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Hydrophilic

ABSTRACT: Protein biomaterials offer several advantages over those Hydrophobic
made from other components because their amino acid sequence can be

precisely controlled with genetic engineering to produce a diverse set of pH 8.0 pH 5.5
material building blocks. In this work, three different elastin-like “
polypeptide (ELP) sequences were designed to synthesize pH-responsive

protein vesicles. ELPs undergo a thermally induced hydrophobic

transition that enables self-assembly of different kinds of protein

/ )& l‘i’?‘
biomaterials. The transition can be tuned by the composition of the e mCherry *'i\
guest residue, X, within the ELP pentapeptide repeat unit, VPGXG. When / §

&

the guest residue is substituted with an ionizable amino acid, such as Z:/Z, !!,,

Sy E >
histidine, the ELP undergoes a pH-dependent hydrophobic phase ..S: &y
transition. We used pH-responsive ELPs with different levels of histidine g
substitution, in combination with leucine zippers and globular, functional
proteins, to fabricate protein vesicles. We demonstrate pH-dependent
self-assembly, diameter, and disassembly of the vesicles using a combination of turbidimetry, dynamic light scattering, microscopy,
and small angle X-ray scattering. As the ELP transition is dependent on the sequence, the vesicle properties also depend on the
histidine content in the ELP building blocks. These results demonstrate the tunability of protein vesicles endowed with pH
responsiveness, which expands their potential in drug-delivery applications.
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H INTRODUCTION Elastin-like polypeptides (ELPs) are one kind of protein
building block used in the development of a wide range of
biomaterials, including nanoparticles, micelles, and
vesicles.'* ™" ELPs are tunable proteins that consist of n
pentapeptide repeats of the amino acid sequence (VPGXG),,
where the guest residue, X, can be any amino acid except
proline.”> ELPs undergo hydrophobic conformational changes
when heated above a characteristic transition temperature (T),
resulting in coacervation of the ELP.”'~** The T, is dependent
on ELP length n, ELP concentration, the concentration and
identity of co-solutes, and the composition of the guest residue

Lipid and polymeric vesicles have been used as drug-delivery
vehicles, microbioreactors, and artificial organelles.l_4 Lipid
vesicles (liposomes) are well studied and have been translated
into clinical applications due to their ability to load and deliver
cargo and their inherent biocompatibility.” However, they have
poor stability and limited tunability compared to polymeric
vesicles (polymersomes).® Vesicles synthesized from many
different types of polymers have been well characterized and are
generally recognized for their high stability and tunability but

lack inh iological activity. T 1 _
ack inherent biological activity. To broaden polymersome use, X228 The guest residue can be used to tune ELP hydro-

stimuli-responsive polymers have been used as building blocks, phobicity, cross-linking capabilities, or pH responsive-

endowing vesicles with new properties. This strategy has been
5 prop & ness.”*???% The effect of altering the guest residue on T, has

been well documented and has been used to develop a
hydropathy index for all 20 amino acids quantified by the T,
of ELPs.**

Previous work in our lab has investigated the self-assembly of
vesicles solely from two fusion protein constructs, Zz-ELP and
globule-Z;.””*'™** In this system, the globule represents

used to design polymersomes that are responsive to changes in
pH, ionic strength, light, and temperature.”~” These properties
make polymersomes useful tools for drug delivery, separations,
and microreactor applications, as they can retain their structure
for long time periods and then be triggered to disassemble or
release cargo under specified conditions. pH-sensitive bio-
materials including liposomes, polymersomes, lipoplexes, and
others have been designed for pH disassembly, mainly for drug-
delivery applications due to acidification of tissues associated
with cancer, inflammation, and infection and acidification of
endosomes in the intracellular trafficking pathway.'*™"*
Proteins offer both the biocompatibility of lipids and the
tunability of polymers, with the advantage of inherent
biofunctionality, such as specific binding or enzymatic activity.
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Figure 1. Schematic of the proposed vesicle disassembly caused by the protonation of histidine in acidic environments. The ELP shown represents H -
Zy-ELP, but only shows 10 of the 25 total pentapeptide repeats for simplicity.

globular, hydrophilic proteins ranging from fluorescent proteins
to enzymes that endow vesicles with biofunctionality. The ELP
serves as the hydrophobic component of the vesicles and drives
vesicle self-assembly through a transient coacervate phase when
the protein solution is heated from 4 to 25 °C. The glutamate-
and arginine-rich leucine zippers, Zy and Zg, link the
hydrophobic ELP domain to the hydrophilic globular domain
with femtomolar affinity,”® creating amphiphiles that self-
assemble into vesicles. The vesicles are composed of a single
layer with a hydrophilic shell of globular protein on the exterior
and hydrophobic ELP on the interior.>* Due to the behavior of
ELPs, self-assembly of vesicles is dependent on ionic strength,
protein concentration, temperature, and composition of the ELP
guest residue.””***® Vesicle self-assembly also depends on the
characteristics of the globular protein due to the molecular
packing constraints of the amphiphiles including the molar ratio
of globule-Zy, to Zy-ELP (Zg/Zg ratio).”"*

Here, we incorporated the ionizable amino acid histidine into
the guest residue of ELP to develop pH-sensitive vesicles.
Ionizable amino acids in the guest residues of ELP have been
shown to induce pH-dependent reverse hydrophobic phase
transition and have been used for disassembly of ELP micelles in
'13 Protonation of the imidazole side chain of histidine
(pK, 6.0) begins as the pH decreases from basic to neutral. As
the pH decreases further, the fraction of the protonated histidine
increases until the imidazole side chains are nearly fully
protonated around pH 5.0. When histidine is incorporated
into the guest residue of ELP, it allows for pH-dependent phase
transition of the ELP due to the increased solubility of the
charged ELP at reduced pH.”**° Therefore, protein vesicles
made from histidine-substituted ELPs should disassemble under
acidic conditions due to the protonation state of histidine
(Figure 1). To develop a range of pH-responsive vesicles, we
designed three ELP variants by altering the guest residue from
valine to histidine. The variants, H-Zz-ELP, H,,-Zz-ELP, and
H,s-Zz-ELP, have 5, 10, and 15 total histidines in the 25
pentapeptide repeats (Table 1). To determine the effect of pH
on each H-Zyz-ELP variant, protein solutions containing
mCherry-Z as the hydrophilic domain and H-Zyz-ELP were
characterized by turbidity, dynamic light scattering (DLS),
epifluorescence microscopy, and small angle X-ray scattering
(SAXS). This work demonstrates the tunability of pH-
responsive globular protein vesicles and develops protein
vesicles capable of disassembly under physiological and disease

vivo.

Table 1. Abbreviations of all H-Zy-ELP Variants Used in This
Work and Corresponding Amino Acid Sequence

ELP name ELP sequence

Zy-ELP [VPGVG VPGVG VPGFG VPGVG VPGVG];

H-Zg-ELP [VPGVG VPGHG VPGFG VPGVG VPGVG];

H,p-Zz-ELP [VPGVG VPGHG VPGFG VPGHG VPGVG];
H,s5-Zz-ELP [VPGHG VPGHG VPGFG VPGHG VPGVG];

relevant conditions, with potential for future applications in drug
delivery.

B EXPERIMENTAL SECTION/METHODS

Protein Expression. The plasmids pQE60/Hiss-Zg/Hs-Zg-ELP,
PQE60/Hisg-Zg/H,g-Zg-ELP, pQEG60/HissZp/H,s-Zg-ELP, and
pET28a/Hiss-sfGFP-Zg were obtained from Genscript, and pQE60/
mCherry-Zg was obtained through PCR, as described in a previous
work.>” The plasmid pQE60/Hiss-Z/Hs-Zyz-ELP was a kind gift of
Profs. D.A. Tirrell and K. Zhang. The plasmids were transformed into
heat-competent AF-IQ_Escherichia coli. The AF-IQ E. coli strain is a
phenylalanine-auxotrophic strain that has been used to insert a non-
canonical amino acid into Zy-ELP, which allowed for photo-cross-
linking.29 In this work, AF-IQ was used out of convenience and no non-
canonical amino acid was inserted into any of the H-Zy-ELPs. Cells
were grown by inoculating S mL of overnight culture in 1 L of lysogeny
broth (LB) media containing 200 mg/L ampicillin and 34 mg/L
chloramphenicol. The culture was grown at 37 °C until it reached an
OD at 600 nm of 0.6 to 0.8. Then, expression was induced by addition
of 1.0 mM isopropyl beta-p-1-thiogalactopyranoside (IPTG). After S
hours of expression, the protein was harvested by centrifugation at
4000g for 10 min and pellets were stored at —80 °C.

Protein Purification. H-Zz-ELP and Zy-ELP pellets from 1 L of
culture were lysed on ice in 80 mL of lysis buffer containing 8 M urea
buffered by 50 mM trisCl at pH 8.0 by sonication. Lysate was cleared by
centrifugation at 10,000g for 30 min then incubated with Ni-NTA beads
(Qiagen) for 1 h, while rotating at 4 °C to bind the His-tagged protein.
The Ni-NTA beads were then loaded onto an econo-pac column
(BioRad) and washed with 8 M urea, pH 6.3, until no protein was
present in the wash as measured by absorbance at 280 nm (A280) using
a NanoDrop 2000. Protein was eluted by disrupting the leucine zipper
interaction with buffer containing 6 M GuHCI, 50 mM trisCl, and 40
mM imidazole at pH 8.0. Yields were approximately 40 mg/L.
mCherry-Zg and sfGFP-Z; were purified in a similar manner except
using native conditions. mCherry-Zg was lysed in 10 mM imidazole,
300 mM NaCl, and 100 mM Na,HPO,, washed in 20 mM imidazole,
and eluted in 250 mM imidazole. After purification, H-Zz-ELP was
dialyzed into mQ water with six buffer changes over 2 days using a
SpectraPor 3.5 kDa molecular weight cutoff membrane. Similarly,
mCherry-Zg was buffer exchanged into PBS by dialysis with three buffer
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Figure 2. Transition temperature of 30 M H-Zy-ELP, H,(-Zy-ELP, and H,-Z-ELP in aqueous solutions containing 1.5 M mCherry-Z (0.05 Zg/
Zg ratio), 0.5 M NaCl, and either 10 mM sodium phosphate or sodium succinate depending on the pH of the solution. (a) Transition temperature of
each Zy-ELP variant as a function of pH. (b) Representative turbidity vs temperature profiles of Hs-Zg-ELP, (c) H,¢-Zz-ELP, and (d) H;s-Zy-ELP at

pH between 5.5 and 8.0.

changes, followed by overnight dialysis using a Spectra/Por 12—14 kDa
molecular weight cutoff membrane. The purity of proteins was assessed
using sodium dodecylsulfate polyacrylamide gel electrophoresis (Figure
S1).

Transition Temperature Measurements. Unless otherwise
stated, protein solutions were prepared on ice containing 30 yuM H-
Zy-ELP, 0.05 Zg/Zy ratio, and 0.5 M NaCl buffered with 10 mM
Na,HPO, for solutions at pH 6.0 or greater or 10 mM sodium succinate
for solutions with pH lower than 6.0. Transition temperature was
measured using an Applied Photophysics Chirascan-plus CD UV—Vis
spectrophotometer. The temperature of each solution was increased
from S to 60 °C at a ramp rate of 1 °C/min in a 1 mL quartz cuvette.
The optical density (OD) of the solution at 400 nm was measured every
minute, and the transition temperature was taken as the last point where
the slope switched from being positive to negative (inflection point), as
described in our previous work.*>*?

pH Transition Measurements. Protein solutions were mixed on
ice at each designated pH. They were then incubated in a BioTek
Instrument Synergy H4 at 30, 37, or 42 °C as the OD at 400 nm of the
solution was measured for 1 h in triplicate. The reported values
represent the average of the maximum OD 400. The pH transition was
taken as the halfway point between the OD 400 at the maximum and
minimum turbidities.

Dynamic Light Scattering. To determine the size of structures
that formed, DLS (Malvern Instruments Zetasizer NanoZS) was
performed using intensity mode with a 4 mW He—Ne laser with a
wavelength of 633 nm to detect backscattering (173°). The Z-average
was used to report the size of vesicles.

Small Angle X-ray Scattering. SAXS data were collected using a
Rigaku BioSAXS 2000 instrument operated by the Center for Structural
Molecular Biology at the Oak Ridge National Laboratory. The
wavelength, 4, was 1.542 A, and the instrument was configured to
measure momentum transfers 0.008 < Q < 0.70 A™!, where Q = (47/1)
sin (0) and 20 is the scattering angle. The sample temperature was
maintained using a water bath connected to the automatic sample
changer and sample position. Data acquisition and reduction used the
SAXSLab 4.0.2 software provided with the instrument by Rigaku. All
data were corrected for the solvent background scattering. Data analysis
was performed with SasView (https://www.sasview.org) and used a
superposition of the lamellar form factor (LFF) and the monodisperse

Gaussian coil (MGC) model. Data were fit over a Q-range of 0.008 < Q
<035 A7

B RESULTS AND DISCUSSION

Characterizing the Effects of pH on Vesicle Self-
Assembly. In order to determine the pH responsiveness of the
H-Zy-ELP variants, the transition temperature of ELP as a
function of solution pH was measured in solutions containing 30
UM H-Zz-ELP, 1.5 yuM mCherry-Zg, 0.5 M NaCl, and 10 mM
sodium phosphate (dibasic, for pH > 6.0) or 10 mM sodium
succinate (pH 5.5) to maintain a stable pH buffer (Figure 2a).
This mCherry-Zy concentration and salt concentration were
chosen because we have done extensive characterization of the
system under similar conditions in the past work.”*'™**
Because mCherry-Zy, is a critical component to the vesicles, it
was included in the solution during the transition temperature
measurements to give a more accurate measurement of the
transition temperature during vesicle self-assembly, as the ELP
transition temperature is affected by the concentration of co-
solutes."> Although the T, of ELPs is affected by the salt type,
switching between the 10 mM sodium succinate and the 10 mM
sodium phosphate buffers likely has a negligible effect on the T,
because the sodium chloride concentration is 50 times that of
the minority salt component.”***

The transition temperature of mixtures of mCherry-Zy and
each H-Zy-ELP variant was found by measuring the OD of the
solution at 400 nm as a function of temperature and is
represented by the inflection point in the turbidity versus
temperature profile (Figure 2b—d). The T, of H,-Zg-ELP could
not be determined at pH 7.5 or 8.0 due to the hydrophobicity of
histidine at elevated pH because it was lower than the lowest
achievable temperature of the instrument (5 °C).*® However, in
general, this data demonstrated that each of the H-Zy-ELP
variants was pH-sensitive because as the pH of the solution was
reduced, the T, of H-Zy-ELP variants rose considerably. An
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increase in the transition temperature implies that the ELP is
becoming more hydrophilic as the pH of the solution is reduced.

Additionally, the turbidity profiles indicated that vesicles
formed above pH 6.5 for all three variants. Vesicle formation was
confirmed when the turbidity profile plateaus after reaching its
maximum value because hollow vesicles stay suspended in
solution as stable colloids.*" If the protein does not transition
into vesicles, the dense protein coacervates settled to the bottom
of the cuvette causing the turbidity to decrease after reaching a
maximum, as in Figure 2c at pH 5.5 and Figure 2d at pH 6.0.

This data also demonstrated that increasing the number of
histidines in the guest position of the ELP leads to an enhanced
pH response. The change in T, of Hy-Zy-ELP upon increasing
pH from 5.5 to 8.0 is 9 °C compared to 14 °C for H,y-Zz-ELP.
H,s-Zy-ELP exhibits a more drastic response to changes in pH,
though the exact change is unknown due to its reduced,
immeasurable T, at pH 8.0. Adding additional histidines also
increases the pH responsiveness of the ELP. When the pH is
increased from 5.5 to only 7.0, the change in transition
temperature is 16 °C. This trend is consistent with the
hydrophobicity scale of amino acids based on the ELP inverse
transition temperature.”® According to this hydrophobicity
scale, histidine at pH 8.0 is the fourth most hydrophobic amino
acid, while the hydrophobicity of histidine at pH 4.0 is
comparable to the hydrophilic amino acids lysine and glutamate.
Therefore, at pH 8.0, increasing the number of histidines in the
guest residue leads to a significantly more hydrophobic ELP, and
a considerable reduction in the transition temperature of the
ELP compared to the ELPs with less histidines in the guest
residue. Because at low pH histidine is a hydrophilic amino acid,
incorporating more histidine residues leads to elevated
transition temperature of ELP. Since the vesicles exhibit
different degrees of pH sensitivity, they exhibit different optimal
operating temperatures. For example, from the turbidity profiles,
we determined that at 42 °C, Hy-Zz-ELP will form stable vesicles
even at pH 5.5 and therefore would not disassemble upon
reduction of pH. Conversely, H,;-Zy-ELP vesicles would likely
disassemble at 42 °C below pH 6.5.

Next, in order to determine the pH transition (pH,) of the
ELP variants, 4 °C mixtures of mCherry-Z; and H-Zz-ELP at
pH 4.0—8.0 were incubated at 37 °C for 1 h, while the turbidity
was recorded. The maximum turbidity (OD at 400 nm) of each
solution represents the degree to which ELP has transitioned
from soluble to coacervates or vesicles. The maximum of
turbidity versus time profiles was plotted as a function of pH to
determine the pH, of the H-Zy-ELP variants (Figure 3). The pH,
region for all three H-Z-ELP variants is between pH 5.0 and 7.0,

1.0
° e Hs-Zg-ELP
g0.8— i m Hyo-Zg-ELP
¢ A
s 0.6 A H15-ZR-ELP
e ® o
~ 0.4
Q
© 0.2 " m
A A
0.0 LI T 1
3 4 8 9

Figure 3. pH Transition of each variant as a function of pH at 37 °C.
The gray region denotes the region where the pH transition is
occurring.

which corresponds to the pH range where histidine transitions
from a neutral amino acid to a positively charged amino acid.
The ELP response to reductions in pH was also much stronger
with higher histidine content as there was a larger change in OD
across the pH, region. The OD measurements also show that
H,s-Zz-ELP did not transition substantially when the pH is
below 5.5 at 37 °C.

In order to observe pH-dependent vesicle assembly, three
different operating temperatures were chosen based on the T, of
the ELP. The operating temperatures that were chosen would
result in the maximum turbidity being reached at pH 8.0—7.0
but then decrease for pH 6.5 and below based on the turbidity
profiles from Figure 2. Because H;-Zyz-ELP had the least number
of histidines, it exhibited pH transition behavior at a lower
temperature, 30 °C. H;y-Zz-ELP and H;;-Zy-ELP required
higher operating temperatures of 37 and 42 °C, respectively. To
demonstrate that vesicle self-assembly was pH-responsive at
these different operating temperatures, mCherry-Zg and H-Zg-
ELP variants were mixed at 4 °C and pH values between 5.5 and
8.0. The mixture was then taken off ice and immediately
incubated at 30, 37, and 42 °C, while the turbidity was recorded
over a 1-hour period (Figure 4a—c). In the first 10 min, the
turbidity increases sharply for samples at high pH and slowly for
samples at lower pH. Below pH 7.0, the maximum turbidity of
the mixtures decreased and the time to reach the maximum
increased, indicating that the vesicle self-assembly is affected by
pH. For H,(-Zy-ELP and H,-Zy-ELP, the turbidity profiles at
pH 6.5 and 6.0 decrease over time after reaching the maximum,
indicating the formation of unstable structures, not vesicles. At
pH S.5, the self-assembly is severely disrupted as the maximum
turbidity does not reach even half of the turbidity of the mixtures
at pH 7.0. This indicates that a much smaller fraction of the ELP
is undergoing a hydrophobic transition.

The hydrodynamic diameters of the structures were measured
by DLS (Figures 4d, S2—S4 and Tables S1—S3). DLS showed
that the average diameter of vesicles increases as pH of the
solution decreases for all three variants. However, quality DLS
data could not be obtained at low pH due to an increase in the
polydispersity of the vesicles or the formation of unstable
coacervates for H,o-Zz-ELP and H,s-Zz-ELP. These results were
corroborated by epifluorescence microscopy, which consistently
showed that the vesicles formed under acidic conditions were
larger than the vesicles formed under alkaline conditions when
the histidine is deprotonated (Figure 4e). Although the turbidity
profiles indicated stable vesicle formation and quality DLS
results were obtained for Hy-Zz-ELP at pH S.5, microscopy
revealed that coacervates remained the most prevalent
structures at 30 °C (Figure SS).

Together, these results demonstrate that (1) incorporating
histidine into the guest residue of ELP imparts pH sensitivity
into the vesicles, (2) the amount of histidine in the ELP affects
the pH responsiveness of the vesicles, and (3) when vesicles are
formed from H-Zy-ELP at lower pH, they tend to be larger. All
three of these phenomena can be explained by the properties of
ELP, which change with guest residue hydrophilicity and charge.
Histidine is widely considered a more hydrophilic amino acid
compared to valine at neutral pH.””~*' Substituting valine with
histidine leads to an increase in the ELP transition temperature
and the hydrophilicity of the ELP in general. Additionally, as the
pH of the solution is reduced, higher fractions of histidine
become protonated causing intra- and intermolecular electro-
static repulsion between the charged groups, thereby increasing
ELP solubility in water. Both effects serve to disrupt the
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Figure 4. pH-responsive behavior for Hs-Zy-ELP, H,(-ZR-ELP, and H,s-ZR-ELP vesicles. Turbidity profiles of each H-Zy-ELP variant at different pH
values for the chosen operating temperatures: (a) Hg-Zg-ELP at 30 °C, (b) H,(-Zz-ELP at 37 °C, and (c) H;-Zg-ELP at 42 °C. (d) Average
hydrodynamic diameter and (e) epifluorescence microscopy images of Hy-Zg-ELP (30 °C), H,(-Zz-ELP (37 °C), and H,-Zg-ELP (42 °C) vesicles.
Scale bars are 2 ym.
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Figure 5. SAXS data for Hs-Zz-ELP and H,;-Zyz-ELP for vesicles formed at different pH values: Hs-Z-ELP at (a) pH 5.50, (b) pH 6.75, (c) pH 7.00,
and (d) pH 8.00; H,5-Z-ELP at (e) pH 5.50, (f) pH 6.75, (g) pH 7.00, and (h) pH 8.00. Black squares represent experimental data, and red lines are
the fit using Lamellar and Gaussian coil models. Reduced chi squared values for each fit are shown in the top right of each fit.

compact, hydrophobic structure that usually forms when ELP is
heated, forcing ELP to adopt a more extended, hydrophilic
conformation according to circular dichroism (Figure S6).
Investigating the Effects of pH on the ELP Structure
with Small Angle X-ray Scattering. There are two potential
reasons why reducing the pH would increase the size of protein

vesicles. First, the increased hydrophilicity of the ELP leads to
partial unfolding of the compact structure compared to higher
pH, increasing membrane thickness and the overall volume of
the hydrophobic block.”*~** This behavior has been observed in
polymersomes when the hydrophobic block becomes hydro-
philic due to protonation.” Another potential reason for larger
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Table 2. Summary of SAXS Data Analysis and Fitting Parameters”

H-Zy-ELP H,-Zy-ELP
pH thickness (nm) R, (nm) LFF scale MGC scale thickness (nm) R, (nm) LFF scale MGC scale
5.50 2.64 + 0.46 291 +0.32 0.53 +0.13 0.17 + 0.03 N/A 524 +0.19 N/A 0.84 + 0.46
6.75 13.15 £ 1.02 3.01 +0.16 0.28 + 0.03 0.28 + 0.02 13.12 + 1.46 3.53 +0.29 0.25 + 0.04 0.29 +0.03
7.00 13.32 + 1.45 343 +£0.22 0.26 + 0.03 0.30 + 0.03 12.64 + 1.29 3.28 +£0.28 0.28 + 0.04 0.25 +0.03
8.00 13.83 £ 1.31 2.85 +0.21 0.24 + 0.03 0.29 + 0.02 13.81 + 1.10 324 +£0.17 0.24 +£0.03 0.25 £ 0.02

“The parameter “thickness” is the membrane thickness in the LFF model, while “LFF Scale” refers to the multiplicative constant applied to the LFF
that was determined during data fitting. Similarly, R, is the radius of gyration parameter of the MGC model and “MGC scale” is the multiplicative
constant determined during data fitting. When the data did not indicate the presence of the lamellar structure, the LFF was not used during data

fitting, and the membrane thickness and LFF scale are not reported (denoted N/A).

(a)

Time (hours)

o - - - -
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- ----
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Figure 6. Epifluorescence microscopy demonstrates the disassembly of vesicles at low pH. (a) Vesicles were assembled at pH 8.0 from mCherry-Z; and
each H-ZR-ELP variant. The pH was reduced to pH 6.5, and images were taken at 0, 2, 4, and 24 h (b) mCherry-Z/H;-ZR-ELP vesicles were formed
at pH 8.0, and then, the pH was reduced to 6.5 and 5.5 and vesicle growth and disassembly were observed over time. Scale bars are 2 ym.

vesicles at more acidic pH is the amount of time the vesicles
spend in their transition state prior to maximum OD. In past
studies, we have shown that the time vesicles spend in the
coacervate transition stage impacts vesicle size.”> When the
coacervate stage lasts longer, the coacervates merge and grow,
which leads to the formation of larger vesicles at the completion
of the transition. Above pH 7.0, the turbidity profiles look similar
for all three H-Zy-ELP variants. However, below pH 7.0, the
turbidity increases more slowly, leading to longer transition
times, which could increase the vesicle size (Figure 4a—c). In

order to understand why the protein vesicles were larger at high
pH, we sought to measure the membrane thickness of the Hs-
Zyx-ELP and H,5-Zy-ELP protein vesicles formed at different pH
values using SAXS.

The average hydrodynamic diameters of the vesicles in these
experiments were close to or greater than 1 ym. Since the
membrane thickness of the vesicles was estimated to be on the
order of 10 nm based on our previous work,**
be seen as infinite lamellar sheets, and therefore, a LFF was
chosen to model this system.*® The Debye Gaussian coil model

the vesicles could
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for polymers, which can also be used to model unfolded
proteins, was used to obtain the radius of gyration for the soluble
proteins that remained in solution.*” Accordingly, the SAXS
data were fit using a superposition of LFF and monodisperse
Debye Gaussian coil models (MGC) (Figure S). The thickness
of vesicle membranes was approximately 13 nm, which was
consistent with the thickness of single-layered vesicles in our
previous studies.’* The SAXS results demonstrated that the pH
of the solution does not impact the overall membrane thickness
significantly over the pH range tested when vesicles are present
(Table 2). This indicates that the ELP is likely not partially
unfolded by moderate pH changes and only unfolded when the
pH of the solution was decreased to pH 5.5 for H,s-Zz-ELP.
More evidence of this is seen at pH 5.5, where Hs-Z-ELP forms
predominately coacervates, and H;s-Zz-ELP is largely soluble.
The radius of gyration (R,) of the soluble portion was
approximately the same across all pH values for Hy-Zy-ELP/
mCherry-Z; mixtures, even at pH 5.5 when coacervates are
present. The negligible changes in R, indicated that Hs-Zg-ELP
remained largely in its compact state at pH 5.5, even though the
protein gained charge and became more hydrophilic. The
increased hydrophilicity prevents the ELP from forming highly
ordered structures, such as vesicles, but there is sufficient
hydrophobic character for the formation of lesser ordered
coacervate structures. Meanwhile, R, increased from approx-
imately 3 to S nm for mixtures of H,;-Zz-ELP/mCherry-Z;
when the pH is reduced from 6.75 to 5.5, as the ELP switches
from vesicles to soluble protein. The large increase in R, at pH
5.5 is likely caused by complete unfolding of the ELP at low pH
due to the substantial amount of positive charge on the 15
histidine residues. The protonated histidine increased the
favorable interactions between water and the ELP, preventing
association of the ELP into higher ordered aggregates.’

Lowering pH Triggers Vesicle Disassembly. In previous
sections, the effects of pH were shown on the assembly of the
vesicles formed at different pH values. Here, we discuss the
effects of lowering the pH on vesicles assembled at pH 8.0. To
observe the disassembly of vesicles, the vesicles were imaged at
2, 4, and 24 h after reducing the pH of the solution from 8.0 to
6.5 or 5.5. DLS was not performed on samples when the pH was
reduced because polydispersity became too high to obtain
quality DLS results. Two hours after reducing the pH of H, and
H,-Zz-ELP from 8.0 to 6.5, noticeable differences in the
number of vesicles and their relative sizes occurred (Figures 6
and S7). After 4 h and especially after 24 h, the vesicles appeared
to be considerably larger and fewer in number. Ultimately, at pH
5.5, no vesicles were present after 24 h. Because there were fewer
vesicles present and the vesicles that were present were typically
substantially larger, we hypothesized that the increased
hydrophilicity of the ELP must form local intermediate
structures that promote vesicle fusion and the formation of
larger vesicles that eventually disassemble. This behavior is seen
in liposomes and lipid nanoparticles where the formation of
hexagonal phases can be responsible for membrane fusion.*®
Additionally, polymersome fusion can be initiated by membrane
deformation that results in membrane fusion and the formation
of tubesomes.”” The formation of larger vesicles could also be
attributed to Ostwald ripening, which occurs when smaller
particles dissolve, and then, the soluble components deposit
onto larger particles.™

To determine whether membranes were fusing, we synthe-
sized vesicles from mCherry-Zy/Hs-Zy-ELP and superfolder
green fluorescent protein-Zy (sfGFP-Zy)/Hs-Zz-ELP at pH 7.5

(Figure 7a,b). One hour after vesicle formation, the red and
green vesicles were mixed either at pH 7.5 or pH 6.5 (Figure

€) (b)

Figure 7. Epifluorescence microscopy demonstrating vesicle fusion
upon reduction of pH 7.5 to pH 6.5. (a) mCherry-Zy/H;-Zy-ELP
vesicles at pH 7.5. (b) sfGFP-Zy/H;-Zx-ELP vesicles at pH 7.5. (c)
Mixture of mCherry-Zg/H;-Zz-ELP and sfGFP-Zg/H;-Zz-ELP vesicles
at pH 7.5. (d) Heterogeneously fused mCherry-Zy/H;-Zz-ELP and
sfGFP-Zy/H;-Zp-ELP vesicles made by reducing the mixed vesicle pH
to 6.5 and waiting 1 h.

7b,c). Mixed mCherry-Z; and sfGFP-Z; vesicles at pH 7.5
retained their original structure and were mostly homogeneous
red or green vesicles. However, when the mixed vesicle pH was
reduced to pH 6.5, the formation of fused, heterogeneous,
yellowish vesicles was observed. The vesicles were also
irregularly shaped, likely due to differences in the size of the
red and green vesicles or packing differences between mCherry-
Zg and sfGFP-Zp.

B CONCLUSIONS

In this work, the guest residue of ELP was modified to histidine
to develop pH-sensitive vesicles composed entirely of fusion
proteins. First, we investigated the ability of vesicles to form at
different pH values and showed that the pH during formation
affects the ELP transition, the structures that form (coacervate
or vesicle), and the diameter of the vesicles that form. Next, we
demonstrated that the mechanism for the changes in vesicle
diameter as a function of pH is likely related to a change in the
amount of time spent in the coacervate stage. This result was
demonstrated by SAXS and showed that the R, of the protein
and the membrane thickness remain unchanged when vesicles
with assembled in lower pH solutions. Instead, R, only changed
when the pH was reduced to pH 5.5 and then self-assembly of
supramolecular structures was entirely disrupted. Lastly, we
demonstrated pH-controlled disassembly of vesicles with
epifluorescence microscopy. This work demonstrated the
tunability of protein vesicles and the ability to develop them
for stimuli responsiveness, expanding their potential in
applications ranging from synthetic biology to microreactors
or drug delivery. Though the vesicles used in this work were
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approximately 1 ym in diameter, we have previously developed
methods to synthesize globular protein vesicles that are 100—
200 nm in diameter, making them more suitable for drug-
delivery applications.””*” In future work, we will incorporate pH
sensitivity into smaller vesicles for use in drug-delivery
applications.
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