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Abstract

Therapeutic proteins are indispensable in treating numerous human diseases. However, therapeutic
proteins often suffer short serum half-life. In order to extend the serum half-life, a natural albumin
ligand (a fatty acid) has been conjugated to small therapeutic peptides resulting in a prolonged
serum half-life via binding to patients' serum albumin in vivo. However, fatty acid-conjugation has
limited applicability due to lack of site-specificity resulting in the heterogeneity of conjugated
proteins and a significant loss in pharmaceutical activity. In order to address these issues, we
exploited the site-specific fatty acid-conjugation to a permissive site of a protein, using copper-
catalyzed alkyne-azide cycloaddition, by linking a fatty acid derivative to p-ethynylphenylalanine
incorporated into a protein using an engineered pair of yeast tRNA/aminoacyl tRNA synthetase.
As a proof-of-concept, we show that single palmitic acid conjugated to superfolder green
fluorescent protein (sfGFP) in a site-specific manner enhanced a protein's albumin-binding in vitro
about 20 times and the serum half-life in vivo 5 times when compared to those of the unmodified
sfGFP. Furthermore, the fatty acid conjugation did not cause a significant reduction in the
fluorescence of sSfGFP. Therefore, these results clearly indicate that the site-specific fatty acid-
conjugation is a very promising strategy to prolong protein serum half-life in vivo without
compromising its folded structure and activity.
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1. Introduction

Recombinant proteins with therapeutic activity have become critical for treating numerous
diseases, and cover a wide range of therapeutics including monoclonal antibodies,
hormones, growth factors, cytokines, and enzymes [1]. However, utility of therapeutic
proteins is often hampered by their short serum half-life requiring frequent re-administration
resulting in patient discomfort and noncompliance. Therefore, extending the serum half-life
of therapeutic proteins will significantly enhance the utility of existing therapeutic proteins
and will also enable development of new therapeutic proteins [2,3]. In the quest to extend
the serum half-life, binding/conjugation of serum albumin or Fc portion of immunoglobulin
G to therapeutic proteins is a very promising emerging strategy [4-6].

Human serum albumin (HSA) has an inherently long serum half-life (19 days) [6] due to
neonatal Fc receptor (FcRn)-mediated recycling as well as reduced renal filtration [7,8].
HSA-binding/conjugation is a very attractive strategy for extending the serum half-life of a
therapeutic protein when compared to conventional poly(ethylene)glycol (PEG) conjugation
which mainly relies on renal filtration evasion. Furthermore, although it has long been
considered that PEG is non-immunogenic, antibodies raised against PEG were observed in
patients administered PEGylated uricase [9]. Therefore, the binding of therapeutic proteins
to HSAs in patients' blood is actively investigated to mitigate most immune response issues.
Despite the many benefits of HSA as a binding/conjugation partner, developing a general
strategy to bind/conjugate therapeutic proteins to HSA remains a big challenge.

In order to facilitate HSA binding of therapeutic proteins in patients' blood, genetic fusion of
an albumin binding domain to N-term or C-term of therapeutic proteins is performed. But
this methodology has a potential risk of immunogenicity [10,11]. Furthermore, the end-to-
end fusion does not provide steric control or favorable topology that retains both therapeutic
efficacy and conformational stability [12-14]. Alternatively, synthetic or natural albumin-
binding moieties have been chemically attached to a peptide, preferably to cysteine or lysine
residues [15,16]. In particular, the conjugation of a natural HSA ligand, a fatty acid, has
been successfully used to extend the serum half-life in vivo of two therapeutic peptides,
insulin and glucagon-like peptide-1 agonist (GLP-1) via acylation at lysine residues [17,18].
Seven binding sites in HSA have been identified to accommodate saturated fatty acids with
10-18 carbons [19,20]. Compared to direct fusion/chemical conjugation of HSA to
therapeutic proteins, this approach is advantageous for deep penetration into tissues [16],
higher activity to mass ratio [21], and greatly reduced immunogenicity [22,23]. However,
fatty acid-conjugation to multiple lysine residues of therapeutic proteins likely leads to
heterogeneous mixtures of the conjugated proteins, compromising pharmaceutical activity
and downstream processing. For instance, fatty acid-conjugation to lysine residues of
interferon-alpha led to an 80% reduction in its antiviral potency [24]. Therefore, fatty acid-
conjugation has been limited to peptides with a small number of lysine residues. In order to
overcome the heterogeneity of the conjugated proteins and the compromised pharmaceutical
activity, a fatty acid should be attached to a permissive site of a protein necessitating site-
specific fatty acid-conjugation technique. Although therapeutic proteins are dominant over
therapeutic peptides in clinical applications, to our knowledge, fatty acid-conjugation to a
protein in a site-specific manner has not been reported. In this report, we describe a novel
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strategy to achieve site-specific conjugation of the natural albumin ligand, a fatty acid, to a
protein with the combined use of copper-catalyzed alkyne-azide cycloaddition (CUAAC)
and site-specific incorporation of noncanonical amino acid (NAA) technique. CUAAC is a
popular reaction in which a terminal alkynyl group (HC = C — Ry) and an azido group ("N =
N* = N - R») are united to give a 1,4-di-substituted 1,2,3-triazole in the presence of catalytic
copper [25,26]. Its uniqueness lies in the bio-orthogonality of both moieties, since they are
absent in all natural amino acids and thus ensure a highly selective reaction [27-29]. To
employ CuAAC in protein engineering, amino acids containing either an alkynyl or azido
group should be introduced into a protein. Among several techniques for expanding the
chemical diversity of proteins [30-34], the site-specific genetic incorporation of NAAs is
capable of adding new chemistries at a desired site. An orthogonal pair of tRNA amber
suppressor and aminoacyl-tRNA synthetase from foreign species needs to be engineered to
be specific for each NAA and utilized to incorporate it in response to an amber codon in the
target protein sequence [35,36]. In order to achieve site-specific fatty acid-conjugation to a
protein, p-ethynylphenylalanine (pEthF) was introduced to a model protein, superfolder
green fluorescent protein (sfGFP), using the bacterial cells outfitted with the orthogonal pair
of engineered yeast phenylalanyl-tRNA/phenylalanyl-tRNA synthetase. The sSfGFP was
chosen as a model protein thanks to its favorable properties for our study. First, its
fluorescence is directly correlated to its folding [37]. Therefore, perturbation of its folded
structure upon fatty acid-conjugation can be estimated by measuring its fluorescence.
Second, its spectral properties greatly facilitate quantitative analyses in vitro including HSA
binding assay. Third, the family of green fluorescent protein variants is generally known to
be non-toxic to animals facilitating pharmacokinetics testing in vivo [38,39]. The sfGFP
variant containing pEthF was coupled to a fatty acid derivative containing an azido group
via CUAAC. Finally, using the fatty acid-conjugated sfGFP, we show that the site-specific
fatty acid-conjugation to a protein enhances its binding to HSA in vitro and prolongs protein
retention in blood when administered in vivo without any significant loss in its intrinsic
folded structure and fluorescence.

2. Material and methods

2.1. Materials

p-Ethynylphenylalanine (pEthF) was synthesized as described previously [40]. Ni-NTA
agarose and pQE-16 plasmid were obtained from Qiagen (Valencia, CA). Sequencing grade
modified trypsin was obtained from Promega Corporation (Madison, WI). Amicon ultra
centrifugal filters and ZipTip® with C1g media were purchased from Millipore Corporation
(Billerica, MA). NHS-activated agarose and BCA protein assay kit were purchased from
Thermo Scientific (Rockford, IL). GFP ELISA kit was purchased from Cell Biolabs, Inc.
(San Diego, CA). Coumarin-azide was obtained from Glen Research (Sterling, VA).
Palmitic acid-azide was obtained from Invitrogen Corporation (Carlsbad, CA). All other
chemicals were purchased from Sigma-Aldrich Corporation (St. Louis, MO).

2.2. Plasmid construction and strains

Preparation of the plasmids pQE16am-yPheRST415A and pREP4-ytRNAPMc 5 g is
described previously [41]. pQE16am-yPheRS 415G encodes the engineered yeast
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aminoacyl-tRNA synthetase and the murine dihydrofolate reductase (MDHFR) with an
amber codon at 38th position and a C-terminal hexahistidine tag. A Phe/Trp/Lys triple
auxotrophic Escherichia coli strain, designated AFWK, was prepared as described
previously [41]. AFWK harboring both plasmids was used as an expression host for
incorporation of pEthF into murine dihyrofolate reductase (NDHFR). A gene encoding a
sfGFP with a C-terminal hexahistidine tag was synthesized from Epoch Life Science, Inc.
(Sugar Land, Texas). The expression cassette of the sSfGFP was inserted into the Aatll/Nhel
site in pQE16am-yPheRST415A replacing the coding sequence of the mDHFR and yielding
PQE16-sfGFP-yPheRST41%A, An amber codon was generated by PCR mutagenesis in a
position between the 214th and the 215th amino acid of the sSfGFP resulting in pQE16-
SfGFP15amp-yPheRST415A, The mutagenic primer sequences were as follows: 215Amb_F,
5-CCCAACGAAAAGTAGCGTGA CCACATGG-3; 215Amb_R, 5'-
CCATGTGGTCACGCTACTTTTCGTTGGG-3'. AFWK was co-transformed with pQE16-
SfGFP,15amb-yPheRST415A and pREP4-ytRNAPMc ;5 (g and then used as an expression
host for incorporation of pEthF into the sfGFP.

2.3. Expression and purification of wild-type and mutant proteins

The wild-type sfGFP (sfGFP-WT) was expressed from AFWK harboring pQE16-sfGFP-
yPheRST415GA by 1 mM IPTG induction in LB media containing 100 pg/mL ampicillin at
37 °C. To express the sfGFP mutant containing pEthF at the 215th position (sSfGFP-pEthF),
AFWK harboring pQE16-sfGFP215amb-yPheRST415A and pREP4-ytRNAPe.a g Was
used. Saturated overnight cultures grown at 37°C in M9 minimal medium supplemented
with 100 pug/mL ampicillin, 30 pg/mL kanamycin, 0.4% (w/v) glucose, 1 mM MgSQOy, 0.1
mM CaCly, 10 pg/mL thiamine, and 20 amino acids (25 pg/mL each) were diluted 20 fold in
the same fresh medium, and grown at 37 °C until an ODgqg of 0.9 was reached. After
incubation on ice for 15 min, cells were sedimented by centrifugation at 4000 g for 12 min,
and washed with cold 0.9% (w/v) NaCl by gentle resuspension. After repeating twice, cells
were shifted to M9 medium supplemented with the same ingredients described above except
for different amino acid compositions: 17 amino acids (35 pg/mL each), 150 uM Lys, 60 uM
Phe, 10 pM Trp, and 3 mM pEthF. To maximize the incorporation efficiency in condensed
culture, the total volume of M9 medium was 20-fold smaller than the original volume. Upon
induction by 1 mM IPTG, cells were incubated with shaking at 30 °C for 15 h before
harvest. Expression of the wild-type mDHFR (mDHFR-WT) or the mDHFR mutant with
pEthF (MDHFR-pEthF) at the 38th position was performed similarly except that the plasmid
pQE16 for mDHFR-WT or pQE16am-yPheRST415GA for mDHFR-pEthF was used instead
of pQE16-SfGFP15amp-yPheRST415A, Cells were pelleted by centrifugation, and the
protein was purified by gravity-flow affinity chromatography using Ni-NTA agarose beads
under native (sSfGFP-WT and sfGFP-pEthF) or denaturing (MDHFR-WT and mDHFR-
pEthF) condition according to the supplier's instructions (Qiagen). Purified proteins were
directly used or buffer-exchanged using PD-10 desalting columns to appropriate buffers. If
necessary, the protein solutions were concentrated using centrifugal filters.

2.4. CuAAC-mediated dye labeling and fatty acid-conjugation

Palmitic acid-azide was reacted with the mDHFR-pEthF under the following condition
yielding the mDHFR-Pal: 30 uM mDHFR-pEthF in the denaturing elution buffer (8 M urea,
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10 mM Tris, 100 mM NaH,POy, pH = 4.5), 150 uM palmitic acid-azide, 1 mM CuSQy, 2
mM sodium ascorbate, and at room temperature for 2 h. sSfGFP-pEthF was conjugated to
palmitic acid-azide or fluorogenic coumarin-azide under the following condition generating
sfGFP-Pal or sSfGFP-CM: 30 uM sfGFP-pEthF in 20 mM potassium phosphate (pH = 8) and
35% (v/v) DMSO, 150 uM palmitic acid-azide or coumarin-azide, 1.0 mM TBTA, 1.5 mM
CuSOQy, 2.0 mM DTT, and at 25 °C for 10 h. Reactions were quenched by adding 200 mM
imidazole and 5 mM EDTA. Upon completion of reaction, the reaction mixture was desalted
and buffer-exchanged using PD-10 desalting columns to appropriate buffers for downstream
uses. Protein concentrations were determined by BCA assay.

2.5. Verification of pEthF incorporation and fatty acid-conjugation by mass spectrometry

Tryptic digestion of the mDHFR-WT, the mDHFR-pEthF or the mDHFR-Pal in the
denaturing elution buffer (8 M urea, 10 mM Tris, 100 mM NaH,POy4, pH = 4.5) was
performed by diluting 10 pL of a protein with 90 pL of NH4HCO3 and then adding 0.5 pL of
modified trypsin (0.1 pg). Following incubation at 37 °C for 2 h, the reaction mixture was
mixed with 12 pL of 5% (v/v) trifluoroacetic acid (TFA) to quench the reaction and then
desalted on a ZipTip® Cqg. The site-specific incorporation of pEthF into mDHFR and
palmitic acid-conjugation was confirmed by MALDI-TOF mass spectrometry (MS) analysis
of the tryptic digests of mDHFR. The MS analysis was performed using 20 mg/mL of 2,5-
dihydroxybenzoic acid and 2 mg/mL of .-(=)-fucose dissolved in 10% ethanol as a matrix by
Microflex™ MALDI-TOF MS (Bruker Corporation, Billerica, MA). LC-MS/MS analyses
of tryptic digests of mMDHFR were conducted on a thermo electron LTQ VelosOrbitrap mass
spectrometer. The tryptic digests of mMDHFR were separated on a reverse phase column (75
pum) with acetonitrile gradient. The column eluent was introduced to the microspray source,
and amino acid sequence analysis was carried out by fragmentation of the precursor ion
corresponding to the Peptide_Z38. The site-specific incorporation of pEthF into sfGFP and
palmitic acid-conjugation were confirmed by LC-MS coupled with electron spray ionization
(ESI). The chromatographic separation was performed using a BEH C4 (2.1 x 100 mm, 1.7
pum) column at a flow rate of 0.4 pL/min with mobile phase consisting of water and n-
propanol. The eluent was introduced into the ion source of the LTQ-Orbitrap mass
spectrometer operated in a positive mode at a spray voltage of 3.0 kV. The data were
acquired by XCalibur (Thermo Scientific) and processed using ProMass deconvolution
(Thermo Scientific).

2.6. In vitro albumin-binding assay

N-hydroxysuccinimide-activated agarose was coated with HSA according to the supplier's
protocol or inactivated by adding an excess amount of glycine to generate HSA-coated and
inactivated resin, respectively. The resins were mixed with the sSftGFP-WT, the sfGFP-
pEthF, or the sfGFP-Pal and incubated at room temperature for 1 h. After washing with PBS
multiple times, the fluorescence images and intensities of the resins were obtained at gy =
480 nm and A¢m = 510 nm using the Biospectrum imaging system (UVP Inc., Upland, CA)
and the Biotek fluorescence plate reader, respectively. For membrane-based binding assay,
the HSA solution (10 mg/mL) was spotted on the nitrocellulose membrane. After extensive
washing with PBS, the membrane was blocked with casein solution. Two microliters of
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protein solutions (2 mg/mL) was overlaid on the HSA spot, and the membrane was washed
with PBS and analyzed by the imaging system.

2.7. In vivo studies of the sfGFP-WT and sfGFP-Pal

3. Results

The animal protocol was approved by the Institutional Animal Care and Use Committee
(IACUC) at the University of Virginia. Pharmacokinetic properties of SftGFP-WT and
sfGFP-Pal were investigated by injecting 50 g of each sfGFP sample in 200 yL PBS into
the tail vein of young female C57BL/6 mice (h = 4). The blood was sampled at 0 (10 min),
3, and 6 h post-injection for the sSfGFP-WT, and at 0 (10 min), 3, 6, 18, 24, and 30 h post-
injection for the sfGFP-Pal.

3.1. Site-specific incorporation of p-ethynylphenylalanine into the murine dihydrofolate
reductase and the CuUAAC-mediated dye labeling

In order to investigate site-specific fatty acid-conjugation to a protein via CUAAC (Fig. 1A),
we introduced pEthF into murine dihydrofolate reductase (MDHFR) in a site-specific
manner. Since the expression and purification of DHFRs in E. coli are well established
[41,42], we routinely used mDHFR to study site-specific incorporation of a NAA. pEthF is a
phenylalanine analog with an alkyne moiety at para-position of the phenyl ring (Fig. 1B)
and expected to act as a molecular handle for CUAAC with azide-functionalized molecules.
Previously the yeast-originated pair of phenylalanine-tRNA suppressor/phenylalanyl-tRNA
synthetase variant (ytRNAPM®c o yc/yPheRST4154) was designed to incorporate a Phe
analog into mDHFR in E. coli expression system [41,43]. The relaxed substrate specificity
of yPheRST415A also allows recognition of a panel of Phe and Trp analogs with a bulky
functional group at para-position of the phenyl ring. Therefore, we hypothesize that the
YIRNAPNec A ualyPheRST415A pair will also allow efficient site-specific incorporation of
pEthF in response to an amber codon at the 38th position of the mMDHFR mutant
(mDHFR-38Am). The mDHFR-38Am was expressed in the presence of 3 mM pEthF,
purified under denaturing condition, and trypsin-digested for MALDI-TOF analysis as
described previously with minor alterations [41,42]. The mDHFR mutant containing pEthF
at the 38" position is designated as MDHFR-pEthF. For wild-type mDHFR (mDHFR-WT),
pep-tide F38 (residues 26-39; NGDLPWPPLRNEAFK), one of the tryptic digests, was
detected with a monoisotopic mass of 1682.7 Da, in accord with its theoretical mass (Fig.
2A). Peptide 238 of the mDHFR-pEthF (residue 26-39; NGDLPWPPLRNEAMK where
Am indicates an amber codon) was detected with a strong signal at a mass of 1706.8 Da,
supporting the incorporation of pEthF in response to the amber codon. Furthermore, liquid
chromatography-tandem mass spectrometry confirmed this assignment (Supplementary Fig.
S1).

To validate orthogonal reactivity of the alkyne end group of pEthF with an azide moiety via
CUuAAC, fluorogenic coumarin azide was reacted with the purified mMDHFR-pEthF or
MDHFR-WT in a CuSQOg4/ascorbate system. Since the reaction of the coumarin azide with an
alkyne group produces a strongly fluorescent triazole-linked conjugate [44], the evolution of
fluorescence is an indicator of pEthF reactivity for CUAAC. In SDS-PAGE analysis, the
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protein gel under UV exposure (Aex = 390 nm) clearly exhibited the fluorescence confirming
the formation of a triazole linkage between coumarin azide and the alkynyl group of the
mDHFR-pEthF (Fig. 2B) as well as a strong protein band stained with Coomassie blue dye,
whereas the mDHFR-WT did not exhibit any fluorescence despite a strong protein band
stained with Coomassie blue dye. The combined results of the mass spectrometric analysis
and the fluorogenic dye conjugation strongly support the idea that pEthF was site-
specifically incorporated into a protein using the E. coli expression system containing the
orthogonal pair of ytRNAP"eca yc/yPheRST415A, and the pEthF introduced into a protein
is reactive for bio-orthogonal CUAAC.

3.2. Site-specific fatty acid-conjugation to the mDHFR-pEthF

Next, we tested if a fatty acid with an intrinsic affinity for HSA can be grafted to the
mDHFR-pEthF through CUAAC. Palmitic acid-azide (15-azidopentadecanoic acid), a
palmitic acid analog containing an azide moiety at the end of the carbon chain (Fig. 1C),
was used for this purpose. The mDHFR-pEthF was reacted with palmitic acid-azide, and
then subjected to tryptic digestion. The MALDI-TOF mass spectrum of the tryptic digests
shows that anew signal with a monoisotopic mass of 1989.9 appears whereas Peptide Z38
signal is substantially reduced (Supplementary Fig. S2). Considering that palmitic acid-azide
conjugation will add 283.4 Da to the mass of Peptide Z38 (the actual mass shift of 283.2 in
the spectrum), the new peak is considered as palmitic acid-conjugated Peptide Z38 (Peptide
Z38-PAL). This result clearly indicates that palmitic acid-azide has been conjugated to the
mDHFR-pEthF in a site-specific manner.

3.3. Site-specific fatty acid-conjugation to superfolder green fluorescent protein without
compromising its folded structure and intrinsic fluorescence

To investigate site-specific fatty acid-conjugation to a native protein without compromising
intrinsic properties, we examined the site-specific fatty acid-conjugation to superfolder
green fluorescent protein (sfGFP) [37]. Intrinsic fluorescence of sfGFP correlated to its
folding facilitates the estimation of the extent of structure perturbation during CUAAC and
the determination of sfGFP quantity in the following characterization steps. In order to allow
efficient fatty acid-conjugation with least protein structure perturbation, we chose a position
between the 214th and the 215th amino acid as pEthF incorporation site by using a server-
based solvent accessibility calculation program (ASAView) [45] and examining the crystal
structure of sSfGFP. This position is located in a loop region with high solvent accessibility
(0.72 score in the ASAView) and distal from the chromophore (Supplementary Fig. S3).
Furthermore, it was reported that another NAA at this position can be used for CUAAC [28].
pEthF was introduced into the amber codon site using the E. coli expression host harboring
YIRNAPNec A yclyPheRST415A orthogonal pair. The sfGFP variant containing pEthF at
position 215 (sfGFP-pEthF) was purified via metal-ion affinity chromatography using a six-
histidine tag. Based on the expression medium volume, about 80 mg/L of purified sfGFP-
pEthF was obtained. Site-specific incorporation of pEthF into wild-type sfGFP (sfGFP-WT)
was confirmed by mass spectrometry coupled with electron spray ionization (ESI-MS)
(Supplementary Fig. S4). The measured mass of the full length sfGFP variant (sSfGFP-
pEthF) is 27,755.2 Da, which is consistent with the calculated mass of 27,755.8 Da. The
sfGFP-pEthF was then subjected to CUAAC-mediated palmitic acid-conjugation in a native
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condition using a CuSOy/dithiothreitol (DTT)/Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)
methyl]amine (TBTA) system where TBTA acts as an accelerating ligand as well as a
radical scavenger [25]. The palmitic acid-conjugate (sfGFP-Pal) was analyzed by ESI-MS
and found to have a molecular weight greater than that of the sSfGFP-pEthF by 281.2 Da,
strongly indicating site-specific conjugation at a stoichiometry of one palmitic acid per
protein. As reported previously [46,47], the N-terminal methionine was cleaved in a portion
of the sfGFP-pEthF (AM-sfGFP-pEthF) generating a peak with 27,624.1 n/z
(Supplementary Fig. S4). However, an additional peak corresponding to the palmitic acid-
conjugated AM-sfGFP-pEthF (27,905.7 m/Z) (Supplementary Fig. S4) was also detected,
indicating that both the intact and the methionine-cleaved sfGFPs are successfully
conjugated to the palmitic acid.

Next, we investigated whether the fatty acid-conjugation perturbs the sfGFP folded
structure. As an indicator of the portion of correctly folded sfGFPs, the fluorescence
intensity of sSfGFPs was monitored (Fig. 3). The fluorescence intensity of the sSfGFP-pEthF
is 25% higher than that of the sSfGFP-WT. Even after the sfGFP-pEthF was conjugated to a
fatty acid, the fluorescence intensity of the sfGFP-Pal remains unchanged. Similarly, the
incubation of the sSfGFP-WT under the same condition used for the fatty acid-conjugation of
the sSfGFP-pEthF did not significantly alter the fluorescence intensity (Fig. 3). These results
clearly demonstrate that neither the site-specific incorporation of pEthF at position 215 of
sfGFP nor the fatty acid-conjugation via CUAAC compromises the intrinsic fluorescence
and thereby folded structure of sfGFP.

3.4. HSA-binding of the sfGFP-Pal in vitro

To investigate whether the fatty acid-conjugation to a protein generates albumin-binding
affinity, the sSfGFP-WT and the sfGFP-Pal were mixed with HSA-coupled agarose beads or,
as a control, inactivated beads in which amine-reactive N-hydroxysuccinimide groups had
been blocked by glycine. After washing the beads multiple times with PBS on a gravity-flow
column, the fluorescence intensity of the beads were qualitatively or quantitatively analyzed
by using a fluorescence imager and a fluorescence microplate reader, respectively (Fig. 4).
The HSA-coupled beads mixed with the sfGFP-Pal exhibit significant fluorescence while
the HSA-coupled beads mixed with the sSfGFP-WT display negligible fluorescence (Fig.
4A). Furthermore, the inactivated beads mixed with the sSfGFP-Pal exhibit negligible
fluorescence. These results strongly support the idea that the sSfGFP-Pal binds the HSA-
coupled beads via HSA-specific interactions. In order to quantitatively compare the binding
affinities of the sSFGFP-WT and the sfGFP-Pal to HSA, the fluorescence intensities of the
HSA-coupled beads mixed with the sSfGFP-WT and the sfGFP-Pal were measured. The
HSA-coupled beads mixed with the sfGFP-Pal exhibit about 20-fold greater fluorescence
than those with the sSfGFP-WT. The inactivated beads mixed with the sSfGFP-WT and the
sfGFP-Pal exhibit 1.7- and 1.3-fold greater fluorescence than that of the HSA-coupled beads
mixed with the sSfGFP-WT, likely because the sfGFP-WT and the sfGFP-Pal reacted with a
small amount of residual amine-reactive N-hydroxysuccinimide groups in the inactivated
beads (Fig. 4A). Without any significant structural perturbation, the fluorescence intensity is
directly correlated to the amount of sSTGFP. Therefore, these results suggest that the fatty
acid-conjugation leads to a substantial increase in albumin-binding affinity. To eliminate the
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possibility that the fluorescence increase is caused by aggregation of the sfGFP-Pal leading
to its retention in the column during the HSA-coupled bead binding assay, the binding was
also examined using the nitrocellulose membrane blot which was subjected to extensive
washing. In contrast to the sSfGFP-WT and the sfGFP-pEthF that were washed away after
being spotted on HSA-coated membrane, the sfGFP-Pal was tightly bound to HSA as
confirmed using fluorescence image analysis (Fig. 4B). These results unambiguously
indicate that the site-specific palmitic acid-conjugation remarkably enhances HSA-binding
affinity of the sfGFP compared to the unmodified sfGFP.

3.5. Pharmacokinetic study of the sfGFP-Pal

In order to evaluate clinical benefits from albumin-binding capacity generated from the site-
specific fatty acid-conjugation, a single dose of either the sSfGFP-WT or the sfGFP-Pal was
intravenously administered to mice (n = 4), and the sfGFP serum concentrations in the
serum samples taken at different time points were measured by using GFP-specific ELISA
kit. Assuming one-compartment distribution and first-order elimination of the sSfGFP in the
serum [48,49], its logarithmic residual serum concentrations versus time were plotted, and
the data were fitted into a straight line to calculate the serum half-life (Fig. 5). The serum
half-life of the sSfGFP-Pal calculated (5.2 h) is approximately 5-fold longer than that of the
SfGFP-WT (1.0 h).

4. Discussion

The fatty acid-conjugation is an attractive methodology for developing long-acting protein
therapeutics. A natural occurrence of a fatty acid in the blood greatly reduces the risk of
immunogenicity and toxicity when it is used as an albumin-binding tag. In addition, its small
size relative to other aloumin-binding motifs [50,51], including albumin-binding domain, is
less likely to impair protein folded structure and function upon conjugation. The recently
FDA-approved long-acting peptide analogs in which a fatty acid has been chemically linked
to a lysine residue represent the potential of a fatty acid as a safe and reliable half-life
extender in clinical settings. To render it broadly applicable to large-sized proteins as well as
small peptides, new protein conjugation chemistry is required to prevent the production of
positional isomers and detrimental loss of inherent activity arising from random coupling to
multiple lysine residues.

Since its advent in 2002, CUAAC has found numerous applications in diverse fields,
providing highly selective reactivity. To implement CUAAC for the site-specific attachment
of a fatty acid to a protein, pEthF was introduced by using the engineered orthogonal pair of
YIRNAPNec A yalyPheRST415A with the yield of approximately 80 mg/L based on the
volume of protein expression medium. Research efforts witnessed over the past couple of
years have demonstrated near-optimal expression of a NAA-incorporated protein (up to 800
mg/L) comparable to that of its wild-type, thereby showing great promise for its expanded
application to protein therapeutics [52-54]. Successful bioconjugation via CUAAC is
critically dependent on stabilizing catalytically active Cu(l) oxidation state while
simultaneously preventing generation of reactive byproducts leading to undesirable protein
aggregation. We discovered that the CuSO4/DTT/TBTA system is suitable for the fatty acid-
conjugation to a protein resulting in a high yield with minimal side products. The use of
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TBTA ligand was essential for a high yield and an optimal reaction rate, but its low
solubility in water required the addition of a polar solvent, DMSO, in the CUAAC reaction.
Newly-developed water-soluble ligands such as THPTA and BTTAA might be alternatives
for bioconjugation of proteins intolerant to DMSO [55].

We report here the utility of a fatty acid as an albumin-binding tag attached to a large protein
with absolute site selectivity. Site-specificity is the key advantage of our technique over
other albumin-binding strategies relying on the genetic fusion of affinity motifs or random
chemical attachment of synthetic binding molecules. Another key to exploiting this
technology is imparting albumin-binding capability to a protein with minimal perturbation
of its native activity and stability. As demonstrated in this paper, the site-specific fatty acid-
conjugation via CUAAC does not cause any significant loss of the sSfGFP fluorescence,
strongly indicating that the native sSfGFP structure was not perturbed. Based on examination
of a crystal structure of a target protein and the solvent accessibility prediction, optimal sites
for NAA incorporation and subsequent fatty acid-conjugation can be chosen, which has not
been possible previously. Furthermore, the utility of this technology to modulate
pharmacokinetics can be easily expanded by varying carbon chain lengths or by adding
distinct chemical linkers between a fatty acid and a target protein. Tailoring the half-life of a
therapeutic protein offers the advantage of being able to optimize the requirements of its
intended clinical application [56,57].

The animal study has clearly revealed the significance of albumin-binding effect on in vivo
half-life extension. Five-fold longer retention of the sSfGFP-Pal in blood compared to the
sfGFP-WT is most likely attributed to FcRn-mediated recycling of the sSfGFP-HSA
complex, which is supported by in vitro HSA-binding assay. Previously, a GFP variant C-
terminally attached to a PEG-like polymer exhibited only 2 h of serum half-life when
injected intravenously into mice [58]. Similarly, a single-chain diabody (scDb) C-terminally
fused to an albumin-binding domain showed 2.6 h of serum half-life despite the 13-fold
half-life extension compared to that of an unmodified one [59]. Therefore, the half-lives of
the GFP and the scDb conjugates were found to be smaller than that of the sfGFP-Pal (5.2
h). Although differences in dose, concentration measurement, and data analysis complicate a
direct comparison between half-life extension technologies, it is evident that the technique
and approach described in this paper constitutes a significant impact on the optimization of
therapeutic efficacy of a protein by virtue of unique features including immuno-safety and
orthogonal chemistry unrestricted in site of modification, and thereby has broad applications
to short-lived proteins.

5. Conclusions

In this paper we successfully demonstrated that a fatty acid can be conjugated to a pEthF site
of a recombinant protein via CUAAC leading to an increase in HSA binding in vitro and in
serum half-life in vivo by 20-fold and 5-fold, respectively. To our knowledge, this is the first
time to show the site-specific conjugation of a biomolecule into a single pEthF site of a
protein via CUAAC. Furthermore, a careful choice of the pEthF incorporation site in a
protein allows the successful fatty acid-conjugation without any significant perturbation of
the folded protein. In the future, development of an orthogonal tRNA/aaRS pair for pEthF
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incorporation into a protein expressed in yeasts and mammalian cells will extend the
application of the technique described here to broader ranges of recombinant proteins.

Supplement

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Reaction scheme and chemical structures. (A) Copper-catalyzed alkyne-azide cycloaddition.
Structures of p-ethynylphenylalanine (B) and palmitic acid-azide (C).
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Fig. 2.
Site-specific incorporation of pEthF into the mDHFR-38Am and CUAAC-mediated

coumarin-labeling. (A) MALDI-TOF analysis of trypsin-digested mDHFR-WT and
mDHFR-pEthF. Peptide F38 (top) of the mDHFR-WT and Peptide 238 of the mDHFR-
pEthF (bottom). (B) Protein gel images of the fluorogenic dye-treated mDHFR-pEthF
(pEthF) and mDHFR-WT (WT). The gel was subjected to UV (390 nm) irradiation to excite
the fluorophore (fluorescence panel), and then stained with Coomassie brilliant blue
(Coomassie panel) to visualize proteins.
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Fig. 3.
The relative fluorescence of the sSfGFP-WT and sfGFP variants. Protein solutions (20

pg/mL) were loaded onto a 96-well microplate at 100 pL per well, and read on the plate
reader at hgx = 480 nm and Agy = 510 nm. Values were averaged for each protein (n = 5),
and normalized to the fluorescence of the sSfGFP-WT. In order to investigate the effect of
reagents used in CUAAC, the sSFGFP-WT was treated in parallel with the sSfGFP-pEthF
subjected to the fatty acid-conjugation, and designated sSfGFP-WT (R).
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Fig. 4.
Relative albumin-binding affinities of sfGFP-variants. (A) Inactivated (amine-reactive

functional groups blocked by glycine) or HSA-immaobilized agarose beads were mixed with
the sSfGFP-WT and the sfGFP-Pal. After washing extensively with PBS, the fluorescence
image was taken on the UV epi-illuminator at Agx = 480 nm, and emitted light above 510 nm
was captured. For a quantitative fluorescence measurement, the same amounts of agarose
beads were loaded on a 96-well microplate and read on the plate reader at A¢x = 480 nm and
Xem = 510 nm. The relative amounts of sSfGFP samples were calculated from the relative
fluorescence intensities. (B) Four micrograms of each protein in 2 uL of PBS were dotted
onto the HSA-coated nitrocellulose membrane and air-dried. After washing in PBS for 5
min and air-dry, the membrane was epi-illuminated at Aoy = 480 nm, and emitted light above
510 nm was captured.
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Fig. 5.

Phgarmacokinetics of the sfGFP-WT and the sfGFP-Pal. Four mice were intravenously
administered the sfGFP-Pal (square) or the SFGFP-WT (triangle), respectively, and serum
concentrations were measured by ELISA at different time points (mean £ s.d.): 0 (10 min),
3, and 6 h for the sSfGFP-WT; 0 (10 min), 3, 6, 24, and 30 h for the sfGFP-Pal. Data were
normalized with regard to the initial value, plotted in a logarithmic scale versus time post-
injection, and fitted into a straight line (R2 = 0.98 for the sSfGFP-WT and 0.97 for the sfGFP-
pal).
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