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Abstract

The balance between stability and dynamics for active enzymes can be somewhat quantified by
studies of intein splicing and cleaving reactions. Inteins catalyze the ligation of flanking host
exteins while excising themselves. The potential for applications led to engineering of a mini-
intein splicing domain, where the homing endonuclease domain of the Mycobacterium
tuberculosis RecA (Mtu recA) intein was removed. The remaining domains were linked by several
short peptides, but splicing activity in all was substantially lower than the full-length intein. Native
splicing activity was restored in some cases by a V67L mutation. Using computations and
experiments, we examine the impact of this mutation on the stability and conformational dynamics
of the mini-intein splicing domain. Molecular dynamics simulations were used to delineate the
factors that determine the active state, including the VV67L mini-intein mutant, and peptide linker.
We found that (1) the V67L mutation lowers the global fluctuations in all modeled mini-inteins,
stabilizing the mini-intein constructs; (2) the connecting linker length affects intein dynamics; and
(3) the flexibilities of the linker and intein core are higher in the active structure. We have
observed that the interaction of the linker region and a turn region around residues 35-41 provides
the pathway for the allostery interaction. Our experiments reveal that intein catalysis is
characterized by non-linear Arrhenius plot, confirming the significant contribution of protein
conformational dynamics to intein function. We conclude that while the V67L mutation stabilizes
the global structure, cooperative dynamics of all intein regions appear more important for intein
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function than high stability. Our studies suggest that effectively quenching the conformational
dynamics of an intein through engineered allosteric interactions could deactivate intein splicing or

cleaving.
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1. Introduction

Inteins are self-splicing protein domains that are found as insertions in a variety of host
proteins, dividing their host protein into two segments, referred to as the N-extein and the C-
extein. The self-catalyzed splicing function performed by inteins results in the excision of
the intein and the ligation of the N- and C-exteins to form a mature and active host protein
(Figure 1A) [1]. Inteins belong to the hedgehog intein superfamily of autoprocessing
domains [2]. Due to the post-translational editing function, inteins have been used as
powerful proteins in protein engineering, labeling, purification and control of protein
function [3-10]. Inteins can also be used in drug design, as they are capable of undergoing
selective activation of a protein, drug, or drug encapsulation in a viral coat [11]. A majority
of the inteins found to date contain two independent domains — the homing endonuclease
domain and the splicing domain [12]. In these bipartite inteins, the endonuclease domain is
inserted into the splicing domain, dividing it into N- and C-terminal protein splicing domain
segments [13-15]. Endonuclease activity is not required for protein splicing, and inteins can
be engineered without the endonuclease domain (named minimal inteins, or mini-inteins)
(Figure 1B) [16-23]. In general, while the removal of the endonuclease domain does not
abolish the functionality of the splicing domain, in most cases the splicing activity is greatly
diminished. It is commonly believed that the mini-inteins’ stability is disrupted by the
deletion of the endonuclease domain. For example, a point mutation (V67L) could stabilize
the protein’s core and restore the splicing activity of several Mycobacterium tuberculosis
(Mtu) recA mini-inteins to that of the full-length Mtu intein [18]. This hypothesis is
supported by observations that the VV67L mutation slows hydrogen-exchange rates globally,
indicating a shift to more stable conformations, and reduction in ensemble distribution,
leading to splicing activation [24]. This conformational stabilization mechanism is
consistent with temperature sensitive inteins, which have been optimized to be active at
lower permissive temperatures, ranging from 18 degrees to 30 degrees, and are inactive at
higher non-permissive temperatures [25, 26].

Experimental data further indicate that the length of the peptide joining the two mini-intein
segments, which replaces the removed endonuclease domain, can also affect intein activity
(Figure 2) [18]. The Mtu recA mini-intein with longer loops tends to be more active, and that
shortening the connection region beyond a certain point will inactivate the mini-intein. In
one example of an inactive mini-intein, the endonuclease domain and part of the splicing
domain (residues 96-402, 96A402) were removed. Other factors, such as temperature and
pH, affect intein activity as well. The Mtu recA mini-intein has a pH optimum of
approximately 6.2 and increased activity up to 37°C, above which the intein becomes
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unstable [23, 27]. Wu and his colleagues suggested that inteins tend to carry out their
splicing activity faster at a lower pH [28]. Lower pH might change the protonation state of
the active site histidine, which directly affects intein catalysis. However, the V67L mutation
and the linker loop are distant from the active site (Figure 3), indicating a possible allosteric
regulation mechanism.

Protein dynamics and conformational changes often underlie allosteric regulation [29-33],
and conformational dynamics are indispensable to enzyme function [34]. The splicing
function of intein consists of three catalytic steps (N-X acyl shift; trans-esterification; and
Asn cyclization), and requires large conformational changes. A rigid conformation may
prevent the sampling of active conformations which are important for protein splicing [35,
36]. The optimization of intein function needs a delicate balance of protein structure,
stability and conformational dynamics, explaining why mutations observed in evolved
inteins are difficult to rationalize [37]. It is important to understand the structural and
dynamical aspects of inteins for intein engineering and the improvement of intein-based
technologies[38].

In this study, we explore intein stability and dynamics using a combination of molecular
dynamics simulations with experimental measurements of the temperature dependence of
intein cleaving kinetics. Extensive molecular dynamics simulations were designed to
investigate the regulation of intein stability and dynamics by the V67L mutation and the
linker region. For both active and inactive inteins, we monitor the global structural changes
as well as the conserved residues across most inteins [20, 22, 23, 39] (Figure 2A). These
residues are in proximity to the active site of the intein, and have been shown to be
important for normal intein function. Our study demonstrates that protein dynamics, rather
than stability, differentiates between active and inactive inteins. The active structure has
higher flexibility in both the connection region and the intein core, while the inactive
structure has a lower flexibility in these regions. Finally, our experimental study revealed
that intein catalysis is characterized by a non-linear Arrhenius plot, confirming the
significant contribution of protein conformational dynamics to intein function.

MATERIALS AND METHODS

1. Protein structure selection

We simulated eight types of inteins. The nuclear magnetic resonance (NMR) structure of
Mtu recA mini-intein (PDB ID 2L8L) [40], was chosen to be the starting point of active
intein (see Figure 2A). N- and C- terminal ‘tails’ were added to simulate the presence of the
N- and C-exteins, with the respective sequences GEGHG and CSPPF. The structure is
referred to as ‘AAlIhh-SM’. To simulate the effect of linker loop length, we started with the
x-ray structure of the splicing domain of the Mtu RecA Al-SM mini-intein (PDB 1D: 2IMZ)
[22]. This structure failed to resolve the linker peptide, so we added the missing residues as
a random loop. This structure is designated as 110A383, and contains residues 1-110 and
383-440 of the native intein along with the added tails (Figure 2C). Further loop deletions
result in the final two structures, 98A402 and 96A402, which are named similarly to
110A383 above. These four structures were modeled with the VV67L stabilizing mutation
(AAIhh-SM, 110A383Leu, 98A402Leu, and 96A402L eu), and with the wild-type valine
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residue (AAlhh, 110A383, 98A402, and 96A402) as well (see Table 1 for a summary of the
structural data) [18, 22]. All eight structures have known experimental activities from
published data. These experimental data indicate which intein will be active and which will
be inactive in vitro; and consequently, the in silico simulations of these eight models could
provide insight into what controls the activity of inteins and how.

2. Molecular Dynamics Simulations

The simulated molecules were solvated in a TIP3P water box [41, 42] with a margin of at
least 15 A from any point on the edge of the water box. Sodium and chloride ions were
added to the system up to a concentration of 0.10 M. MD simulations were performed using
the NAMD package [43] and the CHARMM27 force field [44] with a constant pressure of 1
atm and a temperature of 300K. The exceptions to these base conditions are four 96A402
runs, two of which at 290K and two at 310K. The time step was 2fs with a SHAKE
constraint on all bonds with hydrogen atoms [45]. Long-range electrostatic interactions were
calculated with the Particle Mesh Ewald method [46]. Each model was simulated twice, with
different starting conditions for each trajectory. The first MD runs were performed after
8000 steps of minimization and two 50 ps heating (250K and 280K) and 100 ps equilibration
runs at the simulation temperatures (290K, 300K, and 310K). The second set of MD
simulations was performed after 3000 steps of minimization, 30 ps heating at 250°K, 50 ps
heating at 280K, and 200 ps equilibration runs at the simulation temperatures (290K, 300K,
and 310K). The CHARMM program [44, 47] was used to analyze trajectories. The
correlation matrix was obtained by computing the covariances of the spatial residue
displacements of 60 ns MD trajectories for selected pairs of residues. The RMSD (root mean
squared deviation) and RMSF (root mean square fluctuations) analysis of the dynamic
trajectories was obtained using starting crystal structures as the reference.

3. Experimental intein cleaving rate constants

The protein construct pET/CBD-1-MBP was used for the experimental determination of
intein cleaving rate constants. Here, CBD refers to the chitin-binding domain, | refers to the
Al-CM (Cleavage Mutant) intein[23], and MBP refers to the E. coli maltose binding protein.
This construct was chosen due to its high solubility and ease of expression and purification.

The CBD-I-MBP fusion protein was expressed in E. coli strain BLR (Novagen) by
inoculating a 2ml overnight culture of Luria Broth (LB) supplemented with 100 ug/ml
ampicillin with a single, isolated colony from an LB-Amp plate. The inoculum culture was
incubated with shaking at 37°C, 250 RPM, for 16-20 hours. The following morning, 1ml of
this culture was used to inoculate an expression culture consisting of 200 ml of Terrific
Broth (TB) supplemented with 100 ug/ml ampicillin in a 1 liter baffled flask. The expression
culture was incubated with shaking at 37°C, 150 RPM, for ~2-3 hours, until the absorbance
at 600nm wavelength OD600 of the culture reached ~0.4-0.8. The culture was then cooled to
20°C in a shaking water bath for 30 minutes. After the culture had been cooled, protein
overexpression was induced by addition of IPTG to a final concentration of 0.5 mM. The
culture was then incubated at 16°C, 150 RPM, for 20-24 hours. After expression, the cells
were harvested by centrifugation at 4°C and resuspended in 10 ml ice cold column
equilibration buffer (40 mM phosphate buffer, pH 8.0, 500 mM NaCl, 2mM EDTA). The
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cells were then lysed by sonication and clarified by centrifugation at 4°C. The clarified
lysate was diluted 1:5 into column equilibration buffer and loaded into a 50-ml Superloop
attached to an AKTA Purifier 10 chromatography system. Protein purification was
performed using a 2 ml bed volume of chitin affinity resin (NEB), packed into a water-
jacketed XK-16/20 chromatography column (GE). The water jacket allowed for precise
control of the temperature of the column. The CBD-1-MBP fusion protein was purified from
the host cell proteins by loading the diluted lysate onto the chitin column and washing for
several column volumes with column equilibration buffer.

In order to determine intein rate constants, the column was brought to the appropriate
temperature using an attached water bath. Intein self-cleavage was induced by shifting the
pH from 8.0 to 6.2 in a step change. The flow rate was reduced to between 0.010 and 0.025
ml/min to allow intein self-cleavage to occur in flow-through mode. The release kinetics of
MBP was tracked by monitoring the absorbance at 280 nm (A280). The MBP release
kinetics could then be fit using a first-order exponential decay model, as previously
described [27], to determine the intein cleaving rate constant, k (hr'1). The portion of the
curve at pH 6.2 was used for the fit, to ensure that the rate constant was determined at a
constant pH for each temperature. This process was repeated between 2-4 times at each
temperature tested from 25.5 to 37°C.

1. The global stability of intein does not fully correlate with intein activity

The point mutation V67L is capable of restoring the Mtu RecA mini-intein splicing activity
to normal levels after the intein has been disrupted by the removal of the endonuclease
domain. We first examine the change in global stability seen in the intein with residue V67
versus V67L by comparing the RMSD values of the inteins (Figure 3). The residues in the
loop regions (97-401) are not included in the RMSD calculations to allow comparison of
core domain residues only. Previously, an NMR study [24] showed that the V67L mutation
stabilizes the AAIhh-CM structure, which differs in one position (Gly 422) from the AAlhh-
SM studied here (Asp 422). Consistently, we found that the RMSD for the AAIhh-SM
(V67L, blue line, Figure 3B) is smaller than AAlhh (V67, blue line, Figure 3A). The (still
small) drop in the RMSD value between the two AAlhh structures, indicates that the V67L
mutation has a global stabilizing effect which could promote stability that in turn increases
intein activity, in agreement with earlier experimental data [18].

Overall, all three V67L mini-inteins (110A383Leu, 98A402Leu, and 96A402Leu) have
smaller RMSDs than AAIhh-SM, indicating that the loop sequence in the AAIhh-SM
(VRDVETG) can also affect the global stability of intein. Even though the 110A383-Leu
structure is the most stable and most active mini-intein, one cannot conclude that intein
activity is a direct consequence of protein stability. Unlike the stabilization effect of the
V67L mutation on the AAlhh inteins, the V67L mutation has a negligible effect on the other
mini-inteins (Figures 3A and 3B), with only about a 0.10 A difference in RMSD for the
110A383, 98A402, and 96A402 models (compared with 110A383-Leu, 98A402-Leu, and
96A402-Leu, respectively).
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The temperature effect also does not correlate with intein stability. Hiraga and his colleagues
showed that the 96A402 mini-intein is active at a temperature of 20°C (293K) only when the
V67L mutation is present [18]. The intein will be inactive at higher temperatures, making its
use in mammalian cells implausible. We simulated the 96A402L eu structure at three
temperatures: 310K, 300K, and 290K. RMSD calculations on these trajectories show that
increasing the temperatures to 310K results in a negligible decrease in the RMSD value
from the average value of the 300K run. Decreasing the simulation temperature to 290K,
results in a marginally larger decrease in RMSD. Overall, both of these drops are
insignificant and show that the global stability of the 96A402Leu intein is unlikely to be
affected by a change in the temperature range studied here (Figure 3C).

2. The active 110A383Leu intein has higher dynamics in core region

An insight into the question of whether an intein with a dynamic or a stable core would be
the most active might be obtained from the RMSF values of the residues. We plotted out the
RMSF value for all eight structures in Figure 4 (Figure 4A for the V67 inteins and Figure 4B
for the V67L inteins). RMSF analysis shows that the most active V67L intein form,
110A383Leu, has a very dynamic structure overall. The connection region has the highest
fluctuation, which is expected, as the connection loop is largely unrestrained, allowing it to
move rapidly. Interestingly, the structure also has a highly dynamic core region (containing
residues 55 to 155). This trend continues to be seen even when residue V67 is present. On
the other hand, the inactive 96A402 models have the most stable core region, in both the
V67 and V67L (96A402Leu) structures. Both the AAIhh-SM and 98A402L eu structures tend
to exhibit RMSF values between those of the 110A383Leu and 96A402Leu models. The
results indicated that the shortening of the connection region loop past a certain point (as
exemplified in the 96A402 model) will quench the dynamics of the intein molecule and
inactivate its enzymatic activity. Lengthening the linker loop allows the intein some
flexibility, which is necessary for the splicing activity.

A number of other trends are also shown in the RMSF graphs. The V67 inteins have very
dynamic peripheral regions (especially around residues 10 to 27), whilst the V67L inteins
show less marked dynamics in these regions. The stabilization of this region appears to be
an effect of the presence of the V67L mutation. There are also large spikes in the RMSF
values in the tail regions of the intein. This is to be expected, as these regions are
unconstrained and free to move. Another trend in both graphs reflects local dynamic effects
in the region around residue 67, which is also to be expected. Previous work by Du et al. has
shown that extensive chemical shift perturbation occurs in the region around V67L [24]. A
third notable trend is the two peaks around residues 19 and 41 in Figure 4, which appear to
correlate with the length of the linker loop. The AAlIhh-SM, 98A402Leu and 96A402Leu
inteins all tend to spike in RMSF around these two regions, whilst the 110A383Leu does not.
Given the sudden increase in flexibility in these regions, it is possible that the movement of
this region is restricted when a long connecting region is present. When the connection
region loop is as long as it is in the 110A383 structure it occupies the space that residues
around 19 and 41 move into when the longer loop is not present. We conclude that changing
the linker loop length will affect the flexibility for the regions around residues 19 and 41.
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3. Shorted loop decreases the relative motion between the N and C splicing domain

segments

To further investigate the cooperative fluctuation of the individual residues, we computed
the covariance matrix of the residue displacements for three of the VV67L structures,
110A383Leu, 98A402Leu, and 96A402Leu (Figures 5A, B, and C respectively). The
covariance matrix takes into account the direction of movement of each residue in each
snapshot during the last nanosecond of each trajectory. We chose to focus on these three
models in order to look for any patterns that may give us hints as to why the latter structure,
96A402Leu is inactive at this simulation temperature whilst the other two are both active.

The matrices present a few interesting trends. With a long loop around the 120-140 region,
the covariance matrix of the 110A383Leu structure has marked blocks (Figure 5A), which
are divided around residues 40 and 120. The line at residue 120 occurs in the middle of the
connection region loop, while the line at residue 40 has been shown previously in Figure 4
to correlate directly with the length of the connection region loop. This lattice-like shape is
weaker in either the 98A402Leu or the 96A402Leu mini-inteins, indicating that the different
regions in intein are now more rigidly connected. The relative motion between N- and C-
splicing domain segments is reflected in the lower right (or upper left) corner of the
covariance matrix. As can be seen in Figure 5, the red/orange region around residue 40
becomes continuous in the 96A402L eu structure, indicating decreased relative motion
between the N- and C- segments. Since intein splicing requires precise orientation of the two
splicing domain segments, increased rigidity between the two segments could inhibit intein
splicing.

The likely interaction pathway of the long loop region with the N- and C- segments is
through the interactions with turn region of 35-41 (40-46 in figure 4). As indicated in figure
6, the turn region (colored green) and the loop region (colored yellow) has directly contact
through Leu40. A nearby arginine Arg43 form salt bridges with two nearby glutamate
residues (labeled E126 and E127 for AAIhh-SM and E159 and E160 for 110A383Leu),
which are close to the Csegment. Examination of the loop contact and the salt bridge
distances revealed clear correlation with intein activities. We observed the sidechain of
Arg98 forms hydrogen bond with the carbonyl oxygen of Leu40. The hydrogen bonding is
stronger for active AAlIhh-SM than for inactive AAlhh (V67) (Figure 6D). Similar results
were observed for 98A402 mini-intein. However, the Arg98 is deleted in 96A402 mini-
intein, where the loop region lost contact with the turn region completely. In the 110A383
intein, Asp126 in the loop forms salt bridge directly with the Arg43 (Figure 6C). As
indicated in Figure 6E, the active 110A383Leu intein forms stronger salt bridge than the less
active 110A383 V67 intein. When examining the salt bridges between Arg43 with nearby
glutamate residues, we found that the active inteins have stronger salt bridge between
Arg43-Glul27 (Arg43-Glul60 for 110A383), while inactive inteins prefer Arg-Glul126
(Arg43-Glul59 for 110A383) interactions (Figure 7). This trend is most strongly reflected in
inactive AAlhh (V67) and active AAIhh-SM (Figures 7A and 7E).
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4. Shortened loops disturb the balance between Asp 422 and the N and C Terminals

Several conserved residues have been determined experimentally and computationally to be
critical for intein function [20, 22, 23, 39]. Among these are the first residue Cys or Ser, the
last Asn, the penultimate His439, the upstream His73, and Asp422. The dynamics of these
residues in the active state could affect the ability of the intein to splice or cleave. We
examined nine distances between experimentally validated critical residues, looking for a
noticeable change between active and inactive intein models. Table 2 lists the distances that
have been considered. The distances are averaged over the last 30 ns of simulation. These
distances are classified into two categories: those known to be active (AAlhh-SM,
110A383Leu, 98A402Leu, 96A402L eu at 290K), and those known to be inactive (V67
inteins and the 96A402L eu intein at 300K and 310K). Examining the differences between
the active and inactive category revealed two important distances — the distance between the
C-terminal intein residue (Asn440) and Asp422, and the distance between the intein N-
terminus and Asp422 (Figure 8, Table 3). For the active 110A383Leu, the dynamic structure
allows the adjustment of the relative distances between Cysl - Asp422 and Asn440 -
Aspd22. Eventually, Asp422 locates with equal distances to Cys1 and Asn440 (Figure 8A).
However, the inactivated 96A402 intein does not have sufficient flexibility, remaining stuck
at unequal distances between Cys1 - Asp422 and Asn440 - Asp422. As a result, Asp422
tends to be closer to the C-terminus of the mini-inteins in inactive structures, with a notably
shorter distance in Figure 8B.

Table 3 lists the distances between Cysl - Asp422 and Asn440 - Asp422 for all structures
simulated in this study. As can be seen in Table 3, both active AAIhh-SM and 110A383Leu
structures have similar distances between Cys1-Asp422 and Asn440-Asp422. The ranges of
the distance differences between Cys1-Asp422 and Asn440-Asp422 are 0.25 to 0.62 A and
0.0 to 0.78 A for AAIhh-SM and 110A383Leu, respectively. With the shortened loops in the
98A402Leu and 96A402L eu structures, the corresponding distance differences increased to
the range of 1.31 - 3.29 A and 2.12 — 2.41 A respectively. It is interesting to note that at the
high 310 K temperature, the distance difference for the 96A402Leu structure increased to
2.12 - 2.81 A, while the distance difference decreased to 1.20 — 2.28 A at the lower
temperature of 290 K. The decreased distance differences between Cys1-Asp422 and
Asnd40-Asp422 at 290 K suggest why 96A402Leu could be active at that temperature.

Val67 has different effects on the distance distributions for the AAlhh and 110A383 than for
the shortened loop inteins 98A402 and 96A402. For AAlhh and 110A383, the differences are
larger than in the Leu67 form, being 1.23 - 2.58 A and 0.42 — 1.27 A, respectively. The large
change in the distance difference between Cys1-Asp422 and Asn440-Asp422 for the AAlhh
(\Val 67) and AAIhh-SM (Leu67) also corroborates its activity losses. However, the V67L
transition for the 98A402 and 96A402 structures shows that VVal67 may have smaller
distance distributions than the Leu67 form, which is not consistent with the observed intein
activity. Apparently, other factors also contribute to the regulation of intein splicing.

Nevertheless, our simulations have shown that the ability of a residue to be flexible within a
balanced range of distances between Cys1-Asp422 and Asn440-Asp422 is crucial to the
activity of an intein. It is known that Asp422 aids intein activity by bridging the N- and C-
termini, interacting with both [22, 23]. We show that the Asp422 is more flexible in the
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active structures than in the inactive structures, as the active structures are able to attain a
greater range of distance values, which supports the mechanism that Asp422 is crucial for
interacting with both the N- and C-termini. Though the residue is in close proximity to both
termini, it must still maintain a level of flexibility in order to correctly assume the
conformations it requires to properly carry out the intein splicing activity. Overall, we can
conclude from this that an active intein will tend to fluctuate and be more dynamic around
the active site, especially around Asp422.

5. Intein catalysis is characterized by non-linear Arrhenius plot

In order to investigate the role of protein dynamics in intein catalysis, we examined its
cleaving kinetics at different temperatures from 20.5 °C to 42 °C. As indicated in Figure 9,
an Arrhenius plot of the transformed data clearly shows the non-linearity of the rate constant
with respect to temperature. Specifically, two transition temperatures are observed,
indicating a strong coupling between conformational dynamics and activation energy
[48-54]. There are two transition points along the Arrhenius plot, with one around 28.3 °C
and another around 34.8 °C. The decreasing slop around 28.3 °C indicates that activation
energy decreases from 28.3 °C to 34.8 °C. Apparently, the Mtu RecA mini-intein has higher
conformational dynamics at temperatures above 28.3 °C, leading to a decrease in activation
energy. The most likely region that contributes to this transition is the loop region. The
second point around 34.8 °C indicates that the overall stability of the Mtu RecA mini-intein
is becoming strongly perturbed above this temperature, leading to the increase of activation
energy. There is no indication of protein unfolding around the 34.8 °C transition
temperature, indicating that the intein activity is perturbed by dynamics rather than global
structural stabilities. Our simulations at 310K also indicated that intein maintains its global
structural stability at 310K. Previously, it was found that chemical shift peak of H429
becomes stronger from 5 °C to 55 °C, indicating the higher structural dynamics from low
temperatures to high temperature[24]. Therefore, it is possible that the balance needed for
key catalytic residues to mediate C-termini interactions is lost when temperature goes too
high.

DISCUSSION

A recent crystal structure of active intein core did not show substantial conformational
change, probably due to the missing of C-extein residues [55]. The activation energy for
intein cleavage was found to be significantly higher than those observed for typical enzyme-
catalyzed reactions, and its strong temperature dependence suggest that large conformational
changes are needed for the cleavage reaction to occur [27]. There are two possible
underlying mechanisms for the high activation energy. First, quantum mechanical
calculations [55, 56] have shown that C-terminal cleavage already has an activation barrier
of 19 to 28 kcal/mol. Second, the energy needed for the large conformational dynamics may
be coupled with the activation energy of the chemical bond cleavage. To elucidate the
underlying conformational mechanism of intein activity, our study computationally modeled
a number of inteins with known activities, and experimentally examined the temperature
dependence of intein catalytic kinetics for one well-known example. We investigated the
dynamics, stability, and possible structural changes due to changing conditions, and
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searched for possible reasons behind them. We further questioned whether an active intein
should maintain a stable protein structure, and at the same time whether, as would be
expected under such circumstances, an active intein would have dynamic correlations
among the different regions to allow the intein to catalyze the splicing/cleaving activity at
the active site.

The balance between stability and dynamics in any enzyme is difficult to quantify. The
enzyme, in this case intein, must be sufficiently stable, but it also must be sufficiently
dynamic so that it can perform its function. Our simulation results support the experimental
indication that the V67L mutation stabilizes the intein (as shown by the increased global
stability in the presence of the V67L mutation), and the proposition that this stabilization
leads to higher intein activity. However, we found that the V67L mutation restores the active
state dynamics of the Mtu RecA mini-intein after deletion of the endonuclease domain. We
further investigated the roles that global stability and dynamics play in determining the
difference between the active and inactive intein by analyzing inteins with different linker
loop lengths and at different temperatures. We found that while shortening the linker loop
between the splicing domain segments stabilizes the intein, shortening the loop too much
will result in the intein structure becoming so rigid that it is unable to perform its splicing
function. An intein with the VV67L mutation is only functional if the linker loop where the
endonuclease domain was removed is flexible enough to allow intein activity. The fact that
intein activity can be modulated by linker sequence and length is consistent with general
observations that linker regions can allosterically control protein functions [57]. We have
observed that the interaction of the linker region and a turn region around residues 35-41
provided the pathway for this allostery interaction. Generally, the contact between the
positively charged Arg98 and hydrophobic Leu40 is not favored. It is interesting to see that
the sidechain-backbone interaction compensate the mismatch between the charged residue
Arg98 and hydrophabic residue Leu40. Experimentally, it has been found that mutation of
the Arg98 to more hydrophobic Cystein or Proline can improve inteins’ activity[19],
probably with better hydrophobic interactions with Leu40. As a strong support to above
suggestion, we found the active 110A383Leu intein forms stronger salt bridge than the less
active 110A383 V67 intein (Figure 6E), and it is interesting to see how small perturbation of
V67L mutation can lead to large allosteric effects of salt bridge between R43 and D126,
which eventually effects overall dynamics around active site. The requirement of dynamics
for intein function can also be reflected by the Asp422, which is one of the several
conserved residues critical to splicing [22, 23]. Asp422 aids intein activity by facilitating
reactions at both the N- and the C-termini. In order to do so, the residue must maintain a
certain level of flexibility, which is required to assume the conformations needed for proper
intein activity. We find that the distances between Asp422 and the N- and C-termini cover a
wide range of values, while maintaining an equal distance only in the active inteins. Asp422
tends to fluctuate more in active inteins and that increased activity can be associated with
increased fluctuations around the active site.

We have observed non-linear Arrhenius plot of intein catalysis. A similar case was reported
for 3-isopropylmalate dehydrogenase. The linker which is responsible for the hinge-bending
domain motions in 3-isopropylmalate dehydrogenase controls its conformational dynamics
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and leads to an unusual dependence of the catalytic efficiency on temperature [53]. While
the 3-isopropylmalate dehydrogenase has a simple curved Arrhenius plot, a Sigmoidal
Arrhenius plot is observed for the dissociation constant of 3-isopropylmalate [53]. In
general, it is believed that enzymes have evolved such that the lowest-energy states are the
most active, thereby leading to low activation energies even as the temperature is increased
[48, 51]. A convex Arrhenius plot indicates a decreasing activation energy with increasing
temperature [51], as is observed for the Mtu RecA mini-intein in the 30.5 °C to 35 °C
temperature range. In many cases, the lowest-energy states in enzyme catalysis can be
conformationally flexible and are favorable at higher temperatures, leading to observed
biphasic rate constants with changes in temperature [48-54]. For example, wild-type
tetrameric thermophilic alcohol dehydrogenase from Bacillus stearothermophilus (ht-ADH)
has small kink in its Arrhenius plot [54], indicating an obvious yet weak change in
activation energy. Notably, a ht-W87A mutation in this enzyme can abolish this temperature
dependent breakpoint [54]. Some enzymes like the E1 component of the Escherichia coli
pyruvate dehydrogenase multienzyme complex (Elec) [50] and Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) [52] have large temperature-dependent activation
energy changes. This is due to the fact that that the protein conformational ensemble and
dynamics modulate cooperativity in the rate-determining catalytic step. Interestingly, similar
to the W87A mutation in ht-ADH, a D549A mutation in the dynamic loop of Elec also
abolishes its biphasic kinetic behavior [50].

Our experimental examination of the dependence of intein cleaving kinetics on temperature
clearly reveals a strong coupling between conformational dynamics and activation energy.
This dependence suggests the need for a balance between stability and dynamics in intein
splicing. Our results provide further clarify temperature sensitive inteins [25, 26], and may
also suggest potential methods to reversibly control inteins’ function for various
applications. For example, it is still a challenge to tightly control intein function within
mammalian cells, which has hindered the adoption of self-cleaving tag methods in these
expression hosts. Although evolutionary and other more direct protein engineering
approaches can be used to control intein function, our studies additionally suggest that
effectively quenching the conformational dynamics of an intein through engineered
allosteric interactions could deactivate intein splicing or cleaving as well.
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Figure 1.
An illustration of the function of the full and mini-inteins. (A) Full intein has a large homing

endonuclease domain (grey) and protein splicing domains (in black). The N- and Cexteins
can be linked to form the ligated exteins. (B) In the mini-intein, the homing endonuclease
domain is replaced by a short peptide (connection loop region).
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Figure 2.
Intein activity can be regulated allostericaly by the V67L mutation and by changing loop

length. (A) Conserved residues in proximity to the active site of the intein (built from PDB
code 2L8L). (B) The endonuclease loop region (purple) and residue 67 are distant from the
active site. V67 is shown in silver and V67L in pink (built from PDB code 2IMZ). (C) A
comparison of the four structures being considered with different loop lengths (built from
PDB code 2IMZ). Distinct colors indicate each structure. The large orange loop is for the
active 110A383 mini-intein.
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Figure 3.
RMSD trajectories from molecular dynamics simulations indicate V67L mutation stabilizes

intein. However 96A402Leu intein does not show large structural variations in the
temperature range from 290 K to 310 K. Residues in the loop regions (97-401) are not
included in the RMSD calculations. (A) native V67 inteins (B) mutant V67L inteins. (C)
RMSD of the 96A402Leu model as a function of temperature.
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Figure 4.

Root Mean Squared Fluctuations (RMSF) of the backbone Ca atoms for each amino acid in
the simulated inteins reveal that the active 110A383Leu intein has higher dynamics in core
region. (A) V67 inteins; (B) V67L inteins. The lines for 110A383 and 96A402 inteins have
been bolded for effect.
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Figure 5.
Covariance Matrices of backbone Ca atom movement indicate that the different regions in

intein are more rigidly connected with a shorter loop. Covariance Matrices in the last
nanosecond of the MD simulations were plotted. Red color indicates that two atoms move in
same direction, blue a movement in opposite directions, and green color that the atoms move
randomly with respect to each other. A) 110A383Leu; B) 98A402Leu; C) 96A402Leu. All
are deletion mutants. A and B are active mutants; C is an inactive mutant.
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Figure 6.
MD simulations revealed interaction pathway connecting linker region to active site of

intein. The turn region (colored green) and the loop region (colored yellow) has directly
contact through Leu40. A nearby arginine Arg43 form salt bridges with two nearby
glutamate residues (labeled E126 and E127 for AAlhh-SM and E159 and E160 for
110A383Leu), which are close to the C- segment. (A) the starting structure the intein used in
MD simulations (built from PDB code 2L8L), where R98 and L40 has limited sidechain
contact and R43 forms salt bridge with E126. (B) snapshot from MD simulation at 60 ns.
R98 sidechain form hydrogen bond with backbone oxygen of L40. (C) D126 in linker forms
salt bridge with R43 and provided strong interaction with the turn region (colored green).
(D) HN(R98)...0(L40) distance trajectories from MD simulations of AAlhh-SM intein. (E)
N(R43)...Cy(D126) distance trajectories from MD simulations 0f110A383 inteins.
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Figure 7.
MD simulations revealed interaction reveal active and inactive inteins have different

preference of salt bridges. The figures plot salt bridge distance distributions for of Cz (R43)
...C8(E126) in AAlhh-SM intein (A), 96A402 intein (B), and 98A402 intein (C). (D) is the
distance distributions for of Cz (R43)...C3(E159) for 110A383 intein. (E-G) are (R43)...
C8(E127) in AAIhh-SM intein (A), 96A402 intein (B), and 98A402 intein, respectively. (H)
is the distance distributions for of Cz (R43)...C8(E160) for 110A383 intein.
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D

Molecular dynamics trajectories and a histogram illustrating that the distances of Asp422
from Cys1 and Asn440 are different in active and inactive inteins. (A) Asp422 in active
intein 110A383Leu has similar distances from Cys1 and Asn440. (B) Asp422 of inactive
intein 96A402Leu has different distances from Cys1 and Asn440. The average distances of
Cys1-Asp 422 in different inteins are shown in (C) and that of Cys1-Asn440 in (D). On the
X-axis of (C) and (D) these distances are displayed for the different constructs which were

simulated.
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Figure 9.
Temperature dependence of the catalytic constant in the form of an Arrhenius plot for the

Mtu recA intein reveals a strong coupling between conformational dynamics and activation
energy. The dashed line represents a linear fit of the experimental observation using all
temperature data, while the solid line has the best fit of experimental observation.
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