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ABSTRACT: Labeling proteins in their natural settings with
fluorescent proteins or protein tags often leads to problems.
Despite the high specificity, these methods influence the
natural functions due to the rather large size of the proteins
used. Here we present a two-step labeling procedure for the
attachment of various fluorescent probes to a small peptide
sequence (13 amino acids) using enzyme-mediated peptide
labeling in combination with palladium-catalyzed Sonogashira
cross-coupling. We identified p-iodophenyl derivatives from a
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small library that can be covalently attached to a lysine residue within a specific 13-amino-acid peptide sequence by Escherichia
coli lipoic acid ligase A (LplA). The derivatization with p-iodophenyl subsequently served as a reactive handle for bioorthogonal
transition metal-catalyzed Sonogashira cross-coupling with alkyne-functionalized fluorophores on both the peptide as well as on
the protein level. Our two-step labeling strategy combines high selectivity of enzyme-mediated labeling with the chemoselectivity

of palladium-catalyzed Sonogashira cross-coupling.

B INTRODUCTION

Cellular processes are based on the complex interplay of
biopolymers such as proteins, nucleic acids, polysaccharides,
and small molecule metabolites. To unravel the role and
function of individual biomolecules within their cellular context,
it is important to complete our understanding in cell and
organismal biology. Most promising investigations of vital
cellular processes are performed in the context of living cells or
even whole organisms due to the complexity of interactions
within sophisticated networks of biomolecules, ions, and
metabolites. However, the obvious challenge is the selective
introduction of reporter probes to elucidate the role and
function of a specific biomolecule within its native environ-
ment. Numerous different methods have been reported to
endow biomolecules with reporter tags, facilitating the
investigation within their natural complex cellular environ-
ment.' "> Over the past decade, highly selective chemical
reactions, nonperturbing to the natural environment, have
become powerful tools for the selective, covalent attachment of
probes to specific biomolecules. In recent studies, it has been
shown that the palladium catalyzed cross-coupling reactions
like the Suzuki-Miyaura,® "> Heck,'>'* and Sonogashira
coupling”™** also add to the toolbox of bioorthogonal
chemistry.”>™** Due to the overall mild reaction conditions
and the tolerance over other functional groups, the cross-
coupling reactions find widespread application in organic
chemistry synthes1s, first and foremost in carbon—carbon
bond formation.”® Furthermore, cross- coupling chemistry has
extensively been investigated under aqueous conditions for its
possible application in green chemistry.”” "> The functional
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groups necessary for most cross-coupling reactions can rarely
be found in nature. Therefore, the mild reaction conditions and
the chemical versatility make palladium-catalyzed cross-
coupling particularly attractive for the selective labeling of
biomolecules.

However, the remaining challenge for applications of cross-
coupling chemistry for biomolecule labeling in complex
biological settings is the selective incorporation of addressable
functional groups into the biomolecule of interest. One current
strategy presents the introduction of unnatural functional
groups into proteins by incorporation of unnatural amino acids
(UAA).***! Li et al. recently demonstrated the incorporation of
alkyne handles into a virulence protein in Shigella using a
pyrrolysine-based system.'® The alkyne was subsequently
labeled with a fluorophore, applying palladium-mediated
Sonogashira cross-coupling within live bacteria. However,
despite their excellent selectivity, methods which make use of
UAA for live cell labeling face some difficulties. Although well-
established for use in bacteria and yeast, the incorporation of
UAA into proteins in mammalian cells is still considerably more
challenging.**~>*

Here we present a general strategy for the selective
incorporation of cross-coupling reactive functional handles
into proteins based on enzyme-mediated peptide labeling
utilizing the lipoic acid ligase (LplA) from Escherichia coli (E.
coli).*® LplA has previously been reported to exhibit a certain
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Figure 1. Two-step labeling procedure of the model protein E. coli eDHFR, designed with an N-terminal 13 amino acid LAP sequence. In a first step,
the p-iodophenyl carboxylic acid is coupled to the amino group of the lysine side chain by LplA"*” " as a chemical handle which is afterward
specifically labeled with an ethynyle-modified fluorescent dye by palladium catalyzed Sonogashira cross-coupling.

Table 1. Screening of LplA Mutants for Their Tolerance of p-Iodophenyl Derivatives 1a—e as Substrate for Ligation to the 13 aa

LAP Peptide
Substralcl"’l Substratc LPIAM LPIAWE?\-’ LPIA\\'_\?\". E20A LPIA\\"}?\-'. E20L LPIA”TQ-’\
n=1,1a < 9 5 1 <1
9 it n=2,1b 7 100 21 12 1
/@J\Hw n=31lc <1 100 13 3 <1
! las n=4,1d <1 3 1 <1 <1
n=3, le <1 3 <1 <1 <1

“The turnover is given in %, calculated by the integrated ratio of LAP-1b and the sum of LAP-1b and LAP. All measurements were done in triplicate.

Minor changes of the absorption due to product formation were neglected.

substrate promiscuity accepting other carbo;gflic acid deriva-
tives besides the natural lipoic acid substrate.*® One example is
the redirection of the LplA to selectively attach alkyl azides to
an engineered 13-amino-acid lipoic acid acceptor peptide
sequence (LAP).>”?® The azide functional group was
subsequently derivatized with fluorescent probes by CuAAC
or SPAAC. Overall, the labeling of proteins for both
intracellular®*~* and extracellular®”***"** labeling using
CuAAC,*™* SPAAC,* hydrazone formation,” and inverse
electron demand [4 + 2]-cyclo-addition** was demonstrated.
The major advantage of LplA-mediated peptide labeling over
the established labeling strategies™ like SNAP/CLIP tag,**°
HaloTag,51 and TMP—tagSZ_57 is the small size of the LAP tag,
which is minimally disruptive and therefore does not interfere
with the protein function. We sought to use versatile LplA-
mediated labeling to introduce p-iodophenyl derivatives as
functional handles for subsequent palladium mediated Sonoga-
shira cross-coupling. Here we demonstrate such a two-step
protein labeling strategy for the labeling of peptides as well as
proteins (Figure 1).

Based on the previously reported substrate selectivity of
LplA, we created four LplA mutants which we screened with a
set of five different p-iodophenyl derivatives in a peptide based
in vitro assay. We identified the LplA mutant-p-iodophenyl
substrate pair that is best suited for the first step of the labeling
procedure. For enzymatic ligation reactions in the first step, 2-
fold excess of the p-iodophenyl substrate was found to be just
sufficient for quantitative product formation and minimal
background levels of nonreacted species. We then demon-
strated the efficient labeling of the 13 aa LAP with an alkyne-
functionalized fluorophore using Sonogashira cross-coupling in
a second step. As a catalyst, we chose a robust aminopyridine—
palladium(II) complex, which has previously been reported for
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copper-free Sonogashira cross-coupling under aqueous con-
ditions."® Finally, we demonstrated the in vitro labeling of a
LAP tagged model protein, namely, E. coli dihydrofolate
reductase using the two-step labeling procedure.

B RESULTS AND DISCUSSION

Synthesis of p-lodophenyl Carboxylic Acid Deriva-
tives. We synthesized five different p-iodophenyl carboxylic
acid derivatives (la—e) varying in the length of the aliphatic
linker of the n-amino carboxylic acid attached to p-iodobenzoic
acid via an amide bond. Our choice of linker lengths between 3
and 7 carbon atoms was initially based on the natural substrate
for LplA, namely, lipoic acid, but particularly on the previously
reported substrate analogues n-azide carboxylic acids,®” trans-
cycloooctenes,” and coumarin derivatives® that have been
shown to be accepted as substrates by the lipoic acid ligase or
corresponding mutants thereof.**** The p-iodophenyl carbox-
ylic acid derivatives were synthesized from p-iodophenyl
benzoic acid which was converted to the activated NHS-ester
(3) and then coupled to the respective n-amino carboxylic acids
varying in linker length to yield the compounds la—e (see
Supporting Information for structural details).

Engineering an Aryl-lodo Ligase. To specifically label
peptides or proteins with various fluorophores, we applied a
two-step labeling procedure; utilizing E. coli lipoic acid ligase
(LplA) for the specific introduction of p-iodophenyl carboxylic
acid derivatives in a first step, the incorporated handles allowing
bioorthogonal Sonogashira cross-coupling with alkyne-labeled
fluorophores in a second step. We prepared four different LplA-
constructs with mutations in their active sites to increase the
volume of the binding pocket for the artificial p-iodophenyl
carboxylic acid substrates. In previous work, W37 had been
described as an important gatekeeper,” *"** which, when
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Figure 2. (A) Two-step labeling procedure of LAP. LplA"*""
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-mediated coupling of LAP to p-iodophenyl compound 1b was followed by palladium

catalyzed Sonogashira cross-coupling reaction of the coupled product LAP-1b with alkyne-Fl in KH,PO,-buffered aqueous settings to obtain LAP-FI.
(B) Two-step labeling process was followed by HPLC (detection at 4 = 280 nm). LAP was monitored before and after enzymatic conversion in the
presence of the p-iodophenyl compound 1b to give the coupled product LAP-1b (middle). The conversion of the latter with alkyne-Fl in KH,PO,-
buffered aqueous settings to the final ligation product LAP-Fl is shown in the right chromatogram. The asterisks highlight the signals from the
palladium ligand. (C) Monitoring of the two-step coupling reaction by LC-MS analysis, identifying LAP (left), LAP-1b (middle), and the final

coupling product LAP-FI (right).

mutated to a smaller amino acid, led to acceptance of
coumarins® and trans-cyclooctenes as substrates.*” From
saturation mutagenesis studies, the LplA"*”Y mutant was
identified as ideally suitable for the ligation of aryl azides to
the acceptor peptide. Notably, the aryl azide substrate applied
in their work is structurally very similar to the p-iodophenyl
derivatives used in the present study. Therefore, we prepared
the W37V and H79A mutants of LplA by side-directed
mutagenesis. Taking into consideration the relatively large van
der Waals radius (2.2 A%*°%) of the iodo-substituted in p-
position of the aryl, we also prepared the double mutants
LpLAWS7V/E20A 4 [ plAW37V/E2L,

Screening of LplA Mutants for Ligation of p-
lodophenyl Carboxylic Acid Derivatives to LAP. First,
we aimed to identify the optimal LplA mutant-p-iodo pair for
the efficient ligation of p-iodophenyl carboxylic acid to the 13-
amino-acid peptide LAP. For this, we examined the ligation
efficiency of the p-iodophenyl carboxylic acids la—e to the
acceptor peptide LAP with each of the four LplA ligase mutants
as well as the wild type LplA ligase. Reaction conditions were
chosen to be compatible with physiological conditions at 37 °C.
The enzymatic reaction was terminated by the addition of
EDTA after 45 min and the ligation product formation was
monitored by HPLC (Table 1 and Supporting Information
Figure S3). For the wild type enzyme, we did not observe
significant product formation for any of the tested compounds
la—e. Generally, significant turnover was solely observed for
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the compounds 1b and 1c. For both of these substrates we
observed full turnover with the LplA™*”Y mutant, yielding
quantitative product formation. This supports the previously
reported observation from other groups regarding the
importance of tryptophan 37 as gatekeeper within the LplA
binding site.** *"*> Notably, the introduction of additional
mutations (W37V/E20A or W37V/E20L) decreased ligation
rates under the applied assay conditions. The mutant H79A did
not show noteworthy product formation for any of the
substrates la—e. From our experiments, we conclude that the
LplA"*7Y mutant is suitable to accommodate the size and shape
of the p-iodophenyl substrates 1b and lc. We selected the
LplA"*"V-mediated ligation reaction with substrate 1b due to
the better solubility over that of 1c in water and applied this
setup for all subsequent experiments with 2-fold excess of 1b
over LAP, which was found to be sufficient for quantitative
product formation (see Supporting Information Figure S6).
Palladium-Catalyzed Sonogashira Cross-Coupling of
the p-lodophenyl Compound with 5-Ethynylefluores-
cein (Alkyne-Fl) in Aqueous Buffer. Next, we identified
optimal conditions for the second modification step of the p-
iodophenyl handle using palladium-catalyzed Sonogashira
cross-coupling. We set up a model reaction to determine the
suitable conditions for this individual coupling step to transfer
them to the general two-step labeling procedure on LAP. For
this, we tested the coupling of p-iodophenyl compound 1b to 5-
ethynylefluorescein (alkyne-Fl) using palladium-mediated
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Sonogashira cross-coupling. Reaction conditions were adapted
from previous reports’ in KH,PO,buffer with sodium
ascorbate as a reducing agent. After 40 min of incubation at
37 °C, we observed near quantitative product formation. The
identity of the coupling product was confirmed by ESI-MS
(expected m/z 575.16, found [M + H]* m/z 576.18).

Palladium-Catalyzed Sonogashira Cross-Coupling of
an Alkyne-Functionalized Fluorophore to p-lodophenyl
Modified LAP. Having identified the suitable conditions for
both the LplA-mediated ligation of p-iodophenyl handles to
LAP and Sonogashira cross-coupling of alkyne-functionalized
fluorescent probes with p-iodophenyl compounds, we aimed to
combine those individual coupling steps for two-step labeling of
LAP (Figure 2). First, LAP was converted with 1b in LplA-
mediated ligation reaction to yield the iodophenyl modified
LAP (LAP-1b) which was isolated via RP-HPLC in preparative
scales and subsequently modified using an alkyne-function-
alized fluorescent probe in Sonogashira cross-coupling. Each
individual step of the labeling reaction was monitored by HPLC
and characterized by mass spectrometry (Figure 2B,C). Product
formation of LAP-FI was observed to be nearly quantitative
after 45 min reaction time.

LAP-eDHFR as Model Protein for the Two-Step
Labeling Procedure. The general labeling strategy for LAP-
eDHFR is outlined in Figure 1. To optimize the Sonogashira
cross-coupling for protein labeling, we chose the dihydrofolate
reductase from E. coli (eDHFR) as model. The labeling
experiments were carried out with the fusion protein LAP-
eDHFR-6xHis in which eDHFR carries an N-terminal
extension containing the lipoic acid acceptor peptide LAP
and a C-terminal 6-histidin tag (see Figure S4 in the Supporting
Information). As outlined in Figure 3A and B, successful
labeling of the model protein can be performed after 40 min of
reaction time.

However, thiols can potentially interfere with palladium
catalyzed reactions® "> and lead to side products over the
pathway of thiol—yne coupling. This can be an explanation for
the low background signal which we observe for all the negative
controls containing the palladium catalyst (Figure 3). In order
to investigate the relation between thiols and the palladium
catalyst, we used N-ethylmaleimide (NEM) to block the
cysteine thiols by Michael addition prior to Sonogashira cross
coupling. After the blockage of the thiols of LAP-eDHFR and
functionalization by LpIA"*"Y, Sonogashira cross coupling was
subsequently performed. As it can be seen in Supporting
Information Figure S7, a 20-fold mass excess of NEM over
eDHEFR still shows a slight background reaction in the control
samples missing the LplA"*”Y, whereas the probes with 50-fold
excess do not show any background reactions. These results
lead us to the assumption that thiols are involved in the
background reactions observed in the negative controls
containing the palladium catalyst. This finding might be
important for the development of new palladium catalysts for
site-specific protein labeling.

B CONCLUSION

In this work we presented a two-step labeling approach for
peptides and proteins, which is based on the combination of
enzyme-mediated labeling utilizing LplA and the Sonogashira
cross-coupling reaction. We have shown the attachment of a p-
iodophenyl derivative to a 13 aa short peptide tag using the
LplA"*”Y mutant with quantitative efficiency even at equimolar
substrate concentrations. Further, we demonstrated the
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Figure 3. (A) Labeling of functionalized LAP-eDHFR via the
Sonogashira cross-coupling. Specific labeling of the LAP-eDHFR
fusion protein is performed by using LplA"*"Y and Pd(OAc),:
[DMADHP], catalyst. The in-gel fluorescence measurement (upper
gel) with the corresponding Coomassie staining (lower gel) is shown.
The first lane, containing all necessary reagents for labeling, shows a
strong fluorescent band for the efficiently labeled fusion protein. The
other lanes represent all negative controls. The presence of a
component is indicated by + and the absence by —. (B) Sonogashira
cross-coupling of the functionalized LAP-eDHFR with alkyne-FI and
the Pd(OAc),:[DMADHP], catalyst reveals saturation for labeling
after 30 min.

efficient labeling of the p-iodophenyl functionalized peptide
with an alkyne-functionalized fluorophore using Sonoashira
cross-coupling. For this second step we applied a previously
reported palladium-catalyst for application in aqueous media.
By applying a bacterial lipoic acid ligase combined with a
nontoxic catalyst, this method offers opportunities for
bioorthogonal protein labeling. In opposition to other common
methods using fluorescent proteins or protein tags like SNAP-,
CLIP-, eDHFR-, or Halo-tag, the reduced tag size of the
labeling method presented herein minimizes the potential
disturbance of a protein’s natural function. The advantages of
using palladium catalysts and metal complexes under live cell
conditions have been discussed in the literature and recent
publications,' >3~ suggesting an enormous potential of metal
complexes that are capable of catalyzing chemical trans-
formations in living 0rganisms.65’66 The results presented
here provide a potential basis for further research in the field of
site-specific protein labeling. However, we observed slight
background labeling which we assume can be explained by
thiolyne-coupling. In order to totally efface this observation, the
thiols have to be blocked with NEM. This fact has to be taken
into consideration for protein labeling experiments. Further

dx.doi.org/10.1021/bc50034%h | Bioconjugate Chem. 2014, 25, 1632—1637
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improvements have to be done in order to make this method
suitable for live cell imaging.

B ASSOCIATED CONTENT
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Experimental procedures, NMR spectra, and additional figures
as discussed in the text. This material is available free of charge
via the Internet at http://pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author
*Phone: +049 (0)6221 544879. Fax: +049 (0)6221 $46430. E-
mail: wombacher@uni-heidelberg.de.

Author Contributions
Sebastian Hauke and Marcel Best contributed equally to the
work.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work is supported by the DFG (Priority Programme
“Chemoselective Reactions for the Synthesis and Application of
Functional Proteins” SPP1623). S. H. was supported by a
stipend of the “Deutsche Studienstiftung”. We thank Achim
Wieczorek for scientific advice, Marlene Tesch and Sandra
Suhm for technical support, and Andres Jischke for constant
support.

B REFERENCES

(1) Wombacher, R, and Cornish, V. W. (2011) Chemical tags:
applications in live cell fluorescence imaging. J. Biophotonics 4, 391—
402.

(2) Lippincott-Schwartz, J., and Patterson, G. H. (2003) Develop-
ment and use of fluorescent protein markers in living cells. Science 300,
87-91.

(3) Walsh, C. T., Garneau-Tsodikova, S., and Gatto, G. J., Jr. (2005)
Protein posttranslational modifications: the chemistry of proteome
diversifications. Angew. Chem., Int. Ed. 44, 7342—7372.

(4) Zhang, J., Campbell, R. E., Ting, A. Y., and Tsien, R. Y. (2002)
Creating new fluorescent probes for cell biology. Nat. Rev. Mol. Cell
Biol. 3, 906—918.

(S) Prescher, J. A, and Bertozzi, C. R. (2005) Chemistry in living
systems. Nat. Chem. Biol. 1, 13—21.

(6) Chalker, J. M., Wood, C. S, and Davis, B. G. (2009) A
convenient catalyst for aqueous and protein Suzuki-Miyaura cross-
coupling. J. Am. Chem. Soc. 131, 16346—16347.

(7) Dumas, A, Spicer, C. D., Gao, Z., Takehana, T., Lin, Y. A,
Yasukohchi, T., and Davis, B. G. (2013) Self-liganded Suzuki-Miyaura
coupling for site-selective protein PEGylation. Angew. Chem., Int. Ed.
$2, 3916—3921.

(8) Ojida, A, Tsutsumi, H., Kasagi, N.,, and Hamachi, I. (2005)
Suzuki coupling for protein modification. Tetrahedron Lett. 46, 3301—
3305.

9) Spicer, C. D., Triemer, T., and Davis, B. G. (2012) Palladium-
mediated cell-surface labeling. J. Am. Chem. Soc. 134, 800—803.

(10) Spicer, C. D., and Davis, B. G. (2013) Rewriting the bacterial
glycocalyx via Suzuki-Miyaura cross-coupling. Chem. Commun. (Cam-
bridge, UK.) 49, 2747—2749.

(11) Spicer, C. D., and Davis, B. G. (2011) Palladium-mediated site-
selective Suzuki-Miyaura protein modification at genetically encoded
aryl halides. Chem. Commun. (Cambridge, UK.) 47, 1698—1700.

(12) Yusop, R. M., Unciti-Broceta, A., Johansson, E. M., Sanchez-
Martin, R. M,, and Bradley, M. (2011) Palladium-mediated intra-
cellular chemistry. Nat. Chem. 3, 239—243.

1636

(13) Kodama, K., Fukuzawa, S., Nakayama, H., Kigawa, T., Sakamoto,
K., Yabuki, T., Matsuda, N., Shirouzu, M., Takio, K., Tachibana, K.,
and Yokoyama, S. (2006) Regioselective carbon-carbon bond
formation in proteins with palladium catalysis; new protein chemistry
by organometallic chemistry. ChemBioChem 7, 134—139.

(14) Ourailidou, M. E., van der Meer, J. Y., Baas, B. J., Jeronimus-
Stratingh, M., Gottumukkala, A. L., Poelarends, G. J., Minnaard, A. J.,
and Dekker, F. J. (2014) Aqueous oxidative Heck reaction as a
protein-labeling strategy. ChemBioChem 15, 209—212.

(15) Dibowski, H., and Schmidtchen, F. P. (1998) Bioconjugation of
peptides by palladium-catalyzed C—C cross-coupling in water. Angew.
Chem., Int. Ed. 37, 476—478.

(16) Dibowski, H., and Schmidtchen, F. P. (1998) Sonogashira cross-
couplings using biocompatible conditions in water. Tetrahedron Lett.
39, 525-528.

(17) Bong, D. T., and Ghadiri, M. R. (2001) Chemoselective Pd(0)-
catalyzed peptide coupling in water. Org. Lett. 3, 2509—2511.

(18) Li, J,, Lin, S.,, Wang, J., Jia, S., Yang, M., Hao, Z., Zhang, X., and
Chen, P. R (2013) Ligand-free palladium-mediated site-specific
protein labeling inside gram-negative bacterial pathogens. J. Am.
Chem. Soc. 135, 7330—7338.

(19) Li, N,, Lim, R. K, Edwardraja, S., and Lin, Q. (2011) Copper-
free Sonogashira cross-coupling for functionalization of alkyne-
encoded proteins in aqueous medium and in bacterial cells. J. Am.
Chem. Soc. 133, 15316—15319.

(20) Hoffmanns, U., and Metzler-Nolte, N. (2006) Use of the
Sonogashira coupling reaction for the "two-step” labeling of
phenylalanine peptide side chains with organometallic compounds.
Bioconjugate Chem. 17, 204—213.

(21) Pfeiffer, H., Rojas, A., Niesel, J., and Schatzschneider, U. (2009)
Sonogashira and “Click” reactions for the N-terminal and side-chain
functionalization of peptides with [Mn(CO);(tpm)]*-based CO
releasing molecules (tpm = tris(pyrazolyl)methane. Dalton Trans.,
4292—4298.

(22) Thielbeer, F., Chankeshwara, S. V., Johansson, E. M. V,,
Norouzi, N., and Bradley, M. (2013) Palladium-mediated bioorthog-
onal conjugation of dual-functionalised nanoparticles and their cellular
delivery. Chem. Sci. 4, 425—431.

(23) Patterson, D. M., Nazarova, L. A,, and Prescher, J. A. (2014)
Finding the right (bioorthogonal) chemistry. ACS Chem. Biol., 592—
605.

(24) Sletten, E. M, and Bertozzi, C. R. (2009) Bioorthogonal
chemistry: fishing for selectivity in a sea of functionality. Angew. Chem.,
Int. Ed. 48, 6974—6998.

(25) Ramil, C. P,, and Lin, Q. (2013) Bioorthogonal chemistry:
strategies and recent developments. Chem. Commun. (Cambridge,
UK.) 49, 11007—11022.

(26) Nicolaou, K. C., Bulger, P. G., and Sarlah, D. (2005) Palladium-
catalyzed cross-coupling reactions in total synthesis. Angew. Chem., Int.
Ed. 44, 4442—4489.

(27) Polshettiwar, V., Decottignies, A., Len, C., and Fihri, A. (2010)
Suzuki—Miyaura cross-coupling reactions in aqueous media: green and
sustainable syntheses of biaryls. ChemSusChem 3, 502—522.

(28) Bakherad, M. (2013) Recent progress and current applications
of Sonogashira coupling reaction in water. Appl. Organomet. Chem. 27,
125—140.

(29) Cheng, G, Lim, R. K, Li, N, and Lin, Q. (2013) Storable
palladacycles for selective functionalization of alkyne-containing
proteins. Chem. Commun. (Cambridge, UK.) 49, 6809—6811.

(30) Liu, C. C,, and Schultz, P. G. (2010) Adding new chemistries to
the genetic code. Annu. Rev. Biochem. 79, 413—444.

(31) Plass, T., Milles, S., Koehler, C., Szymanski, J., Mueller, R,
Wiessler, M., Schultz, C., and Lemke, E. A. (2012) Amino acids for
Diels-Alder reactions in living cells. Angew. Chem., Int. Ed. 51, 4166—
4170.

(32) Chen, I, and Ting, A. Y. (2005) Site-specific labeling of proteins
with small molecules in live cells. Curr. Opin. Biotechnol. 16, 35—40.

dx.doi.org/10.1021/bc50034%h | Bioconjugate Chem. 2014, 25, 1632—1637



Bioconjugate Chemistry

Communication

(33) Cooper, S. T., and Millar, N. S. (1997) Host cell-specific folding
and assembly of the neuronal nicotinic acetylcholine receptor alpha7
subunit. J. Neurochem. 68, 2140—2151.

(34) Nakamura, Y., Ito, K, and Isaksson, L. A. (1996) Emerging
understanding of translation termination. Cell 87, 147—150.

(35) Fujiwara, K, Toma, S, Okamura-lkeda, K, Motokawa, Y.,
Nakagawa, A., and Taniguchi, H. (2005) Crystal structure of lipoate-
protein ligase A from Escherichia coli. Determination of the lipoic
acid-binding site. J. Biol. Chem. 280, 33645—33651.

(36) Green, D. E., Morris, T. W., Green, J., Cronan, J. E., Jr.,, and
Guest, J. R. (1995) Purification and properties of the lipoate protein
ligase of Escherichia coli. Biochem. J. 309, 853—862.

(37) Fernandez-Suarez, M., Baruah, H., Martinez-Hernandez, L., Xie,
K. T., Baskin, J. M,, Bertozzi, C. R,, and Ting, A. Y. (2007) Redirecting
lipoic acid ligase for cell surface protein labeling with small-molecule
probes. Nat. Biotechnol. 25, 1483—1487.

(38) Puthenveetil, S, Liu, D. S, White, K. A, Thompson, S., and
Ting, A. Y. (2009) Yeast display evolution of a kinetically efficient 13-
amino acid substrate for lipoic acid ligase. J. Am. Chem. Soc. 131,
16430—16438.

(39) Uttamapinant, C., White, K. A, Baruah, H.,, Thompson, S.,
Fernandez-Suarez, M., Puthenveetil, S, and Ting, A. Y. (2010) A
fluorophore ligase for site-specific protein labeling inside living cells.
Proc. Natl. Acad. Sci. U. S. A. 107, 10914—10919.

(40) Cohen, J. D., Thompson, S., and Ting, A. Y. (2011) Structure-
guided engineering of a Pacific Blue fluorophore ligase for specific
protein imaging in living cells. Biochemistry S0, 8221—8225.

(41) Jin, X., Uttamapinant, C., and Ting, A. Y. (2011) Synthesis of 7-
aminocoumarin by Buchwald-Hartwig cross coupling for specific
protein labeling in living cells. ChemBioChem 12, 65—70.

(42) Liy, D. S., Tangpeerachaikul, A., Selvaraj, R., Taylor, M. T., Fox,
J-M,, and Ting, A. Y. (2012) Diels-Alder cycloaddition for fluorophore
targeting to specific proteins inside living cells. J. Am. Chem. Soc. 134,
792-79S.

(43) Baruah, H., Puthenveetil, S., Choi, Y. A, Shah, S, and Ting, A.
Y. (2008) An engineered aryl azide ligase for site-specific mapping of
protein-protein interactions through photo-cross-linking. Angew.
Chem,, Int. Ed. 47, 7018—7021.

(44) Uttamapinant, C., Sanchez, M. L, Liu, D. S,, Yao, J. Z., and Ting,
A.Y. (2013) Site-specific protein labeling using PRIME and chelation-
assisted click chemistry. Nat. Protoc. 8, 1620—1634.

(45) Uttamapinant, C., Tangpeerachaikul, A., Grecian, S., Clarke, S.,
Singh, U., Slade, P,, Gee, K. R, and Ting, A. Y. (2012) Fast, cell-
compatible click chemistry with copper-chelating azides for bio-
molecular labeling. Angew. Chem., Int. Ed. 51, 5852—5856.

(46) Yao, J. Z., Uttamapinant, C., Poloukhtine, A., Baskin, J. M,,
Codellj, J. A, Sletten, E. M., Bertozzi, C. R, Popik, V. V,, and Ting, A.
Y. (2012) Fluorophore targeting to cellular proteins via enzyme-
mediated azide ligation and strain-promoted cycloaddition. J. Am.
Chem. Soc. 134, 3720—3728.

(47) Cohen, J. D, Zou, P, and Ting, A. Y. (2012) Site-specific
protein modification using lipoic acid ligase and bis-aryl hydrazone
formation. ChemBioChem 13, 888—894.

(48) Jing, C., and Cornish, V. W. (2011) Chemical tags for labeling
proteins inside living cells. Acc. Chem. Res. 44, 784—792.

(49) Gautier, A., Juillerat, A. Heinis, C, Correa, I. R, Jr,
Kindermann, M., Beaufils, F., and Johnsson, K. (2008) An engineered
protein tag for multiprotein labeling in living cells. Chem. Biol. 1S,
128—136.

(50) Keppler, A., Gendreizig, S., Gronemeyer, T., Pick, H., Vogel, H,,
and Johnsson, K. (2003) A general method for the covalent labeling of
fusion proteins with small molecules in vivo. Nat. Biotechnol. 21, 86—
89.

(51) Los, G. V,, Encell, L. P., McDougall, M. G., Hartzell, D. D,,
Karassina, N., Zimprich, C., Wood, M. G., Learish, R., Ohana, R. F,,
Urh, M,, Simpson, D., Mendez, ., Zimmerman, K., Otto, P., Vidugiris,
G., Zhy, J., Darzins, A., Klaubert, D. H., Bulleit, R. F., and Wood, K. V.
(2008) HaloTag: a novel protein labeling technology for cell imaging
and protein analysis. ACS Chem. Biol. 3, 373—382.

1637

(52) Gallagher, S. S., Sable, J. E., Sheetz, M. P., and Cornish, V. W.
(2009) An in vivo covalent TMP-tag based on proximity-induced
reactivity. ACS Chem. Biol. 4, 547—556.

(53) Wombacher, R., Heidbreder, M., van de Linde, S., Sheetz, M. P.,
Heilemann, M., Cornish, V. W., and Sauer, M. (2010) Live-cell super-
resolution imaging with trimethoprim conjugates. Nat. Methods 7,
717=719.

(54) Miller, L. W., Cai, Y., Sheetz, M. P., and Cornish, V. W. (2005)
In vivo protein labeling with trimethoprim conjugates: a flexible
chemical tag. Nat. Methods 2, 255—257.

(55) Chen, Z, Jing, C., Gallagher, S. S., Sheetz, M. P., and Cornish, V.
W. (2012) Second-generation covalent TMP-tag for live cell imaging.
J. Am. Chem. Soc. 134, 13692—13699.

(56) Calloway, N. T., Choob, M., Sanz, A., Sheetz, M. P., Miller, L.
W., and Cornish, V. W. (2007) Optimized fluorescent trimethoprim
derivatives for in vivo protein labeling. ChemBioChem 8, 767—774.

(57) Gallagher, S. S., Jing, C., Peterka, D. S., Konate, M., Wombacher,
R, Kaufman, L. J, Yuste, R, and Cornish, V. W. (2010) A
trimethoprim-based chemical tag for live cell two-photon imaging.
ChemBioChem 11, 782—784.

(58) Batsanov, S. (2001) Van der Waals radii of elements. Inorg.
Mater. 37, 871—88S.

(59) Pauling, L. (1960) The nature of the chemical bond and the
structure of molecules and crystals: an introduction to modern structural
chemistry, Vol. 18, Cornell University Press.

(60) Kuniyasu, H, Ogawa, A., Sato, K, Ryu, 1, Kambe, N., and
Sonoda, N. (1992) The first example of transition-metal-catalyzed
addition of aromatic thiols to acetylenes. J. Am. Chem. Soc. 114, 5902—
5903.

(61) Lo Conte, M., Staderini, S., Marra, A., Sanchez-Navarro, M.,
Davis, B. G, and Dondoni, A. (2011) Multi-molecule reaction of
serum albumin can occur through thiol-yne coupling. Chem. Commun.
(Cambridge, UK.) 47, 11086—11088.

(62) Chinchilla, R, and Najera, C. (2014) Chemicals from alkynes
with palladium catalysts. Chem. Rev. 114, 1783—1826.

(63) Weiss, J. T., Dawson, J. C., Macleod, K. G., Rybski, W., Fraser,
C., Torres-Sanchez, C., Patton, E. E., Bradley, M., Carragher, N. O,
and Unciti-Broceta, A. (2014) Extracellular palladium-catalysed
dealkylation of S-fluoro-1-propargyl-uracil as a bioorthogonally
activated prodrug approach. Nat. Commun. S, 3277.

(64) Li, J., Yu, J,, Zhao, J., Wang, J., Zheng, S., Lin, S., Chen, L., Yang,
M, Jia, S., Zhang, X., and Chen, P. R. (2014) Palladium-triggered
deprotection chemistry for protein activation in living cells. Nat. Chem.
6, 352—361.

(65) Sasmal, P. K, Streu, C. N., and Meggers, E. (2013) Metal
complex catalysis in living biological systems. Chem. Commun.
(Cambridge, UK.) 49, 1581—1587.

(66) Meggers, E. (2009) Targeting proteins with metal complexes.
Chem. Commun. (Cambridge, UK.), 1001—1010.

dx.doi.org/10.1021/bc50034%h | Bioconjugate Chem. 2014, 25, 1632—1637



