiary, and quaternary
protein structures. Their assembly is driven largely by entropy and the hydrophobic
effect.19 Common classes of proteins gaining traction as assembling materials are
elastin-like-polypeptides (ELPs) and the disordered regions of silk and reslin, which
exhibit no defined secondary or tertiary structures at room temperature.ll However,
altering the environment (increasing the temperature, changing the pH, or conju-
gating a hydrophobic molecule) can induce these monomeric proteins to assemble
into three-dimensional structures.!? ELPs have well-understood properties and can
be modified to adjust the temperature at which they self-assemble into spherical
aggregates. Their repetitive sequence, Val-Pro-Gly-X-Gly, is derived from the hy-
drophobic domain of the natural biopolymer tropoelastin. The disordered nature
is attributed to the abundance of proline and glycine residues, which are known to
prevent the formation of stable hydrogen bonds and endow flexibility.!317.

IDPs mimic the disordered nature of the polymer chains of synthetic block-
copolymers, thus making them promising building blocks for bio-derived and bio-
degradable alternatives. Unlike synthetic polymers, which generally comprise just
one or two monomeric building blocks, IDPs can be produced from a toolbox con-
sisting of the 20 naturally occurring amino acids, each with unique hydrophobicity,
charge, and aromaticity properties. Additionally, protein-based polymers also benefit
from precise monomer-level control over polymer chain length and position —a feat
that is extremely difficult to achieve in synthetic polymerization reactions.!® ELPs
only constitute a small portion of all IDP sequences, which are abundant across all
domains of life and display a diverse range of properties and functions.!¥20 One such
IDP is a highly hydrophilic sequence derived from the neurofilament heavy arm side-
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¢

IDP: C-terminal side chain ~ §
neurofilament heavy (NFH) protein

Genetically encode 25-70 °C
hydrophobic tail (2Yx2A) pH 3.7-9.7

IDP IDP-2Yx2A

IDP-2Yx2A micelle
250 ® pH 3.7-7.6, 10-20 uM IDP
AT=55-70°C

’\.\

IDP = et
SRFAY

%

Increased

&
Temperature (°C) IDP-Aggregates

Figure 1.1: Generation of self-assembling IDP micelles. (a) The intrinsically disordered protein
(IDP) domain derived from the human neurofilament protein protrudes from the neurofilament
core. The IDP sequence is highly hydrophilic and is largely comprised of the repetitive motif
SPXEXK, where X is G, A, or V. At neutral pH, this results in two oppositely charged residues
per repeat: a negatively charged glutamic acid (E) and a positively charged lysine (K). (b) By
genetically encoding a hydrophobic 16 amino acid segment (2Yx2A) at the C-terminus of IDP, the
new amphiphilic protein IDP-2Yx2A was found to self-assemble spontaneously into ordered micelle

structures in a range of buffer and temperature conditions.(c)When heated in aqueous solutions
(pH 3.7-9.7, 0-200 mM PB), the monomeric IDP aggregates into larger structures.

chain protein found in human neurons (Figure 1.1a). This IDP has been shown to
undergo expansion and contraction in response to charge alteration by pH, salt, and
phosphorylation.2} 25 Furthermore, while the IDP protein exists as a monomer at
room temperature, DLS analysis over a broad range of pH and buffer conditions in-
dicates that the protein undergoes a thermo-responsive aggregation at temperatures
above 50 °C (Figure 1.1c). This behavior is similar to commonly used hydrophilic
polymers such as poly(ethylene oxide) (PEO) and ELPs whose thermally responsive
self-assembling behavior have been characterized previously.13’17’26

Previous studies explored the IDP sequence as a hydrophilic domain for an am-
phiphilic biopolymer with a genetically encoded hydrophobic domain (2Yx2A) at
the C-terminus of the protein. The production and characterization of this sequence
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has been described previously.2” Briefly, IDP-2Yx2A was solubly expressed in E. coli
and after purification was found to undergo controlled self-assembly at room tem-
perature to form nanoscale micellar structures in all tested buffer and temperature
conditions (Figure 1.1b). The IDP-2Yx2A protein was expressed as a fusion with
the solubilizing protein maltose binding protein (MBP).?8 The MBP fusion partner
enabled the soluble expression of the MBP-thrombin cut site-IDP-2Yx2A sequence,
which could undergo standard protein purification methods, including NiNTA chro-
matography, thrombin cleavage, and ion exchange to produce pure IDP-2Yx2A.27
While these methods are suitable for initial laboratory-scale production, a simplified
and less costly approach is necessary for industrial-scale production. To achieve this
production scale, we replaced the MBP fusion partner with an inclusion body direct-
ing protein, ketosteroid isomerase (KSI) (Figure 1.2). The KSI fusion partner has
shown promise in the insoluble expression of several shorter polypeptide sequences
(<70 aa); however, this is the first instance where this protein has been applied to a
longer self-assembling sequence.?? By sending the IDP-2Yx2A sequence to inclusion
bodies, issues such as proteolytic cleavage and stability that normally plague soluble
protein expression are avoided. Sending the protein straight to inclusion bodies en-
sures that it is devoid of many contaminating proteins in the soluble fraction, leading
to a relatively pure KSI-IDP-2Yx2A in the insoluble fraction by simple cell lysis and
centrifugation steps, avoiding the need for extensive purification protocols. As an ad-
ditional cost-saving measure, a cyanogen bromide (BrCN) cleavage site was installed
in place of a thrombin cleavage site by encoding a methionine residue between the
KSI and IDP-2Yx2A protein. As a final step, preparative HPLC purification is car-
ried out on the crude material to yield the IDP-2Yx2A in high purity. Overall, this
represents a simplified and cost-effective method for producing the self-assembling
IDP-2Yx2A sequence that we believe can also be applied to many different iterations
and mutant sequences.

1.3 Results and Discussion

To gain access to a wider variety of mutations, while also increasing yield, and low-
ering the cost of production, DNA encoding the previously explored IDP-2Yx2A
sequence was inserted into a pET-31b(+) plasmid at the C-terminus of the inclu-
sion body directing fusion protein KSI.127 A single methionine residue was included
between these regions to allow cleavage with BrCN (Figure 1.3a).29 Protein expres-
sion was carried out in LB media at 18 °C for 16-24 h after induction by 0.5 mM
IPTG. Due to the insoluble nature of the KSI fusion protein, protein purification
was easily achieved as a series of centrifugation steps following cell lysis. This re-
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Maltose Binding
Protein (MBP)
~45 kDa
high solubility

Ketosteroid
isomerase (KSI)
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Figure 1.2: Structures for the Maltose Binding Protein (MBP) and Ketosteroid Isomerase (KSI)
fusion partners. MBP is a highly soluble fusion partner of about 45 kDa used to aid expression and
increase the solubility of protein in E. coli. KSI is a highly insoluble fusion partner of about 12 kDa
that is used to direct an expressed protein to the inclusion bodies of E. coli. This protects bacteria
from negative effects of the desired protein and allows for high yields of protein production.

sulted in an overabundance of the desired fusion protein KSI-IDP-2Yx2A in solution
when analyzed by ESI-TOF-MS (Figure 1.3b). To remove the KSI fusion tag from
IDP-2Yx2A, BrCN was used to cleave at the single Met residue between the two
sequences. After cleavage, the desired IDP-2Yx2A protein was soluble in aqueous
conditions while the KSI protein remained in the insoluble fraction and could be
removed via centrifugation. The level of purity typically achieved after these subse-
quent rounds of precipitation and centrifugation is suitable for many applications, as
it still shows assembly and surfactant behavior. Importantly, the purification process
uses minimal solvent and is easily performed, making it amenable to scale up with
protein yields between 100-300 mg/L. For this study, where precise measurements
were sought, preparatory scale HPLC was performed as additional purification step
(Figure 1.3c). When compared with the IDP-2Yx2A sequence produced by solu-
ble expression, IDP-2Yx2A produced through this insoluble scheme showed similar
size, morphology, and stability properties when analyzed by DLS, AFM, and pyrene
fluorescence, respectively.
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Figure 1.3: Insoluble expression of IDP-2Yx2A proteins. a) The IDP-2Yx2A is genetically encoded
at the C-terminus of KSI following a single Met residue. Purification is achieved through a series of
centrifugation and precipitation steps, followed by an optional HPLC purification step. b) LCMS
analysis of the crude KSI-IDP-2Yx2A protein recovered from inclusion bodies after centrifugal
purification is shown (pre-HPLC). Expected: 31132 Da, observed: 31130 Da. LCMS following
KSI-cleavage and HPLC purification appear in Figure 3c. ¢) SDS PAGE gel analysis is shown for
the purification steps outlined in (a). KSI-IDP-2Yx2A and IDP-2Yx2A have apparent molecular
weights of 40 kDa and 30 kDa, respectively.

1.3.1 Protein Expression

KSI-IDP-2Yx2A was expressed using the following protocol. Plasmids containing
the desired fusion proteins were transformed into Rosetta2 (pLysS) cells and plated
onto carbenicillin(+)/chloramphenicol(+) LB Agar plates and grown overnight at
37 °C. Single colonies were selected and placed into 50 mL of LB with 50 pL of
both 1000x stocks of carbenicillin and chloramphenicol antibiotics. The culture was
grown overnight at 37 °C. The following morning, 30 mL of the 50 mL culture was
used to innoculate 1000 mL of LB with 1000 pul. 1000x stocks of carbenicillin and
chloramphenicol in a 2.8 L baffled flask. Cultures were grown at 37 °C with shaking
at 220 rpm until an ODggg of 0.8 was reached, at which point the temperature was
lowered to 18 °C. After cooling for 20 min, IPTG was added to a final concentration
of 0.25 mM. The protein was expressed overnight for 18-24 h. The culture was then
centrifuged at 4000 xg for 20 min. The resulting protein pellets were transferred to
50 mL falcon tubes and frozen at -20 °C. A typical expression yields approximately
5-10 g cell pellets.

1.3.2 Protein Purification

KSI-IDP-2Yx2A was purified using the following protocol (Figure 1.4). The frozen
cell pellet was resuspended in 30 mL of lysis buffer, 30 pL of 1% Trition-X, and
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Figure 1.4: Schematic for insoluble expression and purification of IDP-2Yx2A. Rosetta2 (pLysS)
cells containing the KSI-IDP-2Yx2A pet31b(+) plasmid were grown at 37 °C and protein produc-
tion was induced and expressed at 18 °C. Following, the cells were lysed, centrifuged, and the
insoluble fraction was save for resuspension in Guanidinium HCI] and BrCN cleavage. All protein
was precipitated in a saturated ammonia sulfate solution at -20 °C. Pelleted protein was collected
and resuspended in 40-50% MeCN and purified using RP-HPLC.

300 pL of a 0.1 M PMSF solution (Sigma Aldrich). The cell pellet was vortexed
until completely resuspended and then sonicated at 70% amplitude for 10 min (2 s
on: 4 s off). The lysed cells were then centrifuged at 14,500 xg for 20 min. The
supernatant containing the soluble proteins was discarded and the insoluble fraction
was washed by resuspending it in 30 mL of lysis buffer and centrifuging again at
14,500 xg for 20 min. The washing step was repeated three times. After the third
wash, 5 mL of 6 M guanidinium HCI (Guan HCI) was added to the insoluble fraction
and the protein was resuspended by vigorous shaking for 1 h at room temperature
and sonication at 70% amplitude for 10 min (2 s on: 4 s off). The protein solution was
then centrifuged at 14,500 xg for 20 min at which point the KSI-IDP-2Yx2A fusion
protein is solubilized, while the pelleted remains are largely composed of cell debris.
The supernatant containing the fusion protein was transferred to a sterile 50 mL
falcon tube. The approximate concentration was determined by measuring the UV
absorbance at 280 nm on a NanoDrop 1000 (Thermo) and the calculated extinction
coefficient (ExPASy Protein Parameters Tool https://web.expasy.org/protparam/)
while the protein purity is assessed by SDS PAGE gel analysis.

The KSI protein was cleaved from the IDP-2Yx2A sequence by the slow addition
of 3 M HCI, concentrated formic acid, 3 M BrCN to a final concentrations of 0.5 M
HCI, 10% formic acid, and 100 molar equivalents of BrCN to protein. The solution
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was stirred in the dark under a steady flow of nitrogen gas. After 24 h, the reac-
tion was mostly complete when analyzed by ESI-TOF-MS. The protein was then
precipitated from solution by the addition of cold saturated (NH,),SO, solution.
The precipitation solution was kept at -20 °C for 1 h. The precipitated protein was
separated from the soluble components (BrCN, Guan HCI, and salts) by centrifuga-
tion at 14,500 xg for 20 min. The supernatant was discarded in a closed top waste
receptacle specified for BrCN. The protein pellet was resuspended in H,O or, for
more hydrophobic constructs, up to 40% MeCN in H,O by sonication at 70% am-
plitude for 10 min (2 s on: 4 s off) followed by a subsequent centrifugation at 14,500
xg for 20 min to remove any insoluble protein. The resulting protein solution was
reasonably pure when analyzed by ESI-TOF-MS and SDS PAGE gel, however, an
additional purification step using reverse phase HPLC (RP-HPLC) was performed
to ensure maximum purity. RP-HPLC purification was performed in 1 mL injections
on Waters XBridge Protein BEH C4 OBD Prep Column (BOOA, 5 pm, 19 mm X
50 mm) with a 5-95% gradient of MeCN/Hy,O +1% TFA over 30 min. Fractions
containing the IDP-2Yx2A protein mutants eluted between 30-50% MeCN and were
combined and lyophilized. Protein expression and purity in the soluble versus in-
soluble fractions was determined by NiNTA pull down as described previously and
confirmed via SDS PAGE gel and ESI-TOF-MS analysis (Additional Figure 1.5).27

1.4 Conclusion

Although suitable for initial studies, the soluble expression system was not amenable
to substantial mutations to the sequence space and thus limited the analysis of fac-
tors that impact the self-assembling properties of the micelles. By switching to an
insoluble expression system, the yield, stability, and purification process improved.
This system seems promising to have high tolerance to multisite mutations and dele-
tions to the sequence space, resulting in significant changes to the protein net charge
and molecular weight. The ability to alter and create a diverse sequence space is key
to developing a systematic approach to understanding how alterations to the charge,
relative hydrophobicity, and hydrophilic domain length affect the self-assembly be-
havior and physicochemical properties of these IDP-based bio-surfactants.
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1.5

Materials and Methods

1.5.1 Materials

Unless otherwise noted, all chemicals were obtained from commercial sources and
used without further purification. Milli-Q (MQ) H,O was purified to a resistivity
of 182 M e cm (at 25 °C) using a MQ Gradients ultrapure water purification
system (Millipore). Itemized stock solutions, buffers, and reagents are detailed in
the supporting information.

1000x ampicillin solution: 100 mg/mL of solid antibiotic were dissolved in
Milli-Q H5O. The solution was frozen at -20 °C until use.

1000x carbenicillin solution: 100 mg/mL of solid antibiotic were dissolved in
Milli-Q HsO. The solution was frozen at -20 °C until use.

1000x chloramphenicol solution: 25 mg/mL of slid antibiotic were dissolved in
EtOH. The solution was frozen at -20 °C until use.

LB agar plates: 12.5 g of LB broth (powder) from Thermo Fisher Scientific and
7.5 g agar was dissolved in 500 mL of Milli-Q H5O and subsequently autoclaved.
The solution was cooled to 50 °C and the desired antibiotic was added. The
LB agar -+ antibiotic soultion was poured into sterile Petri dishes (100 mm x
15 mm) and solidified at room temperature. The plates were then stored at 4
°C until use.

LB media: 20 g of Lauria broth (LB) powder (Sigma Aldrich) was dissolved
into 1000 mL of Milli-Q H,O and autoclaved.

Lysis buffer: 20 mM Hepes, 300 mM NaCl, and 10 mM [-mercaptoethanol
were added to Milli-Q H,O.

The pET-31b(+) vector was purchased from Millipore Sigma (catalog number:
69952-3).

AlwN I (catalog #R0514S) and Xho I (catalog #R0146S) restriction endonu-
cleases were purchased from New England BioLabs.

Primers for overhang PCR were purchased from Integrated DNA Technologies
(IDT).

The Geneblock for IDP-2Yx2A was purchased from Integrated DNA Technolo-
gies(IDT) and was used as template DNA.
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1.5.2 Instrumentation

1.5.2.1 Reverse Phase High Performance Liquid Chromatography
(RP-HPLC)

RP-HPLC purification of IDP-2Yx2A protein mutants was performed on an Agilent
1260 Infinity series system equipped with a UV-Vis detector and a fraction collector,
controlled by Open Lab CDS software (Agilent Technologies Inc. 2011 -2015). HPLC
grade Milli-Q H,O + 0.1% TFA and HPLC grade MeCN + 0.1% TFA were used as
mobile phases A and B, respectively. Preparatory scale purification was performed
on a Waters XBridge Protein BEH C4 OBD Prep Column (300 A, 5 pm, 19 mm X
50 mm) with a flow rate of 5 mL/min over a 5-95% gradient over the course of 30
min. Fractions containing IDP-2Yx2A mutants were identified by their coinciding
280 nm absorbance and 350 nm fluorescence profiles.

1.5.2.2 Mass Spectrometry of Proteins (ESI-TOF-MS)

Time of flight electrospray ionization mass spectrometry (ESI-TOF-MS) of protein
samples was performed using an Agilent 1260 series liquid chromatography (LC) sys-
tem coupled with an Agilent 6224 TOF LC-MS (Santa Clara, CA). Protein samples
were first passed through a 0.22 pM cellulose acetate filter and then placed in HPLC
vials for analysis. Depending on sample concentration, 0.5 -10 pL. was injected on
to a Proswift RP-4H (monolithic phenyl, 1.0 mm x 50 mm, Dionex) analytical col-
umn with a flow rate of 0.30 mL/min and a gradient of 5-100% MeCN+0.1% (v/v)
formic acid in Milli-Q Hy0+0.1% formic acid over the course of 8 min. The total
ion chromatograms were extracted in the Agilent Mass Hunter Workstation software
(Qualitative Analysis Version B.05.00, Build 5.0.519.13, Agilent Technologies Inc.
2011). Protein molecular weights were reconstructed using a maximum entropy de-
convolution. The resulting spectra were exported as CSV files and plotted using the
Chartograph web-tool(www.chartograph.com).

1.5.2.3 UV-VIS DNA and Protein Measurements

Estimates of DNA and protein concentration were calculated by measuring the sam-
ple absorbance at 260 nm and 280 nm, respectively, on a NanoDrop 1000 (Thermo).
Using Beers law and the calculated extinction coefficients, the concentrations of both
DNA and protein were approximated.
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1.5.3 Methods of protein production
1.5.3.1 Methods for plasmid construction

PCR reactions were performed using the components as listed in Table 1.1. After
mixing the reaction components in 0.5 mL. PCR tubes, overhang PCR was performed
on a BioRad S1000 Thermal Cycler with an annealing temperature of 55 °C. The
PCR reaction was then removed from the thermocyler and 6 nL. of 6X loading dye
was added to the reaction tubes and mixed. The PCR reaction and a DNA stan-
dard(O’gene ruler 1 Kb) were then loaded into adjacent wells of a 1% agarose gel
prestained with SYBR Safe (ThermoFisher). The gel was run at 120 V for 35 min in
1X TAE buffer. The resulting gel was imaged under UV fluorescence with a BioRad
GelDoc EZ Imager. The DNA bands corresponding to the desired PCR product
were excised from the gel and placed in a pre-weighed 1.5 mL. Eppendorf tube. The
amplified PCR product was removed from the gel using the quick gel extraction kit
(Promega).

Table 1.1: Standard PCR Reaction Protocol

PCR Component Volume (pL)
Template DNA® (50 ng/pL) 0.5
Forward Primer (10 pM) 1

Reverse Primer (10 pM) 1
5X phusion buffer 4
dNTPs (10 mM) 0.4
DMSO 0.6
Milli-Q H,O 12
Phusion Enzymeb 0.5

@ Geneblock (IDP-2Yx2A) © Phusion is added last

The PCR products and the pET-31b(+) entry vector were digested with 10 units
of Xhol and Alwnl restriction enzymes for 1 h at 37 °C with a subsequent 20 min
deactivation step at 80 °C. The cut entry vector and insert were then run on a 1%
agarose gel prestained with SYBR Safe (ThermoFisher). The gel was run at 120
V for 35 min in 1X TAE buffer then imaged under UV fluorescence with a BioRad
GelDoc EZ Imager. The DNA bands corresponding to the cut entry vector and insert
were excised from the gel and placed in a pre-weighed 1.5 mL0 Eppendorf tube. The
digested insert and vector were removed from the gel using the quick gel extraction
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kit (Promega). The resulting complementary sticky ends of the entry vector and
insert were then ligated together using the components listed in Table 1.2.

Table 1.2: Standard Ligation Reaction Protocol

Ligation Component ratio insert : vector (0:1) (3:1) (5:1)
cut pET-31b(+) 50 ng 50 ng 50 ng
Insert ( 500 bp) 0 ng 15 ng 25 ng

10X T4 buffer 1 nL 1 uL 1 uL
Milli-Q HyO to 10 nL to 10 pL.  to 10 pL
T4 Ligase (400 units/pL) 0.5 nL 0.5puL 0.5 pnL

by ligase is added last

The ligation reaction was incubated at 16 °C for 16 h and then heat inactivated
for 20 min at 80 °C. The entire ligation reaction was transformed into 50 pL of chem-
ically competent XL1-Blue cells by first incubating the ligation reaction and cells on
ice for 30 min and then incubating at 42 °C for 45 s. The cells were rescued by the
addition of 1 mL of SOC media and incubated with rotary shaking at 37 °C. After 1
hour 200 pL of the transformed cells were plated on carbenicillin (+) LB agar plates
and grown overnight at 37 °C. The number of colonies from on the plates where inset
had been added (3:1) and (5:1) were compared to the growth of the control (0:1)
to determine how many colonies to select for sequencing. An appropriate number
of colonies was selected to account for background vector re-ligation and placed in
individual 10 mL culture tubes containing approximately 5 mL of LB media and 5
nL of 1000x carbenicillin. Cultures were grown overnight at 37 °C. The following
day, 1 mL of each culture was used to extract the plasmid DNA using a Miniprep
Kit (Millipore), which were then sent for sequencing.

Primers for construction of KSI-IDP-2Yx2A pET-31b(+) plasmid
Forward: 5" GGTGGTCATATGCTGGCAGAGGCAAAG 3

Reverse: 5 TTTAAACTCGAGTCACAGATACC 3’

Template: Geneblock IDP-2Yx2A: 5" AAAAATCAGATGCTGGCAGAGGCAAA
GAGTCCTGCGGAAGCTAAGTCGCCAGCCGAAGTCAAGTCGCCCGCCGTC
GCGAAAAGCCCCGCAGAGGTAAAAAGCCCGGCTGAAGTTAAGAGCCCG
GCAGAAGCAAAAAGTCCAGCAGAAGCCAAAAGTCCTGCTGAGGTTAAA
AGCCCAGCAACCGTCAAATCCCCTGGAGAGGCAAAATCTCCGGCAGAAG
CCAAGTCCCCTGCCGAAGTGAAGTCACCTGTCGAAGCCAAGTCGCCGGC
CGAAGCGAAGAGCCCAGCGAGCGTGAAAAGTCCTGGTGAGGCTAAGTC
CCCGGCGGAAGCGAAATCTCCAGCGGAAGTAAAGAGTCCGGCCACCGT
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AAAATCTCCGGTTGAGGCCAAGAGTCCGGCGGAAGTTAAATCTCCGGT
GACGGTCAAGTCCCCAGCGGAAGCGAAGTCCCCCGTGGAGGTGAAATC
ACCATACTGGAGTGCCTATGGCGCGTATGCGCAGTATGTGTATATTTAT
GCGTATTGGTATCTGTGACTCGAGTTTAAA 3

AlwNTI cut site shown in red, Xhol cut site shown in cyan

Corresponding amino acid sequence of fusion protein KSI-IDP-2Yx2A:
MHTPEHITAVVQRFVAALNAGDLDGIVALFADDATVEDPVGSEPRSGTAAI
REFYANSLKLPLAVELTQEVRAVANEAAFAFTVSFEYQGRKTVVAPIDHFR
FNGAGKVVSIRALFGEKNIHACOQMLAEAKSPAEAKSPAEVKSPAVAKSPAEV
KSPAEVKSPAEAKSPAEAKSPAEVKSPATVKSPGEAKSPAEAKSPAEVKSPV
EAKSPAEAKSPASVKSPGEAKSPAEAKSPAEVKSPATVKSPVEAKSPAEVKS
PVTVKSPAEAKSPVEVKSPYWSAYGAYAQYVYIYAYWYL*

KSI protein sequence shown in green

1.5.3.2 Optimizing protein expression

KSI-IDP-2Yx2A mutants expression was optimized using the following variables pro-
tocol. Plasmids containing the desired fusion proteins were transformed into Rosetta2
(pLysS) cells and plated onto carbenicillin(+)/chloramphenicol(+) LB Agar plates
and grown overnight at 37 °C. Single colonies were selected and placed into 7 mL
of LB or TB with 7 pLL of both 1000x stocks of carbenicillin and chloramphenicol
antibiotics. The culture was grown overnight at 37 °C. The following morning, 5 mL
of the 7 mL culture was used to innoculate 100 mL of LB or 100 mL of TB with
100 nL 1000x stocks of carbenicillin and chloramphenicol in a 200m mL baffled flask.
Cultures were grown at 37 °C with shaking at 220 rpm until an ODggg of 0.8 was
reached, at which point the temperature was lowered to 18 °C. After cooling for 20
min, IPTG was added to a final concentration of 0.25 mM. The protein was expressed
6, 22, 30, and 48 h for each media type. The cell pellet collected for each time point
was weighed and pellet weight was plotted against expression time (Additional Fig-
ure 1.6a). Each sample was lysed using the the method described previously and
purified up to the BrCN step. Inclusion body pellets were weighed and the % of
insoluble protein in the cell pellet was calculated (Additional Figure 1.6b). Approx-
imately 100 pL of the protein solubilized in Guan HCl was then precitated into 1
mL of cold ethanol and resuspended into SDS for SDS-PAGE analysis (Additional
Figure 1.7a). The molecular weight corresponding to the KSI-IDP-2Yx2A protein
was confirmed by ESI-TOF-MS analysis (Additional Figurel.7b).



CHAPTER 1. INSOLUBLE EXPRESSION OF AMPHIPHILIC
INTRINSICALLY DISORDERED PROTEINS 14

1.5.3.3 Protein Gel Analysis

Sodium dodecyl sulfate-polyacrylamide (SDS PAGE) gel analyses were run on a
Novex apparatus using 4-12% precast linear gradient polyacrylamide gels (Bio-Rad,
Hercules, CA). Protein samples were mixed with a 6X loading buffer and heated to
95 °C for 5 min. Samples were run for 30 min at 200 V in the SDS-MES buffer. Novex
Sharp pre-stained protein standard was run on each gel for indication of molecular
masses. Protein bands were stained with Coomassie Brilliant Blue R-250 (Bio-Rad)
and gels were visualized on the Gel-Doc EZ Imager (Biorad).

1.6 Additional Figures
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Figure 1.5: KSI-IDP-2Yx2A detection during protein purification. a) SDS PAGE analysis of KSI-
IDP-2Yx2A-Hisg. Lanes 1-5 are soluble protein fractions. Many soluble proteins are detected and
small amounts of KSI-IDP-2Yx2a-Hisg are present. Lanes 6 and 7 are insoluble protein fractions
where we see most of the KSI-IDP-2Yx2A-Hisg located. b) M/z and reconstructed mass (expected
32328 Da) spectra of the KSI-IDP-2Yx2A-Hisg fusion protein.
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Figure 1.6: Yield of KSI-IDP-2Yx2A in LB vs. TB media. a) The weight of each collected cell
pellet was measured and plotted against the corresponding expression time. LB: 6 h = 600 mg;
22 h = 700 mg; 30 h = 1170 mg; 48 h = 630 mg. TB = 6 h = 750 mg; 22 h = 1200 mg; 30 h =
1200 mg; 48 h = 1000 mg. b) The % by weight of protein in inclusion bodies in reference to the
cell pellet was calculated for each expression and averaged. The average inclusion body content for
TB expression was 25 + 5 %. The average inclusion body content for LB expression was 53 + 23
%. While the overall cell growth was higher for TB, LB was able to produce a higher percentage
of insoluble protein material per cell pellet weight.
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Figure 1.7: KSI-IDP-2Yx2A detection in LB vs. TB media. a) SDS PAGE analysis for deter-
mining presence of KSI-IDP-2Yx2A in the insoluble purification fraction at various time points of
expression at 18 °C. Protein is detected at 6, 22, 30, and 48 h for both LB and TB media conditions.
b) Mass spectra analysis confirms the gel band seen for KSI-IDP-2Yx2A is correct with an expected
mw of 31132 Da. Suspected heat shock protein contaminants are seen at 15773 Da an 16093 Da.
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Chapter 2

In vivo Characterization of
Intrinsically Disordered Proteins as
Vehicles for Delivery to Glioblastoma
Tumors

/\/\. ,\/\' hydrophobic
pH 7.4 cargo
_— —_—
/\/\,\{/\\'/\- °
intrinsically disordered proteins protein drug-loaded
with hydrophobic tails micelles carriers

This chapter is based on the following publication: Gleason J. M.*; Klass, S. H.;
Huang, P.; Ozawa, T.: Santos, R. S.; Fogarty, M. M.; Raleigh, D. R.; Berger, M. S.;
Francis, M. B. ACS Applied Bio Materials 2022.1

2.1 Abstract

Lipid and micelle-based nanocarriers have been explored for anticancer drug delivery
to improve accumulation and uptake in tumor tissue. As an experimental opportu-
nity in this area, our lab has developed a protein-based micelle nanocarrier consisting
of a hydrophilic intrinsically disordered protein (IDP) domain bound to a hydropho-
bic tail, termed IDP-2Yx2A. This construct can be used to encapsulate hydrophobic
chemotherapeutics that would otherwise be too insoluble in water to be adminis-
tered. In this study, we evaluate the in vivo efficacy of IDP-2Yx2A by delivering a
highly potent but water-insoluble cancer drug, SN38, into glioblastoma multiforme
(GBM) tumors via convection-enhanced delivery (CED). The protein carriers alone
are shown to elicit minimal toxicity effects in mice; furthermore, they can encapsu-



CHAPTER 2. IN VIVO CHARACTERIZATION OF INTRINSICALLY
DISORDERED PROTEINS AS VEHICLES FOR DELIVERY TO
GLIOBLASTOMA TUMORS 20

late and deliver concentrations of SN38 that would otherwise be lethal without the
carriers. CED administration of these drug-loaded micelles into mice bearing U251-
MG GBM xenografts resulted in slowed tumor growth and significant increases in
median survival times compared to non-encapsulated SN38 and PBS controls.

2.2 Introduction

Many nanocarrier systems have been explored as drug delivery agents to increase drug
accumulation in tumor tissue.2 0 Of these, liposome and micelle structures have been
used frequently due to their ability to house internal reservoirs of drug molecules.” 11
Many of these platforms consist of self-assembling synthetic block copolymers, but
these materials are often polydisperse and difficult to tune for optimal delivery. Fur-
thermore, some of these formulations have been shown to have unpredictable and
undesirable toxicity effects.®12716 These challenges can potentially be bypassed by
using protein-based nanoparticles, which can be produced reliably by inexpensive
recombinant expression and designed to self-assemble into nanoscale structures com-
posed of multiple copies of identical protein monomers.}”!® An intrinsic advantage
of protein-based nanoparticles is that they biodegrade in the body and have shown
few toxicity issues.1929 Additionally, these materials can be specifically designed
with control over every amino acid along the polypeptide chain using genetic meth-
0ds.2129 Proteins can also be site-selectively modified with chemotherapeutic car-
goes, targeting groups, and PEG polymers using mild bioconjugation reactions that
do not interfere with nanoparticle self-assembly.30 33 However, some drugs are not
amenable to bioconjugation attachment strategies as they do not posses functional
groups that are easily turned into attachment sites. Alternatively, chemotherapeutic
cargoes can be loaded in a non-covalent fashion into the interior of protein-based
nanoparticles through a number of approaches depending on the protein and drug
properties. This approach, is especially attractive for the loading hydrophobic drugs
into intrinsically disordered protein micelles that possess a hydrophobic core. 34

By combining the hydrophilic IDP region with a hydrophobic protein sequence as
a protein fusion, termed here as IDP-2Yx2A (Figure 2.1a), the proteins self-assemble
into micelles that can solubilize and accumulate hydrophobic small-molecules within
their cores (Figure 2.1b). Previously, the critical micelle concentration (CMC) of
IDP-2Yx2A has been reported in the low pM range (2-10 pM).34’35 These materials
could serve as promising alternatives to synthetic liposome and micelle structures for
the enhanced delivery of hydrophobic drugs into tumor tissue; however, there has
been no previous characterization of their in vivo properties.

Glioblastoma multiforme (GBM) was selected as a specific target for these stud-
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Figure 2.1: IDP micelles encapsulate hydrophobic cargo. a) The amino acid sequence of the
IDP-2Yx2A protein is shown.?® The blue sequence composes the hydrophilic domain and the gray
segment indicates the hydrophobic amino acid tail. b) In aqueous solutions above the CMC, IDP-
2Yx2A monomers self-assemble into spherical micelles approximately 30 nm in diameter. The
hydrophobic cargo is loaded into the core of the micelles for delivery as a chemotherapeutic agent.

ies. GBM remains one of the most challenging cancers to treat despite the develop-
ment of new therapeutics and a growing number of ways to administer them.30-43
Convection-enhanced delivery (CED) has been investigated as a promising strategy
to bypass the blood-brain barrier (BBB), and is the technique used in these stud-
ies. 2447 Briefly, this method injects therapeutics directly at the tumor site via a
constant pressure microfluidic pump. The continuous pressure creates fluid convec-
tion and aids the diffusion of therapeutics throughout the targeted tissue.30:44,48
The delivery of micelle-based drug formulations via CED can greatly increase both
the drug payload that reaches the tumor and its retention before clearance.42:49-53
In this context, we believe low toxicity, biodegradability, and low CMC values offer
a particular advantage for delivery with the IDP-2Yx2A system. Additionally, this
system includes the potential for introducing precise site modifications. This allows
for the introduction of specific GBM targeting groups as well as modification of the
assembly sequence to control drug loading and release, making genetically engineered
IDPs adaptable to a highly heterogeneous and fast-evolving cancer.

Here, we show that IDP-2Yx2A protein micelles are indeed compatible with the
CED technique, showing little-to-no toxicity for the carriers themselves upon ad-
ministration to mice. They allow quantities of SN38, a potent and hydrophobic
anticancer drug, to be administered that would be lethal in the absence of the carri-
ers.”4 8 Most importantly, statistically significant survival increases were observed
when mice bearing GBM xenografts were treated with these agents. These results
establish the IDP-2Yx2A carrier system as a promising new platform for directly
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administering many drug molecules that would otherwise be too hydrophobic to use

for cancer treatment.

2.3 Results and Discussion

2.3.1 IDP-2Yx2A in vitro characterization

The IDP-2Yx2A micelles were checked ) 05 b) 120.

for cell toxicity before being used L Standard e . = HEK293
as drug delivery vehicles. Protein = IDP-2Yx2A 1001 }'II i
expression in F. coli invariably re- EO'G 80, !
sults in contamination with endo- § Z

toxic lipopolysaccharides from the ??04 § 60

bacterial outer membrane, which g . 2 40

must be removed from the pro- 0.21

tein sample prior to in vivo admin- 20+

istration to prevent unwanted im- Y i A o
munogenic effects.”® Endotoxin lev- E)Enz.cftoxin]oéwml)o 0[|D|13(-)2YigA]3?pM4)0

els were measured using the LAL
detection kit as all protein was ex-
pressed and purified from E. coli.
Endotoxin levels of less than 0.1
EU/mL, near the lower limit of de-
tection, were observed for the RP-
HPLC purified IDP-2Yx2A micelles
(Figure 2.2a). Following this, we de-
termined unformulated IDP-2Yx2A
cell toxicity via an MTS cell viabil-

Figure 2.2: In vitro toxicity characterization of IDP-
2Yx2A. a) Endotoxin quantification of IDP-2Yx2A
post-HPLC purification was measured at less than 0.1
EU/mL, the lower detection limit for the Pierce LAL
chromogenic endotoxin quantification kit. b) The cell
toxicity of IDP-2Yx2A was determined using an MTS
assay with HEK 293 cells. No significant changes in
cell viability were seen up to 20 pM IDP-2Yx2A and
a slight drop in cell viability was seen at 40 pM IDP-
2Yx2A.

ity assay. Non-cancerous embryonic kidney (HEK293) cells were used to examine
innate toxicity. After a 72 h of incubation with IDP-2Yx2A no significant decrease
in cell viability was observed up to a concentration of 20 pM, and a minimal reduc-
tion was seen up to 40 uM (Figure 2.2b). These findings indicated that 20 pM could
be an appropriate protein concentration for further cellular and in vivo studies.
Release kinetics of IDP-2Yx2A were measured under controlled conditions (10%
FBS, 37 °C) to monitor the release of hydrophobic cargo in the presence of relevant
biological reservoirs. IDP-2Yx2A was covalently modified with Alexa Fluor(AF) 488
NHS ester on its lysine residues at approximately 12% labeling (Additional Figure
2.8¢). Assembly was confirmed by dynamic light scattering (DLS, Additional Figure
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Figure 2.3: Hydrophobic cargo release kinetics of IDP-2Yx2A. a) AF594-gly was loaded into the
IDP-2Yx2A-AF488 micelle core and excess dye was removed with a 10k spin concentrator. Fresh
buffer with 10% FBS was introduced to instigate the release of the hydrophobic cargo dye. b) The
fluorescence intensity (515-700 nm) was monitored for 20 h post FBS introduction. ¢) The FRET
energy decrease was calculated and fit to an exponential decay function. The half-life of cargo
release was determined to be approximately 80 min after FBS addition.

2.8b) and the micelles were loaded with a modified hydrophobic AF-594 (Additional
Figure 2.9a). When the fluorescent green protein was loaded with a red fluorescent
dye, fluorescence resonance energy transfer (FRET) occurred in the sample. How-
ever, as AF-594 was released from the micelle core, a decrease in FRET was observed.
Dye-modified IDP-2Yx2A was introduced to 10% FBS to represent the conditions
these micelles could experience in cell culture (Figure 2.3a). The micelle structures
were stable in solution, but in the presence of a hydrophobic carrier, such as albumins
in cell culture or cell membranes and lipophilic tissue in vivo, the hydrophobic cargo
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would be expected to release from the core and transfer to other reservoirs. FRET
was measured using a fluorometer (Figure 2.3b), and the FRET efficiency (E,¢) was
calculated. The resulting data were then fit to an exponential decay function (Figure
2.3c). The half-life of dye release to an equilibrium state between IDP-2Yx2A and
10% FBS was estimated to be 80 min. The calculated half-life shows the release of
cargo from the hydrophobic core to nearby hydrophobic reservoirs is not immediate
and on a timescale suitable for biological applications under physiologically relevant
conditions in the brain.6

2.3.2 Solubilizing SN38

The ability of IDP-2Yx2A to encapsulate and gradually release hydrophobic small-
molecule cargo makes it an ideal carrier for drugs that observe high in wvitro tar-
get binding but are precluded from clinical use due to their poor water solubility
and resulting low bioavailability. One chemotherapeutic that has shown promise for
treating many cancers is the topoisomerase inhibitor SN38, which has EC5 values
in the low nM range for many cancer cell lines.5176% Unfortunately, SN38 exhibits
extremely low solubility in water and therefore must be administered as a modified
pro-drug, irinotecan (CPT-11). The pro-drug form is 100-1000 times less cytotoxic
than SN38 until it is activated via hydrolysis by carboxylesterase enzymes in the
liver (Figure 2.4a). Although this releases SN38, its activation requires systemic
administration at much larger dosages, significantly increasing the risk of toxicity
and off-target effects.%°69 Lipid-based nanoparticle formulations have been devel-
oped to encapsulate CPT-11 to reduce systemic toxicity and have shown promise
for treating neuroblastoma brain tumors. To reduce systemic toxicity, lipid-based
nanoparticle formulations have been developed to encapsulate irinotecan’? and have
shown promise for the treatment of neuroblastoma brain tumors.’! Additionally, a
synthetic polymeric micelle formulation of SN38 (known as NK012) has been studied
for its efficacy in Glioblastoma multiforme (GMB) brain tumors and was shown to
increase survival and decrease the tumor volume for mice.” Additionally, SN38 has
been shown to increase survival and decrease tumor volume in animal glioma models
using a hydrolyzable covalent linkage to a synthetic block copolymer consisting of
poly(ethylene glycol) and poly(glutamic acid) regions. In this case, the attachment
of the drug molecule to the glutamate residues resulted in micelle formation.?t. SN38
has a hydrophobic nature that makes delivery problematic, however it allows for en-
capsulation with the core of the IDP-2Yx2A micelle to create the formulation termed
here as SN38-IDP-2Yx2A.

In this work, the formulation of SN38-IDP-2Yx2A was created by solubilizing
SN38 into the core of the assembled IDP-2Yx2A micelles. Lyophilized IDP-2Yx2A
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Figure 2.4: SN38 solubilization and formulated SN38-IDP-2Yx2A cell viability. a) CPT-11, the
pro-drug for SN38, is metabolized by carboxylesterases in the liver to give the active metabolite. b)
The solubility of SN38 increases in the presence of IDP-2Yx2A. In H,O, the solubility of free SN38
is at the limit of detection by absorbance and is estimated to be less than one pM. Using a bath
sonicator, up to 87.5 pM is solubilized by the micelles. Using a probe sonicator during the loading
protocol increased the solubility to a maximum of 330 pM. c) The cell viability of U251-MG-FL cells
after 72 h exposure to formulated SN38-IDP-2Yx2A was measured and fit to a logistic function.
The ECsg value of SN38-IDP-2Yx2A was calculated to be 2.5 + 0.5 nM. Free SN38 was calculated
to have an ECyg value of 13.5 + 4.3 nM while the CPT-11 was approximately 1000x less potent
with an ECsg of 9720 £ 1650 nM.

was reconstituted in 50% MeCN:Milli-Q H,O to a concentration of 10 pM and
500 pM SN38 from a DMSO stock was added dropwise to the solution. The so-
lution was mixed using a probe sonicator (2 s on 4 s off, 65% amplitude) for 2
min. The MeCN was slowly evaporated under N,, and the sample was lyophilized
to remove the remaining H,O and DMSO. The solution was reconstituted in DPBS
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and filtered through a 0.22 pm cellulose acetate membrane to sterilize the solution
and remove any aggregate particles. The concentrations of SN38 and IDP-2Yx2A
were determined via absorbance using their calculated extinction coefficients (Figure
2.4b). The concentration of solubilized SN38 was compared to the concentration
dissolved in DPBS with no IDP-2Yx2A. The maximum calculated concentration for
SN38 with IDP-2Yx2A was 330 uM, but the concentration of SN38 in buffer alone
was lower than could be calculated with confidence. This represents a greater than
300-fold increase in solubility when formulated with the IDP carriers. The drug
loading and encapsulation efficiency values of SN38 were calculated to be 32.2% and
57.6%, respectively (Additional Table 2.1). In related works, DLS measurements
confirmed that micelles were still assembling with a narrow polydispersity distribu-
tion at around 24 nm (Additional Figure 2.10a). The release and diffusion across
a membrane of free SN38 versus SN38-IDP-2Yx2A are included as additinoal fig-
ures. The ty /2 of SN38 diffusion was found to be 1.6 h and SN38-IDP-2Yx2A was
approximately 2.8 times slower, with t; g =45 h (Additional Figure 2.10¢c). In pre-
vious reports, cryo-TEM and atomic force microscopy were used to confirm micelle
assembly and apparent morphology for unloaded IDP-2Yx2A and in the presence of
hydrophobic cargo, specifically SN38.34:35

2.3.3 SN38-IDP-2Yx2A in vitro studies

Cell viability experiments were conducted on human glioblastoma cells (U251-MG) to
evaluate SN38-IDP-2Yx2A as a cytotoxic agent for glioblastoma. SN38-IDP-2Yx2A
was compared to free SN38 and its pro-drug, CPT-11. Concentration gradients of
SN38-IDP-2Yx2A, SN38, and CPT-11 were incubated with U251-MG-FL cells for 72
h. Cell viability was determined by an MTS assay, which quantifies the number of live
cells in culture through the NAD(P)H-dependent conversion of the MTS tetrazolium
compound by dehydrogenase enzymes in metabolically active cells. The half-maximal
effective concentration, ECyq, was determined by fitting a logistic curve to the drug
concentration vs. % viability data, which resulted in a calculated ECsg of 2.5 nM
for SN38-IDP-2Yx2A. The ECsq value of SN38 with no carrier was 13.5 nM and
CPT-11 had an ECyq of 9720 nM, about 1000x larger, as would be expected for the
pro-drug form (Figure 2.4c). IDP-2Yx2A controls confirmed that unloaded protein
micelles do not individually show cytotoxic effects to glioblastoma cancer cells and
non-cancerous cell lines, as mentioned previously.
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2.3.4 Evaluating SN38-IDP-2Yx2A in vivo
convection-enhanced delivery

Pilot mouse toxicity studies were performed to determine if minimal cell cytotoxicity
translated to biocompatibility in vivo. Three mice were injected intracranially with
10 pL of 20 pM IDP-2Yx2A DPBS and their weight was measured daily for one
week to monitor for any adverse reactions to the injection (Figure 2.5a). No toxicity
effects were seen in response to 20 pM IDP-2Yx2A, so it was determined safe to
create drug formulations up to this concentration for efficacy studies. Additionally,
toxicity studies with SN38 in 50% DMSO and vehicle controls of 50% DMSO with
no drug (Figure 2.5a) were done to determine optimal loading concentrations for
in vivo efficacy studies. Three healthy mice per arm were injected with 200 pM,
100 pM, and 75 uM free SN38 to determine the highest concentration safe for CED
infusions. After 1-2 days, mice injected with 200 pM and 100 pM SN38 started to
show neurological toxicity symptoms and were euthanized (Figure 2.5b). In contrast,
mice injected with 75 pM SN38 showed no toxicity symptoms, and their body weight
was monitored and determined to be in a normal range for one week.

Confident that drug and protein would cause no immediate toxicity to mice, two
courses of a three-arm (n=6) efficacy study were performed on glioblastoma (U251-
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Figure 2.5: In vivo toxicity studies for intracranial injection of SN38-IDP-2Yx2A. a) Three healthy
mice were injected with 10 pL. of DMSO or 20 uM of HPLC-purified IDP-2Yx2A. They were
monitored for one week to observe any adverse effects, such as weight loss or neurological symptoms.
No significant decrease in body weight was observed. b) For each arm, three healthy female mice
were injected with 10 pL of 100 pM SN38-50%DMSO, 200 pM SN38-50%DMSO, 100 pM SN38-IDP-
2Yx2A, and 200 pM SN38-IDP-2Yx2A. Mice for both 100 pM SN38 and 200 pM SN38-50% DMSO
displayed neurological toxicity symptoms within one day of injection and had to be euthanized. No
effects were seen with formulated SN38-IDP-2Yx2A and body weight remained constant.
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MG-FL) tumor-bearing mice. In the first round, SN38-IDP-2Yx2A was formulated
with 75 nM drug and approximately 15 pM IDP-2Yx2A due to initial toxicity seen
at 100 pM and 200 pM SN38. DPBS and 75 pM SN38 in 50% DMSO were in-
cluded as controls for the study. CED infusions of 10 nL. were conducted 15 days
post-implantation, and subsequent infusions were performed every seven days for
four weeks. Tumor size was monitored by bioluminescence intensity (BLI) (Figure
2.6a), and Kaplan-Meier analysis and log-rank tests were used to determine statis-
tical significance for mouse survival (Figure 2.6b). Mice treated with SN38-IDP-
2Yx2A showed statistically significant increased survival (p = 0.032) compared to
mice treated with the SN38 in 50% DMSO control (Additional Table 2.2). The ini-
tial study showed promise for using formulated SN38-IDP-2Yx2A as a glioblastoma
treatment to prolong mouse survival and inhibit tumor growth.

The toxicity study was repeated on healthy mice using 200 ptM and 100 pM of
SN38 formulated with IDP-2Yx2A instead of 50% DMSO to determine if loading in
the micelles could protect against SN38 toxicity. Three mice per arm were injected
intracranially with 10 nL of agent, and their weights were monitored for one week
to determine if any adverse reactions or neurological symptoms developed. No toxi-
city effects were seen at SN38 concentrations well above tolerable levels for the free
drug, suggesting that the IDP-2Yx2A protein does indeed protect mice against the
toxicity of SN38 Figure 2.5b). These results suggested that mice can be treated with
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Figure 2.6: Preliminary efficacy study of U87 tumor bearing mice. a) On day 15 after tumor cell
injection, 18 mice were distributed into three study arms (n=6) and injected via CED with 10 pL
of DPBS, 75 pM SN38 in 50% DMSO, or 75 pM SN38-IDP-2Yx2A. Normalized BLI was monitored
until tumor burden exceeded TACUC guidelines and animals were sacrificed. The average tumor
size and standard deviation for the remaining mice were plotted. b) The Kaplan-Meier survival
analysis for the three study arms showed a significant improvement (p = 0.032) in survival for
formulated SN38-IDP-2Yx2A versus the SN38 DMSO control.
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concentrations of 200 pM SN38-IDP-2Yx2A instead of 75 pM SN38-2Yx2A in 50%
DMSO.

A full three-arm (n=9) efficacy study was repeated on glioblastoma (U251-MG-
FL) tumor-bearing mice with higher SN38 dosing as determined by the toxicity
data. The efficacy study was performed with formulated SN38-IDP-2Yx2A to de-
termine if mouse survival increased and tumor growth slowed. SN38-IDP-2Yx2A
was formulated with 150 pM drug and approximately 15 pM IDP-2Yx2A. DPBS
and 75 pM SN38 in 50% DMSO were included as controls for the study. CED infu-
sions of 10 pLL were conducted six days post-implantation, and subsequent infusions
were performed every seven days for four weeks. Tumor size was monitored by bi-
oluminescence intensity (BLI) (Figure 2.7a, Table 2.3), and Kaplan-Meier analysis
and log-rank tests were used to determine statistical significance for mouse survival
(Figure 2.7b). Mice treated with SN38-IDP-2Yx2A showed statistically significant
increased survival compared to mice treated with the DPBS control (p = 0.014) and
SN38 DMSO control (p = 0.021, Additional Table 2.4).
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Figure 2.7: Efficacy study of formulated SN38-IDP-2Yx2A for CED treatment of GBM in mice.
U251-MG-FL cells were implanted intracranially and grown until an average BLI indicated log phase
growth. a) On day 6, 27 mice were distributed into three study arms (n=9) and injected via CED
with 10 pL. of DPBS, 75 nM SN38 in 50% DMSO, or 150 pM SN38-IDP-2Yx2A. Normalized BLI
was monitored until tumor burden exceeded TACUC guidelines and animals were sacrificed. The
average tumor size and standard deviation for the remaining mice were plotted. b) The Kaplan-
Meier survival analysis for the three study arms showed a significant improvement (p = 0.021, p =
0.014) in survival for formulated SN38-IDP-2Yx2A versus both DPBS and SN38 DMSO controls,
respectively.
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2.4 Conclusion

This work evaluates the IDP-2Yx2A protein micelle construct as a delivery scaffold.
The unloaded carrier system exhibited no cell toxicity up to 20 pM, and wn vivo
experiments indicated no adverse effects in mice with intracranial injections up to 20
pM. The highly insoluble but highly potent chemotherapeutic SN38 was loaded into
the micelle interior in its active form. Using a protein-based platform for the delivery
of chemotherapeutics via CED has many potential benefits, as these structures are
biodegradable and have the opportunity for genetically optimizing properties and
encoding targeting groups. When encapsulated, the cytotoxic effect of the drug
was maintained for the U251-MG-FL glioblastoma cell line with ECsq values in the
low nM. When SN38 was encapsulated, the IDP-2Yx2A delivery scaffold protected
against neurological toxicity symptoms in healthy mice after intracranial injection.
Mice with U251-MG-FL tumors were treated with DPBS, SN38 solubilized in a
solution of 50% DMSO, and SN38 loaded IDP-2Yx2A micelles. Mice treated with the
SN38-IDP-2Yx2A had slower tumor growth and significantly longer survival functions
compared to the free drug. Given this initial success, future studies will expand the
utility of IDP- 2Yx2A micelles as delivery scaffolds that can be easily tailored and
engineered to improve the delivery of hydrophobic small molecule chemotherapeutics
to tumor tissue.

2.5 Materials and Methods

2.5.1 Reagents and Instrumentation

Unless otherwise noted, all chemicals were obtained from commercial sources and
used without further purification. Milli-Q (MQ) HyO was purified to a resistivity of
18.2 M Q e cm (at 25 °C) using a MQ Gradients ultrapure water purification system
(Millipore).

2.5.1.1 Mass Spectrometry

Proteins were analyzed by time of flight electrospray ionization mass spectrometry
(ESI-TOF-MS) using an Agilent 1260 series liquid chromatography (LC) system that
was connected in-line with an Agilent 6530 Q-TOF LC/MS system (Santa Clara,
CA). Protein samples were passed through a 0.22 mM cellulose acetate filter prior
to injection. Depending on sample concentration, 0.5 -10 mL was injected on to
a Proswift RP-4H (monolithic phenyl, 1.0 mm x 50 mm, Dionex) analytical col-
umn with a flow rate of 0.40 mL/min and a gradient of 5-100% MeCN+0.1% (v/v)
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formic acid (FA) in MQ Hy0+0.1% FA over the course of 8 min. The total ion
chromatograms were extracted in the Agilent Mass Hunter Workstation software
(Qualitative Analysis Version B.10.0, Build 10.0, Agilent Technologies Inc. 2020).
Protein molecular weights were reconstructed using a maximum entropy deconvo-
lution. The resulting spectra were exported as CSV files and plotted using the
Chartograph web-tool (www.chartograph.com).

2.5.1.2 Reverse Phase High Performance Liquid Chromatography
(RP-HPLC)

RP-HPLC purification of IDP-2Yx2A proteins mutants was performed on an Agi-
lent 1260 Infinity series LC system controlled by Open Lab CDS software (Agilent
Technologies Inc. 2011-2015) and equipped with a fraction collector and UV-Vis
detector. Preparatory scale purification was performed on a Waters XBridge Protein
BEH C4 OBD Prep Column (300 A, 4 pm, 19 mm X 50 mm) with a flow rate of
5 mL/min and a gradient of 5-95% HPLC grade MeCN+0.1% (v/v) trifluoroacetic
acid (TFA) in MQ H,0+0.1% TFA over the course of 30 min. Fractions containing
IDP-2Yx2A mutants were identified by their 280 nm and 350 nm fluorescence profiles
and confirmed with ESI-TOF-MS.

2.5.1.3 Dynamic Light Scattering (DLS)

DLS was performed on a Malvern Instruments Zetasizer Nano ZS. Prior to analysis,
lyophilized samples were rehydrated in the appropriate buffer and passed through a
0.22 nm cellulose acetate centrifugal filter. Protein concentration was determined and
80 nuL of filtered sample was added to a DLS cuvette. All analyses were performed
at 25 °C and measurement data were presented as averaged mean diameters deter-
mined by the %Number distribution showing the majority population in a sample.
The standard deviations were calculated from an average of the %Number mean for
each run. Heterogeneity was determined by the polydispersity index and %Intensity
traces.

2.5.1.4 UV-VIS Spectroscopic Measurements

UV-Vis measurements were conducted on a Thermo Scientific nanoDrop 1000 scan
benchtop spectrophotometer (Wilmington, DE). SN38 and protein concentrations
were determined by measuring the absorbance at 380 nm and 280 nm, respectively,
and were calculated using Beer’s law and their respective extinction coefficients.
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2.5.2 Protein Expression and Purification

Amino acid sequence of fusion protein KSI-IDP-2Yx2A:
MHTPEHITAVVQRFVAALNAGDLDGIVALFADDATVEDPVGSEPRSGTAAIRE
FYANSLKLPLAVELTQEVRAVANEAAFAFTVSFEYQGRKTVVAPIDHFRFNGA
GKVVSIRALFGEKNIHACQMLAEAKSPAEAKSPAEVKSPAVAKSPAEVKSPAEV
KSPAEAKSPAEAKSPAEVKSPATVKSPGEAKSPAEAKSPAEVKSPVEAKSPAEA
KSPASVKSPGEAKSPAEAKSPAEVKSPATVKSPVEAKSPAEVKSPVTVKSPAEA
KSPVEVKSPYWSAYGAYAQYVYIYAYWYL*

KSI protein sequence shown in magenta

IDP protein sequence shown in black

2Yx2A protein sequence shown in blue

Expression and purification of KSI-IDP-2Yx2A were adapted from a previously
described protocol.3” Rosetta2 (pLysS) cells transformed with a pET31(+) vector
containing the KSI-IDP-2Yx2A sequence were grown overnight at 37 °C in 20 mL of
Lysogeny broth (LB) with carbenicillin and chloramphenicol antibiotics. A 4 L flask
with 2 L of LB/carbenicillin was inoculated with the overnight culture and grown
at 37 °C, 220 rpm, until the OD600 reached 0.6-0.8. The temperature was lowered
to 18 °C, and equilibrated for 30 min before protein expression was induced by the
addition of IPTG (0.5 mM). Protein was expressed for 20-24 h before the culture
was centrifuged at 8000 g for 20 min. The pelleted cells ( 5-10 g) were frozen at -20
°C overnight.

The cell pellet was resuspended in 20-35 mL of lysis buffer with PMSF, lysozyme,
and RNase B. Cells were lysed by sonication at 75% amplitude (2 s on 4 s off) for
15 min. The lysis was centrifuged at 14,500 g for 30 min. The lysis supernatant was
discarded, and the insoluble pellet was washed twice with lysis buffer followed by MQ
H,O by resuspending the insoluble fraction and centrifuging for 20 min at 14,500 g.
Next, 5-10 mL of 6 M guanidinium HCIl (Guan HCIl) was added to resuspend all
proteins from the insoluble lysis pellet. The Guan HCI suspension was vortexed,
shaken at 80 rpm for 1 h, and then centrifuged for 20 min at 14,500 g to remove cell
debris. SDS-PAGE and ESI-TOF-MS analysis determined the purity of the KSI-
IDP-2Yx2A fusion protein. Protein yield was determined by measuring the A280
and calculated from the extinction coefficient (ExPASy Protein Parameters Tools
https://web.expasy.org/protparam/).

A methionine residue followed the KSI fusion partner to allow for cyanogen bro-
mide (BrCN) cleavage to obtain the final IDP-2Yx2A protein. The Guan HCI solution
was adjusted to a final HCI concentration of 0.5 M with 10% FA. The cleavage reac-
tion was carried out with 100 molar excess of BrCN to protein by adding a 3 M BrCN
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stock in DCM. The solution was stirred under nitrogen in the dark for 24 h. ESI-
TOF-MS confirmed the completed reaction. The Guan HCI solution was added to
30 mL of a prechilled saturated (NH,),SO, solution and stored at -20 °C for 1-3 h to
precipitate proteins. The soluble components (Guan HCl and BrCN) were retained
in the supernatant after centrifugation (20 min, 14,500 g) and decanted from the
precipitated protein pellet. The protein pellet was resuspended in 20% MeCN:H,0
by sonication (65% amplitude, 2 s on 4 s off, 10 min), and insoluble components
were removed by centrifugation (20 min, 14,500 g). The supernatant was dialyzed
(3kDa membrane) against MQ H,O overnight to remove the remaining salts. The
expression and purification methods have been optimized to obtain yields of 100-300
mg/L of IDP-2Yx2A at the end of this step.3?

The IDP-2Yx2A protein solution was further purified using RP-HPLC. The pro-
tein was purified by 1 mL injections and eluted in fractions between 30-40% MeCN.
SDS-PAGE and ESI-TOF-MS determined the purity of IDP-2Yx2A.

2.5.2.1 Protein Gel Analysis

Sodium dodecyl sulfate-polyacrylamide (SDS PAGE) gel analyses were run on a
Novex apparatus using 4-12% precast linear gradient polyacrylamide gels (Bio-Rad,
Hercules, CA). Protein samples were mixed with a 6X loading buffer and heated to
95 °C for 5 min. Samples were run for 30 min at 200 V in the SDS-MES buffer. Novex
Sharp pre-stained protein standard was run on each gel for indication of molecular
masses. Protein bands were stained with Coomassie Brilliant Blue R-250 (Bio-Rad)
and gels were visualized on the Gel-Doc EZ Imager (Biorad).

2.5.3 IDP-2Yx2A Characterization

Each batch of RP-HPLC purified IDP-2Yx2A was fully characterized to confirm ex-
pected self-assembling behavior. Protein concentration was determined by measuring
A280 and calculated using the extinction coefficient. (ExPASy Protein Parameters
https:/ /web.expasy.org/protparam/). For concentration measurements, the protein
was first diluted 1:10 in 50% MeCN in HyO. Dynamic light scattering measure-
ments were used to confirm micelle size. Lyophilized IDP-2Yx2A was reconstituted
in DPBS and passed through a 0.22 um cellulose acetate centrifugal filter to remove
any large particles from the solution prior to DLS measurements. The average diam-
eter of micelles was determined by the %Number distribution based on the majority
population in the sample.
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2.5.4 Endotoxin Assay

The LAL endotoxin quantitation kit was used as indicated by the supplier. Serial
dilutions were made using endotoxin-free water. The absorbance was measured at 405
nm using an Infinite 200 Pro (Tecan, Switzerland) plate reader, and the absorbance
of the blank sample was subtracted from each well.

2.5.5 Dye Modification

All dye concentrations were determined using their appropriate nm absorbance and
calculated using their extinction coefficients. A solution of 150 ptM IDP-2Yx2A in 10
mM phosphate buffer pH 7.2 was mixed with AF-488 NHS ester from a DMSO stock
(0.2 equivalents). The reaction was incubated for 2 h at room temperature and the
excess AF-488 NHS ester was removed by using a 10 kDa MWCO spin concentrator.
The final concentrations were 8 pM AF-488 dye and 80 pM IDP-2Yx2A. ESI-TOF-
MS confirmed IDP-2Yx2A was covalently labeled with AF-488 NHS ester on its lysine
residues at approximately 12% labeling (Additional Figure 2.8).

The AF-594 NHS ester was modified with a glycine tert-butyl ester to quench
the lysine reactive NHS ester (AF-594 gly). A 1 mM solution of AF-594 in 50:50
HyO:DMF was incubated overnight at room temperature with glycine tert-butyl
ester (200 equivalents) and TEA (200 equivalents). The organic solvent was removed
under reduced pressure and excess reagent was removed by using a Nap-25 desalting
column. Reaction completion was confirmed by ESI-TOF-MS (Additional Figure
2.9b).

The AF-594 gly was loaded into the core of the covalently labeled AF-488-IDP-
2Yx2A micelles. Excess AF-594 gly was added to a 30 pM solution of AF-488-
IDP-2Yx2A protein and vortexed. Free AF-594 gly was removed by a 10kDa spin
concentration and the final concentration was 24 pM, 2.4 1M, and 5.7 pM for the
IDP-2Yx2A protein, AF-488 dye, and AF-504 gly dye, respectively (AF488-IDP-
2Yx2A-AF594).

2.5.6 FRET Release Assay

Fetal bovine serum (FBS) was added to 24 pM AF488-IDP-2Yx2A-AF594 with a final
concentration of 10%. The fluorescence intensity from 515-700 nm was monitored for
20 h starting at 30 s intervals from initial FBS introduction. The FRET efficiency
(Ee1) was calculated using the time point values at 550 nm and 650 nm and fit to
an exponential decay function to determine the half life of cargo release.
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2.5.7 SN38 Release Study

The drug release assay was performed using a dialysis method. A 100 pL sample
of 140 pM SN38 with 15 pM IDP was prepared in DPBS. In parallel, a 140 pM
SN38 solution was prepared in DPBS + 5% v/v DMSO as a free drug control. Each
sample was loaded into a Slide-a-Lyzer MINI Dialysis 10k MWCO cartridge, which
was placed in a quartz cuvette containing 900 pL of DPBS + 10% FBS as a sink
medium for drug release. The cuvette was kept at 37 °C, and the SN38 concentration
in the cuvette was monitored regularly over 24 h by fluorescence at 370 nm excitation
and 540 nm emission.

2.5.8 Cell Culture

Human embryonic kidney cells (HEK293) were obtained from the UC Berkeley Cell
Culture Facility. U251-MG human glioblastoma cells bearing a luciferase reporter
(U251-MG-FL) were acquired from UCSF. Cells were cultured in DMEM (ATCC,
Manassas, VA, USA) + 10% fetal bovine serum (Omega Scientific, Tarzana, CA,
USA) and 1% penicillin-streptomycin (Thermo) at 37 °C and 5% COs,.

2.5.9 Cell Viability Assay

HEK?293 and U251-MG-FL cells were trypsinized and diluted to a density of 50,000
cells/mL. An aliquot of 100 uL of cell stock was placed in each well of a 96 well plate
(Corning, Corning, NY, USA) for a final density of 5,000 cells/well. The cells were
incubated overnight at 37 °C, 5% CO,. The media was aspirated from each well then
replaced with 75 pL of fresh DMEM and 25 pL of the appropriate 4X sample stocks.
The plate was incubated at 37 °C, 5% CO,, for 72 h. Then, media was aspirated from
each well, and 100 pL. of DMEM containing 20% MTS was added. The plate was
incubated at 37 °C, 5% CO, for 3 h. The 490 nm absorbance was measured using
an Infinite 200 Pro plate reader (Tecan, Switzerland). Cell viability was calculated
as an absorbance percent over the untreated cell control.

2.5.10 Convection-enhanced Delivery (CED Infusion)

For CED administration, our approach was similar to that previously described.48
Briefly, infusion cannula were made with silica tubing fused to a 100 pL syringe
(Plastic one, Roanoke, VA) with a 0.5 mm stepped-tip needle protruding from the
silica guide base. The syringes were loaded with the appropriate agents and attached
to the microinfusion pump (Bioanalytical Systems, Lafayette, IN, USA). The can-



CHAPTER 2. IN VIVO CHARACTERIZATION OF INTRINSICALLY
DISORDERED PROTEINS AS VEHICLES FOR DELIVERY TO
GLIOBLASTOMA TUMORS 36

nula was lowered 4 mm through a skull hole made by puncturing the skull with a
coordination of 3 mm to the right from bregma and just on top of the coronal suture
(the region where the tumor cells were injected). The samples were infused at a rate
of 1 pLL/min until a volume of 10 pL. was delivered. The cannula was removed 5 min
post-infusion.

2.5.11 In vivo Studies

All animal procedures were performed according to a protocol approved by the Uni-
versity of California San Francisco Institutional Animal Care and Use Committee
(IACUC). Five-week-old athymic (homozygous, nu/nu) female mice weighing 18-22
g were purchased from Harlan-Envigo Labs (Livermore, CA, USA). For tumor inoc-
ulation, 3 x 10° human U251-MG-FL glioblastoma cells with the luciferase reporter
gene were intracranially implanted as previously described.” Tumor size was mon-
itored by measuring the bioluminescence from the luciferase reporter system using
the IVIS Lumina imaging station (Caliper Life Sciences, Alameda, CA).

Mice were treated via CED infusion once bioluminescence indicated log phase
growth. Mice were euthanized when tumor burden reached the levels determined by
[ACUC guidelines.

Mouse toxicity studies were performed to determine appropriate concentrations
for CED samples. For each tested concentration, three healthy mice were injected
intracranially with 10 pL of agent. Mice were monitored during one week for signs of
cytotoxic or neurological side effects and weighed daily to check for weight loss that
would indicate adverse reactions to the treatment.
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2.6 Additional Figures

a) b)
%0 359+ 1.7

25
20

15+

% Number

10 1

IDP-2Yx2A-AF488 1

1 10 100 1000
Diameter (nm)

c)
)
17632
(%))
3
%)
w
S
=
12
| 18148
17600 17800 18000 18200 18400
d) Reconstructed Mass (Da)
124
S 10
X
5 s
<
5 6
o
3
g 4]
o
S 24
w
04

500 550 600 650 700
Wavelength (nm)

Figure 2.8: IDP-2Yx2A was covalently modified by AF-488 NHS ester. a) The lysine residues
of IDP-2Yx2A were covalently labeled with AF488-NHS ester b) The assembly and size of IDP-
2Yx2A-AF488 micelles were confirmed by DLS. ¢) LC-MS analaysis followed by integration of the
IDP-2YXA and AF488-IDP-2Yx2A peaks by the Chartograph software showed 12% modification
of the lysine residues on the protein. d) Fluorescence intensity spectrum of AF488-IDP-2Yx2A.
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Figure 2.9: LC-MS analysis of AF-594 gly. a) AF594-NHS ester was modified to deactivate the
NHS ester reactive group and create a hydrophobic dye non-covalent loading into the micelle core.
b) The reaction of AF-594 NHS ester to AF-594 gly (825.9 g/mol) was confirmed by ESI-TOF-MS.
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Figure 2.10: SN38-IDP-2Yx2A DLS and drug release study. a) DLS confirmed diameter of SN38-
IDP-2Yx2A in PBS to be 24.6 £ 1.7 nm. b) DLS confirmed diameter of SN38-IDP-2Yx2A in PBS
to be 23.3 & 1.0 nm. c¢) Drug release kinetics of free SN38 (t1 /o = 1.599 & 0.447 h) vs. SN38-IDP-

2Yx2A (t1 /9 = 4.517 £ 0.093 h).

Table 2.1: Drug loading and encapsulation efficiency of SN38 with IDP-2Yx2A micelles

[SN38] added (pM) [SN38] loaded (pM)

[IDP] (1M) Loading Encapsulation

500 330 15 33% 66%

500 284 11 36% 57%

500 250 15 27% 50%
Average 32.2% 57.6%
stdev 4.6 8.0
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Table 2.2: Median survival and log rank p-values for Kaplan-Meier Survival Analysis of prelimi-
nary efficacy study (n=6).

n—=~6 DPBS Control SN38 DMSO Control SN38-IDP-2Yx2A
Median Survival 24 Days 24 Days 42 Days

PBS Control - 0.7948 0.07847

SN38 DMSO Control 0.9046 — 0.03198
SN38-IDP-2Yx2A 0.07847 0.03198 -

Table 2.3: Normalized bioluminescence intensity data of randomized mice for efficacy study (n=9).
Blank entries indicates that all mice in the group were sacrificed.

Days after injection DPBS Control SN38 DMSO Control SN38-IDP-2Yx2A

5 1.0 £0.0 1.0 £0.0 1.0 £ 0.0

12 4.11 £ 2.04 4.84 £+ 2.88 1.70+ 1.26
16 10.77 £ 6.411 10.88 £ 5.45 3.82 £ 4.41
19 26.54 £ 31.59 2545 £ 16.24 9.25 £ 9.65
22 45.48 + 25.72 29.01 £ 17.14 13.95 £ 9.02
26 - 102.22 £ 62.08 36.87 + 35.48
29 - - 87.65 £ 59.37

Table 2.4: Median survival and log rank p-values for Kaplan-Meier Survival Analysis of efficacy
study (n=9).

n—~6 DPBS Control SN38 DMSO Control SN38-IDP-2Yx2A
Median Survival 22 Days 26 Days 29 Days

DPBS Control — 0.7948 0.01413

SN38 DMSO Control 0.7948 - 0.02093
SN38-IDP-2Yx2A 0.01413 0.02093 -
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Chapter 3

Genetic Engineering of an
Intrinsically Disordered Protein’s
Hydrophilic Domain

@ ‘ Characterization

Biological Expression

f.../\ ‘ & ,’ ST, P
NN fL:'
P VAN
Portions of this chapter are based on the following publication: Klass, S. H.*; Gleason
J. M.;‘; Omole, A. O.; Onoa, B.; Francis, M. B. Biomacromolecules 2022, 23, 1462-
1470.

Micelle Formation

3.1 Abstract

Surfactants, block-copolymers, and other types of micellar systems are used in a wide
variety of biomedical and industrial processes. However, most commonly used sur-
factants are synthetically derived and pose environmental and toxicological concerns
throughout their product life cycle. Because of this, bio-derived and bio-degradable
surfactants are promising alternatives. For bio-surfactants to be implemented indus-
trially, they need to be produced on a large scale and also have tailorable properties
that match those afforded by the polymerization of synthetic surfactants. In this
paper, a scalable and versatile production method for bio-surfactants based on a
hydrophilic intrinsically disordered protein (IDP) sequence with a genetically engi-
neered hydrophobic domain is used to study variables that impact their physico-
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chemical and self-assembling properties. These amphiphilic sequences were found to
self-assemble into micelles over a broad range of temperatures, pH values, and ionic
strengths. To investigate the role of the IDP hydrophilic domain on self-assembly,
variants with increased overall charges and systematically decreased IDP domain
lengths were produced and examined for their sizes, morphologies, and critical mi-
celle concentrations (CMCs). The results of these studies indicate that decreasing the
length of the IDP domain and, consequently, the molecular weight and hydrophilic
fraction, leads to smaller micelles. Additionally, significantly increasing the amount
of charged residues in the hydrophilic IDP domain results in micelles of similar sizes,
but with higher CMC values. This represents an initial step in developing a quantita-
tive model for the future engineering of bio-surfactants based on this IDP sequence.

3.2 Introduction

Most commercially used surfactants are derived from hydrocarbon sources and en-
compass both conventional surfactants consisting of simple ionic head groups at-
tached to hydrocarbon tails as well as macromolecular block-copolymers consisting
of hydrophilic and hydrophobic domains. The properties of commonly used synthetic
surfactants have been heavily researched, and they have well-understood physico-
chemical properties that can be tailored to address specific application needs.2™
By altering the hydrophobicities, chain lengths, charges, and geometries, the bulk
self-assembly properties in a known context can be predictably modified. 11 Un-
fortunately, many synthetically derived surfactants show human or environmental
toxicity due to their innate activities or those of their degradation products.12-14
Due to the widespread use of surfactants, there have been renewed efforts to develop
bio-derived and bio-degradable alternatives.!916 However, large-scale production of
designer bio-surfactants for medical or environmental purposes remains a challenge
regarding economic viability compared to their synthetic counterparts.!”18 Further-
more, the design rules that govern the ability of bio-molecules to perform as sur-
factants are poorly understood, which impedes the development of novel constructs
with direct applications.

Previous studies explored the IDP sequence as a hydrophilic domain for an am-
phiphilic biopolymer with a genetically encoded hydrophobic domain (2Yx2A) at the
C-terminus of the protein. The production and characterization of this sequence has
been described previously.!? As this IDP sequence has not been extensively studied
in an assembly context, the first variables we sought to examine were the nature of
the charge and length of the IDP sequence itself. Herein, we discuss the development
of IDP-2Yx2A mutational variants with systematically decreasing IDP lengths while
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maintaining a neutral charge and the hydrophobic 2Yx2A assembly domain. Addi-
tionally, a "supercharged"?? variant that maintained IDP length, but with double
the overall positive charge, was also constructed. Finally, a variant with valine to
proline mutations was constructed to look at the overall increase in hydrophilicity
with a neutral charge. These variants were then used to investigate the role of the
IDP length, charge, and hydrophilicity on physicochemical properties such as size,
morphology, and critical micelle concentration (CMC). From these studies, several
trends have emerged.

3.3 Results and Discussion

3.3.1 Exploring IDP length and charge

Using this insoluble expression and purification protocol described previously,! five
additional variants of IDP-2Yx2A (further denoted as 1.0-IDP-2Yx2A) were pro-
duced. A positively charged version, (+)1.0-IDP-2Yx2A, was developed by geneti-
cally replacing all the glutamic acid residues (E) in the original sequence with lysine
residues (K). This resulted in 45 total positively charged residues and an overall
charge of +45 at neutral pH. Additionally, 3 variants with decreasing IDP lengths
were produced, 0.75-IDP-2Yx2A, 0.5-IDP-2Yx2A and 0.25-IDP-2Yx2A, where the
IDP domains are described as fractions of the full sequence in the naming scheme.
Finally, a negative control variant (1.0-IDP), which contains the full-length IDP
domain, but no assembly region was also expressed. This variant, which has no
hydrophobic domain at its C-terminus, contains only one aromatic residue in the
entire sequence for monitoring by UV-vis (Figure 3.1a). The Protein DisOrder pre-
diction System (PrDOS) was used to create intrinsically disordered profiles for these
variants and confirmed disorder probability predictions of >0.5 (Additional Figure
3.7).21 While the positively charged variant maintains a similar molecular weight
and hydrophilic fraction (molecular weight hydrophilic domain/molecular weight to-
tal protein), the variants with decreasing IDP lengths have a corresponding decrease
in the hydrophilic fraction and the overall molecular weight (Figure 3.1b).

All variants were produced, isolated, and analyzed by mass spectrometry (Figure
3.1c). The spectra revealed no other identifiable species; therefore, purity is reported
at greater than 95%. When analyzed by DLS in 100 mM PB pH 5.7, the 1.0-IDP
negative control variant showed a small distribution centered about 7.9 nm for its
mean diameter, and no apparent self-assembly behavior at room temperature (25 °C)
by DLS in any analyzed conditions (pH: 1-12, phosphate buffer [buffer|: 0-200 mM)
(Additional Figure 3.8). When appended with the 2Yx2A domain, 1.0-IDP-2Yx2A
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Figure 3.1: Generation of IDP variants with increased charges and decreasing lengths. (a) Using
the insoluble expression and purification system, six protein constructs, including a non-assembling
1.0-IDP control, were expressed and purified. (b) The sequences varied in charge, length, and hy-
drophilic content. The parent construct, 1.0-IDP-2Yx2A, corresponds to the full length and charge-
balanced 1.0-IDP domain appended with 2Yx2A. The (+)1.0-IDP-2Yx2A sequence has replaced
every negatively charged E residue for a positively charged K. The 0.75-IDP-2Yx2A5, 0.5-IDP-
2Yx2A, and 0.25-IDP-2Yx2A variants have decreasing fractions of the charge-balanced IDP domain
and a corresponding decrease in mass fraction of the hydrophilic domain. (¢) Mass spectra of the
purified variants: 1.0-IDP-2Yx2A expected: 17547 Da, observed: 17547 Da; (+)1.0-IDP-2Yx2A
expected: 17528 Da, observed: 17528 Da; 0.75-IDP-2Yx2A expected: 13975 Da, observed: 13974
Da; 0.5-IDP-2Yx2A expected: 10459 Da, observed: 10458 Da; 0.25-IDP-2Yx2A expected: 6929 Da,
observed: 6929 Da; 1.0-IDP expected: 15110 Da, observed: 15110 Da. (d) Representative DLS
spectra of 1.0-IDP-2Yx2A and the 1.0-IDP control in 100 mM PB, pH 5.7. (e) Averaged mean
diameter values determined by DLS for each variant in 100 mM PB, pH 5.7: 1.0-IDP-2Yx2A: 28.9
+ 1.3 nm, (+)1.0-IDP-2Yx2A: 29.9 £ 6.2 nm, 0.75-IDP-2Yx2A: 21.7 + 5.0 nm, 0.5-IDP-2Yx2A:
19.6 £+ 4.9 nm, 0.25-IDP-2Yx2A: 19.1 + 2.4 nm, 1.0-IDP: 7.9 + 0.6 nm.
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showed a large increase in its apparent diameter and size distribution, indicating
self-assembly (Figure 3.1d). DLS analysis was performed for all variant proteins at
multiple concentrations. Changing the overall charge of the variant showed only
a slight, not significant, increase in overall size and an increase in polydispersity.
Conversely, decreasing the IDP domain resulted in a noticeable, although not signif-
icant, decrease in average mean diameter (Figure 3.1e). Other DLS properties were
analyzed, including %Intensity spectra (Additional Figure 3.10) and the averaged
diffusion coefficients, Z-averages, and polydispersity indices (Additional Figure 3.9).

The decrease in size corresponding to a decrease in IDP length was also in-
vestigated by atomic force microscopy (AFM). The four IDP-2Yx2A variants with
decreasing lengths and 1.0-IDP as a non-assembling control were deposited on atom-
ically flat mica in low nM concentrations (1-5 pM) and subsequently imaged by AFM
in air using soft tapping mode (TM-AFM). All the variants containing the 2Yx2A
assembly domain showed the formation of small spherical particles, while 1.0-IDP
alone showed no aggregation behavior. Using a watershed segmentation method (as
defined in the ISO 25178-2 standard in Mountains Software) the maximum heights
(Z-max) and diameters of the particles were obtained. Hill motifs were detected after
pre-processing the images using a 3x3 filter size. Further height pruning was per-
formed by merging motifs of <5% of the maximum height. The Z-max distributions
showed that with each decreasing IDP length, there was a significant decrease (p =
0.0045 - <0.0001) in relative particle height between each consecutive variant. This
was especially significant in comparison to the 1.0-IDP control, with representative
images shown in (Figure 3.2a). Although the Z-spatial resolution in AFM is high
(0.1 nm), the measured height might not reflect the actual micelle diameter as the
material is chemo-adsorbed and dried on the surface. This has resulted in a flat-
tened structure as in other micelle systems observed by AFM.2223 In addition, the
XY-spatial resolution depends highly on the radius of curvature of the AFM tips,
which could change upon repeated scanning. A comparison of the particle diameter
distributions showed better consensus of relative diameters obtained by DLS size
data. Applying the same analysis parameters to the 1.0-IDP control could not be
accomplished as no distinct particle features were observed (Figure 3.2b).This anal-
ysis supports the formation of micelle structures for all of the IDP-2Yx2A variants
containing an assembly domain.

The most interesting and perhaps useful property of the IDP-2Yx2A variants
is their ability to encapsulate hydrophobic molecules into the micelle interior at low
protein concentrations. To observe the effect of IDP length and charge on these prop-
erties, the critical micelle concentrations (CMCs) of the IDP-2Yx2A length variants
were determined by using a solvatochromic pyrene assay. When encapsulated in the
hydrophobic micelle interior, pyrene exhibits a unique 13 vibronic band emission at
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Figure 3.2: AFM analysis of IDP variants with decreasing lengths. (a) 2D height and amplitude
error profiles showed tight packing of micelles with spherical morphologies for all variants with
the 2Yx2A assembly domain. 2D amplitude error projections highlight the layering of the taller
particles on top of the closely packed smaller particles. This effect is especially evident for the 1.0-
IDP-2Yx2A variant. (b) Projection of height profiles in 3D along with particle analysis (watershed
detection method) revealed decreasing Z-max values as IDP length decreased, p < 0.0001 for all
variants, except for the transition between 0.5-IDP-2Yx2A to 0.25-IDP-2Yx2A where p = 0.0045.
All variants with the 2Yx2A domain also had significantly larger z-max profiles than the IDP control
(p < 0.0001). (c) The mean diameter in the X-Y plane for each IDP-2Yx2A variant was determined
using a watershed detection method. 1.0-IDP-2Yx2A -> 0.25-IDP-2Yx2A: 29.88+9.36 (N = 2939),
24.98 + 7.44 (N = 884), 23.24 + 4.22 (N = 844), 24.8 + 7.23 (N = 1855). 1.0-IDP could not be
evaluated for its mean diameter as no spherical particles were detected.
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384 nm due to the solvatochromic nature of the molecule. Additionally, pyrene ex-
cimer formation (ex) at approximately 450 nm is observed when a large proportion
of the pyrene in solution is encapsulated in close proximity in the interior of the
micelle.24726 While the 1.0-IDP negative control shows no characteristic excimer for-
mation at any protein concentration analyzed (0 - 150 pM), when resuspended in the
same pyrene containing buffer all of the variants with the 2Yx2A domain exhibited
prominent excimer peaks at protein concentrations high enough to support micelle
formation (Figure 3.3a). All variants with the 2Yx2A domain also showed the char-
acteristic I3 band emergence at high concentrations and its disappearance at lower
concentrations as the micelles disassembled and the hydrophobic core was disrupted.
The 1.0-IDP control sample showed no I3 band emergence at concentrations up to
100 pM (Additional Figure 3.13). At high concentrations, IDP variants showed 11/13
ratios of 0.9 - 1.0 as compared to phosphate buffer alone (I1/I3 = 1.33). This is lower
than common surfactants such as SDS (I1/13 = 1.1) and Triton x 100 (I1/I3 = 1.0)%.

CMC values for all the variants with the 2Yx2A domain were derived by plotting
the ratio of the intensity of the I1 (372 nm) to the I3 (384 nm) band or the I1 to
the excimer (444 nm) over a range of concentrations. This resulted in sigmoidal
data plots. By fitting a logistic function to both the 11/13 and I1/ex data sets, the
CMC values could be interpreted as either the inflection points (ECsg) or the in-
terceptions of the rapidly changing portion of the curve with the nearly-horizontal
lower concentration regime. The latter values closely matched the logistic function
derived ECyq value and are what we report.2” In all cases the CMC values derived
form the I1/ex were lower compared to the values derived from the I1/I3 band ra-
tios. For all variants with the assembly 2Yx2A domain, the CMC values calculated
using either method were in the low pM range. (Additional Tables 3.4, 3.5). CMC
values were supported by representative contact angle measurements showing wet-
ting behavior expected of micelles at low pM concentrations for the 1.0-IDP-2Yx2A
and 0.5-IDP-2Yx2A mutants (Additional Figure 3.14). Notably, when comparing
the pyrene fluorescence data for 1.0-IDP-2Yx2A to those of the positively charged
variant (4)1.0-IDP-2Yx2A, a significant increase in the CMC (ECyg, EC5p) value
was observed when calculated by both the I1/13 (p = 0.0029, 0.0103) or I1/ex (p =
0.00015, 0.0016, Figure 3.3b). While still in the nM range, the increase in CMC for
(4)1.0-IDP-2Yx2A is likely due to charge repulsion on the IDP side chain.

To determine if the harboring of hydrophobic molecules in the micelle interior
disrupted micelle formation, DLS was performed on IDP-2Yx2A samples loaded with
pyrene molecules. In comparison to the unloaded protein micelles, no substantial
changes to the size were observed at high protein concentrations (Additional Figure
3.12). However, when the protein is diluted and the pyrene concentration is kept
constant, micelle size increases for all variants. Consistent with (+)1.0-IDP-2Yx2A
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Figure 3.3: Encapsulation of hydrophobic molecules in the micelle core. (a) Representative
fluorescent spectra of IDP-2Yx2A variants (30-50 pM) and 1.0-IDP control (100 pM) in the presence
of 2 pM pyrene buffer are shown normalized for their emission at 394 nm. All variants except the 1.0-
IDP control showed excimer fluorescence at 450 nm, which decreased with decreasing concentration.
(b) 11/13 and I1/ex ratios derived from the pyrene fluorescence spectra for 1.0-IDP-2Yx2A and
(4+)1.0-IDP-2Yx2A variants at concentrations of 0.01-100 pM. CMC values were determined by
fitting a logistic function to three independently run data sets of both the I1/I3 ratio: 1.0-IDP-
2Yx2A: (ECyg, ECs5) = I1/13: (7.4 £0.4,22.6 + 1.8 uM), (+)1.0-IDP-2Yx2A: (15.1 +3.7,61.3 &+
24.9 pM), and the I1/ex ratio: 1.0-IDP-2Yx2A: (ECyg, ECs59) = I1/I3: (2.3 £0.1,7.7 £ 0.3 uM),
(+)1.0-IDP-2Yx2A: (5.240.8,24.4 £ 7.3 uM). (c) DLS analysis of IDP-2Yx2A variants loaded with
hydrophobic pyrene shows that size was unaffected by the presence of 2 pM pyrene at high protein
concentrations. As protein concentration was decreased, an increase in size is observed for all
variants. (d) AFM analysis of 1.0-IDP-2Yx2A loaded with SN38 exhibits spherical micelles with
Zmax and diameter values of 5.76 + 1.36 nm and 25.66 + 6.11 nm, respectively.
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having a larger CMC than the other variants, it also swells to form larger particles
in comparison to the other variants at the same concentration (Figure 3.3c). This
phenomenon is likely due to a swelling effect around the hydrophobic molecule core
as the concentration of protein in the solution decreases relative to the hydrophobic
molecule.

One major application of bio-surfactants is their use in the delivery and solubiliza-
tion of hydrophobic compounds. To test if active drug molecules could be associated
with the protein micelles, 1.0-IDP-2Yx2A (5 uM) was loaded with the hydrophobic
chemotherapeutic agent SN38 (40 pM), a topoisomerase I inhibitor primarily used in
the treatment of colorectal cancer (see Chapter 2).2% These particles were examined
by AFM to determine if the size or morphology was changed by the presence of SN38.
Indeed, spherical micelles with a similar Zmax (loaded: 5.76 4+ 1.36 nm, unloaded:
5.42 4+ 1.84 nm) and diameter (loaded: 25.88 +6.11 nm, unloaded: 29.88 +9.36 nm)
were observed, indicating that neither size nor morphology is appreciably altered by
the presence of SN38 (Figure 3.3d). Additionally, the solubility of the hydrophobic
compound Tinopal OB®, an optical brightener desired for its whitening proper-
ties, was measured for 1.0-IDP-2Yx2A and 0.25-IDP-2Yx2A to confirm comparable
solubilization abilities among the length variants (Additional Figure 3.15).29

3.3.2 Exploring hydrophilic-lipophilic balance

For traditional surfactants, the hydrophilic-lipophilic balance (HLB) is a metric used
to predict how these materials will perform in emulsion systems. The oil-to-water
solubility level depends upon the portions of hydrophilic and hydrophobic groups
present. These values indicate whether a surfactant will behave more appropriately
as a water-in-oil emulsifier, oil-in-water emulsifier, wetting agent, detergent, or solubi-
lizer (Table 3.1).393! Surfactants with low HLB values are considered lipophilic, and
those with high values are hydrophilic. In the 1950s, Griffin developed a method to
calculate HLB values ranging from 1-20 based on the molecular weight of a molecule’s
hydrophilic and hydrophobic groups.32’33 The HLB provides an essential metric for
choosing and developing the appropriate surfactant for the desired application. No
such metric has been developed for protein-based bio-surfactants; however, there is
interest in how similar properties could be measured and manipulated.

Amino acids have also been classified based on their hydrophobic and hydrophilic
nature. Multiple hydrophobicity scales for the 20 naturally occurring amino acids
have been developed; however, Kyte and Dolittle developed a more commonly used
scale.34 In reference to the simplest amino acid, glycine, this scale denotes positive
values for hydrophobic amino acids and negative values for hydrophilic amino acids.
Using these values, we were interested to see if we could create our own HLB metric
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Table 3.1: Ionic Surfactant HLB values. These values are proportional to the hydrophilic head
group polarity.

HLB Application

4-6 Water-in-Oil Emsulifier
7-15  Wetting Agent

8-18  Oil-in-Water Emulsifier
10-15  Detergent

10-18  Solubilizer

a) b)
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Figure 3.4: Characterization of 0.25(Pro)-IDP-2Yx2A. (a) Mass spectra of the purified variant:
0.25(Pro)-IDP-2Yx2A expected: 6913 Da, observed: 6913 Da. (b) Mean diameter values determined
by DLS for 0.25(Pro)-IDP-2Yx2A in 100 mM PB, pH 5.7: 33.9 £ 3.9 nm. (c) I1/I3 ratio derived
from the pyrene fluorescence spectra for 0.25(Pro)-IDP-2Yx2A variant at concentrations of 0.01-100
pM. CMC values were determined by fitting a logistic function to three independently run data sets
of both the 11/I3 ratio. CMC = 7.0 + 0.3 pM.
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for proteins (HLB-P) to influence our design choices for bio-surfactant applications.
Initially, we were interested in increasing the hydrophilic to lipophilic balance in the
IDP sequence, which would correspond to a higher HLB value for traditional surfac-
tants. We calculated our HLB-P values by summing the amino acid hydrophobicity
values of our IDP domain and divided them by the total number of amino acids
(Indexyydrophilic/Naa ). We calculated the Index pyqrophilic/Naa of the 0.25IDP to
be 3.7. We wanted to increase the overall hydrophilicity of this sequence, so we
exchanged all valine amino acids in the sequence with prolines to preserve the disor-
dered nature of the protein. The new Index yydrophilic/ Naa sequence was calculated
as -19.

Using the insoluble expression system described previously,! a variant of 0.25-
IDP-2Yx2A with valine (V) to proline (P) mutations (0.25(Pro)-IDP-2Yx2A) was
expressed, purified, and characterized by MS (Figure 3.4a). To determine if this new
variant had any assembling characteristics, DLS and pyrene assays were conducted as
described previously to determine the diameter and CMC values. DLS measurements
showed that the 0.25(Pro)-IDP-2Yx2A has a similar but slightly larger diameter
(33.9 nm, Figure 3.4b) than its valine counterpart. Correspondingly the CMC value
determined by the I1/I3 ratio of pyrene fluorescence was approximated to be 7 pM
(Figure 3.4c). These results are promising and show that our amphiphilic IDPs still
have assembling and surfactant-like behavior when the hydrophilicity of the soluble
domain is significantly altered. Further investigations into the morphology, surface
tension, and solubilizing capabilities are underway to understand this sequence’s full
scope and application. By rationally designing new IDP variants, we hope to begin
to explore the effects the amino acid sequence of the hydrophilic domain can control
or predict surfactant properties, much like the HLB for traditional surfactants.

3.4 Conclusion and Outlook

In summary, it was found that mutations to the hydrophilic IDP domain of IDP-
2Yx2A protein micelles can impact the physicochemical properties of self-assembly.
Using an insoluble expression system, IDP-2Yx2A variants with high positive charge
densities and variable hydrophilic domain lengths were easily expressed and purified.
In contrast to the 1.0-IDP protein alone, when the 2Yx2A hydrophobic domain was
appended, self-assembly into micelle structures was observed for all variants. As the
IDP domain length is decreased, spherical micelle morphology was maintained and
the particle diameters remained similar in size.The ability to harbor hydrophobic
molecules in the micelle interior without disrupting morphology was further con-
firmed for all variants with the 2Yx2A assembly domain. Importantly, it was found
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that by increasing the charge of the hydrophilic IDP domain by replacing every gul-
tamic acid residue with a lysine residue, the CMC value of the positively charged
variant (+)1.0-IDP-2Yx2A was significantly higher than that of the neutral IDP
sequence, indicating that this variant formed a less stable assembly likely due to
charge repulsion. Preliminary results show that increasing the hydrophilicity of the
IDP domain does not impede assembly behavior; however, further studies are being
conducted to understand this parameter fully.

This study represents a systematic approach to investigating the impact of domain
charge, length, and hydrophilicity on the self-assembly of protein micelles based
on this IDP sequence. Overtime, data set such as these are envisioned to build a
complete picture of the self-assembly behavior of these IDP-based bio-surfactants.
However, further studies using this diverse insoluble expression system will aim to
expand the sequence space and examine new parameters that may influence the
physicochemical properties of these bio-surfactants.

3.5 DMaterials and Methods

3.5.1 Materials

Unless otherwise noted, all chemicals were obtained from commercial sources and
used without further purification. Milli-Q (MQ) HyO was purified to a resistivity of
18.2 M Q e cm (at 25 °C) using a MQ Gradients ultrapure water purification system
(Millipore).

e 1000x ampicillin solution: 100 mg/mL of solid antibiotic were dissolved in
Milli-Q HyO. The solution was frozen at -20 °C until use.

e 1000x carbenicillin solution: 100 mg/mL of solid antibiotic were dissolved in
Milli-Q HyO. The solution was frozen at -20 °C until use.

e 1000x chloramphenicol solution: 25 mg/mL of slid antibiotic were dissolved in
EtOH. The solution was frozen at -20 °C until use.

e LB agar plates: 12.5 g of LB broth (powder) from Thermo Fisher Scientific and
7.5 g agar was dissolved in 500 mL of Milli-Q H,O and subsequently autoclaved.
The solution was cooled to 50 °C and the desired antibiotic was added. The
LB agar + antibiotic soultion was poured into sterile Petri dishes (100 mm x
15 mm) and solidified at room temperature. The plates were then stored at 4
°C until use.
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e LB media: 20 g of Lauria broth (LB) powder (Sigma Aldrich) was dissolved
into 1000 mL of Milli-Q H,O and autoclaved.

e Lysis buffer: 20 mM Hepes, 300 mM NaCl, and 10 mM {-mercaptoethanol
were added to Milli-Q H,O.

e The pET-31b(+) vector was purchased from Millipore Sigma (catalog number:
69952-3).

e AlwN I (catalog #R0514S) and Xho I (catalog #R0146S) restriction endonu-
cleases were purchased from New England BioLabs.

e Primers for overhang PCR were purchased from Integrated DNA Technologies
(IDT).

e The Geneblock for IDP-2Yx2A was purchased from Integrated DNA Technolo-
gies(IDT) and was used as template DNA.

3.5.2 Instrumentation
3.5.2.1 Atomic Force Microscopy (AFM)

AFM samples were prepared in 30 mM phosphate buffer pH 3.7 at concentrations
above 10 pM. Prior to analysis, the samples were filtered through a 0.22 pm cellulose
acetate centrifugal filter. A 100 pL portion of the sample was saved and analyzed by
DLS for a direct comparison of the size based on the two methods. The remaining
sample was used for AFM analysis. Immediately prior to deposition on the freshly
stripped mica grids, the sample was diluted with H,O to a concentration of 1-5
nM. Using a sterile pipette, 2 nL of sample was placed in the center of the grid
for 2 min. The tip of a Kimwipe was used to remove excess liquid and the sample
was further dried under a steady stream of N, gas. The sample was loaded onto
the AFM stage and imaged under soft tapping mode with the following tip: PPP-
NCHAuD-10, PointProbePlus, tapping mode, 330 KHz w/Au coating detector side,
125 pm (NanoAndMore USA). Multiple images per sample were acquired. Images
were acquired in the following order: bare mica, IDP, 1.0-IDP-2Yx2A, 0.25-IDP-
2Yx2A, 0.5-IDP-2Yx2A, 0.75-IDP-2Yx2A.

3.5.2.2 Dynamic Light Scattering (DLS)

Dynamic light scattering was performed on a Malvern Instruments Zetasizer Nano
ZS. Prior to analysis, lyophilized samples were re-hydrated in the appropriate buffer
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and passed through a 0.22 pm cellulose acetate centrifugal filter. Protein concentra-
tion was determined by diluting the sample 1:10 in 50% MeCN in H,O and measuring
the absorbance at 280 nm on a NanoDrop 1000 (Thermo). The filtered samples were
then diluted with buffer to the desired concentration and 80-100 pL. was then added
to the DLS cuvette. For room temperature analysis, (25 °C) was used. Data plots
and standard deviations were calculated from an average of the %Number mean for
each run. Measurement data was presented as averaged mean diameters determined
by the %Number distribution. The %Number was used in this analysis because it
shows the size of the majority population in a sample. Heterogeneity was evident
in the micelle samples as evidenced by the polydispersity and %Intensity traces. It
is likely that larger structures or inter-micelle interactions occur and form a small
number of larger particles that contribute to larger diameters when analyzed by
Y%Intensity, which heavily weights large particles in a sample as opposed to the most
abundant.

3.5.2.3 Reverse Phase High Performance Liquid Chromatography
(RP-HPLC)

RP-HPLC purification of IDP-2Yx2A protein mutants was performed on an Agilent
1260 Infinity series system equipped with a UV-Vis detector and a fraction collector,
controlled by Open Lab CDS software (Agilent Technologies Inc. 2011 -2015). HPLC
grade Milli-Q H,O + 0.1% TFA and HPLC grade MeCN + 0.1% TFA were used as
mobile phases A and B, respectively. Preparatory scale purification was performed
on a Waters XBridge Protein BEH C4 OBD Prep Column (300 A, 5 pm, 19 mm X
50 mm) with a flow rate of 5 mL/min over a 5-95% gradient over the course of 30
min. Fractions containing IDP-2Yx2A mutants were identified by their coinciding
280 nm absorbance and 350 nm fluorescence profiles.

3.5.2.4 Mass Spectrometry of Proteins (TOF-ESI-MS)

Time of flight electrospray ionization mass spectrometry (TOF-ESI-MS) of protein
samples was performed using an Agilent 1260 series liquid chromatography (LC) sys-
tem coupled with an Agilent 6224 TOF LC-MS (Santa Clara, CA). Protein samples
were first passed through a 0.22 pM cellulose acetate filter and then placed in HPLC
vials for analysis. Depending on sample concentration, 0.5 -10 pL. was injected on
to a Proswift RP-4H (monolithic phenyl, 1.0 mm x 50 mm, Dionex) analytical col-
umn with a flow rate of 0.30 mL/min and a gradient of 5-100% MeCN+0.1% (v/v)
formic acid in Milli-Q Hy0+0.1% formic acid over the course of 8 min. The total
ion chromatograms were extracted in the Agilent Mass Hunter Workstation software
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(Qualitative Analysis Version B.05.00, Build 5.0.519.13, Agilent Technologies Inc.
2011). Protein molecular weights were reconstructed using a maximum entropy de-
convolution. The resulting spectra were exported as CSV files and plotted using the
Chartograph web-tool(www.chartograph.com).

3.5.2.5 UV-VIS DNA and Protein Measurements

Estimates of DNA and protein concentration were calculated by measuring the sam-
ple absorbance at 260 nm and 280 nm, respectively, on a NanoDrop 1000 (Thermo).
Using Beers law and the calculated extinction coefficients, the concentrations of both
DNA and protein were approximated.

3.5.2.6 Fluorescent Measurements

Fluorescent meaurements were made on a Fluoromax-4 Spectrofluorometer (HORIBA
Scientific). A calibration curve of Tinopal OB®in 50% MeCN was created by mea-
suring the emission at 435 nm after excitation at 350 nm with a 5 nm slit. A Tinopal
OB®stock solution in DMSO was added in excess to 1.0-IDP-2Yx2A and 0.25-IDP-
2Yx2A in 50% MeCN. The samples were sonicated at 65% amplitude for 2 min (15 s
on: 15 s off). Samples were then lyophilized to remove all remaining organic solvents
and resusended in 10 mM phostphate buffer at pH 5.7. To ensure full solubilization,
samples were again sonicated at 65% amplitude for 2 min (15 s on: 15 s off). Samples
were then diluted 1:100 in 50% MeCN and their fluorescence was measured and the
concentration of Tinopal OB® was calculated from the calibration curve.

3.5.2.7 Goniometer Contact Angle Measurements

Contact Angle Measurements were performed on a Rame-Hart model 210 goniometer
with DROPimage Pro. Contact angles were determined using the open-source Fiji
software.3? For each triplicate sample, a 4 pL drop was placed on clean glass coverslip
and a snapshot was recorded by the DROPimage Pro software.

3.5.3 Methods for protein production

3.5.3.1 Construction of KSI-(0.25/0.5/0.75/1.0)-IDP-2Yx2A
pET-31b(+) plasmids

Overhang PCR was used to construct four plasmids that encoded for mutants where
the IDP sequence had been shortened to 75% (0.75-IDP-2Yx2A) 50% (0.5-IDP-
2Yx2A) and 25% (0.25-IDP-2Yx2A) of the original sequence (1.0-IDP-2Yx2A). The
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Geneblock for the full length sequence 1.0-IDP-2Yx2A was used as template DNA for
all mutants. For overhang PCR, all mutants used the same reverse primer while the
annealing location of the forward primers was moved further up sequence for each
subsequent mutant. For the construction of the plasmid KSI-1.0-IDP, QuikChange
PCR was performed on the KSI-1.0-IDP-2Yx2A pET-31b(+) plasmid to insert a stop
codon at the end of the 1.0-IDP sequence prior to the 2Yx2A hydrophobic domain.

Primers for construction of KSI-1.0-IDP-2Yx2A pET-31b(+) plasmid
Forward: 5° GGTGGTCATATGCTGGCAGAGGCAAAG 3’

Reverse: 5" TTTAAACTCGAGTCACAGATACC 3’

Template: Geneblock 1.0-IDP-2Yx2A: 5 AAAAATCAGATGCTGGCAGAGGC
AAAGAGTCCTGCGGAAGCTAAGTCGCCAGCCGAAGTCAAGTCGCCCGC
CGTCGCGAAAAGCCCCGCAGAGGTAAAAAGCCCGGCTGAAGTTAAGAG
CCCGGCAGAAGCAAAAAGTCCAGCAGAAGCCAAAAGTCCTGCTGAGGT
TAAAAGCCCAGCAACCGTCAAATCCCCTGGAGAGGCAAAATCTCCGGCA
GAAGCCAAGTCCCCTGCCGAAGTGAAGTCACCTGTCGAAGCCAAGTCGC
CGGCCGAAGCGAAGAGCCCAGCGAGCGTGAAAAGTCCTGGTGAGGCTA
AGTCCCCGGCGGAAGCGAAATCTCCAGCGGAAGTAAAGAGTCCGGCCA
CCGTAAAATCTCCGGTTGAGGCCAAGAGTCCGGCGGAAGTTAAATCTCC
GGTGACGGTCAAGTCCCCAGCGGAAGCGAAGTCCCCCGTGGAGGTGAA
ATCACCATACTGGAGTGCCTATGGCGCGTATGCGCAGTATGTGTATATT
TATGCGTATTGGTATCTGTGACTCGAGTTTAAA 3

AlwNI cut site shown in red, Xhol cut site shown in cyan

Corresponding amino acid sequence of fusion protein KSI-1.0-IDP-2Yx2A :
MHTPEHITAVVQRFVAALNAGDLDGIVALFADDATVEDPVGSEPRSGTAAI
REFYANSLKLPLAVELTQEVRAVANEAAFAFTVSFEYQGRKTVVAPIDHFR
FNGAGKVVSIRALFGEKNIHACQMLAEAKSPAEAKSPAEVKSPAVAKSPAEV
KSPAEVKSPAEAKSPAEAKSPAEVKSPATVKSPGEAKSPAEAKSPAEVKSPV
EAKSPAEAKSPASVKSPGEAKSPAEAKSPAEVKSPATVKSPVEAKSPAEVKS
PVTVKSPAEAKSPVEVKSPYWSAYGAYAQYVYIYAYWYL*

KSI protein sequence shown in magenta

Primers for construction of KSI-(+)1.0-IDP-2Yx2A pET-31b(+) plasmid
Forward: 5° TTCCAAAAAAAATCAGATGCTGGCA 3’

Reverse: 5" TTTAAACTCGAGTCACAGATACC 3’

Template: Geneblock (+)1.0-IDP-2Yx2A: 5" AAAAATCAGATGCTGGCAAAGG
CAAAAAGTCCGGCCAAAGCTAAATCTCCTGCAAAAGTCAAGTCTCCAGC
CGTCGCAAAGAGCCCCGCAAAAGTAAAAAGTCCAGCTAAGGTAAAGAG
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CCCTGCAAAAGCAAAAAGCCCAGCGAAGGCTAAGAGTCCCGCTAAAGTT
AAAAGCCCGGCCACAGTAAAGTCCCCTGGAAAGGCAAAATCTCCGGCAA
AAGCCAAATCACCTGCCAAAGTGAAGTCACCTGTAAAAGCCAAATCGCC
GGCTAAGGCGAAAAGCCCAGCGAGCGTTAAGTCCCCCGGTAAGGCAAA
ATCGCCAGCGAAAGCAAAGTCTCCCGCAAAAGTTAAGAGTCCTGCAACC
GTGAAATCTCCAGTTAAGGCCAAGTCGCCAGCGAAAGTTAAATCTCCGG
TGACAGTCAAATCCCCTGCGAAAGCGAAATCCCCCGTGAAGGTGAAGTC
ACCGTACTGGAGCGCATATGGAGCGTATGCGCAGTATGTGTATATATA
TGCGTATTGGTACCTATGACTCGAGTTTAAA 3

AIwNI cut site shown in red, Xhol cut site shown in cyan

Corresponding amino acid sequence of fusion protein KSI-(4)1.0-IDP-
2Yx2A:
MHTPEHITAVVQRFVAALNAGDLDGIVALFADDATVEDPVGSEPRSGTAAI
REFYANSLKLPLAVELTQEVRAVANEAAFAFTVSFEYQGRKTVVAPIDHFR
FNGAGKVVSIRALFGEKNIHACQMLAKAKSPAKAKSPAKVKSPAVAKSPAK
VKSPAKVKSPAKAKSPAKAKSPAKVKSPATVKSPGKAKSPAKAKSPAKVKS
PVKAKSPAKAKSPASVKSPGKAKSPAKAKSPAKVKSPATVKSPVKAKSPAK
VKSPVTVKSPAKAKSPVKVKSPYWSAYGAYAQYVYIYAYWYL

KSI protein sequence shown in magenta

Primers and template for KSI-0.75-IDP-2Yx2A pET-31b(-+) plasmid
Forward: 5" AAAAATCAGATGCTGAAAATGCCGGCAGAAGCAAAAA Y
Reverse: 5> TTTAAACTCGAGTCACAGATACC 3’

Template: Geneblock 1.0-IDP-2Yx2A

Corresponding amino acid sequence of fusion protein KSI-0.75-IDP-2Yx2A :
MHTPEHITAVVQRFVAALNAGDLDGIVALFADDATVEDPVGSEPRSGTAAI
REFYANSLKLPLAVELTQEVRAVANEAAFAFTVSFEYQGRKTVVAPIDHFR
FNGAGKVVSIRALFGEKNIHACQMLKMPAEAKSPAEAKSPAEVKSPATVKS
PGEAKSPAEAKSPAEVKSPVEAKSPAEAKSPASVKSPGEAKSPAEAKSPAEV
KSPATVKSPVEAKSPAEVKSPVTVKSPAEAKSPVEVKSPYWSAYGAYAQYV
YIYAYWYL*

KSI protein sequence shown in magenta

Primers and template for KSI-0.50-IDP-2Yx2A pET-31b(+) plasmid
Forward: 5° AAAAATCAGATGCTGAAAATGCCTGCCGAAGTGAAGT &
Reverse: 5" TTTAAACTCGAGTCACAGATACC 3’

Template: Geneblock 1.0-IDP-2Yx2A
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Corresponding amino acid sequence of fusion protein KSI-0.50-IDP-2Yx2A:
MHTPEHITAVVQRFVAALNAGDLDGIVALFADDATVEDPVGSEPRSGTAAI
REFYANSLKLPLAVELTQEVRAVANEAAFAFTVSFEYQGRKTVVAPIDHFR
FNGAGKVVSIRALFGEKNIHACQMLKMPAEVKSPVEAKSPAEAKSPASVKS
PGEAKSPAEAKSPAEVKSPATVKSPVEAKSPAEVKSPVTVKSPAEAKSPVEV
KSPYWSAYGAYAQYVYIYAYWYL*

KSI protein sequence shown in magenta

Primers and template for KSI-0.25-IDP-2Yx2A pET-31b(+) plasmid
Forward: 5" AAAAATCAGATGCTGAAAATGCCAGCGGAAGTAAAGAGT 3’
Reverse: 5" TTTAAACTCGAGTCACAGATACC 3’

Template: Geneblock 1.0-IDP-2Yx2A

Corresponding amino acid sequence of fusion protein KSI-0.25-IDP-2Yx2A :
MHTPEHITAVVQRFVAALNAGDLDGIVALFADDATVEDPVGSEPRSGTAAI
REFYANSLKLPLAVELTQEVRAVANEAAFAFTVSFEYQGRKTVVAPIDHFR
FNGAGKVVSIRALFGEKNIHACQMLKMPAEVKSPATVKSPVEAKSPAEVKS

PVTVKSPAEAKSPVEVKSPYWSAYGAYAQYVYIYAYWYL*
KSI protein sequence shown in magenta

Primers for construction of KSI-1.0-IDP pET-31b(+) plasmid
KSI-1.0-IDP mutant was prepared by performing a site directed mutagenesis to en-
code a stop codon after the IDP sequence. Aglients QuikChange mutagenesis kit
and protocols were used. Primer 1: 5° CGCGCCATAGGCACTCTAGTATCCT-
GATTTCACCTCCACGG 3’

Primer 2: 5> CGCGCCATAGGCACTCTAGTATCCTGATTTCACCTCCACGG 3’
Template: KSI-1.0-IDP-2Yx2A pET-31b(+) plasmid

Corresponding amino acid sequence of fusion protein KSI-1.0-IDP:
MHTPEHITAVVQRFVAALNAGDLDGIVALFADDATVEDPVGSEPRSGTAAI
REFYANSLKLPLAVELTQEVRAVANEAAFAFTVSFEYQGRKTVVAPIDHFR
FNGAGKVVSIRALFGEKNIHACQMLAEAKSPAEAKSPAEVKSPAVAKSPAEV
KSPAEVKSPAEAKSPAEAKSPAEVKSPATVKSPGEAKSPAEAKSPAEVKSPV
EAKSPAEAKSPASVKSPGEAKSPAEAKSPAEVKSPATVKSPVEAKSPAEVKS
PVTVKSPAEAKSPVEVKSGY*

KSI protein sequence shown in magenta

Template for KSI-0.25(Pro)-IDP-2Yx2A pET-31b(+) plasmid
Forward: 5" AAAAATCAGATGCTGAAAATGCCAGCGGAAGTAAAGAGT 3’
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Reverse: 5" TTTAAACTCGAGTCACAGATACC 3’

Template: Geneblock 0.25(Pro)IDP-2Yx2A: 5> CCAGCGGAACCAAAGAGTCCG
GCCACCCCAAAATCTCCGCCAGAGGCCAAGAGTCCGGCGGAACCAAAAT
CTCCGCCAACGCCAAAGTCCCCAGCGGAAGCGAAGTCCCCCCCAGAGCC
AAAATCACCATACTGGAGTGCCTATGGCGCGTATGCGCAGTATGTGTAT
ATTTATGCGTATTGGTATCTGTGACTCGAGTTTAAA 3

Corresponding amino acid sequence of fusion protein KSI-0.25-IDP-2Yx2A:
MHTPEHITAVVQRFVAALNAGDLDGIVALFADDATVEDPVGSEPRSGTAAI
REFYANSLKLPLAVELTQEVRAVANEAAFAFTVSFEYQGRKTVVAPIDHFR
FNGAGKVVSIRALFGEKNIHACQMLKMPAEPKSPATPKSPPEAKSPAEPKSP
PTPKSPAEAKSPPEPKSPYWSAYGAYAQYVYIYAYWYL*

KSI protein sequence shown in magenta

3.5.3.2 PCR reaction conditions

PCR reactions were performed using the components as listed in Table 3.2. After
mixing the reaction components in 0.5 mL. PCR tubes, overhang PCR was performed
on a BioRad S1000 Thermal Cycler with an annealing temperature of 55 °C. The
PCR reaction was then removed from the thermocyler and 6 nL. of 6X loading dye
was added to the reaction tubes and mixed. The PCR reaction and a DNA stan-
dard(O’gene ruler 1 Kb) were then loaded into adjacent wells of a 1% agarose gel
prestained with SYBR Safe (ThermoFisher). The gel was run at 120 V for 35 min in
1X TAE buffer. The resulting gel was imaged under UV fluorescence with a BioRad
GelDoc EZ Imager. The DNA bands corresponding to the desired PCR product
were excised from the gel and placed in a pre-weighed 1.5 mL Eppendorf tube. The
amplified PCR product was removed from the gel using the quick gel extraction kit
(Promega).

3.5.3.3 PCR product ligation reaction with pET-31b(+) plasmid

The PCR products and the pET-31b(+) entry vector were digested with 10 units
of Xhol and Alwnl restriction enzymes for 1 h at 37 °C with a subsequent 20 min
deactivation step at 80 °C. The cut entry vector and insert were then run on a 1%
agarose gel prestained with SYBR Safe (ThermoFisher). The gel was run at 120
V for 35 min in 1X TAE buffer then imaged under UV fluorescence with a BioRad
GelDoc EZ Imager. The DNA bands corresponding to the cut entry vector and insert
were excised from the gel and placed in a pre-weighed 1.5 mL. Eppendorf tube. The
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Table 3.2: Standard PCR Reaction Protocol

PCR Component Volume (pL)
Template DNA® (50 ng/pL) 0.5
Forward Primer (10 pM) 1

Reverse Primer (10 pM) 1
5X phusion buffer 4
dNTPs (10 mM) 0.4
DMSO 0.6
Milli-Q H,O 12
Phusion Enzymeb 0.5

@ Geneblock (1.0-IDP-2Yx2A) ® Phusion is added last

Table 3.3: Standard Ligation Reaction Protocol

Ligation Component ratio insert : vector (0:1) (3:1) (5:1)
cut pET-31b(+) 50 ng 50 ng 50 ng
Insert ( 500 bp) 0 ng 15 ng 25 ng

10X T4 buffer 1 uL 1 uL 1 uL
Milli-Q HyO to 10 pL to 10 pL.  to 10 pnL
T4 Ligase (400 units/puL) ° 0.5 pL 05uL 0.5 pL

b T4 ligase is added last

digested insert and vector were removed from the gel using the quick gel extraction
kit (Promega). The resulting complementary sticky ends of the entry vector and
insert were then ligated together using the components listed in Table 3.3.

3.5.3.4 transformation of ligation products into competent cells

The ligation reaction was incubated at 16 °C for 16 h and then heat inactivated for 20
min at 80 °C. The entire ligation reaction was transformed into 50 pL of chemically
competent XL1-Blue cells by first incubating the ligation reaction and cells on ice
for 30 min and then incubating at 42 °C for 45 s. The cells were rescued by the
addition of 1 mL of SOC media and incubated with rotary shaking at 37 °C. After
1 h 200 pL of the transformed cells were plated on carbenicillin (+) LB agar plates
and grown overnight at 37 °C. The number of colonies from on the plates where inset
had been added (3:1) and (5:1) were compared to the growth of the control (0:1)
to determine how many colonies to select for sequencing. An appropriate number
of colonies was selected to account for background vector re-ligation and placed in
individual 10 mL culture tubes containing approximately 5 mL of LB media and 5
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pnL of 1000x carbenicillin. Cultures were grown overnight at 37 °C. The following
day, 1 mL of each culture was used to extract the plasmid DNA using a Miniprep
Kit (Millipore), which were then sent for sequencing.

3.5.3.5 Protein Expression

KSI-IDP-2Yx2A mutants were expressed using the following protocol. Plasmids con-
taining the desired fusion proteins were transformed into Rosetta2 (pLysS) cells
and plated onto carbenicillin(+)/chloramphenicol(+) LB Agar plates and grown
overnight at 37 °C. Single colonies were selected and placed into 50 mL of LB with 50
1L of both 1000x stocks of carbenicillin and chloramphenicol antibiotics. The culture
was grown overnight at 37 °C. The following morning, 30 mL of the 50 mL culture
was used to innoculate 1000 mL of LB with 1000 uL. 1000x stocks of carbenicillin and
chloramphenicol in a 2.8 L baffled flask. Cultures were grown at 37 °C with shaking
at 220 rpm until an ODggg of 0.6 was reached, at which point the temperature was
lowered to 18 °C. After cooling for 20 min, IPTG was added to a final concentration
of 0.25 mM. The protein was expressed overnight for 18-24 h. The culture was then
centrifuged at 4000 xg for 20 min. The resulting protein pellets were transferred to
50 mL falcon tubes and frozen at -20 °C. A typical expression yields approximately
5-10 g cell pellets.

3.5.3.6 Protein Purification

The frozen cell pellet was resuspended in 30 mL of lysis buffer, 30 pL of 1% Trition-X,
and 300 pL of a 0.1 M PMSF solution (Sigma Aldrich). The cell pellet was vortexed
until completely resuspended and then sonicated at 70% amplitude for 10 min (2 s
on: 4 s off). The lysed cells were then centrifuged at 14,500 xg for 20 min. The
supernatant containing the soluble proteins was discarded and the insoluble fraction
was washed by resuspending it in 30 mL of lysis buffer and centrifuging again at
14,500 xg for 20 min. The washing step was repeated three times. After the third
wash, 5 mL of 6 M guanidinium HCI (Guan HCI) was added to the insoluble fraction
and the protein was resuspended by vigorous shaking for 1 h at room temperature
and sonication at 70% amplitude for 10 min (2 s on: 4 s off). The protein solution was
then centrifuged at 14,500 xg for 20 min at which point the KSI-IDP-2Yx2A fusion
protein is solubilized, while the pelleted remains are largely composed of cell debris.
The supernatant containing the fusion protein was transferred to a sterile 50 mL
falcon tube. The approximate concentration was determined by measuring the UV
absorbance at 280 nm on a NanoDrop 1000 (Thermo) and the calculated extinction
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coefficient (ExPASy Protein Parameters Tool https://web.expasy.org/protparam/)
while the protein purity is assessed by SDS PAGE gel analysis.

The KSI protein was cleaved from the IDP-2Yx2A sequence by the slow addi-
tion of 3 M HCI, concentrated formic acid, and cyanogen bromide(CNBr) to a final
concentrations of 0.5 M HCI, 10% formic acid, and 100 molar equivalents of CNBr
to protein. The solution was stirred in the dark under a steady flow of nitrogen
gas. After 24 h, the reaction is mostly complete when analyzed by TOF-ESI-MS.
The protein was then precipitated out of solution by the addition of cold saturated
(NH,)5SO, solution. The precipitation solution was kept at -20 °C for 1 h. The pre-
cipitated protein was separated from the soluble components (CNBr, Guan HCI, and
salts) by centrifugation at 14,500 xg for 20 min. The supernatant was discarded in a
closed top waste receptacle specified for CNBr. The protein pellet was resuspended
in HyO or, for more hydrophobic constructs, up to 40% MeCN in H,O by sonication
at 70% amplitude for 10 min (2 s on: 4 s off) followed by a subsequent centrifuga-
tion at 14,500 xg for 20 min to remove any insoluble protein. The resulting protein
solution was reasonably pure when analyzed by TOF-ESI-MS and SDS PAGE gel,
however, an additional purification step using reverse phase HPLC (RP-HPLC) was
performed to ensure maximum purity. RP-HPLC purification was performed in 1
mL injections on a Waters XBridge Protein BEH C4 OBD Prep Column (3OOA, 5t
pm, 19 mm X 50 mm) with a 5-95% gradient of MeCN/H,O +1% TFA over 30 min.
Fractions containing the IDP-2Yx2A protein mutants eluted between 30-50% MeCN
and were combined and lyophilized. Protein purity was assessed by SDS PAGE gel
and TOF-ESI-MS analysis.
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3.6 Additional Figures

3.6.1 DLS analysis of IDP domain
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Figure 3.5: Effect of increased temperature on IDP hydrophilic domain. (a) The 1.0-IDP hy-
drophilic control mutant aggregated into larger structures when heated above 50 °C as observed by
DLS. This behavior was not observed for the mutants with the 2Yx2A hydrophobic domain up to
70 °C, the range of detection for this DLS instrument (b) Pyrene excimer florescence was observed
when the 1.0-IDP mutant is heated in the presence of a 2 pM pyrene buffer.
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Figure 3.6: DLS of the averaged mean diameters by %Number of the 1.0-IDP hydrophilic control.
No evidence of aggregation at 25 °C over a broad range of pH and buffer conditions was observed
for the 1.0-IDP hydrophilic control.
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3.6.2 Disorder Profiles
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Figure 3.7: Intrinsically disordered profiles of IDP variants. The Protein DisOrder prediction
System (PrDOS) was used to create profiles for these variants and confirmed disorder probability
predictions of >0.5.

3.6.3 DLS analysis of IDP-Mutants
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Figure 3.8: DLS traces by %Number of the 1.0-IDP-2Yx2A mutant before and after HPLC
purification. The unpurified sample shows a slightly larger diameter by DLS which is likely due to
minor protein or small molecule impurities.
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Figure 3.9: PDI, Z-average, and diffusion for all variants. The PDI for each sample indicates
varying degree of polydispersity among the sample population. the 1.0-IDP control in particular
is difficult to analyze by DLS due to its unstructured and dynamic nature. The Z-average size is
corresponds to the intensity weight mean hydrodynamic size and is skewed larger than the diam-
eters reported by the % Number DLS traces likely due to a small amount of dust or aggregated
particles that become over represented in the %Intensity traces. The Z-average reported for bio-
logical samples are generally 2 times the actual particle size due to a lower than expected diffusion
coefficient add citation. The trend of size decreasing while IDP length decreases is observed in the
Zaverage and corresponding diffusion for all IDP-2Yx2A mutants. Due to the unstructured nature
of the 1.0-IDP, the Z-average and diffusion coefficient appears to be inconsistent for the size of the
mutant, likely due to its disordered nature.
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Figure 3.10: DLS traces by %Intensity of the IDP-2Yx2A mutants. Larger amounts of aggregation
are observed or mutants with shorter IDP domains. The small diameter peaks in the intensity
traces becomes the solely represented peak in the corresponding %Number DLS traces and the
AFM traces, which show no evidence of > 100 nm sized particles in any sample.
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Figure 3.11: DLS traces by %Number of the IDP-2Yx2A mutants. Representative DLS traces by
%Number show a clear increase in size for mutants with the 2Yx2A hydrophobic domain.
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Figure 3.12: DLS dilution of IDP variants. IDP solutions in 100 mM PB, pH 5.7 were diluted
from 50 pM to 5 pM. No increase in diameter was observed as the protein was diluted.

3.6.3.1 Critical Micelle Concentration
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Figure 3.13: Pyrene Fluorescence Assay for the determination of the CMC. For each mutant the
I1/13 ratios are plotted against concentration. Shown are 3 independent replicates for each mutant
fitted to a logistic function.
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Figure 3.14: Representative contact angle measurements on glass microscope slides. (a) The
contact angles of 4 nL of 0.25-IDP-2Yx2A at decreasing concentrations are shown. A sharp increase
in surface wetting is seen at 20 pL and below. (b) The contact angles of 4 nL of 1.0-IDP-2Yx2A at
decreasing concentrations are shown. An increase for surface wetting around 10 pM is shown.

3.6.4 Tinopal OB Solubilization
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Figure 3.15: Tinopal OB®solubilization. (a) A calibration curve of fluorescent intensity at
435nm of Tinopal OB®in 50% MeCN was created. Intensities measured for a 1:100 dilution of
1.0-IDP-2Yx2A (red) and 0.25-IDP-2Yx2A (blue) in 50% MeCN are included on the fitted curve to
determine initial concentration.(b) The increases in solubilized Tinopal OB®in buffer are reported
for 1.0-IDP-2Yx2A (29.5pM =+ 3.2) and 0.25-IDP-2Yx2A (27.7uM + 6.7).

Table 3.4: CMCs derived from logistic fit of 11/I3 data.

11/13 | 1.0-IDP-2Yx2A | (+)1.0-IDP-2Yx2A | 0.75-IDP-2Yx2A | 0.5-IDP-2Yx2A | 0.25-IDP-2Yx2A
EC2qq 74+£04 15.1£3.7 4.7£0.1 75+138 6.0+ 3.6
ECsxg 226+£18 61.3 £24.9 125+£0.3 36.8 £17.5 19.2+£3.6
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Table 3.5: CMCs derived from logistic fit of I1/ex data.

I1/ex | 1.0-IDP-2Yx2A | (+)1.0-IDP-2Yx2A | 0.75-IDP-2Yx2A | 0.5-IDP-2Yx2A | 0.25-IDP-2Yx2A
ECqq 23£0.1 5.24+0.8 42+0.2 23+0.3 0.3+0.1
ECsq 77+£0.3 244+£73 192£1.5 10.0£1.2 22+04
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Chapter 4

Sequence Exploration of the
Amphiphilic Intrinsically Disordered
Protein’s Hydrophobic Domain

H OH O
OH N Peptide
Peptide N A
Coor QS > D,

Tyrosinase

This chapter is based on current unpublished work in the Francis Group, which is
ongoing under the direction of Kate Dolph and Arya Lall.

4.1 Abstract

Many biomedical and industrial processes use synthetic surfactants, block copoly-
mers, and other amphiphilic polymer systems. However, many of these are produced
using non-renewable and non-recyclable materials that pose environmental and tox-
icological concerns. Because of this, bio-derived and bio-degradable surfactants are
promising alternatives. However, most naturally occurring bio-surfactants lack the
tailorability afforded by chemically derived polymers. To be implemented indus-
trially, promising bio-surfactants must have properties that mimic currently used
surfactants based on charge, molecular weight, and hydrophilic-lipophilic balance
(HLB). Previously, we reported a scalable and versatile bio-surfactant production
method based on a hydrophilic intrinsically disordered protein (1.0-IDP) sequence
with a genetically engineered hydrophobic domain (2Yx2A). These amphiphilic se-
quences were found to self-assemble into micelles over a broad range of temperatures,
pH values, and ionic strengths. While we investigated the role of the 1.0-IDP hy-
drophilic domain by altering its length and charge, the hydrophobic domain was left
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unchanged. To examine the role of the hydrophobic domain on self-assembly prop-
erties such as morphology, size, and critical micelle concentration (CMC) values, we
developed a bioconjugation method to attach N-terminal cysteine peptides of vary-
ing hydrophobicities to the C-terminal tyrosine residue of a 1.0-IDP mutant. The
reaction between the C-terminal tyrosine and N-terminal cysteine created a unique
linkage akin to the naturally observed biosynthesis of pheomelanin. This represents
a facile method for creating a large number of hydrophobic library members to be
screened as these IDP-based bio-surfactants.

4.2 Introduction

Diblock copolymers and amphiphilic bio-surfactants are composed of a hydrophilic
domain and a hydrophobic domain which our lab has seeked to imitate with an intrin-
sically disordered protein (1.0-IDP) derived from the human neurofilament heavy arm
side chain protein. This sequence, referred to as 1.0-IDP herein, is based on the repet-
itive sequence SPXEXK (X = G, A, or V). This protein has two oppositely charged
residues per repeat at a neutral pH: a negatively charged glutamic acid (E) and a
positively charged lysine (K). The genetically engineered hydrophobic domain at the
C-terminus of this highly hydrophilic sequene is a 16 amino acid sequence denoted
as 2Yx2A. This modification created the amphiphilic protein 1.0-IDP-2Yx2A that
assembles into protein micelles at room temperature in a wide range of buffer con-
ditions.! The previously described insoluble expression system was highly amenable
to substantial mutations to the sequence space and mutants with increased charge
and increased length of the hydrophilic 1.0-IDP domain were produced.? These mu-
tants provided insight on the role of the hydrophilic domain charge and length on
the physicochemical properties of their self-assembly. However, no mutations to
the hydrophobic 2Yx2A domain have been attempted. As the hydrophobic domain
length, aromaticity, and hydrophobicity could greatly impact properties such as criti-
cal micelle concentration (CMC), size, and morphology we sought to screen a library
of hydrophobic domains and determine their impact on the self-assembly of these
amphiphilic IDP proteins.

To develop a hydrophobic domain library, two approaches were contemplated.
One approach was to design a handful of genetically encoded sequences to study
the specific variables of length, hydrophibicity, and aromaticity and create these
constructs using the insoluble expression system. This approach, while feasible,
was quickly deemed to be costly and time consuming as more mutants were added
to the library and thus restricted the sequence space that could be screened and
characterized. Alternatively, a second approach to develop a bioconjugation strategy
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to attach a hydrophobic domain to the C-terminus of the 1.0-IDP sequence has shown
promise and allows for the expression and purification of only one protein mutant
and and thus favors screening a larger hydrophobic domain library.

In an attempt to find a fast bioconjugation reaction that can provide high con-
jugation yields of N and C-terminal peptide fragments, we took inspiration from
the pheomelanin biosynthetic pathway. During pheomelanin biosynthesis, tyrosine
residues are oxidized by the enzyme tyrosinase to form dopaquinone, which then
reacts with free cysteine residues forming cysteinyldopas that undergo a reductive
cyclization to 1,4-benzothiazines (Figure 4.1).

Tyrosine Dopaquinone Cysteinyldopas 1,4-benzothiazine

OH H
—, © OH  on OH  OH
OHT i ° Cysteine o b/go
yrosinase
— > o>
S OH
OH oH OH K’('\o OH
OH
’ l
OH
DOPA Pheomelanin Pathway Pheomelanins

Figure 4.1: Bio-synthetic pathway for the production of pheomelanin from tyrosine. The first
biosynthetic step is catalyzed by the tyrosinase enzyme which oxidized tyrosinase to dopaquinone.
This dopaquinone is poised for nucleophilic attack by free cysteine residues resulting in cysteinyl-
dopas which cyclize to form 1,4-benzothiazines which react further to produce pheomelanin.

It has been previously shown that flexible linkers with C-terminal tyrosines on
proteins could be oxidized with the tyrosinase enzyme and then conjugated to ani-
line functionalized cargo.® Additionally, it has also been shown that free thiol com-
pounds can react rapidly with quinone species produced by the enzymatic oxida-
tion of tyrosine.* We hypothesized that a C-terminal tyrosine on the hydrophilic
1.0-IDP domain could be oxidized in a similar manner to the dopaquinone species.
Then it could undergo nucleophilc attack by a range of N-terminal cysteine pep-
tides creating a pheomelanin type linkage. As similar oxidative reactions have been
proven to be rapid, selective, and high yielding, this could be a viable method for
the conjugation of N and C-terminal fragments.®® Successful conjugations of the
1.0-IDP-hydrophobic chimeras would then be tested on a small scale for favorable
bio-surfactant properties such as size, CMC, and solublizing ability. Trends in the
properties will be analyzed with respect to the hydrophobic domain molecular weight
(MW), length, aromaticity, and hydrophobicity allowing for the prediction of future
hydrophobic domain sequences with desired properties. Additionally, bioconjugates
with favorable properties will then be implemented into an expression scheme and
produced on large scale for industrial testing. Additionally, using this method, one
could imagine that the incorporation of any molecule containing a free and solvent
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accessible thiol, such hydrophobic drugs and hydrocarbons, could be attached to
the C-terminus of the IDP domain. This represents a facile and rapid approach
to creating a large number of hydrophobic library members for these IDP based
bio-surfactants.

4.3 Results and Discussion

Initially, we set out to genetically engineer and express a library of 7 additional
variants of the 2Yx2A C-terminal tail. This sequence has been explored and charac-
terized previously.2 We sought to vary the length, hydropobicity, or aromaticity of
the original 16 amino acid sequence systematically and determine how these variables
affect the properties of these materials (Table 4.1). All plasmids were successfully
cloned for each of the 7 constructs. Due to cost and time restrictions, not all variants
were able to be expressed and characterized. However, some insight was drawn for
DLS and pyrene measurements taken for the handful of expressed IDPs (Additional
Figure 4.6).

Table 4.1: Sequences for the hydrophobic domain library for genetically engineered IDPs.

Name Variable Sequence

2Yx2A  Original YGAYAQYVYIYAYWYL
2Vx2A () Aromatic VGAVAQAVAIVAVLAL
2Yx2F  (+) Aromatic YGFYFQYVYFYFYWYL

(

2Yx2T (-) Hydrophobic  YGTYTQYTYGYTYWYG

2Yx2L (1) Hydrophobic YILYLQFVFIYIYWFL

1Yx1A  (-) Length YAQVYAYWYL

4Yx4A  (+) Length YGAYAQYVYIYAYWYLYGAYAQL
YVYIYAYWY

6Yx6A  (++) Length YGAYAQYVYIYAYWYLYGAYAQ
YVYIYAYWYLYGAYAQYVYIYAYWYL

The original IDP sequence, 1.0-IDP-2Yx2A, was measured as a control. It had
a diameter of 27.7 & 5.3 nm indicating consistency with the previously expected
spherical micelle assembly (Figure 4.2a). The 1.0-IDP-2Yx2F variant had an in-
creased number of aromatic residues present in its sequence. The 2Yx2F variant
showed a lower average diameter of 7.49 + 0.58 nm suggesting that this variant
was not able to assemble into spherical structures like the original sequence (Figure
4.2b). The 1.0-IDP-2Vx2A variant showed a similar average diameter of 23.1 £+ 1.8
nm indicating that this variant, which lacks aromatic amino acids, could assemble
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into spherical micelles similar to 1.0-IDP-2Yx2A (Figure 4.2c). The variant, 1.0-
IDP-2Yx2T, also showed a similar average diameter of 29.5 + 1.4 nm suggesting this
less hydrophobic variant could also exhibit micelle assembly behavior (Figure 4.2d).
The truncated 1.0-IDP-1Yx1A variant showed highly polydisperse DLS traces with
an average diameter of 163 £+ 38 nm. It is unclear if this diameter measurement
was accurate due to the large polydispersity value; however, this led us to believe
that the 1Yx1A variant did not behave similarly to 1.0-IDP-2Yx2A (Figure 4.2¢).
The 1.0-IDP-2Yx2L variant has an overall increased hydrophibicity with an equiv-
alent amount of aromatic residues to the original assembly sequence. The average
diameter for this variant was determined to be 10.1 + 0.6 nm, suggesting that this
variant also does not exhibit micelle assembly behavior (Figure 4.2f). The expres-
sion of all the mutants, including 1.0-IDP-4Yx4A, and 6Yx6A, was time-consuming,
and did not result in desired protein yields for easy purification and characteriza-
tion. Additional experiments can be done on these 7 sequences, and it is promising
that insightful information can be gained. However, further rounds of expression
are needed for future experiments. From this, we deemed that genetic engineering
and expression of all interesting mutants may not be the most efficient process and
turned towards an alternative bioconjugation strategy.

In preparation for oxidative coupling with hydrophobic moieties, the hydrophilic
1.0-IDP domain was genetically engineered to have a C-terminal tyrosinase residue.
This protein was produced with the insoluble expression system outlined previ-
ously.20 After cleavage by BrCN, the resulting 1.0-IDP-Y sequence is easily purified
by centrifugation as all the other proteins in the solution, which are still insoluble,
precipitate in aqueous conditions while 1.0-IDP-Y is highly hydrophilic and remains
in the soluble fraction. This results in the production of a hydrophilic 1.0-IDP-Y do-
main without the use of any columns, with minimal solvent, and with yields between
100-300 mg (Figure 4.3b).

For bioconjugation of IDP-Y to a hydrophobic peptide, a solution of 20 pM 1.0-
IDP-Y protein in phosphate buffer (PB) pH 6.5 was oxidized to the quinone species
in 30 min by the addition of 0.2 pmol tyrosinase enzyme. However, due to the abun-
dance of reactive and flexible lysine residues on the IDP backbone, undesired intra
and inter-molecular reactions were observed, resulting in aggregation. To combat
this, the tyrosinase reaction was alternatively carried out on ice for 3 h. To the ty-
rosinase reaction mixture, 100 eq of an N-terminal cysteine peptide CG(WAG)3 (1121
Da) was added. The solution was mixed thoroughly and analyzed by ESI-TOF-MS.
The reaction between an ortho-quinone and free thiol is known to happen rapidly,
while the kinetics of the cyclization observed for this reaction are not known.* If the
reaction is carried out on ice, the un-cyclized thiol addition is observed. In contrast,
if the tyrosinase reaction is carried out a 4 °C a mixture of cyclized and un-cyclized
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Figure 4.2: DLS analysis and diameter average based on %Number for the hydrophobic domain
library. a) 1.0-IDP-2Yx2A = 27.7 £+ 5.3 nm b) 1.0-IDP-2Yx2F = 7.49 + 0.58 nm c) 1.0-IDP-2Vx2A
=23.1 £ 1.8 nm d) 1.0-IDP-2Yx2T = 29.5 4+ 1.4 nm e) 1.0-IDP-1Yx1A = 163 £ 38 nm f) 1.0-IDP-
2Yx2L 10.1 + 0.6 nm

products are present (Additional Figure 4.7). To reduce the unwanted double ad-
dition, 100 equivalents of N-terminal cysteine peptide were added, and the reaction
was monitored by ESI-TOF-MS for completion. Once complete, the reaction is then
stopped by dialysis into fresh buffer. Using these reaction conditions, 100% modifica-
tion of the 1.0-IDP-Y peptide with no double addition was observed by ESI-TOF-MS
(Additional Figure 4.8). To determine if other physiologically relevant thiol molecules
could add in to this pheomelanin type linkage, a stability study was carried out on
the 1.0-IDP-CIIIG conjugate in the presence of 20 mM glutathione. Over the course
of 14 h, no glutathione addition nor conversion back to the un-conjugated 1.0-IDP
protein was observed. (Additional Figure 4.9).

Investigations into the activity and tolerance of tyrosinase enzymes showed pre-
viously that the enzyme found in Bacillus megaterium (megaTYR) has much broader
substrate tolerance.” Due to this finding, we were insterested in seeing if the megaTYR
enzyme would be useful for developing hybrid sufactants with IDP-Y and thiol con-
taining hydrophobic small moleules. Many of these molecules have low solubility
in water and require the addition of an organic co-solvent to be accessible in an
aqueous buffer. Therefore, we were interested in determining the solvent compati-
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Figure 4.3: Production of IDP-Y with a C-terminal tyrosine. (a) Schematic for the expression
and purification of the IDP sequence with a C-terminal tyrosine residue. This method uses no
columns and relies on changes in solubility to produce a pure final protein product. (b) ESI-TOF-
MS analysis of the purification steps used to produce pure IDP-Y protein (expected: 15110 Da
observed: 15110 Da)

bility of megaTYR with three commonly used organic solvents, MeCN, DMF, and
DMSO. These reactions were carried out in 20 mM PB pH 6.5 with the addition
of 10-50% organic solvent. The oxidation of IDP-Y to the ortho-quinone was mea-
sured by ESI-TOF-MS after 0.2 nmol of the megaTYR enzyme was added on ice for
approximately 40 min (Additional Figure 4.10). The % conversion of IDP-Y to the
ortho-quinone was graphed to compare the tolerance of the enzyme in each organic
solvent (Figure 4.4a). For all solvents, except for MeCN, the ability of the enzyme to
oxidize IDP-Y significantly decreased as the solvent added approached 50% (Figure
4.4b.) A test run of 1-dodecanethiol conjugated to IDP-Y was carried out at 100
equivalents in 50% MeCN with the conditions stated previously. A control of glu-
tathione addition to IDP-Y in 0% MeCN was used to confirm enzyme activity (Figure
4.5a). Dodecanethiol was successfully conjugated to IDP-Y; however, both the single
(ex: 15326 Da) and double (15526 Da) addition products were seen at appreciable
amounts (Figure 4.5b). This result was promising for creating a diverse library of
hybrid surfactants using almost any desired molecule with an accessible thiol. Fu-
ture experiments to look at the properties of this molecule are underway and it will
be interesting to determine if these molecules will exhibit micelle or surfactant-like
behavior.
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Figure 4.4: Organic solvent screen for megaTYR compatibility. a) The bar graph shows %
conversion values of IDP-Y (15110 Da) to oxidized ortho-quinone IDP-Y (15124 Da) grouped by
total % of organic solvent in the reaction. The organic solvents for MeCN, DMF, and DMSO are
shown in green, purple, and blue, respectively. b) The plot shows % conversion trends for the
organic solvents MeCN, DMF, and DMSO in green, purple, and blue, respectively.
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Figure 4.5: Mass Spectra of glutathione and dodecanethiol addition to IDP-Y. a) The spectrum
shows quantitative conversion of IDP-Y (ex: 15110 Da) to the single addition product of glutathione
(ex:15431 Da). b) The spectrum shows 93% conversion of IDP-Y (ex: 15110 Da) to both the single
(70%) and double (30%) additions of dodecanethiol (ex: 15326 Da, 15526 Da). This reaction was
carried out in 50% MeCN.
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4.4 Conclusion

To study the impact of the hydrophobic domain on the assembly of IDP-based bio-
surfactants, we aimed to develop a facile bioconjugation method for the creation of
a library of amphiphilic peptides based on the 1.0-IDP sequence with varying hy-
drophobic domains. We explored attempts at genetically engineering and expressing
this library; however, efforts determined this strategy was not efficient enough for
continued exploration. An alternative bioconjugation method was developed to at-
tach N-terminal cysteine peptides to the C-terminal tyrosine of the 1.0-IDP protein
sequence through an oxidative coupling strategy mediated by the tyrosinase enzyme.
The bioconjugation reaction between these two fragments results in a pheomelanin
type linkage with complete modification of the N-terminal protein fragment. This
reaction is carried out in mild conditions (PB pH 6.5) and takes less than 3 h to
complete. Additionally, the megaTYR enzyme was able to successfully conjugate
molecules initially thought unusable due to their hydrophobic nature. This allowed
for the production of a hybrid surfactant with a biologically derived soluble domain
and hydrocarbon-based hydrophobic tail. Overall, this represents a rapid and ver-
satile method for the production of amphiphilic IDPs with varying hydrophobic do-
mains, which can be used in preliminary screens to identify sequences with favorable
properties.

4.5 Materials and Methods

4.5.1 Materials

Unless otherwise noted, all chemicals were obtained from commercial sources and
used without further purification. Milli-Q (MQ) HyO was purified to a resistivity of
18.2 M Q e cm (at 25 °C) using a MQ Gradients ultrapure water purification system
(Millipore).

e 1000x ampicillin solution: 100 mg/mL of solid antibiotic were dissolved in
Milli-Q HyO. The solution was frozen at -20 °C until use.

e 1000x carbenicillin solution: 100 mg/mL of solid antibiotic were dissolved in
Milli-Q H5O. The solution was frozen at -20 °C until use.

e 1000x chloramphenicol solution: 25 mg/mL of slid antibiotic were dissolved in
EtOH. The solution was frozen at -20 °C until use.
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e LB agar plates: 12.5 g of LB broth (powder) from Thermo Fisher Scientific and
7.5 g agar was dissolved in 500 mL of Milli-Q H5O and subsequently autoclaved.
The solution was cooled to 50 °C and the desired antibiotic was added. The
LB agar + antibiotic soultion was poured into sterile Petri dishes (100 mm x
15 mm) and solidified at room temperature. The plates were then stored at 4
°C until use.

e LB media: 20 g of Lauria broth (LB) powder (Sigma Aldrich) was dissolved
into 1000 mL of Milli-Q H,O and autoclaved.

e Lysis buffer: 20 mM Hepes, 300 mM NaCl, and 10 mM B-mercaptoethanol
were added to Milli-Q H,O.

e The pET-31b(+) vector was purchased from Millipore Sigma (catalog number:
69952-3).

e AlwN I (catalog #R0514S) and Xho I (catalog #R0146S) restriction endonu-
cleases were purchased from New England BioLabs (NEB).

e Gibson Assembly Mastermix was purchased from New England BioLabs (NEB).

e All Geneblocks were purchased from Integrated DNA Technologies(IDT) and
used as template DNA.

4.5.2 Instrumentation

4.5.2.1 Reverse Phase High Performance Liquid Chromatography
(RP-HPLC)

RP-HPLC purification of IDP-2Yx2A protein mutants was performed on an Agilent
1260 Infinity series system equipped with a UV-Vis detector and a fraction collector,
controlled by Open Lab CDS software (Agilent Technologies Inc. 2011 -2015). HPLC
grade Milli-Q H,O + 0.1% TFA and HPLC grade MeCN + 0.1% TFA were used as
mobile phases A and B, respectively. Preparatory scale purification was performed
on a Waters XBridge Protein BEH C4 OBD Prep Column (300 A, 5 pm, 19 mm X
50 mm) with a flow rate of 5 mL/min over a 5-95% gradient over the course of 30
min. Fractions containing IDP-2Yx2A mutants were identified by their coinciding
280 nm absorbance and 350 nm fluorescence profiles.
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4.5.2.2 Mass Spectrometry of Proteins (ESI-TOF-MS)

Time of flight electrospray ionization mass spectrometry (ESI-TOF-MS) of protein
samples was performed using an Agilent 1260 series liquid chromatography (LC) sys-
tem coupled with an Agilent 6224 TOF LC-MS (Santa Clara, CA). Protein samples
were first passed through a 0.22 pM cellulose acetate filter and then placed in HPLC
vials for analysis. Depending on sample concentration, 0.5 -10 ul. was injected on
to a Proswift RP-4H (monolithic phenyl, 1.0 mm x 50 mm, Dionex) analytical col-
umn with a flow rate of 0.30 mL/min and a gradient of 5-100% MeCN+0.1% (v/v)
formic acid in Milli-Q H,O+0.1% formic acid over the course of 8 min. The total
ion chromatograms were extracted in the Agilent Mass Hunter Workstation software
(Qualitative Analysis Version B.05.00, Build 5.0.519.13, Agilent Technologies Inc.
2011). Protein molecular weights were reconstructed using a maximum entropy de-
convolution. The resulting spectra were exported as CSV files and plotted using the
Chartograph web-tool(www.chartograph.com).

4.5.2.3 UV-VIS DNA and Protein Measurements

Estimates of DNA and protein concentration were calculated by measuring the sam-
ple absorbance at 260 nm and 280 nm, respectively, on a NanoDrop 1000 (Thermo).
Using Beers law and the calculated extinction coefficients, the concentrations of both
DNA and protein were approximated.

4.5.2.4 Dynamic Light Scattering (DLS)

Dynamic light scattering was performed on a Malvern Instruments Zetasizer Nano
ZS. Prior to analysis, lyophilized samples were re-hydrated in the appropriate buffer
and passed through a 0.22 pm cellulose acetate centrifugal filter. Protein concentra-
tion was determined by diluting the sample 1:10 in 50% MeCN in H,O and measuring
the absorbance at 280 nm on a NanoDrop 1000 (Thermo). The filtered samples were
then diluted with buffer to the desired concentration and 80-100 pL was then added
to the DLS cuvette. For room temperature analysis, (25 °C) was used. Data plots
and standard deviations were calculated from an average of the %Number mean for
each run. Measurement data was presented as averaged mean diameters determined
by the %Number distribution. The %Number was used in this analysis because it
shows the size of the majority population in a sample. Heterogeneity was evident
in the micelle samples as evidenced by the polydispersity and %Intensity traces. It
is likely that larger structures or inter-micelle interactions occur and form a small
number of larger particles that contribute to larger diameters when analyzed by
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Table 4.2: Standard Gibson Assembly Protocol

Gibson component insert:vector (5:1)
cut pET-31b(+) 50 ng

Geneblock insert ( 500 bp) 22 ng

Gibson Assembly Mastermix 10 pL

Milli-Q H,O to 10 pL

%Intensity, which heavily weights large particles in a sample as opposed to the most
abundant.

4.5.3 Methods for protein production
4.5.3.1 IDP plasmid construction

The following constructs were created using a Gibson Assembly protocol with the
pET 31b(+) entry vector and individual geneblocks designed with 20-30 overlapping
basepairs with the template DNA.® The pET31b(+) entry vector was digested with
10 units of Khol and Alwnl restriction enzymes for 1 h at 37 °C. Following a 20
min deactivation step at 80 °C was performed. The cut entry vector were run on
a 1% agaraose gel prestained with SYBR Safe (ThermoFisher). The gel was run
at 120 V for 35 min in 1X TAE buffer then imaged under UV fluorescnece with a
Biorad GelDoc Ez Imager. The DNA band corresponding to the cut entry vector
was excised from the gel and plaved in 1.5 mL Eppendorf tube. The digested vector
was removed from the gel using the quick gel extraction kit (Promega).

The Gibson Assembly was compiled using the components listed in Table 4.2 and
the reaction was incubated at 55 °C for 30 min and then kept at 4 °until further
processing. Half of the Gibson Assembly (10 pL) was transoformed into 100 pL of
chemically competent XL1-Blue cells. The reaction was incubated with the cells on
ice for 30 min and then heat shocked at 42 °C for 45 s. The cells were recovered by
adding 900 mL of SOC media and incubation at 37 °C, 220 rpm for 1 h. Following,
150 pL of the transformed cells were plated on carbenicillin (+) LB agar plates and
grown overnight at 37 °C. For each plate 2-4 colonies were selected placed in culture
tubes of 5 mL of LB media and 5 ul. of 1000x carbenicillin. Cultures were grown
overnight at 37 °C. Following this, the plasmid DNA was extracted using a Miniprep
Kit (Millipore) and sent for sequences.

Geneblock for the construction of the KSI-1.0-IDP-2Yx2T pET-31b(+)
plasmid
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5 CGAGAAGAATATTCACGCATGCCAGATGCTGGCAGAGGCAAAGAGTC
CTGCGGAAGCTAAGTCGCCAGCCGAAGTCAAGTCGCCCGCCGTCGCGA
AAAGCCCCGCAGAGGTAAAAAGCCCGGCTGAAGTTAAGAGCCCGGCAG
AAGCAAAAAGTCCAGCAGAAGCCAAAAGTCCTGCTGAGGTTAAAAGCC
CAGCAACCGTCAAATCCCCTGGAGAGGCAAAATCTCCGGCAGAAGCCAA
GTCCCCTGCCGAAGTGAAGTCACCTGTCGAAGCCAAGTCGCCGGCCGAA
GCGAAGAGCCCAGCGAGCGTGAAAAGTCCTGGTGAGGCTAAGTCCCCG
GCGGAAGCGAAATCTCCAGCGGAAGTAAAGAGTCCGGCCACCGTAAAA
TCTCCGGTTGAGGCCAAGAGTCCGGCGGAAGTTAAATCTCCGGTGACG
GTCAAGTCCCCAGCGGAAGCGAAGTCCCCCGTGGAGGTGAAATCACCA
TACTGGAGTGCCTATGGCACTTATACACAGTATACATATGGTTATACTT
ATTGGTATGGATGACTCGAGCACCACCACCACCACC 3

Corresponding amino acid sequence of fusion protein KSI-1.0-IDP-2Yx2T:
MHTPEHITAVVQRFVAALNAGDLDGIVALFADDATVEDPVGSEPRSGTAAI
REFYANSLKLPLAVELTQEVRAVANEAAFAFTVSFEYQGRKTVVAPIDHFR
FNGAGKVVSIRALFGEKNITHACOMLAEAKSPAEAKSPAEVKSPAVAKSPAEV
KSPAEVKSPAEAKSPAEAKSPAEVKSPATVKSPGEAKSPAEAKSPAEVKSPV
EAKSPAEAKSPASVKSPGEAKSPAEAKSPAEVKSPATVKSPVEAKSPAEVKS
PVTVKSPAEAKSPVEVKSPYWSAYGAYAQYVYIYAYWYL*

KSI protein sequence shown in green

2Yx2T protein sequence shown in magenta

Geneblock for the construction of the KSI-1.0-IDP-1Yx1A pET-31b(+)
plasmid

5 CGAGAAGAATATTCACGCATGCCAGATGCTGGCAGAGGCAAAGAGTC
CTGCGGAAGCTAAGTCGCCAGCCGAAGTCAAGTCGCCCGCCGTCGCGA
AAAGCCCCGCAGAGGTAAAAAGCCCGGCTGAAGTTAAGAGCCCGGCAG
AAGCAAAAAGTCCAGCAGAAGCCAAAAGTCCTGCTGAGGTTAAAAGCC
CAGCAACCGTCAAATCCCCTGGAGAGGCAAAATCTCCGGCAGAAGCCAA
GTCCCCTGCCGAAGTGAAGTCACCTGTCGAAGCCAAGTCGCCGGCCGAA
GCGAAGAGCCCAGCGAGCGTGAAAAGTCCTGGTGAGGCTAAGTCCCCG
GCGGAAGCGAAATCTCCAGCGGAAGTAAAGAGTCCGGCCACCGTAAAA
TCTCCGGTTGAGGCCAAGAGTCCGGCGGAAGTTAAATCTCCGGTGACG
GTCAAGTCCCCAGCGGAAGCGAAGTCCCCCGTGGAGGTGAAATCACCA
TACTGGAGTGCCTATGGCGCGTATGCGCAGTATTGGCTGTGACTCGAG
CACCACCACCACCACCACTGA &

Corresponding amino acid sequence of fusion protein KSI-1.0-IDP-1Yx1A:



CHAPTER 4. SEQUENCE EXPLORATION OF THE AMPHIPHILIC
INTRINSICALLY DISORDERED PROTEIN’S HYDROPHOBIC DOMAIN 90

MHTPEHITAVVQRFVAALNAGDLDGIVALFADDATVEDPVGSEPRSGTAAI
REFYANSLKLPLAVELTQEVRAVANEAAFAFTVSFEYQGRKTVVAPIDHFR
FNGAGKVVSIRALFGEKNITHACOMLAEAKSPAEAKSPAEVKSPAVAKSPAEV
KSPAEVKSPAEAKSPAEAKSPAEVKSPATVKSPGEAKSPAEAKSPAEVKSPV
EAKSPAEAKSPASVKSPGEAKSPAEAKSPAEVKSPATVKSPVEAKSPAEVKS
PVTVKSPAEAKSPVEVKSPYWSAYGAYAQYWL*

KSI protein sequence shown in green

1Yx1A protein sequence shown in magenta

Geneblock for the construction of the KSI-1.0-IDP-2Vx2A pET-31b(+)
plasmid

5 CGAGAAGAATATTCACGCATGCCAGATGCTGGCAGAGGCAAAGAGTC
CTGCGGAAGCTAAGTCGCCAGCCGAAGTCAAGTCGCCCGCCGTCGCGA
AAAGCCCCGCAGAGGTAAAAAGCCCGGCTGAAGTTAAGAGCCCGGCAG
AAGCAAAAAGTCCAGCAGAAGCCAAAAGTCCTGCTGAGGTTAAAAGCC
CAGCAACCGTCAAATCCCCTGGAGAGGCAAAATCTCCGGCAGAAGCCAA
GTCCCCTGCCGAAGTGAAGTCACCTGTCGAAGCCAAGTCGCCGGCCGAA
GCGAAGAGCCCAGCGAGCGTGAAAAGTCCTGGTGAGGCTAAGTCCCCG
GCGGAAGCGAAATCTCCAGCGGAAGTAAAGAGTCCGGCCACCGTAAAA
TCTCCGGTTGAGGCCAAGAGTCCGGCGGAAGTTAAATCTCCGGTGACG
GTCAAGTCCCCAGCGGAAGCGAAGTCCCCCGTGGAGGTGAAATCACCA
TACTGGAGTGCCGTAGGCGCGGTTGCGCAGGCTGTAGCTATTGTTGCG
GTTCTTGCTCTTTGACTCGAGCACCACCACCACCACCA 3

Corresponding amino acid sequence of fusion protein KSI-1.0-IDP-2Vx2A.:
MHTPEHITAVVQRFVAALNAGDLDGIVALFADDATVEDPVGSEPRSGTAAI
REFYANSLKLPLAVELTQEVRAVANEAAFAFTVSFEYQGRKTVVAPIDHFR
FNGAGKVVSIRALFGEKNIHACOMLAEAKSPAEAKSPAEVKSPAVAKSPAEV
KSPAEVKSPAEAKSPAEAKSPAEVKSPATVKSPGEAKSPAEAKSPAEVKSPV
EAKSPAEAKSPASVKSPGEAKSPAEAKSPAEVKSPATVKSPVEAKSPAEVKS
PVTVKSPAEAKSPVEVKSPYWSAVGAVAQAVAIVAVLAL*

KSI protein sequence shown in green

2Vx2A protein sequence shown in magenta

Geneblock for the construction of the KSI-1.0-IDP-2Yx2F pET-31b(+)
plasmid

5 CGAGAAGAATATTCACGCATGCCAGATGCTGGCAGAGGCAAAGAGTC
CTGCGGAAGCTAAGTCGCCAGCCGAAGTCAAGTCGCCCGCCGTCGCGA
AAAGCCCCGCAGAGGTAAAAAGCCCGGCTGAAGTTAAGAGCCCGGCAG
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AAGCAAAAAGTCCAGCAGAAGCCAAAAGTCCTGCTGAGGTTAAAAGCC
CAGCAACCGTCAAATCCCCTGGAGAGGCAAAATCTCCGGCAGAAGCCAA
GTCCCCTGCCGAAGTGAAGTCACCTGTCGAAGCCAAGTCGCCGGCCGAA
GCGAAGAGCCCAGCGAGCGTGAAAAGTCCTGGTGAGGCTAAGTCCCCG
GCGGAAGCGAAATCTCCAGCGGAAGTAAAGAGTCCGGCCACCGTAAAA
TCTCCGGTTGAGGCCAAGAGTCCGGCGGAAGTTAAATCTCCGGTGACG
GTCAAGTCCCCAGCGGAAGCGAAGTCCCCCGTGGAGGTGAAATCACCA
TACTGGAGTGCCTATGGCTTTTATTTTCAGTATGTGTACTTCTACTTTT
ATTGGTATCTGTGACTCGAGCATCACCACCACCACC 3

Corresponding amino acid sequence of fusion protein KSI-1.0-IDP-2Yx2F':
MHTPEHITAVVQRFVAALNAGDLDGIVALFADDATVEDPVGSEPRSGTAAI
REFYANSLKLPLAVELTQEVRAVANEAAFAFTVSFEYQGRKTVVAPIDHFR
FNGAGKVVSIRALFGEKNITHACOMLAEAKSPAEAKSPAEVKSPAVAKSPAEV
KSPAEVKSPAEAKSPAEAKSPAEVKSPATVKSPGEAKSPAEAKSPAEVKSPV
EAKSPAEAKSPASVKSPGEAKSPAEAKSPAEVKSPATVKSPVEAKSPAEVKS
PVTVKSPAEAKSPVEVKSPYWSAYGFYFQYVYFYFYWYL*

KSI protein sequence shown in green

2Yx2F protein sequence shown in magenta

Geneblock for the construction of the KSI-1.0-IDP-2Yx2L pET-31b(+)
plasmid

5 CGAGAAGAATATTCACGCATGCCAGATGCTGGCAGAGGCAAAGAGTC
CTGCGGAAGCTAAGTCGCCAGCCGAAGTCAAGTCGCCCGCCGTCGCGA
AAAGCCCCGCAGAGGTAAAAAGCCCGGCTGAAGTTAAGAGCCCGGCAG
AAGCAAAAAGTCCAGCAGAAGCCAAAAGTCCTGCTGAGGTTAAAAGCC
CAGCAACCGTCAAATCCCCTGGAGAGGCAAAATCTCCGGCAGAAGCCAA
GTCCCCTGCCGAAGTGAAGTCACCTGTCGAAGCCAAGTCGCCGGCCGAA
GCGAAGAGCCCAGCGAGCGTGAAAAGTCCTGGTGAGGCTAAGTCCCCG
GCGGAAGCGAAATCTCCAGCGGAAGTAAAGAGTCCGGCCACCGTAAAA
TCTCCGGTTGAGGCCAAGAGTCCGGCGGAAGTTAAATCTCCGGTGACG
GTCAAGTCCCCAGCGGAAGCGAAGTCCCCCGTGGAGGTGAAATCACCA
TACTGGAGTGCCTATATTCTCTATCTACAGTTTGTGTTCATTTATATCT
ACTGGTTCCTGTGACTCGAGCACCACCACCACCACC 3’

Corresponding amino acid sequence of fusion protein KSI-1.0-IDP-2Yx2L:
MHTPEHITAVVQRFVAALNAGDLDGIVALFADDATVEDPVGSEPRSGTAAI
REFYANSLKLPLAVELTQEVRAVANEAAFAFTVSFEYQGRKTVVAPIDHFR
FNGAGKVVSIRALFGEKNIHACOMLAEAKSPAEAKSPAEVKSPAVAKSPAEV
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KSPAEVKSPAEAKSPAEAKSPAEVKSPATVKSPGEAKSPAEAKSPAEVKSPV
EAKSPAEAKSPASVKSPGEAKSPAEAKSPAEVKSPATVKSPVEAKSPAEVKS
PVTVKSPAEAKSPVEVKSPYWSAYILYLQFVFIYIYWFL*

KSI protein sequence shown in green

2Yx2L protein sequence shown in magenta

Geneblock for the construction of the KSI-1.0-IDP-4Yx4A pET-31b(+)
plasmid

5" CGAGAAGAATATTCACGCATGCCAGATGCTGGCAGAGGCAAAGAGTC
CTGCGGAAGCTAAGTCGCCAGCCGAAGTCAAGTCGCCCGCCGTCGCGA
AAAGCCCCGCAGAGGTAAAAAGCCCGGCTGAAGTTAAGAGCCCGGCAG
AAGCAAAAAGTCCAGCAGAAGCCAAAAGTCCTGCTGAGGTTAAAAGCC
CAGCAACCGTCAAATCCCCTGGAGAGGCAAAATCTCCGGCAGAAGCCAA
GTCCCCTGCCGAAGTGAAGTCACCTGTCGAAGCCAAGTCGCCGGCCGAA
GCGAAGAGCCCAGCGAGCGTGAAAAGTCCTGGTGAGGCTAAGTCCCCG
GCGGAAGCGAAATCTCCAGCGGAAGTAAAGAGTCCGGCCACCGTAAAA
TCTCCGGTTGAGGCCAAGAGTCCGGCGGAAGTTAAATCTCCGGTGACG
GTCAAGTCCCCAGCGGAAGCGAAGTCCCCCGTGGAGGTGAAATCACCA
TACTGGAGTGCCTATGGCGCGTATGCGCAGTATGTGTATATTTATGCGT
ATTGGTATCTGTACGGTGCTTACGCACAATACGTTTATATATACGCTTA
CTGGTACCTTTGACTCGAGCACCACCACCACCACCACTGAGATCCG 3

Corresponding amino acid sequence of fusion protein KSI-1.0-IDP-4Yx4A:
MHTPEHITAVVQRFVAALNAGDLDGIVALFADDATVEDPVGSEPRSGTAAI
REFYANSLKLPLAVELTQEVRAVANEAAFAFTVSFEYQGRKTVVAPIDHFR
FNGAGKVVSIRALFGEKNITHACOMLAEAKSPAEAKSPAEVKSPAVAKSPAEV
KSPAEVKSPAEAKSPAEAKSPAEVKSPATVKSPGEAKSPAEAKSPAEVKSPV
EAKSPAEAKSPASVKSPGEAKSPAEAKSPAEVKSPATVKSPVEAKSPAEVKS
PVTVKSPAEAKSPVEVKSPYWSAYGAYAQYVYIYAYWYLYGAYAQYVYTY
AYWYL*

KSI protein sequence shown in green

4Yx4A protein sequence shown in magenta

Geneblock for the construction of the KSI-1.0-IDP-6Yx6A pET-31b(+)
plasmid

5 CGAGAAGAATATTCACGCATGCCAGATGCTGGCAGAGGCAAAGAGTC
CTGCGGAAGCTAAGTCGCCAGCCGAAGTCAAGTCGCCCGCCGTCGCGA
AAAGCCCCGCAGAGGTAAAAAGCCCGGCTGAAGTTAAGAGCCCGGCAG
AAGCAAAAAGTCCAGCAGAAGCCAAAAGTCCTGCTGAGGTTAAAAGCC
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CAGCAACCGTCAAATCCCCTGGAGAGGCAAAATCTCCGGCAGAAGCCAA
GTCCCCTGCCGAAGTGAAGTCACCTGTCGAAGCCAAGTCGCCGGCCGAA
GCGAAGAGCCCAGCGAGCGTGAAAAGTCCTGGTGAGGCTAAGTCCCCG
GCGGAAGCGAAATCTCCAGCGGAAGTAAAGAGTCCGGCCACCGTAAAA
TCTCCGGTTGAGGCCAAGAGTCCGGCGGAAGTTAAATCTCCGGTGACG
GTCAAGTCCCCAGCGGAAGCGAAGTCCCCCGTGGAGGTGAAATCACCA
TACTGGAGTGCCTATGGCGCGTATGCgcAGTATGTGTATATTTATGCGT
ATTGGTATCTGTACGGTGCTTACGCACAATACGTTTATATATACGCTTA
CTGGTACCTTTATGGAGCTTACGCCCAGTACGTGTATATCTATGCTTAC
TGGTATCTATGACTCGAGCACCACCACCACCACCACTGAGA ¥

Corresponding amino acid sequence of fusion protein KSI-1.0-IDP-6Yx6A:
MHTPEHITAVVQRFVAALNAGDLDGIVALFADDATVEDPVGSEPRSGTAAI
REFYANSLKLPLAVELTQEVRAVANEAAFAFTVSFEYQGRKTVVAPIDHFR
FNGAGKVVSIRALFGEKNITHACOMLAEAKSPAEAKSPAEVKSPAVAKSPAEV
KSPAEVKSPAEAKSPAEAKSPAEVKSPATVKSPGEAKSPAEAKSPAEVKSPV
EAKSPAEAKSPASVKSPGEAKSPAEAKSPAEVKSPATVKSPVEAKSPAEVKS
PVTVKSPAEAKSPVEVKSPYWSAYGAYAQYVYIYAYWYLYGAYAQYVYTY
AYWYLYGAYAQYVYIYAYWYL*

KSI protein sequence shown in green

6Yx6A protein sequence shown in magenta

The KSI-1.0-IDP-Y plasmid was created by performing a site directed mutage-
nesis to encode a stop codon after the 1.0-IDP sequence resulting in a C-terminal
tyrosine residue. The KSI-1.0-IDP-2Yx2A plasmid was used as a genetic template.?
Aglient’s QuikChange mutagenesis kit and protocols were used.

Primers for construction of KSI-1.0-IDP-Y pET-31b(-+) plasmid:

Primer 1: 5> CGCGCCATAGGCACTCTAGTATCCTGATTTCACCTCCACGG 3’
Primer 2: 5" CGCGCCATAGGCACTCTAGTATCCTGATTTCACCTCCACGG 3
Template: KSI-1.0-IDP-2Yx2A pET-31b(+) plasmid

Corresponding amino acid sequence of KSI-IDP-Y:
MHTPEHITAVVQRFVAALNAGDLDGIVALFADDATVEDPVGSEPRSGTAAI
REFYANSLKLPLAVELTQEVRAVANEAAFAFTVSFEYQGRKTVVAPIDHFR
FNGAGKVVSIRALFGEKNITHACOMLAEAKSPAEAKSPAEVKSPAVAKSPAEV
KSPAEVKSPAEAKSPAEAKSPAEVKSPATVKSPGEAKSPAEAKSPAEVKSPV
EAKSPAEAKSPASVKSPGEAKSPAEAKSPAEVKSPATVKSPVEAKSPAEVKS
PVTVKSPAEAKSPVEVKSGY*
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KSI protein sequence shown in cyan

4.5.3.2 Protein expression of IDP variats

All IDP variants were expressed using the following protocol. Plasmids containing
the desired fusion proteins were transformed into Rosetta2 (pLysS) cells and plated
onto carbenicillin(+) /chloramphenicol(+) LB Agar plates and grown overnight at 37
°C. Single colonies were selected and placed into 50 mL of LB with 50 pL of both
1000x stocks of carbenicillin and chloramphenicol antibiotics. The cultures were
grown overnight at 37 °C. The following morning, 30 mL of the 50 mL cultures was
used to innoculate 1000 mL of LB with 1000 pL. 1000x stocks of carbenicillin and
chloramphenicol in a 2.8 L baffled flask. Cultures were grown at 37 °C with shaking
at 220 rpm until an ODggg of 0.6 was reached, at which point the temperature was
lowered to 18 °C. After cooling for 20 min, IPTG was added to a final concentration of
0.25 mM. The proteins were expressed overnight for 18-24 h. The cultures were then
centrifuged at 4000 xg for 20 min. The resulting protein pellets were transferred to
50 mL Falcon tubes and frozen at -20 °C. A typical expression yields approximately
5-10 g cell pellets.

4.5.3.3 Protein purification of IDP variants

The frozen cell pellets were resuspended in 30 mL of lysis buffer, 30 pL of 1% Trition-
X, and 300 uL of a 0.1 M PMSF solution (Sigma Aldrich). The cell pellets were vor-
texed until completely resuspended and then sonicated at 70% amplitude for 10 min
(2 s on: 4 s off). The lysed cells were then centrifuged at 14,500 xg for 20 min. The
supernatant containing the soluble proteins was discarded and the insoluble fraction
was washed by resuspending it in 30 mL of lysis buffer and centrifuging again at
14,500 xg for 20 min. The washing step was repeated three times. After the third
wash, 5 mL of 6 M guanidinium HCI (Guan HCI) was added to the insoluble fraction
and the proteins were resuspended by vigorous shaking for 1 h at room temperature
and sonication at 70% amplitude for 10 min (2 s on: 4 s off). The protein solutions
were then centrifuged at 14,500 xg¢ for 20 min, at which point the fusion proteins
were solubilized and the pelleted remains were largely composed of cell debris. The
supernatants containing the fusion proteins were transferred to a sterile 50 mL Fal-
con tube. The approximate concentration was determined by measuring the UV
absorbance at 280 nm on a NanoDrop 1000 (Thermo) and the calculated extinction
coefficient (ExPASy Protein Parameters Tool https://web.expasy.org/protparam/)
while the protein purity was assessed by SDS PAGE gel analysis.
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The KSI protein was cleaved from the IDP sequence by the slow addition of 3 M
HCI, concentrated formic acid, and cyanogen bromide(BrCN) to a final concentra-
tions of 0.5 M HCI, 10% formic acid, and 100 molar equivalents of BrCN to protein.
The solution was stirred in the dark under a steady flow of nitrogen gas. After 24
h, the reaction was mostly complete when analyzed by ESI-TOF-MS. The proteins
were then precipitated from solution by the addition of cold saturated (NH,),SO,
solution. The precipitation solutions were kept at -20 °C for 1 h. The precipitated
proteins were separated from the soluble components (BrCN, Guan HCI, and salts)
by centrifugation at 14,500 xg for 20 min. The supernatant was discarded in a closed
top waste receptacle specified for BrCN. The protein pellets were resuspended in HyO
by sonication at 70% amplitude for 10 min (2 s on: 4 s off) followed by a subsequent
centrifugation at 14,500 x¢ for 20 min to remove any insoluble protein. The resulting
solution of IDP was pure when analyzed by ESI-TOF-MS and SDS PAGE gel.

4.6 Additional Figures
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Figure 4.6: Pyrene Fluorescence Assay for the determination of 1.0-IDP-2Yx2T CMC. The I1/13
ratios are plotted against concentration. A logistic function was fit to the curve and an ECsq value
of 2061 + 887 pm. Additional data points at higher concentrations are needed to generate a reliable
logistic curve fitting value.
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Figure 4.8: C-terminal tyrosine residue with N-terminal cysteine peptides. The C-terminal ty-
rosine of 1.0-IDP-Y is oxidized to the ortho-quinone IDP-Y and 100 eqs of a N-terminal cysteine
peptide are added to the reaction and mixed on ice. Once the IDP-Y is oxidized to the quinone,
it rapidly reacts with the thiol group of the cysteine residue. This is followed by reoxidation and
subsequently a condensation reaction with the N-terminal amine of the peptide and the oxygen of
the semi quinone, resulting in a cyclic product.
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Figure 4.7: Analysis of fast and slow steps of phenomelanin type linkage formation. Conducting
the reaction between 1.0-IDP and the peptide CG(WAG)y (MW = 806.7 Da) on ice resulted in
only the nucelophilic addition of the thiol to the aromatic ring (expected: 15931 , observed: 15931
Da). At 4 °C both the condensation reaction product, forming the pheomelanin type cyclic linkage,
and the thiol only addition were observed (15911 Da and 15931 Da). If the reaction was conducted
for extended periods of time (24 h) or at elevated temperature, complete conversion to the cyclized
product was observed (expected: 15911 Da, observed: 15910 Da).



CHAPTER 4. SEQUENCE EXPLORATION OF THE AMPHIPHILIC
INTRINSICALLY DISORDERED PROTEIN’S HYDROPHOBIC DOMAIN

97

a 1.0-IDP-CIIG in 100mM PB pH 7.5 No Glutatione b 1.0-IDP-CHIG in 100mM PB pH 7.5 + 20 mM Glutatione
Oh 0Oh
15621 15621 15621 / 15621
{ Zoom
31240 LA‘_* mk
T T T 1 T T T T T T 1 T T T 1
3h 3h
15621 / 15621 15621 / 15621
Zoom Zoom
k L k R X
f T T 1 f T T T T 1 f T T 1 f T T T T 1
14 h 14 h
Zoom Zoom

15621 / 15621 15621 / 15621
‘ 31242 A 31242

1 I T T T T 1
40000 15500 15600 15700 15800 15900 16000
Molecular Weight (Da)

1 L} T T T T 1 I T T
40000 15500 15600 15700 15800 15900 16000 10000 20000 30000
Molecular Weight (Da) Molecular Weight (Da)

1(;000 20:)00 30‘000
Molecular Weight (Da)
Figure 4.9: Stability of the 1.0-IDP-CIIIG conjugate in the presence of glutathione. (a) Aliquots
of the 1.0-IDP-CIIIG (MW = 15621 Da) conjugate were incubated in 100 mM PB pH 7.5 for 14 h
and then analyzed by ESI-TOF-MS. Over the course of 14 h the only observable peaks are those
corresponding to 1.0-IDP-CIIIG at 15621 Da and a small amount of dimer at 31242 Da, which
appears to be either an artifact of deconvolution or a non-covalent association between monomers.
(b) The same 1.0-IDP-CIIIG sample was also incubated in 100 mM PB pH 7.5, plus 20 mM
glutathione (MW = 307.3 Da) for 14 h. The sample was analyzed by ESI-TOF-MS and, as in the
case without glutathione, only peaks corresponding to the conjugate and its dimer were observed
with no discernible difference between the spectra corresponding to the sample without glutathione.
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Figure 4.10: Mass spectra for the organic solvent screen of IDP-Y oxidation with megaTYR. Mass
sectra showing integrated conversion values of IDP-Y (ex: 15110 Da) to the oxidized ortho-quinone
IDP-Y (ex: 15124 Da). If their is no external nucleophile, the ortho-quinone IDP-Y will undergo
an intramolecular reaction and produce a species with a molecular weight of 1522 Da. a) MeCN
screen from 10-50% of total organic solvent. The oxidation levels stay constant around 80% for
all samples. b) DMF screen from 10-50% of total organic solvent. The oxidation conversion starts
at 78% but continues to drop with a final value of 47% oxidation at 50% DMF. ¢) DMSO screen
from 10-50% of total organic solvent. The oxidation conversion is 77% at 10% DMSQO; however, the
oxidation drops as the DMSO is increased, with 50% DMSO only showing 42% oxidation.
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