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ABSTRACT: Tissue inhibitors of metalloproteinases (TIMPs) are
natural inhibitors of the matrix metalloproteinase (MMP) family of
proteins, whose members are key regulators of the proteolysis of
extracellular matrix components and hence of multiple biological
processes. In particular, imbalanced activity of matrix metal-
loproteinase-14 (MMP-14) may lead to the development of cancer
and cardiovascular and other diseases. This study aimed to
engineer TIMP2, one of the four homologous TIMPs, as a
potential therapeutic by virtue of its ability to bind to the active-site
Zn2+ of MMP-14. However, the susceptibility to degradation of
TIMP2 and its small size, which results in a short circulation half-
life, limit its use as a therapeutic. PEGylation was thus used to
improve the pharmacokinetic profile of TIMP2. PEGylation of the
MMP-targeting N-terminal domain of TIMP2 (N-TIMP2), via either cysteine or lysine residues, resulted in a significant decrease in
N-TIMP2 affinity toward MMP-14 or multisite conjugation and conjugate heterogeneity, respectively. Our strategy designed to
address this problem was based on incorporating a noncanonical amino acid (NCAA) into N-TIMP2 to enable site-specific mono-
PEGylation. The first step was to incorporate the NCAA propargyl lysine (PrK) at position S31 in N-TIMP2, which does not
interfere with the N-TIMP2−MMP-14 binding interface. Thereafter, site-specific PEGylation was achieved via a click chemistry
reaction between N-TIMP2-S31PrK and PEG-azide-20K. Inhibition studies showed that PEGylated N-TIMP2-S31PrK did indeed
retain its inhibitory activity toward MMP-14. The modified protein also showed improved serum stability vs non-PEGylated N-
TIMP2. In vivo pharmacokinetic studies in mice revealed a significant 8-fold increase in the elimination half-life of PEGylated N-
TIMP2 vs the non-PEGylated protein. This study shows that site-specific bioorthogonal mono-PEGylation extends the half-life of N-
TIMP2 without impairing its biological activity, thereby highlighting the advantage of this strategy for generating potent PEGylated
proteins.

■ INTRODUCTION
Human matrix metalloproteinases (MMPs) comprise a family
of 28 known zinc-dependent catalytic enzymes that play major
roles in the degradation of extracellular matrix (ECM)
components. By virtue of these roles in ECM remodeling,
MMPs are significant determinants in multiple biological
processes, such as cancer development, angiogenesis, wound
healing, tissue repair, and embryogenesis.1 Any imbalance in
the expression and catalytic activity of the different MMPs may
thus promote pathological conditions, including arthritis,
cardiovascular diseases, and cancer progression, invasion, and
metastasis.1−4 MMPs are therefore considered to be important
therapeutic targets, and continuous efforts are underway to
develop high-affinity inhibitors with good specificity for
particular MMPs.
Selective targeting of MMPs is especially important in the

development of therapeutics for cancer-related processes, since
the various MMPs play different roles in the promotion of
tumor cell migration, proliferation, ECM remodeling, angio-
genesis, invasion and metastasis through the cleavage and

activation of multiple proteins.4−7 A number of studies have
shown that expression of MMP-14 (also known as membrane-
type-1 MMP or MT1-MMP) is elevated in various human
carcinomas, including lung,8 breast,9 colon,10 liver,11 head and
neck,12 skin,13,14 and ovarian15 cancers. Other studies have
shown that elevated MMP-14 expression is associated with the
early death of patients with various carcinomas, including
breast cancer,12 and is also correlated with lymph node
metastasis, tumor invasion, a poor clinical stage, larger tumor
size, and progressing tumor stage.9 Similar observations have
also been documented for MMP-2 under various physiological
and pathological conditions.16−18
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Because of the obvious importance of MMPs in cancer-
related processes, many MMP inhibitors have been designed
over the past 40 years. Yet, to date, all of them have failed in
clinical trials, probably due to their high toxicity,19,20 their
nonspecific metal binding (i.e., binding not only to zinc but
also to the metals in metalloproteins other than MMPs), and
poor solubility.21 Antibodies that have been raised against
MMP-2/MMP-922 and against MMP-1423 have shown
therapeutic promise in preclinical models, but their develop-
ment as therapeutics has been impeded by the well-known
limitations associated with antibodies, including the high cost
of their recombinant production in mammalian cells,24 their
lack of amenability to site-specific incorporation of chemical
modalities, and their potential undesired effector functions,25

together with considerable intellectual property barriers to
their development.26

Attractive alternatives to antibodies are the four members of
the mammalian tissue inhibitor of the metalloproteinases
(TIMP) family (TIMP1−4). These homologous TIMPs
inhibit MMP activity by the same mechanism, namely, the
conserved TIMP Cys1 residue coordinates the catalytic Zn2+

ion of the MMP, thereby preventing the substrate cleavage
process.27 The four TIMP members show 40−50% sequence
identity to each other and exhibit slightly different preferences
for various MMPs.28 In particular, TIMP2 shows promise as a
natural broad inhibitor of the MMP family in that it exhibits
high affinity toward various MMPs (10−10−10−9 M), while
being nontoxic to humans and nonimmunogenic. Support for
the notion of using TIMP2 as an MMP inhibitor may be drawn
from a study showing that TIMP2 possesses a dual regulatory
function toward MMP-14 and its natural substrate MMP-2,29

i.e., TIMP2 simultaneously binds to the catalytic site of MMP-
14, via its N-terminal domain (N-TIMP2), and to the
hemopexin domain of proMMP-2, via its C-terminal domain
(C-TIMP2). The ternary complex (MMP-14-TIMP2-
proMMP-2) so formed carries proMMP-2 to the cell
membrane, where it becomes accessible for activation by free
MMP-14.5,30,31 Of note, when the C-terminal domain of
TIMP2 is absent, the N-TIMP2 fragment (residues 1−127)
neither binds nor activates proMMP-2, although it retains its
full MMP (both MMP-14 and MMP-2) inhibitory activity.32,33

Despite the promise of TIMPs as potential inhibitors of
MMPs, their development for therapeutic purposes is
hampered by the major limitation of their short circulation
half-life, due to their small size. For example, it was shown that
murine TIMP1 (24.5 kDa) injected into rats was cleared from
the plasma within minutes.34 Similarly, the distribution half-life
and the elimination half-life of recombinant human TIMP1
were reported to be low in mice, namely, 0.22−1 h and 1−4 h,
respectively.35,36 In a clinical study, N-TIMP2 (15 kDa)
injected into patients with Kaposi sarcoma was rapidly cleared
from the blood, with a short first-component half-time of
approximately 17 min and a second component half-time of
approximately 10 h, and therefore did not accumulate
efficiently in the tumors.37 These findings suggest that
TIMPs cannot be used as such for therapeutic purposes.
We, therefore, sought to exploit a strategy commonly used

for enhancing the circulation half-life of proteins, namely,
increasing their size by PEGylation. However, the common
approaches for protein PEGylation, i.e., the conjugation of
poly(ethylene glycol) (PEG) molecules to the side chains of
cysteine via a maleimide labeling chemistry or lysine via N-
hydroxysuccinimide (NHS) ester chemical cross-linking, quite

often lead to undesired random and multisite conjugation
(unless complicated multistep techniques for activating or
protecting specific residues are used). The resulting side
products may affect the protein stability and functionality and
may complicate processes of purification, characterization, and
function analysis.38−40

One possible solution to this type of problem is to use
genetic code expansion technology to site-specifically incor-
porate a noncanonical amino acid (NCAA) into the target
protein. The NCAA can carry a chemical handle for
downstream bioorthogonal conjugation, thereby providing a
way to overcome the limitations of random and multisite
conjugations and hence to produce proteins with improved
pharmacokinetic properties.41−44 Cotranslational incorpora-
tion of the NCAA in response to a unique codon (usually the
UAG stop codon) is achieved by using an orthogonal
aminoacyl-tRNA synthetase (aaRS)/tRNA pair, e.g., the
pyrrolysine tRNA synthetase/tRNA pair obtained from
methanogenic archaea (PylRS/PylT pair).45,46 Incorporation
of NCAAs that possess particular functional groups has been
used for site-specific protein conjugation for a variety of
applications, such as labeling, imaging, antibody−drug
conjugation, and site-selective PEGylation.38,47−49 The last of
these approaches has already been applied to overcome the
limitations of protein multisite PEGylation via canonical amino
acids (i.e., Lys or Cys),43,50 and this technique has recently
been implemented for therapeutic51 and imaging52,53 applica-
tions.
In the current study, we generated an alkyne-bearing N-

TIMP2 via the incorporation of the NCAA propargyl lysine
(PrK) at position 31 (a position that is not involved in MMP
binding54 and is hence tolerant to mutagenesis). The PrK-
bearing N-TIMP2 was then site-specifically conjugated to
mPEG-azide-20K (methoxy PEG azide with a molecular
weight of 20 kDa) via a Cu(I)-catalyzed click reaction. This
site-specific and mono-PEGylated N-TIMP2 (i.e., N-TIMP2
labeled with PEG at a single position) exhibited significantly
higher affinity toward NMP-14 than N-TIMP2 PEGylated via
a cysteine residue. In addition, relative to non-PEGylated N-
TIMP2, mono-PEGylated N-TIMP2 retained its affinity and
its inhibitory potency toward MMP-14 but exhibited higher
resistance to serum proteases. Notably, the mono-PEGylated
N-TIMP2 exhibited an 8-fold improvement in the circulation
half-life (25.8 h for PEGylated N-TIMP2 vs 3.11 h for non-
PEGylated N-TIMP2). This work thus demonstrates the
advantage of utilizing a genetically encoded bioorthogonal
chemical handle for the production of homogeneously and
site-specifically PEGylated proteins as a means to improve the
circulation half-life of proteins without impairing their
biological activity.

■ RESULTS AND DISCUSSION
PEGylation of N-TIMP2 via Cysteine and Lysine

Residues. To produce PEGylated N-TIMP2 via a cysteine
residue, we took as the starting material, a variant of N-TIMP2,
designated N-TIMP2D, which is a highly potent inhibitor of
MMP-14 that we had previously prepared in our laboratory.55

To conjugate N-TIMP2D to PEG by a maleimide reaction on a
cysteine residue, we first prepared the compound designated
N-TIMP2D‑Cys by introducing a free cysteine residue into N-
TIMP2D (at the C-terminus) through the addition of a flexible
linker having five repeats of the GGGGS sequence followed by
a cysteine residue. We purified N-TIMP2D‑Cys by affinity and
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size-exclusion chromatography (SEC) and confirmed its purity
and size by sodium dodecyl sulfate−polyacrylamide gel
electrophoresis (SDS-PAGE) and mass spectrometry. For the
PEGylation reaction, N-TIMP2D‑Cys was treated with a
reducing agent before incubating it with an excess of mPEG-
30K. SEC was then used to separate the PEGylated material
from the unconjugated protein. Lastly, the inhibitory activities
of N-TIMP2D vs N-TIMP2D‑Cys and N-TIMP2D‑Cys‑PEG were
examined in an enzymatic assay. For that purpose, the catalytic
domain of MMP-14 (designated MMP-14CAT) was incubated
with increasing concentrations of N-TIMP2D, N-TIMP2D‑Cys,
and N-TIMP2D‑Cys‑PEG, and the cleavage of a fluorogenic
substrate was determined as a function of time. To determine
the inhibition constants (Ki) (Figure 1A), the slope of each
catalytic reaction was calculated and fitted to Morrison’s tight-
binding equation (eq 1; see Methods). The Ki values obtained
in the assay showed no significant difference between the
inhibitory potencies of N-TIMP2D (0.004 ± 0.001 nM) and
N-TIMP2D‑Cys (0.008 ± 0.002 nM) toward MMP-14,
indicating that the addition of the Cys residue to the C-
terminus of N-TIMP2 did not disrupt protein function. In
contrast, the Ki value obtained for N-TIMP2D‑Cys‑PEG was 0.18
± 0.03 nM, which was a significant (45-fold) decrease in the
affinity to MMP-14, compared to N-TIMP2D, indicating a loss
of function upon PEGylation.
The explanation for the above loss of function for the

PEGylated N-TIMP2D‑Cys‑PEG compound may be derived from
its mode of preparation, in that conjugation of PEG to a free
thiol by a maleimide reaction requires preincubation of the
protein with a reducing agent. It is possible that the reducing

agent disrupted the three native intramolecular disulfide bonds
(formed by six Cys residues) of N-TIMP2, leading to the
formation of non-native intra- or intermolecular bonds and
hence to non-functional structures of the protein. Another
possible explanation could be the undesired modification of
the free N-terminus of N-TIMP2 due to conjugation to PEG
via the Cys residues (i.e., Cys1 and/or Cys3) that are essential
for the MMP inhibitory activity of N-TIMP2. These
alterationswhether in the conformation of the protein, in
its oligomerization state, or in its N-terminus (i.e., interface
with the MMP target molecule)may be the reason for the
observed significant decrease in the inhibitory activity of N-
TIMP2D‑Cys‑PEG toward MMP-14 and indicate that this
approach is unsuitable for PEGylation of N-TIMP2. These
results are in agreement with the findings of the study of Batra
et al.,36 in which the conjugation of PEG to full-length human
TIMP1 was performed via the incorporation of a Cys residue
at positions 180, 181, 182, or 183 within the protein. The
reaction took place only in the presence of a weak reducing
agent that facilitated partial reduction and deprotection of the
individual incorporated Cys residue, without disrupting the
native disulfide bonds (generated by the other cysteines) in
TIMP1. However, this site-specific PEGylation severely
affected TIMP1 inhibitory activity toward MMP-3.
Our second approach for N-TIMP2D PEGylation was to

conjugate PEG to the lysine residues of N-TIMP2. To this
end, N-TIMP2D was incubated with mPEG-SCM-20K at two
different molar ratios (1:50 and 1:100 protein:mPEG-SCM-
20K). Thereafter, SEC was applied to separate the PEGylated
product from the unconjugated protein (Figure 1B,C), and the

Figure 1. PEGylation of N-TIMP2 via canonical amino acids: PEGylation of N-TIMP2D via C-terminal cysteine residues with mPEG-30K (A) and
via lysine residues with mPEG-SCM-20K (B−D). (A) MMP-14CAT inhibition by various concentrations of N-TIMP2D, N-TIMP2D‑Cys, and N-
TIMP2D‑Cys‑PEG. Cleavage of the fluorescent substrate was measured over time, and the velocity (slope) of the reaction as a function of inhibitor
concentration was fitted by Morrison’s equation (eq 1) to obtain the inhibition constant Ki. (B and C) SEC analysis of N-TIMP2D conjugated with
a 50 or 100 molar excess of PEG20K, respectively. The peaks marked with arrows were collected for further analysis. (D) 10% SDS-PAGE analysis
of N-TIMP2D-PEG fractions under reducing conditions.
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eluted fractions were resolved by SDS-PAGE (Figure 1D).
Several bands for each of the two samples were detected in the
gels, indicating conjugation of one or more PEG molecules to
N-TIMP2D. However, we did not follow up with these
fractions for further study due to the unsuccessful separation
(by SEC) of the heterogeneous mixtures that resulted from the

multisite, random PEG conjugation to N-TIMP2D, which has
11 lysine residues. Similar nonspecific PEGylation was also
demonstrated for TIMP1 in which lysine residues were
conjugated to mPEG-5K or mPEG-20K, resulting in product
mixtures of TIMP1 conjugated to either 4−7 mPEG-SCM-5K
or 1−2 mPEG-SCM-20K molecules.36 Studies with other

Figure 2. Incorporation of PrK into N-TIMP2-S31TAG. (A) Mass spectrometry analysis of N-TIMP2 (left, expected mass: 14,883 Da) and N-
TIMP2-31PrK (right, expected mass: 15,006 Da) confirming the correct mass difference of ∼123 Da between the proteins. Differences between
expected (theoretical) and observed values were less than 0.1%. (B) Illustration of the sequence coverage of N-TIMP2-31PrK by liquid
chromatography-tandem mass spectrometry (LC−MS)/MS analysis following trypsin digestion. Sequence coverage was determined as 83.46% with
a 100% sequence match (blackidentified amino acids; redincorporation site of PrK; graynot identified). (C) LC−MS/MS analysis
confirming the incorporation of PrK at position 31. (D) Fluorescence SDS-PAGE analysis of N-TIMP2 or N-TIMP2-S31PrK upon a click reaction
with TAMRA-azide. (E) Coomassie-stained (left) and fluorescence (right) SDS-PAGE analysis of purified N-TIMP2-S31PrK and the Cy5.5-azide
reaction product. Asterisks indicate samples that did not undergo a click reaction. (F) MMP-14 inhibitory activity of N-TIMP2 and N-TIMP2-
S31PrK. MMP-14CAT was incubated with various concentrations of N-TIMP2 and N-TIMP2-S31PrK (0−2.4 nM). The substrate degradation
velocity was fitted to Morrison’s equation (eq 1; see Methods) to obtain Ki values. Error bars represent the standard error of the mean (SEM); n =
3. ns, not significant by the t-test comparison of N-TIMP2 and N-TIMP2-S31PrK.
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proteins reported similar limitations for PEGylation, such as
the generation of a heterogeneous mixture and decreased
activity (7−28%) for PEGylated interferon-α2,56 decreased
activity (20- to 30-fold) upon site-directed PEGylation of
trichosanthin,57 and decreased antigen binding (17 and 62%)
for multisite PEGylated Fab’.40

N-TIMP2 Mutagenesis for Site-Specific PrK Incorpo-
ration. To overcome the above limitations of the formation of
a heterogeneous product and/or reduced potency (as shown in
Figure 1A), we chose to perform site-specific PEGylation of N-
TIMP2 by genetically encoding the incorporation of a single
propargyl lysine residue (PrK, Figure S1A) into N-TIMP2 at a
selected position (position S31). The NCAA PrK possesses an
alkyne group that can be utilized for bioorthogonal conjugation
to the PEG-azide molecule via a classic azide−alkyne click
reaction. To maintain the stability and functionality of N-
TIMP2, two main considerations influenced our choice of the
N-TIMP2 PEGylation site: (1) modification of the position
should cause minimal disruption to the protein structure (e.g.,
formation of disulfide bonds or secondary structures) or
minimal disruption to the interaction of N-TIMP2 (at its N-
terminus or at other binding loops, i.e., positions 35−42, 66−
72, 97−9955) with MMP-14 (Figure S1B)58 and (2) the
position should be solvent-exposed to allow facile and efficient
conjugation of PEG to N-TIMP2. Therefore, we decided to
incorporate PrK into position S31, which is located on an
exposed loop of N-TIMP2 (Figure S1B) and meets all of the
requirements mentioned above. To this end, we introduced an

in-frame stop codon (TAG) mutation at position S31 and used
the PylRS/PylT pair from Methanosarcina mazei to direct the
cotranslational incorporation of PrK in response to the TAG
codon.

Validation and Characterization of PrK Incorporation
into N-TIMP2-S31TAG. To express N-TIMP2-S31PrK, we
cotransformed the Escherichia coli strain WK6 with two
plasmids, namely, (i) pMECS, containing the N-TIMP2-
S31TAG gene for expression of N-TIMP2 with a C-terminal
6×His tag and (ii) pEVOL-MmPyl, containing the genes for
the orthogonal PylRS/PylT pair. Western blot analysis using
an antibody against the C-terminal 6×His tag showed that
expression of full-length N-TIMP2-S31PrK (∼15 kDa) was
NCAA dependent, as expected (Figure S2). Minor expression
of full-length N-TIMP2-S31PrK was observed in the absence
of the NCAA, since the pEVOL plasmid has two copies of the
M. mazei PylRS gene, under the control of either constitutive
or arabinose-inducible promoters.59

Wild-type N-TIMP2 (Figure S3) and N-TIMP2-S31PrK
were expressed in WK6 bacteria and purified by Ni2+ affinity
chromatography. Mass spectrometry confirmed the incorpo-
ration of a single PrK residue into N-TIMP2-S31TAG.
Specifically, matrix-assisted laser desorption/ionization-time-
of-flight (MALDI-TOF) analysis gave the expected mass
difference of ∼123.15 Da between N-TIMP2 and N-TIMP2-
S31PrK (Figure 2A). Of note, two additional small peaks were
also observed in the mass spectrum. However, the mass
differences of −411 and −275 Da relative to the molecular

Figure 3. Site-specific PEGylation of N-TIMP2 via a click reaction. (A) SDS-PAGE analysis of N-TIMP2-S31PrK PEGylation with different
protein:mPEG-azide-20K ratios. Samples were ran on 15% polyacrylamide gel under reducing conditions. Labeling yields (values in blue) were
calculated using ImageJ. (B) SDS-PAGE analysis of purified non-PEGylated and PEGylated N-TIMP2 by Coomassie staining for protein
visualization (left) and barium iodide staining for PEG visualization (right). The left lanes in panels (A) and (B) show non-PEGylated N-TIMP2-
S31PrK. (C) MALDI-TOF mass spectrometry analysis of N-TIMP2-PEG20K. The spectrum shows peaks centered at 35,724 Da (z = 1) and at
17,918 Da (z = 2), indicating mono-PEGylation of N-TIMP2 with PEG20K, and a peak for the non-PEGylated protein (15,107 Da), indicating
that some non-PEGylated protein had not been removed in the purification step. (D) Substrate degradation velocities of N-TIMP2 and N-TIMP2-
PEG20K (0−3 nM) by MMP-14CAT. The substrate degradation velocity was fitted to Morrison’s equation (eq 1) to obtain Ki values. Error bars
represent SEM; n = 3. ns, not significant by a t-test.
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weight of N-TIMP2-S31PrK (observed for the small peaks in
Figure 2A) are not in agreement with either misincorporation
of a canonical amino acid or the molecular weight of native N-
TIMP2. In fact, the fidelity of the wild-type pyrrolysine tRNA
synthetase is well documented, and therefore we expect
minimal misincorporation when TAG-mutant proteins are
expressed in the presence of an NCAA. Therefore, these
additional peaks are probably due to impurities or a truncated
version of the expressed protein. Since the His tag (used to
purify the protein) is located at the C-terminus, these
anomalies could be attributed to N-truncated proteins.
To confirm the site-specific incorporation of PrK, N-

TIMP2-S31PrK was then analyzed by LC−MS/MS following
trypsin digestion, resulting in a sequence coverage of 83.46%
(Figure 2B), including the PrK incorporation site. As expected,
the MS/MS spectrum of the peptide fragment23A-R42

confirmed the successful incorporation of PrK at position 31
(Figure 2C). To investigate the feasibility of PEGylating N-
TIMP2-S31PrK by click chemistry, we first performed a click
reaction using two different azide-conjugated fluorophores, i.e.,
tetramethylrhodamine-azide (Tamra-Az) and Cyanine5.5 azide
(Cy5.5-Az), followed by in-gel fluorescence analysis of the
conjugated product (Figure 2D,E). Our results indicated
efficient conjugation of the azide moieties and N-TIMP2-
S31PrK; as expected, no conjugation was observed for N-
TIMP2, which lacks an alkyne group, as was also shown for
other proteins.60,61 To ensure that N-TIMP2-S31PrK was
correctly folded and fully functional (i.e., has the same
inhibition of MMP-14 activity as the parental N-TIMP2), an
MMP-14 activity assay was performed (Figure 2F). The
observed Ki values were 0.76 ± 0.08 and 1.57 ± 0.17 nM for
N-TIMP2 and N-TIMP2-S31PrK, respectively, with both
values being consistent with previously reported Ki values for
N-TIMP2 inhibition of MMP-14.55,62 The finding that there
was no significant difference between the inhibitory potencies
of N-TIMP2-S31PrK and N-TIMP2 confirmed that the
incorporation of PrK into position 31 of N-TIMP2 had not
impaired its folding or its inhibitory activity toward MMP-14.
These results thus confirmed the tolerance of position 31 in N-
TIMP2 to mutagenesis in terms of the maintenance of
potency.
Site-Specific Mono-PEGylation of N-TIMP2. To deter-

mine the optimal conditions for PrK-mediated PEGylation of
N-TIMP2-S31PrK with mPEG-azide-20K, we tested reaction
mixtures having different protein:PEG20K molar ratios (1:100
to 1:600, Figure 3A). We found that a molar ratio of 1:400
resulted in an 80% conjugation yield, and a higher PEG excess
did not markedly improve PEG conjugation. Large-scale
PEGylation was thus performed using a 1:400 protein:PEG
molar ratio, and the resulting N-TIMP2-PEG20K product was
purified by ion-exchange chromatography. SDS-PAGE analysis
of the purified N-TIMP2-PEG20K protein conjugate, which
has a theoretical molecular weight of 35 kDa, revealed a ∼50
kDa band (Figure 3B, left). The ∼15 kDa difference in
molecular weights can be explained in terms of the negatively
charged complex formed between PEG molecules and SDS
micelles, causing the PEGylated proteins to migrate more
slowly on the gel.63 A similar disparity of ∼15 kDa has been
found upon SDS-PAGE for other proteins conjugated to
PEG20K, e.g., human serum albumin63 and TIMP1.36 In the
current study, the conjugation of PEG was confirmed by
barium iodide staining (Figure 3B, right). In addition, purified
N-TIMP2-PEG20K was analyzed by MALDI-TOF mass

spectrometry, which confirmed the mono-PEGylation of N-
TIMP2, with a peak centered at ∼35 kDa, as expected (Figure
3C). The generation of a mono-PEGylated protein via a click
reaction is in line with other studies in which protein
PEGylation via CuI-catalyzed click chemistry was accom-
plished using genetically encoded azide- or alkyne-containing
NCAAs.43,50

Purified N-TIMP2-PEG20K was then evaluated for its
potency in inhibiting MMP-14. An in vitro activity assay
showed that N-TIMP2-PEG20K retained its inhibitory activity
toward MMP-14CAT, with a Ki of 1.68 ± 0.09 nM (Figure 3D).
These findings suggest that our approach for site-specific
PEGylation of N-TIMP2 was successful in producing a mono-
PEGylated product that retained its inhibitory potency toward
MMP-14. This maintenance of inhibitory potency is especially
important in light of the decreased activity that was observed
in this work for N-TIMP2D‑Cys‑PEG and for other therapeutic
PEGylated proteins.36,40,56,57

PEGylation Increases N-TIMP2 Serum Stability. To
evaluate the beneficial effects conferred by PEGylation on the
pharmacokinetic profile of N-TIMP2, we first compared the
serum stability of N-TIMP2 to that of N-TIMP2-PEG20K.
The non-PEGylated and PEGylated proteins were incubated
separately in fresh human serum at 37 °C for 18 days, and
samples were withdrawn for analysis from each mixture every
2−4 days and stored at −80 °C until analysis. To determine
the protein levels over the 18-day course of the experiment, the
stored samples were then analyzed by western blot. While a
significant (∼40%) degradation of N-TIMP2 was observed
after as little as 7 days and almost no intact N-TIMP2 was
detected after 14 days, N-TIMP2-PEG20K remained remark-
ably stable throughout the entire experiment, with high levels
of intact proteins being maintained for up to 18 days, thereby
indicating a much slower degradation rate in comparison with
N-TIMP2 (Figure 4). These results clearly indicate that
relative to N-TIMP2, N-TIMP2-PEG20K is more resistant to
cleavage by proteases (48.4 and 3.6% of intact proteins at day
18 for N-TIMP2-PEG20K and N-TIMP2, respectively),
suggesting an improved pharmacokinetic profile for the
PEGylated protein. These findings are in agreement with
other studies showing PEGylation-enhanced resistance to
proteolysis. For example, asparaginase and uricase PEGylated
with linear and branched PEG-10K64 or the WW domain of
the human protein Pin 1 PEGylated with 4- or 45-unit PEG
oligomers65 demonstrated higher resistance to cleavage by
trypsin, pronase, elastase, or proteinase K compared to the
unmodified parental proteins, suggesting that the PEG
molecules may shield and protect the protein from enzyme
degradation.66,67

PEGylation Prolongs the Elimination Half-Life of N-
TIMP2 and Enhances Its Systemic Exposure. To evaluate
the changes in the pharmacokinetic profile of N-TIMP2 due to
PEGylation, we carried out an in vivo pharmacokinetic study.
Mice were intravenously injected with a bolus of 3 mg/kg N-
TIMP2 or N-TIMP2-PEG20K, and the serum levels of the
proteins were followed over time for 72 h. Analysis of the time
course of N-TIMP2 and N-TIMP2-PEG20K concentrations in
the sera revealed a significant 8.3-fold increase (from 3.11 to
25.8 h) in the elimination half-life of N-TIMP2-PEG20K as
compared to N-TIMP2 (Figure 5). Importantly, the area under
the curve (AUC0−∞) increased 12.2-fold for N-TIMP2-
PEG20K (from 69.7 μg·h/mL for N-TIMP2 to 851.7 μg·h/
mL for N-TIMP2-PEG20K). This increase indicates higher
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stability and reduced clearance (vs the non-PEGylated protein)
and hence extended systemic exposure to the PEGylated
protein, which is expected to enhance its pharmacological
activity. An extended circulation half-life due to protein
PEGylation has also been shown for a variety of proteins,
e.g., interferon-α2 (from 3−8 to 65 h),56 interleukin-6 (from
2.1 to 206 min),68 and tumor necrosis factor (from 3 to 45−
136 min),69 all compared to native non-PEGylated proteins.

In conclusion, protein PEGylation serves two purposes.
First, by virtue of the large hydrodynamic radius of PEG,63

PEGylation increases the size of the protein and thereby slows
down its clearance from the blood circulation, apparently via
reduced glomerular filtration in the kidneys. Second,
PEGylation confers resistance to degradation by serum
proteases, and hence PEGylated proteins circulate for a longer
time, thereby facilitating enhanced systemic exposure, in
comparison with non-PEGylated proteins.

■ METHODS

PEGylation of N-TIMP2D via Cysteine and Lysine
Residues. N-TIMP2D, a highly potent MMP-14 inhibitor
generated in our laboratory,55 was subjected to PEGylation
using two different methods, one via cysteine residues and the
other via lysine residues. For PEG conjugation via cysteine
residues, a free cysteine residue was introduced into N-
TIMP2D by the addition of a flexible linker comprising five
GGGGS repeats followed by a cysteine residue at the C-
terminus of N-TIMP2D, thereby producing the protein that we
designated N-TIMP2D‑Cys. For PEGylation, N-TIMP2D‑Cys
(400 μg) in 50 mM Tris, pH 7.5, 100 mM NaCl, and 5 mM
CaCl2 was incubated with tris(2-carboxyethyl)phosphine
(TCEP) (Sigma-Aldrich, Israel) at a 1:1 molar ratio for 20
min at room temperature, followed by washing with a Vivaspin
centrifugal concentrator with a 3 kDa cutoff (GE Healthcare
Life Sciences, Pittsburgh, PA) and incubation for 1 h at room
temperature with mono-methoxypoly(ethylene glycol)
(mPEG)-maleimide of molecular weight of 30 kDa (mPEG-
30K) (Laysan Bio Inc, Arab, AL) at a 1:20 molar ratio
(protein:mPEG). This conjugated protein (designated N-
TIMP2D‑Cys‑PEG) was purified in an ÄKTA pure system (GE
Healthcare Life Sciences), equipped with a Superdex 200
column (GE Healthcare Life Sciences), using a buffer
comprising 50 mM Tris, pH 7.5, 100 mM NaCl, and 5 mM
CaCl2. SDS-PAGE analysis of the purification products on a
10% polyacrylamide gel under reducing conditions was then
performed, and the bands were visualized by staining with
InstantBlue (CBS Scientific, Del Mar, CA). Protein samples
were concentrated using a Vivaspin centrifugal concentrator
with a 3 kDa cutoff (GE Healthcare Life Sciences). Protein
concentrations were determined by UV−vis absorbance at 280

Figure 4. PEGylation improves N-TIMP2 stability in human serum.
N-TIMP2 and N-TIMP2-PEG20K were incubated in human serum
(1:5 v/v) at 37 °C for 18 days, and samples were withdrawn every 2−
4 days for analysis. (A) Representative anti-6×His western blot
analysis of N-TIMP2 and N-TIMP2-PEG20K samples. (B)
Degradation curves normalized to day 0 for each protein. Error bars
represent SEM, n = 3. Statistical analysis for the comparison of N-
TIMP2 to N-TIMP2-PEG20K was performed by Student’s t-test;
***P < 0.0001.

Figure 5. PEGylation prolongs the elimination half-life of N-TIMP2 and enhances its systemic exposure. The graphs (A) linear and (B)
semilogarithmic show the time course of N-TIMP2 and N-TIMP2-PEG20K serum concentrations after intravenous administration of a 3 mg/kg
bolus of N-TIMP2 or N-TIMP2-PEG20K. It may be seen that N-TIMP2 was eliminated rapidly, but the concentrations of N-TIMP2-PEG20K
remained high over 72 h. Error bars represent SEM, n = 3.
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nm on a NanoDrop spectrophotometer (Thermo Fisher
Scientific), with an extinction coefficient (ε280) of 13,500
M−1 cm−1 for all N-TIMP2 variants.
For PEG conjugation via lysine residues, N-TIMP2D (1 mg)

in phosphate-buffered saline (PBS), pH 7.4, was conjugated to
a methoxy PEG-succinimidyl carboxymethyl ester (mPEG-
SCM) of molecular weight of 20 kDa (mPEG-SCM-20K)
(Jenkem Technology, Allen, TX) at 1:50 and 1:100 molar
ratios (protein:mPEG) overnight at 4 °C. Thereafter, the
workup for the product conjugated via the lysine residues was
the same as that for the product conjugated via the cysteine
residues, as described above.
Generation of N-TIMP2-S31PrK. To choose the position

for the incorporation of PrK into N-TIMP2, the TIMP2-
MMP-14 complex (PDB 1BUV) was analyzed in PyMOL (the
PyMOL Molecular Graphics System, Version 1.1 Schrödinger,
LLC). The gene encoding for N-TIMP2 was cloned into a
pMECS expression vector (a kind gift from Dr. Serge
Muyldermans, Vrije University of Brussels, Brussels, Belgium)
using a restriction-free polymerase chain reaction (RF-PCR),70

which served as a template for introducing the TAG point
mutation in position S31 of N-TIMP2. All plasmid sequences
were verified by Sanger sequencing (Genetics Unit, NIBN,
Ben-Gurion University of the Negev, Israel). The following
primers were used to generate the gene for N-TIMP2-
S31TAG:
FWD: 5′-GAAGTGGACTAGGGAAACGACA-3′.
REV: 5′- CTTCTCACTGACCGCTTTGG-3′.
Production and Purification of N-TIMP2 and N-

TIMP2-S31PrK. The pEVOL vector (a kind gift from Prof.
Lital Alfonta, BGU, Beer-Sheva, Israel), containing the M.
mazei PylRS/tRNACUA

pyl genes for the incorporation of PrK,71

was cotransformed into the E. coli strain WK6 with the pMECS
plasmid bearing N-TIMP2-S31TAG. The E. coli strain WK6
transformed with the pMECS plasmid containing the wild-type
N-TIMP2 gene served as the control. The bacteria were grown
at 37 °C in TB medium (17 mM KH2PO4, 94 mM K2HPO4,
12 g/L peptone, 24 g/L yeast extract, 0.4% glycerol)
containing 100 μg/mL ampicillin for N-TIMP2 or 100 μg/
mL ampicillin, 50 μg/mL chloramphenicol, and 1 mM PrK
(SynChem, Inc.) for N-TIMP2-S31TAG, with stirring at 200
rpm. At an OD600 of 0.4, 0.2% arabinose (Mercury, Rosh
Ha’ayin, Israel) was added to N-TIMP2-S31TAG (for PylRS
induction), and at an OD600 of 0.6−0.9, the expression of both
proteins (N-TIMP2 and N-TIMP2-S31PrK) was induced by
addition to the medium of 1 mM IPTG (Sigma-Aldrich,
Israel), and the temperature was reduced to 28 °C for
overnight incubation. Periplasmic extracts, containing the
soluble proteins (N-TIMP2 and N-TIMP2-S31PrK), were
obtained by osmotic shock using 9 mL of TES buffer (500 mM
sucrose, 200 mM Tris-HCl, 0.5 mM EDTA, pH 8) per cell
pellet [generated from 500 mL of culture (with a final OD600 <
20)], for 3 h at 4 °C and 200 rpm, followed by adding 18 mL
of TES buffer (diluted 1:4 in doubly distilled water) for
overnight incubation. The proteins were purified using affinity
chromatography on Ni-NTA gravitational beads (Invitrogen,
CA) and eluted with 0.5 M imidazole in phosphate-buffered
saline (PBS). The eluted fraction was dialyzed against PBS,
and the size and purity of the proteins were evaluated using
SDS-PAGE gel electrophoresis and mass spectrometry
(MALDI-TOF Reflex-IV, Ilse Katz Institute for Nanoscale
Science and Technology, BGU, Israel). For LC−MS/MS
analysis of N-TIMP2-S31PrK, excised SDS-PAGE gel bands

were denatured, reduced, alkylated, and digested with trypsin.
The digested peptides were then subjected to tandem mass
spectrometry analysis by the LTQ-Orbitrap XL ETD system
(Ilse Katz Institute for Nanoscale Science and Technology
Shared Resource Facility, BGU, Israel). Protein concentrations
were determined by UV−vis absorbance at 280 nm, using a
NanoDrop spectrophotometer (Thermo Fisher Scientific),
with an extinction coefficient (ε280) of 13,500 M−1 cm−1 for
all N-TIMP2 variants.
Small-scale expression of N-TIMP2-S31PrK (used only for

analysis) was performed in 10 mL of TB medium overnight, as
described above, in the presence or absence of PrK, IPTG, and
arabinose. Protein expression was determined by western
blotting, using a 1:3000 dilution of mouse anti-6×His primary
antibody (ab49936, monoclonal, HIS-1, Abcam, Cambridge,
U.K.), followed by a 1:2000 dilution of anti-mouse secondary
antibody conjugated to horseradish peroxidase (HRP) (CST-
7076S, Cell Signaling Tech) and detection by chemilumines-
cent reagents (EZ-ECL, BI, Israel).

MMP-14 Inhibition Studies. The inhibition constant (Ki)
of N-TIMP2 proteins against the catalytic domain of MMP-14
(MMP-14CAT) was determined as previously described.55 The
inhibition of the catalytic activity of MMP-14CAT (0.0075 nM)
measured against the fluorogenic substrate Mca-Pro-Leu-Gly-
Leu-Dpa-Ala-Arg-NH2·TFA (7.5 μM, Merck Millipore) was
determined with N-TIMP2D, N-TIMP2D‑Cys, and N-
TIMP2D‑Cys‑PEG at 0−0.18 nM or with N-TIMP2, N-TIMP2-
S31PrK, and N-TIMP2-PEG20K at 0−3 nM. Ki was calculated
according to Morrison’s equation (eq 1), the classic
competitive inhibition equation for tight binding, using
Prism (GraphPad Software). Mean values of Ki ± standard
error of the mean (SEM) were obtained from three
independent experiments.
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where Vi is the enzyme velocity in the presence of an inhibitor,
V0 is the enzyme velocity in the absence of an inhibitor, E is
the enzyme concentration, I is the inhibitor concentration, S is
the substrate concentration, KM is the Michaelis−Menten
constant, and Ki

app is the apparent inhibition constant, which is
given by eq 2
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where Ki is the inhibition constant.
Statistical analysis was performed using Student’s t-test.
Fluorescent Labeling by a Click Chemistry Reaction.

N-TIMP2 and N-TIMP2-S31PrK were labeled using a Cu(I)-
catalyzed azide−alkyne cycloaddition reaction (CuAAC), as
previously described with some modifications.71 Briefly, the N-
TIMP2 protein was added to a reaction solution containing
100 mM NaH2PO4 pH 7.0, 0.2 mM CuSO4, 1.2 mM 3,3′,3″-
(4,4′,4″-(nitrilotris(methylene))tris(1H-1,2,3-triazole-4,1-
diyl))tris(propan-1-ol) (THPTA; Sigma-Aldrich, Israel), and
0.05 mM of either tetramethylrhodamine-azide (TAMRA-AZ;
Sigma-Aldrich) or Cyanine5.5 azide (Cy5.5-Az; Lumiprobe,
MD). Sodium ascorbate was added to a final concentration of
2.5 mM, and the reaction mixture (50 μL) was incubated at
room temperature for 1 h. SDS-PAGE analysis on an 18%
polyacrylamide gel was then performed under reducing
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conditions. Labeled proteins were visualized in-gel using a
Typhoon FLA 9500 imager (GE Healthcare Life Sciences,
Uppsala, Sweden), set in the TAMRA fluorescence mode
(excitation: 542 nm; emission: 525 nm) for TAMRA-Az or the
Cy5 fluorescence mode (excitation: 649 nm; emission: 670
nm) for Cy5.5-Az.
PEGylation of N-TIMP2-S31PrK. N-TIMP2-S31PrK was

PEGylated with methoxy PEG azide having a molecular weight
of 20 kDa (mPEG-azide-20K) (Jenkem, TX) by click
chemistry. For the small-scale PEGylation reaction, CuSO4
(0.5 mM) and THPTA (2.5 mM) were premixed for 20 min.
Thereafter, N-TIMP2-S31PrK (0.04 mM), mPEG-azide-20K
(to reach a 1:100−1:600 protein:PEG molar ratio), and 100
mM phosphate buffer, pH 7.0 (to reach the final reaction
volume of 50 μL) were added, followed by sodium ascorbate
(5 mM). The tube containing the reaction mixture was then
sealed and gently rocked at 37 °C for 2 h. The reaction mixture
was analyzed by SDS-PAGE using 15% polyacrylamide under
reducing conditions, and the conversion yields were quantified
by ImageJ. For the large-scale PEGylation reaction, the same
method as that described above was used with 1 mg of N-
TIMP2-S31PrK and a 1:400 protein:PEG molar ratio. The
PEGylated protein was purified as follows: the reaction
solution was dialyzed against buffer A (50 mM NaH2PO4−
NaOH, pH 6.0) for 48 h to remove the Cu ions and then
loaded onto a Resource S cation-exchange column (GE
Healthcare, MA). Buffer A was used for washing, and a linear
gradient of 0−50% of buffer B (50 mM NaH2PO4−NaOH, pH
6.0, 0.5 M NaCl) was used for elution. The sample was then
dialyzed against PBS (pH 7.4) and analyzed by SDS-PAGE
using 15% polyacrylamide under reducing conditions and
staining for protein and PEG visualization. Briefly, the gel was
washed twice with doubly distilled water, incubated with
freshly made 5% BaCl2 (Sigma-Aldrich, Israel) for 10 min, and
then developed with 2% iodine solution (Hylabs, Israel). After
PEG visualization, the gel was washed with doubly distilled
water and stained with Coomassie blue for protein visual-
ization.
Serum Stability Assay. N-TIMP2 or N-TIMP2-PEG20K

(at 0.7 mg/mL) was diluted (1:5 v/v) in human serum (from a
healthy volunteer). The tubes were sealed and incubated at 37
°C for a period of 18 days. Aliquots were withdrawn from each
tube every 2−4 days and stored at −80 °C until analysis. Each
sample (1 μL) was subjected to an anti-6×His western blot
analysis, as described above, and protein levels were quantified
using ImageJ. Statistical significance was determined by
Student’s t-test; p < 0.05 was considered significant.
Pharmacokinetic Studies. BALB/c female mice (6 weeks

old) were injected intravenously with 200 μL of 3 mg/kg N-
TIMP2 or N-TIMP2-PEG20K proteins, and serial blood
samples were drawn from the tail vein over 8 h for N-TIMP2
and over 72 h for N-TIMP2-PEG20K, with three mice for each
time point. Serum was separated from the blood using
Minicollect (Greiner, Germany), according to the manufac-
turer’s protocol.
Serum protein concentrations were determined using a

sandwich enzyme-linked immunosorbent assay (ELISA) in a
high binding 96-well Nunc MaxiSorp plate (Thermo Fisher
Scientific). The plate was coated with 100 μL of 2 μg/mL anti-
TIMP2 antibody (ab180630, polyclonal, Abcam, U.K.) in PBS
overnight at 4 °C. The solution containing anti-N-TIMP2
antibody was discarded, and the wells were washed three times
with PBST (PBS with 0.05% Tween-20) and blocked with 5%

bovine serum albumin (Chem-Impex, IL) for 2 h at room
temperature. The blocking solution was then discarded, the
wells were washed three times with PBST, and the serum
samples containing N-TIMP2 or N-TIMP2-PEG20K were
added (in duplicate for each sample) and incubated overnight
at 4 °C. A standard curve was generated by making serial
dilutions of N-TIMP2 or N-TIMP2-PEG20K dissolved in
mouse serum (Sigma-Aldrich, MO). Wells were washed three
times with PBST and a detection antibody, 100 μL of 0.25 μg/
mL anti-6×His tag HRP conjugated (ab1187, polyclonal,
Abcam, U.K.), was added and incubated overnight at 4 °C.
Wells were then washed three times with PBST, and an HRP
substrate, namely, TMB (3,3′,5,5′-tetramethylbenzidine)
(Dako, Glostrup, Denmark), was added and incubated until
the color was observed. A stop solution, 1 M H2SO4, was then
added, and the chromogenic reactions were measured using a
plate reader (Biotek, VT) at 450 nm. A graph of serum
concentration vs time was plotted, and the noncompartmental
pharmacokinetic analysis of the data [to calculate values for the
half-life (t1/2) and area under the curve (AUC0−∞)] was
performed using the PKSolver 2.0 Microsoft Excel add-in.72
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