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ABSTRACT: Inteins and other self-catalytic enzymes, such as
glycosylasparaginases and hedgehog precursors, initiate
autocleavage by converting a peptide bond to a (thio)ester
bond when Ser, Thr, or Cys undergoes an N—[S/O] acyl
migration assisted by residues within the precursor. Previous
studies have shown that a His at position 10 in intein Block B
is essential for this initial acyl migration and N-terminal splice
junction cleavage. This His is present in all inteins identified to
date except the Thermococcus kodakaraensis Tko CDC21-1
intein orthologs and the inactive Arthrobacter species FB24

Proposed N-S acyl shift mechanism:
Tko CDC21-1 intein with Thr at B:10

N-X acyl shift mechanism:
Standard intein with His at B:10
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Arth_1007 intein. This study demonstrates that the Tko CDC21-1 intein is fully active and has replaced the lost catalytic
function normally provided by the Block B His using a compensatory mechanism involving a conserved ortholog-specific basic
residue (Lyssg) present outside the standard intein conserved motifs. We propose that Lysgg catalyzes the initial N—S acyl
migration by stabilizing the thiazolidine—tetrahedral intermediate, allowing it to be resolved by water-mediated hydrolysis rather
than by protonating the leaving group as His is theorized to do in many other inteins. Autoprocessing enzymes may have more
flexibility in evolving catalytic variations because high reaction rates are not required when performing single-turnover reactions
on “substrates” that are covalently attached to the enzyme. Consequently, inteins have more flexibility to sample catalytic
mechanisms, providing insight into various strategies that enzymes use to accomplish catalysis.

Intein genes are selfish DNAs inserted by lateral transmission
into host genes immediately before a Ser, Thr, or Cys
codon."™ The effects of this insertion are minimized because
the intein can splice itself out of the host protein by a self-
catalytic, post-translational process that generates an active host
protein after ligation of the host protein fragments (termed
exteins). The reaction is catalyzed without exogenous energy
sources or cofactors by the intein together with the C-extein
Ser, Thr, or Cys that is always immediately adjacent to the
intein (termed the +1 residue). As of February 2012, more than
550 inteins have been identified in archaea, eubacteria, single-
cell eukaryotes, phage, and viruses; a listing of inteins and their
properties is available in the InBase database (http://www.neb.
com/ neb/inteins.html).4 Intein splicing domains contain four
sequence motifs (Table 1, Blocks A, B, F, and G) that form part
of the protein splicing active site.’ > Although not well-
conserved in their entirety, each motif contains specific
positions with highly conserved residues or groups of similar
residues. To simplify comparison of motif residues between
inteins of various lengths, positions within these motifs are
denoted using the motif name followed by a colon and the
position number within the motif (Table 1).°

Although inteins do not perform multiple-turnover reactions
like classical enzymes, they use similar catalytic strategies to
promote peptide bond cleavage and joining.””® The “sub-
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strates” of the intein are the flanking extein sequences. Three
different nucleophiles perform three temporally coordinated
nucleophilic displacement reactions at the two scissile bonds
between the intein and the exteins (the N- and C-terminal
splice junctions). There is variability in the residues and
positions within each intein that facilitate these reactions.

The Class 1 intein-mediated protein splicing pathway (Figure
1)>7® is initiated when the intein N-terminal Ser, or Cys,
undergoes an N—[S/O] acyl migration to form the linear
(thio)ester intermediate (IIa). In step 2, the first residue of the
C-extein (Cys,;, Ser,;, or Thr,;) cleaves the N-terminal splice
junction (thio)ester bond, transferring the N-extein to its side
chain while forming the Block G branched intermediate (B,
IM1).° Thus, for mechanistic studies, the intein enzyme includes
the intein that is spliced out plus the C-terminal splice junction
extein residue (+1 aa). The BI is resolved by cyclization of the
intein C-terminal Asn, yielding ligated exteins bound by a
(thio)ester bond (V).'* A native peptide bond is formed
between the exteins after a spontaneous [S/O]-N acyl
migration (VI), driven by the acyl migration equilibrium in
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Table 1. Sequences of Representative Protein Splicing Domain Motifs”

Intein C| Block A Block B Block F Block G

1 7 10 4 67 8
Tko CDC21-1 1| CVAPDSIIKTNLG GLSITVTPETKLLT YVYDLTV**EGSHSFI | NGFVVHN/T
Hwa MCM-2 1| CVTGETRIHTTDG GKQLEASVNTPVLT EVEDLTV**PNTQNFI | GGIVTHN/T
Pab CDC21-2 1| CVAPETLIITENG GKQITVTPETKLLT HVYDLTV**EGSHSFI | NGFVVHN/T
Pfu CDC21 1| CVAPDSLVVVNDK GKEITVTPETKLLT YVYDLTV**EGSHSFI | NGFVVHN/T
Pho CDC21-2 1| CVAPDTLINTDNG GRSIALTRETKLLT YVYDLTV**EGSHNFV | NGFIVHN/T
Npu DnaE 1| CLSYETEILTVEY GSVIRATSDHRFLT NVYDIGV**ERDHNFA | NGFIASN/C
Mxe GyrA 1| CITGDALVALPEG GLRVTGTANHPLLC PVYSLRV*DTADHAFI | NGFVSHN/T
Sce VMA 1| CFAKGTNVLMADG LLKFTCNATHELVV DYYGITLSDDSDHQFL | NQVVVHN/C
Mtu RecA 1| CLAEGTRIFDPVT GAIVWATPDHKVLT RTFDLEV**EELHTLV | EGVVVHN/C
Mja KlbA 2| ALAYDEPIYLSDG RREITLTHDHPVYI | HIYDLTV**EDNHTYI | EGFAVSN/C
MP-Be DnaB 3| PLALNTEVPTPSG GTEITASASHGWTT | PVKCIGI*DTEDHLFQ | SRILTHN/T

“Intein names" are listed in the first column, followed by the intein class (C) in the second column. The position number in each motif for residues
known to be important for catalysis is indicated above the position. Residues within the motifs are denoted using the motif name followed by a colon
and the position number within the motif. Class 1 inteins always begin with Ser;, Thr;, or Cys;. Class 2 and 3 inteins begin with other residues. Class
3 inteins always have Trpg,;, and Cysg,. The most highly conserved intein residue (Hisg,jo) and Thry,y, in the Tko CDC21-1 intein orthologs (Hwa
MCD-2, Pab CDC21-2, Pfu CDC21, and Pho CDC21-1 inteins) are in bold. The C-terminal splice junction is indicated by a slash. The asterisk

represents an alignment gap.

the absence of catalytic forces.'" Steps 1 and 2 can be
considered a coordinated double-displacement mechanism,
while step 3 is a mechanistically unrelated nucleophilic
displacement.8 In Class 1 inteins, the +1 aa cannot attack an
amide bond at the N-terminal splice junction.” Several studies
show coupling of N-terminal and C-terminal splice junction
cleavage (on- or off-pathway), while others do not.'>”'
Heterologous exteins often result in inefficient splicing and
increased levels of off-pathway cleavage (Figure 2), possibly
because of the loss of correct enzyme—substrate interac-
tions.'”'®

This scenario has become more complicated as more intein
variants have been identified. Inteins are now divided into three
classes based on differences in nucleophiles, conserved
sequences, and protein splicing mechanisms (Figure 1 and
Table 1).° Class 2 and Class 3 inteins cannot follow the Class 1
pathway because they have residues at their N-termini that
cannot form the linear (thio)ester intermediate (IIa) (Figure
1). In Class 2 inteins, such as the Methanococcus jannaschii Mja
KIbA intein, the +1 nucleophile directly attacks an amide bond
at the N-terminal splice junction (Ib)."” Class 3 inteins, such as
the mycobacteriophage Bethlehem MP-Be DnaB intein, cleave
the N-terminal splice junction using Cys at position 4 of Block
F (F:4) to form the Block F BI (IIc).%2%?!

Many proteins initiate autoprocessing reactions by the same
N—[S/O] acyl migration as Class 1 inteins, including
glycosylasparaginases, pyruvoyl enzymes, a-macroglobulins,
nucleog)orin Nup145p, and the Hedgehog signaling pro-
teins.””***7>* Nature has repeatedly used this strategy to
cleave peptide bonds in the absence of an exogenous enzyme.
Mutagenesis, structural, thermodynamic, and kinetic ap-
proaches have all been used to examine the residues within
the intein that assist this seminal acyl migration. Intein

18,26—33 . . 6,19-21,30,33,34 . 1.
structures and mutagenesis studies™ 0237 indicate
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that the His at Block B position 10 (Hisg,;o) plays an essential
role in activating the N-terminal splice junction, but its precise
mechanistic role is debated and may vary among inteins. The
residue at Block B position 7 (B:7) is not essential, and the
effects of mutating it vary in different inteins.””*** The most
common catalytic role attributed to Hisg,, is protonating the
amide nitrogen leaving group of the tetrahedral intermediate in
the linear (thio)ester intermediate (Ia).'®252729732

Hisg, is present in all inteins currently in InBase except for
the Arthrobacter species Arsp-FB24 Arth 1007 intein and the
Thermococcus  kodakaraensis KOD1 Tko CDC21-1 intein
orthologs.* The Arsp-FB24 Arth 1007 intein is an inactive
pseudogene that not only lacks Hisg, o but also is missing other
essential catalytic residues.’® In contrast, the Tko CDC21-1
intein orthologs retain all of the other known essential intein
residues (Table 1). This study examines whether the Tko
CDC21-1 intein is active despite having Thrg, at Block B
position 10 instead of His.

B EXPERIMENTAL PROCEDURES

Cloning and Mutagenesis. All clones were sequenced by
the New England BioLabs (NEB) Core facility. All enzymes
were obtained from NEB and used as described by the
manufacturer. The gene encoding the Tko CDC21-1 intein and
five native extein residues flanking each side of the element was
synthesized by Invitrogen (Carlsbad, CA). The DNA was
digested with Xhol and Spel, purified from an agarose gel using
the Wizard SV Gel and polymerase chain reaction (PCR)
Clean-up System (Promega, Madison, WI), and ligated into
similarly digested pMP1."” The resultant pMIP plasmid has the
Tko CDC21-1 intein (I) flanked by the Escherichia coli maltose
binding protein (M) and the ASal fragment of Dirofilaria
immitis paramyosin (P). The Saccharomyces cerevisiae Sce VMA
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Figure 1. Splicing mechanism for the three classes of inteins. The majority of inteins follow the Class 1 intein-mediated protein splicing mechanism,
which consists of four coordinated nucleophilic displacement reactions. Class 2 and Class 3 inteins form the Block G BI (III) by different pathways
compared to those of Class 1 inteins because they generally start with amino acids incapable of forming the linear (thio)ester intermediate (IIa). In
Class 2 inteins, Cys,, is thought to directly attack an amide bond at the N-terminal splice junction to form the Block G BI (III). Class 3 inteins form
the class-specific Block F BI (IIc) prior to the Block G BI (III). Once the Block G Bl is formed, the remainder of the splicing reaction is the same in
all classes of inteins. Residues within the intein assist these enzymatic reactions. However, in all classes, there is variability in the residues and
positions within the intein that facilitate each reaction. Tetrahedral intermediates are not shown. The black rectangle represents the N-extein, the
striped rectangle the C-extein, and X the sulfur or oxygen atom in the side chain of Ser, Thr, or Cys; solid arrows represent steps that have been

experimentally verified.

. . 28 . . . .
intein gene™ with codons for three native extein residues on

both sides was amplified by PCR and cloned between M and P.
The gene encoding the Nostoc punctiforme Npu DnaE intein>"
was synthesized by Invitrogen and cloned between M and P
with three native extein residues on both sides. The Mja KIbA
intein and Mpycobacterium xenopi Mxe GyrA intein were
previously cloned between M and P."”*” The Mja KIbA intein
was flanked by a smgle native N-extein residue and three native
C-extein residues.'” The Mxe GyrA intein was flanked by 65
native N-extein residues and 64 native C-extein residues,”” so
its spliced MP product is ~125 aa larger than the spliced MP
products from the other inteins. All mutants were constructed
using the Phusion site-directed mutagenesis kit (NEB) with
pMIP as the template and appropriate primers to introduce the
desired mutation.

In Vivo and In Vitro Splicing. All MIP fusions were
expressed in NEB Express I Competent E. coli (NEB) by
induction at an ODgy, of 0.5—0.7 with 0.4 mM isopropyl f-b-
thiogalactoside (IPTG) in 10 mL of LB medium containing
100 pug/mL ampicillin for 2 h at 37 or 15 °C overnight.
Harvested cells were disrupted by sonication in buffer A [20
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mM Na,HPO, (pH 7.0) and 500 mM NaCl]. Soluble Iysates
were heated for 1 h at 60 °C for in vitro splicing and then
boiled for S min in SDS sample buffer with DTT (NEB). The
samples were loaded onto 10 to 20% Tris-glycine poly-
acrylamide gels (Invitrogen) and then either stained with
Simply Blue Safe Stain (Invitrogen) or transferred to
nitrocellulose membranes for Western blotting with anti-
maltose binding protem or anti-paramyosin antisera, as
described previously," to confirm the identity of M, IP, and
the branched intermediate in the wild type and selected
mutants, including T81A, T81H, C1A, D122A, K82A, T78A,
and E80A, and all mutants with >10% N-terminal cleavage
products (N140A and T+1A).

Amino Acid Sequence Alignment and Structural
Modeling. Amino acid sequences from the Tko CDC21-1
intein and its four orthologs (Haloquadratum walsbyi Hwa
MCM-2, Pyrococcus abyssi Pab CDC21-2, Pyrococcus furiosus
Pfu CDC21, and Pyrococcus horikoshii Pho CDC21-2 inteins)*
were aligned using the slow/accurate pairwise alignment with
default options in ClustalW. N-terminal and C-terminal
portions of the Tko CDC21-1 and Npu DnaE inteins were
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Figure 2. Splicing and off-pathway cleavage reactions for the Tko
CDC21-1 intein in a model precursor. The MIP precursor consists of
the maltose binding protein as the N-extein (M) and a fragment of
paramyosin (P) as the C-extein along with five native extein residues
flanking each side of the intein (I). Protein splicing yields ligated MP
and free intein; off-pathway N-terminal splice junction cleavage (N)
yields M + IP, and off-pathway C-terminal splice junction cleavage (C)
yields MI + P. Cleavage of the thioester linkage in branched
intermediates also yields M + IP. Some mutations result in double
cleavage (D) at both splice junctions to yield M, I, and P. Molecular
masses of the Tko CDC21-1 intein MIP precursor and potential
products are given.

aligned separately using the same program and then appended.
The sequence proximal to Block B in the Tko CDC21-1 intein
and nine standard inteins with Hisg, ), were manually aligned on
the basis of known structures and sequences.*'®>73* The Npu
DnaE intein structure used to model the Tko CDC21-1 intein
contained a C1A mutation and Gly-Gly as its N-extein (Protein
Data Bank entry 2KEQ).*" The alignment between the Npu
DnaE intein and the Tko CDC21-1 intein with Gly-Leu native
N-extein residues was submitted to the SWISS-MODEL web-
based comparative modeling server in the alignment mode. The
model was evaluated using ANOLEA and GROMOS as
implemented in the SWISS-MODEL workspace, and ProSA-
web.**7* The positions of Lysss and Asp,,, were modified to
optimize the position of active residues for N-terminal scissile
bond cleavage while avoiding steric clashes. The dihedral angles
of Lysg were adjusted using the standard rotomer tool in Swiss
PDB.*' The position of Lysss was adjusted to 58.9° (Ca—Cp),
180° (CS—Cy), and 68.1° (Cy—C3). The position of Asp,,
was adjusted to 58.8° (Ca—Cp) and 10° (CS—Cy). All other

side chain positions were unchanged.

B RESULTS

Characterization of the Tko CDC21-1 Intein in a
Model Precursor. A synthetic DNA encoding the Tko
CDC21-1 intein with five native extein residues on each side
(N-Extein, Ser-Ala-Ala-Gly-Leu; C-Extein, Thr-Ala-Ala-Ala-Val)
was cloned in frame between the maltose binding protein (M)
and the ASal fragment of paramyosin (P) to form a MIP
precursor. Spliced products (MP + I) were observed when MIP
was expressed in E. coli at 37 °C for 2 h after induction with 0.4
mM IPTG (Figures 2 and 3 and Table S1 of the Supporting
Information), which indicates that the Tko CDC21-1 intein is
active even though it does not contain a His at position B:10.
As some MIP precursor remained, expression at 15 °C
overnight was tested because low-temperature expression
often helps splicing in model precursors.”"> "' Some unspliced
MIP precursor still remained when it was expressed at 15 °C
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Figure 3. Splicing of wild-type (WT) and mutant Tko CDC21-1
inteins in a model precursor. MIP fusion proteins containing the
indicated intein mutations were induced at 37 °C. Soluble protein
from in vivo splicing of the WT intein (WT-37) or soluble protein
from in vitro splicing of the wild-type (WT-60) and mutant intein
samples after incubation at 60 °C for 1 h were electrophoresed via
SDS—PAGE and stained with Simply Blue Safe Stain. Mutations are
listed above each lane. The sizes of the molecular mass standards (S)
are listed in kilodaltons (NEB, 10—250 kDa ladder). Abbreviations as
in Figure 2 with the addition of MIP*, which is the branched
intermediate, and lane —, which is the soluble extract from cultures
containing the T81A mutant without induction by IPTG.

with wild-type or mutated inteins (data not shown). Because T.
kodakaraensis grows at 60—100 °C, splicing in vitro was tested
at 60 °C. The remaining MIP precursor spliced to completion
when soluble lysates from the 37 °C induction were heated at
60 °C for 1 h in vitro (Figure 3 and Table S1 of the Supporting
Information). This heat treatment was performed in all
subsequent Tko CDC21-1 intein experiments.

Ala and His substitutions were made to Thrg, at position
B:10 in the Tko CDC2I1-1 intein (Table 1) to examine the
importance of Thry, for splicing (Figure 3 and Table S1 of the
Supporting Information). T81A spliced completely, indicating
that Thrg, does not play a significant catalytic role. On the
other hand, neither spliced products (MP + I) nor off-pathway
N-terminal cleavage products (M + IP) were observed when
B:10 “reverted” back to the standard His residue. Instead,
T81H yielded precursor (MIP) and C-terminal cleavage
products (MI + P). The catalytic impediment caused by the
His substitution indicates that the Tko CDC21-1 intein not
only has evolved to splice without Hisg,;, but also can no longer
accommodate this large residue.

In Class 1 inteins, Cys; (A:1) is required for formation of the
linear thioester intermediate (ITa), BI formation, and off-
pathway N-terminal splice junction cleavage; the intein C-
terminal Asn (G:7) is required for resolution of the BI (III)
and off-pathway C-terminal splice junction cleavage, and the
Thr,,; C-extein nucleophile (G:8) is required for BI formation
and on-pathway N-terminal splice junction cleavage (Figure 1).
The less conserved Asp in Block F (F:4) affects on-pathway N-
and/or C-terminal cleavage.”*** The role of these catalytically
important Class 1 intein residues was tested in the Tko
CDC21-1 intein by introducing Ala substitutions at Cys,,
Aspy,, (F:4), the intein C-terminal Asn,,, and Thr,, (Figure 3
and Table S1 of the Supporting Information). C1A blocked N-
terminal cleavage and yielded precursor (MIP) and C-terminal
cleavage products (MI + P). D122A yielded MIP precursor.
N140A blocked C-terminal cleavage, which resulted in
accumulation of the BI (III, MIP*) and N-terminal cleavage

dx.doi.org/10.1021/bi201840k | Biochemistry 2012, 51, 2496—2505
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products (M + IP). Ala substitution of Thr,, blocked formation
of the BI and yielded N-terminal cleavage products (M + IP),
double-splice junction cleavage products (M, I, and P), and
precursor (MIP). These results are consistent with the known
properties of these essential residues and with splicing using the
Class 1 intein pathway.

Aspg,, is known to be important for cleavage at both splice
junctions and has been called a gatekeeper for C-terminal splice
junction cleavage. 263042 The role of Asp,,, was examined in
more detail by additional substitutions with Cys, His, Asn, or
Glu (Table S1 and Figure S1 of the Supporting Information).
D122C yielded mainly precursor (MIP) and trace amounts of
C-terminal cleavage products (MI + P). His and Asn mutations
blocked C-terminal cleavage, resulting in precursor (MIP) and
a small amount of N-terminal cleavage products (M + IP).
D122E was the only mutation that yielded a significant amount
of spliced products (MP + I) along with smaller amounts of
precursor (MIP), C-terminal cleavage products (MI + P), and
double-cleavage products (M, I, and P). These results suggest
that a carboxylic acid in the side chain of the residue at position
F:4 is important for splicing in the Tko CDC21-1 intein.

Alanine Scanning of Block B, F, and G Residues To
Identify Amino Acids That Activate the N-Terminal
Splice Junction. Alanine scanning was performed on other
residues in Blocks B, F, and G to determine if any of them were
functionally substituting for the missing Hisg,o. In Block B,
Ser;, (B:3), Thry (B:5), Thrys (B:7), Glug, (B:9), Lyss,
(B:11), and Thrgs (B:14) were mutated to Ala (Table 1 and
Table S1 and Figure S2 of the Supporting Information). All of
these Ala substitutions yielded >90% spliced product except
T78A, indicating that none of these Block B residues except for
Thr,s detectably assist splicing. The T78A mutation reduced
the yield of spliced products by <50%. Thr; is at position B:7,
a position known to facilitate N-terminal cleavage to varying
degrees in different inteins.

Alanine scanning was next performed in Block F at Thr,,
(F:6), Gluy,s (F:10), Serj,s (F:12), Hisjy (F:13), and Sers,
(F:14) and in Block G at His;3o (G:6) (Table 1 and Table S1
and Figure S3 of the Supporting Information). Mutation of
Glu,,4 Ser;,g His yo, and Ser;y yielded >90% spliced products.
The T124A mutation inhibited C-terminal cleavage and
resulted in similar amounts of spliced products (MP + I) and
the BI (III, MIP*), which is consistent with previous studies of
the Synechocystis sp. Ssp DnaB intein.>> Mutation of the intein
penultimate His,; resulted in accumulation of the BI and a
small amount of spliced products, precursor, and off-pathway
N-terminal cleavage products (M + IP), which is consistent
with its known role in assisting Asn cyclization and C-terminal
cleavage. The remaining Tko CDC21-1 intein Block F residues
are either small hydrophobic or aromatic residues (Table 1)
and were not mutated in this study.

Next, residues outside the intein motifs were examined. Glug;
was positioned near the Tko CDC21-1 intein active site in the
modeled structure described below, but mutations to Ala or
Gln had no detectable effects on splicing (Table S1 of the
Supporting Information). His,;; precedes Block F and is the
only remaining His in the Tko CDC21-1 intein not already
tested. The H117A mutation did not affect splicing (Table S1
of the Supporting Information), demonstrating that no intein-
encoded His is required for activation of the N-terminal splice
junction.

Identification of a Conserved Tko CDC21-1 Ortholog-
Specific Motif Containing a Residue That Is Important

2500

for Splicing. Alanine scanning in conserved motifs of the Tko
CDC21-1 intein failed to identify a residue that replaced the
missing contribution of Hisg,j;. Tko CDC21-1 intein orthologs
were compared to look for ortholog-specific conserved residues
or motifs that could functionally substitute for Hisg,, (Figure
4A and Figure S4 of the Supporting Information). Interestingly,

Block B
PEKLIRIE-GDGLSITVTPETKLLTPN
SPEELVTIKTITGKEITVTPETKLLTFN
SPGKMIKIRSESGKQITVTPETKLLTII
PKKLVRIKTENGRSIALTRETKLLTIN
P-EKHCRRIRTASGKQLEASVNTPVLTVD

55 58 60

. *, * .2 $ sk xRk

R55 K58 R60
B S WT A S A S E H R A
150| &
100/ i S i o s o — MIP
80l Wy~ gﬂ” ~
[T wEwERRNS,
50| s
20|~ T 8BS S m o s
30|
25| "
20|

— — e —

15(%. o

Figure 4. Importance of a conserved motif present in Tko CDC21-1
intein orthologs. (A) Multiple-amino acid sequence alignment of
Block B and the preceding regions in Tko CDC21-1 intein orthologs.
The basic and hydrophobic residues in the CDC21-1 ortholog-specific
motif are shown with black and gray backgrounds, respectively. The
B:10 Thr is shown in bold. The residue numbers in the Tko CDC21-1
intein are listed above the sequences. A consensus line below the
sequence alignment uses the standard symbols generated and defined
by ClustalW: *, identical residue in all sequences; :, highly conserved
residue; ., weakly conserved residue. Abbreviations: Pfu, Pfu CDC21
intein; Pab, PAB CDC21-2 intein; Pho, Pho CDC21-2 intein; Hwa,
Hwa MCM-2 intein. (B) Mutation of Tko CDC21-1 intein basic
residues in the CDC21-1 ortholog-specific motif. MIP fusion proteins
containing the indicated mutations were induced at 37 °C. Soluble
proteins were incubated at 60 °C for 1 h in vitro and electrophoresed
via SDS—PAGE followed by staining with Simply Blue Safe Stain.
Mutations in residues Argss, Lyssg, and Argy, are indicated above each
lane. Abbreviations as in Figure 3.

multiple-sequence alignment revealed an ortholog-specific 6 aa
motif preceding Block B consisting of basic residues at
positions 1, 4, and 6, hydrophobic residues at positions 2 and
S, and Trp at position 3. Alanine substitutions were made at
Argss, Lyssg, and Argg, in the Tko CDC21-1 intein, which are at
positions 1, 4, and 6, respectively, of this new motif (Figure 4
and Table S1 of the Supporting Information). R60A showed no
significant difference in splicing compared to the wild-type
intein. However, the level of splicing was drastically reduced in
RS5A and KS8A. Since this inhibition might be due to changing
a large hydrophilic residue to a small hydrophobic residue, a
more conservative change to Ser was made at Argss and Lysgg
(Figure 4B and Table S1 of the Supporting Information). RSSS
spliced to completion, which suggests that hydrophilicity is
required at this site, not a basic residue. In contrast, KS8S failed
to splice and yielded products similar to those of KS8A.
Additionally, Met, Glu, Arg, and His mutations of Lysss were
introduced (Figure 4B and Table S1 of the Supporting
Information). KS8M, KS8E, and KS8H inhibited splicing and
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yielded mainly precursor. KS8R was the only functional
mutation at this position, resulting in splicing of >50% of the
MIP precursor.

The New Tko CDC21-1 Intein Motif Is Not Universal.
Sequence comparison indicated that the entire ortholog-specific
motif was not conserved in nine inteins with known structures
and Hisg, o, but many have a basic residue preceded by an
aromatic residue at a position similar to that of Lyssg in the Tko
CDC21-1 intein (Figure SSA of the Supporting Informa-
tion).*!82628732 Ala substitutions were made to this basic
residue in the Mja KIbA (Arg;,), Mxe GyrA (Hiss,), Sce VMA
(Argy,), and Npu DnaE (His,g) inteins. Splicing was examined
at 37 or 15 °C in the Mja KIbA, Mxe GyrA, and Npu DnaE
inteins and at 30 or 15 °C in the Sce VMA intein. All four
inteins spliced to varying degrees at 37 or 30 °C (data not
shown) and spliced to completion at 15 °C (Figure SSB of the
Supporting Information). The Ala mutation at this basic residue
had no observable effect on splicing in any of these four inteins
at 15 °C (Figure SSB of the Supporting Information).

Comparative Modeling of the Tko CDC21-1 Intein. To
provide insight into how Lysss might facilitate splicing, a
structural model of the Tko CDC2I1-1 intein was generated
using SWISS-MODEL by threading it over the Npu DnaE
intein NMR structure (Figure S6 of the Supporting
Information).” The Npu DnaE intein has a relatively high
level of similarity (29%) to the Tko CDC21-1 intein compared
to other inteins with known structures. The overall protein
model quality score (z score) using ProSA-web was satisfactory
(z score = —4.26), but the model exhibited a few regions with
positive ANOLEA or GROMOS energies, indicating minor
defects in the local packing or electrostatic environment of
some side chains. This is difficult to avoid when using a
template with a low degree of sequence identity. Additional
rotations of the side chains of Lyssg and Asp,, were performed
to better approximate a catalytically functional active site. This
model was used to constrain possible mechanisms by exploring
whether residues could be positioned to support catalysis.

Standard active site residues and residues shown by mutation
to be involved in activating the N-terminal splice junction
scissile bond between Leu_; and Cys; were examined, including
Cys,, Aspyy, at F:4, Thr,s at B:7, Thrg, at B:10, and Lysgg
(Figure SA). Cys, was in position to perform the N—S acyl
migration with the distance between its sulfhydryl and the
Leu_; carbonyl carbon being 3.1 A. Asp,,, was positioned to
play a role in activating Cys, with a side chain oxygen (OD) 2.9
A from the Cys, sulfur atom. The hydroxyl of Thr,g (B:7) was
3.3 A from the amide nitrogen of Cys, and 2.9 A from the Cys,
carbonyl oxygen, positioned as in other inteins to stabilize the
active site architecture. The Npu and Ssp DnaE intein
structures show the B:10 His within hydrogen bonding distance
of the scissile bond amide nitrogen.'®*" However, the hydroxyl
of Thrg, (B:10) in the Tko CDC21-1 intein model is 4.7 A
from the amide nitrogen of Cys, where it is clearly unable to
interact with the splice junction amide nitrogen except possibly
through a water molecule. These measurements verified that
the positions of these active site residues in the modeled
structure are consistent with their proposed catalytic functions
and with the mutation data that show that Thrg, (B:10) does
not detectably contribute to catalysis.

The modeled structure was next used to examine the
position of Lysss. The model predicted that the distance
between the side chain NZ atom of Lysss and the amide
nitrogen or carboxyl oxygen of the N-terminal scissile bond was
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“®

Arg 55 Asn140 | B
é His 139
B Cys1

Leu -1

Figure S. Active site region in the modeled structure of the Tko
CDC21-1 intein. (A) The arrangement of residues near the splice
junctions is depicted after the initial rotomer for Lysss and Asp,,, had
been changed to bring the side chain of Lyssg into the active site and to
remove the steric clash this caused with Asp,y,. (B) Model of the
proposed tetrahedral intermediate. The red sphere shows the position
of a proposed water molecule. The backbone and side chain atoms of
each residue are shown as sticks, with carbon atoms colored gray,
nitrogen atoms blue, oxygen atoms red, and sulfur atoms yellow.
Protons are not shown. Distances between atoms of neighboring side
chains are represented by green dashed lines and labeled with the
distance in angstroms.

6.6 or 4.3 A, respectively. No rotomers of the side chain of
Lyssg brought this residue within hydrogen bonding distance of
the amide nitrogen at the N-terminal scissile bond.

B DISCUSSION

Splicing of the Tko CDC21-1 Intein. Hisg,,, is the most
highly conserved intein residue,* and previous reports
demonstrated that it is essential for splicing and off-pathway
N-terminal splice junction cleavage in inteins from all three
mechanistic classes.>”127213%33735 Therefore, it was not
surprising that the Arsp-FB24 Arth 1007 intein was unable
to splice in the absence of a His at position B:10.>° Remarkably,
the Tko CDC2I1-1 intein spliced to completion in a model
precursor even though Hisp,, is naturally replaced by a
chemically dissimilar residue, Thrg;. Thr is conserved at
position B:10 in all five Tko CDC2I1-1 intein orthologs
currently in InBase.* However, mutating Thrg, to Ala did not
detectably impair splicing, indicating that Thrg, is clearly not
replacing the lost catalytic function normally provided by
Hisg, . In all other respects, the Tko CDC21-1 intein followed
the standard Class 1 protein splicing pathway as evidenced by
observing the expected products after mutating the three
essential Class 1 intein nucleophiles (Cys,, Asn,,, and Thr,,)
and three known facilitating residues (Asp,, at F:4, Throg at
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Figure 6. Proposed mechanism for the N—S acyl migration in the Tko CDC21-1 intein. (A) The N—S acyl migration is initiated by the
deprotonation of the Cys, sulfur atom by Asp,,,, making Cys; more nucleophilic. (B) Nucleophilic attack of the Cys, sulfur atom on the Leu_,
carbonyl carbon atom. Leu_, is the N-extein residue at the N-terminal splice junction. (C) Tetrahedral intermediate of the initial acyl migration step.
Lyssg of Tko CDC21-1 intein stabilizes the oxyanion on the tetrahedral intermediate along with Asn,,, while Asp,,, (F:4) acts as a general acid to
protonate the amide nitrogen leaving group through an intermediate water molecule. This protonation leads to decay of the tetrahedral intermediate,
scissile bond cleavage, and formation of the thioester at the N-terminal splice junction. (D) Resultant thioester intermediate. During the process,
Thryg (B:7) forms a hydrogen bond with the carbonyl oxygen, the amide nitrogen of the scissile bond, or both, assisting the N—S acyl migration by

positioning the scissile bond for catalysis.

B:7, and the penultimate His;3, at G:7). Ala scanning of 10
more Block B, F, and G residues and the remaining histidine
(His;;;) in the Tko CDC21-1 intein failed to identify a
candidate that might substitute for the absent Hisg, ,. However,
alignment of the amino acid sequences of the five Tko CDC21-
1 intein orthologs revealed a conserved motif outside the
normal intein motifs. Ala substitution of the basic residues in
this ortholog-specific motif demonstrated that a basic residue at
position 4 (Lyssg in the Tko CDC21-1 intein) was critical for
splicing and N-terminal cleavage and was thus a candidate for
providing the functionalities lost by the absence of Hisg, .
Lyssg Does Not Perform the Proposed Acid—Base
Catalysis Role of Hisg.;o. The exact role of Hisy,, in
activating the N-terminal splice junction is unknown, but
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several hypotheses exist. One is that the initial N—[S/O] acyl
migration is facilitated by ground state destabilization caused by
a distorted N-terminal scissile bond,?”**** which was shown in
one case to require HisB:w.33 However, not all intein structures
show a distorted N-terminal scissile bond.'®***°73* A second
hypothesis states that Hisg,, is involved in general acid—base
catalysis to promote the initial N—[S/O] acyl migration by
protonating the amide nitrogen leaving group of the tetrahedral
intermediate. Structures of the Sce VMA, Mxe GyrA, Ssp DnaE,
Mja KIbA, Mtu RecA, and Ssp DnaB inteins show the ND1
atom of Hisg, o within hydrogen bonding distance of the amide
nitrogen of the N-terminal scissile peptide bond.'®?%*72%3032
Wang and co-workers proposed that Hisg, ), plays a dual role in
this first acyl shift, working as a base to activate the intein N-
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terminal nucleophile (Cys;) and later serving as an acid to
protonate the amide leaving group.

These proposed mechanistic roles for Hisg, o can be ascribed
to any residue with a similar side chain functionality and
position within the intein structure. However, on the basis of
the modeled structure of the Tko CDC21-1 intein (Figure SA),
no residue is positioned to protonate this leaving group.
Although the side chain hydroxyl of Thr,; at position B:7 is
within hydrogen bonding distance of the amide nitrogen of
Cys,, it most likely acts by positioning the active site, not in
direct acid—base catalysis. The N-terminal scissile bond amide
nitrogen faces away from Lysss, and no rotomer of Lysss can
bring it close enough or in proper orientation to the amide
nitrogen to facilitate protonation of the leaving group.
Additionally, the biochemical data that show Lysgg can be
successfully replaced with Arg strongly argue against an acid—
base catalyst role for this residue. Instead, we propose that Lysg
stabilizes the tetrahedral intermediate in the initial N—S acyl
shift at the N-terminal splice junction.

Proposed Mechanism for the N-S Acyl Migration in
the Tko CDC21-1 Intein in the Absence of a His at
Position B:10. Given the mutagenesis and structural modeling
data, it is likely that the Tko CDC2I1-1 intein catalyzes the
initial N—S acyl migration using a different atomic mechanism
compared to that of the numerous inteins in which Hisg,
protonates the amide nitrogen leaving group. We propose the
following mechanism for this reaction in the Tko CDC21-1
intein. Initially, Asp;,, (F:4) facilitates deprotonation of the
Cys, thiol to increase its nucleophilicity (Figure 6A); its side
chain oxygen atom is 2.9 A from the Cys, sulfur atom in the
Tko CDC21-1 intein model structure (Figure SA). Thrsg at
position B:7 could assist this reaction by hydrogen bonding to
both the scissile bond amide nitrogen (2.9 A) and carbonyl
oxygen (3.3 A) to position Cys, in the active site.

The activated Cys,; sulfur atom then attacks the carbonyl
carbon of Leu_j, the N-extein splice junction residue preceding
the intein (Figure 6B), which results in formation of a
thiazolidine—tetrahedral intermediate (Figure 6C). The oxy-
anion of the tetrahedral intermediate is transiently stabilized by
a hydrogen bond with the amide side chain of the intein C-
terminal Asn;, and by a charge—charge interaction (either
directly or via a water molecule) with the e-amine (NZ atom)
of Lysss (4.3 A) (Figure 6C). The role of Lysg is more critical
to the N—S acyl migration than the role of Asn,,, because Ala
substitution of Asn 4 still results in complete cleavage of the N-
terminal splice junction, while Ala substitution of Lyssg results
in mainly unreacted precursor (Figures 3 and 4). This proposed
role for Lyssg is further supported by the observation that only
replacement with another residue that can provide the same
type of charge—charge interaction (KS8R) yields significant
spliced product and splicing is inhibited by the sterically similar
Met substitution. A similar role of stabilizing the oxyanion of
the tetrahedral intermediate has been proposed for Hisg,), in
the Sce VMA intein.*®

We propose that the transfer of a proton to the amide
nitrogen of Cys, in the tetrahedral intermediate is accomplished
by a catalytic water molecule located adjacent to Asp,,, (3.2 A)
and the Cys; amide nitrogen (2.4 A) (Figure SB). This water
molecule would play a role similar to that of Hisg, in other
inteins. Thus, the tetrahedral intermediate decays when a
proton is passed directly from Asp,, to the Cys, amide
nitrogen via the water intermediate, initiating cleavage of the
scissile bond (Figure 6C). These proposed roles for Aspy,, are
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supported by the mutation data that show conversion of Asp,,,
to Glu, a substitution that would allow proton transfer, permits
splicing, but conversion of Asp,,, to Asn, an isosteric side chain
that is unlikely to perform the required acid—base chemistry,
blocks splicing.

This scheme predicts that the Tko CDC21-1 intein has
evolved a different atomic mechanism for catalysis because of
the absence of a His at position B:10. The reactions of mutant
inteins and the modeled intein structure both suggest that this
intein has not substituted a chemically equivalent residue for
Hisg, ;o that would increase the rate of decay of the thiazolidine
intermediate by leaving group activation, thus shifting the
microscopic equilibrium in favor of the linear thioester. Instead,
the Tko CDC21-1 intein mitigates the loss of reactivity
engendered by the lack of Hisy,, by stabilizing the thiazolidine
intermediate using Lyssg. This allows the transfer of a proton
from water, a far worse proton donor than His, to become
feasible on a biological time scale.

In the intein world, the Tko CDC21-1 intein is not the only
example in which a catalytically functional His is replaced with a
residue that performs a chemically distinct function. Most
active inteins naturally have a penultimate His, which normally
facilitates the Asn cyclization step by organizing the active site
and shuttling protons.”*”~%2¢7232 On the basis of the crystal
structure of the Ssp DnaE intein that naturally has a
penultimate Ala, Rao and co-workers predict that Arg,; at
position B:11 stabilizes the oxyanion of the tetrahedral
intermediate formed during the Asn cyclization step.'® This
predicted interaction is analogous to our proposal that Lyssg
stabilizes the oxyanion of the N—S acyl migration tetrahedral
intermediate in the Tko CDC21-1 intein. On the other hand,
the nearly absolute conservation of Hisg,, is surprising,
suggesting that it performs more than one important function.
No alternatives to Hisg, ;o are found in nature except for the
Tko CDC21-1 intein orthologs, which probably represent a
single event that spread by lateral transmission.

Perspective. Throughout this discussion, the absence of a
single, common strategy for performing each reaction step has
exemplified the flexibility that inteins exhibit in performing the
same set of nucleophilic displacement reactions. For example,
examination of the proposed roles for Hisg,, in the initial acyl
migration reveals three different strategies: ground state
destabilization by scissile bond strain, protonation of the
tetrahedral intermediate leaving group, and stabilization of the
oxyanion of the tetrahedral intermediate. Self-catalytic systems,
such as inteins, have an advantage over classical enzymes when
exploring different strategies for performing the same overall
enzymatic process. Because the enzyme—substrate complex is
covalently tethered, it does not need rapid turnover to be
biologically relevant. Therefore, despite having to coordinate
multiple reaction steps to achieve successful maturation of the
extein, inteins can more easily tolerate disruptive mutations that
diminish the catalytic efficiency of one or more of these steps
by utilizing second-site mutations to repair the catalytic defect.
This has resulted in numerous variations in the intein-mediated
protein splicing mechanism, such as the Class 3 inteins in which
the absent intein N-terminal nucleophile is replaced with an
internal Cys at position F:4 that cleaves the N-terminal splice
junction. Analysis of the mechanistic details in various inteins
can provide insight into how an enzyme can rescue activity after
mutation and how it can catalyze production of the same
molecule using different mechanisms within the same active site
context and structural fold. As is often the case, we find that
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biology has discovered multiple unique solutions to solve the
same chemical problems.

B ASSOCIATED CONTENT

© Supporting Information

Table S1 lists the products observed in all Tko CDC21-1 intein
mutants from this study. The results of mutating residues in
Tko CDC21-1 intein Blocks B, F, and G are presented in
Figures S1—S3 as SDS—PAGE gels of soluble lysates from
mutated MIP precursors. An amino acid sequence alignment
and motif positions of Tko CDC21-1 intein orthologs is
presented in Figure S4. The amino acid sequence alignment of
the region equivalent to that of Lysss of the Tko CDC21-1
intein is presented for nine inteins in Figure S5 along with the
results of mutating this position. The sequence alignment
between the Tko CDC21-1 intein and the Npu DnaFE intein
used for modeling is presented in Figure S6. This material is
available free of charge via the Internet at http://pubs.acs.org.
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