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3 CONTROLLED PROTEOLYTIC DEGRADATION OF PROTEIN-

BASED BIOMATERIALS

3.1 Abstract

A new method to easily tailor the proteolytic degradation of protein-based
biomaterials is presented. By introducing slight alterations into the primary
amino acid sequences of cell-adhesive, elastin-like proteins, the degradation
kinetics and resulting patterns of proteolytic fragments are altered. Degradation
of protein-polymers containing the VPGIG elastin-like sequence was minimal
after 6 h exposure to 0.22 uM elastase (kat = 0.007 s?, Km = 504 uM), while
incorporation of lysine residues within this elastin-like domain increased the
degradation rate such that no intact protein was present after 6 h exposure (kcat =
0.033 s, Km = 2451 uM). These engineered proteins were crosslinked into
freestanding, implantable films with initial elastic moduli ranging from 0.12 -
0.65 MPa. Incorporation of lysine residues within the elastin-like domain
resulted in a two-to-sevenfold increase in the bulk material degradation rate
compared to the VPGIG elastin-like protein. These results demonstrate the
usefulness of protein engineering to create new cell-adhesive biomaterials with

tunable initial moduli and degradation properties.
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3.2 Introduction

The ability to tailor the degradation rate of implanted biomaterials is a
necessity when designing materials for specific medical uses. In traditional
synthetic biomaterials, a variety of strategies have been employed to control
degradation rates. These include optimization of polymer chemistry to alter the
concentration of hydrolysable bonds,'® blending of polymer crosslink units to
control network structure,* and inclusion of peptides into a synthetic polymer
network to promote sequence-specific degradation by matrix metalloprotein-
ases.’ In this work, we employ a genetic engineering approach to design protein-
based biomaterials with tailored proteolytic degradation rates.

Engineered proteins are an attractive class of biomedical materials due to
their templated biosynthesis, which allows precise control of molecular
architecture. This strategy has been utilized in the de novo design of artificial
proteins exhibiting a variety of novel structural and biomimetic properties.®!!
Artificial proteins containing elastin-like repeats are of particular interest due to
their high expression levels, ease of purification,'? biocompatibility,'> and tunable
mechanical properties.’*® By judicious placement of crosslinking sites, the
elastic modulus of the resulting bulk biomaterial can be controlled within the
range of 0.1-1.0 MPa.

To promote cell interactions with these biomaterials, various cell-binding
and cell-signaling domains have been interspersed with the elastin-like structural
units.'”2!  Incorporation of the CS5 domain into these elastin-like polymers

promotes sequence-specific spreading and adhesion of human umbilical vein
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endothelial cells (HUVEC).'%2  These materials exhibit many of the
characteristics desirable for use as small-diameter vascular grafts, including
elasticity similar to natural blood vessels and adhesion of endothelial cells.

Numerous enzymes with proteolytic capabilities exist in vivo; however,
native elastin is resistant to many of these proteases, with the notable exception
of elastase.”® Therefore, this study seeks to quantify the elastase degradation of
engineered elastin-like materials and develop strategies by which this
degradation rate can be altered. Two forms of elastase are commonly found in
humans, pancreatic elastase and leukocyte elastase (HLE, also known as
lysosomal elastase, granulocyte elastase, polymorphonuclear elastase, and
neutrophil elastase), which differ in substrate specificity and inhibitor sensitivity.
HLE preferentially cleaves the peptide bond directly following small,
hydrophobic amino acid side chains.?* FElastase activity is greatly affected by
enzyme-substrate contacts remote from the active site.?>?* This suggests that
appropriate genetic engineering of the elastin-like repeat within engineered
protein-polymers would allow tuning of HLE degradation rates. Indeed, a
comparison of HLE degradation of protein-polymers containing two distinct
elastin-like sequences (Figure 3.1) resulted in different patterns of proteolytic
fragments and a large difference in the rate of bulk material degradation. This
change in degradation was caused by insertion of lysine residues into the elastin-
like sequence while maintaining the authenticity of the CS5 cell-binding domain.
Therefore, a protein-design strategy has been validated as a novel method to

control degradation rates of protein-based, cell-adhesive biomaterials.
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Protein aE1l

M MASMTGGQQMG HHHHHHH DDDDK {LD GEEIQIGHIPREDVDYHLYP G [(VPGIG)2VPGKG(VPGIG)2]s }s LE
T7 tag His tag CS5 cell-binding domain elastin-like domain

Mol Wt. = 37.1 kDa; expected fragments = multiples of 1.3, 1.7, and 3.7 kDa

Protein aE2 .
M MASMTGGQQMG RKTMG {LD GEEIQIGHIPREDVDYHLYP G [VPGIG]zs VP}s LEKAAKLE
T7 tag CS5 cell-binding domain  elastin-like domain

Mol. Wt. = 43.0 kDa; expected fragments = 2.6, 13.4, 16.0, 26.9, 29.5, and 38.1 kDa

Protein aE3
M MASMTGGQQMG RKTMG {LD GEEIQIGHIPREDVDYHLYP G [VPGIG]zs VP}s LEKAAKLE
T7 tag CS5 cell-binding domain  elastin-like domain

Mol. Wt. = 16.1 kDa (fragmentation not analyzed — crosslinked films only)

Figure 3.1 Amino acid sequences of the engineered elastin-like proteins.
Protein aE1l has three repeats of the CS5 and lysine-containing elastin-like
domains. Protein aE2 has three repeats of the CS5 and elastin-like domains
with lysine residues at the C- and N-termini only. Protein aE3 is identical to
aE2 except it contains only one repeat, decreasing the molecular weight
between the lysine residues at the C- and N-termini. The preferred elastase
cleavage sites, based on N-terminal sequencing of proteolytic fragments
(Table 3.1), are identified by arrows. Cleavage at these sites would result in

the listed fragment mass sizes.
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3.3 Experimental

3.3.1 Protein expression and purification.

Plasmids encoding sequences aEl, aE2, and aE3 have been previously
described.®  Proteins were expressed in E. coli and purified as reported.'®
Purity was assessed by SDS-PAGE and Western blotting with anti-T7 tag-

horseradish peroxidase conjugate antibody (Novagen).

3.3.2  Analysis of elastase degradation fragments.

The degradation reaction was carried out at 37°C for 3 days in sodium
borate buffer, pH 8, with 0.22 uM human leukocyte elastase (HLE, Elastin
Products Company, Owensville, MO) and 100 uM protein aEl or aE2. Samples
were taken at 0, 1, 3, 6, 12, 24, 48, and 72 h and diluted with an equal amount of
2X SDS-sample buffer including B-mercaptoethanol and frozen at -20°C.
Samples were boiled for 5 min and run on a 12% Tris-tricine gel at 150 V for 1 h.
Gels were run in triplicate and either stained with Coomassie blue, transferred to
PVDF membrane for N-terminal sequencing of proteolysis fragments, or
transferred to nitrocellulose for Western blot analysis using an anti-T7 tag-
horseradish peroxidase conjugate antibody. Densitometry was performed on
Western blots using Image ] (NIH freeware image analysis program) to quantify
the amount of whole-length protein remaining at each time point, as compared
to known whole-length protein concentrations. N-terminal sequencing by

Edman degradation was performed on proteolysis fragments at the California
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Institute of Technology Protein/Peptide Micro Analytical Laboratory using a

protein micro-sequencer (Applied Biosystems, model 492).

3.3.3 Kinetics of elastase degradation.

The degradation reaction was carried out at 37°C for 6 h in sodium borate
buffer, pH 8, with 0.22 uM HLE and 5-108 uM protein under constant mixing.
The extent of reaction was characterized using 2,4,6-trinitrobenzene sulfonic acid
at 4°C to quantify the number of N-termini in solution at 0, 1, 2, 4, and 6 hours.

Six replicates of each substrate concentration were performed.

3.3.4 Crosslinking of protein films.

To crosslink proteins aE1 and aE2, 30 mg of protein was dissolved in 250
uL of water at 4°C, and tris-succinimidyl aminotriacetate (TSAT) was dissolved
in 50 pL of 25:75 dimethylformamide:dimethyl sulfoxide at 4°C. The two
solutions were rapidly mixed and pipetted into an open-faced mold. Films were
dried overnight at 55°C. To achieve similar elastic moduli between the two films,
a 0.35:1 ratio of succinimidyl ester functional groups to primary amines was used
to crosslink aE, while a 1:1 ratio was used for aE3.

Matching previous work, aE2 was crosslinked with hexamethylene
diisocyanate (HMDI) in dimethylsulfoxide,’® and aEl was crosslinked with
bis(sulfosuccinimidyl) suberate (BS3) in 4°C water.®® The crosslinker
concentrations were chosen such that each film had an initial elastic modulus of

~0.6 MPa, similar to that of native elastin.’ For aEl, the ratio of succinimidyl
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ester groups in BS3 to primary amines in the protein was 1:1; for aE2, a 5:1

stoichiometric ratio of isocyanates to primary amines was used.

3.3.5  Elastase degradation of crosslinked films.

Crosslinked films (~3 mg dry, approximate dimensions = 0.25 x 1.5 x 12
mm) were exposed to 0.5 mL of 0.22 uM elastase in PBS solution at 37°C. At
various time points, samples were removed, equilibrated for 15 min in PBS (pH
7.4, 37°C), and tensile tested with a modified Instron instrument (model 5542).
Samples were extended 20% at a rate of 10% gauge length/min; at this slow rate
and minimal extension, viscoelastic effects and hysteresis were observed to be
negligible. The elastic moduli were calculated over the initial portion (0-4%) of
the stress-strain curves. The samples did not noticeably swell or shrink during
the course of the experiment, so the initial cross-sectional area of each sample

was used to calculate stress at all time points.

3.3.6  Weight fraction protein.

Protein content of the films was determined from the mass difference
between wet and dry samples. Wet samples were prepared by equilibration in
PBS, pH 7.4, 37°C, followed by wicking away of excess buffer with filter paper.

Films were dried at 50°C for 12 hours in a vacuum oven.
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3.4 Results and Discussion

3.4.1 Protein expression and purification.

The purification takes advantage of the differential solubility of elastin-
like proteins above and below a lower critical solution temperature. Thermal
cycling and centrifugation was used to purify proteins aEl, aE2, and aE3 in
yields of 2.6, 6.6, and 2.1 g, respectively, from 10 L batch fermentations, which

correspond to expression yields of 10, 22, and 7 mg/g wet cell mass.

3.4.2  Elastase degradation of engineered proteins with altered elastin-like sequences.
The pattern of proteolytic fragments formed during HLE degradation was
analyzed by SDS-PAGE and is shown in Figure 3.2; the number of fragments
versus time is indicated in Figure 3.3. To simulate physiologically relevant
conditions, the degradation reaction was performed at 37°C, above the LCST for
both proteins. As expected, the variations in amino acid sequence within the
elastin-like domains altered HLE degradation of the two synthetic proteins. HLE
degradation of protein aEl resulted in many smaller bands of fragments after
only 1 h of elastase exposure and complete protein degradation at 12 h. In
contrast, degradation of protein aE2 resulted in six primary fragments,
approximately 3, 12, 15, 27, 30, and 38 kD in mass, and complete protein
degradation at 72 h. Therefore, both the time course of degradation and the
resulting molecular weights of proteolytic fragments can be altered by replacing
the lysine residues within the elastin-like domain of protein aE1 with isoleucine

residues in protein aE2.
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Figure 3.2 SDS-PAGE of elastase degradation fragments of proteins aE1 (A) and

aE2 (B). Protein aEl is degraded into several fragments that form a “ladder” of

molecular weights, denoted by the arrows to the right. Protein aE2 degrades into

six fragments with approximate molecular weights of 3, 12, 15, 27, 30, and 38 kD,

again denoted by the arrows. These fragment sizes correspond to the predicted

proteolytic fragment molecular weights in Figure 3.1.
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N-terminal sequencing of several degradation bands revealed that the
peptide bond after isoleucine was the favored cut-site of both proteins aE1 and
aE2 (Table 3.1). Although synthetic peptide studies have suggested that valine is
the optimum cut-site for HLE, other side chains including alanine, methionine,
leucine, isoleucine, and threonine have been reported, as have the artificial amino
acids norvaline and norleucine.?*??  Protein aEl appeared to cleave
preferentially at the isoleucines contained within the elastin-like sequences,
resulting in many degradation fragments varying in size by one elastin-unit
repeat. In contrast, protein aE2 was preferentially cleaved at the isoleucines
contained within the CS5 cell-binding domains. Based on the N-terminal
sequencing results, the cleavage sites and the molecular weight patterns of

proteolytic fragments for proteins aE1 and aE2 were predicted (Figure 3.1).

Table 3.1 N-terminal sequencing results of selected proteolytic fragments.

Protein region N-terminal cut

Fragment  Called of the called site of the called
Protein size (kD) sequence sequence sequence
akEl 28 GVPGIG Elastin-like Isoleucine
domain
28 MMASM N-terminus Not applicable
21 GVPGI Elastin-like Isoleucine
domain
17 GVPGIG Elastin-like Isoleucine
domain
17 MMASM N-terminus Not applicable
aE2 15 MMASM N-terminus Not applicable

12 GHIPRE CS5 domain Isoleucine
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Consistent with the hypothesis that protein aEl is cleaved at multiple sites
within the elastin-like domain, Figure 3.3A contains a “ladder” of proteolytic
fragment sizes. Similarly, the predicted fragment sizes of protein aE2 match well
with the bands in Figure 3.3B.

It has previously been found that, owing to the high content of
hydrophobic amino acids in the elastin-like domain, various protein fragments
stain with Coomassie blue very differently depending on the presence or absence
of the T7 tag (unpublished data). Therefore, Western analysis was used to
determine the amount of full-length, intact protein remaining after HLE
exposure for various times (Figure 3.4A). Densitometry was employed to
quantify the percent of full-length protein remaining at each time point (Figure
3.4B). At 6 h, 0% of protein aEl remained intact compared to over 90% of protein
aE2. The reaction velocity is constant for both reactions, although protein aE2
degrades over a much longer time scale than protein aE1. This suggests that the
protein concentration for each reaction is saturating, ie. the substrate
concentration is much higher than the Michaelis constant (Km), and the reaction
rates are at their maximum velocities. (This assumption is validated by more
rigorous kinetic testing below; see Figure 3.5.) Therefore, the approximate
degradation rate constant, ke, is 0.036 s for protein aE1 and 0.003 s for protein

aE2.
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Figure 3.4 (A) Western blot of full-length, intact proteins aEl and aE2

remaining after HLE exposure. (B) Full-length protein aEl and aE2

remaining after HLE exposure at various time points.

A more rigorous kinetic analysis was performed using 2,4,6-

trinitrobenzene sulfonic acid to determine the kinetic constants of the

degradation reaction (Figure 3.5). Similar to the results above, constant initial
reactions rates were found for both proteins aEl and aE2 at each substrate
concentration tested. The relationship between initial reaction rate and substrate
concentration for both proteins aF1 and aE2 fit the Michaelis-Menten enzyme
kinetic model, yielding coefficients of determination, i.e., R-values, of 0.95 and
0.77, respectively. Because of the slow degradation of protein aE2, the data had a

lower signal-to-noise ratio and thus more uncertainty was introduced into the
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parameter fitting. Nevertheless, the determined ket values of 0.033 s' and

0.007 s for proteins aEl and aE2, respectively, are in good agreement with the

degradation rate constants calculated using the densitometry method described

above.

Figure 3.5 Kinetic analysis of elastase degradation of proteins aE1l and aE2.

Error bars represent a 90% confidence interval. Dashed lines represent best
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fits of the observed data to the Michaelis-Menten model.

Because the molecular weight (aE1=37,100 Da, aE2=43,000 Da) and

isoleucine content (aE1=57 residues/chain, aE2=84 residues/chain) of each protein

are different, Michaelis constant (Km) values were determined both as a function

of total protein concentration (Kmpux), which is relevant for bulk material

degradation, and isoleucine concentration (Kmue), which is relevant for

comparison of reaction rates.

For protein aEl, Kmpux is 43 pM and Kmue is
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2.45 mM. For the slower degrading protein aE2, Kmpux is 6 pM and Kme is
0.50 mM.  Interestingly, kcat/Kmn, a measure of the enzyme's "kinetic
perfection," is similar for both reactions (aE1=13.5 s'M?, aE2=13.9 s'M?).
Therefore, at substrate concentrations much lower than Kmpui, the two proteins
will degrade at similar rates; however, at higher substrate concentrations, which
are required for freestanding, implantable films as described later (Figure 3.6),
the maximal degradation velocities of the two proteins are markedly different.
The time required for the reaction to occur was qualitatively similar to
those published in the literature for elastase degradation of elastin and much
longer than the times required for the synthetic peptide substrate reactions.?31-3
However, these reports did not analyze the kinetic constants of the degradation
of insoluble elastin. Kinetic constants for HLE degradation of plasmin have been
reported using an indirect competitive reaction method to measure Km and a
direct turbidimetric method to measure ket. These data report a Km value (0.442
uM) much lower than that of proteins aE1l and aE2 and a ket value (0.022 s)
similar to protein aE1.%* Meanwhile, the Km and ket values reported for HLE
degradation of soluble synthetic peptide substrates vary from 140-160,000 uM

and 0.01-37 s, respectively, depending on amino acid sequence.??



111-15

3.4.3 Elastase degradation of crosslinked protein films.

Next, freestanding films of the crosslinked proteins were exposed to HLE
to determine if the degradation rates of bulk protein-based biomaterials were
similarly altered by changes in the primary amino acid sequence. Use of the
trifunctional crosslinker molecule tris-succinimidyl aminotriacetate (TSAT)
allowed at different ratios for aE1 and aE3 allowed the initial elastic moduli (and
thus the molecular weight between crosslinks), water content, and dimensions of
the films being compared to be similar; physical properties of the films are listed
below in Table 3.2. By substituting the lower-molecular weight protein aE3 for
the architecturally identical protein aE2 in the films, a smaller molecular weight
between crosslinks (Mc), and thus a higher elastic modulus (E) similar to protein

aE1 could be achieved.
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Figure 3.6 (A) Decrease in elastic modulus after HLE exposure of protein
films aEl (triangles) and aE3 (squares) formed with TSAT crosslinking
chemistry. (B) Decrease in elastic modulus after HLE exposure of crosslinked
protein films aEl (triangles) and aE2 (circles) formed with differing

crosslinking chemistries to yield high initial moduli.
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Table 3.2 Properties and degradation rates of crosslinked elastin-like protein films.

protein - Crossinker/ Macton oo oEoy el rate constant
polymer  mass (mg) (s
aEl TSAT 0.35x 0.35 2.8 0.136 25.9 0.0058
aE3 TSAT 1.0x 0.37 2.6 0.120 31.0 0.0022
aEl BS3 1x 0.52 4.0 0.65 8.0 0.0110
aE2 HMDI 5x 0.73 2.6 0.56 13.1 0.0015

As expected, films of protein aE3 degraded significantly faster than did
tilms of protein aE1l (Figure 3.6A), reflecting the results for the soluble proteins.
If it is assumed that these films behave like ideal networks and that the substrate
concentration is saturating, an approximate first-order rate constant of
degradation can be determined. The substrate concentration for each film listed
in Table 3.2 is greater than 10 mM, which is about three orders of magnitude
larger than the Kmpux values determined from Figure 3.5. Similarly, the protein
concentration required for a variety of biomedical applications such as tissue
engineering scaffolds, drug-delivery vehicles, or implanted materials for tissue
reconstruction would presumably be much larger than Kmpukx. Therefore, the
degradation reaction will proceed at maximal velocity. HLE is assumed to
diffuse freely into the water-rich, highly mobile elastin-like networks; the
observed uniformity of degradation throughout the film cross-section, as
opposed to degradation only at the film surfaces, supports this assumption.
Prior work with these #1¢ and other elastin-like proteins® have shown that the

ideal network assumption is a reasonable one. For an ideal rubber network,
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E=3pRT/M., where E is the elastic modulus, p is the polymer density (taken to
be 1.3 g/ml3¢ multiplied by the appropriate volume fraction polymer from Table
3.2), T is the temperature, and M. is the molecular weight between effective
crosslinks.” ~ The molar concentration of effective crosslinks can then be
calculated from the total dry film mass divided by M.. As the film is degraded,
the concentration of effective crosslinks is reduced; therefore, the maximal
degradation velocity is defined as the loss in effective crosslinks over time. The
effective degradation rate constants are listed in Table 3.2 above. Because some
peptide cleavages will not result in loss of an effective crosslink, the degradation
rate constants calculated from this analysis are smaller than the ket values
determined above. Analogously to the degradation rates of uncrosslinked
proteins, the insertion of lysine residues into the elastin-like domains resulted in
quicker bulk film degradation.

The difference in degradation rates is also apparent when comparing films
of much higher initial elastic moduli (Figure 3.6B), although the comparison is
less straightforward because the crosslinker and water content are different.
Films of protein aEl and protein aE2, crosslinked with bis(sulfosuccinimidyl
suberate) (BS3) and hexamethylene diisocyanate (HMDI), respectively, were
previously characterized as having initial elastic moduli near 0.6 MPa, typical of
native elastin.!’>%?” Film aE1 displayed an effective degradation rate constant 7.3
times larger than film aE2 (Table 1). Taken together, these results demonstrate
that crosslinked films of elastin-like engineered proteins can be designed to have

a variety of initial moduli and HLE degradation rates.
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3.4.4 Elastase concentration considerations.

It is important to note that the HLE concentration used in these
experiments was chosen somewhat arbitrarily based on previous studies
analyzing degradation kinetics of synthetic substrates. The HLE level chosen, 6.3
pg/ml or 0.22 uM, resulted in degradation rates easily quantified over short time
scales, i.e,, hours and days. This allowed the facile comparison of elastase
degradation through design of the elastin-like sequence. Clinical studies cite
HLE levels of 53.3 + 9.3 ng/ml in human plasma.® Furthermore, HLE activity is
tightly regulated in vivo by natural inhibitors; therefore, the same concentration
of purified HLE will display much higher activity in vitro.¥ Further complicating
this matter, serum levels of HLE are thought to increase in response to sepsis and
procedures requiring cardiopulmonary bypass.?*#! For these reasons, future
analyses of degradation rates of engineered proteins for specific medical
applications will be most instructive if evaluated in vivo. This work represents a
tirst step in establishing the kinetics and time-scales of elastase degradation and
validates the genetic engineering approach as a novel method to tailor substrate

degradability.
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3.5 Conclusions

This study demonstrates the usefulness of a novel genetic engineering
method to synthesize biomaterials with controlled degradation rates for potential
medical applications. Two synthetic proteins containing identical cell-binding
domains were shown to exhibit altered patterns of HLE degradation based on
the amino acid sequence engineered within the elastin-like domain. Insertion of
lysine residues into the elastin-like domain resulted in a bulk, crosslinked film
with an effective degradation rate constant 2.6 to 7.3 times larger than films
without lysines in the elastin-like domains. Through variation in the conditions
of crosslinking and genetic engineering of the molecular weight between
crosslinks, the moduli of elastin-like synthetic protein films can also be tailored.
Control over the initial modulus and degradation rate along with the ability to
include cell-recognition domains within the synthetic proteins suggest these
materials may be useful in designing tissue engineering scaffolds, drug-delivery

vehicles, or implanted materials for tissue reconstruction.
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