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ABSTRACT We present a methodology for targeting quantum

dots to speciﬁc proteins on living cells in two steps. In the ﬁrst step,
Escherichia coli lipoic acid ligase (LplA) site-speciﬁcally attaches
10-bromodecanoic acid onto a 13 amino acid recognition sequence
that is genetically fused to a protein of interest. In the second step,
quantum dots derivatized with HaloTag, a modiﬁed haloalkane
dehalogenase, react with the ligated bromodecanoic acid to form a covalent adduct. We found this targeting method to be speciﬁc, fast, and fully
orthogonal to a previously reported and analogous quantum dot targeting method using E. coli biotin ligase and streptavidin. We used these two methods
in combination for two-color quantum dot visualization of diﬀerent proteins expressed on the same cell or on neighboring cells. Both methods were also
used to track single molecules of neurexin, a synaptic adhesion protein, to measure its lateral diﬀusion in the presence of neuroligin, its trans-synaptic
adhesion partner.
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Q

uantum dots (QDs) are extremely
bright and photostable ﬂuorescent
nanoparticles that can be easily
detected at the single-molecule level in
complex biological environments such as
living cells.1 To visualize speciﬁc proteins,
QDs are typically conjugated to antibodies
that in turn recognize speciﬁc cellular proteins. Because this is limited, however, by
the low aﬃnity and/or speciﬁcity of many
antibodies, and the lack of antibodies to
recognize extracellular portions of many
proteins of interest, we previously developed an alternative QD targeting method
based on biotin ligase and streptavidin. In
this method, proteins of interest are genetically fused to an extracellular 15 amino acid
tag called the “acceptor peptide” (AP, sequence in Supporting Figure 4A). The AP
sequence is site-speciﬁcally biotinylated by
Escherichia coli biotin ligase (BirA), then
labeled with streptavidin-conjugated QDs.2
QD targeting by BirA has been used for
single-molecule imaging of numerous cellular proteins.36
There is great interest in multicolor imaging of cellular proteins, and therefore we
wished to develop a second orthogonal QD
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targeting method. With such a method, it
would be possible to image two diﬀerent
proteins in the same cell, or in neighboring
cells, each with single-molecule sensitivity.
Additionally, although the biotinstreptavidin
binding aﬃnity is very high, the oﬀ-rate increases 10-fold or more when each is conjugated to a macromolecule, leading to dissociation on the order of hours,7,8 or seconds with
applied force.9,10 We were therefore also motivated to develop a covalent targeting method for long-term imaging applications.
We recognized that a second labeling system analogous to BirA/biotin/streptavidin
would also have applications apart from QD
targeting. For instance, the BirA method has
been used for controlled protein multimerization,11 targeting of magnetic resonance
imaging probes in vivo,12 and modulation
of gene expression in yeast.13 A second
labeling system could be useful in similar
ways, particularly if it lacks cross-reactivity
with endogenous intracellular molecules, in
contrast to streptavidin.
We have developed a protein labeling
platform using the enzyme lipoic acid ligase
(LplA) from E. coli. LplA is structurally homologous to BirA but catalyzes the ligation of
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Figure 1. Scheme for lipoic acid ligase (LplA)- and HaloTag-mediated two-step quantum dot (QD) targeting to membrane
proteins. In the ﬁrst step, LplA site-speciﬁcally ligates 10-bromodecanoic acid adenylate ester (10-Br-AMP, complete structure
in Supporting Information) onto the lysine side chain of the ligase acceptor peptide (LAP). In the second step, HaloTagconjugated QDs covalently react with bromoalkylated proteins. Inset: In the ﬁnal complex, Asp106 of HaloTag is covalently
linked to the LAP tag via an ester bond.

lipoic acid, instead of biotin, to an engineered 13 amino
acid sequence called the ligase acceptor peptide
(LAP, sequence in Supporting Figure 4A), using ATP
as an energy source.14,15 We have shown that mutagenesis of the substrate binding pocket allows LplA to
ligate a variety of unnatural small molecules, including
alkyl azides16 and coumarin ﬂuorophores.17,18 QDs,
at 1020 nm in diameter, are far too large to be bound
by the enclosed substrate binding pocket of LplA,
but we envisioned a two-step targeting scheme analogous to the BirA system. Bio-orthogonal chemistries
such as the copper-catalyzed azidealkyne cycloaddition19 and the strain-promoted DielsAlder cycloaddition20,21 could potentially be used to link QD to protein,
but these (<104 M1 s1 second-order rate constant)
are slower than the haloalkane dehalogenase ligand
receptor pair marketed as “HaloTag”.22 Like biotin
streptavidin, the haloalkaneHaloTag interaction is
highly speciﬁc and has a fast on-rate of ∼106 M1
s1, which could boost labeling sensitivity.22 Once
complexed, a nucleophilic substitution reaction between Asp106 of HaloTag and the haloalkane (Figure 1)
renders the interaction covalent and irreversible, a desirable feature for our application. Therefore, we decided to
explore a QD targeting scheme based on LplA-catalyzed
ligation of a haloalkane to LAP, followed by derivatization
with HaloTag-conjugated QDs, as shown in Figure 1.
RESULTS AND DISCUSSION
The requirement for a single small molecule to be
recognized by both LplA (for ligation to the LAP
peptide) and HaloTag (to allow QD targeting) presented an engineering challenge. On the one hand,
LplA prefers relatively short substrates measuring
less than 9 Å in length.23 On the other hand, HaloTag
requires at least 12 Å between the halide and the LAP
peptide because the halide-displacing residue, Asp106,
is deeply buried within a narrow substrate binding
tunnel.24 Taken together, we expected LplA to set an
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upper bound on substrate length and HaloTag to set a
lower bound.
On the basis of these considerations, we screened
a panel of six candidate haloalkane substrates using
an HPLC assay (Figure 2A). We observed minimal
incorporation of the longer 10- or 11-carbon substrates
by wild-type LplA, but mutations at Trp37 to the
smaller amino acids Gly, Ala, and Ser lengthened the
substrate binding pocket and facilitated binding of
longer substrates (Figure 2A). Overall, the LplA variants
did not signiﬁcantly discriminate chloroalkanes from
bromoalkanes of the same chain length.
Having opened the door to longer haloalkanes, we
used a cell-based assay to test their reactivity toward
HaloTag after ligation to E2p, a 9 kDa lipoyl acceptor
domain from E. coli.23 Human embryonic kidney 293T
(HEK) cells expressing an E2p fusion to a membraneanchored cyan ﬂuorescent protein (E2p-CFP-TM) were
treated with LplA/haloalkane pairs that had shown
appreciable ligase activity in vitro, then stained with a
HaloTag-Alexa Fluor 568 conjugate (HaloTag-AF568). We
compared AF568 over CFP ﬂuorescence ratios by imaging,
as a measure of expression level-independent HaloTag
labeling (Figure 2B), and found that bromoalkane probes
were generally more eﬃcient than chloroalkane probes.
Interestingly, although W37ALplA alone preferred the longer 11-bromoundecanoic acid, 10-bromodecanoic acid
(10-Br) produced the highest HaloTag staining intensity
(Figure 2B). We reasoned that HaloTag may favor the
10-Br-E2p adduct over the 11-Br-E2p adduct because the
haloalkane chain of the former may be more extended in
aqueous solution. These results allowed us to select 10-Br
as the optimal small-molecule substrate for two-step
labeling and W37ALplA as its best ligase.
We next characterized the speciﬁcity and kinetics of
10-Br ligation onto LAP catalyzed by LplA. For this assay
and all subsequent experiments, we used the adenylate ester of 10-bromodecanoic acid (10-Br-AMP, structure
and preparation in Supporting Information) to avoid
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Figure 2. Comparison of LplA variants for in vitro haloalkane ligation and cell surface HaloTag targeting. (A) Puriﬁed E2p
protein was treated with one of six haloalkane substrates and one of four LplA variants;wild-type (WT) or a Trp37 f Gly/Ala/
Ser mutant. After 1 h, E2p-haloalkane adduct formation was quantiﬁed by HPLC. Grayscale indicates the percentage
conversion to product. (B) HEK cells expressing E2p-CFP-TM were treated with the LplA and haloalkane pairs for 5 min, then stained
with HaloTag-AF568 for 5 min and imaged. AF568 over CFP ﬂuorescence ratios were calculated from 30 cells for each condition,
and the averages are indicated with red scale. “N.D.” denotes “not determined” for conditions giving low eﬃciency in (A).

the use of ATP, which can activate cellular purinergic
receptors and cause toxicity.25 We observed W37ALplAdependent ligation of 10-Br-AMP onto LAP (Supporting
Figure 1A) and conﬁrmed the adduct by mass spectrometry (Supporting Figure 1B). We measured the ligation
kinetics and obtained a kcat value of 0.020 ( 0.002 s1
(Supporting Figure 1C), which is similar to the kcat of
our LplA-derived coumarin ﬂuorophore ligase17 but is
slower than lipoic acid ligation catalyzed by wild-type
LplA (0.22 ( 0.01 s1).15 When HaloTag was covalently
complexed to bromoalkylated LAP, we found that the
heterodimer was stable for at least 48 h (Supporting
Figure 2), comparing favorably to the ∼several-hour
half-life of streptavidinbiotin complexes.
For cellular ﬂuorescence labeling, we optimized the
protocol such that, using a 5 min 10-Br-AMP ligation
step plus a 5 min HaloTag detection step, HEK cells
expressing LAP-CFP-TM and stained with HaloTagAF568 attained a >15:1 signal-to-noise ratio in imaging (data not shown). Using a gel-shift assay, we
measured the overall ligation yield for two steps
to be approximately 15% under these conditions
(Supporting Figure 3A). Note that the maximum possible yield is capped by the fact that ∼50% LAP-CFP-TM is
intracellular at any given time (data not shown). Furthermore, HaloTag labeling was not toxic to cells, as assessed
by a mitochondrial toxicity test (Supporting Figure 3B).
To prepare HaloTag-QD conjugates, we made a
Ser59fCys mutant of HaloTag so that this single
solvent-exposed thiolate could be cross-linked to commercially available, amine-functionalized QDs using a
maleimide/succinimidyl ester bifunctional cross-linker
(Experimental Section). We found that HaloTag-QD605
prepared in this way eﬃciently labeled HEK cells
expressing LAP-tagged low-density lipoprotein receptor (LDL receptor) and LAP-tagged synaptic adhesion
protein neurexin1β (Supporting Figure 3C). Labeling
was site-speciﬁc because a LysfAla mutation on LAP
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eliminated QD staining. We also labeled the LAP-LDL
receptor on the surface of dissociated rat hippocampal
neurons (Supporting Figure 3D), showing that our method
is speciﬁc and nontoxic even for this delicate cell type.
For many biological studies, it is desirable to image
two or more proteins at the same time in the same cell
or in neighboring cells. We attempted to combine the
LplA/HaloTag and BirA/streptavidin methods for twocolor QD targeting because they are highly analogous
yet potentially orthogonal. To conﬁrm this, we used an
in vitro HPLC assay and observed orthogonal ligation of
10-Br-AMP and biotin onto LAP and AP, respectively
(Supporting Figure 4B). We then performed two-color
QD labeling on a mixed HEK cell population expressing
LAP-CFP-TM or AP-YFP-TM, or both. After 10-Br-AMP
ligation by W37ALplA and biotin ligation in the secretory
pathway by a coexpressed, endoplasmic reticulumlocalized BirA (BirA-ER),26 cells were treated with a
mixture of HaloTag-QD605 and streptavidin-QD655.
We detected QD ﬂuorescence with the expected pattern for a fully orthogonal system (Supporting Figure 4C).
With sparse application of QDs, we imaged the LDL
receptor and the epidermal growth factor receptor
(EGF receptor) expressed on the same cell, as well
as neurexin1β and its adhesion partner, neuroligin1, expressed on neighboring cells (Figure 3). In this experiment,
many QDs exhibited blinking, consistent with singlemolecule detection (movie in Supporting Information).
Labeling would be more straightforward if LAP could
be bromoalkylated in the secretory pathway by coexpressed LplA, just as AP is biotinylated by ER-localized
BirA, but LplA is generally inactive in oxidizing compartments of the cell.17 In a separate eﬀort to evolve
LplA using yeast display selections, our lab identiﬁed a
quadruple mutant of the ligase (Trp37fAla/Thr57fIle/
Phe147fLeu/His267fArg; three additional mutations
compared to W37ALplA) which is active in the ER, termed
AILR
LplA-ER.27 Expressing this ligase in HEK cells, we
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Figure 3. Orthogonal QD targeting to LAP and BirA acceptor peptide (AP) fusion proteins for two-color single-molecule
imaging. (A) Labeling protocol. Biotinylation of AP was achieved in the secretory pathway by an endoplasmic reticulumlocalized BirA (BirA-ER). 10-Br-AMP ligation onto LAP was catalyzed by puriﬁed W37ALplA enzyme added to the culture media.
After rinsing, cells were simultaneously treated with HaloTag-QD605 and streptavidin-QD655. (B) HeLa cultures expressing LAPLDL receptor and AP-EGF receptor on the same cell (top row), or LAP-neurexin1β and AP-neuroligin1 on neighboring cells
(bottom row) were labeled according to the scheme in (A) with 110 nM QDs and imaged live. QD605 (yellow) and QD655 (red)
were imaged under epiﬂuorescence and total internal reﬂection ﬂuorescence (TIRF) modes and shown next to DIC images. Scale
bars, 10 μm. Movie 1 shows time-lapse TIRF imaging of LAP-neurexin1β and AP-neuroligin1, labeled as in (B).

successfully targeted HaloTag-Alexa Fluor 647 to cell
surface LDL receptors without the need to supply
puriﬁed LplA to the culture media (Supporting Figure 5).
The exceptional brightness of QDs allows tracking of
single mobile targets by imaging. These data provide
information about the target that cannot be easily
extracted from imaging at the ensemble level. It is wellestablished that pre-synaptic neurexin1β on one neuron
interacts in trans with its post-synaptic adhesion partner,
neuroligin1, on an apposing neuron,28 but the discovery
of neurexins at post-synaptic terminals suggested that
these two proteins in the same cell may also interact in
cis.29 As a test of this hypothesis, we expressed LAPneurexin1β in HeLa cells and measured its diﬀusion
dynamics by single QD tracking with and without the
coexpression of AP-tagged neuroligin1 (AP-neuroligin1)
in the same cell. On the basis of a previous study that
found an inverse correlation between a transmembrane
protein's size and its diﬀusion coeﬃcient,30 we expected
the lateral movement of LAP-neurexin1β to slow down
if neurexin-neuroligin cis interactions occurred. We observed no signiﬁcant change in neurexin1β diﬀusion rates with coexpression of neuroligin1 (p = 0.28,
LIU ET AL.

two-sample K-S test, Figure 4A; similar results with
reverse tagging orientation shown in Figure 4B), consistent with an absence of cis interactions in HeLa.
CONCLUSION
In summary, we have developed a new QD targeting
method based on LplA ligation of a haloalkane to LAP
fusion proteins, followed by detection with HaloTagconjugated QDs. This scheme is analogous to our
previously reported BirA-based system2,5 and is similarly sensitive and speciﬁc, although HaloTag-QD targeting by LplA is covalent. Because the two methods
are orthogonal, they can be used in combination for
simultaneous imaging of two diﬀerent proteins, each
with single-molecule sensitivity. We demonstrated this
capability by two-color single-molecule imaging of the
LDL receptor and the EGF receptor, as well as of
neurexin1β and neuroligin1 in the same sample.
Numerous other methods have been developed
for QD targeting to cellular proteins, and the method
we present here oﬀers complementary attributes.
First, our method is covalent, and so should be better
suited for long-term tracking of single proteins than
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Figure 4. Measurement of neurexin1β diﬀusion in the presence vs absence of neuroligin1 by single-molecule tracking.
(A) Left: HeLa cells expressing LAP-neurexin1β were labeled with HaloTag-QD605, then imaged live by TIRF microscopy at
20 Hz. Individual QD tracks from four cells were used to calculate diﬀusion coeﬃcients, plotted here as a histogram. Right: Same
experiment, but with AP-neuroligin1 coexpressed. Diﬀusion coeﬃcients were not signiﬁcantly diﬀerent (p = 0.28). (B) Same
experiment as in (A), but with the labels reversed. Neurexin1β was tagged with AP and labeled with streptavidin-QD655. On
the right, LAP-neuroligin1 was coexpressed. Again, the diﬀusion coeﬃcients were not signiﬁcantly changed by coexpression
of neuroligin1 (p = 0.32). Pink bars indicate interquartile ranges.

noncovalent methods such as BirA2 and polyhistidine
tag31 strategies. Second, even though the HaloTag-QD
conjugate is large, our proteins are modiﬁed by only a
small peptide (13 amino acid LAP) prior to arriving at
the cell surface. We have observed in numerous cases
that a small tag is much less likely than a large tag to
disrupt protein traﬃcking through the secretory pathway and post-translational processing (Supporting
Figure 6A). In an extreme example, a 41 kDa tag fused
to the N-terminus of neurexin abolishes its surface
delivery in neurons, rendering QD labeling impossible,
whereas a peptide tag did not prohibit surface expression (Supporting Figure 6B). A QD targeting method
reported by Rao et al. fuses the protein of interest
directly to HaloTag,32 which, at 35 kDa, is likely to
disrupt traﬃcking to the cell surface in many cases.
Other methods based on cutinase33 or acyl carrier

protein34 also utilize large fusion tags on the protein
from the moment of its synthesis.
We envision applications beyond QD targeting for
LplA-mediated bromoalkylation of LAP and its subsequent conjugation to HaloTag, similar to how biotin
ligase and streptavidin have been harnessed for diverse applications in macromolecular assembly and
nanotechnology. The method reported here could
potentially be applied to any problem for which sitespeciﬁc proteinprotein conjugation is beneﬁcial,
such as preparation of antibody conjugates or assembly of nanostructures. The key advantages compared
to the biotin ligase system are its covalent nature and
the lack of cross-reactivity with endogenous intracellular or serum molecules; in contrast, streptavidin binds
to endogenous intracellular biotinylated proteins and
can be quenched by free biotin in serum.35

EXPERIMENTAL SECTION

small-molecule substrate were resolved on a 250 mm  4.6 mm
C18 column with a H2O/acetonitrile/0.1% trifluoroacetic acid gradient (2560% acetonitrile over 14 min) using a Varian ProStar HPLC

HPLC and ESI Mass Spectrometric Analysis of LplA-Catalyzed Probe
Ligation. Peptides treated with lipoic acid ligase (LplA) and
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directly used to calculate conversion percentage without accounting for differences in extinction coefficient. All ligated E2p
adduct peaks were confirmed by tandem ESI (þ) mass spectrometry (data not shown). Negative controls with enzymes
omitted showed no E2p conversion (data not shown).
Comparison of HaloTag-AF568 Cell Surface Labeling Extents with
Different LplA/Haloalkane Combinations (Figure 2B). HEK cells were
transfected with E2p-CFP-TM and labeled as described above
(“Live cell labeling with 10-Br-AMP and staining with HaloTagconjugated fluorophores”) with 1.2 μM HaloTag-AF568 for
5 min at 21 C. Thirty cells across two fields-of-view from each
haloalkane/ligase combination were analyzed in Slidebook for
AF568 over CFP fluorescence intensities. Averaged whole-cell
AF568 and CFP fluorescence intensities were used after background subtraction.
Sparse, Orthogonal QD Targeting to LAP- and AP-Tagged Cell Surface
Proteins (Figure 3). For orthogonal labeling of neurexin1β and
neuroligin1, HeLa cells were either singly transfected with LAPneurexin1β or co-transfected with AP-neuroligin1 and BirA-ER
(2:1 plasmid ratio). Cells were then cultured for 20 h in complete
growth medium supplemented with 10 μM biotin (gift from
Tanabe USA). Afterward, HeLa cells were lifted with 0.05%
trypsin þ 0.53 mM EDTA (Mediatech), mixed, then replated
in growth medium containing 10 μM biotin and cultured for
another 24 h. Cells were then rinsed three times with DPBS
followed by treatment with 10 μM W37ALplA, 50 μM 10-Br-AMP,
and 5 mM Mg(OAc)2 in DMEM containing 1% (w/v) debiotinylated (by extensive dialysis) bovine serum albumin for 5 min at
room temperature. Sparse QD labeling was achieved by further
treatment with a mixture of 10 nM HaloTag-QD605 and 1 nM
streptavidin-QD655 (Life Technologies) in the same media for
3 min at 21 C. Cells were rinsed four times with DPBS before
imaging by TIRF microscopy.
For orthogonal labeling of the LDL and EGF receptors, HeLa
cells were co-transfected with LAP-LDLR, AP-EGFR,23 and
BirA-ER, cultured in growth medium supplemented with 10 μM
biotin for 24 h, then labeled as described above.
Measurement of Neurexin1β Diffusion Rates by Single-Molecule
Tracking (Figure 4). For HaloTag-QD targeting to neurexin1β, HeLa
cells were transfected with LAP-neurexin1β, BirA-ER, and a CFP
transfection marker with or without AP-neuroligin1 and kept in
growth medium supplemented with 10 μM biotin. Eighteen
hours after transfection, cells were treated with 10 μM W37ALplA
and 50 μM 10-Br-AMP in Tyrode's buffer (145 mM NaCl, 1.25 mM
CaCl2, 3 mM KCl, 1.25 mM MgCl2, 0.5 mM NaH2PO4, 10 mM
glucose, 10 mM HEPES, pH 7.4) for 2 min at room temperature.
Cells were then rinsed with Tyrode's buffer followed by incubation with 10 nM HaloTag-QD605 for 1 min at room temperature.
Upon further rounds of rinsing, the culture dish containing
QD-labeled cells was mounted onto a Zeiss Axio Observer.Z1
epifluorescence microscope encased in a 37 C incubating
chamber (Okolab). After media change to prewarmed Tyrode's
buffer at 37 C, QD fluorescence from CFP-positive cells was
imaged by TIRF microscopy using a 100 objective and recorded at 20 Hz. Single QD tracks were identified and analyzed
with Slidebook software. Tracks lasting fewer than 10 frames
were discarded. Diffusion coefficients were calculated from the
mean square displacement in the first five frames, fitted to the
equation Æ(x(t)  x0)2æ = 4Dt. Each histogram was constructed
from 110 to 120 QD tracks from four cells.
For streptavidin-QD targeting to neurexin1β, HeLa cells
were transfected with AP-neurexin1β, BirA-ER, and a CFP transfection marker with or without LAP-neuroligin1 and similarly
kept in biotin-supplemented growth medium. QD targeting
was achieved by a 1 min incubation of 1 nM streptavidin-QD655
in Tyrode's buﬀer at room temperature. QD ﬂuorescence was
recorded after temperature jump (to 37 C) by buﬀer exchange.
To conﬁrm coexpression of neuroligin1 in either experiment, imaged culture dishes were subjected to a second round
of QD labeling then reimaged. Samples for Figure 4A were
treated with 10 nM streptavidin-QD655 in Tyrode's buﬀer for
5 min at room temperature. Samples for Figure 4B were
enzymatically bromoalkylated as above, then treated with
10 nM HaloTag-QD605 in Tyrode's buﬀer for 5 min at room
temperature. Epiﬂuorescence images were acquired at 21 C
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system. Traces show absorbance detection at 210 nm. Peaks of
interest were analyzed by ESI (þ) mass spectrometry on an Applied
Biosystems 200 QTRAP mass spectrometer.
Chemical Conjugation of HaloTag to QD605. Thirty microliters of
8 μM Qdot 605 ITK amino PEG (Life Technologies) was exchanged into phosphate buffered saline (PBS, pH 7.4) by adding
200 μL of PBS and concentrating to 60 μL using a Nanosep 100K
Omega ultrafiltration device (PALL) spun at 6000g at 4 C. The
QDs were then reacted with 7 μL of 10 mM sulfosuccinimidyl
4-[N-maleimidomethyl]cyclohexane-1-carboxylate (sulfo-SMCC,
Pierce) in a 1.5 mL microfuge tube for 1 h at room temperature
on a rotator. Meanwhile, 300 μL of 60 μM S59CHaloTag in PBS
(containing 1 mM dithiothreitol, DTT) was run through a NAP-5
column (GE Healthcare) to remove DTT. At the end of the hour,
QD605 mixture was purified on a NAP-5 column to remove
unreacted sulfo-SMCC. Sulfo-SMCC-derivatized QDs were collected into a 1.5 mL microfuge tube containing the S59CHaloTag
protein (total reaction volume ∼1 mL) and left to react for 1 h at
room temperature on the rotator. Next, 10 μL of 10 mM 2-mercaptoethanol was added to the reaction and left for an additional
30 min to cap unreacted maleimides. Afterward, the reaction
mixture was concentrated to ∼50 μL using the Nanosep ultrafiltration device. The concentrated mixture was run through a
home-packed Sephadex G100 (Sigma) column (12 cm  0.8 cm
i.d.) equilibrated in PBS to remove unconjugated S59CHaloTag
and 2-mercaptoethanol. Finally, the eluate was concentrated
to ∼50 μL as above and spun at 13 000g in a microfuge tube
for 5 min at 4 C to remove aggregated QDs.
Mammalian Cell Culture and Transfection. Unless otherwise stated, human embryonic kidney 293T (HEK) and HeLa cells were
cultured as a monolayer on glass coverslips in complete growth
medium: Dulbecco's modified Eagle medium (DMEM, Gibco)
supplemented with 10% fetal bovine serum (PAA Laboratories)
at 37 C and under 5% CO2. Adherence of HEK cells was promoted by precoating the glass with 50 μg/mL fibronectin
(Millipore). Cells were typically transfected at ∼70% confluence
using Lipofectamine 2000 (Life Technologies) according to the
manufacturer's instructions.
Live Cell Labeling with 10-Br-AMP and Staining with HaloTagConjugated Fluorophores. Cells were generally labeled 1824 h after
transfection. Unless otherwise stated, cells were first treated
with fresh growth medium supplemented with 10 μM W37ALplA,
50 μM 10-Br-AMP, and 5 mM Mg(OAc)2 for 5 min at room temperature (to minimize internalization). After three rinses with the
growth medium, cells were treated with HaloTag-conjugated
fluorophores in growth medium for another 5 min at room
temperature and imaged after three final rinses with Dulbecco's
phosphate buffered saline (DPBS, Gibco).
Fluorescence Microscopy. For epifluorescence imaging, labeled
cells in DPBS were imaged on a Zeiss AxioObserver.Z1 inverted
epifluorescence microscope using a 40 oil-immersion lens, a
CCD camera (Roper Scientific), and the following filter sets: CFP
(420/20 ex; 475/40 em; 450 dichroic), YFP (493/16 ex; 525/30 em;
502 dichroic), AF568 (570/20 ex; 605/30 em; 585 dichroic),
AF647 (630/10 ex; 685/40 em; 645 dichroic), QD605 (400/120
ex; 605/30 em; 502 dichroic), and QD655 (400/120 ex; 655/20
em; 502 dichroic). Images were acquired and processed using
Slidebook version 4.0 (Intelligent Imaging Innovations).
For objective-type total internal reﬂection ﬂuorescence
(TIRF) microscopy, cells were cultured on no. 1.5 glass coverslips
and imaged in DPBS on a Zeiss AxioObserver.Z1 inverted microscope (equipped with a Zeiss TIRF slider) using a 100/NA1.46
oil-immersion lens. QDs were excited with a 491 nm diode
pumped solid state laser and detected through QD emission
ﬁlters listed above. Images were processed using Slidebook
software version 4.0 (Intelligent Imaging Innovations).
Comparison of Haloalkane Ligation Efficiencies by LplA Variants
(Figure 2A). First, 100 μM E2p protein was mixed with 1 μM LplA
(wild-type or mutant), 5 mM Mg(OAc)2, 1 mM ATP, and 500 μM
haloalkane and reacted at 21 C for 1 h. Reactions were then
quenched with 50 mM EDTA (final concentration) and analyzed
by Waters Acquity UPLC on a C18 column with an H2O/acetonitrile/
0.1% trifluoroacetic acid gradient. Product formation was
quantified by comparing peak areas. For simplicity, areas of
E2p and E2p adduct peaks (210 nm absorbance detection) were
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