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ABSTRACT 

            Autocatalytic enzymes are a class of proteins that require no or minimal cofactors 

for their catalytic activity. Green fluorescent protein (GFP) and inteins are two distinct 

examples of autocatalytic proteins: in the case of GFP the only cofactor needed for its 

fluorescence is molecular oxygen while no external substrate is necessary for intein 

catalysis. 

           In this work we explore the functional properties of both these proteins as follows. 

In GFP we explore the capacity of GFP to fold and reconstitute fluorescence from 

truncated circular permutants, herein called "leave-one-outs" (LOO). The solubility of 

twelve LOO constructs, each with one complete secondary structure element omitted, 

was measured using a quantitative in vivo solubility assay and in vivo reconstitution of 

fluorescence. Removal of any one of the N-terminal six beta strands or the central helix 

produces predominantly insoluble proteins that do not reconstitute fluorescence, whereas 

removal of one of the C-terminal five strands produces proteins that are more soluble and 

do reconstitute fluorescence. Our results suggest that omitting early folding secondary 

structure elements leads to increased aggregation, while omitting late folding segments 

leads to a less aggregation. The results of relative fluorescence (RF) studies and solubility 

assays correlate well. We have used in vivo reconstitution of fluorescence to determine 

whether the soluble form exists in a natively folded state that can bind to the missing 

peptide. Our preliminary data also suggests LOO T8 as the possible biosensor candidate 

with about 50 % of WT fluorescence recovery after in vivo reconstitution.  

             Inteins are mobile genetic elements or “intervening sequences” that interrupt the 

coding sequence of a gene that are spliced out at the protein level. Mycobacterium 
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tuberculosis (Mtu) contains three genes, recA, dnaB, and sufB, which are interrupted by 

inteins, where the proteins become functional through protein splicing process. While 

RecA and DnaB proteins play important roles in the DNA repair and replication 

respectively, SufB is a part of Fe-S cluster assembly and is essential for growth. 

Moreover, protein splicing of SufB is crucial for the functionality of the Mtu SUF 

machinery. In this work, we report the effect of iron on protein splicing of the SufB 

precursor both in vivo and in vitro. Addition of increasing concentrations of iron appears 

to lead to inhibition of protein splicing while adding iron chelator 2, 2’- dipyridyl appears 

to facilitate protein splicing. Based on a mutagenesis study of critical catalytic residues 

we suggest that bonding between iron, potentially from Fe-S cluster, and conserved 

cysteine(s) could be responsible for the subtle iron effect. Our results provide the first 

study of iron regulation in protein splicing and suggest a novel approach for controlling 

the functionality of Mtu SUF machinery. Taken together our studies provide unique ways 

of controlling functionality of two classes of autocatalytic proteins. 
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CHAPTER 1. INTRODUCTION 

    Since the 1990s many autocatalytic proteins were discovered which need no or 

minimal cofactor(s) for their activity. Typically in these proteins self-catalyzed peptide 

rearrangements give rise to functional proteins. Examples of autocatalytic proteins 

include auto-processing hedgehog proteins, intein splicing proteins, Green Fluorescent 

Proteins (GFP) and post- translational ring formations in histidine ammonia lyase (HAL) 

etc. In this thesis we have studied functional characterization of two distinct autocatalytic 

proteins: Green Fluorescent Protein (GFP) and Mycobacterium tuberculosis (Mtu) SufB 

protein.  

    GFP is composed of eleven beta strands arranged in a closed ß-barrel, housing within it 

a distorted alpha helix. A three-residue segment in the middle of the helix is 

autocatalytically cyclized and oxidized to produce the fluorescent p-hydroxybenzylidene 

imidazolidone chromophore. Once formed, the chromophore does not degrade upon 

unfolding, but its fluorescence is completely quenched in the unfolded state. GFP can be 

split into parts that can specifically coalesce to reconstitute the fluorescent state, either 

with the aide of a fused interacting pair of domains, or without. The dissociated form of 

split GFP is less fluorescent, or even completely non-fluorescent, due to either the 

absence of a mature chromophore (CRO) or the exposure of the chromophore to solvent 

in the unfolded state. Our goal here is to explore the capacity of GFP to fold and 

reconstitute fluorescence from truncated circular permutants, herein called "leave-one-

outs" (LOO). We have primarily used two characterization tools for our study: 

quantitative in vivo solubility assay and in vivo reconstitution of fluorescence. We find 

that removal of any one of the N-terminal six beta strands or the central helix produces 
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predominantly insoluble proteins that do not reconstitute fluorescence, whereas removal 

of one of the C-terminal five strands produces proteins that are more soluble and do 

reconstitute fluorescence. Our results suggest that omitting early folding secondary 

structure elements leads to increased aggregation, while omitting late folding segments 

leads to a less aggregation. In addition, we have used in vivo reconstitution of 

fluorescence to determine whether the soluble form exists in a natively folded state that 

can bind to the missing peptide. Here the recovery of fluorescence is used as a reporter of 

the native structure of GFP. Our work has also identified LOO T8 as a potential biosensor 

candidate in the LOO series with highest fluorescence recovery (~ 50% of wild type 

fluorescence) and ~70% solubility. We have provided the details of this study in Chapter-

I. 

    Inteins are “intervening sequences” that interrupt the coding sequence of a gene and 

are also mobile genetic elements. Since their discovery in 1988, inteins have been found 

in all the three domains of life; archaea, bacteria and eukarya. Inteins excise themselves 

post-translationally from their host proteins. The flanking exteins are ligated to give rise 

to functional proteins by a process called “protein splicing”. While the key steps of 

protein splicing are known, regulation of protein splicing at various steps through 

minimal manipulation is of great interest. One particular focus of intein research is to 

understand intein splicing in Mycobacterium tuberculosis (Mtu) which harbors three 

genes; recA, dnaB, and sufB. While RecA and DnaB proteins play important roles in 

DNA repair and replication respectively, SufB is a part of the sole pathway for Fe-S 

cluster assembly in Mtu and is essential for growth. In addition, protein splicing of SufB 

plays a crucial role for the functionality of the Mtu SUF machinery. While considerable 
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work has been reported on protein splicing of RecA and DnaB, limited work exists 

related to SufB protein splicing. In this thesis, we report a subtle iron effect on protein 

splicing in SufB protein both in vivo and in vitro. Our results find that addition of 

increasing concentrations of iron appears to result in inhibition of protein splicing while 

adding iron chelator 2, 2’-dipyridyl(DIP) appears to facilitate protein splicing. Based on 

the mutagenesis study of critical catalytic residues we suggest that bonding between iron, 

potentially from Fe-S clusters and conserved cysteine(s) could be responsible for the 

observed iron effect. Iron regulation in Mtu SufB splicing is found to be subtle though 

and we hypothesize that this is due to the need of balance of iron not only for splicing 

activity but also for its role in precursor synthesis. Our results provide the first study of 

iron regulation in protein splicing and suggest a novel approach for controlling the 

functionality of Mtu SUF machinery. We will discuss details of this work in Chapter II. 

Taken together our studies provide unique ways of controlling functionality of two 

classes of autocatalytic proteins. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

("

CHAPTER 2. FUNCTIONAL CHARACTERIZATION OF NOVEL LEAVE-      
ONE-OUT SPLIT GREEN FLUORESCENT PROTEINS 

 
2.1 BACKGROUND  

    GFP, a 238 amino acid polypeptide was originally discovered and isolated from the 

jellyfish Aequorea victoria by Osamu Shimomura.1, 2 Since the jellyfish is a natural 

inhabitant of cold Pacific Northwest, fully fluorescent GFP, most efficiently matures at 

temperatures well below 37°C, preferably around 20°C. It is an auto-fluorescent protein 

that is excited by blue/UV light (395nm/475nm) and emits green light (508nm). 2-4 The 

crystal structure of Aequorea victoria GFP was determined at 1.9 angstrom resolution to 

show that the protein tertiary structure resembles a perfect cylinder or a rigid !-can.5, 6 

The !-barrel has a diameter of about 24 Å and a height of 42 Å and consists of 11 anti-

parallel beta strands with a centrally situated distorted " helix that harbors the GFP 

chromophore, para-hydroxybenzylidene imidazolidone (Figure 2.1). * 

    The intrinsic fluorescence of GFP is due to an autocatalytic post-translational event that 

leads to spontaneous chromophore (CRO) maturation from a tripeptide motif S (65)-Y 

(66)-G (67) located on the central " helix.7-14 The hydrogen-bonding network interlacing 

the surface of the cylinder is responsible for the unusual structural stability of GFP 

against denaturation and proteolysis. The rigid beta can structure not only protects the 

CRO from fluorescence quenching by oxygen and hydronium ions but also restricts the 

conformational space around CRO that promotes the series of intra-molecular events 

leading to CRO formation.15, 16 The CRO maturation occurs in 4 distinctive steps: 

""""""""""""""""""""""""""""""""""""""""""""""""""""""""
2" Portions of this chapter previously appeared as Huang Y.M., Nayak S., Bystroff C., 
Quantitative in vivo Solubility and Reconstitution of Truncated Circular Permutants of Green 
Fluorescent Protein, Protein Science 2011, 20, 1775-1780.  
"
"
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folding, cyclization, dehydration, oxidation and does not require any enzymes or co-

factors except molecular oxygen (Figure 2.2).17-19  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: (Top) Schematic representation of GFP crystal structure shown in rainbow 

coloring from N to C. The GFP CRO is deeply embedded in the center of the barrel as 

shown in space filling mode (green). We created the figure using MOE. 

(Bottom) Topology diagram to show the strand order of GFP, ß-strands are drawn as 

arrows, connected via loops and numbered in N-to-C order. The "-helices are 

represented as red cylinders. The chromophore is represented by the star (green). 

!!""""""#""""""$""""!!""""!%""""""&"""""""'"""""""("""""")""""""*"""""""+"""""""""""

"!!!!!!!!!!!!!!!!!#!

!!""""""#""""""$""""!!""""!%""""""&"""""""'"""""""("""""")""""""*"""""""+"""""""""""

"!!!!!!!!!!!!!!!!!#!,"""""""""""""""-"
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    The unique spectral properties of GFP are due to different protonation states of CRO as 

well as due to the dense hydrogen bonding network around the CRO mediated by critical 

residues and water molecules.17, 20 Wild-type GFP has two excitation peaks; excitation at 

398 nm results in an emission at 508 nm and absorption at 475 nm leads to an emission at 

503 nm. The absorption at 398 nm is contributed to a neutral form of the chromophore 

and the absorption at 475 nm is due to an anionic chromophore. 

 

 

Figure 2.2: Schematic diagram to show the mechanism of CRO maturation in GFP; Step 

1-Protein folding, Step 2-Cyclization, Step 3-Enolisation, Step 4- Dehydration-hydration, 

Step 5-Oxidation, Step 6-Final dehydration step resulting in matured CRO.17  
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    GFP and GFP variants have wide range of applications as in vivo fluorescent markers 

for gene expression, protein-protein interaction, protein function, localization and as 

biosensors to report changes in intracellular pH, Ca +2 ion concentration and the redox 

status.21-31 It is important to mention here that, different variants of GFP have been 

engineered in the past to enhance the solubility and the fluorescence properties of GFP in 

order to optimize their in vivo and in vitro uses. The folding reporter GFP is a more 

soluble GFP variant with the following mutations; F64L, S65T, F99S, M153T, and 

V163A.32, 33 The super folder GFP is a highly stable version of folding reporter GFP with 

additional mutations; S30R, Y39N, N105T, Y145F, I171V, and A206V.34 By process of 

DNA shuffling, super folder GFP1-10 containing amino acid 1 thru 214 was further 

optimized to generate a more soluble variant; GFP-OPT with improved complementation 

efficiency for the missing strand 11 and higher fluorescence recovery. In addition to 

super folder GFP mutations, GFP-OPT has seven new mutations; N39I, T105K, E111V, 

I128T, K166T, I167V and S205T.35 

    The CRO fluorescence in GFP requires an intact !-barrel structure that prevents 

fluorescence quenching by external solvent or by non-radiative relaxation of the excited 

state of the CRO.2, 36, 37 However past works have also shown that slight structural 

modifications such as cleavage at certain positions, circular permutations or even 

insertion of a foreign peptide are well tolerated.29, 38-43 Previous work by Abedi et. al. 

have shown GFP can be used as protein scaffold for presenting smaller peptides.38 A 

peptide library was created via insertion of a hexapeptide in to the GFP coding region. 

The most permissive regions were located inside eight !-turns that connect the !-strands 

of GFP. Quantitative analysis of GFP scaffold candidate libraries suggested that 
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insertions mostly in the C-terminal half had higher mean fluorescence (Figure 2.3).  

 

 

 

 

 

 

 

Figure 2.3: Schematic diagram showing sites (1–10) of peptide insertion in GFP. 

*denotes sites most permissive to the insertion.38  

 

 

 

 

 

 

 

 

Figure 2.4: Schematic diagram showing positions for fourteen circularly permuted 

variants of super folder GFP. It has mutations S30R, Y39N, N105T, Y145F, I171V, and 

A206V (white circles) in addition to mutations of folding reporter GFP and enhanced 

GFP mutations; F64L and S65T, and the cycle-3 GFP mutations F99S, M153T, and 

V163A (black circles).34 
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P = 1 – (1 – P!)20j

where j = 1 for the composition computations and j = 15 for the
position-by-position calculations.

Oligonucleotides

oVT307, TGAGAATTCCTCGAGAGTGCAAATAAATTTAAGGGTAAG;

oVT308, TGAGAATTCCTCGAGCATATGATCTGGGTATCTTGAAA;

oVT309, TGAGAATTCCTCGAGACCTTCAAACTTGACTTCAGC;

oVT310, TGAGAATTCCTCGAGTCCATCTTCTTTAAAATCAATAC;.

oVT311, TGAGAATTCCTCGAGTTTGTGTCCAAGAATGTTTCCATC;

oVT312, TGAGAATTCCTCGAGTTGTTTGTCTGCCATGATGTATAC;

oVT313, TGAGAATTCCTCGAGTTCAATGTTGTGTCTAATTTTGAAG;

oVT314, TGAGAATTCCTCGAGGCCAATTGGAGTATTTTGTTGAT;

oVT315, TGAGAATTCCTCGAGAAGGACAGGGCCATCGCC;

oVT316, TGAGAATTCCTCGAGTTCGTTGGGATCTTTCGAAAG;

oVT317, TGAGAATTCGGATCCACTGGAAAACTACCTGTTCCATGG;

oVT318, TGAGAATTCGGATCCAAACGGCATGACTTTTTCAAGAG;

oVT319, TGAGAATTCGGATCCGATACCCTTGTTAATAGAATCG;

oVT320, TGAGAATTCGGATCCAACATTCTTGGACACAAATTGG;

oVT321, TGAGAATTCGGATCCTTGGAATACAACTATAACTCACAC;

oVT322, TGAGAATTCGGATCCAAGAATGGAATCAAAGTTAACTTC;

oVT323, TGAGAATTCGGATCCGATGGAAGCGTTCAACTAGC;

oVT324, TGAGAATTCGGATCCGATGGCCCTGTCCTTTTACC;

oVT325,  TGAGAATTCGGATCCTTACCAGACAACCATTACCTG;

oVT326, TGAGAATTCGGATCCAAGAGAGACCACATGGTCC;

oVT329, GTTAGCTCACTCATTAGGCACCC;

oVT330, CGGTATAGATCTGTATAGTTCATCCATGCCATGTG;

APT1, GGCCTAGGATCC;

APT2, TGACTCGAG[NN(G/C/T)]20GGATCCTAGGCC;

APT3, TCGAGAGTGCAGGT[NN(G/C/T)]15GGAGCTTCTG;

APT4, ACCTGCACTC; APT5, GATCCAGAAGCTCC.

Restriction sites are underlined.

RESULTS

The first step in the process of creating an autofluorescent protein
scaffold suitable for display of peptides involves identification of
sites in the protein that accommodate peptide insertions without
seriously disturbing protein function. However, it is important that
sites be found which not only accept a single small inserted sequence
but which also accept a wide variety of different sequences. Such
sites are by definition robust to chemical perturbation and satisfy one
of the prerequisites for a useful scaffold. Autofluorescent proteins
provide a ready assay for determination of appropriate insertion
locations. Because the activity of the protein (and perhaps its
expression level) can be monitored quantitatively using a flow
scanner, it is simple to assay many independent insertions either
sequentially or in a bulk population. One simply generates mutant
proteins by manipulating the DNA sequence such that a variety of
different insertions are produced and examined by flow cytometry.
Variants identified in this fashion reveal the nature of sites within the
protein suited to display of foreign sequences. In the case of GFP it
is likely that few sites other than the two protein termini will accept
insertions. This prediction is based on the three-dimensional
structure of GFP, which reveals a compact molecule with only a few
loops exposed to the solvent (10).

Figure 1. (A) Model of GFP showing sites of peptide insertion. Numbers 1–10
correspond to insertion sites in pVT22–pVT31 respectively. (B) Sites of insertion
within the GFP gene of pVT22–pVT31 of an 18 nt fragment coding for the
hexapeptide Leu-Glu-Glu-Phe-Gly-Ser. Amino acid numbering is accordng to the
wild-type GFP gene. *Sites which were most permissive to insertion of the
hexapeptide.

Preparation and testing of GFP scaffold candidates

Using the crystal structure of GFP as a guide, 10 positions on the
protein which fall within exposed loops were chosen (10; Fig. 1A).
These 10 positions are located inside eight !-turns that connect the
!-strands of the GFP protein. Linker sequences composed of
recognition sequences for BamHI, EcoRI and XhoI restriction
endonucleases were introduced into the corresponding regions of the
GFP gene (Fig. 1B). This yielded 10 chimeric GFP genes, each of
which contained six additional codons that included the restriction

Figure 2. Map of the plasmid pVT21. The GFP gene is flanked by the upstream
activation sequence of the GAL1 gene (GAL1 UAS) and the 3!-untranslated
region of the phosphoglycerate kinase gene from yeast (PGK1 3! UTR). The
plasmid also contains the URA3 and AMPr genes for selection in yeast and
E.coli and 2 micron (2 µC) sequences for replication in yeast.
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    The close proximity between N- and C-termini and high structural stability of GFP 

against denaturation and proteolytic degradation, makes it a primary target for circular 

permutation where the native N- and C- termini are joined by a flexible linker peptide to 

give rise to circular permutants. For example, Baird et. al. created a circular permutant of 

GFP with insertion of calmodulin or a zinc finger domain in place of Tyr-145 that 

resulted in a GFP mutant with enhanced fluorescence upon metal binding. In addition 

they also found out the possible locations of new termini for circular permutants were 

mostly in C-terminal half; strand 7, 8 and 11, loops connecting the strands.43  

    Next, studies done by Waldo et. al suggested that circular permutants with termini in 

the C-terminal half of the super-folder GFP variant are more soluble with higher whole 

cell fluorescence (Figure 2.4).34   

    GFP fusion proteins have a tendency to misfold and aggregate or may have altered 

processing.33, 44 To overcome this, Regan et. al. tested the tolerance of a split-GFP 

system. Their work suggested that CRO maturation could still occur if GFP is cleaved 

and assembled from fragments. GFP was successfully reassembled from fragments by 

non-covalent association of anti-parallel leucine zipper domains (Figure 2.5).40 However 

the split GFP fragments were too large and required chemical ligation or forced 

association with the help of fused interacting proteins to fold properly.22, 23, 40, 45  
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Figure 2.5: Anti-parallel leucine zipper directed protein assembly of GFP. GFP is 

dissected between residues 157 and 158 to yield NZGFP and CZGFP that are ligated via 

covalent association between NZ and CZ leucine zipper domains.40 

 

 

 

 

 

 

 

 

Figure 2.6: Split GFP complementation system. GFP11 fused to a soluble protein tag bind 

to the soluble GFP1-10 and reconstitutes GFP by complementation. Complementation 

does not occur if GFP11 is fused to an insoluble or inaccessible tag.35                      
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The dissection and subsequent reassembly of a protein from
peptidic fragments provides an avenue for controlling its tertiary
structure and hence its function. Here, we describe a general
method for the reassembly of protein fragments mediated by the
noncovalent association of antiparallel leucine zippers.1 Although
a majority of leucine zippers associate in a parallel fashion, recent
examples of both naturally occurring and designed antiparallel
leucine zippers have appeared in the literature.1,2 We report here
a strategy for the noncovalent reconnection of the N- and
C-termini of a dissected surface loop of a protein by means of
antiparallel leucine zippers (Figure 1).3 We have successfully
applied this oligomerization strategy, both in vitro and in vivo,
to the 238 residue green fluorescent protein (GFP) fromAequorea
Victoria.4 GFP provides an easily testable system for correct
reassembly by virtue of its autocatalytically generated fluores-
cence, which is intimately linked to its properly folded structure.5

Moreover, the current interest in utilizing GFP as a biosensor
provides further motivation for generating new tools for biotech-
nological applications based on the strategy we describe.5

The unassisted reconstitution of proteins from peptide fragments
has been demonstrated for several proteins; including ribonuclease,6a

chymotrypsin inhibitor-2,6b tRNA synthetases,6c and inteins.6d

Protein reassembly has thus become an important avenue for
understanding enzyme catalysis,6a protein folding,6b and protein
evolution.6c Recently, assisted protein reassembly or “fragment
complementation” has been applied to the in vivo detection of
protein-protein interactions in such systems as dihydrofolate
reductase (DHFR),7a-c ubiquitin,7d,e and !-galactosidase.7f These
reassembly processes are contingent upon the proper choice of a
dissection site within a protein and can be aided by techniques
such as limited proteolysis, circular permutation8 and loop
insertions.9 In particular, recent circular permutation8c and protein

insertion8b,9 strategies have provided convincing evidence that GFP
can fold, fluoresce, and serve as a biosensor despite the rear-
rangement of the natural coding sequence.

In our study we have used a variant of the naturally occurring
GFP, which has a single excitation maximum at 475 nm.10 Our
design strategy called for the dissection of GFP at a surface loop
between residues 157 and 158, a position that has previously been
shown to accommodate a 20-residue amino acid insertion.9a Our
dissection resulted in N- and C-terminal fragments, designated
NGFP and CGFP, containing 157 and 81 residues, respectively
(Figure 1). The NGFP fragment contains the three residues, Ser65,
Tyr66, and Gly67, that ultimately form the GFP fluorophore.4

Designs for helices, designated NZ and CZ, to form antiparallel
leucine zippers for reassembly purposes were based upon
sequences reported by Hodges,11a Kim,11b and Alber.11c The
leucine zippers contained a Leu-rich hydrophobic core, acidic
(Glu) and basic (Lys) residues to direct antiparallel heterodimer
formation, and also incorporated a buried asparagine residue which
disfavors homodimerization by up to 2.3 kcal/mol (Figure 1).2a

The designed helix, NZ was appended to the C-terminal of NGFP,
via a 6-residue linker, to generate the fragment designated
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Figure 1. Strategy for antiparallel leucine zipper-directed protein

reassembly of GFP.3 Both the ribbon and topographical structures are

depicted: GFP is shown in green, NZGFP is shown in blue and CZGFP

is shown in red. The sequences of the designed leucine zippers, NZ and

CZ, are ALKKELQANKKELAQLKWELQALKKELAQ and EQLE-

KKLQALEKKLAQLEWKNQALEKKLAQ, respectively.
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10 pmol protein required only 15 min before quantification (data not
shown). Fluorescence assays showed that folding reporter GFP bearing
a C-terminal GFP 11 M3 tag rapidly bound to 6-His–GFP 1–10 OPT
immobilized on Talon resin (Novagen). The washed beads gained
additional fluorescence at a rate comparable to that observed in
solution (Fig. 2c), indicating that the kinetics of fluorescence forma-
tion was not limited by the rate of association of the GFP fragments.
Next, we tested the effect of chemical adjuvants. In vitro comple-

mentation was improvedB30% by 5 mMdithiothreitol but quenched
by 0.1% wt/vol SDS or 42 M urea (Supplementary Fig. 3 online).
Complementation was inefficient below pH 6.5, with an apparent pKa

of 7.3 at 25 1C. (Supplementary Fig. 4 online). After complementa-
tion, the fluorescent GFP moiety displayed a slow time-dependent
decrease in fluorescence in45 M urea (t1/2 E 20 h). Complemented
split GFP had an apparent pKa of 5.5 at 25 1C, similar to that of
‘enhanced’ GFP16 (data not shown).
To test whether the split GFP system could accurately quantify

different proteins in vitro, we expressed 18 P. aerophilum proteins as
pET vector constructs with C-terminal GFP 11 M3 tags in liquid
culture and then analyzed the soluble and pellet fractions using SDS-
PAGE (Fig. 3a) and the split GFP complementation system. Aliquots
of the soluble fraction were assayed by adding excess GFP 1–10 OPT to

Figure 1 Principle of split GFP complementation
and engineering fragments for improved solubility
and complementation. (a) Split GFP fragment
complementation. A protein of interest (X) is
fused to a small GFP fragment (b-strand 11,
residues 215–230) via a flexible linker (L). The
complementary GFP fragment (b-strands 1–10,
residues 1–214) is expressed separately. Neither
fragment alone is fluorescent. When mixed, the
small and large GFP fragments spontaneously
associate, resulting in GFP folding and formation
of the fluorophore. Processes that make the small
GFP tag inaccessible, such as misfolding or
aggregation, can prevent complementation.
(b) In vitro complementation efficiency of GFP
1–10 variants. Fluorescence progress curves for
complementation of 20 ml of 1 mg/ml refolded
superfolder GFP 1–10 (lower trace) or an equal
amount of soluble optimized GFP 1–10 OPT
fragment (upper trace) after addition of 180 ml
buffer containing 1 mg/ml soluble sulfite
reductase fused to wild-type GFP 11.
Arbitrary fluorescence units (A.U.). In vivo
complementation of GFP 1-10 variants (inset).
Fluorescent images of E. coli BL21(DE3) colonies on nitrocellulose membranes coexpressing GFP 1–10 from superfolder GFP (top), or folding reporter GFP
(bottom), along with sulfite reductase fused with wild-type GFP 11. (c) Engineering the split GFP fragments for improved performance. SDS-PAGE of soluble
(S) and pellet fractions (P) of E. coli BL21(DE3) cells expressing the protein hexulose phosphate synthase (HPS) alone, HPS fused to GFP 11 (WT) or HPS
fused to the three GFP 11 optima (M1, M2, M3). (d) Fluorescence complementation kinetic traces for the three GFP 11 mutants fused to sulfite reductase
(50 pmol) after the addition of excess GFP 1–10 OPT (800 pmol) in vitro. The final volume of each assay was 200 ml. Arbitrary fluorescence units (A.U.).

GFP

X

L

GFP11
GFP1–10

GFP1–10

Tag accessible

Tag inaccessible

0

500

1,000

0 100 200

GFP 1–10 

optimum

GFP 1–10 

superfolder

Time (min)

F
lu

o
re

s
c
e
n
c
e
 (

A
.U

.)

GFP 1–10 
Superfolder

GFP 1–10 
Folding reporter

5 mm

21.5

31.0

36.5

66.3

HPS WT M1 M2 M3

HPS-GFP 11 fusions

MW (kDa) M MSS S S SP P PP P

0

200

400

600

0 200 400 600 800 1,000

F
lu

o
re

s
c
e
n
c
e
 (

A
.U

.)

GFP 11 M1

GFP 11 M3

GFP 11 M2

Time (min)

a b

c d

F
lu

o
re

s
c
e

n
c
e

 (
A

.U
.)

SR-GFP 11 M3 (pmol)

0

60

120

86420

0

1,000

2,000

3,000

0 50 100 150 200 250

Time (h)

0

2,000

4,000

6,000

0 5 10 15

F
lu

o
re

s
c
e

n
c
e

 (
A

.U
.)

50 pmol & superposition

25 pmol

12.5 pmol

6.25 pmol 3.13 pmol 1.56 pmol

B
e

a
d

-b
o

u
n

d
  

fl
u

o
re

s
c
e

n
c
e

 (
A

.U
.)

Time (h)

0

200

400

600

800

1,000

0 5 10 15

GFP
1–10 OPT

6–His
L

Talon bead

FR GFP

GFP
11

binding (fast)

Fluorophore

formation

(slow)
3

1

2

a b c

Figure 2 In vitro characterization of split GFP complementation reaction. (a) Sensitivity of split GFP complementation. 20 ml aliquots containing 0.1 to
200 pmol of GFP 11 M3-tagged sulfite reductase were mixed with 180 ml aliquots containing 800 pmol GFP 1–10 OPT to start complementation.
Fluorescence measured for each solution 1 h after addition of GFP 1–10 OPT. Arbitrary fluorescence units (A.U.). (b) Superimposition of progress curves for
complementation of 50, 25, 12.5, 6.25, 3.13 and 1.56 pmol samples. The data were fit to the 50 pmol progress curve by subtracting a small constant and
applying a scaling factor, calculated by nonlinear least-squares using the Excel data analysis tool Solver. Scaling factors are: 1.00, (50 pmol); 1.96, (25
pmol); 4.02, (12.5 pmol); 8.15, (6.25 pmol); 15.64, (3.13 pmol); 36.52, (1.56 pmol). The excellent superposition indicates that the shape of the progress
curve does not depend on the concentration of the tagged protein, or depletion of the pool of unbound GFP 1–10 OPT fragment. Arbitrary fluorescence units
(A.U.). (c) Complementation of Talon resin-bound 6-His GFP 1–10 OPT by folding reporter GFP tagged with C-terminal GFP 11 M3. (1) Talon resin with
bound 6-His GFP 1–10 OPT, (2) rapid increase in bead-bound fluorescence by binding of folding reporter GFP via fused C-terminal GFP 11 M3, (3) slow
fluorescence formation due to complementation. Arbitrary fluorescence units (A.U.).

NATURE BIOTECHNOLOGY VOLUME 23 NUMBER 1 JANUARY 2005 103

L E T T E R S

©
2

0
0

5
 N

a
tu

re
 P

u
b

li
s

h
in

g
 G

ro
u

p
  

h
tt

p
:/

/w
w

w
.n

a
tu

re
.c

o
m

/n
a
tu

re
b

io
te

c
h

n
o

lo
g

y



 
 

.."

    Later studies by Waldo’s group established the role of soluble, self-associating GFP 

fragments that can be used to tag and detect solubility of proteins in living cells or cell 

lysates. This split GFP system did not change the fusion protein solubility. Truncated 

super folder GFP1-10 when co expressed with strand 11 peptide fused to a soluble protein 

tag, led to reconstitution of native super folder OPT and recovery of fluorescence (Figure 

2.6).35 An in vitro complementation was also successful using the above split GFP 

fragments. However this system have the following disadvantages. The complementation 

may not be efficient if the solubility of the smaller fragment is affected. The protein tag 

may not be accessible if it is buried in a well-folded protein. Nevertheless, this work 

opened the possibility of use of other GFP fragments with improved solubility and higher 

complementation efficiency.  

    So far all the split GFP based works had the reassembly of the native protein via fusion 

of proteins to both or one of the GFP fragments. In 2008, Boxer and co-workers 

established a semi synthetic method for spontaneous in vitro reassembly of GFP1-10 and a 

synthetic ! strand 11 peptide.46 The stability and the fluorescence spectra of the restored 

protein were indistinguishable from that of the wild type, indicating a fully functional 

protein reassembly. However recombinant truncated GFP has a low expression yield with 

partially formed or no CRO formation at all. Subsequent work from the same group 

introduced a method for efficient synthetic control for high yield expression of truncated 

LOOP GFP.47 New loop sequences with trypsin digestion sites were added to the full 

length of GFP. Trypsin digestion and denaturation generated LOO GFP1-10 (strand 11 

removed) and LOO GFP1-11 (" helix removed). GFP reassembled efficiently after adding 

back the synthetic ! strand 11 or the " helix. Though this method has a high sample 



 
 

.%"

yield, it may not be possible to introduce a trypsin-cutting site in all the loops to remove 

the desired strands. 

    Our research work focuses on engineering and study of novel split-GFP based 

fluorescent biosensors using GFP and GFP variants. GFP is a highly stable, genetically 

encodable protein that provides an ideal platform to design biosensors due to the 

autocatalytic formation of CRO that is responsible for the unique spectral properties of 

GFP and emission of green fluorescence.4, 16, 48-50 In a previous work done by Huang and 

Bystroff, two variants of GFP-OPT, called the Leave-One-Out (LOO) t7SP and t10SP 

were generated by circular permutation and removal of !-strands 7 and 10 from the 

sequence (Figure 2.7).51 

    Leave–One-Out or LOO proteins are truncated self-reporting proteins generated by 

circular permutation and removal of a segment from the sequence of the parent protein. 

They can bind to the missing peptide due to the surface complementarities between the 

two fragments. The extent of interacting surfaces between the two parts determines the 

specificity and sensitivity of binding interactions and hence the usefulness of LOO 

protein as a biosensor. However the reconstitution does not occur always. If both the 

fragments can exist in partially folded near native states and the binding energy can 

overcome the entropic barrier to reconstitution, then reassembly may occur.   Thus if 

truncated LOO protein can exist as a partially unfolded structural intermediate, it can 

bind to its target peptide and restore the native protein both structurally and functionally. 

The detection event and the degree of reconstitution can be monitored by recovery of 

highly sensitive green fluorescence (Figure 2.8).  
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    Extensive analytical works revealed that t7SP existed as a partially folded structural 

intermediate with 30% quantum yield compared to the native OPT. Also it could bind to 

the original strand 7 peptide to reconstitute the native protein. Thus t7SP LOO can act as 

a sensor for the missing peptide. Folding kinetics of t7SP with or without the missing 

peptide was comparable to that of unpermuted native GFP. Thus the rate limiting steps of 

the folding pathways are conserved. Subsequent binding affinity study showed that t7SP 

could bind strand 7 with submicromolar affinity (Kd ~0.5 µM). On the contrary, the same 

study found that strand 10 left out variant (t10SP) was neither able to fold nor able to 

produce the matured CRO, suggesting the critical role that each strand could play during 

protein folding. 

 

 

 

 

 

 

 

 

Figure 2.7: (Left) Schematic diagram of GFP ! barrel with CRO in space filling mode in 

the center. (Right) Schematic diagram of circularly permuted and truncated t7SP with ! 

strand 7 removed. The original N- and C- termini are joined by a short linker peptide 

(cyan).51  

 

been further evolved in vitro by DNA shuffling (37) to
optimize its solubility and to develop a novel protein tagging
technique based on protein fragment complementation (38).
The resulting sequence, called superfolder GFP OPT (OPT),
was the starting point for this work (Figure 1A of the
Supporting Information).

Protein complementation systems have been developed as
detectors of protein-protein interactions, using reporter
proteins such as !-galactosidase (1), dihydrofolate reductase
(2), CyaA adenylate cyclase (3), and GFP (4-8). In these
cases, a pair of interacting proteins, fused to the split
segments, were required to reassociate the active reporter
protein. For example, each half of a bisected GFP was fused
with one-half of an antiparallel leucine zipper domain (4).
The additional binding energy of the leucine zipper recon-
stituted the fluorescent state from the fragments. The
energetic contribution of the interacting pair surmounts the
entropic barrier to reconstitution of the unfolded components.

If component parts could be made that exist in a near-
native state before association, their binding affinity would
be substantially higher. Although this would defeat the

purpose of reconstitution as a reporter of protein-protein
association, it would open up the possibility of using
reconstitution as a means of designing new receptors or
biosensors. For example, truncated OPT (GFP1-10, residues
1-214), which is missing !-strand 11 (S11, residues
215-230), was used to detect proteins fused with S11.
Detection of the proteins tagged with S11 relies solely on
the binding of S11 to GFP1-10 and reconstitution of
fluorescence. However, the recovered fluorescence needed
several hours to reach a plateau upon complementation (38),
probably corresponding to a slow chromophore maturation.
The slowness of the chromophore maturation may hamper
the usefulness of the GFP complementation system as a rapid
sensor. A solution to this problem was found as part of our
studies, using preincubation with the peptide ligand. The
differences between the preincubated and nonpreincubated
biosensor constructs are discussed.

Many proteins will tolerate circular permutation of the
sequence by linking the N- and C-termini and cutting the
chain at any other position to make new termini (39, 40).
The evidence that GFP can fold and fluoresce despite circular
rearrangement (27, 36), combined with the evidence of
functional complementation using a short terminal segment
(38), suggests that GFP may work as a biosensor for internal
segments.

By first circularly permuting the sequence and then
truncating it, we explore the tolerance of GFP to the removal
of internal segments of the chain. There are three possible
outcomes of each experiment: (a) the permuted and truncated
protein does not fold; (b) it folds but does not bind the
“missing piece” peptide, or (c) it folds and binds the missing
piece. By exploring which parts of a protein may be
successfully omitted and added in trans, we may learn
something about the folding pathway of GFP (44). Parts of
the protein that fold late in the folding pathway are likely to
be the least detrimental to folding when removed, leaving
an only partially unfolded state, minimizing the entropic
barrier to reconstitution. In this paper, we explore the removal
of three segments of GFP and the properties of one of the
resulting leave-one-out variants as a sensor of its missing
piece.

MATERIALS AND METHODS

LeaVe-One-Out Biosensor Design. Exposure of the GFP
chromophore to the solvent can quench its fluorescence. After
inspection of the GFP crystal structures [PDB entries 1EMA
(13), 1GFL (14), and 2B3P (36)], !-strands 7, 10, and 11
were selected as the potential peptide binding sites for the
leave-one-out biosensor design (Figure 1B of the Supporting
Information). Removal of one of these strands exposes the
chromophore to solvent and quenches fluorescence, as we
show in this study.

H-D exchange NMR studies (45) and molecular dynamics
simulations (46) have led to speculation that the closure of
the cleft between !-strands 7 and 8 is one of the last events
in the !-barrel folding pathway. If so, then leaving out
!-strand 7, by circular permutation and truncation, should
minimally interfere with folding, and refolding upon recon-
stitution with !-strand 7 should be efficient. Two other
!-strands, !-strand 10 and !-strand 11, were also selected
as leave-one-out targets that would be potentially the least

FIGURE 1: Concept of leave-one-out peptide biosensors. (A) Three-
dimensional !-barrel structure of GFP. The chromophore shown
in space-fill mode is located in the geometric center of the cylinder
composed of 11 !-strands. Notice that the Tyr66 side chain moiety
of the chromophore points to and interacts with !-strand 7 through
hydrogen bounding. Coordinates were obtained from PDB entry
1EMA (13). The image was made using MOE (Chemical Comput-
ing Group). (B) Schematic diagram of the circularly permuted and
truncated leave-one-out GFP (t7SP). The short linker peptide (cyan)
is modeled to connect the original N- and C-termini, while!-strand
7 is removed. Coordinates were obtained from PDB entry 1EMA
(13), and the computational model was created with MOE. (C)
Diagram for the complementation between the leave-one-out GFP
and peptide fusions. Complementation between the leave-one-out
GFP and peptide fusions in vivo was examined through the
reconstitution of the fluorescence in this study. (D) Diagram for
the leave-one-out GFP peptide biosensors. The fluorescence can
be reconstituted from a permuted, truncated GFP construct by
adding back a left-out peptide strand.
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Figure 2.8: LOO concept: Intein fusion target peptide can bind to LOO protein to 

reconstitute the native fluorescent GFP.51  

 

2.1.1 Research Goal: 
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truncating it, we explore the tolerance of GFP to the removal
of internal segments of the chain. There are three possible
outcomes of each experiment: (a) the permuted and truncated
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piece. By exploring which parts of a protein may be
successfully omitted and added in trans, we may learn
something about the folding pathway of GFP (44). Parts of
the protein that fold late in the folding pathway are likely to
be the least detrimental to folding when removed, leaving
an only partially unfolded state, minimizing the entropic
barrier to reconstitution. In this paper, we explore the removal
of three segments of GFP and the properties of one of the
resulting leave-one-out variants as a sensor of its missing
piece.

MATERIALS AND METHODS

LeaVe-One-Out Biosensor Design. Exposure of the GFP
chromophore to the solvent can quench its fluorescence. After
inspection of the GFP crystal structures [PDB entries 1EMA
(13), 1GFL (14), and 2B3P (36)], !-strands 7, 10, and 11
were selected as the potential peptide binding sites for the
leave-one-out biosensor design (Figure 1B of the Supporting
Information). Removal of one of these strands exposes the
chromophore to solvent and quenches fluorescence, as we
show in this study.

H-D exchange NMR studies (45) and molecular dynamics
simulations (46) have led to speculation that the closure of
the cleft between !-strands 7 and 8 is one of the last events
in the !-barrel folding pathway. If so, then leaving out
!-strand 7, by circular permutation and truncation, should
minimally interfere with folding, and refolding upon recon-
stitution with !-strand 7 should be efficient. Two other
!-strands, !-strand 10 and !-strand 11, were also selected
as leave-one-out targets that would be potentially the least

FIGURE 1: Concept of leave-one-out peptide biosensors. (A) Three-
dimensional !-barrel structure of GFP. The chromophore shown
in space-fill mode is located in the geometric center of the cylinder
composed of 11 !-strands. Notice that the Tyr66 side chain moiety
of the chromophore points to and interacts with !-strand 7 through
hydrogen bounding. Coordinates were obtained from PDB entry
1EMA (13). The image was made using MOE (Chemical Comput-
ing Group). (B) Schematic diagram of the circularly permuted and
truncated leave-one-out GFP (t7SP). The short linker peptide (cyan)
is modeled to connect the original N- and C-termini, while!-strand
7 is removed. Coordinates were obtained from PDB entry 1EMA
(13), and the computational model was created with MOE. (C)
Diagram for the complementation between the leave-one-out GFP
and peptide fusions. Complementation between the leave-one-out
GFP and peptide fusions in vivo was examined through the
reconstitution of the fluorescence in this study. (D) Diagram for
the leave-one-out GFP peptide biosensors. The fluorescence can
be reconstituted from a permuted, truncated GFP construct by
adding back a left-out peptide strand.
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insoluble proteins that do not reconstitute fluorescence. Removal of"C-terminal elements, 

produces proteins that are more soluble and reconstitute fluorescence. 

    In the present work we have engineered and characterized all the LOO variants of 

GFP-OPT and screened out the potential biosensor candidates based on in vivo solubility 

assay and fluorescence studies. The LOO proteins can be tested as suitable biosensors 

only if they are in well-folded soluble state and available for binding to the target peptide. 

In the past solubility tests were done to check protein foldability.34 In our case we have 

done the solubility assay to test the usefulness of LOO proteins as potential biosensors. 

Further evaluation has also been done via in vivo complementation with intein fusion 

missing peptide to monitor the extent of CRO maturation and fluorescence recovery.  

2.2 MATETRIALS AND METHODS 

2.2.1 Design of plasmid constructs:  

2.2.1.1 LOO-GFP constructs: 

The full length GFP OPT gene with the linker sequence was synthesized by a previous 

work via assembly PCR from overlapping oligonucleotides spanning the entire sequence. 

Self-ligation of the linear gene by T4 DNA ligase formed the circularized plasmid 

template.51 Twelve leave-one-out green fluorescent protein (LOO-GFP) plasmid 

constructs were made, each omitting one of the secondary structure elements, by 

selectively amplifying regions from a circularized plasmid template coding for super 

folder GFP OPT variant plus a short C-N linker peptide (GGTGGS). The sequence of 

each LOO construct starts at the beginning of the secondary structure element 

immediately following the left out piece, and ends with the element immediately 

preceding it. LOO proteins are designated as LOO 1 through LOO 11 and LOO A for 
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removal of strands 1 through 11 and the " helix respectively. Using PCR, a N-terminal 6-

His affinity tag was added to each LOO gene. LOO genes were cloned to MCSI in the 

pET-28a vector (Novagen) via NcoI/EcoRI sites, guided under T7/lac promoter to yield 

final LOO GFP plasmid constructs. 

 2.2.1.2 Dual-expression constructs:  

To create the missing peptide expression constructs, the sequence of the segment left 

out from the LOO-GFP was fused to a carrier protein, Ssp-DnaB mini-intein, for dual-

expression with the corresponding LOO-GFP.  The intein gene was amplified from 

pTWIN1 vector in the IMPACT-TWIN system (New England Biolabs) by using primers 

that also encoded a 5’ BglII site. The AgeI site outside the MCS II in pET-28a vector 

(Novagen) was replaced with ClaI site by site directed mutagenesis and the intein gene 

was cloned to the vector via BglII/AgeI sites. Missing peptide oligonucleotides were 

synthesized by annealing overlapping oligos with Ex Taq polymerase (TaKaRa) that also 

encoded 5’ AgeI and 3’ EcoRV sites. Intein~peptide fusion constructs were engineered 

by cloning the missing piece oligonucleotides into the pET-28a vector containing the 

intein gene via AgeI/EcoRV digestions. The Intein fusion peptide sequences were 

digested out via BglII/EcoRV sites. Finally dual-expression constructs were synthesized 

by cloning gel purified intein fusion peptide genes into LOO-GFP constructs via 

BglII/EcoRV sites (MCS II) guided by a different T7/lac promoter. 

2.2.2 In vivo protein expression:  

Single expression LOO-GFP and dual-expression LOO-GFP~peptide-intein fusion 

constructs were transformed and expressed under the control of T7 promoter/lac operator 

in Acella competent E. coli cells (Edge BioSystems, Gaithersburg, MD). Transformants 
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were grown in LB medium containing streptomycin (30µg/µl) at 370 C until cell density 

OD590 ~0.6, followed by induction with 0.5mM IPTG at 200 C for 19 hours. 1 ml of the 

IPTG induced cell culture was harvested by centrifugation at 16,000 g for 10 min at 40 C. 

The cell pellets were washed with autoclaved 1X PBS twice and resuspended in 1 ml of 

PBS. A 30-fold dilution from the above samples was used for subsequent analysis. 

2.2.3 In vivo absorbance and fluorescence studies: 

    The OD590 of the above diluted samples was measured using a UV–visible absorbance 

spectrometer with 10 mm light path, and the spectral bandwidth was set to 2 nm. In vivo 

fluorescence emission was measured at 508 nm (excitation at 485 nm) normalized by the 

optical density at 590 nm. In vivo relative fluorescence (RF) was calculated as the ratio of 

normalized fluorescence of LOO proteins over the normalized fluorescence of native 

super folder GFP OPT. Fluorescence spectra were recorded using a Fluorolog-3 TAU 

fluorimeter (Horiba Jobin Yvon, Edison, NJ) at 20!C with an increment of 1 nm and a 

slit setting of 2 nm. The excitation spectra were recorded by collecting intensities from 

350 to 500 nm under 508 nm emission with an integration time of 2 s. The emission 

spectra were recorded by collecting intensities from 485 to 580 nm while exciting at 480 

nm with an integration time of 1 s.  

2.2.4 In vivo solubility assay: 

    In vivo solubility was measured using a previously published protocol.35 Four milliliter 

overnight liquid cultures of super folder GFP OPT and LOO-GFP transformed Acella 

cells were started in LB medium containing 30 µg/mL of streptomycin. Fresh 10 mL 

cultures were started by diluting the overnight cultures 100-fold and grown to cell density 

of OD590~0.6, followed by induction with 0.5 mM IPTG at 200C for 19 h. Cells were 
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harvested from 1 mL liquid cultures by centrifugation at 16,000g for 10 min at 40C.     

The cell pellets were washed twice with autoclaved 1X PBS and resuspended in 300 #L of 

Bug Buster Master Mix protein extraction reagent (Novagen EMD Chemicals, 

Gibbstown, NJ) for cell lysis. The resulting cell lysates were divided in half and one was 

denoted as the ‘‘whole cell lysate.’’ The other half was treated as described in the Bug 

Buster Master Mix kit to isolate soluble and insoluble fractions. The soluble and 

insoluble fractions were diluted to the same volume as the whole cell lysate. Then, 12.5 

#L of each fraction (soluble, insoluble, and whole cell lysate) were mixed in 12.5 #L of 

2"X SDS sample buffer and boiled at 100 0C for 15 min. The solubility of the LOO-GFP 

variants was calculated by densitometric analysis using ImageJ software.52 Solubility was 

calculated as the fraction of soluble protein over the total protein in the whole cell lysate.  

2.3 RESULTS AND DISCUSSION 

2.3.1 In vivo fluorescence study of LOO proteins: 

    Following expression of LOO proteins in acella competent cells, the fluorescence 

studies were performed as described in previous section. To determine whether the 

truncated LOO proteins would fluoresce in the absence of the missing peptide, In vivo 

fluorescence spectra normalized by OD590 and In vivo relative fluorescence (RF) for LOO 

proteins were measured. Spectral analysis showed that the LOO variants lack the 

characteristic excitation and emission peaks of the wild type OPT (Figure 2.9). 

Consistently, the in vivo relative fluorescence (RF) data also suggested that the LOO 

proteins were nonfluorescent compared to wild type GFP OPT (data not shown). This 

suggests that none of the singly expressed LOO-GFPs formed the chromophore to a 

significant extent in that time period. This could be due to a partially folded truncated 
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LOO protein unable to form a closed ! can that is necessary for formation of a fully 

functional CRO. However, purified LOO7-GFP without its complement was observed to 

glow after storing for several weeks at 4° (data not shown).51 Since none of the LOO 

proteins have significant background fluorescence as shown by the RF measurements, 

they could be safely used as a biosensor to detect the missing strand. The gain of 

fluorescence upon reconstitution would completely dictate the binding event. 

2.3.2 In vivo solubility assay of LOO proteins: 

    We hypothesized that removing different beta strands will lead to different degrees of 

foldedness of the LOO proteins. To explore this effect of truncation on the foldability of 

LOO proteins, we performed an in vivo solubility assay.  

    Following in vivo protein expression, the solubility was determined by gel 

electrophoresis and densitometric analysis as described in method section.  The solubility 

of each fraction was calculated as a percentage of total protein mass consisting of both 

soluble and insoluble fractions combined together. The experiments were repeated in 

triplicate and found to be highly reproducible, prompting interpretation of the solubility 

as an intrinsic property of the LOO-GFP protein, not a result of chance variations in 

growth conditions, variable induction levels, or incomplete cell lysis. 

    The relative insolubility of LOO-GFPs with deletions in the N-terminal half of the 

molecule intriguingly mirrors the previous observations and supports the view that 

solubility is a quantitative metric for foldability (Figure 2.10).34, 43 Possibly strands 1 - 6 

and the " helix fold early. Thus truncation is more detrimental to folding, yielding 

insoluble LOO proteins. Strands 4 and 7 through 11 probably fold late and truncation 

generates partially folded structural intermediates with higher solubility. 
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Figure 2.9: In vivo fluorescent spectra analysis of LOO variants. As shown, WT super-

folder GFP-OPT absorbs at 482nm(A) and emits at 508nm(B). Strikingly none of the 

LOO variants exhibit the WT excitation or emission peaks. 
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    LOO proteins 7, 9 and 11 demonstrate the highest solubility in the series with more 

than 90% soluble fraction followed by LOO T8 and LOO T4 with 68%±6.8 and 

51%±10.5 solubilities respectively. Solubility is an essential criterion while screening 

potential biosensor candidates for both in vivo and in vitro uses. The above data suggest 

that LOO proteins 7, 9,11,8 and 4 are the potential biosensor candidates in the series that 

needs further screening via fluorescence studies.  

 

 

 

Figure 2.10: In vivo solubility assay of LOO variants. Error bars represent the S.D from 

n = 3. LOO 4,7, 8, 9, 11 are expressed mostly as soluble proteins compared to the rest. 

Solubility of LOO proteins resulting from removal of C terminal half of GFO OPT is 

higher compared to LOO proteins resulting from removal of N terminal half.  
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2.3.3 In vivo complementation study using dual-expression constructs:!

    There are three strategies to our experimental design that may lead to 

complementation; 1) LOO is partially folded and soluble, 2) the intein fusion target 

peptide is available for binding, 3) a strong interaction between the two GFP fragments 

dictated by high affinity and specificity.53 

In vivo complementation using dual-expression constructs were performed to 

investigate whether the partially folded LOO proteins can recover WT fluorescence after 

binding to the missing peptide and can be evaluated as suitable biosensor candidates later.         

Each dual-expression construct has a full-length LOO gene and the target peptide oligo 

fused to intein gene (Ssp DnaB) for in vivo complementation. Dual-expression of the 

soluble LOO proteins with the corresponding missing peptides led to chromophore 

maturation and fluorescence within the 19 h period of induction in several cases. This 

suggests that only specific binding of the missing peptide leads to rapid chromophore 

maturation. The reconstituted proteins were analyzed by in vivo fluorescence spectra 

analysis and in vivo relative fluorescence (RF) study to test the efficiency of our dual-

expression system and to monitor the extent of fluorescence recovery. LOO T1-T11 

except T2 exhibited wild type excitation (482nm) and emission (508nm) peaks after 

binding to the missing peptide (Figure 2.11). This demonstrates a complete structural 

reassembly and achievement of a native state that led to CRO maturation. The absence of 

wild type excitation and emission in LOO T2 and TA may be explained due to lack of 

functional CRO due to inefficient complementation.  

 



 
 

%'"

A) 

 

 

 

 

 

 

 

 

 

 

B) 

 

 

 

 

 

 

 

Figure 2.11: In vivo fluorescence spectra analysis after after in vivo complementation of 

LOO proteins. Complementation with dual- expression plasmid was done to test the 

extent of CRO maturation and fluorescence recovery. "
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  To further assess the complementation, we calculated the in vivo relative fluorescence 

(RF) as described earlier. Reconstituted LOO proteins; T4, T6, T7, T8, T10, T11 

demonstrated a higher relative fluorescence compared to the rest (Figure 2.12).  

    A comparative analysis of the solubility of the LOO proteins and relative fluorescence 

of reconstituted proteins further identified possible LOO biosensor. It was shown that 

removal of N-terminal beta strands and the central helix produce predominantly unfolded 

or aggregated insoluble proteins that do not bind to the missing peptide. In contrast, 

removal C-terminal strands produce well-folded soluble LOO proteins that reconstitute 

fluorescence upon binding to missing peptide. 

 

 

Figure 2.12: RF measurements after in vivo complementation of LOO proteins with their 

target peptide. LOO T8 has the highest RF with about 50% of fluorescence recovery 

followed by LOO T4 with RF about 30% compared to wild type protein GFP OPT. 
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   The current work identified two suitable LOO biosensor candidates; LOO T8 with 

~70% solubility and about 50% fluorescence recovery and LOO T4 ~50% solubility and 

about 30% gain of fluorescence upon reconstitution. Relative fluorescence (RF) 

correlates with solubility in most cases, which is the expected result if the soluble portion 

exists in the natively folded state, forming a specific binding site for the missing piece. 

The exception is LOO 9, which was found to be highly soluble but did not reconstitute 

fluorescence.  

   For the others, the degree of fluorescence did not quantitatively match the solubility, 

but this is expected since other factors such as chromophore maturation rate, target 

peptide availability and principally the binding affinity, play a role here. These issues will 

be addressed in detail in future for further screening of possible biosensors. Our 

preliminary data obtained so far suggests LOO T8 as the most suitable biosensor 

candidate with ~ 50 % of WT fluorescence recovery.  

2.4 CONCLUSIONS 

    In summary, we have studied the effect of Leave-One-Out Concept on GFP folding 

and solubility via engineering and characterization of different LOO variants of super 

folder GFP-OPT.  The truncated LOO GFPs were made by omitting different beta strands 

from GFP-OPT beta barrel analyzed by solubility assay. The results of our solubility 

assay indicate that LOO T4 and LOO T7 – T11 are mostly expressed as soluble proteins 

while LOO T1-T6 and TA are mostly insoluble. Furthermore, in vivo fluorescence study 

shows that none of the LOO protein has a background fluorescence that may affect the 

utility of LOO variants as biosensor. We have also carried out in vivo complementation 

studies with dual-expression plasmid constructs to screen out possible LOO biosensors 
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that would fluoresce after binding to the missing peptide. The current work identified two 

suitable LOO biosensor candidates; LOO T8 with ~70% solubility and about 50% 

fluorescence recovery and LOO T4 ~50% solubility and about 30% gain of fluorescence 

upon complementing the target peptide. Upon reconstitution, relative fluorescence 

correlates with solubility in most cases except LOO T9 indicating that other factors, 

mostly the binding affinity, peptide availability and chromophore maturation etc may 

contribute also. Further work is needed in these directions for better understanding of 

LOO biosensors.  
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                  CHAPTER 3.  SPLICING REGULATION OF Mycobacterium        

tuberculosis   SUFB INTEIN  

3.1 BACKGROUND  

3.1.1 Inteins:  

    Inteins are “intervening sequences” that interrupt the coding sequence of a gene and 

that are removed at the protein level. These mobile genetic elements are found only 

among unicellular organisms, and in all three domains of life; archaea, bacteria and 

eukarya. Inteins are found in the conserved regions of host proteins where any deletion or 

mutation is likely to give rise to a nonfunctional protein.  Inteins are transcribed and 

translated along with the host protein and splice out post-translationally by a complex 

self-catalyzed process called protein splicing.54-57 Intein splicing ligates flanking exteins, 

generating the functional host protein (Figure 3.1).  

    Inteins are found within proteins with diverse functions, but mostly predominate in 

proteins involved with DNA replication, transcription or repair such as DNA and RNA 

polymerases, recombinases, helicases and gyrases. Inteins found in homologous sites in 

host genes from different organisms are called intein alleles.  

    Most inteins have two structural domains; the catalytic domain that is involved in 

protein splicing and the endonuclease domain that is required for the “homing” or lateral 

transfer of inteins among evolutionarily related organisms. Inteins are classified into two 

broad categories; large inteins and minimized inteins (mini-inteins) (Figure 3.2).58-60  
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Figure 3.1: Schematic representation of protein splicing. EX1 and EX2 denote N and C 

exteins respectively, ENDO represents the intein endonuclease domain and is shown in 

red and the intein self-splicing domain is shown in white.54  

 

 

 

 

 

 

 

 

 

Figure 3.2: Schematic diagrams showing structures of two types of inteins.60  

(a) Endonuclease containing large intein and (b) mini-intein         
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residues are also known [6, 7]. Inteins are convention-
ally divided into two large groups, classical inteins
and mini-inteins (Fig. 1). A classical intein consists of
two domains, Hint, which catalyses protein splicing,
and a central endonuclease domain. In mini-inteins,
the central endonuclease domain is replaced by a
linker sequence, which lacks catalytic activity.

Analysis of most inteins showed that an average
intein harbors ten conserved amino acid sequence

motifs: A, N2, B, N4, C, D, E, H, F, and G (Fig. 1a)
[8–11]. Mini-inteins lack central motifs C, D, E, and
H (Fig. 1b).

The main features of each motif are characterized
in the table.

 

Motif A

 

 is a short N-terminal sequence of 13 resi-
dues, of which two (the first and the last ones) are
highly conserved, suggesting their immense impor-
tance for splicing initiation and completion. Position 1
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Fig. 1.

 

 Schematic structure of inteins of the main types: (a) a classical DOD-containing intein and (b) mini-intein.

 

Generalized amino acid sequences of intein motifs

Domain Motif Amino acid sequence Designations

N-terminal splicing domain

A Ch..Dp.hhh..G

h, hydrophobic residue (G, V, L, I, A, M)
a, acidic residue (D, E)
r, aromatic residue (F, Y, W)
p, polar residue (S, T, C)
. , nonconserved residue
p

 

+1

 

, residue +1 of the C-extein (S, T, C)

 

!

 

, C-terminal cleavage site

N2 ...GD..
B G..h.hT..H.hhh
N4 .........GD.....

Endonuclease domain

C LhG..hhaG
D .K.IP..h
E .L.GhFahDG
H p.S..hh..h..LL..hGI

C-terminal splicing domain
F rVYDLpV..a..HNFh

G NGhhhHN p+1

!
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Commentary

Lightning strikes twice: Intron–intein coincidence
Victoria Derbyshire and Marlene Belfort*
Molecular Genetics Program, Wadsworth Center, New York State Department of Health, P.O. Box 22002, Albany, NY 12201-2002

‘‘Multiple introns, and the prospect that these occur within
several genes in the same metabolic pathway, suggest a regulatory
role for splicing . . . ’’ (1). That statement was made more than a
decade ago by our colleagues and ourselves in reference to the
phage T4 group I introns, all three of which reside in genes
involved in nucleotide metabolism. The intervening years were
distinguished by a striking absence of any demonstration of a
regulatory role for these introns. Furthermore, they seem not to
confer any selective advantage to T4 phage, and, despite the
discovery of more introns in genes of DNA metabolism, the
question of ‘‘why exclusively in those genes?’’ has been all but
forgotten. Now we are faced with a report in this issue of the
Proceedings of an unrelated phage and a different type of splicing
element, an intein; not only does this element coexist with a group
I intron in the same gene but also the gene is one of nucleotide
metabolism (2). With lightning apparently striking twice in the
same place, we are again forced to confront our doubts about
pure chance. What might account for the colocalization of two
different types of intervening sequence in the same gene on the
same metabolic pathway?

The now familiar group I introns self-splice at the RNA level
(3), whereas inteins, which are in-frame protein fusions, self-
splice at the protein level (ref. 4; Fig. 1). The first inteins were
described just a few years ago, and immediately examples
emerged in all three biological kingdoms, the archaea, bacte-
ria, and eukarya (5–7). The recent identification of more than
50 inteins, mostly by sequence comparisons (refs. 4, 8, and 9;
New England Biolabs Intein Database Intein Registry at
http:!!www.neb.com; S. Pietrokovski at http:!!www.blocks.
fhcrc.org!!pietro!inteins) has shown them to be present in a
wide range of organisms. However, until now, none had been
found in bacteriophage. Until, that is, the above-mentioned
report, which identifies an intein and a group I intron in the
gene for a putative ribonucleotide reductase subunit (the
bnrdE gene) in the Bacillus subtilis bacteriophage SP! (2).

Lazarevic et al. (2) also identified a group I intron in the
neighboring bnrdF gene, encoding a second putative subunit of
SP! ribonucleotide reductase. The bnrdE and bnrdF introns are
in the same general family as the three group I introns of phage
T4 (1, 10) and the introns in Bacillus phages !22 (11) and SPO1
and three of its close relatives (12). Remarkably, all but one of the
introns and the single intein so far identified in bacteriophage are
located in genes involved in DNA metabolism (10–13). The SPO1
intron is in the DNA polymerase gene, whereas !22 and T4 have
introns in their thymidylate synthase genes. The remaining T4
introns are in nrdB, which encodes a small subunit of ribonucle-
otide reductase, and sunY, renamed nrdD, encoding an anaerobic
ribonucleotide reductase. Given the small number of group I
introns so far discovered in bacteriophage genes and the appar-
ently very low occurrence of inteins in these organisms, these
findings are provocative indeed.

Although self-splicing introns in bacteria and lower eu-
karyotes are not confined to genes of DNA metabolism, but
rather are situated in a different spectrum of loci, including
tRNA, rRNA, and energy metabolism genes (14), the genes

playing host to inteins are once again heavily biased toward
DNA metabolism (refs. 4, 8, and 9; New England Biolabs
Intein Database Intein Registry at http:!!www.neb.com; S.
Pietrokovski at http:!!www.blocks.fhcrc.org!!pietro!
inteins). Approximately 70% of known inteins are confined to
such functions. They include DNA polymerases, helicases,
gyrases, RecA recombinase, and, once again, ribonucleotide
reductases, both aerobic and anaerobic.

In addition to splicing at the RNA or protein levels, many
group I introns and inteins are mobile genetic elements at the
DNA level, by virtue of endonucleases encoded within them
(Figs. 1 and 2). These endonucleases cleave intron-minus or
intein-minus alleles of their cognate genes, initiating a unidirec-
tional gene conversion event that results in copying of the intein
or intron DNA (Fig. 2). There has been much discussion of the
evolution of mobile group I introns and inteins. It has been argued
that endonuclease genes are the ancestral mobile elements that

© 1998 by The National Academy of Sciences 0027-8424!98!951356-2$2.00!0
PNAS is available online at http:!!www.pnas.org.

*To whom reprint requests should be addressed. e-mail: marlene.
belfort@wadsworth.org.

PRECURSOR RNA RNA

PRECURSOR PROTEIN

SPLICED PROTEINPROTEIN

SPLICED RNA

DNA

FIG. 1. Comparison of RNA and protein splicing. EX1 and EX2
(green) represent exons (Left) or exteins (Right), which flank the intron
or intein, respectively. Mobile group I introns and inteins are bipartite
elements. The intron consists of the catalytic core (shaded) and the
endonuclease (ENDO) open reading frame (ORF, red). The intein
consists of the protein splicing domain (white) and the endonuclease
domain (red) (8, 19, 20).
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    Large inteins are bipartite structures with both structural domains where as mini-

inteins are splicing-active inteins lacking the central endonuclease domain. The splicing 

activity of minimized inteins establishes the functional independence of two structural 

domains of inteins.61, 62  

    Intein sequences vary widely among organisms though there are conserved sequence 

blocks or motifs and conserved catalytic residues within the sequence (Figure 3.2). 

Classic inteins have ten conserved blocks or motifs along the entire sequence; Motifs A, 

N2, B, N4 form the N-splicing domain and motifs F and G form the C-splicing domains. 

Motifs C, D, E and H are seen within the central endonuclease domain. The first residue 

of N-splicing domain is highly conserved and mostly begins with cysteine and rarely 

serine, threonine or alanine. Conserved B block residues threonine and histidine are 

essential for initiation of N-terminal cleavage. Inteins end with conserved penultimate 

histidine and asparagine or glutamine. The penultimate histidine facilitates the C-terminal 

cleavage reaction. The first residue of C-extein is usually a cysteine (C+1), serine or a 

threonine. All of the conserved residues play a critical role during intein splicing at the 

intein active site. The splicing and endonuclease domains fold into a horseshoe shaped 

structure bringing the two splice junctions to the center, resulting in close proximity of 

the conserved critical residues. This constitutes the intein active site that facilitates the 

splicing reactions (Figure 3.3).63-69  
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Figure 3.3: Schematic diagram of intein active site. The N and C exteins are partially 

folded and are in close proximity.63 

 

 

 

 

 

 

 

 

Figure 3.4: Schematic diagram of four major steps in intein splicing.70 Intein splicing 

generates a mature protein by ligating the flanking exteins (N- and C-exteins). Mutation 

of Cys 1 to Ala blocks the acyl shift resulting in a C-terminal cleavage product (Intein+ 

N-extein). Mutation of Cys +1 to Ala results in a N- terminal cleavage product (Intein+ 

C-extein) by inhibiting the trans-esterification step. 

hydrolyzed to regenerate Asn or Iso-Asn and another acyl shift
rapidly forms the amide bond between the exteins (step 4).

The N-extein is directly ligated to the C-extein during
cleavage of the N-terminal splice junction. At no time are
individual extein fragments separated from the precursor.
These four steps are highly coordinated in native systems.
Coordination may be accomplished by di!erences in reaction
rates for individual steps, conformational changes (local or
global) induced after completion of prior chemical steps or a
combination of both. To complicate matters, di!erent inteins
may coordinate chemical steps by di!erent methods.

Mutation or expression in a foreign context can result in
single splice junction cleavage products that are unable to
continue on the splicing pathway. C-terminal cleavage occurs

when Asn cyclization precedes branched intermediate forma-
tion. N-terminal cleavage occurs when the (thio)ester in the

Figure 1. Organization of a splicing precursor with a homing
endonuclease domain. Part A. Intein motifs are shown above
the precursor and catalytic residues are below the precursor
(single letter aa code with ‘x’ representing any residue). Boxes
surround standard nucleophiles (upper case) and non-canoni-
cal nucleophiles (lower case). Ala1 does not function as a
nucleophile. Splicing of Pro1 or Gln1 inteins has not been
studied. The Block B Thr and the two conserved His are
facilitating residues. The numbering of residues in the
precursor is also shown. Part B. Folding of the intein in the
precursor brings together residues from throughout the intein
to form the protein splicing active site. The homing
endonuclease is a separate structural domain. The N-extein
and C-extein probably associate and are at least partially
folded in the precursor.

Figure 2. The standard intein-mediated protein splicing
mechanism. The 4-step protein splicing pathway involves 4
nucleophilic displacements assisted by residues within the
intein. All tetrahedral intermediates and proton transfer steps
were omitted for clarity. Abbreviations: X, S or O atom in the
Cys, Ser or Thr side chain. See text for details.

470 PERLER



 
 

'."

    Intein splicing occurs in four major steps (Figure 3.4).55, 56, 60, 71-74 The first step is 

initiated by nucleophilic attack by C1 (or S1) that leads to an N-S (or N-O) acyl shift 

converting the peptide bond to a thioester (or ester) bond at the N-splice junctions. In the 

next step, a second nucleophilic attack by C+1 forms a branched chain intermediate at the 

side chain of C+1 by trans-esterification. Cyclization of the terminal Asn resolves the 

branched intermediate that ligates exteins and cleaves off intein. In the final step, 

rearrangement of the thioester bond forms a stable peptide bond in the ligated exteins. 

    Extensive studies have been done in the past to show crucial roles played by conserved 

residues in catalyzing intein splicing. For example the conserved B block His73 performs 

a dual role by acting as a general base to initiate splicing and then as a general acid to 

complete the acyl shift at the N-terminal splice junction.75, 76 Mutational and 

crystallographic analysis of Mtu RecA intein have shown that F block Asp 422 can 

possibly regulate splicing via interactions with both N and C termini and that Asp 422 

Gly mutant favors C-terminal cleavage.65, 77  

    It has also been shown that Asp422Gly mutation enhances the C-terminal cleavage rate 

at low pH conditions.78, 79 In other work, crystallographic and biochemical studies of Mtu 

RecA minimized intein have shown that Val67Leu mutation stabilizes the intein 

structure.62, 77 Subsequent NMR analysis suggests that repositioning of the N- and C-

termini of the intein at the active site stimulates splicing. 76, 80 

    In addition, previously published works from our lab have also demonstrated the 

effects of flanking exteins on intein activity.81 Screening of Ssp DnaE N- and C-extein 

libraries have shown that residues proximal to the intein-splice junction in both exteins 

can accelerate the N-terminal cleavage rate by >4-fold or attenuate cleavage by 1,000-
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fold. Recently, modulation of intein splicing by exteins has been demonstrated by 

designing a synthetic redox trap in Ssp DnaE intein, where cysteine at residue N-3 

completely blocks splicing activity in oxidizing environments in vivo and in vitro.70 

Interestingly, such redox regulation of intein splicing was also identified in nature in 

MoaA protein of  Pyrococcus abyssi. 

 

 

 

 

 

 

 

Figure 3.5: FRET assay screening randomized Ssp DnaE N- and C-extein libraries. The 

assay shows effects of flanking extein residues on intein activity.81  

 

 

 

 

 

 

Figure 3.6: Synthetic extein mediated redox trap in Ssp DnaE intein showing a disulphide 

bond between Cys at position 1 and Cys at position -3 that inhibits splicing in oxidizing 

environment.70  
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3.1.2 Iron metabolism and mycobacterial virulence:  

     Iron (Fe) is an essential cofactor for enzymes associated with vital metabolic 

processes both in the host and in the pathogenic organisms.82, 83 Free Fe is available 

inside cells as Fe+3, but highly insoluble under aerobic and neutral pH conditions. 

Eukaryotic cells store Fe via Fe binding and storage proteins, such as transferrin (TF), 

lactoferrin, ferritin and metallo-proteins, such as hemoglobin and cytochromes. This 

restricts the availability of free Fe for the pathogens (Figure 3.7). In the host cell, Fe 

bound to transferrin (TF) attaches to the cell surface transferrin receptor (TFR) and is 

transferred to the cytoplasm via early endosomes with the help of divalent metal 

transporter DMT1. Fe+3 is reduced to Fe+2 in the intestinal lumen by the cytochrome-b 

like reductase DCYTB. Then Fe+2 is absorbed from the intestinal lumen into the 

cytoplasm via DMT1. Thereafter it is diverted to various Fe utilization pathways or is 

stored in bound form in Ferritin. From the cytoplasm Fe+2 is diverted to mitochondria for 

synthesis of haem and Fe-S clusters. Fe+2 finally exits the enterocytes by a permease, 

ferroportin. Before entering into circulation Fe+2 is oxidized to Fe+3 by intestinal 

membrane associated oxidase hephaestin or by plasma-located oxidase, caeruloplasmin. 

Unlike enterocytes, in macrophages Fe in the form of hemoglobin or haptoglobin enters 

the cell through the hemoglobin scavenger receptor (CD163).  
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Figure 3.7: Schematic representation of host cell Fe metabolism.82 

 

 

 

 

 

 

 

 

     

 
Figure 3.8: Schematic representation of bacterial iron metabolism inside host cell.82  
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In murine macrophages, a late-endosomal membrane
protein, known as NRAMP1, has a role in the innate
defence response against various phagosomal pathogens,
including Salmonella typhimurium, Mycobacterium bovis
bacillus Calmette–Guerin (BCG) and Leishmania major14.
Mice with a mutated Nramp1 gene are more susceptible
to infection with these organisms compared with control
mice. NRAMP1 functions as a divalent-metal-ion
transporter and is believed to deplete late endosomal
compartments of iron by transporting it into the
cytoplasm15. NRAMP1 might also be the source of iron
that is required for the generation of microbicidal effector
molecules, such as reactive oxygen intermediates (ROI)
and reactive nitrogen intermediates (RNI). Interestingly,
S. typhimurium-containing phagosomes mature to late
endosomes in macrophages from resistant mice with a
functional Nramp1 gene, but not in macrophages from
susceptible mice with a mutated gene16. The removal of
iron from these macrophages through the addition of
exogenous chelators mimics the NRAMP1 resistant
phenotype leading to phagosome maturation. However,
iron depletion also inhibits ROI production in mice and,
owing to the loss of this important anti-bacterial defence
mechanism, growth ofS. typhimuriumis unrestrained17.
Unexpectedly, although the Nramp1 gene mutation
renders mice more susceptible to attenuated M. bovis
BCG, it increases resistance to virulent Mycobacterium
tuberculosis by an unknown mechanism18.

The pathogen
Iron is an important growth factor for pathogenic
bacteria, with the exception of the LYME DISEASE agent,
Borrelia burgdorferi, which persists in environments with
very low concentrations of iron19. This is because of the
selective loss of loci that encode iron-dependent proteins
from the genome ofB. burgdorferi. Iron concentrations of
10–6 to10–7 M are required by most microorganisms for
various metabolic processes that are crucial for microbial
replication, including electron transport, glycolysis, DNA
synthesis and defence against toxic ROI20. Specialized
iron-uptake systems have been identified in most bacter-
ial species studied so far, and these allow microorganisms
to compete for this vital element within mixed microbial
communities in the environment. These systems might
be pre-adaptations that evolved in the environmental
ancestors of pathogenic species, thereby facilitating their
colonization in a living environment, the mammalian
host. In the context of iron availability, the host is an
extremely hostile environment for microorganisms,
which require around 1011 – 1012-fold higher concen-
trations of free iron than is physiologically available3.

Specialized iron-acquiring systems in pathogenic
bacteria consist of different molecules, which function in
a highly interrelated mode. Iron-binding molecules,
siderophores, include the mycobactins and exochelins 
in mycobacteria, TF-like molecules in Listeria mono-
cytogenes and the ferric enterobactins in Gram-negative
bacteria3,21. The subsequent uptake of iron-bound ligands
depends on siderophore receptors and ATP-consuming
porin-like transporters in the bacterial outer membrane.
Siderophores can be classified into three groups: first,

has been shown to interact with HFE, and the crystal
structure of HFE has been resolved11,12, the precise func-
tion of this protein, as well as its role in the regulation of
tissue iron overload, have not been fully explained.
Hepcidin plays a part in this process as the levels of
this molecule in HFE-deficient mice are also low, and
overexpression of hepcidin in these mice corrects
haematochromatosis13. Also, other forms of haemo-
chromatosis are caused by mutations in the genes that
encode hepcidin,TFR2 (a low-affinity receptor for TF
in the duodenal crypts, hepatocytes and platelets) and
ferroportin8. A mutation in the ferroportin-1 gene has
been associated with iron overload in Africans and
African-Americans8.

Recent studies have also identified a TF-independent
iron uptake system. The neutrophil-gelatinase-associated
lipocalin (NGAL/24p3) complexes iron, probably
through the binding of lipophilic chelators2. NGAL is
secreted by epithelial cells and neutrophils and, follow-
ing interaction with these iron chelators, the complex is
transported to LATE ENDOSOMES. This mechanism is
thought to be important in developing epithelia. NGAL
can also bind ferric-enterobactin, a bacterial
SIDEROPHORE. It has been suggested that NGAL-mediated
siderophore capture and iron sequestration might
interfere with bacterial growth and therefore have an
antibacterial function. This proposal, however, requires
experimental verification.

LATE ENDOSOME

Later stage of the endosome,
characterized by the presence of
hydrolytic enzymes and an
acidic pH.

SIDEROPHORES

Low-molecular-weight
molecules that sequester
extracellular iron for bacterial
uptake.

LYME DISEASE

A disease transmitted by ticks
that presents with inflammation
in the skin, joints heart and/or
nervous system.
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Figure 2 | Iron metabolism in the host.The iron-saturated form of transferrin, holotransferrin,
binds to the transferrin receptor (TFR), which is expressed on the surface of the cell. Iron is
transferred to the early endosome, where it is exported into the cytoplasm, probably through
DMT1. In the intestinal lumen, ferric iron (Fe3+) is reduced to ferrous iron (Fe2+) by the
cytochrome-b-like reductase DCYTB. DMT1 then facilitates the absorption of Fe3+ from the
lumen into the cytoplasm. In the cytoplasm, iron is stored bound to ferritin. In macrophages,
haem-bound iron — in the form of haemoglobin or haptoglobin — is taken up by the cell
through the haemoglobin scavenger receptor (CD163). Iron is exported from the enterocyte by
a permease known as ferroportin. For circulation in the body, Fe2+ is oxidized to Fe3+ by either
the intestinal membrane-associated oxidase, hephaestin, or the plasma-located oxidase,
caeruloplasmin. In the cell, the synthesis of haem and Fe–S clusters takes place in the
mitochondria. Modified with permission from REF. 1 © (2004) Elsevier. DCYTB, duodenal
cytochrome b; DMT1, divalent-metal transporter-1.
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4 to 9 weeks post-infection expressed mtbB at high levels
and bfrA at low levels when compared with the gene
expression signature of mycobacteria that were grown
in vitro41. As discussed above, the regulation of these
genes in M. tuberculosis involves the essential control
element IdeR. Hierarchical clustering of all transcrip-
tome data revealed a high similarity between the
global gene expression patterns of M. tuberculosis
from activated macrophages and those from
mycobacteria grown in iron-depleted broth compared
with gene expression profiles from bacteria grown in
resting macrophages or in iron-supplemented broth
(H. Rachman and colleagues, unpublished observations).
These data indicate that, in activated macrophages,
mycobacteria suffer from iron stress, indicating that the
global gene expression response is strongly influenced
by iron limitation. Downregulation of TFR expression
in IFN -activated macrophages probably also limits
ROI production, thereby avoiding inflammatory
pathological sequelae.

In activated macrophages, mycobacteria can no
longer block phagosome maturation and are secluded
from the TF–TFR iron uptake system34,39. Furthermore,
interferon- (IFN ) activation of macrophages down-
regulates TFR surface expression, probably to limit iron
uptake32,40. Consequently, mycobacterial growth is
restricted under these conditions. A recent TRANSCRIPTOME

ANALYSIS showed important differences in the expression
of genes that were involved in iron metabolism in 
M. tuberculosis that was isolated from resting
macrophages compared with activated macrophages.
(H. Rachman and colleagues, unpublished observa-
tions). The expression of genes required for mycobactin
synthesis (mtbA and mtbB) was increased in bacteria that
were extracted from activated macrophages, whereas the
expression of genes that encode the iron-storage proteins
bacterioferritins (bfrA) and iron-requiring enzymes,
such as oxidases, was decreased, probably owing to the
release of further iron for metabolic needs. Similarly,
M. tuberculosis that was isolated from mouse lungs

TRANSCRIPTOME ANALYSIS

Analysis of the global gene
expression of a cell by
identification of all the
messenger RNA present in 
the cell.
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Figure 3 | Iron metabolism and infection. a| Listeriae, mycobacteria and chlamydiae depend on iron sources derived from the host.
Listeriae might access cytoplasmic iron from ferritin (see text). Macrophage activation or iron depletion inhibits the growth of both
mycobacteria and chlamydiae, leading to bacterial persistence. In response, mycobacteria express at least three iron uptake systems
— exochelins, carboxymycobactins and mycobactins — which are upregulated in mycobacteria that are grown under conditions of
iron stress. b | The iron-saturated form of transferrin, holotransferrin, binds to the transferrin receptor (TFR) on the surface of the
macrophage. The haemochromatosis protein HFE might participate in this process. This complex delivers iron to the early endosome
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mycobacterial iron-containing proteins, including the bactoferritins. Excess iron is bound by the membrane-associated siderophore
mycobactin. NRAMP1, natural resistance-associated macrophage protein-1.
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    Although essential for growth of pathogenic bacteria, excess free Fe inside host cells is 

highly toxic, due to generation of free oxygen radicals via Fenton’s reaction causing 

DNA damage, protein denaturation and lipid peroxidation.84-86 Hence bacteria have 

specialized Fe uptake systems consisting of different molecules that work in a highly 

orchestrated manner to access host Fe. Upon infection, host cells try to suppress the 

infection by imposing an Fe deprivation state on to the bacteria. For example the host 

limits the availability of Fe inside vacuolar macrophages. Mycobacteria need to compete 

with host Fe resources for their survival under such conditions. Mycobacteria try to 

assure their persistence inside the host by exploiting specific host intracellular sites. For 

example they reside in early endosomes by blocking the maturation to phagosomes 

(Figure 3.8). They also up-regulate the expression of molecules with higher affinity for 

Fe than the host Fe resources, such as the TF-TFR system. These Fe binding molecules in 

mycobacteria are known as siderophores. Siderophores are the principle iron acquisition 

molecules in mycobacteria and are vital for their survival inside macrophages.87, 88  

    There are two types of siderophores; membrane-bound mycobactins and extracellular 

carboxymycobactins.89 The mycobactins outcompete TF for binding to Fe+3. Fe3+ binds to 

carboxymycobactin and enters the cell wall through a porin followed by transfer of iron 

to a two-component metal-transport system (composed of Irp10 and Mta72) in the cell 

membrane. The excess iron is captured by membrane-bound mycobactin. Finally, Fe3+ is 

reduced to Fe2+ by reductases for subsequent incorporation into haem- or Fe containing 

proteins.  

    In addition, most pathogenic mycobacteria have a tightly regulated global gene 

expression system to maintain the iron homeostasis in the cell. Both Fe starvation as well 
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as Fe excess could affect bacterial pathogenesis adversely. During mycobacterial 

infection, the genes involved in Fe uptake and storage are upregulated in M. 

tuberculosis.90, 91 During Fe deprivation, siderophore biosynthesis gene clusters mbt1 and 

mbt2, as well as Fe regulated transporters of siderophores irtA and irtB are expressed.92-95 

During Fe rich conditions, the siderophore synthesis genes and transporter are repressed, 

whereas the gene encoding catalase-peroxidase or katG is activated to protect the 

pathogen against oxidative damage by hydroxyl radicals. Alongside, ferric uptake 

regulator A (FurA) is also induced.92, 94, 96  

    The expression of Fe dependent genes are further regulated by key proteins such as 

Ferric uptake regulator (Fur) and iron-dependent repressor and activator (IdeR1). Upon 

binding to iron they are activated and recognize specific DNA motifs called Fur Box and 

Iron Box respectively.96, 97 IdeR1 bound to Fe2+, represses genes encoding iron 

acquisition molecules and activates the expression of iron storage proteins and oxidative 

stress responses.98 During Fe starvation, IdeR1 does not bind to iron and is inactive. This 

relieves the repression on genes that are negatively regulated by IdeR1. These are the 

genes required for iron uptake; mbt and mbt-2 clusters and the irtAB operon.96 The Fe 

storage genes bfrA and bfrB that are positively regulated by IdeR1 are not transcribed. 

During Fe rich conditions, IdeR1 is activated after binding to Fe+2 and inhibits expression 

of Fe uptake genes but up-regulates iron storage by activating transcription of bfrA and 

bfrB (Figure 3.9). 
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Fig 3.9:Schematic diagram showing the role of IdeR1 in various physiological processes 

such as iron uptake, iron transport, iron storage and in preventing oxidative damage.98  

 

3.1.3 SufB: 

    SufB is a component of SUF machinery that interacts with other Suf proteins in a 

highly orchestrated manner for Fe-S cluster assembly and repair.84, 99-102 The Fe-S 

clusters are metal centers consisting of elemental Fe and S in various molar ratios. The 

Fe-S cluster containing proteins execute a broad spectrum cellular function in various 

organisms including respiration, central metabolism, gene regulation, RNA modification, 

DNA repair and replication.103-105 The Fe from the Fe–S cluster is usually coordinated to 

a sulfur atom from a cysteine residue in the peptide backbone or to another metal 

chelating amino acids such as histidine, arginine, aspartate and serine.  

    SufB is widely distributed among various organisms. Interestingly, SufB intein is only 

seen in pathogenic species of mycobacteria such as M. tuberculosis, M. leprae and M. 

gastri but not seen in nonpathogenic strains such as M. smegmatis. In addition, the 

exteins are highly similar, but the intein insertion points are different in M. tuberculosis, 

M. leprae and M. gastri. There are multiple pathways of Fe-S cluster assembly seen 
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DtxR, an iron-dependent toxin regulator has been well-
characterized (Fig. 1) as a metal dependent transcriptional repressor 
regulating genes encoding iron transport. DtxR is also known to 
regulate haem oxygenase, virulence determinants and genes in-
volved in protecting against oxidative stress as well [79, 85, 104, 
105]. Past research has seen IdeR1, which is a product of another 
mycobacterial gene as a functional repressor of iron acquisition 
genes, a negative regulator of siderophore production is essential 
for countering the super-oxide and hydrogen peroxide stress [48, 
84, 86, 97, 98, 100]. Survival of the mycobacterium inside the 
macrophages require many mycobacterial genes including IdeR 
which in turn controls genes essential for virulence [53, 67]. IdeR1 
controls many genes which are involved in transport, such as 
Rv0282, Rv0283; Rv0284, and Rv1404 are regulated by iron as 
well. Two iron regulated transporters irtA and irtB encoding en-
zymes have been proposed to play a role in translocating iron-
carboxymycobactin into mycobacterial cytoplasm [99]. A ferric 
dicitrate type transporter complex, FecB which is a periplasmic 
lipoprotein is also regulated by IdeR1 [84, 97]. Thus IdeR regulates 
intracellular levels of iron and any defect in this regulation may 
result in unregulated iron uptake which further leads to iron toxicity 
and ultimately the death of the cell [90, 97]. Another important 
attribute of IdeR is siderophore production which is further required 
for availability of Fe2+ for bacterial survival and closely linked to 
virulence as well [29, 41, 66, 76, 77, 81, 90, 94]. Overall central 
regulatory role of IdeR1 in various physiological processes has 
been illustrated in Fig. (1). 

IRON MODULATION OF IRON-SULFUR PROTEINS AND 
THEIR PUTATIVE ROLE AS NOVEL TARGETS FOR 
THERAPEUTIC INTERVENTION 

Iron-sulfur (Fe-S) proteins have been implicated in wide-variety 
of cellular processes, such as enzymatic reactions, respiration, co-
factor biosynthesis, ribosome biogenesis, DNA-RNA metabolism 
and regulation of gene-expression [75, 80, 109, 119, 127]. Bacterial 
Fe-S proteins are matured with the help of iron-sulfur cluster as-
sembly components encoded by the isc operon and/or the SUF (sul-
fur mobilization) system encoded by the suf operon [42]. SUF op-
eron is preferred for the maturation of Fe-S proteins under oxidative 
stress conditions and during limited iron availability [75, 80, 119, 
127]. Fe-S cluster proteins such as nifS, a cysteine desulfurase and 

nifU, and Fe-S cluster scaffold; which facilitate Fe-S cluster assem-
bly into the nitrogenase and also a gene encoding putative haem 
biosynthesis protein (Rv0693) is induced under iron deprived con-
ditions. Certainly bacteria has developed sophisticated strategies to 
use iron for the synthesis of essential cofactors and for the assembly 
and maturation of indispensable iron-containing proteins. Mycobac-
terium tuberculosis also harbors a sophisticated machinery to rec-
ognize environmental stimuli by conveying this information to the 
transcriptional apparatus of the organism, thereby playing essential 
roles in sensing external signals as well as the intracellular redox 
state of microbial cells [49]. WhiB family of M. tuberculosis has 
emerged recently as an important class of stress-responsive genes. 
Steyn [118] discovered a WhiB3 gene that plays a role in virulence 
which responds to O2 and nitric oxide via its [4Fe-4S] cluster and is 
essential for nutrient starvation survival [110]. WhiB-like proteins 
have been known to play diverse and many important roles in acti-
nobacterial redox biology. Alam and Agrawal [4] shed light on 
redox properties of WhiB3 and WhiB4 [2] and demonstrated that 
apo-form (without a FeS cluster) of whiB3 functions as a protein 
disulfide reductase similar to thioredoxins. More recently, Singh 
[111] found the link between whiB3 virulence pathway and the 
DosR/S/T signaling pathway by showing that Mycobacterium 
whiB3 switches to fatty acids metabolism during oxido-reductive 
stress during the course of mycobacterial infection; another way for 
its persistence and maintenance of redox balance. Kumar [62] 
showed haem protein DosS and DosT of M. tuberculosis to be re-
sponsible for directly sensing oxidative, nitrosative and nutrient 
stress signals in order to modulate expression of the M. tuberculosis
dormancy regulon. Cho [19] shed light on the structural basis of 
haem-based redox sensing by DosS from M. tuberculosis showing 
that its reduction is responsible for detecting hypoxic conditions. 
However, involvement of some unknown redox sensors responsible 
for shifting of M. tuberculosis to dormant state and for its persis-
tence can not be ruled out. Also, M. tuberculosis likely encounters a 
phosphate limiting environment within macrophage phagosomes 
[20, 96] and expression of the phosphate starvation response is 
important for its persistence. Therefore, it is important to under-
stand the redox biology of M. tuberculosis in detail especially how 
does this pathogen sense redox signals and the connection of envi-
ronmental signals with core intermediary metabolism essential for 
its survival. The above findings provide a mechanistic insight into 
the metabolic events required for maintaining redox homeostasis in 

Fig. (1). Figure shows the central regulatory role of IdeR1 in various physiological processes such as iron uptake, iron transport, storage and in preventing 
oxidative damage due to excess of iron accumulated inside the cell. Additionally IdeR1 also regulates processes such as lipid and aromatic amino acid metabo-
lism,antibiotic resistance and virulence as well. In iron rich conditions ,iron gene storage regulon is induced ,upregulating bacterioferritin and ferritin while 
repressing siderophore synthesis. Conversely under iron-deficient conditions siderophore synthesis is induced while turning off the gene storage regulon.  

+ IdeR1
bfrA/bfrB Iron storage genes

(Bacterioferritin & Ferritin)
Iron storage gene regulonFe

Fe + IdeR1

IdeR1-Fe2+
Complex

No IdeR1-Fe2+
complex

Iron-storage gene regulon

on

Increased protection against Oxidative stress

Repressed siderophore producion

offbfrA/bfrB

Increased siderophore production

Increased sensitivity to oxidative stress



 
 

',"

among the three kingdoms of life, but the SUF system is the only pathway of Fe-S cluster 

formation in mycobacteria. 100, 106, 107 

    The SUF system and the regulation of cluster biosynthesis has been well characterized 

in E. coli so far. The SUF complex in E. coli is encoded by the suf operon consisting of 6 

genes; suf A, B, C, D, S, E.99 The up-regulation of the suf operon has been seen during 

oxidative stress and iron starvation in E. coli.108 Experimental data in E. coli have also 

shown that SufB interacts with other proteins of SUF machinery for cluster assembly and 

repair during periods of stress.103 

 

 

 

 

 

 

 

 

 

Figure 3.10: Schematic representation of Fe-S cluster assembly mediated by the E. coli 

SUF system.99  

    To begin with, NAD(P)H: flavin oxidoreductase or flavin reductase mediates the 

binding of SufBC2D complex to FADH2. In the next step, SufS and SuE bind to the 

complex and generate persulfides on SufB via interaction with cysteine from the protein 

backbone. Cofactor FADH2 reduces ferric irons from metallo protein CyaY-Fe+3#to 

to some extent in vitro. The site of flavin binding within the
SufBC2D complex is suggested to reside on SufB because the
SufB protein in the absence of SufC and SufD binds a small
amount of FADH2 in vitro contrary to SufC and SufD. The
E. coli SufB sequence contains several signatures that are
characteristic of a flavin-bindingmotif found in the p-cresol-
methylhydroxylase family (Fig. 8) (41). The three following
conserved sequence motifs of this family are present in SufB:
the GXXL motif, which interacts with the adenine ring; the
P(X)6G(A)XN motif, which forms a loop that binds to the
adenine ring and compensates for the negative charge of the
FAD molecule; the R(X)6EXXYXXXXXG(X)8Y motif, whose
central part is located near the adenine ring, in close prox-
imity to the two first sequence motifs. Furthermore, a con-
served arginine residue at the C-terminal part has been
described to be within hydrogen bonding distance of both
the O2 atom of the isoalloxazine ring and O3

*of the ribitol, to
provide charge compensation. Site-directed mutagenesis of

some residues of these sequence
motifs involved in FAD binding to
SufB are under investigation in
our laboratory. On the other hand,
whereas these motifs are also pres-
ent in some other SufB proteins,
e.g. from Salmonella and Yersinia,
they are not conserved among all
SufB proteins. In the case of SufB
proteins lacking these motifs, the
question is whether they are able
to bind FADH2.

It is worth noting that although
SufB alone is able to bind small
amounts of flavin, only the whole
SufBC2D complex binds 1 eq of fla-
vin showing that optimal interac-
tion of the flavin with SufB is only
obtained when SufB binds to SufD
and SufC, probably as a consequence
of conformational adaptations.

One of the remarkable properties
of SufBC2D is that it does not bind
the oxidized FAD form. This has
been shown both from binding
experiments and from the observa-
tion of a rapid loss of the flavin in
solution upon exposure of the
SufBC2D-FADH2 complex to oxy-
gen. In that respect, the system
should be defined as a flavin-bind-
ing protein, which uses the reduced
flavin as a substrate, rather than a
flavoprotein, which uses it as a pros-
thetic group. It strikingly resembles
the oxygenase component of the
flavin-dependent two-component
monooxygenases. These proteins
belong to a growing family of bacte-
rial enzymes that are involved in

oxidation reactions in a huge number of metabolic and bio-
synthetic pathways (42, 43). They are made up of two com-
ponents. One is a flavin reductase that binds a free oxidized
flavin and catalyzes its reduction by reduced pyridine nucle-
otides. The reduced flavin is released and then efficiently and
rapidly fixed by a second protein, the oxygenase component.
There it reacts with oxygen to generate a flavin hydroperox-
ide species that is used for oxygen transfer to and oxidation
of a specific substrate (42). The resulting oxidized flavin, for
which the enzyme has low affinity, is then lost in solution and
recovered by the flavin reductase for a second cycle. Thus,
the SufBC2D complex and the oxygenase component of this
class of enzymes have in common a selective affinity for
reduced flavins as substrates. Nevertheless, this analogy does
not help much because it is so far excluded that SufBC2D
plays a role in oxygen activation and oxidation of a substrate.
However, it may suggest that SufBC2D is coupled to a spe-
cific or nonspecific flavin reductase as a source of reduced

FIGURE 8. FAD-binding motifs in SufB from E. coli. These motifs that were originally found in the p-cresol-
methylhydroxylase family (41) are depicted in boxes (conserved residues are in boldface).

FIGURE 9. Current view of the mechanism of Fe-S cluster assembly mediated by the SUF system. In a first
step, the SufBC2D complex binds 1 eq of FADH2, obtained via the action of a NAD(P)H:flavin oxidoreductase or
flavin reductase. SufS and SuE transiently bind to the SufBC2D-FADH2 complex. The whole complex reacts with
cysteine to generate persulfides on SufB, and at the same time, the FADH2 cofactor reduces the iron of a ferric
iron source CyaY-Fe3!. The resulting ferrous ions react with persulfides to generate the [4Fe-4S] holo-form of
SufB. This holo-form of SufBC2D then transfers its cluster to an apoprotein either directly or via SufA. During this
process, the flavin is oxidized and released in solution where it can be reduced again by a flavin reductase.

Biosynthesis of Iron-Sulfur Clusters by the Suf Machinery

JULY 23, 2010 • VOLUME 285 • NUMBER 30 JOURNAL OF BIOLOGICAL CHEMISTRY 23339

 a
t R

E
N

S
S

E
L
A

E
R

 P
O

L
Y

T
E

C
H

N
IC

 IN
, o

n
 A

p
ril 2

5
, 2

0
1
1

w
w

w
.jb

c
.o

rg
D

o
w

n
lo

a
d
e
d
 fro

m
 



 
 

'-"

ferrous ions that react with persulfides to generate the [4Fe-4S] on SufB. The newly 

synthesized [4Fe-4S] is then passed onto other apoproteins directly or via interaction with 

SufA. An oxidized Flavin is recycled in the whole process to be used as a cofactor in 

reduced form again (Figure 3.10).  

 

 

 

 

 

Figure 3.11: Schematic representation of regulation of the suf operon in E coli.103 

     

    During normal growth conditions transcription of suf operon is inhibited by 

transcription regulators IscR and Fur that sense Fe availability. During Fe starvation, 

expression of the suf operon is activated due to lack of IscR and Fur mediated inhibition. 

Transcription of suf genes is also up regulated via global regulator OxyR-mediated 

induction of the suf promoter that requires integration host factor (IHF)-mediated DNA 

bending (Figure 3.11). 

    In M. tuberculosis, the SUF complex is encoded by the highly conserved pps1 locus, 

which is an operon consisting of seven open reading frames; ORF 1460 to 1466.106 

Previous studies have established the essentiality of this locus for mycobaterial survival 

during periods of oxidative stress and Fe starvation. Later on, it was also shown that the 

formation of SufBCD complex depends upon the splicing of the SufB intein, that further 

establishes the essentiality of SufB splicing for mycobacterial virulence.107  
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complex121,122,125. Equally interesting are ygfZ and folB, 
which encode proteins that are related to folate; the inac-
tivation of these genes yielded aggravating phenotypes 
when combined with isc mutations123,126. Further anal-
ysis might lead to the discovery of an unexpected link 
between folate and Fe–S cluster metabolisms.

Finally, the distribution and conservation of the 
factors involved in Fe–S cluster biogenesis in all living 
organisms (see Supplementary information S1 (table)) 
makes these proteins suitable for phylogenomic investi-
gations. Several phylogenomic questions are of interest, 
such as the history of individual Fe–S cluster biogenesis 

Box 1 | Regulation of the Fe–S cluster (isc) and sulphur mobilization (suf) operons

Expression of both the Fe–S cluster (isc) and sulphur mobilization (suf) operons is regulated by oxidative stress and iron 

limitation. However, the molecular mechanisms involved are different, as the isc operon is regulated by changes in Fe–S 

cluster homeostasis, whereas the suf operon is regulated by external stress situations. It is important to emphasise, however, 

that both operons are co-regulated by the same transcription factor, IscR.

Regulation of the isc operon is shown (see the figure, part a). The apoprotein form of IscR (apo-IscR) is matured by the Isc 

pathway and, in its holoform (holo-IscR), it represses expression from the iscR promoter116,117. Most studies on the regulation 

of the genes encoding the Isc pathway have focused on expression of the iscRSUA operon. Little information is available 

about the regulation of the genes located downstream of the iscRSUA operon. The DnaK-like chaperone (hscA), DnaJ-like 

co-chaperone (hscB) and ferredoxin (fdx) genes might be transcribed separately from the iscRSUA genes, from promoters 

upstream of hscA and hscB127,128. Interestingly, expression of hscA is induced by cold shock128.

Regulation of the isc operon in low-iron conditions is also illustrated (see the figure, part b). It was recently demonstrated 

that the small regulatory RNA RhyB, which is regulated by ferric-uptake-regulation protein (Fur), causes differential 

degradation of the polycistronic iscRSUA mRNA129. Under low-iron conditions, RhyB is expressed and pairs with the 5 

untranslated region of iscS. This promotes recruitment of the RNA degradosome and degradation of the mRNAs encoding 

iscS, iscU and iscA, whereas the strong secondary structure at the 3 end of iscR protects this transcript from degradation. 

Expression of RhyB leads to increased expression at the iscR promoter
 
owing to a defect in the maturation of IscR that is 

probably caused by the unbalanced ratio of IscR and other Isc components.

Regulation of the sufABCDSE operon (see the figure, part c) is controlled by IscR and the global regulators OxyR, which 

senses H
2
O

2
, and Fur, which senses iron availability23,25,42–44,117. Induction of expression at the sufA promoter by OxyR 

requires integration host factor (IHF)-mediated DNA bending, as the OxyR-binding site (between positions –236 and 

–196 from the transcription start site) lies at an atypically large distance from the RNA polymerase-binding sites. IscR 

activates the expression of the suf genes by binding directly to the type 2 IscR-binding site, which is found between 

positions –56 and –35 from the transcription start site, close to the initiation complex. The Fur-binding site is centred 

between the –10 and –35 promoter elements.
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Figure 3.12: Schematic representation for suf loci from different bacterial species. The 

intein sequence encoded by the pps1 gene is seen within Mtu Rv1461.106 

     

    A sequence comparison of suf loci from E. chrysanthemi and M. tuberculosis identified 

pps1 locus as the mycobacterial suf operon. The ORFs Rv1461 to Rv1464 were proposed 

to encode SufB, SufD, SufC, and SufS ortholog proteins (Figure 3.12). Rv1465 ORF was 

found to encode a NifU-like protein homologous to IscU. Rv1466 ORF was found to 

encode a metal sulfur cluster biosynthetic enzyme, an additional protein proposed to 

participate in metal cluster biosynthesis. The Rv1460 ORF was found to encode a 

transcriptional regulatory protein. Thus, it has been proposed that M. tuberculosis 

possesses a complete SUF machinery. Since an extensive BLAST search did not identify 

ISC or NIF housekeeping Fe-S assembly systems in the mycobacterial genome, it was 

additionally concluded that the SUF system comprises the exclusive system of Fe-S 

cluster assembly and repair in M. tuberculosis.  

    The above study also showed that the SufB, SufC and SufD orthologous proteins 

interacted strongly with each other, whereas SufS ortholog interacted weakly with 

Rv1461 SufB ortholog. This supports the most current view of Fe-S cluster assembly in 

Leu or Trp, and double transformants were selected in minimal medium lacking
both Leu and Trp. Protein-protein interactions were revealed by the expression
of three different reporter genes. The HIS3 and ADE2 reporter gene expression
allows for the growth of yeasts in media lacking His and Ade, respectively,
whereas the MEL1 reporter encodes !-galactosidase. Hence, the interactions
were selected by streaking 5 to 15 double transformant colonies and by plating
dilutions of liquid cultures of 3 to 6 colonies on the different selective minimal
media deficient in Leu and Trp and either His, Ade, or both His and Ade; in the
last case, 5-bromo-4-chloro-3-indolyl-!-D-galactopyranoside (X-!-Gal; Clon-
tech) was added to the medium at a final concentration of 20 "g/ml. The ability
of streaked colonies to grow under the different selective conditions and the ratio
of CFU obtained in selective versus nonselective conditions in addition to the
ability to form dark blue colonies in the presence of X-!-Gal were determinant
parameters for the existence of interactions between the different tested pro-
teins. In each case, these parameters were compared with those of yeasts trans-
formed with positive and negative control vectors. We concluded that interac-
tions were strong (Table 2) when the yeasts were able to grow on all selective
media as efficiently as in the nonselective medium, forming dark blue colonies in
the presence of X-!-Gal. Likewise, interactions were weak when the growth of
the yeasts on the selective media was reduced compared to the nonselective
medium, as seen by the blue colonies formed in the presence of X-!-Gal.
Similarly, no interaction was the conclusion when the yeasts were not able to
grow on selective media.

RESULTS

The pps1 gene encodes a SufB ortholog and belongs to the
highly conserved locus of suf genes. The M. tuberculosis pps1
gene, numbered Rv1461 according to M. tuberculosis genome

FIG. 1. Organization of the suf locus from different bacterial species. (A) Alignment of the suf loci from E. chrysanthemi and M. tuberculosis.
Sizes of the genes and of intergenic regions are indicated in parentheses. (B) Organization of M. leprae (ORF numbered ML0592 to ML0598
according to the Leproma web site [http://genolist.pasteur.fr/Leproma/]) and M. smegmatis (ORF that we numbered Ms1460 to Ms1466 by
homology with M. tuberculosis genome) loci. Arrows indicate the orientations of the genes. The intein sequence within M. tuberculosis and M. leprae
pps1 gene appears as a gray box.

TABLE 2. Interactions observed between the different proteins
encoded by the pps1 operon

Locus tag
(protein)

Interaction observed with:a

Ms1461 Rv1466 Rv1465 Rv1464 Rv1463 Rv1462 Rv1461

Rv1461 (SufB) # $ $ % # # #
Rv1462 (SufD) # $ $ $ # $
Rv1463 (SufC) # $ $ $ $
Rv1464 (SufS) $ $ $ %
Rv1465 (NifU) $ $ $
Rv1466 (Hyp) $ ND
Ms1461 (MsSufB) ND

a #, strong interaction; %, weak interaction; $, no interaction; ND, not de-
termined.
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E.coli and suggests that an analogous SufBCD complex formation occurs in M. 

tuberculosis, in which the complex acts as a scaffold for Fe-S cluster formation.99 The 

authors have also established the essentiality of suf loci in mycobacteria due to their 

inability to knock out the pps1 gene in M. smegmatis. Previous studies have shown that 

that Fe is essential for mycobacterial virulence.88 The SUF complex of E. coli and E. 

chrysanthemi were shown to be over-expressed during iron deprivation or oxidative 

stress.101, 109-111 Consistently, Rv1461 to Rv1466 suf genes are over-expressed in M. 

tuberculosis grown in low Fe conditions.96 These studies suggest that the mycobacterial 

SUF system is likely essential for bacterial pathogenesis due to its crucial role in the 

pathogen intracellular survival during periods of stress. 

3.1.4 SufB as anti-mycobacterial drug target: 

    Multi-drug resistance TB is emerging as a new global health hazard. About one third 

of the world’s population is now affected by TB, with increasing threat by the multi-drug 

resistance strain that warrants specific treatment. In such case a protein splicing inhibitor 

targeting the essential proteins in mycobacteria would provide a novel platform for 

treating this difficult-to-treat disease. The Mycobacterium tuberculosis (Mtu) genome has 

three intein containing genes; recA, dnaB and sufB. While RecA and DnaB proteins play 

an important role in the DNA repair and replication respectively, SufB is a component of 

the Fe-S cluster assembly complex and is required for growth and mycobacterial 

virulence during periods of stress. It has been shown that splicing of SufB is crucial for 

the functionality of the Mtu SUF machinery.107 The Suf system is the unique pathway of 

Fe-S cluster formation in mycobacteria and has been shown to be essential for bacterial 

survival during periods of Fe starvation and oxidative stress.106 The essentiality of SufB 
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in mycobacteria makes it an ideal target for splicing inhibition by a novel anti-TB drug. 

Because SufB is essential for bacterial virulence and growth, it should be highly resistant 

to mutations that may give rise to drug resistance. The splicing inhibitors will not interact 

with SufB protein catalytic sites, instead with the SufB intein. Thus any resistance that 

may arise from mutations will be in the intein sequence that will further facilitate splicing 

inhibition and enhance the potency as an anti-TB drug. Higher eukaryotes such as 

humans lack inteins, so splicing inhibitors directed against SufB would provide a narrow 

spectrum antibiotic highly specific towards M. tuberculosis (Mtu) infection. Thus splicing 

inhibitors targeted against the Mtu SufB intein should also have no major side effects in 

humans. 

3.1.5 Previous works on metal effect on intein splicing: 

    In general, metals play important roles in catalytic activities of many enzymes and it is 

interesting to point out that a decade after the discovery of inteins it was found that Zn 

was present in the Sce VMA intein near the catalytic center.112 By measuring the splicing 

activity in both the RecA intein from M. tuberculosis and the split DnaE intein, Mills and 

Paulus studied the effect of Zn on protein splicing.113 The authors found that Zn inhibits 

splicing of both the inteins and that inhibition by Zn could be completely reversed by 

addition of EDTA. Their study further reported that other divalent metal ions such as Cd, 

Co, Ni and Mg have less potent inhibitory effects on splicing (Table 3.1).  
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Table 3.1: Inhibition of protein splicing by divalent metal ions.113  

 

 

     

     

 

 

 

 

    Subsequent work by Ghosh et. al. suggested possible interaction of Zn with Cys at the 

C-terminal splicing junction that could be responsible for inhibiting intein splicing by 

affecting both N-S acyl shift as well as trans-esterification steps in the splicing 

pathway.114 Nichols et. al. later showed that the possible binding sites of Zn in inteins 

also includes various conserved residues such as Cys and His.115 Their studies also 

suggested that Zn coordination could be variable in different inteins. The result is indeed 

consistent with the crystal structure of VMA intein where Zn was found to bind Cys, His 

and Glu residues (Figure 3.13).112 Following this work Sun et. al. reported the crystal 

structure of the Ssp DnaE intein and observed interaction of Zn with Cys, His and Asp 

(Figure 3.13).66  

 

 

 

 

not possible to compare the splicing efficacy of the two intein
variants. For the direct comparison of their splicing efficien-
cies, we synthesized both forms of the Synechocystis DnaE
C-intein segment fused to the five N-terminal residues of the
DnaE C-extein followed by a His tag (SC!H""-A35 and SC!H""-
H35). Using an N-intein segment fused to MBP as the trans-
splicing partner (MSN!), the extent of protein splicing after
16 h at pH 7.0 and 25 °C was 48% with SC!H""-A35 and 46%
with SC!H""-H35 (Fig. 6), indicating that the penultimate C-
intein residue does not play a crucial role in protein splicing
involving the DnaE intein.

Effect of Zn2# on Protein Splicing in trans by Wild-type and
Mutant DnaE Intein Segments—Protein splicing in trans by
the DnaE split intein was also strongly inhibited by ZnCl2, with
80% inhibition at 0.2 mM ZnCl2 for both SC!H""-A35 and
SC!H""-H35 (Fig. 7). Zn2# was the most effective of the divalent
transition metals ions tested followed by Cd2#, whereas Co2#

and Ni2# were less inhibitory, and Mg2# had no significant
effect (Table I).

The reversibility of the effect of Zn2# on trans protein splic-
ing by the DnaE split intein was examined by incubating the
intein segments with 2 mM ZnCl2 for 16.5 h at 25 °C. Under
these conditions, protein splicing with the SC!H""-A35 and
SC!H""-H35 C-inteins in this experiment was inhibited 98 and
100%, respectively. Continued incubation at 25 °C for 20 h
after the addition of 10 mM EDTA led to a significant level of
protein splicing (83 and 94% of the amount expected in the
absence of ZnCl2 for SC!H""-A35 and SC!H""-H35, respectively),
indicating almost complete reversal of Zn2# inhibition.

DISCUSSION

Studies of the action of inhibitors on enzyme-catalyzed reac-
tions have made important contributions to our understanding
of enzyme mechanisms. This paper describes the first example
of a general, reversible inhibitor of protein splicing. Relatively
low concentrations of Zn2# inhibited protein splicing mediated
in trans by reconstituted fragments of the M. tuberculosis RecA
intein (Fig. 3) and in cis by a RecA mini-intein (Fig. 4). Low
concentrations of Zn2# also inhibited hydroxylamine-induced
N-terminal cleavage mediated in cis by a native RecA mutant
mini-intein (Fig. 5) and in trans by reconstituted fragments of
the RecA intein (Fig. 3). In all cases, the entire homing endo-
nuclease domain had been deleted, eliminating it as a possible
target for Zn2# inhibition. Inhibition of protein splicing medi-

ated in trans by a RecA intein reconstituted with a synthetic
peptide lacking a His tag as the C-terminal fragment shows
that not more than the 38 C-terminal intein residues are re-
quired for Zn2# inhibition and that a His tag is not required.
Inhibition of protein splicing by Zn2# in a similar concentration
range was also observed with the naturally split Synechocystis
sp. PCC6803 DnaE intein (Fig. 7, Table I). The inhibition by
Zn2# of protein splicing mediated by two unrelated and quite
different inteins suggests that Zn2# may well be a general
inhibitor of protein splicing.

The two trans-splicing systems employed for the in vitro
study of Zn2# inhibition were to some extent complementary.
The RecA system is a more efficient protein-splicing system
and is more versatile in that protein splicing depends less on
the presence of adjacent natural extein amino acids than does
the DnaE intein (6). However, its use is complicated by the
need to reconstitute the intein by prior denaturation and rena-
turation. In this investigation, the RecA intein served as a
useful system for comparing the inhibition of protein splicing
with the inhibition of its first step, N-terminal cleavage, and for
studying the reversibility of Zn2# inhibition. On the other
hand, the DnaE split intein system can be reconstituted with-
out prior denaturation. This attribute greatly facilitated the
systematic study of protein-splicing inhibitors such as the re-
sponse to varying Zn2# concentrations and the study of metal
ion specificity. In addition, the DnaE system provides some
insights into the role of the canonical His residue at the penul-

FIG. 6. The effect of the penultimate residue of the DnaE C-
intein on protein splicing. Mixtures of MSN! (12 !M) and SC!H""-A35
or SC!H""-H35 (22 *!M) were incubated for 16 h at 25 °C and analyzed
for the production of spliced protein (MH"") and the released intein
segments (SN! and SC!) by SDS-PAGE. The extent of protein splicing
was 48% with SC!H""-A35 and 46% with SC!H""-H35.

FIG. 7. Effect of zinc ion concentration on trans splicing me-
diated by the DnaE intein segments. Protein splicing in trans by
mixtures of 20 !M MSN! and either 25 !M SC!H""-A35 (circles and
broken lines) or 25 !M SC!H""-H35 (squares and solid lines) was meas-
ured at the concentrations of ZnCl2 indicated as described under “Ex-
perimental Procedures.” In the absence of ZnCl2, the extent of protein
splicing was 46% with SC!H""-A35 and 52% with SC! H""-H35.

TABLE I
Effect divalent metal ions on trans splicing mediated by DnaE intein

segments
In the absence of ZnCl2, the extent of protein splicing was 53%.

Cation Concentration Inhibition of protein splicing

mM %

Zn2# 0.2 72
Zn2# 2.0 87
Cd2# 0.2 56
Cd2# 2.0 71
Co2# 0.2 8
Co2# 2.0 46
Ni2# 0.2 6
Ni2# 2.0 35
Mg2# 0.2 2
Mg2# 2.0 4
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 Figure 3.13: The Zn+2 coordination in inteins: VMA intein (Left) and Ssp DnaE split 

intein (Right).66, 112  

     

     Using nuclear magnetic resonance (NMR) and isothermal titration calorimetry 

experiments Zhang et. al. studied binding affinity and thermodynamic properties of Zn 

binding to different Mtu recA intein mutants.116  

   

 

 

 

 

 

 

Figure 3.14: Two-dimensional NMR spectra for determining the zinc binding sites in the 

intein !!Ihh-CM.116 

Figure 4. The zinc coordination module. (a) Close-up view of the zinc coordination at the C-terminal splicing junction
of the Ssp DnaE split intein. Four coordinating residues, His48, Asp140, His110 (from a neighbouring molecule) and the
highly conserved residue Cys160, are shown in ball-and-stick representation. The zinc ion is shown as a purple sphere.
The distances between zinc ion and coordinating ligands are shown. The 2jFobsjKjFcalcjmap is contoured at 2.0s with a
cover radius of 2.0 Å. (b) Stereo view of the superposition of residues involved in zinc coordination from preDnaE
(yellow) with exDnaE (white) structures. The purple sphere represents the zinc ion in the preDnaE structure. (c) Stereo
view of the superposition of residues involved in zinc coordination from the preDnaE of the Ssp DnaE intein (green) and
the PI-SceI intein (PDB number 1EF0, molecule B; yellow). The dark green sphere and orange sphere represent the zinc
ions in the preDnaE structure and PI-SceI structure, respectively.

1100 Crystal Structures of a Non-canonical DnaE Intein

the VMA29 structure with Cys and Asn, respectively, and
energy-minimizing the structure (see “Materials and Meth-
ods”). Side chain atoms were modeled such that their corre-
sponding !1 angles were equal to the most favored, Cys !1 !
"60 and Asn !1 ! "180. Following energy minimization, these
angles undergo only very slight changes ("61° and"177°, re-
spectively). The S-" atom of the modeled Cys1 is in position to
hydrogen bond to the side chain O-#1 of Asn76 and is also
within 4.4 Å of its own carbonyl carbon. The O-# atom of Asn454

is 3.5 Å from Thr435 backbone amide, and its N-# atom is 2.7 Å
from both Thr435 backbone carbonyl oxygen and its own back-
bone carbonyl carbon. The model reveals a hydrophobic surface
to the “back” of Asn454 (away from the N-terminal splicing
junction) comprised of side chain atoms from Ile434, Phe444,
Leu436, Val37, and Val27. This surface constrains the !1 values
between "117° and "180° (i.e. in an orientation consistent
with cyclization). The distance between the S-" atom of Cys1

and the same atom of Cys455 is #9 Å in both molecules in the
asymmetric unit. It is unclear how this distance is traversed
during transesterification.

Comparison of VMA29 and GyrA Structures—The model for
GyrA (Protein Data Bank code 1AM2 (13)) precursor was su-
perimposed onto the structure of the VMA29 precursor (Fig.
4a) using the sequence alignment (HINT module) found in
Klabunde et al. (13). Fig. 4b illustrates residues involved in
protein splicing occupy the same relative position in each pro-
tein even though VMA29 contains a bound zinc atom and
residues comprising the N- and C-terminal exteins. The largest
deviation in $-carbon position, 1.46 Å, occurs between GyrA
Ser1 and VMA29 Ala1. The catalytically required GyrA His75 is
1.22 Å from the position of its equivalent residue in VMA29
(His79). Likewise the conserved His197 is 1.05 Å from the posi-
tion of VMA29 His453; however, the side chain !2 differs by 136°
("78 and 58, respectively). Similarly, Thr72 and Asn76 are
within 1.03 Å of each other, and the strictly conserved Asn198

and Ala454 are 1.30 Å from one another. The structural super-
position illustrates zinc binding at the C-terminal splicing junc-
tion does not influence the relative positions of the amino acids
proven to be involved in protein splicing. It does, however,
influence the side chain orientation of the penultimate histi-

dine. The additional N- and C-extein residues also do not ap-
pear to perturb the important splicing residues. The Sce VMA
inteins with Leu"3, Glu"2, Gly"1, Cys455, and Gly456 have
previously been shown to undergo efficient splicing (6). Thus,
this is a splicing relevant structure.

VMA29 Structure and Protein Splicing—Based on the wild-
type model for the VMA precursor, we propose the following
molecular mechanism (Fig. 5). The side chain carbonyl oxygen
of Asn76 and the S-" of Cys1 are within hydrogen bonding
distance (2.91 Å). This interaction would help polarize the
sulfhydryl such that its lone pair electrons would be oriented
toward the carbonyl carbon of scissile peptide bond. Much like
the GyrA structure (13), there does not appear to be a good
general base in close proximity to Cys1. Glu"2 is within 3.5 Å of
S-" atom, but the amino acid at this position has not been
shown to be critical for protein splicing (3). It is not clear from
this structure how the thiolate anion is generated. Regardless
of the exact mechanism responsible for sulfhydryl activation, a
tetrahedral intermediate would be formed during the acyl shift
reaction. The intermediate could be stabilized by interactions
of N-# from Asn76 and O-" from Thr78 (Fig. 5a). The imidazole
ring of His79 is in position to protonate the amide nitrogen of
Cys1 promoting the break down of the tetrahedral intermediate
to form the thioester. Relieving the distorted/strained main
chain atoms of Gly"1 may help drive the N 3 S acyl
rearrangement.

The transesterification reaction requires the thioester be-
tween Gly"1 and Cys1 to be in close proximity to the acceptor,
Cys455. As stated above, the distance between the modeled side

FIG. 3. Close-up view of the zinc coordination at the C-termi-
nal splicing junction of molecule B of VMA29. Zinc atom is the
purple sphere.

FIG. 4. a, superpositioned ribbon diagram of the VMA29 (blue) and
GyrA (red) HINT modules based on the sequence alignment found in
Klabunde et al. (13). For clarity, the endonuclease domain (Endo/
Linker) and DNA recognition region (DRR) of VMA29 were not included
in the diagram. Purple sphere is the zinc atom from VMA29. b, stereo-
view of the superposition of residues involved in protein splicing from
VMA29 (blue) and GyrA (red). The superposition was performed as
indicated in a.

Crystal Structure of PI-SceI Miniprecursor 16411
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Fig. 3.
Two-dimensional 1H 15N HSQC NMR spectra for determining the zinc binding sites in the
intein Ihh-CM. Overlay of the spectra of zinc bound intein (blue) on the apo-intein (red).
Zinc binding reduces the NMR signal from residues near the binding site. Red peaks show
through only if the blue peaks disappear upon zinc binding (labeled in the figure). The full
spectra assignment can be found in the reference.21 For clarity, only signals interfered by zinc
binding are labeled in the figure.
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    Dassa et. al. for the first time showed the inhibitory effect of Cu on catalytic activity of 

split inteins.117 Unlike the case of Zn, in which the inhibition effect could be reversed by 

adding EDTA, Cu inhibition was not reversible under similar conditions; instead splicing 

activity was achieved by adding reducing agent TCEP along with EDTA. This 

observation led the authors to suggest that Cu in addition to linking to Cys could be 

oxidizing Cys residue as well. The authors refer to such an effect of Cu as “double lock” 

inhibition of Cu in intein splicing. Zhang et. al later also found a similar Cu effect on 

splicing activity in the Mtu RecA intein suggesting Cu binding in various inteins could 

have a common mechanism.118  

     In 2011, Zhang et. al. observed splicing inhibition of Mtu RecA intein by anti-cancer 

drug cisplatin [cis-diamminedichloro-platinum (II)]. The authors investigated the 

inhibitory activity (IC50) of various platinum complexes and found that inhibition was 

structural dependent with cisplatin having the best inhibition effect as seen in Table 

3.2.119 

 

Table 3.2: Inhibition of intein splicing by platinum compounds. 

 

    

 

 

 

 

 complexes, parallel experiments were performed on the na-
tive GFP protein without an intein insertion. No effect of
added platinum(II) complexes was detected (Fig. 2B). Addi-
tionally, the inhibition of protein splicing by cisplatin detected
with the GFP reporter system was independently confirmed
by SDS gel electrophoresis (Fig. 2C).

Of the platinum(II) complexes examined, cisplatin was the
most inhibitory, with an IC50 of 2.5 !M, whereas several other
cis-platinum(II) complexes were less efficient inhibitors
(Table 1). The in vitro inhibition activity generally follows the
trend of cis compounds being more inhibitory to intein activ-
ity than monofunctional platinum(II) complexes, which are in
turn more effective inhibitors than the trans-platinum(II)
compounds tested.

It was reported that 2 mM ZnCl2 can inhibit RecA intein
splicing using the same in vitro assay system (26). Zinc could
also inhibit the trans splicing of the RecA intein (19). The zinc
inhibition was reversed by EDTA in both studies. Although
cisplatin shows considerably higher in vitro inhibitory effi-
ciency in this work (IC50 ! 2.5 !M), EDTA did not affect the
inhibition result. Indeed, all inhibition assays were performed
in 5 mM EDTA solution. Together these results indicate that
platinum(II) compounds have higher inhibitory effects on the
intein than zinc.
Cisplatin Binds to the Intein—To verify binding of cisplatin

to the RecA intein, ESI-MS was employed. As the molecular

weight can be accurately read from the spectra, ESI-MS has
emerged as a powerful tool to monitor the formation of pro-
tein adducts of metallo-drugs and to identify the resulting
metallic fragments attached to proteins (30). Prior to ESI-MS,
the RecA intein and cisplatin were mixed at a 1:1 ratio and
incubated for 48 h. Two major peaks for the platinated intein
were observed, corresponding to binding of 1 mol of
Pt(NH3)2Cl" or 1 mol of [Pt(NH3)2]2" to the protein (Fig. 3).
Supplemental Table S1 gives the assignment of the major
mass peaks shown in the spectrum and the theoretically cal-
culatedm/z (mass/charge). The presence of two adducts sug-
gests that cisplatin coordinates to the intein first as a mono-
dentate complex [Pt(NH3)2Cl]", with displacement of one
chloro, and then undergoes further reaction to yield a biden-
tate complex [Pt(NH3)2]2", with displacement of the second
chloro group, likely to two different residues in the protein.

Based on the hard-soft acid-base principle, cysteine sulfur
and imidazole nitrogen are favorite coordination sites of plati-
num(II). Furthermore, for platinum coordination, sulfur bind-

FIGURE 1. Structure of platinum(II) complexes used in this work. cis-
DDP, (cis-diamminedichloro- platinum(II); trans-DDP,
trans-diamminedichloro-platinum(II); phen, phenanthroline; cDPCP, cis-
diammine(pyridine)chloroplatinum(II); im, imidazole; trans-EE, trans-di(E)
iminoetherdichloroplatinum(II).

TABLE 1
Inhibition of the RecA intein by different classes of platinum(II)
compounds

Number Complexes Class IC50

!M

1 Cisplatin cis 2.5
2 Pt(Phen)Cl2 cis 10
3 Oxaliplatin cis 23
4 Carboplatin cis 30
5 cDPCP Mono 50
6 Pt(NH3)2(im)Cl Mono 77
7 Pt(NH3)2(3-py-CH2OH)Cl Mono 120
8 trans-DDP trans #200
9 trans-EE trans #200 FIGURE 2. Inhibition of GFP-intein fusions in vitro. A, fluorescence assay.

Fluorescence spectra in the presence of cisplatin from 0 to 10 !M are
shown. The arrow indicates decreasing fluorescence intensity with succes-
sively higher cisplatin concentrations. B, relative fluorescence intensity as a
function of cisplatin concentration. Measurements were performed on GFP
(E) and the GFP-intein fusion protein (F). Data are average values from
three parallel experiments, and error bars correspond to the standard devia-
tions. C, gel assay of cisplatin inhibition. The concentration of cisplatin (!M)
is shown above the lanes of a 12% SDS-polyacrylamide gel, with precursor,
spliced GFP, and excised intein labeled. The relative amount of splice prod-
ucts at different cisplatin concentration is shown in Fig. S1.

Cisplatin as a Protein Splicing Inhibitor
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     The above review clearly shows the richness of the metal effect, mostly at the 

elemental level, on splicing activity of various inteins. While detailed mechanisms of 

different metals acting on different inteins are still evolving, a pronounced effect on 

protein splicing occurred mostly with transition metals such as Cu, Zn and Cd while 

almost no effect was observed by non-transition metal Mg.  

     It has been shown that in E. coli, the SufBCD complex binds to a [4Fe-4S]+2 (Figure 

3.10).99 The mechanism of Fe-S cluster assembly in M. tuberculosis has not been studied 

to date. However sequence analysis of suf loci have suggested that M. tuberculosis (Mtu) 

possesses a complete SUF machinery.106 Thus one immediate question arises does Mtu 

SufB binds to a [4Fe-4S]+2 cluster during assembly via SUF pathway and does Fe has any 

regulatory role on splicing of SufB?  

3.1.6 Research goal: 

    SufB is an Fe-S cluster assembly protein and is essential for mycobacterial virulence. 

Splicing of SufB is essential for the functionality of Mtu SUF machinery because SUF is 

the unique pathway of cluster assembly in mycobacteria. Furthermore, Suf operon is 

known to be regulated during periods of Fe starvation. Thus we hypothesized that the 

splicing of the Mtu SufB intein is regulated by Fe in a way that may involve the catalytic 

cysteines or other metal chelating amino acids.  

    In this work, we report the effect of Fe on splicing of the Mtu SufB intein both in vivo 

and in vitro. Although the effects are subtle, we show that Fe inhibits intein-splicing with 

accumulation of precursors.  We also observe that addition of iron chelator 2,2’-dipyrydyl 

(DIP) facilitates intein splicing. Based on the mutagenesis study of critical residues C1, 

C+1 and N359A we suggest that bonding between Fe and conserved cysteine(s) could be 
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responsible for the observed Fe effect. Our data also suggest that there is a possible extein 

effect on intein splicing due to interaction between Fe and the first cysteine of the C-

extein. Together these results provide the first study of Fe regulation in protein splicing 

and suggest a novel approach for controlling the functionality of Mtu SUF machinery.  

3.2 MATETRIALS AND METHODS 

3.2.1 Design of plasmid constructs:  

    M. tuberculosis (Mtu) full length sufB gene (FL-SufB) , the SufB intein and M. 

smegmatis intein-less sufB genes were cloned into low copy expression vector 

pACYCDuetTM-1 (Novagen) driven by a T7promoter/lac operator that also carries a 

chloramphenicol resistance gene for selection. The above genes were cloned in to the 

multiple cloning site 1 (MCS1) via EcoRI and HindIII restriction sites. The genes were 

PCR-amplified from heat-killed M. tuberculosis genomic DNA and M. smegmatis 

genomic DNA by PfuUltra High-Fidelity DNA Polymerase (Agilent technologies).The 

primers are listed in Table A.1(Appendices). Subsequent gel purification and cohesive 

end ligation into the vector gave rise to specific plasmids. Both 6X(His) tagged and non 

(His) tagged versions of Mtu FL-SufB and M.smegmatis inteinless SufB genes were 

cloned. Mtu SufB intein gene was cloned out of frame inadvertently. (The intein 

sequence was put back in frame by a co-worker in the lab). The constructs were screened 

via colony PCRs followed by sequencing (Sequencing Core Facility, SUNY, Albany and 

Eaton Bioscience Inc. sequencing service) using the ACYCDuetUP1 (Novagen Cat. No. 

71178-3) and DuetDOWN1 Primers (Novagen Cat. No. 71179- 3) as well as the original 

primers. 

 



 
 

(,"

3.2.2 Mutagenesis PCR:  

    Mtu FL SufB mutant (H-5A), splicing inactive double mutant (C1A/N359A), different 

cleavage mutants (C1A, C+1A, N359A) were cloned in to pACYCDuetTM-1 (Novagen)  

expression vector for various splicing studies. The sequences were PCR amplified by 

inverse PCR run on WT FL-SufB cloned into the vector previously. The primers are 

listed in Table A.2 (Appendices). Mutations were introduced by substituting the key 

catalytic residues; cysteine in the first position of N-intein (C1), terminal asparagine of 

the intein sequence (N359), cysteine in the first position of C-extein (C+1) and histidine 

at -5 position of N-extein (H-5), with alanine by phosphorylated inverse PCR primers. 

The numberings are done according to WT Mtu SufB intein sequence. A splicing inactive 

Mtu FL SufB double mutant was created via inverse PCR to add N359A mutation into 

the C1A cleavage mutant. The genes were PCR amplified using PfuUltra High-Fidelity 

DNA Polymerase (Agilent technologies), subsequent gel purification and blunt end 

ligation gave rise to specific plasmids. The cloned mutant genes were confirmed via 

sequencing (Sequencing Core Facility, SUNY, Albany and Eaton Bioscience Inc. 

sequencing service) using the ACYCDuetUP1 (Novagen Cat. No. 71178-3) and 

DuetDOWN1 Primers (Novagen Cat. No. 71179- 3) as well as the original primers. 

3.2.3 Sequence mapping of different structural domains of Mtu FL SufB:  

    The sequence mapping was done in collaboration with Dr. Nilesh Banavali, 

Wadsworth Center, Albany, NY. We obtained the protein sequences for Fe-S cluster 

assembly protein SufB [Mycobacterium tuberculosis H37Rv] an 846 amino acid protein 

(Accession number YP_006514844.1, GI: 397673309) and the inteinless SufB protein 
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[Mycobacterium smegmatis strain MC2 155] a 477 amino acid protein (Accession 

number YP_887437.1,GI: 118472504) from NCBI protein database.  

A pair-wise sequence alignment using the ClustalW server very clearly delineated the 

intein sequence as well as identified ~95% sequence similarities between both the extein 

sequences.120  

A blast search against the sequences deposited in Inbase also identified the intein 

sequence as 359 amino acid Mtu SufB (Mtu Pps1) intein From M. tuberculosis strains 

H37Rv.121 Based on sequence alignment and structural analysis of SufB intein and 

homing endonuclease domain I-CreI and intein homing endonuclease Ii (pdb: 2CW7) the 

final demarcation of different structural domains of M. tuberculosis appeared to be as 

follows: 

Mtu SufB N-extein : 

MTLTPEASKSVAQPPTQAPLTQEEAIASLGRYGYGWADSDVAGANAQRGLSEA

VVRDISAKKNEPDWMLQSRLKALRIFDRKPIPKWGSNLDGIDFDNIKYFVRSTEK

QAASWDDLPEDIRNTYDRLGIPEAEKQRLVAGVAAQYESEVVYHQIREDLEAQG

VIFLDTDTGLREHPDIFKEYFGTVIPAGDNKFSALNTAVWSGGSFIYVPPGVHVDI

PLQAYFRINTENMGQFERTLIIADEGSYVHYVEG 

Mtu SufB intein N-terminal domain: 

CLPAGELITTADGDLRPIESIRVGDFVTGHDGRPHRVTAVQVRDLDGELFTFTPM

SPANAFSVTAEHPLLAIPRDEVRVMRKERNGWKAEVNSTKLRSAEPRWIAAKDV

AEGDFLIYP 
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Homing endonuclease domain: 

KPKPIPHRTVLPLEFARLAGYYLAEGHACLTNGCESLIFSFHSDEFEYVEDVRQAC

KSLYEKSGSVLIEEHKHSARVTVYTKAGYAAMRDNVGIGSSNKKLSDLLMRQD

ETFLRELVDAYVNGDGNVTRRNGAVWKRVHTTSRLWAFQLQSILARLGHYATV

ELRRPGGPGVIMGRNVVRKDIYQVQWTEGGRGPKQARDCGD 

Mtu SufB intein C-terminal domain: 

YFAVPIKKRAVREAHEPVYNLDVENPDSYLAYGFAVHN 

Mtu SufB C-extein: 

CTAPIYKSDSLHSAVVEIIVKPHARVRYTTIQNWSNNVYNLVTKRARAEAGATM

EWIDGNIGSKVTMKYPAVWMTGEHAKGEVLSVAFAGEDQHQDTGAKMLHLAP

NTSSNIVSKSVARGGGRTSYRGLVQVNKGAHGSRSSVKCDALLVDTVSRSDTYP

YVDIREDDVTMGHEATVSKVSENQLFYLMSRGLTEDEAMAMVVRGFVEPIAKE

LPMEYALELNRLIELQMEGAVG 

 

 

 

 

 

Figure 3.15: Schematic representation of different structural domains of Mtu full length 

SufB. The numberings at the top denote the residue positions near the boundaries. C1- 

cysteine at 1st position of N-terminal intein domain, C+1 cysteine at position +1, H-5- 

histidine at position -5 near proximal splice junction. 
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3.2.4 Sequence mapping and designing of Mtu SufB mini-intein plasmids: 

 

 

Figure 3.16: Schematic representation of locations of inverse PCR primers used to 

generate the six SufB mini-intein clones based on endonuclease mapping described 

previously. Red - Partial N-terminal intein domain, Green- endonuclease domain, Blue- 

C-terminal intein domain. 

    

    Six pairs of inverse PCR primers (Table A.3, Appendices) were designed to delete 

different lengths of the predicted endonuclease domain (Sufm primers 1 through 6). A 

nine residue long intein fragment immediately outside the endonuclease domain was also 

deleted via Sufm primer number 6 so that it could be used as a negative control during 

future experiments. Since it deletes a part of the intein domain it is not predicted to splice 

due to an improper protein folding. 

ADEGSYVHYEG CLPAGELI TTADGDLRPI ESIRVGDFVT GHDGRPHRVT AVQVRDLDGE  

LFTFTPMSPA NAFSVTAEHP LLAIPRDEVR VMRKERNGWK AEVNSTKLRS AEPRWIAAKDV  

 AEGDFLIYP KPKPIPHRT VLPLEFARLAG YYLAEGHACLTNGCESLIFS FHSDEFEYVE  

DVRQACKSLY EKSGSVLIEE HKHSARVTVY TKAGYAAMRD NVGIGSSNKK LSDLLMRQDE  

TFLRELVDAY VNGDGNVTRR NGAVWKRVHT TSRLWAFQLQ SILARLGHYA TVELRRPGGP  

GVIMGRNVVR KDIYQVQWTEGGRGPKQARDCGDYFAVPIK KR AVREAHEPV YNLDV  

ENPD SYLAYGFAVH N  CTAPIYKSDSLHSAVVE 
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    Six Mtu SufB mini-intein (Mtu Sufm) clones were generated by inverse PCR 

performed on WT Mtu FL-SufB in the expression vector pACYCDuetTM-1 (Novagen). 

The genes were PCR amplified via phosphorylated primers using PfuUltra High-Fidelity 

DNA Polymerase (Agilent technologies). Subsequent gel purification and blunt end 

ligation gave rise to specific Sufm plasmids. The sequences were confirmed via 

sequencing (Sequencing Core, SUNY, Albany and Eaton Bioscience Inc. Sequencing 

Service) using ACYCDuetUP1 (Novagen Cat. No. 71178-3) and DuetDOWN1 Primers 

(Novagen Cat. No. 71179- 3) as well as the original primers. 

     In vivo expression of SufB mini-intein clones resulted in insoluble proteins that did 

not splice (Data not shown). Further optimization of protein expression is needed and 

being pursued by co-workers in the lab. 

3.2.5 In vivo splicing assay of SufB intein in presence of Fe and DIP: 

    Mtu WT as well as the mutant FL-SufB constructs were transformed into BL21 (DE3) 

cells, grown in LB [chloramphenicol (Cam) 25 #g/ml] at 370C while shaking at 250 rpm 

for 16h. Empty pACYC Duet-1 vector transformed into BL21 (DE3) cells served as a 

control for the experiment. Cells were inoculated via 1:50 dilution into 5 ml of media (LB 

and M9 minimal media added in equal proportion), grown at 370C while shaking at 250 

rpm until OD600 ~0.7. Cells were induced with 0.5 mM IPTG at 300C while shaking at 

250 rpm for 4h. In some cases 200#M of FeCl3 and 100 #M DIP were added during 

induction to study the effect of Fe and DIP on splicing of the SufB intein from the FL 

SufB precursor. Cells were harvested via centrifugation at 4000 rpm for 12 min at 40C 

and cell pellets were saved at -800C. The next day, cells were thawed at room 

temperature for 5 min followed by resuspension in 1 ml of lysis buffer (20 mM sodium 
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phosphate, pH 7.5, 0.5 M NaCl) containing 10% glycerol.122 Cells were diluted to the 

same OD600 values prior to cell lysis. Cells were lysed via sonication and 35 #l of whole 

cell lysate was added to 10 #l of 5X SDS loading buffer, boiled at 950C for 10 min and 

resolved on a gradient SDS gel.  

3.2.6 In vivo splicing assay in presence of Fe and DIP gradient:  

    Mtu WT and mutant FL-SufB constructs were transformed into BL21 (DE3) cells and 

grown under the same conditions as described above. Cells were induced with 0.5 mM 

IPTG at 300C while shaking at 250 rpm for 4 h. Induction was performed in the presence 

of different molar concentrations of FeCl3 (100 #M, 200 #M, 400 #M, 800 #M, 1 mM) 

and DIP (50 #M, 100 #M, 200 #M, 400 #M, 800 #M, 1 mM) to observe a graded 

response inside the cells, if any. Cell harvesting, cell lysis and resolution of whole cell 

lysates through gradient SDS gels were performed as described in section 3.2.5. 

3.2.7 In vitro refolding and splicing assay of Mtu FL-SufB in presence of Fe and DIP: 

    Mtu WT and mutant FL-SufB constructs were transformed into BL21 (DE3) cells. 

Subsequent cultures were grown in LB [chloramphenicol (Cam) 25 #g/ml] at 370C while 

shaking at 250 rpm for 16h. Empty pACYC Duet-1 vector transformed into BL21 (DE3) 

cells served as a control for the experiment. On the following day cells were inoculated 

via 1:100 dilution into 50 ml of LB media, grown at 370C while shaking at 250 rpm until 

OD600 ~0.6. Cells were induced with 0.5 mM IPTG while shaking at 250 rpm at 300C for 

4 h. Finally, cells were harvested via centrifugation at 4000 rpm for 12 min at 40C and 

pellets were saved at -800C. On the following day, each pellet was resuspended in 10 ml 

lysis buffer122 (20 mM sodium phosphate, pH 7.5, 0.5 M NaCl), sonicated and 

centrifuged at 16,500g for 20 min at 40C to collect the inclusion body (I.B) material. The 
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I.B was washed twice in the lysis buffer to get rid of all soluble contaminants followed by 

resuspension in lysis buffer containing 8 M urea and centrifuged at 16,500g for 20 min at 

40C to collect the solubilized I.B material discarding cell debris.122 Refolding of 

denatured protein was initiated by diluting 200 #l of the above sample into 1 ml of 

renaturation buffer [20 mM sodium phosphate buffer, pH 7.0, 0.5 M NaCl, 1 mM EDTA, 

0.5 M arginine, and 1 mM tris (2-carboxyethylphosphine) (TCEP)]. Refolding in the 

presence of Fe and DIP were monitored by diluting into renaturation buffer without 

EDTA containing 2 mM and 10 mM of FeCl3 and DIP respectively. 

3.2.8 Analysis of Protein splicing:  

    Protein splicing was monitored by staining the gels with Coomasie brilliant blue stain 

and scanning the gels using Typhoon 9400 scanner from GE Healthcare. Quantification 

of protein bands were performed by GelQuant.NET software provided by 

biochemlabsolutions.com. 

3.3 RESULTS AND DISCUSSION 

3.3.1 Optimization of plasmid cloning:  
 
    Previous attempts in our lab to clone the Mtu WT SufB intein sequence into high copy 

plasmids were unsuccessful due to extensive cell lysis and DNA degradation resulting 

from endonuclease toxicity. Though high copy plasmids enhance the expression of 

recombinant proteins in E. coli, they also impart a metabolic burden on the cells due to 

over production of protein, in particular if it is a toxic protein. Sometimes high copy 

plasmids are also unstable and undergo degradation inside cells. To combat these issues 

we decided to clone Mtu SufB genes into the low copy plasmid vector such as 

pACYCDuetTM-1 (Novagen) to mitigate toxicity issues.  
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    Mtu SufB genes: FL-SufB, SufB intein and M. smegmatis intein-less SufB genes were 

successfully cloned into the expression plasmid pACYCDuetTM-1 (Novagen) via EcoRI 

and HindIII sites as described previously. The inserted genes were confirmed via colony 

PCR screen as well as via sequencing. 

3.3.2 Optimization of in vivo protein expression: 

    The transformants [BL21(DE3) cells (Novagen)] containing Mtu SufB plasmids were 

grown in Luria Broth (LB) rich medium under various experimental conditions: at 

different temperatures of 200C, 250C, 300C and 370C, with various molarities of IPTG 

including 0.3 mM, 0.5 mM and 1 mM and for different durations of 4h and 16h.  

Mtu SufB intein was not expressed under any of these conditions due to a frame shift by a 

single nucleotide position that occurred inadvertently. This problem was rectified in our 

lab and resulted in successful protein expression. Subsequent protein over-expression for 

antibody production is beyond the scope of the current work. 

   Expression of the M.smegmatis SufB plasmid resulted in a 53 kD insoluble protein at 

370C when induced with both 0.5 mM and 1 mM IPTG (Figure 3.17). A sequence 

comparison between Mtu SufB extein and M.smegmatis inteinless SufB revealed about 

95% similarity, spanning the entire sequence except for a few residues at both the ends. 

We concluded that M.smegmatis SufB purified from inclusion bodies could be used to 

generate polyclonal antibodies for detecting Mtu SufB ligated exteins after protein 

splicing. This is an ongoing work in our laboratory now. 
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Figure 3.17: SDS gel showing expression of 53 kD M.smegmatis inteinless SufB protein 

at 370C, S- Soluble fraction,  I- Insoluble fraction. 

 

 

 

 

 

 

 

 

 

 

Figure 3.18: SDS gel showing expression of 94kD Mtu FL-SufB precursor at 370C.  

S- Soluble fraction, I-Insoluble fraction. 
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    Mtu FL-SufB expression was also tried in BL21 (DE3) cells at various temperatures 

for different durations. Overnight inductions at 200C, 300C and 370C did not give any 

expression at all. However expression of un-spliced FL-SufB precursor, in the insoluble 

protein fraction was observed at 370C when induced with both 0.5 mM and 1 mM of 

IPTG (Figure 3.18). 

    At this point there were two issues that needed to be addressed. First, lack of a soluble 

protein expression and second, probable protein toxicity. To overcome protein 

insolubility, 10% glycerol was added to LB media during cell growth and also to the lysis 

buffer during sonication to stabilize the protein. Addition of 10% glycerol to LB yielded 

very slow growth rate that was possibly due to protein toxicity as a result of soluble 

protein expression under this condition. There was no effect of 10% glycerol on solubility 

when added during sonication.  

    Expression in different bacterial strains was also tried. One attempt used Rosetta 

2(DE3) (Novagen) that supplements tRNAs for rare E. coli codons to enhance the 

expression of eukaryotic proteins. This overcomes the problems associated with protein 

expression limited by the codon usage of E. coli. Expression in another host strain BL21 

Origami2 (DE3) (Novagen) was also tried to express an active soluble protein. These 

strains of E. coli have mutations in both thioredoxin reductase (trxB) and glutathione 

reductase (gor) genes, which facilitate intracellular disulfide bond formation. This 

supports expression of soluble proteins, if disulfide bonds are critical for protein folding 

and stability. Transformation and expression in the above strains did not give rise to any 

protein expression at all. 
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    To address protein toxicity, FL-SufB expression was tried in BL21 (DE3) pLysS strain 

that carries pLysS plasmid coding for T7 lysozyme. This provides tighter control for 

expression of toxic proteins by inhibiting T7 RNA polymerase and preventing leaky 

expression. Expression was also performed in Lucigen OverExpressTm strains [C41 

(DE3), C43 (DE3), C41 (DE3) pLysS, C43 (DE3) pLysS] that contain genetic mutations 

selected for conferring resistance to toxic proteins. None of the strains had any expression 

of FL-SufB under any experimental conditions tried. 

    Since BL21 (DE3) was the only strain where protein expression was observed, we 

decided to pursue expression in this strain, while optimizing the conditions to obtain a 

splicing active full -length precursor protein. Subsequent experiments were performed in 

M9 minimal media (described in the next section) to exert a tighter regulation on cell 

growth hence on the toxicity of the expressed protein. Interestingly, this gave rise to a 

soluble protein expression with detectable spliced out intein bands, but the protein 

expression was minimal. It was difficult to identify individual cleavage products or 

ligated exteins on the gel. To up-regulate the expression of soluble precursor, we used 

M9 minimal media and LB rich media added in equal proportion as the growth media. 

Interestingly, this increased the amount of soluble precursor proteins with clearly 

detectable cleavage and splicing products, when induced at 300C with 0.5 mM IPTG for a 

period of 4~5h (shown in next section). 

3.3.3 In-vivo splicing study of Mtu WT FL SufB in presence of Fe and DIP: 

    Outten et. al. have shown previously that suf deletion mutants in E. coli are more 

sensitive to Fe starvation and that the suf operon is induced in the presence of DIP. They 

also demonstrated that the activity of the Fe–S enzyme gluconate dehydratase is 
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diminished in E. coli suf mutants during Fe starvation and proposed that the suf operon is 

crucial for Fe–S assembly during Fe depletion conditions.108 Their observation was 

consistent with work done by Nachin et al. that suggested sensitivity of Erwinia 

chrysanthemi suf mutants to Fe chelator 2,2’-dipyridyl (DIP).102 This was followed by 

Huet et. al. work that established the uniqueness of SUF pathway for Fe-S cluster 

assembly in mycobacteria and the essentiality of SufB splicing for the functionality of the 

Mtu SUF machinery.106, 107  

    These observations led us to hypothesize that expression of a splicing active functional 

Mtu SufB precursor requires simulation of physiological condition under which the SUF 

system is active, such as Fe starvation. This may make the splicing events more 

pronounced. Since it was shown previously that the Fe starvation effects were more 

noticeable in M9 minimal media, we decided to express Mtu FL-SufB plasmid in the 

same media.108  
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Figure 3.19: Expression of Mtu FL-SufB in M9 minimal media in presence of different 

molarities of Fe chelator 2,2’- dipyridyl (DIP). Lanes: 1 thru 6 whole cell lysates 

expressing Mtu FL-SufB, 1- uninduced, 2-induced with 0.5 mM IPTG, 3- induced+50 "M 

DIP, 4- induced+100 "M DIP, 5- induced+200 "M DIP, 6- induced+400 "M DIP. 

Lanes: 7 thru 12 whole cell lysates expressing control plasmid empty pACYCDuet-1.  

7- uninduced, 8- induced with 0.5 mM IPTG, 9- induced+50 "M DIP, 10- induced+100 

"M DIP, 11- induced+200 "M DIP, 12- induced+400 "M DIP. Precursor (P) and intein 

(I) bands are seen in lanes expressing Mtu FL-SufB plasmid. 
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Expression in M9 minimal media during Fe depletion condition: Small volume cultures 

of 5ml were started from overnight samples via 1:50 dilution into M9 minimal media 

supplemented with 0.2% glucose as the carbon source. Cells were grown at 370C while 

shaking at 250 rpm until OD600 of 0.4. Then induction was performed with 0.5 mM of 

IPTG at 300C for a period of 4h while shaking at 250 rpm. During the entire period of 

induction, different molar concentrations of Fe chelator DIP were added as follows: 50, 

100, 200 and 400 #M. Cells transformed with empty pACYC Duet-1 vector were used as 

the negative control. Cell harvesting, cell lysis and analysis of splicing products were 

done as already described in the Materials and Method section. 

     Expression of 94 kD FL-SufB precursor (P) and a 40 kD spliced intein (I) band were 

seen upon induction, but it was difficult to identify any cleavage product or the ligated 

exteins (Figure 3.19). Interestingly, immediately upon addition of DIP there is a 

substantial reduction in the amount of precursor protein, while the density of intein bands 

remained the same in different lanes. Consistently, in the un-induced lane (Lane 1), 

neither any cleavage product nor the ligated exteins were observed after addition of DIP.  

    The current data shows that addition of DIP led to a reduction in precursor protein with 

intein bands comparable to those without DIP. The following possibilities arise: (1) 

precursor protein degradation (2) inhibition of FL-SufB transcription (3) inhibition of 

precursor synthesis or (4) effect on protein splicing. Note that (3) and (4) are not mutually 

exclusive. In order to examine these possibilities we designed the following experiments.  

    In order to rule out the possibility of protein degradation and transcription inhibition 

caused by DIP, we analyzed the expression of Cyan fluorescent protein (CFP) in another 

IPTG inducible system [pRSET/CFP expression vector (Invitrogen) driven by 
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T7promoter/lac operator]. We expressed CFP in presence and absence of DIP followed 

by western blot with anti-GFP antibodies. We did not observe any reduction in signal 

intensities after adding antibody where DIP is added (Figure 3.20). This rules out the 

possibility of DIP affecting gene transcription or causing protein degradation in vivo. As 

described later, we also did an in vitro refolding of FL-SufB double mutant in presence 

and absence of DIP that did not show any change in the mutant precursor after adding 

DIP. These experiments indicate that DIP does not cause degradation SufB precursor. 

     To ascertain our results, we studied the effect of DIP on splicing inactive Mtu FL 

SufB double mutant (C1A/N359A) in vivo and the details are provided later in this 

chapter. In brief, we observed inhibition of cell growth when DIP is added. This 

observation is consistent with earlier experiments where cell growth inhibition was 

related to the depletion of Fe from the growth medium.106 Even after diluting the cells to 

same cell density, we observed a slight reduction in the intensity of the mutant precursor 

band in presence of DIP compared to density of precursor band without DIP (Figure 

3.26).  

    We concluded that DIP reduces precursor synthesis by exerting a growth defect. Even 

under such a nutritionally deprived condition, the relative amount of intein is increased. 

These results favor the possibility that DIP has a dual role: it inhibits precursor synthesis 

via inhibition of cell growth while simultaneously facilitating protein splicing.  
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Figure 3.20: (Left) Expression of CFP (pRSET) in M9 minimal media. Lanes:1-

uninduced, 2-induced with 0.5 mM IPTG, 3-Induced in presence of DIP (100 "M).(Right) 

Western blot with anti-GFP antibodies; Lanes: 4-uninduced, 5-induced with 0.5 mM 

IPTG, 6-Induced in presence of DIP (100 "M). 

 

    Since addition of DIP led to a substantial reduction in precursor protein with a 

persistent intein band as shown in Figure 3.19 possibly by facilitating precursor splicing, 

we proposed that addition of Fe would inhibit protein splicing with accumulation of 

precursor protein. Further optimization of protein expression was needed at this point to 

visualize the cleavage and splicing products better. We did expression in a media 

containing both LB and M9 added in equal proportions. Induction of FL-SufB was 

performed with 0.5 mM IPTG, in presence of 100 #M DIP and 200 #M FeCl3 at 300C for 

a duration of 4h. Expression and splicing studies were done as already described in the 

Methods section.  

    We observed that induction in the new media resulted in a significant increase in the 

level of precursor protein (P) with improved splicing activity as reflected by distinct N- 
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terminal cleavage product (NC), ligated exteins (E) and spliced out intein bands (I) 

(Figure 3.21).  

    We did a quantitative analysis of results from three sets of in vivo experiments as 

shown in the Figure 3.22. The percentage of spliced out intein is calculated as the fraction 

of intein over the precursor protein normalized to the same upon induction without Fe or 

DIP added. The percentage of precursor is calculated as the fraction of remaining 

precursor protein over the total protein normalized to the same upon induction without Fe 

or DIP.  

    As shown in the plot, upon addition of DIP there is an increase in spliced out intein 

fraction by 100% as compared to when induced alone. Consistently, we see a reduction in 

fraction of residual precursor protein by 20%. On the contrary, addition of FeCl3 inhibits 

splicing as shown by a reduction in spliced out intein fraction by about 20% with an 

accumulation precursor that is higher by 10% over the base line. These observations 

support our hypothesis that Fe inhibits splicing and stabilizes precursor synthesis that 

leads to precursor accumulation in vivo. Conversely, DIP facilitates splicing but 

decreases precursor synthesis due to a growth effect. 

    Further optimization of solubility of precursor protein in the future may or may not 

enhance the subtle effects of Fe and DIP we are observing in vivo.  
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Figure 3.21: Proteins were separated on a 10% SDS gel. The above gel image shows 

expression of Mtu FL-SufB in growth media LB: M9 (1:1) in presence of FeCl3 and iron 

chelator DIP. 

Lanes 1 through 4- whole cell lysates expressing Mtu FL-SufB, 1-uninduced, 2-induced 

with 0.5 mM IPTGX4h, 3-induced+100 "M DIPX4h, 4-induced+200 "M FeCl3X4h; 

Lanes 5 through 8- whole cell lysates expressing empty pACYCDuet-1 vector.  

5- uninduced, 6-induced with 0.5 mM IPTGX4h, 7-induced+100 "M DIPX4h, 8-

induced+200 "M FeCl3X4h. 

Precursor (P), N-terminal cleavage (NC), ligated exteins (E) and intein (I) bands are 

seen in lanes expressing Mtu FL-SufB plasmid. 
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Figure 3.22: Graph showing percentage of spliced intein and percentage of FL-SufB 

precursor remaining after splicing in presence and absence of DIP and FeCl3. The error 

bars represent standard deviations from three independent sets of experiments done to 

analyze Fe and DIP effect on Mtu Fl-SufB precursor splicing in vivo.  
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     To complement our above data we did an in vivo gradient assay with different 

molarities of DIP and FeCl3 added during protein expression (Figure 3.23). Our goal was 

to ascertain whether the precursor disappearance and precursor build up we see could be 

monitored as a decreasing or increasing gradient upon addition of increasing 

concentrations of DIP and FeCl3 respectively.  

    We observed FL-SufB precursor building up in vivo proportional to added FeCl3 (100 

#M, 200 #M, 400 #M, 800 #M, 1mM 1.5mM) as suggested by decreasing spliced out 

intein fraction. We noticed similar result but in a diminishing gradient for FL-SufB 

precursor disappearing upon addition of increasing molarities of DIP (50 #M, 100 #M, 

200 #M, 400 #M, 800 #M, 1 mM and 1.5 mM). To be noted here, we did not observe 

similar effects on individual cleavage products or splicing products. This could be due to 

the complex intracellular processes regulating the splicing event. Nevertheless, this 

observation has further strengthened our hypothesis that the addition of Fe has led to the 

accumulation of FL-SufB precursor via inhibition of splicing. 
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Figure 3.23: A) Expression of Mtu FL SufB in presence of different molarities of FeCl3 

and Fe chelator DIP in growth media LB: M9 (1:1). All the lanes are showing whole cell 

lysates expressing Mtu FL SufB. Lanes; 1- uninduced, 2-induced, 3 through 8-induced in 

presence of increasing molarities of FeCl3 100 "M, 200 "M, 400 "M, 800 "M, 1 mM 1.5 

mM respectively. Lanes; 9-induced, 10 through 16- induced in presence of increasing 

molarities of DIP 50 "M, 100 "M, 200 "M, 400 "M, 800 "M, 1 mM and 1.5 mM 

respectively. Precursor (P), N-terminal cleavage (NC), ligated exteins (E) and intein (I) 

bands are seen in lanes expressing Mtu FL-SufB plasmid. 

B) Quantification of the gel images to show the effects on spliced out intein fraction after 

adding different molarities of FeCl3 and Fe chelator DIP. 
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    These observations support our hypothesis that iron regulates splicing of Mtu SufB 

precursor possibly via coordination to key catalytic residues. Specifically, Fe possibly 

inhibits splicing by binding to catalytic residues such as cysteine(s). Conversely, DIP 

facilitates intein splicing by removing Fe from the catalytic residues. Our in vivo results 

are supported by our in vitro results described in the next section indicating an Fe effect 

on Mtu SufB protein splicing. 

3.3.4 In vitro splicing study of Mtu WT FL SufB in presence of Fe and DIP:  

    We conducted an in vitro splicing study for unspliced SufB precursor in the presence 

of DIP and FeCl3. Figure 3.18 shows that full-length SufB is almost exclusively 

expressed as an insoluble protein. Analysis of inclusion body proteins suggest that more 

than 90% of the total protein consists of SufB unspliced precursor. Hence, in vitro 

splicing assays were performed where inclusion body materials were solubilized with 8 

M urea without purifying the precursor protein.  

    Transformed cells expressing 6X(His)-Mtu SufB plasmid were grown in rich media 

(LB) to facilitate inclusion body formation. The details of protein expression steps are 

described in the Methods section. SufB precursor was solubilized and extracted from 

inclusion body material in phosphate buffer (20 mM sodium phosphate, pH 7.5, 0.5 M 

NaCl) containing 8 M urea. Refolding was initiated via dilution; 200 #l of denatured 

protein in 8 M urea were diluted into 1 ml of renaturation buffer (see Methods section) 

containing 1 mM TCEP. All the refolding experiments were conducted at room 

temperature for three hours. To study the effects of Fe and DIP, 2 mM FeCl3 and 10 mM 

DIP were added to the refolding buffer in respective samples. Inclusion body material 
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expressing pACYC duet-1 empty vector served as control for the experiment. The 

refolding reaction was optimized via various dilutions (data not shown).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.24: Gel image showing in vitro refolding of denatured Mtu FL-SufB precursor 

in refolding buffer (RB) in presence and absence of FeCl3 and iron chelator DIP. Lanes 1 

through 6 showing refolding reactions for FL-SufB in different conditions; 1-RB, time 0, 

2-RB, time 3h, 3-RB+ 2 mM FeCl3, time 0, 4-RB+ 2 mM FeCl3, time 3h, 5-RB+ 10 mM 

DIP, time 0, 6-RB+ 10 mM DIP, time 3h. Lanes 7,8,9- refolding reactions for denatured 

protein from cells expressing pACYC Duet-1 empty vector, 7-RB, 8-RB+2 mM FeCl3, 9-

RB+ 10 mM DIP. Precursor (P), N-terminal cleavage (NC), ligated exteins (E) and intein 

(I) bands are seen in lanes for Mtu FL-SufB plasmid.  
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    The refolded samples were resolved through 10% SDS gel. The following protein 

bands were identified; 96 kD SufB unspliced precursor (P), 65.8 kD N terminal cleavage 

product (NC), 56 kD ligated extein (E) and 40 kD spliced out intein (I) (Figure 3.24). We 

also did a quantitative analysis of splicing products as described in the Materials and 

Methods. Percentage of intein fraction was calculated by quantifying the amount of intein 

that spliced out over the total protein, normalized by intein fraction at time zero. Note 

that the percentages of intein fractions while refolded in presence of Fe and DIP were 

calculated by normalizing the values to the same while refolded in renaturation buffer 

(RB) only. Percentage of precursor fraction was calculated as the fraction of remaining 

precursor protein over the total protein normalized to the fraction at time zero. The 

percentages of precursor fractions in the presence of Fe and DIP were calculated by 

normalizing to the respective values in refolding buffer.  

    Inspection of the gel images led to the following conclusions: the in vitro gel images 

make the splicing modulation event more evident. In contrast, Fe and DIP had a more 

pronounced effect on the precursor level in vivo. 
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Figure 3.25: Plot of percentage of spliced intein and percentage of FL-SufB precursor 

remaining after in vitro refolding in presence or absence of DIP and FeCl3. The error 

bars represent standard deviation from three independent sets of experiments done to 

analyze Fe and DIP effect on Mtu Fl-SufB precursor splicing in vitro.  
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      A quantitative analysis of in vitro results shows that addition of Fe reduces intein 

splicing by about 60% supported by an increase in precursor fraction by about 35% 

compared to baseline splicing in RB. The opposing effects are seen when splicing occurs 

in the presence of DIP. DIP enhances intein splicing by about 30% that is reflected by a 

decrease in precursor by about 25% (Figure 3.25). These results support the data obtained 

from in vivo experiments.  

    These observations could be interpreted as follows. As discussed earlier, DIP has a 

dual effect in vivo; it inhibits precursor formation as well as facilitates splicing while in 

vitro it only facilitates splicing. On the other hand, Fe inhibits splicing both in vivo and in 

vitro though we cannot rule out that Fe could also stimulate precursor synthesis in vivo by 

affecting precursor protein stability. 

    Based on our hypothesis that the Fe-S clusters are coordinated via catalytic residues, 

addition of DIP could enhance splicing by sequestering Fe thus raising the intein fraction. 

Conversely, addition of Fe could possibly lead to interaction of Fe and the catalytic 

residues, in particular C1 and C+1 leading to splicing inhibition. These hypotheses are 

further studied by analyzing the splicing in FL-SufB mutants in the next sections. 

3.3.5 In vivo and in vitro splicing study of Mtu FL SufB mutants: 

    Our data so far shows modulation of intein splicing via both Fe and DIP. We have 

hypothesized that Fe regulates splicing via coordination to the conserved catalytic 

residues, mostly C1 and C+1. We propose that DIP has a dual role; it inhibits precursor 

synthesis as well as facilitates splicing.  

    In order to test our hypothesis and further confirm the subtle Fe and DIP effects 

observed, we mutated the catalytic residues C1, C+1, N359 and the H-5 proximal extein 
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residue to alanine. (See Methods) All these mutants were cloned into pACYC Duet-1 

expression vector. We also cloned the splicing inactive FL-SufB double mutant by 

mutating the C1 and N359 residues to alanine, that would prevent N and C terminal 

cleavages respectively as well as splicing. Transformants with respective mutant 

plasmids were induced in presence of Fe and DIP as mentioned in the Methods section. 

    Analysis of in vivo expression of FL SufB double mutant indicated a slight reduction in 

the precursor level in presence of DIP due to its growth effect (Figure 3.26). This 

correlates with our previous observation that addition of DIP reduces the growth of 

transformants expressing WT FL SufB as well. During such limiting conditions, DIP 

stimulates splicing of Mtu SufB intein as shown by in vivo and in vitro experiments.  

    In vivo expression of the rest of the mutant plasmids resulted in the expression of 96 

kD unspliced precursor (P) (data not shown). We didn’t see individual cleavage or 

splicing products possibly due to lack of expression of soluble proteins that needs further 

optimization in future.  

    Subsequently, in vitro studies for all mutants were conducted as follows. 

Transformants with respective mutant plasmids were induced to express the unspliced 

precursor protein in inclusion bodies. All the renaturation procedures were performed 

with proteins solubilized from inclusion bodies in 8 M urea buffer as described in the 

Materials and Methods. 
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Figure 3.26: The gel image showing in vivo expression of Mtu FL-SufB splicing inactive 

C1A/N359A mutant in growth media LB:M9 (1:1) in presence of FeCl3 and  iron chelator 

DIP. Lanes 1 through 4- whole cell lysates expressing Mtu FL-SufB double mutant, 1-

uninduced, 2-induced with 0.5 mM IPTG X 4h, 3-induced+100 "M DIP X 4h, 4-

induced+200 "M FeCl3, X 4h; Lanes 5 and 6- whole cell lysates expressing empty 

pACYCDuet-1 vector. 5 - induced with100 "M DIP X 4h, 6-induced+200 "M FeCl3, X 

4h. Only unspliced precursor (P) bands are seen in lanes expressing Mtu FL-SufB mutant 

plasmid.  
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    C1A mutation blocks the nucleophilic attack that initiates cleavage at the N-terminal 

splice junction. Consistently, we noticed that upon refolding, the 96 kD C1A precursor 

(P) yielded a 68 kD C-terminal cleavage band (CC) (Figure 3.27). Interestingly, 

calculation of percentages of C-terminal cleavage products suggested that neither Fe 

(110%) nor DIP (114%) effects were observed. This strongly confirms our hypothesis 

that Fe regulates splicing via the catalytic cysteine (C1). Hence mutation of C1 to alanine 

abolished the Fe inhibitory effect on cleavage. The lack of DIP effect in C1A mutant 

could also be explained by the same mechanism. We have already discussed the 

possibility of DIP stimulating splicing in WT SufB precursor by chelating Fe away from 

the catalytic cysteine(s). In the C1A mutant this interaction is abolished, resulting in an 

absence of DIP effect. 

    During intein splicing, the second nucleophilic attack by C+1 forms a branched chain 

intermediate by trans-esterification. Thus a C+1A mutation would block this step, but the 

N-terminal cleavage would continue at a slower rate.123 As expected upon refolding 

under various condition, the 96 kD precursor (P), 65.8 kD N-terminal cleavage product 

(NC) and 30 kD N-extein band (NE) were identified. Calculation of percentages of N-

terminal cleavage products suggested that similar to the C1A mutant, the Fe (percentage 

of NC-90%) inhibition effect is abolished in the C+1A mutant (Figure 3.27). This 

strongly supports our hypothesis that the Fe regulation is controlled via coordination to 

both catalytic cysteines: C1 and C+1. Consequently, there is no observable in vitro DIP 

(percentage of NC-92%) effect either on precursor level or on splicing, since there is no 

bound Fe. None of the cleavage or precursor bands are seen in the control reactions with 

empty pACYC Duet-1 vector.  
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Figure 3.27: In vitro refolding of denatured FL SufB cleavage mutants in refolding buffer 

(RB) in presence or absence FeCl3 and iron chelator DIP. Lanes 1 through 6 showing 

refolding reactions for SufB C1A mutant; 1- RB, time 0, 2-RB, time 3h, 3 – RB+ 2 mM 

FeCl3, time 0, 4- RB+ 2 mM FeCl3, time 3h, 5-RB+ 10 mM DIP, time 0, 6- RB+ 10 mM 

DIP, time 3h. Lanes 7 through 12 showing refolding reactions for SufB C+1A mutant; 7- 

RB, time 0, 8-RB, time 3h, 9 – RB+ 2 mM FeCl3, time 0, 10- RB+ 2 mM FeCl3, time 3h, 

11-RB+ 10 mM DIP, time 0, 12- RB+ 10 mM DIP, time 3h. Lanes 13,14,15- refolding 

reactions for denatured protein from cells expressing pACYC Duet-1 empty vector, 13- 

RB only, 14-RB+2 mM FeCl3, 15-RB+10 mM DIP. Precursor (P), N-terminal cleavage 

(NC), C-terminal cleavage (CC) and N-extein (NE) bands are seen in lanes for Mtu FL-

SufB mutant plasmid.  
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    To further ascertain the mechanism of the splicing regulation, we mutated the highly 

conserved terminal Asn 359 (N359) to alanine which blocks the C-terminal cleavage 

reaction by inhibiting Asn cyclization, but allow N-terminal cleavage to proceed. 

Renaturation of the SufB N359A mutant from inclusion body materials, yielded the 96 

kD precursor that gave rise to 65.8 kD N-terminal cleavage (NC) and 30 kD N- extein 

(NE) bands as seen on gel (Figure 3.28). But unlike the previous mutants, in spite of the 

N359A mutation, both Fe and DIP effects were clearly noticeable on the NC. The 

percentages of NC products with Fe were 45% as opposed to 85% with DIP. The Fe 

mediated inhibition was remarkable, as there is a reduction in N terminal cleavage by 

about 55% compared to refolding in RB only. The Fe inhibitory effect led us to conclude 

that probably terminal Asn in the sequence of Mtu SufB intein does not play a crucial 

role during the Fe regulation event.  

    It has been well studied and shown in the past that there are possible extein effects on 

intein splicing.70, 81 Since Fe-S clusters could also be linked to the protein core via metal 

chelating amino acid, and Mtu FL-SufB has a metal chelating residue histidine at the -5 

position of the N-extein proximal to the splice junction, we proposed that H-5 might 

modulate the Fe effect on SufB intein splicing along with the catalytic cysteines. We 

mutated H-5 to alanine and performed a refolding experiment with the mutant protein 

extracted with 8 M urea from inclusion bodies. Upon refolding we observed the precursor 

(P), N-terminal cleavage (NC), ligated exteins (E), intein (I) and N-extein (NE) bands. In 

contrast to the N 359A mutant, the Fe inhibitory effect and the DIP effect were observed 

but minimal (Figure 3.28). This suggests H-5 may or may not have a minimal role during 

regulation of SufB intein splicing via Fe that requires further study for validation. 
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Figure 3.28: In vitro refolding of denatured FL SufB mutants in refolding buffer (RB) in 

presence or absence FeCl3 and iron chelator DIP. Lanes 1 through 6 showing refolding 

reactions for SufB N359A mutant; 1- RB, time 0, 2-RB, time 3h, 3 – RB+ 2 mM FeCl3, 

time 0, 4- RB+ 2 mM FeCl3, time 3h, 5-RB+ 10 mM DIP, time 0, 6- RB+ 10 mM DIP, 

time 3h. Lanes 7 through 12 showing refolding reactions for SufB H-5A mutant; 7- RB, 

time 0, 8-RB, time 3h, 9 – RB+ 2 mM FeCl3, time 0, 10- RB+ 2 mM FeCl3, time 3h, 11-

RB+ 10 mM DIP, time 0, 12- RB+ 10 mM DIP, time 3h. Lanes 13 through 18 showing 

refolding reactions for SufB C1A/N359A double mutant in the same order as the previous 

lanes; Precursor (P), N-terminal cleavage (NC), ligated exteins (E), N-extein (NE) and 

intein (I) bands are seen where appropriate.  
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    Finally we studied the in vitro Fe and DIP effect in FL-SufB splicing inactive double 

mutant. As expected we did not see any cleavage or splicing products upon refolding in 

refolding buffer in the presence or absence of Fe and DIP (Figure 3.28). Consistently, we 

did not see DIP reducing the level of precursor protein in the absence of splicing which 

contradicts the possibility of DIP causing protein degradation. We have already ruled out 

the possibility of DIP inhibiting transcription or causing protein degradation in the 

previous section. This along with the results from in vitro double mutant refolding study 

led us to conclude that DIP does not cause protein degradation. The in vivo expression of 

the double mutant in presence of DIP showed a slight reduction in the precursor protein 

due to growth effect (Figure 3.26). Thus the change in WT SufB precursor level seen in 

vivo is possibly due to a dual role of DIP enhancing intein splicing as well as inhibiting 

precursor synthesis by reducing the cell growth.  

3.4 CONCLUSIONS 

    Past works have proven the uniqueness of SUF system for Fe-S cluster assembly in M. 

tuberculosis (Mtu) as well as the essentiality of the system for bacterial virulence during 

periods of stress such as Fe starvation. These studies have also shown that splicing of Mtu 

SufB intein is necessary for the functionality SUF system. In addition, it was also shown 

that the transcription of E.coli suf operon is enhanced during periods of Fe starvation. 

This led us to hypothesize that splicing of the Mtu SufB intein is regulated by Fe in a way 

that may involve the catalytic cysteine(s) or other metal chelating amino acids. In this 

work, we have studied the effects of Fe and DIP on splicing of Mtu SufB intein both in 

vivo and in vitro. 
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    We observed that addition of FeCl3 led to inhibition of splicing both in vivo and in 

vitro with accumulation of WT SufB precursor occurring in vivo. Addition of DIP led to 

facilitation of intein splicing both in vivo and in vitro with inhibition of precursor 

synthesis in vivo due to a growth effect resulting from Fe deprivation in the media. The 

subtle Fe and DIP effects on splicing were supported by in vitro mutagenesis studies. We 

noticed a complete loss of Fe and DIP effects in Mtu FL-SufB mutants C1A and C+1A. 

Interestingly, we observed a minimal Fe and DIP effects in H-5A FL-SufB mutant. Iron 

effects were preserved in FL-SufB mutant N359A.  

    We also designed the FL-SufB splicing inactive double mutant C1A/N359A to be used 

as a control for the above studies. We didn’t notice any Fe or DIP effect on the double 

mutant in vitro, but we saw a slight reduction in the precursor band after addition of DIP 

in vivo. We studied the DIP effect in another T7 promoter inducible system pRSET-CFP 

and did not observe any noticeable change in the level of CFP expression after adding 

DIP. These studies ruled out the possibility of DIP inhibiting transcription of sufB gene or 

causing protein degradation.  

    Thus we concluded that DIP has a dual role in the splicing regulation of Mtu SufB 

intein. It probably facilitates intein splicing via sequestering Fe coordinated to the 

catalytic cysteine(s) and at the same time reduces precursor synthesis by exerting an Fe 

deprivation state. Since SufB acts as a Fe-S cluster scaffold protein and previous works 

have shown that [4Fe-4S] clusters are coordinated to E.coli SufB, we propose that  

possibly the observed Fe for DIP effect are due to the Fe-S clusters bound to the SufB 

precursor via C1 and C+1. 
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    Since the Fe inhibitory effect was completely abolished in Mtu FL-SufB mutants C1A 

and C+1A, we concluded that Fe inhibits Mtu SufB intein splicing via coordination to 

catalytic cysteine(s). We also observed accumulation of unspliced precursor in vivo upon 

addition of Fe. Since SufB is an Fe-S cluster assembly protein, we also proposed that the 

in vivo building up of precursor could also be due to Fe favoring precursor synthesis via 

cluster formation or via stabilization of the precursor structure. 

    However the observed subtle effects of Fe and DIP on SufB intein splicing could also 

be explained by an Fe homeostasis mechanism that work in a highly orchestrated manner 

to maintain Fe balance inside the cell. Based on our current data, we propose a model to 

explain the observed Fe and DIP effects on Mtu SufB protein splicing (Figure 3.29).  
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Figure 3.29: Proposed model for splicing regulation of Mtu"SufB&"

A) Schematic model for Fe inhibitory effect on splicing of Mtu SufB. Addition of Fe 

favors precursor stability via facilitating assembly of Fe-S clusters. Fe could also bind 

directly to the cysteine sulphurs (C1, C+1) thereby inhibiting protein splicing. 

B) Schematic model showing possible effect of Fe chelator DIP on splicing of Mtu SufB. 

Addition of DIP destabilizes Fe to sulphur (C1, C+1) bond, thus facilitates splicing. DIP 

could also reduce precursor formation by chelating Fe from the growth media that 

affects Fe-S cluster assembly.  
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 CHAPTER 4: SUMMARY 

     We have performed functional characterization of two distinct classes of autocatalytic 

proteins: Green Fluorescent Protein (GFP) and Mycobacterium tuberculosis (Mtu) SufB 

protein. Study of LOO GFP variants showed that the fluorescence properties of 

reconstituted proteins are strand dependent. In particular, our results found that removal 

of the N-terminal six beta strands gave rise to insoluble proteins that did not reconstitute 

after complementing to the missing peptide. In contrast, removal of C-terminal strands 

resulted in more soluble proteins that could recover fluorescence more efficiently after 

reconstitution.124 In general, we found a correlation between solubility and fluorescence 

recovery upon complementation. Furthermore, in vivo fluorescence study showed that 

none of the LOO proteins have any background fluorescence. Our in vivo 

complementation studies also identified the LOO proteins T4 and T8 as the most 

potential biosensor candidates in the LOO series. Further screening works will provide 

better understanding of LOO-GFP as a biosensor. 

    In the next part of this study, we showed that iron (Fe) has a subtle but likely a 

biologically meaningful effect on splicing in Mycobacterium tuberculosis (Mtu) SufB 

protein. The subtle effect could be due to a dual role of Fe: it possibly affects SufB 

precursor stability as well as regulates precursor splicing. Our mutant studies suggested 

that the Fe effect could be explained by binding of Fe to critical residues such as catalytic 

cysteines (C1 and C+1). Our research has opened up a new direction in SufB intein 

splicing study and we propose the following as possible future studies. 
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4.1 FUTURE STUDIES 

    A crystal structure analysis of the splicing inactive double mutant and the cleavage 

mutants could provide valuable insight into the regulatory mechanism in the future. 

Additionally, future studies such as analyzing the splicing of SufB intein in the context of 

foreign exteins could provide further understanding into the mechanistic role of iron on 

protein splicing as well as the role of iron in precursor formation. Understanding the fine 

balance between these two critical events could ultimately provide rich understanding of 

role of iron in regulating the functionality of Mycobacterium tuberculosis (Mtu) SufB 

protein. The subtle Fe inhibitory effect could be further optimized by improving the 

solubility of precursor protein and by improving the refolding conditions. Splicing studies 

with SufB precursor protein flanked by shorter exteins or with SufB minimized inteins 

may be valuable. This may improve the folding and solubility of the precursor. We have 

studied the effect of Fe starvation on SufB intein splicing. Since suf operon is upregulated 

both during Fe starvation and oxidative stress, it would be interesting to study splicing of 

Mtu SufB intein during oxidative stress conditions such as expression in cells lacking 

catalases and peroxidases, in redox buffer or in the presence of redox cycling agents. The 

lack of expression of a soluble protein during our initial studies were attributed to the 

toxicity of Mtu SufB protein in E. coli. It would be interesting to perform the splicing 

studies in M. tuberculosis that might make the splicing regulatory events more noticeable 

by reducing the toxicity of SufB protein in a native environment.  

    To summarize, in GFP we have studied the effect on fluorescence by removing and 

adding back beta strands from the native structure. We observed a loss of fluorescence in 

the truncated LOO GFP variants that was recovered upon complementation with the 
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missing peptide. In Mtu SufB, we have studied the effect of Fe on intein splicing by 

adding Fe and by chelating Fe away from the media. Addition of Fe led to a subtle 

inhibition of SufB intein splicing whereas chelation of Fe with 2, 2’ dipyridyl (DIP) 

facilitated splicing. Together, these two studies have shown novel ways of controlling the 

functionality of two autocatalytic proteins: Aequorea victoria GFP and Mtu SufB intein. 
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APPENDICES: 

A . APPENDICES FOR CHAPTER 3. 

A.1 Table showing list of primers for different SufB plasmids: 

 

Primer name  

 

Primer sequence 

Mtu_FL_SufB_F GCATGCGAATTCGATGACACTCACCCCAGAGGCC   

Mtu_FL_SufB_R GTCATGCAAGCTTTCATCCGACCGCGCCCTCCATCTG 

Mtu_FL_SufB_His_

F 

GCATGCGAATTCGGATGACACTCACCCCAGAGGCC   

Mtu_SufB_int_F GCATGCGAATTCTGCCTGCCCGCCGGCGAGCTCATC 

Mtu_SufB_int_R GTCATGCAAGCTTTCAGTTGTGCACGGCGAACCCGTA
GGC 

Msmeg_SufB_F GCATGCGAATTCATGACGACCACCCCCGAGACAGCG 

Msmeg_SufB_R GTCATGCAAGCTTTCAGCCGACCGCACCTTCCATCTG 

Msmeg_SufB_His_

F 

GCATGCGAATTCGATGACGACCACCCCCGAGACAGCG 

"
"
"
 



 
 

./("

A.2 Table showing list of primers for mutagenesis PCR: P~ denotes 5’ phosphate 

 

Primer name Primer sequence 

Mtu_FL_ SufB _C1A_ F P~GCGCTGCCCGCCGGCGAGCTCATCACG 

Mtu _FL_ SufB _C1A_R P~GCCCTCTACGTAGTGCACGTAAGAGCC 

Mtu _FL_ SufB 

_N359A_F 

P~TGCACCGCACCGATCTACAAATCGGATTC 

Mtu _FL_ SufB 

_N359A_R 

P~CGCGTGCACGGCGAACCCGTAGGCGAG 

Mtu _FL_ SufB _C+1A_F P~GCGACCGCACCGATCTACAAATCGGATTCATTG 

Mtu _FL_ SufB _C+1A_R P~GTTGTGCACGGCGAACCCGTAGGC 

Mtu _FL_ SufB _H-5A_F P~GCGTACGTAGAGGGCTGCCTGCCC 

Mtu _FL_ SufB _H-5A_R P~CACGTAAGAGCCCTCATCGGCG 

"
"
"
"
"
"
"
"
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A.3 Table showing list of primers for Mtu SufB mini-inteins(Sufm): 

 

Primer name Primer sequence 

Mtu_ Sufm_1_F P~CCGAAGCAGGCCCGCGACTGCGGCGAC 

Mtu_ Sufm_1_R P~CGTCCTGTGGGGGATCGGCTTCGGCTT 

Mtu_ Sufm_2_F P~GTGCAGTGGACCGAGGGCGGCCGCGGAC 

Mtu_ Sufm_2_R P~CAGGCGCGCAAACTCGAGCGGCAAAACCG 

Mtu_ Sufm_3_F P~AACGTCGTTCGCAAGGACATCTACCAG 

Mtu_ Sufm_3_R P~ GTGACCCTCCGCCAGGTAGTAGCCCGC 

Mtu_ Sufm_4_F P~GGCGGCCCTGGTGTGATCATGGGCCGC 

Mtu_ Sufm_4_R P~CGACTCACAGCCATTGGTGAGACACGC 

Mtu_ Sufm_5_F P~TACTTTGCGGTGCCAATCAAGAAGCGAG 

Mtu_ Sufm_5_R P~CACATCCTTCGCCGCGATCCATCGCGG 

Mtu_ Sufm_6_F P~GCGGTCCGCGAAGCACATGAGCCCGTC 

Mtu_ Sufm_6_R P~CTCGGCGCTACGCAGCTTGGTGCTGTT 

"
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A.4 Agarose gel images showing colony PCR screens for different Mtu SufB gene 

inserts: 

       

A.4.1 Mtu WT FL SufB:                      

 

 

 

 

 

 

 

 

A.4.2 (His) tagged Mtu FL SufB:  
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A.4.3 (His) tagged Mtu FL SufB C1A/N359A splicing inactive double mutant: 

 

 

 

 

 

 

 

 

A.4.4 (His) tagged Mtu FL SufB C1A (top), N359A (bottom left) and C+1(bottom right) 

cleavage mutants  

 

 

 

 

 

 

 

 

 

 

 

 

3kb 
2kb 

3kb 
2kb 

2.58 kb 

2.58 kb 

3kb 
2kb 

3kb 
2kb 

2.58 kb 

2.58 kb 



 
 

./,"

A.4.5 (His) tagged Mtu FL SufB H-5A mutant: 

 

 

 

 

 

 

 

 

A.4.6 Inteinless M.smeg SufB (top) and M.smeg 6XHis SufB (bottom): 
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A.4.7 Mtu SufB intein: 

 

 

 

 

 

 

 

 

 

A.4.8 Mtu SufB mini-intein clones #1 (left, 558bp) and #2 (right, 612bp): 
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A.4.9 Mtu SufB mini-intein clones #3 (left, 666bp), #4 (middle, 720bp) and #5 (right, 

468bp): 

 

 

 

 

 

A.4.10 Mtu SufB mini-intein clone #6 (450bp): 
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