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ABSTRACT: Protein splicing is a post-translational reaction
facilitated by an intein, or intervening protein, which involves
the removal of the intein and the ligation of the ﬂanking
polypeptides, or exteins. A DNA polymerase II intein from
Pyrococcus abyssi (Pab PolII intein) can promote protein
splicing in vitro on incubation at high temperature. Mutation of
active site residues Cys1, Gln185, and Cys+1 to Ala results in
an inactive intein precursor, which cannot promote the steps
of splicing, including cleavage of the peptide bond linking the N-extein and intein (N-terminal cleavage). Surprisingly, coupling
the inactivating mutations to a change of the residue at the C-terminus of the N-extein (N-1 residue) from the native Asn to Asp
reactivates N-terminal cleavage at pH 5. Similar “aspartic acid eﬀects” have been observed in other proteins and peptides but
usually only occur at lower pH values. In this case, however, the unusual N-terminal cleavage is abolished by mutations to
catalytic active site residues and unfolding of the intein, indicating that this cleavage eﬀect is mediated by the intein active site and
the intein fold. We show via mass spectrometry that the reaction proceeds through cyclization of Asp resulting in anhydride
formation coupled to peptide bond cleavage. Our results add to the richness of the understanding of the mechanism of protein
splicing and provide insight into the stability of proteins at moderately low pH. The results also explain, and may help
practitioners avoid, a side reaction that may complicate intein applications in biotechnology.

P

coli and puriﬁed as an unspliced precursor protein. On in vitro
incubation at high temperatures and in the presence of reducing
agents, the intein is capable of promoting protein splicing.3−5
On mutation of residues that promote the third step of splicing,
the intein still can facilitate cleavage between the N-extein and
intein, uncoupled to splicing (N-terminal cleavage). Inteinfacilitated N-terminal cleavage usually occurs after steps one or
two of splicing result in conversion of the amide bond linking
the N-extein to the intein to a reactive ester or thioester. If the
third step is prevented, this ester or thioester may be
hydrolyzed to induce cleavage uncoupled from splicing.1
Likewise, if steps one and/or two are interrupted, the intein
can promote Asn cyclization uncoupled from splicing (Cterminal cleavage).4,5
We previously described how the Pab PolII intein can be
used as a tool to facilitate protein puriﬁcation.6 In that work, we
prevented the second and third steps of splicing by mutation of
active site residues, and induced temperature-dependent Nterminal cleavage to elute maltose binding protein as an Nextein from an intein-His-tag fusion, while the His-tagged intein

rotein splicing is a post-translational process by which an
intervening protein, or intein, catalyzes its own excision
from ﬂanking polypeptides, or exteins, concomitant to the
ligation of the exteins.1,2
The canonical mechanism of protein splicing is a four-step
process1,2 (Figure 1). First, the intein facilitates an amide-tothioester rearrangement of the peptide bond between the Cterminal residue of the N-terminal extein (N-extein) and the
ﬁrst residue of the intein. (The intein in this study has Nterminal Cys, but other inteins can have Ser in this position.)
Second, the ﬁrst residue of the C-terminal extein (C-extein),
usually Cys, Ser, or Thr, promotes a transesteriﬁcation reaction
by which the N-extein is transferred from the side chain of the
ﬁrst residue of the intein to that of the ﬁrst residue of the Cextein. Third, the branched intermediate from step two is
resolved by peptide bond cleavage between the intein and Cextein coupled to cyclization of the C-terminal residue, which is
usually an Asn. Finally, the thioester linkage between the
exteins is converted to an amide, and the C-terminal
aminosuccinimide formed in step three may be resolved to
asparagine or iso-asparagine.
The intein that interrupts the DNA polymerase II DP2
subunit in Pyrococcus abyssi (Pab PolII intein) can be
overexpressed in frame with exogenous exteins in Escherichia
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Figure 1. Mechanism of protein splicing. The chemical steps of the protein splicing mechanism that excise the intein, in red, from the N-terminal
extein (N-extein) and C-terminal extein (C-extein), both in blue. The N-extein is E. coli MBP (M), and the C-extein is a poly-His tag (H). The Cterminal residue of the native N-extein is Asn, shown in green.

■

MATERIALS AND METHODS
Plasmid Construction and Protein Expression. Plasmid
pMIHPab encodes fusion protein MIHPab, with N-terminal E.
coli maltose-binding protein fused to the seven C-terminal
residues of the N-extein, the 185 residue Pab PolII intein, the
six N-terminal residues of the C-extein, and a C-terminal polyHis tag. We previously described the preparation of the plasmid
(then termed pPolWT) and relevant intein mutants.5 Plasmid
pNIHPab encodes fusion protein NIHPab, with an N-terminal
sequence of MKLKRRN fused to the 185 residue Pab PolII
intein, the six N-terminal residues of the C-extein, and a poly
His tag. Its preparation (as pPabC1AWT, with a Cys1Ala
mutation) was previously described.4 Further mutations were
produced by site-directed mutagenesis using appropriate
oligonucleotide pairs listed in Table S1 in the Supporting
Information.
We used E. coli BL21(DE3) to express recombinant protein
by induction with 1 mM isopropyl-β-D-1-thiogalactoside at mid
log phase and incubation with shaking for 16 h at 20 °C. We
resuspended frozen cell pellets from 50 mL of culture in buﬀer
A (20 mM HEPES (4-(2-hydroxymethyl)-1-piperazineethanesulfonic acid), pH 7.5, 500 mM NaCl) supplemented with
BugBuster extraction reagent (Novagen-Merck Biosciences), 12
units/mL benzonase nuclease, 100 μM phenylmethylsulfonyl
ﬂuoride, and 10 μL of Protease Inhibitor Cocktail P8849

remained bound to a metal aﬃnity resin. We tested the
inﬂuence of all 20 residues as the C-terminal residue of the Nextein (i.e., the N-1 residue). Although inteins with each N-1
residue promoted N-terminal cleavage to greater or lesser
extents, substitution of the native N-1 Asn to Asp produced
products of unusual migration, suggesting a competing
mechanism of cleavage.6
Peptide bond cleavage after Asp is often observed on
incubation of proteins or peptides at low pH, including during
sample treatment for mass spectrometry.7−13 As it has been
suggested that inteins may promote the cleavage of the Nterminal scissile bond by inducing catalytic strain at the scissile
bond,14−17 we hypothesized that Asp in the position
immediately upstream of the potentially strained N-extein−
intein peptide bond might promote a similar aspartic acid eﬀect
and therefore provide an alternative mechanism for inteinmediated N-terminal cleavage. This potential side reaction
previously has been proposed to explain unexpected cleavage
reactions in other inteins;18 our results below provide direct
evidence of this mechanism. This side reaction also may play a
role in promoting undesired intein precursor cleavage in inteinbased biotechnology applications.
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10% acetic acid, and washed with water. We excised the bands
and sent them for analysis to the Tufts University Core Facility.
For analysis by NMR, the P. abyssi PolII intein sample was
puriﬁed as previously described.22,23 The NMR sample contains
approximately 5 mM protein, 20 mM sodium phosphate, 0.5
mM ethylenediaminetetraacetic acid, and 0.05 mM sodium
azide in 90% H2O/10% D2O. All spectra were acquired on a
Bruker Advance II 800 MHz or Bruker Advance II 600 MHz
(1H) spectrometer, each equipped with a cryogenic probe.
Spectra were processed with nmrPipe software24 and analyzed
using Sparky (T.D. Goddard and D.G. Kneller, SPARKY 3,
University of California, San Francisco, USA).

(Sigma-Aldrich). We puriﬁed the soluble extract using Talon
metal aﬃnity resin (Clontech) prewashed with buﬀer A with a
settled bed volume of about 300 μL. We washed the loaded
resin with 10 mL of buﬀer A supplemented with 10 mM
imidazole and 0.1% Tween-20 and then with 2 × 10 mL of
buﬀer A supplemented with 10 mM imidazole. We eluted the
protein from the resin with 3 × 500 μL of buﬀer A
supplemented with 200 mM imidazole and determined the
protein concentration via the Bradford method.19 We
exchanged puriﬁed proteins against the appropriate buﬀers
noted below with a Millipore Ultracel-0.5 centrifugal ﬁlter with
a 3000 molecular weight cut oﬀ.
Protein Analysis by SDS-PAGE, Electrospray Ionization-Fourier Transform-Resonance Mass Spectrometry
(ESI-FT-MS), and Edman Degradation. To study inteinmediated protein cleavage, we exchanged precursor fusion
protein into buﬀer C5, C6, or C7 (50 mM citric acid, 500 mM
NaCl, with pH 5.0, 6.0, or 7.0, respectively). In some cases, we
added 0.1% Tween-20 to make buﬀers C5T, C6T, or C7T. To
induce cleavage, we made mixtures with approximately 2.8 μM
or 4.6 μM protein in the appropriate buﬀer, supplemented with
5 mM EDTA, and, in some instances, guanidinium chloride,
DTT, hydroxylamine, or aniline to the ﬁnal concentrations
indicated in the ﬁgure legends. To test activity under
denaturing conditions, the protein sample was exchanged into
buﬀer C5 buﬀer containing 6 M guanidinium chloride.
Subsequent to treatment, the guanidinium chloride was
removed using a SDS-PAGE Sample Prep kit (Thermo Fisher).
For analysis by SDS-PAGE, we used precast 4−20% gradient
Tris-glycine gels (Lonza) by the Laemmli method.20 We
supplemented the sample buﬀer with 100 mM DTT and used
BenchMark protein ladder (Thermo Fisher). In some cases, we
stained gels ﬁrst with InVision His-tag in-gel stain (Life
Technologies) and visualized with an 8 s exposure with a
BioRad Gel Doc EZ Imager with UV tray, and then stained the
gels with Coomassie Blue (NuSep). Otherwise, gels were
stained directly with Coomassie Blue.
For analysis by electrospray ionization-resonance mass
spectrometry (ESI-MS), we prepared the samples as above,
but Tween-20 was excluded from the wash buﬀer. We used a
C18 column (BioBasic-18, 150 mm × 2.1 mm, 5 μm, Thermo
Fisher Scientiﬁc) to separate the samples. Mobile phase A was
0.2% formic acid in water (HPLC grade, Sigma-Aldrich), and
the mobile phase B was 0.2% formic acid in acetonitrile (HPLC
grade, Sigma-Aldrich). After injection of 4 μL of 12 μM sample
using an Agilent 1200 autosampler, we used an HPLC binary
pump to deliver the gradient at a ﬂow rate of 250 μL/min. The
gradient was set as 0−5 min, 3% B; 5−8 min, 3−40% B; 8−13
min, 40−45% B; 13−20 min 45−90% B. The LC column was
directly connected online to the standard ESI source of an
LTQ-Orbitrap XL FT MS (Thermo Fisher Scientiﬁc). The
parameters for FT-MS detection included a spray voltage of 4.5
kV, a capillary voltage of 44 V, a capillary temperature of 275
°C, a tube lens of 150 V, a sheath ﬂow rate of 45, and an
auxiliary gas ﬂow rate of 20. External calibration of mass spectra
routinely produced a mass accuracy of better than 3 ppm. We
acquired all FT mass spectra at a resolution of 60 000 with
200−1800 m/z mass range. For components with large
molecular weight, we performed the deconvolution using
MagTran to obtain the average molecular weight.21
For N-terminal sequencing via Edman degradation, we
blotted onto polyvinylidene diﬂuoride, stained with 0.1%
Ponceau S in 1% acetic acid, destained with 50% methanol/

■

RESULTS AND DISCUSSION
N-Terminal Cleavage of Linear Thioester. In order to
study N-terminal cleavage separately from protein splicing, we
used fusion protein MIHPab with mutations of the C-terminal
residue Gln185 and residue Cys+1 to Ala (QACA, Figure 2).

Figure 2. N-terminal cleavage in the absence of active site residues.
Conversion to Ala of the N-terminal Cys of the intein, the C-terminal
Gln of the intein, and the N-terminal Cys of the C-extein blocks steps
one, three, and two of protein splicing, respectively. Conversion of the
native C-terminal Asn of the N-extein to Asp (in green) promotes
bond cleavage between the N-extein and intein by anhydride
formation. Reaction of the anhydride intermediate with aniline results
in a C-terminal anilide. (The intein residues are numbered 1 to 185.
The C-extein residues start at +1 and proceed downstream. The Nextein numbering scheme begins are residue −1 and proceeds
upstream. In this case the N-extein is labeled as “N,” as in the
experiment in Figures 6 and 7.)

The Cys+1Ala mutation prevents step two of the mechanism,
and the Gln185Ala mutation prevents step three. Therefore,
this double mutant should allow study of step one of the
mechanism in isolation. We have previously shown that at
saturating concentrations (greater than 100 mM) of 1,4dithiothreitol (DTT), the rate of thiolysis of the nascent
thioester can approximate the rate of the ﬁrst step of splicing,
and that this N-terminal cleavage is most favorable at pH 7.5,
with signiﬁcant decreases in the extent of cleavage at pH 6 or
pH 8.4
Overexpression of the double mutant results in isolation of
unreacted fusion protein MIH (Figure 3, lane 1 top panel).
Incubation at 50 °C for 16 h in the presence of 150 mM DTT
induces N-terminal cleavage, converting the precursor MIH
(66.5 kDa) to M (43.7 kDa) and IH (22.9 kDa) (Figure 3,
lanes QACA). Incubation without DTT also induces cleavage,
likely by hydrolysis, although less eﬃciently. The same eﬀect is
seen with incubation at pH 5 (Figure 3, bottom panel).
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Figure 3. Inﬂuence of pH and DTT on N-terminal cleavage. Induced N-terminal cleavage at (A) pH 7.0 and (B) pH 5.0. The fusion protein
MIHPab was used, with mutations (Q185A/C+1A = QACA), (C1A/Q185A/C+1A = +C1A), or (N-1D/C1A/Q185A/C+1A = +N-1D). We
incubated 4.6 μM proteins for 16 h at 50 °C in buﬀer C7 (panel A) or buﬀer C5 (panel B) in lanes indicated by (+) and as described in the Materials
and Methods; proteins in lanes indicated by (−) were exchanged into the appropriate buﬀer but not incubated. Conversion of MIH (66.5 kDa) to M
(43.7 kDa) and IH (22.9 kDa) indicates N-terminal cleavage. SDS-PAGE stained by Coomassie Blue on the left and with His-tag speciﬁc InVision
stain on the right, with InVision reacting with bands corresponding to MIH and IH, but not to M.

N-Terminal Cleavage of Peptide Bond Linking NExtein and Intein at Low pH. A third mutation of Cys1 to
Ala should prevent N-terminal cleavage, as it prevents
conversion of the N-terminal peptide bond to a thioester. As
expected, incubation of the triple mutant (C1A-QACA) at 50
°C, either with or without DTT, and pH 5 or pH 7, does not
promote N-terminal cleavage (Figure 3, lanes + C1A).
However, substitution of the Asn at position N-1 for Asp,
concomitant with the inactivating mutations C1A-QACA,
results in an intein that can promote cleavage of MIH to M
and IH. (For clarity, we will refer to this mutation as the
cleavage mutant below.) This cleavage occurs preferentially at
pH 5 and is not dependent on DTT (Figure 3, bottom panel,
lanes + N-1D). We veriﬁed the identity of the cleavage bands in
Figure 3, bottom panel, for the cleavage mutant by three
separate methods. First, we stained the SDS-PAGE with
InVision protein reagent, which selectively reacts with poly-His
tags. The stain labeled bands MIH and IH, but not M. Second,
we analyzed a sample of a 50 °C reaction of the cleavage
mutant by intact protein LC-ESI mass spectrometry. The
molecular weights of deconvoluted peaks are within less than
0.03% for the products of cleavage and within 0.2% for the
small concentration of remaining precursor protein:21 MIH
(expected Mr 66 550, observed m/z 66 430), M (expected Mr
43 708, observed m/z 43 691), and IH (expected Mr 22 860,
observed m/z 22 861) (Figure S1, A−C, respectively). Third,
we analyzed the N-terminal sequence of the bands assigned to
“M” and “IH” by Edman degradation and obtained spectra
consistent with the predicted N-terminal sequences of M-K-I-EE for band M and A-F-P-G-D-T for band IH.
It is well-known that cleavage after Asp can occur at very low
pH in both peptides and proteins.8−11,25−38 Given that it is
apparent that our intein fusion protein can cleave in its active
site downstream from a non-native Asp, we were interested in
addressing two questions:

2. Although other inteins have shown unusual cleavage
activity when ﬂanked by Asp at their N-terminus, is the
cleavage in this case clearly attributed to Asp cyclization
and anhydride formation?
Question 1: Is the pH-Dependent Cleavage Due to
the Action of the Intein? Cleavage of the N-Terminal
Splice Junction Depends on N-1 Asp, and There Is No
Cleavage at the Other Asp Residues in the Fusion Protein.
The atypical N-terminal cleavage of the N-extein−intein bond
is promoted by incubation at low pH. For MIHPab C1AQACA, we observed pH dependent N-terminal cleavage with
N-1 Asp (Figure 4B) but not with the native N-1 Asn (Figure
4A). There are 23 other Asp residues in the N-extein (two
followed by Ala and two by Gly), 14 Asp residues in the intein
(two followed by Gly), and three in the C-extein (one followed
by Gly). This suggests that the cleavage of this particular Asp−
Ala bond is promoted by the intein and thus that the active site
remains organized at pH 5. We also have shown by NMR that
the dispersion is comparable in 15N−1H HSQC spectra across a
broad pH range, suggesting that the active site is likely not
disrupted and that there is not a major structural rearrangement
as a function of temperature (Figure S2). The alternative
cleavage is speciﬁc to N-1 Asp, as it is not observed with the
native Asn nor with substitution to Glu or Gln (Figure 4C).
Alternative Cleavage Requires Conserved Catalytic Residues in Intein Block B. For native inteins that facilitate oﬀpathway N-terminal cleavage, the cleavage is usually due to the
formation of a reactive ester or thioester at the N-terminal
splice junction that is not resolved by the subsequent splicing
steps. We previously have shown that N-terminal cleavage of
the P. abyssi PolII intein is temperature dependent.4,5 Although
the hydrolysis or thiolysis reaction may itself be temperature
dependent, it is likely that the temperature dependence of the
structural dynamics of the intein also plays a role in promoting
the alternative N-terminal cleavage. Residues T90 and H93 are
highly conserved residues in intein block B.39 Their mutation to
Ala inﬂuences typical intein activity of the P. abyssi PolII intein,
and both residues are in close proximity to the N-terminal
Cys.22 It has been proposed for other inteins that these residues

1. Although conditions of very low pH can facilitate
cleavage after Asp in peptides, is this particular cleavage
dependent on the catalytic action of a folded intein?
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Figure 5. Inﬂuence of block B residues, temperature, and time on Nterminal cleavage. (A) Induced N-terminal cleavage of fusion protein
MIHPab. Each fusion protein has the mutations N-1D and C1AQACA; mutations of conserved residues T90 and H93 indicated above
lanes. We incubated 2.8 μM proteins for 16 h at 50 °C in buﬀer C5T
in lanes indicated by (+) and as described in the Materials and
Methods; proteins in lanes indicated by (−) were exchanged into the
appropriate buﬀer but not incubated. (B) Induced N-terminal cleavage
of fusion protein MIHPab N-1D, C1A-QACA. We incubated 2.8 μM
proteins in buﬀer C5T at the times and temperatures indicated as
described in the Materials and Methods. For both panels, analysis by
Coomassie Blue-stained SDS-PAGE shows conversion of MIH (66.5
kDa) to M (43.7 kDa) and IH (22.9 kDa), indicating N-terminal
cleavage.

Figure 4. Inﬂuence of pH and the N-1 residue on N-terminal cleavage.
Induced N-terminal cleavage of (A) MIHPab (C1A/Q185A/C+1A)
and (B) MIHPab (C1A/Q185A/C+1A and N-1D). We incubated the
2.8 μM protein for 16 h at 50 °C in buﬀer C5T, C6T, or C7T in lanes
indicated by (+). (C) Induced N-terminal cleavage of fusion protein
MIHPab QACA; mutations as position 1 and N-1 indicated above
lanes. We incubated 2.8 μM proteins for 16 h at 50 °C in buﬀer C5T
in lanes indicated by (+). For all panels, proteins in lanes indicated by
(−) were exchanged into the appropriate buﬀer but not incubated.
Conversion of MIH (66.5 kDa) to M (43.7 kDa) and IH (22.9 kDa)
indicates N-terminal cleavage. SDS-PAGE stained by Coomassie Blue.

in the presence of guanidinium chloride (Figure 6A). The same
is true in the presence of the nucleophiles aniline or
hydroxylamine hydrochloride, discussed further below. For
experiments to detect the anhydride that we describe below, we
replaced the N-extein M with a short polypeptide to create
NIHPab. In this context, guanidinium chloride also prevents
the cleavage reaction (Figure 6B).
Question 2: Does the Intein-Facilitated Cleavage
Reaction Proceed through Asp Cyclization? Other Inteins
Cleave after Asp, but It Is Unclear whether Cleavage
Proceeds via Asp Cyclization. Other inteins promote Nterminal cleavage adjacent to Asp. For instance, protein splicing
of both the Mycobacterium xenopi GyrA intein and the
Saccharomyces cerevisiae VMA intein is diverted to N-terminal
cleavage when their native N-1 Ala is mutated to Asp. Unlike
the atypical cleavage reported here, both inteins have Cys at
position 1, such that this cleavage may still be mediated by the
cleavage of a reactive thioester.44,45 For the fused Synechocystis
sp. PCC6803 DnaE intein, enhanced N-terminal cleavage
instead of splicing was observed with substitution of N-1 Tyr to
Asp. Cleavage required Cys1 but not Cys+1.18 In the last study,
the authors suggested the possibility of a mechanism by which
cyclization of N-1 Asp drives cleavage of the linear thioester
formed in step one, and note that inteins with a native N-1 Asp
must have evolved a means to suppress this side reaction.
In addition, although the third step of splicing usually is
facilitated by Asn, and in some cases Gln, an intein from
Carboxydothermus hydrogenoformans can promote protein
splicing with C-terminal Asp, possibly by Asp cyclization
coupled to bond cleavage between the intein and C-extein.46

may inﬂuence the protonation state of the N-terminal
nucleophile or the protonation of the leaving group in the
amide-ester rearrangement.40,41 Alternatively, it has been
suggested that the block B His can promote bond strain in
the N-extein−intein peptide bond, shifting the unfavorable
equilibrium of the amide-ester rearrangement more toward
ester formation.16 It is likely that the relative magnitude of these
eﬀects varies from intein to intein. Mutations of the block B
Thr to Ala decreases the eﬃciency of the alternative N-terminal
cleavage from 27% to 5%, and mutation of the block B His to
Ala, either alone or in combination with the Thr-Ala mutation,
reduces the cleavage percentage to about 1% (Figure 5A,
percentage calculated using ImageJ42). This indicates that the
intein active site must be properly structured to promote
cleavage of the peptide bond, likely by inducing catalytic strain.
The bond cleavage is also temperature- and time-dependent
(Figure 5B). The traditional N-terminal cleavage mediated by
thioester formation is known to be temperature and time
dependent as well.43 In that case, it is likely that the
thermophilic intein, which we have shown by NMR analysis
to be highly conformationally rigid at room temperature,22
requires higher temperatures to have suﬃcient ﬂexibility in the
active site to promote the amide-to-thioester rearrangement.
Unfolding of the Intein by Guanidinium Chloride Prevents
N-Terminal Cleavage at Low pH. Finally, we show that this
cleavage depends on the intein by unfolding the intein with 6
M guanidinium chloride. On incubation at 60 °C and pH 5 for
16 h, the MIHPab cleavage mutant facilitates cleavage of MIH
into M and IH in the absence of denaturing agent, but does not
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either aniline or hydroxylamine and detect the resulting anilide
or hydroxamate by mass spectroscopy (Figure 2). If the intein
cleavage is promoted at the same ﬁrst order rate constant with
or without the added nucleophile, this would suggest that the
anilide or hydroxamate formation is due to attack of the weak
nucleophiles on the electrophilic anhydride rather than directly
on the strained peptide bond. To facilitate detection of the
peptides by mass spectrometry, we used NIHPab in place of
MIHPab, given the reduced size of the N-extein. (We used
MIHPab in previous experiments so that both products of
cleavage, M and IH, are suﬃciently large to visualize by SDSPAGE.)
As seen in Figure 7A, treatment at pH 5 with aniline or
hydroxylamine did not induce cleavage of NIHPab C1AQACA, suggesting that the amide bond linking the N-extein
and intein is not suﬃciently electrophilic or strained to be
cleaved by these weak nucleophiles directly. However, cleavage
of the NIHPab Asp-1 cleavage mutant is promoted equally in
either the presence or absence of aniline or hydroxylamine.
This suggests that the peptide bond cleavage is promoted by
cyclization of Asp coupled to peptide bond cleavage, resulting
in a C-terminal succinic anhydride, which is suﬃciently
electrophilic to react with the weak nitrogen nucleophiles.7
Further, we were able to detect expected cleavage products
using ESI-MS. (See Figure S3A for separation in the total ion
chromatography.) The NIHPab cleavage mutant precursor has
a predicted average molecular weight of 23787.7. The Cterminal segment has a predicted average molecular weight of
22859.6. ESI-MS analysis of the treated samples reveals peaks
of the appropriate mass. For samples treated without added
nucleophiles, we observe peaks with molecular weight of 23 787
(Figure S3B) and 22 858 (Figure S3C); with aniline we observe
peaks with molecular weight of 23 785 (Figure S3D) and
22 859 (Figure S3E); and with hydroxylamine we observe
peaks with molecular weight of 23 789 (Figure S3F) and 22 859
(Figure S3G).
We expect the liberated N-extein to have an exact mass
(monoisotopic) of 945.5542 with C-terminal Asp. With
incubation at pH 5.0 without a nitrogen nucleophile, we
observe ESI-FT-MS peaks with m/z values of 473.7847 (z = 2)

Figure 6. Inﬂuence of unfolding of the intein on N-terminal cleavage.
Induced N-terminal cleavage of fusion protein cleavage mutants of
MIHPab (A) and NIHPab (B). We incubated 2.8 μM proteins for 16
h at 60 °C in buﬀer C5T, with the concentrations of guanidinium
chloride, aniline, or hydroxylamine noted, in lanes indicated by (+)
and as described in the Materials and Methods; proteins in lanes
indicated by (−) were exchanged into the appropriate buﬀer but not
incubated. Samples were exchanged out of guanidinium chloride
before SDS-PAGE as described in Materials and Methods.

However, a C-terminal anhydride was not detected, and the
intein can promote C-terminal cleavage with substitution of
Asp to Asn, Gln, or Glu, so the mechanism of C-terminal
cleavage is not only due to Asp cyclization.
Direct and Indirect Evidence of an Anhydride Intermediate. We hypothesized that the alternative cleavage of the Pab
PolII intein was through anhydride formation coupled to
peptide bond cleavage. If this is the case, we should be able to
detect the anhydride intermediate directly by mass spectroscopy. Alternatively, we should be able to react the anhydride with

Figure 7. Induced N-terminal cleavage of fusion protein NIHPab as a function of the N-1 residue (A) or as a function of nucleophile concentration
(B). Each fusion protein has the mutations C1A-QACA. In A, residue N-1 is either native Asn (N) or the reactive Asp (D); in B, residue N-1 is Asp
in all lanes. We incubated 2.8 μM proteins for 16 h at 60 °C in buﬀer C5 in lanes indicated by (+) and as described in the Materials and Methods;
proteins in lanes indicated by (−) were exchanged into the appropriate buﬀer but not incubated. Hydroxylamine or aniline, adjusted to pH 5, was
added to the lanes at the concentrations indicated. Analysis by Coomassie Blue-stained SDS−PAGE shows conversion of NIH (23.8 kDa) to IH
(22.9 kDa), indicating N-terminal cleavage. We analyzed the cleavage via SDS−PAGE and estimated the relative concentration via densitometry
using ImageJ.42
1047

DOI: 10.1021/acs.biochem.6b00894
Biochemistry 2017, 56, 1042−1050

Biochemistry

Article

P. abyssi PolII intein, also is usually promoted at low pH.4 This
is the case for the Mycobacterium tuberculosis RecA miniintein,47,48 and subsequent quantum mechanical calculations
suggest that this pH-dependent cleavage may be driven by a
priori protonation of the backbone amide nitrogen of the
scissile bond.49
For the cleavage we observe here, the propensity for cleavage
of the Asp−Ala bond at the intein N-terminus indicates that it
is catalyzed by the intein, particularly since peptide bond
cleavage after Asp, in most cases, occurs at pH values below the
pK a of Asp, or between particularly labile Asp−Pro
bonds.13,31,32,34−36 It is possible that the typical ﬁrst step of
splicing is promoted by shifting the equilibrium of the amideester rearrangement by catalytic bond strain of the amide
peptide bond, by improving the electrophilicity of the carbonyl
of the peptide bond by protonating the carbonyl oxygen, or by
facilitating protonation of the amino leaving group either prior
or concomitant to amide bond scission. Each catalytic strategy
also would increase the susceptibility of the scissile N-terminal
splicing junction to cleavage via an aspartic acid eﬀect. Belfort
and co-workers have suggested that inteins with native N-1 Asp
must have evolved means to compensate for this potential side
reaction.18 It also has been observed, albeit for attack of the
backbone amide nitrogen on the side-chain carbonyls of Asp or
Asn, that most Asp or Asn side chains are not found in the
proper conformation to allow nucleophilic attack, suggesting
that unusual or ﬂexible conformations might promote side
chain cyclization.50 This may account for the increase in
cleavage eﬃciency when N-extein “M” is replaced with the
smaller N-extein “N” in our experiments; the shorter extein
presumably has more ﬂexibility to adopt the appropriate
conformation to facilitate cleavage.
Inteins have found wide use in biotechnology applications,
including peptide bond cleavage facilitating aﬃnity tag-traceless
protein puriﬁcation.51,52 This alternative cleavage reaction,
conditional upon treatment in mild acidic conditions, might
prove useful in such applications as it allows for speciﬁc peptide
bond cleavage without the use of a protease. However, the
cleavage reaction is not as eﬃcient as ester or thioester-based
cleavage, and formation of a C-terminal succinic anhydride
likely resolves in a mixture of Asp and iso-Asp (Figure 2). In
addition, it has been shown that succinimide formation can
result in racemization of the alpha-carbon;50 it is likely that
succinic anhydride formation would increase the acidity of the
proton on the alpha-carbon to a greater extent. However,
understanding this alternative cleavage mechanism can help
scientists avoid it when designing intein-based biotechnology
tools. Our results also likely explain unusual N-terminal
cleavage found after Asp in other inteins,18,44,45 and add to
the understanding of the stability of peptide bonds at
moderately acidic pH.

and 464.7788 (z = 2) (Figure S4A, Table S2 for calculated
molecular weights). The smaller m/z value is suggestive of an
anhydride. The presence of an anhydride intermediate is
supported by the results obtained when running the reaction in
the presence of nitrogen nucleophiles. On incubation with
aniline, we expect the addition of a peak at an exact mass of
1020.6015 for the anilide derivative, but only with prior
anhydride formation. We observed peaks with m/z values of
473.7845 (z = 2) (the hydrolyzed anhydride), 511.3089 (z = 2)
(the anilide), and 464.7795 (z = 2) (anhydride) (Figure S4B,
Table S2). On incubation with hydroxylamine, we expect the
addition of a peak with an exact mass of 960.5651 for the
hydroxamate. We observe peaks with m/z values of 473.7843 (z
= 2) (the hydrolyzed anhydride) and 481.2896 (z = 2) (the
hydroxamate) (Figure S4C, Table S2). For both the anilide and
the hydroxamate, the amine nucleophile could theoretically
react with either carbonyl of the anhydride yielding diﬀerent
products that would have the same mass; such distinction
would not change our conclusion that an anhydride
intermediate was involved in at least a substantial fraction of
the observed cleavage.
We wished to further verify that the anilide or hydroxamate
products are created by anhydride formation followed by
aminolysis, rather than by attack of the weak nitrogen
nucleophiles on the strained peptide bond, resulting in direct
bond cleavage. To test this, we measured the time dependence
of cleavage at pH 5.0 in the absence of added nucleophiles and
in the presence of an excess of aniline (3 mM) or
hydroxylamine (0.25 M) (Figure S5). Neither nucleophile
greatly increases the ﬁrst-order rate constant of cleavage, with
ﬁrst-order rate constants of 4.6 × 10−2 h−1 in the standard
buﬀer, 5.3 × 10−2 h−1 with the addition of aniline, and 4.7 ×
10−2 h−1 with the addition of hydroxylamine. In addition, we
showed that the extent of cleavage is not dependent on the
concentration of aniline or hydroxylamine (Figure 7B.) These
experiments strongly suggest that the rate-limiting step is the
slow ﬁrst order anhydride formation.
Signiﬁcance of the Cleavage Reaction. This cleavage
mechanism is not unprecedented, as it has long been known
that conditions of extremely low pH can result in cleavage of
proteins speciﬁcally after Asp residues, or after acid-catalyzed
deamidation of Asn residues.8,25,33,38 Previous work provides
some evidence for the catalysis of cleavage adjacent to Asp.
Cleavage of glucagon after three separate Asp residues has been
reported,9,10 and a combination of pKa determinations by
NMR, kinetic solvent isotope studies, and pH-rate proﬁles
supports a mechanism of nucleophilic attack by a deprotonated
side chain on a protonated backbone carbonyl, with peptide
bond cleavage coupled to succinic anhydride formation.30
Computational and experimental studies on model peptides
suggest that a locally mobile proton may be transferred from
the side chain of a protonated Asp to either the backbone
carbonyl oxygen, or, more likely, to the backbone amide
nitrogen of the scissile bond, concomitant to anhydride
formation and peptide bond cleavage.29,37 A diﬀerent model
peptide study suggests a similar mechanism, with proton
transfer from the side chain Asp either directly to the backbone
carbonyl oxygen concomitant with cyclization to form the
tetrahedral intermediate, or, more favorably, by involvement of
a water molecule in proton transfer. In this model, the proton is
transferred by water molecule from the oxygen to the amino
leaving group during collapse of the tetrahedral intermediate.26
Intein C-terminal cleavage via Asn cyclization, including by the
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