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Repeat sequence protein polymer (RSPP) technology provides a platform to design and make protein-based
performance polymers and represents the best nature has to offer. We report here that the RSPP platform is a
novel approach to produce functional protein polymers that have both biomechanical and biofunctional blocks
built into one molecule by design, using peptide motifs. We have shown that protein-based designer biopolymers
can be made using recombinant DNA technology and fermentation and offer the ability to screen for desired
properties utilizing the tremendous potential diversity of amino acid combinations. The technology also allows
for large-scale manufacturing with a favorable fermentative cost-structure to deliver commercially viable
performance polymers. Using three diverse examples with antimicrobial, textile targeting, and UV-protective
agent, we have introduced functional attributes into structural protein polymers and shown, for example, that the
functionalized RSPPs have possible applications in biodefense, industrial biotechnology, and personal care areas.
This new class of biobased materials will simulate natural biomaterials that can be modified for desired function
and have many advantages over conventional petroleum-based polymers.

1. Introduction Block A Block B Block C

The concept of using a library of monomers, for example, silk Fun. Pept. Elastin
peptide motifs, and having methods to precisely order them
using bottom-up strategies to develop performance protein ﬂ%
polymers, is a long sought after objective of material scientists.
With the development of protein engineering, protein expression, Differential Length Block Copolymer
nano(bio)technology, and the ability to use 20 plus amino acids S r—
in designing and producing genetically engineered functional [ [
protein polymers that target specific or multifunctional property Figure 1. Designer RSPP materials: assembly line of designer
space, it is now possib|e to design such po]ymers for biomaterial protein-based performance materials with a bottom-up approach using
applicationg At a nanoscale level, novel concepts such as self- Natural repeat sequence motifs as building blocks, assembled in
assembly play a key role in developing performance protein UMdue Ways, to deliver specific benefits.
polymers based on peptide molecular building bl8d¢ksgure
1). This research work illustrates a bread-board concept of the
RSPP platform. These protein polymers, produced through
molecular biological design using a bottom-up approach and

fermentation, contain molecular peptide motifs and provide Th lati . tal stability of th famil f
functional components that are assembled into protein-based € relative environmental stability ‘of these tamilies o
structural/biomechanical scaffolds. The RSPPs permit the pres_stryctural protems, N complnatlon with their b|ocompa}t|b|l|ty,
ence of regularly repeated natural sequence motifs that imply aunique mechanical properties, and leverage for genetic control
. f sequence, provide the foundation on which one may exploit
ropensity to adopt a regular structure and self-assembly. Here 2 ? . . C
brop y b 9 y naturally derived RSPP$or wide-ranging applicationsNatural

we report and validate a novel, typical fermentation based cost- tei | h ik fibroins h b tilized t K
structure technology platform that exploits the natural structural protein polymers such as siik fibroins have been utiized to make
high-performance fibers for a long tifldn combination with

scaffold derived from silk and elastin as a strong and unique lasti ideal elastome thetically desianed RSPP
base materidlIn this study, we illustrate that this material, when elastin, an 1deal €lastomera Synthetically designea
consisting of repeating motifs of these two proteins would

eriodically decorated with desired functional peptides at the ) .
P y pep reproduce defined properties of the natural counterparts along

genetic construct design level (for example, an antimicrobial '~ . ; ; .
or textile targeting or UV-protective agent), will introduce wnh_propertles foun_d neither in t_he synt_hetlc r_\omoblock RSPP
' nor in the natural silk and elastin proteins (Figure 1).

functional attributes in the designer protein polymer thereby
opening new application opportunities for their use in biode-
fense, industrial biotechnology, and personal care, respectively. 2. Experimental Procedures

Representative examples of natural, small peptide-based RSPP
and their block copolymers (repeated amino acid sequences, 2.1. Construction of Functional SELP47K. Silk-Elastin-Like
using the one letter code, in parentheses) include elastinProtein Polymer (SELP) consisting of four silk repeat peptides, seven
elastin repeat peptides, and one lysine-modified elastin repeat peptide

*To whom correspondence should be addressed. E-mail: Manoj. (SELP47K) is encoded by a 2652 base pair sequence present on a puC-
Kumar@Danisco.com. Tel: 650 906-1184. based plasmid under the control of a heat inducible lambda Pr promoter

(GVGVP, VPGG, APGVGV), silk fibroin (GAGAGS), byssus
(GPGGQG), flagelliform silk (GPGGXx), dragline silk (GPGQQ),
GPGGY, GGYGPGS), collagen (GAPGAPGSQGAPGLQ,
GAPGTPGPQGLPGSP), and keratin (AKLKLAEAKLELA).
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Figure 2. lllustration for the insertion of functional peptide sequences
into SELP47K. FP-functional peptide.

and a selectable marker for kanamycin. A unique BamH1 restriction
site was engineered into the“eead” of the SELP47K coding sequence
using Quick Change methodology. The generic method for inserting
functional peptides into SELP47K is illustrated in Figure 2. A block
monomer gene was synthesized incorporating peptide additions an
unique nonpalindromic restriction enzyme sites. A subunit monomer

was excised then reinserted into the vector backbone as concatamer

followed by screening for polymers with the desired number of subunits.
2.2. Construction of AMP-SELP47K RSPP Antimicrobial peptide
MBI-28 WKLFKKIGIGAVLKVLTTGLPALKLTK (positively charged
derivative of cecropin-bee melittin hybrid peptide) and cecropin
A-melettin (CAM) hybrid KWKLFKKIGAVLKVL sequences were
back translated intd&scherichia coliDNA coding sequences using
Vector NTI software. A hexamer tandem repeat was designed for eac
AMP, with individual AMPs being linked by glycine residue hexamers.

5" and 3 DNA sequences were added to the hexamers rendering the

hexamer amenable to subcloning into the N-terminus of the SELP47K
coding sequence with in-frame expression. Each AMP hexamer

Kumar et al.

sequence, with individual CBPs being linked by glycine residue
quadtramers. Recombinant CBP-SELP47K plasmids were screened for
the presence of the N-terminus hexamer CBP cassette using plasmid
isolation and restriction enzyme analysis/gel electrophoresis. A plasmid
was used to transforf. coli MM294 using LB plates containing 50
ppm kanamycin. Single colonies were picked and grown in 60 mL
minimal medium with 2% glucose and 50 ppm kanamycin (500 mL
fluted Erlenmeyer flasks, 30C, 250 rpm, 16 h). The cell culture was
supplemented with glycerol (10% v/v), and 1.5 mL aliquots were placed
in cryovials and stored at80 °C.

Artificial gene synthesis was used to create a two-subunit version
of the CBP-SELP47K-S2EL1 in which each identical subunit contains
a unique nonpalindromic restriction site. Specifically, all 13 SELP47K
subunits contained one linear cotton-binding peptide incorporated
between the C-terminal end of the silk region and the N-terminal end
of the elastin region (region S2E1). Monomers were self-ligated using
T4 DNA ligase. The original purified vector was added to the ligation
mix with additional fresh ligase and incubated at’@sfor an additional
24 h. The ligation mix was used to transfof& coli TOP10 cells.
Resulting transformants were used to inoculate culture tubes containing
5 mL of Luria broth and an appropriate antibiotic. Tubes were incubated
(16 h, 37°C, 250 rpm). Plasmids were purified from the resulting
cultures using a Plasmid Miniprep kit (Qiagen). Appropriate SELP47K-
CBP conjugate gene constructs were subcloned into a vector containing

dthe lambda Pr promoter and transformed into production Bosbli

MM294. Fermentation and recovery of both CBP-SELP47Ks were
garried out as described for AMP-RSPP.

2.4. P4-SELP47K RSPP ConstructionConstruction, analysis, and
verification of the P4-SELP47K RSPP was similar to that of CBP-
SELP47K-(S2E1). SELP constructs in which all polymer subunits
contain two P4 (ALSYP) peptide sequences were made (Figure 2).
Appropriate P4-SELP47K gene constructs were subcloned into a vector
containing the lambda Pr promoter and transformed into production

p hostE. coliMM294. Purified P4-SELP47K RSPP was made using the

fermentation process described above and tested for UV protection
efficacy studies.

2.5. Antimicrobial activity of AMP-RSPP. Antimicrobial activity
of purified samples was assayed as follows: Samples of interest as

construct had a unique restriction enzyme cleavage site included within well as AMP positive controls and a purified SELP47K negative control,

its sequence to facilitate screening and identification of correct

were used. Positive controls were serially diluted 1:2 from 2§0nL

constructs. AMP hexamer constructs were manufactured by Blue Heronto 1.56ug/mL in Luria Broth (LB media) and consisted of cecropin A

Biotechnology (Bothell, WA) and provided in a pUC-based plasmid.
Hexamer cassettes were subcloned into the SELPABamHL site
using T4 DNA ligase. Successful constructs were further verified for

melittin (Sigma) and MBI-28 (synthesized in-housgé$cherichia coli
MG1655 andBacillus subtilis168 were used as Gram-negative and
Gram-positive microbial targets. Five milliliter overnight cultures,

correctness using restriction enzyme/gel electrophoresis analysis, as wel@rown from single colonies in LB, were diluted 1:250 in Terrific Broth

as DNA sequencing. Plasmids were used to transteriecoli MM294
using LB plates containing 50 ppm kanamycin, and single colonies

(TB), and 100uL aliquots were placed in duplicate in wells of sterile
flat bottom 96-well microtiter plates. Uninoculated TB was also

were grown to produce frozen cryo vials, which were used as seed aliquoted as the control. Perimeter wells were not used but were instead

stocks for subsequent culturing and protein production.
The expression of AMP-SELP47K protein polymer was started with

filled with media so as to minimize “edge effects”. An amount of 100
uL of the above dilutions of controls and samples was mixed with di-

temperature induction by raising the fermentation temperature to 40 luted bacterial aliquots, as well as with 1D of sterile TB as negative
°C. Cell pastes were harvested by centrifuging the fermentation broth controls/blanks. Plates were incubated and humidified, &tG37250

at the end of the fermentation. Both AMP-SELP47K fusion proteins
were purified by homogenizing the cells using a French-Press.
Homogenized cells were mixed with 0.5% polyethyleneimine (PEI) to
flock out cell debris. The cell extract generated from centrifugation
was mixed with ammonium sulfate (25% saturation) to precipitate
AMP-SELP47K. Precipitated AMP-SELP47K fusion polymer was
separated from the rest of the mother liquor and dissolved in MQ water.
AMP-SELP47K was purified from its salt contents by dialysis and then
lyophilized as a solid powder for storage.

2.3. Construction of Hexamer CBP-SELP47K and CBP-
SELP47K (S2E1) RSPP.The cellulose binding peptide (CBP)
sequence (TTHPQMLWQMST) was constructed in-house using PCR-

rpm. The OBy for each well was monitored hourly using a plate reader.

Purified CAM-SELP47K and MBI-SELP47K RSPP biomaterials
were tested for their antimicrobial activity. Lyophilized material was
dissolved in water at 1.25 mg/mL and used in a test tube based assay
performed as follows:Bacillus subtilis 168 and Escherichia coli
MG1655 were each grown from single colonies in 5 mL volumes of
LB in test tubes, 37C, 250 rpm, 16 h. Cultures were diluted 1:500 in
TB. Equal volumes of diluted culture and the purified AMP-SELP
fusions described above were combined in sterile glass test tubes (1
mL total volume in 5 mL tubes), in duplicate, and incubated {@7
250 rpm). Purified SELP47K was used as a negative control.

2.6. CBP-SELP47K RSPP Assay for Cellulose Binding Proper-

driven phage display. The CBP peptide sequence was back translatedies. All binding studies were carried using a European laundry detergent

into the Escherichia coliDNA coding sequence using Vector NTI

standardized protocol. Each experiment consisted of preparation of the

software. A hexamer-tandem-repeat was designed using the CBP DNAcotton swatches and detergent, incubation of CBP-SELP47K with chQ/
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in European detergent, and determination of the amount of CBP- were transferred to a 6-well plate containing 5 mL of fresh medium
SELP47K bound to the cloth. A circuldf in. die punch was used to per well. The tissues were then incubated att32 °C and 5+ 1%

make cotton microswatches from EMPA 221 unsoiled cotton fabric CO; for 24 h. After incubation, the cell culture medium was collected
(Testfabrics Inc.). Twenty-eight microswatches were washed for 15 min and stored at-75 °C until analyzed. The tissues were rinsed with
at 37°C in 10 mL of filtered WFK-1 European laundry detergent (3.5 phosphate buffered saline to remove any residual test material and then
g/L, AATCC (American Association of Textile Chemists and Colorists) cut into thirds. One-third of the tissue was used for an MTT assay to
containing 15 grains per gallon (gpg) hardness (1.85 mM &34 determine changes in tissue viability, another third was used to assay
mM MgCl,). The samples were washed using a DYNAL rotating mixer for changes in fibulin-5, MMP1, PGEand p53 via western analysis,
(40 rpm). The swatches were then rinsed in 3 gpg water hardness (0.37and the remaining third was used to assay for the presence of DNA
mM CaCl, 0.108 mM MgC}) at 37°C for 5 min (40 rpm) and then ladders.

blotted dry on paper towels. Three concentrations of the RSPP proteins  For the MTT assay, the tissue was weighed and then transferred to
(CBP-SELP47K, 1.25, 0.84, 0.45, and 0 mg/mL; SELP47K, 1.35, 1.0, a 24-well plate containing 300 mL of assay medium supplemented with
and 0.58 mg/mL) were made up in filtered WFK-1 European laundry MTT (1 mg/mL) and allowed to incubate for-8 0.25 h at 37+ 2 °C
detergent (3.5 g/L, 15 gpg hardness). A total of @@0of the diluted and 5+ 1% CQO. After the incubation, the tissues were rinsed then
SELP proteins was then added to a 1.5 mL eppendorf tube containing placed into 2 mL of 2-propanol to extract the reduced MTT from the
4 prewashed cotton microswatches. The tubes were mixed on a DYNAL tissues, following which, absorbance of the sample was read at 540
rotary mixer (30 min, 40C, 400 rpm). The swatches were thenrinsed nm. Individual absorbance values were normalized to the weight of
3 times in 1 mL of water containing 3 gpg hardness (5 min, room the tissue. Tissues were prepared for western blot analysis as follows.
temperature, shaking). The swatches, supernatant, and rinses were atthe tissue portion was placed into 1.5 mL centrifuge tubes containing
analyzed for the presence of SELP47K using the BCA protein assay 0.3 mL of RIPA buffer (50 mM TRIS, pH 7.4, 150 mM NaCl, 1 mM
(Pierce). The BCA assay was modified appropriately to analyze the PMSF, 1 mM EDTA, Sug/mL aprotinin, Sug/mL leupeptin, 1% Triton
solid cotton swatches. For testing the cotton-binding properties of X-100, 1% sodium deoxycholate, 0.1% SDS) and homogenized. After
hexamer CBP-SELP47K and CBP-SELP47K-S2E1, swatches were centrifuging the homogenates at 14 00@ for 5 min, the supernatant
prepared in the same manner as that described in the previouswas transferred to a new tube while the pellet containing insoluble debris
experiment. Forty washed swatches were placed in a 48-well microtiter was discarded. The protein concentration of the homogenate was
plate such that each variable (CBP-, S2E1, and 47K control) was determined using a BCA protein assay. Western blot work was done
exposedto 0, 1, 2, 3, 4, and 5 swatches each. SELP47K stock solutionsusing standard protocols and using commercially available anti-fibulin-5
(SELP47K, 1 mg/mL; CBP-SELP47K, 0.75 mg/mL) were prepared in and anti-p53 antibodies. The secondary antibody (conjugated with an
filtered WFK-1 European laundry detergent (3.5 g/L, 15 gpg hardness). alkaline phosphatase enzyme) was then incubated with the membrane
An amount of 20QuL of the SELP stock solutions was added to the in 10 mL of TBST with 0.5% nonfat powdered milk. The membrane
wells of the microtiter plate, which contained the washed swatches. was incubated fiol h atroom temperature, washed 3 times with TBS
The SELP proteins were incubated with the swatches’ G180 min, (1 x 15 min, 2x 5 min) and exposed to film. The films were then
240 rpm). The supernatant was then removed from the wells, and thesubjected to densitometric analysis to quantify changes in the markers
swatches rinsed 3 times in 3 gpg water (629 5 min shaking). The of interest. Densitometric measurements are expressed in arbitrary
swatches were analyzed in the manner described in the previous bindingoptical density units (OD). Mean OD values for each treatment were
experiment. then calculated, and treatments were compared using a one-way

2.7. Assay for Protection against UVB ExposureTwo duplicate ANOVA.
sets of cultured human fibroblasts were exposed to six concentrations A series of PGEstandards were prepared ranging from 7.8 to 250
of the P4-SELPA47K. The first set of cells was exposed to approximately pg/mL. An ELISA plate was prepared by designating two wells each
50 mJ/cm of UVB, followed immediately by the application of either  for the following: total activity (TA) wells, nonspecific binding (NSB)
the test material, 2@M Trolox (an antioxidant, used as a positive  wells, maximum-binding (MB) wells, and substrate blank wells)(B
control), or left untreated (untreated controls). The second set of cells An amount of 15QL of tissue culture medium was added to the NSB
did not receive a dose of UVB and was only exposed to either the wells while 100uL of medium was added to theyBvells. A total of
P4-SELP47K, Trolox, or left untreated. Changes in cell viability were 100 uL of standard or sample was then added to the respective wells
then determined 48 h post material application via an MTT assay. followed by the addition of 5L of the PGE alkaline phosphatase
Human dermal fibroblasts when exposed to a dose of UVB light conjugate (except the TA andoB Next, 50 uL of PGE alkaline
(approximately 50 mJ/cf typically show a reduction in the number  phosphatase antibody solution was added to each well (except the TA,
of viable cells by 50% at 48 h post UV exposure. The mean MTT NSB, and SD wells). The plate was then covered and incubated@&t 2
absorbance value for the negative control cells was calculated and usedC for 24 h. After the incubation, each well was washed three times
to represent the 100% value for cell number. The individual MTT values with 400 L of wash buffer. An amount of %L of PGE, alkaline
from cells undergoing various treatments was then divided by the mean phosphatase conjugate was added to the TA wells, and thenl260
value for the negative control cells and expressed as a percent topNPP substrate was added to all wells. The plate was then covered

determine the change in cell number caused by each treatment. and incubated at 3Z 2 °C for 1 h. At the end of the incubation period,
2.8. MatTek Full Thickness Tissue Skin Model Study.Three 50 uL of stop solution was added to each well and the plate was read
tissues were allowed to incubate for 24 h at-872 °C and 5+ 1% at 405 nm using a wavelength correction at 540 nm. For this ELISA-

CO.. Following incubation, the assay medium was replaced with 5 mL based assay, the absorbance values for the known standards were used
of fresh medium (37 2 °C) prior to application of samples. After ~ t0 generate a standard curve. The values for the unknown samples were

incubation with the samples, three tissues were transferred to a 24-then determined from this standard curve, and the means for each

well plate containing 300 mL of PBS per well. An amount of/800f treatment will then be compared using a one way ANOVA.
test material (0.14% P4-SELP47K in PBS) was applied to one tissue, The remaining tissue portions were placed into 1.5 mL centrifuge
while the remaining two tissues were treated with;800f PBS + tubes containing 18@L of Lysis Buffer and the protocol for DNA

BSA (0.14% final BSA concentration). One of the BSA treated tissues laddering was followed as detailed in the Qiagen kit (Qiagen, DNEasy
was set aside and used as a non-UVB exposed control while theKit). Extracted DNA was quantified via a fluorometric assay using
remaining tissue treated with BSA and the P4-SELP47K treated tissue Hoechst 33258 dye (0.006 mg/mL in assay buffer), and the fluorescence
were irradiated with an approximate dose of 300 mJ/cm2 UVB. intensity of each well was determined using an excitation wavelength
Immediately after UVB irradiation, the tissues were rinsed with PBS of 355 nm and an emission wavelength of 485 nm. Aliquots of equal
and 50uL of fresh material was applied to the tissues and the tissues amounts of DNA from each tissue were resolved on a 2% agaros&BQI/
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Figure 3. Designer RSPP materials: unit block structure of Silk-
Elastin-Like Protein polymer (SELP47K).

containing 0.5:g/mL ethidium bromide. The DNA was visualized using

a UV transilluminator and photographed. Figure 4. Designer RSPP materials: self-assembling nanofilamen-
tous structure of SELP47K in a casted film as observed by SEM
(60 000x magnification). Average diameter of rod shape nanofila-

3. Results ments is between 20 and 30 nm.

3.1. RSPP Design and Propertiesn this study, we used 3.2. RSPP Applications in BiodefenseThe first example

designer blocks of silk fibroin (3= GAGAGS) and elastin (E illustrates the conjugation of antimicrobial p_e_ptides (AMPs) with
= GVGVP) with a unique amino acid sequence to create a the RSPP? AMPs serve as a n_o_nspecmc dgfense_ system
specific RSPP named SELP47K (unit block structure, Figure complementing the hlghly specific ceII_-me@ated immune
3), which can provide novel chemical, biological, and functional response. These peptides, present on epithelial surfaces and on

attributes, while maintaining the physical properties of the phagocytic cells, are mobilized shortly after microbial infection.
structural,blocks They act rapidly to neutralize a broad range of microi¥ds.

By exploiting the degeneracy of the genetic code such that recent years, hundreds of antimicrobigl peptides have been
nonidentical DNA encodes adjacent, identical oligopeptide block |sqlat§d, de§|gned .de novo, and synthesized (http:/www.bbcm.-
sequences, we have specifically désigned these genes to avoi n!v.trleste.|t/_vt0$5|/pagl.htm). AIthough more than one mech-
recombinat'orial deletion and have been able to produce and nism of action has_been proposed_ln the literature for th(_ar_n,
stably maintain repetitive genes and gene products in microor- the carpet mechanlgm T"Ode" which mvolves nonspeuﬂc
ganisms%11Using precise sequence design and gene construc-rnernbrane permeabilization .by AMPs, is relevant for this
4 : o . work.** There are examples in the literature that support the
tion, we have been able to maintain recombinant genes of over

5000 base pairs i&. coliusing a strain deficient in the deletion concept that immobilized AMPs function biologically in a
Sep ’ 9 S . manner that is consistent with the free peptides as the biocidal
mechanism of homologous recombination, particularly DNA-

g L 1o . s . moiety providing the basis for creating natural AMPs conjugated
modifying functhns. The dg5|gn prln(:lples_have als_o included to RSPPs using the SELP47K structural scaffold (Figure
low-energy barrier energetics, high reaction-, regio- and ste-

.27 . ; . 5a).
reospecificity and local control of the dielectric environment. ™5 a4 AMP-SELPA7K was analyzed using SDS gel elec-

SELPA47K consists of four silk repeat peptides, seven elastin 4,5 qresis and mass spectrometry (Figure 5b). An antimicrobial
repeat peptides, and one lysine-modified elastin repeat pept'deactivity assay (Figure 5¢), using bch coli andBacillus subilis
Substitution of one valine, by a lysine, in one individual unit cultures, showed that afté h of incubation, tubes containing
of elastin imparts cross-lin!<_ing functionality and also increases AMP-SELP47K RSPP had significantly less growth compared
the polymer's water solubility. _ _ to those containing control SELP47K confirming the growth

SELP47K was chosen as the protein polymer block unit for jnhibitory and antimicrobial properties of the AMP-RSPP (parts
its appropriate water solubility. The use of higher units of silk ¢ gnd e of Figure 5). Preliminary work to compare the efficacy
repeat peptides resulted in a water insoluble polymer, whereasof AMPs in protein polymer vs free peptide showed that the
higher elastin repeat peptide units led to a polymer with weaker free peptide was 100-fold more efficacious in its inhibition of
mechanical properties. Thirteen repeats of SELP47K resultedpacterial growth than the equivalent AMP present in the polymer
in a polymer with the highest fermentation yield. Attempts t0 (data not shown). Figure 5¢ suggests that CAM was as effective
make a polymer of greater than 100 kD molecular weight were a5 MBJ in inhibiting the growth of both Gram-positive and
less successful. Protein polymers of sizes between 60 and 80 KGram-negative bacteria.
were found to be best both in terms of genetically engineering 3 3. RSPP Applications in Industrial Biotechnology.The
the DNA multimer as well as producing the polymer in good second example illustrates creating functional RSPPs with a
yield (>1 g/L) by fermentation. cotton-binding peptide (CBP). The CBPs were derived from

SELP47K offers unique properties such as self-assembling screening a library of peptides under typical laundry wash
nanofilamentous structures (Figure 4) in film, fiber, or in a conditions (data not shown). SELP47K and six repeats of the
hydrogel form, has mechanical strength, and other unique CBP (TTHPQMLWQMST), hereafter referred to as hexamer
physical properti€§ creating a versatile structural scaffold. CBP-SELP47K, were conjugated and designed to bind to cotton

The following three examples represent ordered block-basedusing European detergent standards. Therefore, it can be used
incorporation of both multifunctional biomolecular peptides and to attach a wider variety and greater amounts of agents to cotton
naturally occurring structural biomechanical peptides into the materials as they are sustained through a wash cycle. Construc-
self-assembling SELP47K RSPP scaffold. The designer proteintion, analysis, and verification of the hexameric repeating CBP
polymers thus created have resulted in the development of aat the N-terminus of SELP47K were performed as described
versatile functional RSPP platform technology with numerous for AMP-RSPP. CBP-SELP47K-S2E1, in which each protein
possible applications. polymer scaffold subunit contained one cotton-binding pep&%e{/
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AMP-SELP47K

AMR
|

Figure 5. AMP-SELP47K RSPP study: (a) Unit block structure of AMP-SELP47K RSPP. (b) 1-D gel of purified RSPP and antimicrobial RSPP
fusion proteins. Lane 1: CAM hex. at the N-term of SELP47K. Lane 2: SELP47K. Lane 3: MBI-28 hex. at the N-term of SELP47K. (c) Antimicrobial
activity of AMP-SELP47K compared to SELP47K. (d) Growth inhibition in tubes: E. coli (left to right, CAM-SELP47K, MBI-SELP47K, SELP47K
control). (e) Growth inhibition in tubes: B. subtilis (left to right, CAM-SELP47K, MBI-SELP47K, SELP47K control).

Cotton binding of SELP4TK vs. Hexamer CBP- Cotton Binding of SELP47K vs. CBP-
a
SELP4TK SELP4TK-S2E1
BCA Assay of Cotton Sw atches BCA Assay of Cotton Swatches

0.06 c 1.0 |
£ 005 s 08
g _ o0 g8 !
: E‘ 0.03 T Ep4 |
£~ 0.02 5 o2 |

0.01 a

o 0.5 1 15 0 1 2 3 4 5 6 7 8 9 10
Protein Polymer Loaded (mg) Protein Polymer Loaded (mg)
—o—CBP-SELP47K —B—SELP47K —4—SELP47K ——CBP-SELP47K S2E1

Figure 6. CBP-SELP47K and CBP-SELP47K-(S2E1) RSPP binding to cotton swatches under European detergent washing conditions. (a) The
cotton-binding activity of hexamer CBP-SELP47K is compared to that of native SELP47K. The concentration of protein bound to the swatch is
determined based on the BCA protein assay. (b) The cotton-binding activity of CBP-SELP47K-S2E1 is compared to that of native SELP47K.
This assay is a dose response assay in which the cotton (substrate) concentration is held constant and the protein polymers concentration is
varied.

sequence, was also generated. Both purified CBP-SELP47Kassay in which the cotton concentration was held constant and
RSPPs variants were analyzed using SDS gel electrophoresigthe hexamer CBP-SELP47K concentration varied, the cotton-
and mass spectrometry (data not shown). binding activity of hexamer CBP-SELP47K, when compared
The cotton-binding properties of CBP-SELP47K were com- to that of native SELP47K, was significantly greater (Figure
pared to SELP47K in two different assays. One assay was a6a). The bound protein was eluted from the cotton and run on
dose response assay in which the cotton (substrate) concentratioa SDS gel to confirm that the eluted protein was indeed hexamer
was held constant and the protein polymer concentration wasCBP-SELP47K (data not shown). The CBP-SELP47K-S2E1
varied. The second experiment was one in which the cotton conjugate showed improved cotton binding compared to the
concentration varied and the SELP47K concentration was held hexamer CBP-SELP47K because of the likely reason that both
constant. All binding studies were carried out in European the total number of cotton-binding peptides doubled within the
laundry detergent. Both CBP-SELP47K RSPPs were assayedpolymer and the cotton-binding peptide appeared periodically
for cellulose/cotton (substrate) binding properties, in two throughout this conjugate (Figure 6b). More than 10% of CBP-
different assays, using SELP47K RSPP as the control. In the SELP47K-S2E1 bound to the cotton in this assay. CDV
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(a)
. ) E, E, E, S, . (d) [Treatment Percent Viability
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= goun aroup UVB 79 +-9
1-13 T1+ 0.14% P4-SELP47K_ [122 +/- 20
P4-SELP47K T1+ 0.014% P4-SELP47K_[85 +/-7

T2 + 0.14% P4-SELP47K  [126 +/- 25
T2 +0.014% P4-SELP47K |78 +/- 4
T3 + 0.14% P4-SELP4TK |97 +/- 14
(b) 200 T3 + 0.014% P4-SELP47K |88 +/- 17
T4 + 0.14% P4-SELP47K  |121 +/-19

T4 + 0.014% P4-SELP47K |86 +/- 6

Viability (percent of non-
UVE enposed NC)
g

0 No UVB 0.031
NC 0.14% 0.07% 0.014%  0.007%  0.0014%  0.0007%  Z0um Tolox UvE 0.057
- ; Treatment T1+ 0.14% P4-SELPATK 0.038
I -uve | +uve T1+ 0.014% P4-SELPATK 0.038
T2 + 0.14% P4-SELP4TK 0.032
T2 + 0.014% P4-SELPATK 0,035
T3 + 0.14% PA-SELPATK 0.039
(C) T3 + 0.014% P4-SELP4TK 0.053
T4 + 0.14% P4-SELPATK 0.026
T4 + 0.014% P4-SELPATK 0,052
24 hour pretreatment |P4-SELP47TK present |P4-SELP47K Present for 48
Treat t |with P4-SELP4TK during UVB exposure |hours after UVB exp
T + - +
T2 + + +
T3 - - +
T4 - + +

Figure 7. Photoprotective RSPP study: (a) Unit block structure of P4-SELP47K RSPP. (b) UVB protective effect of P4—SELP47K RSPP. (c)
Experimental setup to confirm UVB protective effect of P4-SELP47K with its presence in pre- and post-UVB dosage (+ indicates that the
material was present, — indicates that the material was absent). (d) In vitro study using MTT assay to monitor the effect of P4-SELP47K on cell
viability in pre- and post-UVB insult using human skin fibroblast cells. (e) In vitro study using DCF assay to monitor the effect of P4-SELP47K
on cell viability in pre- and post-UVB insult using human skin fibroblast cells.

The cotton-binding ability of the two CBP-SELP47K RSPPs untreated cells. This stimulation effect was apparent over the
was also assayed at different cotton concentrations. The amounentire range of P4-SELP47K concentrations tested and suggests
of CBP-SELP47K that bound to cotton increased with increasing two possibilities for the mechanism by which P4-SELP47K may
cotton concentration. Equal amounts of hexamer CBP-SELP47K exert its UV-protective effect. P4-SELP47K could protect the
bound to each swatch regardless of the number of swatchescells by limiting the amount of damage or facilitating the repair
present in the reaction, indicating that hexamer CBP-SELP47K after UVB-induced damage, thus allowing the population of
had saturated all the binding sites available on the cotton viable cells to be better maintained than in the untreated
swatches (data not shown). condition. On the other hand, P4-SELP47K may provide little

3.4. RSPP Applications in Personal and Health CareThe or no protection against the UVB-induced damage but rather
third example illustrates potential applications in personal and function to stimulate the surviving cells to proliferate at a faster
health care areas. A radio protective functional RSPP with rate than the untreated cells. While either explanation could be
peptide P4 (ALSYP; a naturally derived peptide-based UV- argued, the increase in the number of viable cells was greater
protective agent, from Bowman Birk Inhibitor, BBI) was between thetUVB untreated and thé-UVB with 0.14% P4-
designed to generate P4-SELP47KFigure 7a). Construction,  SELP47K RSPP conditions (50% viability vs 100% viability,
analysis, and verification of P4-SELP47K, where two P4 peptide respectively, double the number of viable cells) than in the
motifs were incorporated in each SELP47K unit, were done as —UVB untreated and the UVB test material conditions (100%
described for the CBP-SELP47K-S2E1. First, a human skin viability vs 150% viability, respectively, only a 50% increase),
fibroblast cell culture model was used to assess the UV- suggesting that, in the presence of P4-SELP47K, with UVB
protective properties of P4-SELP47K, by measuring cell survival insult, there is a greater increase in the number of viable cells
after UVB exposure using a MTT assay. Increasing concentra-than can be accounted for solely by the cell proliferation
tions of P4-SELP47K inhibited the decrease in the number of stimulating action of P4-SELP47K. This observation strengthens
viable cells induced by UVB exposure (Figure 7b). This effect the first explanation that P4-SELP47K RSPP does indeed
was most prominent at the highest concentration of P4- provide protection against UVB-induced damage.

SELP47K RSPP used (0.14%), where the level of cell viability =~ Since these results suggested that the P4-SELP47K RSPP is
is nearly identical to the untreatedUVB exposed cells and  capable of improving cell survival when applied after UVB
almost twice the level of the untreateldlJVB exposed cells. exposure, we tested whether treatment with P4-SELP47K before
As the concentration of P4-SELP47K decreased, so did the or during UVB exposure would provide any additional survival
apparent protective effect although even at the lowest level of benefit by measuring cell survival 48 h after UVB insult. Four
the material, 0.0007%, the number of viable cells was still different treatment regimens (Figure 7c) were employed using
slightly greater than thé-UVB untreated controls (69% vs 55%, different combinations of pretreatment prior to or during UVB
respectively). In the absence of UVB light, P4-SELP47K was exposure. We also incorporated the use f7'&lichloro-
found to stimulate cell proliferation in a dose-dependent manner. dihydrofluorescein diacetate (DCF), which when loaded into
At the highest concentration tested (0.14%), the number of viable cells becomes fluorescent upon exposure to the reactive oxygen
cells in the—UVB condition was 54% greater than theJVB species (ROS) generated during UVB expos@fé As seen inCDV
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Figure 8. Photoprotective RSPP follow-up study: (a) Changes in skin tissue MMP-1 levels upon UVB exposure in the presence and absence
of P4-SELP47K. (b) Changes in skin tissue fibulin-5 levels upon UVB exposure in the presence and absence of P4-SELP47K. (c) Changes in
skin tissue PGE2 levels upon UVB exposure in the presence and absence of P4-SELP47K. (d) Changes in skin tissue p53 levels upon UVB
exposure in the presence and absence of P4-SELP47K.

Figure 7c, the UVB protective effect of P4-SELP47K was PGE2 release in the P4-SELP47K treated tissue was only
improved when the material was present both before and/or1.36 times that of UVB untreated tissue compared to a 1.65-
during UVB exposure. Treatment 3, which is identical to the fold increase in the BSA treated tissue (Figure 8c). UVB
treatment regimen used in the previous study, shows similar treatment was observed to induce the expression of p53 (2.7-
results with respect to the MTT assay (Figure 7d). At the 0.14% fold) and the formation of DNA ladders in the BSA treated
concentration, cell viability after UVB exposure is again close tissue. In contrast, UVB induced expression of p53 was reduced
to 100% after the UVB (vs 104% in Figure 7b), and at the to 2.3-fold in tissue treated with P4-SELP47K (Figure 8d), while
0.014% concentration, it is 88% (vs 83% in Figure 7b). At both the formation of DNA ladders was almost completely blocked
concentrations, the extent of cell survival is greater than the (data not shown).
extent of cell survival in the untreated cells exposed to UVB.

In the DCF assay, which estimates the amount of oxidative

damage occurring within the cell as a result of the UVB

exposure, a higher ratio indicates a greater extent of ROS  gyer the years, block copolymers have attracted a great deal
formation within the cell (Figure 7e). Again, with respect 10 of interest because they offer a unique platform for the
treatment 3, both concentrations of the P4-SELPA7K RSPP geyelopment of materials in diverse applications. RSPPs

reduced the amount of ROS formed when compared to the ROSyescribed in this paper are the result of knowledge-based

formation in untreated cells exposed to UVB. These results olymer design, relying on the fact that repeated sequences adopt
confirm observations from the first study and further support gpecific structural motifs that provide the basis for polymer
that P4-SELP47K can provide UVB protection. For treatments formation. RSPPs are similar to a chemically polymerized block
1,2, and 4, it appeared that P4-SELP47K at the 0.14% of copolymers but do not have any heterogeneity. They are
concentration either for 24 h before exposure or just during UVB nique, defined, monodispersed, and have molecular weights
exposure provides a similar level of protection. generally between 30 and 250 kD. Using RSPP platform
To further explore the mechanism of P4-SELP47K UVB technology, we have described creating designer functional
protective abilities, we used the MetTak human skin full- protein polymers using functional peptides and embedding them
thickness tissue model (EFT 200) and tested changes in tissugnto biomechanical natural protein-based scaffolds to create
viability, 2021 MMP1,22-24 fibulin-5,2526 PGE,2"28 DNA lad- opportunities for the development of protein-based materials
dering2®3% and up-regulation of p5332in response to UVB for multiple applications.
irradiation in the presence and absence of 0.14% solution of Placement of functional peptides in the SELP47K protein
P4-SELP47K in PBS applied topically. For positive control, a polymer scaffold was based upon the specific function and
0.14% BSA solution was topically applied to the tissue prior to properties of the peptides. Antimicrobial peptides were posi-
UVB exposure. tioned as multimers in front at the N-terminus, whereas the UV-
UVB exposure was observed to reduce tissue viability by protective functional peptide P4 was positioned internally
31% in the tissue treated topically with BSA. However, the between the silk and elastin units. Attempts to place functional
tissue treated with P4-SELP47K had only a 20% reduction in peptides at the C-terminus were not successful. AMPs were
viability supporting the previous results of skin fibroblast studies specifically designed as hexamers at the N-terminus of the
(data not shown). P4-SELP47K was also able to reduce the levelprotein polymer to allow some degree of freedom for their
of induction of MMP1 by 33% upon UVB exposure (Figure action. Hexameric AMP constructs were used to deliver an im-
8a). In tissues treated with BSA prior to UVB exposure, the proved antimicrobial peptide concentration per polymer mol-
amount of fibulin-5 decreased by 85%. However, this decrease ecule. On the other hand, the P4 peptide, which is known for
was significantly attenuated (22.5%) in tissues treated with P4- its UV-protective efficacy from within its parent molecule, BBI
SELP47K (Figure 8b). was thus incorporated internally within the protein polynk(?bv

4. Discussion
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Furthermore, two P4 peptides per SELP47K monomer provided Applications toward targeting efficacy using peptides as evident
a total of 26 peptides dispersed periodically throughout the poly- in this example using CBP are dependent on both the number
mer. It was anticipated that this should result in a highly effi- of peptides present in the polymer as well as their placement in
cacious UV-protective polymer and was supported by the resultsthe polymer architecture. We find that the cotton-binding affinity
obtained in the UV-protective study. A cotton-binding peptide of CBP-SELP47K-S2E1 is about 20 more than that of
was incorporated both at the N-terminus and internally through- hexamer CBP-SELP47K. It is thus anticipated that incorporation
out the polymer to find the effect and efficacy of both, the of CBP-RSPP into, for example, fabrics and textiles or cotton
number of peptide units in the polymer and their position in gauge dressing would render these materials more amenable to
the polymer. CBP placed as a hexameric multimer (6 CBP units) specific targeting and work as delivery agents to access a
at the N-terminus showed about:2@wer binding capacity to desirable target site. Other applications may include fabric care
cotton than to 13 CBP units placed periodically inside the and development of detergent formulations suitable for improved
polymer. These studies indicate that placement of certain cleaning of cotton-based clothing. The results with CBP-RSPP
functional peptides periodically throughout the polymer is more further confirm the utility of designer protein-based materials
desirable for certain activities, such as binding and targeting. for possible targeting applications exemplifying potential uses

We have shown that functional protein polymer technology N White (industrial) biotechnology. _
offers making biobased performance materials at a fermentative_ Data from Figures 7 and 8 demonstrate the effectiveness of
protein production cost structure. For example, our technology P4-SELP47K as a UV-protective agent and its possible use in
offers the means to make peptides at a cost structure that is"eduction and prevention of photoaging of human skin. The P4
about 10 000 times less expensive than peptides made todaypePtide, which is part of the chymotrypsin loop of BBI, was
using synthetic methods. A typical cost b g of synthetic found to be afqncponal and gffectlve UV-protective agent when
pentapeptide is about $15 000, whereas it is feasible to makePlaced in a periodic fash}on in the SELP47K structural scaffold
the same amount of peptide and protein content at $1.50 usingbe(:ause SELP47K provided a constrained structure (as aresult
the RSPP technology. of ﬂ-sheet formation) as by '_[he chymotryps!n loop of I_BBI. The

The antimicrobial properties of CAM-SELP47K and MBI- P4 fu_ncnongl R.SPP IS deS|g_ned with t_he |_dea tha_t it may be
28-SELP47K were verified using bota. coli and B. subtilis used In appllcatlon_s such as incorporation into text.lles, wound
cultures (Figure 5). CAM and MBI-28 are both cecropin-derived dre.ssllngs, and skin creams to prptect human' skin frof“ v
antimicrobial peptides except that MBI-28 is a much longer radiation and chronolo_glcal photoaging. Such engineered biopoly-
peptide with higher effective positive charge. CAM and MBI- mers would closely S|_mulate natura_l po'y”?ers but would also
28 were selected for their known broad efficacy against both be caqulg of protecting human/ a_nlmal skin from exposure to
Gram-positive and Gram-negative bacteria. Both antimicrobial UV radiation. This example provides credence to the RSPP

peptides were further selected on the basis of having no cysteine%eucggﬁl?%:efg;pwfgig%gdeggner protein-based materials in

as attempts to make protein polymers with cysteines were less . .
successful. Figure 5e suggests that CAM was equally effective Th'S. study further suggests that the SELP47K sgaﬁold IS a
versatile and mechanically robust structural protein polymer

as MBI for both Gram-positive and Gram-negative bacteria. . X

Comparison of free peptide vs peptide in the polymer showed platform where functional peptides can be placed based upon

that free peptide was 100-fold more efficacious in its inhibition their functionality considerations to make performance materials.

of bacterial growth than an equivalent antimicrobial peptide Materials made of naturally occurring peptide building blocks

present in the polymer. This result was not unexpected asdre being studied for applications such as direct tissue replace-

antimicrobial peptides when constrained as a part of protein mggfoirlld eglglngetrilorlijs.G:peetlgziILy errl]?;rg-:éer% (: ea|.aSt||iI;-a|'lt|i(§n20-in

polymers have a reduced degree of freedom toward the baCteriagartila e tigsg:r: air and tar eteg drug deli \?éEuFr)tF;\ermore

cell. However, use of free antimicrobial peptides for developing ge s repairar g 9 ’
advances in this field include both control of assembly and

antimicrobial materials is not viable due to its cost of synthesis . . . ! e

- . S - : function using homodiblock copolypeptid&s.Amphiphilic
agld r:;f:écggr{ta?r:ir:m?nc'zit:r)g:z?c%)igl ogti)i dgs r;f?;f:ﬁé' E;gifillri]t molecules that have repeating peptide motifs and hydrocarbon
pf yr ducing th 9 tides by f rPn pnt tion at a d P ired ytchains have been designed to form hydrogels having cylindrical
of producing e peptdes Ly termentation at a desired Cost . ,finerg9 Synthesis and self-assembly of hybrid triblock

structure as discussed above and appropriately assimilating then?:opolymers combining boti-conjugated man-made polymers

intq a comlposit(.a material that is capable of showing excellent and polypeptide blocks have been shown to exhibit both photo-
gnt|m|crob|al efficacy. The .most.remarkable property of AMPS. activity and electroactivity? In addition, hybrid block copoly-

is that devglopmer)t of m|crob|§1I resistance against th(.am. 'S mers containing pegylated peptides that respond to specific
uncqmmorﬁ For this reason, using AMPS in creatlng antimi- cellular signals such as adhesion and migration of endothelial
crobial RSPP-based materials offers long-term efficacy and cells have been developétThe RSPP platform technology

':Ztagllgsaggmst mlck;ob|al 'nfEth'OIT' l.t is thus ior(ljcgl\t/alatle :.Tat described in this paper presents a new way to design, develop,
i s may be successiully incorporated Into texties, g produce new protein-based performance materials as

filters, surgical masks and gowns, protective garments, garments . . . : :
> : ) ’ 0, .~compared to hybrid peptidesynthetic organic materials cur-
designed for biological warfare defense, wound dressings, skin P y pep y 9

: . A rently being researched for biomaterials and other relevant
cream, and coatings to provide a hygienic surface to protect

: . 4 market opportunitie$?
against microorganisms.
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