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Abstract

Elastin-like polypeptides (ELPs) are protein polymers that reversibly phase separate in response to
increased temperature, pressure, concentration, ionic strength, and molecular weight. If it were
possible to engineer their phase separation to respond to specific molecular substrates, ELP fusion
proteins might be engineered as biosensors, smart biomaterials, diagnostic imaging agents, and
targeted therapies. What has been lacking is a strategy to design ELPs to respond to specific
substrates. To address this deficiency, we report that ELP fusion proteins phase separate in
response to chemical inducers of dimerization (CID). The rationale is that ELP phase separation
depends on molecular weight, concentration, and local hydrophobicity; therefore, processes that
affect these properties, including non-covalent dimerization, can be tuned to produce isothermal
phase separation. To test this hypothesis, constructs were evaluated consisting of an
immunophilin: human FK-506 binding protein 12 (FKBP) attached to an ELP. Under
stoichiometric binding of a CID, the fusion protein homodimerizes and triggers phase separation.
This dimerization is reversible upon saturation with excess CID or competitive binding of a small
lipophilic macrolide to FKBP. By modulating the ELP molecular weight, phase separation was
tuned for isothermal response to CID at physiological ionic strength and temperature (37°C). To
interpret the relationship between transition temperature and equilibrium binding constants, an
empirical mathematical model was employed. To the best of our knowledge, this report is the first
demonstration of reversible ELP switching in response to controlled dimerization. Due to its
simplicity, this strategy may be useful to design ELP fusion proteins that respond to specific
dimeric biological entities.
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Introduction

Protein switching is a critical triggering event in many biological signaling processes.
However, using such events to trigger or modulate behavior of polymers remains
challenging due to the complexity involved in the size, structure and nature of the polymer
and ligand-protein pair. Herein, we report a fusion construct consisting of genetically
engineered protein polymer linked to a fusion protein that homodimerizes upon binding of a
bifunctional ligand known as a chemical inducer of dimerization (CID). CID’s induce non
covalent association between two hetero- or homologous proteins.l: 2 The protein polymer
belongs to a class of elastin-like polypeptides (ELPSs) that respond to environmental
properties including temperature, ionic strength, polymer concentration and pH.3 4 ELPs
phase separate above an inverse phase transition temperature, 75> 8 which has properties
similar to that displayed by polymers with lower critical solution temperatures. We
demonstrate these fusion polypeptides reversibly phase separate when triggered by binding
of a bifunctional ligand - B/B Homodimerizer (CID). This phase separation is specifically
reversible upon competition with a lipophilic immunosuppressive macrolide - Rapamycin

(Fig. 1).

Related studies have explored phase separation of protein-polymer fusions to control
binding of ligand to the appended protein’-11 as well as the reverse effect, that is,
modulation of phase separation by allosteric ligand binding;12 however, none of these
approaches have identified dimerization as a mechanism to control phase separation. As
such, it remains challenging to adopt previous findings to engineer fusion proteins that
respond to new targets. In contrast, the formation of dimers is a simple approach to control
ELP 74 which has many potential applications due to the wide prevalence of multimeric
target proteins, including antibodies, hemoglobin, tyrosine kinase receptors and cytokines,
for instance, IL-5 and 1L-10.13: 14 Motivating this study, it remains to be seen if ELP fusion
proteins that target dimeric species can be developed into smart polymers that switch from
soluble (off) to insoluble (on) in response to their specific target.

To explore the potential applications of dimerization to design substrate-specific ELP-
mediated phase separation, we engineered a fusion construct consisting of an immunophilin:
FKBP attached to an ELP. ELPs are a class of protein polymers biologically inspired from
human tropoelastinl® which are composed of the repetitive pentameric amino acid sequence
(Val-Pro-Gly-Xaa-Gly),where Xaa and /control the ELP phase behavior. We selected ELPs
as the environmentally responsive polymer for multiple reasons, including that they are
amenable to genetic engineering using recursive directional ligation.18 This enables
biosynthesis of fusion constructs with precise control over chain length, protein position and
the arrangement of fusion domains that might be challenging to prepare from synthetic
polymers with LCST behavior, such as poly(N-isopropylacrylamide)’ and poly(N-
vinylcaprolactam).18 Also, the ELP 7;can be modified by varying its guest residuel® and
chain length® which makes their sensitivity to the environment highly tunable.20 Lastly, ELP
tagged proteins can be purified from cellular expression systems using their thermal
responsiveness. 2!

Given many options of homodimeric proteins to choose from, we selected FKBP because of
its size and amphiphilic structural topology.22 FKBP is a cytosolic receptor for
immunosuppressive drugs, like FK-506 and Rapamycin, and plays a significant role in
inhibiting T cell lymphokine gene activation.23: 24 FKBP homodimerization has been well
characterized and exploited in areas of transcription and signal transduction pathways.2>: 26
However, in this manuscript, we harness FKBP homodimerization to modulate polymer
solubility in response to a CID switch. We hypothesized that at a fixed temperature, FKBP
homodimerization by CID would trigger ELP phase separation due to an increase in local
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ELP chain length and solvent-exposed hydrophobic area of FKBP-ELP dimer. FKBP is a
soluble protein of ~ 12 kDa?” in size and holds a hydrophobic ligand binding pocket22 both
of which may facilitate ELP-mediated phase separation. Previous studies on FKBP
homodimerization in response to CID’s such as AP1510 and FK1012A have been
reported.2> 28 Thus, FKBP can be used with a small library of CID’s with various affinities,
structures, and molecular weights. FKBP also has a strong affinity for Rapamycin (Ky= 0.2
nM),24 which can specifically compete FKBP back to its monomeric state. CID applications
have been reported in a range of cellular events inducing glycosylation, Wnt signaling, and
apoptosis?9-31 but never, as per the best of our knowledge, have been used to trigger the
phase separation of an ELP protein polymer.

Experimental Section

FKBP-ELP fusion gene design and synthesis

FKBP-ELP gene assembly was done in a two-step cloning process. pIDTsmart vector with
the FKBP oligonucleotide sequence (the amino acid sequence of human FKBP previously
been published)32 was ordered from Integrated DNA technologies (IDT) with three
restriction cut sites: Ndel, Bserl and BamHI. The FKBP gene was flanked by restriction
sites for Ndel and Bserl with Ndel and BamHI cut sites at the 5" and 3" ends of the
oligonucleotide respectively. The FKBP gene was cleaved from pIDTsmart vector using
Ndel and BamHI cut sites and gel purified (GE Healthcare). The FKBP gene was then
inserted into the pET25b (+) vector (Novagen) digested with same set of Ndel and BamHlI
enzymes. For the second step, FKBP gene was inserted into pET25b (+) vector containing
the ELP gene using double digestion with Bserl and BssHII cut sites.33 The in-frame amino
acid sequence of the fusion construct with FKBP attached to N terminus of ELP was
confirmed by DNA sequencing.

FKBP-ELP protein expression and purification

E. coliBLR cells were transfected with pET25b (+) vector having the FKBP-ELP gene.
Cells were inoculated onto ampicillin plates and incubated for period of 15-17 h at 37°C for
optimum growth of bacterial colonies. A liter of bacterial culture was obtained by overnight
inoculation with bacterial cells from 50 ml terrific broth starter media supplemented with
100 pg/mL ampicillin. The bacterial culture was centrifuged at 4000 rpm at room
temperature, and the pellet obtained was re-suspended in cold PBS. The suspension was
sonicated for cell lysis with a 10 sec on, 20 sec off pulse interval for a period of 3 min and
the lysed product was centrifuged at 12,000 rpm at 4°C to discard any insoluble cellular
debris. Polyethylene imine (0.5 %) was added to the supernatant for co-precipitation of
DNA, incubated on ice for 15-20 min with occasional stirring and centrifuged again at
12,000 rpm at 4°C to remove any remnant insoluble cellular debris. The supernatant, which
contains the fusion protein, was purified by Inverse Transition Cycling (ITC).34 The fusion
protein obtained was checked for its purity using SDS-PAGE (Fig. 2a).

FKBP-ELP characterization

The fusion construct obtained after ITC was calculated for its concentration using Beer
Lambert’s law at absorbance of 280 nm on a Nanodrop UV-Vis spectrophotometer with an
estimated extinction coefficient of 11,585 M~1cm™ using phosphate buffer saline (PBS) as
the diluting solvent. Concentration range of 10-20 pg/l was used for determining the
molecular weight by running samples on 4-20% gradient Tris-Glycine-SDS PAGE gel under
reducing conditions. Samples were stained with SDS loading buffer, denatured at 95°C for 5
mins and loaded onto SDS gel. Gels were stained using copper chloride solution (10% w/v)
and imaged using a VersaDoc Gel Imager (Fig. 2a). The precise molecular weight of all
constructs was confirmed by using MALDI-TOF (Table 1).
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FKBP-ELP kinetics and transition temperature determination

MALDI-TOF

The turbidity profiles of the samples were obtained using UV-Vis spectrophotometer.
FKBP-ELP solutions with different B/B Homodimerizer (CID - Clontech, CA)
concentrations were heated in Beckman Coulter Tm microcells (Brea, CA). The temperature
was increased at rate of 1°C/min with readings taken every 0.3°C increments. Optical
density at 350 nm was analyzed using the first derivative method and the maximum first
derivative was defined as the phase transition temperature (Fig. 4 a, b, ¢, Supplementary Fig.
S1). FKBP-ELP kinetic studies were performed on UV-Vis spectrophotometer by measuring
OD at 350 nm as a function of time at a constant temperature by successive addition of
stoichiometric amounts of CID and Rapamycin at predetermined fixed intervals (Fig. 5 a, b).

The precise molecular weight of the fusion proteins was determined by MALDI-TOF (Table
1). Samples with 500.M concentration were prepared in a fresh saturated matrix solution of
sinapic acid (50 mg in 7:3 ratio of acetonitrile to distilled water). An external control of
albumin and apomyoglobin mixed with 1:1 ratio of matrix was prepared for calibration. All
samples were loaded onto MALDI plate wells for drying at room temperature followed by
determining its molecular weight by using weight - time of flight (TOF) principle on a mass
spectrometer (Kratos Analytical).

Bio-layer Interferometry

The affinity of the CID towards FKBP-ELP was determined on a Blitz instrument (ForteBio,
CA). To a 100 M FKBP-ELP solution in PBS, 100 uM NHS-PEG,4-Biotin (Thermo
Scientific) dissolved in distilled water was added. The mixture was incubated for 45 min at
room temperature. Unreacted biotin was separated using Zeba Spin Desalting columns (7K
MWCO, Thermo Scientific). The concentration of biotinylated FKBP-ELP was determined
at absorbance of 280 nm using extinction coefficient of 11,585 M~lcm™1. Streptavidin
biosensors were hydrated in PBS for at least 10 min before start of each run. A single run
was divided into five distinct steps as follows: i) Baseline — where the streptavidin biosensor
tip was immersed in PBS for 30 sec to obtain a zero baseline. ii) Loading — where 1 M
biotinylated FKBP-ELP was immobilized onto streptavidin-coated biosensor tip. This step
was carried out for 180 sec, until the binding reached a plateau indicating maximum binding
of biotinylated FKBP-ELP to streptavidin-coated biosensor tip. iii) Baseline — where the
biosensor tip was again immersed in PBS for 30 sec to remove any unreacted biotinylated
FKBP-ELP. iv) Association — where biotinylated FKBP-ELP biosensor tip was immersed in
CID solution for a period of 240 sec. The data from this step was used to estimate
differences in interference caused by binding of CID to biotinylated FKBP-ELP. v)
Dissociation — where the FKBP-ELP-CID complex was immersed in PBS for 160 sec to
dissociate the CID. Subsequent runs were performed with 0.05, 0.2, 1 and 2 uM CID
solutions in PBS. Plain PBS was run as blank and subtracted from all sample readings. A
new biosensor tip was used for every run. Data were analyzed using ForteBio Data Analysis
package (Fig. 9).

Results and Discussion

Purification and phase behavior of FKBP-ELP fusion proteins

Two ELP constructs with Xaa = Val and /=48 and 72 (48, VV72) and two FKBP fusion
proteins (FKBP-V48, FKBP-V72) were purified from £. coli using Inverse Transition
Cycling (ITC)3* with yields of 80-100 mgs/L (Table 1). SDS-PAGE was used to determine
the purity and molecular weights of all fusion constructs (Fig. 2a). The precise molecular
weight of the fusion proteins was determined by MALDI-TOF (Table 1). Optical density
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was used to characterize the temperature-concentration phase diagrams for each fusion
protein (Fig. 2b). As observed in the figure, fusion to FKBP minimally influences the ELP
transition temperatures, and the 7,follows an inverse relationship with logarithm of
concentration.® Using the fit equation parameters for each of the fusion proteins (Fig. 2b,
Table 1), it is possible to ‘set’ the 7;between 30 and 50 °C simply by selecting the
appropriate fusion protein (FKBP-V48 or FKBP-V72) and adjusting the concentration
(1-100 pM).

The ELP transition temperature responds to stoichiometric additions of CID

Given our hypothesis that a fusion between FKBP and an ELP protein polymer will exhibit
switchable solubility upon ligand binding, we first tested the fusion protein sensitivity
towards the CID. We chose the stoichiometric concentration CID: FKBP [1:2] as the starting
point because theoretically each bifunctional CID should homodimerize two fusion proteins
giving the maximal change in local concentration and hydrophobicity. A 5 oM FKBP-V48
solution in PBS was ramped from 15-60°C with and without (control) stoichiometric amount
of CID. Binding of the CID to the fusion protein lowered the phase transition temperature by
~5-6°C as compared to the control group (Fig. 3 a, b). Similar results were obtained upon
stoichiometric addition of CID to 4 M FKBP-V72 which lowers the 7;by ~ 3-4°C as
compared to the control group (Fig. 3 c, d). A plausible explanation for this observation is
that FKBP dimerization acts as a bridge, roughly doubling the relative ELP chain length. In
addition to increasing the ELP concentration associated with the complex, dimerization
might also be accompanied by reduced number of interactions with the neighboring water
molecules and a local increase in the hydrophobic environment of the FKBP/CID complex.
Unliganded FKBP is associated with ordered water molecules in the hydrophobic binding
cavity.3> However, in presence of a related CID ligand, which dimerizes a mutant FKBP
protein (Fy1), enhanced hydrophobic contacts as well as hydrogen bonding and electrostatic
interactions between the dimer have been observed.3® In this study, CID likely induces a
combination of FKBP-ELP dimerization and enhanced local hydrophobicity, which together
result in substrate-dependent phase separation under isothermal conditions. As ELP phase
separation depends on molecular weight and local polarity, both an increase in local ELP
concentration and hydrophobicity may contribute to coacervation at reduced

temperatures.3: 37

To further explore the responsiveness of ELP fusion proteins, we tested the behavior of
FKBP-ELP at different CID concentrations. We observed that the fusion protein follows a
biphasic competitive ligand-binding model. In particular, the fusion protein displays three
trends: i) stoichiometric concentrations of CID results in the largest decrease in 75 ii) above
stoichiometry the system returns to the 7;values of the control group (without CID); and iii)
below stoichiometry 7;increases incrementally towards the control group as observed for 5
LM FKBP-V48 (Fig. 4a). This illustration supports our initial hypothesis in three ways:
First, at stoichiometric CID concentrations, one bifunctional CID homodimerizes two
FKBP-ELP fusion proteins giving the maximal concentration of homodimers and the largest
decrease in phase transition temperature. Second, at increasing concentrations, the CID’s
compete with each other to occupy FKBP binding sites and in doing so, each FKBP binding
pocket becomes occupied by a CID. At saturating concentrations, no two free FKBP binding
pockets are available to form the homodimer and thus the complex phase separates at
temperatures similar to the control group. Third, with CID concentrations below
stoichiometry, fewer homodimers are formed because of lack of sufficient CID molecules
and the observed 7;increases. A similar trend is observed for 2.5 uM FKBP-V72 with CID
concentrations above and below stoichiometry (Fig. 4b). A control of 5 pM V48 (without
FKBP) in PBS with different CID concentrations was evaluated similarly. There was no
change in 7;in samples with CID when compared to that of control (Fig. 4c). Taken
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together, this suggests that the decrease in 7;observed with FKBP-ELP fusion protein (Fig.
3) occurs due to FKBP homodimerization in response to binding of its CID substrate. Thus,
from these findings, we observe that FKBP-ELP is not only sensitive to the CID, but
actually responds in a biphasic manner, whereby by adjusting the concentration of the ELP
fusion protein it may be possible to detect either a decrease or an increase in the target CID
concentration.

Reversible switching of FKBP-ELP at isothermal conditions

Having determined the specificity and stoichiometry of the FKBP-ELP phase separation in
response to CID concentration, we next explored the isothermal reversibility of the switch
using Rapamycin as a monomeric FKBP ligand. This was demonstrated by measuring
optical density of the fusion proteins at 350 nm as function of time on a UV-Vis
spectrophotometer with subsequent addition of stoichiometric amounts of CID and
Rapamycin at predetermined fixed intervals. A 5 uM FKBP-V48 solution in PBS was
stabilized at temperature of 46°C and temperature was held constant thereafter.
Stoichiometric addition of 2.5 uM CID led to an increase in particulate turbidity as
demonstrated by an increase in optical density to ~ 0.45, which returned to baseline levels
on stoichiometric addition of 5 wM Rapamycin (Fig. 5a). The reversibility of the switch may
be attributed to the stronger affinity of Rapamycin for monomeric FKBP compared to the
CID. On addition of stoichiometric amounts of Rapamycin, it displaces the CID and in
doing so, it disrupts the homodimer. This returns the system to the phase transition
temperature observed for FKBP-ELP monomers, similar to that observed before addition of
CID. The reverse ELP phase separation presumably occurs due to a decrease in the bridging
of ELPs and return of the native FKBP state with increased polarity at the FKBP/CID
interface as well as a decrease in the local concentration of ELP. Binding of Rapamycin to
bovine FKBP has been shown to produce local changes in protein conformation and
mobility.35 Furthermore, the atomic structure of recombinant hFKBP with Rapamycin is
associated with tightly bound water molecules.38 This suggests a possible role for the
increased polarity of FKBP-ELP-Rapamycin complex relative to CID-bound FKBP-ELP
dimer. Under isothermal conditions, this competition from Rapamycin thus reverses ELP to
their soluble form. Because solubility of Rapamycin in water is negligible (~ 3 uM),%% a
36% v/v ethanol in water solution of Rapamycin was prepared for its solubilization and used
to demonstrate the reversibility of the protein switch. A control was performed using 36% v/
v of ethanol (without Rapamycin), adding an amount equivalent to that used in the sample
group. The control was run to demonstrate that the reversibility of the switch was not due to
a solubilizing effect of trace ethanol but rather due to specific disruption of the homodimer,
successively reversing ELP phase separation. Isothermal switching was performed at 46°C
because FKBP-V48 (5 wM) phase separates above and below 46°C in absence and presence
of CID respectively (Fig. 3b).

To demonstrate that isothermal switching is not limited to FKBP-V48 and show that
reversible phase separation can occur at physiological body temperature; we repeated these
experiments with the fusion construct FKBP-V72 (4 uM) at 37°C (Fig. 3d). For this
construct, optical density rose up to ~0.45 upon addition of 2 M CID and returned to
baseline upon successive addition of 4 M Rapamycin (Fig. 5b). This data shows that it is
possible to develop switchable ELP fusion polymers that are reversible under isothermal
conditions at any target temperature, simply by modulating ELP chain length and
concentration.

Quantitative modeling of FKBP-ELP switching behavior

Similar to a mathematical model that relates ELP phase behavior to its molecular
architecture;*0 we developed a quantitative model that predicts the phase transition behavior
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based on the FKBP-ELP fusion homodimerization. We began by quantifying the amount of
FKBP-ELP in the dimeric or monomeric state at any given concentration of fusion protein
and CID. The fusion protein’s interaction with CID is assumed to occur via a two-step
mechanism. First, one FKBP-ELP protein binds one CID. Then, the FKBP-ELP-CID
complex binds a second FKBP-ELP protein to form a homodimer (Fig. 6). Eg. 1 and Eq. 2
represent the two reactions where free FKBP-ELP is denoted as ‘7, free CID is denoted as
‘L’, FKBP-ELP-CID is denoted as “PL’, and the homodimer is denoted as ‘P,L’.

P+L<—-—>PL (Eq.l)

PL+P<——>P,L (Eq2)

Both steps are reversible, with distinct dissociation constants Ky; and Kz Assuming the
system reaches equilibrium, Eq. 3 and Eq. 4 define K7 and K. Square brackets denote
concentration.

Kgi=[P][L]/[PL] (Eq3)

Kp=[PLI[P]/[P2L] (Eq4)

Given the total concentration of FKBP-ELP as Cg; pand CID as C¢yp, applying a mass
balance to each species yields Eq. 5 and Eq. 6.

Cpp=[P1+[PLI+2[P2L] (Eq5)

Cop=[L1+[PLI+[P:L] (Eqé)

Egs. 3, 4, 5, and 6 can be solved numerically for [A], [PL], [P-L], and [L], thus allowing us
to quantify the amount of FKBP-ELP that is ‘switched on’ [P,L] or ‘switched off’ [A], [PL]
at any total concentration of fusion protein and CID. To simplify the use of the above
expressions, we define the fraction of ELP fusion protein that exists in the homodimeric
state, 7 as follows:

_2[P>L]
T C

ELP

f

(Eq.7)

Subject to the magnitudes of Ky; and Ky, fcan be controlled by changing the total
concentration of FKBP-ELP fusion protein, Cg; pand the total concentration of the chemical
inducer of dimerization, C¢yp.

In addition to possible contributions from the polarity of the local environment, ELP
transition temperature depends on molecular weight and concentration; both of which
change during formation of the homodimeric species. Meyer and coworkers developed an
empirical model to describe the phase transition temperature as a function of chain length,
sequence identity, and concentration.3 We further developed Meyer’s model to incorporate
the concentration of FKBP-ELP that is ‘on’ and “off’ in order to quantify the relationship
between [A], [L], [PL], and [P,L], and the phase transition temperatures. Ultimately, this
model allows the prediction of ELP phase behavior, which will be essential to deliberately
design ELP fusions that phase separate in response to a specific concentration of a CID at a
given temperature. Meyer’s model relies on three constants—a critical transition
temperature (7,), a critical concentration (C,), and a constant () with units of °C pentamers
as follows:

Biomacromolecules. Author manuscript; available in PMC 2014 April 08.
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T,=T.+ k In C
t—4Lc / CEI‘P (Eq.8)

The data in Figure 2b for ELPs with and without FKBP were fit to Eq. 8 (Table 2);
furthermore, these are in agreement with numbers reported for ELPs with Xaa = Val.3 To
incorporate the relationship between FKBP-ELP and CID concentration into this model, Eq.
8 was combined with a series of assumptions as follows: i) the phase behavior of the
monomer and dimeric species will both follow the solution for Eq. 8 (Table 2); ii) when 7=
1, dimerization is accompanied by a 2 fold decrease in the concentration; iii) subject to Egs.
3, 4,5 and 6, fdepends on the relative concentrations of the FKBP-ELP and the CID; and
iv) the change in transition temperature between the monomeric and dimeric species can be
approximated by a linear relationship as follows:

T,=(1-5) Tt,mononler'"th,dimcr (Eq.9)

This above approximation assumes that the whole system phase separates at a single phase
transition temperature and that this is a linear interpolation between the transition
temperature for 100% monomer and 100% dimer. This assumption was made for three
reasons: i) for mixtures of FKBP-ELP and CID below stoichiometric ratios, only a single
transition temperature was observed (Fig. 4 a, b, Supplementary Fig. S1); ii) the phase
transition temperature for FKBP-ELPs followed a continuous-- not stepwise-- shift between
the phase transition temperature of the dimer and the monomer; and iii) a posteriori, this
assumption fit the data well. Since the whole system phase separates simultaneously, linear
interpolation (Eq. 9) was selected to relate the phase transition temperature of the entire
system to the monomer and dimer transition temperatures, which are given as follows:

k
Tt,monomer = TC + ( 7) In (

- ) ( )
CELP

and
k C.
Tt dimer=Tc+ E In Cﬁzz (Eq.11)

where /is length in pentamers of monomer and 2/is the length ELP associated with the
homodimer. In the case where £= 1, then the ELP concentration would be Cg; pdivided in
half. Substitution of Egs. 10 and 11 into Eq. 9, followed by simplification yields the

following relationship:
L [P Ce f
T,=T.-+ (1 2)ln(cﬂp)+(2)ln (2)] (Eq.12)

l

Where in the case that f = 0, Eq. 12 reduces to Eqg. 10, and if f = 1 then Eq. 12 reduces to Eq.
11. Values for the model parameters 7., kand C,were obtained using nonlinear regression
to Eq. 8 to the set of FKBP-ELP transition temperatures, concentrations, and lengths (Fig.
2b, Table 2).

Modeling results

The model described above was fit to the experimental data set of 5 uM FKBP-V48 (shown
in Fig. 4a). Least squares fitting by numerical iteration was used to estimate the values for
Ky and Kgothat gave an optimal fit (Fig. 7a). As demonstrated in the figure, the optimal fit
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was obtained with K7 equal to 230 nM and Kz equal to 2.0 wM. Given those parameters,
the model predicts the biphasic inverse phase transition temperature of FKBP-ELP fusion
protein with a correlation coefficient of R2 = 0.76. To confirm the validity of the model, it
was also fit to the experimental data set of 2.5 uM FKBP-V72 (shown in Fig. 4b). Using
least squares fitting by numerical iteration, the values for K,; and K o were found to be 215
nM and 2.7 wM respectively which yield a fit with a correlation coefficient of RZ = 0.70
(Fig. 7b).

To further elucidate the differences between Ky; and Ky, we used our model to generate a
plot of expected transition temperatures for FKBP-V72 as a function of CID concentration
while varying the ratio between K; and Ky (Fig. 7c). This plot indicates how for cases
where Kyd K7 = 1, a more significant downward shift in the transition temperature would
be expected than was observed (Fig. 7b). Intuitively, it makes sense that the two binding
constants are different. The first binding event is the unhindered interaction of a small
molecule (CID) with a large hydrophobic face of a single FKBP. In contrast, the second
binding constant is the result of two FKBP domains coming into close proximity. Unlike
naturally dimeric proteins, the FKBP proteins are not complementary. Instead, to dimerize
via the CID, they must overcome additional steric hindrance. Thus, this data suggests that
for the FKBP/CID system, K; is less than K.

The predicted concentration of each form of FKBP-ELP, that is, [A], [PL], and [PsL] is
plotted against CID concentration for both the fusion proteins: 5 .M FKBP-V48 and 2.5
LM FKBP-V72 (Fig. 8 a, b). These figures estimate how much of the FKBP-ELP is in
monomeric and dimeric form at any given CID concentration, and support our hypothesis of
competitive ligand binding model (as observed in Fig. 4 a, b). As shown in the figure, we
observe that at zero concentration of CID, all FKBP-ELP is in free monomeric form. As the
CID is added, the concentration of free FKBP-ELP [A] drops quickly, as individual
monomers bind to CID molecules. The concentration of FKBP-ELP-CID [PL] starts
increasing until a particular CID concentration (stoichiometric amount) is reached, where
the concentration of homodimeric FKBP-ELP [P,L] is highest. Beyond stoichiometry, at
saturating concentrations of CID, each FKBP-ELP molecule’s binding site is occupied by its
own CID molecule. As the concentration of FKBP-ELP-CID [PL] increases, the
concentration of homodimer [P,L] decreases, and we observe the reverse effect. These
figures confirm that the highest concentration of homodimer [P,L] does in fact occur when
the concentration of CID is at stoichiometry. This model validates our understanding of the
FKBP-ELP switching behavior. In particular, it indicates that the two-step reaction
mechanism accurately describes the observed data and that the biphasic phase separation can
be mediated by the stoichiometry of FKBP binding to a CID.

Model limitations

This model is designed to predict the transition temperature for a system of ELP monomers
and homodimeric complexes. The optical density measurements used to generate Figures 2,
3, 4, and S1, revealed only a single major transition temperature for mixtures of ELP and
CID. For this reason, a linear interpolation model (Eq. 9) was selected to model the
transition temperature (Eg. 8). While the data suggest that all ELP fusion proteins phase
separate at a single transition temperature, limitations in the interpretation of optical density
prevent us from determining if monomeric species phase separate simultaneously with
homodimeric ELP complexes. Thus, this model is limited by the assumption that the whole
system phase separates at a single temperature. Similarly, the empirical model (Eq. 8) used
to calculate transition temperatures only incorporated factors resulting from local molecular
weight/concentration. Thus this model neglects possible contributions by local
hydrophobicity at the FKBP/CID interface. The model also neglects possible contributions
resulting from the phase separation of multi-block architectures, such as ELP-FKBP/CID/
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FKBP-ELP. Next, we only demonstrated the accuracy of this model in predicting fusion
protein behavior with ELPs containing valine as the guest residue. Lastly, this model relies
on an assumption that the FKBP-ELP mixture reaches equilibrium in solution. Despite these
limitations, the ability of this model to fit the observed data suggests that these assumptions
are generally useful.

CID binding kinetics over immobilized FKBP-ELP

To further validate the above model, an independent measurement was used to estimate the
equilibrium disassociation constant, Kz, of the CID towards FKBP-ELP using Bio-layer
Interferometry (BLI). BLI is a label-free analytical technique that measures binding kinetics
in real time using microliter amounts of sample. BLI technology determines the change in
interference pattern of white light reflected by binding of molecules onto the biosensor tip.
This binding produces a shift in the interference pattern, which is recorded in nanometers
(nm) by the instrument. NHS-PEG4-Biotin was conjugated to exposed lysine groups of
FKBP-ELP fusion protein using NHS-ester chemistry; furthermore, this material was
immobilized on a streptavidin coated BLI biosensor tip. The experiment was designed to
determine the binding kinetics of the first binding event where CID binds to FKBP-ELP
giving FKBP-ELP-CID complex. Biotinylated FKBP-V72 was immobilized onto
streptavidin biosensors followed by subsequently immersing the biosensor tips into CID
solutions and PBS to measure the binding kinetics. Four different CID concentrations were
used for the binding assay — 0.05, 0.2, 1 and 2 uM. The magnitude of the binding signal
depended on the CID concentration (Fig. 9). A global fit was done to determine Ky, k,,and
koras 243 nM, 2.00x10% M~1s71 and 4.85x1073 s™1 respectively. Taking into consideration
the design of the experiment, the affinity constant K; determined by BLI assay proved to be
in relative agreement with that determined in the quantitative model (Fig. 7b). Due to the
limitations of the instrument, BLI was unable to directly estimate the second and weaker
dissociation constant, Kz however, the agreement between independently obtained values
for K; from BLI and the quantitative model strengthens our hypothesis that FKBP-ELP
interaction with CID is a two-step mechanism with two binding events.

Conclusion

This manuscript describes a rational strategy to design ELP protein polymers that changes
solubility in response to small molecule ligands that induce ELP dimerization. To explore
this approach, small molecules including both CID and Rapamycin were shown to bind to
FKBP-ELP fusion proteins and induce sharp, reversible changes in the polypeptide
solubility. A quantitative model was used to validate the biphasic relationship between the
CID-dependent phase diagrams for two fusion proteins. This strategy to design switchable
protein polymers has three distinct advantages over any yet proposed. First, it provides a
logical approach to detect classes of target molecules that mediate dimerization via
substrate-specific interaction with an ELP protein fusion. While we have evaluated this
approach to detect small molecule CID’s, this strategy might similarly detect multimeric
protein targets. Second, because the response to CID concentration is biphasic, by adjusting
the ratio between the ELP and CID this strategy can induce either association or dissociation
in response to a respective increase or decrease in CID concentration. Third, the isothermal
response to CID can be modulated to occur at any temperature between 30 and 50°C by
adjusting the ELP molecular weight or concentration. ELPs of other amino acid sequences
may permit a wider range for isothermal switching; therefore, switching may be adaptable to
refrigeration, ambient, or physiological temperatures. Having demonstrated the feasibility of
this strategy, it may now be possible to engineer environmentally responsive protein
polymers that phase separate in response to multimeric target substrates. Due to the
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adaptability and specificity of this strategy, these fusion protein polymers may be evaluated
for diverse applications in the detection and treatment of diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Reversible switching of FKBP-ELP fusion proteins by controlled dimerization

(a) Addition of a CID induces assembly of the fusion proteins, which can be reversed by
competition with a high affinity substrate, Rapamycin. The dimeric fusion protein has a
lower 7 therefore, under isothermal conditions they phase separate in response to CID
substrates. (b) Chemical structure of CID. (¢) Chemical structure of Rapamycin.
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Figure 2. Characterization of ELP fusion proteins
(a) Copper-stained SDS-PAGE confirmed the identity and purity of fusion proteins.
Samples appeared as single bands with V48 and V72 in lanes 2 and 3; and FKBP-V48 and
FKBP-V72 in lanes 4 and 5 respectively. (b) Temperature-concentration phase diagrams
measured optical density at 350 nm by warming the sample solution at the rate of 1°C/min.
ELPs phase separate above the indicated lines.
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Figure 3. CID homodimerization to FKBP-ELP lowers its phase transition temperature

(a) Optical density profile of 5 uM FKBP-V48 in presence of stoichiometric amount of CID
(filled triangles) and control (filled circles). (b) Decrease in transition temperature of 5 M
FKBP-V48 by stoichiometric CID binding (n = 3), Paired t-test, p = 0.007, R2 = 0.98 (c)
Optical density profile of 4 uM FKBP-V72 in presence of stoichiometric amount of CID
(filled triangles) and control (filled circles). (d) Decrease in transition temperature of 4 uM
FKBP-V/72 by stoichiometric CID binding (n = 3), Paired t-test, p = 0.023, RZ = 0.95.
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Figure 4. FKBP-ELP phase transition temperature depends on CID stoichiometry

(a) 7;values for 5 M FKBP-V48 (n = 4) and (b) 2.5 pM FKBP-V72 (n = 4) decreases with
increase in CID concentration until CID: FKBP reaches stoichiometry (permitting the
maximal concentration of homodimers). Subsequent increase in the CID concentration
competes apart homodimers and return the phase transition temperature back upwards. (c) 5
KM V48 with different CID concentrations showing no difference in 7,
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Figure 5. FKBP-ELP phase separation is fast and reversible under isothermal conditions

Phase separation was determined by measuring optical density as function of time using UV
Vis kinetics. (a) Optical density profile of 5 M FKBP-V48 (filled triangles) and control
(filled circles) at 46 °C. (b) Optical density profile of 4 .M FKBP-V72 (filled triangles) and
control (filled circles) at 37 °C. The results were seen after sequential addition of
stoichiometric amounts of CID and Rapamycin as shown by arrows.
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Figure 6. FKBP-ELP dimerization occurs via a two-step process
FKBP-ELP protein binds to one CID to give FKBP-ELP-CID complex which then binds to

a second FKBP-ELP protein to give the homodimer.
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Figure 7. Quantitative model of FKBP-ELP switching behavior

(a) FKBP-V48 (5 uM) model fit with parameters Kz = 230 nM, K;>= 2.0 uM and R? =
0.76 and (b) FKBP-V72 (2.5 uM) model fit with parameters Ky; = 215 nM, Kzp=2.7 pM
and RZ = 0.7. (c) To visualize the relationship between the shape of the curve and Kz, the
predicted transition temperature is indicated for FKBP-V72 (2.5 uM, Ky; =215 nM) and
varying the ratio of Ky d Ky;.
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Figure 8. Predicted concentrations of FKBP-ELP species vs. CID concentration
Maximal concentration of homodimer formation [P,L] occurs at stoichiometric
concentrations of CID for (a) 5 uM FKBP-V48 and (b) 2.5 pM FKBP-V72.
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Figure 9. Binding of CID to FKBP-V72 shows strong association and fast dissociation kinetics
Association and Dissociation kinetics of CID solutions over immobilized FKBP-V72 yield a
global fit with Kj;; = 243 nM, &, = 2.00x10* M~1s71 and k,z= 4.85x1073 571,
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Physical properties of ELP protein polymers with and without FKBP
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Label aAmino acid Expected  bopserved ~ Ttat  Cslope, m  Cintercept, b
sequence MW MW 25uM [°c (°C)
(kDa) (kDa) (°C)  Log (LM)]
V48 MG(VPGVG),gY 19.7 19.7 38.8 7.01 48.8
V72 MG(VPGVG);,Y 295 29.6 33.2 4.45 39.5
FKBP-V48 FKBP-G(VPGVG)gY 315 31.4 420 10.26 56.7
FKBP-V72 FKBP-G(VPGVG);,Y 41.3 41.3 334 5.76 415

a . .
FKBP amino acid sequence:

MGVQVETISPGDGRTFPKRGQTCVVHYTGMLEDGKKFDSSRDRNKPFKFMLGKQEVIRGWEEGVAQMSVGQRAKLTISPD
YAYGATGHPGIIPPHATLVFDVELLKLE

bDiaIyzed samples in water (500 M) were mixed with acetonitrile saturated with sinapic acid, air dried, and characterized using MALDI-TOF.

cPhase diagrams were fit with the following linear relationship: Tt = b — m[Log10(concentration)]. Mean + 95% CI. R2 = 0.99.
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Table 2

Fit parameters for temperature vs. interaction of length and concentration for ELP with and without FKBP
fusion protein

*FKBP-ELP  *ELP *ELP
(Xaa=Val) (Xaa=Val) (Xaa=Val)
T. (°C) 15.5 21.7 20.8
k (°C 203.5 144 129
pentamers)
C. (M) 14,120 8,008 25,000

*
Data (Fig. 2b) fit to Eq. 8

*:

Reported values fit to Eq. 8

1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN
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