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Abstract: We report herein a biopolymer actuator with a modular design that allosterically transduces ligand
binding into an aqueous demixing phase transition. The biopolymer actuator consists of two modular
domains: a ligand binding protein domain, calmodulin (CaM), that is fused to a transducer domain, a stimulus-
responsive elastin-like polypeptide (ELP) that exhibits a reversible lower critical solution temperature (LCST)
phase transition. We demonstrate that binding of calcium to CaM spontaneously triggers the phase transition
of the attached ELP, leading to formation of meso—microscale particles depending on the chain length of
the ELP. This behavior is reversible as chelation of the bound calcium results in dissolution of the assembled
particles, is selective for calcium as opposed to magnesium, and is abolished by the binding of a peptide
ligand that is specific to calcium-bound CaM. These results are, to our knowledge, the first demonstration
of biomolecular recognition-triggered, allosteric regulation of the LCST phase transition of a polymer and
are significant because they expand the available triggers of the LCST transition of stimulus-responsive
polymers to biochemical ligand binding. The ability to allosterically trigger the LCST transition of ELPs by
biomolecular recognition will be useful for developing “smart” polymer actuators that capitalize upon the
myriad ligand—protein pairs that are available from biology and for application in the design of selective

pull-down assays in proteomics, drug delivery, and nanoscale biomolecular devices.

Introduction

Polymers that exhibit a lower critical solution temperature
(LCST) transition in response to changes in their solution
environment are an interesting class of stimulus-responsive,
smart, polymers. Polymers in this class such as poly(N-isopropyl
acrylamide) and their biological analogs such as elastin-like
polypeptides (ELPs) are soluble in aqueous solution below their
LCST (also termed inverse transition temperature, 7;) and
undergo an aqueous demixing phase transition above their LCST
resulting in formation of an insoluble, polymer-rich phase.” This
reversible aqueous demixing behavior can be triggered by small
changes in the solution environment (pH, temperature, and ionic
strength),’~” and variants of these polymers can be designed to
exhibit the LCST transition in response to redox triggers and
light.®~'° The LCST transition of these polymers has also been
exploited in protein—polymer conjugates where the LCST-
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triggered conformational collapse of the polymer in the vicinity
of the ligand binding site of the protein has been shown to
control the activity of the protein.'"''® To our knowledge,
however, there are no examples of engineered systems that
exhibit the reverse behavior wherein ligand binding to a protein
can trigger the LCST phase transition of an appended polymer.

Motivated by these previous studies, we demonstrate proof-
of-concept of a modular allosteric biopolymer actuator whose
LCST behavior can be reversibly triggered by a biomolecular
recognition event. The actuator consists of a ligand binding
domain and a LCST transduction domain, as shown in Figure
1. The LCST transduction domain of the biopolymer actuator
is composed of an elastin-like polypeptide (ELP), which is an
artificial polypeptide composed of repeats of the pentapeptide
Val-Pro-Gly-Xaa-Gly, where the “guest residue” Xaa is any
amino acid except proline.> We chose an ELP as the transduction
domain for the following reasons: first, ELPs exhibit LCST
behavior as they are highly soluble in water below their LCST
but undergo a reversible soluble—insoluble phase transition
when the temperature is raised above their LCST, leading to
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Figure 1. Schematic representation of the allosteric, calcium-triggered
control of phase transition of CaM—ELP fusion proteins. Binding of Ca®*
to apoCaM allosterically triggers the LCST transition of the attached ELP,
resulting in formation of meso—microscale particles depending upon the
chain length of the ELP. Chelation of the bound Ca>" by EDTA reverses
the LCST transition. Legend: CaM, cyan; ELPs, orange; Ca?t, gray. The
N-terminal lobe of CaM is oriented to the top and the C-terminal lobe to
the bottom of each panel. (a) Soluble monomer of apoCaM—ELP. (b)
Reversible calcium-triggered formation of particles of Ca’*—CaM—ELP.
Structural data of CaM were taken from the Protein Data Bank (accession
codes): apoCaM (1CFD) and Ca?"—CaM (3CLN).

aggregation of the polypeptide.>!” Second, unlike synthetic
polymers that exhibit LCST behavior, ELPs can be genetically
encoded with a protein of interest,'®"%? which allows site-
specific, stoichiometric, and monodisperse conjugates to be
readily synthesized by recombinant DNA techniques. Third, we
observed that ELPs and their fusion proteins are far more
sensitive to changes in their local environment than poly-
(NIPAAm),* which led us to hypothesize that the subtle
perturbation of the immediate environment imposed by a ligand
binding event was more likely to be transmitted to an appended
ELP chain than a synthetic LCST polymer.

We chose calmodulin (CaM) as the ligand binding domain
for proof-of-principle of this concept. Given the potentially vast
number of ligand binding proteins that could potentially be
harnessed for this application, we narrowed the choice to CaM,
dictated by the hypothesis that ligand binding to a protein (or
peptide) could isothermally trigger the phase transition of an
appended ELP if one or more of the following conditions were
met upon ligand binding: (1) a significant decrease in the surface
charge of the protein or (2) an increase in the fraction of solvent-
exposed hydrophobic surface area. These two requirements are
based upon our observation that the increase in the LCST of an
ELP fusion protein relative to the same ELP is positively
correlated with the fraction of solvent-exposed ionizable residues
on the protein and negatively correlated with the solvent-exposed
hydrophobic surface area.**
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These requirements suggested CaM as an obvious candidate
for allosteric transduction of the ELP phase transition because
each apoCaM molecule binds 4 Ca>" ions which are coordinated
by 11 Asp and 4 Glu residues,” which leads to a decrease in
the fraction of surface area attributed to ionizable groups in
Ca**-bound CaM relative to apoCaM. Structural studies of CaM
have also shown that binding of Ca®* triggers a conformational
change in CaM,?® which results in the exposure of a significant
amount of nonpolar surface area to solvent.>’ >° Because the
effect of these Ca®*-triggered structural changes on the LCST
behavior of CaM—ELP are additive, we hypothesized that they
would reversibly modulate the LCST transition of CaM—ELP
under isothermal conditions. Calcium itself is attractive as a
ligand because it is a ubiquitous second messenger in cells and
exhibits significant gradients in its concentration in vivo,>*!
so that a calcium-triggered biopolymer could potentially be
useful for in vivo application in drug delivery and imaging by
triggering the release of a drug or imaging agent from a loaded
particle. The conformational changes of CaM upon Ca*" binding
have been previously exploited in the design of biosensors,*?
reversible biomaterials, > hydrogels,34’35 calcium-sensitive MRI
contrast agents,*® and Ca’'-dependent biological motors.”’
However, the interaction between calcium and calmodulin has
not been previously used to allosterically trigger the phase
transition of an appended LCST polymer, which is a significant
omission, given the long-standing interest in the unique aqueous
phase behavior of this class of polymers and the large number
of technological applications of these materials.

Results and Discussion

A CaM—ELP fusion with a 180 pentapeptide ELP repeat
(CaM—ELP180) was expressed in E. coli from a synthetic gene
and purified by inverse transition cycling.'® Figure 2 shows
turbidity profiles by UV —vis spectrophotometry (Figure 2a) and
particle size measurement by DLS (Figure 2b) as a function of
solution temperature of a 25 uM solution of CaM—ELP180
without (apoCaM—ELP180) and with calcium (Ca>"—
CaM—ELP180). A broad phase transition was observed for
apoCaM—ELP with a maximum ODgjsyy, of ~0.6, which
corresponds to nanoscale particles with an R, of ~100 nm as
determined by DLS (Figure 2b). This result suggests that
significant electrostatic repulsion occurs during aggregation of
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Figure 2. Reversible change of LCST behavior of CaM—ELP180 by Ca®*
binding. (a) Solution turbidity at 350 nm (OD3s) as a function of solution
temperature for apoCaM—ELP180 (filled circles, red), Ca?*—CaM—ELP180
(filled squares, blue), thrombin-cleaved apoCaM—ELP180 (filled triangles,
green), and thrombin-cleaved Ca>*—CaM—ELP180 (open triangles, green).
(b) Hydrodynamic radius (Ry,) of apoCaM—ELP180 (open circles, red) and
Ca?*—CaM—ELP180 (open squares, blue) as a function of temperature.
(c) Reversible control of self-assembly of CaM—ELP fusion as a function
of Ca’>" binding. The OD;5p was measured as a function of time after
sequential injection of Ca®" followed by EDTA, as indicated by the arrows.
Nine cycles of addition of Ca*" followed by EDTA are shown in the figure.

apoCaM—ELP, which limits the terminal size of the aggregate.
In contrast, Ca*"-bound CaM—ELP showed a change in the
LCST behavior to lower temperatures and formation of large
aggregates with a quasi-steady-state Rj, of ~1.2 um (Figure 2b).
To examine whether the calcium sensitivity of the ELP LCST
transition was allosteric we liberated CaM from ELP via
digestion by thrombin at a thrombin recognition site encoded
between the two partners and confirmed cleavage of the
CaM—ELP fusion protein by SDS-PAGE (Figure S1 in the
Supporting Information). Cleavage of CaM from its ELP partner
completely abolished the calcium sensitivity of the phase
transition (Figure 2a). Furthermore, the LCST behavior of the
cleaved fusion protein was identical to that of an ELP of the

same composition and chain length that had not been fused to
CaM (results not shown). This finding is important because it
demonstrates that allosteric transduction of Ca?* binding to
trigger the ELP phase transition requires the two domains to
be physically connected as a physical mixture of ELP and
apoCaM does not spontaneously exhibit calcium-dependent
LCST transition behavior under identical solution conditions.
Furthermore, we note that the calcium sensitivity of the
CaM—ELP fusion protein occurs at concentrations that are at
least three orders of magnitude lower than would be expected
simply on the basis of the effect of salt on the LCST behavior
of polymers.*®

The reversibility of the LCST transition behavior of CaM—
ELP in response to calcium was investigated in an experiment
where we monitored the turbidity at 350 nm (as a measure of
the aggregate size) by sequential addition of Ca?>* and EDTA
(Figure 2c¢) to a 25 uM solution of CaM—ELP in HEPES buffer
at 32 °C. At 32 °C apoCaM—ELP forms nanoparticles with an
Ry, of ~100 nm as measured by DLS (Figure 2b). Addition of
0.5 mM CaCl, led to an increase in the solution turbidity to
~?2.2, which is consistent with formation of microparticles with
an Ry, of ~1.2 um (Figure 2b). Subsequent addition of 0.5 mM
EDTA to chelate the calcium led to a structural transition in
CaM—ELP, as seen by a decrease in turbidity to ~0.3, which
corresponds to formation of ~100 nm R}, nanoparticles (Figure
2b). This behavior was completely reversible as shown by
repeated cycling of Ca>*/EDTA in the same experiment at 32
°C, indicating that the fusion protein could be toggled back and
forth between nanoparticles (—Ca®") and micrometer-size
aggregates (+Ca?") (Figure 2c).

In order to demonstrate that this behavior is not restricted to
a single CaM—ELP construct we also investigated the Ca®*-
triggered behavior of another ELP fused to CaM. ELP60 has
the same guest residue composition as ELP180 but is a third in
length of ELP180 as it consists of 60 VPGXG pentapeptides
(see Experimental Section for ELP sequences). The LCST
transition behavior of CaM—ELP60 in 0.4 M (NH4),SO;, is
shown in Figure 3a. We chose 0.4 M (NH,4),SO, for these
experiments instead of 1 M NaCl (previously used with the
longer CaM—ELP180) because the LCST of ELPs shows a 1/1
(I = chain length) dependence® so that the LCST of ELP60 is
significantly greater in 1 M NaCl than that of CaM—ELP180.
In order to bring the LCST to close to room temperature, we
chose 0.4 M (NH,4),SO,4 because the dependence of the LCST
on salt follows the Hofmeister series*®*° so that (NH4),SOy is
more effective than NaCl in reducing the LCST to an experi-
mentally convenient temperature.

Figure 3a shows that in the absence of Ca’' the baseline
turbidity of apoCaM—ELP at room temperature was zero, which
is consistent with the fact that apoCaM—ELP is in a soluble
state with a R, of 6.2 & 2 nm (mean =+ s.d.) (Figure 3c). In
contrast, Ca’"-bound CaM—ELP showed a significant increase
in the solution turbidity at room temperature (Figure 3a) due to
formation of particles with an R, of 180 £ 31 nm (Figure 3c).
This behavior was completely reversible as shown by the
repeated formation of mesoscale particles by addition of 0.5
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Figure 3. Effect of sequential addition of Ca*" and EDTA on LCST behavior of CaM—ELP60. (a) Turbidity at 350 nm (OD3s) as a function of solution
temperature for apoCaM—ELP60 (filled circles, red), Ca>t —CaM—ELP60 (filled squares, blue). (b) Reversible control of self-assembly of CaM—ELP fusion
as a function of Ca’" binding. The OD3sp was measured as a function of time after sequential injection of Ca®" followed by EDTA as indicated by the
arrows. Three cycles of addition of Ca>" followed by EDTA are shown in the figure. (c) R, measured by DLS of apoCaM—ELP60 and Ca>"—CaM—ELP60
showing the existence of apoCaM—ELP60 as a soluble monomer and Ca*>*—CaM—ELP60 as a monodisperse nanoparticle with a Ry, of ~180 nm. Tapping-
mode AFM images of (d) apoCaM—ELP60 and (e) Ca’"—CaM—ELP60. Vertical scale bar indicates height of the features in the 5 x 5 um images. The
squares demarcate regions of d and e, whose magnified views are shown as 3-D reconstructions of the AFM images.

mM Ca®' and their dissolution rapidly back to soluble CaM—ELP
molecules by addition of 0.5 mM EDTA at room temperature
(Figure 3b).

We directly confirmed the reversible formation of these
mesoscale structures by tapping-mode AFM of freeze-dried
samples. As shown in Figure 3d, in the absence of Ca*"
apoCaM—ELP60 forms particles with a nominal height of 12
+ 2.5 nm (n = 50) and a lateral diameter of 69 £+ 15 nm.
Although these lateral sizes are significantly greater than the
hydrated diameter of a single apoCaM—ELP (~12 nm) we
believe they are caused by tip-induced broadening of the
features*' for the following reasons: (1) in control AFM
experiments in which apoCaM was deposited onto a polyallyl-
amine hydrochloride (PAH) coated Si wafer from a 1 uM
solution in water at room temperature conditions under which
apoCaM exists as a soluble monomer (with a R, of ~6 nm) we
observed a sparse distribution of individual particles with a
height of 10.4 + 3.4 nm (n = 40) and a lateral diameter of
61.2 + 2.2 nm (Figure S2 in the Supporting Information); (2)
in separate control experiments we also carried out tapping-
mode AFM on 9.9 nm diameter gold nanoparticles in air and
observed that their lateral diameter varied between 29.7 & 3.5
and 35.6 = 3.8 nm for scanning speed of 2 and 16 um/s,
respectively (Figure S3 in the Supporting Information). Together
these control experiments showed that particles with a known
size of ~10 nm are significantly broadened in AFM imaging,
which strongly suggests that the features observed in Figure 2d
are those of individual apoCaM—ELP60 molecules. Upon
addition of 0.5 mM CaCl, and subsequent imaging of freeze-
dried CaM—ELP60 particles with a height of 276 + 63 nm (n

(41) Markiewicz, P.; Goh, M. C. Rev. Sci. Instrum. 1995, 66, 3186-3190.
17870 J. AM. CHEM. SOC. = VOL. 130, NO. 52, 2008

= 50) and a lateral diameter of 331 £ 68 nm were observed
(Figure 3e), which are consistent with formation of the mesos-
cale particles with a hydrated diameter of ~360 nm observed
by DLS. The agreement between the DLS and AFM results is
consistent with the notion that particles in this size range would
not be expected to exhibit significant tip-induced broadening
as they are significantly larger than the AFM tip radius.

We also examined the sensitivity of the reversible phase
transition of CaM—ELP to MgCl,, which is a physiologically
relevant divalent cation.*? Figure 4 shows that a concentration
of up to 10 mM MgCl, had no appreciable effect on the phase
transition of CaM—ELP60 and was similar to that of apoCaM—
ELP60. In contrast, Ca?"-bound CaM showed a marked change
in its phase behavior compared to apoCaM even at a CaCl,
concentration as low as 0.5 mM. These results are consistent
with a structural study of Mg?" binding to CaM* that showed
that the structure of Mg?*—CaM is nearly the same as apoCaM
as Mg”" binding had no effect on the overall conformation of
the protein. This experiment strongly supports our hypothesis
that the key to Ca®'-triggered self-assembly and control of
particle size in the CaM—ELP fusion rests in the ability of Ca>"
to trigger a large conformational change in the protein that
exposes hydrophobic residues and consumes charge.

Finally, it is well known that CaM binds to a number of
peptide ligands and that this binding is calcium dependent.**
In order to assess the effect of the interaction of Ca**—CaM
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Figure 4. Effect of Mg?' ion binding to CaM on LCST behavior of
CaM—ELP60. Solution turbidity at 350 nm (ODjs5) as a function of solution
temperature for apoCaM—ELP60 (filled circles, red), Ca>* —CaM—ELP60
(filled squares, blue), Mg>*—CaM—ELP60 with 0.5 mM Mg*" (filled
triangles, light purple), and Mg>*—CaM—ELP60 with 10 mM Mg**(filled
inverse triangles, dark purple).

with its peptide ligand on the LCST transition of the fusion
protein we chose a CaM binding peptide derived from the
skeletal muscle myosin light chain kinase (termed M13 pep-
tide).** Figure 5a shows that in the presence of M13 peptide
the behavior of Ca?>*-bound CaM—ELP—M13 as a function of
temperature is similar to that of apoCaM. The altered temper-
ature-dependent aggregation observed is consistent with the
burial of a large solvent-exposed hydrophobic area in Ca**-
bound CaM upon binding of the M13 peptide and potentially
the increase in overall charge,44 factors that are known to
increase the LCST and decrease the size of aggregates of ELP
fusion proteins.>* This behavior was also confirmed in an
isothermal experiment by sequential injection of Ca>* followed
by M13 peptide as indicated by the arrows at 25 °C temperature
(Figure 5b), which shows that addition of M13 peptide at a
temperature changes the LCST of Ca?>"—CaM and disrupts the
aggregated ELP.

We believe that these results are notable for the following
reasons. First, the calcium-triggered LCST behavior of CaM—
ELP180 and CaM—ELP60 demonstrates that CaM—ELP fusions
can be triggered to reversibly cycle between nanoparticles and
microparticles (ELP180) or between soluble monomer and
mesoscale particles (ELP60) and highlight the control over
supramolecular organization available in this system by choice
of the ELP and solution conditions. Second, to the best of our
knowledge, these results are the first demonstration of an LCST
transition in a polymer that is triggered by an allosteric ligand
binding event. Although we do not have direct and unequivocal
experimental evidence that the effect we see is allosteric in the
conventional sense, we believe that this is indeed the case in
that the binding of calcium to CaM triggers a conformational
change in the protein which we believe is further transmitted
to the ELP via collapse of the ELP chain. We believe that
without collapse of the ELP chain it is unlikely that the phase
transition as observed by aggregation of the ensemble of ELP
molecules would occur as it has been shown by AFM studies*
and MD simulations that release of bound water from the ELP
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J. Am. Chem. Soc. 2008, 130, 10939-10946.

(46) Li, B.; Alonso, D. O. V.; Daggett, V. J. Mol. Biol. 2001, 305, 581—
592.

with rising temperature leading to collapse of the ELP chain is
a necessary molecular event that drives the phase transition of
the ELP. We see this intramolecular collapse of the ELP
triggered by calcium binding to the fusion partner, CaM, as the
equivalent of an allosteric conformational change that would
occur in the conventional case of a folded protein.

The ability to trigger an LCST transition by a ligand binding
event at a spatial location that is separate and distinct from the
ELP is an important finding because if it proves to be a general
phenomenon it will provide a simple, convenient, and modular
approach to design biopolymer actuators by splicing together
ligand binding domains with ELPs. The closest analog to the
present study are previous reports from the Stayton and Hoffman
groups on the design of functional protein switches via
conjugation of a protein to a synthetic, stimulus-responsive
polymer, poly(NIPAAm).""~'> In contrast, herein we have
demonstrated the reverse behavior: that ligand binding to a
protein can drive the LCST phase transition of an appended
stimulus-responsive polymer, a phenomenon that to our knowl-
edge has not been previously reported.

Conclusions

The ability to modulate the phase transition behavior of
CaM—ELP in response to Ca>* binding demonstrated herein is
anew form of allosteric actuation in an artificial protein—biopolymer
construct. In the short term, we foresee two complementary lines
of investigation to expand upon these studies: first, it will be
important to dissect the mechanism of allosteric actuation by
investigation of the calcium-triggered behavior of CaM—ELP
variants in which the calcium binding residues in CaM are
mutated and the chain lengths and molecular composition of
the attached ELPs are systematically varied. Second, we hope
to expand this concept of allosteric transduction of the LCST
transition to other ligand binding proteins and peptide sequences
that display the requisite behavior upon ligand binding, namely,
a decrease in the solvent-accessible, charged surface area and a
concomitant increase in surface hydrophobicity. Expanding the
repertoire of protein—ligand binding pairs via which the LCST
transition of ELPs and potentially other stimulus-responsive
polymers can be triggered is an important goal because it would
provide a new class of modular biopolymer actuators that can
be driven by the enormous number of biochemical binding
events that are available. We anticipate that the ability to
reversibly control supramolecular organization of CaM—ELP
in response to calcium binding demonstrated here will lead to
new applications that exploit this unique actuation behavior in
the design of biosensors, drug and gene delivery vehicles, and
nansocale devices.

Experimental Section

Synthesis of CaM—ELP Fusion Gene. Synthetic genes encod-
ing for the two different lengths of the ELP (ELP60 and ELP180)
were synthesized by recursive directional ligation in pUC-19.%”
ELP60 and ELP180 refer to an ELP composed of 60 and 180
VPGXG pentapeptides, respectively, where X is Val (V), Ala (A),
and Gly (G) in a 5:2:3 ratio. The DNA sequence for this gene has
been published previously.'® CaM—ELP genes (Invitrogen) were
synthesized by inserting the CaM gene 5' to the ELP gene in a
modified pET25b vector. The modified pET25b vector was
produced by replacement of the Notl to Aval segment of pET25b
(Novagen) with an oligonucleotide cassette (Integrated DNA
Technologies) encoding for a thrombin cleavage site and an Sfil
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Figure 5. Effect of binding of M13 peptide with Ca>*—CaM—ELP60 on LCST behavior of the ELP fusion protein. (a) Turbidity at 350 nm (OD;s) as a
function of solution temperature for Ca>**—CaM—ELP60 (filled squares, blue), complex of Ca>"—CaM—ELP60 with M13 peptide, M13 (filled circles,
green). (b) Control of self-assembly of CaM—ELP fusion upon M13 peptide binding. The OD;s, was measured as a function of time after sequential injection
of Ca?* followed by M13 peptide in a ratio of fusion protein:peptide (1:1) as indicated by the arrows.

restriction site. The ELP gene was inserted into the Sfil restriction
site as previously described.'®

The CaM gene was retrieved from its plasmid (provided by
Invitrogen) by PCR and TA cloning (Invitrogen) in which Ndel
and Sall restriction sites were also incorporated 5' and 3’ to the
gene, respectively. The gene was excised from the TA vector using
Ndel and Sall, separated from the linearized vector by gel
electrophoresis, and isolated from the agarose gel after electro-
phoresis (Qiaex II Gel Extraction kit; Qiagen). The modified
PET25b vector was digested with Ndel and Sall, and the fusion
protein was assembled by ligation of the CaM gene with the
restricted pET25b vector containing the ELP gene. Correct assembly
of the fusion protein gene was confirmed by DNA sequencing.

CaM—ELP Expression and Purification. The CaM—ELP
fusions were expressed in BLR(DE3) E. coli (Novagen). The
proteins were expressed as 1 L cultures of E. coli in CircleGrow
media (Qbiogene, Carlsbad, CA), supplemented with 100 xg/mL
ampicillin. One liter cultures were inoculated with cells from 20
mL of a starter culture that was inoculated from frozen (-80 °C)
DMSO stocks and grown overnight. After inoculation, the culture
was incubated for 24 h at 37 °C and CaM—ELP was purified from
other soluble E. coli proteins using a nonchromatographic separation
method for recombinant proteins, inverse transition cycling,'® as
follows: the ionic strength of the soluble lysate was increased by
addition of (NH,4),SO; to cause aggregation of the CaM—ELP fusion
protein in the cell lysate, and the aggregated CaM—ELP fusion
protein in the cell lysate was separated from soluble E. coli proteins
by centrifugation at ~20 000 rcf for 15 min at moderate temper-
atures (25—37 °C). Purification of CaM—ELP180 typically required
0.4 M (NH4),SO,, while that of CaM—ELP60 required 1 M
(NH4),SOy4. The pellet containing the CaM—ELP fusion protein
coacervate was dissolved in cold 10 mM HEPES buffer and
centrifuged at 4 °C to remove any particulate contaminants. This
aggregation and dissolution process was repeated 3—4 times until
the CaM—ELP fusion protein was determined to be approximately
95% pure of E. coli proteins by visualization on Coomassie blue
or copper-stained SDS-PAGE gels. In a control experiment (Figure
S1, Supporting Information) CaM was liberated from its ELP fusion
partner by enzymatic cleavage using thrombin as follows: CaM—ELP
was cleaved overnight at 4 °C from solutions containing ap-
proximately 100 M CaM using 10 units of thrombin per micromole
of fusion protein. Protein concentrations were determined by
UV —visible spectroscopy using extinction coefficients at 280 nm
calculated from the primary amino acid sequence with the software
program Protean (DNA Star, Madison, WI).

Temperature- and Time-Dependent Turbidity Measure-
ment. The temperature-dependent LCST behavior of the CaM—ELP
fusion proteins was characterized by measuring the optical density
at 350 nm (OD3sp) as a function of solution temperature. Solutions
of the CaM—ELP fusion protein (25 uM) were heated at 1 °C/min
in a Cary 300 UV—uvisible spectrophotometer equipped with a
multicell thermoelectric temperature controller (Varian Instruments,
Walnut Creek, Ca) between 10 and 60 °C. The experiments were
performed in 10 mM HEPES with an additional 1 M NaCl
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(CaM—ELP180) or 0.4 M (NH4),SO4 (CaM—ELP60). The LCST
of CaM—ELP was defined as the temperature at which the OD
reached 50% of its maximum value. The effect of reversible Ca>"-
triggered changes of CaM—ELP turbidity was measured by their
ODss as a function of time at constant temperature as follows:
prior to turbidity measurements, samples were equilibrated at a
temperature of interest for 10 min. CaCl, and EDTA (both at 0.5
mM final concentration) were alternately added every 5 min, and
the OD3syp was recorded continuously as a function of time. The
M13 skeletal muscle myosin light chain kinase peptide (M13
peptide), with the sequence KRRWKKNFIAVSAANRFKKISSS-
GAL (Anaspec Inc., San Jose, CA), was used to investigate the
effect of the binding of a peptide ligand on the LCST transition of
Ca?"™—CaM. The ODss, was measured as a function of time after
sequential injection of Ca 2™ (0.5 mM final concentration) into a
solution of apoCaM—ELP60 (25 uM) followed by addition of an
equimolar concentration of the M13 peptide.

Dynamic Light Scattering. The particle size distribution of
CaM—ELP fusions was measured as a function of temperature by
dynamic light scattering. Samples were prepared at the protein and
solvent compositions used in the turbidity measurements described
above. Prior to particle size measurement, samples were centrifuged
at 16 000g for 10 min at 4 °C remove insoluble debris and then
filtered through a 20 nm Whatman Anodisc filter at a temperature
below the LCST. Autocorrelation functions were collected using a
DynaPro-LSR dynamic light scattering instrument (Protein Solu-
tions, Charlottesville, VA) equipped with a Peltier temperature
control unit. Light scattering data were collected at regular
temperature intervals (1 °C) as solutions were heated from 10 to
60 °C. Data were obtained at each temperature by heating the cell
to the temperature of interest, allowing the sample to equilibrate
for 1 min, and then collecting six measurements, each with a 10 s
collection time. The autocorrelation function was analyzed using
the algorithm provided by the manufacturer to determine the
hydrodynamic radius and mass faction of the ~10 nm relative to
the micromolar scale particles.

Atomic Force Microscopy. The particle size of CaM—ELP was
measured by tapping-mode atomic force microscopy (AFM) (Mul-
tiMode, Veeco Digital Instruments, Woodbury, NY) in air using
Si cantilevers with a force constant of ~42 N/m. Silicon substrates
were cleaned with piranha solution (a 3:1 v/v mixture of sulfuric
acid and hydrogen peroxide) at 80 °C for 30 min (Caution: piranha
is a vigorous oxidant and should be used with extreme caution!).
In order to enhance the adsorption of CaM—ELP cleaned silicon
substrates were immersed in a 0.003 monomol/L. (monomer mole/
liter) solution of positively charged poly(allylamine) hydrochloride
(PAH, M,, 70000) in 1 M NaCl for 30 min. After deposition of
PAH the silicon substrates were rinsed with purified water and dried
with a stream of nitrogen gas. The rms roughness of the surface
was <1 nm as measured by AFM over a scan size of 5 um. A
drop of apoCaM—ELP60 (25 uM concentration unless otherwise
specified) or Ca’*—CaM—ELP60 in HEPES, 0.4 M (NH,),SO,,
pH 7.4 at room temperature was deposited onto a PAH-coated
silicon substrate and plunged into liquid nitrogen. The sample was
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held under liquid nitrogen until it freeze dried completely for 48 h.
To obtain a low enough surface coverage to visualize individual
protein molecules or aggregated particles the deposition time varied
between 5 and 60 s. To ensure a flat background before image
analysis, the images were flattened and plane fitted using the
microscope’s analysis software (Digital Instruments, Version
5.12r3). The height and lateral size of particles was determined
from cross-sectional analysis of AFM images.
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