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The discovery of inteins, which are protein-splicing elements, has
stimulated interest for various applications in chemical biology, biosepara-
tions, drug delivery, and sensor development. However, for inteins to
effectively contribute to these applications, an increased mechanistic
understanding of cleavage and splicing reactions is required. While the
multistep chemical reaction that leads to splicing is often explored and
utilized, it is not clear how the intein navigates through the reaction space.
The sequence of reaction steps must progress in concert in order to yield
efficient splicing while minimizing off-pathway cleavage reactions. In this
study, we demonstrate that formation of a previously identified branched
intermediate is the critical step for determining splicing over cleavage
products. By combining experimental assays and quantum mechanical
simulations, we identify the electrostatic interactions that are important to
the dynamics of the reaction steps. We illustrate, via an animated simulation
trajectory, a proton transfer from the first C-terminal extein residue to a
conserved aspartate, which synchronizes the multistep enzymatic reaction
that is key to splicing. This work provides new insights into the complex
interplay between critical active-site residues in the protein splicing
mechanism, thereby facilitating biotechnological application while shed-
ding light on multistep enzyme activity.
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Introduction

An intein is an intervening sequence that is
transcribed, translated, and subsequently removed
at the protein level.1 The intein is active in its own
removal by catalyzing the process of protein
splicing, a unique posttranslational phenomenon
in which the flanking sequences, termed exteins,
become joined together through a peptide bond as
the intein is released. Protein splicing proceeds
autocatalytically, without the need for cofactors; it
requires only the intein and a few flanking extein
residues.1,2 These unusual chemical and biological
properties of protein splicing predicate the utiliza-
tion of inteins for a myriad of biotechnological
applications, including protein purification, peptide
cyclization, protein labeling, and biosensor
development.3-8 A challenge in engineering inteins
is the complexity of protein splicing, which involves
multiple coordinated reactions. Thus, in addition to
enhancing fundamental understanding of the splic-
ing mechanism, unraveling this complexity will be
key to advancing such applications.
With a few exceptions,9-11 protein splicing

comprises four reactions in proceeding from the
translation product, known as the precursor, to the
mature gene product consisting of the ligated
exteins.12,13 In the first reaction, an N–X acyl shift
(where X is S or O), the first residue of the intein, a
cysteine or serine, attacks the preceding peptide
carbonyl, forming a (thio)ester (Fig. 1a, step
1).12,14,15 This intermediate maintains the linear
order of the precursor sequence; thus, it is termed
the linear (thio)ester or linear intermediate. The
second step of protein splicing is a transesterifica-
tion reaction in which the first residue of the C-
extein, a cysteine, serine, or threonine, attacks the
(thio)ester carbonyl and produces a (thio)ester
between the N- and the C-extein (Fig. 1a, step
2).16 This intermediate contains two N termini,
belonging to the intein and N-extein, giving it a
branched configuration; it is therefore termed the
branched (thio)ester or branched intermediate.12,16
In this state, the exteins are joined together but are
still attached to the intein at its C terminus. Then,
the last residue of the intein, an asparagine,
cyclizes, resulting in irreversible cleavage of the
succeeding peptide bond (Fig. 1a, step 3).16-18 In
the final step of protein splicing, the free exteins

undergo an X–N acyl shift, which reverts the (thio)
ester to a peptide bond, yielding the mature gene
product (Fig. 1a, step 4).18
The four steps of protein splicing may be classified

as either (thio)ester-related or asparagine cycliza-
tion. These two activities are mechanistically inde-
pendent and can serve as coordinates for the intein
reaction space (Fig. 1a, coordinates RN and RC).
Splicing is one pathway through this reaction space
(Fig. 1a, steps 1–4); off-pathway reactions consist of
single-cleavage events at either of the intein's
termini. N-terminal cleavage occurs when an exog-
enous nucleophile, such as dithiothreitol or hydrox-
ylamine, attacks the (thio)ester bonds of the linear
and branched intermediates. Because the rate of N-
terminal cleavage of the branched intermediate is
significantly greater than that of the linear interme-
diate (discussed below), we only show the former in
the intein reaction space (Fig. 1a, step N). C-terminal
cleavage occurs when asparagine cyclization pre-
cedes formation of the branched intermediate (Fig.
1a, steps C). To achieve splicing and avoid these off-
pathway cleavage events, the intein must navigate
the reaction space by the modulation and coordina-
tion of competing reactions; it is not well understood
how the intein completes this. Additionally, the
roles of some highly conserved residues have yet to
be firmly established. For these reasons, we have
investigated the protein splicing mechanism with a
focus on the role of a well-conserved active-site
residue, which we had previously identified as a
determinant of splicing over cleavage19,20 and, when
mutated, had found utility in promoting cleavage
required for protein purification.20
Our study utilizes the Mycobacterium tuberculosis

(Mtu) RecA intein because of its potential as an
antimycobacterial target21,22 and because of our
knowledge on this intein's structure and
function.19,20,23-25 On the basis of an initial
directed evolution study and subsequent analyses,
residue Asp422 was identified as playing an
important role in protein splicing.19,20 This residue
is located within a region conserved among
inteins, termed Block F (also termed the C2
motif).26,27 As the fourth position of Block F, the
residue is well conserved as an aspartate; out of
the 552 reported inteins (as of 10/21/10), aspar-
tate occurs in 324 of them.28 In two of these
inteins, the equivalent aspartate residue has been

Fig. 1. Splicing and cleavage reactions of the Mtu RecA intein. (a) The general reaction mechanism of protein splicing.
The scheme is depicted along pseudo reaction coordinates corresponding to the activity: RN is (thio)ester-related and RC is
asparagine cyclization-related. The N-extein, intein, and C-extein are colored blue, red, and green, respectively. For the
Mtu RecA 110Δ383 mini-intein, the three mechanistic residues are Cys1 for step 1, Cys+1 for step 2, and Asn440 for step 3.
Arrows depicting the four steps of splicing are on a yellow background. The reaction described by QM is boxed. (b) The
Mtu RecA mini-intein model used for QM simulations based on the intein crystal structure.19 The intein's terminal
residues (Cys1 and Asn440), the highly conserved Block-F aspartate (Asp422), and the first residue of the C-extein (Cys+1)
are shown as sticks. The residue numbers are those of the full-length intein.

431On-Pathway Protein Splicing



Fig. 1 (legend on previous page)
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shown to have a role in intein activity.29,30 With
regard to tertiary structure, the Block-F aspartate
lies within the active site between the intein's N
and C termini, where it may be capable of
interacting with either terminus or possibly both
(Fig. 1b).19,29,30 By combining experimental assays,
the existing crystal structure, and quantum me-
chanical [quantum mechanics (QM)] simulations,
we identify the role of Asp422, which is further
illustrated in an animated simulation trajectory.
This acidic amino acid accepts a proton from the
first residue of the C-extein after linear thioester
formation, thereby catalyzing the transesterifica-
tion reaction. This important role gives insight
into how the intein navigates the reaction space to
achieve on-pathway splicing, knowledge that is of
use not only in manipulating splicing levels for
application but also for understanding the mech-
anism of other proteases that have mechanistic
parallels.

Results

An acidic residue at position 422 is sufficient
for splicing

To evaluate in vivo intein activity, we utilized a
tripartite fusion protein consisting of Mtu RecA
mini-intein (I) variants with maltose-binding pro-
tein (M) and the C-terminal domain of I-TevI (C)
as the N-extein and C-extein, respectively. The
fusion protein (MIC), with the 168-amino-acid
110Δ383 mini-intein,23 was expressed in Escher-
ichia coli, and the whole-cell lysate was separated
via SDS-PAGE and visualized by Coomassie
staining. Bands corresponding to MIC-related
products were identified by molecular mass and
confirmed through Western blotting (Fig. 2a). For
the intein with wild-type Asp422 (D), we ob-
served complete disappearance of the precursor
(MIC, 74.7 kDa) and a significant amount of
ligated exteins (MC, 56.1 kDa) and free intein (I,
18.6 kDa), verifying that the Mtu RecA intein
mediated protein splicing in this context (Fig. 2a,
lanes 1). There were also some free N-exteins, (M,
43.0 kDa), which are splicing side-products; their
presence indicates that splicing efficiency was
b100%, which is not uncommon for inteins in
heterologous contexts.1
A previously isolated intein variant containing a

D422Gmutation exhibited different intein activity.20
This variant yielded no spliced product but a
significant amount of fused N-extein–intein (MI,
61.5 kDa; Fig. 2a, lanes 6) and C-extein (data not
shown), which are other splicing side-products. It is
clear that the D422G mutation disrupted at least one
of the reactions of protein splicing. However, it was

uncertain whether the disruption was due to the loss
of the aspartate or the gain of glycine at position 422.
To investigate the basis of the phenotype, we
generated and assayed intein variants with Asp422
mutated to glutamate (E), leucine (L), asparagine
(N), or alanine (A), amino acids with diverse side-
chain properties. Of these variants, only the intein
with the D422E mutation generated any spliced
product, albeit to a lesser extent than the wild type
(Fig. 2a, cf. lanes 1 and 2 with lanes 3–6). Asn422 and
Ala422 produced only MI, exhibiting intein activity
similar to that of Gly422, and Leu422 was inactive
over this timescale. These results show that an acidic
amino acid at position 422 is sufficient and possibly
necessary for the Mtu RecA intein to perform
protein splicing.

Formation of branched thioester intermediate

Mutations to the intein that prevent protein
splicing act by impairing some combination of the
reactions shown in Fig. 1a. To deconvolute a
mutation's influence into step-specific effects, we
introduced an N440A mutation into the Mtu RecA
intein variants described above. This mutation
precludes the asparagine cyclization reaction (Fig.
1a, step 3); however, the intein should still be
capable of forming the branched thioester inter-
mediate. Therefore, we limited our investigation
to the first two reactions of splicing (Fig. 1a, steps
1 and 2) and again observed products by Western
blotting of SDS-PAGE gels. Previously, the
branched intermediate has been observed in
SDS-PAGE as a band that migrates more slowly
than the precursor due to its nonlinear
configuration.12 Similarly, for the Mtu RecA intein
with Asp422, we discerned a slowly migrating
band, and through Western blotting, we con-
firmed that this band contained M, I, and C (Fig.
2b, lanes 2, and Fig. S1). Furthermore, the band
was absent when Cys+1 was mutated to an
alanine (Fig. 2b, lanes 1), as expected because
Cys+1 is required for formation of the branched
intermediate (Fig. 1a, step 2). The branched
intermediate, reported for the first time for the
Mtu RecA intein, disappeared with mutation of
Asp422 to glutamate, asparagine, alanine, or
glycine (Fig. 2b, lanes 3–6).
We further examined branched intermediate

formation with a recently developed fluorescence
resonance energy transfer (FRET)-based fusion
protein, which provides for a more robust, kinetic
comparison of intein variants.2 The fusion protein
consists of the intein with FRET-active cyan fluores-
cent protein and yellow fluorescent protein as the N-
extein and C-extein, respectively (Fig. 3a). In the
intein precursor state, the fusion protein exhibits
FRET; this FRET is lost when one fluorescent protein
is separated from the other, such as with N-terminal
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Fig. 2. Reaction products with Asp422 variants in the MIC context. (a) Reaction products with splicing-competent
intein. In the schematic, the MIC precursor and products are depicted as in Fig. 1a. SDS-PAGE and Western blots of
lysates with intein variants are shown below. The amino acid at position 422 is above each lane (single-letter code). The
antibodies (α) used for each blot, MIC-related bands, and molecular weight standards are labeled accordingly. It must be
noted that lysate background has some overlap with product bands in the Coomassie-stained gels. (b) Reaction products
with Asp422 variants in an N440A background. Western blots of lysates with intein variants containing the N440A
mutation are shown, labeled as in (a). Unlabeled bands do not correspond to any known product and are likely due to
proteolysis. The branched intermediate is marked with an open circle. D⁎ represents Asp422 with a C+1A mutation.
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cleavage (Fig. 1a, step N). As stated above, N-
terminal cleavage is the reaction of exogenous
nucleophile with the thioester intermediates; there-
fore, for intein variants in the presence of excess
nucleophile, the loss of FRET is indicative of the
formation of thioester intermediates.
We cloned the intein variants with the N440A

mutation into the FRET fusion protein, expressed
the fusion proteins, added excess hydroxylamine to
induce N-terminal cleavage, and measured FRET
over time (Fig. 3b). While the wild-type Asp422
exhibited an immediate, rapid decline in FRET, there
was negligible change in FRET for Asp422/C+1A
(Fig. 3b and c). This disparity confirms that N-

terminal cleavage is due mainly to nucleophilic
attack of the branched thioester, as observed for the
Synechocystis sp. PCC6803 DnaE intein.31 On this
basis, the rates of FRET loss reveal that mutation of
Asp422 considerably reduces branched thioester
formation (Fig. 3b and c); furthermore, FRET
analysis exposes the differences between these
mutants. The Ala422, Gly422, and Leu422 variants
are all N10-fold less active than the wild-type
Asp422, whereas Asn422 and Glu422 are only 4.3-
and 2.8-fold less active (Fig. 3c). These rates can
explain why Asp422 and Glu422 yield spliced
product (Fig. 2a, lanes 1 and 2), while the other
mutants do not (Fig. 2a, lanes 4–6).

Fig. 3. FRET-based N-extein
cleavage assay for Asp422 variants.
(a) FRET reporter. The precursor
(C-I-Y) is FRET active, with N-
terminal cleavage of N440A con-
structs being associated with loss of
FRET. (b) Loss of FRET over time
for intein variants. FRET values
have been normalized by the initial
FRET values. The amino acid at
position 422 is labeled, with Asp422
being wild type. The fusion con-
structs all have an N440A mutation
to prevent C-terminal cleavage. (c)
Initial rates of FRET loss for intein
variants.
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QM analysis suggests that Asp422 accepts a
proton to catalyze transesterification

To explore intein activity at the atomic level and to
further elucidate the role of Asp422, we conducted
QM simulations of the intein active site. The hybrid
QM and molecular mechanics (MM) method has
been an important tool for understanding biochem-
ical processes,32-34 and similar computational
schemes have been used with success.35-39 Our
study consisted of simulating protein splicing by
computationally progressing through the reaction
pathway. Various chemical states along the path-
way, including the linear and branched intermedi-
ates, were relaxed using QM/MM simulations, and
the energies of these states were calculated. Results
for the N–S acyl shift reaction (Fig. 1a, step 1) and
asparagine cyclization reaction (Fig. 1a, step 3) have
been described previously.40,41 Here, we present the
findings relevant to the transesterification reaction
(Fig. 1a, step 2), beginning with the atomic level
structure of the linear thioester intermediate.
In protein splicing reaction schemes, the linear

intermediate is typically depicted with a −NH2
group at the intein's N terminus (Figs. 1a and 4a).

However, based on conventional pKa values of
solvated protein N termini (∼8–942), the amino
group is likely to become protonated, resulting in a
−NH3

+ group. As such, in our computational study,
we added a proton to the linear intermediate (Fig.
4b). Upon relaxation of this chemical state with QM
simulations, a proton spontaneously transferred
from Cys+1 to Asp422 due to the repulsive
electrostatic interaction between the N-terminal
−NH3

+ and the Cys+1 −SH groups. This barrier-
less proton transfer, shown as a movie in the
Supplementary Data, yielded an energetically
more stable structure, by ∼2 kcal/mol. More
importantly, the resulting deprotonated Cys+1
side chain was a negatively charged thiolate
group, primed for nucleophilic attack; effectively,
Cys+1 became activated for transesterification and
formation of the branched intermediate (Fig. 4d).
The importance of the active-site interactions to

this proton transfer was analyzed by computation-
ally mutating certain residues and conducting
similar QM/MM simulations with these intein
mutants. With one mutant, in which Cys+1 was
replaced in the simulation with serine, proton
transfer did not occur spontaneously; instead,

Fig. 4. The reaction from the
linear thioester to the branched
thioester (Fig. 1a, step 2). (a) Linear
thioester intermediate as shown in
the general reaction mechanism. (b)
A proton was added to the N
terminus to mimic the state as
expected by typical pKa values.42
The electrostatic repulsion between
the N-terminal −NH3

+ and the Cys
+1 −SH groups causes Cys+1 to
transfer a proton to Asp422, thus
electrostatically stabilizing the re-
gion. Red broken lines show the
path of attacking electrons. (c) As a
thiolate, Cys+1 is primed for attack
on the linear thioester bond. (d) The
branched thioester intermediate is
produced via transesterification
once Cys+1 is ionized.
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manually simulating the transfer of a proton from
Ser+1 to Asp422 required 12.2 kcal/mol. This
energy, compared with that for the wild-type Cys
+1 that was slightly exothermic, is consistent with
the difference in pKa values of serine and cysteine
side chains (∼13 and 8.3, respectively43). The
hydroxyl group on the serine side chain is extremely
polar, whereas the thiol of the cysteine side chain is
nonpolar. Reflected by its exceedingly high typical
pKa value, the Ser+1 side chain better accommodated
the charge on the linear intermediate's N terminus
(−NH3

+). The nonpolar Cys+1 side chain experienced
energetic destabilization that caused the thiol group's
pKa to lower and Cys+1 to donate its proton to
Asp422. Though serine and threonine at +1 are
expected to decrease splicing for the Mtu RecA intein
on the basis of these presented interactions, inteins
with native Ser+1 or Thr+1 may require additional
interactions.
In another simulation, Asp422 was mutated to

asparagine, a polar residue roughly the same size as
aspartate. Transfer of the proton from Cys+1 to the
side-chain oxygen of Asn422 required 45 kcal/mol,
a substantial energy hurdle for the deprotonation of
Cys+1. We also mutated Asp422 to glycine, which is
unable to act as a proton acceptor. During the
simulation with this mutant, the proton from Cys+1
did not transfer to any residue. Without stabilization
from the ionized Cys+1, the N-terminal −NH3

+, due
to the changes in the active-site interactions and
active-site architecture, gave a proton to a nearby
histidine residue (His73). We previously proposed
that this histidine residue plays a role in the N–S acyl
shift,41 highlighting the dynamic balance of active-
site electrostatics throughout the different steps of
protein splicing. The role of Asp422 in this balance is
to accept a proton from Cys+1 after linear thioester
formation, thereby catalyzing transesterification.

Discussion

In this work, we have combined molecular
biology and QM to investigate the reaction space
of protein splicing and the role of a conserved
aspartate, Asp422, in balancing the electrostatics at
the active site toward splicing. The results are
important for establishing how spontaneous proton
transfer to Asp422 determines on-pathway protein
splicing over off-pathway cleavage events. Protons
are known as the most important effectors in
enzyme catalysis,44 and this journey along the
splicing pathway is achieved by Asp422 accepting
a proton from the Cys+1 thiol group, thereby
catalyzing the transesterification reaction and link-
ing the N- and C-terminal reactions.
Though N- or C-terminal cleavage can be easily

isolated throughmutation of critical residues,13 it is a
challenge to increase splicing without consequently

stimulating the cleavage side reactions. Further-
more, splicing-based applications typically require
modulated activity. Intein-based biosensors, for
example, must be designed to have little initial
splicing and subsequent rapid reactivity upon
detection of the analyte.45-47 Therefore, engineering
inteins for splicing applications would benefit from
an understanding of the intricate balance of factors,
especially the active-site electrostatics, that direct the
intein through the reaction space.
This progression through the intein reaction space

can be represented along two reaction coordinates:
one based on thioester-related activity and one
based on asparagine cyclization (Fig. 1a, coordinates
RN and RC, respectively). The two-dimensional
reaction space described by these coordinates
includes the pathways for splicing, N-terminal
cleavage, and C-terminal cleavage. It is helpful to
note the competing reactions that differentiate the
three pathways. One set of competing reactions
determines the fate of the branched intermediate:
exogenous nucleophilic attack on the thioester bond
results in N-terminal cleavage, and asparagine
cyclization leads to splicing (Fig. 1a, steps N and 3,
respectively). This point of divergence suggests that,
for greater splicing yield, the rate of asparagine
cyclization should be maximized relative to the rate
of exogenous nucleophilic attack.
However, wemust consider the remaining reaction

space. Asparagine cyclization is also a competing
reactionwith theN–S acyl shift and transesterification
combination (Fig. 1a, steps 1 and 2); if asparagine
cyclization precedes formation of the branched
intermediate, C-terminal cleavage occurs (Fig. 1a,
step C). On this basis, more splicing will occur when
asparagine cyclization is minimized relative to
branched intermediate formation or, in other words,
whenbranched intermediate formation ismaximized.
In a new study, it was shown that the rate of
asparagine cyclization is not constant along the RN
coordinate; rather, the reaction proceedsmore rapidly
for the branched intermediate than for the precursor
or linear intermediate48 (i.e., step 3 is faster than step
C in Fig. 1a). The observed effect is due to a change
in local structure upon branched intermediate
formation. In our work, we observed a range of
C-terminal cleavage for Leu422, Asn422, Ala422, and
Gly422, but these mutants did not splice (Fig. 2a,
lanes 3–6). This result suggests that the critical aspect
for splicing is the rate of branched intermediate
formation.
Examination of branched intermediate formation

revealed a balance of electrostatic interactions
critical to transesterification. One aspect of this
balance is the acidic side chain of Asp422. Simula-
tion results show that Asp422 accepts a proton from
Cys+1. This proton transfer activates Cys+1 for
nucleophilic attack on the linear thioester; the
protonated Asp422 may then use a hydrogen bond
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to stabilize transesterification transition states or
may even act as an eventual proton donor. In both
cases, the proton transfer from Cys+1 to Asp422
effectively catalyzes the transesterification reaction,
and correspondingly, the intein exhibits splicing and
branched intermediate formation (Fig. 2a and b).
The other important component is Cys+1. Cys+1
was found to have a pKa value of 5.8, more than 2
units lower than typical cysteines;49 this may be
indicative of its interaction with Asp422. Asp422
may play a related, but different, mechanistic role in
inteins with native Ser+1 or Thr+1 owing to the
difficulty in removing a proton from these residues.
Experimental mutation of the aspartate to the

acidic glutamate also enables splicing to proceed,
but splicing is reduced by the mutation. It is
probable that the active site is ideal for aspartate's
geometry, not the larger glutamate. Glutamate was
not studied with QM due to significant disruption
of the structural model, and interestingly, in
crystal structures, a glutamate at residue 422 is
more disordered than an aspartate (Patrick Van
Roey, personal communication). Mutations of
residue 422 to leucine, asparagine, alanine, and
glycine prevented splicing; none of these amino
acids can effectively act as proton acceptors.
Beyond the Mtu RecA intein, a significant number
of inteins have a polar residue at the equivalent
Block-F position (142 inteins have a cysteine,
serine, or threonine).28 These polar residues are
capable of proton transfer and may play a role
similar to aspartate, or the inteins with these
residues may utilize a different mechanism as
revealed by recent work.11
A previous study utilizing site-directed mutagen-

esis showed that the equivalent aspartate plays a
role in N-terminal cleavage.30 Here, for the Metha-
nococcus jannaschii KlbA intein, which splices
through an alternative mechanism, N-terminal
cleavage corresponds to formation of the branched
intermediate. In a model based on the NMR
structure of the M. jannaschii KlbA intein, the
Block-F aspartate is within hydrogen-bonding dis-
tance to the Cys+1 side chain. On the basis of this
model, the authors postulated that the aspartate
plays a role in deprotonation of Cys+1. Our work
expands on this by revealing the deprotonation with
QM simulation.
An interesting feature of this Block-F residue is

that it may possibly play multiple roles in intein
activity. For example, the equivalent aspartate in the
Synechocystis sp. PCC6803 DnaB intein was pro-
posed to help stabilize an oxyanion state during
asparagine cyclization.29 Correspondingly, muta-
genesis of the Block-F aspartate has been shown to
affect asparagine cyclization.19,20 Furthermore, in a
new class of inteins, the equivalent Block-F residue
is a cysteine, and it forms a different branched
intermediate.11 All these studies highlight the

importance and multifunctionality of this Block-F
residue.
There may be mechanistic parallels to other

proteases in nature, extending this study beyond
inteins. For example, various proteases are
expressed as inactive zymogens, which are activated
by proteolysis.50-53 Among them are blood coagu-
lation proteins such as prothrombin and factor-XIa,
which must be processed to prevent bleeding
disorders,50,53 and kallikrein and neuropsin, which
are useful as cancer markers.51,52 These zymogens
are activated once their N-terminal regions are
proteolytically cleaved at a specific position. These
proteases sense the cleavage event by formation of a
salt bridge between the newly formed N-terminal
amine and the carboxyl oxygen of a cardinal
aspartate residue juxtaposed to the catalytic serine
within the active site. This arrangement resembles
that which accommodates the intein proton transfer
described in our current work. The parallel in the
intein reaction pathway is a thioesterification event
that subsequently leads to autocleavage, producing
a free primary amine group that interacts with the
carboxyl oxygen of Asp422. It will be interesting to
determine, by exploring activity at the atomic level,
if such a proton transfer applies to similar processes
in the activation of these other proteases.

Conclusions

Inteins have already contributed to and have
future potential application in chemical biology,
bioseparations, biomedicine, drug delivery, sensor
development, and basic research. It is important for
these and other applications of inteins that their use
be versatile, robust, inexpensive, and easy to
perform when used to produce the desired chemical
modification. Thus, inteins need to splice faster,
more efficiently, and under different solution con-
ditions and possibly be triggered by other mecha-
nisms than just temperature and pH. Currently,
there are several developing biotechnologies that
utilize protein splicing, such as purification of
cytotoxic proteins,54 sensor development,45,46 and
protein labeling.5 For these and similar applications,
it is important to reduce the off-pathway reactions:
N- and C-terminal cleavage. In this study, we have
combined biochemistry, genetics, and QMmodeling
to describe the intein reaction space and the factors
involved in determining the reaction outcome. We
have shown that splicing correlates with formation
of the branched intermediate and that a conserved
aspartate residue plays a significant role in this
reaction. We have also identified a series of critical
electrostatic interactions, induced by the formation
of a free amino terminus, that control the dynamics
of the reaction steps. This result consisted of an
inherent proton-based regulation yielding synchro-
nization and trafficking of a multistep enzymatic
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reaction. These insights will provide a sound basis
for engineering inteins for splicing applications. Our
multidisciplinary approach and this particular case
may also give broader insight into enzymatic
processes carried out via multiple steps.

Materials and Methods

Plasmids and intein variants

The intein used in this study is the 168-residue
engineered Mtu RecA mini-intein, 110Δ383;23 it consists
of residues 1–110 and 383–440, where residue numbers
correspond to the full-length 440-amino-acid intein.55 N-
extein residues are numbered −n,…, −2, −1, and C-extein
residues are numbered +1, +2,…, +n. For study of in vivo
intein activity, we utilized the pMIC plasmid, which
encodes the tripartite fusion protein MIC. MIC consists of
E. coli maltose-binding protein (M), Mtu RecA intein (I),
and the C-terminal domain of the homing endonuclease I-
TevI (C) from the bacteriophage T4.23,56 Mutants of the
engineered 110Δ383 Mtu RecA mini-intein were previ-
ously cloned into pMIC.19,20 One of these mutants, an
active splicing mutant, contains a single V67L mutation,
with residue 422 maintained as the wild-type aspartate.
The other mutant, a rapidly cleaving mutant, contains
D24G (phenotypically silent), V67L, and D422G
mutations.20 In this study, these two mutants are referred
to as “Asp422” and “Gly422.” Other intein variants,
designed on the basis of varying the side-chain properties
of residue 422, were generated by site-directed mutagen-
esis of the Asp422 and Gly422 variants.
In vitro intein activity was investigated through the use

of a plasmid (pCIY) that encodes a FRET-active fusion
protein, cyan fluorescent protein–intein–yellow fluores-
cent protein.2 The Mtu RecA 110Δ383 mini-intein variants
and five N-extein and three C-extein residues were cloned
from pMIC into the FRET plasmid.

SDS-PAGE and Western blotting

The intein-containing plasmids, pMIC, were trans-
formed into E. coli JM109 and grown to OD600=0.4–0.6
at 37 °C. We induced expression of MIC precursor by
adding 1 mM isopropyl-β,D-thiogalactopyranoside and
incubating the cultures at 37 °C for 3 h. After induction,
cells were collected by centrifugation, resuspended in lysis
buffer (50 mM Tris, pH 8.0, and 2 mM ethylenediaminete-
traacetic acid), and lysed by sonication. The soluble
fractions of the cell lysates were mixed with 4× sample
loading buffer [2% SDS, 10% glycerol, 0.0625 M Tris
(pH 6.8), and 0.01% bromophenol blue], with or without
5% β-mercaptoethanol at a ratio of 3:1. The samples were
heated at 95 °C for 3 min, and the proteins were resolved
by SDS-PAGE. Some gels were visualized with Coomassie
blue stain, while the proteins in other gels were transferred
to PVDF membranes (Bio-Rad) for Western blotting. The
membranes were incubated with antibodies to (α-)
maltose-binding protein, Mtu RecA intein, and I-TevI.
The membranes were washed to remove any nonspecific
binding and then incubated with either α-mouse immu-

noglobulin G or α-rabbit immunoglobulin G, depending
on the primary antibody. These antibodies were conju-
gated with horseradish peroxidase, and upon mixture
with the detection mix (GE Healthcare), they resulted in
emitted light and, subsequently, exposure of X-ray film.
Comparison with protein markers allowed identification
of each MIC-related band.

Fluorescence resonance energy transfer

Intein variants in the context of the FRET plasmid were
transformed into E. coli MC1061. Cultures were grown to
OD600=0.4–0.6 at 37 °C, and protein expression was
induced with 0.2% arabinose at 25 °C for 6 h. Cells were
harvested and lysed in bacterial protein extraction reagent
(B-PerII; Thermo Scientific) by vortexing for 1 min, and the
lysates were clarified over Ni-NTA spin columns (Qiagen).
The column eluates were mixed 1:8 with FRET buffer
(20 mM Tris, pH 8.0, and 10 mM ethylenediaminetetraa-
cetic acid) and incubated at 37 °C for 4 h to allow for
equilibration. They were then transferred to 96-well plates
(black), and hydroxylamine in FRET buffer was added to
100 mM.2 The wells were excited at 400 nm, and emissions
weremeasured at 485 nm and 540 nm over time. FRETwas
calculated as the emission ratios of 540 nm to 485 nm and
then normalized by the initial FRET values. The averages
of triplicate samples are presented, while initial rates and
standard errors were determined through simple linear
regression.

Molecular simulations

A QM/MM simulation scheme was used to compute
atomic structure, energetics, and electronic properties of
systems of interest.57-59 The structure was based on the
Mtu RecA crystal structure (Protein Data Bank code
2IN0).19 Short peptide sequences based on the native
extein residues were computationally appended,40 and
equilibration with full classical molecular dynamics was
performed prior to the QM/MM investigation. The entire
system consisted of 6314 atoms: 2351 belonging to the
protein and 3693 to 1231 explicit water molecules. The QM
active site includes 130+ atoms and is based on the
following regions: the N-terminal active site including the
N-extein residue Lys-1 and the intein residues Cys1 and
Leu2; conserved residues Thr70, His73, and Asp422; and
the C-terminal active site including Val438, His439,
Asn440, Cys+1, and Ser+2. Nine water molecules were
included explicitly in the QM calculations. For the QM
region, we used first-principles density functional meth-
ods, specifically the B3LYP functional59 with the 6-31G(d,
p) basis set.60 For the classical MM region, the AMBER
force field61 was used. The accuracy of the functional and
basis sets used here was tested and found to provide
satisfactory results, and similar methodology has been
used previously.32,40 The size of the quantum region
considered here was further increased with identical
results, therefore validating our computational conclu-
sions. We have not included dynamic effects of structural
changes, which may influence quantitative estimates for
energy barriers. However, since our primary goal was to
study relative energy differences between various
mutants of similar size, dynamic effects should not alter
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our overall conclusions.62 Considering other configura-
tions of Asp422 and then finding further functions are
exceedingly complex and computationally difficult. Here,
we present one function for Asp422 that is based on one
configuration. This role is chemically logical and is
consistent with results in literature as well as our own
experimental effort.
Supplementary materials related to this article can be

found online at doi:10.1016/j.jmb.2010.12.024
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