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ABSTRACT: To increase the utility of protein mutagenesis with unnatural amino acids, a recombinant
expression system in the methylotrophic yeast Pichia pastoris was developed. Aminoacyl-tRNA synthetase/
suppressor tRNA (aaRS/tRNAcya) pairs previously evolved in Saccharomyces cerevisiae to be specific
for unnatural amino acids were inserted between eukaryotic transcriptional control elements and stably
incorporated into the P. pastoris genome. Both the Escherichia coli tyrosyl- and leucyl-RS/tRNAcya
pairs were shown to be orthogonal in P. pastoris and used to incorporate eight unnatural amino acids in
response to an amber codon with high yields and fidelities. In one example, we show that a recombinant
human serum albumin mutant containing a keto amino acid (p-acetylphenylalanine) can be efficiently
expressed in this system and selectively conjugated via oxime ligation to a therapeutic peptide mimetic
containing an e-(2-(aminooxy)acetyl)-L-lysine residue. Moreover, unnatural amino acid expression in the
methylotrophic host was systematically optimized by modulation of aaRS levels to express mutant human
serum albumin in excess of 150 mg/L in shake flasks, more than an order of magnitude better than that
reported in S. cerevisiae. This methodology should allow the production of high yields of complex proteins
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containing unnatural amino acids whose expression is not practical in existing systems.

Recently, we developed methodology that makes it pos-
sible to genetically encode a wide variety of unnatural amino
acids with novel properties (including fluorophores, metal
ion chelators, photocaged and photo-cross-linking groups,
NMR, crystallographic and IR probes, and posttranslationally
modified amino acids) in both prokaryotic and eukaryotic
organisms (/—3). This is accomplished through the evolution
of an orthogonal aminoacyl-tRNA' synthetase/suppressor
tRNA (aaRS/tRNAya) pair, designed to selectively insert
a desired unnatural amino acid in response to a nonsense or
frameshift codon. Thus far, this methodology has been used
to add more than 40 unnatural amino acids to the genetic
repertoires of Escherichia coli, Saccharomyces cerevisiae,
and several mammalian cell lines (2—4). Orthogonality in
these systems is achieved by transplanting an orthogonal
aaRS/tRNAya pair with distinct tRNA identity elements into
the host organism such that no cross-aminoacylation occurs
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between the host aminoacylation machinery and the trans-
planted aaRS/tRNA pair (while still maintaining function in
translation). In the current systems, this has proven most
successful using aaRS/tRNAcya pairs derived from the
Methanococcus jannaschii tyrosyl-RS/tRNAcya pair in E.
coli (5) and the E. coli tyrosyl- or leucyl-RS/tRNAcy, pairs
in S. cerevisiae (2, 6) or mammalian cells (4). Directed
evolution is then used to alter the specificity of the orthogonal
aaRs so that it recognizes the unnatural amino acid of interest
and not an endogenous amino acid.

To apply this methodology to the production of large
quantities of proteins that are not easily expressed in bacterial
hosts, a recombinant system is desired with low cost,
scalability, and the ability to produce complex, posttransla-
tionally modified proteins. One such host is Pichia pastoris,
which is capable of producing mammalian proteins in
quantities comparable to those of E. coli (7). Therapeutic
proteins such as tumor necrosis factor (TNF), tetanus toxin
fragment C (TTC), and human serum albumin (HSA) have
afforded expression levels > 10 g/L in high-density fermenta-
tions (8—11). P. pastoris’ ability to produce proteins in such
yields is attributed to its alcohol oxidase 1 promoter (P4ox;),
one of the most highly regulated and strongest promoters
known (/2). In addition, P. pastoris lacks endotoxins which
can contaminate therapeutic proteins expressed in E. coli and
does not produce antigenic o1,3 glycan linkages as does S.
cerevisiae (13). Additionally, it is now possible to modulate
glycosylation patterns in P. pastoris, including control of
sialylation (/4). For these reasons, we undertook the
development of methodology to allow unnatural amino acids
to be genetically encoded in P. pastoris. Here we report that
eight unnatural amino acids were site-specifically introduced
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into recombinant human serum albumin (rHSA) expressed
in this host with high yields and fidelities.

MATERIALS AND METHODS

Materials. DNA primers were purchased from Integrated
DNA Technology (San Diego, CA) and sequences listed in
Supporting Information, Table T1. Restriction enzymes were
purchased from New England Biolabs (Beverly, MA). The
pPIC3.5k vector (map available at http://tools.invitrogen.com/
content/sfs/manuals/ppic3.5kpao_man.pdf) and protocols for
yeast competency, transformation, and media recipes (Multi-
Copy Pichia Expression Kit Version F (/5) manual available
at http://tools.invitrogen.com/content/sfs/manuals/pichmulti_
man.pdf) were purchased from Invitrogen (Carlsbad, CA).
DNA was amplified in E. coli DH10B (Invitrogen) or, when
noted, by PCR using Platinum Pfx (Invitrogen). The rHSA
gene (accession BC034023) was obtained from the Mam-
malian Gene Collection (National Institutes of Health,
Bethesda, MD). All DNA constructs were confirmed by
DNA sequencing (Genomics Institute of the Novartis Re-
search Foundation, La Jolla, CA). The double auxotrophic
strain, GS200 (his4, arg4), and pBLARG vector were
gracious gifts from the James Cregg laboratory at the Keck
Graduate Institute, Clairemont, CA. Transformations of P.
pastoris and E. coli were carried out on a GenePulser Xcell
(Bio-Rad, Hercules, CA) using 2 and 1 mm electroporation
cuvettes (Fisher Scientific, Rochester, NY). Tris—glycine
(4—20%) SDS—PAGE gels for protein analysis were pur-
chased from Invitrogen. RNA was harvested via the protocols
and reagents accompanying the Purelink miRNA isolation
kit (Invitrogen) or Ribo-pure—yeast kit (Ambion, Austin,
TX). All relative gel band densities were determined using
Photoshop CS2 (Adobe, San Jose, CA).

Construction of pPIC3.5k-rHSA. For compatibility with
pPIC3.5k linearization (/5), Bg/II sites were removed from
rHSA by a modified QuikChange mutagenesis (Stratagene,
La Jolla, CA) protocol (/6) using primers —Bg/Il 1F and
—BglIl 1R for Bglll;s;, and —BglIl 2F and —Bg/II 2R for
Bgllly,; to create tHSAywr. Glu37 was replaced by the amber
codon TAG using the modified QuikChange protocol and
the primers Glu37 F* and Glu37 R’ to create rHSAg;7x.
rHSAwr and rHSAg;7x were amplified using primers HSA
forward and HSA reverse, digested with EcoRI and BamHI,
and ligated into the similarly digested pPIC3.5k vector to
create pPIC3.5k-rHSAwr or pPIC3.5k-rTHS Ag37x.

Construction of pREAV. The pPR1-Ppgx; + 3SUP4-
tRNAX, vector (17) harboring the pApaRS was amplified
by PCR, excluding the TRP and 2u origin regions, to add
restriction sites Kpnl and HindIIl with primers pESC F and
pESC R and digested with HindIll and Kpnl. The ARG4
coding region was amplified from pPBLARG with primers
ARG4 F new and ARG4 R new, digested with Kpnl and
HindlIll, and ligated into the similarly digested pPR1-Ppg;,
+ 3SUP4-tRNALS, PCR product to create the recombinant
eukaryotic ARG4 vector, pPREAV-P,py;-pApaRS. To create
PREAV-P,ox;-pApaRS, the AOXI promoter and terminator
sequences were derived from pPIC3.5k. The pApaRS was
amplified with primers KETO-Koz-F and KetoRS R 6 xHis,
digested with EcoRI and Notl, and ligated into the similarly
digested pPIC3.5k to create pPIC3.5k-pApaRS. The pREAV-
Pipui-pApaRS was amplified by PCR, excluding the P,py;-
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pApaRS-T,py; region, to add restriction sites Ascl and Afll]
with primers pESC-AOX-KETO F and pESC-AOX-KETO
R. The P4ox;-pApaRS-T4px; coding region was amplified
from pPIC3.5k-pApaRS with primers pPIC-keto AOXS F
and pPIC-keto AOXTT R, digested with Ascl and AfllI, and
ligated into the similarly digested pPREAV-P,py;-pApaRS
PCR product to create pREAV-P,oy;-pApaRS. Constructs
were confirmed by size mapping and sequencing.

Transformation of Cassettes into P. pastoris. Briefly, to
create GS200-tHSAg37x (HIS4, arg4, GenR, mut®), 20 ug of
pPIC3.5k-rHS Ag37x was linearized with Bg/Il, concentrated
to 10 uL by ethanol preciptiation, added to 80 uL of freshly
competent GS200 in a 2 mm electroporation cuvette, and
electroporated with the P. pastoris settings (2000 V, 25 uF,
200 Q). Cells were recovered in 1 mL of cold 1 M sorbitol;
250 uL. of recovered cells was plated on regeneration
dextrose Bacto agar (RDB) plates (15 cm) supplemented with
0.4 mg/mL L-arginine (Arg) and incubated at 30 °C. After 3
days, colonies were picked into 96-well 2 mL blocks (Nunc,
Rochester, NY) with I mL of yeast peptone dextrose (YPD)
media and grown overnight (29.2 °C, 300 rpm). The cultures
were diluted 1:100 and 1—2 uL of replica plated on YPD
agar plates containing 0.25 mL of Geneticin (Invitrogen) and
incubated at 30 °C. After 4 days, colony G3 showed good
growth, was picked, and made competent. Transformations
to create GSZOO-I’HSAE37x/pREAV-PADH]-pApaRS and GS200-
rHSAg37x/pPREAV-P,ox;-pApaRS (HIS4, ARG4, Gen®, mut®)
were carried out using the aforementioned protocol with
competent G3, except recovered cells were plated on RDB
plates lacking L-histidine (His) and Arg. After 3 days colonies
were picked into 96-well 2 mL blocks and rescreened as
above for resistance to 0.25 mg/mL Geneticin. GS200-
rHSAw1/pREAV-P,py-pApaRS (HIS4, ARG4, GenR, mut®)
was created in identical fashion to isolate colony F2. GS200-
PREAV-P,ox;-pApaRS (his4, ARG4, Gen®, mut®) was created
by transforming pREAV-P,ox;-pApaRS into GS200 but
plated on RDB plates supplemented with 0.4 mg/mL His
and not further screened for Geneticin resistance.

Test Protein Expression. All protein expression experi-
ments followed protocols for mut® found in the Multi-Copy
Pichia Expression Kit (/5). Briefly, 14 colonies for GS200-
rHSAE37X/pREAV—PADH1—pApaRS, GSZOO-I‘HSAwa/pREAV—
Pioxi-pApaRS, or GS200-rHSAw1/pREAV-P,py-pApaRS
were picked from plates containing 0.25 mg/mL Geneticin
and grown to near saturation (ODgyp ~ 12—18) in 10 mL of
buffered glycerol-complex medium (BMGY) (29.2 °C, 300
rpm). Cultures were centrifuged at 1500g (10 min) and
resuspended in 2 mL of buffered methanol-complex media
(BMMY) with 2 mM pApa amino acid (SynChem, Des
Plaines, IL). Growth was continued for 6 days, with methanol
supplementation to 0.5% every 24 h. Media (200 uL, 10%
culture volume) or sterile water was added every 24 h to
account for evaporation. Media (50 L) was removed every
24 h and cleared of cells by centrifugation at 3000g (5 min).
Twenty-five microliters of the cleared media was added to
12.5 uL of SDS loading buffer, heated for 1 min at 95 °C,
and run on a SDS—PAGE gel (150 V, 1 h). Bands at 66.5
kDa in GS200-rHS Ag37x/pPREAV-P,ox;-pApaRS and GS200-
rHSAw1/pPREAV-Pspy;-pApaRS expression were clearly
visible by Coomassie stain (40% methanol, 10% acetic acid,
50% water, 0.1% (w/v) Coomassie Brilliant Blue R250
(Sigma-Aldrich, St. Louis, MO)) after 3 days and peaked
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after 6 days. Clone G3-2 for GS200-tHSAg37x/pREAV-P0x;-
pApaRS and F2-wt for GS200-rHSAw1/pREAV-P,py;-
pApaRS showed highest expression and were used in further
comparisons. No clones from GS200-rHSAgz;;x/pREAV-
Pipui-pApaRS showed expression by Coomassie stain. To
confirm that amber suppression was specific for pApa, clones
from GS200, G3, GS200-pREAV-P,ox,-pApaRS, G3-2, and
F2-wt were expressed as described above in the presence or
absence of 2 mM pApa and 0.5% methanol (Figure 2B).

tRNA Northern Blot. Two P. pastoris clones, G3-2 and
GS200, and two S. cerevisiae clones, SCY4-pPR1-Ppgk; +
2SUP4-tRNA, and SCY4, were grown under their respective
expression conditions, and micro-RNA (miRNA) harvested.
Two micrograms of RNA from each sample was loaded onto
two 6% Novex TBE-urea gel (Invitrogen) and run at 180 V
for 1 h. RNA was transferred to a Biodyne B nylon
membrane (Pall Life Science, East Hills, NY) using an XCell
surelock mini-cell (Invitrogen) in 0.5x TBE buffer (Invit-
rogen) and accompanying protocols. The membranes were
auto-cross-linked with UV Stratalinker 2400 (Stratagene, La
Jolla, CA). Hybridization and detection were carried out with
protocols and reagents found in the North2South chemilu-
minescent hybridization and detection kit (Pierce, Rockford,
IL). Briefly, one blot was incubated with biotinylated probes
specific for tRNAS (tRNaser cere 1, 5'-/5Biosg/CAT TTC
AAG ACT GTC GCC TTA ACC ACT CGG CCA T-3%;
tRNaser cere 2, 5’-/5Biosg/GAA CCA GCG CGG GCA
GAG CCC AAC ACA TTT CAA G-3’; tRNaser pich 1, 5'-/
5Biosg/CTG CAT CCT TCG CCT TAA CCA CTC GGC
CAT CGT A-3’; tRNaser pich 2, 5’-/5Biosg/ACA CGA GCA
GGG TTC GAA CCT GCG CGG GCA GAG C-3’) and the
second blot incubated with biotinylated probes specific for
tRNALA (tRNA 5’ biot, 5-/5Biosg/lGGA AGG ATT CGA
ACC TTC GAA GTC GAT GAC GG-3’; tRNA 3’ biot, 5’-/
5Biosg/TCT GCT CCC TTT GGC CGC TCG GGA ACC
CCA CC-3%). Probes were incubated overnight at 55 °C,
bound to a streptavidin—horseradish peroxidase (HRP)
conjugate, and detected with a luminol/enhancer stable
peroxide solution (Pierce) (Figure 2A). Relative tRNA
amounts were determined by band density.

Scaled Expression, Purification, and Mass Spectrometry
of rHSAgs7x. For scaled expression of rHSAg37papa, the test
expression protocol was modified. One liter of BMGY was
inoculated with 20 mL of saturated G3-2 culture in YPD
and grown (~24 h, 29.2 °C, 300 rpm) to ODgg ~ 12—18.
The culture was centrifuged at 1500g and resuspended in
200 mL of buffered minimal methanol (BMM) supplemented
with 10% BMMY and 2 mM pApa. After 6 days of growth
(29.2 °C, 300 rpm, with methanol and volume supplementa-
tion) the culture was centrifuged at 3000g, cells were
discarded, and media were passed through a 0.22 um filter
(Millipore, Billerica, MA). The media were ammonium
sulfate (NH;,SO,) precipitated by addition of NH,SO, with
slow stirring at 4 °C to 50% of saturation (58.2 g),
centrifugation at 20000g for 20 min, and again by addition
of NH,SO, to 75% of saturation (31.8 g), and centrifugation
at 20000g for 20 min. The second precipitation contained
rHSAg37,ap. and was resuspended in FPLC buffer A (25 mM
Tris-HCI, 25 mM sodium chloride, 1 mM EDTA, 1x
protease inhibitor cocktail (Roche, Basel, CH), pH = 8.5).
The resolubilized protein was purified with a MonoQ 5/5
column (GE Healthcare, Giles, U.K.) on an AKTA purifier
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FPLC (Amersham Biosciences, Piscataway, NJ) (elution at
20—35% buffer B (buffer A + 1 M NaCl)). Fractions were
analyzed by SDS—PAGE gel, combined, dialyzed with a 30
MWCO dialysis cassette (Pierce) to PBS, and purified with
a Superdex 200 10/300 GL (GE Healthcare) on an AKTA
purifier FPLC (elution after 14 min in PBS at 0.5 mL/min).
Fractions were analyzed by SDS—PAGE gel, combined, and
purified with a C8 Vydac HPLC column (300 mm, 200 A,
5 um; Grace) on a Dynamax HPLC (Rainin, Oakland, CA)
(elution at 40—46% MeCN in water, 0.1% TFA). Fractions
were analyzed by SDS—PAGE gel, and rHS Agz7pap.-contain-
ing fractions were flash frozen and lyophilized to a white
powder. Purification of rHSAyr from F2-wt was done in
similar fashion.

Tryptic Digest, Nano-RP LC-MS/MS. Purified tHSAgs7x
was digested overnight with trypsin under reducing condi-
tions (10 mM TCEP, 1 M guanidine hydrochloride, 100 mM
triethanolamine hydrochloride, pH = 7.8). The digest was
purified by reversed-phase solid-phase extraction with a Sep-
Pak, C18 (Waters, Milford, MA), and lyophilized. Oxidation
of cysteines to cysteic acid and methionine to methionine
sulfone was performed by incubation of lyophilized peptides
with performic acid (9 parts concentrated formic acid + 1
part 30% H,0,) (I8) for 1 h on ice. The reaction was
quenched by addition of an excess of mercaptoethanol and
20x dilution with water. Nano-RP LC-MS/MS was per-
formed with a HPLC system (Agilent Technologies, Santa
Clara, CA) equipped with an LTQ Orbitrap hybrid mass
spectrometer (ThermoElectron, Rochester, NY). Tryptic
digests were loaded onto the precolumn (4 cm, 100 g#m i.d.,
5 um, Monitor C18; Column Engineering, Chicago, IL) of
a vented column setup (/9) at a flow rate of ~2 uL/min.
After a load/wash period of 10 min gradient elution was
started by switching the precolumn in line with the analytical
column (10 cm, 75 um i.d., 5 um C18). The chromatographic
profile was from 100% solvent A (0.1% aqueous acetic acid)
to 50% solvent B (0.1% acetic acid in acetonitrile) in 40
min at ~100 nL/min. Data-dependent MS/MS acquisitions
were performed following a top 10 scheme in which the mass
spectrometer was programmed to first record a high-
resolution Orbitrap scan (:m/z 500—2000) followed by 10
data-dependent MS/MS scans (relative collision energy =
35%; 3 Da isolation window). The raw data were searched
against the SwissProt 51.6 database using MASCOT (Ma-
trixscience, London, U.K.) for protein identification with
pApa as a variable modification.

Creation of mut™ Phenotype. To create GS200-rHS Ags7x/
PREAV-P,,x;-pApaRS (HIS4, ARG4, Gen®, mut™), 20 ug
of pPIC3.5k-TrHSAg37x was linearized with Sacl or Sall and
transformed into freshly competent GS200 as previously
described. Cells were recovered in 1 mL of cold 1 M sorbitol
and plated on RDB plates supplemented with 0.4 mg/mL
Arg. Colonies were picked into a 2 mL 96-well block with
1 mL of YPD, grown to saturation (29.2 °C, 300 rpm),
diluted 1:100, and replica plated on plates containing 0—3.0
mg/mL Geneticin. Clone 1D12, which survived up to 1.0
mg/mL Geneticin, was made competent, transformed with
PREAV-P,ox;-pApaRS as previously described, and plated
on RDB plates lacking Arg or His. Colonies were picked
into a 1 mL 96-well block, grown to saturation, diluted 1:100,
and rescreened on Geneticin 1.0 mg/mL plates. Fourteen
surviving clones were picked and tested for rHSAg37,apa
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expression in the presence of pApa amino acid and methanol.
For continuity, the mut® protocol was used as described
above. Clone K5 showed greatest protein expression and was
compared to G3-2 in test expressions (Supporting Informa-
tion, Figure S3). Relative amounts of protein were deter-
mined by band density.

Construction of pREAV-P,omoer-PApaRS. Five promoters,
Paoxz, Pyeris Picris Props, and Pgap, were separately amplified
by PCR from genomic DNA (P. pastoris GS200) using the
following primers: PAOX2 F and PAOX2 R, PYPT1 F and
PYPTI1 R, PICL1 F and PICL1 R, PFLDI F and PFLD1 R,
and PGAPI F and PGAPI R, respectively. The PCR-
amplified fragments were digested with AfIII and Ncol and
ligated into the similarly digested pREAV-P,ox,-pApaRS
(after removal of the P,ox, coding region via agarose gel
purification) to create the pREAV-P,,.,.0e-pApaRS. After
sequence confirmation, the plasmids (including the previously
constructed pPREAV-P,ox;-pApaRS) were linearized with
Aatll, transformed into freshly competent GS200-rHS Ag37x
(clone 1D12), and plated on RDB plates lacking Arg or His
as previously described to create GS200-tHS Ag37x/pREAV-
Ppromorer-PAPaRS  (HIS4, ARG4, Gen®, mut"). Surviving
clones were screened for Geneticin resistance at 0.75 and
1.0 mg/mL. Forty-eight clones corresponding to each pro-
moter were picked into 1 mL 96-well blocks containing
BMGY and grown to saturation (29.2 °C, 24 h, 300 rpm).
The saturated cultures were centrifuged at 1500g for 10 min,
and cells were resuspended in 200 uL. of BMMY + 2 mM
pApa amino acid. After 6 days (29.2 °C, 300 rpm, with
supplementation), the media were cleared by centrifugation
at 3000g for 10 min, and 1—2 uL of the cleared media was
spotted on a 0.45 um nitrocellulose membrane (Bio-Rad)
using a 96-well pin tool. The membrane was probed with
the HSA antibody [1A9] HRP conjugate (Abcam, Cam-
bridge, MA) using standard Western blotting techniques (20)
and detected with ECL HRP chemiluminescence detection
reagents and protocols (GE Healthcare). The two highest
expressing clones corresponding to each promoter (AOX2,
A6 and B7; YPTI, D11 and B7; ICLI, E5 and H3; FLDI,
Ell and F3; GAP, B7 and B10; AOXI, E3 and E7) were
chosen for parallel test expressions (Figure 4).

pApaRS Northern Blot. Top expressing clones, AOX2, B7;
YPTI, D11; ICLI, H3; FLDI, E11; GAP, B7; and AOXI,
E3, were grown under test expression conditions for 6 days.
Cells (3 x 10%) (2.5 mL at ODgy = 1.0) were collected,
and total RNA was isolated via the RiboPure yeast kit
(Ambion) reagents and protocols. Thirteen micrograms of
each RNA sample was loaded onto a 2% formaldehyde gel
(2% agarose, 20 mM MOPS, 8 mM sodium acetate, 2.2 mM
formaldehyde, pH = 7.0). Three volumes of NorthernMax
formaldehyde load dye (Ambion) was mixed with 1 volume
of RNA, heated to 65 °C for 15 min, and chilled on ice for
5 min before loading. The gel was electrophoresed (50 V
for 2 h) and equal loading confirmed via ethidium bromide
straining of 18S and 28S rRNA (Figure 3C, top). The RNA
was drawn onto a Biodyne B nylon membrane (Pall Life
Science) in 10x SSC buffer (1.5 M sodium chloride, 0.15
M sodium citrate, pH = 7.0) via a standard blotting
apparatus. The membrane was rinsed in 2x SSC buffer,
dried, and auto-cross-linked with a UV Stratalinker 2400
(Stratagene). Hybridization and detection were carried out
via protocols and reagents from the North2South chemilu-
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minescent hybridization and detection kit (Pierce). Briefly,
400—500 ug of biotinylated probes, ketoRS3 biot 5’-/5Biosg/
TGA GAC GCT GCT TAA CCG CTT C-3" and ketoRS4
biot 5’-/5Biosg/TAA AGA AGT ATT CAG GAT CGG ACT
G-3’, were incubated overnight at 55 °C, bound to a
streptavidin—HRP conjugate, and detected with a luminol/
enhancer stable peroxide solution (Pierce) (Figure 3C,
bottom). Relative mRNA titers were determined by band
density.

pApaRS Western Blot. Clones AOX2, A6 and B7, YPTI,
D11 and B7, ICLI, ES and H3, FLDI, E11 and F3, GAP,
B7 and B10, and AOX1, E3 and E7 were cultured under test
expression conditions, pelleted (3000g, 10 min), and lysed
with 2 mL of YeastBuster (Novagen, Gibbstown, NJ) + 10
mM f-mercaptoethanol and Complete protease inhibitor
tablets. Samples were cleared at 20000g, and 15 uL of the
lysate was run on a 4—20% SDS—PAGE gel (1:15 h, 150
V). The protein was transferred to a 0.45 um nitrocellulose
membrane (Bio-Rad) using a Trans-Blot SD semidry transfer
cell (Bio-Rad) in Tobin’s transfer buffer (24 mM Tris base,
192 mM glycine, 20% ethanol) (2 h, 20 V, 100 mA).
Residual protein on gel was stained with Coomassie
(Figure 3B, top) to ensure equal loading. The membrane was
blotted using standard Western blotting techniques (20) with
an anti-Hisg-HRP conjugated antibody (Sigma-Aldrich) and
detected with ECL (GE Healthcare) HRP chemiluminescence
detection reagents and protocols (Figure 3B, bottom). Rela-
tive expression rates were determined by band density.

rHSAEg;7x-ABT-510 Oxime Ligation. An ABT-510 peptide
mimetic was synthesized (Anaspec, San Jose, CA) with a
€-(2-(aminooxy)acetyl)-L-lysine replacing the sixth L-norva-
line residue (sequence: Ac-Sar-Gly-Val-D-alolle-Thr-Lys(Aoa)-
Ile-Arg-Pro-NEt, MW = 1097.3 Da). The peptide (2.25 mM,
0.5 mg) was added to 75 uM rHSAg37,apa Or THSAwr (1.0
mg) in 200 uL of oxime ligation buffer (1.5 M sodium
chloride, 500 mM sodium acetate, pH = 4.4) and incubated
overnight at 37 °C. The reactions were purified with a C8
Vydac HPLC column (300 mm, 200 A, 5 um; Grace) on a
Dynamax HPLC (Rainin) (elution 40—46% acetonitrile in
water, 0.1% TFA). Fractions were collected, combined, and
analyzed via Coomassie-stained SDS—PAGE gel. Intact
protein mass measurements were performed using a linear
MALDI-TOF MS Biflex III (Bruker Daltonics, Billerica,
MA) instrument with a sinapinic acid matrix. The mass
difference between rHSAwr + peptide and rHSAg3z7papa 1
peptide, less 60 Da owing to the E37pApa mutation (905
Da less 60 Da = 845 Da), was used to determine ligation
efficiency (~77%). The mass of rHSAwr changed negligibly
before and after treatment with the protein (data not shown).

PREAV-Ppyp-(Synthetasery,) Construction and Transfor-
mation. Unnatural aaRSs specific for tyrosine (wt), pBpa,
pAzapa, pPpa, pMpa, and plpa were amplified by PCR using
the primers KETO-Koz-F and KetoRS R 6 xHis (described
above), digested with Ncol and Eagl, and ligated into the
similarly digested pREAV-Pg;p,-pApaRS (after removal of
the pApaRS region via agarose gel purification). After
sequence confirmation, the plasmids were transformed into
GS200-rHSAEg;7x clone 1D12 as previously described to
create GS200-rHS Ag37x/pREAV-Py p -(synthetaser,) (HIS4,
ARG4, GenR, mut™). Twelve clones were chosen from each
transformation and screened via dot blot in 96-well format
as previously described. The best producer was chosen from
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FIGURE 1: Vectors for amber suppression in eukaryotes illustrating markers (maroon), replication origins (black), target proteins (orange),
control elements (green), and suppressor tRNAs (“tRNA (CUA)”, light blue). (A) Map of the commercially available pPIC3.5k shuttle
vector (/5) for in vivo multicopy incorporation and expression in P. pastoris. THS Agz7x (orange) is subcloned between the AOX/ promoter
and terminator. (B) Optimized amber suppression vector for S. cerevisiae (17) harboring the pApaRS/tRNA pair under P4py; control.
tRNAcya repeats are separated by regions from the SUP4 gene (not labeled) and driven by Ppgk;. (C) Modified pPR1-Ppgk; + 3SUP4-
tRNA plasmid where the 2u eukaryotic origin and TRP marker were replaced by ARG4 to create pREAV-P,ppu;-pApaRS. (D) Pypy; and
Tapus were replaced by their AOX/ counterparts to create pREAV-P4ox;-pApaRS. (E) The first 61 amino acids of rHSAg37x. The prepro
leader peptide (blue, green) allows export of rHSAgs7x into the media and is cleaved during transport to yield the mature protein (rHSA,
orange) beginning with an aspartic acid. The 37th residue (X, red) of the mature rHSA denotes the unnatural amino acid incorporated in

response to the amber codon.

each (Tyr, A9; pBpa, B7; pAzapa C9; pPpa, D6; pMpa, E6;
and plpa, F6) and compared to FLDI, E11, in test expres-
sions (Figure 6C). Relative protein yields were determined
by band density.

PREAV-Pr;p;-(Synthetasey,,) Construction and Transfor-
mation. To create pPREAV| o-Prrp;, a section corresponding
to three tandem repeats of tRNAER lacking the 5* CCA and
separated by SUP4 segments was synthesized (DNA 2.0,
Menlo Park, CA) and PCR amplified using primers Leu
tRNA F and Leu tRNA R. The resulting 643 bp product
was digested with Nhel and Miul and ligated into the
similarly digested pREAV-Pgp;-pApaRS (after removal of
the tyrosyl tRNA via agarose gel purification) to create
PREAV | ,-Prrp-pApaRS. aaRSs with specificity for the
DMNB-C and dansyl unnatural amino acids were amplified
using primers LeuRS F and LeuRS R, digested with Ncol
and Notl, and ligated into the similarly digested pPREAV/ ¢,-
Pripi-pApaRS (after removal of the pApaRS coding region
via agarose gel purification) to create pREAV|cy-Prip;-
DMNB-S or pREAV|¢-Prp;-dansyl (Figure 6D). After
sequence confirmation, the plasmids were transformed into
GS200-rHSAg37x (clone 1D12) and screened in 96-well dot
blot format as described. Clones A:A5 (DMNB-C) and
B:G12 (dansyl) were identified as successful producers grown
under test expression conditions for 3 days postinduction in
buffered minimal methanol (BMM) media. rHSAwt was
expressed for 3 days in BMMY for comparison (Figure 6F).
Incorporation of the dansyl and DMNB-C (analogue amino

acid) was further confirmed via LC-MS/MS as described
above (Supporting Information, Figure S7).

RESULTS AND DISCUSSION

Design of a Two-Gene Cassette Expression System. Due
to the relative instability of autonomously replicating plas-
mids in P. pastoris (21), a system was devised in which the
target gene of interest and the aaRS/tRNAcya pair were
encoded in cassettes on two separate plasmids and stably
integrated into the genome. The double auxotroph, GS200
(arg4, his4), was used as the host strain for protein
expression, and the gene of interest was inserted into the
commercially available pPIC3.5k plasmid (HIS4, Gen®)
(Figure 1A) (15). rHSA was used as a model protein given
its utility in producing fusion proteins or peptide bioconju-
gates that enhance the serum half-life of short-lived thera-
peutic polypeptides (22—24). Expression of rHSA in E. coli
and S. cerevisiae is not practical due to the protein’s complex
disulfide cross-linkages. A GIlu37TAG mutant rHSA
(tHSAg37x) was generated by PCR mutagenesis and ex-
pressed under the AOXI promoter and terminator to create
pPIC3.5k-TtHSAg37x. Glu37 is in a solvent-accessible helix
which should facilitate the conjugation of peptides to a
chemically reactive unnatural amino acid (i.e., p-acetylphe-
nylalanine, 1) introduced at this site and ensure that
incorporation of relatively bulky groups minimally disrupt
native protein structure and folding. The 24 amino acid
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mammalian “pre-pro” leader sequence of rHSA (Figure 1E)
is fully compatible with expression in P. pastoris and allows
export of the mature protein into the media (25). As a positive
control for protein expression, wild-type rHSA (rtHSAwr)
was used to create pPIC3.5k-rHSAwr in a similar fashion.
Linearization of this plasmid in the 5* AOXI promoter allows
genomic integration of one or more copies of the cassette;
generally more copies result in higher overall yields of target
protein (26). Integration in this manner leaves the AOX/ gene
intact, retaining the yeast’s ability to rapidly utilize methanol
mut™ phenotype). Alternatively, gene replacement can be
carried out by linearization on either side of the AOXI
cassette, resulting in replacement of the AOX/ gene by the
pPIC3.5k vector (15). Yeast lacking AOXI relies on the
weaker AOX2 gene for methanol utilization and is pheno-
typically mut®. Because expression of rHSA is commonly
carried out with mut® yeast (27), pPIC3.5k-rHSAg37x was
linearized and used to replace the AOXI gene to yield GS200-
rHSAgs7x (HIS4, arg4, Gen®, mut®). Successful transformants
grew normally on minimal media plates lacking histidine
and on rich media plates containing up to 0.25 mg/mL
aminoglycoside antibiotic Geneticin.

To integrate the orthogonal aaRS/tRNAcy, pair into the
genome, the previously developed pPRI1-Ppgx; + 3SUP4-
tRNAL vector (17) (Figure 1B) for recombinant overex-
pression in S. cerevisiae was modified. The p-acetylpheny-
lalanine (pApa, 1) specific aminoacyl-tRNA synthetase
(pApaRS), previously evolved in S. cerevisiae (28), was
inserted between the alcohol dehydrogenase I promoter
(Papus) and terminator (Typy,) with a Hisey tag to assay its
expression. The cognate E. coli tRNA;, lacking the 5' CCA
was inserted as three tandem repeats behind the phospho-
glycerate kinase 1 promoter (Ppgx;). To aid in posttranscrip-
tional processing, the tRNAs were flanked by regions from
the yeast suppressor tRNA gene, SUP4, as previously
described (/7). Eukaryotic downstream processing adds the
5’ CCA that is required for tRNA function. The 2u origin
and phosphoribosyl anthranilate isomerase (TRP) marker of
PPR1-Ppgi;+3SUP4-tRNA&SA were replaced by the argi-
nosuccinate lyase (ARG4) coding region to give the recom-
binant eukaryotic ARG4 vector (pREAV-P,py;-pApaRS)
(Figure 1C). Propagation of this cassette is only possible in
the event of genomic incorporation since it lacks a eukaryotic
origin. Linearization of pPREAV-P4py;-pApaRS in the ARG4
coding region and subsequent transformation into GS200-
rHSAgs7x gave the fully prototrophic P. pastoris GS200-
rHSAg37x/pPREAV-P,pr-pApaRS (HIS4, ARG4, Gen®, mut®).
As a positive control, the pPREAV-P4py,-pApaRS vector was
similarly cloned into GS200-rHSAwr to give a fully pro-
totrophic, mut®, rHSAwr expressing P. pastoris strain.

Amber Suppression in P. pastoris. Clones isolated from
GS200-rtHSAw1/pREAV-P4py-pApaRS produced full-length
rHSAwr visible by Coomassie staining on an SDS—PAGE
gel after 2—3 days when grown under methanol-inducing
conditions. In contrast, clones from GS200-rHSAgz7x/pPREAV-
Papui-pApaRS failed to produce full-length rHSAEg37,Apa
when grown for 6 days with methanol as the primary carbon
source and pApa amino acid supplementation (unpublished
results). Genomic integration of all constructs was confirmed
by genomic PCR (Supporting Information, Figure S1), and
transcription of the tRNAcys was found to be approximately
1.5 times greater than the same cassette in S. cerevisiae by
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Northern blot analysis (Figure 2A). However, no pApaRS
was detectable by Western blot for the Hise tag (Supporting
Information, Figure S2). These results indicated that the lack
of amber suppression was linked to poor expression of the
pApaRS. Therefore, pPREAV was further modified to drive
expression of pApaRS with the powerful P,py; promoter,
and an enhanced Kozak consensus sequence (ACCATGG)
(29) was added to the 5" end of the pApaRS gene. The ADH1
terminator (T4pp;) was also replaced by the AOXI terminator
(T40x1) to give pREAV-P,ox;-pApaRS (Figure 1D). Trans-
formation into GS200-rHSAg;7x yielded GS200-rTHS Ag;7x/
PREAV-P,ox;-pApaRS with the same phenotype as previ-
ously noted. Clones from this transformation produced full-
length rHSAg37pap. Only in the presence of methanol and
pApa amino acid, at levels approximately 10—20% of
identical clones harboring rHSAyr. Protein was visible by
SDS—PAGE gel 2—3 days post methanol induction and
peaked 6 days after expression with methanol supplementa-
tion to 0.5% every 24 h (Figure 2B). Yeast lacking the
PREAYV cassette, pPIC3.5k cassette, methanol supplementa-
tion, or pApa amino acid failed to produce protein detectable
by Coomassie staining. The lack of protein expression in
the absence of pApa amino acid indicates that no cross-
aminoacylation occurs between the pApaRS/tRNAXY, pair
and the endogenous aminoacylation machinery. Site-specific
incorporation of pApa into rHSAgs;;x was confirmed by
tryptic digest, LC-MS/MS (Figure 2C). The observed frag-
ment ion shows that the unnatural amino acid was uniquely
incorporated at residue 37.

Optimization of Expression. In an effort to optimize
expression of rHSAgszpapa, @ GS200-rHSAgs;x/pREAV-
P,ox;-pApaRS (HIS4, ARG4, Gen®) fast methanol utilization
(mut”) mutant was created by insertion of pPIC3.5k-
rHSAg37x into the region 5" of the AOXI gene locus (this
retains the integrity of the AOX/ gene). Genomic insertion
in this manner can lead to multimerization, yielding tandem
copies of both Gen® and the gene of interest (7). The resulting
clone displayed resistance to Geneticin up to 1.0 mg/mL,
whereas the aforementioned mut® clone died above 0.25 mg/
mL Geneticin, consistent with the incorporation of multiple
copies of the cassette (7, [5). Analysis of full-length
rHS Ag37,apa €Xpression from isolated clones in the presence
of methanol and pApa amino acid showed that approximately
1.5—2.0 times more protein was produced than with the mut®
counterpart (Supporting Information, Figure S3). To further
increase yields of rHSAgszpap, six different promoters
(including P4px;) were compared for their ability to drive
pApaRS transcription in the pREAV vector. Transcript
mRNA levels, pApaRS protein levels, and overall rH-
SAgs7papa yields were assayed. Two constitutive promoters
derived from yeast GTP binding protein I (YPT1) (30, 31)
and glyceraldehyde-3-phosphate dehydrogenase (GAP) (12, 32)
and three methanol-inducible promoters from alcohol oxidase
II (AOX2) (33), formaldehyde dehydrogenase I (FLDI) (12),
and isocitrate lyase I (ICLI) (12) were chosen based on their
compatibility with methanol induction. A truncated version
of P4ox> was used which enhances the promoter by deleting
one of the two upstream repressor binding sequences (33).
The use of the somewhat weaker Pypr; and Pgap promoters
(30) could be useful in the event that overproduction of the
synthetase is toxic to the yeast or sequesters cellular energy
away from production of rHSAgs;x. All promoters were
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FIGURE 2: Amber suppression with pApa in P. pastoris. (A) A Northern blot (bottom gel) was used to assay suppressor tRNA transcription
in S. cerevisiae + pPR1-Ppgk;-3SUP4-tRNA (lane 1) and P. pastoris + pREAV-Ppy,-pApaRS (lane 2). For a negative control, lanes 3
and 4 are S. cerevisiae and P. pastoris strains lacking vectors, respectively. The top gel shows a Northern blot for the endogenous serine
tRNA and illustrates equal miRNA preparation in all samples. (B) To assay the fidelity of the system, 25 uL of cleared media from 6 days
of growth was analyzed on a denaturing SDS—PAGE gel and stained with Coomassie. Lane 2 is GS200; lane 3 is GS200-rHSAg37x; lane
4 is GS200-pREAV-P4ox;-pApaRS; lanes 5—7 are GS200-tHS Ag37x/pREAV-P4ox;-pApaRS; and lane 8 is GS200-rHSAw1/pREAV-P4pp;-
pApaRS. Amber suppression only occurs in yeast harboring both vectors and grown with methanol and pApa amino acid (pApa AA). (C)
MS/MS fragmentation of a tryptic peptide (top) containing the unnatural amino acid pApa (denoted E*) at residue 37 of mature rHSAg37papa-
The substitution is supported without ambiguity by the observed fragment ion series.

amplified by PCR from P. pastoris genomic DNA along with
their 5" untranslated regions. After sequence confirmation,
each promoter was cloned into the pREAV vector 5” of
pApaRS in place of P4ox; and transformed into the mut"
GS200-rHSAgz7x created previously (Figure 3A). The ter-
minator remained Tox;. P-promore-PApaRS expression levels
were monitored by Northern and Western blots after 6 days
of methanol induction and compared to Psox;-pApaRS
(Figure 3B). Due to inherent expression variability with P.
pastoris, two clones were chosen for Western blot analysis,
and the highest producer was analyzed by Northern blot.
Prrp; drove pApaRS transcription 4-fold better than P4ox;
at the mRNA level and produced 5-fold more pApaRS
protein. Pgap, Pyprs, Picrs, and Papx, all showed lower
pApaRS expression than Pg;p;. Consistent with this result,
the overall amber suppression was highest with Py, p;-pApa
as measured by rHSAgss,ap €xpression into the media
(Figure 4). Maximum yields were >150 mg/L or ap-
proximately 43% of rHSAwr yields (352 mg/L) (Supporting
Information, Figures S5 and S6).

Oxime Ligation to rHSAgs7,ap.. To demonstrate the utility
of this modified rHSA as a carrier for bioactive peptides, an
oxime ligation was carried out between the unique keto side
chain of rHSAg37,4p. and the antiangiogenic peptide ABT-
510 (Figure 5). This thrombospondin-1 (TSP-1) properdin
type 1 repeat mimetic exhibits potent antitumor activity in

humans but suffers from rapid clearance by the kidneys when
administered intravenously (34—36). A nine amino acid
peptide mimetic was synthesized with a unique e-(2-(ami-
nooxy)acetyl)-L-lysine UAA in place of the sixth L-norvaline
residue. Based on the known structure—activity relationships
of TSP-1, modifications at this position are not expected to
significantly alter biological activity (37). At pH <5 the
aminooxy group undergoes a selective oxime ligation with
the orthogonal keto group of pApa to covalently link the
ABT-510 peptide to residue 37 of rHSAgz7pap. (Figure S5A,
top). Previous conjugation protocols used an aniline catalyst
for efficient ligation (38, 39); however, oxime couplings to
rHS Agz7papa proceeded in approximately 77% yield without
the use of aniline in an overnight reaction using 75 uM
rHS Ag37papa and a 30-fold excess of the peptide. The extent
of derivatization of rHSAgszzpap With the peptide was
confirmed by matrix-assisted laser desorption ionization
(MALDI) mass spectrometry (Figure 5B). No conjugation
was observed by MALDI mass spectrometry when rHSAwr
(glutamic acid at residue 37) was treated with the aminooxy-
modified ABT-510 peptide under identical conditions.
Addition of Eight UAAs to the Genetic Repertoire. To
illustrate the generality of this newly created recombinant
expression system, unnatural aaRSs evolved by the S.
cerevisiae methodology were inserted into pREAV-Pr;p;.
The aaRSs specific for p-benzoylphenylalanine (pBpa, photo-
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FIGURE 3: Comparison of pApaRS promoters for optimized amber
suppression. (A) Linear map of pPREAV-P,,,,-pApaRS illustrating
the promoter region (green, red outline) being varied. Promoters
were PCR amplified from genomic DNA (Supporting Information,
Figure S4). (B) Two clones from each transformation of GS200-
rHSAgz7x with pREAV-P,,,0-PApaRS were grown with methanol
as the primary carbon source for 6 days, lysed, and separated on
an SDS—PAGE gel (top gel). The gel was stained with Coomassie
to verify equal loading. Lysates were analyzed via Western blot
for pApaRS-Hisg, (bottom gel). (C) The clones which produced
the most protein in (B) were analyzed by Northern blot for pApaRS
mRNA transcription (bottom gel). Bands for the 18s and 28s rRNA
were stained with ethidium bromide (top gel) to confirm RNA
integrity and equal loading.
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FIGURE 4: Amber suppression levels with Paox2, Pypris Picrs, Propi,
Pgap, or P4ox; driven aaRS assayed by THSAgzspap, in the media.
The two clones from each promoter system were independently
grown for 6 days with methanol as the primary carbon source and
pApa amino acid. Twenty-five microliters of the cleared media was
run on a denaturing SDS—PAGE gel and stained with Coomassie.
rHSAwr (lane 15) was calculated to be 351.6 mg/L by band density
with BSA control. By density, Prp; (lanes 9 and 10 averaged)
expressed 43% as much protein, or 151.2 mg/L. Details on protein
quantification can be found in Supporting Information, Figures S5
and S6.

cross-linker 3) (2), p-azidophenylalanine (pAzapa, photo-
cross-linker, chemically reactive 4) (40), p-(propargyloxy)-
phenylalanine (pPpa, chemically reactive 5) (40), p-meth-
oxyphenylalanine (pMpa, structure/function probe 6) (2), and
p-iodophenylalanine (pIpa, heavy atom 7) (2) were all
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inserted behind Py, p; in the optimized pREAV-P,p; vector
(Figure 6A,B). For comparison, wild-type E. coli tyrosyl-
RS (wt, 2) was also inserted into the new expression vector.
After transformation into GS200-tHSAgs7x (HIS4, arg4,
Gen®, mut?), selected clones were compared to the strain
harboring pREAV-Pg;p,-pApaRS in their ability to suppress
the amber mutation at position 37 in rHSAg37x. Suppression
yields were similar for the pApa and pAzapa mutants
(40—45% the yield of rHSAwr); all other mutants with the
exception of plpa expressed >20% the yield of rHSAwr
(Figure 6C and unpublished results). No protein expression
was observed in the absence of the cognate amino acid,
demonstrating the high orthogonality of this new system.

Recently, a second orthogonal E. coli leucyl-derived RS/
tRNAcua pair (aaRS denoted as LeuRS) was generated to
incorporate additional unnatural amino acids into proteins
in S. cerevisiae (41, 42). To accommodate unnatural LeuRSs
derived from this orthogonal pair in the new P. pastoris
expression system, the tRNA region of pREAV-P;p; plas-
mid was modified. The existing tRNAX, cassette down-
stream of Ppgk; was excised and replaced by a coding region
corresponding to three tandem repeats of tRNAER lacking
the 5 CCA and separated by SUP4 segments, as previously
described, to create pPREAV| o,-Prrp;. LeuRS mutants specific
for 4,5-dimethoxy-2-nitrobenzylserine (DMNB-S, photo-
caged serine 8) (47) and 3-amino-3-(5-(dimethylamino)n-
aphthalene-1-sulfonamde)propanoic acid (dansylalanine, dan-
syl fluorophore 9) (42) were inserted behind Pr;p; to create
PREAV, P p;-LeuRS (Figure 6D-F). After transformation
into the mut™ GS200-rHSAg37x, selected clones were used
to express the corresponding mutant tHSAgs;x (Figure 6F).
The LeuRS mutant specific for DMNB-S was recently shown
to accept the cysteine analogue of DMNB-S (DMNB-C),
which was used in these expression experiments due to easier
synthetic accessibility (unpublished results). Although small
amounts of full-length protein (a background of 35% of
rHSAE37DMNB_S for DMNB-S and 6% of rHSAE37dansyl for
dansyl) were produced in the absence of the cognate amino
acid, LC-MS/MS of a tryptic digest confirmed high fidelity
of the system in the presence of the corresponding unnatural
amino acid (Supporting Information, Figure S7). Indeed,
nonspecific readthrough of a nonsense codon is often
suppressed by the presence of an aminoacylated suppressor
tRNA. Suppression yields were approximately 37% the yield
of rHSAwr for rHSAgs7pmne.c and 23% the yield of tHSAwr
for rHSAg374ansy1 after 3 days of expression.

CONCLUSION

Previous attempts to optimize the expression of proteins
containing unnatural amino acids in S. cerevisiae resulted
in maximal yields of 8—15 mg/L in model systems, more
than an order of magnitude less than demonstrated in the P.
pastoris system developed here. Work in the Wang labora-
tory has recently shown that knockdown of the nonsense-
mediated mRNA decay (NMD) pathway in yeast can increase
protein expression up to 2-fold (43). Coupled with the use
of a promoter derived from SNR52 to drive tRNAcya
transcription, they were able to achieve 300-fold higher yields
of mutant protein than previously produced in S. cerevisiae,
approximately 15 mg/L (43). Thus, knockout of the UPF1
gene of the NMD pathway and use of the SNR52-tRNAcya
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FIGURE 6: Addition of eight unnatural amino acids to the genetic repertoire. (A) Schematic of the optimized pPREAV-P;p, vector with E.
coli tyrosyl-RS gene (orange) and tyrosyl suppressor tRNA cassette (tRNA (CUA), light blue). (B) Structures of six unnatural amino acids
(1, 3—7) and tyrosine (2) with specific E. coli tyrosyl-RS. (C) Expression of rHSAgs;x (where X is defined as the unnatural amino acid)
in the presence (+) and absence (—) of unnatural amino acids 1 and 3—7 with their corresponding aaRS. Twenty-five microliters of unpurified
cleared media was run on a SDS—PAGE gel and stained with Coomassie. Lane 2 is rHSAgs7y expression with the wild-type (wt) tyrosyl-
RS. Lane 15 is expression of tHSAwr. (D) Schematic of the optimized pREAV | ,-Prp; vector with E. coli leucyl-RS gene (LeuRS, orange)
and leucyl suppressor tRNA cassette (Leu-tRNA (CUA), light blue, red outline). (E) Structure of the DMNB-C and dansyl unnatural amino
acids (8, 9) with specific E. coli leucyl aaRSs. (F) Expression of rHSAg;7x in the presence (+) and absence (—) of unnatural amino acids,
8 and 9, with their corresponding LeuRS. Twenty-five microliters of unpurified cleared media from each protein expression was analyzed
on an SDS—PAGE gel and stained with Coomassie. Lane 4 is expression of rHSAwr, also after 3 days.

promoter system may further increase yields in P. pastoris. Mutant proteins were expressed in high levels in shake
Additionally, work in the Kobayashi laboratory has demon- flasks and with excellent fidelities. These results suggest
strated that yields of tHSAyr from P. pastoris are more than that this expression system will be amenable to many other
an order of magnitude better (>10 g/L) when expressed in unnatural amino acids with synthetases currently being
fed-batch fermentation rather than in standard shake flasks evolved in S. cerevisiae and is not limited to the unnatural
(10). amino acids or aaRS/tRNAcya pairs discussed here. The

In summary, we have extended the methodology for the high yields and fidelities of this new system should make
biosynthetic incorporation of unnatural amino acids into it possible to obtain useful amounts of therapeutic proteins
methylotrophic yeast. Two aaRS/tRNAcys pairs were with unique biological and pharmacological properties.
shown to be orthogonal in P. pastoris and used to express For example, chemistries such as oxime ligation or the
mutant proteins with eight different unnatural amino acids copper-catalyzed 1,3-cycloaddition reaction (“click chem-

in response to an amber codon at residue 37 of rHSAg37x. istry”’) can be exploited to site-specifically PEGylate or
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cross-link proteins, metal ion binding amino acids can be
incorporated to bind radioisotopes, and peptide, toxin, or
siRNA conjugates can be made to carrier proteins such
as HSA or targeting proteins such as antibodies. In
addition, the aforementioned rHS Ag37,7p-ABT-510 con-
jugates are being tested in in vitro antiangiogenesis assays.
The use of rHSAg37,apa as an endogenous, nonimmuno-
genic carrier is also being applied to other rapidly cleared
peptides including glucagen-like peptide 1 mimetics
(GLP-1) and parathyroid horomone (PTH) peptides.

ACKNOWLEDGMENT

We thank J. Cregg for the P. pastoris GS200 strain and
pBLARG vector and S. Chen for insight into amber
suppression in yeast.

SUPPORTING INFORMATION AVAILABLE

List of primers used in PCR (Table T1); DNA gel
confirming plasmid genomic incorporation (Figure S1);
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