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Abstract: Antibacterial lysins are promising proteins that are active against both antibiotic-susceptible
and antibiotic-resistant bacterial strains. However, a major limitation of antibacterial lysins is their
fast elimination from systemic circulation. PEGylation increases the plasma half-life of lysins but
renders them inactive. Here we report the construction of a fusion protein of lysostaphin, a potent
anti-staphylococcal lysin, and an albumin-binding domain from streptococcal protein G. The resulting
fusion protein was less active than the parent enzyme lysostaphin, but it still retained significant
antibacterial activity even when bound to serum albumin. The terminal half-life of the fusion
protein in rats was five-fold greater than that of lysostaphin (7.4 vs. 1.5 h), and the area under the
curve increased more than 115 times. Most importantly, this increase in systemic circulation time
compensated for the decrease in activity. The plasma from rats that received an injection of the
fusion protein retained bactericidal activity for up to 7 h, while plasma from rats that received plain
lysostaphin lacked any detectable activity after 4 h. To the best of our knowledge, this is the first
report of an antibacterial lysin with both improved pharmacokinetic parameters and prolonged
bactericidal activity in the systemic circulation.

Keywords: antibiotic resistance; endolysin; lysin; lysostaphin; albumin-binding domain;
pharmacokinetics; pharmacodynamics

1. Introduction

Pharmaceutical companies cannot keep up with the continuous emergence and spread of resistant
bacterial strains and provide novel antibiotics to the market, and alternative therapeutic strategies
need to be explored [1]. Antibacterial lysins are considered a prospective class of compounds that
are active against both antibiotic-resistant and antibiotic-susceptible strains of bacterial pathogens,
and many natural and engineered lysins with different specificities have been described [2–4]. These
enzymes degrade the peptidoglycan of the bacterial cell wall, which leads to bacterial lysis and death.
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The efficacy of both native and engineered lysins was demonstrated in numerous studies in experimental
animal models of infections, including staphylococcal and streptococcal bacteremia, endocarditis and
pneumonia, staphylococcal osteomyelitis, mastitis, burn wounds infections, and several others [4,5].
Two anti-staphylococcal lysins, CF-301 and SAL-1, have been tested in clinical trials with doses up
to 0.4 and 10 mg/kg, respectively, administered by intravenous infusion and were found to be well
tolerated [6,7]. The antibacterial lysins typically demonstrate rapid bactericidal activity, high specificity,
harmlessness towards commensal flora, and synergy with antibiotics and antimicrobial peptides [2,8,9].
Unlike small molecule antibiotics, lysins can eradicate bacterial biofilms [10]. Moreover, lysins typically
demonstrate a low probability of resistance development in vitro, and it is generally thought that
resistant strains will rarely emerge in vivo as well [3,11].

Lysostaphin is a glycyl-glycine endopeptidase that cleaves the pentaglycine cross-bridges in
staphylococcal peptidoglycan [12] and is one of the most potent antibacterial lysins described to
date. Lysostaphin is a two-domain protein with an N-terminal catalytic domain that hydrolyzes the
peptidoglycan and C-terminal peptidoglycan-binding domain that targets the enzyme to the cell wall.
A minimum inhibitory concentration (MIC) of lysostaphin as low as 0.002 µg/mL was reported for
several Staphylococcus aureus strains, with MIC90 of 0.031 µg/mL [13]. The relevance of S. aureus as
a pathogen is largely defined by the existence of methicillin-resistant (MRSA) strains [14]. Importantly,
lysostaphin kills both methicillin-sensitive and methicillin-resistant strains alike. Lysostaphin was
shown to be effective in treating systemic staphylococcal infections in adult and neonatal mice and
rats [15–17], eradicating bacterial biofilms from catheters [18] and preventing catheter colonization [19],
reducing the mortality in mice with MRSA pneumonia [20], curing MRSA keratitis and decreasing
bacterial counts in experimental endophthalmitis model in rabbits [21,22], and clearing colonizing
S. aureus from the cotton rat nares [23]. Altogether, this makes lysostaphin a highly promising
anti-staphylococcal molecule. However, after intravenous injection, lysostaphin is quickly eliminated
from systemic circulation. The serum half-life of lysostaphin was estimated to be less than one hour in
mice [24], and the terminal half-life of lysostaphin in rats was 1.5 h [25]. This necessitates administration
of high doses and limits its systemic application.

Currently, there are several widely used approaches to increase the serum half-life of therapeutic
proteins. The most frequently used methodology is the covalent conjugation of one or more
polyethylene glycol chains (PEGylation). PEGylation protects the protein from proteolysis, reduces its
immunogenicity, and increases its hydrodynamic radius. The latter leads to a less efficient glomerular
filtration and longer residence time in the systemic circulation [26]. Unfortunately, PEGylation often
negatively affects the activity of the modified protein. This effect was demonstrated for lysostaphin [24].
Conjugation of two or more 40 kDa PEG chains led to a dramatic decrease in lysostaphin staphylolytic
activity. A similar effect was shown for another antibacterial lysin Cpl-1 [27].

Another increasingly used approach in extending the plasma half-life is the genetic fusion
of a protein to the serum albumin [28]. Albumin is a large protein with a long in vivo half-life,
and conjugation to albumin increases the effective hydrodynamic radius of a protein similarly to
PEGylation. Moreover, when albumin is engulfed in lysosomes, it is recycled due to the interaction
with FcRn receptors, and albumin-bound proteins can be recycled as well [29]. An albumin-fusion
variant of glucagon-like peptide 1 has been approved for clinical use, and several other albumin-fusion
therapeutic proteins are in development [28]. Genetic fusion to a small albumin-binding peptide or
domain is an alternative to genetic fusion to albumin [29]. Several albumin-binding peptides and
domains have been described, such as the albumin-binding domain from streptococcal protein G [29],
engineered ankyrin repeat protein [30], short peptides [31,32], and single-domain antibodies [33–35].
Unlike PEGylation, which requires specific conditions to control the placement of the PEG conjugation
and the amount of attached PEG chains, albumin binding allows easy control of both parameters by
placing the albumin-binding domain at the desired position within the protein sequence. Interestingly,
it was reported that binding to albumin decreases protein immunogenicity [36].



Molecules 2019, 24, 2892 3 of 14

In this work, we attempted to extend the serum half-life of lysostaphin by fusing it to
an albumin-binding domain of streptococcal protein G [37]. In the absence of albumin, the resulting
modified lysostaphin was only 1.5 times less active than the parent enzyme, and it still retained 25% of
the activity when bound to serum albumin. The residence time in the systemic circulation of this protein
was dramatically increased compared to lysostaphin. Importantly, the improved pharmacokinetics
resulted in improved ex vivo pharmacodynamics and prolonged bactericidal activity of the plasma
samples, despite the decreased staphylolytic activity of the fusion protein. To the best of our knowledge,
this is the first report of a modified antibacterial lysin with prolonged bactericidal activity in the
systemic circulation.

2. Results

2.1. Lst-ABD Construction and Purification

We constructed a recombinant fusion protein with lysostaphin at the N-terminus and the
albumin-binding domain at the C-terminus [37]. This protein is further referred to as Lst-ABD.
The albumin-binding domain from Streptococcus sp. protein G is 46 amino acids long three-helix bundle
domain that binds to rat, human, and murine albumins with high affinity, and it shows weak or no
interaction with bovine albumin [38,39]. The recombinant protein was produced in Escherichia coli
and purified by cation-exchange chromatography. The Lst-ABD protein was of >95% purity with
minute amounts of unmodified lysostaphin, probably resulting from degradation of the protein during
synthesis or purification (Figure 1A). The correspondence of the purified protein to the theoretical
sequence of Lst-ABD was confirmed by mass spectrometry analysis.Molecules 2019, 24, x FOR PEER REVIEW 4 of 15 
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sensitive and 5 methicillin-resistant S. aureus strains. The minimum inhibitory concentrations (MICs) 
of Lst-ABD, which is the minimum concentration of an antibiotic that suppresses bacterial growth in 
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addition of 50 µg/mL RSA increased the MICs of Lst-ABD by no more than one two-fold dilution. 
Minimal bactericidal concentrations (MBCs) of lysostaphin and Lst-ABD were equal to the 
corresponding MICs in most cases. Both MSSA and MRSA strains were killed by Lst-ABD with 
similar efficacy. One MSSA strain (Z 715-18) had an Lst-ABD MIC greater than the maximal tested 
concentration, and one MRSA strain (247G) had a high MIC of 12.8 µg/mL. Both strains were also 
less susceptible to lysostaphin. 

Table 2. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) 
values of lysostaphin, Lst-ABD, and Lst-ABD in the presence of RSA against different Staphylococcus 
aureus isolates. 

Strain 
MSSA/MRSA MIC, µg/mL MBC, µg/mL 

Lysostaphin Lst-ABD Lst-ABD + RSA Lysostaphin Lst-ABD Lst-ABD + RSA 
ATCC 29213 MSSA 0.11 0.8 1.6 0.11 0.8 1.6 

Z 715-18 MSSA 0.4 >12.8 >12.8 0.4 >12.8 >12.8 
Z 76-19 MSSA 0.05 3.2 3.2 0.05 3.2 3.2 

Figure 1. SDS-PAGE of purified Lst-ABD and kinetics of rat serum albumin (RSA) interactions with
the immobilized Lst-ABD. (A) SDS-PAGE of purified Lst-ABD (lane 1) and lysostaphin (lane 2); lane M
contains molecular mass standards with their molecular masses indicated on the left. (B) Kinetics of rat
serum albumin (RSA) interactions with the immobilized Lst-ABD. Experimental curves corresponding
to different concentrations of RSA in the solution are shown in black, fitted theoretical curves are
shown in red; concentrations of RSA are (top to bottom) 250, 42, 7, and 1.2 µg/mL. The dashed vertical
line marks the end of the association phase and the start of the dissociation phase. The binding and
dissociation of 1 mg/mL bovine serum albumin (BSA) are shown in blue.

2.2. Lst-ABD Binds Rat Serum Albumin with Nanomolar Affinity

Next, we tested the ability of Lst-ABD to bind albumin. Kinetics of association and dissociation of
rat serum albumin (RSA) and immobilized Lst-ABD were recorded using a photonic crystal-based
biosensor [40] (Figure 1B). The obtained kinetic curves were well described by a two-site heterogenous
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binding model with identical koff values for both sites and 10-fold different kon values (Table 1).
The high-affinity site had a KD of 2.3 ± 0.95 nM, indicating strong binding of Lst-ABD to RSA.
Bovine serum albumin demonstrated very weak binding and quick dissociation even at a very high
concentration of 1 mg/mL (Figure 1B). The inverted orientation with immobilized RSA was not possible
since both lysostaphin and Lst-ABD interacted nonspecifically with the carboxylate-derivatized chip
surface due to their high positive charges.

Table 1. Parameters of RSA interaction with immobilized Lst-ABD

Parameter Mean ± Stdev

koff 5.9 × 10−5
± 2.0 × 10−5 s−1

kon1 2.6 × 104
± 8.4 × 102 M−1 s−1

kon2 3.0 × 103
± 4.3 × 101 M−1 s−1

KD1 2.3 ± 0.8 nM
KD2 20.0 ± 6.6 nM

2.3. Lst-ABD Kills Staphylococci Both in the Absence and in the Presence of Albumin

We further measured the antibacterial activity of Lst-ABD and lysostaphin on 7 methicillin-sensitive
and 5 methicillin-resistant S. aureus strains. The minimum inhibitory concentrations (MICs) of Lst-ABD,
which is the minimum concentration of an antibiotic that suppresses bacterial growth in a rich medium,
were 8–64 times higher than the MICs of lysostaphin (Table 2). Interestingly, the addition of 50 µg/mL
RSA increased the MICs of Lst-ABD by no more than one two-fold dilution. Minimal bactericidal
concentrations (MBCs) of lysostaphin and Lst-ABD were equal to the corresponding MICs in most
cases. Both MSSA and MRSA strains were killed by Lst-ABD with similar efficacy. One MSSA strain
(Z 715-18) had an Lst-ABD MIC greater than the maximal tested concentration, and one MRSA strain
(247G) had a high MIC of 12.8 µg/mL. Both strains were also less susceptible to lysostaphin.

Table 2. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC)
values of lysostaphin, Lst-ABD, and Lst-ABD in the presence of RSA against different Staphylococcus
aureus isolates.

Strain MSSA/MRSA
MIC, µg/mL MBC, µg/mL

Lysostaphin Lst-ABD Lst-ABD + RSA Lysostaphin Lst-ABD Lst-ABD + RSA

ATCC 29213 MSSA 0.11 0.8 1.6 0.11 0.8 1.6
Z 715-18 MSSA 0.4 >12.8 >12.8 0.4 >12.8 >12.8
Z 76-19 MSSA 0.05 3.2 3.2 0.05 3.2 3.2
Z 88-19 MSSA 0.05 0.8 1.6 0.05 0.8 1.6
F 832-14 MRSA 0.1 3.2 3.2 0.1 3.2 3.2
R 81-19 MSSA 0.05 3.2 3.2 0.05 3.2 3.2

In 0102-19 MSSA 0.025 1.6 1.6 0.05 1.6 3.2
R 116-14 MRSA 0.05 1.6 3.2 0.05 3.2 3.2
Z 73-14 MSSA 0.05 3.2 6.4 0.1 3.2 6.4

301 MRSA 0.05 1.6 1.6 0.05 1.6 1.6
629 MRSA 0.05 1.6 3.2 0.05 1.6 3.2

247G MRSA 0.4 12.8 12.8 0.4 12.8 12.8
1 from [23].

The kinetics of S. aureus cell lysis by Lst-ABD was followed in a turbidimetry assay using
S. aureus strain ATCC 29213. In this assay, clearing of the bacterial cell suspension due to cell lysis by
an antibacterial lysin is followed over time by monitoring the optical density at 550 nm (Figure 2A–C).
In the absence of rat serum albumin, Lst-ABD cleared the cell suspension 1.5 times slower than
lysostaphin. When bound to albumin, the activity of Lst-ABD was further decreased to about 25% of
the lysostaphin activity (Figure 2D).
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Figure 2. Time-dependent clearing of S. aureus ATCC 29,213 cell suspension by lysostaphin and
Lst-ABD. (A) Lysostaphin: 2 µg/mL (squares), 1 µg/mL (diamonds), 0.5 µg/mL (triangles), 0.25 µg/mL
(circles), or control (no protein, open circles). (B) Lst-ABD: 4 µg/mL (squares), 2 µg/mL (diamonds),
1 µg/mL (triangles), 0.5 µg/mL (circles), or control (no protein, open circles). (C) Lst-ABD in the
presence of RSA: 10 µg/mL (squares), 5 µg/mL (diamonds), 2.5 µg/mL (triangles), 1.25 µg/mL (circles),
or control (no protein, open circles). The protein concentrations are also indicated in the figure above the
corresponding curves (D) The rate of cell suspension clearing adjusted to 1 µM of protein. Mean values
from three independent experiments are shown, error bars represent standard deviation. Statistical
significance was assessed by one-way ANOVA with Tukey’s Honest Significant Difference post-hoc
analysis. All differences between the means were significant with p < 0.01. Lysostaphin data are
reproduced from [25].

2.4. Lst-ABD Has an Improved Pharmacokinetic Profile

Since Lst-ABD protein retained a significant portion of the staphylolytic activity, we tested
the influence of the albumin-binding domain on the rate of elimination of Lst-ABD from systemic
circulation. Rats received a single intravenous injection of Lst-ABD, and the residual concentration of
the protein in rat plasma was followed up to 48 h post injection (Figure 3A). Lst-ABD was cleared from
rat blood significantly slower than lysostaphin, with a terminal half-life of 7.4 ± 0.5 h and the area
under the curve (AUC) of 405 ± 59 mg h/L, compared to 1.5 ± 0.7 h (p = 4 × 10−5) and 3.5 ± 2.4 mg h/L
(p = 0.007) of lysostaphin under the same conditions [25]. The maximal plasma concentrations Cmax

of both proteins were observed at the first sampling timepoint and constituted 38.7 ± 10.4 µg/mL for
Lst-ABD and 2.8 ± 0.2 µg/mL for lysostaphin.
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Figure 3. Pharmacokinetics and ex vivo pharmacodynamics of Lst-ABD in comparison to lysostaphin.
(A) Residual concentrations of Lst-ABD (circles) and lysostaphin (diamonds) in rat plasma. Mean
values from n = 3 (Lst-ABD) and n = 4 (lysostaphin) animals are shown, the error bars represent
standard deviation. (B) Residual bactericidal activity of rat plasma towards S. aureus ATCC 29,213 at
different timepoints after injection. Lysostaphin pharmacokinetics data in (A) are reproduced from [25],
ex vivo pharmacodynamics data for both proteins in (B) were obtained in this work.

2.5. Lst-ABD Has Improved Pharmacodynamics Ex Vivo

The pharmacodynamics of lysostaphin and Lst-ABD were estimated ex vivo by testing the
bactericidal activity of plasma samples obtained in the pharmacokinetics experiment. To that end,
pooled plasma samples were applied onto the agar plates inoculated with S. aureus, and the presence of
the lysis zones was documented. Plasma from the rats that received lysostaphin injection demonstrated
bactericidal activity up to 2 h post injection, and no activity could be detected 4 h post injection
(Figure 3B). On the contrary, plasma from the rats receiving Lst-ABD was clearly bactericidal 4 h
post-injection, and some level of bactericidal activity could be observed 7 h post injection. No lysis
zones were observed 24 h post injection or later (Figure 3B). Interestingly, denser bacterial growth was
seen on the agar plates where the plasma samples were applied, indicating the stimulatory effect of
plasma on S. aureus proliferation on brain heart infusion (BHI) agar (Figure 3B).
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3. Discussion

In this work, we constructed a fusion protein consisting of an antibacterial enzyme lysostaphin
and an albumin-binding domain. Although the resulting Lst-ABD protein had decreased bactericidal
activity, this decrease in activity was compensated by a dramatically increased terminal half-life and
AUC upon intravenous injection, as Lst-ABD demonstrated superior ex vivo pharmacodynamics.

The ability of Lst-ABD to interact with the RSA was confirmed using a photonic crystal-based
biosensor. The curves of the RSA binding to and dissociation from the immobilized Lst-ABD were
adequately described by a heterogeneous binding model with two independent binding sites with
identical (or very similar) koff rates of 5.9 × 10−5 s−1 and ten-fold different kon rates of 2.6 × 104 and
3.0 × 103 M−1 s−1. Presumably, this heterogeneity stems from heterogenous immobilization of Lst-ABD
on the photonic crystal chip surface. Lst-ABD was covalently immobilized by amine coupling. Since
this protein possesses more than 20 lysin residues, as well as an N-terminal amine, it could be
immobilized in many different orientations and conformations. Some of these orientations might be
less favorable for albumin binding than the others. Alternatively, some of the molecules might be
immobilized in such an orientation that requires a conformational rearrangement before binding to
albumin, which would result in the decrease in kon value but would not affect koff. Regardless, the KD

of the high-affinity site was measured to be 2.3 nM and is likely to be close to the true KD in solution.
This KD value was similar to the reported KD of the same domain in complex with human serum
albumin (1.2 nM) [39]. Thus, the ability of the albumin-binding domain to interact with the rat serum
albumin was largely unaffected in the Lst-ABD fusion protein.

The bacteriolytic activity of Lst-ABD was decreased compared to lysostaphin. The turbidimetric
assay demonstrated a four-fold decrease in the specific activity of albumin-bound Lst-ABD compared to
lysostaphin. However, Lst-ABD was still bactericidal and could eradicate most tested S. aureus strains in
the MIC assay. This is in contrast to the PEGylated variants of lysostaphin [24] and Cpl-1 [27] that were
virtually inactive. The only exception was mono-PEGylated lysostaphin, which retained a considerable
portion of the bactericidal activity. However, production of the latter variant required additional
purification steps, and the pharmacokinetics of mono-PEGylated lysostaphin was not reported. Very
recently, several variants of an anti-staphylococcal lysin LysK fused with an albumin-binding domain
were described [41]. In the presence of human serum albumin, the most potent variant was about
six times less active than the parent lysin, similar to our results. Thus, fusion to an albumin-binding
domain might be a generally applicable approach to the improvement of the pharmacokinetics of
antibacterial lysins, since it does not result in their complete inactivation.

The pharmacokinetic parameters of Lst-ABD were dramatically improved compared to lysostaphin.
The terminal half-life in rats increased almost five-fold and was 7.4 ± 0.5 h, while the AUC, which
reflects the cumulative exposure of the organism to the drug, increased more than 115 times. Most
of the administered lysostaphin was eliminated during the first 25 min post injection, with a slower
decrease in the protein concentration during the terminal elimination phase [25]. On the contrary,
the Lst-ABD clearance rate appeared to be the same over the course of the experiment. Thus, although
the terminal half-life of lysostaphin is five times shorter than that of Lst-ABD, the initial fast elimination
of lysostaphin is responsible for the more dramatic differences in the AUCs and Cmax of the studied
proteins. Interestingly, improvement in the pharmacokinetic parameters of lysostaphin due to the
binding to albumin was much better than for the recently reported LysK–albumin-binding domain
fusion C[ABD]SL [41]. The serum circulation half-life of the parent LysK variant CSL in mice was
23 h, while the same parameter for C[ABD]SL was 34 h, only 1.5 times greater. This discrepancy
could probably be attributed to the unusually high serum half-life of CSL, well above that of any lysin
reported so far.

Most importantly, Lst-ABD demonstrated superior ex vivo pharmacodynamics compared to
lysostaphin. The plasma samples from the rats that received lysostaphin demonstrated bactericidal
activity 2 h post injection but had no effect 4 h post injection. In contrast, plasma samples from the rats
that received Lst-ABD were clearly bactericidal 4 h post injection, and certain bactericidal activity was
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present even 7 h post injection, which was 3.5 times longer compared to lysostaphin. Thus, the decrease
in the staphylolytic activity of Lst-ABD is compensated by the improved pharmacokinetics, allowing
it to maintain bactericidal properties in plasma for a longer time. It should be noted that the
prolonged bactericidal activity of Lst-ABD in plasma might not translate to the superior in vivo
pharmacodynamics. Due to its higher activity, the cumulative bacterial killing by lysostaphin might
still be greater than Lst-ABD if the majority of the bacteria are killed in the first minutes after the
injection of the drug. A separate experiment on an animal model of systemic staphylococcal infection
is required to investigate this. On the other hand, it could be possible to improve the bacteriolytic
activity of Lst-ABD by selecting the optimal linker between lysostaphin and the albumin-binding
domain or choosing a different albumin-binding module. We think that optimizing the in vitro activity
of a protein before extensive in vivo testing on infection models is a good practice for ethical reasons.
Nonetheless, to the best of our knowledge, Lst-ABD is the first example of an antibacterial lysin with
significantly prolonged bactericidal activity in the systemic circulation.

4. Materials and Methods

4.1. Cloning, Expression, and Purification

The gene coding for the Lst-ABD protein flanked by NcoI and Kpn2I restriction sites was
synthesized by Evrogen (Evrogen JSC, Moscow, Russia) and cloned into pQE6 plasmid, resulting in
plasmid pL475. The plasmid was transformed into Escherichia coli strain M15 for protein production.
The nucleotide and amino acid sequences of Lst-ABD are available in the Supplementary Materials.
The construction of pQE6-based plasmid pL330 coding for recombinant lysostaphin was described
previously [42].

The recombinant lysostaphin was produced and purified as described before [25,42]; the same
protocol was used for the production and purification of Lst-ABD. Briefly, an E. coli strain harboring
pL475 plasmid was cultivated in LB medium in 500 mL flasks at 37 ◦C in the presence of antibiotics
until the optical density reached 1.0. Synthesis of the recombinant protein was induced by the addition
of isopropyl-β-thiogalactoside, and the culture was further incubated for 3 h at 37 ◦C. The cells
were harvested by centrifugation and lysed with lysozyme and sonication. The obtained cell lysate
was centrifuged, and the supernatant was loaded onto a WorkBeads 40S (Bio-Works technologies,
Uppsala, Sweden) cation-exchange column, washed, and Lst-ABD protein was eluted with 50 mM
to 500 mM NaCl gradient. The eluted protein was precipitated with 50% saturated ammonium
sulfate. The precipitated pellet was dissolved in distilled water, dialyzed against distilled water,
and cleared by centrifugation to remove undissolved aggregates. The obtained protein solutions were
aliquoted and stored at −70 ◦C. The Lst-ABD yield was 16 mg per g of wet cell biomass, similar to
the yield of recombinant lysostaphin [42]. The albumin-binding domain of purified Lst-ABD was
found to degrade upon prolonged (more than a week) storage at +4 ◦C, resulting in the release of the
unmodified lysostaphin. Thus, for every experiment, an aliquot was thawed and discarded after the
experiment. Concentrations of the proteins were measured by a bicinchoninic acid (BCA) microplate
assay (Applichem Panreac, Darmstadt/Barcelona, Germany/Spain) with BSA (Sigma-Aldrich, St. Louis,
MO, USA) as standard.

The purities of the Lst-ABD and lysostaphin were assessed by SDS-PAGE. The purified Lst-ABD
and lysostaphin were mixed with reducing Laemmli sample buffer for electrophoresis, heated at 95 ◦C
for 5 min, and subjected to SDS-PAGE in 15% polyacrylamide gel. The Precision Plus ProteinTM

Dual Color Standards (Bio-Rad Laboratories Inc, Hercules, CA, USA) were used as molecular mass
markers. The gel was stained with Coomassie Brilliant Blue and documented using the GelDoc XR+

system (Bio-Rad Laboratories Inc, Hercules, CA, USA). The protein bands were quantified using Fiji
software [43].

The correspondence of the purified Lst-ABD to the theoretical sequence was assessed by mass
spectrometry analysis as described in [25]. Briefly, the protein band was excised from the gel, reduced
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with dithiothreitol, alkylated by iodoacetamide, and digested by trypsin. The resulting peptides
were extracted by sonication in acetonitrile/formic acid/water mixtures and dried under vacuum.
The peptides were reconstituted in 0.1% formic acid and analyzed using a MALDI-TOF UltrafleXtreme
mass spectrometer (Bruker Daltonics, Bremen, Germany). The peaks corresponding to autolytic
fragments of trypsin and keratin were used as internal standards.

4.2. Binding to Albumin

Interaction of Lst-ABD with rat serum albumin (RSA) was analyzed using an EVA 2.0 photonic
crystal-based biosensor (www.pcbiosensors.com). The principle of this method is conceptually similar
to the surface plasmon resonance (SPR)-based approach. Briefly, the polarized laser beam is directed
through an optical system onto the one-dimensional photonic crystal (1D PC) consisting of several
alternating layers of SiO2 and Ta2O5, and the reflected light is detected by a CMOS chip. The opposite
side of the PC faces the flow cell and is functionalized with the ligand that interacts with the analyte
pumped through the flow cell. The use of the photonic crystal allows to simultaneously monitor
both the change in the adsorbed layer thickness and the refractive index of the medium in the flow
cell due to the existence of s-polarized and p-polarized surface waves. Thus, the sensogram can be
automatically corrected for the change in the medium refractive index [40].

To clean the PC chip surface, the chips were sonicated for 5 min in acetone and for 5 min in ethanol
(S-15 Elmasonic ultrasonic cleaning unit, Elma Schmidbauer, Singen, Germany), air-dried, treated
with UV for 10 min twice with 5 min sonication in ethanol between UV treatments, again sonicated
in acetone and ethanol for 5 min each, and dried at 55 ◦C for 20 min. To derivatize the chip surface
with carboxylate groups, the chips were treated for 3–4 h with 1% (3-triethoxysilyl)propylsuccinic
anhydride (TESPSA) (Gelest, Morrisville, PA, USA) and 0.5% N,N-diisopropylethylamine (DIPEA,
Sigma-Aldrich, St. Louis, MO, USA) in anhydrous toluene. After that, the chips were washed twice
with acetone, ethanol, and distilled water and dried at 100–110 ◦C for 30 min.

Carboxylate-derivatized chips were assembled with the single-channel flow cell (cell volume
5–7 µL) and mounted on the EVA 2.0 instrument according to manufacturer’s instructions.
The chip surface was rinsed with sodium phosphate buffer (0.1 M Na2HPO4, pH 6.2) for 5 min,
and Lst-ABD was covalently immobilized on the chip surface in situ by standard amine coupling
using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide/N-hydroxysuccinimide (EDC/NHS) chemistry.
To that end, the chip surface was activated by running EDC/NHS (50 mg/mL each) water solution
through the flow cell for ~20 min at 0.07 mL/min flow rate, washing the unreacted EDC/NHS with MES
buffer (50 mM, pH 5.0) for 3 min, and running 40 µg/mL Lst-ABD in MES buffer until the sensogram
reached the plateau (~10 min). The surface was deactivated with 1 M ethanolamine (~5 min), flushed
with 0.05M HCl/10 mM glycine solution for 5 min, and washed with PBST buffer (PBS + 0.02%
Tween-20, pH 7.4) until stabilization of the baseline. Different concentrations of RSA in PBST were then
pumped through the flow cell to analyze association and dissociation kinetics of the Lst-ABD/RSA
complex in the following cycle: ~5 min association phase with RSA in PBST, ~5 min dissociation phase
with PBST without RSA, regeneration of the surface by glycine/HCl solution for 30 s, and baseline
stabilization with PBST.

The results were analyzed using a simple kinetic model for heterogeneous binding with two
independent binding sites. First, single koff was determined by fitting into the dissociation phase of
the kinetic curves (Equation (1)). Then, koff1 = koff2 = koff were fixed, and kon1, kon2, Rmax1, and Rmax2

were determined by fitting into the association phase of the kinetic curves (Equation (2)). Attempts to
fit all the parameters simultaneously using both association and dissociation phases resulted in very
similar koff1 and koff2 values that, however, differed significantly between the experiment replications.
Thus, we had to use the stepwise fitting procedure and set koff1 = koff2.

dRt

dt
= −ko f f ·Rt (1)

www.pcbiosensors.com
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dRt

dt
= kon1·C·(Rmax1 −Rt1) − ko f f ·Rt1 + kon2·C·(Rmax2 −Rt2) − ko f f ·Rt2 (2)

The code used for data analysis is available as a Jupyter notebook in the Supplementary Materials,
along with the raw data from the EVA 2.0 device.

4.3. Antibacterial Activity

Antibacterial activity of Lst-ABD was assessed as previously described [25], with minor
modifications to include RSA in certain experimental variants.

The minimum inhibitory (MIC) and minimum bactericidal (MBC) concentrations of Lst-ABD and
lysostaphin were measured by a microplate dilution assay in Mueller–Hinton broth (Sifin Diagnostics,
Berlin, Germany) with 2% NaCl and 0.1% BSA. S. aureus strain ATCC 29,213 and 11 S. aureus clinical
isolates from the local collections of N.F. Gamaleya Research Center (Moscow, Russia) were used in
this work. S. aureus strains were cultivated overnight on BHI agar (Sifin Diagnostics, Berlin, Germany)
plates and suspended in saline to an optical density of 0.5 McFarland. The suspensions were diluted
300 times in assay medium to an approximate bacterial concentration of 5 × 105 CFU/mL, and the
resulting suspensions were pipetted into 96-well plates (90 µL per well) (Costar 3599, Corning, Corning,
NY, USA). Then, 10 µL of two-fold serial dilutions of Lst-ABD or lysostaphin in the same medium
were added. The plates were incubated in a plate shaker (PST-60 HL plus, Biosan, Riga, Latvia) at
37 ◦C and 400 rpm for ~20 h. The MIC was determined as the lowest concentration of the protein that
prevented visible bacterial growth. After determination of the MIC, 3 µL of the well contents were
transferred to a BHI agar plate and incubated overnight at 37 ◦C. The minimum concentration of the
protein that prevented bacterial growth on the agar plate was assumed to be the minimum bactericidal
concentration (MBC). To test the influence of albumin on the Lst-ABD MIC and MBC, serial dilutions
of Lst-ABD were prepared in the presence of 0.5 mg/mL RSA so that the final concentration of RSA
in the assay mixture was 50 µg/mL. The sensitivity of the tested S. aureus strains to methicillin was
checked by disk diffusion assay on Mueller–Hinton agar (Sifin Diagnostics, Berlin, Germany) using
30 µg cefoxitin disks (HiMedia Laboratories Pvt. Limited, Mumbai, India).

The kinetics of staphylococcal cell lysis by Lst-ABD was assessed by following the reduction in
the turbidity of bacterial cell suspension in the presence of Lst-ABD as described [25]. Briefly, S. aureus
ATCC 29,213 was cultivated on a BHI agar plate, inoculated in Mueller–Hinton broth with 2% NaCl,
and incubated overnight at 37 ◦C and 100 rpm. Bacterial cells were harvested by centrifugation, washed
with Tris buffered saline (TBS, 50 mM Tris, 150 mM NaCl, pH 7.5), and resuspended in TBS with 0.1%
BSA at the optical density of 4.0 McFarland. This bacterial suspension was accurately pipetted into the
wells of a 96-well plate (180 µL per well) to avoid bubble formation, the plate was incubated at 37 ◦C
and 400 rpm for 10 min, and 20 µL of different concentrations of Lst-ABD with or without 1 mg/mL
RSA were added to the wells (final concentration of RSA 100 µg/mL). The plate was incubated at
37 ◦C and slow shaking in a Multiscan FC microplate reader (Thermo Fischer Scientific, Waltham,
MA, USA), and the optical density of the suspension was measured at 550 nm every minute during
a period of 1 h. Within one experiment, the measurements were done in triplicates for every Lst-ABD
concentration, and the experiment was performed three times. For every protein concentration,
the rate of turbidity reduction was determined as the slope of the linear portion of the turbidity curve.
Then, the dependence on the turbidity reduction rate on the protein concentration was approximated
by a linear function and expressed as ∆OD/min µM protein [44].

4.4. Pharmacokinetics

The pharmacokinetic parameters of Lst-ABD were determined as previously described for
lysostaphin [25]. Female Wistar rats (n = 3) weighing ~300 g received bolus intravenous injections of
0.5 mg Lst-ABD in 500 µL of saline in the tail vein. The blood was sampled at 15 min and at 1, 4, 7, 24,
30, and 48 h post injection, and the plasma was separated from blood and stored at −80 ◦C. The residual
concentration of Lst-ABD in rat plasma was determined using sandwich ELISA. Briefly, 96-well plates
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(Costar 3590, Corning, Corning, NY, USA) were coated with rabbit polyclonal anti-lysostaphin serum
in carbonate–bicarbonate buffer overnight at +4 ◦C, and washed and blocked with BSA for 3 h at 37 ◦C.
After that, plasma samples diluted 1/2000 in TBS were added, and the plate was incubated overnight
at +4 ◦C. Then, the plate was washed, murine monoclonal antibodies 2F9 (State Research Center for
Applied Microbiology and Biotechnology, Obolensk, Russia) in TBS with 0.05% Tween 20 and 1% BSA
were added, and the plate was again incubated overnight at +4 ◦C. After incubation with detection
antibodies, the plate was washed, filled with the solution of HRP-conjugated secondary anti-mouse
antibodies (IMTEK, Moscow, Russia), incubated for 3 h at 37 ◦C, and washed and filled with TMB
peroxidase substrate for 25 min. The reaction was stopped with sulfuric acid, and the optical density
was measured at a wavelength of 450 nm.

The terminal half-life and area under the curve were calculated following the noncompartmental
approach [45]. When plotted in log-linear coordinates, the Lst-ABD residual concentration in plasma
demonstrated a linear decrease with time; thus, all timepoints were used to calculate the terminal
half-life. The AUC was calculated by the trapezoid rule starting from the first timepoint and using the
terminal half-life to extrapolate the concentration to zero level.

The experiment was approved by N.F. Gamaleya Research Center biomedical ethics committee,
protocol№15 16.10.2018.

4.5. Ex Vivo Pharmacodynamics

The protocol for the estimation of ex vivo bactericidal activity of plasma samples was adapted
from Ref. [6]. Plasma samples from all rats corresponding to the same group and the same time
point were pooled. Plasma samples from rats receiving lysostaphin were obtained previously [23],
and plasma samples from rats receiving Lst-ABD were obtained in the present work. Fresh overnight
culture of S. aureus ATCC 29,213 on BHI agar plates was resuspended in saline to the optical density
of 0.5 McFarland and diluted 100 times to ~1.5 × 106 CFU/mL. The resulting suspension was spread
over BHI agar plates (300 µL per plate, 3 plates per protein variant) and allowed to absorb for 10 min.
After that, 10 µL drops of pooled plasma samples were spotted onto the agar plates and allowed to
absorb for 20 min. The plates were incubated at 37 ◦C for 24 h, and the presence of the lysis zones
was documented.

4.6. Statistical Analysis

All results are presented as mean ± standard deviation. Statistical analysis was performed using
Real Statistics Resource Pack add-on for Microsoft Excel (Release 4.7, copyright (2013–2017) Charles
Zaiontz, www.real-statistics.com). The differences in bacteriolytic activity were analyzed by one-way
ANOVA with Tukey’s Honest Significant Difference post hoc analysis. The differences between terminal
half-lives and AUC were compared by two-tail Student’s t-tests with unequal variances.

Supplementary Materials: The following are available online: nucleotide and amino acid sequences of Lst-ABD;
code used to for the albumin binding data analysis and raw data from EVA 2.0 biosensor.

Author Contributions: Conceptualization, A.V.G. and V.G.L.; Formal analysis, A.V.G.; Funding acquisition, A.V.G.
and V.G.L.; Investigation, A.V.G., N.V.S. (Nikita V. Shestak), N.V.L., A.M.L., L.I.P., N.V.S. (Natalia V. Strukova),
M.S.G., A.V.R., N.B.P., Z.M.G., L.A.S. and I.S.B.; Project administration, A.V.G.; Resources, V.G.L.; Software, A.V.G.;
Supervision, A.S.K. and V.G.L.; Writing—original draft, A.V.G.; Writing—review & editing, A.V.G., I.S.B., A.S.K.
and V.G.L.

Funding: This work was supported by the Russian Science Foundation grant No 18-15-00235.

Acknowledgments: The authors are grateful to Dr. R.S. Ovchinnikov for kindly providing cefoxitin disks and
S. aureus strains Z 715-18, Z 76-19, Z 88-19, F 832-14, R 81-19, In 0102-19, R 116-14, and Z 73-14. The authors also
with to thank Dr. M.Yu. Chernukha for kindly providing S. aureus strains 301, 629, and 247G.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

www.real-statistics.com


Molecules 2019, 24, 2892 12 of 14

References

1. Gajdács, M. The Concept of an Ideal Antibiotic: Implications for Drug Design. Molecules 2019, 24, 892.
[CrossRef] [PubMed]

2. Pastagia, M.; Schuch, R.; Fischetti, V.A.; Huang, D.B. Lysins: The arrival of pathogen-directed anti-infectives.
J. Med. Microbiol. 2013, 62, 1506–1516. [CrossRef] [PubMed]

3. Nelson, D.C.; Schmelcher, M.; Rodriguez-Rubio, L.; Klumpp, J.; Pritchard, D.G.; Dong, S.; Donovan, D.M.
Endolysins as Antimicrobials. In Advances in Virus Research; Academic Press: Cambridge, MA, USA, 2012;
Volume 83, pp. 299–365, ISBN 9780123944382.

4. São-José, C. Engineering of Phage-Derived Lytic Enzymes: Improving Their Potential as Antimicrobials.
Antibiotics 2018, 7, 29. [CrossRef] [PubMed]

5. Haddad Kashani, H.; Schmelcher, M.; Sabzalipoor, H.; Seyed Hosseini, E.; Moniri, R. Recombinant Endolysins
as Potential Therapeutics against Antibiotic-Resistant Staphylococcus aureus: Current Status of Research and
Novel Delivery Strategies. Clin. Microbiol. Rev. 2017, 31, e00071-17. [CrossRef] [PubMed]

6. Jun, S.Y.; Jang, I.J.; Yoon, S.; Jang, K.; Yu, K.S.; Cho, J.Y.; Seong, M.W.; Jung, G.M.; Yoon, S.J.; Kang, S.H.
Pharmacokinetics and Tolerance of the Phage Endolysin-Based Candidate Drug SAL200 after a Single
Intravenous Administration among Healthy Volunteers. Antimicrob. Agents Chemother. 2017, 61, 1–11.
[CrossRef] [PubMed]

7. Cassino, C.; Murphy, M.G.; Boyle, J.; Rotolo, J.; Wittekind, M. Results of the First In Human Study
of Lysin CF-301 Evaluating the Safety, Tolerability and Pharmacokinetic Profile in Healthy Volunteers.
In Proceedings of the 26th European Congress of Clinical Microbiology and Infectious Diseases, Amsterdam,
The Netherlands, 9–12 April 2016.

8. Wittekind, M.; Schuch, R. Cell wall hydrolases and antibiotics: Exploiting synergy to create efficacious new
antimicrobial treatments. Curr. Opin. Microbiol. 2016, 33, 18–24. [CrossRef] [PubMed]

9. Desbois, A.P.; Coote, P.J. Bactericidal synergy of lysostaphin in combination with antimicrobial peptides.
Eur. J. Clin. Microbiol. Infect. Dis. 2011, 30, 1015–1021. [CrossRef]

10. Sharma, U.; Vipra, A.; Channabasappa, S. Phage-derived lysins as potential agents for eradicating biofilms
and persisters. Drug Discov. Today 2018, 23, 848–856. [CrossRef]

11. Gerstmans, H.; Criel, B.; Briers, Y. Synthetic biology of modular endolysins. Biotechnol. Adv. 2018, 36, 624–640.
[CrossRef]

12. Kokai-Kun, J.F. Lysostaphin: A silver bullet for staph. In Antimicrobial Drug Discovery: Emerging Strategies;
CAB International: Wallingford, UK, 2012; pp. 147–165, ISBN 978-1-84593-943-4.

13. Gajdács, M. The Continuing Threat of Methicillin-Resistant Staphylococcus aureus. Antibiotics 2019, 8, 52.
[CrossRef]

14. Kusuma, C.M.; Kokai-Kun, J.F. Comparison of Four Methods for Determining Lysostaphin Susceptibility
of Various Strains of Staphylococcus aureus. Antimicrob. Agents Chemother. 2005, 49, 3256–3263. [CrossRef]
[PubMed]

15. Oluola, O.; Kong, L.; Fein, M.; Weisman, L.E. Lysostaphin in treatment of neonatal Staphylococcus aureus
infection. Antimicrob. Agents Chemother. 2007, 51, 2198–2200. [CrossRef]

16. Kokai-Kun, J.F.; Chanturiya, T.; Mond, J.J. Lysostaphin as a treatment for systemic Staphylococcus aureus
infection in a mouse model. J. Antimicrob. Chemother. 2007, 60, 1051–1059. [CrossRef] [PubMed]

17. Placencia, F.X.; Kong, L.; Weisman, L.E. Treatment of methicillin-resistant Staphylococcus aureus in neonatal
mice: Lysostaphin versus vancomycin. Pediatr. Res. 2009, 65, 420–444. [CrossRef] [PubMed]

18. Kokai-Kun, J.F.; Chanturiya, T.; Mond, J.J. Lysostaphin eradicates established Staphylococcus aureus biofilms
in jugular vein catheterized mice. J. Antimicrob. Chemother. 2009, 64, 94–100. [CrossRef]

19. Shah, A.; Mond, J.; Walsh, S. Lysostaphin-coated catheters eradicate Staphylococcus aureus challenge and
block surface colonization. Antimicrob. Agents Chemother. 2004, 48, 2704–2707. [CrossRef] [PubMed]

20. Chen, C.; Fan, H.; Huang, Y.; Peng, F.; Fan, H.; Yuan, S.; Tong, Y. Recombinant Lysostaphin Protects Mice
from Methicillin-Resistant Staphylococcus Aureus Pneumonia. BioMed Res. Int. 2014, 2014. [CrossRef]

21. Dajcs, J.J.; Hume, E.B.H.; Moreau, J.M.; Caballero, A.R.; Cannon, B.M.; O’Callaghan, R.J. Lysostaphin
treatment of methicillin-resistant Staphylococcus aureus keratitis in the rabbit. Invest. Ophthalmol. Vis. Sci.
2000, 41, 1432–1437.

http://dx.doi.org/10.3390/molecules24050892
http://www.ncbi.nlm.nih.gov/pubmed/30832456
http://dx.doi.org/10.1099/jmm.0.061028-0
http://www.ncbi.nlm.nih.gov/pubmed/23813275
http://dx.doi.org/10.3390/antibiotics7020029
http://www.ncbi.nlm.nih.gov/pubmed/29565804
http://dx.doi.org/10.1128/CMR.00071-17
http://www.ncbi.nlm.nih.gov/pubmed/29187396
http://dx.doi.org/10.1128/AAC.02629-16
http://www.ncbi.nlm.nih.gov/pubmed/28348152
http://dx.doi.org/10.1016/j.mib.2016.05.006
http://www.ncbi.nlm.nih.gov/pubmed/27257994
http://dx.doi.org/10.1007/s10096-011-1188-z
http://dx.doi.org/10.1016/j.drudis.2018.01.026
http://dx.doi.org/10.1016/j.biotechadv.2017.12.009
http://dx.doi.org/10.3390/antibiotics8020052
http://dx.doi.org/10.1128/AAC.49.8.3256-3263.2005
http://www.ncbi.nlm.nih.gov/pubmed/16048934
http://dx.doi.org/10.1128/AAC.00506-06
http://dx.doi.org/10.1093/jac/dkm347
http://www.ncbi.nlm.nih.gov/pubmed/17848374
http://dx.doi.org/10.1203/PDR.0b013e3181994a53
http://www.ncbi.nlm.nih.gov/pubmed/19127212
http://dx.doi.org/10.1093/jac/dkp145
http://dx.doi.org/10.1128/AAC.48.7.2704-2707.2004
http://www.ncbi.nlm.nih.gov/pubmed/15215130
http://dx.doi.org/10.1155/2014/602185


Molecules 2019, 24, 2892 13 of 14

22. Dajcs, J.J.; Thibodeaux, B.A.; Hume, E.B.; Zheng, X.; Sloop, G.D.; O’Callaghan, R.J. Lysostaphin is effective in
treating methicillin-resistant Staphylococcus aureus endophthalmitis in the rabbit. Curr. Eye Res. 2001, 22,
451–457. [CrossRef] [PubMed]

23. Kokai-Kun, J.F.; Walsh, S.M.; Chanturiya, T.; Mond, J.J. Lysostaphin Cream Eradicates Staphylococcus aureus
Nasal Colonization in a Cotton Rat Model. Antimicrob. Agents Chemother. 2003, 47, 1589–1597. [CrossRef]
[PubMed]

24. Walsh, S.; Shah, A.; Mond, J. Improved Pharmacokinetics and Reduced Antibody Reactivity of Lysostaphin
Conjugated to Polyethylene Glycol. Antimicrob. Agents Chemother. 2003, 47, 554–558. [CrossRef] [PubMed]

25. Grishin, A.V.; Lavrova, N.V.; Lyashchuk, A.M.; Strukova, N.V.; Generalova, M.S.; Ryazanova, A.V.;
Shestak, N.V.; Boksha, I.S.; Polyakov, N.B.; Galushkina, Z.M.; et al. The Influence of Dimerization on
the Pharmacokinetics and Activity of an Antibacterial Enzyme Lysostaphin. Molecules 2019, 24, 1879.
[CrossRef] [PubMed]

26. Swierczewska, M.; Lee, K.C.; Lee, S. What is the future of PEGylated therapies? Expert Opin. Emerg. Drugs
2015, 20, 531–536. [CrossRef] [PubMed]

27. Resch, G.; Moreillon, P.; Fischetti, V.A. PEGylating a bacteriophage endolysin inhibits its bactericidal activity.
AMB Express 2011, 1, 29. [CrossRef] [PubMed]

28. Rogers, B.; Dong, D.; Li, Z.; Li, Z. Recombinant human serum albumin fusion proteins and novel applications
in drug delivery and therapy. Curr. Pharm. Des. 2015, 21, 1899–1907. [CrossRef] [PubMed]

29. Frejd, F. Half-Life Extension by Binding to Albumin through an Albumin Binding Domain. In Therapeutic
Proteins: Strategies to Modulate Their Plasma Half-Lives; Wiley-VCH: Weinheim, Germany, 2012; pp. 269–283,
ISBN 9783527644827.

30. Steiner, D.; Merz, F.W.; Sonderegger, I.; Gulotti-Georgieva, M.; Villemagne, D.; Phillips, D.J.; Forrer, P.;
Stumpp, M.T.; Zitt, C.; Binz, H.K. Half-life extension using serum albumin-binding DARPin® domains.
Protein Eng. Des. Sel. 2017, 30, 583–591. [CrossRef] [PubMed]

31. Dennis, M.S.; Zhang, M.; Gloria Meng, Y.; Kadkhodayan, M.; Kirchhofer, D.; Combs, D.; Damico, L.A.
Albumin binding as a general strategy for improving the pharmacokinetics of proteins. J. Biol. Chem. 2002,
277, 35035–35043. [CrossRef] [PubMed]

32. Li, H.; Ma, Y.; Chen, Y.; Sang, Y.; Zhou, T.; Qiu, M.; Huang, X.; Zhou, C.; Su, Z. A protease-based strategy for
the controlled release of therapeutic peptides. Angew. Chemie Int. Ed. 2010, 49, 4930–4933. [CrossRef]

33. Holt, L.J.; Basran, A.; Jones, K.; Chorlton, J.; Jespers, L.S.; Brewis, N.D.; Tomlinson, I.M. Anti-serum albumin
domain antibodies for extending the half-lives of short lived drugs. Protein Eng. Des. Sel. 2008, 21, 283–288.
[CrossRef]

34. Müller, M.R.; Saunders, K.; Grace, C.; Jin, M.; Piche-Nicholas, N.; Steven, J.; O’Dwyer, R.; Wu, L.;
Khetemenee, L.; Vugmeyster, Y.; et al. Improving the pharmacokinetic properties of biologics by fusion to
an anti-HSA shark VNAR domain. MAbs 2012, 4, 673–685. [CrossRef]

35. Van Roy, M.; Ververken, C.; Beirnaert, E.; Hoefman, S.; Kolkman, J.; Vierboom, M.; Breedveld, E.; ’t Hart, B.;
Poelmans, S.; Bontinck, L.; et al. The preclinical pharmacology of the high affinity anti-IL-6R Nanobody®

ALX-0061 supports its clinical development in rheumatoid arthritis. Arthritis Res. Ther. 2015, 17, 135.
[CrossRef] [PubMed]

36. Herne, N. Method for Reducing the Immune Response to a Biologically Active Protein. U.S. Patent
Application No. 8642743 B2, 4 February 2014.

37. Johansson, M.U.; Frick, I.M.; Nilsson, H.; Kraulis, P.J.; Hober, S.; Jonasson, P.; Linhult, M.; Nygren, P.Å.;
Uhlén, M.; Björck, L.; et al. Structure, specificity, and mode of interaction for bacterial albumin-binding
modules. J. Biol. Chem. 2002, 277, 8114–8120. [CrossRef] [PubMed]

38. Nygren, P.A.; Ljungquist, C.; Tromborg, H.; Nustad, K.; Uhlen, M. Species-dependent binding of serum
albumins to the streptococcal receptor protein G. Eur. J. Biochem. 1990, 193, 143–148. [CrossRef] [PubMed]

39. Jonsson, A.; Dogan, J.; Herne, N.; Abrahmsén, L.; Nygren, P.A. Engineering of a femtomolar affinity binding
protein to human serum albumin. Protein Eng. Des. Sel. 2008, 21, 515–527. [CrossRef] [PubMed]

40. Konopsky, V.N.; Karakouz, T.; Alieva, E.V.; Vicario, C.; Sekatskii, S.K.; Dietler, G. Photonic crystal biosensor
based on optical surface waves. Sensors 2013, 13, 2566–2578. [CrossRef] [PubMed]

41. Seijsing, J.; Sobieraj, A.M.; Keller, N.; Shen, Y.; Zinkernagel, A.S.; Loessner, M.J.; Schmelcher, M. Improved
Biodistribution and Extended Serum Half-Life of a Bacteriophage Endolysin by Albumin Binding Domain
Fusion. Front. Microbiol. 2018, 9, 1–9. [CrossRef] [PubMed]

http://dx.doi.org/10.1076/ceyr.22.6.451.5486
http://www.ncbi.nlm.nih.gov/pubmed/11584345
http://dx.doi.org/10.1128/AAC.47.5.1589-1597.2003
http://www.ncbi.nlm.nih.gov/pubmed/12709327
http://dx.doi.org/10.1128/AAC.47.2.554-558.2003
http://www.ncbi.nlm.nih.gov/pubmed/12543658
http://dx.doi.org/10.3390/molecules24101879
http://www.ncbi.nlm.nih.gov/pubmed/31100806
http://dx.doi.org/10.1517/14728214.2015.1113254
http://www.ncbi.nlm.nih.gov/pubmed/26583759
http://dx.doi.org/10.1186/2191-0855-1-29
http://www.ncbi.nlm.nih.gov/pubmed/21982426
http://dx.doi.org/10.2174/1381612821666150302120047
http://www.ncbi.nlm.nih.gov/pubmed/25732550
http://dx.doi.org/10.1093/protein/gzx022
http://www.ncbi.nlm.nih.gov/pubmed/29088432
http://dx.doi.org/10.1074/jbc.M205854200
http://www.ncbi.nlm.nih.gov/pubmed/12119302
http://dx.doi.org/10.1002/anie.201000287
http://dx.doi.org/10.1093/protein/gzm067
http://dx.doi.org/10.4161/mabs.22242
http://dx.doi.org/10.1186/s13075-015-0651-0
http://www.ncbi.nlm.nih.gov/pubmed/25994180
http://dx.doi.org/10.1074/jbc.M109943200
http://www.ncbi.nlm.nih.gov/pubmed/11751858
http://dx.doi.org/10.1111/j.1432-1033.1990.tb19315.x
http://www.ncbi.nlm.nih.gov/pubmed/2171929
http://dx.doi.org/10.1093/protein/gzn028
http://www.ncbi.nlm.nih.gov/pubmed/18499681
http://dx.doi.org/10.3390/s130202566
http://www.ncbi.nlm.nih.gov/pubmed/23429517
http://dx.doi.org/10.3389/fmicb.2018.02927
http://www.ncbi.nlm.nih.gov/pubmed/30538696


Molecules 2019, 24, 2892 14 of 14

42. Boksha, I.S.; Lavrova, N.V.; Grishin, A.V.; Demidenko, A.V.; Lyashchuk, A.M.; Galushkina, Z.M.;
Ovchinnikov, R.S.; Umyarov, A.M.; Avetisian, L.R.; Chernukha, M.I.; et al. Staphylococcus simulans
recombinant lysostaphin: Production, purification, and determination of antistaphylococcal activity.
Biochemistry 2016, 81, 502–510. [CrossRef] [PubMed]

43. Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.;
Saalfeld, S.; Schmid, B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Meth. 2012, 9,
676–682. [CrossRef] [PubMed]

44. Briers, Y.; Lavigne, R.; Volckaert, G.; Hertveldt, K. A standardized approach for accurate quantification
of murein hydrolase activity in high-throughput assays. J. Biochem. Biophys. Methods 2007, 70, 531–533.
[CrossRef]

45. Gabrielsson, J.; Weiner, D. Non-compartmental Analysis. In Computational Toxicology: Volume I, Methods in
Molecular Biology; Humana Press: New York, NY, USA, 2012; Volume 929, pp. 377–389, ISBN 9781627030502.

Sample Availability: Samples of the pL475 plasmid are available from the authors.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1134/S0006297916050072
http://www.ncbi.nlm.nih.gov/pubmed/27297900
http://dx.doi.org/10.1038/nmeth.2019
http://www.ncbi.nlm.nih.gov/pubmed/22743772
http://dx.doi.org/10.1016/j.jbbm.2006.10.009
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Lst-ABD Construction and Purification 
	Lst-ABD Binds Rat Serum Albumin with Nanomolar Affinity 
	Lst-ABD Kills Staphylococci Both in the Absence and in the Presence of Albumin 
	Lst-ABD Has an Improved Pharmacokinetic Profile 
	Lst-ABD Has Improved Pharmacodynamics Ex Vivo 

	Discussion 
	Materials and Methods 
	Cloning, Expression, and Purification 
	Binding to Albumin 
	Antibacterial Activity 
	Pharmacokinetics 
	Ex Vivo Pharmacodynamics 
	Statistical Analysis 

	References

