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Abstract: Inteins are the protein equivalent of introns. They are remarkable and robust single
turnover enzymes that splice out of precursor proteins during post-translational maturation of the

host protein (extein). The Deinococcus radiodurans Snf2 intein is the second member of the recently
discovered Class 3 subfamily of inteins to be characterized. Class 3 inteins have a unique sequence
signature: (a) they start with residues other than the standard Class 1 Cys, Ser or Thr, (b) have a
noncontiguous, centrally located Trp/Cys/Thr triplet, and (c) all but one have Ser or Thr at the start of
the C-extein instead of the more common Cys. We previously proposed that Class 3 inteins splice by
a variation in the standard intein-mediated protein splicing mechanism that includes a novel initiating
step leading to the formation of a previously unrecognized branched intermediate. In this mechanism

defined with the Class 3 prototypic Mycobacteriophage Bethlehem DnaB intein, the triplet Cys
attacks the peptide bond at the N-terminal splice junction to form the class specific branched
intermediate after which the N-extein is transferred to the side chain of the Ser, Thr, or Cys at the
C-terminal splice junction to form the standard intein branched intermediate. Analysis of the
Deinococcus radiodurans Snf2 intein confirms this splicing mechanism. Moreover, the Class 3
specific Block F branched intermediate was isolated, providing the first direct proof of its existence.
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Introduction

Intein-mediated protein splicing is a post-translational
process where the intervening intein sequence is
removed from a protein precursor and the flanking pro-
tein fragments (termed exteins) are ligated to form the
mature extein protein. The mechanism is self-catalyzed
by the combined action of the intein and the first
C-extein residue, which act as a single turnover
enzyme. The process results in cleavage of the peptide
bonds at the intein N- and C-termini and formation of a
new peptide bond between the exteins. Understanding
the mechanism of protein splicing has led to the devel-
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opment of numerous methods of protein semisynthesis,
control of protein expression, and other biotechnology
applications. To date, over 500 inteins have been identi-
fied in archaea, eubacteria, and eukaryotes (see the
InBase online intein database at http:/www.neb.com/
neb/inteins.html).! There are four conserved motifs
present in all intein splicing domains (Fig. 1).2° Intein
residues are referred to using the Block letter and the
Block position separated by a colon.

Inteins were recently divided into three classes
based on sequence signatures and splicing mecha-
nisms.? Class 1 inteins splice by the “standard” reac-
tion scheme (Fig. 2).%7 Splicing is initiated when the
intein N-terminal Serl or Cysl undergoes an N-[S/
O] acyl migration to form the linear (thio)ester inter-
mediate (IT). Although Thrl mutants were shown to
splice, Thrl has not been observed in nature.’® In
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Figure 1. The four protein splicing domain motifs are depicted for the three classes of inteins. The position number in each
Block for residues known to be important for catalysis is indicated. Conserved positions are populated by groups of residues
that have similar properties except for the Block B His (B:10), which is almost invariant." An exemplary sequence is shown
for each intein class. The most common residue found at selected positions is underlined and the common variations for
these positions are shown. Note that no covariation amongst positions is implied in the rows listing the variations. To date,
only 1 putative Class 3 intein (Bvi IcmO) has a Cys in the +1 position. Intein residues are in upper case using the single letter
amino acid code and the +1 C-extein residue is in lower case. The periods represent a gap in some inteins due to a variable
sized loop in Block F. Numbering of intein residues starts with 1 at the intein N-terminus and +1 at the C-extein N-terminus.
Residues are referred to in the text using the Block letter and the Block position separated by a colon. An alternate Block
nomenclature exists: Block A = N1, Block B = N3, Block F = C2, and Block G = C1.3 See InBase for a complete list of

intein sequences and block sequences.’

step 2, the first residue of the C-extein (Cys+1, Ser+1,
or Thr+1) cleaves the N-terminal splice junction (thio)-
ester bond, transferring the N-extein to its side chain
while forming the Block G branched intermediate (BI)
(III), so called because the branch point is in intein
Block G (Fig. 1). The Block G BI is then resolved by
Asn cyclization, which results in C-terminal splice
junction cleavage releasing the free intein with a
C-terminal succinimide ring (IV) and the ligated
exteins bound by a (thio)ester bond (V). Asp and GIn
can undergo similar cyclization reactions.®”*! The
intein penultimate His assists Asn cyclization.>” A
native peptide bond is formed between the exteins (VI)
after a spontaneous [S/O]-N acyl shift. Slow hydrolysis
of the succinimide ring yields Asn (VII) or isoaspara-
gine. Mutations and foreign extein residues often
reduce splicing and result in off-pathway single or dou-
ble splice junction cleavage in the absence of splicing
(Fig. 3). Theoretically, the observed amount of on-path-
way or off-pathway cleavage at a specific splice junc-
tion can change due to either a change in the reaction
rate at that splice junction or a change in the reaction
rate at an earlier or later step in the splicing pathway.
For example, the observation of increased N-terminal
cleavage products could be the result of a direct
increase in the rate of off-pathway N-terminal cleav-
age. Alternatively, this could be indirectly caused by a
decrease in the rate of C-terminal cleavage that results
in increased susceptibility of stalled (thio)ester inter-
mediates II or III to off-pathway N-terminal cleavage.

A growing number of atypical inteins are being
identified that are unable to generate the Class 1
linear thioester intermediate (II) because they start
with residues other than Cys, Ser, or Thr (Fig. 1).}
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Two variations in the intein-mediated protein splic-
ing mechanism were previously described, which
involve direct attack on an amide bond at the N-ter-
minal splice junction to generate a BL5 71213 In
Class 2 inteins, exemplified by the Methanococcus
jannaschii (Mja) KIbA intein,'?'® the Block G BI
(ITII) is formed by nucleophilic attack of Cys+1 on
the peptide bond at the N-terminal splice junction
(Fig. 2). In Class 3 inteins, exemplified by the Myco-
bacteriophage Bethlehem (MP-Be) DnaB intein,® a
Block F BI (VIII) is initially formed by nucleophilic
attack of the Block F position 4 (F:4) Cys on the pep-
tide bond at the N-terminal splice junction (Fig. 2).
However, the proposed Block F BI was never
observed in the MP-Be DnaB intein.® A reversible
transesterification reaction moves the N-extein to
the side chain of the +1 residue to generate the
standard Block G BI (III). The remainder of the
splicing mechanism is the same for all three intein
classes once the Block G BI (III) is formed. Class 2
and 3 inteins have overcome the barrier to direct
attack of an amide bond at the N-terminal splice
junction that is present in Class 1 inteins.
Differences amongst the three classes of inteins
are also evident in the specific residues that populate
certain positions in conserved motifs (Fig. 1) and the
mechanistic roles that they play.l™” Putative Class 3
inteins can be identified by class-specific sequence
features: (a) the absence of a Cys, Ser, or Thr N-termi-
nal nucleophile at A:1, (b) a noncontiguous WCT tri-
plet at B:12, F:4, and G:5, and (¢) Thr+1 or Ser+1 as
the first C-extein residue at G:8 instead of the more
common Cys—+1 (Fig. 1).%° Only 1 putative Class 3
intein, the Burkholderia vietnamiensis G4 (Bvi) IemO
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Figure 2. The splicing mechanisms 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 3 inteins
lack an N-terminal Cys, Ser, or Thr and, therefore, cannot perform the initial acyl shift required by Class 1 inteins. In Class 2
inteins, Cys+1 directly attacks an amide bond at the N-terminal splice junction to form the standard Block G branched
intermediate. Known examples of Class 2 inteins are the KIbA inteins.'? The Class 3 intein reaction scheme also consists of
four coordinated nucleophilic displacements but includes two branched intermediates: (Step 1) the Cys in Block F (Cys323 in
the Dra Snf2 intein) attacks the peptide bond at the N-terminal splice junction, forming the Block F branched intermediate;
(Step 2) the N-extein is transferred to the side chain of the +1 residue (Thr+1 in the Dra Snf2 intein) by a transesterification
reaction resulting in the formation of the same Block G branched intermediate as in Class 1 or 2. Once the Block G branched
intermediate is formed, the remainder of the splicing reaction is the same in all 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. "X" represents the sulfur or oxygen atoms in the side chains of Ser,
Thr, or Cys and dashed arrows represent chemically feasible reverse reactions that have not been experimentally verified.

intein, has Cys+1. The Cys in the WCT triplet is the
branch point for the Block F BI (VIII).? This position
is most often Asp in Class 1 and 2 inteins.! Block B
residues activate the N-terminal splice junction for
on-pathway cleavage during BI formation and off-
pathway N-terminal cleavage. The B:10 His is essen-
tial for splicing and N-terminal cleavage, while muta-
tion of the more variable B:7 residue in Class 1 and 2
inteins usually reduces splicing and N-terminal cleav-
age, but does not block it.>~"12-14

The essential characteristics of Class 3 inteins
are the mechanistic properties specific to this sub-
family of inteins as determined in the prototypic
MP-Be DnaB intein: (a) cleavage at the N-terminal
splice junction in the absence of all standard Class 1
and Class 2 N- and C-terminal splice junction nucle-
ophiles at A:1, G:7, and G:8, (b) activation of the N-
terminal splice junction by a Block B motif that
includes the conserved His (B:10) and the WCT tri-
plet Trp (B:12), (¢) breakdown of native but not
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denatured Block G BI (ITI) in response to thiols or
Cys despite an ester linkage at the Block G branch
point, (d) an absolute requirement of the WCT trip-
let Cys at F:4 for splicing, (e) both a Block F BI
(VIII) and a Block G BI (III), and (f) nonconserva-
tive mutation of the F:4 Cys prevents formation of
both the Block F BI and the Block G BI, as well as
off-pathway N-terminal cleavage.

It is important to determine whether these prop-
erties of the MP-Be DnaB intein are specific to this
intein or if they can be generalized to other mem-
bers of Class 3. The Alal Deinococcus radiodurans
(Dra) Snf2 intein has the Class 3 intein signature
sequences. Although splicing of the Dra Snf2 intein
was previously described, the mechanism was not
characterized.'® This study examines the reactivity
of the Dra Snf2 intein and confirms that the proper-
ties listed above are common to the class. Further-
more, the Class 3 Block F BI (VIII) was detected for
the first time.
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Figure 3. A schematic representation of splicing and off-
pathway cleavage reactions for the Dra Snf2 intein (l) in a
model precursor consisting of MBP as the N-extein (M) and
a fragment of paramyosin (P) as the C-extein. Protein
splicing yields ligated MP and free intein, while 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 (thio)ester linkage in branched
intermediates also yields M + IP. Some mutations result in
double cleavage (D) at both splice junctions to yield M + |
+ P. Molecular weights of the Dra Snf2 intein MIP
precursor and potential products are listed.

Results and Discussion

Mutagenesis of conserved residues in
the Dra Snf2 intein
The 343 amino acid Dra Snf2 intein splices in vivo
in a model precursor consisting of the Escherichia
coli maltose binding protein (MBP or M) as the N-
extein and a fragment of Dirofilaria immitis para-
myosin (P) as the C-extein.'® In this study, expres-
sion of this MIP precursor was induced with 1 mM
IPTG (isopropyl B-p-thiogalactoside) for 2 h at 37°C
(87°C sample) or for 2 h at 37°C followed by over-
night incubation at 15°C (15°C sample). Such tem-
perature shifts allow mutated inteins that are mar-
ginally misfolded or aggregated at 37°C to refold at
15°C with the help of the cell’s refolding machinery.
However, grossly misfolded proteins are not rescued
by temperature shifts nor are enzymes with muta-
tions in essential catalytic residues. The wild type
Dra Snf2 intein spliced to completion in vivo to yield
MP and I under both conditions (Fig. 4 and Table I).
Substitutions of the Dra Snf2 N-terminal Alal
reduced splicing and off-pathway N-terminal cleav-
age to varying degrees, which resulted in increased
amounts of off-pathway C-terminal cleavage [Fig.
4(A) and Table I]. Replacement of Alal by Pro
yielded precursor at 37°C and C-terminal cleavage
products at 15°C. AlalSer spliced efficiently at both
temperatures, while AlalCys yielded both spliced
and C-terminal cleavage products. These results
were similar to those observed after mutation of the
Mja KlbA (Alal) and MP-Be DnaB (Prol) intein N-
termini in that some mutations reduced the reactiv-
ity of the N-terminal splice junction, while others
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did not.>%13 However, the relative amounts of prod-
ucts observed with each amino acid were usually
specific to the intein, which is also true for all posi-
tions tested in this study.

The following Dra Snf2 intein C-terminal splice
junction proximal residues were mutated (Fig. 4 and
Table I): the intein penultimate His342 (G:6), the
intein C-terminal Asn343 (G:7), and the C-extein
Thr+1 (G:8). Substitution of Asn343 by Ala yielded
mainly BI, confirming that Asn343 is required for
resolution of the Block G BI and off-pathway C-ter-
minal cleavage. Mutation of His342 to Ala yielded
precursor and BI, indicating that this penultimate
His facilitates Asn cyclization. Mutation of Thr+1 to
Ala yielded double cleavage products (M + I + P)
while conservative substitution by Cys or Ser per-
mitted splicing. N-terminal cleavage still occurred
when Asn343Ala was combined with Thr+1Ala
because the Block F Cys mediates N-terminal cleav-
age in Class 3 inteins. Thus, the Dra Snf2 intein is
neither Class 1 as it begins with Alal nor Class 2 as
Thr+1 is not required for N-terminal cleavage.

All inteins use Block B residues to activate the
N-terminal splice junction. The residues populating
the conserved Block B positions in the Dra Snf2
intein are Asp61 (B:7), His64 (B:10), and Trp66
(B:12). His64 is only required for N-terminal reac-
tions as C-terminal cleavage was efficient at 15°C
when this residue was mutated [Fig. 4(B), Support-
ing Information Figure 1 and Table II]. In the MP-
Be DnaB intein, the B:10 His65 was required for
both N- and C-terminal reactions.® Asp is not com-
monly found at B:7 although it is present in a few
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Figure 4. The effects of mutating conserved Dra Snf2 intein
residues were examined. Mutated MIP precursors were
expressed at 37°C for 2 h followed by 15°C overnight.
Soluble proteins were electrophoresed in SDS-PAGE
followed by staining with Coomassie Blue. Mutations are
listed above each lane. Part A: splice junction residues,
Part B: mutations in Blocks B and F, and Part C: mutations
yielding branched intermediates. Multiple mutations in the
same protein are separated by a slash. Abbreviations as in
Figure 3 plus WT, wild type Dra Snf2 intein and "S," 10-250
kDa Protein Ladder (250, 150, 100, 80, 60, 50, 40, 30, 25
kDa, where 80 and 25 kDa are darker bands).
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Table 1. The Effects of Mutating Splice Junction Proximal Dra Snf2 Intein Residues

Temp Splice Precursor  N-cleave® C-cleave® DCP? Branch ¢
Residue Mutation °C) (MP+I) (MIP) (M+1P) (MI+P) (M+I+P) (MIP*)
Block A
WT 15/37  A+++1¢
Alal Pro 37 ++++
Pro 15 + ++++
Ser 15/37 ++++ +
Cys 37 4+ 4+ +
Cys 15 ++++ + +
Block G
His342 Ala 15 + +4+4 ++(G)
Asn343 Ala 15/37 ++++ (()
Thr+1 Ala 37 + + +++
Ala 15 + ++++
Cys 37 ++++ +
Cys 15 4+
Ser 15/37 4+ +
“Multiple mutations
N343/ T+1 A/A 15 + ++++
C323/ N343 / T+1 S/A/A 15 ++ ++ (F)

& N-cleave and C-cleave = off-pathway single splice junction cleavage reactions. Abbreviations as in Figure 3.

® Double cleavage at both splice junctions.
¢F = Block F BI (VIII) and G = Block G BI (III).

d Key to the relative amount of MIP substrate and products: blank, none detected; +, <10%; ++, 10-50%; +++, 51-90%;

+4++, >90%.

¢ Multiple mutations in the same precursor are separated by a slash.

other inteins.'™® Mutation of Asp61 to Ala inhibited
reactions at the N-terminal splice junction reducing
the amount of spliced products and increasing the
amount of C-terminal cleavage products [Fig. 4(B)
and Table II]. Asp61 could be replaced by Ser or Thr
(residues normally present at this position in Class
1 and 2 inteins) with minimal effects on splicing
(Supporting Information Fig. 1 and Table II). These
results are markedly different than those observed
with the MP-Be DnaB intein, where substitution of
Ser62 (B:7) by a residue unlikely to assist catalysis
(Ala) had no detectable effect.® The modeled struc-
ture of the MP-Be DnaB intein indicates that the
Ser62 hydroxyl forms a hydrogen bond with the
Prol amide nitrogen.® This interaction likely helps
to stabilize the position of Prol for catalysis. How-
ever, Pro has a much lower degree of flexibility than
other amino acids and, therefore, might not need the
assistance of Ser62 to maintain proper alignment at
the intein active site, thus explaining why loss of
the B:7 residue did not significantly decrease splic-
ing of the MP-Be DnaB intein. Crystal and NMR
structures reveal that the B:7 residue also plays a
key role in positioning the intein N-terminal splice
junction residues for catalysis in Class 1 and Class 2
inteins.'®%17 These same structures suggest a cata-
lytic role for the B:7 residue in some inteins.'®!”
The diversity of effects caused by mutation of the
B:7 residue thus reflects different functional roles
for this residue in individual inteins. The Dra Snf2
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intein uses positions B:7, B:10, and B:12 to confor-
mationally minimize and chemically activate the N-
terminal splice junction, expanding the repertoire of
catalytically important residues in Class 3.

The Class 3 WCT triplet Trp66 residue was also
crucial for splicing in the Dra Snf2 intein, as substi-
tution by Ala yielded MIP precursor at both temper-
atures (Table II). However, the more conservative
substitution of Trp66 to Tyr spliced to completion at
15°C but yielded precursor at 37°C (Supporting
Information Fig. 1 and Table II). Such temperature
dependent enzyme activity generally suggests that
the mutation caused conformational instability or
effected protein folding. Lower temperatures are
thought to improve reactivity by stabilizing the pro-
tein structure. The B:12 Trp participated in hydro-
phobic packing with surrounding residues in the
modeled MP-Be DnaB intein structure, which
improves conformational stability.’® The B:12 Trp
might also activate N-terminal cleavage by partici-
pating in a cation-m interaction with the Block B His
that could stabilize the positive charge generated
when this His is protonated during the splicing reac-
tion.® The Dra Snf2 intein data support these
hypotheses.

According to the splicing mechanism proposed
for the prototypic MP-Be DnaB intein, the F:4 Cys
should be essential in all Class 3 inteins. The follow-
ing Cys323 (F:4) substitutions were made in the
Dra Snf2 intein: Ala, Asp, Thr, Ser, Gly, and GIln

PROTEIN SCIENCE ‘ VOL 19:1525-1533 1529



Table II. The Effects of Mutating Conserved Dra Snf2 Intein Block B and Block F Residues

Residue Mutation Temp (°C) Splice (MP+1I) Precursor (MIP) N-cleave® (M+IP) C-cleave® (MI+P)
Block B
Asp61 Ala 37 40
Ala 15 ++ ++
Ser 37 +++ ++
Ser 15 ++++
Thr 15/37 +4++
His64 Ala 37 EEEE
Ala 15 ++ 4t
Asn 37 44+
Asn 15 ++ ++
Trp66 Ala 15/37 +4+++
Tyr 37 ++++
Tyr 15 ++++
Block F
Cys323 Ala 15/37 + gt
Asp 37 ++++
Asp 15 ++++
Thr 37 +++
Thr 15 4
Ser 37 +++ ++
Ser 15 NI
Gly 15/37 + gt
Glu 37 EENEEE

# N-cleave and C-cleave = off-pathway single splice junction cleavage reactions. No double cleavage or BI was observed in

Table II mutants. Abbreviations as in Figure 3.

b Key to the relative amount of MIP substrate or products: blank, none detected; +, <10%; ++, 10-50%; +++, 51-90%;

++++, >90%.

[Fig. 4(B), Supporting Information Fig. 2 and Table
II]. These substitutions completely block splicing
and N-terminal cleavage. However, C-terminal cleav-
age was observed at 15°C for all mutants, whereas
only Ser, Ala, and Gly mutants resulted in C-termi-
nal cleavage at 37°C. Similar results were obtained
with the MP-Be DnaB intein,? although the degree
of C-terminal cleavage was greater in the Dra Snf2
intein F:4 mutants.

Characterization of the branched intermediate
that accumulates in the Asn343Ala and
His342Ala mutants
Mutation of Asn343 to Ala blocks branch resolution
by C-terminal cleavage and results in BI accumula-
tion [Fig. 4(C)]. The slowly migrating BI band
yielded two residues per cycle of Edman degradation
that correspond to the N-terminus of the N-extein
(M) and the intein (I). It also reacted with antisera
directed against the MBP and paramyosin exteins
(data not shown). After affinity purification of the
Asn343Ala BI sample over Amylose resin, mass
spectroscopy indicated that the slowly migrating
band had the same molecular mass as the linear
precursor. These results confirm that the slowly
migrating band is a BI.

When an intein BI accumulates, the (thio)ester
linkage is usually alkaline labile at elevated temper-
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atures.>'8 2% The affinity purified Asn343Ala BI was
incubated overnight in vitro at 4°C, room tempera-
ture, 30°C or 37°C, pH 6 or 9, and in the presence or
absence of 50 mM DTT [Fig. 5(A) and data not
shown]. The Asn343Ala BI was stable under all con-
ditions at pH 6 and stable at 4°C or room tempera-
ture at pH 9. The Asn343Ala BI was labile at 30
and 37°C at pH 9 independent of DTT, as demon-
strated by its decay to M + IP. The Dra Snf2 intein
Block G BI has an ester linkage at its Thr+1 branch
point, but decay of this BI was stimulated by DTT,
as was the case with the MP-Be DnaB intein. Under
these mild conditions, DTT should not enhance
cleavage of an ester bond. However, DTT dependent
decay of the ester-linked Block G BI (III) would
occur if it were in equilibrium with the DTT sensi-
tive thioester-linked Block F BI (VIII) (Fig. 2).
Increased breakdown of Class 3 Block G BIs in
response to thiols and interconversion between the
two types of BI is thus a common feature of Class 3
inteins.

A BI also accumulated when the intein penulti-
mate His342 was mutated to Ala [Fig. 4(B)]. The
His342Ala BI was stable at pH 5 when incubated
overnight at 4 and 37°C (data not shown). Unlike
the BIs from the Asn343Ala and the triple mutant
(see below), the His342Ala Block G BI can proceed
forward to form spliced products. The ester linkage

Block F BI
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Figure 5. Analysis of Dra Snf2 intein branched
intermediates in vitro. Branched intermediates (MIP¥)
accumulated in three different Dra Snf2 intein mutants: Part
A, the C-terminal Asn343 was mutated to Ala, Part B, the
penultimate His342 was mutated to Ala, and Part C, a triple
mutant (Cys323Ser/ Asn343Ala/ Thr+1Ala). Samples were
purified by affinity chromatography on Amylose resin and
adjusted to pH 6, 9, or 10. Samples were then incubated
overnight at the indicated temperatures to examine the
breakdown of the BI (thio)ester linkage to yield M + IP in
response to pH, temperature or DTT. The time zero sample
has a "U" above the lane. Samples were electrophoresed in
SDS-PAGE and stained with Coomassie blue. The
Asn343Ala and triple mutants were incubated in presence
(+) or absence (—) of 50 mM DTT; the His342Ala mutant
was incubated in presence of 50 mM DTT. Abbreviations as
in Figure 4.

can also be cleaved yielding M + IP or the Block G
BI can revert back to the Block F BI, which can
revert back further to the linear precursor. All of
these reactions occurred when purified His342Ala BI
was incubated overnight at 37°C, pH 10 yielding
MIP, MP + I, M + IP, and M + I + P [Fig. 5(B)l.
These off-pathway and reverse reactions are consist-
ent with a reduced rate of Asn cyclization in the ab-
sence of His342. The presence of double cleavage
products (M + I + P) indicates that either Cys323
can cleave the N-terminal splice junction in MI after
C-terminal cleavage has occurred or Asn cyclization
occurred after the ester bond in the BI was cleaved,
since MP forms if Asn cyclization occurs before
cleavage of this ester bond. It is unlikely that M and
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P formed from the ester linked MP (V) as the spon-
taneous [O/S]-N acyl rearrangement that forms the
peptide bond between the exteins is very rapid.?! Re-
version of the Block G BI to MIP at pH 10 was also
observed in the Pyrococcus GB-D Pol intein and is,
therefore, a common feature of all classes of
inteins.2°

Another difference between the MP-Be DnaB
intein and the Dra Snf2 intein was seen in the role
of their penultimate His residues. Mutation of the
MP-Be DnaB intein penultimate His340 had only a
minimal effect on splicing or C-terminal cleavage.®
This difference may relate to the observation that
the Block B His assists C-terminal cleavage in the
MP-Be DnaB intein but not in the Dra Snf2 intein.
In the MP-Be DnaB intein, the Block B His may
replace or complement the facilitating interaction
normally provided by the penultimate His.

Trapping the Block F branched intermediate
Historically, intein BIs accumulate when the branch
point is an ester rather than a thioester,'®'° so a tri-
ple mutant consisting of Cys323Ser, Asn343Ala, and
Thr+1Ala was constructed. A slowly migrating band
accumulated in this triple mutant [Fig. 4(C)]. This
band yielded two residues per cycle of Edman degra-
dation, which corresponded to the N-terminus of the
N-extein (M) and the intein (I). It also reacted with
antisera directed against the extein domains (data
not shown). Molecular weight determination by
mass spectroscopy revealed that it had the same
mass as the linear precursor. As Thr+1 was mutated
to Ala, this band could not be the Block G BI (III).
Instead, the triple mutation captured the elusive
Block F BI (VIII). The strategy of mutating Cys323
to Ser probably trapped the Block F BI in the Dra
Snf2 intein triple mutant because the ester, once
formed, is chemically stable under mild conditions
while a thioester is not. Similar results were
observed in a Class 1 intein, where Cys+1 did not
permit BI accumulation, but Cys+1Ser did permit
accumulation.'®

The triple mutant BI was purified over Amylose
resin and then incubated in vitro in the presence or
absence of 50 mM DTT at pH 6 or 9 and at 4, 30 or
37°C [Fig. 5(C) and data not shown]. The Block F BI
from the triple mutant was stable at pH 6. However
at pH 9, reversion of the triple mutant Block F BI
back to MIP occurred at all temperatures tested,
including 4°C. DTT treatment of the triple mutant
Block F BI had no detectable effect on breakdown of
its ester linkage, further indicating that no other
thioester intermediate exists when the F:4 Cys323 is
mutated.

An essential characteristic of Class 3 inteins is
the absolute requirement for splicing of a Cys at
position 4 in Block F because this Cys serves as the
nucleophile that initiates the splicing reaction.

PROTEIN SCIENCE ‘ VOL 19:1525-1633 1431



Although Ser could substitute for this Cys to form
the Block F BI in the triple mutant, the relative rate
of BI formation to Asn cyclization was too slow to
allow splicing in the Cys323Ser single mutant where
C-terminal cleavage dominated.

Materials and Methods

Cloning, mutagenesis, and protein expression
The MIP precursor consists of the 343 amino acid
Dra Snf2 intein surrounded by the E. coli maltose-
binding protein (MBP or M) as the N-extein and the
ASal fragment of D. immitis paramyosin (P) as the
C-extein.’® In addition, the intein was flanked by
three native Dra Snf2 residues (Leu-Gly-Lys) at the
N-terminal splice junction and Thr-Val-GIn-Thr
instead of the native Dra Snf2 C-extein residues
Thr-Leu-GIn-Thr at the C-terminal splice junction.
Amino acid substitutions were introduced by site-
directed mutagenesis using the Phusion Site-
Directed Mutagenesis Kit (New England BioLabs,
Ipswich, MA) or the Quikchange Kit (Stratagene, La
Jolla, CA) as described by the manufacturers. Each
clone was sequenced by the New England BioLabs
DNA sequencing core facility.

Protein expression was induced with 1 mM
IPTG in T7 Express cells (New England BioLabs,
Ipswich, MA) at an ODggg of 0.6-0.7 for 2 h at 37°C
and then harvested (37°C sample) or further induced
for 20 h at 15°C (15°C sample). Cell pellets were
lysed by sonication in Buffer A (20 mM NayHPOy,
pH 7, with 0.5 M NaCl). The protein splicing activ-
ities of mutant constructs were assessed by SDS-
PAGE of soluble cell lysates and by Western blot
analysis with anti-MBP or anti-Paramyosin sera as
described previously.® The 10-250 kDa Protein Lad-
der (250, 150, 100, 80, 60, 50, 40, 30, 25, 20, 15, 10
kDa, where 80 and 25 kDa are darker bands) was
used as the size standard (New England BioLabs,
Ipswich, MA). Selected samples were purified by af-
finity chromatography over Amylose resin in Buffer
A at pH 7 or pH 6 and eluted with 10 mM Maltose
in Buffer A at the same pH (New England BioLabs,
Ipswich, MA). Soluble lysates or purified protein
were boiled for 5 min in SDS-PAGE sample buffer
with 5 mM DTT (New England BioLabs, Ipswich,
MA), loaded onto 10% or 10%—20% Tris-Glycine
SDS-PAGE gels (Invitrogen, Carlsbad, CA) and ei-
ther stained with Coomassie Blue or transferred to
nitrocellulose for Western blot analysis. The Western
blots helped to distinguish between MI, MP, and IP,
which have a similar relative mobility.

Investigation of branched intermediates

Amylose purified samples of Block F and Block G
BIs were incubated overnight in vitro at various
temperatures, pH values, and plus or minus 50 mM
DTT. The pH of BI samples was changed by addition
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of pH 5 or pH 10 sodium phosphate buffer.
Asn343Ala samples were incubated at 4°C, room
temperature or 37°C at pH 6 or 9. Triple mutant
samples were incubated at 4, 30, and 37°C at pH 6
or 9. His342Ala samples were incubated at 4°C,
room temperature or 37°C at pH 6 or 10. Time zero
samples before incubations were directly boiled in
SDS-PAGE sample. To prevent decay of the BI in pH
9 samples during preparation for electrophoresis,
the pH of these samples was adjusted to pH 6.5-7
immediately before heating by adding an equal vol-
ume of 0.5 M sodium phosphate buffer (pH 4.3).
Samples including Bls from the Asn343Ala and the
triple mutant had their mass determined by electro-
spray ionization time-of-flight mass spectroscopy
(ESI-TOF MS) and were subjected to N-terminal
sequencing as described.®

Conclusions

This study generalizes the properties of Class 3
inteins beyond the MP-Be DnaB intein. The Dra
Snf2 intein uses positions B:7, B:10, and B:12 to con-
formationally minimize and chemically activate the
N-terminal splice junction and the penultimate His
to activate C-terminal cleavage. Compared to the
Class 3 prototype, the MP-Be DnaB intein, the Dra
Snf2 intein expands the repertoire of catalytically
important Class 3 intein residues to include B:7 and
the penultimate His. More importantly, this study
proves the existence of the Block F BI (VIII), thus
confirming the dual BI mechanism proposed for
Class 3 inteins. Our understanding of protein splic-
ing mechanisms has led to a multitude of intein-
based applications. Understanding this new intein-
mediated protein splicing mechanism can further
these pursuits. Variations in protein splicing mecha-
nisms are more easily tolerated because the enzyme
and substrate are linked in one precursor molecule.
Therefore, inteins may provide a window into the
process of converting one enzyme active site to
another, which is more difficult in standard enzyme
systems. Inteins continue to fascinate us and provide
mechanistic surprises.
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Statement for Broader Audience: Inteins mediate
self-excision from precursors using the same tricks
that all enzymes use. This article analyzes the second
member of intein Class 3, generalizing the properties
of the prototype. It further proves the proposed Class 3
splicing mechanism that includes two branch inter-
mediates by capturing the class specific branch

Block F BI



intermediate for the

first time. Novel inteins

provide tools for understanding enzyme function and

for biotechnology applications

such as protein

semisynthesis.
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