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Monitoring Endocytic Trafficking of Anthrax Lethal Factor by Precise
and Quantitative Protein Labeling™*
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Abstract: Coupling the genetic code expansion technique with
bioorthogonal reactions enables precise control over the
conjugation site as well as the choice of fluorescent probes
during protein labeling. However, the advantages of this
strategy over bulky and rigid fluorescent proteins (FPs)
remain to be fully explored. Here we applied site-specific
bioorthogonal labeling on anthrax lethal factor (LF) to
visualize its membrane translocation inside live cells. In
contrast to the previously reported FP tags that significantly
perturbed LF’s membrane trafficking, our precisely and
quantitatively labeled LF exhibited an endocytic activity
comparable to wild-type LF. This allowed time-lapse imaging
of LF’s natural translocation process from host cell membrane
to cytosol, which revealed molecular details of its virulence
mechanism. Our strategy is generally applicable for monitor-
ing intracellular protein membrane translocation that is
difficult to access using conventional protein labeling method-
ologies.

F luorescence proteins (FPs) have revolutionized our ability
to visualize and monitor proteins in living systems.!!! Still, the
applications of FPs are hindered in many circumstances. One
major drawback is their bulky size, which, in conjunction with
the largely confined fusion sites at protein’s N- or C-terminus,
may cause significant perturbations to the structure and/or
function of the native protein. In addition, the low photo-
physical property as well as the propensity for photobleaching
further restricted the utilization of these FP tags. To circum-
vent these limitations, several alternative protein labeling
techniques have emerged in recent years.)’ Among them,
coupling the genetic-code expansion strategy with bioorthog-
onal reactions offers a facile and powerful approach for

[¥] S. Zheng," ). Li, Prof. Dr. P. R. Chen

Beijing National Laboratory for Molecular Sciences, Key Laboratory
of Bioorganic Chemistry and Molecular Engineering of Ministry of
Education, Synthetic and Functional Biomolecules Center, College
of Chemistry and Molecular Engineering, Peking University

Beijing 100871 (China)

E-mail: pengchen@pku.edu.cn

G. Zhang " Prof. Dr. P. R. Chen

Peking-Tsinghua Center for Life Sciences

Beijing (China)

These authors contributed equally to this work.

We thank Prof. Feng Shao (NIBS, China) for donation of plasmids
and Dr. Rong Meng (Peking University, China) for MS detection.
This work was supported by the National Basic Research Program of
China (2010CB912302 and 2012CB917301) and the National
Natural Science Foundation of China (21225206 and 91313301).

@ Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201403945.

[+

[7‘: £

Angew. Chem. 2014, 126, 65676571

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

labeling proteins with increased precision and lowered
perturbation. Indeed, by site-specific incorporation of a bio-
orthogonal handle, typically in the form of unnatural amino
acids (UA As), into the protein of interest, this method allows
the subsequent bioorthogonal labeling of the protein with
a small-molecule fluorophore at virtually any desired resi-
due.B! Therefore, a wide spectrum of organic dyes with
various photophysical properties can be chosen as the label-
ing probe while the labeling site can be precisely controlled to
minimize potential perturbations to proteins. Moreover,
multiple highly efficient bioorthogonal reactions are currently
available for producing homogeneously labeled protein
samples that is another critical determinant for imaging
intracellular protein trafficking. Nevertheless, the value of
this “precise and quantitative” protein labeling strategy in
a real biology setting, particularly its advantages over conven-
tional labeling methods including FP tags, remains to be fully
demonstrated.

Monitoring protein intracellular translocation is a prom-
inent example where a precise protein labeling technique is
highly desired. The translocation of proteins across cellular
membrane is a complicated process that requires a series of
precisely regulated mechanism.[l In particular, the labeling
strategy needs to be compatible with protein’s unfolding and
refolding processes before and after the membrane translo-
cation. Even some trivial perturbation to the protein cargo’s
structure or function may abandon its translocation activity.
Therefore, imaging such fundamental processes, particularly
the time-course study on live cells, is extremely challenging.
Here we chose to label and monitor the cellular entry process
of Anthrax lethal factor (LF), a highly virulent protein known
to travel through both cell membrane and the endosomal
membrane to establish infection within host cytosol
(Scheme 1).F

The notoriously known bacterial toxin LF is a zinc-
dependent protease capable of cleaving the canonical sub-
strates mitogen-activated protein kinase kinases (MEKs) as
well as Nod-like Receptor family, pyrin domain containing 1b
(Nalplb)® through receptor-mediated endocytosis with
anthrax protective antigen (PA),["! leading to the disruption
of a wide range of downstream signaling pathways that cause
the immediate death of host immune cells such as macro-
phage.®! Previous work showed that translocation of LF
through cell membrane requires the binding of LF to the
membrane-anchored active form of PA (PAg;) heptamer and
the LF-PA complex undergoes the clathrin-mediated endo-
cytosis to reach cell endosome.”’ Once in late endosome, the
decreased pH induces the insertion of a unique a-helix on PA
pore to form a narrow channel through endosome mem-
brane.'”! LF then adopts a pH-triggered partial unfolding to
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Scheme 1. Monitoring the internalization process of LF from host cell
surface into the cytosol using a “precise” site-specific bioorthogonal
protein labeling strategy.

pass through this narrow channel and refolds within host
cytosol.'!l The efficient translocation of full-length LF from
late endosome to cytosol is critical for establishing its
virulence effects inside host cells. Although LF’s translocation
through PA pore has been chemically dissected in vitro,'? this
translocation process has not been directly visualized within
live cells. Time-lapse imaging of the entire cellular entry
process by fluorescent labeled LF would illustrate the
molecular details underlying its endocytic trafficking.

The proper function of LF depends on the delicate
coordination among its four domains: the N-terminal domain
I is the PA recognition domain that is crucial for its cell entry;
domain II and III are the substrates recognition domains that
form a groove capable of docking the MEK substrates; and
domain IV contains the zinc-binding protease site while
several residues in domain III also support the proteolytic
activity of LF (Figure 1 A).'¥l Introducing GFP to the N-
terminus of LF or the modification of residues within domain
I would disrupt its endocytic activity, whereas the C-terminal
fusion of FP tags has been shown to significantly delay or even
block its passing through the endosomal membrane.! Mean-
while, since many native residues on LF such as lysines are
involved in PA recognition or substrate interaction, labeling
through these natural residues may result in a non-uniform
distribution of labeled LF and would also interfere with its
cellular entry or substrate cleavage.!'” Finally, adding a cys-
teine residue to LF can potentially generate disulfide bridges
or unwanted aggregates. To circumvent these issues, we
performed site-specific labeling of LF via a genetically
encoded bioorthogonal handle and the corresponding bio-
orthogonal reaction. We envisioned that the small-sized
fluorophore and the optimized labeling site and procedure
may cause negligible interruption to LF’s function, partic-
ularly its membrane translocation activity, upon entering cells.
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Figure 1. Site-specific incorporation of bioorthogonal handle-bearing
UAAs into LF. A) The crystal structure of LF (PDB 1)KY) with its
substrate MAPKK2 and its four domains differently colored and the
UAA incorporation sites labeled. B) Structures of Pyl analogues bearing
different bioorthogonal handles utilized in this study. C) The azide-
bearing LF variants did not cause interruption of its protease activity
on MEK substrates.

We started by finding a suitable labeling reaction on LF.
The presence of transition metal ions such as Cu' or Pd" both
caused the loss of LF’s enzymatic activity, likely due to the
disruption of the fragile structure of LF. In contrast, LF’s
activity remained unaffected in the presence of DBCO(di-
benzocyclooctyne)-Fluor 545 or FITC(fluorescein isothiocya-
nate)-tetrazine, the reagents utilized for strain-promoted
azide-alkyne cycloaddition (SPAAC) or inverse-electron-
demand Diels—Alder (IEDDA) reactions, respectively (Fig-
ure S1 in the Supporting Information). Therefore, we focused
on these metal-free bioorthogonal reactions. The pyrrolysine-
based genetic code expansion system was first used to
introduce several bioorthogonal handles participating in
these reactions onto LFE."®! Western blotting against the C-
terminal His-tag showed that LF variants containing azido- or
alkynyl-Pyl analogues (1 and 2) were expressed in a much
higher yield than that containing the Pyl analogue bearing
a BCN (bicyclo[6.1.0]nonyne, 3) moiety (Figure S2).2>1617]
This is likely due to the large size of the cyclooctyne ring on
BCN, which may suggest that direct incorporation of bulky
fluorescent UAAs such as Anap (3-(6-acetylnaphthalen-2-
ylamino)-2-aminopropanoic acid) could also significantly
disrupt LF’s folding. Taken together, our results showed
that SPAAC-mediated ligation between 1 and DBCO-Fluor
545 offered a non-invasive strategy suitable for site-specific
labeling of LF.

Next we screened the UAA-incorporation site on LF in
order to obtain a fluorescent labeled variant with a high
labeling yield and near wild-type activity. The entire labeling
process was kept at 4°C to avoid LF denaturation at a higher
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temperature. A total of 25 residues throughout LF’s four
domains were examined and approximately half of these sites
showed a relatively high expression level in the presence of
1 (Figure S3). We also confirmed that incorporation of 1 at
a single site did not alter the native folding or function of LF
(Figure 1C). The SPAAC-mediated fluorescent labeling was
then applied to LF variants bearing the site-specifically
incorporated azide handle. Among the total of 25 sites we
inspected, five LF variants showed acceptable protein
expression level and fluorescent labeling efficiency as
judged by the relative fluorescence ratio (Figure S4 and also
see calculation in the Supplementary Method 6).

We then compared the enzymatic activity of these five
fluorescent LF variants with that of wild-type LF (WT-LF)
and FP-fused LF in vitro and in vivo. Interestingly, whereas
a similar cleavage rate was detected for all LF variants we
examined on MEKI1, their proteolytic activity inside living
cells were significantly altered (Figure 2A,B and S5). For
example, the MEK cleavage rate reached 70 % within 120 min
for WT-LF upon interacting with cell membrane. In contrast,
LF-EGFP showed markedly delayed MEK cleavage while
LF-mCherry’s protease activity was almost completely aban-
doned within the time we tested (120 min). Our five
fluorescent labeled LF variants also showed varied MEK
cleavage rates, with the labeling site at a surface exposed
residue K581 possessing a time-dependent enzymatic activity
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Figure 2. Labeling efficiency and enzymatic activity of fluorescent
labeled LF variants. A) Enzymatic activity of LF variants in vitro
measured by cleavage of its substrate MEK1. Band on the top: full
length MEKT1; band below: cleavage product. B) Enzymatic activity of
LF variants in vivo calculated by quantification of the normalized ratio
of cleaved MEK3 (AMEK3) to total MEK3. LF-NHS: Cy3-NHS labeled
LF; ConA: Concanamycin A. C) LC-MS/MS analysis of fluorescent
labeled LF variant LF-K581-Fluo545. K* represents DBCO-Fluor 545
labeled UAA 1. D) The enzymatic activity of WT-LF and LF-K581-
Fluo545 vairants at 60 min determined by cleavage of MEK3. Error
bars from three independent experiments. E) LF-K581-Fluo545 induced
apoptosis in J774A.1 cells in a pattern similar to WT-LF. Cell viability
determined by MTS assay, error bars from three independent experi-
ments.
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essentially at the same level with that of WT-LF. These results
indicated that neither FP tags nor the site-specifically labeled
fluorophores affected the enzymatic activity of LF in vitro.
However, these modifications may decrease the unfolding
and/or refolding efficiency of LF in vivo. In particular, LF’s
passing through the PA channel on endosomal membrane
may be hindered, resulting in delayed or blocked membrane
translocation. Indeed, previous study showed that the large
energy requirement within the unfolding process of FPs could
perturb the transmembrane efficiency of LF-EGFP and LF-
mcherry proteins.™ These results further strengthened the
rational in screening multiple labeling residues on the same
protein in order to obtain an optimal labeling site without the
loss of protein’s native activity in vivo. Therefore, we focused
on labeling LF through residue K581 for further study and
this DBCO-Fluor 545 labeled LF variant was renamed LF-
K581-Fluo545. LC-MS/MS analysis confirmed the specific
and quantitative conjugation between DBCO-Fluor 545 and
1 at residue 581 on LF (the efficiency reached 99 % after 6 h
incubation at 4°C; Figure 2C, S4D and S6).

More detailed time-course comparison on the activity
between LF-K581-Fluo545 and WT-LF was next carried out.
WT-LF started to cleave MEK3 as early as 25 min after
mixing with PA. To our delight, LF-K581-Fluo545 exhibited
a similarly MEK cleavage rate at this early time point
(Figure S7). Furthermore, we compared the cleavage effi-
ciency at 60 min because nearly half of MEK3 was found to be
hydrolyzed by WT-LF at this time point. LF-K581-Fluo545’s
hydrolysis activity on MEK3 was found to be synchronous
with WT-LF at 60 min (Figure 2D). Finally, the toxicity
analysis towards macrophages J774A.1 cells showed that LF-
K581-Fluo545 exhibited a similar lethal effect on this cell type
as WT-LF at a wide range of concentrations (Figure 2E).
Taken together, these results demonstrated that unlike FP
tags, our site-specifically labeled LF variant LF-K581-Fluo545
did not interfere with its membrane translocation capability.
The time-lapse imaging of LF’s natural endocytic process on
living cells may thus become possible.

Finally, we applied LF-K581-Fluo545 for time-lapse
imaging of LF’s internalization and translocation on live
cells (Figure 3). We proposed that the time dependent
localization of LF-K581-Fluo545, rather than LF-EGFP or
LF-mCherry, could convincingly represent the native trans-
location time-course of LF. Notably, consistent with the
aforementioned enzymatic activity results, LF-mCherry
remained within the late endosome of BHK-21 cells 30 min
after toxin delivery as indicated by co-localization with a late
endosome marker Rab7 (Figure S8). In fact, LF-mCherry
remained completely trapped in acidic cellular compartments,
probably late endosome or lysosome, and co-localized with
LysoTracker during our imaging experiments up to 120 min
(Figure S9). Similarly, LF-EGFP co-localized with Rab7
without detectable dispersion out of endosome at 30 min
(Figure S10). In contrast, a considerable portion of LF-K581-
Fluo545 was found to translocate through endosomal mem-
brane and disperse into cytosol within 20 min after toxin
delivery. Although internalization efficiency slightly varies
between cells, this observation indicated a rather fast cell
entry process of the exogenously delivered toxin such as LF,
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Figure 3. Translocation time-course of different LF variants. The red
and green channels represent the corresponding proteins shown on
the left. Time points are indicated on top. A-C) Majority of LF-K581-
Fluo545 translocated into cytosol within 30 min. D—F) Most LF-EGFP
was located in late endosome after 30 min. G-I) LF-mCherry was
completely trapped within endosome after 30 min. Scale bars: 10 pm.

which agreed well with our measured time scale on LF’s MEK
cleavage activity that should immediately follow its translo-
cation through the endosomal membrane (~20 min after
delivery; Figure S7, S11, S12 and S13). Interestingly, although
LF-K581-Fluo545 was fully capable of travelling through
endosomal membrane, we found that a reservoir of LF-K581-
Fluo545 was constantly located inside the acidic cellular
compartments within the time-course we measured (up to
120 min; Figure S9). This observation implied that late endo-
some may slowly release LF into cell cytosol and this
intracellular translocation is a highly heterogeneous process.
In consistent with this hypothesis, previous study demon-
strated that the cytosol-residing LF can be degraded by the
host ubiquitination pathway with a half-life of approximately
3 h and LF needs to be shielded from cytosol for long term
efficacy.!'8! Therefore, our observation may provide a direct
evidence supporting the highly heterogeneous nature of LF’s
endosomal release during its internalization. Considering
multiple proteolysis systems exist inside mammalian cells to
degrade exogenous proteins including bacterial toxins, the
prolonged maintenance and slow release of LF from intra-
luminal vesicles may account for the underlying mechanism of
the continuous toxicity up to several days after anthrax
infection. The acidic cellular compartments of fibroblasts
(BHK-21 cells) might serve as a buffering source for LF
toxicity. Finally, in order to further verify the reliability of our
observations, we also treated cells with Concanamycin A
(ConA) which can prevent the pore-formation of PA and thus
block LF’s escape from endosome."” As expected, LF-K581-
Fluo545 was completely blocked in the Rab7 containing
vesicles under this circumstance, which was also in agreement
with our measured enzymatic activity (Figure S14).
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In summary, by using a highly efficient bioorthogonal
reaction between a site-specifically incorporated UAA
handle and a small molecule fluorephore, we have precisely
and quantitatively labeled anthrax LF, which enabled the
time-lapse monitoring of its internalization and membrane
translocation processes within live cells. To our knowledge,
our study represents the first report that the time-course for
LF’s natural endocytosis process was directly visualized and
measured, which revealed a slow endosomal release mecha-
nism that may protect bacterial toxin from protein degrada-
tion machinery inside host cells. The wide applicability of
bioorthogonal reactions and genetic-code expansion tech-
nique would make our method readily adaptable for inves-
tigating the membrane translocation process of additional
bacterial virulence effectors, as well as many other types of
proteins when the bulky size and/or rigid nature of FP tags
become an issue. Finally, recent study suggested that the
cyclooctyne type of molecules may undergo side reactions
with cellular nucleophiles and thus cause high backgrounds
for live cell labeling.”” Our work here showed that such
strain-promoted cycloaddition reactions cause much lower
perturbations on intact proteins than transition metal-cata-
lyzed reactions, which should be useful for in vitro labeling of
proteins containing delicate structures and multiple func-
tional domains.
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