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Abstract

IscS, the major E. w/i cysteine desulfurase, catalyzes the removal of sulfane sulfur from L-cysteine
yielding L-alanine. IscS acts through two distinct pathways for sulfur metabolism, either supplying
sulfur to the iron-sulfur cluster machinery or passing sulfur directly to its protein substrates. This
work uses protein engineering in an attempt to identify IscS structural characteristics that function as
determinants for IscS activity 4z vivo. Two chimeric enzymes were created which consist of a portion
of IscS and a portion of the E. w/i IscS homolog, SufS. Specifically, the active site cysteine region of
SufS was replaced with the longer, more flexible active site loop of IscS. Preliminary data indicate
that these chimeric proteins do not complement growth or thionucleoside phenotypes of a AiscS E.
coli strain. Also, a mutagenic library of Zc§ mutants was created and expressed in AiscS E. coli strain.
Isolates were screened for thiamin or nicotinic acid requirements during growth on minimal media.
Preliminary data revealed five IscS mutants that appear to require thiamin after 24 hours of growth
suggesting that further work using this approach could be successful identifying IscS mutants that

reveal important structural characteristics.
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Structure-Function Studies of an Escherichia coli Cysteine Desulfurase, IscS

Chapter 1: The major Escherichia coli cysteine desulfurase, IscS

Introduction

Sulfur performs several vital functions in the cell. Many essential cofactors contain sulfur, such as
thiamin, biotin, inolybdoptex:in, and lipoic acid (Fig. 1). Iron-sulfur (Fe-S) clusters are incorporated
into many important biosynthetic enzymes, inclu('iing quinolinate synthase, which is required for the
synthesis of nicotinamide adenine dinucleotide (NAD). Sulfur is also frequently incorporated into the
nucleotides of transfer RNA (tRNA) during post-transcriptional modification. It has been shown that
the biological source of sulfur for these metabolites in nearly all organisms is L-cysteine (7-3). It is
now becoming clear that the initial stages of sulfur trafficking in the cell are mediated by pyridoxal 5’-
phosphate (PLP)-dependent cysteine desulfurases. These enzymes catalyzé the conversion of L-
cysteine to L-alanine and sulfane sulfur through the formation of a protein-bound cysteine persulfide
(Fig. 2) The first cysteine desulfurase gene to be discovered and characterized was found in the
nitrogen fixation (nzf) gene cluster of the diastrophic soil microbe, Agloz‘obaa‘er vinelandiz. Dean and
colleagues found that the deletion of the 73 gene from the 4. vinelandsi genome rendered the
resulting strain unable to make active nitrogenase (4). It has since been shown that NifS is a
homodimeric, PLP-dependent cysteine desulfurase that catalyzes the mobilization of sulfane sulfur
from cysteine (5) for the 7z vivo construction of the Fe-S cluster which is a component of nitrogenase
(6). Since the discovery of 743, sequence analyses of known genomes have shown that these genes

are widespread throughout bacteria and eukaryotes and required for viability.
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Figure 1. Some sulfur-containing cofactors.

These nzf3-like genes and their reciprocal gene products have been grouped into two classes on the
basis of amino acid sequence homology. Proteins in the two groups differ from each other in four
regions, most notably in the area surrounding the active site cysteine in the C-terminal region. The 4.
vinelandii enzyme, NifS, and the major Escherichia coli cysteine desulfurase, IscS, are included in Group
I and can be distinguished from Group II enzymes by a consensus sequence, SSGSACTS,
surrounding the active site cysteine (Fig. 3) (7). Group II enzymes have a more variable amino acid
sequence in general, however in the area adjacent to the active site cysteine a consensus sequence,
RXGHHCA, can be defined (7). E. Co/i Group II enzymes are SufS, sometimes called selenocysteine

lyase, and cysteine sulfinate desulfinase (CSD).
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Figure 2. Reaction catalyzed by the PLP-dependent cysteine desulfurases.



The two classes of cysteine desulfurase differ in their specificity for various substrates, namely L-
cysteine, L-selenocysteine, and L-cystine. In E. ¢o/z, IscS shows a broader range of specificity in vitro
catalyzing the removal of both sulfane sulfur and selénium from L-cysteine and L-selenocysteine,
respectively (8). Alternately, n vitro testing of SufS (also known as CsdB) indicates that it is far more
specific for L-selenocysteine having a 290 times greater specific activity toward L-selenocysteine than
toward L-cysteine (9). On this basis, SufS is considered to be functionally similar to mammalian
selenocysteine lyase. However, new data show that the activity of SufS toward L-cysteine increases
dramatically in the presence of SufE, indicating that SufSE may form a two component cysteine
desulfurase (70-12). In addition, IscS, instead of SufS, was found to be required for selenium

insertion into tRNA (73). The final

Group | enzymes NifS-like enzyme of E. co/, CSD,
Synechocystis sp. NifS RLALSSGSACSSYRT shows a broad range of substrate
H. influenzae NifS DIAVSSGSACTSASL
B. subtilis NifS NICISTGSACSAGYH b ]
S. thyphimurium NifS DLAVSSGSACTSASL specificity for a number of cysteine
Y. pestis'IscS DLAVSSGSACTSASL
E. coli lscS DLAVSSGSACTSASL analogs including L-cysteine sulfinic
CONCENSUS ----SSGSACTS--- : - :
acid, L-selenocysteine, and L-cystine,
Group Il enzymes but little activity toward L-cysteine
E. coli SufS GIAVRTGHHCAMPLMA
Y. pestis SufS GIAIRTGHHCAMPLMA (74). Also, data show that the
S. typhimurium SufS GIAVRTGHHCAMPLMA
M. bovis CSD GVAVRVGHHCALPLHR activity of CSD toward L-
B. subtilis CSD GIAVRAGHHCAQPLMK
P. falciparum CSD NICIRAGHHCASLLHK siliiae cysteine increases in the
CONSENSUS ----R-GHHCA-----
presence of pyruvate (8). The role of

Figure 3. Sequence alignment of the area adjacent to the

active site cysteine in Group I and II bacterial cysteine CSD is pootly understood. The
desulfurases. Organisms: Synechocystis sp., Eschrichia coli,
Yersinia pestis, Salmonella typhimuriun, Mycobacterinm bovis,
Bactllus subtilis, Plasmodium falciparum. The active site cysteine
is in bold.

biochemical and genetic evidence to

date show that IscS homologs are
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required for biosynthesis of neatly all sulfur-containing metabolites (75, 76) indicating that IscS is

considered to be the major sulfur mobilizer in the cell.

Ise gene cluster and iron-sulfur cluster assembly

IscS is a component of the iron-sulfur cluster (ISC) biosynthetic pathway which s responsible for the
assembly and incorporation of Fe-S clusters into many metalloproteins. The gene encoding IscS is
located in the multicistronic operon known as the #sc gene cluster, which contains R, zscS, z5cU, i5eA,
hseB, hseA, and fdx (15). This gene cluster was first discovered in 4. vinelandsz, and similarly organized
clusters have been found in E. o/, Haemaphilus influenzae, and Psendomonas aernginosa (Fig. 4). Genes

homologous to members of the zv cluster are found in nearly all known bacterial genomes.

The expression of iseSUA is auto-regulated by the repressor, IscR, which is thought to bind to its
own gene, iR, in the presence of sufficient levels of Fe-S cluster production. IscR is located
upsrre;im of the rest of the Ziv gene cluster in many organisms, including . vinelandzi and E. coli. The
data indicate that IscR contains a labile [2Fe-25]* cluster which appears to be important for its
function (77). This suggests an auto-regulatory mechanism which senses the Fe-S cluster assembly

status of cells.

Due to the inherent toxicity of free iron and sulfide, it is thought that the ISC machinery proteins

provide a controlled pathway for the construction and placement of Fe-S clusters into their ultimate

2l

E. coli I iscS > iscu> iscA> hscB> hscA :>‘
A. vinelandii | cysE2 | iscS ‘> 4ch> iSCA 1 1 hscA >‘

Figure 4. Arrangement of the iron-sulfur cluster operon in various organisms.
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protein hosts. The initial step in this pathway is the mobilization of sulfur by IscS resulting in a
cysteinyl persulfide. Sulfur is then transferred to the Fe-S cluster scaffolding protein, IscU, where it
can be incorporated into nascent Fe-S clusters. Complex formation between IscS and IscU has been
cleatly documented by various methods (78). Though the exact mechanism of sulfur transfer to IscU
is not known, studies indicate that Cys63 of IscU serves to accept the sulfur atom from IscS,
resulting in an IscU-bound persulfide (78, 79). This interaction has not been detected between IscU
and the other two E. /i cysteine desulfurases indicating that IscS provides the main source of sulfur
for Fe-S proteins supplied by the ISC machinery. One study indicates that the C-terminal region of
IscS may contain the IscU binding domain (79). The other two E. w/i cysteine desulfurases, CSD and

SufS, lack this region which may account for their inability to bind to IscU.

A potential role for IscA as an alternate Fe-S scaffolding protein has been suggested by 7z vitro studies
that show the NifS-directed assembly of one Fe-S cluster per homodimer of IscA (20, 27). This role
for IscA is supported by the selective binding of holo-IscA, but not apo—iscA, to apo-ferredoxin,
resulting in holo-ferredoxin containing a [2Fe-2S] cluster (7). Alternately, new data suggest that the
primary role of IscA may be to recruit intracellular iron and make that iron available for Fe-S cluster
assembly. Ding ¢z a/. (22) show that under circumstances of limited free iron IscA functions to
provide iron to IscU during Fe-S cluster construction. The iz vivo relevance of this new information
has yet to be investigated, but owing to the toxicity of free iron and the abundance of intracellular
iron chelators it is reasonable to expect free iron to be limited in the cellular environment. This
interpretation is supported by the fact that, in an environment where free iron is limited, IscA fails to

form Fe-S clusters (22). A dual role for IscA is possible.

Of the multiple sulfur-containing cofactors that cannot be produced by AéscS E. col strains, many of

these require Fe-S cluster enzymes for their biosynthesis. Biotin, for example, is produced through
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Figure 5. The four naturally-occurring thionucleosides of E. coli. s*U,
4_thiouridine; s2C, 2-thiocytidine; mnm?®s?U, 5-methylaminomethyl-
2-thiouridine; ms%A, 6-N-dimethylthioadenosine.

the conversion of dethiobiotin by the Fe-S enzyme biotin synthase (BioB). It has been shown by
Marquet and colleagues that the [2Fe-2S] cluster of BioB is the sulfur source for biotin synthesis (23-
25). Tt seems clear that IscS contributes to the maturation of BioB through its role in the de novo
synthesis of Fe-S clusters via the ISC pathway. Additionally, studies indicate that both NifS and IscS
can supply sulfur for the reconstitution of BioB Fe-S clusters after each catalytic turn-over (25, 26).
Similarly, lipoate synthase (LipA) catalyzes the synthesis of lipoic acid from octanoic acid. The
sequence of LipA shares two conserved Fe-S cluster binding domains with BioB, and the two

reactions are likely to proceed through a similar mechanism.

E. coli and Bascillus subtilis mutant strains that are missing 755 show a nutritional requirement for
nicotinic acid, a precursor of NAD. The source of this deficiency has not been investigated, however
it is thought the Fe-S cluster enzyme, quinolinate synthase (NadA), may be responsible. NadA is a

component of the biosynthetic pathway that converts L—aspartate and dihydroxyacetone to



quinolinate. This enzyme can be inactivated by exposure to oxygen, suggesting the presence of a
labile Fe-S cluster (27-29). Additionally in B. subtilis, a group 1 #ifS gene is located in the #ad operon

and is required only for NAD biosynthesis (29).

Iron-sulfur cluster enzymes are also involved in the modification of bacterial tRNA. The production
of two sulfur modified nucleosides, 2-methylthio-N-isopentenyl adenosine (ms?°A) and 2-
thiocytidine (s?C) (Fig. 5), has been shown to be dramatically depressed in E. co/i and Salmonella
enterica (30, 31) strains with mutations in the Zsc operon. One of the components of the biosynthetic
pathway for the production of ms2A has been shown to contain a [4Fe-4S] cluster (32, 33). This
enzyme, MiaB, is thought to complete the thiolation and methylation steps that follow addition of
the isopentenyl group to N-6 of adenosine by tRNA-isopentenylpyrophosphate transferase (MiaA).
The involvement of other enzymes in these final steps of ms2¢A synthesis cannot be ruled out, but it
is clear that thiolation is accomplished by MiaB (34). MiaB is a member of the radical S-
adenosylmethionine (SAM) superfamily of enzymes, and it is therefore believed that the mechanism
for sulfur incorporation utilized by MiaB employs a radical mechanism for sulfur activation (33).
LipA and BioB reactions are thought to proceed through a similar mechanism. Alternately, the
synthesis of s?C is less well understood. Recent evidence in 5. enterica identifies a gene, termed 724
for avo-iocytidine, that is responsible for the production of s2C (35). It remains to be proven

whether this gene product contains an Fe-S cluster.

E. coli 45§ deletion strains show isoleucine and valine auxotrophy (36), which can also be accounted
for by defects in Fe-S cluster assembly. The pathway for these branched-chain amino acids includes
an Fe-S cluster enzyme, dihydroxy-acid dehydratase. IscS has been shown to contribute to the

formation of the [4Fe-4S] cluster of dihydroxy-acid dehydratase i vitro (37).
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Other roles for IscS

IscS is also known to act directly to pass sulfur to biosynthetic enzymes for the production of sulfur-
containing products. Radiolabeling studies have shown the direct transfer of sulfane sulfur from IscS
to the sulfurtransferase, Thil (38, 39). Thil is a component of the thiazole biosynthetic pathway.
Lauhon and colleagues have shown the Thil persulfide is able to either modify a uridine residue of
tRNA, giving the modified nucleoside, 4-thiouridine (s*U) (Fig. 5), or transfer sulfur to the
adenylated thiazole sulfur donor enzyme, ThiS, giving a ThiS thiocarboxylate (38, 39). Previous work
has shown that the ThiS thiocarboxylate is the ultimate sulfur donor for construction of the thiazole

moiety of thiamin (40) (Fig. 6).

The production of another thionucleoside, 2-thiouridine (s?U), requires the transfer of sulfur from
the IscS-bound persulfide to the modifying protein, MnmA. The work of Lauhon and colleagues
shows that the IscS persulfide is sufficient to provide sulfur to MnmA for the synthesis of s2U zx vitro
(47). No direct evidence has been found for binding of IscS and MnmA although transfer of sulfane
sulfur has been observed z zitro (42). This fact in combination with the finding that the specific

activity of MnmA toward unmodified substrate tRINA is lower than that of Thil for substrate tRNA

M
Thil Thil—S—SH il
/\ tRNA
IscS—S—SH IscS
/CIL
This OAMP

ol

ThiS’ SH

Figure 6. Production of 4-thiouridine (s*U) and ThiS thiocarboxylate by Thil.
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(47) leaves open the possibility that another factor may stimulate this process z# vivo. Despite this, it

remains likely that IscS acts as a direct sulfur donor to MnmA ## vivo.

In addition, IscS is capable of passing its sulfur to MoeB, the enzyme which is responsible for
charging molybdopterin (MPT) synthase with a thiocarboxylate moiety insttumental in the formation
of MPT (43). Despite these 2 vitro results, IscS is not required for formation of the MPT synthase
thiocarboxylate (7), and therefore it is not thought to be the major donor of sulfur for this process iz
vivo. Alternately, it has been shown that E. /i CSD is the most efficient sulfur donor for MPT

synthesisr in vitro (43).

Thionucleosides as reporters of IscS function

Due to the requirement of IscS for the production all of the thionucleosides found in E. cw/; and

other organisms, Lauhon and colleagues (37, 44) have shown that thionucleoside profiling provides a

/ msifA
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Figure 7. Reverse phase HPLC profiles of thionucleoside production in wild type (top) and AiscS
(bottom) E. co/. Spectra from polar solvent system (left) contain peaks for s2C, mnm3s2U,
and s*U. Spectra from less polar solvent system (right) contain the peak for ms26A.
Abbreviations: s*U, 4-thioutidine; s?C, 2-thiocytidine; mnm3s2U, 5-methylaminomethyl-2-
thiouridine; ms?9A, 6-N-dimethylthioadenosine. Figure from (37).
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useful tool for measuring the 7 vivo activity of IscS mutants (Fig. 7). In addition, it seems that the
distinct pathways for IscS involvement in thionucleoside synthesis can be decoupled i vivo. Studies in
E. e/ have shown that the production of Fe-S cluster-dependent thionucleosides (s2C and ms2i6A) is
dramatically decreased in some iscS mutant strains, yet production of Fe-S cluster-independent
thionucleosides (mnm3s2U and s*U) are unaffected (44). An iU mutant strain of 5. enterica yielded a
similar thionucleoside profile (30). This and other new evidence (45) clearly indicate that, more

generally, thionucleoside production acts as a repotter for iron and/or sulfur metabolism.

IscS catalytic mechanism and structural features

The NifS protein from the thermophilic organism, Thermatoga maritima, was the first IscS homolog to
be structurally characterized using x-ray crystallography (46). Recently, the crystal structure of E. Co/i
IscS has become available (Fig. 82). A comparison of the two structures shows only minor
differences (47). These enzymes are members of the a-family of PLP-dependent enzymes, which
consist of two domains. The IscS domains consist of both a-helix and B-sheet, with 40.1% of
residues found in a-helices and 13.8% found in B-sheet in the case of E. ¢/ IscS. This structure
confirms that IscS exists as a homodimer and shows that interactions between the larger domains
comprise the majority of the dimer interface. The dimer interface is of moderate size with 7% (2351
A2) of the surface area of each monomer buried by dimer formation. Both structures show that there
are two active sites per dimer and they are located at the interface. Several residues from the adjacent
monomer are involved in the formation of each active site (Fig. 8b). In particular, Thr243 is
hydrogen bonded to the phosphate group of the PLP in the adjacent monomer, and His235

protrudes into the active site of the other monomer.

The active site pocket is located in a cleft at the dimer interface with the PLP lying at its base. In E.

colz IscS, the PLP is anchored by the formation of an internal aldimine Schiff base with Lys206. A
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@

Figure 8. E. coli IscS structure. Monomer 1 is
in light gray and monomer 2 is in dark gray.
The PLP cofactor is in black. Images were
generated using Protein Explorer v. 2.4 Beta
(49), accession number 1P3W. Coordinates
are from (47). (a) The IscS dimer from two
views. Arrows indicate active site locations.
(b) Closer view of active site.

number of other interactions also help
maintain the correct position of the PLP,

~such as hydrogen bonding between the

phosphate oxygens of the PLP and several
side-chains (Thr76, Ser203, and His205 of the same subunit and Thr243 of the adjacent subunit),
between the phenolate oxygen of the PLP and GIn183 and between a pyridine nitrogen of the PLP
and Asp180 (47). The active site is highly solvated with many chatged ot polar side-chains, including
His104, Lys105, Asn155, Glu156, Tyt337 and Arg354, lining the boundaries of the pocket. It is

thought that the imidazole ring of His104 is positioned to act as an acid/base catalyst in
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protonation/deprotonation steps during catalysis. In T. maritima NifS, this histidine is located at

position 99.

Cys328 of E. /i IscS is located on a flexible loop that is adjacent to the active site pocket. This
cysteine residue bears the persulfide during catalysis. In the structure of T. maritima NifS, this loop
(from Ser321 to Arg332) is completely disordered and was omitted from the model. In the structure
of IscS, a smaller portion of the loop (from Cys328 to Cys333) is disordered (46, 47). By modeling
the potential conformations for the disordered IscS residues, Vickery and colleagues show that the
shortest distance between the y-sulfur of Cys328 and the PLP cofactor is >17A (47). This distance is
too large to allow for catalysis to occur indicating that the loop, or the active site region in general,
must undergo a significant conformational change during catalysis. It is also possible that the position
of the loop residues in this structure is not biologically relevant and is forced by crystallization

conditions. The disorder of these loop residues suggest that the loop has conformational flexibility.

The exact mechanism of sulfur transfer from substrate cysteine to the enzyme-bound cysteine
persulfide is still a matter of some debate. Data from desulfurase activity tests on 1. maritima NifS
followed by ultraviolet-visible light (UV-VIS) spectroscopy suggests the following catalytic
mechanism (46). The internal Schiff base is deprotonated at the beginning of the catalytic cycle (Fig.
9 (1)). In the presence of L;cy*steine, transamination occurs rapidly with a conversion of the internal
aldimine on the enzyme-bound lysine residue to the external aldimine formed between PLP and
substrate cysteine (Fig. 9 (2,3)). It is proposed that the ketamine nitrogen is then protonated by His99
of NifS (Fig. 9 (4)). Huber and colleagues suggest that His99 acts as a tunable catalyst throughout the
teaction mechanism, in that a protonate&l histidine will favor the quinoid form of the PLP while a
deprotonated histidine will stabilize the aromatic form of the co-factor through stacking interactions

(46). This role for His99 is supported by its positioning with respect to the pyridine ring of the
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Figure 8. Proposed mechanism for cysteine persulfide formation by Thermatoga maritima NifS. Figure from (46).
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cofactor and by the fact that it is strictly conserved throughout NifS-like proteins. Hydrogen bonding

between the protonated nitrogen and the phenolate oxygen at this point is expected. Activation of
the active site cysteine then takes place, though the residue responsible for this is not clear. Huber
suggests that His99 may also perform this function, while others suggest His45 as the base in this
step (48). Alternately, at the pH optimum a sufficient amount of cysteine may be in the thiolate form
and therefore not require activation. Attack of the St of the substrate cysteine by the activated
Cys325 yields the cysteinyl persulfide (Fig. 9 (6)). Data show that all steps preceding this one are in
fast equilibrium and that formation of the persulfide is the rate-limiting step (48). Protonation of the
substrate CP is then followed by deprotonation of Lys203 by the C* ketimine, which is rendered
sufficiently basic by the delocalized n-system of the cofactor and the additional pressure from the
deprotonated His99 (Fig. 9 (7, 8)). Restoration of the internal aldimine occurs and the product L-

alanine is released (Fig. 9 (9)).

Project Goals and Hypotheses

Giveﬁ the variety of roles that IscS can play in sulfur metabolism and the distinct differences
between the activity of IscS and other E. cw/ enzymes with similarity to NifS, it seems clear that there
are structural characteristics of IscS which allow for its involvement in particular pathways. The
specificity of interactions of IscS for its various protein substrates must be mediated by structural
features of the enzyme. Therefore, the goal of this work is to identify important residues or areas in
the amino acid sequence of IscS that dictate this specificity. In particular, I will use the difference in
nutritional requirements of various IscS mutants in. an attempt to screen for mutants that will reveal
important IscS residues. Additionally, T will use protein engineeting to discern the role of the IscS
flexible loop in IscS function and protein partner interactions. I hypothesize that through the use of
these techniques IscS residues will be identified that function as determinants for IscS function z»

vivo, either catalytically or through protein-protein interactions.
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Chapter 2: Construction of a SufS-IscS chimeric protein

Rationale

Although the amino acid sequences of two E. cw/i cysteine desulfurases, IscS and SufS, only show
approximately 30% identity, superimposition of the two crystal structures shows that these two
enzymes are structurally very similar. Vickery and colleagues report an r.m.s. difference of only 1.7 A
for all main chains atoms that can be aligned between the two structures (47). Further, the structural
alignment completed by Vickery and colleagues shows that all B-strands/sheets are conserved
between the two enzymes, while the a-helical structure of the two proteins differ slightly with a few
helices that are found in SufS missing in IscS and one IscS helix absent in SufS (Fig. 1). The N-
terminal region of SufS consists of a 21-residue extension missing in IscS which contains two a-
helices (SufS helices A and B). Similarly, the C-terminus of IscS extends 23 residues beyond the C-
terminus of SufS and contains one additional helix (IscS helix O). One study found that deletion of a
portion of the IscS C-terminus (residues 376-404) leads to decreased binding affinity for the Fe-S
scaffolding protein, IscU (79). This raises the possibility that IscS helix O or other residues of the C-

terminal region may play a role in IscU binding interactions.

One notable difference, not only between the structures of IscS and SufS but between all Group I
and Group II cysteine desulfurases, is the length and flexibility of the active site cysteine loop. In IscS
and other Group I enzymes, the active site cysteine is located én a 12 residue loop that displays great
flexibility. The structural determination of both E. w/: IscS and T. maritima NifS failed to detect
electron density for a portion of the active site loop (46, 47), indicating that these residues do not
maintain a constant position relative to the rest of the structure. It is possible that the length and
flexibility of this loop region is requited for the ability of IscS to efficiently pass sulfur to various

acceptor enzymes. Another potential role for the flexibility of the loop may be to exclude solvent
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Figure 1. Structure-based amino acid sequence alignment of E. w/ IscS and SufS. Cylinders indicate helices and arrows
indicate B-strands or sheets. The loop regions of each structure are bold and the active site cysteines are enclosed in boxes.

Figure from (47).

from the active site during catalysis and stabilize catalytic intermediates, as has been demonstrated for
the active site loop of triosephosphate isomerase (TTM) (50-52). Alternately, in Group II enzymes the

loop region is much shorter and the crystal structure of SufS indicates that the mobility of this loop
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region is greatly restricted by hydrophobic interactions between the active site cysteine loop of one

subunit and a B-hairpin loop of the other subunit (53).

The s/ gene is located in an operon (s#f) which contains genes that ate homologous to those in the
isc operon. In E. coli the suf operon mediates the construction of Fe-S clusters under adverse
conditions, such as oxidative stress and iron starvation (54-58). E. coli mutants with deletions of the
suf operon show decreased activity of some Fe-S cluster enzymes under oxidative stress (54, 55). And
while expression of the i gene cluster is controlled by an autoregulatory iron-sulfur cluster sensing
mechanism (77), the s#f operon is coregulated by the OxyR hydrogen peroxide sensor and the Fur
iron-sensing repressor (56-58). While deletion of suf genes in wild type E. /i gives no observable

phenotype under normal growth conditions, s#f deletions in a AéseS mutant are synthetically lethal

69

New evidence shows that SufS is likely a partner to SufE in thé formation of a two component
cysteine desulfurase. Recent studies demonstrate binding between SufS and SufE and show a
dramatic increase in cysteine desulfurase activity by SufS in the presence of SufE (70-72). It has been
suggested that the role of this two component cysteine desulfurase is to minimize sulfide release
under stress conditions iz vivo by protecting the enzyme-bound persulfide intermediate from
intracellular reductants (70). In particular, the slower rate of sulfide production in combination with

binding to SufE may provide a more protected and controlled environment for sulfur transfer.

These two cysteine desulfurases share a large portion of core structure and seem to play a similar role
in Fe-S cluster assembly, albeit under different cellular conditions. It stands to reason that one of the

few structural differences between the two enzymes, namely the length of the active site cysteine
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loop, may be the cause of their differing levels of catalytic activity toward L-cysteine and, therefore,

may contribute to differing functions of IscS and SufS 77 vivo.

Using protein engineering techniques, this project will investigate the contribution of the IscS active
site cysteine loop region to sulfur mobilization by SufS in the absence of its protein partner, SufE. 1
hypothesize that the introduction of the longer and more flexible active site cysteine loop of IscS into

the SufS structure will allow SufS to complement some phenotypes of a AéiseS E. coli strain.

Experimental Approach

In order to test this hypothesis, I have constructed two chimeric proteins wherein the shorter loop
region of the SufS enzyme is replaced by the longer segment of IscS loop residues (Fig. 2). If the
length and flexibility of the active site cysteine loop confers increased catalytic activity on the
chimeric protein, one would expect introduction of the chimeric construct to alleviate some of the
characteristics of the AiseS phenotype, such as decreased growth rate and low levels of thionucleoside
production. However, full complementation by the chimeric construct may not occur, since it is
expected that some structural features or specific residues outside of the loop region of IscS affect
interactions with its substrate enzymes. For example, binding to IscU appears to require the C-
terminal region of IscS, a portion of which is missing from SufS. This might cause the chimeric SufS-
IscS construct to be unable to effectively deliver sulfur to the ISC apparatus and, therefore, the
chimeric protein may not complement iron-sulfur production defects of the AzuS strain. Analysis of
the thionucleoside profile of the AzscS strain into which the chimeric construct has been introduced
will provide a way to coherently deterrqine the effects of the IscS loop region both on Fe-S cluster

synthesis and on the other functions of IscS.
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Figure 2. Schematic representation of experimental design. Asterisks represent mutations from original s#f5 or #scS
sequence. Abbreviations: RT, reverse transcription.

Results and Discussion

Construction of chimeric proteins. By modifying the s#fS gene to contain restriction sites flanking the SufS
active site cysteine region, the SufS loop sequence was excised from the gene by restriction digestion.
Similatly, after generation of a double-stranded fragment containing the 7S loop region with
introduced restriction sites, the fragment was digested, then the pieces were ligated together to create
a chimeric gene consisting of predominantly s#3 sequence but with the SufS loop region substituted
with the z5c5 loop sequence. Two design schemes for this construction were undertaken. The first,
yielding the construct termed pSufSIscS1, was based on amino acid alignment alone. When the
structure of IscS was published (47), it became clear that the design of pSufSIscS1 was not the ideal
construct for loop replacement. Specifically, the location of amino acid substitutions appeared to be
in a location that would include a disrupted a-helix from IscS structure in the new chimeric protein.

For this reason, a new chimeric gene, located on the plasmid termed pSufSIscS2, was constructed.
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Amino acid sequence of chimeric SufSlscS1

1
61
121
181
241
301
361

DFPVLSREVN
NVRKRASLFI
QMLCARVGAE
HQHGAKVLVD
GGGSMIATVS
HYALSQLESV
PSYVLRALGL

GLPLAYLDSA
NARSAEELVF
LRVIPLNPDG
GAQAVMHHPV
LSEGTTWTKA
PDLTLYGPQN
NDELAAPMCRA

MIFSVDKVRA
LSAQATEKME
MEHHANIVPW
NPLAEMITLA
ALLQEMPPWE
NIAEYEQNLM
GSAIJTSASLE

Amino acid sequence of chimeric SufSiscS2

1
61
121
181
241
301
361

MIFSVDKVRA DFPVLSREVN
LSAQATEKME NVRKRASLFI
MEHHANIVPW QMLCARVGAE
NPLAEMITLA HQHGAKVLVD
ALLQEMPPWE GGGSMIATVS
NIAEYEQNLM HYALSQLESV

GLPLAYLDSA
NARSAEELVF
LRVIPLNPDG
GAQAVMHHPV
LSEGTTWTKA
PDLTLYGPQN

ASAQKPSQVI
VRGTTEGINL
TLQLETLPTL
DVQALDCDFY
PWRFEAGTPN
RLGVIAFNLG
SLAMYNTHEE

ASAQKPSQVI
VRGTTEGINL
TLQLETLPTL
DVQALDCDFY
PWRFEAGTPN
RLGVIAFNLG

DAEAEFYRHG
VANSWGNSNV
FDEKTRLLAI
VFSGHKLYGP
TGGIIGLGAA
KHHAYDVGSF
VDRLVTGLQR

DAEAEFYRHG
VANSWGNSNV
FDEKTRLLAI
VFSGHKLYGP
TGGIIGLGAA
KHHAYDVGSF

GSAEHSASLE PSWPLMAYYN VPAMCRASLA MYNTHEEVDR LVTGLQRIHR

YAAVHRGIHT
RAGDNIIISQ
THVSNVLGTE
TGIGILYVKE
LEYVSALGLN
LDNYGIAVRT
IHRLLG

YAAVHRGIHT
RAGDNIIISQ
THVSNVLGTE
TGIGILYVKE
LEYVSALGLN
LDNYG7AVSS
LLG

Figure 3. Amino acid sequence of constructed chimeric SufS/IscS proteins translated from the plasmids
pSufSIscS1 and pSufSIscS2. Active site cysteines are enclosed in boxes. Introduced IscS loop residues are underlined.
Residues that do not come from either SufS or IseS, but mstead are a result of the engineering process, are in italics.

These schemes differ only in the location of restriction sites and slight differences in the resulting
amino acid sequence of the chimeric proteins. Since design of the second construct benefited from
comparison of the two structures on a residue-by-residue basis, pSufSIscS2 is more likely to yield a
stable and functional enzyme. The resulting amino acid sequences of the constructs are shown in

Figure 3.

Lethality of pSufS1scS1 to DE3 lysogens. Transformation of the pET-derived plasmid construct,
pSufSIscS1, into two E. w/i DE3 lysogen strains (MC1061 AsscS and BL21) yielded no colonies
despite repeated attempts to transform each strain. Conversely, a non-DE3 lysogen strain of E. o/
(DH5a) was successfully transformed. One explanation is that the expression of the resulting protein
is lethal to the two E. /i strains used in this study, including the standard laboratory strain, BL.21,
which contains an intact S gene. The reasons for the lethality of this construct are unclear. One
possibility is that the chimeric protein exl‘libit"s dramatically increased persulfide production, but that
the persulfide is unstable. This would lead to the release of large amounts of intracellular sulfide,

which is highly detrimental to cells. This effect is not without precedent. For example, the PLP-
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dependent virulence enzyme, cystalysin, from the oral pathogen, Treponema denticola, is an unregulated
L-cysteine catabolizing enzyme which produces large quantities of hydrogen sulfide for the purpose
of killing erythrocytes (60). It is possible that the introduction of the IscS loop into this particular
location within the SufS structure yielded an enzyme with high levels of cysteine desulfurase activity
but that lacked the ability to stabilize the persulfide, thereby rendering the enzyme lethal. This effect
has not been reported in other IscS or SufS mutants. It is also possible that protein-protein

interactions involving the chimeric protein disrupt a process required for growth.

Slightly increased growth rate of pSufSIscS2 in AlscS strain. The doubling time of E. wiz CL100 (DE3), a
strain in which the ¢S gene has been deleted in frame, trans formed with pSufSIscS2 was slightly

faster than the same strain complemented with a plasmid containing the wild type s#/3 gene
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Figure 4. Growth rate of E. co/s AiseS strain, CL160 (DE3), transformed with plasmids containing: wild
type SufS (pSufS), His-tagged wild type IscS (pHisIscS), and chimeric construct 2 (pSufSlscS2).
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Figure 5. HPLC analysis of tRNA isolated from E. coli NiscS strain, CL100 (DE3), transformed with plasmids
containing His-tagged wild type IscS (pHislscS) and chimeric construct 2 (pSufSIscS2).

(ta(pSufSTscS2) = 97.3 min, t(pSufS) = 103.2 min) (Fig. 4). However, this is significantly slower than
CL100 complementation with a plasmid containing the His-tagged IscS protein (t2(pHisIscS) = 28.5
min). This indicates that the chimeric protein may have very slightly increased activity toward L-
cysteine. Due to the small difference in doubling times between the chimeric construct and wild type

SufS, more study is required to confirm this effect and determine the cause of an increase in growth

rate.

Effect of pSufSIscS1 construct on thionucleosides. Isolation, digestion, and HPLC analysis of the tRNA
isolated from 7S deletion strain, CL100 (DE3), containing either pSufS, pSufSIscS2, or pHisIscS
showed that the pSufSIscS2 construct did not stimulate production of thionucleosides. Samples from
both pSufS and pSufSIscS2 transformeéi strains showed little to no thionucleoside production (Fig. 5,

Table 1). The ratio of peak intensity for each thionucleoside measured (s2C, s*U, and mnm5s?U) to
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Table 1. Levels of thionucleoside production in AiscS strain, CL100 (DE3), when transformed with pHisIscS, pSufSlscS2,
and pSufs. Ratios are calculated using HPLC peak areas.

mnm3s2U /) $2C/ § U/ ¢
pllisIscS 0.12 0.14 0.54
pSufSlscS 0.01 0.01 0.00
pET21c (empty vector) 0.01 0.01 0.03

the intensity of the pseudouridine (¢) peak can be seen in Table 1. This indicates that the chimeric
protein is unable to observably substitute for wild type IscS in either its Fe-S cluster assembly

function or in its interactions with either Thil or MnmA.

Stability of chimeric protein. When cell extracts of induced cultures were run on a denaturing protein gel,
a band for the chimeric protein was observable (Fig. 6). This suggests that the protein is able to fold

cortectly and is not degraded by proteolysis during growth.

Conclusions and suggestions for further investigation. These data indicate that the chimeric contruct is unable
to complement any of the functions of IscS. Preliminary data suggest that the protein is stable,
indicating that the addition of the IscS loop did not disrupt SufS folding. However, it is not clear if
the looin of the chimeric protein is able to mobilize sulfur and, if so, to what extent. Measurement of
the cys'teine desulfurase activity of the chimeric protein is an essential next step. If the active site
cysteine of the chimeric construct is not able to mobilize sulfur, there are a few potential reasons for
this. The protein engineering process resulted in two amino acid mutations in the chimeric structures
that came from neither the IscS nor the SufS sequence. These mutations may have an important role
for loop function. In particular, a threonine was introduced into postion 256 of the chimeric amino
acid sequence. The homologous positions in‘both IscS and SufS are hydrophobic branched chain

residues (SufS I1e256 and IscS Leu320), and smaller hydrophobic residues are well conserved in this
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HislscS SufSiscS2 SufS

Figure 6. SDS-PAGE of cell extracts from AsscS
strain, CL.100 (DE3), transformed with pHisIscS,
pSufSIscS2, and pSufS before and after induction
with 1 mM IPTG.

position in the sequences of many other NifS-
like enzymes. Also, a Trp at position 373 of the
chimeric protein replaces Met376 of the SufS
structure. This position is not as well conserved
and therefore may not be as likely to cause a
detrimental effect. In order to determine if
these residues are impaiting the functionality of
the introduced loop, one could use site-
directed mutagenesis to simply mutate these
residues back to the appropriate residue found

at that location in the SufS sequence.

Another potential problem with correct

functioning of the chimeric active site loop might have to do with interacting residues on the exterior

of the enzyme. In IscS, the correct dynamics of the loop during catalysis may be mediated by other

interacting residues that are missing on the exterior of SufS. To address this question, one could

create a mutagenized library of the chimeric nucleotide sequence. Introduction of the library into a

AiscS E. coli strain followed by selection for rapid growth would yield chimeric constructs with

mutations that increased the functionality of the introduced IscS loop. The major advantage of this

approach would be that the slow rate of growth of the original SufS-IscS chimeric construct

described here would allow for easy selection of colonies that are large after only 12 to 16 hours of

growth. The existence of mutants with the ability to confer rapid growth would suggest that the

structural features of the IscS flexible loop play an important role in the overall function of the

enzyme. Also, comparison of the location of the mutations to wild type IscS sequence might reveal
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some interesting information about the residues important in the functionality of the IscS flexible

loop.

Alternately, if the chimeric enzyme shows an increased ability to catalyze the removal of sulfane

sulfur from L-cysteine, above that of wild type SufS, this would suggest that the flexibility of the IscS
loop region contributes to its higher specific activity for L-cysteine. In addition, it would indicate that
the chimeric enzyme was unable to effectively interact with its protein substrates, which would point

to structural features outside of the loop region as interaction determinants.

Materials and Methods

Generation of donble-stranded iscS logp fragments. Oligonucleotides were obtained from Integrated DNA
Technologies, Inc. (IDT). Each of the two oligonucleotides for the two constructs were comprised
of opposite strands of the N-terminal and C-terminal areas of the IscS loop sequence, respectively,
and contained a short (13-16 nucleotide) region of complementary sequence (Fig. 7). Using in vitro
reverse transcription, double-stranded gene fragments were generated which contained the IscS loop
sequence with restriction sites incorporated at locations appropriate for digestion and ligation into
the /3 gene (Fig. 8b and 9b). For the construction of pSufSIscS1, recognition sites for Age I and
Pml I were incorporated into the sequence of the oligonucleotide primers. For the construction of
pSufSIscS2, recognition sites for Nco I and BspH I were incorporated into the sequence of the
primers. Reverse transcription reactions were carried out as follows. Oligonucleotide primers (15
pmol each), dNTPs (amount required to give 10 mM in total reaction volume), and deionized water
were combined and heated to 65°C for 2 min. The reaction was cooled briefly on ice. Invitrogen 5%
first-strand buffer was then added, followed by 0.1 M dithiothreitol (DTT). The reaction was
incubated at 25°C for 2 min to facilitate annealing of complementary strands. Two hundred units of

Invitrogen SuperScript IT Reverse Transcriptase (SSII RT) was then added and the reaction was
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Age_sufs +
Age_sufs -
Nru_sufs +
Nru_sufs -
Age_IscSloop +
Pml_IscSloop -
Nco_sufs +
Nco_sufs -
Kpn_sufs +
Kpn_sufs -
Kpn_IscSloop +
BspH_IscSloop -

5’ -ATTGCTGTGCGTACCGGTCATCACTGCGCAATGCC-3’

5’ -TAACGACACGCATGGCCAGTAGTGACGCGTTACGG-3’

5’ -GGCCTATTACAACGTCCTCGCGATGTGTCGGGCG-3’

5’ -CGCCCGACACATCGCGAGGACGTTGTAATAGGCC-3’

5’ -CGCGGTTTCTACCGGTTCCGCCTGTACGTCAGCAAGCCTCGAACCGTCCTACGTGCTG-3"
5’ -CGGATAGAGCCACGTGCCAGCTCGTCGTTCAGCCCCAGCGCGCGCAGCACGTAGGACG-3’
5’ -GCGTACCGGACATCACTGCCCATGGCCATTGATGGCCTATTACAACG-3’

5’ -CGTTGTAATAGGCCATCAATGGCCATGGGCAGTGATGTCCGGTACGC-3’

5’ -GGCAGTTTTCTCGATAATTACGGTACCGCTGTGCGTACCGGACATCACTGC-3’

5’ -GCAGTGATGTCCGGTACGCACAGCGGTACCGTAATTATCGAGAAAACTGCC-3’

5’ -AAAGGTACCGCAGTTTCTTCAGGTTCCGCCTGTACGTCAGC-3’

5’ -CGCAGCACTCATGACGGTTCGAGGCTTGCTGACGTACAGGCGG-3’

Figure 7. Primer sequences for construction of chimeric constructs.

incubated at 42°C for 50 min. The fragment DNA was phenol extracted, ethanol precipitated,

resuspended in deionized water and stored at -20°C for later use.

Engineering of restriction sites into sufS - pSufS1scS1. Engineering began with pSufS, a plasmid containing

the s#/3 gene cloned into the expression vector, pET21c (Novagen), at the BamH I and Nde I

cloning sites. This plasmid was obtained from C. T. Lauhon. Locations for modification of the s#fJ

nucleotide sequence were chosen on the basis of amino acid sequence alignment between IscS and

SufS. The sequence of the SufS gene was modified at the locations indicated in Figure 8a using site-

directed mutagenesis. The Stratagene Quikchange Site-Directed Mutagenesis Kit was used as directed

to introduce the mutations. The oligonucleotide primers were designed as directed in the Stratagene

documentation and obtained from IDT. These modifications to the s#/3 sequence introduced

recognition sequences for the restriction enzymes, Age I and Nru 1.

Engineering of restriction sites into sufS - pSufSIscS2. Considerations involved in the choice of

modifications for the construction of pSufSIscS2 were the same as those described above except that

the ideal locations in the s#/3 sequence for loop replacement were shifted slightly. Figure 9a shows

the chosen sites for modification. The nucleotide sequence was mutagenized using the Stratagene

Quikchange Site-Directed Mutagenesis Kit as described above. The introduced mutations created

recognition sequences for the restriction enzymes, Kpn I and Nco I, in the 543 sequence. Since a
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(a) E. Coli sufS gene sequence modified with restriction sequences

1
61
121
181
241
301
361
421
481

ATGATTTTTT
GGTTTGCCGC
GACGCCGAGG
TTAAGCGCCC
AATGCCCGTT
GTCGCCAATA
ATGGAGCACC
CTGCGTGTGA
TTTGATGAGA

CCGTCGACAA
TGGCTTATCT
CCGAGTTTTA
AGGCGACCGA
CGGCGGAAGA
GCTGGGGCAA
ACGCTAACAT
TCCCGCTCAA
AAACTCGCCT

AGTGCGGGCC
CGACAGCGCC
TCGTCATGGC
GAAAATGGAG
GCTGGTGTTC
CAGCAACGTG
TGTTCCCTGG
TCCCGATGGT
GCTGGCAATT

GACTTTCCGG
GCCAGTGCGC
TACGCGGCGG
AACGTGCGCA
GTCCGCGGCA
CGGGCGGGCG
CAGATGCTTT

ACGTTGCAAC
ACTCATGTCT

TGCTTTCGCG
AGAAACCGAG
TGCATCGTGG
AGCGGGCATC
CGACGGAAGG
ATAACATCAT
GCGCACGCGT
TGGAGACGCT
CCAACGTGCT

pSufSiscS1

TGAGGTAAAC
CCAGGTGATT
TATTCATACC
GCTGTTTATT
GATCAATCTG
CATCAGTCAG
TGGCGCAGAG
GCCTACGCTG
TGGCACAGAA

541
601
661
721
781
841
901
961
1021
1081
1141
1201

CGCTTGCG
hTCCGGTG
\TGGCCCC
CGTGGGAA
Tl CCAAAGCA
AQ ECGCGGCG

AACATAGCCG ATGAACA GAATCTGATG
CCGGAT CTCTCTATGG CCCACAAAAC
AAA CG CCTATGATGT TGGCAGTTTT CTCGATAATT ACGGAATTGC TGTGCGTACC

GGTCATCACT GCGCAATGCC ATTGATGGCC TATTACAACG TCCTCGCGAT GTGTCGGGCG
TCGCTGGCCA TGTATAACAC CCATGAAGAA GTGGATCGTC TGGTGACCGG CCTGCAACGT
ATTCACCGTT TGCTGGGATA A

CA(
GA1
AC(

IGGTGGAT
CTTTTAC
IGAAAGAA
GG( CGTCAGC
CCA CCCAAT
CTGGAGTATG TTTQGGCGCT GGGGCTTAAT
CATTATGCGC TATCRCAGCT GGAATCTGTA
AGGCTTGGCG TTATRGCTTT TAATCTCGGT

TCCACTGG CGGAAATGAT

GG
GT]|
GQ

Modification to Nru | site

Modification to Age | site
from CTG CGA

from ACC GGA

(b)

iscS loop gene fragment modified with restriction sequences

CGCTGAAAGACCTCGCGGTTTCTACCGGT TCCGCCTGTACGTCAGCAAGCCTCGAACCGTCCTACG
TGCTGCGCGCGCTGGGGCTGAA CGAGCTGGCACGTGGCTCT

X

Age | site Pmi | site

Figure 8. Restriction sites (underlined) that were introduced into the s#/3 gene (a) and the s loop gene fragment (b) for the
construction of pSufSIscS1. Italicized nucleotides indicate those that would be removed after restriction digestion.
Nucleotides modified from the original sequence are indicated in bold.

recognition site for Nco I already existed in the s#/3 gene, it was also necessary to remove this site,
again, using site-directed mutagenesis. An adenosine in the wobble position of the codon for Pro271
of SufS was changed to a cytidine, thereby deleting the recognition site but not affecting the amino

acid sequence of the resulting enzyme. This mutation was carried out as were those described above.

Preparation of demethylated modified pSufSvector. A dam-3 E. coli strain, GM215 (CGSC#6645), was
obtained from the E. co/# Genetic Stock Center at Yale University. Competent cells were made from
this strain using the CaCl, method (67). pSufS modified to contain Nru I and Age I restriction sites

was propagated in this strain in order to obtain demethylated plasmid for digestion with Nru L.
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(a) E. Coli sufS gene sequence

SufSlscS2

1

61
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961
1021
1081
1141
1201

ATGATTTTIT
GGTTTGCCGC
GACGCCGAGG
TTAAGCGCCC
AATGCCCGTT
GTCGCCAATA
ATGGAGCACC
CTGCGTGTGA
TTTGATGAGA
AATCCACTGG

CCGTCGACAA
TGGCTTATCT
CCGAGTTTTA
AGGCGACCGA
CGGCGGAAGA
GCTGGGGCAA
ACGCTAACAT
TCCCGCTCAA
AAACTCGCCT
CGGAAATGAT

AGTGCGGGCC
CGACAGCGCC
TCGTCATGGC
GAAAATGGAG
GCTGGTGTTC
CAGCAACGTG
TGTTCCCTGG
TCCCGATGGT
GCTGGCAATT
CACGCTTGCG

GACTTTCCGG
GCCAGTGCGC
TACGCGGCGG
AACGTGCGCA
GTCCGCGGCA
CGGGCGGGCG
CAGATGCTTT
ACGTTGCAAC

TGCTTTCGCG
AGAAACCGAG
TGCATCGTGG
AGCGGGCATC
CGACGGAAGG
ATAACATCAT
GCGCACGCGT
TGGAGACGCT

TGAGGTAAAC
CCAGGTGATT
TATTCATACC
GCTGTTTATT
GATCAATCTG
CATCAGTCAG
TGGCGCAGAG
GCCTACGCTG

ACTC
CAC(
GATG

Modified to Nco | site

ACAGAA
bTGGAT
TTTAC

G

Modified to Kpn I site [

GCCTTGTT A
A

G

from GGC ATT
GAATCTGATG

AACATAGCCG
CCGGATCTCA CTCTCTAJGG CCCACAAAAC
AAACACCACG CCTATGAXGT TGGCAGTTTT
GGTCATCACT GCGCCATGGC ATTGATGGCC
TCGCTGGCCA TGTATAACAC CCATGAAGAA
ATTCACCGTT TGCTGGGATA A

(b) iscS loop gene fragment

AAAGTTA

Nco | site

from CAA TGC MAAGAA
GGGG LTCAGC
CCATGGCGGT TT GCCGG TACACCCAAT
CTGGAGTATG TTTCQGCGCT GGGGCTTAAT
CATTATGCGC TAT! GCT GGAATCTGTA
AGGCTTGGCG TTA CTTT TAATCTCGGT
CTCGATAATT ACGGTACCGC TGTGCGTACC
TATTACAACG TCCTCGCGAT GTGTCGGGCG
GTGGATCGTC TGGTGACCGG CCTGCAACGT

ACCG

|[CCGCAGTTTCTTCAGGTTCCGCCTGTACGTCAGCAAGCCTCGAACCGT CATGAGTGCTGCG

f

BspH | site

Figure 9. Restriction sites (underlined) that were introduced into the s#f3 gene (a) and the 75§ loop gene fragment (b) for
the construction of pSufSIscS2. Italicized nucleotides indicate those that would be removed after restriction digestion.
Nucdleotides modified from the original sequence are indicated in bold.

Transformation of pSufS into this strain was accomplished using the standard heat shock method.

After approximately 0.2 mg of plasmid DNA was added, the cells were incubated on ice for 30-40

min followed by a brief (2 min) heat shock at 42°C. After 10 min at room temperature, the cells were

rescued by adding 1 mL of LB media and shaking at 37°C for 30-60 min. Demethylated plasmid was

isolated from an overnight culture of this transformation using the Qiagen QIAprep Spin Miniprep

Kit.

Restriction engyme digestion and ligation of components. All digestion reactions were incubated at 37°C for no

less than 2 h. The demethylated pSufS vector modified with Nru I and Age I restriction sites was
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digested sequentially. The first digestion contained approximately 0.2 mg demethylated vector DNA,

10X New England Biolabs (NEB) restriction buffer 1, 20 units of Age I with a total reaction volume
of 80 pl. After digestion, 0.1 volume of 5 M NaCl followed by 170 pl cold ethanol was added to the
reaction. After incubation at -80°C for 15 min, the DNA was pelleted by centrifugation and washéd
with 70% ethanol. The pellet was resuspended in deionized water, and 10X NEB Nru I buffer and 40
units of Nru I were added to the reaction. After incubation at 37°C, the digested vector was purified
on a 0.8% agarose gel followed by treatment with the Qiagen QAIEX IT Gel Extraction Kit. The
loop fragment designed to be complementary to the vector just described was digested by the
addition of approximately 0.5 mg of fragment DNA, 10X NEB restriction buffer 1, 5 units of Age L,
and 20 units of Pml I with a total reaction volume of 20 pl. After incubation, the resulting digested
fragment was purified as desctibed above. The ligation reaction of these two components contained
10X Promega ligase buffer, 10 mM DTT, 0.1 mM ATP, approximately 3.75 ug prepared vector
DNA, approximately 12.5 ug prepared loop insert DNA, and 10 units Promega T4 DNA ligase. This
reaction was incubated at 16°C overnight. The digestion of the pSufS modified with Kpn I and Nco
I restrictions sites was carried out as follows. The reaction for preparation of the vector was carried

out as instructed in the Novagen pET System Manual.

Electroporation of ligated products. Due to low transformation efficiency for ligation reactions,
electroporation was used to propagate the ligated products. Electrocompetent cells were prepatred by
growing Nova Blue cells (Novagen) to Ago = 0.8 O.D. Cells were harvested by centrifugation at
4,000 X g for 25 min at 4°C and resuspended in 0.8 volume ice cold deionized water. Cells were kept
at 4°C at all times after harvest. Cells were then pelleted as before and resuspended in 0.4 volume ice
cold water. Cells were centrifuged two more times and resuspended in 0.08 volume and 0.004
volume 10% ice cold glycerol, respectively. These concentrated cells were aliquoted and flash frozen

in liquid nitrogen. Electropotation was cartied out by adding 10 ul of each ligation reaction to a 70 ul
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aliquot of electrocompetent cells. After incubation on ice for 45 sec or more, the mixture was
introduced into an electroporation cuvette and subjected to a 5.1 msec pulse of 2.5 kV using a BIX
ECM 600 electroporator. Cells were diluted with 1 mL of SOC or SOB media immediately after
electroporation and were allowed to recover with shaking at 37°C for 60 min. An appropriate
amount of cells (approximately 150 pl) were plated on LB plates supplemented with 100 pug/mL

ampicillin and incubated overnight at 37°C.

Lsolation and confirmation of constructs. A selection of the colonies resulting from electroporation of the
ligation reactions wete grown at 37°C overnight with shaking in 3 mL of LB suppleménted with 100
pg/mL of ampicillin. Using 1.5 mL. of the overnight culture, plasmid DNA was isolated using the
Qiagen QIAprep Spin Miniprep Kit. Correct sequence of plasmids was confirmed by restriction

analysis and sequencing carried out at the University of Wisconsin Sequencing Center.

Transformation of plasmids into DE3 lysogen strains. Competent cells of DE3 lysogen E. o/ strains, BL21
and CL100 (AéscS), were prepared by the CaCl, method (67). Varying amounts of the purified
plasmid, pSufSIscS1, were transformed into 100 ul aliquots of both BL.21 (DE3) and CL100 (DE3)
competent cells using the standard heat shock method described briefly above. After rescuing cells by
shaking at 37°C for 30 to 60 min, 150 pl of the cells were plated onto LB supplemented with 100

pg/mL ampicillin. Transformation of pSufSIscS2 into CL100 was catried out in identical fashion.

Growth rate determination. Growth rates of a AiscS strain transformed with various plasmids were
measured as follows. A single colony from the transformation of the AzeS strain, CL100 (DE3) with
one of various plasmids, was grown overnight in 3 mL LB supplemented with 100 pg/mL ampicillin

at 37°C with shaking. A 200-fold dilution was made into 100 mL of ampicillin-supplemented LB.
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The resulting culture was grown at 37°C with vigorous shaking, while cell density was followed by

measuring absorbance at 600 nm.

Lsolation of unfractionated IRNA. Unfractionated tRNA was isolated as described in Lauhon (37). When
cultures had reached Agn = 0.5 O.D., cells were hatvested by centrifugation at 8,000 X g for 15 min
at 4°C. The cell pellet was resuspended in 1 mL of 10 mM Tris HCl — 1 mM MgCl, (pH 7.5). Phenol
extraction was accomplished by the addition of an equal volume of buffered phenol, following which
the mixture was vortexed for 1 min. Layers were separated by centrifugation at 10,000 X g for 30 min
and the aqueous layer was transferred to another tube. The nucleic acid was then ethanol precipitated
by the additior; of 0.1 volume of 3 M sodium acetate (pH 5.3) and approximately 2.5 volumes of cold
ethanol. The mixture was kept at -20°C for 1 hour or more. A pellet was obtained by centrifugation
at 10,000 X g for 30 min at 4°C. This pellet was washed with 70% ethanol, dried, and resuspended in
0.5 mL of 10 mM Tris HCI (pH 8.0). After addition of an equal volume of 8.0 M urea containing
0.01% (w/v) bromophenol blue, the sample was heated for 5 min at 95°C and loaded onto a 10%
denaturing polyacrylamide gel in order to separate the tRNA from other nucleic acids. After elution
of tRNA from the polyacrylamide by soaking in 0.5 M NaCl overnight, the purified tRNA was
ethanol precipitated, resuspended in deionized water and stored at -20°C. The tRNA was quanitated

by UV absorbance at 260 nm.

Preparation and HPLC analysis of IRNA. tRNA was digested with nuclease P1 followed by bactetial
alkaline phosphatase according to Gherke ¢z a/. (62) and Lauhon (37). Reactions contained 50 Hg
unfractionated tRNA, 30 mM sodium acetate (pH 5.3), 0.2 mM zinc sulfate, and 1.5 units of nuclease
P1. Reactions were incubated at 37°C overnight. After digestion with nuclease P1, 10 ul of 1 M Tris
HCI (pH 7.5) was added, followed by 1.5 units of gacterial alkaline phosphatase. Reactions were

incubated at 37°C for at least 2 h. Nucleoside analysis was performed using the HPL.C method of
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Gherke ez al. (62). A 50 ul aliquot of each reaction mixture (corresponding to 25 pg of tRNA) was

directly loaded onto a Supelco Cis c’olurnn (catalog no. LC18-S), which is designed for nucleoside
separation. Nucleosides were eluted with a linear gradient (40 min) of 2-20% methanol in 10 mM
ammonium phosphate (pH 5.3). Peaks were detected at 260 nm for 2-thiocytidine (s2C) and 5-
methylaminomethyl-2-thiouridine (mnm?s2U), then at approximately 24 min the wavelength was
changed to 330 nm for detection of 4-thiouridine (s*U). Comparison of the resulting HPLC spectra
to the work of Lauhon (37) allowed for identification of the correct peaks. The level of
thionucleoside production was quantified by the ratio of the peak area for the thionucleoside to the
peaklarea of pseudouridine (). This internal ratio allows for comparison between samples that would

otherwise be complicated by loading variation.

Induction of cell cultures and protein gel analysis. C1L100 (DE3) cells transformed with an experimental
plasmid were grown in 50 mL cultures of LB media supplemented with 100 pg/mL ampicillin at
37°C with shaking to Agnw=0.6 O.D. Cultures were induced with 1 mM IPTG and grown for 4-10
hours at 37°C with shaking. A 0.5 mL sample of each culture was taken before induction and several
hours after induction. The samples were pelleted, resuspended in 1x SDS buffer, and heated to 95°C
for 5 min. Samples were then centrifuged for 5 min and loaded onto 12% denaturing SDS-PAGE to

analysis protein expression.
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Chapter 3: Finding interesting mutants of IscS by screening for nutritional requirements

Rationale

IscS functions through distinct pathways for the distribution of sulfane sulfur 7z vivo (30, 44). IscS
participates in Fe-S cluster assembly by passing its sulfur to IscU; however, it is also known to pass
its sulfur directly to Thil during the synthesis of thiamin and 4-thiouridine (s*U) and to MnmA
during the synthesis of 5-methylaminomethyl-2-thioutindine (mnm3s2U) (37). Since the remaining
two E. coli thionucleosides, namely 2-thiocytidine (s2C) and N-6-isopentyl-2-methylthioadenosine
(ms%°A), require Fe-S clusters for their synthesis, the thionucleoside profiles of S mutants can
serve as reporters of mutations that cause defects in specific interactions as is discussed in Chapter 1.
It is clear that at least some of the structural characteristics that mediate these different interactions
function independently since mutations in the active site loop of E. w/i IscS resulted in specific
defects in Fe-S cluster-dependent enzymes i vivo while production of s*U and mnm3s2U were

unaffected (44).

Given these findings, the prospect of using mutagenic analysis of the 45§ sequence to identify
residues important for these interactions seems promising. However, isolation and analysis of tRNA
from each mutant strain is too laborious to allow for the quick identification of potentially interesting
mutants. The auxotrophies obsetved in 5§ deletion strains offer an alternative to thionucleoside
profiling for the identification of interesting mutants. Several studies have found that AjscS strains
require both nicotinic acid and thiamin for growth on minimal media (36, 38, 63). Data clearly
indicate that the synthesis of thiamin, as well as s4U, is dependent on the successful transfer of sulfur
from IscS to Thil (39). Alternately, Fe-S cluster defects are expected to be the cause of the nicotinic

acid auxotrophy since quinolate synthase (NadA) appears to contain a labile Fe-S cluster.
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Figure 1. Schematic representation of experimental design for identification of interesting IscS mutants.

In this project, I will use mutagenesis and screening techniques to search for interesting mutants of
iscS that might reflect on the structural characteristics or specific residues involved in the successful
interactions of IscS with it protein substrates. I hypothesize that the mutation of specific residues will
result in nutritional requirements for either thiamin or nicotinic acid by a AéseS E. coli isolates that are

expressing these mutant enzymes. y

Experimental Approach

In order to accomplish this, a plasmid library containing a pool of mutagenized /55 gene will be
created. This plasmid library will then be transformed into a AzcS E. ¢l strain and plated onto tich
media. Replating of the resulting colonies onto minimal media plates supplemented with either
nicotinic acid ot thiamin or both is expected to reveal mutants with an auxotrophy for either of the

two additives (Fig. 1). In this way, it will be possible to identify 4§ mutants that either cause
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problems in Fe-S cluster assembly or are defective in interactions with Thil. Further anaylsis of the

tRNA from isolates identified by screening by HPLC will allow confirmation of growth data.

Results and Discussion

Construction of iscS mutant libraries. Three mutant Z5cS plasmid libraries have been constructed. The first
two of these, termed pIscSmut library 1 and pIscSmut library 2, were constructed from mutagenesis
of ¢S by error-prone PCR in the presence of 0.02 mM MnCl; and 0.05 mM MnCl, respectively.
Sequencing data of pIscSmut library 1 showed that the level of mutagenesis was relatively low with
1.8 * 1 average nucleotide changes (or 1.5 * 1 average amino acid changes) per gene. The level of
mutagenesis of pIscSmut library 2 was also quite low at 2.0 £ 1 nucleotide changes (or 1.8 * 1 amino
acid changes) per gene. Due to the low level of mutagenesis, a new library, termed pIscSmut library
3, has been constructed. The level of mutagenesis has not been determined for this library, however
it is expected that it will be higher due to the greater amount of MnCl; (0.2 mM) in the etror-prone

PCR during creation of pIscSmut library 3.

Table 1. Growth requirements of strains complemented with iseS mutants identified by screening. Abbreviations: thi,
thiamin; nic, nicotinic acid; leu, leucine; ile, isoleucine; nd, no data.

Trial 1 Tiial 2 Trial 2
amino acid requirement for requirement for requirement for Requirement for
mutant ID  substitutions growth at 24 h growth at 24 h growth at 48 h growth in liquid culture
A32 183F thi thi leu/ile nd
R173C
13538
A78 G158V thi/nic thi leu/ile nd
Y288S
B8 F33L thi thi leu/ile nd
N279Y
B26 K135E thi thi leu/ile nd
T145A
S356F
B96 D79V thi/nic thi thi thi/nic
I377N

A331T
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Figure 2. HPLC analysis of tRNA from CL100 (DE3) cells After being picked onto a grid, the
complemented with B96 IscS mutant at 330 nm.
colonies were replica plated onto

minimal media supplemented with ampicillin, leucine, isoleucine and either thiamin, nicotinic acici, or
both and incubated at 37°C for 24 h. Note that the CL.100 parent strain (MC1061) is a leucine
auxotroph. Initial screening of 100 isolates revealed five mutants with interesting nuttitional
requirements, however upon further analysis these requirements were not entirely reproducible.
Isolates, A32, B8, and B26, appeared to require thiamin for growth by 24 h, while isolates, A78 and
B96, required both thiamin and nicotinic acid upon initial investigation (Table 1). When retested for
nutritional requirements by again replica plating the colonies onto minimal plates, all five mutants
required only thiamin by 24 h after plating, and four mutants (excluding B96) were able to grow with
only leucine and isoleucine after 48 h of incubation. B96 was seen to still require thiamin after 48 h
of growth, yet appeared to need both thiamin and nicotinic acid for growth in liquid culture with the
same supplements (Table 1.) HPLC analysis of tRNA obtained from the isolate containing the B96
mutant of IscS showed that s*U production was not greatly impaired (Fig. 2). Screening of 600
additional colonies allowed to grow on minimal media for 48 h yielded no mutants with any

)

nutritional requirements other than leucine and isoleucine.

The observed Thi phenotype for mutant B96 taken in combination with the apparently normal

production of s*U can be explained by the essential role of ThiH in thiazole biosynthesis (64-66).
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Figure 3. The proposed roles of some thiamin biosynthetic enzymes in the synthesis of the thiazole
moiety of thiamin. Figure condensed from (64). The period symbol (*) denotes a radical.
Abbreviations: DOA, deoxyadenosine; DXP, 1-deoxy-D-xylulose phosphate; THZ-P, thiazole
monophosphate.

Recent evidence confirms initial indications that this enzyme is a member of the radical SAM
superfamily (64, 65). Thus, IscS provides sulfur for two different components of the thiazole
biosynthetic pathway, the transfer of sulfane sulfur to Thil then to ThiS for insertion in the thiazole
moiety and the donation of sulfur to the ISC machinery for the assembly of Fe-S clusters (Fig. 3).
Thetefore, it is possible that the B96 IscS mutant is impaired in its ability to provide sulfur for the

ISC machinery, resulting in its thiamin auxotrophy, yet that it is still able to transfer sulfur to Thul,
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yielding normal levels of s*U. The ability of the B96 mutant to overcome its apparent requirement
for nicotinic acid may suggest that quinolinate synthetase, NadA, is not as strictly dependent upon

the ISC machinery for the assembly of its Fe-S cluster as is ThiH.

Conclusions and suggestions for further investigation. Attempts to replicate the initial results of screening
suggest that nutritional requirements may be difficult to use as an effective screen for IscS mutants
due to variablity in growth. The ability of some mutants to overcome the requirement for thiamin
after 48.h of incubation suggests a low but finite level of activity in these mutants. The lack of
mutants that were completely dependent on thiamin or nicotinic acid suggests that the level of
mutagenesis of pIscSmut libraries 1 and 2 is too low to generate mutants with a severe enough
phenotype to be detected by screening for these nutritional requirements. Screening of pIscSmut
library 3 should clarify whether a higher level of mutagenesis will more readily reveal interesting iscS
mutants. Alternately, despite thionucleoside data that indicate that the Fe-S cluster function and the
other functions of IscS can be experimentally separated, it is possible that the roles of IscS 7 o are
morte complicated than previously thought. This idea is partially supported by the finding of Lauhon
et al. (44) that IscS mutants with low levels of sC, the synthesis of which requires unimpaired Fe-S

cluster assembly, are able to efficiently transfer sulfur to IscU iz vitro.

Materials and Methods

Generation of mutagenized gene and preparation for cloning. Mutagenesis of the isS gene was accémplished
by amplification of the target gene from plasmid DNA using error-prone PCR conditions. PCR
reactions contained Promega 10X Mg-free buffer, 0.05 pg pCLO10 which contains wild type S, 0.6
pM each primer, 0.2 mM dATP and dGTP, 1.0 mM dCTP and dTTP, 3.75 mM MgCl, 5 units of
Promega Taq polymerase and a range of 0.02-0.47 mM MnCl,. Reactions were subjected to 30 cycles

in ABI GeneAmp PCR System 2400 on the following program. Samples were held at 95°C for 2 min,
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then cycled at 94°C for 30 s, 55°C for 30 s, and 72°C for 1 min, followed by 5 min extension time at

72°C. After confirming the success of the PCR on an agarose gel, the reactions where scaled up to
four PCR tubes containing the same components as the original reaction with 20 pl of the original
reaction added to each tube. The scaled up tubes were subjected to three thermocycles of the above
program. Fragments were combined, phenol extracted, ethanol precipitated, washed with 70%
ethanol and dried for 15-30 min. Following this, fragments were purified by 0.8% agarose gel and
Qiagen QAIEX II Gel Extraction Kit. The purified fragments were then digested in preparation for
cloning. Digestion reactions contained NEB 10X BamH I buffer, 20 units of BamH I, 20 units of
Nde I, approximately 1.0 pg fragment DNA, with a total reaction volume of 20 pl. pET15b
(Novagen) expression vector was similarly prepared as directed in the Novagen pET System Manual.
Digestion reactions wete incubated at 37°C for no less than 3 h. Both vector and insert were purified
by 0.8% agarose gel and Qiagen QAIEX II Gel Extraction Kit. The ligation reaction contained
Promega 10X ligase buffer, 20 mM DTT, 0.1 mM ATP, 0.25 ug of prepared pET15b vector,
approximately 1.0 pg of prepared insert DNA, and 10 units of Promega T4 DNA ligase. The reaction

was incubated at room temperature for several days.

Electroporation of ligation reactions. In order to maximize the number of mutants in each library 1t was
necessaty to achieve high transformation efficiencies, therefore electroporation was used to insert the
ligated plasmid into cells for propagation. Electrocompetent cells were prepared from Nova Blue
(NB) cells as described in Chapter 2 Materials and Methods. Electroporation of 1 pul of ligation
reaction yielded approximately 200 individual colonies for pIscSmut library 1 and 500 individual
colonies for pIscSmut library 2. It should be noted that this number of isolates is not large enough to
cover all of the i5cS sequence space and more isolates should be used for library construction in the
future. For that reason, approximately 2,000 colonies from the electroporation of the ligation duting

the construction of pIscSmut library 3 from seven plates were harvested for inclusion in the library 3.
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For each library, a slurry of all isolates was made. A 50 mL culture of LB media supplemented with

100 pg/mL ampicillin was inoculated with the slurry and grown overnight at 37°C with vigorous

shaking.

Isolation of plasmid libraries and transformation into AiscS strain. Plasmid libraries were isolated from 1.5 mL
of the overnight 50 mL cultures using the QIAprep Spin Miniprep Kit (Qiagen). The plasmid
libraries were eluted in 50 pl 10 mM Tris-HCI (pH 8.0) and stored at -20°C. Plasmid libraries were
transformed in CL100 (DE3) competent cells using the standard heat shock method described in
Chapter 2 Materials and Methods. After being rescued in 1 mL LB media at 37°C for 1 h, the cells
were plated on LB media with 100 pug/ml. ampicillin and grown overnight. The resulting colonies

were picked onto grids on fresh LB plates with ampicillin and again grown overnight.

Replica plating on minimal media plates. All minimal plates contained 1X M9 salts prepared as described
in Asubel ez a/ (67) and were supplemented with L-leucine and L-isoleucine at 40 pg/mL. Some plates
contained 2 pg/mL thiamin and/or 12.5 pg/mL nicotinic acid. Grids of AzscS isolates transformed
with a plasmid library were plated onto minimal plates. Since cells only require very minute amounts
thiamin for growth, replica plating onto plates containing thiamin was always done after all éther
plates to avoid transfer of thiamin from one plate to another. All plates, including template, were
grown for 24 to 48 h at 37°C. The absence or presence of a colony on each unit of the grid was

recorded and compared between plates to determine the requirement for growth by each isolate.

Growth in liguid cultures. Liquid 1X M9 salts were supplemented with ampicillin, leucine, isoleucine,
thiamin and nicotinic acid as described above. Three ml cultures were inoculated with library isolates
and incubated at 37°C with vigorous aeration. Growth of cultures was monitored over the course of

five days.
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Further characterization of mutants. Sequencing reactions were carried out using ABI Prism Automated
Sequencing Reagent Big Dye version 3.1 and submitted to the University of Wisconsin Sequencing
Center for analysis. Isolation and analysis of tRNA was carried out exactly as described in Chapter 2

Materials and Methods.
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Chapter 4: Summary

The major mobilizer of sulfur in E. w/, IscS, functions by catalyzing the removal of sulfur from
cysteine and providing sulfur for multiple cellular products through two distinct pathways for sulfur
metabolism. It mobilizes sulfur for the construction of essential iron-sulfur clusters through
interaction with ISC protein machinery. Alternately, IscS interacts directly with some enzymes to
transfer sulfur for the production of two sulfur-modified tRNA nucleosides, s2U and s*U. The direct
transfer of sulfur to the sulfurtransferase, Thil, is also known to be involved in the biosynthesis of

thiamin.

The goal of this work has been to investigate the structural features of IscS that mediate its
interactions with these varied substrate proteins, thereby affecting its 77 vivo activity. By creating a
chimeric enzyme that consists of the core structure of an E. co/ IscS homolog, SufS, with the flexible,
active site cysteine loop of IscS introduced, the role of the IscS flexible loop in IscS function 2z vive
was investigated. The preliminary results from this project that are presented here suggest that the
IscS active site loop region is not the sole determinant of IscS 7# vivo activity. Further study is needed
_ to discern whether the addition of this loop affects cysteine desulfurase activity of the chimeric
enzyme. If so, it may be that the chimeric construct is unable to effectively bind to the protein

substrates of IscS.

By screening a library of IscS mutants, nutritional requirements were used in an attempt to identify

residues important in the different functions of IscS. Preliminary data from this screening approach is
inconclusive. The discovery of several mutants with auxotrophies for thiamin after one day of growth
suggests that this screening procedure can be successful at identifying mutations of IscS that affect i

vivo activity. The ability of most of these mutants to overcome this requirement after longer orowth
q ger gr
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periods suggests a low but finite level of activity in these mutants. A library with a higher level of
mutagenesis should result in mutants with more severe phenotypes, thereby yielding more

unambiguous results.

Overall, this work suggests that it may be difficult, though not impossible, to identify residues of IscS
that mediate only one of its multiple functions. One explanation for this difficulty may be that the
roles of IscS i vivo are more interconnected than previously thought. Despite this uncertainty, this
thesis provides a background for further work to elucidate the structural characteristics that mediate

IscS function.
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