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Abstract

The 440-amino acid Mtu recA intein consists of independent protein-splicing and endonuclease
domains. Previously, removal of the central endonuclease domain of the intein, and selection for
function, generated a 168-residue mini-intein, AI-SM, that had splicing activity similar to that of the
full-length, wild-type protein. A D422G mutation (Al-CM) increased C-terminal cleavage activity.
Using the 1-SM mini-intein structure (presented here) as a guide, we previously generated a highly
active 139-residue mini-intein, AAlyp-SM, by replacing 36 amino acids in the residual endonuclease
loop with a seven-residue p-turn from the autoprocessing domain of Hedgehog protein. The three-
dimensional structures of AI-SM, AAl,-SM, and two variants, AAlLp-CM and AAlyy,, have been
determined to evaluate the effects of the minimization on intein integrity and to investigate the
structural and functional consequences of the D422G mutation. These structural studies show that
Asp422 is capable of interacting with both the N- and C-termini. These interactions are lacking in
the CM variant, but are replaced by contacts with water molecules. Accordingly, additional
mutagenesis of residue 422, combined with mutations that isolate N-terminal and C-terminal
cleavage, showed that the side chain of Asp422 plays a role in both N- and C-terminal cleavage,
thereby suggesting that this highly-conserved residue regulates the balance between the two
reactions.
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Introduction

Inteins are self-splicing elements that exist as in-frame protein fusions with two flanking
protein fragments, called exteins 1 The majority of the ~340 inteins identified to date each
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consist of two structurally and functionally independent domains: the homing endonuclease
domain and the splicing domain (InBase, NEB intein data base) 2 Inthese bi-functional inteins,
the endonuclease domain is inserted between N- and C-terminal protein-splicing subdomains
(100-150 and 35-50 amino acids, respectively). It is apparent that the protein-splicing function
of the intein is independent of the homing endonuclease activity, because splicing-proficient
inteins that lack the endonuclease domain occur naturally and can also be engineered 34,56,
789,10 Therefore, only the splicing subdomains need to be taken into consideration in
structure-function studies of protein splicing.

Structural studies of inteins have shown that the N-terminal and C-terminal splicing
subdomains form a single globular domain in which the N- and C-termini are located about 9
A apart at the center of a nearly flat surface of the molecule 11,12,13,14,15,16,17 conserved
intein residues include the N-terminal cysteine, the penultimate histidine and the C-terminal
asparagine (Fig. 1a). Also conserved is the first residue of the C-terminal extein, which is
usually a cysteine, serine, or threonine. These residues play a defined role in the reaction
mechanism, which involves several steps to accomplish cleavage at the N-terminus and the C-
terminus of the intein and ligation of the exteins (Fig. 1b).

Previously, the central endonuclease domain of the bipartite 440-amino acid Mycobacterium
tuberculosis recA intein was removed, as part of an effort to minimize the intein and to define
the functional and structural independence of the protein splicing and endonuclease activities
7,8, Guided by sequence analysis and comparison with the structures of other inteins, we
generated a series of mini-inteins (Al). The most active Al was a 168-residue intein, consisting
of residues 1-110 and 383-440. However, the activity of this intein was still much lower than
that of the full-length protein. By directed evolution, selecting for enhanced splicing activity,
it was shown that the splicing activity of the Al could be restored to approximately the same
level as that of the full-length, wild-type intein by a single mutation, V67L (Al-SM, splicing
mutant) 18 This hydrophobic mutation was speculated to stabilize the structure that had been
perturbed by deletion of the central endonuclease domain. A second directed-evolution study,
selecting for enhanced C-terminal cleavage activity, yielded three mutations, D24G, V67L and
D422G. The two latter mutations were critical for enhanced, pH-sensitive, C-terminal cleavage
activity (Al-CM, cleaving mutant) 18 Thus, the V67L mutation was in common between Al-
SM and I-CM, and D422G was distinctive for the cleavage activity of the I-CM mini-intein.
Figure 1a shows the sequence differences and nomenclature for the various inteins used in this
study.

In the crystal structure of AI-SM, described here, 24 amino acids in the linker region between
the intein subdomains, where the endonuclease domain was removed, are disordered, and only
the N-terminal 1-98 and C-terminal 402—440 residues form a globular domain. Based on this
observation, several minimized mini-inteins (AAl), ranging in size from 135 to 152 amino
acids, were prepared 19 In these constructs, 137 amino acids was the lower size limit for full
protein-splicing activity. Furthermore, this study showed that the activation effect of the V67L
mutation was universal for mini-inteins longer than 137 amino acids and resulted from
structural stabilization of the intein. Among these AAIls was a 139-residue mini-intein
(AAlpp-SM, named 94hh403-SM in ref. 19). The linker region of I-SM (residues 95-110 and
383-402) was replaced in AAlpp-SM with a seven-residue sequence that corresponds to a -
turn found at this site in the structure of the autoprocessing domain of Drosophila Hedgehog
protein, which is structurally and mechanistically related to inteins 20, AAlpp-SM was shown
to be at least as active as the original AI-SM.

Here, we report the crystal structures of the 168-residue Al-SM and three derived 139-residue
mini-inteins: the above-mentioned AAlLL-SM; a cleavage derivative thereof, AAlLL-CM; and
AAlph, which contains the native Val67 residue and has poor splicing activity compared to
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AAlnR-SM. The structures, in combination with further mutational analysis of residue 422 in
the context of AlI-SM, led to the discovery that this amino acid plays a role in N-terminal as
well as C-terminal cleavage, and may therefore be a pivotal residue in coordinating reactivity
of the two splice sites.

Crystal structure of Al-SM

The 168-residue AI-SM mini-intein, which corresponds to the splicing domain of the Mtu
recA intein, was obtained by removal of residues 111-382 of the 440-residue intein’, and
subsequent mutation and selection for optimal protein splicing activitylg. The protein used for
crystallographic studies was prepared by a DDT-induced N-terminal cleavage mechanism19
rather than splicing. Regardless, the protein corresponds precisely to the product of the intein-
splicing reaction, comprising native N-terminal Cys and C-terminal Asn residues, and lacking
exteins.

The crystal structure of AlI-SM was determined by MAD-phasing methods, using a mercury
derivative, and was refined to 1.7 A resolution. The molecular conformation (Fig. 2a) consists
almost exclusively of curved B-strands, forming a disc-shaped molecule that consists of two
lobes joined by two covalent links at one end, and extensive hydrophobic interactions along
the central interface. Overall, the structure of AI-SM is very similar to those of other mini-
inteins or the splicing domains of inteins. Least-squares superposition shows that the
Mycobacterium xenopi gyrA mini-intein 12 (PDB entry 1AM2) is the structurally most similar
homolog (r.m.s.d. of 1.35 A for 119 a-carbon atoms) (Fig. 2b). As seen in other inteins, the N-
and C-terminal residues are approximately 9 A apart and centrally located on a nearly planar
surface of the molecule. In the structure of Al1-SM, electron density is absent or poor for residues
in the linker region between the two splicing subdomains and that are residual residues of the
endonuclease domain insertion. The final model consists of residues 1 to 102 and 399 to 440
and residues 1 to 102 and 402 to 440 of the two molecules in the asymmetric unit (molecule
A and B), respectively. Otherwise, the conformations of the two molecules are essentially
identical, with an r.m.s.d. of 0.71 A for the a-carbons of residues 1-95 and 405-439.

The two protein molecules in the asymmetric unit are arranged in a pseudo-dimer (Fig. 2c) that
is mediated by chelation of zinc ions. Two zinc ions are sandwiched between the two protein
molecules in a two-fold symmetric geometry. Each zinc ion is coordinated by His439 of one
molecule and by three residues from the other molecule: Glu424, His429, and the C-terminal
residue (440), which is present as an aminosucciminide rather than an Asn (see below) (Fig.
2d). The origin of the zinc ions is unclear. No zinc ions were added to any of the solutions used
during purification or crystallization. Since the mercury ions used for phasing are found at the
sites of the zinc ions in the native structure, the zinc ions are bound weakly enough that they
can be substituted in relatively high concentration solutions (2 mM) of the alternate divalent
cation. However, efforts to remove zinc by EDTA treatment of the protein solution prior to
crystallization did not result in a zinc-free crystal structure. Furthermore, the protein behaves
as a monomer in size-exclusion chromatography (data not shown). This suggests either that
the zinc ions originate from the original culture conditions and can remain stably bound
throughout the purification, or that they are recruited from the glass cover slips and/or
contaminants in the crystallization buffers during crystallization. Consistent with the latter
explanation, crystals only appear several weeks after set-up and grow slowly, and only
relatively small amounts of protein crystallize.

However, several interesting observations relate to this crystallization artifact. First, zinc ions
are known inhibitors of protein splicing 21,22,23 The observation of the zinc in this structure
and in the structures of two other inteins, leads to an understanding of the basis of this inhibition
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mechanism, as discussed below. Second, the electron density for the C-terminal residue,
Asn440, shows this residue not to be in its native state, but rather to be an aminosuccinimide.
Asn440 undergoes transformation to an aminosuccinimide during the C-terminal cleavage step
of the protein splicing mechanism, but this modification does not otherwise occur
spontaneously. Therefore, the presence of the aminosuccinimide appears to result from, or to
be stabilized by, the interaction with the zinc ion, confirming that the residue is highly reactive
due to environmental factors, as discussed further below.

Crystal structure of the AAly,-SM mini-intein

The absence of observable electron density for residues 103-110 and 383-398 in the crystal
structure of Al1-SM demonstrates that these residues form a flexible loop. In an effort to define
the smallest form of the intein splicing domain 19, we replaced this loop (36 residues, 95 to
402) with a seven-residue peptide (VRDVETG) that forms a p-turn at the corresponding site
in the structure (PDB entry 1ATO) of the autoprocessing domain of Hedgehog protein 20 This
resulted in a 139-residue intein (AAlLL-SM) that has splicing activity and stability comparable
to that of AI-SM.

The crystal structure of the AAlR-SM mini-intein was determined to 1.7 A resolution. In
contrast to what was observed in the structure of 1-SM, there is only one molecule in the
asymmetric unit, the C-terminal residue is an Asn, and there is no zinc ion bound to the protein.
The B-turn insertion (Fig. 3a) has a conformation that is very similar to that observed in the
original structure of the Hedgehog protein (r.m.s.d of 0.48 A for the main-chain atoms of
residues 95-102 and 404-405). The substitutions allow the loop, starting at residue 95, to be
in closer proximity to residues of the other lobe of the molecule compared to the corresponding
segment in the structure of AI-SM. Indeed, an additional hydrogen bond, between the nitrogen
of Arg96 and the carbonyl oxygen of Gly435, is observed (Fig. 3b). In addition, the P96R
mutation introduces a stacking contact of the Arg96 side chain with the side chain of Phe9,
increasing the interactions between the two lobes of the molecule and thus stabilizing the
structure.

The crystal structures of AAlLL-CM and AAly, were determined to define the structural
implications of the D422G and V67L mutations. Despite very different crystallization buffers
(PEG 8000 for AAlpp-SM and ammonium sulfate for AAlLp-CM and AAlyy) all three proteins
crystallized in the same crystal form. Therefore, differences in the main chain conformations
of each mutant, even when relatively small, are a direct consequence of changes caused by the
mutation rather than caused by crystal packing effects.

The D422G mutation in the context of the intein structure

The D422G mutation is responsible for the enhanced, pH-responsive cleavage activity of the
Al-CM mini-intein. Asp422 is located in the area between the N- and C-termini of the intein,
where it could play a role in N- or C-terminal cleavage and even in ligation of the exteins.
Examination of the InBase database? shows that this residue is highly conserved among inteins.
It is an Asp in approximately 60% of the 340 entries in the database. Alternative residues at
this site are almost exclusively polar residues and the most common, Cys, occurs only in about
7% of all inteins. Other residues occurring multiple times are, in decreasing order of frequency,
Thr, Trp, Asn, Ser, and Arg.

Comparison of the structures of AAl,-SM (Asp422) and AAlRR-CM (Gly422) shows that the
mutation does not affect the overall protein conformation (r.m.s.d. 0.2 A for all a-carbons)
(Fig. 4a). However, the alpha-carbon of Gly422 is shifted by about 0.4 A relative to that of
Asp422. The location of residue 422 in the middle of a B-strand may well contribute to the
limited structural effect of the introduction of a residue that affords greater flexibility to the
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protein conformation at this site. The absence of the relatively large Asp side chain less than
5 A from the N- and C-terminal residues also does not greatly affect their conformations. The
conformations of the N-terminal cysteine residues are identical in the two structures, as well
as in the structures of AlI-SM and AAly,. Small differences are observed in the conformations
of side chains at the C-terminus (His439 and Asn440) but these are more likely attributable to
the presence of a sulfate anion in the area between His439 and Asn440 in the structure of
AAlnR-CM, than to an effect of the mutation at residue 422.

Comparison of these structures suggests two explanations for the enhanced C-terminal
cleavage activity resulting from the D422G mutation, as well as for the importance of Asp422
in protein splicing. The absence of the Asp side chain at residue 422 in the AAlyr-CM structure
leads to a depression on the protein surface, in between the N and C-termini, that accommodates
two water molecules, including one that is in hydrogen-bonding contact with the carboxyl
group at the C-terminus (Fig. 4b). Since water molecules have been proposed to play significant
roles in the cleavage and splicing mechanisms 16,17,24 the increased accessibility of the C-
terminus in AAly,-CM may well account for the increased C-terminal cleavage activity of the
CM mutant.

The second explanation is based on the analysis of the structures of AI-SM, AAlp;-SM and
AAlp,. Comparison of the structures of AAly,, which has Val67 (as in the native Mtu recA
intein), and AAlyh-SM (Leu67) shows that this mutation does not affect protein conformation
significantly (r.m.s.d 0.2 A). In addition, it confirms that the V67L mutation increases the
activity of the SM mutants, by improving packing interactions in an internal hydrophobic core.
More importantly, the structure of AAlx, shows Asp422 in hydrogen-bonding contact with the
sulfur of the N-terminal cysteine. Thus, among the structures of AI-SM, AAlx, and AAlLL-SM,
Asp422 adopts three different side chain conformations that range from an N-terminal
(AAlpp) to a C-terminal (AAlLL-SM) contact (Fig. 6b). This flexibility could be important for
activity and reinforces the idea that the Asp side chain plays a role in both the N-terminal and
C-terminal cleavage reactions.

The role of Asp422 in N-terminal and C-terminal cleavage, as defined by intein mutagenesis

In previous work, the C-terminal cleavage activities of the SM (Asp422) and CM (Gly422)
variants of Al were compared in the presence of a CLA mutation, which inhibits splicing 18
In that context, the Gly422 mutation in the CM variant led to C-terminal cleavage activity that
was increased up to 6-fold, and that was distinctly pH-responsive. To determine whether it is
the loss of Asp or the gain of Gly at position 422 that leads to the CM phenotype and also to
assess the role of Asp422 in intein catalysis in more detail, we now determined the effects of
other residues at this position on splicing, N-, and C-terminal cleavage activities (Fig. 5).

We have compared the activities of the intein derivatives in the context of MIC 7, a tripartite
fusion consisting of maltose-binding protein (M), intein (1), and the C-terminal DNA-binding
domain of homing endonuclease I-Tevl (C). We induced expression of the MIC precursor in
vivo and monitored splicing products by separating and visualizing crude cell extracts on SDS-
polyacrylamide gels. These experiments allow qualitative comparisons of the activities of
various intein derivatives. Consistent with previous results, both AI-SM (Asp422) and AI-CM
(Gly422) are incapable of splicing in the C1A context, but they do undergo C-terminal
cleavage, with the Gly422 intein being more active, as evidenced by the more intense MI band
(Fig. 5b, lanes 3 and 5). The results are similar whether the precursors are expressed at 37°C
(data not shown) or 25 °C (Fig. 5b). In the splicing-competent Cys1 context, AlI-SM (D422)
undergoes efficient splicing, with much of the precursor converted to MC and I, the products
of splicing. However, we also see products of N- and C-terminal cleavage, in particular, M
(Fig. 5b, lane 10). In sharp contrast, the AI-CM (Gly422) derivative does not exhibit detectable
splicing in this context (Fig. 5b, lane 7). Presence of an MI band indicates that the D422G
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mutation results in substantial C-terminal cleavage, independent of the nature of the N-terminal
intein residue. This effect is explicable, as was previously suggested 18 , If the presence of a

Gly at position 422 in the CM protein increases C-terminal cleavage to such an extent that it
proceeds before splicing can occur. Alternatively, Asp422 itself could play a role in splicing
so that the loss of this residue would inhibit splicing and result in isolated cleavage reactions.

We used two approaches to evaluate these potential causes for the cleavage phenotype of
D422G mutants. First, we prepared alternative mutants at position 422 to investigate if the
effect was due to the unique nature of Gly, with its small side chain and allowance for greater
backbone flexibility. We find that D422A and D422N derivatives display phenotypes very
similar to that of D422G, despite Asnh being polar and equally bulky as Asp, and both Ala and
Asn being less flexible than Gly. While the extent of the C-terminal cleavage reaction differed
slightly between the two mutant derivatives, both mutations inhibited splicing (Fig. 5b, lanes
8and9).

In the second approach, we investigated the activities of the SM (Asp422) and CM (Gly42 5)
variants in combination with a mutation that, based on other studies of intein mechanisms?2

6 27, is expected to eliminate C-terminal cleavage activity. This allowed us to isolate the
splicing or N-terminal cleavage activities of residue 422 variants from the C-terminal cleavage
activity. As predicted, for the wild-type Asp422 (Al-SM), mutation of the catalytically
important C-terminal residue, Asn440, to Ala inhibited C-terminal cleavage and splicing, but
maintained detectable N-terminal cleavage activity (Fig. 5b, lane 12). In contrast, AI-CM
(Gly422) in the presence of the N440A mutation is completely inactive (Fig. 5b, lane 11).
These results are consistent with the idea that Asp422 plays a role in N-terminal cleavage and
possibly in splicing.

Zinc binding correlates with altered states of intein termini

In the crystal structure of 1-SM, the observed electron densities for the N- and C-terminal
residues were not consistent with their native states. The N-terminal cysteine appeared to be
oxidized to cysteine sulfinic acid (-SO,H) (Fig. 6a, CO1), while the C-terminal asparagine
had cyclized to the aminosuccinimide form (Fig. 6a, SU440). Mass spectrometry analysis of
the protein used for crystallization showed no evidence of modifications (data not shown),
consistent with the modifications having occurred during crystallization. The modifications
confirm that both residues are highly reactive, due to their environment in the intein. The C-
terminal aminosuccimide is not observed in the crystal structures of other forms of the Mtu
recA intein, nor has it been reported in the crystal structures of other inteins. We propose that
this modification is caused, or at least stabilized, by the presence of a zinc ion that interacts
with the nitrogen of the succinimide ring. In fact, an Asn440 residue would not accommodate
a zinc ion at this site. Cyclization of the C-terminal Asn to the aminosuccinimide i |s art of the
mechanism for the C-terminal cleavage step of the intein-splicing reaction 25,26,2 , but this
izrétermediate is unstable, and it normally regenerates to an Asp through spontaneous hydronS|s

Likewise, the sulfur of the N-terminal Cys plays a role in the |nte|n Bllcing mechanism, as the
nucleophile in the N-S acyl shift in N-terminal cleavage While cysteine sulfinic
acid is rare, it can occur as the result of over-oxidation of hlghly reactive cysteines in the active
sites of several proteins, including peroxiredoxin 30,31 and thiocyanate hydrolase 32 The
electron densities at Cys1 in the structures of the AAly, and AAlLR-SM, but not AAlLL-CM,
also reveal possible oxidation of the Cys, although not as obviously as it seen for AI-SM. This
leads us to conclude that the oxidation of Cys1 in AlI-SM is due to the high reactivity of this
residue that is related to environmental factors, but that it is at least partially correlated with
the modification of Asn440.
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Furthermore, in the structure of I-SM, the electron density for Asp422 (in both molecules in
the asymmetric unit) was not fully consistent with the presence of an Asp, showing density for
only a single O4. In contrast, electron density for this residue in the structures of AAlpp-SM
and AAlyy indicates that it is unambiguously an Asp. This observation supports the idea that
there is a correlation between the modifications at the N- and C-termini and a role in this for
Asp422, which can interact with both residues.

Discussion

Conformational flexibilities of specific intein residues

The crystal structures of AI-SM and the three AAlx, mini-inteins lead to novel insights into
how the multiple steps of protein splicing could be coordinated (Fig. 1b). These molecules are
all products of the splicing reaction, albeit not generated by splicing from their natural host,
but rather by N-terminal cleavage of an N-extein-intein precursor (see Materials and Methods).
In these structures, the N-terminal Cys maintains a single conformation, even when modified
to cysteine sulfinic acid as it is in AI-SM. The C-terminal Asn adopts slightly different
conformations that all involve a hydrogen bond between the oxygen of the carbonyl group with
the main-chain nitrogen of Val425 (Fig. 6b), whereas, as described above, Asp422 adopts a
range of very different conformations. Furthermore, the conformations of Asn440 observed in
AAlR-SM, AAlpy, and AAlLR-CM differ greatly from the conformations of the C-terminal
residue observed in many other intein structures 11,12,13,14,15,16,17,33 |ngeed, comparison
of the structures of other inteins and mini-inteins, either as products or as mutants with exteins
at the N- and C-termini, shows that the conformation of the N-terminus is hi hlé/ conserved,
but that the C-terminus adopts a wide range of conformations 11,12,13,14,15,16,17,33 Thjs
apparent rigidity of the N-terminus and flexibility of the C-terminus and of Asp422 suggest
that the capability of motion required to accomplish the steps involved in N-terminal and C-
terminal cleavage and ligation is inherent in the structure and conformation of this highly
conserved internal residue and of the C-terminus.

Zinc as a non-specific inhibitor of protein splicing

The crystal structure of AI-SM contains a zinc-binding site where the cation is coordinated by
the C-terminal succinimide, a Glu and two His residues. Zinc ions have now been observed in
three different structures of inteins 17:34. Since zinc is known to be a potent inhibitor of intein
splicing, examination of these binding sites can lead to an understanding of the zinc inhibition
mechanism. Interestingly, the three binding sites are distinct (Fig. 6¢). The sites in two of these
inteins, AlI-SM and the VMA precursor of PI- Scel3 (PDB entry 1EFO0) are near the C-terminus
of the intein, while the site in the third, dnael’ (1ZDE), is near the Cys+1 of the C-extein and
the residue equivalent to Asp422. In both the VMA and dnaE structures, the zinc ion interacts
with the Cys+1 of the C-terminal extein, but the protein conformations at this site differ greatly,
resulting in highly divergent zinc ion locations and coordinations. These observations lead us
to believe that it is the presence of multiple His and Cys residues in the area of the intein-extein
junctions that is the basis for inhibition, through the fortuitous location of suitable zinc-binding
sites rather than the presence of a fixed metal chelation site, or through a specific mechanism
of inhibition.

A pivotal role for D422 in intein activity

The combination of structural and mutational analyses allows evaluation of the role of the Asp
in the mechanism of protein splicing by inteins, which can be conceptualized as cleavage at
the N-extein-intein junction coupled to extein ligation, followed by cleavage at the intein-C-
extein junction (Fig. 1b). Previous studies have shown that mutations at one terminus does not
prevent cleavage from occurring at the other terminus, suggesting that the activities at the two
termini can be independent of each other 27 Therefore, for protein splicing to occur efficiently,
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the reactions must be spatially and temporally coordinated. A residue that plays a role in both
N-terminal and C-terminal cleavage would be implicated in regulating the independent
reactions. Our results suggest that Asp422 is such a residue.

We showed previously 18  and have confirmed here, that when C-terminal cleavage is isolated
(by the C1A mutation), the D422G mutation results in greatly elevated activity (Fig. 5),
indicating that Asp422 affects C-terminal cleavage. For D422G, the cleavage products Ml and
C account for 59% of the total intein species (Fig. 5b, lane 3), whereas for the Asp422 wild-
type, these products account for only 32% (lane 6). We then blocked C-terminal cleavage and
isolated N-terminal cleavage by mutating the C-terminal Asn to an Ala (N440A). In this
context, Asp422 showed significant N-terminal cleavage, with M and IC accounting for 59%
of the total intein species (Fig. 5b, lane 12), while D422G showed no or very little activity (lane
11). This observation clearly indicates that Asp422 plays a role in N-terminal cleavage as well.
However, we note that, in vivo, N-terminal cleavage could result from cleavage either at the
N-extein-intein junction in the linear thioester or at the N-extein/C-extein junction in the
branched intermediate. Furthermore, we showed that Asp422 is needed for splicing, and
mutating it to Gly, Ala, or Asn resulted in C-terminal cleavage only (Fig. 5, lanes 7-9). These
results suggest a role for Asp422 in protein splicing, affecting both N-terminal cleavage and
C-terminal cleavage.

As mentioned previously, the crystal structures reveal that Asp422 lies proximal to both termini
and that it adopts different conformations. This suggests that its role in N-terminal cleavage
may be occurring through an effect at the N-terminus, and not through regulation of the C-
terminal cleavage step. Therefore, there are two basic models that can account for the properties
of Asp422. Asp422 could have an indirect effect on the termini, or it could act directly on the
terminal residues. In the first case, the acidic nature of the side chain of Asp422 is partially
responsible for the local environment, which in turn affects the cleavage reactions (Fig. 7 left).
This local environment effect could be purely electrostatic, involve access to water molecules,
and/or could affect intermediary amino acids. Changes in the environment could affect the two
cleavage reactions differently. Consistently, the D422E mutant has similar properties to the
wild-type intein, although it splices less efficiently (data not shown). Alternately, Asp422 could
play a more direct role in the two cleavage reactions (Fig. 7, right). The residue could be
involved in important hydrogen bonding contacts that stabilize an intermediate, or it might
catalyze a step in the reaction, either at each terminus separately or in a concerted manner (Fig.
7, right, top and bottom, respectively). Regardless of which model best accounts for the role
of Asp422, its proximity to the intein termini and its conformational flexibility underscore a
pivotal role for this residue in protein splicing that includes coordinating events at the two
termini.

Materials and Methods

Intein expression and purification for structural studies

The inteins studied in this paper, which have been described previously 18,19 are shown
schematically in Figure 1. The intein genes were cloned downstream of the chitin-binding
domain (CBD) gene in the pX vector, to create the pX-I series which are used to express and
purify the inteins for structural studies. X represents the CBD with N-terminal fusion of the
10 N-terminal amino acids of maltose binding protein, MBP, to improve the solubility of
recombinant protein. The fusion proteins were overexpressed in E. coli JM101 and purified
using affinity chromatography with chitin beads. The inteins were released from the column
by incubation with DTT (50 or 200 mM), which overcomes poor equilibrium and induces N-
terminal cleavage, as previously described 19 Proteins for crystallization were further purified
by size-exclusion chromatography and concentrated to about 8 mg/ml in a buffer containing
20 mM Tris pH 8.0, 100 mM NaCl and 2 mM DTT.
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In vivo splicing and cleavage assays by protein gel analysis

The pMIC plasmids 7 were used to express tripartite fusion proteins (MBP [M] - intein [I] -
C-terminal domain of I-Tevl [C]) for visualization of in vivo splicing and cleavage activity by
SDS-PAGE. The pMIC plasmids were transformed into E. coli IM109, and grown to ODggg
=0.4-0.6 at 30 or 37 °C. The MIC precursors were expressed by addition of 1 mM IPTG and
incubation at 25 or 37 °C for 3 h. Cells were harvested by centrifugation, resuspended in lysis
buffer (50 mM Tris-HCI pH8.0, 2 mM EDTA), and lysed by sonication. Splicing and cleavage
products were visualized through separation of cell lysates via SDS-PAGE followed by staining
with Coomassie blue. For quantitation, the gel was scanned with an Alpha Innotech
FluorChem™ 8900. Each lane was scanned independently, measuring the intensity of the
bands corresponding to the intein-related products. The inteins in lanes 3-6 do not yield any
M product, and so the band at this location, which corresponds to an unrelated protein, was not
included in quantitation for these lanes. For lanes 7-12, the intensity of the M band was
corrected by subtracting the average intensity of M in lanes 3-6. For all lanes, the intensities
of all intein-related bands was normalized and individual band intensities reported as a
percentage of the lane’s total.

Crystallization, structure determination and refinement

Crystals of all four inteins were grown by hanging-drop vapor-diffusion methods.
Crystallization buffers Al1-SM and for AAl,-SM contained 6-8% PEG8000, 0.1M Tris pH 8.5
and 5% PEGA400. Buffers for AAlpp-CM and AAlyy contained 65% ammonium sulfate, 0.1 M
Tris pH 8.5.

For structure determination, a heavy atom derivative of AI-SM was prepared by soaking
crystals in a stabilizing solution containing 2 mM mercury acetate. The crystals were flash-
cooled in the cold nitrogen-gas stream after transfer to a stabilizing buffer containing 20%
glycerol. Three-wavelength MAD data were measured at beamline X12c of the National
Synchrotron Light Source, Brookhaven National Laboratory, and were processed using
HKL2000 35. The structure was determined using the 7program SOLVES6 and phases were
improved by solvent modification using RESOLVE 37, The heavy atom search revealed the
presence of two heavy atom sites in the asymmetric unit, about 4.5 A apart. Statistics for the
data collection and phasing statistics for the MAD phasing are listed in Table 1. The resulting
map showed good electron density for about 90% of the model. The structure was refined using
CNS 38, and the model was built and evaluated using O 39, Data collection and refinement
statistics of the native structure are listed in Table 2. Only one residue, Glu155, falls outside
the additionally allowed region of the Ramachandran plot as determined with Procheck 40,

Data for AAlpp-SM, AAlRR-CM, and AAly, were measured using the Wadsworth Center’s in-
house diffraction facility (Rigaku Micromax 007 generator and R-axis IV detector) and were
processed using CrystalClear. The structure of AAIRH—SM was determined by molecular
replacement methods, using the program PHASER *-. The search model consisted of residues
1to 94 and 385 to 439 of Al-SM. AAlL-CM and AAly, crystallized in the same space group
as AAlpn-SM. Therefore, structure refinement for these mutants was started using the AAly,-
SM model, but with a rigid body refinement cycle implemented prior to simulated annealing.
Otherwise, refinement of the three structures was performed as for AI-SM. Data collection and
refinement statistics are listed in Table 2.

Protein Data Bank accession codes

The atomic coordinates and structure factors for I-SM (2IMZ), AAlyh-SM (2INQ), AAlp-CM
(2IN8), and AAly, (2IN9) have been deposited in the Protein Data Bank, Research
Collaboratory for Structural Bioinformatics, Rutgers University, New Brunswick, NJ.
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Figure 1.

(a) Schematic diagram of the sequences of the inteins discussed in this paper with their
corresponding identification codes. The residue numbers used throughout the manuscript refer
to the numbering of the intact M. tuberculosis recA intein. (b) Schematic diagram of the steps
involved in protein splicing. See text for details.
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Figure 2.

Structure of AI-SM. (a) Molecular structure of AI-SM. (b) Comparison of the conformation of
Al-SM (green) with the GyrA inteinl2 (red). (c) Dimer observed in the asymmetric unit, with
zinc ions shown in cyan. (d) Coordination of the zinc ion by residues Glu424, His429, and the
C-terminal aminosucciminide (SU440) from one molecule (green), and His439 from the
second molecule (red) in the asymmetric unit.
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Figure 3.

Structure of AAly, mini-intein. (a) Superposition of the structures of AI-SM (red) and AAlqy-
SM (green). In AAlx-SM, a B-turn defined on the basis of a corresponding turn in the
autoprocessing domain of Hedgehog protein replaces the disordered loop of AI-SM (top left).
(b) Detailed conformational comparison of the Hedgehog protein turn in AAl,,-SM (green)
with the few observable residues of the linker loop in AlI-SM (red). Two loops from the other
lobe of the molecule, residues 5-15 and 432-438, which include residues that make contacts
with the B-turn, are shown in light green. These contacts are a hydrogen bond between residues
96 and 435 and a stacking interaction of the side chains of residues Phe9 and Arg96.
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Figure 4.

Effect of the D422G mutation. (a). Superposition of the structures of AAly,-SM (green) and
AAlpp-CM (red). (b) Detailed comparison of the area of residue 422. Water molecules in this
area are shown as spheres, light green for AAlLL-SM and rose for AAlpp-CM. In AAlLL-CM,
two water molecules are found bound tightly to the protein in the area of the missing Asp422
side chain.
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Figure 5.

Splicing activity of mutant I-inteins for assessment of the role of Asp422. (a). pMIC vector
used for expression of MIC tripartite proteins. Also shown are schematics of the splicing and
C-terminal cleavage reactions. (b). In vivo splicing and cleavage reactions visualized by SDS
PAGE. Induction was at 25°C. Lane M, protein markers, broad range (New England Biolabs);
U, uninduced cells. Mutations at key residues are indicated above each panel with the amino
acid at position 422 immediately over each lane. The splicing and cleavage products were
previously identified by Western blots using antibodies to each of the three different
components of the tripartite precursor7. The table below the gel represents a quantitation of
the scanned images of the lanes, with all products totaling 100%. Although each experiment
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was repeated at least five times and the mutants behaved extremely reproducibly, the

quantitation presented reflects only the data for this particular gel because of experimental
variability.
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Figure 6.

Structural comparisons of the intein N-termini and C-termini of inteins. (a) Model and electron
density (contoured at 1.5 o) of residues 1, 422 and 440 in the structure of AI-SM (molecule
A), showing observed modifications: CO1: cysteine sulfinic acid; SUC440: aminosuccinimide.
Despite inconsistent electron density, residue 422 is included in the model for I-SM as an Asp
because the modification of the residue has not been characterized. (b). Conformations of Cys1,
Asp422, and Asn440 in the structures of AAlLL-SM (grey), AAlLL-CM (magenta) and AAlyy,
(green) and of CO1 and Asp422 in AI-SM molecules A (black) and B (gold). (c). Comparison
of the zinc-binding sites observed in the structures of three different inteins: AI-SM (green),
PI-Scel34 (red) and dnael’ (grey). Residue numbers shown correspond to those of Al-SM.
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Figure 7.

Schematic diagram showing possible interactions of Asp422 with the intein termini. Left panel:
Asp422 functions indirectly at the two termini, via a water molecule, via another residue, or
through an electrostatic mechanism. Right panel: top, Asp422 interacts directly at the N-
terminus and C-terminus independently; bottom, Asp422 interacts directly at both termini in
a concerted manner.
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Data collection statistics for the structure determination of AI-SM
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INFLECTION PEAK REMOTE
Wavelength )&A) 1.011 1.091 0.94
Resolution (A) 50.-1.59 50.-1.57 50.-1.48
Redundancy 6.4 5.7 48
Completeness 96.2(73.9) 94.7(62.6) 93.8(63.5)
<l/o(l)> 47.6(3.9) 41.3(2.8) 32.1(1.7)
Riner 0.044(0.443) 0.044(0.482) 0.048(0.677)
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Data collection and refinement statistics. Values in parentheses are for the highest resolution shell.

Al-SM AAL-SM AAlL-CM AAlg,
Data collection
Space group P2,2,2 P2,2,2, P2,2,2; P2,2,2,
Cell parameters (A)
a 82.43 36.84 36.88 36.73
b 93.63 47.46 49.27 49.43
40.14 64.63 64.47 64.26

c
Resolution (A)

Total unique reflections
Redundancy
Completeness

<l/o(l)>

Rmer

Refinement

Number of reflections
Resolution

R

nySl

free

r.m.s.d. from ideality
bond length (A)
bond angles (deg)
dihedrals (deg)

50-1.7 (1.75-1.7)
40459

4.0 (3.6)

89.4 (92.1)
27.1(4.6)

0.043 (0.207)

50.-1.7
0.183

0.208

0.004
1.3
25.3

29.-1.6 (1.65-1.6)
15495

4.1 (3.4)

99.1 (92.5)
7.1(2.)

0.087 (0.489)

29.0-1.6
0.245
0.275

0.005
13
25.0

30.-1.7 (1.75-1.7)
13488

3.7 (3.4)

98.6 (92.3)

8.9 (3.1)

0.068 (0.354)

30.-1.7
0.252
0.292

0.005
1.4
25.1

49.-1.8 (1.86-1.8)
11342

4.1(3.8)

99.4 (98.3)

15.4 (5.1)

0.050 (0.230)

30.-1.8
0.258
0.278

0.005
1.3
24.9
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