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Abstract
Protein-specific labeling is becoming increasingly necessary in biology and pharmacology because it will help un-

derstand the role of these proteins in disease-related systems. Several technologies are available, ranging from enzymatic, 
specific acylation to chemically less-specific techniques. We chose to systematize the use of an E. coli ligase described by 
the Ting laboratory and called lipoid acid ligase A. This ligase and its mutants can recognize a small peptide sequence called 
LAP2 (Lipoic Acid Acceptor Peptide: H- GFEIDKVWYDLDA-NH2) and acylate the lysine of this peptide with different 
analogues of lipoic acid, depending on the mutant. We sought to assess independently the reactions of this ligase and its 
reported mutants and to use this method with protein substrates in vitro to qualify the conditions under which such reactions 
could be adapted to cellular conditions. The present paper deals with the acellular conditions of the ligase reactions (includ-
ing its mutants) towards the peptide and towards two model proteins (rhoA and thioredoxin) fused with the peptide sequence 
recognized by the ligase. A limited acellular comparison was made between a chemical modification of thioredoxin and an 
enzymatic modification using the present system. It is obvious from our results that the enzymatic technique led to purer 
protein in which the acylation was perfectly achieved and localized.

1             Volume 2; Issue 01

Research Article

Introduction
The capacity to catalyze or favor posttranslational modifica-

tions of proteins in the most precise possible site-specific manner 
holds enormous potential in biomedical research [1-4]. The inclu-
sion of exogenous amino acids in a protein is one way to introduce 
new modifications of the molecules. Methods based on the modi-
fication of tRNA [2] or the chemical synthesis of proteins [3], as 
we have previously described [5], involve the problem of deliver-
ing the protein into a workable cellular model. An alternative is to 
develop a cell in which some exogenous components are added, 
such as ligases or other protein-modifying enzymes, as in the ap-
proach described in the last decade by Ting and colleagues [6] and 
by others [7].

Protein modification is a key step in cellular homeostasis. 
Few proteins remain unmodified once translated, and numerous 
enzymes catalyze these multiple modifications, such as kinases, 
transferases (farnesyl [8], myristoyl [9], methyl [10], lipids [11]), 
ligases (ubiquitin [12], SUMO [13]), and oxidative modifications 

[14]. The quest for inhibitors of these enzymes has been a rich area 
of research in recent decades, and some of them have turned out to 
be major players in therapeutics.

At the other end of the spectrum, another kind of protein 
modifier has broadly emerged from the field of non-ribosomal 
peptides: the ligases. Indeed, the synthesis-often by microorgan-
isms-of peptides or pseudo peptides, cyclic or not, requires a series 
of tweaks because these peptides are not directly encoded by the 
host genetic material but rather are synthesized by a series of en-
zymes with a complexity that we have only begun to understand 
(see Marahiel et al. [15], Mootz et al. [16] for such examples). 
These processes were long thought to be a source of a rich diver-
sity in terms of enzymes for production or research and were the 
basis for one of the most active areas of synthetic biology. Among 
these enzymes, some of the most fascinating can ligate small natu-
ral molecules to, for example, a lysine side chain, as long as the 
lysine is part of a sequence that the ligase recognizes. The most 
representative of the category is certainly the E. coli ligase that 
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Ting’s group thoroughly identified and characterized, designating 
it as lipoic acid ligase (LplA; see Puthenveetil et al., and refer-
ences therein [17]. Among the features of this enzyme are that it 
is expressed in a cell without noticeable problem(s) and that mu-
tants can be designed to accept alternative co- substrate(s) in place 
of the natural lipoic acid. For example, N3-bearing compounds 
can be linked to the lysine via the ligase-catalyzed reaction [18]. 
The next step is to introduce, for instance, a fluorophore by click 
chemistry onto the azide group, labeling the given protein specifi-
cally in cellulo [19]. The chemistry complementing this approach 
is safely compatible within cellulo conditions [20]. The field of 
application is even larger than expected because the modifier intro-
duced via click chemistry can be of almost any nature, including 
but not limited to radiolabeled chemicals [21], heavy atom-bearing 
compounds, or biotinyl derivatives [22].

Our goal here was to take the first steps towards the sys-
tematic use of an enzyme capable of modifying a given protein 
sequence with lipoic acid derivatives. Although the ligase LplA 
has been described by others, we thought that it was critical to 
revisit the original description and independently confirm and 
characterize this lipoic acid ligase. It is therefore important to un-
derstand that the present program led us to produce tools that could 
be well understood and mastered in vitro, including in the context 
of pure protein substrates. The ultimate steps were either to study 
the immobilization of the ligase for further modification of sub-
strate proteins of interest or to express the whole system in cellulo 
to modify in situ those proteins with intracellular movements of 
interest. Here we extend the original observations by using pure, 
full-length proteins fused to sequences that the ligase recognizes. 
These steps are required to use the system in cellulo, which is our 
ultimate goal.

Materials and Methods
Chemicals

Reagents were purchased from Sigma-Aldrich, Alfa Aesar, 
Invitrogen, or GE Healthcare and used without further purification.

Expression and purification of His6-LplA wild type and 
mutants in E. coli

The production of wild-type (wt) His6-LplA, His6-LplA 
W37I, His6-LplA W37A, and His6-LplA E20A F147A H149G was 
achieved in the E. coli expression system (E. coli BL21 (DE3)) as 
described [19]. The bacterial cells were cultivated in LB medium 
with ampicillin (final concentration 100 μg/ml) until an absorbance 
at 600 nm of 0.6 was reached. The cells were then induced with 
0.1 mM IPTG, and the temperature of the culture was reduced to 
25°C. The bacterial cells were cultivated O/N in 2 L medium and 
harvested by centrifugation. The presence of target proteins in the 
soluble protein fraction was confirmed by SDS-PAGE.

Purification was performed on an AKTA Avant® system with 
a 1 ml His trap column (GE Healthcare). The sample was inject-
ed on a column equilibrated with buffer 1 (50 mM Tris, 300 mM 
NaCl, pH 7.8) and extensively washed with the same buffer. The 
column was then developed stepwise by 10 volumes of buffer 1 
with 50 mM imidazole, then with 10 column volumes of buffer 1 
with 1000 mM imidazole, and finally with 20 volumes of buffer 1 
with 200 mM imidazole.

Fractions were analyzed by 12% SDS-PAGE gel electropho-
resis followed by Coomassie staining. The fractions containing 
enzyme were pooled and dialyzed twice against a dialysis buffer 
(20 mM Tris, 1 mM DTT, 10% (V/V) glycerol, pH 7.5, or 20 mM 
HEPES, pH 8.0, 150 mM NaCl, 10% glycerol) at 4°C. The concen-
tration of the purified proteins was determined spectrophotometri-
cally at 280 nm using the calculated molar extinction coefficient 
of 42 180 M-1 cm-1 or 47 870 M-1 cm-1 for single mutants and triple 
mutants, respectively. The purity of recombinant proteins was esti-
mated to exceed 95% based on the SDS-PAGE analyses.

Expression and purification of rhoA fused with LAP2 at 
the N-terminus, the C- terminus, or in a loop (His tag 
1-180 /insertion D49-G50: [GGS-LAP2-GGS], F25N) in 
E. coli

Production of the three constructs of rhoA was achieved 
in the E. coli expression system (E. coli BL21 (DE3)). The bac-
terial cells were cultivated in LB medium with ampicillin (final 
concentration 100 μg/ml) until an absorbance at 600 nm of 0.8 
was reached. The cells were induced with 0.1 mM IPTG, and the 
temperature of the culture was reduced to 22°C. The bacterial cells 
were cultivated O/N in 3.0 L medium and harvested by centrifuga-
tion. The presence of target proteins in the soluble protein frac-
tion was confirmed by both SDS-PAGE and western blot analy-
ses. The proteins were purified by affinity chromatography using 
NiNTA agarose according to the standard procedure provided by 
the manufacturer. A total of 20 mM Tris-HCl, pH 8, 250 mM NaCl, 
10% glycerol, 10 mM MgCl2, 50 μM GDP, and 250 mm imidazole, 
was used as elution buffer. To increase the purity of recombinant 
thioredoxin (Trx), the fractions collected from affinity chromatog-
raphy column were loaded on a HiLoad 26/600 Superdex 200 pg 
column and eluted with 20 mM Tris-HCl, pH 8.0, 250 mm NaCl, 
5% glycerol, 2 mm DTT, 1 mm MgCl2, 50 μM GDP. After purifica-
tion, the sample was concentrated, and the purity of recombinant 
proteins was estimated to exceed 95% based on the SDS-PAGE 
gel electrophoresis analyses.

Expression and purification of His6-TRX wt and His6-
TRX LAP2 in E. coli

The production of the human Trx wt and LAP2 were done in 
the E. coli expression system (E. coli BL21 (DE3)). The bacterial 
cells were cultivated in LB medium with ampicillin (final concen-
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tration 100 μg/mL) until an absorbance A600 of 0.8 was reached. 
The cells were induced with 0.1 mM IPTG, and the temperature 
of the culture was reduced to 25°C. The bacterial cells were culti-
vated O/N in 1.0 L medium and harvested by centrifugation. The 
presence of target proteins in the soluble protein fraction was con-
firmed by both SDS-PAGE gel electrophoresis and western blot 
analyses. The proteins were purified by affinity chromatography 
using NiNTA agarose according to the standard procedure pro-
vided by the manufacturer. A total of 50 mM Tris-HCl, pH 7.5, 
300 mM NaCl, 0.1 mM DTT, 250 mM imidazole was used as elu-
tion buffer. For increased purity of recombinant Trx the fractions 
collected from affinity chromatography column were loaded on a 
HiLoad 26/600 Superdex 200 pg column and eluted with 50 mM 
Tris-HCl, pH 7.5, 200 mM NaCl, 5 mM DTT. After purification, 
the sample was concentrated and dialyzed against storage buffer 
(40 mM Tris- HCl, pH 7.5, 180 mM NaCl, 4 mM DTT, 10% glyc-
erol). The purity of the recombinant proteins was estimated to ex-
ceed 95% based on the SDS-PAGE analyses.

Electrophoresis analyses
SDS-PAGE analyses were performed using Nu-PAGE 

4-12% gels in MES or MOPS buffer (Invitrogen). For sample 
preparation under reducing conditions, samples were boiled for 
5 min at 95°C with LDS sample buffer (Invitrogen) and 50 mM 
DTT. For non-reducing SDS-PAGE analysis, samples were first 
treated with 30 mM iodoacetamide for 2 min at 70°C. SeeBlue® 
Plus2 Pre-stained Protein Standard (Invitrogen) was used as a ref-
erence. Images were captured using a Chemi Doc XRS camera and 
Quantity One software (Bio- Rad).

Mass spectrometric analyses
Native mass spectrometry

Prior to Native ESI-MS measurements, LpIA and LAP2 
were desalted in 150 mM ammonium acetate (pH 7.5) with Zeba 
Desalting Spin Columns (89849, Thermo Scientific) by three suc-
cessive cycles. Proteins were then diluted to 10µM. Mass spectra 
were acquired in the positive V mode with a LCT “High Mass” 
mass spectrometer (MS Vision, Netherland) fittedwith an auto-
mated chip NanoESI system (Nanomate 200, Advion Biosciences, 
Ithaca, NY). Standard nanospray parameters were used (chip volt-
age 1700 V, gas pressure 0.75 psi). The mass spectrometer was 
carefully tuned with gentle desolvation parameters to preserve 
protein folding during the ionization/desorption process. The sam-
ple cone, extraction cone and RF Lens voltages were optimized to 
260 V, 3 V, and 700 V, respectively.

The instrument was calibrated with Cesium Iodide diluted 
to water at 3 mg/ml. Data were acquired during two minutes and 
processed with MassLynx.

Denaturing liquid chromatography-mass spectrometry

Before LC-MS analysis, samples were diluted to 0.1 mg/ml 
in a vial with H20. ESI-MS spectra were obtained in positive ion 
mode on a XevoG2XS QT of (Waters, Manchester, UK). Instru-
ment settings were: source temperature 80°C, capillary voltage 2 
kV, and cone voltage40 V. The instrument was calibrated with so-
dium iodide solution (2 µg/µl in 50/50 2- propanol/water). Protein 
samples were desalted on-line using a MassPrep™ Micro Desalt-
ing column (2.1x5mm). Column temperature was 80°C, flow rate 
0.5ml/min. The following gradient was used:

Time Flow (ml/min) % water + 0.1% 
Acid Formic

% acetonitrile + 
0.1% Acid Formic

Initial 0.5 95 5

0.5 0.5 95 5
0.51 0.2 95 5

2 0.2 10 90
2.1 0.5 95 5
2.7 0.5 10 90
2.8 0.5 95 5
3.4 0.5 10 90
4 0.5 95 5

MS spectra were acquired over the m/z range 500-4000. Data were pro-
cessed with MassLynx.

Analytical Size-Exclusion Chromatography (SEC) with 
Multi-Angle Static Light Scattering (MALS)

Analyses were performed on an HPLC Agilent 1200 UV 
coupled with a MALS (DAWN 8+ Wyatt Technology) and a RI 
(Optilab T-rEX Wyatt Technology). For SEC, samples were cen-
trifuged at 1400 rpm of 20 min before injection. Generally 20 µl of 
protein at approximately 1 mg.ml-1 was injected into the system. 
For all analyses, bovine serum albumin at 1 mg.ml-1was used as 
control.

Lipoic Acid Ligase
Proteins were analyzed on a KW Protein 803 column (Sho-

dex). HPLC column, MALS and RI were equilibrated with a 20 
mM Tris/HCl, 300 mM NaCl, pH 7.5, buffer at a flow rate of 1 
ml.min-1, and the absorbance was recorded at 210 and 280 nm.

Rho A
These proteins were analyzed on a KW Protein 802.5 col-

umn (Shodex). HPLC column, MALS and RI were equilibrated 
with a 20 mM Tris/HCl, 300 mM NaCl, pH 7.4, buffer at a flow 
rate of 0.8 ml.min-1, and the absorbance was recorded at 210 and 
280 nm.
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Thioredoxine Analyses

These proteins were analyzed on a Superdex 75 5/150 GL 
column (GE Healthcare), HPLC column, MALS and RI were 
equilibrated with 50 mM Tris/HCl, 200 mM NaCl, 1 mM TCEP, 
pH 7.5, buffer at a flow rate of 0.2ml.min-1, and the absorbance 
was recorded at 280 nm and also at 210 and 650 nm.

Differential Scanning Fluorimetry
These analyses were performed on a CFX384 Real-Time 

PCR Detection System (Bio-Rad). Proteins were diluted at 0.1, 
0.15, and 0.2 mg.ml-1in analysis buffer and mixed with SYPRO®

Orange Protein Gel Stain at 50X according to the manufacturer’s 
protocol (Sigma). Samples were transferred into a 96-well plate 
(Hard-Shell® PCR Plates, Bio-Rad) and sealed with transparent 
foil (Microseal B, Bio-Rad). The plate was placed in the PCR in-
strument and the temperature scan run from 20 to 95°C, with a 
temperature ramp of 1°C min-1. Fluorescence was recorded (ex 
483 nm/em 568 nm, FRET channel) as a function of temperature. 
For analyses, the melting temperature was defined as the minimum 
of the first derivative of the fluorescence intensity.

LplA-mediated enzymatic labeling of LAP2 peptide
The peptide LAP2 (H-GFEIDKVWYDLDA-NH2) was syn-

thesized by Genepep (St Jean de Védas, France). The peptide was 
solubilized at 2 mM in H2O + 0.1% NH4OH; lipoic acid (Fluka 
04471) was solubilized at 5 mM in 50/50 H2O/CH3CN; 10-azido-
decanoic acid and 7-azidoheptanoic acid (Piramal, Ahmedabad, In-
dia) were solubilized at 10 mM in CH3CN; and LplA was produced 
according to the method described above. For a typical reaction, 
peptide LAP2 was added to the buffer (25 mM sodium phosphate, 
pH 8, 2 mM magnesium acetate, 1 mM ATP, 0.1% Tween 20) at 
200 µM, lipoic acid or other substrate at 350 µM, and then LplA at 
1 µM. The reaction was incubated at 37°C for 30 to 120 min and 
stopped with 300 mM EDTA, 50 mM Tris, pH 7.5, 30% CH3CN. 
The reaction was analyzed by HPLC according to the method de-
scribed below.

Determination of LAP2 Km and lipoic acid affinity constants

To measure the kinetic parameters Vmax, Kcat and KM 
for LplA ligation of the LAP2 peptide, LAP2 at 15, 25, 50, 75, 
100, 200, 300, or 400 µM was mixed with 750 µM lipoic acid and 
0.005 or 0.01 µM LplA, in 25 mM sodium phosphate, pH 8, 2 mM 
magnesium acetate, 1 mM ATP, 0.1% Tween 20. The reaction was 
incubated at 37°C and stopped after 30 min with 300 mm EDTA, 
50 mm Tries, pH 7.5, 30% CH3CN. The reaction was analyzed by 
the HPLC assay described below. Measurements were performed 
in duplicate. The amount of product obtained at each time point 
was plotted against time to obtain the initial velocity for each con-
centration of LAP2 peptide. The initial velocities (Vi) were plot-
ted against LAP2 peptide concentration and fit to the Michaelis-

Menten equation (Vi = Vmax [LAP2] / (KM + [LAP2])) using 
Prism software to obtain the Vmax and KM values for LAP2. Kcat 
is obtained according to the following equation: Kcat = Vmax / 
[Enz]. To measure the KM for LplA ligation of lipoic acid, LAP2 
peptide at 200 µM was mixed with 10, 25, 50, 100, 300, 500, or 
750 µM lipoic acid and 0.005, 0.01, or 0.025 µM LplA in 25 mm 
sodium phosphate, pH 8, 2 mM magnesium acetate, 1 mM ATP, 
0.1% Tween 20. The conditions for measuring were as described 
above. The initial velocities (Vi) were then plotted against the li-
poic acid concentration and fit to the Michaelis-Menten equation 
(Vi = Vmax [LAP2] / (KM + [lipoic acid])) using Prism software 
to obtain the Km for lipoic acid. Kcat is obtained according to the 
following equation: Kcat = Vmax / [Enz].
Reverse-phase chromatography assay for analysis of LAP2 la-
beling

HPLC assays were performed on an HPLC Agilent 1100 UV 
with buffer A corresponding to H2O + 0.1% TFA and buffer B to 
CH3CN + 0.1% TFA. Column (HPLC Chromolith Performance 
C18, 4.6 × 100 mm) was equilibrated at 2 ml.min-1with 75/25 
buffer A/buffer B. Samples (5 µl) were injected using the follow-
ing gradient: 0-1 min: 25% Buffer B; 1-9 min: 25-55% Buffer B; 
9-10 min: 55% Buffer B; 10-11: 55-25% Buffer B; and 11-15 min: 
25% Buffer B. The absorbance was recorded at 210 nm unless 
otherwise mentioned.
Reverse-phase chromatography coupled with mass spectro-
metric assay for analysis of LAP2 labeling

LC/MS assays were conducted using an HPLC Agilent 1200 
UV equipped with a quadrupole 61400 with buffer A correspond-
ing to H2O + 0.1% TFA and buffer B to CH3CN + 0.1% TFA. 
Column (XBridge peptide BEH C18, 2.1 × 100 mm) was equili-
brated at 0.4 ml.min-1 with 75/25 buffer A/buffer B. Samples (4 µl) 
were injected following the same gradient as above. Mass spectra 
were recorded under the positive enhanced multi-charge mode of 
an ESI-MS. Absorbance was recorded at 210 and 280 nm, unless 
otherwise mentioned.
Reverse-phase chromatography assay for analysis of rhoA la-
beling

HPLC assays were performed on an HPLC Agilent 1100 UV 
with buffer a corresponding to H2O + 0.1% TFA and buffer B to 
CH3CN + 0.1% TFA. Column (HPLC Xbridge Protein BEH C4, 
2.1 × 100 mm) was equilibrated at 0.3 ml.min-1 with 65/35 buffer 
A/buffer B. Samples (4 µl) were injected using the following gra-
dient: 0-2 min: 35% Buffer B; 2-15 min: 35-65% Buffer B; 15-16 
min: 65-35% Buffer B; and 16-20 min: 35% Buffer B. Unless oth-
erwise mentioned, absorbance was recorded at 210 nm.
Enzymatic assay with Rho A LAP2 or Thioredoxine LAP2

RhoA LAP2, TRX LAP2, and LplA W37I were produced as 
described previously. 10- azidodecanoic acid (piramal) was solu-
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bilized at 10 mM in CH3CN and Alexa Fluor® 647 DIBO Alkyne 
(Molecular Probes) was solubilized at 10 mM in DMSO. For a 
classical reaction, LAP2 modified protein was added to the buffer 
(25 mM sodium phosphate, pH 8, 2 mM magnesium acetate, 1 
mM ATP) at 10-20 µM, 10-azidodecanoic acid at 50 µM, and then 
LplA W37I at 1 µM. Reactions were incubated at 37°C for 60 to 
120 min.

For the second step (click reaction), two strategies were pos-
sible according to the quantity of labeled protein. (1) For small 
batches (~0.2 mg of protein), the reaction was cooled to room tem-
perature, and Alexa Fluor® 647 DIBO Alkyne was added directly 
(100-150 µM). The reaction was incubated at 25°C for 60 to 120 
min. (2) For bigger batches (~2 mg of protein), the reaction was 
dialyzed twice against 50 mM Tris, 200 mM NaCl, 5 mM DTT, pH 
7.5, to eliminate the unreacted substrate. The reaction mixture was 
concentrated (Ami con Ultra-4, PLBC, membrane Ultracel-3, 3 
KD, Millipore) to approximately 70 µM. Alexa Fluor® 647 DIBO 
Alkyne was added (100 µM), and the reaction was incubated at 
25°C for 60 to 120 min. In both cases, the reaction was stopped by 
injection in HPLC or by freezing.

Chemical labeling of Thioredoxin wt with NHS Alexa Fluor 
647

Trx wt was dialyzed against PBS+1 mM TCEP because 
chemical labeling is not compatible with Tris content in storage 
buffer. Trx was then diluted to 156 µM (2 mg/ml) in PBS+1 mM 
TCEP and mixed with relevant equivalents of Alexa Fluor® 647 
NHS Ester (10 mm in DMSO, Molecular Probes). The reaction 
was incubated at room temperature for 2 h and then stopped by 
addition of excess Tris salt.

Purification of labeled Thioredoxin-LAP2 by preparative SEC
LAP2-modified Trx labeled with 10-azidodecanoic acid and 

Alexa Fluor® 647 DIBO Alkyne or wt Trx labeled with NHS Alexa 
Fluor 647 were purified by preparative SEC using the AKTA Avant 
Gold Seal system. The reaction mixtures were injected on a Super-
dex 75 10/300 GL (GE Healthcare) equilibrated with 50 mM Tris/
HCl, 200 mM NaCl, 1 mM TCEP, pH 7.5, buffer at 0.5 ml.min-1, 
and the absorbance was recorded at 210, 280, and 650 nm.

Results
Our goal was to clone, produce, purify, and characterize the 

ligases that Ting and colleagues largely used (see Uttamapinant 
et al [19] and references therein). Because our program included 
the use of synthetic co-substrates of LAP2, we generated mutated 
enzymes capable of recognizing those modified co-substrates (as 
described and partially characterized by Ting and colleagues [6, 
23-25]).
Production and characterization of wt and mutated LplA

Using the sequence published by the original group [19], we 
had no major difficulty in obtaining bacteria overexpressing the 
transgene. Figure 1A shows the purification of the wt protein, as 
described in the material and methods section. It is clear that the 
purification process, by means of nickel affinity chromatography, 
went smoothly and led to several fractions of highly purified mate-
rial. The two waves of elution were due to the increased concen-
trations of imidazole. Because the final analysis of the purified, 
pooled materials was cleaner in pool 3 (Figure 1B), we chose to 
use this material for the rest of the experiments. The same purifica-
tion protocols were performed for the mutated enzymes and led 
to purified materials, as can be seen in Figure 1S. (supplementary 
figure).

Figure 1: Purification steps of LplA wt enzyme.

A: SDS-PAGE analysis of the purification fractions of LplA. A nickel column was equilibrated and developed with three imidazole concentrations: 50 (Pool 1), 100 µM 
(Pool 2), and 200 µM (Pool 3). Fractions were independently combined into three pools. Analyses were done in reducing conditions. 

B: SDS-PAGE analysis of the purified pools of the wt ligase. The three pools were individually dialyzed against a storage buffer (20 mM Tris base, 1 mM DTT, 10% (vol/
vol) glycerol, pH 7.5). Analyses were performed in reducing and non-reducing conditions.
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To qualify the purified proteins, we analyzed by SEC-MALS 
all the LplA enzymes, whether wild type or mutated. For example, 
in Figure 2A, the wt enzyme is shown to have been homogeneous 
and monomeric at 96% (P1); P2 represents oligomers (2%) and P3 

Figure 2: SEC-MALS analysis of LplA wild type, LplA W37I, LplA W37A, and LplA E20A_F147A_H149G enzymes.

A: LplA wild type: The enzyme was homogeneous and monomeric at 96% (P1); P2 represents oligomers (2%) and P3 aggregates (2%). 

B: LplA W37I: The enzyme was homogeneous and monomeric at 99% (P1); P2 represents aggregates (1%). 

C: LplA W37A: The enzyme was homogeneous and monomeric at 95% (P1); P2 represents aggregates (5%). 

D: LplA LplA E20A_F147A_H149G: The enzyme was homogeneous and monomeric at 99% (P1); P2 represents aggregates (1%).

SEC-MALS analysis of wt LplA using a Shodex KW 803 column at 1 ml.min-1 with running buffer: Tris HCl 20 mM, NaCl 0.3 M, pH 7.4. The graphic shows UV 
signal (green), LS signal (red), RI signal (blue), and molecular weight (black) according to time. All signals are represented on a normalized scale.

We felt that plain characterization of pure proteins was neces-
sary to confirm the usability of the enzyme. SDS-PAGE was there-
fore used to visualize the purity of the protein. Figure 3 shows the 
results of these experiments in native as well as reduced conditions 
for the wt enzyme (Figure 3A) and for the various mutants (Figure 
3B). The gels clear indicated that the proteins were monomeric in 
their native state and almost pure without any significant amount 
of other proteins present in the preparations. It is also interesting 
to note that the stability of the proteins differed slightly from one 
mutant to the other despite the minimal nature of the mutations 
(one or three point mutations), as shown in Figure 3C. Indeed, 

aggregates (2%). Similar results were obtained for the other en-
zymes, particularly with the triply mutated lplA monomeric, which 
was pure at 99% (Figure 2D). 

while the Tm of the wt enzyme was 53°C, the W37A was 59°C, 
while the other mono-mutant dropped to 46°C, and the triple mu-
tant was 45°C. We viewed this information as a warning concern-
ing the possible stability of the enzyme at 37°C, the temperature 
usually used for enzymatic reactions. Related to this concern, it is 
interesting to point out the drastic differences between the mutant 
stabilities. A single mutation led to a drop of several degrees in the 
thermogram when compared to the wt enzyme. For LplA W37I, 
two Tm were observed: 46 and 49°C. This suggests that the en-
zyme was denatured in 2 times: one domain being more instable 
and denaturing at a lower temperature that the other domain.
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Figure 3: SDS-PAGE electrophoresis and thermal stability of LplA wild type (Wt), W37I, W37A, and E20A_F147A_
H149G enzymes.

Furthermore, we checked the four proteins by mass spec-
trometry analyses (Figure 4). For each construct, the theoretical 
mass was in accordance with experimental findings. As very often 
in the presence of the HAHA tag, a gluconoylation occurred in 

about 10% of the enzyme [26]. Overall, analytical the profiles of 
the enzymes were the same for the mutated LplAs and for the wild 
type (see table 1).

Figure 4: Characterisation of LplA.

Ligation to LAP2 peptide with lipoic acid and its ana-
logs

We decided to re-assess the conditions under which the en-
zymes worked. The team that originated the enzymes reported 
some of these features [6-17], but we wanted to complete these 

observations, particularly regarding the specificity vis-à-vis syn-
thetic co- substrates. At first, we focused our attention on the wt 
enzyme, so a first step was a classical assessment of enzymatic 
activity using both a peptide as a substrate and lipoic acid as the 
natural co-substrate, as summarized on Scheme 1.

SDS-PAGE electrophoresis of purified LplA wild type (A) and purified mutants (B) Mutated LplA were W37I (C), W37A (E), and E20A_F147A_H149G (F) 
enzymes, respectively. R represents reducing conditions; N R: non-reducing conditions; and M the SeeBlue® Plus2 Pre-stained protein standards. The analyses are in 
accordance with SEC-MALS analyses and theoretical molecular weights. Thermal stability of LplA Wt, W37A, W37I, and E20A_F147A_H149G were performed using 
differential scanning fluorimetry (C). Each sample was diluted in 25 mM sodium phosphate, pH 8.0, 2 mM magnesium acetate, 1 mM ATP, and analyzed at three concen-
trations (0.1, 0.15, and 0.2 mg.ml-1) in the presence of the SYPRO orange probe. Samples were slowly heated while the fluorescence emission was recorded. Curves show 
the fluorescence derivative according to temperature, and the melting temperature (Tm) is defined as the minimum of the curve.

Electrospray ionization mass spectrometry analyses of LplA Wt (A), W37I (B), W37A (C) and E20A_F147A_H49G (D) at 0.1mg/ml in 25mM sodium phosphate 
pH 8, 2mM magnesium acetate. 

The experiments were conducted on a Synapt G2-S instrument (Waters). For each construct theoretical mass is in accordance with experiment and ~10% of enzyme 
is gluconoylated. The profile is the same for mutated LplA than for wt.
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Schemes: HPLC assay for enzyme-catalyzed site-specific ligation of lipoic acid to LAP2 peptide.

Scheme 1 and 2: Enzyme -catalyzed site-specific ligation of lipoic acid to the lysine (in red) of LAP2 peptide (H-GFEIDKVWYDLDA-NH2). LAP2 is combined to 
lipoic acid and LplA wt in the presence of ATP as described in the experimental section. After incubation at 37°C, the reaction was stopped with EDTA and analyzed by 
reverse-phase chromatography (see HPLC assay in the experimental section). Note the changes in reactant concentrations between scheme 1 & 2.

Schemes 3 and 4: Enzyme-catalyzed site-specific ligation of lipoic acid to the lysine (in red) of LAP2 fused with the protein RhoA (Scheme 3) or Trx (Scheme 4). The 
fused protein was combined to 10- azidododecanoic acid and the mutant ligase LplA W37I in the presence of ATP as described in the experimental section. In a second 
step, the fluorophore Alexa Fluor 647 was introduced via a click chemistry reaction between the azido and cycloalkyne.

Figure 5A summarizes the results of the different steps in 
this process. To the best of our knowledge, a systematic survey of 
this activity previously has been only partially reported. The vari-
ous steps of assay validation are shown. We thoroughly checked 
the conditions of the assay in a step-by-step approach. With HPLC 

measurement of the peak corresponding to the product of the reac-
tion and by validating its molecular weight (879.9 Da) by mass 
spectrometry (Figure 5B), the nature of the enzymatically cata-
lyzed reaction was ensured, including the absolute necessity for 
the presence of ATP in the reaction (see step 6, Figure 5A).
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Figure 5: Confirmation of LplA-specific activity with ATP.

Reverse-phase chromatography assay showing the Lpla-mediated ligation of lipoic acid to LAP2 peptide 
(A). Chromatograms were registered at 210 nm. (1) LAP2 peptide at 200 µM in reaction buffer (25 mM sodium phosphate, pH 8, 2 mM magnesium acetate, 1 mM ATP). 
(2) LAP2 peptide at 200 µM combined with lipoic acid at 350 µM in reaction buffer. (3) LplA at 2 µM in reaction buffer. (4) LAP2 peptide at 200 µM combined with 
LplA at 2 µM in reaction buffer. (5) Lipoic acid at 350 µM and LplA at 2 µM in reaction buffer. (6) LAP2 peptide at 200 µM combined with lipoic acid at 350 µM and 
LplA at 2µM in reaction buffer without ATP. (7) LAP2 peptide at 200 µM combined with lipoic acid at 350 µM and LplA at 2 µM in reaction buffer. These chromatograms 
confirmed the specific activity of LplA with ATP. The starred peak was analyzed by mass spectrometry (see Figure 5B). LC/MS analysis of lipoic acid coupling to LAP2 
peptide mediated by LplA 
(B): LAP2 peptide at 200 µM was combined with lipoic acid at 350 µM and LplA at 2 µM in reaction buffer. Reverse-phase chromatography assay coupled with mass 
spectroscopy confirmed the molecular weight of the reaction product.

Finally, using the peptide substrate, we completed the char-
acterization of the enzyme by determining its kinetic constants 
from the standard Michaelis-Menten curves built from the experi-
ments (Figure 6). We obtained the kinetic parameters of the reac-
tion for the wt lipase by varying the concentrations of substrate (li-
poic acid) at a fixed concentration of co- substrate (peptide LAP2) 
or vice versa. From these experiments, we calculated that the Kcat 

= 0.27s-1 and 0.32s-1 while the KM for the substrate was 19 µM 
and the KM for the co-substrate was 25 µM. The confidence in 
these results (n = 2) was calculated to be R² = 0.98 and 0.97, re-
spectively. Similar kinetic experiments were run with the mutated 
enzymes (not shown). Their characteristics were only marginally 
affected by their respective mutation(s).
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Figure 6: Kinetic characteristics of LplA towards its natural co-substrate, lipoic acid. Various concentrations of LAP2 peptide were lipoylated with 0.01 to 0.005 µM 
LplA and 750 μM lipoic acid
(A). The amount of product obtained at each time point was plotted against time to obtain the initial velocity for each concentration of LAP2 peptide. The peptide LAP2 
at 200µM was lipoylated with various concentrations of lipoic acid and 0.025 to 0.005 µM LplA 
(B). The amount of product obtained at each time point was plotted against time to obtain the initial velocity for each concentration of LAP2 peptide. The collection of 
initial velocities (Vi) was then plotted against LAP2 peptide concentration and fit to the Michaelis-Menten equation (Vi = Vmax [LAP2]/(Km + [LAP2])) to obtain the 
Km for LAP2. In both cases, the reactions were stopped with EDTA 0.3 M, Tris pH 7.5, 30% CH3CN. Samples were injected in HPLC as described in the experimental 
section. 

Furthermore, the capacity of each enzyme, including the 
mutated ones, to recognize each of the various unnatural co-sub-
strates (7-azidoheptanoic acid, 10-azidodecanoic acid, and 11-
bromo-undecanoic acid) was tested. The results are summarized 
in Figure 7. These measurements confirmed that W37I is the most 
efficient mutant for the ligation of 10- azidodecanoic acid [18]. For 
11-bromo-undecanoic acid, W37I was more efficient than W37A, 

Figure 7: Wt and mutated ligase Lpa2-catalyzed ligation of different co-substrates of LAP2 peptide.LplA-mediatedligation kinetics on LAP2 peptide with 
lipoic acid, 7-azidoheptanoic acid, 10- azidodecanoic acid, and 11-bromo-undecanoic acid. Kinetics measurements were done with 1 µM LplA, 350 µM co-substrate, and 
200 µM LAP2 peptide. Conversions were measured by HPLC assay as previously described. The conversion into product after 60 min is reported for each co-substrate 
with each LplA.

which has been used in the literature for this substrate [27]. For 
7-azidoheptanoic acid, LplA wild type was the most efficient mu-
tant. This substrate has not been published, but the current results 
confirmed that for small azido co-substrates, the wt enzyme is the 
better enzyme whereas for longer co-substrates, the W37I mutant 
is more efficient.
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To ensure the validity of these observations, as with the nat-
ural substrate/co- substrate couple, the mass spectrometry analyses 
of those products were obtained, as reported in Figure 2S, to en-
sure the nature of the product generated by the various enzymes.

Enzyme-catalyzed site-specific ligation to rhoA LAP2

As a systematic approach to translating our observation first 
into a full-size protein and ultimately into a cellular context, we 
designed two model proteins (the GTPase rhoA and Trx) fused 
with the Lap2 peptide recognized by the LplA enzymes, as de-
scribed above. These proteins were chosen because our laboratory 
has previous experience working with Trx [28] and rhoA (Petit et 

al., in preparation). We designed the fused proteins according to a 
triple scheme: the peptide was fused to the N-terminus, to the C-
terminus, or finally in the middle of a sequence taking into account 
its tridimensional structure so that this extra sequence would be 
positioned inside a loop reachable from the outside of the protein, 
as in an in situ situation.

Figure 8 shows the results of the expression and purification of 
the three proteins by SDS-PAGE electrophoresis. Despite the chang-
es - especially in the in-loop addition of the sequence - the three fused 
rhoA proteins were expressed in bacteria to workable levels. At the 
final step, the proteins, obtained using standard expression/extrac-
tion/purification processes, were pure at more than 95% (Figure 8).

Figure 8: SDS-PAGE analysis of the three rhoA proteins fused with the LAP2 peptides. The rhoA proteins were fused with the LAP2 peptide, at the N-terminus, the 
C-terminus, or in the middle of the sequence. They were expressed in E. coli, extracted, and purified as described in the material and methods section. Lane 1: The LAP2-
fused rhoA in the N-terminus, in reduced and non- reduced conditions. Lane 2: The rhoA-fused LAP2 at the C-terminus, in reduced and non-reduced conditions. Lane 
3: The fused LAP2-rhoA protein, in which the LAP2 sequence is embedded in the rhoA sequence, in a loop. Lanes represent the reduced (left) or the non-reduced (right) 
samples.

Because massive expression of mammal proteins is not a 
guarantee of stability and activity, we systematically analyzed the 
three newly produced analogues of rhoA by both mass spectrom-
etry and SEC-MALS. The results of both experiments are shown 
in Figure 3S. In brief, the mass spectrometry analyses showed that 
the three proteins were in line with the expected sequences (Figure 
3SA). Nevertheless, the SEC-MALS experiments (Figure 3SB) 
clearly showed that only the rhoA fused at the C-terminus with 

the LAP2 peptide did not aggregate, rendering the use of the two 
other proteins unsuitable for our purpose. Therefore, we used this 
whole fused protein as a possible substrate of LplA, according to 
Scheme 2. The result of the incubation was analyzed by HPLC, as 
described in the materials and methods section. As shown in Fig-
ure 9, the protein was clearly modified by the LplA ligase to lead 
to a rhoA fused to the LAP2 peptide on which the azidodecanoic 
acid was transferred to the lysine of the LAP2 peptide.
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RhoA has a feature that guided our choice: It is a protein that, 
once farnesylated, is transferred to the membrane (see Nguyen et 
al. [8] for general information on prenylation). Given that our main 
goal was to trace the transport of the protein inside the cell, main-
taining this feature in the final construct (the fused protein with the 
LAP2 peptide) was critical. Unfortunately, as has been known for 
decades, farnesylation is the first step in the cleavage of the remain-
ing part of the CAAX box, downstream from the farnesylation site 
(the C of the CAAX box). It became obvious that the sole usable 
protein bearing this peptide was the one fused at the C-terminus. 
This construct would not allow for farnesylation [29], much less 
the cleavage and therefore transfer of the protein from the cytosol 
to the membrane. Despite the endpoint being a failure,we learned 
enough in the fusion, expression, and production processes to pre-
pare the next protein to be tested in the system: Trx.

Enzyme-catalyzed site-specific ligation to Thioredoxin-
LAP2

As described above for rhoA, our first task was to produce 
the three candidate proteins: the one with the peptide tag fused at 
the N-terminus, one with the C-terminus, and one in which the 
sequence was added to an internal loop of Trx. In contrast with 
results with the preceding protein, Trx was produced by the bac-
teria only when the tag was fused on the C-terminus. Because the 
protein is also His-tagged at the N-terminus, we purified the fused 
protein to homogeneity and characterized it by mass spectrom-
etry. As Figure 10 shows, the protein was almost homogeneous 
by SDS-PAGE while the SEC-MALS gave a 98% purity result 
(Figure 10A). Nevertheless, the mass spectrometry analysis of the 
fused protein showed that 28% of the protein was gluconoylated, 
a feature that is frequent in bacterially expressed proteins bearing 
an HAHA tag [26] (Figure 10B). The measured molecular weight 
(14426.1 g.mol-1) is consistent with the expected one (14428.3 
g.mol-1) considering deletion of 3 amino-acids: 1 amino-acids in 
N-ter corresponding to methionine deletion and 2 amino acids in 
C-ter corresponding to “LE” deletion. 

Figure 9: Enzyme-catalyzed ligation of 10-azidodecanoic acid to rhoA LAP2. The first step corresponds to the LplA W37I enzyme-catalyzed ligation of 10-azidodecanoic 
acid onto the lysine of the rhoA-LAP2. The second step is a click reaction between the azido derivative and Alexa Fluor® 647 DIBO Alkyne. Lane (1): starting condi-
tions, analyzed at t = 0. Lane (2): analysis of the reaction medium after 30 min incubation. Lane (3): reaction as in (2) reacting with the Alexa Fluor 647 alkyne for 30 
more minutes.
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Figure 10: Characterization of Thioredoxin LAP2: Nano-ESI spectra of Thioredoxin LAP2 in native conditions. Peak A corresponds to 6His-Trx-LAP2, peak B corre-
sponds to posttranslational modification (gluconoylation + 178Da)

Pannel A, Left: SEC-MALS analysis of Trx-LAP2 using a Superdex 75 5/150 column at 0.2 ml.min-1 with running buffer: Tris HCl 50 mM, NaCl 200 mM, TCEP 1 mM, 
pH 7.5. The graphic shows UV signal (green), LS signal (red), RI signal (blue), and molecular weight (black) according to time. All signals are represented on a normalized 
scale. The enzyme is homogeneous and monomeric at 98% (P1). P2 represents aggregates.

Pannel A, Right: SDS-PAGE analysis of Trx-LAP2, R = reduced condition, N R = non-reduced condition, M = SeeBlue® Plus2 Pre-stained Protein Standard. Analyses 
are in accordance with SEC- MALS analysis and theoretical molecular weight.

Pannel B, Mass spectrometry analysis of the Trx-LAP2 fused protein: MS analysis of TrxLAP2. Peak A corresponds to Trx-(6His-Trx-LAP2) truncated from its 3 amino-
acids: 1 amino-acids in N-ter corresponding to methionin deletion and 2 amino acids in C-ter corresponding to “LE” deletion. Peak B corresponds to posttranslational 
modification of Trx-LAP2 (gluconoylation). Population A is estimated at 73% and population B at 27%. (150 mM ammonium acetate pH 7.4)

As summarized in Scheme 3, we then used this protein as a sub-
strate for the LplA enzyme. The first step was an enzymatically 
driven transfer of 10-azidodecanoic acid onto the tagged protein, 
and then a click-chemistry modification of the 10- azidodecanoic 
acid with Alexa Fluor® 647 DIBO Alkyne. The successive HPLC 
analyses of the reaction are given in Figure 11, clearly showing the 

appearance of the end product of the reactions (see chromatogram 
4, Figure 11). Indeed, these analyses show that after labeling with 
10-azidodecanoic acid and Alexa Fluor® 647 DIBO Alkyne, the 
peak corresponding to Trx absorbed at 638 nm, the specific absor-
bance of the fluorophore.
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Figure 11: SEC analysis of labeled thioredoxin-LAP2. Size exclusion chromatography of:

Trx-LAP2 diluted at 69 µM (1 mg/ml) in Tris HCl 50 mM, NaCl 200 mM, TCEP 1 mM, pH 7.5. Spectrum was recorded at 280 nm.1. 

Trx-LAP2 at 20 µM labeled with 10-azidodecanoic acid at 50 µM and LplA W37I at 1 µM. After labeling, the reaction was dialyzed against Tris HCl 50 mM, NaCl 2. 
200 mM, DTT 5 mM, pH 7.5, and concentrated to ~1 mg/ml. The spectrum was recorded at 280 nm.

(3, 4) Same as sample (2) and after click reaction with Alexa Fluor® 647 DIBO Alkyne at 100 µM. Spectra were recorded at 280 nm (lane 3) and 638 nm (lane 4).

For each spectrum, the Trx peak is indicated by a star. The analysis was performed with a Superdex 75 5/150 column at 0.2 ml.min-1 with running buffer: Tris 
HCl 50 mM, NaCl 200 mM, pH 7.5.

At the last step of the experiment, the reaction cocktail was 
purified by gel filtration (essentially to eliminate the non-reacti-
vated fluorophore) and the Alexa-labeled protein was further ana-
lyzed by mass spectrometry. Figure 12 summarizes the two-step 
analyses. Purification led to a protein that was clearly homoge-
neous (Figure 12A). The protein was effectively labeled by the 
fluorophore and almost no non-site labeling was observed, prov-
ing (if necessary) that this approach can lead to a perfectly mas-

tered labeling of the target protein at a given place, in contrast to 
what happens when chemical labeling is performed (see below). 
MS analyses show one peak corresponding to Trx-LAP2 + Alexa 
Fluor® 647 DIBO (15781.8 g.mol-1) (peak A, figure 12B) and one 
peak corresponding to Trx-LAP2 + Alexa Fluor® 647 DIBO with 
posttranslational modification (gluconoylation: 15797.4 g.mol-1) 
(peak B, figure 12B).
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(A) Purification of the Alexa-labeled Trx-LAP2 protein. After the incubation of the Trx- LAP2 fused protein with LplA ligase in the presence of 10-azidodo-
decanoic acid, the labeled protein was incubated with Alexa Fluor 647 DIBO alkyne that reacted with the azido moiety of the dodecanoic acyl moiety. The material was 
subjected to chromatogram purification. This material should correspond to the Trx-LAP2 fused protein labeled (at the lysine of LAP2) with 10-azidodecanoic acid. This 
moiety should react with Alexa Fluor® 647 DIBO Alkyne by click chemistry, leading to a final, specifically Alexa-labeled protein on the LAP2 peptide. The analysis was 
performed with a Superdex 75 10/300 column at 0.5 ml.min-1 with the running buffer (Tris HCl 50 mM, NaCl 200 mM, 1 mM TCEP, pH 7.5). Absorbance wavelengths 
were recorded at 280 nm (blue) and 650 nm (red). The main labeled Trx peak was collected for further analysis.

(B) Nano-ESI spectra of labeled thioredoxin LAP2 in native conditions. The characterization of the purified labeled protein was done by mass spectrometry analy-
sis. Trx-LAP2 was labeled as described previously with 10-azidodecanoic acid and Alexa Fluor® 647 DIBO Alkyne. Peak A corresponds to labeled thioredoxin LAP2, 
peak B corresponds to labeled thioredoxin LAP2 with posttranslational modification (gluconoylation + 178Da). The analysis shows that all of the protein is labeled (no 
unlabeled product remaining, suggesting 100% yield + purification.

Figure 12: Purification chromatogram of labeled TRX-LAP2.
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Comparison of the ligase-catalyzed site-specific ligation of thi-
roedoxine-LAP2 with chemical ligation

Proteins are generally labeled using several technologies 
that often lack controlled specificity. To compare our partially en-
zymatic approach with a standard technique of protein labeling, 

we performed an experiment in which the same protein was used, 
but the labeling was done by a chemical approach. The conditions 
are summarized in the materials and methods section. In brief, the 
labeling was performed using five different amounts of Alexa: 
from 0.5 to 3 equivalents (Figure 13).

In all cases, at least two species could be found: one labeled 
with one Alexa, the other with two. The nature of the link between 
the fluorophore and the amino acid seems to be unique, but the 
respective amounts of each species are variable according to the 
amount of Alexa present in the labeling system. In other words, 
there is no way to obtain a unique labeling of the protein under our 
conditions whereas with the enzyme-directed labeling, the speci-
ficity of the labeling was beyond doubt.

Discussion
It is noteworthy that there is a huge need for protein-modi-

fying techniques that are usable across a range of situations, from 
the acellular to the cellular contexts [see reviews by Rashidian et 
al. [30] and Hinner and Johnson [4]. For example, one can ‘easily’ 
introduce exotic amino acids into a protein by using direct, com-
plete chemical synthesis of proteins [3,5], using semi-synthetic 
approaches (intent) [31], or manipulating the cellular genetic ma-

Electrospray mass spectrometry of labeled TRX Wt with NHS Alexa fluor 647 Labeling was done with 1.25 (1), 1.5 (2), 2 (3), 2.5 (4) or 3 (5) equivalents of 
fluorophore to evaluate the fluorophore protrein ratio (FPR). Wt Trx was labeled chemically with NHS Alexa Fluor® 647 DIBO Alkyne as described in the experimental 
section. Labeling was done with 1.25 (lane 1), 1.5 (lane 2), 2 (lane 3), 2.5 (lane 4), or 3 (lane 5) equivalents of fluorophore to evaluate the fluorophore protein ratio. All 
reactions were analyzed by mass spectrometry. Peak A is unlabeled wt Trx; peak B, Trx labeled with one molecule of NHS Alexa Fluor 647; peak C, Trx labeled with two 
molecules of NHS Alexa Fluor 647, and peak D, Trx labeled with three molecules of NHS Alexa Fluor 647.
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terial of bacteria [2] to make it able to integrate into a newly syn-
thesized protein an extra amino acid encoded by mutated codons. 
All of these techniques have been developed in the last two de-
cades and provide researchers with a palette of tools adapted to 
their questions. Nevertheless, none of these approaches is straight-
forward or devoid of downsides. For example, the manipulation of 
tRNA is not easy and is often limited to one or two exotic amino 
acids incorporated per protein. Furthermore, their amount and 
the homogeneity of the final product are often underestimated or 
disregarded. The synthetic chemical proteins that we favored in 
our laboratory supply enough material to perform quality-control 
experiments [5], but the study of the final enzyme in a cellular 
context is complicated and requires either patch-clamp techniques 
(and therefore large cells) or detergent treatments to produce pores 
at the surface, allowing insertion of the protein in a cellular con-
text. Again, none of these techniques is simple or easy to use, even 
though they do yield splendid results and beautiful experiments 
(see review by Xiao and Schultz [32]).

We recently decided to complete our panel of techniques in 
these new areas of biochemistry with in situ, specific techniques 
that, rather than introducing exotic amino acids into a protein as 
we have already reported [5], result in modification of a protein at 
a perfectly appropriate position in the protein sequence, provided 
that the protein can be fused to a small, well-chosen peptide bearing 
a ligase recognition sequence. The techniques that we extrapolated 
from the elegant work of Ting and colleagues (see Liu et al. [33] 
and references therein) allowed mastery of the conditions under 
which the ligase can be manipulated, particularly the mutant that 
can recognize co-substrates other than the wild type, such as Loose 
azide derivatives of lipoic acid or of other fatty acids [34]. From 
there, it is possible to introduce almost any type of compound onto 
this azide residue by way of click chemistry. The possibility of 
introducing in a cellular-friendly manner a fluorophore [34], radio-
active compounds [21], or simple chemicals with special biophysi-
cal characteristics [35] is an open door towards many experiments 
in a cellular context. These approaches were dramatically lacking 
from our available tools; therefore, we believed that a systematic 
validation of this approach in an acellular context would support 
confidence in their transposition in cells, particularly regarding the 
position of the tag in the fused protein; we noted that adding this 
particular sequence impaired the expression of this protein in bac-
teria, suggesting that a similar situation would arise in a cellular 
host, despite pioneering works with the model green fluorescent 
protein [34]. The next step will be to translate the current knowl-

edge to TRX intracellular trafficking.

Hinner and Johnson [4] have reviewed the top features of 
protein labeling. Among the highlights, the minimal size of the 
labeled molecule (to limit interference with protein function), ab-
sence of non-target labeling (specificity), and possibility of intro-
ducing any kind of chemicals through this particular labeling pro-
cess are the main features to expect from any such methodology. 
Our feeling is that with the sole necessity of having to have the 
enzyme present in the targeted tissues or cells, the use of lplA ad-
dresses these requirements with success; of course, however, other 
enzymes or approaches are also usable (see review by O’Hare et 
al. [36]). The fact that one can introduce an alkyne function sug-
gests that any further modification of the protein bearing this func-
tion will be limited only by the chemistry, and more particularly 
by the penetration of the various chemicals into the cells. This par-
ticular characteristic has been retained for many applications [6-18 
,23,27,33] in which the mutagenesis of the lplA led to mutants that 
can accept more broadly other chemicals distantly derived from 
lipoic acid, the natural co-substrate of the enzyme.

In the present work, we confirmed the basic observations for 
the use of the lplA ligase as a follow-up of the pioneering work of 
Ting and colleagues. We have extended those observations here 
and believe these findings will help the community apply this ver-
satile system for such approaches and many others. We used a new 
approach in the sense that we demonstrated in an acellular system 
that a protein fused with the peptide substrate of the ligase can be 
expressed, purified, characterized, and successfully used in an en-
zymatic assay with the full-length protein (as opposed to a model 
peptide).

It seems that the path pioneered by Ting’s group regarding 
this particular ligase also could be explored and extended to differ-
ent protein contexts, such as proteins involved in the microorgan-
ism synthesis of natural products like peptide synthetic’s [16] or 
cyclases [37]. From there, one can anticipate that many tools will 
become available in the general area of synthetic biology, either 
for labeling proteins at different points of their sequences in a very 
specific manner or for providing alternative pathways for microor-
ganism production of natural or new diverse chemicals.
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Figure 1S: SDS-PAGE analyses of the purified mutated versions of LpIA: LpIA_W37A (A), LpIA_W37I (B), and 
LpIA_E20_F147A_H149G (C). Lanes: M - molecular mass standard; 1-4, 2, 5, 10, and 15 μg of protein were added 
per lane, respectively.

Figure 2S: Mass spectrometry-coupled liquid chromatography analyses of substrates ligation on LAP2. LC/MS analysis of LAP2 pep-
tide coupling with 7-azidoheptanoic acid, 10-azidodecanoic acid, and 11-bromo-undecanoicacid. Enzymatic reactions were done with 
1 µM LplA W37I, 200µM LAP2, and 350 µM of substrate. The reaction was stopped with 300 mM EDTA, 50 mM Tris, pH 7.5, 30% 
CH3CN, and the samples were injected in LC/MS as described in the experimental section.
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Figure 3S: Mass spectrometry analyses of LAP2-fused rhoA.
A: Mass spectrometry analysis of LAP2-fused rhoA mutants. RhoA LAP2 Niter refers to 8His-GFEIDKVWYDLDA-Rho, RhoA LAP Cater to 8His-
RhoA-GFEIDKVWYDLDA, and RhoA LAP2 Loop to 8His-RhoA-D49 [GGSGFEIDKVWYDLDAGGS] G50. For all spectra, the major fraction de-
tected is attributed to RhoA deleted from methionine (22568.4 Da for RhoA LAP2 Niter, 22639.6 Day for RhoA LAP2 Cater, and 23042 Day for RhoA 
LAP2 Loop). A secondary fraction was observed and assigned to posttranslational modification (gluconoylation + 178 Da). Other ions were present and 
corresponded to oxidized forms (+16 Day).

B: SEC-MALS analyses of RhoA LAP2.SEC-MALS, analysis of RhoA LAP2 Niter, RhoA LAP2 Cater, and RhoA LAP2 Loop. SEC-MALS analysis 
was done using a Shodex KW 802.5 column at 0.8 ml.min-1with running buffer: Tris HCl 20 mM, NaCl 0.3 M, pH 7.4. The graphic shows UV signal 
(green), LS signal (red), RI signal (blue), and molecular weight (black) according to time. All signals are represented on a normalized scale. For each 
construct, analyses were done at t0 and after 1 h of incubation at 37°C. For each graph, P1 represents the monogenic protein, P2 the diametric protein 
and P3 aggregates and oligomers.
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