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a b s t r a c t

The need for a simple and high-throughput method for identifying the tertiary structure of protein
pharmaceuticals has increased. In this study, a simple method for mapping the protein fold is pro-
posed for use as a complementary quality test. This method is based on cross-linking a protein using
a [bis(sulfosuccinimidyl)suberate (BS3)], followed by peptide mapping by LC–MS. Consensus interferon
(CIFN) was used as the model protein. The tryptic map obtained via liquid chromatography tandem
mass spectroscopy (LC–MS/MS) and the mass mapping obtained via matrix-assisted laser desorp-
tion/ionization time-of-flight mass spectroscopy were used to identify cross-linked peptides. While
LC–MS/MS analyses found that BS3 formed cross-links in the loop region of the protein, which was
tability
ertiary structure
C testing

regarded as the biologically active site, sodium dodecyl-sulfate polyacrylamide gel electrophoresis
demonstrated that cross-linking occurred within a protein molecule, but not between protein molecules.
The occurrence of cross-links at the active site depends greatly on the conformation of the protein, which
is determined by the denaturing conditions. Quantitative evaluation of the tertiary structure of CIFN was
thus possible by monitoring the amounts of cross-linked peptides generated. Assuming that background
information is available at the development stage, this method may be applicable to process development

for qu
as a complementary test

. Introduction

Recent progress in the field of biotechnology has made it pos-
ible to generate novel types of biotechnology-derived protein
harmaceuticals, such as transgenic/clone animal-derived bio-
harmaceutical products, as well as conventional recombinant
NA-derived proteins. Technological progress provides increasing
pportunities to develop and market new classes of biopharma-
eutical products. Analytical technologies must be developed to
ppropriately evaluate the properties of these complex protein
harmaceuticals to ensure their quality, efficacy, and safety. In turn,
mprovement of these analytical technologies is essential for the
evelopment of protein pharmaceuticals.

It is well known that formation of the 3D structure is the most
mportant element that allows protein pharmaceuticals to exert

∗ Corresponding author at: Pharmaceutical Analysis I, Pharmaceutical Research
nd Technology Laboratories, Astellas Pharma Inc., 180 Ozumi, Yaizu, Shizuoka 425-
072, Japan. Tel.: +81 54 627 5263; fax: +81 54 627 9821.
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731-7085/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
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ality control.
© 2011 Elsevier B.V. All rights reserved.

specific activity [1]. The pharmaceutical industry, however, suffers
from a lack of analytical methods for examining the tertiary pro-
tein structure for quality control. For the conformational analyses of
proteins, several different methods such as nuclear magnetic res-
onance (NMR) [2], X-ray structural analysis [3] and those based
on thermal [4] and fluorescent analysis have widely been used.
Although NMR and X-ray analysis provide detailed information on
the tertiary structure of protein, the need for an isotope-labeled
sample and/or a high quality single crystal sample make these
methods less convenient. These highly sophisticated analytical
methods are not suitable for use in lot-to-lot quality control, pro-
cess development and formulation development due to difficulty of
sample preparation and the length of time required for the analy-
sis. Thermal and fluorescent analyses are widely used conventional
methods, but they provide limited information on tertiary protein
structure. The development of a relatively simple analytical method

that provides sufficient structural information is required for the
structural evaluation and quality control of protein pharmaceuti-
cals.

The development of the mass spectrometric method has
progressed rapidly. A series of analytical methods using mass

dx.doi.org/10.1016/j.jpba.2011.01.038
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:hyamaguchi@agensys.com
dx.doi.org/10.1016/j.jpba.2011.01.038
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pectrometry has been developed to investigate tertiary protein
tructure. For instance, a new method using differences in ionic
obility is capable of discriminating between protein species of

ifferent conformations [5]. Methods to determine the fold, such
s mass spectrometry coupled with deuterium exchange reactions
6,7] and peptide mapping using various cross-linking reagents and

ass spectrometry (MS3D) [8–11], can also detect dynamic prop-
rties in a protein molecule. In the MS3D method, proposed by
oung et al. [12], a protein molecule in its native tertiary structure

s subjected to cross-linking modification using various reagents,
ollowed by enzymatic digestion, after which the modified amino
cid residues are subsequently determined by MS analysis. The
nformation on the distance between the modified amino acid
esidues is collected based on the spacer length of the cross-
inking reagent, and is used to provide constraint in determining
tructure of the protein. During the NMR analysis performed to
etermine the tertiary structure of the protein molecule, conforma-
ional information, such as the distance and dihedral angle between
he hydrogen, carbon, and nitrogen atoms of the protein, is used to
etermine its tertiary structure with the aid of molecular dynamics
nd mechanistic calculations. However, the MS3D method, which
s conceptually similar to NMR, provides less information on the
istance between residues and, for this reason, it is known as “low
esolution 3D structure mapping” [13]. It should, however, be noted
hat MS3D offers the advantages of ease and speed with respect to
ample preparation and test time.

In this study, the MS3D-based method was applied to consensus
nterferon (CIFN) with the goal of determining the utility of the
est method as a quality control test for protein pharmaceuticals.
he theoretical tertiary structure was constructed in silico based
n the known structures of interferons. CIFN was stored in various
enaturing conditions and incubated with a cross-linking agent,
ollowed by tryptic digestion. The cross-linked peptides generated
ere analyzed using mass spectrometry.

. Experimental

.1. Materials

Recombinant human consensus interferon (CIFN) solution, com-
osed of 27 mM sodium phosphate and 100 mM sodium chloride
pH 7.0), was produced in-house using E. Coli as the host cell.
is(sulfosuccinimidyl)suberate (BS3) was purchased from Pierce
iotechnology (Rockford, IL, USA). 2-Amino-2-hydroxymethyl-1,3-
ropanediol was purchased from Wako Pure Chemical Industries,
td. (Osaka, Japan). Prestain marker protein and Coomassie Brilliant
lue (CBB) solution for sodium dodecyl sulfate polyacrylamide gel
lectrophoresis (SDS–PAGE) were purchased from Bio-Rad (Alfred
obel Drive Hercules, CA, USA). The gel for SDS–PAGE, PAG mini

DAIICHI” 15/25, was purchased from DAIICHI Chemical (Tokyo,
apan). Sequencing grade modified Trypsin was purchased from
romega Corporation (Woods Hollow Road Madison, WI, USA). All
he other reagents were purchased from Kanto Chemical (Tokyo,
apan).

.2. Preparation of denatured CIFN solutions

The solutions containing CIFN with altered high-order structure
ere prepared by incubating under various denaturing conditions.

o obtain heat-denatured protein solutions, CIFN was incubated for

4 h at different temperatures (37 ◦C, 50 ◦C, and 70 ◦C). To obtain
rea denatured solution, CIFN was diluted with an equal volume of
M urea and further incubated for 3 h at either 60 ◦C or 80 ◦C. These

olutions were subjected to dialysis (MW cutoff: 10,000 Da, Pierce,
ockfold, IL, USA) against phosphate buffered saline (PBS) before
d Biomedical Analysis 55 (2011) 574–582 575

further analysis. To confirm the degree of protein denaturation, the
samples prepared by incubating at 80 ◦C for 3 h in the presence of
4 M urea (the most hostile conditions in this study) was subjected
to the anti-virus cell bioassay.

2.3. Cross-linking reactions and modification evaluation

Bis(sulfosuccinimidyl)suberate (BS3), used without further
purification (Fig. 1a), was dissolved in PBS at a concentration of
20 mM. CIFN solution was diluted with BS3/PBS solution to a pro-
tein concentration of 5 �M at CFIN/BS3 ratios (mol/mol) of 1/27,
1/54, and 1/108. These sample solutions were incubated for 24 h
at ambient temperature to allow cross-linking reactions to pro-
ceed. The reaction was terminated by adding 1/100 volume of 1 M
Tris solution (pH 7.4). To monitor the reaction, the sample solu-
tion was analyzed using SDS–PAGE in reduced and non-reduced
conditions, and liquid chromatography combined with mass spec-
troscopy (LC–MS). For SDS–PAGE, the sample solution was diluted
with a loading buffer with or without 2-mercaptoethanol, and
the diluted samples were subsequently transferred onto a 10–20%
gradient SDS–PAGE gel. Protein bands were visualized via CBB
staining. LC–MS was performed using triple quadrupole mass
spectroscopy (API4000, Applied Biosystems/MDS Sciex, Toronto,
Canada) equipped with a liquid chromatography system (HP1100,
Hewlett Packard, Wilmington, DE, USA). For the MS analysis,
samples were desalted using a size-exclusion column (Polyhydrox-
yethyl A, PolyLC, MD, USA) with a mobile phase (composed of 0.1%
formic acid in 50% methanol, at a flow rate 0.5 mL/min). The column
temperature and injection volume were set at 25 ◦C and 100 �L,
respectively. The sample was ionized in electrospray ionization
(ESI) positive mode. The spray voltage, turbo ion spray tempera-
ture, and analyzed MS range were 5.0 kV, 600 ◦C, and 500–3000
m/z, respectively.

2.4. Identification of cross-linking site

CIFN and BS3-modified CIFN (CIFN/BS3 molar ratio, 1/54) sam-
ple solutions prepared as described in the previous section were
dialyzed against PBS (MW cutoff: 10,000 Da, Pierce, Rockfold, IL,
USA) and dried under vacuum. The samples were diluted with
Tris buffer solution containing guanidinium chloride (GuHCl) at a
protein concentration of 1.0 mg/mL. After incubation for 15 min at
37 ◦C, Dithiothreitol (DTT) solution was added, and the solution was
further incubated for 15 min at 37 ◦C to reduce disulfide bond inter-
actions. Subsequently, monoiodoacetic acid solution was added,
which allowed for Cys residue alkylation in the absence of light. The
alkylation reaction was terminated by adding an excess volume of
2-mercaptoehanol. After dialysis (MW cutoff, 10,000 Da) against
0.1 M ammonium bicarbonate containing 2 M urea, the samples
were digested by adding trypsin at a final trypsin-to-protein ratio of
1:25 (weight/weight) and incubating at 37 ◦C for 24 h. The digestion
reaction was terminated by adding an equal volume of 2% trifluo-
roacetic acid (TFA) solution to obtain a peptide sample solution.

The peptide sample solution was analyzed on an Agilent 1100
LC system equipped with a Vydac (Hesperia, CA) C18 column
(2.1 mm × 250 mm). The elution was performed using a solvent B
gradient of 3–60% from 10 to 100 min and 60–90% from 100 to
120 min. Solvent A consisted of 0.1% TFA (Pierce Biotechnology,
Rockford, IL, USA) in H2O, and solvent B consisted of 0.1% TFA in 90%
acetonitrile (Kanto, Tokyo, Japan) and the flow rate was 0.2 mL/min.
The column temperature and injection volume were set at 40 ◦C

and 40 �L, respectively. Fragmented peptides detected in the peaks
on the chromatograms were subjected to LC–MS/MS analysis. Q1
scan analysis was conducted using API4000 triple quadrupole mass
spectroscopy with a mass range of 400–2000 (spray voltage, 5.0 kV;
turbo ion spray, 600 ◦C). MS/MS analysis was then performed using
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ig. 1. The chemical structures are shown. (a) Bis(sulfosuccinimidyl)suberate (BS3),
mino acids are the possible modification sites.

he independent data acquisition (IDA) method where the pre-
ominant molecular ion in each peak was transferred to MS/MS
nalysis automatically. The collision energy upon MS/MS analysis
as 30 V, 40 V, and 50 V. MALDI-TOF-MS analysis was also per-

ormed using ultraflex TOF/TOF (Bruker Daltonics, Billerica, MA,
SA). For sample preparation, the peptide sample solution was
esalted using a prespotted anchorchip (Bruker Daltonics, Biller-

ca, MA, USA) under predetermined conditions (sample matrix:
-cyano-4-hydroxycinnamic acid (�-CHCA); acceleration voltage:
5 kV; measurement mode: positive reflector mode). BS3-modified
eptides were thus identified by comparing tryptic maps of CIFN
nd BS3-modified CIFN samples obtained using LC–MS with peptide
ass fingerprinting with MALDI-TOF-MS. Automated Spectrum
ssignment Program (ASAP ver 1.9) [14] developed at the Univer-
ity of California at San Francisco was also employed to identify the
ross-linked peptides.

.5. CD analysis

In order to examine whether conformational changes occur
uring BS3-modification, circular dicroism (CD) analysis was
onducted using a spectropolarimeter (model J-720W, Jasco Inter-
ational, Tokyo, Japan) to detect the conformations of CIFN and
S3-modified CIFN. For BS3-modified CIFN, the sample solutions
ere prepared as described in the section on cross-linking reac-

ions and modification evaluation and subject to dialysis against
BS (MW cutoff: 10,000 Da, Pierce, Rockfold, IL, USA).

.6. Cross-linked peptide quantification

For quantitative evaluation of the conformational changes of
enatured CIFN proteins, intact and denatured CIFN protein solu-
ions were prepared according to the section on Preparation of
enatured CIFN solution, and subjected to BS3-modification and
ryptic digestion as described in the section on Identification of
ross-linking site. The peptide samples obtained were separated
n an Agilent 1100 LC system equipped with a reverse-phase C18
olumn (Cadenza, Intact, Kyoto, Japan) (2.1 mm × 100 mm). The
olumn was eluted at 0.2 mL/min using a solvent B gradient of
–60% from 4 to 40 min and 60–90% from 40 to 100 min. Solvent
consisted of 0.1% TFA in H2O, while solvent B consisted of 0.1%

FA in 90% acetonitrile. The column temperature and injection vol-
me were set at 40 ◦C and 10 �L, respectively. After separation

n the HPLC, BS3-modified peptide samples containing high-order
tructural information were quantified using the multi-reaction
onitoring (MRM) method using API4000 triple quadrupole mass

pectroscopy. The samples were ionized via electrospray ionization
ESI) positive mode under predetermined conditions (turbo-gas
e primary structure of CIFN and sites that could be modified by BS3. The underlined

temperature: 600 ◦C; ion spray needle voltage nebulizer: 5 kV;
gas time: 50 ms; curtain gas time: 40 ms; dwell time for MRM:
170 ms). The combination of precursor and product ions obtained
for each BS3-modified peptide was determined using the IDA
method described in the section on identification of cross-linking
site. To avoid signal deviations resulting from experimental varia-
tions, a peptide known to be BS3-modification resistant was used
as an internal peptide (IS peptide). Because the precursor ion may
contain +2 or +3 charges, the mass number of the product ion was
sometimes larger than that of the precursor ion.

2.7. Homology modeling of CIFN

A three-dimensional model of CIFN was constructed based on
the structure of interferon �-2a (PDB Code: 1ITF) [15]. Molecular
operating environment (MOE) graphics software was used to align
the sequences of CIFN and interferon �-2a, and to build ten models
of CIFN. Three candidate models were chosen from the ten based
on the points of low energy and stable conformations on the main
and side chains. The most appropriate model was then determined
using JOY software [16,17].

3. Results and discussion

3.1. BS3-modification of CIFN

BS3, a protein modification reagent (Fig. 1a), is known to react
with primary amines, such as the nitrogen atoms of the N-terminal
amino acid residues and the side chains of lysine residues. As shown
in Fig. 1b, CIFN has 10 theoretical reaction sites, including 9 lysine
residues within the molecule. Fig. 2 demonstrates the MS spectra of
CIFN and BS3-modified CIFN (CIFN/BS3 molar ratios, 1/27 and 1/54).
The signal intensities of the MS spectra of the BS3-modified CIFN
drastically decreased with the increasing BS3 concentrations. This is
attributed to the decrease in the net positive charge on the protein
as result of the reaction of BS3 with the positively charged Lysine
side chains. It should also be noted that molecular mass changes
in CIFN due to BS3-modification were evidenced by the rightward
shift in mass numbers. In order to examine whether the secondary
structure of CIFN changes during BS3-modification, the proteins
were subjected to circular dichroism (CD) analysis (protein/BS3

molar ratio, 1/27). As shown in Fig. 3, no significant differences
were observed for CIFN or BS3-modified CIFN, which indicates that

the secondary structure of CIFN remained unchanged during the
BS3-modification process.

SDS–PAGE analyses showed that the profiles of the samples ana-
lyzed in reduced and non-reduced conditions differed significantly
(Fig. 4). The electrophoretic profile indicates that the molecular
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Fig. 2. The ESI-MS spectra of CIFN are shown. Each spectrum is the +10 charge
state portion of a multi-charge molecular ion spectrum. (a) CIFN, (b) BS3-modified
CIFN (protein/BS3 molar ratio, 1/27). (c) BS3-modified CIFN (protein/BS3 molar ratio,
1/54).

Fig. 3. Far-UV circular dichroism spectra of CIFN are shown. Solid line: CIFN; dotted
line: BS3-modified CIFN (protein/BS3 molar ratio, 1/27).
Fig. 4. SDS–PAGE profiles of CIFN are shown. Lane 1: marker protein; Lanes 2 and
5: CIFN; Lanes 3 and 6: BS3-modified CIFN (protein/BS3 molar ratio, 1/27); Lanes 4
and 7: BS3-modified CIFN (protein/BS3 molar ratio, 1/54).

weights of the major bands in the non-reduced condition appear to
be less than those observed in the reduced condition. This obser-
vation may be accounted for by the fact that, in the non-reduced
condition, CIFN formed a compact globular structure due to the two
internal disulfide bonds, whereas the protein exhibited a relatively
disordered structure in the reduced condition. In the non-reduced
condition, a band with significantly higher molecular weights was
observed, which suggests that BS3 formed inter-molecular cross-
links to form a dimer species during the incubation process. While
the dimer species should also exist in the reduced condition,
broader bands were observed because the reduction of disulfide
bonds causes the protein molecules to pack differently, resulting
in varying mobility. It should be noted that, in the reduced condi-
tion, some molecular species showed the same molecular mobility
as the major components in the non-reduced condition. It is highly
probable that the BS3-modified CIFN produced in the incubation
process carry intra-molecular cross-links, which assist in maintain-
ing the original protein folding conformation. This effect is similar
to that provided by an internal disulfide bond, and results in higher
mobility. The incubation conditions for BS3 were chosen so that the
concentration of protein with intra-molecular cross-links exceeded
that of the dimer species.

3.2. Determination of the cross-linking sites

ASAP software was used to identify the sequence of all peaks
observed in the tryptic map obtained via LC–MS for BS3-modified
CIFN. This was followed by MS/MS analysis based on the IDA
method and the MS mapping obtained via MALDI-TOF-MS analysis.
The average mass determined during tryptic map data analysis was
adopted, and the sequence assignment for MS was set at less than
2 Da. The monoisotopic mass determined from the data obtained
via MALDI-TOF-MS was adopted, and the sequence assignment for
MS was set to be less than 100 ppm. These analyses uncovered five
inter-residue cross-linked peptides and two single residue modi-
fication sites (Table 1). The results obtained from LC–MS analysis
were consistent with those from the MALDI-TOF-MS analysis. MS
mapping using data from the MALDI-TOF-MS analyses are shown
in Fig. 5 and the locations of the cross-links in the protein are
illustrated in Fig. 6. It should be noted that when conducting
MS3D, the determination of cross-linked peptides is regarded as the
most important and difficult step. Other methods reprinted in the

literature include using deuterium- or 18O-labeled cross-linking
reagents [10], or high performance instruments such as Fourier
transform ion-cyclotron resonance mass spectrometry (FT-ICR MS)
[13,18,19].



578 H. Yamaguchi et al. / Journal of Pharmaceutical and Biomedical Analysis 55 (2011) 574–582

Table 1
BS3-cross-linked tryptic-digested peptides from consensus interferon as identified by ASAP ver 1.9.

ESI-MS data MALDI-TOFMS (M+H) Assigned sequence Residue Remarks

Obs. m/z Calc. m/z Charge Obs. m/z Calc. m/z No Sequence

844.0 843.3 2 1685.8 1684.8 −1 to 13 BS3MCDLPQTGTHSLGNR M−1

701.0 701.5 3 2102.0 2101.1 22–33 ISPFSCLKDR K31–K122 CP#1
122–126 KYFQR

690.4 690.2 2 1379.7 1378.7 23–33 ISFPSCLK(BS3)DR K31

920.3 919.4 3 N.D. N.D. 24–33 ISPFSCLKDR K31–K135 CP#2
135–145 KYSPCAWEVVR

824.3 823.9 3 2469.3 2468.4 24–33 ISPFSCLKDR K31–K134 CP#3
127–135 ITLYLTEKK

833.3 832.6 3 2495.2 2494.2 127–145 ITLYLTEKKSPCAWEVVR K134–K135 CP#4
664.0 663.4 3 N.D. N.D. 122–126 KYFQR K122–K134 CP#5

127–135 ITLYLTEKK

F FN (p
a

3
c

d

F
(
C
c
i

ig. 5. MALDI-TOFMS spectra of tryptic-digested CIFN. (a) CIFN, (b) BS3-modified CI
re illustrated in the mass spectrum of BS3-modified CIFN.
.3. Relationship between the protein conformation and
ross-linking sites

The 3D structures of several subtypes of interferon-� have been
etermined using NMR and X-ray crystallography; these subtypes

ig. 6. The cross-linking sites and the primary structure of the internal standard
IS) peptide are shown. he IS peptide is derived from the C-terminal region of CIFN.
P#1–CP#5: cross-linked peptides; Red: internal standard (IS) peptide for quantifi-
ation. (For interpretation of the references to color in this figure legend, the reader
s referred to the web version of the article.)
rotein/BS3 molar ratio, 1/27). Note that only the fragments of higher mass numbers

are available at Protein Data Bank (PDB). Since the different sub-
types of interferon-� belong to the same family, their structures
are similar [15]. In the early development stage, it is reasonable
to postulate that CIFN has the same conformation as the subtypes
of interferon-�. The structure reported for interferon-�-2b (PDB
1ITF) was therefore adopted to construct the 3D structure of CIFN
in silico, using a typical homology modeling technique [17]. The
graphic mapping of those results on the structure produced in silico
is shown in Fig. 7.

The inter-residual cross-links identified by ASAP (Table 1) were
assigned to the postulated three-dimensional structure of the pro-
tein (Fig. 7). Although it may be possible that some of the cross-links
were derived from two different molecules in a dimer, it appeared
that the major part of the inter-residual cross-links originated
from a single molecule (Fig. 4). The inter-residue distance for the
cross-links between the K31 and K134 residues on the calculated
structure was 13.3 Å, which is longer than the BS3 spacer length
(11.4 Å). K31 is located on the flexible loop structure, while K134 is
located on the flexible position at the terminus of the helix struc-

ture. The structural conformation is most likely flexible enough for
these residues to form an intra-molecular cross-link. The K134 and
K135 residues are adjacent to each other with an inter-residual
distance of 8.5 Å. This short distance may facilitate the formation
of a cross-link within the molecule. It is also reasonable to postu-
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intact CIFN. Thus, this method could detect the tertiary structure
of the protein (Fig. 9b). The peak areas for the five different cross-
linked peptides, obtained by incubating intact and denatured CIFN
with BS3 and trypsin digestion, were normalized against the peak
area for the IS peptide for quantitative analysis. The peak area
Fig. 7. The theoretical 3D structure of C

ate that a cross-link would be formed between K31 and K135 in a
ingle molecule, despite the relatively long inter-residue distance
16.9 Å), which is slightly longer than the BS3 spacer length. The
ormation of the cross-link can be attributed to the high mobility
f K31, as was predicted for the K31 and K134 interactions.

It is unlikely that BS3 will form an intra-molecular crosslink
etween the K31 and K122 residues because the distance between
he residues on the calculated structure is 32.1 Å, which is three
imes longer than the BS3 spacer length. K122 is located on the
entral region of the rigid helix, which is where the mobility
f K122 would be extremely limited. In the Zn atom-mediated
imer model for Interferon �-2b [20], the distance between the
31 and K122 residues of the different molecules appeared to be
ignificantly shorter than the predicted intra-molecular distance.
DS–PAGE analyses performed on BS3-modified CIFN in the non-
educed condition showed that dimer species did occur (Fig. 4).
hese findings suggest that the cross-links observed between K31
nd K122 residues may be formed inter-molecularly between the
ifferent molecules in a dimer species, but not intra-molecularly
ithin a single molecule. Likewise, it is not likely that BS3 forms

n intra-molecular cross-link between K122 and K134 because the
istance between the residues on the calculated structure is rela-
ively long (20.8 Å). In fact, it is approximately twice as long as the
S3 spacer length. Structural flexibility is also limited for K122 and
134 because both residues are located on the same helix; actually,

he cross-link is inter-molecular, not intra-molecular.
It should be noted that, although it was assumed that the

ow reactivity was due to steric hindrance, which results in lim-
ted accessibility by BS3, the mapping results do not support this
ypothesis. It is possible that reactivity with BS3 depends on the
Ka values of the nitrogen atoms as well as the presence of steric
indrance. Slight differences in the micro-environment around
ach residue may affect the actual pKa value and lead to reactivity
odifications.
Although inter and intra-molecular cross link peptide could
e discriminated using tertiary structural modeling of protein,
ross-linked monomers should be isolated by size-exclusion chro-
atography or SDS–PAGE, and the assignment of cross-links should

e performed on the isolated species if the method will be applied
o proper quality testing.
nd the assigned cross-links are shown.

3.4. Quantitative evaluation of cross-linked peptides

Tryptic maps of CIFN and BS3-modified CIFN are shown in
Fig. 8 as total ion current chromatograms (TICC). Trypsin cleaves
peptide bonds on the C-terminal of arginine and lysine residues.
Peaks observed in the TICC of CIFN were identified based on the
molecular mass and MS/MS patterns of individual peaks. Intact
and denatured CIFN samples that had been stored under vari-
ous conditions were incubated with BS3 at a protein to BS3 ratio
of 1:54 (mol/mol) for 24 h and subsequently processed for tryp-
tic digestion. The cross-linked peptides and an internal standard
(IS) peptide resistant to BS3-modification (Fig. 6 and Table 1) were
quantified using the MRM method described in the section on cross-
linked peptide quantification. The MRM chromatograms of intact
CIFN exhibited good specificity for each of the BS3-modified pep-
tides (Fig. 9a). In the MRM chromatograms for denatured CIFN,
those peaks derived from the BS3-modified peptides disappeared,
whereas the peak for the IS peptide was comparable to that for
Fig. 8. Total ion current chromatograms (tryptic maps) of CIFN are shown. (a) CIFN,
(b) BS3-modified CIFN (protein/BS3 molar ratio, 1/27). New peaks derived from BS3-
modification in the two regions are indicated by the black circles.
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ig. 9. MRM chromatograms of the IS peptide and BS3-modified cross-linked pept
ons. (a) Intact CIFN, (b) denatured CIFN incubated for 3 h at 80 ◦C with 4 M urea.

atios of each cross-linked peptide obtained for CIFN that dena-
ured under different conditions were again normalized against
he peak area ratio obtained for intact CIFN to produce the rel-
tive ratios (Table 2). It should be noted that all cross-linked
eptides had lower relative ratios after denaturation. This tendency
ppears to depend on the denaturing conditions. Three samples,
ncluding K31–K135 (CP#2), K31–K134 (CP#3), and K122–K134
CP#5) cross-linked peptides, showed gradual decreases in their
elative ratios when subjected to relatively mild denaturing con-
itions (i.e. incubation at 37 ◦C and 50 ◦C for 24 h). Interestingly,
he relative ratio of K31–K122 (CP#1) obtained after incubation at
7 ◦C increased markedly compared to the other peptides, while
t 50 ◦C, its relative ratio was similar to the other peptides. It is
ighly likely that the striking increase observed at 37 ◦C is due
o facilitation of inter-molecular cross-link formation in the dimer
pecies at a temperature where the proteins remained intact. Under

ncubation conditions of 70 ◦C for 24 h, which were regarded as

ore hostile conditions, the intra-molecular cross-linked peptides
K31–K135 (CP#2), K31–K134 (CP#3), and K134–K135 (CP#4))
ad relative ratios equal to 7–15% of the intact sample, while

able 2
elative ratios of the BS3-modified cross-linked peptides obtained from denatured CIFN a

Cross linked peptides 37 ◦C for 24 h 50 ◦C for 24 h 70 ◦C fo

CP#1 239 ± 1.4 112 ± 4.3 44 ± 2.
CP#2 82 ± 3.5 91 ± 3.5 13 ± 6.
CP#3 83 ± 1.7 83 ± 0.7 15 ± 1.
CP#4 98 ± 5.5 137 ± 5.5 7 ± 4.
CP#5 63 ± 0.7 57 ± 0.4 31 ± 9.
btained from CIFN are shown. The vertical axes indicate the intensities of product

those of inter-molecular cross-linked peptides (K31–K122 (CP#1)
and K122–K134 (CP#5)) were 44% and 31%, respectively, of the
intact sample. Under incubation conditions of 60 ◦C for 3 h in the
presence of 4 M urea, which were regarded as more hostile condi-
tions, the intra-molecular cross-linked peptides (K31–K135 (CP#2),
K31–K134 (CP#3), and K134–K135 (CP#4)) had relative ratios equal
to 6–9% of the intact sample, while those of inter-molecular cross-
linked peptides (K31–K122 (CP#1) and K122–K134 (CP#5)) were
37% and 17%, respectively, of the intact sample. The samples pre-
pared by incubating at 80 ◦C for 3 h in the presence of 4 M urea
(the most hostile conditions in this study), which exerted no anti-
virus activity (data not shown), showed no peaks derived from the
cross-linked peptides except for K122–K134 (CP#5). It should be
noted that some denaturing conditions dedicated for this study
potentially causes chemical modification on the protein, espe-
cially incubation in the presence of 4 M urea at 80 ◦C could exert

carbamoylation on � amino groups. Meanwhile, these kinds of
chemical modification can be simply detected and quantified by a
general peptide mapping analysis coupled with mass spectrometry.
So the potential loss of cross-linking reactivity by chemical modifi-

gainst intact CIFN (Mean ± SD%).

r 24 h 60 ◦C for 3 h with 4 M urea 80 ◦C for 3 h with 4 M urea

7 37 ± 4.9 N.D.
6 9 ± 2.7 N.D.
1 7 ± 0.8 N.D.
1 6 ± 0.1 N.D.
9 17 ± 0.1 1 ± 0.3
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ig. 10. The 3D structures of interferon family (interferon/interleukin-10 family)
nterpretation of the references to color in this figure legend, the reader is referred

ation like carbamylation of lys residues can be distinguished from
oss of cross-linking reactivity derived from protein unfolding.

.5. Identification tests for 3D structure of proteins

The intra-molecular cross-links detected in this study were
ssigned to logical locations on the theoretical model structure. It
s, therefore, possible to use this method to determine a low resolu-
ion tertiary structure of protein pharmaceuticals using cross-links.
uantitative evaluation of the signal intensities of cross-linked
eptides may be used as an identification test for tertiary protein
tructure as well as a simple evaluation test for protein denatura-
ion. However, the following requirements must be satisfied first:
rst, a three-dimensional structure is available so that cross-links
ay be assigned to the linking sites; second, incubation with a

pacer does not result in denaturation of the protein; and, third,
nter-residue cross-links must be formed at sites relevant to bio-
ogical activity. The method described in this study may provide a
otential advantage as a novel analytical method for both qualita-
ive and quantitative assessment of the tertiary structure of protein
harmaceuticals.

Where Cys29 and Cys139 are close enough to interact efficiently,
disulfide bond between the two contributes to the maintenance of

he intact conformation of CIFN. In this study, three intra-molecular
ross-linked peptides (K31–K134, K31–K135, and K134–135) were
ormed in the loop region (Fig. 7). Indeed, the structural integrity
f the high-mobility molecular species, observed during SDS–PAGE
nalyses in the reduced condition (Fig. 4), may be maintained in the
resence of those intra-molecular cross-links. It is therefore highly

ikely that the occurrence of two of the intra-molecular cross-
inked peptides (K31–K134 and K31–K135) depends on the tertiary
tructure of CIFN. Based on the sequence alignments of several
nterferons and site-directed mutagenesis, three patches of con-
erved residues thought to interact with receptor(s) were found on
he loop region (including the adjacent loop region) (Cys29–Phe36)
f helix C and helix D (Try122–Ala139) [21–23]. It is thus reasonable
o assume that the quantitative evaluation of the formation of the
ntra-molecular cross-links may provide very useful information
n the biological activity of CIFN. It has been generally accepted
hat these flexible regions, such as the loop, are the key struc-
ures that generate biological functions. According to the protein

tructure database SCOP [24], interferon, along with interleukin 10,
9, and 20, belongs to the interferon/interleukin-10 family. When
hese structures were superimposed (Fig. 10), they were found to
ave a large amount of structural versatility at the loop regions,
hich connect 4 helix structures. It has been reported that the
own. A yellow arrow indicates the loop region, which contains K31 of CIFN. (For
web version of the article.)

loop region connecting the helices in interferon-� is responsible for
receptor binding [25]. Structural versatility in the loop region might
be related to the different specificities of the protein activities.
It is also important to note that recent research on the relation-
ship between protein function and tertiary structures has indicated
that there are many eukaryotic proteins that exist as disordered
structures under physiological conditions, but fold into an ordered
structure upon binding to their cellular targets. These proteins are
called “intrinsically disordered proteins” and the phenomenon is
called “coupled folding and binding” [26,27]. According to previ-
ous research results, it is reasonable that flexible and disordered
structures, like a loop, are more important for activity expression
than those that are rigid and ordered, such as helix, sheet, and turn
structures.

In this study, the relative ratios of all cross-linked peptides were
reduced to varying degrees, depending on the conditions used
for denaturation, which suggests that the analytical method may
be capable of quantitative evaluation. While reproducibility is an
essential requirement for the quantification of cross-linked pep-
tides, quantification using the MRM method has generally been
difficult for proteins. In order to cope with this difficulty, an inter-
nal standard peptide was used for quantification in this study, and
the degrees of denaturation for CIFN appeared to agree well with
the results of quantification (Table 2). Interestingly, the results
shown in Table 2 indicate that intra-molecular cross-linked pep-
tides, such as K31–K134, K31–K135, and K134–135, were more
sensitive to the tertiary structural changes. In contrast, formation of
the inter-molecular cross-linked peptides, such as K31–K122 and
K122–K134, was less sensitive to the denaturing conditions, i.e.
tertiary structural changes. The relative insensitivity of the inter-
molecular cross-links could be because the amino acid residues,
such K121 and K122, were located on a rigid helix on the surface
of the protein, making them less vulnerable to protein denatura-
tion. Because the intra-molecular cross-links were more sensitive
to the storage conditions, the analytical method promises to be all
the more useful as an identification test for the tertiary protein
structures that determine biological activity.

4. Conclusion

In this study, a relatively simple analytical method sensitive to

tertiary protein structure is proposed for complementary quality
testing. The analytical method is based on the use of cross-linking
modifications and peptide mapping coupled with LC–MS/MS anal-
ysis. Using consensus interferon as a model protein, this study
successfully identified and quantified the cross-linked peptides,
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hich suggests that the analytical method may be used as a tool
or identifying protein pharmaceuticals. This method may be appli-
able to both the quantitative and qualitative evaluation of protein
enaturation, and thus protein biological activity. Importantly, sen-
itivity to denaturing conditions during cross-linking was greater
n the flexible loop region responsible for biological activity. The
heoretical tertiary structure calculated using in silico techniques
as found to be highly informative when evaluating experimental
ata. This method allows for easy sample preparation and requires
nly a small amount of test sample due to its high sensitivity,
hich indicates potential applicability to extra quality analy-

is such as process development and formulation development
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