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Quantitative and Comparative Profiling of Protease Substrates
through a Genetically Encoded Multifunctional Photocrosslinker

Dan HeP8, Xiao Xie®, Fan Yang®, Heng Zhang®, Haomiao Su™, Yun Ge®, H
Peng R. Chen*

Abstract: We developed a genetically encoded, multifunctional  abundance interacting proteins and quantitative
photocrosslinker for quantitative and comparative proteomics. By  proteomic strategy (terme cheme 1C, Fig. S4) for
bearing a bioorthogonal handle and a releasable linker in addition to  profiling protease substrates.
its photo-affinity warhead, this probe enables the enrichment of
transient and low-abundance prey proteins after intracellular
photocrosslinking and prey-bait separation, which can be subject to % & Photo-affinity group

Song®, and

stable isotope dimethyl labeling and mass spectrometry analysis. (Prey-bait capture) N
This quantitative strategy (termed isoCAPP) allowed us to adopt a
comparative proteomic approach to identify the proteolytic
substrates of an E. coli protease-chaperone dual machinery DegP.
Two newly identified substrates were subsequently confirmed by
proteolysis experiments.
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Transient protein-protein interactions play essential roles in

diverse blol1og|cal processes such as signal transduction and ISO(:APP | 2) Bioorthogonal /Cflves;%ge
proteolysis."! Genetically encoded photocrosslinking allows Heavy handle transfer
direct capture of these non-covalent interactions in live cells.” Z )
. . . o S Quantltatlve proteomics 3) Prey biotinylation
Typically, prey proteins are identified by mass spectrometry (MS) £ 9 sonn
- e . ) _ Stable isotope labeli b
after affinity purification of the photocrosslinked prey-bait able isotope fabeling Click reaction

complexes. However, a significant technique challenge remains
on deconvoluting the bona fide prey proteins of a given bgi
protein because many non-specific contaminants would b
purified and this issue becomes more problematic fo structure o
abundance interacting proteins.” Therefore, efficient enrichment  handie and a
of these photo-captured prey proteins is highly desired i strategy.

essential for further quantitative MS analysis.

The development of a genetically encoded trifunctional
er DiZASeC and the quantitative isoCAPP strategy. A.
f the designed trifunctional photocrosslinker. B. Molecular
SeC that contains a diazirine photo-affinity group, an alkyne
-Se releasable linker. C. Schematic overview of the isoCAPP

1.

We have previously developed two geneti
releasable photocrosslinkers that were able to eli
specific contaminants from overexpressed
However, the in situ generated chemical handles

e DiZASeC photocrosslinker was designed to contain a
alist terminal alkyne-containing diazirine moiety’® and a
“based releasable linker,™ which bears all the desired
nctionalities while remains as a structural analogue of our
previously  reported  pyrrolysine-derived  photocrosslinker
DiZPK!" to ensure high incorporation efficiency (Fig. S2). To our
knowledge, DiZASeC is the first genetically encoded
photocrosslinker that carries such an alkyne-diazirine dual-
functional minimalist tag. The synthesis route and procedure for
DiZASeC was described in Supporting Information (Fig. S5).

context (Fig. S1-S3). Herein, we rep
multifunctional  photocrosslinker

B). This probe ensured that - We first investigated the amber suppression efficiency and
fidelity of DiZASeC by using an E. coli acid stress chaperone
HdeA as the model protein. To our delight, a pyrrolysine
aminoacylesynthetase (PylRS) variant and its tRNA™' pair was
able to recognize and site-specifically incorporate DiZASeC into
[e] D.H,XXF.Y,HZ,Y. - S., Prof. P. R. HdeA (Fig. S6). The molecular weight (MW) of the DiZASeC-
cules Center, Beijing National bearing protein was analyzed by ESI-MS, which verified the
Department of Chemical . . .y . .

incorporation fidelity (Fig. 1A). Further, DiZASeC was found to
possess similar photocrosslinking efficiency as DiZPK for
capturing HdeA's client proteins, which suggests that the C-Se

release, and thus allbwed u ifically enrich low-

[b] bond and alkyne group do not perturb the function of its photo-
Molecular Sciences, Wuhan University .. . . . .
affinity diazirine moiety (Fig. 1B). Next, we examined whether
el the alkyne group on DiZASeC could be transferred to prey
' Sciences, Peking University, Beijing proteins after subjecting to the CAPP (cleavage after protein
100871, China. photocrosslinking) strategy.* & Because HdeA forms a dimer at
§ These authors contributed equally.

neutral pH,”! DiZASeC incorporated into its dimer interface (e.g.

Supporting information for this article is given via a link at the end of at residue F35) was able to capture the other interacting
the document
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monomer upon photolysis. E. coli cells expressing HdeA-
F35DiZASeC at pH 7 were photo-irradiated (365 nm) for 10 min
and the generated covalently cross-linked HdeA dimer was
subject to H.O;-mediated cleavage. Bioorthogonal labeling
through the CuAAC reaction was subsequently performed by
adding Cy5-N; and Cu-BTTAA to react with the alkyne handle.
The reaction solution was subject to SDS-PAGE analysis and
fluorescent imaging. Interestingly, the H,O.-treated samples
without UV irradiation had undetectable signal on the
fluorescence gel (Fig. 1C, lane 7), whereas UV-irradiated
samples generated fluorescent signal that corresponds to HdeA
monomer after H,O, treatment (Fig. 1C, lane 3). These results
demonstrate that only the successfully generated HdeA
monomer bearing a transferred alkyne handle (represents the
released prey protein) can be specifically labeled, confirming the
efficient tagging of prey proteins after our CAPP strategy.
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Figure 1. Verifying the multi-functions of DiZASeC. A.

capture and oxidative cleavage, only cros
fluorescent labeled.
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shock or oxidative stress.I" ' Because identifying the direct
proteolytic substrates of DegP remains difficult via traditional
methods that rely on proteomi arisons between cells
harbouring active and inactive prote iants, we decided to
directly photo-capture and enrich Deg e interactions
that can be subject to quantitative MS
coupled our DiZASeC
investigate DegP’s proteolyt
conditions.
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Figure 2. A comparative proteomic approach for profiling the proteolytic
substrates of DegP by DiZASeC. A. Schematic model of discrepant cross-
linked complexes of proteolytically active (WT) and inactive (S210A) DegP.
The differences could be subsequently analyzed by comparative proteomics.
B. Western blotting showing overwhelming cross-linked complexes of B-casein
with S210A over those with WT detected by anti-His antibody (top panel).
Coomassie blue staining gel showing cleaved B-casein by WT (bottom panel).
Asterisk indicates the self-cleaved DegP. C. Western blotting results showing
differences in crosslinking proteins of WT and S210A at 42 °C in living E. coli
cells. OmpC is a known substrate of DegP and only cross-linked with S210A.
Samples were analyzed with anti-His antibody (top panel) and anti-OmpC
antibody (bottom panel).

We reasoned that wild-type DegP (DegP-WT) would digest
its proteolytic substrates and only formed cross-linked
complexes with its chaperone clients, whereas the protease
deficient DegP-S210A variant would crosslink to both proteolytic
substrates and chaperone clients upon photo-irradiation.
Therefore, this comparative proteomic analysis may allow the
identification of proteolytic substrates of this chaperone-protease
dual function machinery. Notably, DegP changes its oligomeric
state from the inactive hexamer to the active 12- and 24-mers to
gain its proteolytic activity.'"® This possesses a formidable

This article is protected by copyright. All rights reserved.
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challenge for adopting our comparative proteomic analysis by
using non-cleavable photocrosslinkers because the altered
oligomeric states will generate highly non-uniformed cross-linked
complexes. Moreover, the hydrophobic cavity in DegP will
render the biotin-based labeling probe inaccessible even under
denatured conditions due to the steric hindrance (Fig. S7). In
contrast, the cleavable feature of our DiZASeC probe makes the
analysis unaffected by the change of oligomeric states, while the
exposed alkyne handle can significantly facilitate the subsequent
prey protein labeling and enrichment (Fig. S7). Together, we
envisioned that our DiZASeC probe was particularly suitable for
analyzing the proteolytic substrates of DegP (Fig. 2A).

To this end, we incorporated DiZASeC into both DegP-WT
and DegP-S210A variants (Fig. S8). Residue M42 located on
the regulating LA loop in DegP’s protease domain was chosen
as the incorporation site, which is involved in substrate
recognition (Fig. $9).*® " The incorporation did not perturb
proteolysis function of DegP as verified by detecting its
proteolytic activity with resorufin-labeled casein (Fig. S10). The
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WILEY-VCH

subject to LC-MS/MS identification and quantification. Quality
assessment of workflow was performed by examining the
abundance of DegP proteins to ntee the fidelity of our
results (Fig. S13).
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resulting proteins DegP-WT-M42DiZASeC and DegP-S210A-
M42DiZASeC were incubated with B-casein at 37 °C for 30 min \l—\\ ~— o
followed by photolysis at 365 nm for 10 min (Fig. 2B). As a e el
common substrate for proteases, B-casein was efficiently
digested by DegP-WT as visualized on the coomassie blue \ /
staining gel. The western blotting results showed that more 1 Mix
cross-linked bands were formed with DegP-S210A than wjth 2 LC-MS/MS B
DegP-WT. We then conducted photocrosslinking on Iive"l# ] A 5
cells harboring DegP-WT or DegP-S210A. The degP Heavy u
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cells expressing DegP-WT-M42DiZASeC or DegP-S210A-
M42DiZASeC were cultured at 42 °C (Fig. 2C) and 3 i
S11), respectively, as the activity of DegP is te,
dependent."* Immunoblotting analysis demonstr:
proteolytic activity of DegP in live cells at 42 °C w;

formed similar crosslinked bands wh
cultured at 30 °C (Fig. S11).
demonstrate the feasibility for

42DiZASeC or
grown at 42 °C for 6 h and
, after photo-irradiation, the
ol was enriched by click

subject to isoC
oxidatively clea
labeling with biotin

f DegP-WT and DegP-S210A were
dimethyl labeling with light and

heavy labels, respectively. ally, the combined pools were

Intensity
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3. Identifying the proteolytic substrates of DegP by isoCAPP. A.
atic workflow of quantitative proteomics analysis based on stable
pe dimethyl labeling (isoCAPP strategy). After enrichment and on-bead
psin digestion, the prey proteins of DegP-WT were ‘light’ labeled while those
f DegP-S210A were ‘heavy’ labeled. B. Venn diagrams illustrating the
number of identified proteolytic substrates of DegP in three biological
replicates.

An overview of all the protein identified was included in
Supplementary Table 1. Proteins with over two-fold heavy/light
ratio were assigned as the potential proteolytic substrates and
the results from three biological replicates are summarized in
Figure 3B. A total of 14 proteins met our criteria and were
identified as the high-fidelity proteolytic substrates of DegP
(Table 1). All the 8 previously known substrates were covered by
this list (shown as grey in Table 1),?” which demonstrated the
robustness of our method. In addition, we also uncovered six
new proteins as the DegP’s substrates (shown as black in Table
1), which all have lower abundance than the other eight proteins
(Supplementary Table 2). These results demonstrate the power
of our trifunctional photocrosslinker DiZASeC and isoCAPP
strategy for identifying low-abundance and transient protein-
protein interactions. The proteolysis test was conducted on
OmpN (Outer membrane protein N) and MetQ (D-methione
binding lipoprotein), two newly identified DegP’s proteolytic
substrates from this study. The decreasing amount of OmpN

This article is protected by copyright. All rights reserved.
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and MetQ in the presence of DegP-WT (Fig. S14) confirmed that
these two proteins were indeed the proteolytic substrates of
DegP. This indicates DegP may be involved in other pathways in
addition to OMP biogenesis and protection.

Table 1. List of identified proteolytic substrates of DegP using the DiZASeC
probe and isoCAPP strategy.

Keywords: geneti
protein interaction

Name MwW Function
(kDa)
(11
[2]
OmpN 41 Outer membrane protein N
MetQ 29 D-methionine-binding lipoprotein A
CyoA 35 Cytochrome bo(3) ubiquinol oxidase subunit 2 ‘
[6]
CydA 58 Cytochrome bd-I ubiquinol oxidase subunit 1
[7]
MtIA 68 PTS system mannitol-specific EIICBA co nent
8
FdoG 112 Formate dehydrogenase-O major subI " 8]

trifunctional photocrosslinker (DiZASeC) bearing a Se-bas
releasable linker and an alkyne-diazirine minimalist moiety.,.The

2]
[13]

proteolytic substrates were
identified proteins with low
releasable feature of DiZASe
handle to the capture
which ensures the
bioorthogonal labeling.

[14]
[19]

[16]

[17]

[18]
[19]
le for quantitative comparison of 20]

the works of a given protein in

intera
response to different stimulus conditions.

intracellular 21]
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