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SPLIT INTEINS: FROM MECHANISTIC STUDIES

TO NOVEL PROTEIN ENGINEERING TECHNOLOGIES

Neel H. Shah, Ph.D.

The Rockefeller University 2014

Inteins are auto-processing protein domains that carry out a post-translational process
known as protein splicing. This process is characterized by excision of the intein
(intervening protein) domain from within a larger polypeptide sequence with concomitant
ligation of the flanking extein (external protein) regions through a native peptide bond.
Remarkably, a small subset of all inteins are naturally transcribed and translated as two
fragments that efficiently associate and carry out the same biochemical process in trans,
and these split inteins are potentially powerful tools for protein engineering. Recently, a
split intein from the cyanobacterium Nostoc punctiforme (Npu) was discovered that can
carry out protein splicing with a half-life of one minute, as opposed to hours as seen for
previously characterized split and contiguous inteins. Inspired by the apparent uniqueness
of this “ultrafast” splicing activity and its practical implications, we characterized several
orthologous split inteins from the same family as Npu. Surprisingly, many of these
inteins splice as quickly as Npu, and biochemical characterization of this family divulged
sequence-activity correlations that provided insights into the molecular determinants for
fast protein frans-splicing. Importantly, several of these inteins are extraordinarily
efficient in their first auto-processing step, peptide bond cleavage coupled to thioester

formation. Harnessing this property, along with efficient fragment association, a



streamlined iteration of Expressed Protein Ligation (EPL), the most prevalent protein
semi-synthesis technique, was developed. Further insights into protein splicing were
obtained by the development of a novel kinetic assay that allowed for quantitative
observation of a crucial intermediate in the protein splicing pathway, the branched
intermediate (BI). Using this assay, BI resolution was unambiguously identified as the
rate limiting step for Npu splicing. Furthermore, the roles of extein residues in individual
steps along the splicing pathway were teased apart. Using protein semi-synthesis, kinetic
measurements, and structural techniques, C-extein composition was found to be
intimately linked to active-site dynamics and BI resolution kinetics. In addition to
chemical reactivity, the fragment assembly of Npu was also characterized. Mutation of
charged residues at the binding interface demonstrated that split intein binding affinity
was dominated by intermolecular electrostatic interactions. By swapping charged
residues between the intein fragments, a new split intein was engineered with orthogonal
binding and reactivity to the wild-type Npu split intein. The wild-type and charge-
swapped inteins could be used in protein semi-synthesis endeavors requiring parallel
selective splicing reactions in one pot. Finally, using a combination of biophysical
techniques, the mechanism of split intein assembly was elucidated. Our analyses
indicated that the assembly follows a unique trajectory comprised of coupled binding and
folding of disordered regions of each fragment followed by a collapse of the structure
into a stable functional domain. Collectively, these structural and functional studies not
only provide insights into the inner workings of inteins but will also continue to aid in the

development of important protein engineering technologies.
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Chapter 1: Introduction

The diversity of proteins found in nature is immediately apparent from the vast
array of biochemical functions carried out by these proteins to sustain living organisms.
To a first approximation, these functions are dictated by a protein’s primary amino acid
sequence, which is transcribed and translated from the gene encoding that protein. This
sequence carries all of the necessary information for a newly synthesized protein to fold
into a well-defined three-dimensional structure, and this structure in turn confers its
function.' In reality, however, many proteins require additional factors to fold into their
active conformation,” while others remain intrinsically disordered as a requirement for
their function.’ Furthermore, most proteins are matured, activated, inhibited, translocated,
and/or degraded through the chemical modification of their side chains and backbones
after protein synthesis, adding yet another layer of complexity to their structure and
function.*

In many cases, these post-translational modifications (PTMs) expand the chemical
and structural repertoire of the canonical twenty amino acids by the addition of new
functional groups to their side chains. These enzymatically applied modifications include
(but are not limited to) phosphorylation, acetylation, methylation, lipidation,
glycosylation, and hydroxylation (Figure 1.1a), and the dynamic interplay between their
addition and removal governs biological signaling. In other cases, the primary sequence
of a protein is post-translationally altered by the scission of one or more peptide bonds.
This “processing” of a polypeptide chain is often carried out enzymatically by proteases
(Figure 1.1b) and is most commonly utilized for protein degradation. However, it can

also serve to activate an enzyme (e.g. the cleavage of prothrombin to yield thrombin),



remove a translocation signal (e.g. signal peptide removal during antibody secretion), or
mature a protein into a functional state (e.g. the conversion of proinsulin into active
insulin). Remarkably, several classes of proteins can modify their own peptide

backbones, and these modules are referred to as auto-processing domains (Figure 1.1¢).

a 0
HNJk

+NHj
oL/ -
P 0// No- Acetyl-CoA CoA
tyrosme NN NN lysine NN
H H H
kinase o ) acetyltransferase o
+ + H
H,N__NH, H,N N\CH3
NH NH
SAM SAH Palmltoyl -CoA
2 i SH
14
NN arginine ¥ ,séN/('Fa; cysteine /(’%(
H o methyltransferase H o H ) palmitoyltransferase
02, CO2,
UDP GIcNAc a-KG succinate HO

OH j i 3
~ H .
.fén 4 Serlne "'z, NN proline NN

o O-GlIcNAc transferase s o hydroxylase i o

NN
HS
,
<
[o] pt o
S) — 3 — i
0 HONO/ 0" /i

Figure 1.1. Post-translational modification of proteins. a. Examples of functional
group additions enzymatically applied to various proteinaceous amino acids. b.
Proteolytic cleavage of a peptide bond by a cysteine protease. ¢. Auto-processing of a
peptide bond to yield two hydrolyzed polypeptide fragments (B refers to a base, typically
an amino acid within the auto-processing domain or an activated water molecule).



The capacity for proteases and auto-processing domains to modify polypeptide
sequences has garnered tremendous interest, not only for its biological significance, but
also for its practical utility. Indeed, biochemists regularly use proteases to remove affinity
purification tags from recombinant proteins’ and to process complex biological mixtures
for proteomics experiments.® Proteases are also commonplace in industrial settings,
where they are used in detergents and for food production.” While auto-processing
domains are less prevalent in technological settings, some of these proteins are rapidly
emerging as powerful tools for chemical biology.® These useful auto-processing domains

comprise a conserved family of proteins known as inteins.

a Standard Inteins b Split Inteins
(protein cis-splicing) (protein trans-splicing)
IRIVIVIVL
One Gene Two Genes
TV W W WO WA W WL W4 N W W W AV VL WA WA WA LYV WV
One Transcript Two Transcripts

| |

N-Extein C-Extein N-Extein @ C-Extein

One Translated Polypeptide Two Translated Polypeptides

@ e &) e

Excised Spliced Excised Spliced
Intein Product Split Intein Product

Figure 1.2. Protein splicing in cis and in trans. a. Protein cis-splicing by the more
prevalent contiguous inteins. b. Protein trans-splicing by the rarer split inteins. Inty refers
to the N-intein and Intc refers to the C-intein.

1.1.  Protein splicing: a wide-spread post-translational modification

An intein (intervening protein) carries out a unique auto-processing event known



as protein splicing in which it excises itself out from a larger precursor polypeptide
through the cleavage of two peptide bonds and, in the process, ligates the flanking extein
(external protein) sequences through the formation of a new peptide bond. This
rearrangement occurs post-translationally (or possibly co-translationally), as intein genes
are found embedded in frame within other protein-coding genes (Figure 1.2a).
Furthermore, intein-mediated protein splicing is spontaneous; it requires no external

factor or energy source, only the folding of the intein domain.

1.1.1. The vast phylogeny of inteins

In 1990, the first protein splicing domain was found embedded within the
vacuolar proton-translocating ATPase gene in Sacchromyces cerevisiae.” Since then,
taking advantage of several highly conserved sequence motifs in inteins, bioinformatic
approaches have identified at least 600 putative intein genes in the genomes of unicellular
organisms from all three domains of life (archaea, bacteria, and eukaryota) as well as
several viral genomes (Figure 1.3)."° Interestingly, this broad distribution of inteins
pertains not only to the array of organisms in which they are found, but also the large
variety of host genes in which they are embedded. To date, there are at least 70 different
intein alleles, distinguished not only by the type of host gene in which the inteins are

10,11 Furthermore, some

embedded, but also the integration point within that host gene.
proteins have been found containing as many as three inteins embedded at different

integration points within their gene,'” and several organisms have more than one intein

(as many as 19 inteins) in their genome (Figure 1.3).'



| I Archaea
. v"""’ H '...I'" /
Viruses N "y

Eukaryota

Theoretical Inteins
Experimentally
Validated Inteins

Figure 1.3. Phylogenetic distribution of intein-containing organisms. Roughly 300
organisms containing one or more intein are shown in this phylogenetic tree. The bars at
the periphery of the tree denote the number of inteins in each organism. The smallest bar
indicates one intein, and the largest bar indicates 19 inteins. Black bars indicate inteins
identified based on their gene sequence whose splicing capacity has not yet been
determined experimentally. Red bars indicate inteins that have been shown
experimentally to facilitate protein splicing. Data was extrated from the NEB InBase'’
and the phylogenetic tree was generated using the Interactive Tree of Life online tool."

Inteins are typically embedded within essential proteins involved in DNA
replication, transcription, and maintenance (e.g. DNA or RNA polymerase subunits,
DNA helicases, DNA gyrases, and ribonucleotide reductase) or in other housekeeping

genes including essential proteases and metabolic enzymes.'' Within these proteins, the

auto-processing domains are commonly inserted at conserved sites in their host that are



crucial for host protein function (e.g. ligand binding sites or enzyme active sites).'* Given
this, it is largely believed that intein excision is required for host protein function,
however no intein has been shown to have a clear regulatory role on its host protein or

provide a fitness benefit to the host organism.'”'°

These facts beg the question, “Why do
inteins exist?” Thus far, the prevailing view is that inteins are selfish genes with no

obvious biological role. (This will be discussed further in Chapter 6). Regardless, their

mere presence and persistence in microbial genomes is intrinsically fascinating.

1.1.2. Biological mechanisms of intein spread, persistence, and loss

The broad phylogenetic distribution of inteins suggests that these molecules have
ancient origins. Nevertheless, for the reasons outlined below,'' it is clear that their
prevalence must not only be due to vertical, but also horizontal gene transmission: (1)
Inteins are integrated into a wide variety of host proteins. (2) When an intein exists in one
microbial host gene, it is not always found in an orthologous gene in a closely related
organism. (3) Inteins are completely absent from multicellular organisms (although some
multicellular organisms have homologous domains with related biochemical functions,
discussed in section 1.3). (4) Allelic intein genes typically have higher homology and
different codon usage than their host genes. These facts suggest that mechanisms exist to
propagate inteins from one host gene and host organism to another, and that inteins can
also be lost.

Many inteins have, inserted within their auto-processing domain, another
functional module called a homing endonuclease domain (HED). HEDs make double-

stranded DNA breaks at specific recognition sequences encoded within intein/HED-free



alleles of their own host genes. These breakages initiate a recombination process that
results in the integration of an intein/HED gene into a previously intein/HED-free version

of that gene (Figure 1.4a).
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Figure 1.4. Intein spreading and splitting through homing endonucleases. a. Homing
endonuclease activity to convert an intein-free allele into an intein-containing allele. b.
Proposed mechanism for intein splitting due to aberrant homing endonuclease invasion
followed by chromosomal rearrangements.'’

This mechanism likely explains both intra- and inter-species intein spread
involving the same host gene and insertion site.!' However, given the sequence

specificity of HEDs, it is unlikely that this mechanism allows for intein spread to

different insertion sites within the same gene or different genes. Currently, it is unclear



how this process occurs, however it is noteworthy that non-allelic inteins have extremely
low sequence homology when compared to allelic inteins.'' This suggests that intein
spread to a variety of host genes was an ancient process and that non-allelic inteins have
diverged since this initial event. The recent discovery of inteins in viral genomes may
hold the explanation to the early proliferation of inteins.'®

The loss of an intein from a host gene may be driven by negative selection, if the
intein is detrimental to host fitness. However, intein loss through gene deletion should be
challenging, as it requires precise removal of the intein from within an essential gene.
Presumably this process is more likely in diploid or polyploid organisms, where an
intein-containing copy of a gene is expendable in the presence of an intein-free copy.
Furthermore, the capacity for interchromosomal recombination provides another route to

intein loss and may explain the dearth of inteins in multicellular organisms.

1.1.3. The emergence of split inteins

A small fraction (less than 5%) of the identified intein genes encode split
inteins.'” Unlike the more common contiguous inteins, these are transcribed and
translated as two separate polypeptides, the N-intein and C-intein, each fused to one
extein. Upon transcription and translation, the intein fragments spontaneously and non-
covalently assemble into the canonical intein structure to carry out protein splicing in
trans (Figure 1.2b).

Although several lineages of split inteins independently emerged during
evolution, as evidenced by their divergent sequences and their insertion in at least five

17,19,20

different host proteins, the precise mechanism of intein splitting is not clear.



Interestingly, the split site of most split inteins is also the homing endonuclease insertion
site within many contiguous inteins. In fact, some split intein genes are separated by an
out-of-frame, free-standing HED gene, suggesting that aberrant insertion of an HED into
an intein gene could fracture that gene (Figure 1.4b)."” Oddly, the largest known family
of split inteins, found within the DnaE genes of at least 20 cyanobacterial species, has
unconserved genomic architecture.'” In different cyanobacterial species, the intein
fragments are located in dramatically different regions of the bacterial chromosome, and
in some cases, the fragments are encoded on opposite strands as well. This suggests that
after an initial fracturing of the intein gene in an early cyanobacterium, the resulting locus
was unstable and further rearranged as the organism speciated (Figure 1.4b).

Split inteins present unique evolutionary challenges and opportunities for their
host organisms. On one hand, splitting of an intein gene should be effectively
irreversible, and the resulting gene fragments, if still transcribed and translated, have to
contend with splicing their exteins in trans. These constraints provide a strong selec<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>