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The discovery of pyrrolysine (1, Figure 1), the 22nd genet-  parent pyrrolysine analogue 2.”! We subsequently postulated
ically encoded amino acid,"? and its subsequent incorpora-  that this framework could be used as a starting point for the
design of other functionalizable pyrrolysine analogues.
Herein, we report on the synthesis of the pyrrolysine
L_SME y L_SR y analogue 3, bearing a terminal alkyne functionality, that not
< O . only reads through the UAG codon in E. coli overexpressin
N ”'ITN\/\/\I/COZH O WI]/N\/\/\K/COZH theyMezhanosarc;g'na mazei PylS and PylT, but also allljows fo%
o] NH, o] NH, . e e ; .
site-specific modification of the resulting protein through the
1 2 R - Ho copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC)
3:R=C=cH reaction.® The taggable pyrrolysine analogue 3 was prepared
Figure 1. Pyrrolysine (1) and its THF analogues 2 and 3. from the known tetrahydrofuran 4°! by a seven-step sequence
(Scheme 1). Thus, desilylation of 4 with TBAF/AcOH in
tion into recombinant proteins in E. coli®! have laid the
foundation for the future development of novel biotechnol- \ R
ogies and tactics in protein research. In principle, incorpo- _c . d H COLBL
ration of the genes encoding the pyrrolysine tRNA synthase o” "R 0" M z
(PylS) and its cognate tRNA (PylT) could enable both 4: R = CH,OTBDPS o NHBoc
bacterial**! and eukaryotes® to use the UAG codon for the al 5; R = CH,0H o 7:R = CH=CH,
production of proteins containing pyrrolysine (1) and its b, 6: R = CO,H o 8: R = CH(OH)CH,OH
analogues. Herein, we describe the synthesis of a new . 9:R=CHO
pyrrolysine congener that can be incorporated into recombi- 11:R=C=CH
nant protein and selectively modified with azide-containing 3-TFA s
dyes by copper(I) click chemistry. We demonstrate the
usefulness of this technology for monitoring conformational ~ Seheme 1. Synthesis of taggable pyrrolysine analogue 3: a) TBAF,
changes of calmodulin (CaM) by Forster resonance energy AcOH, THF, room temperature, 14 h, 769 or AcCl (25 mol%),
MeOH, room temperature, 10 h, 89%; b) HsIO,, CrO; (4 mol %),
transfer (FRET) measurements. MeCN, H,0, 0°C, 90 min; c) Boc-Lys-OtBu, BOP, NMM, CH,Cl,, room
To harness the unique UAG-codon—pyrrolysine system temperature, 48 h, 68 % from 5; d) OsO, (2 mol%), NMO, Me,CO,
for biochemical applications, we decided to search for  H,0, room temperature, 48 h, 93 %; e) NalO,, THF, H,0, room
functionalized pyrrolysine surrogates that would be both  temperature, 30 min, 94%; f) AcC(N,)P(O)(OMe), (10), K,CO;,
more stable and amenable for further post-translational =~ MeOH, room temperature, 3 h, 70%; g) TFA, room temperature, 1 h,
modification (i.e., tagging). Our primary focus centered on 190%. TBDPS: tert—l')utyldiphenylsi'lyl, TBAF: tetrs.xbutylammoni'um
derivatives of the THF-containing amino acid 2 because of ﬂuorlde, BOP: (benzotnazol-.1 -yloxy)tns(dlmeth-)flam|no)pbosphomum
R L K exafluorophosphate, NMM: N-methylmorpholine, NMO: N-methyl-
the steric and electronic similarity between the THF ring and morpholine N-oxide; Boc: tert-butoxycarbonyl; Ac: acetyl; TFA: tri-
the 3,4-dihydro-2H-pyrrole ring present in 1. Recently, in  flyoroacetic acid.
collaboration with the Krzycki group, we demonstrated that
Methanosarcina barkeri PylS could charge PylT with the
THF!" or AcCl in MeOH™! gave alcohol 5 in 76 % or 89 %
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@ Supporting information for this article is available on the WWW To test if 3 could be recognized by a pyrrolysyl-tRNA
under http://dx.doi.org/10.1002/anie.200805420. synthetase and incorporated into recombinant protein in vivo,
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E. coli (strain BL21(DE3)) harboring a plasmid containing
the genes for M. mazei PylS and PylT® and Rattus norve-
gicus calmodulin-Thr34Pyl (CaM-Thr34Pyl) were grown in
liquid Luria-Bertani medium supplemented with 3 (Fig-
ure 2a). The amber codon readthrough efficiency, as mea-
sured by the production of the full-length CaM, increased as
the concentration of 3 present in the growth medium was
raised. At [3] =5 mwm, approximately 15 % of the total protein
in the cell was the full-length CaM based on the sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) band quantification. In addition, mass-spectrometry
studies (see Supporting Information) verified the incorpora-
tion of 3 at the expected residue location. This result, in turn,
unequivocally demonstrated that the unnatural amino acid 3
could be incorporated specifically into a protein by means of
an internal amber (UAG) codon.

Next, we tested whether CaM Thr34Pyl could be tagged
by a CuAAC click process with a fluorophore containing the
azido group (Figure 2b).') For this purpose, we selected
azidocoumarin 12 owing to its considerable fluorescence
increase following the cycloaddition reaction.!'”! The results
(Figure 2¢,d) revealed that only the CaM with the engineered
amber codon was labeled. The wild-type CaM did not show
any detectable fluorescence, although it did give a dark band
in the coomassie-stained gel. The other cellular proteins,
including the highly expressed PylS, remained unlabeled.

FRET is a powerful tool for the study of protein
dynamics."8'! A typical FRET experiment involves specific
incorporation of a fluorophoric donor-acceptor (DA) pair
into a protein and the measurement of the distance-depen-
dent energy transfer efficiency between the two dyes. In
reported CaM FRET studies, a double cysteine mutant was
used.” However, the dominant forms found in the post-
incorporation mixture were unlabeled CaM, CaM-AA, and
CaM-DD, while the requisite CaM-DA constituted only a
small fraction. As a potential improvement to this approach,
we prepared the CaM Thr34Pyl/Thr110Cys double mutant.
Consequently, the reactivity of azides towards 3 and that of
maleimides towards cysteine, combined with their mutual
orthogonality, made it possible to label specifically Pyl34 of
the mutant CaM with azidocoumarin 12 (D) and Cys110 with
Alexa Fluor 488 C5-maleimide (A). Thus the doubly labeled
CaM mutant could be prepared in high yield.

CaM undergoes a significant structural change in the
presence of Cal ions and different regulatory peptides.”!! One
such peptide, M13, is derived from the CaM-binding domain
of skeletal muscle myosin light-chain kinase. In the presence
of Ca" ions and the M13 peptide, CaM adopts a compact
conformation, whereas in their absence, it is extended. Given
that the FRET donor and acceptor are located on different
domains, the FRET efficiency between these two dyes could
potentially be used to monitor conformational states of the
protein. Figure 3 shows the recorded fluorescence emission
spectra of the doubly labeled CaM under 390 nm excitation.
The different conformation of CaM in the presence and
absence of Ca" ions and MI13 peptide is reflected in the
change of the relative donor and acceptor peak heights.

In summary, we have designed and synthesized a stable,
taggable pyrrolysine analogue 3 and demonstrated its ability
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Figure 2. Translational incorporation of 3 into CaM and subsequent
post-translational labeling with azidocoumarin 12 (a) through a CuAAC
reaction (b). The process was monitored by SDS-PAGE gels with the
protein bands visualized by both coomassie blue staining (c) and UV
excitation at 312 nm (d) of the fluorescent dye-labeled proteins. The
lower fluorescent band corresponds to residual dye.

to be incorporated into recombinant protein through the
UAG codon. By utilizing its unique CuAAC reactivity, in
combination with a known cysteine tagging method, we were
able to generate a CaM labeled with two distinct fluorophores
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Figure 3. Tracking CaM conformational changes with FRET spectrosco-
py. Spectra normalized to donor fluorescence. See text for details.

that allowed us to monitor the conformational changes of this
protein by FRET spectroscopy. Notably, this orthogonal
double labeling strategy should be applicable to the study of
many other protein systems.
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