Bioconjugate Chem.
Downloaded from pubs.acs.org by Y ORK UNIV on 12/13/18. For personal use only.

K: Bioconjugate
ChemlStrY @& Cite This: Bioconjugate Chem. XXXX, XXX, XXX—XXX

pubs.acs.org/bc

Design and Synthesis of Potent, Long-Acting Lipidated Relaxin-2

Analogs

Avinash Muppidi,” Sang Jun Lee, Che-Hsiung Hsu, Huafei Zou, Candy Lee, Elsa Pflimlin,
Madhupriya Mahankali, Pengyu Yang,“ Elizabeth Chao, Insha Ahmad, Andreas Crameri, Danling Wang,

Ashley Woods, and Weijun Shen*

Calibr at the Scripps Research Institute, 11119 North Torrey Pines Road, La Jolla, California 92037, United States

O Supporting Information

BoL805000009000u B chain
©) e SO £ G50050U0C0EE0EUCRT0005CT0VIS
® 0 64 Semi-synthetic Achain | e
% 8 oy & :eoeooemeeweeooeeeoaee
) \T‘ Expression I
e@ @R‘K‘K,R‘m . Refolding N FX,'Z,,?,%"’
) Fatty acid conjugation L Binding
R,g,ElE ],M Enzymatic processing @vao NENW\OIES}\MOH

Conjugation site

Pre-pro-relaxm L2C

Potent, long acting Relaxin R9-13

ABSTRACT: Peptide hormone relaxin-2, a member of the insulin family of peptides, plays a key role in hemodynamics and
renal function and has shown preclinical efficacy in multiple disease models, including acute heart failure, fibrosis, preeclampsia,
and corneal wound healing. Recently, serelaxin, a recombinant version of relaxin-2, has been studied in a large phase 3 clinical
trial (RELAX-AHF-2) for acute decompensated heart failure patients with disappointing outcome. The poor in vivo half-life of
relaxin-2 may have limited its therapeutic efficacy and long-term cardiovascular benefit. Herein, we have developed a
semisynthetic methodology and generated potent, fatty acid-conjugated relaxin analogs with long-acting pharmacokinetic (PK)
profile in rodents. The enhanced PK properties translated into improved and long-lasting pharmacodynamic effect in pubic
ligament elongation (PLE) studies. The resultant novel relaxin analog, R9-13, represents the first long-acting relaxin-2 analog
and could potentially improve the clinical efficacy and outcome for this important peptide hormone. This semisynthetic
methodology could also be applied to other cysteine-rich peptides and proteins for half-life extension.

Relaxin initiates its functions through binding to LGR7, a
member of the leucine-rich repeat-containing G-protein
coupled receptor family, also known as RXFP1 (relaxin family
peptide receptor 1)." Relaxin-2 plays a significant role in
reproduction and various physiological and pathological
processes. Its role in improving hemodynamics and renal
function has been associated with reduced complications that
arise during heart failure.” Serelaxin, a recombinant version of
human relaxin-2 developed by Novartis/Corthera, is an
investigational drug for the treatment of acute heart failure
(AHF).” In phase I and first phase III clinical studies, serelaxin
provided greater dyspnoea relief in patients with AHF
compared to the placebo. The average length of the patient
hospital stay and early worsening of heart failure symptoms at
6 months were also decreased up to 30% by serelaxin.”
However, the second phase III study in more than 6000
patients (RELAX-AHF-2) showed that the short-term intra-
venous infusion of serelaxin does not improve cardiovascular
mortality in patients with acute decompensated heart failure
(ADHF) compared to placebo.” Besides these clinical studies
in heart failure, serelaxin has also shown preclinical efficacy in
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fibrosis, preeclampsia, and corneal would healing.6 Being a
short-lived peptide with an in vivo half-life of approximately
10—-20 min,” the mode of treatment for serelaxin in the
hospitalized AHF patients is continuous infusion for 48 h. The
poor in wvivo halflife of serelaxin may have limited its
therapeutic efficacy, and hence optimization of the pharmaco-
kinetic (PK) properties could potentially change the clinical
outcome and the fate of this important peptide hormone.
People have reported relaxin-2 analogs, single chain relaxin (B-
chain), and small molecule LGR7 agonists;g_10 however,
nothing has been evaluated in the clinical setting beyond
serelaxin. Here we have developed a semisynthetic method-
ology where we recombinantly expressed prepro-relaxin in E.
coli and refolded into pro-relaxin, conjugated with serum
binding motifs, and enzymatically processed to generate long-
acting relaxin-2 analogs with a PK profile superior to that of
the native relaxin-2 when evaluated in rodents (Figure 1). The
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Figure 1. Strategy to generate long-acting versions of relaxin-2. (A) Structure of relaxin-2 depicted in the ribbon diagram highlighting the key
residues (Arg, Arg, and Ile) vital for the interaction and activation of LGR7 receptors. (B) Long-acting relaxin-2 analogs through site-specific fatty
acid conjugation through the cysteine introduced in recombinant relaxin-2.

enhanced PK properties translated into long-lasting pharma-
codynamic (PD) effect in pubic ligament elongation (PLE)
studies. These potent long-acting relaxin analogs could
potentially translate into once weekly injectables in human,
avoid patient admission into hospitals and improve patient
compliance and potentially clinical efficacy in acute and
chronic heart failure.

Wild type human relaxin-2 and analogs have been
synthesized chemically by solid-phase peptide synthesis
followed by random chain combination or regioselective
disulfide bond formation,"'™ while serelaxin is synthesized
through recombinant expression in E. coli.'"® To generate wild
type-like dual chain relaxin-2, we decided to pursue a
recombinant approach and designed relaxin constructs (Figure
2Aand Figure S3) containing both a leader sequence
(MIEEGR) at the N-terminus of the B-chain and a mini-C-
chain linker (KRKPTGYGSRKKR) connecting B and A
chains, which can eventually be cleaved off to produce mature
wt relaxin.'” The prepro-relaxin was refolded from purified
inclusion bodies and the pro-relaxin was subjected to limited
proteolysis with trypsin and carboxypeptidase B (Cp-B) in 0.1
M Tris buffer for 1-2 h. The reaction was quenched by
acidifying the solution to pH < 3 with 0.1 N HCI and
subsequently purified by RP-HPLC. To evaluate the activity of
the relaxin-2 analogs, we generated a LGR7-overexpressing
HEK-293 stable cell line equipped with a Cre-Luc reporter
(cyclic AMP response element-driven firefly luciferase) and the
ECy, of each relaxin analog was determined from 3
independent experiments. The resultant relaxin (R1) was
found to have equivalent activity to that of the commercially
available relaxin (Figure S4). During the enzymatic processing,
it appears that the cleavage between the Arg and the Asp 1 of
the B-chain with trypsin is rate limiting, though extending the
incubation time led to decreased yield and overdigestion at
undesired sites. The presence of Asp at the P1’ position slows
down the digestion process with trypsin.'® To increase the
efficiency, we mutated Asp 1 of the B-chain (a P1’ site) to Ala,
yielding B:D1A relaxin (R2) with much improved vyield
(overall 30% after refolding and enzymatic cleavage) but with
similar in vitro potency to wt relaxin (Figure S4). Thus, D1A-
relaxin was used as the basis for generation of all the other
relaxin analogs.

To extend the in vivo half-life of relaxin-2, we used a
semisynthetic approach to recombinantly express relaxin-2 and
then chemically conjugated it to a multiple-ethylene glycol
(MEG) linked fatty acid. Fatty acids have been widely

exploited for their inherent affinity toward serum albumin, a
carrier protein that protects its bound peptides from renal
clearance and proteolysis.'” Long-acting insulin, including
detemir and degludec, was achieved through site specific
conjugation of fatty acids onto lysine residues in insulin.”’ The
presence of multiple lysine residues in relaxin-2 is expected to
complicate the homogeneous conjugation onto the peptide;
therefore, we decided to incorporate a cysteine residue for fatty
acid conjugation. Since relaxin already contains three
endogenous disulfides from 6 cysteines, the introduction of
an additional cysteine for conjugation purposes may interfere
with the refolding process. At first, we designed relaxin B:S29C
construct (B chain Ser 29 replaced with Cys) generating
relaxin R3. Refolding was carried out overnight using the
conditions similar to wt relaxin. LC-MS analysis indicated that
~50% of the refolded R3 existed as free thiol (MW 8194 Da)
and the rest existed as the glutathione adduct (MW 8499 Da)
(Figure 2). Reducing the adduct with TCEP, following a
similar approach employed for BMP-2,>" was not successful. In
fact, the relaxin-glutathione adduct formation was found to be
dependent on the refolding time and buffer composition.
Adduct formation is correlated to the refolding time and to the
ratio of the oxidized and the reduced glutathione
(GSSG:GSH) in the refolding buffer (Table S1). Refolding
in a buffer containing 5 mM of GSH and 1 mM of GSSG for 4
h led to >70% of refolded relaxin with a free thiol (Figure 2
and Table S1).

To facilitate cysteine conjugation, a series of fatty acids
functionalized with a-bromo-acetamide and multiethylene
glycol (MEG) spacers were synthesized (Figure S6). While
the fatty alkyl chain length modulates protein half-life by
promoting albumin binding, the spacer keeps the alkyl chain
away from the protein and prevents potential interference in its
binding toward LGR7. The presence of a terminal carboxylic
acid in the alkyl chain is known to enhance the binding affinity
toward albumin.”> Thus, FA-1 to FA-12 were designed and
synthesized using solid-phase peptide synthesis (SPPS) or
solution-phase synthesis (Supporting Information).

All conjugations were performed in SO mM Tris buffer (pH
8.0) containing 20—50% acetonitrile in water, depending on
the solubility of the fatty acid used. Conjugation was usually
complete in 2 h and the progress of the reaction was
monitored by analytical HPLC. Conjugation was carried out
prior to enzymatic processing, as the reverse order led to
disulfide scrambling and loss of the product. The conjugation
mixture was then lyophilized and reconstituted in 0.1 M Tris
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Figure 2. A representative scheme for generating relaxin analogs.
Shown here is the process for generating the conjugate, R3-02 from
cloning to final product. (A) A desired relaxin gene was inserted into
pBR322 and expressed in E. coli through arabinose induction.
Inclusion bodies were isolated, solublized in 8 M guanidine-HCI and
refolded using S mM GSH and 0.5 mM GSSG, in 0.1 M Tris buffer
(pH 8.0). (B) Coomassie Blue-stained reducing SDS-PAGE of relaxin
proteins before and after refolding. (C) The process of fatty acid
conjugation and enzymatic processing with the corresponding
deconvoluted masses; see Experimental Section and Supporting
Information for detailed procedure. (D) LC-MS characterization, in
vitro potencies of R3-based relaxin analogs in the aforementioned
CRE-Luc reporter assay. ECg, values for activation of LGR7 were
determined using a stable HEK-293 cell line overexpressing LGR7
and a CRE-Luc reporter. The assay was performed in triplicate in each
experiment and the ECg, results were obtained from three
independent experiments.

buffer (pH 8) for leader sequence and C-peptide cleavage with
trypsin and Cp-B. Fatty acid-conjugated relaxin-2 analogs were
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R5-02 | A:A5C; B:D1A FA-2 6366.74 | 0.46+0.08
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Figure 3. Cysteine residue variants of relaxin. (A) Cysteine positions
(highlighted in blue) explored for conjugation. (B) Structures of fatty
acids FA2, FAS8, and FA9. (C) Table summarizing the LGR7 CRE-
Luc reporter activity induced by relaxin-FA conjugates. ECs, values
for activation of LGR7 were determined using a stable HEK-293 cell
line overexpressing LGR7 and a CRE-Luc reporter. The assay was
performed in triplicate for each experiment and the ECy, results were
obtained from three independent experiments.

obtained at 7—10% overall yield from refolding, conjugation,
and enzymatic cleavage, for subsequent biological testing
(Figure 2). Various R3 conjugates were evaluated in the CRE-
Luc reporter assay and a particular trend in the potency of
receptor activation was observed with respect to the fatty acids
attached. Direct conjugation of a lipid chain without a spacer
(FA-1) to relaxin was not tolerated (R3-01, 170-fold loss in
potency compared to R2), while R3-02, generated through
FA-2 conjugation, was equipotent to wt relaxin R2 (Figure 2D
and Table S2). A short spacer might avoid the interference of
fatty acid with LGR7 receptor binding. To evaluate if the FA-2
conjugation protracts the in vivo half-life, we evaluated the PK
profile of R3-02 in mice. The concentrations of R3-02 in
plasma samples determined by luciferase assay were used to
derive the half-lives. FA-2 conjugation onto relaxin extended
the half-life from 0.3 h (wt) to 1 h (IV dosing, Table S2). In an
attempt to further extend the half-life of the relaxin conjugates,
we synthesized FA-8 and FA-9, with a C18 alkyl chain and a
terminal acid and amide, respectively. FA-8 resembles the lipid
component used for the once-weekly GLP-1 agonist
semaglutide; therefore, we envisioned that conjugation of
FA-8 onto relaxin would improve the half-life to a similar
extent. FA-8 and FA-9 were conjugated onto relaxin S29C to
generate R3-08 and R3-09, which exhibited a 60- and 30-fold
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Figure 4. In vitro activity and PK profile of wild type relaxin (R2) and fatty acid conjugates (R9-08 and R9-13). (A) In vitro activity of R2, R9-08,
and R9-13 in LGR7 (RXFP1) mediated CRE-Luc reporter assay (n = 3). (B) PK profiles of R9-08 and R2 in mice (n = 4) when administered via
SC and IV routes. (C) PK profile of R9-13 in rats (n = 4). (D) Dose—response rat PK study with R9-13 (n = 4). Peptides (0.3 mg/kg) in PBS (pH
8.5) were administered by either IV or SC delivery into CD1 female mice or SD rats (n = 4 per group). Plasma samples were collected at the
indicated time points and analyzed by using the in vitro LGR7 activity assay. The assay was performed in triplicate. Pharmacokinetic profiles were

determined with WinNonLin using noncompartmental analysis.

drop in in vitro activity, respectively. We hypothesized the
reduced binding affinity may be due to the enhanced affinity of
FA-8 and FA-9 toward serum albumin present in the assay
media.

We aimed to optimize the potency of the relaxin conjugates
by designing other cysteine mutants. We used the program
ASAview™ to determine the solvent-exposed amino acid
residues of relaxin (Figure S7). Together with crystal structure
analysis,”* selected cysteine mutations were designed, includ-
ing hydrophobic residues of the A-chain (L2, AS, and V13)
and B-chain (V7), and hydrophilic residues of A-chain (Ql
and R18) and B-chain (D1) (Figure 3A). All the mutants were
expressed, refolded, conjugated, and digested as described
previously. No significant variations in refolding yields between
the constructs were observed, except for the V7C construct
which was unable to refold. We explored the conjugation with
FA-2, FA-8, and FA-9 (Table S3). R4-02 and R9-02 were
evaluated in vivo in mice, and PK profiles similar to R3-02 were
observed, suggesting that the shorter lipid chain moiety
(myristic acid, C14) might not be sufficient to achieve a
half-life suitable for once-weekly dosing in human, irrespective
of the conjugation site. Among all the FA-8 conjugates, R4-08
(A:QIC), R8-08 (A:V13C), and R9-08 (A:L2C) exhibited
higher potency (Figure 3C) and were evaluated for their PK
profile in mice. To our satisfaction, the half-lives of all these
three analogs appear to be ~8 h after subcutaneous
administration (Figure S8), which is similar to that of
semaglutide in rodents, indicating a potential translation into
a once-weekly injectable drug in humans. R9-08 retains the
most potency compared to the other FA-8 conjugates, with the
desired half-life.

To further optimize the synthetic process, we converted the
glutamine at the N-terminus of the relaxin A-chain to
pyroglutamate to avoid spontaneous cyclization and product
heterogeneity (similar to serelaxin). By incubating R9-08 in

acetic acid for 4 h at 90 °C (Figure S10), R9-13 with N-
terminal pyroglutamate was obtained in quantitative yield and
exhibited similar potency as that of R9-08 (Figure 4A). Next,
we optimized the downstream processing of R9-13 by
minimizing RP-HPLC purification steps. After refolding, the
pro-relaxin was precipitated from the refolding concentrate
using 80% ammonium sulfate (Figure S11) with 95% recovery.
Furthermore, to confirm the site-specific conjugation onto the
mutated cysteine without disulfide scrambling, we performed
LC-MS/MS analysis. We conjugated pro-relaxin R9 with
simple FA1, to prevent the fragmentation of fatty acid linker in
the MS/MS experiment. The pro-relaxin R9-FAl conjugate
was then fully reduced with DTT and digested with trypsin
before subjecting to LC-MS/MS analysis. The result showed
that the conjugation occurred only at the engineered free
cysteine (L2C), demonstrating the refolding process is
selective without disulfide mispairing (Figure S15). Next, we
explored conjugations with various fatty acid chain lengths,
with/without terminal carboxylate groups, and observed that as
the length of the lipid chain increases, the in vitro potency
decreases (potency trend for diacids: R9-04 (C14) > R9-06
(C16) > R9-13 (C18) > R9-10 (C20), Table S3). The analog
with the shortest diacid (R9-04) is as potent as wt relaxin,
whereas the analog with the longest diacid (R9-10) is 70-fold
less potent. On the other hand, longer chain fatty acids bind
better to serum albumin and may provide longer half-life in
mouse. Though R9-10 has the longest lipid chain among all
the conjugates, we did not pursue PK analysis due to its weaker
potency. Among all the R9 conjugates, R9-13 turned out to
have the optimum balance between the in vitro potency and in
vivo half-life (Figure 4). Consistent with its extended half-life in
mice, R9-13 showed similarly improved PK profile in rat
(Figure 4C).

Finally, we evaluated whether the extended half-life of
relaxin analog R9-13 can translate into long-acting efficacy in
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Figure 5. Pubic ligament elongation (PLE) study with wt relaxin (R2) and fatty acid conjugated relaxin (R9-13). Mice were treated with either
PBS or relaxin, in addition to estradiol cypionate, PLE was measured by the end of treatment. (A) R2 dose—response study, PLE was measured 24
h after the treatment. (B) PLE was measured after 1, 2, and 3 days after R2 administration. (C) R9-13 dose—response study, where pubic ligament
elongation was measured at 24 h after treatment and (D) at 168 h after R9-13 treatment. (E) PLE study at different days post R9-13 injection.
Results were compared to untreated and analyzed with one way ANOVA followed by Dunnett’s multiple comparison test, NS = adjusted P value >

0.05, *p < 0.0, *¥¥p < 0.01, ¥*¥p < 0.001, **¥¥p < 0,0001.

vivo. Relaxin was initially discovered and named for its
relaxation effect on the pubic symphysis and its first confirmed
pharmacodynamic (PD) effect is also to elongate the
collagenous interpubic ligament to separate the pubic bones,
thus facilitating parturition.””~>” A pubic ligament elongation
(PLE) model was established in mice with wt relaxin, R2: CD1
female mice were primed with estrogen for a week and
administered with R2 (1.7, 3.3, and 6.7 nmol/kg). The
ligament length was measured 24 h post injection and dose-
responsive elongation of the ligament was observed (Figure
SA). However, the effect of R2 only lasted for 24 h (Figure
SB). We then evaluated R9-13 in this model, and similarly, a
dose-responsive PLE effect was observed at 24 h (Figure 5C).
Excitingly, this pubic ligament elongation effect for relaxin R9-
13 was sustained even 1 week after dosing (Figure SD). To
further establish a clear time course and in vivo dose linearity,
we conducted the PLE study at 1, 2, 4, and 7 days post dosing
at multiple doses (Figure SE). 10 and 30 nmol/kg doses
reached saturation, and pubic ligament elongation by nearly 4
mm was observed at 2 days. Combining these in vivo studies,
the EDg, of R9-13 is estimated to be S nmol/kg in the PLE
model, which translates into a very low dose of 30 ug/kg per
week for R9-13.

In summary, we have developed a semisynthetic method-
ology for the synthesis of a series of potent fatty acid
conjugated relaxin-2 analogs that demonstrate extended in vivo
half-life and improved in vivo efficacies. These novel long-
acting analogs warrant further preclinical and clinical develop-
ment and provide new hope in translating the promising
potential of relaxin-2 into innovative human therapies.

B EXPERIMENTAL SECTION

Materials and Methods. Relaxin wt and its cysteine
mutants were expressed in E. coli and processed according to
the detailed procedure described. All peptides were purified
using a Gilson or Shimadzu semipreparative reverse-phase
HPLC system equipped with a Phenomenex C18 column with
a flow rate of 5 mL/min and a gradient of 10-90% ACN/H,0
while monitoring at 220 and 254 nm. Analytical HPLC was
performed using a Phenomenex Luna C18 or Kinetex C18
column (250 X 4.6 mm) with the flow rate set at 1.0 mL/min
and UV detection set at 220 and 254 nm. Electrospray LC-MS
analysis was performed using a Finnigan LCQ_ Advantage
IonTrap mass spectrometry coupled with a Surveyor HPLC
system or using an Agilent 6520 accurate-mass quadrupole-
time-of-light (QTOF) instrument equipped with reverse phase
liquid chromatography and an electrospray ionization (ESI)
source.

Relaxin wt and Cys Mutant Cloning and Expression.
The inserts containing relaxin wt and Cys mutant were
prepared through polymerase cycling assembly, where forward
and reverse primers were annealed to generate the DNA
fragment which was further enriched by forward and reverse
end primers. The amplified fragment was then digested with
restriction digestion enzymes (Ndel/Kpnl). The prepared
insert was then ligated into a vector with a PET backbone
under the control of a T7 promoter and terminator. The
encoded DNA fragment was then confirmed by DNA
sequencing. For expression, relaxin constructs were trans-
formed into K12 E. coli (derivative of W3110) with a genomic
T7 RNA polymerase gene under the control of an araBAD
promoter.

The transformed E. coli cells were cultured in Terrific Broth
(TB) supplemented with 50 yg/mL kanamycin to ODyqo = 0.8
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at 37 °C with vigorous shaking (250 rpm). To induce
expression of the genes, L-arabinose stock solution (20% w/v
in H,0) was added to a final concentration of 0.2% (2 g per 1
L), and the cells were continuously incubated with shaking at
250 rpm at 37 °C for S h (ODgyy ~S). Cells were then
harvested by centrifugation (6000 rpm, 15 min) and the pellet
was kept at —80 °C overnight.

Inclusion Body Purification. The cell pellet was resus-
pended in 20 mL lysis buffer (50 mM Tris, pH 8, 100 mM
NaCl, 1% Triton-X100, 1 mM EDTA) per 1 L of bacterial
culture and homogenized manually using Pipet Aid XP. The
resuspended bacterial cells were lysed by passing through a
French pressure cell press at 18 000 psi at least S times while
the cell suspension was chilled to 4 °C after each pass.

Lysed cell suspension was clarified by centrifuging for 45
min at 15000 rpm at 4 °C. The pellet containing the inclusion
body was washed at least three times with wash buffer (50 mM
Tris, pH 8, 100 mM NaCl, 1 mM EDTA) by resuspension
through homogenization followed by centrifugation (15000
rpm, 20 min, 4 °C).

Refolding. The pellet containing the purified inclusion body
was stored at —80 °C and directly used for in vitro refolding of
the relaxin analog without any further purification. Refolding of
the relaxin analogs was carried out in the presence of oxidized
glutathione (GS), and reduced glutathione (GSH). Inclusion
bodies were dissolved in S—10 mL (for every 1 L of E. coli
culture) at 37 °C for 1 to 1.5 h in 6 M guanidine hydrochloride
(6 M guanidine hydrochloride in 100 mM, pH 8.0 Tris buffer
with 2 mM EDTA). The pellet was resuspended multiple times
until it was completely dissolved.

The denatured protein was then diluted in 200 mL (for
every 10 mL inclusion body solution) of precooled fresh
refolding buffer (containing 400 mM arginine, 100 mM Tris,
pH 8.2 with 0.5 mM oxidized glutathione (GS), and S mM
reduced glutathione GSH). The refolding was continued for 4
h at 4 °C and quenched by adding conc. HCI until pH < 3.
The precipitate was then centrifuged (5000 rpm, 15 min, 4 °C)
and the supernatant (containing the relaxin precursor) was
collected, transferred into a stirred cell unit (Amicon Stirred
cells with SK membrane) and concentrated to 30 mL.

Ammonium Sulfate Precipitation of Pro-Relaxin L2C
Mutant. The concentrated protein mixture was then
precipitated using ammonium sulfate (16.0 g solid added to
a final 80% concentration) at 4 °C for 30 min. The resulting
mixture was then centrifuged again (4000g, 30 min). The pellet
was collected and lyophilized to obtain a pale yellowish foam.
The weight of the whole solid was ~500 mg and the solid was
estimated to contain 10% relaxin. The total yield of relaxin at
this stage was around 50 mg/L of E. coli culture. The
glutathione adduct is around 10—20% (Figure S11).

Conjugation of FA8 to Pro-Relaxin L2C Mutant Yielding
L2C-Pro-Relaxin-FA8. The lyophilized crude protein solid (50
mg, assuming 10% yield from S00 mg crude, 6.1 pmol) was
dissolved in 5.0 mL of SO mM pH 8.0 Tris buffer/ACN (v/v,
3/1, 1.5 mL). The mixture was clarified by centrifugation
(4000g, 10 min) and the solution containing the relaxin
protein was collected. 2.0 eq (molar equivalent, 12.2 pmol,
10.7 mg, MW 880.44) of PEGylated lipid FA8 dissolved in 1
mL of acetonitrile/S0 mM Tris buffer (1/3, v/v, pH 8.0) was
added to the protein solution. The reaction mixture was
agitated S h at RT. After completion of the reaction, the
mixture was purified by RP-HPLC to obtain the relaxin
product in 10 to 15 mg.

One-pot Enzymatic Processing to Yield L2C-Relaxin-
FA8. The lyophilized powder of L2C-pro-relaxin-FA8 (10 mg)
was resuspended in 10 mL of 25 mM Tris buffer containing 0.5
mM CaCl,, pH 8.0 to prepare a final 1 mg/mL solution (1
mg/mL). 0.01 mg of trypsin per mg of protein + carboxy
peptidase-B (0.8 units for 1 mg of protein) were added to the
mixture. The reaction was completed in 1 h. After the cleavage
was completed, the pH of the mixture was brought to 4 by
adding acetic acid. The mixture was then heated to 95 °C for 2
h. The final product was purified by RP-HPLC to afford the
3.5 mg of L2C-Relaxin-FA8 final product (Figure S14). The
final yield is around 3.5—S5 mg/L of E. coli culture.

Cyclization of the N-terminal Glutamine of the A Chain
to Pyroglutamate. After quenching with acetic acid, the
resultant mixture was kept at 90 °C for 4 h and monitored for
the loss of water through mass spectrometry. No obvious
aggregate/decomposition was observed at 90 °C for 4 h
incubation.

B ASSOCIATED CONTENT
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