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A B S T R A C T

We have improved the incorporation of L- and D-forms of unnatural amino acid (UAA) Nε-thiaprolyl-L-lysine
(ThzK) into ubiquitin (UB) and green fluorescent protein (GFP) by 2–6 folds with the use of the methylester
forms of the UAAs in E coli cell culture. We also improved the yields of UAA-incorporated UB and GFP with the
methylester forms of Nε-Boc-L-Lysine (BocK) and Nε-propargyl-L-Lysine (PrK) by 2–5 folds compared to their free
acid forms. Our work demonstrated that using methylester-capped UAAs for protein expression is a useful
strategy to enhance the yields of UAA-incorporated proteins.

Unnatural amino acid (UAA) incorporation into proteins via genetic
code expansion has greatly expanded the structural diversity and che-
mical reactivity of the functionalities on a protein scaffold.1–5 UAA-
incorporated proteins have become powerful tools for biological studies
– they can generate precise posttranslational modification patterns,6 or
act as chemical probes to enable photocrosslinking,7 biorthogonal la-
beling,8 photocaging9 or enzymatic profiling capacities10 on the pro-
teins. Currently, more than 150 UAAs have been incorporated into
proteins with engineered tRNA-tRNA synthetase (RS) pairs.5,11–13 En-
hancing the yield of UAA-incorporated proteins would save efforts on
UAA synthesis for protein expression and expand the use of UAA in-
corporation as a powerful tool of chemical biology. Here we took the
incorporation of Nε-L-thiaprolyl-L-lysine (L-ThzK, 1a), and Nε-D-thia-
prolyl-L-lysine (D-ThzK, 2a) into ubiquitin (UB) and superfolder green
fluorescent protein (sfGFP) as a case study (Scheme 1A) and found
supplying the E. coli cell cultures with the methylester forms of the
UAAs would significantly enhance the yields of UAA-incorporated
proteins. We also showed that the methylester forms of UAAs are ef-
fective in enhancing the incorporation of Nε-Boc-L-Lysine (BocK) and
Nε-propargyl-L-Lysine (PrK) into UB and sfGFP. Our work demonstrates
that optimizing the cellular uptake of UAAs by methylester capping
could be a useful approach to enhance the yields of UAA-incorporated
proteins and make them more accessible for the study of biological
problems.

Chin and co-workers recently engineered pyrrolysyl (Pyl) tRNA
synthetase (RS) from Methanosarcina barkeri (Mb) for the incorporation
of L-ThzK UAA.14 After the incorporation, the thiaprolyl ring in the
ThzK side chain can be opened by treatment with methoxyamine to
generate a Cys-conjugated Lys side chain. The 1,2-aminiothiol func-
tionality on the Cys residue can be a reactive handle for conjugation
with cyano-derivatized probes or with C-terminal thioester of proteins
through expressed protein ligation.14,15 The same study showed that D-
ThzK can be incorporated into proteins with wild type (wt) Mb PylRS.
Subsequently, variants of PylRS were developed that would incorporate
δ-thiol-L-Lys into proteins to enable the synthesis of protein conjugates
with isopeptide linkages at specific Lys residues.16 We rationalized that
enhancing the incorporation of L/D-ThzK UAA into proteins would en-
able the synthesis of protein conjugates to study protein posttransla-
tional modification by UB or UB-like proteins. 17–18

Instead of preparing ThzK from Nε-Boc-L-Lys-OMe 5,14 we chose N-
Boc-Lys(Cbz)-OH 3, a cheaper starting material to begin our synthesis
of the ThzK UAA (Scheme 1B). We first methylated 3 to generate pro-
tected Lys methylester 4 and then deprotected Cbz group on 4 by hy-
drogenation to afford 5. We then coupled 5 with L- or D-form of Boc-
thiazolidine-4-carboxylic acid 6 to afford Boc and methylester protected
ThzK (7a and 7b). We either removed all the protecting groups on 7a
and 7b to generate the free acid forms of L/D-ThzK-OH (1a and 2a) or
only removed the Boc group to generate the methylester forms of ThzK
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(ThzK-OMe, 1b and 2b). Through this procedure, we achieved an
overall yield of 25% for the synthesis of ThzK-OMe. All ThzK UAAs
were purified by HPLC and their identities confirmed by ESI and NMR
(Supplementary Figs. S1–S4). Free acid and methylester forms of the
UAA were stable after HPLC purification and lyophilization. They could
be stored in the 4 °C cold box for weeks with no apparent decomposi-
tion.

To test the incorporation efficiency, we first used the engineeredMb
L-ThzKRS14 to express UB with L-ThzK incorporated at the K11 position
(Scheme 1A). We supplied the cell culture with 1 mM L-ThzK-OH (1a)
and found 1 L of cell culture would yield ~ 6 mg of UB with L-ThzK
incorporated after purifying the 6 × His-tagged UB by a Ni-NTA affi-
nity column (Fig. 1A). We determined protein concentration in the
elution by Bio-Rad protein assay.19 We also attempted the incorpora-
tion of D-ThzK-OH (2a) into UB with wt Mb PylRS and found a similar
yield of UB expression (Fig. 1B). The expression and purification of UB
with the K11 amber codon in the absence of UAA is shown in

Supplementary Fig. S5.
We suspected the L- and D-ThzK-OH in their free carboxylic acid

forms could have poor membrane permeability to the E coli cell and so
they would not be readily available for protein expression inside the
cells. We thus tried methylester forms of L- and D-ThzK-OMe (1b and
2b) for ThzK incorporation into K11 of UB. We supplied 1 mM L-ThzK-
OMe to the cell culture to compare the efficiency of incorporation with
the same concentration of L-ThzK-OH with the coexpression of Mb L-
ThzKRS. We found we could express 33 mg (± 3.0 mg) of L-ThzK-in-
corporated UB from 1 L of culture among three trials (Fig. 1E). In
contrast, the yield of L-ThzK incorporation into UB with L-ThzK-OH was
only 6.0 mg (±1.5 mg) among three trails (Fig. 1A). We found similar
improvements when we compared the yields of D-ThzK incorporation
into UB with D-ThzK-OMe and D-ThzK-OH in the presence of Mb PylRS.
The methyl ester form of UAA yielded 37 mg (±3.0 mg) of UB from 1 L
of culture, while the free acid form yielded 6.3 mg (±1.5 mg) of UB
(Fig. 1B and 1F). The correct incorporation of ThzK into UB using L- or

Scheme 1. (A) Incorporating L/D-ThzK in the free acid forms (1a/2a) or in the methylester forms (1b/2b) into ubiquitin (UB). (B) Synthetic scheme for L/D-ThzK-OH
1a/2a and L/D-ThzK-OMe 1b/2b.
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D-ThzK-OMe was confirmed by MALDI mass spectrometry comparing
the difference of the molecular weights (MW) of UB with either ThzK or
Lys incorporated (Supplementary Figs. S6–S8).

We then tested if the methylester forms of other UAAs such as BocK
and PrK would enhance their incorporation into UB with wt Mb PylRS.
We found the yield of BocK incorporation into UB had a high yield of
more than 50 mg per liter with 1 mM of either BocK-OH or BocK-OMe.
However, when we lowered the concentration of the UAA, the methy-
lester form of BocK showed a clear advantage in enhancing the yield of
BocK-incorporated proteins. At 0.1 mM, BocK-OMe yielded 14 mg of UB
(±1.5 mg) from 1 L of culture, while BocK-OH yielded 4.0 mg of UB
(±1.0 mg) (Fig. 1C and 1G). When the UAA concentrations were
lowered to 0.01 mM, BocK-OMe yielded 10 mg of UB (±1.5 mg) from
1 L of culture, while BocK-OH yielded 1.0 mg of UB (± 0.5 mg)
(Supplementary Fig. S9). The incorporation of BocK into to UB with the
methylester form of the UAA was confirmed by MALDI mass spectro-
metry (Supplementary Fig. S10).

We also prepared PrK-OH and PrK-OMe to compare their efficiency
of incorporation into UB with wt Mb PylRS. We found 1 mM PrK-OMe
yielded 31 mg UB (±1.5 mg) from 1 L of culture while same con-
certation of PrK-OH yielded 15 mg UB (±1.5 mg) from 1 L of culture
(Fig. 1D and 1H). The incorporation of PrK into UB with the methy-
lester form of the UAA was confirmed by MALDI mass spectrometry
(Supplementary Fig. S11). Thus, the methylester form of PrK also en-
hanced the yield of its incorporation into proteins.

Besides UB, we used sfGFP as a model system to compare the yields

of protein expression with free acid or methylester forms of the UAAs.
After the induction of sfGFP expression, we analyzed the yields of
protein expression by polyacrylamide gel electrophoresis (PAGE) and
Coomassie blue staining of the gels (Fig. 2). The incorporation effi-
ciency of either L- or D-ThzK-OH into position 151 of sfGFP at 2 mM of
the UAA was low when wt PylRS of the Methanosarcina mazei (Mm) or
Mb origin were used for protein expression (Fig 2A and 2B). When we
used the engineered L-ThzKRS of Mb origin for incorporation, the yield
of L/D-ThzK-OH incorporation into sfGFP was still low as judged by the
weak bands of sfGFP on the PAGE gel (Fig. 2C). When 2 mM BocK-OH
was used, there is a decent yield of sfGFP with the coexpression of Mm
orMb PylRS (Fig. 2A and 2B). BocK UAA is known for its high efficiency
of incorporation into various proteins by wt PylRS, so such a result was
expected.20 Correspondingly, the sfGFP fluorescence from the cell cul-
ture showed high intensity with BocK incorporation into sfGFP by wt
Mm or Mb PylRS. In contrast, the fluorescence intensities associated
with L- or D-ThzK-OH incorporation were low with either wt PylRS or
engineered L-ThzKRS (Fig. 2D).

When we performed ThzK incorporation into sfGFP with 2 mM L- or
D-ThzK-OMe, we found higher sfGFP expression with the presence of L-
ThzKRS compared to the cell cultures with the free acid forms of L/D-
ThzK as suggested by the Coomassie blue staining of the PAGE gel of the
crude cell lysates (Fig. 2C). sfGFP fluorescence from the cell culture
with L- or D-ThzK-OMe was also significantly higher than the corre-
sponding culture using the free acids of UAA (Fig. 2D). Out of three
trials, L-ThzK-OMe gave 2-fold stronger fluorescence signal than the free

Fig. 1. Incorporating L-ThzK, D-ThzK, Bock, Prk into UB at the K11 position with the frees acid or methylester forms of the UAA. (A) UB expression withMb L-ThzKRS
and L-ThzK-OH. The PAGE gel was stained with Coomassie blue to analyse samples from the flow through of the Ni-NTA column (F), once wash by lysis buffer (L),
twice by wash buffer (W1 and W2), and twicw by elution buffer (E1 and E2). (B) UB expression with wt Mb PylRS and D-ThzK-OH. (C) UB expression with wt Mb
PylRS and BocK-OH. (D) UB expression with wt Mb PylRS and PrK-OH. (E) UB expression with Mb L-ThzKRS and L-ThzK-OMe. (F) UB expression with wt Mb PylRS
and D-ThzK-OMe. (G) UB expression with wtMb PylRS and BocK-OMe. (G) UB expression with wtMb PylRS and PrK-OMe. 1.0 mM of free acid or methyester forms of
L/D-ThzK and Prk were used for UB expression in (A), (B), (D), (E), (F), and (H), and 0.1 mM of free acid or methylester forms of BocK UAA was used for UB expression
in (C) and (G).
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acid with either wt Mb or Mm PylRS or engineered L-ThzKRS for in-
corporation, and D-ThzK-OMe gave 3-5-fold stronger fluorescence signal
than the corresponding free acid with wt or engineered PylRS.

BocK-OH and BocK-OMe did not show as large a difference in the
yields of sfGFP expression when they were supplied at high con-
centrations (2 mM) in the cell culture. We thus varied the concentra-
tions of the two forms of BocK UAA in the lower range of concentrations
for sfGFP expression in the presence of wtMb PylRS. We found the yield
of sfGFP expression with BocK-OMe was at least 4-fold higher than with
Boc-OH when the UAA concentrations were varied between 0.01 and
0.075 mM (Supplementary Fig. S12A). When the BocK UAA con-
centrations were greater than 0.1 mM, the difference in sfGFP expres-
sion became less, but still, the methylester form of BocK gave a higher
yield of sfGFP than the free acid form up to 0.5 mM of the UAAs
(Supplementary Fig. S12B). The difference in the yields of sfGFP with
BocK-OH and BocK-OMe was confirmed by PAGE analysis of the cell
lysates (Supplementary Fig. S12C). These results suggest that for a UAA
such as BocK, which can be incorporated into proteins with high effi-
ciency in a free acid form, the same yield of protein can be achieved
with a lower concentration of the UAA in the methylester form. Thus,
UAA material can be saved for large scale protein expressions by being
supplied as a methylester. This could be an advantage for using the

methylester forms of the UAAs for incorporation since many UAAs are
not readily available and require multistep synthesis to prepare.

Our work showed that the yield of L/D-ThzK incorporation into UB
could be increased by as much as 5-fold with the use of the methylester
forms of the UAA. We also observed a similar enhancement in yields of
UAA-incorporated proteins with the methylester forms of BocK and PrK
comparing to their free acid forms. With the use of the same tRNA
synthetases and E coli strains for incorporation, the enhancement of the
yield is likely due to the improved membrane permeability of the me-
thylester forms of the UAA to E coli cells comparing to the free acid
forms. Previously Wang and co-workers demonstrated the beneficial
effect of the acetoxymethyl ester form of a Tyr UAA analog in enhan-
cing its incorporation into GFP in mammalian HEK293 cells.21 Liu’s
group reported the use of methylester form of L-ThzK to achieve good
yield of UB expression in E. coli cells.22,23 Here we carried out a detailed
comparison of the yields of L- and D-ThzK incorporation between the
methylester and free acid forms of the UAA and found ThzK methylester
could enhance UAA incorporation by ~6 fold. We also found the in-
corporation of BocK and Prk UAA were benefitted from using their
methylester forms. We thus suggest UAA methylesters could enhance
the yield of UAA-incorporated proteins and expand their use as che-
mical probes with designed functionalities.

Fig. 2. Comparing the yield of BocK and L/D-ThzK incorporation into sfGFP with wt Mm and Mb PylRS and L-ThzKRS. (A) Using wt Mm PylRS to incorporate various
forms of UAA into sfGFP. Efficiency of incorporation was evaluated based on the intensity of the sfGFP band on the PAGE gel of the crude cell lysates. (B) Using wtMb
PylRS to incorporate various forms of UAA in sfGFP. (C) Using Mb L-ThzKRS to incorporate various forms of UAA into sfGFP. (D) The intensities of fluorescences
signals from cells expressing sfGFP with various UAA and tRNA synthetase pairs. The results are the average of three trials. In (A) to (D), 2 mM of UAAs were used for
protein expression. (−) sign designates the control expression in absence of the UAAs, and M is the protein marker.
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