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ABSTRACT: Protein splicing involves the self-catalyzed formation of a branched intermediate, which then
resolves into the excised intervening sequence and the spliced protein. A possible mechanism for branched
intermediate formation is an-NO rearrangement of the peptide bond involving the amino group of the
conserved serine/cysteine residue at the upstream splice junction to yield a linear peptide ester intermediate.
This possibility was examined using anvitro splicing system involving the intervening sequence from

the DNA polymerase of the extremely thermophilic arche®yrococcussp. GB-D. Because thioesters

react much more rapidly with nitrogen nucleophiles at neutral pH than do oxygen esters, protein-splicing
precursors in which the serine residue of interest was replaced by cysteine were constructed and purified.
In the presence of 0.25 M hydroxylamine or 0.1 M ethylene diamine at pH 6 or higher, these constructs
underwent rapid cleavage at the upstream splice junction, consistent with the aminolysis of a thioester.
The site of hydroxylaminolysis was identified by analysis of the C-terminus of the polypeptide cleavage
products. Comparison of the C-terminal peptide hydroxamate with the synthetic peptide hydroxamates
with respect to chromatographic mobility, colorimetric assay, amino acid composition, and high-resolution
mass spectrometry showed that the hydroxylamine-sensitive site in the splicing precursor was the peptide
bond adjacent to the serine residue at the upstream splice junction. These results provide evidence that
the peptide bond at the upstream splice junction can undergo a self-catalyz®&doN N—S acyl
rearrangement to yield a linear polypeptide ester intermediate and suggest that this kind of rearrangement
constitutes the first step in protein splicing.

Int the last two years, much progress has been made inwhich is linked to an amino acid side chain by an alkali-
elucidating the mechanism of protein splicing, a process in labile bond (Xu et al., 1993, 1994).

which an internal polypeptide segment (the intein; Perler et The most likely candidate for the branch point in the
al., 1994) is precisely excised from a precursor protein and splicing intermediate is Ser 538, the residue just downstream
the flanking N- and C-terminal segments (the exteins) are of the C-terminal splice junction. Two pathways by which
ligated together to yield a new protein (Xu et al., 1993, 1994; such an intermediate could arise are illustrated in Figure 1
Shao et al., 1995). A major breakthrough was the develop- (Xu et al., 1994). In pathway A, the peptide bond involving
ment of anin zitro protein-splicing system in which the intein  the amino group of the serine residue at the upstream splice
from the DNA polymerase of the extremely thermophilic junction (Ser 1) undergoes anD acyl rearrangement to
Pyrococcussp. GB-D was inserted into a foreign context. yield a peptide ester linked to the hydroxyl side chain of
The unspliced precursor protein could thus be purified at Ser 1, followed by transesterification through nucleophilic
low temperatures and be used to study the splicing reactiondisplacement by the side chain of Ser 538. Pathway B
that occurred as the temperature was raised (Xu et al., 1993)involves direct nucleophilic attack by the hydroxyl side chain
A key advance was the identification of a branched inter- of Ser 538 on the peptide bond at the upstream splice
mediate with two N-terminal polypeptide chains, one of junction, displacing the amino group of Ser 1 and leading
to the formation of a peptide ester. There areanpriori
t Supported by a New England Biolabs predoctoral fellowship to f€asons to favor one or the other of these mechanisms since
.S. both involve reactions for which there is biochemical
*To thm correspondence shot_J!d be addressed. Tel: (617) 742- precedent. Self-catalyzed-ND acyl rearrangements have
201 g'o';f(\))é'B(igrln7e)d5i02§'%%t%afc'?ﬂys‘ﬂﬁft‘gf“s@bb”'harvard'ed“' been observed in other proteins (van Poelje & Snell, 1990),
§ Department of Chemistry, Harvard University. and nucleophilic attack on a peptide bond by a serine

' New England Biolabs. hydroxyl group is seen in the formation of the aeghzyme
Y Department of Biological Chemistry and Molecular Pharmacology, intermediates by serine proteases
Harvard Medical School. )
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Ficure 1. Two possible mechanisms for protein splicing. Pathway A (on the left) involves an initi@ Bcyl rearrangement followed
by transesterification to yield a branched intermediate. Pathway B (on the right) involves nucleophilic attack by a serine hydroxyl group on
a peptide bond to yield the identical branched intermediate [After Xu et al. (1994)].

EXPERIMENTAL PROCEDURES pMIP-52, and pMIP-98 were derived from pMIP-21 by
cassette replacement of splice junction sequences along the

Materials. Protected amino acids and other reagents for lines described earlier (Xu et al., 1994). The amino acid

peptide synthesis were obtained from Applied Biosystems, R . .
except for Dnpe-leucine, which was obtained from Sigma. sequences at the splice junctions of the proteins encoded by

y-Butyrolactone (4-hydroxybutyric acig-lactone) and  the various plasmids are shown in Figure 2.
y-thiobutyrolactone (4-thiobutyric acig-thiolactone) were Peptide Synthesis.Peptides were synthesized on an
from Aldrich. Plasmids pMIP-59, pMIP-47/59, pMI-94, Applied Biosystems model 431 peptide synthesizer as
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Upstream Splice Junction

N-Extein

6 5 4 3 2 41 2 3 4 5
MIP-21: ..RGTLEA|SILTPE
MIP-59: ..RGTLEASILPE
MIP-47/59: .RGTLEA|CILTPE
MI-94: .RGTLEA|CILPE
MIP-528&: ..EMILVAISILTZPE
MIP-984: ..EMILVACILTZPE

Ficure 2: Amino acid sequences at the splice junctions of the precursor proteins encoded by the mutant pMIP plasmids used in this work.

Shao et al.

Downstream Splice Junction

Intein C-Extein
6 532 533 5634 535 536 537| 538 539 540 541 542 543
..... SLYAHN|[SGLNSA...
..... SLYALNIAGLNSA...
..... SLYALNAGLNSA...
..... S L Y A H N-COOH
..... SLYAHN|SGLNSA...
..... SLYAHN|SGLNSA...

The amino acid residues are numbered as in Xu et al. (19MILV is inserted between residues E and A of MIP-21.

described earlier (Xu et al., 1994). Peptide methyl esters FeCk-6H,O in 2.5 M HCI, and the absorbance at 540 nm
were prepared as described previously (Shao et al., 1995)was measured.

The tetrapeptide derivative ILVA-OMe was obtained by
CNBr cleavage of Dnp-LMILVA-OMe as described below.
ILVA hydroxamic acid was prepared from ILVA-OMe by

heating with 2 M NHOH, pH 9.0, for 30 min at 65C,

Protein determination was done by the method of Bradford
(1976).

Purification of MIP Fusion Proteins. The precursor
protein MIP-98 (Figure 2) was purified frorescherichia

essentially as described by Kwong and Harris (1994). The coli ER2426/pMIP-98 essentially as described earlier (Shao

reaction products were then repeatedly purified by HPLC to
remove traces of NJOH that would interfere with the
colorimetric assay for hydroxamic acids described below.
Cyanogen Bromide Cleage of Methionine Peptides or
Proteins. Polypeptides (1 mg or less) were dissolved in 1
mL of 70% formic acid and treated with 20 mg of CNBr
under nitrogen at 28C in the dark for 15-20 h, followed

et al.,, 1995), except that the final elution step from the
amylose column was done at pH 6.0. Analysis of the
purified protein (about 8 mg) by SBSAGE showed about
95% intact precursor (MIP) and 5% N-terminal cleavage
product (M+ IP), presumably produced by cleavage of MIP-
98 during the last stage of purification or subsequent storage.
MIP-52 , MIP-59, MIP-47/59, and MI-94 were purified in a

by evaporation in a vacuum (Gross, 1967). The residue wassimilar manner fronE. coli ER2426 transformed with the

redissolved in a small volume of water and purified by
reverse phase HPLC.
Analytical Methods.The separation of peptides by HPLC

correponding plasmids.
In Vitro Hydrolysis and Aminolysis of MIP Fusion
Proteins. For large-scale hydroxylaminolysis, a portion of

employed a Rainin system with an analytical C-18 reverse purified MIP-98 (1.5 mg) in 5 mL of 0.5 M NaCl in 20 mM

phase column (Vydac; bm pores, 4.6< 250 mm) at room
temperature and a flow rate of 1 mL/min, employing linear
gradients of solvent A (0.1% aqueous trifluoroacetic acid)
and solvent B (0.1% trifluoroacetic acid in acetonitrile). The
following elution program was used for the separation of
small peptides: sample injection; 30 min, 6%0% B; 5
min, 60%-100% B; 5 min, 100% B; 5 min, 1009%0% B;
5 min, 0% B.

Amino acid analysis employed a Beckman model 7300

sodium phosphate, pH 6.0, was mixed with 1.7 mL of 1 M
NH,OH in 0.4 M Bis-Tris-Propane, pH 6.0, and incubated
at 50°C for 4 h, conditions adequate for complete hydroxyl-
aminolysis. The mixture was then cooled to°€@ and
adjusted to 0.6 M with cold trichloroacetic acid. The
precipitate was collected by centrifugation, washed twice
with 1 mL of cold 0.6 M trichloroacetic acid and twice with

1 mL of ethanol, and then dried in a vacuum for storage at
—20°C.

high-performance analyzer with a System Gold data analysis The kinetics of hydrolysis and aminolysis of MIP fusion

module after vapor phase hydrolysis with HCI using a Waters
PicoTag work station.

proteins were studied by incubation af@7ither in aqueous
buffers, 0.25 M NHOH, or 0.1 M ethylene diamine, adjusted

High-resolution mass spectra were recorded on a Jeol JMS10 the desired pH with 0.1 M Bis-Tris-Propane. Samples

SX102 spectrometer at the Department of Chemistry, Har-

vard University.
The colorimetric determination of hydroxamic acids was

were removed at various times, subjected to SPAGE,
and analyzed for the relative amounts of precursor and
cleavage products by scanning with a CCD camera and

done by the method of Seifter et al. (1960) as described @nalyzing the scans using the NIH Image 1.58b program. A

earlier (Shao et al., 1995). A standard curve with ILVA-

pseudo-first-order rate constant for protein cleavage was

hydroxamate showed a linear relationship between hydrox- €Stimated from the slope of a first-order plot of the logarithm
amic acid concentration and absorbance at 520 nm from 50f precursor concentration against time.

to 50 nmol of ILVA-hydroxamate, with 50 nmol yielding
Asoo of 1.4.

The kinetics of hydroxylaminolysis of esters and thioesters
were followed by the method of Jencks et al. (1960).
y-Butyrolactone (10 mM) op-thiobutyrolactone (2 mM) was
incubated at 37C with 0.05 M NHOH in 0.1 M Bis-Tris-
Propane and 15 mM NaFpH 6.0. At various times, 0.3
mL samples were diluted with 0.4 mL of 0.05 M NEH in
0.1 M Bis-Tris-Propane, pH 6.0, and 0.3 mL of 20%

RESULTS AND DISCUSSION

Strategy. A unique feature of one of the proposed
mechanisms for the formation of the branched intermediate
in protein splicing (pathway A in Figure 1) is the occurrence
of a linear ester intermediate in which the N-extein domain
is esterified with the side chain hydroxyl of Ser 1 as a result
of an N—O acyl rearrangement at the upstream splice
junction. Unfortunately, experimental evidence for peptide



N—O Acyl Rearrangement in Protein Splicing Biochemistry, Vol. 35, No. 12, 199@813

esters produced by an-MND acyl rearrangement is difficult

to obtain because the nucleophilic reagents which are
ordinarily used for identifying esters are effective only at
alkaline pH, where the amideester equilibrium is far toward

the amide form (lwai & Ando, 1967). Self catalyzedH®

acyl rearrangements of the type postulated here have been
observed in the biosynthesis of pyruvoyl-dependent enzymes &
such as histidine decarboxylase frawctobacillus in which

the amino-terminal pyruvoyl moiety is generated by an®l

acyl rearrangement at an internal serine residue followed by
a f3-elimination step (van Poelje & Snell, 1990). Although
experiments to trap the postulated ester intermediate as the
hydroxamate at first seemed to succeed (Huynh & Snell,
1986), their interpretation was later questioned (van Poelje, FIGURE 3: Kinetics of hydrolysis and aminolysis of fusion protein
1988). However, hydroxylaminolysis of histidine decar- MIP-47/59. Purified MIP-47/59 (0.7 mg/mL; about/&Vl) was

: . : incubated at 37C and pH 7.0 without added amin®), with
boxylase at the predicted site could be achieved after0_25 M hydroxylamine @), or with 0.1 M ethylene diaminel).

replacing the relevant serine residue with cysteine (van atthe times indicated, samples were removed, subjected to-SDS
Poelje, 1988; Vanderslice et al., 1988), owing to the much PAGE, stained with Coomassie Blue, and analyzed as described
higher susceptibility of thioesters than oxygen esters to attackunder Experimental Procedures. The graph plots the logarithm of
by nitrogen nucleophiles (Jencks et al., 1960). the percent of intact MIP-47/59 precursor protein remaining against

We used an analogous strategy to explore the involvementt'me'-A correction was made for 9% of the 132 kDa material that

- g e co-migrated with MIP-47/59 precursor but was not cleaved even

of an N-O acyl rearrangement in protein splicing by after prolonged incubation, probably owing to misfolding. Assuming
replacing Ser 1 at the upstream splice junction with cysteine. first-order kinetics, the slopes of the lines obtained yielded the
If an ester intermediate involving the side chain of Ser 1 following rate constants: no amink,= 0.002 mir*; hydroxyl-
were involved in the splicing process, replacement of the @mine.k = 0.019 min™; ethylene diaminek = 0.011 min™.
serine hydroxyl by a cysteine thiol group should significantly
enhance the rate of protein cleavage at the upstream splic
junction by neutral hydroxylamine. To obtain an estimate
of the relative reactivities of thio- and oxygen esters with
hydroxylamine, we compared the rates of hydroxylaminolysis
of y-thiobutyrolactone ang-butyrolactone. AtpH 6.0, 7.0,
and 8.0, the relative rates of aminolysis by 50 mM JOH
of y-thiobutyrolactone in comparison withbutyrolactone
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é’;lnd 4B). Unlike hydrolysis, which, like protein splicing,
was favored at low pH, aminolysis proceeded more rapidly
as the pH increased from 6 to 8, as expected for nucleophilic
attack on a thioester (Bruice & Benkovic, 1966). An
interesting observation was that MI-94, a fusion protein in
which Ser 1 was replaced by cysteine and which in addition
was truncated by the introduction of a nonsense mutation at

were found to be 130, 40, and 20, respectively, verifying the d(_)wnstream sp!lce Junction (Figure 2), under_went ami-
the assumption that thioesters are cleaved much more rapidl))mlys'S at about twice fche rate as MIP-47/59 (Figure 4C.:)‘
by neutral hydroxylamine than are oxygen esters. suggesting that. steric interactions between thg two splice
Comparison of the Rates of Hydrolysis and Aminolysis of junctions may 'lnterfere with the attack of amines at the
MIP-59, MIP-47/59, and MI-94.The rate of hydrolysis and ~ UPStréam junction.
hydroxylamine-dependent cleavage at the upstream splice The observation that cleavage of the unspliced precursor
junction was compared in three fusion proteins containing Protein could be effected by nitrogen nucleophiles, provided
intein-1 of PerCOCCU$p. GB-D DNA po'ymerase, MIP- that the N-terminal amino acid of the intein was CySteine
59, MIP-47/59, and MI-94 (Figure 2). In all three proteins, instead of serine, suggests that the peptide bond at the
the serine residue at the downstream splice junction wasupstream splice junction can undergo anr® or N—S acyl
either replaced by alanine or deleted in order to prevent reéarrangement to yield either an ester or a thioester. An
formation of the branched intermediate (Xu et al., 1994). alternative interpretation, that the aminolysis observed in
Cleavage of the fusion proteins at the upstream splice these experiments occured at the ester bond of the branched
junction was measured by densitometry after SIPAGE,  Splicing intermediate (Figure 1), which involves the side
following incubation at 37C in buffers containing no amine, ~ chain hydroxyl of Ser 538 (Xu et al., 1993; Xu et al., 1994),
0.25 M hydroxylamine, or 0.1 M ethylene diamine, which iS excluded by two observations: (a) aminolysis occurred
has been reported to be an effective nucleophile for the only when cysteine was substituted for Ser 1 at the upstream
cleavage of thioesters (Bruice & Benkovic, 1966). The rate SPlice junction, a residue which is presumably not involved
constants for protein cleavage were deduced from first-orderin branched intermediate formation (Xu et al., 1994); and
plots, an example of which (for the cleavage of MIP-47/59 (b) the experiments involved fusion proteins in which Ser
at pH 7) is shown in Figure 3. In the absence of amines, 938 was replaced by alanine or deleted so as to prevent the
the fusion proteins, being unable to undergo protein splicing, formation of the branched intermediate. The fact that
underwent slow cleavage at the upstream splice junction tocleavage of the thio-substituted precursor protein occurred
yield M and IP. The pH optimum of this hydrolytic reaction under very mild conditions (pH 6.0, 3C) not only with
was pH 6 (Figure 4A,B), which is also the optimum pH for hydroxyle}mi.ne but also with ethylene_diamine argues ag_ainst
protein splicing (Xu et al., 1993), suggesting that hydrolysis the possibility of cleavage at a uniquely hydroxylamine-
and splicing are interrelated processes. Whereas neithe€nsitive peptide bond such as asn-gly (Bornstein & Balian,
hydroxylamine nor ethylene diamine had a significant effect 1977)
on the cleavage of MIP-59 (Figure 4A), the amines greatly Identification of the C-Terminal Peptides of the Hydroxy-
enhanced the cleavage of MIP-47/59, the correspondinglaminolyzed MIP-98.In order to identify precisely the site
protein in which Ser 1 was replaced by cysteine (Figures 3 of precursor cleavage by hydroxylamine, the splicing-
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Ficure 4: Effect of pH and various amines on the rates of hydrolysis or aminolysis. The kinetics of cleavage at the upstream splice
junction of MIP-59, MIP-47/59, and MI-94 were studied in the absence of added antiewith 0.1 M ethylene diaminel(), or with

0.25 M hydroxylamine @) in Bis-Tris-Propane buffers at the pH values indicated. The values plotted on the ordinate are pseudo-first-order
rate constants derived from the slopes of first-order plots of precursor disappearance as described in Figure 3.
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Ficure 5: HPLC elution profiles and colorimetric assay of hydroxamic acids obtained after CNBr cleavage of the hydroxylaminolysis
products of MIP-98. Samples were subjected to HPLC, and the eluate was monitored by its ultraviolet absorbance (bottom panels), with
fractions being collected every 0.5 min for the colorimetric determination of hydroxamic acids as described under Experimental
Procedures: A, crude CNBr cleavage mixture; B, fractions 26 and 27 from A after two additional cycles of purification by HPLC; C,
synthetic ILVA-hydroxamate.

competent fusion protein MIP-21 (Xu et al.,, 1993) was contrast, hydroxylamine had no effect on upstream cleavage
modified at the C-terminus of the N-extein by inserting the of MIP-52, the Ser-containing analog of MIP-98 (data not
tetrapeptide met-ile-leu-val just before the terminal alanine shown). To analyze the products of hydroxylaminolysis,
residue to yield MIP-52; further substitution of Ser 1 by MIP-98 underwent reaction with 0.25 M hydroxylamine at
cysteine yielded MIP-98 (Figure 2). The introduction of a pH 6 for four half-lives and the products were subjected to
methionine residue at position 5 of the N-extein facilitated CNBr cleavage, followed by HPLC on a reverse phase
the analysis of the C-terminus of the product of hydroxyl- column to separate the resulting peptides. The fractions near
aminolysis so as to define the cleavage site. Af@7and the elution position of synthetic ILVA-hydroxamate (13 min)
pH 6.0, MIP-52 underwent splicing to MP and | at about were collected and rechromatographed until a single peak
25% the rate of MIP-21, perhaps owing to the cluster of was obtained, both by absorbance at 220 nm and by the
hydrophobic amino acid residues at the upstream splicecolorimetric assay for hydroxamic acids of Seifter et al.
junction, and also underwent slow hydrolysis at the upstream (1960), as shown in Figure 5. Table 1 summarizes the
splice junction into M and IP (data not shown). Replacement properties of the peptide hydroxamate derived from MIP-
of Ser 1 with cysteine in MIP-98 further reduced the rate of 98 and synthetic ILVA-hydroxamate, which are in close
protein splicing but had little effect on upstream cleavage, agreement with respect to chromatographic properties, color
which proceeded with a pseudo first-order rate constant of yield at 520 nm in the colorimetric assay, amino acid
0.0022 min?t at 37°C and pH 6.0. In the presence of 0.25 composition, and high-resolution fast atom bombardment
M hydroxylamine under the same conditions, cleavage at mass spectrometry, which yielded (M H™) of 430.3020

the upstream splice junction of MIP-98 was significantly and 430.3018, respectively, compared to a calculated value
enhanced, occurring with a rate constant of 0.0089#in  for ILVA-hydroxamate of 430.3029.

indicating that hydroxylamine affected cleavage of MIP-98  The isolation of a tetrapeptide hydroxamate corresponding
in a similar manner as that of MIP-47/59 (Figure 4B). In to the C-terminus of the N-extein clearly establishes that the
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Table 1: Comparison of Synthetic lle-Leu-Val-Ala-NHOH with the Peptide Hydroxamate Obtained after Hydroxylaminolysis of MIP-98

amino acid composition M + H* found HPLC retention time colorimetric assay
peptide (A1 Ly V) (predicted) (min) (As20 perumol)
ILVA-NHOH 2 (synthetic) 1.00; 0.82; 1.08; 0.91 430.3018 131 28
(430.3029)
13-min peak from MIP-98 1.00; 1.05; 1.03; 1.00 430.3020 131 25

a|LVA-NHOH, ILVA-hydroxamate.

hydroxylamine-dependent cleavage of MIP-98 occurred acyl rearrangement. NO acyl rearrangements in polypep-
precisely at the upstream splice junction and not at sometides had been thought to occur only under extreme,
other labile bond. It thereby confirms our earlier conclusion nonphysiological conditions (Iwai & Ando, 1967), but this
that hydroxylaminolysis of proteins containing the interven- new information shows that they play an important biological
ing sequence derived frofyrococcussp. GB-D in which  role. The formation of peptide esters involving the side chain
cysteine replaces the N-terminal serine residue involves of serine or cysteine of the type described in this paper may

nucleophilic attack on a thioester bond to produce the pe the hallmark of a diverse group of self-catalyzed protein
corresponding peptide hydroxamate. rearrangements.
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