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Probing Intein-Catalyzed Thioester Formation by Unnatural Amino
Acid Substitutions in the Active Site
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ABSTRACT: Inteins are single-turnover catalysts that splice
themselves out of a precursor polypeptide chain. For most
inteins, the first step of protein splicing is the formation of a
thioester through an N—S acyl shift at the upstream splice
junction. However, the mechanism by which this reaction is
achieved and the impact of mutations in and close to the active
site remain unclear on the atomic level. To investigate these
questions, we have further explored a split variant of the Ssp
DnaB intein by introducing substitutions with unnatural
amino acids within the short synthetic N-terminal fragment.
A previously reported collapse of the oxythiazolidine anion
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intermediate into a thiazoline ring was found to be specificially dependent on the methyl side chain of the flanking Ala(—1). The
stereoisomer D-Ala and the constitutional isomers f-Ala and sarcosine did not lead to this side reaction but rather supported
splicing. Substitution of the catalytic Cys1 with homocysteine strongly inhibited protein splicing; however, thioester formation
was not impaired. These results argue against the requirement of a base to deprotonate the catalytic thiol group prior to the N—S
acyl shift, because it should be misaligned for optimal proton abstraction. A previously described mutant intein evolved for more
general splicing in different sequence contexts could even rather efficiently splice with this homocysteine. Our findings show the
large impact of some subtle structural changes on the protein splicing pathway, but also the remarkable tolerance toward other
changes. Such insights will also be important for the biotechnological exploitation of inteins.

Inteins are internal protein domains that excise themselves
out of a precursor protein under concomitant linkage of the
N- and C-terminal polypeptide sequences, termed exteins. This
process is called protein splicing."™* The intein is a self-
contained entity as it requires no additional factors or energy
sources. Rather, protein splicing proceeds in an autocatalytic
fashion and commences as soon as the intein domain is
correctly folded. The same is true for split inteins, in which
N- and C-terminal fragments of the intein domain (Int" and Int,
respectively) are localized on separate polypeptide chains and
associate with each other to reconstitute the active intein prior
to protein trans-splicing. These properties as well as the
tolerance of cis- and trans-splicing inteins for many heterolo-
gous sequence contexts allowed for many biotechnological
applications of inteins, including protein purification, protein
semisynthesis, segmental isotopic labeling, and polypeptide
cyclization.”™®

The protein splicing pathway represents a remarkable
sequence of rearrangements affecting the peptide backbone at
the junctions between intein and both exteins. These reactions
must be highly coordinated to prevent side reactions of the
reactive intermediates. Inteins show generally a low degree
of sequence homology but share several block motifs with
conserved amino acids that are crucial for the reaction
mechanism."”'® Briefly, in the first step, the side chain of the
first residue of the intein in the block A motif, which is either a
Cys or a Ser, attacks the upstream carbonyl carbon atom of the
scissile peptide bond to effect an N—S or N—O acyl shift
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through a thiazolidine or oxazolidine intermediate. The
N-extein acyl chain of the resulting thioester or oxoester is then
transferred onto the nucleophilic side chain of the first residue
of the C-extein at the C-terminal intein-extein junction in the
block G motif, which can be a Cys, Ser, or Thr. In the resulting
branched intermediate, the side chain amide of the neighboring
Asn, the last residue of the intein, attacks the carbonyl group of
its own backbone amide, cyclizes to the succinimide, and
facilitates cleavage of the C-terminal intein junction. Finally, a
spontaneous S—N or O—N acyl shift rearranges the thioester or
oxoester bond between the two exteins to the thermodynami-
cally favored peptide bond. While this represents the canonical
pathway of protein splicing, there is also a subset of inteins that
have an amino acid other than Cys or Ser at their first position
and thus cannot undergo an acyl shift reaction at the upstream
scissile bond. In these cases, attack of the downstream nucleo-
phile is believed to occur directly on the peptide bond."""?
The formation of the active ester intermediate at the upstream
splice junction without the consumption of any energy sources can
be regarded as the most intriguing reaction in protein splicing,
Although different inteins seem to have evolved slightly different
mechanisms to overcome this energy barrier, a distortion or
polarization of the scissile peptide bond appears to be a com-
mon strategy. Structural studies suggest that the strictly conserved
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His residue in the block B motif polarizes the peptide bond by
hydrogen bonding. Mutation of this residue was shown to block
the N—S acyl shift in many inteins." Interestingly, in contrast to
cysteine or serine proteases, no general base is obvious from
structural investigations that might prime the Cysl or Serl for
nucleophilic attack through deprotonation, although a recent
study indicated that the block B histidine might also play this
role."® Structural studies using protein crystallography or
nuclear magnetic resonance (NMR) also suggested a ground-
state destabilization of the scissile peptide bond.'*'> However,
because of the self-processing nature of inteins, all structural
information available was gained either from spliced inteins or
from precursor proteins that were mutated at critical positions.
Thus, the mechanism of the N—S or N—O shift still remains
unclear at the atomic level.

We have recently reported an artificially split semisynthetic
intein based on the Ssp DnaB mini-intein that consists of an
11-amino acid N-terminal fragment (Int") and a 143-amino acid
C-terminal fragment (Int®). Because of the short length of the
Int™ piece, Ex"-Int" peptides with a short N-extein sequence
can be easily accessed by solid-phase peptide synthesis. Upon
mixture of the synthetic Ex"-Int" peptide and the recombinant
Int“-Ex" polypeptide under native buffer conditions, the active
intein is spontaneously formed.'®'” This intein is a useful tool
for preparing N-terminally modified semisynthetic proteins by
protein trans-splicing. Furthermore, it also represents an
attractive system for mechanistic studies because the upstream
splice junction, comprising the catalytic Cysl and the flanking
N-extein residue Gly(—1), is localized on the synthetic
peptide.'”'® As such, we could detect the formation of a
thiazoline ring at the upstream splice junction in the context of
a mutant intein and a Gly(—1)Ala substitution.'” This aberrant
side product underscored the generally accepted notion that
the N—S acyl shift proceeds via the oxythiazolidine anion
intermediate.'”

In this work, we have further explored the semisynthetic Ssp
DnaB intein in mechanistic studies of the initial N—S acyl shift.
Using H,'®O exchange, we investigated the formal possibility
that the thiazoline might constitute a regular intermediate in
the splicing pathway. Replacing the Gly(—1) residue with
unnatural amino acids that are constitutional, functional, and
stereoisomers of Ala provided further insight into the
requirements at this critical position. Finally, substituting
Cysl with p-Cys or homocysteine (Hcy) allowed us to probe
the influence of slight structural and electronic changes at this
catalytically essential amino acid. This is the first investigation
of the upstream splicing junction using unnatural amino acids.
Our findings reveal that subtle changes at the critical positions
either can be tolerated or can abrogate the protein splicing
pathway at different steps. Implications for the catalytic strategy
of the N—S§ acyl shift are discussed.

B MATERIALS AND METHODS

General Techniques and Materials. Unless otherwise
specified, standard protocols were used. Reagents were
purchased from Novabiochem, Sigma-Aldrich, Arcos, or Roth.
All reactions and assays were performed in at least duplicate.

Generation of Protein Constructs and Peptide Syn-
thesis. The expression plasmids, protein expression conditions,
and protein purification procedures for constructs 1—3 and
construct 1a were described previously.'®'”*° Peptides were
synthesized using standard Fmoc-based solid-phase chemistry
on a Syro XP synthesizer (Multisyntech). Wang resin was used
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as solid support, and amino acid side chains were protected as
follows: Asp(tBu), Glu(tBu), Lys(Boc), and Ser(tBu). Standard
coupling reactions were performed by activating S equiv of the
Fmoc-protected amino acid derivative with 4.8 equiv of 2-(1H-
benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophos-
phate (HBTU) in the presence of 6 equiv of N,N-diiso-
propylethylamine (DIPEA) in DMF as a base. Removal of the
Fmoc group was conducted with 20% piperidine in DMF. The
L-Cys (in pepl—pep7) as well as the p-Cys building block (in
pep9) were coupled manually as pentafluorophenyl esters
(Novabiochem) without addition of base, to prevent even small
amounts of cysteine racemization. The Hcy moiety in pep8 was
introduced using HBTU-activated N-Fmoc-S-trityl-L-homocys-
teine (Bachem) and 6 equiv of N-methylmorpholine (NMM).
HBTU-activated 5,6-carboxyfluorescein was coupled twice
manually for at least 8 h in the presence of 6 equiv of NMM.
The following unnatural amino acid building blocks were also
introduced by the standard coupling protocol using HBTU
and NMM: Fmoc-f-Ala-OH (Novabiochem), Fmoc-Sar-OH
(Novabiochem), and Fmoc-p-Ala-OH (Novabiochem). Pep-
tides were cleaved off the resin with complete removal of
the side chain protecting groups by a cleavage cocktail that
contained TFA, H,O, thioanisole, 1,2-ethanedithiol, and phenol
(85:5:5:2.5:2.5) for 4 h. Cleaved products were precipitated in
cold diethyl ether, centrifuged and washed with diethyl ether,
dissolved in H,O, and lyophilized. Crude peptides were purified
via high-performance liquid chromatography (HPLC) on a
preparative C18 column.

Assays for Protein Splicing and Cleavage. A detailed
description of the reaction conditions and the densitometric
analysis of the Coomassie-stained gels was previously
published.'®'” In brief, peptides and proteins were mixed at
the indicated concentrations, typically between 20 and 68 uM,
in assay buffer [SO mM Tris, 300 mM NaCl, 2 mM
dithiothreitol (DTT), 1 mM ethylenediaminetetraacetic acid
(EDTA), and 10% glycerine (pH 7.0)] and incubated at 25 °C
for 24 h. Removed aliquots of the splicing reaction mixtures
were quenched by addition of 4X SDS loading buffer
(containing 8% SDS and 20% f-mercaptoethanol) and boiled
before being applied to a sodium dodecyl sulfate—polyacryla-
mide gel electrophoresis (SDS—PAGE) gel. Aliquots from the
intein complex formation assays were quenched with sample
buffer, but the protein samples were not boiled before being
loaded onto the gel. Gels were stained with Coomassie brillant
blue, and relative intensities of protein bands were densito-
metrically determined using Scion Image (http://www.
scioncorp.com). For UV illumination, the SDS gels were
photographed under UV light before being stained.

80 Isotope Incorporation Assays. The '*0 buffer was
produced by directly dissolving S0 mM Tris, 300 mM NaCl,
and 2 mM tris(2-carboxyethyl)phosphine (TCEP) in 'O
isotopically marked water (Isotec), followed by adjustment of
the pH to 7.0 with 37% HCL As a control, a '°O buffer was
produced in exactly the same way. Highly concentrated stock
solutions of peptides and proteins (in H,'°O) were mixed with
80 buffer, resulting in a final H,'®O content of 70% in the
assay mixtures.

Matrix-Assisted Laser Desorption lonization Mass
Spectrometry (MALDI-TOF MS) Analysis. MALDI-TOF
MS measurements were performed on an Autoflex 2 instru-
ment (Bruker Daltonics) in positive ion detection mode. To
analyze peptide masses, the assay samples were mixed with a
saturated solution of a-cyano-4-hydroxycinnamic acid (CHCA)
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in a ratio of 1:1 and directly subjected to the MS measurement.
To study masses of larger proteins, the reaction mixtures were
subjected to SDS—PAGE, and the desired Coomassie-stained
protein bands were excised and trypsinized before being
analyzed by MALDI-TOF MS using 0.2 g of trypsin (Sigma-
Aldrich) and incubated at 37 °C for 18 h.

Fluorescence Anisotropy Spectroscopy. Fluorescence
anisotropy spectroscopy was conducted with a Safirell
spectrofluorometer (Tecan). The fluoresceine-labeled peptides
were incubated at a fixed concentration of 1 uM with various
concentrations of construct 3 (0.05—30 uM). The increase in
anisotropy was monitored over time, and the data were fit as
described previously.'”?!

Kinetic Investigation of the N-Terminal Hydrolysis
Reaction. pep8 (Cys1Hcy) or pepl (Cysl) at 100 uM were
incubated with mutant construct 2 (55 M) in assay buffer.
At different time points (S min, SO min, 1.75 h, 4 h, 6.5 h, and
23 h), aliquots were removed and analyzed by analytical
HPLC (Agilent 1100 series) under acidic conditions (buffer A
consisting of H,O and 0.1% TFA; buffer B consisting of
acetonitrile and 0.1% TFA) with a Zorbrax 300SB C3 column
(Agilent). All eluting signals were manually collected and
further verified by MALDI-TOF MS. Integrated signal
intensities of the hydrolysis products were plotted versus
reaction time, and the data were fit to a second-order rate
equation.

B RESULTS

Strategy. We chose the semisynthetic split Ssp DnaB intein
for mechanistic studies of the protein splicing reaction, because
it offers several advantages. First, the beginning of the splice
reaction can be controlled by mixing the Ex"-Int" and Int“-Ex“
peptides or proteins. Second, because parts of the active site
involving the N-terminal splicing junction are located on the
short Int" fragment, these residues are amenable to organic
peptide synthesis and can be changed to building blocks
beyond the genetically encoded amino acids. This allows one to
introduce small structural changes with a high degree of
precision. Furthermore, the Int" fragment and modification or
cleavage products thereof lend themselves to facile analysis by
HPLC and MS because of their small size.

Four protein constructs were used in this study (for an
overview, see Figure 1). Int®-Trx (construct 1) is the Int®
fragment (amino acids 12—143) fused to His-tagged
thioredoxin (Trx). This construct is competent for protein
trans-splicing when incubated with a suitable Ex"-Int"
peptide.'® Int®Trx_AA (construct 2) differs from construct 1
in mutations of the two residues around the C-terminal splice
junction, Asn154Ala and Ser(+1)Ala, which block all steps of
the splicing pathway beyond the initial N—S acyl shift. It serves
to investigate thioester formation."” Int®-Trx_AAA (construct
3) harbors an additional His73Ala substitution, which blocks
thioester formation, but still allows the study of intein fragment
association."” Finally, Int®™®.Trx (construct 1a) contains an
evolved Int® fragment that shows a higher splicing efficiency
and a higher promiscuity toward flanking extein residues.”’
While the calculated masses of these constructs are 30.2—30.4
kDa, they migrated on SDS—PAGE gels at higher apparent
molecular masses of ~33—36 kDa in agreement with previous
observations.'”*°

Thiazoline Ring Formation Is Not a Step in the
Regular Protein Splicing Pathway. In previous work, we
identified the formation of a thiazoline ring arising from the
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Figure 1. Strategy for studying the impact of changes at the
N-terminal splice junction. (A) Shown are intein constructs Ex"-Int™
and Int“-Ex“ used in this study and their possible reaction pathways
following initial formation of the intein complex. (B) Chemical
structures of the amino acids flanking the scissile peptide bond at the
Ex"-Int" junction in the peptides used in this study.

scissile peptide bond at the N-terminal splice junction.'” It was
observed when the Gly(—1)Ala mutation in the N-extein was
combined with the Asnl154Ala/Ser(+1)Ala substitutions in
Int®-Trx_AA (construct 2), but not when the Int“-Ex®
fragment was the wild-type sequence of Int“Trx (construct 1).
It therefore seemed that the unique combination of mutations
led to a distortion of the active site that promoted aberrant
water elimination of the oxythiazolidine anion intermediate to
give the thiazoline. However, this observation did not rule out
the possibility that the thiazoline is regularly occurring in the
active site following the N—S acyl shift through reversible
formation from the oxythiazolidine anion intermediate (Figure 2),
and that only the kinetics or the equilibrium of the individual
steps had so far precluded its isolation in the wild-type context.

To investigate this formal possibility, we used H,"*O to
detect potential back-incorporation of water into the putative
thiazoline intermediate. To establish such assays, we first tested
the efficiency of '®O incorporation by N-terminal hydrolysis
caused by the attack of water on the thioester intermediate.
Toward this end, an Ex"-Int" peptide with glycine at position
—1 [pepl (Table 1)] was incubated with the Int“-Trx AA
mutant (construct 2) in buffer with either H,'®0 or H,'30. The
formation of the N-terminal cleavage products was analyzed by
MALDI-TOF MS (see Figure 3A). As expected, the hydrolyzed
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Figure 2. Mechanism of the N—S acyl shift. The peptide bond at the
Ex"-Int" junction rearranges through the oxythiazolidine anion
intermediate to the linear thioester. Following protonation, aberrant
elimination of water can lead to the thiazoline (see the boxed reaction;
here shown as hydroxide removal). Isotope labeling experiments with
H,'®0 were conducted to investigate the potential reversible formation
of this product.

Ex" was detected as FI-KKESG-'OH when the reaction was
performed in H,'°0, and mostly as FI-KKESG-'"*OH when the
reaction was performed in H,'®O. The approximate 3:7 ratio
between the MS signals of the two products reflected the total
H,"0 content in the buffer of 70%.

Using an Ex"-Int" peptide with alanine at position —1 (pep2)
and Int®-Trx (construct 1), we then tested whether the
thiazoline ring is potentially formed transiently and reversibly
under these conditions (Figure 3B). This combination of intein
fragments significantly impairs the protein trans-splicing reac-
tion [see ref 17 and below (Table 2)]. In the case of reversible
thiazoline formation, an increased level of incorporation of *O
into pep2 should be observed over time. However, only the mass
of the unlabeled starting material was found under both reaction
conditions (Figure 3B). This finding indicated that the significant
loss of splicing activity is not due to a block of the splicing
pathway caused by a (reversible) sink leading to the thiazoline.

Finally, we performed the splicing reaction between the
Gly(—1) Ex™-IntY peptide pep6 (which is functionally
equivalent to pepl) and Int®-Trx (construct 1), which led to
high yields of the splice product within 24 h. To analyze
potential '®O labeling at the carbonyl group of the newly
formed Ex"-Ex“ peptide bond, we conducted tryptic digestion
and MALDI-TOF analysis of the splice product. However, in

both reactions, only the mass of the unlabeled product could be
detected (see Figure 3C), indicating that also under wild-type
splice conditions no thiazoline ring is transiently formed.

Subtle Changes at Position —1 Can Have Large Effects
on Protein Splicing and Thioester Formation. To
rationalize the effect of the additional methyl group in the
Gly(—1)Ala substitution, we consulted the crystal structure of
the Ssp DnaB intein.”* As illustrated in Figure 4A, the a-C atom
of the native Gly(—1) is located only 3.3 A from the z-N atom
of the catalytic His73 residue. A model with the Gly(—1)Ala
substitution indicated that the distance to the additional methyl
group would be reduced to 2.3 A, which is well below the van
der Waals distance.”® The steric clash could cause distortion of
the active site significant enough to reduce the splicing activity
and to cause thiazoline formation (see Figure 4B). We also
noticed that the methyl side chain of a modeled p-Ala residue
would not point toward the active site of the intein or collide
with any other amino acids (see Figure 4C). We thus hypothesized
that an extra methyl group at position —1 might be tolerated,
however, not in the S configuration of L-Ala.

To test this assumption, we synthesized three peptides that
also contained an additional methyl group yet should reduce
the steric clash of residue —1 with His73. One peptide
contained p-Ala in position —1 based on the consideration
mentioned above [pep3 (see Table 1)]. The other two peptides
contained either f-Ala (pep4) or sarcosine (N-methylglycine,
pepS) at position —1. In these latter two cases, the methyl
group is formally inserted into the backbone or shifted to the
upstream amide nitrogen, respectively. Peptides pep3—pep$
were subjected to the trans-splicing reaction with construct 1,
and yields of the splice product were analyzed by SDS—PAGE
and compared. Figure SA shows that in each case the splice
products FI-KKESX-Trx-Hisg (X = Gly, Ala, p-Ala, f-Ala, or
Sar, depending on the peptide) and the C-terminal cleavage
byproduct Trx-Hiss were formed. The former could also be
detected under UV illumination of the SDS—PAGE gel prior to
Coomassie staining (Figure SA, right panel). The amounts of
formed splice products were quantified by densitometric
analysis of the stained gel, and the amount obtained in the
case of reference peptide pepl was set to 100%. In com-
parison, the reaction with the Ala-containing peptide pep2
yielded only 7% splice product (see Table 2), which is
consistent with our previous observations.'” Interestingly, all
three peptides with D-Ala, f-Ala, and Sar (pep3—pep$,
respectively) gave rise to significantly higher yields of 26—38%
(see Figure SA and Table 2). Compared to pep2, they also
resulted in better ratios of splice product relative to C-terminal
cleavage product (see Figure SA).

Table 1. Peptides Used in This Study

peptide sequence” mass (Da)
pepl FI-KKESG-CISGDSLISLA 1964.9
pep2 FI-KKESA-CISGDSLISLA 1978.9
pep3 FI-KKES(p-Ala)-CISGDSLISLA 1978.9
pepd FI-KKES(f-Ala)-CISGDSLISLA 1978.9
peps FI-KKES(Sar)-CISGDSLISLA 1978.9
pep6 FI-SEFSG-CISGDSLISLASR 2185.9
pep7 Fl-KKEA(Sar)-CISGDSLISLA 1962.9
pep8 FI-KKESG-(Hcy)ISGDSLISLA 1978.8
pep9 FI-KKESG-(p-Cys)ISGDSLISLA 1964.8

kon (M1 s1) Ky (uM) caled kg (x107° 1)
16.8 + 1.0 1.1 +£02 1.8
220 + 0.7 23 +0.1 S.1
103 + 04 33 +0.1 34
228 + 09 1.0 + 0.0 2.3
15.5 + 0.7 2.1 +02 33
24.8 + 0.7 0.7 +£ 0.1 1.7
nd® nd® -
17.8 + 0.8 1.2 + 0.05 2.1
212 + 09 0.5 +0.2 1.1

“The hyphen indicates the peptide bond at the Ex(—1)-Int™(1) junction. Fl is 5,6-carboxyfluorescein. Changes relative to pepl are in bold.
Unnatural amino acids are given in three-letter code and in parentheses. “Not determined.
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Figure 3. Incorporation of H,'®0 into reactive intermediates of the N—S acyl shift. The indicated intein constructs were incubated either in H,'¢O
(top) or in an H,'"0/H,"*0 mixture (30:70, bottom), and the fragments containing Ex" were subsequently analyzed by MALDI-TOF MS.
Observed masses are indicated. Only the reaction in panel A showed H,'®O incorporation at the 30:70 ratio. Calculated masses are as follows: (A)
FI-KKESG-"°OH, [M + H]*;c = 906.3 Da, [M + Na]*,. = 928.3 Da; FI-KKESG-"*OH, [M + H]",. = 908.3 Da, [M + Na]*,. = 930.2 Da; (B)
pep2, [M + H]* 4. = 1979.9 Da, [M + Na]*.,,. = 2001.9 Da; (C) FI-SEFS’®GSIEGSGGGSDK, [M + H]*,,. = 1858.6 Da, [M + NaJ*.,,. = 1880.6 Da.

Asterisks denote peptide impurity.

Table 2. Processing of Peptides by Int®-Trx(1)

amino acids at the

splice product
ExN(—1)-IntN(1)

formation after 24 h  total conversion of

peptide junction (%)* 1 after 24 h (%)”

pepl Gly-Cys 100 100

pep2 Ala-Cys 7x1 24 +1

pep3 p-Ala-Cys 26+ S 32+2
pep4 p-Ala-Cys 38+ 10 92+7
pepS Sar-Cys 37 £2 79 + 16
pep8 Gly-Hcey 72 17+ 1

pep9 Gly-p-Cys 0 S1+ 16

“Relative to reaction with pepl; the total conversion of 1 is the sum of
its consumption by protein trans-splicing and trans-cleavage.

We next investigated the ability of the intein to form the
thioester at the upstream scissile bond with the various amino
acids at position —1. Toward this end, the double mutant Int®-
Trx_AA (construct 2) was used because it blocks all reactions
of the splicing pathway beyond the initial N—S acyl shift. As
previously described and mentioned above, with Ala(—1) of
pep2 the oxythiazolidine anion intermediate collapses into the
thiazoline ring, resulting in a stable linkage between Ex" and
IntY in the Ex"-Int"/Int“-Ex® complex, which can be observed
on SDS gels when the sample is not boiled before being
loaded."” In contrast, the thioester formed with wild-type
Gly(—1) of pepl quickly hydrolyzes to give a nonfluorescent
Int"/Int“-Ex® complex. Figure SB also shows that the peptides
with D-Ala, -Ala, and Sar (pep3—pepS5, respectively) supported

the formation of a stable complex at levels similar to that of
reference peptide pepl. These complexes were all non-
fluorescent, thus indicating thioester formation and hydrolysis.
Cleavage into the Ex"" and Int" pieces was also confirmed by
MALDI-TOF MS analysis (data not shown, and see below for
specific observations with pep5). These observations suggest
that incomplete thioester formation is not the major cause for
the lower yields in the splicing reaction for these peptides.

Together, these findings support the notion that the single
methyl group at position —1 specifically in the S configuration
causes a steric clash, likely with the catalytic His73, and thereby
prevents protein splicing, whereas other changes in the
backbone structure of the residue at position —1 flanking the
active site are quite well tolerated.

Changes at Position —1 Have a Minimal Impact on
Intein Fragment Association. The previous results
suggested that variations in position —1 mostly affected
catalysis and not the formation of the intein complex. For a
quantification of Int™ and Int” fragment binding, we turned to a
spectroscopic assay.'” The binding of a fluorescently labeled
peptide to the larger protein results in an increase in
fluorescence anisotropy. For this purpose, Int“Trx AAA
(construct 3) with the additional His73Ala mutation was
used to block the intein at the stage of fragment association and
prevent thioester formation and subsequent hydrolysis. The
measured kinetic parameters Ky and k,, as well as the calculated
ks values are summarized in Table 1. The values of the
peptides containing D-Ala, $-Ala, and Sar differed only slightly

A) B)

C)

L-Ala(-1)

Figure 4. Distance between His73 and selected atoms of the amino acid at position —1 in the Ssp DnaB intein. These images were created using
PyMol and Protein Data Bank entry IMIS. (A) Crystal structure of the intein (including the C1A and N154A mutations). (B and C) 1-Ala and -

Ala, respectively, were modeled into the active site using PyMol.
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Figure S. Influence of amino acid substitutions at position —1. Shown
are SDS—PAGE gels under UV illumination or stained with
Coomassie brilliant blue. The reactions were performed for 24 h.
(A) Protein trans-splicing. (B) Intein complex formation investigated
without boiling the protein samples in SDS buffer. The complex
exhibits a different migration behavior compared to that of free
construct 2. SP denotes the splice product; the asterisk denotes
protein impurities.

from those containing Gly or Ala at position —1. Thus, changes
at this position indeed have only little impact on intein
fragment binding. Therefore, the observed functional differ-
ences must mostly stem from the inability of the intein to
subsequently adopt the precise alignment for catalysis or from
the kinetics of the individual steps of the splicing reaction.
Identification of an Alternative Intramolecular Cycli-
zation Induced by Sarcosine at Position —1. We observed
a peculiarity when analyzing the reaction of the peptide with
sarcosine at position —1 (pepS) with construct 2. By MS
analysis, we detected a fragment that corresponded to the Ex
peptide as a result of a cleavage at the scissile bond; however,
for a hydrolysis product, its mass was too small by 18 Da (data
not shown). Interestingly, the same fragment ([M + HJ* =
902.3 Da) could be detected in splicing reactions of pep$ with
construct 1 (see Figure 6B). We hypothesized that a loss of
water through a cyclization event might account for this
difference. Sarcosine, like other N-alkylated amino acids such as
proline, less strongly disfavors the cis over trans conformation in
the aa-Sar peptide bond compared to regular peptide bonds.
We therefore wondered whether the more populated cis
conformation of the Ser-Sar peptide bond in the Ex" sequence
could position the pf-hydroxyl group of Ser(—2) into a
privileged position for a nucleophilic attack on the Ex"
thioester to give the seven-membered lactone (see Figure 6A).
To probe this theory, we synthesized pep7 with Ser(—2)
replaced with Ala (see Table 1). In the trans-splicing assay with
construct 1, the semisynthetic splice product was formed with
an efficiency comparable to that with pepS (data not shown);
however, the mass of the cyclized Ex" could no longer be
detected (see Figure 6C). Likewise, this product was not
observed upon incubation of pep7 with construct 2 in the
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Figure 6. Aberrant cleavage of the thioester induced by Sar(—1).
(A) Proposed model for the attack of the Ser(—2) hydroxyl side chain
on the thioester favored by the higher cis content of the Sar(—1)-Cysl
peptide bond. (B and C) MALDI-TOF MS analyses of the reactions
with the indicated intein fragments. The Ex"-lactone was not observed
when Ser(—2) was replaced with Ala. Observed masses are indicated.
Calculated masses are as follows: Ex"-lactone, [M + H]*.;. = 902.4 Da,
[M + Na]* . = 925.3 Da; Int", [M + H]*;c = 10785 Da, [M + Na]* . =
1100.5 Da; pepS, [M + H]*. = 19799 Da, [M + Na]* ;. = 2001.9 Da;
pep7, [M + H]" ;. = 19639 Da, [M + Na]* . = 19859 Da.

thioester formation assay. These observations strongly support
the proposed reaction scheme for the formation of the seven-
membered lactone side product (Figure 6A).

Unnatural Mutation Analysis of the Catalytic Cys1
Residue. We next focused on the catalytic Cysl residue
involved in thioester formation at the upstream splice junction.
Substitution of Cysl with unnatural amino acids could help in
studying the importance of the thiol side chain positioning for
protein splicing in general and for the initial N—S acyl shift in
particular. Two peptides containing homo-Cys (Hcy, pep8)
and p-Cys (pep9) at position 1 were synthesized (see Table 1).
Both peptides were subjected to splicing reactions with
construct 1, which were then analyzed by SDS—PAGE as
discussed above. The reaction with pep9 showed no splicing,
only the formation of the C-terminal cleavage product Trx-Hisg.
However, the reaction with pep8 still yielded a small amount of
splice product, ~7% relative to the amount for the reaction
with pepl (Figure 7A and Table 2). Determination of the Ky
and k,, values for the intein fragment association using
fluorescence anisotropy spectroscopy revealed only slight
changes compared to those of reference peptide pepl with a
Cysl residue (Table 1), indicating that the decrease or loss of
splicing activity was not caused by altered binding affinities. To
identify the step in the splicing pathway at which the Hcy and
D-Cys residues were detrimental to high product yields, we
analyzed if peptides pep8 and pep9 still supported thioester
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Figure 7. Substitution of the catalytic Cys1 with Hcy and p-Cys. Shown are SDS—PAGE gels for analyzing the protein trans-splicing reaction using
Int®-Trx (construct 1) (A) as well as the complex and thioester formation using Int“Trx AA (construct 2) (B). Samples in panel B were not boiled
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(C) Time course of N-terminal cleavage through thioester hydrolysis in reactions with pep8 or pep9 and Int®Trx AA (construct 2).

formation using the gel shift assay described above with protein
Int“Trx_AA (construct 2). Interestingly, pep9 with p-Cys led
to only small amounts of the intein complex, but this complex
was highly fluorescent, indicating that the fluoresceine-tagged
Ex" sequence was not cleaved off by thioester hydrolysis, likely
because the thioester could not be formed (Figure 7B). In
contrast, pep8 with Hcy supported formation of the intein
complex at levels approaching the reaction with reference
peptide pepl, but this complex was completely nonfluorescent
under UV light. This observation showed that thioester forma-
tion must have taken place, followed by its hydrolysis. Thus,
whereas D-Cys completely blocked thioester formation, Hcy
supported this N—S acyl shift. To measure the rates of thioester
formation with the Cys- and Hcy-containing peptides, we
assumed that the hydrolysis was fast compared to thioester forma-
tion and established an HPLC assay to monitor the thioester
hydrolysis rate (data not shown). The plotted data were fit to
second-order rate constants for thioester hydrolysis to give
2.5+ 08 M' 5! for pepl (Cys) and 1.5 + 02 M ' 5! for
pep8 (Hcy) (Figure 7C). Thus, formation and hydrolysis of
the Hcy thioester are not significantly slower than those of
the Cys thioester. Taken together, these results suggest that
in the case of Hcy the splicing pathway is impaired after the
N-S acyl shift.

Finally, we tested the ability of the previously reported evolved
Int“™5 mutant® in the same protein context (construct 1a) to
splice with Hcy at the catalytic position. Figure 8 shows that
significantly higher splice product yields compared to that of
construct 1 were obtained. The evolved mutant la was
converted to 52% after 24 h (compared to 13% for 1), of which
43% led to splice product formation (compared to 17% for 1).
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Figure 8. Evolved intein mutant capable of splicing with an unnatural
amino acid as the catalytic residue. The evolved M86 mutant of the Ssp
DnaB intein (Int“™*.Trx, construct la) was incubated with pep8
containing Hecy at catalytic position 1 of the N-terminal splice junction.
Shown are SDS—PAGE gels. Note that the Int® fragment gives rise to
two bands that correspond to the intact C-terminal succinimide and its
hydrolyzed form. SP denotes the splice product; asterisks denote
protein impurities.

B DISCUSSION

Inteins catalyze as single-turnover enzymes a remarkable
sequence of acyl rearrangements that ultimately effect their
excision out of a precursor protein and the ligation of the
flanking extein sequences with a native peptide bond. While the
general pathway of protein splicing is well understood, many
open questions remain about how the individual steps are
catalyzed by the intein and how these are coordinated in space
and time to avoid unproductive side reactions. Likewise, it has
been documented for many inteins that certain immediately
flanking amino acids inhibit or slow the protein splicing
reaction, but the reasons for this at the atomic level are
unknown. Understanding this structure—function relationship
will be crucial for the full exploitation of the tremendous
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potential of inteins in many applications, e.g., in biotechnology,
biomedicine, and basic protein research.

In this study, we have taken advantage of a previously
developed semisynthetic split Ssp DnaB intein.'** In this
intein, the N-terminal scissile bond including the flanking
N-extein residues as well as the Cys] residue of the catalytic site
are located on the short Ex-Int" peptide. All residues that are
directly involved in the initial N—S acyl shift for thioester
formation are thus accessible to precise manipulation by
organic peptide synthesis. Whereas studies using recombinant
proteins can only introduce genetically encoded amino acids to
interrogate the structure—function relationship in the region,
our approach allows for the introduction of unnatural building
blocks of virtually arbitrary structure.

A previous observation was one of the motivations for this
study. The semisynthetic split Ssp DnaB intein was unable to
splice efficiently with the Gly(—1)Ala substitution and
promoted thiazoline ring formation at the N-terminal splice
junction in the context of the double mutant Int“Trx AA
(construct 2)."” This was a new byproduct formed from the
oxythiazolidine anion intermediate in the protein splicing
pathway. The occurrence of such an aberrant reaction as a
consequence of slight deviations of the wild-type sequence, as
observed earlier also for the N- and C-terminal cleavage
reactions, highlighted the importance of the precisely aligned
residues in the inteins’ active site for efficient protein splicing.
While mutations, of course, may have disadvantageous
consequences, it was surprising to us that a single extra methyl
group could have such a dramatic impact. In this work, we
sought to understand the effect of the Gly(—1)Ala mutation in
more detail. We first performed back-incorporation assays with
H,'®0 that excluded the formal possibility that the elimination
of water to form the thiazoline might be a reversible and regular
reaction, also in the wild-type intein. We then introduced other
subtle structural changes by adding the “additional methyl
group” at other immediately adjacent positions. In fact, all these
substitutions, ie., Gly(—1) changed to Sar, f-Ala, and p-Ala,
supported significantly higher protein splicing yields than the
Gly(—1)Ala mutation and did not lead to the formation of the
thiazoline byproduct in combination with the double mutant
Int“Trx_AA. These findings show that on the one hand a single
methyl group can have a dramatic impact, probably because of a
steric clash of Ala(—1) with His73 that prevents correct
organization of the active site. On the other hand, such a single
methyl group may be well tolerated. This is noteworthy because
the change of Gly(—1) to Sar or f-Ala should also affect
hydrogen bonding networks, as in these cases the amide proton
is eliminated or the entire upstream peptide bond of this
residue is repositioned by the distance of one extra methylene
group, respectively. Interestingly, the constants for binding of
each of these Ex"-Int" peptides to the Int“-Ex“ construct were
also very similar to that of the reference peptide with Gly(—1).
Together, these results suggest that the residues located directly
upstream of the intein do not have a significant impact on
intein fragment association, intein folding, or intein activity,
unless a specific constraint is created that negatively affects
folding of the active site.

The finding that the intein spliced significantly better with
p-Ala at position —1 compared to the genetically encoded
stereoisomer also led us to consider the possibility that a
twisting of the native Gly(—1) into the conformational space of
D-amino acids is required for thioester formation. Indeed, a
further inspection of the crystal structure of the Ssp DnaB
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intein revealed that Gly(—1) adopts unusal dihedral angles of
—153.6° (¥) and —82° (@) that lie in a Ramachandran plot
outside the region typically favored by L-amino acids. This may
indicate that a strained conformation has to be adopted;
however, these dihedral angles do not correspond to the region
that would be preferred by p-amino acids. The fact that the
crystal structure represents a mutant inactive in protein splicing
further complicates the interpretation of these data. In this
context, it is also of interest to note that we have recently
isolated an evolved mutant of the Ssp DnaB intein, mutant
M86, that exhibited more general splicing capabilities with
respect to the flanking amino acids.*® In particular, the derived
semisynthetic split intein variant was able to efficiently splice
with the Gly(—1)Ala substitution, which further corroborates
the model in which a particular extein structure is not a
prerequisite for splicing, but rather that a robust intein can
impose its folding requirements on an unfavorable extein
structure.

The thioester at the upstream splice junction is a very
reactive species. Inteins must have evolved to exclude water
molecules from their active sites that might hydrolyze off the
N-extein fragment from this intermediate. Our studies with
sarcosine at position —1 have revealed yet another potential
side reaction of the thioester. Presumably because of the higher
cis content of the peptide bond between Ser(—2) and Sar(—1),
the Ser hydroxyl side chain was able to attack the thioester to
give rise to the seven-membered lactone (see Figure 6). This
reaction was not observed when Ser(—2) was substituted with
Ala. Interestingly, native inteins that operate with proline as the
last amino acid of the N-extein are known. One would expect
that these inteins have undergone evolutionary pressure to
prevent a similar reaction caused by the higher cis content of
the Xaa-Pro peptide bond. A survey of the known inteins listed
in InBase” indeed confirms this hypothesis, as none of the 40
known inteins with Pro(—1) has a Ser, Thr, or Cys at position
—2. However, more intein sequences would be necessary for a
statistically more significant statement, as 38 of these 40 inteins
belong to the homologous ribonucleotide reductase inteins of
classes I-IIL

To address the importance of the active site thiol group
orientation, we replaced the catalytic Cysl with the non-
proteinogenic D-Cys and Hcy. The finding that the peptide with
D-Cys did not support any splicing or thioester formation is in
line with the notion that the active site is not configured for the
inverted stereochemistry at this critical amino acid. Interest-
ingly, the additional methylene group in the Hcy side chain
revealed another twist of a subtle structural change. In this case,
the change had only little impact on the first reaction in which
this residue is involved, ie., the N—S acyl shift in thioester
formation; however, protein trans-splicing was severely
inhibited. Efficient thioester formation, presumably through
the six-membered intermediate, raises a question about the role
of the intein in catalyzing this step. Hcy is known to be
competent in the chemical equivalent of the reverse reaction,
i.e., native chemical ligation,25 with only 2-fold slower reaction
kinetics,”® and thus very similar to Cys in these acyl shift
reactions. However, a similar reaction rate in the active site of
the intein is surprising, if one assumes that deprotonation of the
Cysl side chain thiol and stabilization of the thiolate anion
should be assisted by acid—base catalysis. A base optimally
positioned for abstraction of a proton from Cysl would be
expected to be misaligned for Hcyl. Furthermore, intein-
mediated deprotonation of Hey would appear to be even more
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important for efficient catalysis when one considers the pK, of
its thiol group, which is reported to be 0.5—2 units higher than
that of Cys, depending on the reference.””*® Therefore, our
data suggests that a base-mediated deprotonation of the Cysl
thiol group is not part of the catalytic strategy of inteins, at least
not of this particular intein, or at least it is clearly not the rate-
limiting step.

This piece of evidence adds to a long and still unsolved
discussion of how the N—S§ acyl shift is mediated by the intein.
Indeed, a general base that deprotonates Cys1 has not yet been
clearly identified. In crystal structures, no amino acid side chain
capable of abstracting a proton is properly positioned to act as a
base. Consistent with these observations is a study by Paulus
and co-workers that reported a pK, of 8.2 for Cysl in the Mtu
RecA intein, indicating that no base is involved in its
activation.”” On the other hand, a recent study by Wang and
Belfort concluded from pK, titrations by NMR and QM/MM
calculations that the highly conserved block B histidine in the
Mtu RecA intein (corresponding to His73 in the Ssp DnaB
intein) first acts as a base to deprotonate the thiol group of
Cysl and then as an acid to protonate the liberated a-amino
group.” Also on the basis of pK, titrations by NMR and a
mutagenesis study, Wang and co-workers suggest that Asp422
of block F in the Mtu RecA intein has an elevated pK, and
thereby stabilizes in its protonated form the cysteine thiolate
before the attack on the peptide bond.*® However, also for the
corresponding D136 of the Ssp DnaB mini-intein,***! one
would not expect an optimal positioning to stabilize the thiolate
of the Hcy side chain in the context of our semisynthetic split
intein. Furthermore, these studies do not explain how a
hydroxyl group would be deprotonated in the case of those
inteins that employ a Serl residue, as a much stronger base
should be necessary.

An alternative strategy for rearranging the scissile peptide
bond into the thioester seems conceivable when insights from
recent developments for the synthesis of peptide thioesters are
taken into account.”>*® Peptide bonds at Cys residues undergo
acyl shift reactions in an equilibrium from which the thioester
can be obtained by using a cysteinyl prolyl ester unit to lock the
liberated amino group in a diketopiperazine structure.***®
Thus, a major role of the intein could be to stabilize the
thioester once is has been formed in an equilibrium reaction.
To promote the forward reaction, an active thiol deprotonation
might not be required. Earlier studies suggested a ground-state
destabilization of the geptide bond as an alternative or
additional strategy.'>'>*® Twisting the scissile peptide bond
into a conformation that favors formation of the oxythiazolidine
anion intermediate would force the amide nitrogen closer to sp*
hybridization such that its elevated pK, could more easily
accept a proton.37

Why is the Hcy thioester not efficiently processed to the
splice product? There are two possible reasons: because the extra
methylene group the Hcy thioester is not properly positioned for
the attack of the downstream Ser(+1), or the Hcy thioester
cannot support a conformational change required for the trans-
esterification step. These explanations would underline once
more the importance of the perfectly aligned geometry in the
active site of the intein. Strikingly, we find that the M86 mutant
of the Ssp DnaB intein evolved for higher splicing efficiency and
extein promiscuity”® also exhibits a significantly better ability to
process the Hcy thioester to the splice product (Figure 8). This
finding is surprising because the mutant intein was not evolved
for splicing with this unnatural amino acid substitution in its
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active site. Possible explanations for this behavior are, for
example, that the generally better kinetic performance of the
M86 mutant is able to partly compensate for the decreased
reaction velocity caused by the misaligned thioester, i.e., a faster
transesterification reaction on a bad substrate would lead to
higher product yields, and that a better packed active site also
improves processing of the unnatural intermediate.

In summary, our results show that subtle structural
alterations at the upstream extein-intein junction can either
be well tolerated or significantly impair the protein splicing
pathway. Characterizing and understanding these dependencies
will be important for the future exploitation of inteins for
various applications.
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