
Biochemical and Biophysical Research Communications 444 (2014) 480–484
Contents lists available at ScienceDirect

Biochemical and Biophysical Research Communications

journal homepage: www.elsevier .com/locate /ybbrc
Combinatory use of cell-free protein expression, limited proteolysis
and mass spectrometry for the high-throughput protein domain
identification
http://dx.doi.org/10.1016/j.bbrc.2014.01.067
0006-291X/� 2014 Elsevier Inc. All rights reserved.

⇑ Corresponding author. Fax: +86 25 85870269.
E-mail address: shenxinchun@hotmail.com (X. Shen).
Xinchun Shen a,⇑, Siyuan Chen a, Heng Ge b

a College of Food Science and Engineering, Nanjing University of Finance and Economics, Nanjing 210023, China
b The Second Affiliated Hospital, School of Medicine, Xian Jiaotong University, Xian 710004, China

a r t i c l e i n f o a b s t r a c t
Article history:
Received 23 December 2013
Available online 25 January 2014

Keywords:
High-throughput
Cell-free protein expression
Beads-bound protein
Limited proteolysis
Mass spectrometry
Domain
The structural domains of proteins have often been identified through the use of limited proteolysis. In
structural genomics studies, it is necessary to carry this out in a high-throughput manner. Here, we con-
structed a novel high-throughput system, which consists of cell-free protein expression and one-step
affinity purification, followed by limited proteolysis using a unique new method, referred to ‘‘on beads
method’’. All these steps were carried out on 96-well plate formats and completed in two days, even
by manual handling. The merits of the new method versus the conventional one are as follows: (1) exper-
imental times are reduced, (2) the sample preparation for limited proteolysis experiments is simplified,
and (3) both protein purification and limited digestion can be performed ‘‘in situ’’ on the same sample
plate. This preparation method is therefore suitable for highly automated, proteolytic analyses coupled
to mass spectrometry techniques at a micro-scale protein expression level. The resulting protease-resis-
tant fragments were analyzed by MALDI-TOF-MS and protein domains of 34 mouse cDNA products were
identified with this system.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction On the other hand, high-throughput screening is the current fo-
Structural genomics aims at determining a set of protein struc-
tures that will represent all the structure units present in the bio-
sphere. These structures can be used as the basis for the homology
modeling of the majority of all remaining proteins. Structural anal-
ysis provides clues to biochemical functions of unknown proteins
[1–3]. Most of large proteins are thought to be a multiple complex
of functional domains. For large proteins, structural insight can be
obtained by breaking them into smaller segments of amino acid se-
quences that can fold into native structures, even when isolated
from the rest of the protein [4]. The structural domains of a protein
have often been identified through the use of limited proteolysis
[5–8], since the connections between protein domains are exposed
and thus are better protease substrates. Therefore, limited proteol-
ysis has been widely used to isolate domains, not only to identity
function [9], but also to create smaller units for structural analysis
by X-ray crystallography or, more increasingly, by NMR spectrom-
etry [10]. Moreover, it can also provide effective information for
structural and functional analyses of proteins.
cus in life science research. In the post-genomics arena, the concur-
rent analysis of hundreds to thousands of proteins is unavoidable
[11]. Therefore, in order to minimize time costs, it is necessary to
stream-line all contributing steps, including protein expression,
purification, and limited proteolysis, if they are to be coupled with
mass spectrometry to produce an efficient experimental means of
identifying experimental domains of proteins.

Our previous group has been developing and improving the
cell-free protein synthesis system [12–16]. The advantages of the
cell-free system versus the conventional in vivo expression meth-
ods are as follows: (1) the proteins encoded by the genes of interest
can be directly produced from linear DNA fragments, without clon-
ing them into expression vectors, and (2) all reactions, including
PCR and cell-free protein synthesis, can be carried out on 96-well
plates and completed in one day. Thus, about one hundred proteins
can be produced simultaneously on a multiwell plate. Affinity-
tagged proteins have been purified semi-automatically, and it is
possible to perform up to 96-purifications simultaneously using
the batch system. When proteins are purified using traditional
methods, they cannot be directly used in limited proteolysis and
MALDI-TOF mass spectrometry experiments because of their high
salt and imidazole content. Therefore exchange into a suitable buf-
fer is necessary following protein purification; however this is a
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time consuming and tedious process and is a limiting factor in high
throughput systems.

Aiming at a large-scale, high-throughput analysis of protein
structures and functions, a unique new method (referred to ‘‘on
beads method’’) has been developed on a 96-well filter plate. The
protein is purified by beads affinity methods and can be directly
used in mass spectrometry and limited proteolysis studies. The
buffer exchange of purified proteins is avoided using this strategy.
The merits of the new purification method versus the conventional
one are: (1) experimental times are reduced, (2) the sample prep-
aration for limited proteolysis experiments is simplified, and (3)
both protein purification and limited digestion can be performed
‘‘in situ’’ on the same multifilter plate. This method is therefore
suitable for highly automated, proteolytic analyses coupled to
mass spectrometry techniques. In this research, we developed a
novel system, which provides a simple, high-throughput strategy
for identifying domains of proteins by limited proteolysis in a mul-
tifilter plate. Domain boundaries of 34 mouse cDNA products were
identified by this system.

2. Materials and methods

2.1. PCR amplification

We used the two-step PCR amplification strategy for the tem-
plate production to minimize the length of PCR primers specific
for the gene of interest [17]. In the first step, an open reading frame
(ORF) or fragment of an ORF was amplified using gene-specific
primers. In the second step, a mixture containing a portion of the
PCR product, T7 promoter fragment with tag-coding sequence, T7
terminator fragment, and a universal primer were subjected to
overlapping PCR. A construct permitting expression of fusion pro-
tein under the control of T7 promoter was obtained. The PCR-ampli-
fied DNA fragments were used as templates for the expression.

2.2. Protein expression and affinity purification

Proteins were expressed from mouse cDNA at 37 �C for 1 h in 30
ll of Escherichia coli cell-free translation system [12] in 96-well
microplates, and transferred into a multiscreen filtration plate
(Durapore MAGV S 22, Millipore) with 20 ll of 50% slurry Ni–
NTA agarose beads (QIAGEN). His6-tagged proteins were bound
by shaking (20 rpm on a rotary shaker) at 4 �C for 45 min. Follow-
ing this, 120 ll of binding buffer (50 mM NaH2PO4, 600 mM NaCl,
15 mM imidazole, pH 8.0) was added to each well. All the following
steps, including centrifugations, were also performed in the same
96-well filter plate. The agarose beads were washed three times
by resuspending them in wash buffer A (twice, 50 mM NaH2PO4,
300 mM NaCl, 15 mM imidazole, pH 8.0) and wash buffer B (once,
50 mM NaH2PO4, 300 mM NaCl, 30 mM imidazole, pH 8.0), shaking
for 5 min, and removal of liquid by centrifuging at 500g for 3 min
at 4 �C (CR21G, Rotor type: R6S, Hitachi). The wash buffer was re-
moved by washing three times with 200 ll of 10 mM Tris–HCl (pH
7.6). Followed by centrifuging at 500g for 3 min at 4 �C, 0.5 ll of
the 50% slurry washed beads with 10 mM Tris–HCl (pH 7.6) were
subjected to MALDI-TOF-MS analysis, and the remaining was ana-
lyzed by SDS–PAGE or prepared for limited proteolysis.

2.3. MALDI-TOF-MS analyses

Mass spectra were obtained by the matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-
TOF-MS, Voyager-DE™ STR, Perseptive Bionsystems). Aliquots
(0.5 ll) of the 50% slurry washed beads were loaded onto a MALDI
sample support, followed by addition of 0.5 ll sinapic acid matrix
solution (saturated in 50% acetonitrile, and 0.1% TFA). All samples
were analyzed in the linear mode using externally determined cal-
ibration constants.

2.4. Limited proteolysis and identifying protease-resistant fragments

The washed beads with bound protein obtained above were
prepared in 20 ll of the 50% slurry containing 10 mM Tris–HCl buf-
fer (pH 7.6). The limited digestion reaction with trypsin or endo-
proteases Glu-C (sequencing grade protease, Roche Molecular
Biochemicals) was carried out in the same 96-well filter plate at
30 �C for 120 min. Digestion was stopped by adding 5 ll of 0.5%
TFA, 20% acetonitrile buffer. Reaction mixtures containing beads
were analyzed by MALDI-TOF-MS. The masses of protease-resis-
tant fragments were obtained and identified using the proteins
cleavage dialog by Soft GPMAW (Lighthouse data).
3. Results and discussion

3.1. Constructing a high-throughput limited proteolysis system

We constructed a high-throughput limited proteolysis process
as shown in Figs. 1A and 2B described in detail as follows. The
cell-free system is more suited to automated and high throughput
expression than other systems [13,14,16,18]. The E. coli cell-free
reaction, with the 2-step PCR-amplified mouse cDNA as the tem-
plates, was carried out at 37 �C for 1 h in the 96-well plate. The ex-
pressed proteins were transferred into 96-well filter plates
containing nickel chelate affinity beads, and were purified with
binding and washing steps only. Sizes of expressed beads-bound
protein were directly determined by SDS–PAGE and MALDI-TOF-
MS. In parallel, the expressed beads-bound proteins were directly
used in the limited digestion reaction. The proteolysis with trypsin
(or endoproteases Glu-C) was carried out in 10 mM Tris–HCl buffer
(pH 7.6) at 30 �C for 2 h in the 96-well filter plate as described in
Section 2. After limited digestion, the beads-containing reaction
mixtures were analyzed using MALDI-TOF-MS.

3.2. Effect of beads on mass spectrometry of proteins on beads

To examine the effect of recording mass spectra of proteins in
the presence of affinity beads, experiments were carried out as
shown in Fig. 1A. Expressed bead-linked proteins were suspended
in 10 mM Tris–HCl buffer (pH 7.6) on the same 96-well filter plate,
then directly analyzed using MALDI-TOF-MS. For comparison, ex-
pressed proteins were also purified using a traditional method.
The expressed proteins were eluted from the beads using an elu-
tion buffer of 50 mM NaH2PO4, 300 mM NaCl, 250 mM imidazole,
pH 8.0 as shown in Fig. 1A. Subsequently, the eluted proteins were
exchanged into 10 mM Tris–HCl buffer (pH 7.6) on the 96-well fil-
tration plate using an ultrafiltration (UF) membrane with a 10-kDa
cut off. Identical mass spectra (A–D shown in Fig. 2) were obtained
for proteins purified by both methods. We concluded that the affin-
ity beads had little effect on the mass spectra of the proteins. Low
intensity noise appeared in the low molecular region of some spec-
tra, as may be observed in Fig. 2C and D. The problem was pro-
nounced for some proteins and was a feature of both novel and
traditional methods. One possible explanation might be the pres-
ence of impurities in some protein samples, which the one step
purification had failed to remove.

3.3. Effect of beads on limited proteolysis and examining optimal size
of filter

Additionally, we investigated the optimal amount of trypsin re-
quired for limited digestion of bead-linked proteins using the new



Fig. 1. (A) A flowchart of a novel high-throughput protein limited digestion system. Plate A: general multiscreen plate; Plate B: multiscreen filtration plate with a lower
protein binding 0.22 lm pore size durapore polyvinylinylidene difluoride (PVDF) membrane filter (Millipore). (B) A model showing the identification of protease-resistant
fragments by limited proteolysis. The example shows a protein containing one domain only.
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Fig. 2. Mass spectrometry of purified protein on beads. M+ (or N+) and M2+ (or N2+), singly and doubly charged molecular ions of expression products, respectively. Left (A and
C): using new method as described in Section 2. Right (B and D): using traditional method (ultrafiltration membrane, UF membrance) with buffer exchange. The buffer
exchange of eluted proteins was carried out three times using 200 ll of 10 mM Tris–HCl buffer (pH 7.6) in the 96-well filtration plate with a 10-kDa cut off UF membrane by
centrifuging at 3000g for 40 min at 4 �C. Masses of His6-tag fusion 8F4 (M) and His6-tag fusion Ras (N) were determined as 13678.98 and 22101.3 by MALDI-TOF-MS,
respectively. His6-tag fusion 8F4 (8F4, plate ID, mouse cDNA) is a 126 amino acid protein with a MW of 13676.5; His6-tag fusion Ras (human c-Ha-Ras protein, Kigawa et al.
[12]) is a 197 amino acid protein with a MW of 22103.3.
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method as shown in Fig. 1A. Fig. 1B summarizes the limited prote-
olysis procedure adopted in the new method. Following the addi-
tion of trypsin to various final concentrations, the reaction
mixtures, in 20 ll of 10 mM Tris–HCl buffer (pH 7.6), were incu-
bated at 30 �C for 2 h. Completed reaction mixtures were analyzed
using MALDI-TOF-MS. An example is shown in Fig. 3 for the 136
amino acids, His6-tag fusion 2B7 protein (refer to A. 2B7: plate
ID, mouse cDNA). His6-tag fusion 2B7 was degraded slowly with
increasing concentration of trypsin. Peaks A and B appeared at
m/z 14549.5 and 12537.9, respectively, in the mass spectrum. Peak
A represents full length His-tag fusion 2B7 of MW 14547.4. Frag-
ment B of MW 12540.38 and sequence of 19–136 amino acids is
a proteolytic fragment resulting from A. Here, we identified the
protease-resistant fragment (fragment B) by Soft GPMAW. At the
optimal protease: 2B7 ratio, despite the relatively even distribution
of theoretical cleavage sites, the trypsin cleaves 2B7 only one site
shown in Fig. 3E. This indicated that 2B7 synthesized in cell-free
system was one folded domain. The optimal trypsin concentration
for the formation of fragment B was 8 ng/ll for 2B7, when the reac-
tion mixture was incubated at 30 �C for 2 h. Overall, our results
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Fig. 3. Mass spectrometry analysis of the tryptic digestion of His6-tag fusion 2B7 ‘‘on beads’’. After the addition of trypsin to various final concentrations, the reaction
mixtures in 20 ll of 10 mM Tris–HCl buffer (pH 7.6), were incubated for limited proteolysis at 30 �C for 2 h. The reaction mixtures were analyzed using MALDI-TOF-MS. (A)
control, no trypsin addition; (B) 0.5 ng/ll trypsin; (C) 6 ng/ll trypsin; (D) 8 ng/ll trypsin. His6-tag fusion 2B7 (2B7, plate ID, mouse cDNA): 136 amino acid. A+ (or B+) and A2+

(or B2+), singly and doubly charged molecular ions of the protein (or fragment), respectively. (E) Linear representation of His6-tag fusion 2B7 primary sequence: theoretical
trypsin cleavage sites are underlined. Where X is an amino acid.

X. Shen et al. / Biochemical and Biophysical Research Communications 444 (2014) 480–484 483
suggested that the optimal concentration of trypsin for the limited
proteolysis of most proteins was in the range 2–8 ng/ll. In con-
trast, under identical reaction conditions, the optimal concentra-
tion of trypsin required to digest proteins prepared via a
traditional method was in the range 0.25–1 ng/ll, and the same
protease-resistant fragment was obtained by both methods (data
not shown). We hypothesize that the presence of affinity-beads
sterically hinders proteolytic cleavage of proteins. Moreover, we
also investigated the limited digestion of 2B7 by endoproteases
Glu-C instead of trypsin. The similar results were obtained, indicat-
ing that other enzymes could also be used in the process (data not
shown). In these studies several types of 96-well filtration plate
assembly, a hydrophilic durapore membrane with a 0.22 lm pore
size (rather than 0.65 or 0.45 lm) was used to avoid possible pas-
sage of the reaction mixture through the filter during limited pro-
teolysis (data not shown).

3.4. Summary of data obtained using the new method

We summarized the experimental results obtained by the new
method from Supplemental Table 1 (Fig. 4). Proteins expressed in
the cell-free system were purified by nickel chelate affinity beads,
and their sizes were determined with SDS–PAGE and MALDI-TOF-
MS. The limited digestion reaction with trypsin (and/or endopro-
teases Glu-C) was carried out at 30 �C for 120 min. For 59 (49%)
of the total 120 clones, expressed proteins were detectable using
Mass spectrometry detected by M

Protein synthesis fr

Detectable protein judge

Experimental protease-resistant fragment by l

Fig. 4. Summary of the data obtained using the new method from Supplemental Table 1
purified based on the presence of a band by SDS–PAGE. The sizes of proteins or protea
fragments were identified by Soft GPMAW.
SDS–PAGE after one-step of affinity purification. The molecular
masses of His6-tagged proteins, affinity-purified using Ni–NTA aga-
rose beads, were also determined by MALDI-TOF-MS. As a result,
Masses of 43 (73%) of the total 59 clones expressed proteins could
be obtained by MALDI-TOF-MS; and their masses corresponded
with the calculated values from amino acid sequence data.

As shown in Fig. 4, we identified domains of 34 out of a total of
120 expressed proteins by limited proteolysis using our new meth-
od. Kuroda et al. [19] have developed an automated domain predic-
tion tool based on sequence similarities. This enables genome-
wide searches and has allowed a database of predicted protein do-
mains to be established. Comparing our experimental results with
this protein domain databank, two-fifths of the proteins we stud-
ied correlated well, while one-third showed partial correlation.
Limited proteolysis is a classical strategy to isolate discretely
folded domains of proteins taking advantage that the exposed re-
gions between folded domains are the most sensitive protease
cleavage sites. Limited proteolysis occurs at ‘‘hinges and fringes’’
such as exposed surface loops, domain linking segments [20],
and disordered regions [7]. For a proportion of the proteins inves-
tigated, the exposed surface loops in domains were possibly
cleaved by trypsin (data not shown), where local unfolding of the
a-helix existed. However, in some cases the linker between do-
mains cannot be broken, for example, in large multidomain pro-
teins where the tryptic cleavage sites are buried. Limited
proteolysis may therefore be used to monitor surface regions of
ALDI-TOF-MS

120 clones (total)om mouse cDNA

d by SDS-PAGE 59 clones

43 clones

imited digestion 34 clones

. An assessment of the quantity and A judgment as to whether a protein or not was
se-resistant fragments were analyzed with MALDI-TOF-MS. All protease-resistant
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proteins, ligand-induced conformational changes, protein domains,
disordered regions and protein unfolding/refolding [7,21]. In con-
trast, a computing tool designed to automatically define domain
structures based on sequence similarities is limited and is unable
to produce a comprehensive list of domains. We believe that the
method of identifying protein domains using limited proteolysis
together with mass spectrometry is an effective tool, and will en-
hance our understanding of protein structural determinants.

3.5. Features of the new method

Using the ‘‘on beads method’’, the buffer exchange of purified
proteins into a buffer providing suitable proteolytic conditions
was avoided, and both purification of proteins and their limited
digestion could be performed in the same multifilter plate. This
new approach took less time, a typical buffer exchange process
(for example, by ultrafiltration) requiring at least 180 min
(Fig. 1A). The ‘‘on beads method’’ requires only one general multi-
screen plate for protein expression and one multiscreen filtration
plate. So it is not only simpler, but also possible to identify domain
on a less than microgram level of protein expression. This simpli-
fied strategy is advantageous for an automated high-throughput
expression, purification, and limited proteolysis system compared
to traditional methods.

Altogether, our results suggest the method would be well suited
for automation and high-throughput limited proteolysis process.
Combining this process with automated MALDI-TOF-MS allows us
to identify protein domains more simply and rapidly than previous
approaches. Currently, the high-throughput protein expression and
limited digestion system for protein domain identification is play-
ing an important role in the protein domain project.
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