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of Chemistry While the bottom-up protein analysis serves as a mainstream method for biological studies, its efficiency is
limited by the time-consuming process for enzymatic digestion or hydrolysis as well as the post-digestion
treatment prior to mass spectrometry analysis. In this work, we developed an enzyme-free microreaction
system for fast and selective hydrolysis of proteins, and a direct analysis of the protein digests was achieved
by nanoESI (electrospray ionization) mass spectrometry. Using the microreactor, proteins in agueous
solution could be selectively hydrolyzed at the aspartyl sites within 2 min at high temperatures (~150 °C).
Being free of salts, the protein digest solution could be directly analyzed using a mass spectrometer with
nanoESI without further purification or post-digestion treatment. This method has been validated for the
analysis of a variety of proteins with molecular weights ranging from 8.5 to 67 kDa. With introduction of

a reducing agent into the protein solutions, fast cleavage of disulfide bonds was also achieved along with
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The high-temperature microreaction system was also used with a miniature mass spectrometer for the
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Introduction

Mass spectrometry (MS) has become a powerful tool for iden-
tification of protein primary sequences, post-translational
modifications (PTMs) and protein-protein interactions; it also
enables determination of various cellular functions at the
protein level." Although an enormous effort has been put into
proteomic studies and the potential of protein biomarker
identification for clinical diagnosis or therapeutic treatment,
currently MS-based protein analysis procedures are still time-
consuming and labor intensive, which are not compatible with
potential clinical or point-of-care (POC) applications. Bottom-
up proteomics® is one the most widely used strategies for
protein analysis, which usually requires digestion of proteins
into peptides by proteases with high sequencing selectivity.’>"*
For example, trypsin is widely used for breaking at the C-
terminal side of lysine or arginine of peptides under simulative
physiological conditions. Most protease-based digestion
methods, however, require long-time (~hours) incubation.® To
accelerate the incubation process, approaches such as micro-
wave-assisted trypsin digestion”? and immobilization of trypsin
into different materials>'® have been explored, enabling suffi-
cient trypsin digestion in much shorter time periods.
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potential for point-of-care analysis of protein biomarkers.

The enzymatic digestion processes, along with the following
enrichment processes, typically require high concentrations of
salts in the protein solution, which are not compatible with
liquid chromatography (LC)-MS analysis. Extensive sample
purification is required to avoid the loss in efficiency for both
separation and electrospray ionization (ESI). For this reason,
matrix-assisted laser desorption ionization (MALDI)*™** is
widely used for MS analysis of digested peptides, which is less
sensitive to the matrix effect due to the salts in the samples.
However, LC-MS analysis using ESI, which requires sample
pretreatment, still plays a major role in proteomic studies, due
to better sensitivity, quantitative precision, and sequence
coverage obtained with MS/MS analysis of ions at higher charge
states."'* Although some efforts have been made to accelerate
the process of enzymatic digestion, ESI-MS analysis would still
be slowed down by the time-consuming purification and post-
digestion sample treatment procedures.

It is highly desirable to have fast and simple procedures
developed for MS-based protein analysis, which would be
important not only for proteomic research but also for applying
protein analysis in clinical diagnosis.”®™® In this work, we
developed a method for selective protein hydrolysis with high
efficiency without involving enzymatic digestion with high-
concentration salt solutions. A simple procedure was developed
using only a weak acid and fast incubation at high tempera-
tures. Protein hydrolysis under strong acidic conditions has
been previously used for analysis of proteins and peptides.”>*" It
does not involve high-concentration salts in solution but is
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usually used to recover total amino acids since the sequence
information would be lost due to the nonspecific cleavage of
peptide bonds.*” Using weak organic acids, selective cleavage at
aspartyl residues (Asp, D) in proteins or peptides was ach-
ieved.”** This process was shown to benefit from high
temperatures for incubation but still took two hours to obtain
optimal results. Cooper et al.>*>® developed a similar strategy
(subcritical water hydrolysis) but without using acids. The
hydrolysis process was accelerated by placing the protein solu-
tion into a stainless-steel tubing and applying higher tempera-
tures (160 to 207 °C) with an oven. Higher recovery was obtained
for model proteins; however, this hydrolysis method was less
selective for the breakdown of peptide bonds. These reports
testified the effectiveness of the water solution-based high-
temperature hydrolysis method for the sequencing of proteins.
However, the overall time of the protein analysis is still relatively
long (>20 min) due to the requirement of sample pretreatment,
pre-conditioning, post-treatment, and multiple-step sample
transfer. Recently, in a study of ESI, Chen et al. applied ultra-
high temperatures and high pressures for desolvation and re-
ported the fragmentation of protein and peptide ions.*”*®
Inspired by this observation, we developed an in-solution
protein hydrolysis method with superheating in a time shorter
than 2 min. Protein sequence information was well recovered
with the efficient and highly specific cleavage at Asp. Using
nanoESI-MS, this method has been validated for the analysis of
standard proteins such as ubiquitin. The application for phos-
phoprotein and glycoprotein analyses has also been explored.
By incorporating a reducing agent into the protein solutions,
disulfide bonds could also be cleaved along with fast hydrolysis,
allowing for analysis of large proteins such as bovine serum
albumin. The procedures for protein treatment and analysis
were significantly simplified by using a high-temperature
microreaction system. The integrated microreaction system is
of low cost and requires low power; this can be important for
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further transferring it into POC applications. The potential of
the microreaction system for biomarker analysis in clinical
applications was also demonstrated using a miniature mass
spectrometer for MS analysis, determining two antigens of
Mycobacterium tuberculosis infection, a 10 kDa culture filtrate
protein (CFP-10) and a 6 kDa early secretory antigenic target
(ESAT-6).

Results and discussion
Microreactor for selective protein hydrolysis

As shown in Fig. 1, the microreactor used a perfluoroalkoxy
(PFA, o.d. 1/16 inch, i.d. 0.02 inch) tubing for loading the
sample, which was sheathed with a stainless-steel tubing to
improve heat transfer. A relatively low power (12 V) electric
heating module was fabricated. A coiled alloy heating wire was
used to heat the tubing to a high temperature (e.g. 150 °C)
within 20 s (Fig. S11). In a typical procedure, a protein solution
prepared with water and weak acid (e.g. formic acid) was loaded
into the PFA tubing using a syringe; both ends of the tubing
were then sealed by using two removable stoppers and the
heating was performed for less than 2 min; after cooling in air
for 30-60 s, the protein solution was transferred into a glass
capillary (i.d. 0.8 mm) with a pulled tip in an offline fashion for
subsequent nanoESI-MS analysis. For high-temperature reac-
tion, although this method avoided applying high pressures on
the protein aqueous solution, a high-pressure environment may
still be created since a temperature over the boiling point of
water at atmospheric pressure was applied (typically at 150-180
°C). Fast and selective cleavage of aspartyl sites (X-Asp and Asp-
X) of proteins or peptides could be achieved under the high-
temperature and high-pressure conditions (Fig. S21).
Hydrolysis of ubiquitin (76 amino acids, with 5 aspartyl sites,
MW: 8.56 kDa) was performed to evaluate the effectiveness and
efficiency of the microreaction system. Ubiquitin aqueous
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Fig. 1 High-temperature microreaction system for fast protein hydrolysis and MS analysis. The heating process was controlled by using
a microcontroller unit (MCU), which adjusted the power output from the amplifier through pulse width modulation (PWM).
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solution (10 uM, with 2% formic acid, v/v) of 50 pL was prepared
for demonstration, which was hydrolyzed at 150 °C for 2 min.
Analysis was performed by nanoESI-MS in the positive ion mode
on a quadrupole time-of-flight (Q-TOF) mass spectrometer. As
shown in Fig. 2, ubiquitin ions were observed at multiple charge
states of +7, +8, +9, +10 and +11 in the positive ion mode before
hydrolysis (Fig. 2a). After hydrolysis, a large number of peptide
peaks were observed in the range of m/z 650-1250 (Fig. 2b),
suggesting the breakdown of ubiquitin by the high-temperature
reaction. These peptides were attributed to the cleavage of the
peptide chains at the X-Asp and Asp-X sites. As expected,
cleavages of all of five Asp sites were observed (Fig. 2a, #1:
MQIFVKTLTGKTITLEVEPS; #2: TIENVKAKIQ; #3: KEGIPP; #4:
QQRLIFAGKQLE; #5: GRTLS; #6: YNIQKESTLHLVLRLRGG),
which can be used for identification of the amino acid
sequences of proteins. The loss of H,O from glutamic acid (Glu)
and loss of NH; from glutamine (Gln) at the N-terminal were
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commonly observed during hydrolysis of proteins.”® This was
also observed in the high-temperature hydrolysis method, for
example, #4 peptide (QQRLIFAGKQLE, 1429.80 Da) was
observed at m/z 707.37 (2+), with a mass loss of 17.06 Da (-NHj3).
Using a Q-TOF instrument, the peptides can be identified by
both the accurate mass and MS/MS experiments, as shown in
Fig. S3.1 It should be noted that no obvious peptide peaks from
oxidation or rearrangement were observed after high-tempera-
ture hydrolysis, which is beneficial for the identification of
peptides.

The impact of experimental conditions such as the temper-
ature, heating time and solvent compositions was investigated
using ubiquitin in aqueous solution (0.12 mg mL™"). Weak
organic acids such as formic acid and acetic acid were reported
to exhibit selective hydrolysis of proteins at the sites of X-Asp
and Asp-X, while strong inorganic acids such as hydrochloric
acid and sulfuric acid were often used for a more complete, but
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Fig.2 Fastanalysis of ubiquitin by high-temperature hydrolysis and nanoESI-MS. Spectra of (a) ubiquitin before hydrolysis and (b) after hydrolysis
by the microreaction system. (c) Sequence of ubiquitin and cleavage sites by hydrolysis. Effects of (d) acid types, (e) concentration of formic acid,
(f) heating temperature and (g) heating time on hydrolysis efficiency toward ubiquitin. Ubiquitin aqueous solution (0.12 mg mL™) of 50 pL was
used for the investigation of the effect of each condition. Formic acid of 2% (v/v), temperature of 150 °C and time of 2 min were used unless
otherwise specified. Each value in (d)-(g) represents the mean + s.d. (N = 3).
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less selective hydrolysis of proteins.**** We compared the use of
different types of acids, including formic acid, acetic acid, and
hydrochloric acid. The pH values of the aqueous solutions were
adjusted to 2.5, and the reaction was performed under 150 °C
for 2 min. As shown in Fig. 2d, hydrolysis of ubiquitin was
observed using either of the acids. It is worth noting that
hydrolysis with hydrochloric acid was also shown to have
a selectivity for cleavage at the aspartyl sites. By monitoring the
intensity ratio between YNIQKESTLHLVLRLRGG (m/z 700.05),
QQRLIFAGKQLE (m/z 707.37) and the +10 peak of ubiquitin (m/z
857.33), formic acid was found to have higher hydrolysis effi-
ciency. Presumably this was due to a higher concentration of
formic acid in aqueous solution of the same pH value, when
comparing with acetic acid and hydrochloric acid. Since the
dissociation of formic acid in the aqueous solution is an
endothermic reaction, more H" would be produced at high
temperatures. This would benefit the hydrolysis reaction that is
catalyzed by H' in aqueous solution. In a further test on the
effect by acid concentration, the efficiency of ubiquitin hydro-
lysis increased dramatically with the increase of formic acid
contents from 0.02% to 2% (v/v) (Fig. 2e). Although further
increase of acid concentration can also improve ubiquitin
hydrolysis to some degree, direct ESI of the hydrolyzed peptide
solutions would be interfered by high content of acids. Use of
formic acid concentration at 2% (v/v) showed a good balance
between the efficiencies of hydrolysis and direct ESI or nanoESI
for MS analysis.

The effect of temperature was investigated in the range of
60-180 °C. As shown in Fig. 2f, the hydrolysis efficiency
increased significantly when temperatures over 130 °C were
applied. However, unselective cleavage of peptide bonds was
observed at higher temperatures above 180 °C. Temperatures
between 130 and 180 °C can be used to obtain high-quality mass
spectra of peptides for protein structure identification and
quantitative analysis. For further evaluation and application,
a hydrolysis temperature around 150 °C was used in consider-
ation of both high hydrolysis efficiency and high selectivity. The
effect of heating time was also investigated over a range of 0.5-8
min. As shown in Fig. 2g, obvious protein hydrolysis was
observed with heating longer than 0.5 min, and time of 2-5 min
were adequate to obtain good hydrolysis efficiencies for fast
protein analysis.

The peptide distribution of ubiquitin obtained by the high-
temperature hydrolysis and nanoESI-MS was compared with the
theoretical peptide distribution of ubiquitin through break-
down at the aspartyl site. As shown in Fig. S4,t all the peptides
detected were found to be associated with the breakdown of
Asp-X or X-Asp. A special peptide (MQIFVKTLTGKTITLEVE) was
observed with loss of two amino acids. Although peptides with
different aspartyl sites were not at equal percentages, the results
indicated a high selectivity for peptide breakdown at the
aspartyl site. As the protein hydrolysis was performed inside the
microreactor, possible loss of materials during reaction or
solution transfer could affect the analytical throughput and
efficiency of peptide quantitation by MS. Using chemically inert
PFA tubing as the container of the protein solution for reaction
can help to reduce the adsorption of proteins or peptides during

This journal is © The Royal Society of Chemistry 2020
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the transfer of the solution and to avoid side reactions between
proteins and tubing materials. As to the reaction process, the
high-temperature hydrolysis with formic acid showed a high
selectivity for the breakdown of proteins at the aspartyl site.
Therefore, the microreaction system should be able to provide
high material recovery for protein sequencing or quantitative
analysis.

The microreaction system was also applicable to proteins of
relatively low concentrations. For example, a good limit of
detection at 0.44 pg mL ™" (at a signal-to-noise ratio of 3) was
obtained for the analysis of ubiquitin. Besides nanoESI-MS, the
fast hydrolysis method can also be coupled with LC-ESI-MS for
protein analysis. For example, the peptides hydrolyzed from
ubiquitin were well separated by reverse-phase LC and detected
by high-resolution MS (Fig. S51). Although the high-tempera-
ture microreaction system was designed for fast analysis of
proteins for potential biomedical applications, its coupling with
LC-MS could be an alternative for comprehensive bottom-up
proteomic analysis.

In comparison with the regular trypsin digestion method,
the high-temperature hydrolysis method showed a comparable
capability in terms of selective breakdown of low-abundance
proteins and peptide coverages. This would make it applicable
to bottom-up protein analysis. The high-temperature hydrolysis
method avoided using salts for protein digestion, which can
simplify sample post-treatment and enable direct analysis of
peptide digests by ESI-based methods, such as nanoESI-MS and
LC-ESI-MS (Table S17). More importantly, the time for sufficient
protein digestion was significantly reduced to 2-5 min. By
incorporating the process using the microreaction system, it is
convenient to transfer it to different applications, for example,
coupling with the miniature MS system for in-field or POC
analysis.

Fast analysis of proteins with disulfide bonds

Linking through disulfide bonds (S-S) between two cysteine
residues is a common type of post-translational modification in
proteins during protein biosynthesis inside the cell.*> The
cleavage of the disulfide bonds is usually highly desirable for
bottom-up protein analysis to obtain better coverage of the
peptide sequences.*?* Reduction of disulfide bonds can be
achieved using reagents such as dithiothreitol (DTT) and tris(2-
carboxyethyl)phosphine (TCEP), which can break the disulfide
bonds groups in proteins or peptides. The reduction is usually
performed along with protease-based digestion and requires
0.5-1 h for incubation and reaction. In this work, an attempt
was made to incorporate the reduction of disulfide bonds into
the protein hydrolysis process.

A series of experiments were performed for this investigation
with bovine serum albumin (BSA, MW: 67 kDa; 3 pM, 2% formic
acid, v/v), which has 17 disulfide bonds and 40 aspartyl sites.
Treatment of BSA with a standard reduction process (12 mM
DTT for 1 h under 50 °C) showed a significant charge shift (e.g.,
from +46 to +85) of the MS spectra of BSA in the positive ion
mode (Fig. 3a), indicating the breakdown of the disulfide bonds
within the protein structure. After treatment of the original BSA

Chem. Sci., 2020, 1, 10506-10516 | 10509
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solution by using the microreaction system (150 °C for 5 min),
some peptide peaks were observed in the range of m/z 500-1200
(546.30-4872.49 Da), showing cleavage of proteins at aspartyl
sites (Fig. 3b). However, due to the presence of disulfide bonds,
a high-abundance group of molecular peaks were also observed,
with molecular weights larger than 60 kDa. In another experi-
ment, the BSA solution was first treated with DTT (12 mM) for
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hydrolysis (150 °C for 5 min). As shown in Fig. 3¢, abundant
peptide peaks were also detected in the range of m/z 500-1200
(546.30-6429.30 Da), while no obvious peaks of intact proteins
were observed. This showed that complete cleavage of peptides
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reduction and hydrolysis. To prevent possible re-formation of
disulfide bonds, 2-iodoacetamide (IAA, 60 mM) was added after
reduction by DTT. As shown in Fig. S6,T no significant differ-
ence in the peptide recovery was observed after treatment by
TIAA.

To accelerate the reduction of disulfide bonds, DTT (60 mM)
was introduced into the BSA solution (3 uM, 2% formic acid, v/v)
and then the mixture was treated using the microreaction

Chemical Science

system (150 °C). IAA was not used in order to simplify the
sample preparation procedures. It was interesting that after
reaction for 5 min, abundant peptide peaks were also detected
in the range of m/z 500-1200 (546.30-5341.56 Da), while no
obvious peaks of intact proteins were observed (Fig. 3d). This
result showed that the cleavage of both peptide bonds and
disulfide bonds was simultaneously achieved by this one-step
approach. The cleavage of disulfide bonds may have been
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accelerated through increasing the accessible space of the
protein structure at higher temperatures. Furthermore, the
cleavage of some peptide bonds at aspartyl sites could also
improve the contact of DTT with protein disulfide bonds.
Although DTT is usually used under basic conditions, the
incorporation of DTT into formic acid solution showed a good
reduction efficiency for BAS analysis using the proposed system.
This was also effective for a small peptide (oxytocin, MW:
1007.19 Da), which has a disulfide bond but no aspartyl site. As
shown in Fig. S7,7 reduction yield of 72% was obtained with
formic acid (2%, v/v) by the high-temperature reaction (150 °C, 5
min). Reduction of oxytocin and BSA was also performed by
using TECP as the reducing agent. Although higher reduction
yield was obtained for oxytocin (Fig. S71) with TECP, the overall
peptide coverage of BSA obtained with TECP (Fig. S8t) was just
comparable to that obtained with DTT. These results showed
that it is possible to apply the high-temperature microreaction
system to analysis of complicated proteins using a simple
composition of solution and simplified procedures.

Analysis of proteins with PTMs

PTMs play a crucial role in protein structuring and functioning.
PTMs were commonly observed in proteins, which need to be
analyzed for the identification of proteins. In this study,
a glycoprotein and a phosphopeptide were used to investigate
the influence of the acidic, high-temperature and high-pressure
solvent conditions on the stability of glycosyl and phosphate
groups during the protein hydrolysis. Horseradish peroxidase
(HRP, MW: 43.7 kDa) was used for demonstration, which
consists of 308 amino acid units, 21 aspartyl sites and a number
of N-glycosylated sites.” Using solutions of HRP (5.8 pM, 2%
formic acid, v/v), relatively high hydrolysis efficiency was ob-
tained by the high-temperature reaction, with the peaks of
intact protein (m/z 2081, 21+) decreased significantly after
hydrolysis (Fig. 4a and b). Highly abundant peaks of peptides
were observed in the range of m/z 300-1500 in the positive ion
mode (Fig. 4b). In comparison with the results in the PER1-
A_ARMRU sequence from the SwissProt Database (https://
www.uniprot.org/uniprot/P00433), 59% of the sequence can
be identified (Fig. S91). Besides, some peaks were observed at
a relative low intensity in the range of m/z 1000-1500, such as m/
Z 1006.5, m/z 1087.5, and m/z 1153.5. In comparison with data
reported from the literature’ and SwissProt Database (https://
www.uniprot.org/uniprot/P00433), these peaks should be
glycopeptides (Table S5t) after cleavages at fucose (Fuc),

Table 1 Hydrolyzed residues of CFP-10 and ESAT-6
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mannose (Man), N-acetylhexosamine (HexNAc), and pentose
(Pent) (Fig. S107).

The influence of the high-temperature reaction on the
phosphorylation groups was also investigated by using
a peptide with a gamma-phosphate on the hydroxyl group of
tyrosine (VLSPE-pY-LWDDR; MW: 1472.5 Da). A solution of the
phosphopeptide (43 pM, 2% formic acid, v/v) was analyzed
using the high-temperature hydrolysis followed by nanoESI-MS
analysis. As shown in Fig. 4c and d, a doubly charged peak was
observed at m/z 736.8 ((M + 2H]**) with a high intensity. Due to
the presence of Na' and K' in the phosphopeptide sample,
peaks of m/z 747.8 (M + H + Na]*") and m/z 755.8 (M + H + K]*")
were also obtained. After the high-temperature hydrolysis,
several singly charged peaks were clearly observed in the range
of m/z 1000-1300. The peak at m/z 1211.5 was identified as the
peptide residual from cleavage of an aspartyl at the C-terminal
and the phosphate group, while m/z 1006.5 was identified for
cleavage of both aspartyl sites and the phosphate group
(VLSPEYLW, confirmed by MS/MS, Fig. S117). These results
show that although PTMs such as glycation and phosphoryla-
tion were mostly cleaved during the high-temperature hydro-
lysis, other peptide residuals obtained could be used to indicate
the PTMs.

Application in the analysis of protein biomarkers of
Mycobacterium tuberculosis

Fast determination of protein biomarkers is significant for
clinical analysis and disease diagnosis.** For many protein
biomarkers, their identification might only require the detec-
tion of presence of intact proteins, which can be realized by
immunoaffinity methods. For many other protein biomarkers,
however, the identification would require confirmation of
certain peptide sequences for the purpose of accurate diagnosis
of diseases. For example, CFP-10 and ESAT-6 are two
biomarkers of Mycobacterium tuberculosis (Mtb) infections for
the diagnosis of tuberculosis (TB) disease.*® The detection of
intact CFP-10 and ESAT-6 using immunoaffinity methods can
cause false positive results in TB diagnosis, since some non-
tuberculous mycobacteria can also secrete similar proteins.’”
Comprehensively screening peptide sequences has revealed
that some peptides of high Mtb specificity, such as the tryptic
digests of CFP-10 (TDAATLAQEAGNFER) and ESAT-6 (WDATA-
TELNNALQNLAR), can be used for accurate diagnosis of TB.**

In this study, we explored the fast analysis of peptides from
CFP-10 and ESAT-6 by the high-temperature hydrolysis and

Protein No. MW (Da) Charge Sequence
CFP-10 #1 1633.80 1+ AATLAQEAGNFERISG
#2 601.38 1+ LKTQI
#3 4084.08 4+ QVESTAGSLQGQWRGAAGTAAQAAVVRFQEAANKQKQEL
#4 1791.92 2+ EISTNIRQAGVQYSRA
ESAT-6 #1 3086.51 3+ MTEQQWNFAGIEAAASAIQGNVTSIHSLL
#2 2964.47 3+ EGKQSLTKLAAAWGGSGSEAYQGVQQKW
#3 3652.75 4+, 5+ ATATELNNALQNLARTISEAGQAMASTEGNVTGMFA
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nanoESI-MS method. Recombinant CFP-10 (MW: 11.73 kDa)
and recombinant ESAT-6 (MW: 11.11 kDa) were used. CFP-10 in
formic acid solution was detected with +8 to +13 charges by
using nanoESI and Q-TOF (Fig. 5a). As shown in Fig. 5b, the
peaks of CFP-10 almost disappeared after reaction at 150 °C for
2 min, while peptide peaks were well detected in the range of m/
Z 550-1100 in the positive ion mode. Four typical peptides from
the hydrolysis of four aspartyl sites were well detected (Table 1)
at m/z 817.89 (#1, AATLAQEAGNFERISG), m/z 602.37 (42,
LKTQI), m/z 1018.24 (#3, QVESTAGSLQGQWRGAAGTAA-
QAAVVRFQEAANKQKQEL), and m/z 888.43 (#4, EISTNIR-
QAGVQYSRA). Good hydrolysis efficiency was also obtained for
recombinant ESAT-6 (Fig. 5¢ and d). Three typical peptides from
the hydrolysis of two aspartyl sites were well detected (Table 1)

Chemical Science

at m/z 1081.49 (#1, MTEQQWNFAGIEAAASAIQGNVTSIHSLL,
with N-terminal tag), m/z 983.80 (#2, EGKQSLTKLAAAWGGSG-
SEAYQGVQQKW), and m/z 944.83 and m/z 1181.04 (#3, ATA-
TELNNALQNLARTISEAGQAMASTEGNVTGMFA, with a C-
terminal tag).

To confirm if the peptides obtained from high-selective
hydrolysis were specific to Mth, we compared the sequences of
CFP-10 and ESAT-6 with related proteins from a series of
tuberculous and nontuberculous mycobacteria.*® As show in
Table 2, the sequence of the peptide #3 from CFP-10 (QVES-
TAGSLQGQWRGAAGTAAQAAVVRFQEAANKQKQEL, confirmed
by MS/MS in the positive ion mode, Fig. 5e) was highly specific
to Mtb and M. bovis, while peptides #1 and #4 can also be found
in nontuberculous mycobacteria such as M. kansasii, M.

Table 2 Presence of characteristic peptides in CFP-10 and ESAT-6 from different mycobacteria. Protein sequences were from the UniProtKB
database and aligned by using CLUSTAL Omega at http://www.uniprot.org/align/ (Y: found; N: not found)

Species CFP-10, UniProtKB ID #1 #3 #a ESAT-6, UniProtKB ID #1 #2 #3
M. tuberculosis PYWNK4 Y Y Y P9WNKG6 Y Y Y
M. bovis X5FC46 Y Y Y POA565 Y Y Y
M. avium X7UCWO0 N N N X8AC35 N N N
X70728 N N N
V7]J7P5 N N N
M. intracellulare B7T007 N N N X8CAA4 N N N
A0A1A2Q365 N N N HSIQR6 N N N
HS8IWA2 N N N AO0A1A2QF54 N N N
X8CDV4 N N N
AO0A1A2QAUS8 N N N
M. abscessus AOAOU1BAS85 N N N B1MAY6 N N N
AO0AOUO0X8GO N N N
AOAOU1CBI2 N N N
AOAOUOZCB5 N N N
AOAOUOZRDO N N N
M. kansasii X7Z0L9 Y N N X77193 Y Y N
X7YF15 Y N N U5WQ96 Y Y N
X7YNU7 Y N N X7YBX6 Y Y N
B5TV86 Y N N B5LSL6 Y Y N
X7YMX1 N N N
B5LSL9 Y Y N
X7YLI9 N N N
M. xenopi X7ZDM4 N N N
M. fortuitum AO0A100WXY5 N N N A0A117IGW4 N N N
KOVRZ7 N N N KO0vV925 N N N
AOAON9Y339 N N N AOAON9YA91 N N N
M. chelonae X8EW25 N N N
M. smegmatis AOAODG6FT]8 N N N AOAODG6FU90 N N N
L8FKZ2 N N N L8FPES8 N N N
AOQNJ5 N N N AOQN]J6 N N N
AOAOS1EEI5 N N N
M. marinum B2H]J18 Y N Y B2HNQ2 N N N
B5TV81 Y N Y B5A909 N N N
B2HNR7 N N N B2H]JI9 N N N
B2HKGO N N N
B2HJJ0O N N N
M. ulcerans B2KWS3 Y N Y A0A1B4Y9X8 N N N
Q5G542 Y N N B2KWS6 N N N
B2KWTO N N N
AO0A1B4Y9M4 N N N
M. szulgai AOA1A3R643 N N N B5A908 N N N
B5TV80 N N N AOA1A3R6G2 N N N
M. gordonae A0A1A6B951 N N N AO0A0Q2X3]J1 N N N
AOAO0Q2RKC3 N N N

This journal is © The Royal Society of Chemistry 2020
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marinum and M. ulcerans.*® Although the sequence of the
peptide #1 (AATLAQEAGNFERISG; MS/MS spectrum shown in
Fig. S12t) overlapped partially with that of the characteristic
tryptic digest of CFP-10 (TDAATLAQEAGNFER),*® it was less
specific to Mtb. As to ESAT-6, the sequence of the peptide #3
(EGKQSLTKLAAAWGGSGSEAYQGVQQKW, confirmed by MS/
MS in the positive ion mode, Fig. 5f) was highly specific to Mth
and M. bovis, while peptide #1 or #2 can also be found in non-
tuberculous mycobacteria such as M. kansasii. The sequence of
this peptide also overlapped with that of the characteristic
tryptic digest of ESAT-6 (WDATATELNNALQNLAR). These
results showed that the high-temperature hydrolysis and
nanoESI-MS method has the potential to be a useful tool for fast
determination of protein biomarkers of TB disease.

Potential POC biomarker analysis by coupling with
a miniature MS system

Miniaturization of the MS systems is an important component
for implementing MS in clinical and POC applications.*>*!
Previously we had developed several direct sampling methods
and miniature MS systems for the fast analysis of drugs,
metabolites and lipids.***® Recently, we also explored the
application of miniature mass spectrometers in quantitation of
synthetic peptides with molecular weights larger than 1500
Da.*® However, due to the sophistication of sample preparation
procedures, fast analysis of proteins and digested peptides by
miniature MS is still difficult.

Here we explored potential POC analysis of protein
biomarkers by coupling the high-temperature microreaction
system with a miniature dual linear ion trap (LIT) MS system. It
was coupled with a nanoESI source, where voltages of 1500~
1800 V were used for analysis of proteins and peptides. This
miniature MS system was capable of accurate MS analysis up to
m/z 2000,°* which enabled detection of major peaks of small
proteins such as ESAT-6 (Fig. 6a and b). In comparison with the
result by Q-TOF (MS spectrum of ESAT-6, Fig. 5c), an obvious
decrease of charge states was observed by using the miniature
MS system (Fig. 6a). It probably results from the difference in
the ion injection methods. The bench-top Q-TOF used
a common continuous injection method while the miniature
MS was equipped with a discontinuous atmospheric pressure
interface. After high-temperature hydrolysis for 2 min, some
major peptide fragments of ESAT-6 were detected by using the
nanoESI-based miniature MS system. Due to the difference in
ion formation and ion transfer, the mass spectrum of the ESAT-
6 peptides collected by using the miniature MS system was
slightly different from that obtained by using the Q-TOF
instrument. The intensity of peptide #1 (m/z 1081) was relatively
low, but the characteristic peptide (#3, m/z 944, m/z 949 and m/z
1181) was detected at high abundance (Fig. 6¢). Although the
sensitivity of the overall procedure still needs to be improved for
application with clinical samples, determining the character-
istic peptides using the fast protein hydrolysis and MS analysis
by using the miniature MS system is promising for future TB
diagnoses.
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Fig. 6 Analysis of ESAT-6 by high-temperature hydrolysis and
a miniature MS system. (a) Schematic of the miniature MS system. Mass
spectra of ESAT-6 (b) before and (c) after high-temperature hydrolysis,
showing fast and sensitive determination of the characteristic peptide
highly specific to Mtb. ESAT-6 was prepared in water (2% formic acid,
v/v) at the concentration of 20 ppm. The solution after treatment with
the high-temperature microreaction system (150 °C, 2 min) was
directly used for nanoESI-MS analysis.

Conclusions

In this work, a microreaction system was developed for the fast
and direct analysis of proteins. Proteins were hydrolyzed in the
microreactor under high-temperature (~150 °C) and weakly
acidic conditions, enabling selective breakdown of a series of
proteins at the aspartyl site in 2 min. Being free of salts, the
hydrolyzed solutions from the microreaction system can be
directly used for nanoESI-MS analysis. By incorporation of
reductants into the solution, one-step cleavage of peptide bonds
and disulfide bonds was also realized, allowing for fast analysis
of large proteins. The microreaction system is of small size,
avoids using high pressures and only requires simple proce-
dures for protein hydrolysis; the coupling of the microreaction
system with a miniature mass spectrometer represents a useful
tool for POC analysis of protein biomarkers.

Conflicts of interest

The authors declare no conflicts of interest.

This journal is © The Royal Society of Chemistry 2020



Edge Article

Acknowledgements

This work was supported by the National Natural Science
Foundation of China (Grant No. 21627807, 21874081 and
21934003).

References

1 R. Aebersold and M. Mann, Nature, 2016, 537, 347-355.

2 Y. Zhang, B. R. Fonslow, B. Shan, M.-C. Baek and J. R. Yates
III, Chem. Rev., 2013, 113, 2343-2394.

3 R. Chen, X. N. Jiang, D. G. Sun, G. H. Han, F. J. Wang,
M. L. Ye, L. M. Wang and H. F. Zou, J. Proteome Res., 2009,
8, 651-661.

4 H. Molina, D. M. Horn, N. Tang, S. Mathivanan and
A. Pandey, Proc. Natl. Acad. Sci. U. S. A.,2007,104, 2199-2204.

5 M. P. Washburn, D. Wolters and J. R. Yates, Nat. Biotechnol.,
2001, 19, 242-247.

6 B. D. S. Bryan, R. Fonslow, K. ]J. Webb, T. Xu, ]J. Choi,
S. K. Park and J. R. Yates III, Nat. Methods, 2013, 10, 54-56.

7 B.S. Lee, S. Krishnanchettiar, S. S. Lateef and S. Gupta, Rapid
Commun. Mass Spectrom., 2005, 19, 1545-1550.

8 B. Jiang, K. G. Yang, Q. Zhao, Q. Wu, Z. Liang, L. H. Zhang,
X.J. Peng and Y. K. Zhang, J. Chromatogr. A, 2012, 1254, 8-13.

9 S. A. Ansari and Q. Husain, Biotechnol. Adv., 2012, 30, 512—
523.

10 M. Naldi, U. Cernigoj, A. Strancar and M. Bartolini, Talanta,
2017, 167, 143-157.

11 M. Karas, U. Bahr, A. Ingendoh, E. Nordhoff, B. Stahl,
K. Strupat and F. Hillenkamp, Anal. Chim. Acta, 1990, 241,
175-185.

12 E. Quevrain, M. A. Maubert, C. Michon, F. Chain,
R. Marquant, J. Tailhades, S. Miquel, L. Carlier,
L. G. Bermudez-Humaran, B. Pigneur, O. Lequin,
P. Kharrat, G. Thomas, D. Rainteau, C. Aubry, N. Breyner,
C. Afonso, S. Lavielle, J. P. Grill, G. Chassaing, J. M. Chatel,
G. Trugnan, R. Xavier, P. Langella, H. Sokol and P. Seksik,
Gut, 2016, 65, 415-425.

13 M. ]. Marakalala, R. M. Raju, K. Sharma, Y. J. Zhang,
E. A. Eugenin, B. Prideaux, I. B. Daudelin, P.-Y. Chen,
M. G. Booty, J. H. Kim, S. Y. Eum, L. E. Via, S. M. Behar,
C. E. Barry III, M. Mann, V. Dartois and E. J. Rubin, Nat.
Med., 2016, 22, 531-538.

14 M. Rohmer, D. Baeumlisberger and M. Karas, Int. J. Mass
Spectrom., 2013, 345, 37-44.

15 C. L. Feider, A. Krieger, R. J. DeHoog and L. S. Eberlin, Anal.
Chem., 2019, 91, 4266-4290.

16 S. M. Hanash, S. J. Pitteri and V. M. Faca, Nature, 2008, 452,
571-579.

17 S. Thomas, L. Hao, W. A. Ricke and L. Li, Proteomics: Clin.
Appl., 2016, 10, 358-370.

18 Y. Jiang, A. Sun, Y. Zhao, W. Ying, H. Sun, X. Yang, B. Xing,
W. Sun, L. Ren, B. Hu, C. Li, L. Zhang, G. Qin, M. Zhang,
N. Chen, M. Zhang, Y. Huang, J. Zhou, Y. Zhao, M. Liu,
X. Zhu, Y. Qiu, Y. Sun, C. Huang, M. Yan, M. Wang,
W. Liu, F. Tian, H. Xu, J. Zhou, Z. Wu, T. Shi, W. Zhu,
J. Qin, L. Xie, J. Fan, X. Qian, F. He, Y. Zhu, Y. Wang,

This journal is © The Royal Society of Chemistry 2020

Chemical Science

. Yang, W. Liu, Q. Liu, X. Yang, B. Zhen, Z. Wu, J. Fan,
. Sun, J. Qian, T. Hong, L. Shen, B. Xing, P. Yang,
. Shen, L. Zhang, S. Cheng, J. Cai, X. Zhao, Y. Sun,
Xiao, Y. Mao, X. Chen, D. Wu, L. Chen, ]J. Dong,
. Deng, M. Tan, Z. Wu, Q. Zhao, Z. Shen, X. Chen,
Gao, W. Sun, T. Wang, S. Liu, L. Lin, J. Zi, X. Lou,

. Zeng, Y. Wu, S. Cai, B. Jiang, A. Chen, Z. Li, F. Yang,

. Chen, Y. Sun, Q. Wang, Y. Zhang, G. Wang, Z. Chen,
W. Qin, Z. Li and C. Chinese Human Proteome Project,
Nature, 2019, 567, 257-261.

19 S. Chen, Q. Wan and A. K. Badu-Tawiah, J. Am. Chem. Soc.,
2016, 138, 6356-6359.

20 A. Tsugita and J.-J. Scheffler, Eur. J. Biochem., 1982, 124, 585-
588.

21 D. Sun, N. Wang and L. Li, Anal. Chem., 2014, 86, 600-607.

22 M. O. Altmeyer, A. Manz and P. Neuzil, Anal. Chem., 2015, 87,
5997-6003.

23 A. Li, R. C. Sowder, L. E. Henderson, S. P. Moore,
D. J. Garfinkel and R. ]J. Fisher, Anal. Chem., 2001, 73,
5395-5402.

24 ]. Schultz, Methods Enzymol., 1967, 11, 255-263.

25 T. Powell, S. Bowra and H. J. Cooper, Anal. Chem., 2016, 88,
6425-6432.

26 T. Powell, S. Bowra and H. J. Cooper, J. Am. Soc. Mass
Spectrom., 2017, 28, 1775-1786.

27 L. C. Chen, M. Kinoshita, M. Noda, S. Ninomiya and
K. Hiraoka, J. Am. Soc. Mass Spectrom., 2015, 26, 1085-1091.

28 L. C. Chen, M. M. Rahman and K. Hiraoka, J. Am. Soc. Mass
Spectrom., 2014, 25, 1862-1869.

29 M. Ribo, M. Bosch, G. Torrent, A. Benito, B. Beaumelle and
M. Vilanova, Eur. J. Biochem., 2004, 271, 1163-1171.

30 M. Essandoh, R. A. Garcia, C. M. Nieman, L. P. Bumanlag,
G. ]J. Piazza and C. Zhang, ACS Sustainable Chem. Eng.,
2017, 5, 11652-11659.

31 O. A. Mirgorodskaya, R. Koérner, Y. P. Kozmin and
P. Roepstorff, in Amino Acid Analysis: Methods and
Protocols, ed. M. A. Alterman, Springer New York, New
York, NY, 2019, pp. 11-16.

32 C.S. Sevier and C. A. Kaiser, Nat. Rev. Mol. Cell Biol., 2002, 3,
836-847.

33 S. Lu, S.-B. Fan, B. Yang, Y.-X. Li, J.-M. Meng, L. Wu, P. Li,
K. Zhang, M.-J. Zhang, Y. Fu, J. Luo, R.-X. Sun, S.-M. He
and M.-Q. Dong, Nat. Methods, 2015, 12, 329-373.

34 Y. Zhang, H. D. Dewald and H. Chen, J. Proteome Res., 2011,
10, 1293-1304.

35 L. Wu and X. Qu, Chem. Soc. Rev., 2015, 44, 2963-2997.

36 F.-X. Berthet, P. B. Rasmussen, I. Rosenkrands, P. Andersen
and B. Gicquel, Microbiology, 1998, 144, 3195-3203.

37 J. van Ingen, R. de Zwaan, R. Dekhuijzen, M. Boeree and
D. van Soolingen, J. Bacteriol., 2009, 191, 5865-5867.

38 C. Liu, Z. Zhao, J. Fan, C. J. Lyon, H.-J. Wu, D. Nedelkov,
A. M. Zelazny, K. N. Olivier, L. H. Cazares, S. M. Holland,
E. A. Graviss and Y. Hu, Proc. Natl. Acad. Sci. U. S. A., 2017,
114, 3969-3974.

39 C. C. Lai, C. K. Tan, C. H. Chou, H. L. Hsu, C. H. Liao,
Y. T. Huang, P. C. Yang, K. T. Luh and P. R. Hsueh,
Emerging Infect. Dis., 2010, 16, 294-296.

X mF<om-am@mTmU

Chem. Sci., 2020, 11, 10506-10516 | 10515



Chemical Science

40 W. Zhang, X. Wang, Y. Xia and Z. Ouyang, Theranostics, 2017,
7, 2968-2981.

41 C. Zhou, H. Wu, X. Zhang, Y. Zhang, W. Xie and W. Xu, Anal.
Chem., 2019, 91, 8808-8813.

42 H. Wang, J. Liu, R. G. Cooks and Z. Ouyang, Angew. Chem.,
2010, 122, 889-892.

43 Y. Ren, M. N. McLuckey, J. Liu and Z. Ouyang, Angew. Chem.,
Int. Ed., 2014, 53, 14124-14127.

44 L. Gao, Q. Song, G. E. Patterson, R. G. Cooks and Z. Ouyang,
Anal. Chem., 2006, 78, 5994-6002..

45 L. Li, T.-C. Chen, Y. Ren, P. I. Hendricks, R. G. Cooks and
Z. Ouyang, Anal. Chem., 2014, 86, 2909-2916.

10516 | Chem. Sci, 2020, 11, 10506-10516

Edge Article

46 T.-C. Chen and Z. Ouyang, Anal. Chem., 2013, 85,1767-1772.

47 C.-H. Chen, Z. Lin, R. Tian, R. Shi, R. G. Cooks and
Z. Ouyang, Anal. Chem., 2015, 87, 8867-8873.

48 R. Zou, W. Cao, L. Chong, W. Hua, H. Xu, Y. Mao, ]. Page,
R. Shi, Y. Xia, T. Y. Hu, W. Zhang and Z. Ouyang, Anal.
Chem., 2019, 91, 1157-1163.

49 W. Zhang, S. Chiang, Z. Li, Q. Chen, Y. Xia and Z. Ouyang,
Angew. Chem., Int. Ed., 2019, 58, 6064-6069.

50 S. Chiang, W. Zhang, C. Farnsworth, Y. Zhu, K. Lee and
Z. Ouyang, J. Proteome Res., 2020, 19, 2043-2052.

51 X. Liu, X. Wang, P. Bu, X. Zhou and O. Zheng, Anal. Chem.,
2019, 91, 1391-1398.

This journal is © The Royal Society of Chemistry 2020



	Fast protein analysis enabled by high-temperature hydrolysisElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc03237a
	Fast protein analysis enabled by high-temperature hydrolysisElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc03237a
	Fast protein analysis enabled by high-temperature hydrolysisElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc03237a
	Fast protein analysis enabled by high-temperature hydrolysisElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc03237a
	Fast protein analysis enabled by high-temperature hydrolysisElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc03237a
	Fast protein analysis enabled by high-temperature hydrolysisElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc03237a
	Fast protein analysis enabled by high-temperature hydrolysisElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc03237a
	Fast protein analysis enabled by high-temperature hydrolysisElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc03237a

	Fast protein analysis enabled by high-temperature hydrolysisElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc03237a
	Fast protein analysis enabled by high-temperature hydrolysisElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc03237a
	Fast protein analysis enabled by high-temperature hydrolysisElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc03237a


