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ABSTRACT: We have developed a genetically encoded,
selenium-based cleavable photo-cross-linker that allows for
the separation of bait and prey proteins after protein
photo-cross-linking. We have further demonstrated the
efficient capture of the in situ generated selenenic acid on
the cleaved prey proteins. Our strategy involves tagging
the selenenic acid with an alkyne-containing dimethoxyani-
line molecule and subsequently labeling with an azide-
bearing fluorophore or biotin probe. This cleavage-and-
capture after protein photo-cross-linking strategy allows
for the eflicient capture of prey proteins that are readily
accessible by two-dimensional gel-based proteomics and
mass spectrometry analysis.

Protein photo-cross-linking has become a highly valuable
technique for the study of protein—protein interactions,
particularly for weak or transient interactions that are difficult to
capture with traditional methodology." For example, a panel of
photo affinity moieties (e.g., benzophenones, aryl azide, and
diazirine groups) has been site-specifically incorporated into
“bait” proteins via the genetic code expansion strategy. This
incorporation allows for covalent linkage with its partner proteins
(“prey”) in close proximity under native cellular conditions."
Such site-specific protein photo-cross-linking methods signifi-
cantly enhanced cross-linking efficiency and fidelity, thus
enabling subsequent proteomics and mass spectrometry (MS)
analysis for target identification. Despite these advantages, these
methods still suffer from high false positive and false negative
rates.” Nonspecific interactions between the bait and various
cellular proteins have the potential to generate a large amount of
false positive data; what is more, low enrichment efficiency for
prey proteins causes missed hits as well.” Therefore, a strategy to
separate the bait protein, and thus its nonspecific interacting
partners, from the cross-linked prey proteins is desirable as a
strategy to eliminate false-positive backgrounds. In addition, an
easy capture and label strategy for use on the separated prey
protein pool would further boost proteomic analysis efficiency.
Herein, we have developed a genetically encoded, cleavable
protein photo-cross-linker that is capable of separating bait and
prey proteins after photo-cross-linking. Furthermore, we
demonstrated that the cleavable handle allowed for efficiently
capturing and labeling the prey protein pool that may be later
accessed through proteomics and MS studies (Scheme 1).
Mild cleavage reactions, the reduction of disulfide bonds in
particular, have been successfully applied to small-molecule-
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Scheme 1. A General Procedure for Protein Photo-Cross-
Linking Using a Cleavable Photo-Cross-Linker”
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“Step 1, Photo-cross-linking of bait and prey proteins via a Se-
containing DiZSeK (N*-3-((3-methyl-3H-diazirine-3-yl))-propamino-
carbonyl-y-seleno-L-lysine) amino acid before affinity purification of
the protein complex. Step 2, Separation of bait and prey protein
complexes via a H,0,-mediated oxidative cleavage reaction. Step 3,
Capturing the prey proteins harboring an SA moiety generated in situ
by (i) transferring a bioorthogonal handle and (ii) the subsequent
bioorthogonal labeling with a fluorophore or biotin probe that are
suitable for proteomics and MS analysis.

mediated protein photo-cross-linking or chemical cross-linking.*
These methods easily remove the bait protein and facilitate the
subsequent labeling or enrichment of the prey protein pool.
Inspired by these examples, we reasoned that the introduction of
a functional group into our previously developed, alkyl diazirine-
containing photo-cross-linking unnatural amino acid (UAA)-
DiZPK (Figure S1) could produce a genetically encoded
cleavable photo-cross-linker.” Most current cleavable moieties
are either prohibitively large in size or not chemically inert inside
cells, thus rendering them useless. Indeed, for successful photo-
cross-linking, the protein translational machinery-the amino ac1d
tRNA-synthetase/tRNA pair must first recognize these UAAs.®

Notably, amino acids that contain a selenium atom at the y
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position could undergo the intramolecular p-elimination
reaction in the presence of mild oxidizing agents, generating
dehydroanaline (Dha) and selenenic acid (SA).” This chemistry
has been successfully employed for the in situ generation of Dha
on a protein of interest (e.g, histone), which can be further
modified to resemble various biologically active lysine or serine
posttranslational modifications.” In an attempt to create a
cleavable photo-cross-linker, we turned our attention to a Se
atom that could replace the y position carbon atom of DiZPK.
We showed that our newly designed photoaffinity UAA, termed
DiZSeK (Scheme 1), was successfully encoded by the
pyrrolysine tRNA-synthetase (PylRS)-tRNA, pair. Moreover,
we were then able to use this newly designed UAA, in
conjunction with our cleavage-and-capture after protein photo-
cross-linking (CAPP) strategy, to efficiently separate and capture
prey proteins for target identification.

We began by synthesizing DiZSeK through a tristep synthetic
route shown in Figure S1 with an overall yield of $8% (Figures
$2—4). As expected, the Se-containing linker on DiZSeK was
cleaved by H,0,, generating Dha and DiZ-SA (Figure 1A).
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Figure 1. Development of a genetically encoded cleavable protein
photo-cross-linker-DiZSeK. (A) The H,O,-mediated cleavage reaction
on DiZSeK to generate DiZ-SA and Dha. The photoaffinity group and
cleavable linker are shown in red and blue, respectively. (B) Western
blot analysis of the amber suppression efficiency of the PylRS mutant-
tRNA pair in recognizing DiZPK or DiZSeK. Full-length GFP carrying
an in-frame amber mutation and a C-terminal Histag was produced only
in the presence but not absence of 1 mM DiZPK or DiZSeK. (C) MS
analysis of GFP-N149DiZSeK (calculated: 27943 Da, found: 27941
Da.) (D) E. coli cells expressing the periplasm-residing HdeA-
VS8DIiZPK or HdeA-VS8DiZSeK protein (carrying a C-terminal
Histag) were incubated at pH 2.3 followed by 365 nm photolysis. Cell
extracts were separated by SDS-PAGE and analyzed by immunobloting.
An anti-Hisq antibody was used for both (B) and (D).

DiZPK and DiZSeK are highly similar structurally; we therefore
tested if our previously obtained DiZPK-recognizing PylRS
mutant could incorporate DiZSeK into proteins with its
cognitive tRNA{Y,. Indeed, this PylRS mutant showed similar
amber suppression efficiency in the presence of DiZPK or
DiZSeK, which allowed us to site-specifically incorporate
DiZSeK at an in-frame amber mutation site N149 on green
fluorescent protein (Figures 1B and SS). The yield of this
DiZSeK-incorporated GFP, named GFP-N149DiZSeK, pro-
duced by E. coli cells was estimated to be ~8 mg-1~" (Supporting
Information). We used ESI-MS analysis on the produced protein
in order to verify the specificity and fidelity of DiZSeK
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incorporation into proteins produced in E. coli (Figures 1C
and S6). Notably, the GFP-N149DiZSeK can be converted to
GFP-N149Dha upon H,0,-mediated oxidative cleavage; these
results confirm that the DiZSeK probe can be oxidative cleaved
when incorporated into an intact protein (Figure S7). Next, we
examined the photo-cross-linking efficiency of DiZSeK by
capturing the binding proteins of an E. coli acid chaperone
HdeA inside living bacteria. E. coli cells expressing the HdeA
protein carrying DiZSeK at residue S27 (HdeA-S27DiZSeK)
were treated at pH = 2.3 for 30 min to allow HdeA’s binding with
its substrate proteins. Photoirradiation (365 nm) was next
performed for 10 min on live E. coli cells, and the results were
analyzed by SDS-PAGE gel and immunoblotting assay. High
cross-linking efficiency comparable to that of DiZPK-mediated
protein photo-cross-linking was obtained (Figures 1D and S8).
In addition, the ratio of photo-cross-linked HdeA dimer complex
to the monomer at pH 7 was obtained at a similar yield when
DiZSeK or DiZPK was introduced at the protein dimer interface
(residue Phe3S). This result further suggests that use of Se to
replace the y-carbon on DiZPK has no effect on the function of
the diazirine moiety (Figure S9). Taken together, this new
DiZSeK probe showed amber suppression and photo-cross-
linking efficiency similar to that of DiZPK photo-cross-linker.

To determine if the Se-containing handle can be cleaved upon
oxidative treatment at the bait and prey protein interface, we first
produced a covalent-linked HdeA dimer by photo-cross-linking
HdeA at pH 7 with DiZSeK incorporated at residue Phe 35
within its dimer interface. The addition of H,O, up to 8 mM?®®
still did not result in a decrease in the HdeA dimeric band on
SDS-PAGE gel (Figure S10A). We reasoned that since Phe 35 is
located at the center of the highly hydrophobic HdeA dimer, the
H,0, molecule may not be able to access it (Figure S11). We
then used SDS to denature the cross-linked HdeA-dimer
complex and performed the same oxidative-cleavage reaction
afterward. The HdeA dimer was progressively disappearing on
SDS-PAGE gel upon the treatment with an increasing amount of
H,0, (Figure S10B). As a control, no change was detected when
DiZPK was used as the photo-cross-linking probe (Figure S10B).
Completion of this cleavage reaction can be achieved in either
Tris buffer (150 mM, pH = 8.0) or PBS buffer (pH 8) in the
presence of 8 mM H,0,. In this composition we observed no
detectable damage to GFP (carrying surface exposed cysteine
and methionine residues) (Figure S7). Therefore, the concen-
tration is compatible with proteomics and MS analysis. We also
found that 0.5% SDS served as a better denaturation reagent than
8 M urea for this purpose (Figure S12). With an optimized
reaction condition in hand, we investigated the separation of
HdeA and its previously identified in vivo binding proteins (e.g.,
DegP and SurA) after in vitro photo-cross-linking under an acidic
condition (pH 2.3).°> The cross-linked low-pH protein
complexes, HdeA/DegP and HdeA/SurA, were clearly detect-
able on the SDS-PAGE gel but disappeared after the addition of 8
mM H,0, for 1 h (Figure S13). Together, these results confirm
that the H,0,-mediated cleavage reaction may be used on the Se
handle of DiZSeK in order to yield an efficient separation of bait
and prey proteins after photo-cross-linking.

Next, we developed a CAPP strategy in order to capture the
liberated prey proteins after oxidative-cleavage and separation of
the prey and bait proteins. We designed a covalently linked GFP-
Biotin system as the “prey-bait” model for proof-of-concept
(Figures 2A,B). GFP was chosen as the prey protein because we
have previously gained intensive experience on LC-MS/MS
analysis of this protein containing different unnatural mod-
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Figure 2. Demonstration of the CAPP strategy on a “prey-bait” model
system. (A) A covalent-linked GFP-Biotin complex containing a Se-
linker was created as a “prey-bait” model system: the Se-linker can be
first oxidative-cleaved to generate SA moiety, which can be subsequently
captured by tagging with an alkynyl-SA scavenger molecule suitable for
CuAAC-labeling with an azide-bearing fluorophore. (B) Detailed
procedure for CAPP strategy is as follows: (1) cleavage of the prey-
bait complex (GFP-Biotin) via a H,0,-mediated oxidative reaction and
(2) capturing the SA that contains prey proteins via (i) tagging the SA
moiety generated in situ with ADMA and (ii) labeling the transferred
ADMA tag with an azide that contains fluorophore. (C) Monitoring the
workflow of the CAPP procedure by LC-MS/MS. The MS data of the
following variants are shown: GFP-Se-Biotin, GFP-Se—OH, and GFP-Se-
ADMA together with the desired peptide sequence, the observed (ob)
and expected (ex) MW. (D) Structures of DMA and its alkynyl analogue
ADMA, with function group in red.

ifications.” We used a copper-catalyzed azide—alkyne cyclo-
addition (CuAAC) reaction to conjugate a GFP that bears a site-
specifically incorporated alkyne handle with an azido-biotin
molecule carrying a y-seleno substituted lysine linker at a molar
ratio of 1:4. ESI-MS analysis verified the resulting GFP-Se-Biotin
complex (Figures 2B,C and S14—15). H,0,-mediated cleavage
was then applied to this model system for 1 h before SDS-PAGE
being applied to the cleaved products. In order to successfully
monitor the cleavage process, we used in-gel LC-MS/MS
analysis to detect the desired SA-containing peptide from the
cleaved product GFP-Se-OH (Figures 2B,C and S16—17).

In order to directly capture the cleaved, SA-containing
proteins, we surveyed a series of aniline-based compounds that
have been previously used as SA scavengers during oxidative
elimination of the phenylselenide group (Figure S18)."° To our
delight, we found that 3,5-dimethoxyaniline (DMA) is an
efficient capture reagent that can specifically react with the SA
moiety generated in situ after oxidative cleavage of DiZSeK
(Figures 2D and $19).'"° We then designed and synthesized an
alkyne-containing DMA analogue-ADMA (Figures 2D and S20).
To determine the reactivity of ADMA with SA generated in situ
from GFP, we applied the CAPP strategy on denatured GFP-Se-
Biotin by treating the protein sample simultaneously with 8 mM
H,0, and 500 uM ADMA at 30 °C for 2 h (Figure 2B). LC-MS/

MS analysis confirmed that ADMA was successfully conjugated
with SA and transferred onto the cleaved GFP template to
generate GFP-Se-ADMA (Figures 2B,C and S16—17). To
further test the specificity of our CAPP strategy, H,O, and
ADMA were immediately desalted, and the protein samples were
labeled with Fluor 488-azide through CuAAC reaction (Figure
2B). In-gel fluorescence imaging clearly detected the fluores-
cently labeled bands (Figure S21), while no labeled bands were
observed in the lane containing denatured WT-GFP (carrying
two cysteine residues) under the same CAPP protocol (Figure
$22). These observations indicate that proteinogenic amino
acids including cysteine did not react with ADMA under our
experimental conditions. The reaction procedure and the
labeling yield were further optimized by in-gel fluorescence
imaging assay (Figures $21—22). Together, our CAPP strategy
exhibits high efficiency in capturing the in situ generated prey
proteins after cleavage of the cross-linked prey-bait complexes.

We next tested the compatibility of our CAPP strategy for
labeling and profiling the in vivo binding proteins of HdeA after
protein photo-cross-linking. Indeed, we observed a band shift
before and after the addition of H,O, into the purified HdeA-
substrate protein complex on SDS-PAGE (Figure S23),
indicating the separation of HdeA and its binding proteins
after the cleavage reaction. Furthermore, strong azide-biotin
labeling signal was only detected in the presence of both H,O,
and ADMA (Figure S24), which agreed with our Western blot
analysis after the bait protein was removed by affinity purification
(Figure S25). Noteworthy, the subsequent capturing of the
liberated prey proteins with a biotin tag allowed for the
enrichment of prey proteins with streptavidin beads, which
would significantly improve the detection limit of target proteins.

Finally, we demonstrated direct profiling of in vivo binding
proteins of HdeA under acid stress by using the DiZSeK probe
and CAPP strategy in conjunction with two-dimensional
polyacrylamide gel electrophoresis (2D-PAGE). Although 2D-
PAGE is a method routinely used in proteomics,"" coupling this
method with protein photo-cross-linking remains challenging,
mainly because of low cross-linking efficiency as well as the highly
abundant bait proteins that are difficult to separate even with 2D
gel electrophoresis. In contrast, our newly developed DiZSeK
probe is not only able to completely remove the bait protein but
can also label and/or enrich the binding proteins that are directly
applicable for 2D-PAGE and the subsequent MS analysis.
Following the previously described strategy, E. coli cells
expressing the periplasm-residing HdeA-F35DiZSeK were
treated with acid stress (pH 2.3) and photoirradiated for 10
min. The cross-linked protein complexes were affinity purified
with Ni-NTA column before being applied to CAPP strategy
(Figure S26). The prey protein pool labeled with CyS-N,
following the CAPP procedure was then analyzed by 2D-
PAGE, which detected ~80 dots on the fluorescent gel (Figure
S27A). A coomassie gel with a near 4-fold higher loading of the
protein samples without labeling with Cy5-N; was next used to
afford sufficient samples for LC-MS/MS analysis (Figure 3).
Although, this coomassie gel showed a similar pattern as the
aforementioned fluorescent gel, these two 2D gels were not
completely overlaid (Figure S27). The main reason was likely
due to the different sample loading between the coomassie gel
and the fluorescent gel, which may cause slightly different
mobility change during gel-based analysis. Nevertheless, 2D-
PAGE analysis on this coomassie gel alone is suitable for proof-
of-concept analysis, and overlay with fluorescence gel is not
necessary in this study.
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Figure 3. 2D-PAGE analysis of the photo-cross-linked HdeA binding
proteins using DiZSeK and CAPP strategy on a coomassie gel. The
HdeA binding proteins after photo-cross-linking with the DiZSeK probe
were H,0,-cleaved, tagged with ADMA for 2D-PAGE analysis. LC-MS/
MS-analyzed spots are indicated in red circles.

We randomly chose nine spots on the coomassie gel that
overlaid with the spots on fluorescent gel (Figure 3; additional
details regarding these binding proteins from each spot are in
Table S1). LC-MS/MS analysis identified 13 binding proteins
(Table S1, colored in orange) including 10 proteins (Table S2,
colored in blue) that have been previously reported as HdeA
clients, thus verifying the reliability of our method.” Three new
proteins, PotF (putrescine-binding protein, residing in peri-
plasm), FlLiY (cystine-binding periplamic protein) and DhsB
(succinate dehydrogenase iron—sulfur subunit, residing on the
inner membrane), were identified for the first time as potential
HdeA binding proteins under acid stress (Table S2, colored in
red), which expanded our knowledge of the in vivo substrate
profiles for this acid chaperone. Taken together, the combination
of DiZSeK cleavable photo-cross-linker, CAPP strategy, and 2D-
PAGE ofter a powerful tool for the systematic profiling of the
interaction protein targets of a given protein in living cells.

In summary, we have employed a pyrrolysine-based genetic
code expansion system to encode a Se-containing cleavable
protein photo-cross-linker and developed a cleavage-and-
capturing of interaction CAPP strategy. This cleavable photo-
affinity amino acid not only covalently traps prey proteins under
living conditions but also allows for the subsequent separation of
bait and prey proteins via H,O,-mediated oxidative cleavage. The
released prey proteins carrying the in situ generated SA moiety
could be further captured by (i) tagging with an alkyne-bearing
DMA molecule and (i) labeling with an azide-containing
fluorophore or biotin probe. This CAPP strategy, in conjunction
with the 2D-PAGE proteomics and MS analysis, enhances the
separation and enrichment efficiency for identifying native
substrates of a given protein after photo-cross-linking. In this
study, we demonstrated this concept by profiling the in vivo
binding proteins of an E. coli acid chaperon HdeA under acid
stress, which revealed potential new substrates that have not been
identified from our previous work using noncleavable photo-
cross-linker. In addition, the strategy we developed here could be
used to improve the identification of the site of cross-linking on
the prey proteins with MS analysis in future. Given the general
applicability of this DiZSeK probe as well as the broad utilization
of the Pyl-based genetic-code expansion system, this strategy

may become a invaluable method in identifying protein—protein
interactions in diverse living species.
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